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Abstract: Quantitative (morphometric) study of the total amounts (per organ) and mean sizes of histological structures in
individuals from young to old are essential for the understanding of age-related organ changes; stereological techniques are
essential, reliable tools to obtain the quantitative data. Stereological study of all renal components, especially renal tubules, was
lacking in age-related kidney studies and few studies used rats older than 24 months of age for a stereological analysis of the
aging kidney. In the present study isotropic uniform random renal sections (methacrylate-embedded) were obtained from male
Sprague-Dawley rats (8—9 per age-group) randomly sampled from a single cohort of normal animals at the ages of 3, 6, 12, 24
and 36 months, respectively. The sections were measured using various stereological methods to estimate the total amounts (per
kidney) or mean sizes of key renal structures. The results demonstrated that the volume of kidney and the total volume or length
of renal tubules increased continually from 3 to 24 months of age and then plateaued between 24 and 36 months of age. The total
volume of renal corpuscles, glomeruli, Bowman’s space or interstitial tissue and the mean volume of renal corpuscles or
glomeruli increased continually from 3 to 24 months and further until 36 months of age. The total number of glomeruli remained
essentially constant and the relative volume of the cortex or medulla and the relative length of different segments of the renal
tubules remained basically stable throughout the ages. Less than 5% of the renal corpuscular or tubular profiles were apparently
atrophied at 24 or 36 months of age. The age-related results suggested that the rat renal tissues continued to develop adaptively or
work actively, from young to old, to maintain normal physiological functions and the aging change in the kidney was primarily a
compensatory or hypertrophic histological change.
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(morphometric) study of the total amounts (e.g. volume or

1. Introduction

Aging, or cell senescence, is natural and inevitable in the
long run, and histological structure and function of organs,
especially kidneys, are prone to changes with aging and
age-related changes may be risk factors for organ injuries or
diseases; understanding, and therefore possible manipulation or
intervention, of the aging process may help in deferring or
preventing, to some degree, the process of aging or the
development of age-related diseases, or providing better or
individualized care for the elderly [1-6]. Quantitative

length) and mean sizes (e.g. volume or diameter) of histological
structures (e.g. renal glomeruli and tubules) in individuals from
young to old are essential for the understanding of age-related
organ changes; stereological techniques are essential, reliable
tools to obtain the quantitative data [7-10]. Stereological study
of all renal components, especially renal tubules, was lacking in
age-related kidney studies and few studies used rats older than
24 months of age for a stereological analysis of the aging kidney.
This study aimed to provide a reliable and comprehensive
understanding of the aging process in the rat kidney by
quantitatively studying all key renal structures, including
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acquisition of the total number and mean volume of renal
glomeruli and the total length and mean diameter of renal
tubules, with (a) sophisticated stereological techniques
including the use of isotropic random renal sections, (b)
methacrylate resin-embedded renal sections that are better than
paraffin sections for stereological studies [9, 11], and (c) groups
of rats that were randomly sampled from a single cohort of
normal animals at the ages of 3, 6, 12, 24 and 36 months — ages
corresponding roughly to sexually mature and 18, 30, 60 and 90
years of age in humans, respectively [10, 12, 13].

2. Materials and Methods
2.1. Animals and Kidneys

The animals used in the present study were the same normal
male Sprague-Dawley rats in the corresponding age groups
reported in our recent study [10]. Briefly, a cohort of 216 male
pups were obtained from 46 litters born from 46 pairs of
parents. They were kept in cages (each housing 4 rats at most)
under the same condition throughout the experiment: ad
libitum access to the same rat chow and water, controlled light

(12-hr light and 12-hr dark) and air-conditioning (temperature
set at 18°C). At 3, 6, 12, 24 and 36 months of age respectively,
89 rats were randomly sampled out of the cohort from
different litters. The animal experiment was approved by the
Science and Technology Department of North Sichuan
Medical College and ethical guidelines constituted by the
College were followed during the experiment.

Both kidneys were removed from each rat and immersion
fixed in Bouin's solution for 2 days before storage in 70% ethanol
at 4°C. One kidney from each rat was randomly sampled, from
which tissue blocks and sections were obtained for histology and
stereology (below). After removal of the perirenal fat, the volume
of the kidney was obtained by measurement of the renal weight
and density as previously described [10]. The average renal
densities were 0.968-0.981 and 0.931-0.938 g/cm’ in the
age-groups of 3—12M and 24-36M, respectively. A couple of
remaining kidneys in each age-group were additionally utilized
to cut some larger sections through the whole kidneys (Figure 1)
and learn the general histological features (especially

compartmentation) of the kidneys, for better observation of the
sections for histology and stereology.

Figure 1. Micrograph of a section (embedded in methacrylate resin and stained with PAS —periodic acid-Schiff s reagent and hematoxylin) cut along the convex
and concave border of a kidney, from a normal male Sprague-Dawley rat aged 3 months. , uneven border between the cortex and the outer stripe; A, border
between the outer and inner stripes; N, border between the inner stripe and the inner medulla; N, connective tissue bundle; v, interlobular vein in the cortex
(up) and small renal vein in the renal sinus (below); * and f, renal calyx lumen and fat tissue in the renal sinus.
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2.2. Tissue Blocks and Sections

Stereologically, uniform random (in terms of positions
within the organ) sections are essentially required for all
stereological estimations and isotropic random (in terms of
3-dimensinal orientations within the organ) measurement
required for orientation-based stereological estimations such
as tubular length estimation with profile counting and
glomerular mean volume estimation with point sampled
intercepts in the present study [7-9]. Isotropic uniform random
sections, useful for all stereological estimations, were
therefore obtained as follows in the present study, with the
tissue blocks being uniformly sampled from the kidney [8, 9]
and isotropic directions of the sections (i.e. directions of
cutting the tissue blocks) being determined with the orientator
principle [7, 9, 14, 15], see Figure 2.

(1) 120 20 60 2) 120 20 60
150 30 150 \ 30
180 / 0 180 \\k = 0
30 / 150 30 150
60 90 120 60 90 120

Figure 2. Schematic illustration showing the method (orientator) of obtaining
an isotropic renal section. (1) A half kidney, with the cut (first cut) surface (an
arbitrary cut-surface dividing the kidney into 2 approximate halves) being
placed on a flat board of uniform angles (0°—180°), is cut (second cut) into 2
smaller halves along a random angle (arrow, 45° in the figure) and
perpendicular to the board. The random angle is obtained with the Excel
software using the equation “=RAND()*180". (2) A quarter kidney (a smaller
half obtained after the second cut), with the line of intersection between the
first and second cuts being aligned along the 0°—180° line, is cut (third cut)
into 4 tissue blocks along another random angle (arrows, 123° in the figure)
and perpendicular to the board. This random angle is obtained with the Excel
software using the equation “=acos(1-2*RAND())*180/PI()”. This third cut
results in isotropic random cut-surfaces (arrows) and any tissue section
finally obtained along the cut-surfaces (i.e. parallel to the third cut) is an
isotropic section through the kidney.

Each kidney was cut (first cut) into 2 haves, through the
middle and perpendicular to the long axis (approximately
between the cranial and caudal poles) of the kidney. (a) One
half was arbitrarily placed in the center of a flat board of
directions with uniformly distributed angles 0°-180° (Figure
2). Along a uniform random angle (between 0° and 180°) and
perpendicular to the flat board, the half kidney was cut
(second cut) into 2 smaller halves through the center. One
smaller half (quarter kidney) was chosen randomly (in a
blinded way) and placed on the board, with the line of
intersection between the first and second cuts being aligned
along the 0°—180° line. Along another random angle (between
0° and 180°) and perpendicular to the board, the quarter
kidney was cut (third cut) into 4 consecutive pieces (tissue
blocks) with approximately equal thickness. (This random
angle, kind of angle-weighted random, is the arccosine of a
random number (1-2r), where r is a uniform random number

between 0 and 1 [14]. This random angle and the first uniform
random angle were pre-determined with the Excel software [9,
15], see the legend of Figure 2.) Two alternate tissue blocks
(the 1st and 3rd blocks or the 2nd and 4th blocks) were
randomly sampled. In the age-group of 3M, the third cut
resulted in only 3 tissue blocks given the small size of the
quarter kidney and 2 blocks were randomly sampled. (b) From
the other half kidney (after the first cut), another 2 tissue
blocks were independently obtained in the same way. Thus 4
tissue blocks were uniformly sampled from each kidney. Care
was taken in the later embedding and sectioning (below) of
each tissue block so that the section finally cut and stained
from each block was parallel to the direction of the third cut,
which was isotropic random through the kidney (Figure 2).
Each tissue block was embedded in glycol methacrylate
(2-hydroxyethyl —methacrylate, Historesin by Leica
Microsystems Nussloch GmbH, Germany) and one intact
section was cut from each block at 5 pm (thickness) with a
microtome (RM2235, Leica Biosystems, Germany). Each
section, after heating on a hotplate (H17.5D, Ingenieurbiiro, M.
Zipperer GmbH, Germany) at 90°C for 30 minutes for
prevention of section detachment from glass slide, was stained
with periodic acid-Schiff's reagent (PAS) and hematoxylin by
the same procedures, which included 30 minutes in 1%
periodic acid, Schiff’s reagent and hematoxylin, respectively
[15, 16]. The average area of each section finally cut and
stained (Figure 3) was 33.8, 37.5, 46.3, 72.7 and 68.8 mm? in
the age-groups of 3, 6, 12, 24 and 36 months, respectively.

2.3. Histological Compartments and Structures

The rat renal tissue was divided into the cortex, medulla and
sinus (Figures 1 and 3). The medulla (one renal pyramid),
surrounded by the renal calyx around the sinus, was composed
of the outer medulla (consisting of the outer and inner stripes)
and inner medulla. Different segments of tubules —uriniferous
tubules (excluding the renal corpuscles) collectively referred to
as renal tubules in the present study — were densely packed in
different compartments of the cortex and medulla. Between the
renal tubules (in the cortex and medulla) and corpuscles (in the
cortex) was the interstitial tissue. The renal corpuscle consisted
of the wall (the parietal layer of the Bowman’s capsule),
glomerulus (capillary tuft) and Bowman’s space (capsular
cavity between the wall and glomerulus). The renal tubules
were mainly (a) the convoluted segments of proximal and distal
tubules in the cortex; (b) the straight segments of proximal and
distal tubules in the outer stripe; (c) the straight segments of
distal tubules, a short length of collecting ducts (or tubules), and
a short length of the thin segments of Henle’s loops in the inner
stripe; and (d) collecting ducts and many thin segments of the
Henle’s loops in the inner medulla [15, 17].

For clear definition and easy identification, and therefore
reliable quantitation, of key structures in the present study, as we
previously practiced and described [15], (a) the renal tubules in
the cortex or outer stripe were classified as proximal tubules and
distal tubules, the distal tubules being readily distinguished from
the proximal tubules by the absence of brush border and light
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staining of the tubular epithelium [Figures 4(1) and (2) and Table
1]. (b) The renal tubules in the inner stripe were classified as
distal tubules (Figures 4(2) and (3)). Collecting ducts in the inner
stripe, and even in the outer stripe, were classified into distal
tubules because of their morphological similarity and relatively
short length. (c) The thin segments of Henle’s loops were not
studied because they were not easily distinguishable from the
surrounding blood vessels. The area of interstitial tissue that was
intermingled with apparent thin segments of the Henle’s loops,
especially in the inner medulla, was separately measured in terms

of volume (Figures 4(2) and (3) and Table 1). (d) Apparent
boundary area of the outer stripe projecting into the cortex in the
form of papillae (like dermal papillae, see Figure 1) or medullary
rays (Figure 3) still belonged to the outer stripe. Occasionally,
some single or scattered tubules (straight segments of proximal
and distal tubules) from the outer stripe were seen in apparently
cortical areas (Figure 4(1)). In this case, the tubules (in term of
both volume and length) were regarded as belonging to the cortex.
(e) The interstitial tissue included the basement membrane of the
renal corpuscles and tubules.

Figure 3. Micrograph of an isotropic renal section (methacrylate resin-embedded, stained with PAS and hematoxylin) obtained from a normal male
Sprague-Dawley rat aged 36 months and used for stereological estimation. * (near renal corpuscles) and = uneven border between the cortex and the outer
stripe; 7, border between the outer and inner stripes; ¥, border between the inner stripe and the inner medulla; N, connective tissue bundle filled with small
blood vessels and some renal tubules; a, arcuate artery; v, interlobular vein (up) and arcuate vein (below).

2.4. Stereological Measurements

Each section was observed on a computer screen (final
magnification of full screen image x 510) through a x 20
objective lens (Uplan FL N, numerical aperture 0.50) of an
Olympus BXS53 light microscope (Japan) equipped with a
stereology system (NewCAST, Visiopharm, Hersholm,
Denmark). 6x6 densely arranged test points (green
cross-shaped), 3x3 loosely arranged test points (9/36 of the
green crosses, each encircled by a blue arc line) and 2
rectangular unbiased counting frames (or forbidden-line
frames) were generated and superimposed on the histological
image (on screen) as shown in Figure 4. Fields of view were
sampled on the whole section in a uniform (equally-spaced)
random manner by means of a computer-assisted motorized

stage (ProScan I11, Prior Scientific Inc., Rockland, MA, USA).

All sections were first observed and measured (First
Measurement) for parameters of the renal tubules, interstitial
tissue and sinus and for the diameters of renal corpuscular
profiles. Then all sections were again observed and measured
(Second Measurement) for other parameters of the renal
corpuscles, including the volume of the basement membrane
surrounding the corpuscles. In either of the Measurements,
sections from different age-groups were measured in turns:
first the 4 sections from an animal at 3M (3 months of age)
were measured, then the 4 sections from an animal at 6M were
measured, the 4 sections from an animal at 12M were
measured, and then 8 sections randomly sampled from the 68
sections, which were pooled from all animals at 24M and 36M
and blinded by random numbering, were measured to prevent
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the influence of possible subjective factors on the difference in
aging that we supposed most likely occurred between 24M
and 36M. Then the 4 sections from another animal at 3M were
measured... The distances between fields of view on section
along the X-axis or Y-axis, based on experience and sectional
areas, were set at 1.10 mm (for sections from rats aged 3M),
1.30 mm (6M), 1.50 mm (12M) and 1.70 mm (24M or 36M) in
the First Measurement and at 0.90 mm (3M), 1.05 mm (6M),
1.20 mm (12M) and 1.35 mm (24M or 36M) in the Second
Measurement, respectively, so that roughly similar and
sufficient amount of measurements were performed per
kidney in either Measurement.

While the fields on the section were observed and measured,
the whole section at a low magnification was also observed at
the same time on another computer screen, with real-time
display of the fields (positions) on the section, thus helping to
better identify structures being measured on the other screen.

To obtain morphometric data (below), the following
stereological measurements were performed on each of the
fields sampled on each section: (a) the numbers of test points
(centers of the crosses) hitting (or in) different structures were
separately counted/recorded (in both of the First and Second
Measurements). For efficient point counting [7, 9], the loosely
arranged test points (fewer) were used for counting of renal
tubules, which occupy most of the kidney volume, while the
densely arranged test points (4 times the number of loosely
arranged test points) were used for counting of other structures.
For final estimation of volume fractions of different structures
in the kidney (below), the number of loosely arranged test
points counted was converted to the number of densely
arranged test points, by multiplying the number of loosely
arranged test points by 4. (b) The numbers of the lumens of
different tubular profiles “within” the inner smaller counting
frame (Figure 4) were counted/recorded according to the
unbiased counting rule (First Measurement), see the “Total
length of renal tubules per kidney” part below for the rule. (c)
The (short axial) diameter of each round (or elliptical) tubular
profile that was counted (above) and also single luminal was
measured as shown in Figure 4(3) and the histological features
of these profiles were recorded to calculate the percentage of
tubular profiles with certain histological features (First
Measurement). (d) The profiles of renal corpuscles, which
should be counted “within” the outer larger counting frame
(Figure 4) according to the unbiased counting rule, were
sampled (First and Second Measurements), and the long and
short axial diameters of the profiles were measured as shown
in Figure 4(1) (First Measurement) and the histological
features of the profiles were recorded to calculate the
percentage of corpuscular profiles with certain histological
features (Second Measurement). (¢) A point-sampled
intercept was measured through each test point (densely
arranged) hitting any of the renal corpuscular or glomerular
profiles on the field, within the corpuscular or glomerular
profile and along a pre-determined direction (X-axis on screen)
as shown in Figure 4(1) (Second Measurement). In most cases,
a point-sampled intercept through the corpuscle and a
point-sampled intercept through the glomerulus were both

measured through the same test point hitting the corpuscle or
glomerulus and, in almost all cases on sections from animals
aged 3M or 6M (Table 1) and in many cases on sections from
other animals, both of the intercepts measured through the
same test point were of essentially the same length because the
corpuscle or glomerulus had the same boundary visible along
the intercepts [Figure 4(1)].

2.4.1. Total Volume of Structure Per Kidney

The total number of (densely arranged) test points counted
on the 4 tissue sections from each kidney was 2992 on average
in the First Measurement and 4992 on average in the Second
Measurement. Of this total number, the fractions of (densely
arranged) test points hitting different structures were direct
estimates of the volume fractions (percentages) of different
structures in the kidney; multiplying the fractions by the
kidney volume, we obtained the total volumes of different
structures per kidney [7, 9, 10].

2.4.2. Total Length of Renal Tubules Per Kidney

The tubular profile with Iumen that should be counted
“within” the counting frame was either completely or partially
inside the frame. In the latter case, the tubular profile could only
intersect the counting lines of the frame (the upper and right
green sides shown in Figure 4), not in any way intersecting the
forbidden-lines of the frame — the red lines shown in Figure 4:
(a) the left side and its (infinite) extension upward, (b) the lower
side, and (c) the (infinite) extension of the right side downward.
For each tubular profile counted in this way, we in fact counted
the number of the tubular lumens. So we defined in the present
study, as we previously described [15], that a tubular profile
was encircled by the basement membrane (of the tubular
epithelium) or the interstitial boundary, and a tubular lumen
was encircled by the apical or luminal boundary (and its
underlying cytoplasm) of the tubular epithelium that did not
include the brush border of proximal tubules. In other words,
the interstitial/luminal boundary formed a continuous and
closed line around each tubular profile/lumen; a tubular lumen
might be of an empty tubular cavity or filled with a cast or some
brush border, and a tubular profile might have one or more
tubular lumens (Figure 4).

Multiplying the total number of tubular lumens (in each
segment of renal tubular profiles counted per kidney) by 2
divided by the total area of frames (used for the counting), we
directly obtained the length density of the tubules in the
kidney; multiplying the density by the kidney volume, we
obtained the total length of the tubules per kidney [7, 9, 15].
(Note, the total area of frames, which was the area of each
frame times the total number of frames within the renal
sections, was unbiasedly estimated by multiplying the area of
each frame by the numerical ratio between the total number of
densely arranged test points counted and the number (36) of
densely arranged test points superimposed on the field [7, 9].)

The total number of tubular lumens counted per kidney was
241 on average. Of this total number, an average of 8.7, 0.7
and 0.1 lumens per kidney were counted in 2-lumen (each
tubular profile had 2 lumens), 3-lumen and 4-lumen tubular
profiles respectively, mostly proximal tubular profiles in the
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counted in single luminal tubular profiles.

cortex and outer stripe (Figure 4). Other lumens (96.1%) were

Figure 4. Three microscopic fields (each a part of the field sampled for stereological measurement) taken on the same renal section (methacrylate-embedded, stained
with PAS and hematoxylin) that was obtained from a normal male Sprague-Dawley rat aged 12 months, with test points (+) and 2 rectangular unbiased counting
frames (inner smaller one 120 x 100 pim and outer larger one 470 x 3904m) superimposed on the field. P and P’, convoluted and straight segments of proximal
tubules; D and D’, convoluted and straight segments of distal tubules; C, collecting duct; 7, brush border of proximal tubules; o, tubular lumen in the tubular profiles
that should be counted with the inner unbiased counting frame; n, tubular profile without a lumen; #, area of the interstitial tissue filled with thin segments of the
Henle s loops. Note, one tubular profile [upper P’in (1)] has 3 tubular lumens (o) and another tubular profile [upper D in (2)] has 2 tubular lumens (®).The position
of the fields sampled in the kidney: (1) mostly in the cortex, partly (lower right boundary) in the outer stripe (lower P’); (2) upper field in the outer stripe and
lower field in the inner stripe; (3) upper right field in the inner stripe and lower left field in the inner medulla. With respect to length measurements, the length and
width of the oblique rectangle around the renal corpuscle profile (1) are the long and short axial diameters of the corpuscle profile. The length of the dotted line
(1) is a point sampled intercept within the renal corpuscle/glomerulus, measured though the test point (+) hitting the corpuscle/glomerulus. The length of the
solid line (3) is the short axial diameter of the tubular profile (lower C).

(morphological) features of the tubular profiles were recorded

2.4.3. Size and Histology of Renal Tubules

Of the tubular profiles counted (above), the round or
elliptical, single luminal profiles were further measured for
their diameters (for round profiles) or short axial diameters
(elliptical profiles). These diameters were regarded as the
approximate diameters of the 3-dimensional renal tubules in
the present study [15, 18]. (Assuming the renal tubule is a
cylinder-shaped structure, which is reasonable even though it
may not be true [15], a section through the tubule is a circle or
ellipse and the diameter of the circle or short diameter of the
ellipse is the diameter of the tubule.) The histological

after the diameter measurement.

2.4.4. Size, Histology and Number of Renal Corpuscles

The average of the long and short axial diameters of each
renal corpuscular profile sampled and measured in the First
Measurement was regarded as an approximate estimate for the
diameter of the corpuscle. (The diameter is a useful, intuitive
parameter, but it is a diameter of a 2-dimensional corpuscular
profile, not representing the true size of the 3-dimensional
corpuscle [19]). The average number of corpuscular profiles
measured in this way was 49.7 per kidney.
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In the Second Measurement, an average of 79.3 corpuscular
profiles were sampled per kidney and their histological
features were recorded.

The average numbers of point-sampled intercepts measured
for the renal corpuscles and glomeruli were 116 and 103 per
kidney, respectively. Calculating the mean of the intercepts
cubed and then multiplying the mean by (173), we directly
obtained the volume-weighted mean volume of the corpuscles
or glomeruli, an unbiased estimate of the mean volume of the
3-dimensional corpuscles or glomeruli in the volume
distribution [8, 9, 19].

As (a) the total number of particles (such as Sertoli cell
nuclei or renal glomeruli) is equal to the total volume of
particles divided by the arithmetic mean volume (i.e. the
number-weighted mean volume or the mean volume in the
number distribution) of particles and (b) the volume-weighted
mean volume of particles approximates the number-weighted
mean volume of particles (see the ‘“Number of renal
corpuscles or glomeruli” part in the Discussion for more
detail), we obtained, as previously done for Sertoli cell nuclear
number estimation [19], an approximate estimate of the total
corpuscular/glomerular number (per kidney) by dividing the
total volume of the corpuscles/glomeruli (obtained in the First
Measurement) by the volume-weighted mean volume of the
corpuscles/glomeruli (Second Measurement).

2.5. Statistics

The data in Tables 1-3 and some in the text are shown
as x+SEM (standard error of the mean). Comparison of data
between the 5 age-groups (Tables 1-3) was performed using
the one-way analysis of variance (in conjunction with the
Student-Newman-Keuls method for all pairwise multiple
comparisons) and the t-test was used for comparison of data
between 2 age-groups (Table 3). Within-organ comparison
between diameters of different renal tubules in each age-group
was performed using the one-way repeated-measures analysis
of variance (in conjunction with the Student-Newman-Keuls

method for all pairwise multiple comparisons). The

significance of difference was set at p<0.05.

3. Results

3.1. Histology

In general (Figure 5), (a) from 3—12M (3—12 months of age)
to 24-36M, the staining of structures, especially the brush
border and cytoplasm of proximal tubular epithelium, on
sections became lighter and the lumen of renal tubules larger. (b)
From young to old, the renal corpuscles grew larger, with the
Bowman’s space becoming more evident and the corpuscular
basement membrane appearing slightly thicker at 24-36M. (c)
The proximal tubules were much larger than other renal tubules.
(d) The renal corpuscles and tubules were densely packed in the
kidney, interspersed with bundles of connective tissue that was
more evident in the outer medulla (Figures 1 and 3). (e) In older
animals, the lumens of small arteries and arterioles in the renal
connective tissue appeared larger and the internal elastic
membrane was less clear and its folding less apparent, but the
vessels had no vascular signs of arterionephrosclerosis such as
thickening of the tunica intima (intimal fibrosis) or hyaline
deposits in the vascular wall (hyalinosis) [20].

Apparently atrophied renal corpuscles or tubules began to
appear at 24M, seen in less than 5% of the corpuscular or
tubular profiles on sections between 24M and 36M (Table 3).
They often had thickened basement membrane and focal
inflammatory cells (mainly lymphocytes) infiltration around
or near them (Figure 6).

Renal corpuscles were generally larger at 24-36M, usually
associated with larger capsular cavity and capillary lumen
(Figures 5 and 6). Apparently dilated corpuscles, as we judged
mainly by the apparently larger renal capsular cavity and
relatively smaller renal glomerulus that often had fewer or
narrower capillary lumen, were present in 5% of the corpuscular
profiles at 24M, and more (10%) at 36M (Figure 6).

Figure 5. Micrographs taken on renal sections (methacrylate-embedded, stained with PAS and hematoxylin) that were obtained from normal male
Sprague-Dawley rats aged 3 months (1), 6 months (2), 12 months (3), 24 months (4) and 36 months (5), showing mainly the general changes with age of
histological structures, especially the renal corpuscles. *, Bowman's space (between the glomerulus and the parietal layer of Bowman's capsule) in the renal
corpuscle; ¢, where the Bowman's space is continuous with the proximal tubular lumen; N and >, basement membrane and brush border of the proximal
tubule; N, basement membrane of the renal corpuscle; A, simple cuboidal epithelium (part of the parietal layer of the Bowman's capsule). Scale bar

(lower-right)=50 pm.

Apparently dilated renal tubules, often with thinner lining
epithelium, were seen in less than 4% of the tubular profiles
on sections between 24M and 36M (Table 3), with 60% of the
dilated profiles seen in the inner stripe and 90% of the dilated
profiles being associated with hyaline casts (Figure 6) —

homogenous PAS-positive substance filled in the tubular
lumens [20-22].

The parietal layer of the Bowman’s capsule was usually lined
by a simple squamous epithelium. But a part of the epithelium
occasionally became simple cuboidal (Figures 5 and 6) starting
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from 3M. This so-called cuboidal metaplasia [23] was seen, at
24-36M, in 13%-19% of the corpuscular profiles (Table 3),
with only 5%—6% of the metaplastic profiles being apparently
atrophied or dilated. The cuboidal epithelium often resembled
the lining epithelium of the neighboring proximal tubules, with
its length on section mostly constituting less than half of the
parietal layer, and occasionally it was seen continuous with the
proximal tubular epithelium (Figures 5 and 6).
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Figure 6. Micrographs showing some histological features of the renal
corpuscles and tubules, taken on sections (methacrylate-embedded, stained
with PAS and hematoxylin) that were obtained from normal male
Sprague-Dawley rats aged 24 months (1 and 2) and 36 months (3 and 4). *,
Bowman's space (between the glomerulus and the parietal layer of Bowman's
capsule) in the renal corpuscle; ¢, where the Bowman's space is continuous
with the proximal tubular lumen; N, atrophied renal corpuscle; A, dilated
renal corpuscle with a dilated Bowmans space; <, simple cuboidal
epithelium (part of the parietal layer of the Bowman s capsule); N, atrophied
renal tubule; >, hyaline cast in a dilated renal tubule. Scale bar
(lower-right)=50 pm.

3.2. Total Quantities

From 3M (3 months of age) to 24M, the mean body weight
of the rats increased in a curved line: the increase with age was
an average of 38 g (from 3M to 6M), 22 g (6M—12M) and 11g
(12M—-24M) per month, respectively; thereafter (24M—-36M),
the body weight decreased significantly by 7 g per month [10].
In contrast, the mean volume of kidneys increased almost
linearly with age (in a straight line) from 3M to 24M: the
monthly increments were 79 mm® (3M—6M), 72 mm® (6M—
12M) and 91 mm® (12M-24M), respectively, which plateaued
afterwards without a decrease from 24M to 36M (Table 1).
This trend of age-related change in the volume of kidney was
basically similar to that in the total volume of the renal
compartments — cortex, outer stripe, inner stripe or inner
medulla (Table 1). The volume fraction (relative volume) of
each of these compartments in the kidney remained basically
stable from 3M to 36M: the mean of the 5 mean volume
fractions for the 5 age-groups was 60.4%=+1.1% for the cortex,

22.8%+0.5% for the outer stripe, 12.4%+0.6% for the inner
stripe and 3.4%+0.3% for the inner medulla, respectively, with
no significant difference between ages being detected in the
volume fraction of any compartment.

A similar trend of linear increasing from 3M to 24M was
also observed in the total volume of most histological
structures (Table 1). From 24M to 36M, the total volume of
renal tubules or tubular wall plateaued, but the total volume of
renal corpuscles (or their components and the surrounding
basement membrane) or interstitial tissue kept increasing
linearly. In addition, the total volume of the tubular brush
border peaked at 12M and that of the tubular lumen (not
including the brush border) increased sharply at 24M from 3—
12M and then decreased significantly at 36M (Table 1).
Relatively, the volume fraction of (a) the capsular cavity in the
renal corpuscle or (b) the tubular lumen in the renal tubule was
small at 3—12M (volume fractions: a, 0.8%—1.4%; b, 2.3%—
4.3%), which increased sharply at 24M (a, 10.4%+1.6%; b,
19.6%+1.5%) or 36M (a, 14.9%+2.8%; b, 17.5%+1.3%).

With respect to blood vessels (capillaries, arteries and veins)
in the interstitium not shown in Table 1, the total volume
(including the vascular lumen, endothelium and tunica media
which could be clearly seen) was 22.9-23.3 mm’ at 3-6M,
which increased sharply to 68.0£9.1 mm”® at 12M, 89.1+10.1
mm’® at 24M and 95.8+14.6 mm’ at 36M, without statistical
difference being detected between the latter 3 age-groups. The
volume fractions of the blood vessels in the interstitium were
14.4%-21.0%, without significant difference between the 5
age-groups.

From 3-6M to 12M, there was a sharp increase (by 38%-—
48%) in the total length of all renal tubules measured, which
did not change significantly afterwards (Table 2). The relative
length (percentage of the total length per kidney) of the
proximal tubules (36.0%—41.5%) or distal tubules
(11.2%-15.1%) in the cortex, the proximal tubules
(17.7%-19.5%) or distal tubules (9.2%—10.3%) in the outer
stripe, or the tubules (15.2%-23.0%) in the inner stripe and
medulla remained basically stable, without significant
differences between the age-groups.

The total numbers of renal glomeruli per kidney were 28.9—
33.4 thousands in the 5 age-groups (Table 2), without
significant difference between groups (analysis of variance:
p=0.46). The total numbers of renal corpuscles (27.4-34.8
thousands in the 5 age-groups) independently estimated were
similar, without a significant age-related change (analysis of
variance: p=0.09), either.

3.3. Mean Sizes

There was a linear increase in the volume-weighted mean
volume of renal glomeruli, by 93% from 3M to 12M and by
96% from 12M to 24M (Table 2). Similar trend of increase
was also observed in the volume-weighted mean volume of
renal corpuscles from 3M to 12M, but a sharp increase (by
148%) occurred from 12M to 24M. Further increase by
approximately 20% was seen from 24M to 36M in the
volume-weighted mean volume of renal glomeruli or
corpuscles. In contrast, the age-related increase in the mean
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diameter of renal corpuscular profiles was small, by 22%
from 3M to 12M and by 32% from 12M to 24M and further
increase (by 4%) from 24M to 36M was not significant
(Table 2).

Basically, there was a linear increase (approximately by
35%-45%) in the mean diameters of all renal tubules,
proximal tubules or distal tubules from 3M to 24M, which
then declined (by approximately 10%) from 24M to 36M
(Table 2). As to the diameters of collecting ducts, it appeared
that the linear increase was from 3M to 12M, which then
plateaued from 12M to 36M (Table 2).

The diameters (about 40—50 um) of the proximal tubules in
the cortex, approximating those in the outer tripe, were
considerably larger (by roughly 50%—-60%) than the diameters
of the distal tubules in the cortex or medulla (Table 2). The
diameters of the distal tubules in the outer stripe (a) were
about 20% smaller than those of the distal tubules in the cortex
or inner stripe, or collecting ducts in the inner medulla at
3—-6M, but (b) became similar to the diameters of other tubules
(excluding the proximal tubules) at 12—36M (Table 2).

4. Discussion

The aging change in the kidney is a research of concern
which numerous studies addressed, but few studies
quantitatively analyzed all major structures in the kidney of rats
from young to old age. This is (a) a stereological (quantitative)
study which measured large area of good-quality
(methacrylate-resin ~ embedded) renal  sections and
comprehensively analyzed all major renal components (renal
tubules, corpuscles and interstitium) in a cohort of rats from 3
months (sexually mature) to 36 months (very old) of age, (b)
one of only several studies [e.g. 15, 24] which used isotropic
renal sections to estimate renal tubular length, and (c) the first
study which estimated the volume-weighted mean volume of
renal corpuscles/glomeruli. So the present study provides both
methods and baseline data for future experiments involving the
renal stereology or histology and helps to summarize and reach
a clear and reliable conclusion on the kidney aging by
comparison with other rat and human studies.

4.1. Renal Volume

The present study demonstrated a 3.3-fold linear increase in
the rat kidney volume, larger than the 2.2-fold increase in the
body weight, from 3M (3 months of age) to 24M, when the
kidney volume plateaued (until 36M) while the body weight
began to decrease (by 12% at 36M). Similar trend of
age-related change was also observed in the volume of spleens,
brains or livers (data unpublished) obtained from the same
cohort of rats as used in the present study, but the basically
linear volume increase from 3M to 24M was only 1.8-fold
(spleen), 1.2-fold (brain) or 2.0-fold (liver). Moreover, the
epididymides or seminal vesicles obtained from the same
groups of rats had a 1.5-fold (epididymis) or 2.7-fold (seminal
vesicle) volume increase from 3M to 12M, when the volumes
basically peaked [10]. This suggests that there is a greater
need of continuous kidney (compared with other organs)

growth or development in older rats for maintaining the renal
function, which depends, to a greater degree, on the amount of
renal structures.

In other rat studies, variable age-related changes in the
kidney weight were reported (a) in male Wistar/Lou M rats:
unchanged between 12M and 24M and 29% increase from
24M to 36M [25]; (b) in Munich Wistar rats: 53% increase
from 3M to 1.5 years and unchanged between 1.5 and 2.5
years [26], or 13% increase from 7-9M to 18—20M [27]; and
(c) in male Sprague-Dawley rats: 57% increase from 3—4M to
16—17M [28]. In humans, it was often assumed that the renal
mass increases progressively from birth to the fourth decade
of life and then decreases thereafter at a 10% reduction rate
per decade [29]. But the results in some actual human studies
were also variable: (a) there was a 9% increase of kidney
weight from 16—39 (average 30) to 40—58 (50) years and then
a35% decrease from 40—58 to 76—87 (81) years of age [30], (b)
there was a 16% decrease in the volume of kidney cortex
(measured with in vivo computed tomography) between
18—29 and 70-75 years of age [31], and (c) there did not seem
to be a trend of kidney weight decrease between 46—55 and
86—98 years of age [32]. So a conclusion on the age-related
change of renal mass could hardly be drawn from previous
studies and more studies will be needed to verify the trend of
change found in the present study.

The present study also demonstrated that, with the increase
of the overall renal volume with age, the relative volume of the
renal compartments (cortex or others) that constituted the
renal mass, or the relative length of the different renal tubules
that constituted the bulk of the renal mass and played different
roles in the urine formation and transport, remained basically
constant throughout the ages. That is, the growth or
development of different key renal structures with age was
uniform or proportional. So the implication is that the
age-related renal volume change is generally a physiological
compensatory development or hypertrophy of key structures
in the kidney and, considering the continuous increase of the
total or mean glomerular volume until 36 months of age, the
compensation of glomeruli is still active at a very old age.

4.2. Glomerular Sclerosis

Glomerulosclerosis, primarily defined as accumulation or
increase of glomerular matrix and obliteration or decrease of
glomerular capillaries [20], is often regarded as a key
abnormal or pathological effect of kidney aging. The
percentage of sclerotic glomeruli was previously reported to
be 7.9% in male Munich-Wistar rats aged 2.5 years [26], 9%
in male Fisher 344 (F344) rats aged 24 months [33] and 25.2%
in male Sprague-Dawley rats aged 24 months [34]. The
present study did not focus on the classification of sclerotic
glomeruli. But we presume that the atrophied corpuscles and
some of the dilated corpuscles observed at 24—36M (Table 3)
might be regarded as sclerotic. So the sclerotic glomeruli
would be less than 8% (24M) or 15% (36M) in the present
study. It is worth noting that the judgment of sclerosis from
single glomerular profiles on single sections, which is often
performed in renal studies, is subjective and the percentage of
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sclerotic glomeruli may mislead us into thinking that it
represents the percentage of glomerular number or volume
degenerated or lost. No matter how many glomeruli were
actually sclerotic, the present study demonstrated that there

was no decrease in the total or mean glomerular volume, nor
loss of glomeruli in the aging kidney. This highlights the
importance of glomerular sclerotic study combining with
study of the mean and total glomerular volume.

Table 1. Volumes (mm’) of kidneys and total volumes (mm’) of key renal structures per kidney.

3M (n=9) 6M (n=9) 12M (n=9) 24M (n=9) 36M (n=8)

Volume of kidney (unilateral) 753+42 992+46* 1426+63*° 25204790 2491+142%0¢
Cortex 425424 595+31° 88340 15204772 1570+89%>¢
Outer stripe in the outer medulla 185+18 229+14 328+33%° 573+25%0¢ 529+44%0¢
Inner stripe in the outer medulla 109+12 113+11 155+13 331+25%0¢ 302+34*¢
Inner medulla 20+8 42+6 49+9 63420 86+14°
Renal sinus 13+6 1343 10£5 34+14 5+2

Renal corpuscles 22.0+1.4 30.3+0.9 46.9+£3.1*° 88.7+7.1%0¢ 124 4+8 8*0<d
Glomeruli in the corpuscles 21.0£1.3 28.8+1.0 44.2+2 9*° 76.0£6.240¢ 98.9+4.8*4
Bowman’s space in the corpuscles 0.2+0.1 0.4+0.1 0.7+0.3 9.3£1.6™* 20.1+4.8*>4
Parietal layer of the Bowman’s capsule 0.9+0.2 1.120.1 1.9+0.4 3.4+0.8"° 5.4+0.8%0d
Basement membrane of the corpuscles ” 0.8+0.1 2.1+0.2 4.2+0.5° 11.141.3%0¢ 18.2+]1. 1704

Renal tubules” 575434 748+39° 999432 174369 1588+91%>¢
Wall of renal tubules 446425 567+31° 762+35% 1220+41%>¢ 1155+58%>°
Brush border of renal tubules 117+£10 158+12 194+12% 179+15% 152+19
Lumen of renal tubules 13+2 2343 4245 344+350¢ 28142804

Area of thin segments of Henle’s loops” 21+5 39+4 5549 1274220 159+18>¢

Interstitial tissue” 122+8 160+9 313424 500+15%¢ 6094304

Data are shown as ¥=SEM. 3M—36M: normal male Sprague-Dawley rats aged 3—36 months; n: sample size. “The renal tubules included the collecting ducts, not
the thin segments of Henle’s loops; the area of thin segments of Henle’s loops included the inter-segmental connective tissue; the interstitial tissue was connective
tissue between the corpuscles, tubules and thin segmental area; the basement membrane of the renal corpuscles and tubules was part of the interstitial tissue. p<
0.05: in comparison with the group of 3M?, 6M", 12M° or 24M".

Table 2. Sizes, lengths or numbers of renal corpuscles and tubules in the kidney.

3M (n=9) 6M (n=9) 12M (n=9) 24M (n=9) 36M (n=8)
Mean D of profiles of renal corpuscles (Um) 93+2 103+3 113+1° 149+6°¢ 155+420¢
#, of renal corpuscles (10°xpm®) 0.69+0.04 1.02+0.07 1.36+0.08 3.37£0.32%"¢ 4,02+0.36""¢
#, of renal glomeruli (10°xpm®) 0.69+0.04 1.02+0.07 1.33+0.08° 2.610.24"* 3.18+0.23%0ed
Total number of renal glomeruli per kidney (10°) 30.6+1.2 28.9+1.4 33.4+1.9 29.94+2.5 31.9£2.2
D of all tubules (pm) 31.8+0.5 34.5£0.6° 35.5+0.5° 43.5+].1%¢ 40.0+1.0%04
D of proximal tubules in the cortex (Um) 38.6+0.5 41.0£0.9 41.5+0.8 51.4+1.4%0¢ 48.6+0.9*>¢
D of distal tubules in the cortex (Lm) 26.7£1.1 27.4+0.7 29.1+0.9 36.4+1.0*0¢ 31.8+0.8%>4
D of proximal tubules in the outer stripe (pm) 38.5£1.3 42.5+0.9 42.9£1.0 55.0+1.7%0¢ 49.9+] 804
D of distal tubules in the outer stripe (Um) 21.1£0.5 22.8+0.9 27.141.3* 32.0+1.8%0¢ 29.2+1.5%
D of distal tubules in the inner stripe (m) 25.7+0.6 26.8+0.8 28.5+1.0 36.1+2.3%0¢ 33.1+1.3%0¢
D of collecting ducts in the inner medulla (Hm) 24.1+2.3 28.3+1.4 31.2£1.0 32.0+4.4 31.5£1.7
L of all tubules (m) 502422 536+20 74244240 846+41%° 811+£30™°
L of proximal tubules in the cortex (m) 179+10 210+10 306+23"° 330+21%° 325+13%°
L of distal tubules in the cortex (m) 56+5 80+5" 105+10* 102+12% 105+6"
L of proximal tubules in the outer stripe (m) 99+6 98+7 143+17%° 153+12%° 145+13%°
L of distal tubules in the outer stripe (m) 535 5243 76x15 81+13 83+15
L of distal tubules in the inner stripe (m) 108+15 83+10 93+8 170+18%>¢ 14014
L of collecting ducts in the inner medulla (m) 8+3 13+1 19+£5 10£5 134

Data are shown as X+SEM. 3M—36M: normal male Sprague-Dawley rats aged 3—36 months; n: sample size. Mean D, mean of the long and short axial diameters
of the corpuscle profile on sections; ¥,, volume-weighted mean volume of the corpuscles or glomeruli; D, renal tubular diameter; L, total length of renal tubules
(excluding the thin segments of Henle’s loops) per kidney; the collecting ducts (if any) in the compartments other than the inner medulla were classified into the
distal tubules. p<0.05: in comparison with the group of 3M?, 6M®, 12M° or 24M".

Table 3. Percentage of the profiles (on sections) of renal corpuscles and tubules with certain histological features in the kidney.

3M (n=9) 6M (n=9) 12M (n=9) 24M (n=9) 36M (n=8)
Renal corpuscles atrophied 0 0 0 3.6%+1.2% 4.9%+1.2%
Renal corpuscles dilated 0 0 0 4.9%+1.6% 10.3%+1.9%"
Renal corpuscles with cuboidal parietal epithelium  2.1%+0.8% 5.3%+1.3% 9.1%+2.3% 18.6%+4.8%™" 13.4%+3.0%"
Renal tubules atrophied 0 0 0 0.81%+0.36% 1.91%+0.79%
Renal tubules dilated 0 0 0 3.80%+2.07% 2.47%+0.98%

Data are shown as X=SEM. 3M—-36M: normal male Sprague-Dawley rats aged 3-36 months; n: sample size. Atrophied renal corpuscle or tubule, often with
surrounding lymphocytes infiltration; dilated renal corpuscle, with a dilated Bowman’s space and a relatively smaller glomerulus; dilated tubule, mostly with a
proteinaceous cast in the tubular lumen; cuboidal parietal epithelium, with part of the parietal epithelium of the Bowman’s capsule being simple cuboidal. p<0.05:
in comparison with the group of 3M?, 6M" or 24M".
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4.3. Size of Renal Corpuscles

In the present study, both the mean diameter of renal
corpuscular profiles and the volume-weighted mean volume
of renal corpuscles or glomeruli showed a trend of continual
age-related increase until the age of 36 months, although the
diameters did not show the change as clearly and markedly as
the volumes. The increase in the mean corpuscular/glomerular
sizes was associated with the age-related increase in the total
corpuscular/glomerular volumes.

Age-related increase of glomerular size was also reported in
previous rat studies [26-28, 33, 35, 36] although the increase
was minimal in a study with male Sprague-Dawley rats aged 12,
24 and 36 months of age [25]. In humans, however, there was a
[Fshaped change of mean glomerular volumes from 30 to
65—-68 years of age, with the glomerular volume peaking at 40
years of age [35], or there was a negative correlation between
glomerular volume and age, with a decrease of 9% (at an
average of 50 years of age), 22% (67 years) or 22% (81 years)
from the mean volume at 30 years of age [30]. This suggests
that there is a difference in the time course of age-related renal
histological adaptation between rats and humans. And the
species difference may be related to this striking species
difference: proteinuria or albuminuria is abnormal (normally
absent) in humans [37] but normal in rats, which may be present
from 3 months of age with a sharp increase around 24 months of
age in rats [21, 25-27, 33, 34, 38, 39]. We speculate that due to
the loss of protein through the kidney at early ages, the rat
kidney may work more actively to prevent it from more loss. As
a result, the rat renal structures, especially renal corpuscles, are
more functional and therefore “healthier”— less likely atrophied
or lost (see also the part below).

4.4. Number of Renal Corpuscles or Glomeruli

The number estimation of renal corpuscles/glomeruli was a
by-product of the present study, extra information extrapolated
from the estimated total volume and volume-weighted mean
volume of the renal corpuscles/glomeruli. The number is an
underestimate of the true number because the volume-weighted
mean volume is larger than the number-weighted mean volume,
and the degree of underestimation (bias) depends on the
coefficient of variation of the corpuscular/glomerular volumes.
When the within-organ coefficient of variation of
corpuscular/glomerular volumes is 33%, the number estimated
with the volume-weighted mean volume will be 10% smaller
than the true number per kidney [8, 9, 19]. The great advantage
of the number estimation in the present study is its simplicity:
only point counting and length measuring on single renal
sections were necessary. Serial renal sections would be needed
for unbiased estimation of glomerular number with the disector
method [8, 28, 30, 36, 39], which would be much more
time-consuming,

Interestingly, the total glomerular numbers (per kidney)
approximately estimated in the present study, 29-33x10° for
the 5 age-groups, were comparable to the total glomerular
numbers (24-32x10%) previously estimated in

Sprague-Dawley or Wistar rats (aged from 10 days to 24
months) using unbiased stereological methods [28, 36, 39],
without studies showing a decrease of glomerular number
with age. In contrast, age-related decrease in the glomerular
numbers or loss of glomeruli in the aging kidney was
consistently reported in humans [30, 31, 40, 41]. These results
suggest that there may be indeed another species difference in
the age-related change of glomerular numbers between rats
and humans. The age-related glomerular numerical change in
humans might be explained by the above-mentioned mean
glomerular volume change; more studies will be needed for
further clarification of the scenario.

4.5. Parietal Layer of the Bowman’s Capsule

It was previously shown that part of the parietal epithelium
of the Bowman’s capsule became cuboidal in a 30-week-old
male Sprague-Dawley rat with minimal chronic progressive
nephropathy [23]. We found in the present study that (a) the
cuboidal metaplasia occurred early, increasing with age and
mostly in normal renal corpuscles, and (b) the metaplastic
epithelium was either continuous with or resembled the lining
epithelium of the proximal tubules. Therefore we speculate
that the so-called metaplastic epithelium [23] was not
transformed from the parietal layer of the Bowman’s capsule,
but an extension of the proximal tubular epithelium
(continuous with the Bowman’s space) due to the rapid
development and enlargement of renal corpuscles with age.

4.6. Hyaline Casts in the Renal Tubules

As shown previously [21] and in the present study, hyaline
casts — proteinaceous casts [21, 22], were often seen in dilated
renal tubules in old rats. So tubular dilation may be an aging
effect in the kidney [21]. We speculate that it might indicate
an obstruction or stasis of the ultrafiltrate or urine in some
uriniferous tubules, especially in the inner stripe where the
casts were mostly seen, due to proteinuria commonly seen in
old rats (above). Dilation of the Bowman’s space observed in
old rats in the present study might be a result of the stasis,
which might also result in a pressure-mediated glomerular
hypertrophy and/or degeneration. That is, hyaline casts in the
renal tubules might be another factor other than the proteinuria
(see above) that contributed to the kidney aging effect in the
rat. If this were proved to be true, diuresis might be a potential
choice for deferment or prevention of kidney aging.

4.7. Length and Diameter of Renal Tubules

Age-related change in the length and diameter of renal
tubules was seldom studied. The present study found that the
lengths or diameters of different segments of renal tubules
generally increased with age in proportion, indicating a
uniform, physiological compensation or hypertrophy with age.
From 24 to 36 months of age, some reduction in the diameter
of renal tubules or the total volume of tubular lumen was
observed while the total length of tubules plateaued between
24 and 36 months of age (Table 2). This might indicate a
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reduction in the amount of glomerular ultrafiltrate from 24 to
36 months of age.

Length of linear tissue structures such as renal tubules are
best estimated with stereology by counting the (number of)
sections (profiles) of the linear structures on tissue sections [7,
9, 15]. For unbiased estimation, however, the linear structure
must be (assumed to be) isotropic, or the tissue section must
be isotropic (i.e. random in terms of orientation in
3-dimensioanl space). Apparently, renal tubules in the kidney
are radially distributed from the renal pyramid’s papilla to the
outer border (Figures 1 and 3), without a random orientation.
This was why we went out of the way to obtain isotropic renal
sections using the orientator in the present study. And to
optimize sampling of tissue sections, we cut tissue blocks
along 2 independent random orientations and obtained 4
blocks per kidney.

Tubular profiles can be counted in two ways. We can count
all tubular profiles or the tubular profiles with tubular lumens
[15, 42]. Since a tubular profile with a lumen can be better
identified (than a tubular profile without a lumen) and such a
profile can be better observed and measured, we performed
the latter counting in the present study: we counted the lumens
of tubular profiles as we previously did [15].

4.8. Interstitial Tissue

Interstitial fibrosis is often regarded as an aging effect in the
human kidney [1, 5, 6, 43]. In the present rat study, we showed
an increase of the interstitial tissue with age and the increase
was associated with larger volume of blood vessels. But the
interstitium observed was basically normal except for some
focal inflammatory infiltration, and renal tubules and
corpuscles were still densely packed in the kidney without
much connective tissue between them. In our previous study
of the epididymides and seminal vesicles from the same
groups of animals as used in the present study, interstitial
inflammatory infiltration (in the connective tissue of the
gonads) was not evident except that inflammatory cells were
observed in the seminal vesicle (mainly in the glandular lumen
near the lining epithelium) of one animal (aged 36 months of
age) only [10].

4.9. Gender Difference

The present investigation studied only male rats from our
previous study in which no female rats were included in the
experiment [10], without addressing the gender difference. It
was recognized that age-related changes such as glomerular
sclerosis in the male were often more apparent or severer than
the female [21, 27, 28, 38]. So the aging effects shown in the
present study might represent the worse scenario in the
Sprague-Dawley rat population living under the same
condition.

4.10. Summary

For a reliable, quantitative study of the morphological
changes in the aging kidney, isotropic uniform random
sections, ideal for unbiased stereological (quantitative)

estimations, were obtained in the present study from the
kidneys of male rats (8—9 per age-group) randomly sampled
from a single cohort of normal animals at the ages of 3, 6, 12,
24 and 36 months, respectively. The renal sections, after
embedding in methacrylate resin with negligible tissue
shrinkage or expansion [9, 44] and staining with PAS and
hematoxylin for better showing the boundary of structures,
were measured on a computer screen using various,
sophisticated stereological methods to estimate the total
amounts or mean sizes of key renal structures. The results
indicated that the volume of kidney and the total (per kidney)
volume or length of renal tubules increased continually from 3
to 24 months of age and then plateaued between 24 and 36
months of age. The total volume of renal corpuscles,
glomeruli, Bowman’s space or interstitial tissue and the mean
volume of renal corpuscles or glomeruli increased continually
from 3 to 24 months and further until 36 months of age. The
mean diameter of renal tubules or the total volume of renal
tubular lumen increased continually from 3 months and
peaked at 24 months of age. Throughout the ages, the total
number of renal glomeruli remained essentially constant, and
the relative volume of the cortex or medulla and the relative
length of different segments of the renal tubules remained
basically stable. Apparently atrophied or dilated (dilation of
Bowman’s space with relatively smaller glomerulus) renal
corpuscles began to appear at 24 months of age, accounting
for 8% (at 24 months of age) and 15% (36 months) of the
corpuscular profiles. Apparently atrophied or dilated (mostly
associated with hyaline proteinaceous casts) renal tubules
accounted for approximately 5% of the tubular profiles at 24
or 36 months of age. In conclusion, the present study
demonstrates a comprehensive age-related histological change
of key renal structures which suggests that the renal tissues
continued to develop adaptively or work actively from young
to old to maintain normal physiological functions, with only a
small part of the tissues beginning to degenerate after 24
months of age. So the aging change in the rat kidney was
primarily a compensatory or hypertrophic histological change,
without marked pathological changes prevalent in the aging
kidney. Besides, the present study also discussed about the
species difference in the age-related renal histological
adaptation between rats and humans.

5. Conclusion

The present study quantitatively analyzed key histological
structures in the kidneys from a cohort of male
Sprague-Dawley rats aged 3 to 36 months with sophisticated
stereological methods. The results demonstrated that the total
(per kidney) volume or length of the renal tubules increased
continually from 3 to 24 months of age and the total volume of
glomeruli increased continually from 3 to 36 months of age
while the total number of glomeruli remained essentially
constant throughout the ages, with only a small part of the
tissues beginning to degenerate after 24 months of age. The
conclusion is therefore that the renal tissues (including renal
glomeruli and tubules) continue to develop adaptively or work
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actively from young to old age to maintain normal
physiological functions and the aging change in the kidneys is
primarily a compensatory or hypertrophic histological change.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgements

This study was supported by North Sichuan Medical
College and the Research Development Program of North
Sichuan Medical College (grant Nos. CBY13-A-ZP05 and
CBY13-A-ZP09).

References

(1]

(2]

[3]

[5]

[6]

(8]

[10]

[11]

[12]

Zhou XJ, Rakheja D, Yu X, Saxena R, Vaziri ND, Silva FG.
The aging kidney. Kidney Int 2008; 74: 710-720.

Weinstein JR, Anderson S. The aging kidney: physiological
changes. Adv Chronic Kidney Dis 2010; 17: 302-307.

Yang H, Fogo AB. Cell senescence in the aging kidney. ] Am
SocNephrol 2010; 21: 1436-1439.

Kanasaki K, Kitada M, Koya D. Pathophysiology of the aging
kidney and therapeutic interventions. Hypertens Res 2012; 35:
1121-1128.

Denic A, Glassock RJ, Rule AD. Structural and functional
changes with the aging kidney. Adv Chronic Kidney Dis 2016;
23:19-28.

Bridges CC, Zalups RK. The aging kidney and the nephrotoxic
effects of mercury. J Toxicol Environ Health B Crit Rev 2017;
20: 55-80.

Gundersen HJ, Bendtsen TF, Korbo L, Marcussen N, Mgller A,
NielsenK, Nyengaard JR, Pakkenberg B, Serensen FB,
Vesterby A, West MJ. Some new, simple and efficient
stereological methods and their use in pathological research
and diagnosis. APMIS 1988; 96: 379-394.

Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo L,
Marcussen N, Moller A, Nielsen K, Nyengaard JR, Pakkenberg
B, Serensen FB, Vesterby A, West MJ. The new stereological
tools: disector, fractionator, nucleator and point sampled
intercepts and their use in pathological research and diagnosis.
APMIS 1988: 96: 857-881.

Yang ZW. Essential Tools for Morphometric Studies of
Biological Tissues: Practical Stereological Methods. 1st ed.
Beijing: Science Press. 2012 [Book in Chinese].

Guo Y, Li JM, Xiang Y, Li YY, Huang J, Deng XZ, Yang ZW.
Quantitative (stereological) study of the epididymis and
seminal vesicle in the rat from young to old. Andrologia 2019;
51: el3247.

XuW, Guo Y, Xiang Y, Yang ZW. Is there section deformation
resulting in differential change of nuclear numerical densities
along the z axis of thick methacrylate or paraffin sections?
Microsc Res Tech 2019; 82: 1575-1583.

Quinn R. Comparing rat's to human's age: how old is my rat in

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

106

people years? Nutrition 2005; 21: 775-777.

AndreolloNA, Santos EF, Aratjjo MR, Lopes LR. Rat's age
versus human's age: what is the relationship? Arq Bras Cir Dig
2012; 25: 49-51.

Mattfeldt T, Mall G, Gharehbaghi H, Méller P. Estimation of
surface area and length with the orientator. ] Microsc1990; 159:
301-317.

Wang D, Wen XH, Guo Y, Xiang Y, Yang ZW. Comparison of
two stereological methods with counts and diameters of renal
tubular profiles for estimating the length of renal tubules. Acta
Anatomica Sinica 2020; 51: 967-975 [Article in Chinese].

Xiang Y, Yang ZW. Detachment of methacrylate-embedded
sections from microscope slides can be prevented by heating on
hotplate. J Histol Histopathol 2014; 1: 10.

Verlander JW. Urinary System. In: Dellmann’s Textbook of
Veterinary Histology. 6th ed. Eurell A, Frappier BL (eds.).
Oxford: Blackwell Publishing. 2006. pp212-232.

Kang J, Dai XS, Yu TB, Wen B, Yang ZW. Glycogen
accumulation in renal tubules, a key morphological change in
the diabetic rat kidney. Acta Diabetol 2005; 42: 110-116.

Yang ZW, Wreford NG, de Kretser DM. A quantitative study of
spermatogenesis in the developing rat testis. Biol Reprod 1990;
43: 629-635.

Fogo AB, Kashgarian M. Diagnostic Atlas of Renal Pathology.
2nd ed. Philadelphia: Elsevier Saunders. 2012. pp2-50,
353-364.

Gray JE. Chronic progressive nephrosis in the albino rat. CRC
Crit Rev Toxicol 1977; 5: 115-144.

Zou WZ. Pathology of Renal Biopsy. 4th ed. Beijing: Peking
University Medical Press. 2017. pp41-67.

Owen RA, Heywood R. Age-related variations in renal
structure and function in Sprague-Dawley rats. Toxicol Pathol
1986; 14: 158-167.

Sadeghinezhad J, Nyengaard JR. Cat kidney glomeruli and
tubules evaluated by design-based stereology. Anat Rec
(Hoboken) 2019; 302: 1846-1854.

Dodane V, Chevalier J, Bariety J, Pratz J, Corman B.
Longitudinal study of solute excretion and glomerular
ultrastructure in an experimental model of aging rats free of
kidney disease. Lab Invest 1991; 64: 377-391.

Anderson S, Rennke HG, Zatz R. Glomerular adaptations with
normal aging and with long-term converting enzyme inhibition
in rats. Am J Physiol 1994; 267: F35-F43.

Baylis C. Age-dependent glomerular damage in the rat.
Dissociation between glomerular injury and both glomerular
hypertension and hypertrophy. Male gender as a primary risk
factor. J Clin Invest 1994; 94: 1823-1829.

Saez F, Reverte V, Salazar F, Castells MT, Llinas MT, Salazar
FJ. Hypertension and sex differences in the age-related renal
changes when cyclooxygenase-2 activity is reduced during
nephrogenesis. Hypertension 2009; 53: 331-337.

Bolignano D, Mattace-Raso F, Sijbrands EJ, Zoccali C. The
aging kidney revisited: a systematic review. Ageing Res Rev
2014; 14: 65-80.



107

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Dan Wang et al.:

A Stereological Study of Key Histological Structures in the

Kidneys of Rats from Young to Old Age

Nyengaard JR, Bendtsen TF. Glomerular number and size in
relation to age, kidney weight, and body surface in normal man.
Anat Rec 1992; 232: 194-201.

Denic A, Lieske JC, Chakkera HA, Poggio ED, Alexander MP,
Singh P, Kremers WK, Lerman LO, Rule AD. The substantial
loss of nephrons in healthy human kidneys with aging. ] Am
Soc Nephrol 2017; 28: 313-320.

Gholamzadeh S, Zarenezhad M, Montazeri M, Zareikordshooli
M, Sadeghi G, Malekpour A, Hoseni S, Bahrani M, Hajatmand
R. Statistical analysis of organ morphometric parameters and
weights in south iranian adult autopsies. Medicine (Baltimore)
2017; 96: e6447.

McDermott GF, Ingram A, Scholey J, Kirkland JL, Whiteside
CI. Glomerular dysfunction in the aging Fischer 344 rat is
associated with excessive growth and normal mesangial cell
function. J Gerontol A Biol Sci Med Sci1996; 51: M80-M85.

Ding G, Franki N, Kapasi AA, Reddy K, Gibbons N, Singhal
PC. Tubular cell senescence and expression of TGF-betal and
p21 (WAF1/CIP1) in tubulointerstitial fibrosis of aging rats.
ExpMolPathol 2001; 70: 43-53.

Cortes P, Zhao X, Dumler F, Tilley BC, Atherton J. Age-related
changes in glomerular volume and hydroxyproline content in
rat and human. J Am Soc Nephrol 1992; 2: 1716-1725.

Nyengaard JR. Number and dimensions of rat glomerular
capillaries in normal development and after nephrectomy.
Kidney Int 1993; 43: 1049-1057.

[37]

[38]

[39]

[42]

[43]

[44]

Fliser D, Franek E, Joest M, Block S, Mutschler E, Ritz E.
Renal function in the elderly: impact of hypertension and
cardiac function. Kidney Int 1997; 51: 1196-1204.

Goldstein RS, Tarloff JB, Hook JB. Age-related nephropathy in
laboratory rats. FASEB J 1988; 2: 2241-2251.

Li YM, Steffes M, Donnelly T, Liu C, Fuh H, Basgen J, Bucala
R, Vlassara H. Prevention of cardiovascular and renal
pathology of aging by the advanced glycation inhibitor
aminoguanidine. Proc Natl Acad Sci USA 1996; 93:
3902-3907.

McNamara BJ, Diouf B, Hughson MD, Hoy WE, Bertram JF.
Associations between age, body size and nephron number with
individual glomerular volumes in urban West African males.
Nephrol Dial Transplant 2009; 24: 1500-1506.

Bertram JF, Hoy WE. Ageing: nephron loss in the ageing
kidney - it's more than you think. Nat Rev Nephrol 2016; 12:
585-586.

Gundersen HJ. Stereological estimation of tubular length. J
Microsc 2002; 207: 155-160.

Glassock RJ, Rule AD. The implications of anatomical and
functional changes of the aging kidney: with an emphasis on
the glomeruli. Kidney Int 2012; 82: 270-277.

Zhengwei Y, McLachlan RI, Bremner WJ, Wreford NG.
Quantitative  (stereological) study of the normal
spermatogenesis in the adult monkey (Macaca fascicularis). J
Androl 1997; 18: 681-687.



