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1. Lesions Associated With Mesangial IgM Deposits
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The present studies examined the pathogenesis of focal glomerular sclerosis in aging
rats. A marked difference in development of the lesion was noted between males and
females, and strain variability was an important factor. Increased glomerular basement
membrane permeability with loss of selectivity unrelated to changes in glomerular
sialoprotein occurred with aging and was accompanied by increasing proteinuria. Non-
complement-fixing mesangial deposits of rat IgM were present after 1 month of age and
were also found in lesser amounts in germfree rats. Fluoresceinated eluates of rat
kidneys did not have antibody activity against rat serum or tissue antigens. There was
no evidence for a pathogenetic role of IgM deposits. Rat IgG, IgA, IgE, C3, and fibrin
were occasionally found in sclerotic areas. Analysis of multiple histologic sections
revealed a close correlation between aging and glomerular pathology, with a poor
correlation between tubular damage and aging. Glomerular damage appeared to be the
initial event leading to tubular damage. Indirect evidence suggests that a relative
thymic deficiency may play an important role in the pathogenesis of the lesion. (Am J
Pathol 85:277-302, 1976)

NUMEROUS REPORTS HAVE DESCRIBED spontaneous renal lesions
in aging rats."® The incidence of associated proteinuria among strains has
differed,”** and males have been most severely affected.®”!12 Many
environmental and genetic factors appear to be capable of altering the
onset and course of the disease.!*7-*% While proteinuria in most experi-
mental animal models is induced by humorally mediated renal damage.
there is little evidence linking the aging nephropathy of rats to immune
mechanisms.?'"® In addition, no toxic substances or metabolic abnor-
malities have been discovered to account for this spontaneous disease
process. Recent studies have likened the glomerulopathy of aging in rats
to focal glomerular sclerosis in man ¢’ and have implicated mesangial
deposits of IgM as a possible factor in the pathogenesis of this lesion.®
These studies further suggest that the sclerotic lesions result from mesan-
gial overload and dysfunction from a persistent increase in glomerular
permeability and consequent proteinuria. In the present paper, we report
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the results of our study of the spontaneous lesion of focal glomerular
sclerosis of aging in the male Sprague-Dawley rat and provide data
suggesting that the lesion does not occur as a consequence of IgM deposi-
tion but more likely as a natural consequence of aging, which in turn is
related to genetic and environmental factors. While superficially similar to
focal sclerosis in man, the lesion does not appear to represent an entity
comparable to human focal glomerular sclerosis.

Materials and Methods
Animals

Random bred albino male and female Sprague-Dawley rats were used for most of these
studies. The majority of the animals were male. and ranged in age from immediatelv
newborn. 1 through 6 weeks. and 3. 4. 6. 9. 12. 18. 22. and 24 months. Germfree male
Sprague-Dawleyv rats were 12 months of age. as were Fischer (F-344) rats. Adult Lewis
rats. 12 months of age. were also used. Animals were obtained mainly from Flow Labora-
tories and maintained in the University of Virginia Vivarium under standard conditions
with a regular diet.

Urine Protein and Blood Chemistries

Animals were periodically placed in metabolic cages to collect 24-hour urine samples.
The total urine protein (TUP) content was determined using 3% sulfosalicylic acid with
bovine serum albumin as a standard.?* The upper limit of normal for voung rats in our
laboratory is 10 mg 24 hours (6.4 + 3.6 mg 24 hrs. mean = 3 SD). Total urine protein
determinations were made for 184 male Sprague-Dawley rats. with the smallest number.
16. at age 24 months. Total urine protein determinations were made for 60 female
Sprague-Dawley rats. for 12 male and 12 female Fischer rats at 1 vear. and for 10 male and
6 female Lewis rats. Blood urea nitrogen. serum creatinine. total serum protein. and serum
albumin levels were determined by routine laboratory methods. Individual concentrated
rat urines and sera were periodically analyvzed by electrophoresis in 1% agarose gel. and
pooled urine and sera of animals adjusted to the same concentration were analvzed by
cellulose acetate protein electrophoresis.

Kideny Tissue

Tissue obtained by open renal biopsy or sacrifice was divided into three portions.?® One
specimen was fixed in neutral formalin. the second snap-frozen on a cork in isopentane
cooled with dry ice. and the third portion fixed in 2% osmium tetroxide for 45 minutes,
dehydrated with ethanol. and embedded in Araldite. Paraffin-embedded specimens were
serially sectioned at 3 u. and sequential strips of sections were stained with hematoxvlin
and eosin (H&E), periodic acid-Schiff reagent (PAS), and colloidal iron for sialoprotein.
Kidneys from 87 male Sprague-Dawley rats of various ages were examined, as was a small
number from each of the other groups noted above.

Histologic Grading

All of the serial sections were examined to determine the degree and extent of histologic
changes. The specimens were examined without knowledge of the animal's age or the
quantity of protein excreted. Four specific areas were analyzed: a) Glomeruli were graded
Oto 4+. with 1+ representing increased mesangial matrix: 2+ for segmental sclerosis, 3+
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for sclerosis with collapse. and 4+ for obsolescence. Marked thickening of Bowman's
capsule increased the grade by 0.5+. b) Tubular histology was graded from 0 (normal) to
1+ for an isolated area of tubular atrophy and increased tubular basement membrane
thickening. up to 4+ for multiple areas of atrophy, interstitial cellular infiltration, and
fibrosis. ¢) Colloid casts were graded 0 for none, 1+ for one cast 20 glomeruli. 2+ for up to
four casts. 3+ for five to eight casts. and 4+ for more than 8 casts’20 glomeruli. d)
Colloidal iron specimens were graded 4+ for normal staining as found in 3-month-old and
vounger animals. 3+ for a moderate diffuse decrease in staining. progressively to 0 for no
staining within most glomeruli.

Immunofiuorescence Studies

Rat IgG was isolated by DE-52 cellulose chromatography of a 335% ammonium sulfate
precipitation of whole rat serum using .01 M sodium phosphate buffer. pH 7.5. for
elution.?

Rabbit Antirat F(ab’)?

Rat IgG was dissolved in .07 M acetate buffer. pH 4.5, and .05 M NaCl. A 1 50 of the
globulin weight of pepsin was dissolved in .1 M acetate and added to the stirred globulin
solution.”” After stirring for 50 hours at 37 C, the soluble portion was brought to neutrality
and dialyzed against isotonic phosphate-buffered saline, pH 7.2 (PBS). After precipitation
with sodium sulfate. the precipitate was dialyzed against water and lyophilized. Two
hundred micrograms were emulsified with complete Freund's adjuvant and utilized to
immunize rabbits. Sera were harvested at 30 days and recognized five lines in the globulin
region by immunoelectrophoresis (IEP) against fivefold concentrated rat immunoglobu-
lins.

Rabbit Antirat IgM Antiserum

The fraction of sulfate-precipitated rat immunoglobulins eluted from a DE-52 column
with 1 M sodium chloride was concentrated by pressure dialvsis and separated on a
Sephadex G-200 column using retrograde flow with PBS as the eluant.® The ascending
portion of the first peak was refractionated and examined by IEP. Two lines in the globulin
region were seen using anti-whole rat antiserum, but only a single line using anti-rat
F(ab"2. Thirty lines produced by IEP anti-F(ab’)2 were cut out, washed repeatedly in
PBS. emulsified with complete Freund's adjuvant, and injected into the footpads of
rabbits. The resultant antiserum recognized one line in the IgG region and another line
(rat IgM) near the well. After absorption with gluteraldehvde cross-linked rat IgG.® a
single line was recognized by IEP.

Rabbit Antirat IgA

Seventy-two hours after delivery, suckling rats were separated from their mothers for 12
to 15 hours and then permitted to nurse for 2 hours.* The newborn rats were then
sacrificed, and the stomach contents were collected and mixed with PBS. After centrifuga-
tion and dialysis to produce clarified colostrum, the vacuum-concentrated colostrum was
separated using a 2.5 X 90 cm column with Sephadex G-200 equilibrated with PBS. The
first peak contained rat IgA and occasionally IgM. Specimens shown not to contain IgM
were mixed with an equal volume of complete Freund's adjuvant and used to immunize
rabbits. The resulting antiserum was appropriately absorbed to vield a single line by
Ouchterlony immunodiffusion.

Rabbit Antirat IgE Antiserum

Young Sprague-Dawley rats were injected subcutaneously with 2 ml of larvae of
Nippostrongylus brasiliensis (2000 to 2500 larvae). Larvae were reinjected every 3 weeks
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and animals were exsanguinated 6 to 8 days after the last reinfection. The techniques of
Ogilvie ®% were used for the harvesting and maintenance of N. brasiliensis. Worm
antigen was prepared by collecting adult worms from the intestines of infected rats 9 to 10
days after the infection. Passive cutaneous anaphylaxis (PCA) 3! was performed utilizing
the worm antigen and hyperimmune sera from rats repeatedly infected with N. brasi-
liensis. Two tenths milliliter of worm antigen (1000 worm equivalents ml) mixed with .5
ml of a .5% solution of Evans blue dye was used as a challenge 72 hours after the injection
of serially diluted hyperimmune serum intracutaneously into the backs of normal test
animals. The skin tests were read 30 minutes after sacrifice of the animals by reflecting the
skin and measuring the area of bluing. Serum collected and pooled from rats with high
PCA titers was precipitated with 33!5% ammonium sulfate and chromatographed on a DE-
52 column 2.5 X 45 cm using step-wise elutions.*? The peak eluted in the .05 M phosphate
buffer. pH 5.0. was concentrated by pressure dialvsis and dialyzed against PBS. This
fraction. which contained high titers of IgE by PCA analysis. was placed on a Sephadex G-
200 column 2.5 X 85 cm and eluted with PBS. The fractions collected at 4 ml tube were
each analyvzed for the presence of IgE by PCA testing and by IEP after concentrating.
Those portions of the eluted immunoglobulin containing high PCA activity were pooled.
Purified rat IgG was ultracentrifuged at 105,000g, and 5 mg of the aggregate-free super-
natant was injected intravenously into rabbits.*® One milligram protein of the IgE-rich
fraction was mixed with an equal quantity of complete Freund's adjuvant and injected into
the footpads of the same rabbits. Three weeks later. a subcutaneous injection of IgE-rich
antigen and 10 mg of ultracentrifuged IgG were given again and the serum was harvested
10 days later. IgG and a small line next to the well were identified by the antiserum against
hyperimmune serum from rats infected with N. brasiliensis. After repeated absorptions. no
lines were demonstrable. but the antiserum was capable of neutralizing PCA reactions in a
titer of greater than 1:320 and was not blocked by antibodies against other rat immuno-
globulins. Antiserum to rat IgG, C3, fibrinogen, and albumin were prepared as previously
described.* All of the antisera were fluorescein (FITC) labeled by the method of Clark and
Shepard.* and then the appropriate absorptions as described above were performed. F: P
ratios ranged from 0.8 to 1.5.

Immunofluorescence Microscopy

A Zeiss epifluorescence microscope was utilized to examine specimens. It is equipped
with a 50-W mercury lamp and dichroic mirrors exciting at 490 mu and transmitting at 520
mu. Fluorescence was graded 0 to 4+ with 1+ representing mesangial deposits affecting
some lobules. 4+ with heavy mesangial deposits throughout all mesangial regions of all
glomeruli. and 2 to 3+ intermediate in terms of distribution and intensity. Deposits with
other distributions were similarly graded relative to intensitv of fluorescence.

Elution Studies

One hundred fifty 6- to 18-month-old male Sprague-Dawley rats were exsanguinated
from the aorta. the kidneys stripped of the capsules after weighing. and the cortices
separated and minced in iced PBS. After homogenization for 3 minutes in a Waring
microblender at 4 C. the tissue was repeatedly washed in PBS with centrifugation until the
supernatant was clear. The sediment was eluted with ten volumes of .02 M citrate-citric
acid saline buffer pH 3.2 for 3 hours at 37 C.* After centrifugation. the supernatant was
brought to pH 7.3 with sodium hydroxide and dialyzed against PBS for 48 hours with
frequent changes of buffer. The eluate was concentrated by negative pressure dialysis to 1
cu cm and then split into two aliquots. The first aliquot was fluorescein labeled using the
method of Clark and Shepard.® The eluate was examined against frozen sections of rat
thymus. lung. brain, liver. adrenal gland, heart, spleen ilium. jejunum. skin. kidnev. testis.
muscle. and consolidated lung of rats with chronic pneumonia. It was further character-
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ized by Ouchterlony immunodiffusion with normal rat serum and the various antirat
antisera noted above.

Autohemolysins

Ten 18-month-old rats were bled into heparinized tubes. and after repeated washing in
cold PBS. the red cells were individually examined for surface antibodies using serial
dilutions of fluoresceinated antirat IgM. Aliquots of red cells from each of these animals
were reacted with Bromelase (American Hospital Supply Corp.. Miami. Fla.) to remove
any surface-bound protein and then were examined by indirect immunofluorescence using
serial dilution of autologous rat serum. The eluate was similarly examined in both of these
svstems.

Complement Fixation

In vivo complement fixation was monitored using the FITC-labeled antirat C3. In citro
complement fixation was determined by cutting 4-u-thick cryvostat sections and incubating
unfixed tissue with various dilutions of fresh and heat-inactivated human. rabbit, and
guinea pig complement as described by Burkholder. Complement fixation was also
examined after partial elution of cryostat sections with 2.5 M KSCN. Positive controls of
antinuclear factor containing serum and kidneys from rats with autologous immune
complex nephropathy were used.®

Results
Urine Protein Excretion

Protein in neonatal rats and those up to 2 weeks of age was not
detectable in bladder urine by dipstick testing. By 3 months, 25% of the
male rats had proteinuria in excess of 10 mg /day, and the number of male

animals with proteinuria progressively increased to 38% at 6 months
(Text-figure 1). This number had increased to 56% at 12 months, 66% at

Text-riGURE 1—Relation-
ship between age and sex.
and total urine protein
{TUP) excretion in Sprague-
Dawley rats. The values for
protein excretion are pre-
sented as the mean t SE.
(Males. solid circles; females.
open circles: TUP in protein-
uric males. shaded columns:.
proteinuria. all males. open
triangles)

.
“
>

TUP (mg/24 hr)

Percent rats with proteinuria

Months of age
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18 months, and 94% at 24 months of age. In striking contrast are the
results of urine protein determinations in smaller groups of female rats, in
which abnormal proteinuria appeared in 20% at 18 months of age. Not
only did the number of proteinuric male animals increase, but the quan-
tity of protein excreted by these rats similarly increased, with a mean of 15
mg at 3 months increasing to a mean of 65 mg at 24 months. Examination
of the electrophoretic pattern of voung nonproteinuric rat urine revealed
the essential absence of albumin, with the bulk of the protein being an a-
globulin, probably of tubular origin (Text-figure 2). In contrast, as the rats
aged, albumin began to appear in the urine and at a still later time, the
full spectrum of serum proteins could be demonstrated in urine.

Serum Chemistries

The normal initial protein electrophoresis of voung pooled rat serum
shown in Text-figure 2 changed into a pattern typical of the nephrotic
syndrome with decreased serum albumin and elevated a-globulin levels.
Despite the decrease in serum albumin, the total serum protein remained
normal (Table 1). Similarly, no deterioration of blood urea nitrogen
(BUN) or serum creatinine was observed in any of the animals at any age.

TexT-riGURE  2—Protein electrophoresis of pooled male Sprague-Dawley rat serum and urine at
equivalent protein concentrations. A—Serum from 3-month-old nonproteinuric rats. B—Serum
from 18-month-old proteinuric rats. C—Urine from 3-month-old nonproteinuric animals. D—
Urine from 18-month-old proteinuric rats. Albumin. I; a-1-macroglobulin, 2; a-2-macroglobulin, 3;
B-globulins. 4: Y-globulins. 5)

T T T T v T T

T T273" 4 s T 2 3 &l s |
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Table 1—Serum Biochemistry Characteristics in Male Sprague-Dawley Rats

Months Creatinine BUN Total protein Serum albumin
of age (mg/dl) (mg/dl) (g/dl) (g/dl)
6 0.6 = .03 227 =11 7.8 .2 35=.2
18 1.0 = 0.1 22522 78=.5 22x.2
24 0.8 =0.2 26.0 = 5.6 6.7 = .2 28 .7

Values are expressed as the mean = SE.

Histologic Findings

Newborn animals had small, compact glomeruli which appeared
slightly hypercellular when compared to specimens from older animals.
No thickening of basement membranes of the tubules. glomeruli. or
Bowman's capsule was ever found. and there was no evidence of tubular
atrophyv or colloid casts. As the animals aged. there was progressive
simplification of the glomeruli with enlargement. Occasional colloid casts.
focal tubular atrophy. and increased mesangial matrix were noted at 3 to 6
months (Figure 1A). With continued aging. increasing numbers of casts.
tubular atrophy, and glomerular changes were seen (Figure 1B). Inter-
stitial mononuclear cell infiltration became more common after 1 vear of
age (Figure 2). as did progressive thickening of Bowman's capsule. at
times to extreme degrees. Similarly, progressive mesangial changes were
obvious: there were areas of segmental sclerosis and eventual collapse
(Figure 3A). Obsolescence of glomeruli was found in severelv affected
animals. Adhesions between tufts and capsules became more common., as
did the presence of infrequent crescents (Figure 3B). Vascular changes
were minimal. Staining with colloidal iron was present in a 4+ pattern of
intensity in animals from birth. While there was a slight decrease of
staining with aging. little correlation could be demonstrated between the
age of the rat and colloidal iron staining. Indeed. in old rats. staining with
colloidal iron was very strong. 3+ in most instances. Of more interest was
the change in the pattern of colloidal iron staining. Despite similar de-
grees of staining intensity. rats of older age groups had markedly widened
areas of mesangium which did not stain. Thus. even though near-normal
staining was evident in the filtering side of the glomerular basement
membrane. obvious increases in the mesangium were apparent in aging
animals.

When the association between histologic changes and protein excretion
was examined. several conclusions could be drawn. As noted above.
proteinuria increased with age in both incidence and quantity. When the
total urinary protein was plotted against glomerular changes. a rough
correlation was apparent (Text-figure 3A). with rats demonstrating mild
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degrees of glomerular damage having lesser degrees of proteinuria. Again,
as glomerular damage increased, the quantity of proteinuria increased,
but the scatter was quite wide with numerous animals having 2 to 3+
changes with moderate proteinuria. A similar pattern was seen comparing
total urinary protein and tubular damage (Text-figure 3B), but few ani-
mals with 2+ or greater tubular damage had normal protein excretion.
Examination of the number of colloid casts and proteinuria showed not
unexpectedly the same correlation as tubular pathology (Text-figure 3C).
That is, clinical proteinuria was associated with large numbers of colloid
casts. Thus, both tubular damage and colloid cast formation correlated
well with proteinuria, although the scatter of points was quite wide. When
an attempt was made to relate loss of sialoprotein to the quantity of
proteinuria, no correlation was obvious (Text-figure 3D). Most animals
had bright blue staining of 3 to 4+ intensity, regardless of proteinuria,
while some animals had minimal proteinuria but a marked decrease in
colloidal iron staining. When the relationship between proteinuria and
IgM deposits was plotted (Text-figure 3E), no correlation was evident and
indeed, the heaviest proteinuria was noted in animals with 2 to 3+
deposits, while those at the extremes with heavier deposits or few depos-
its had lesser degrees of proteinuria. Thus, attempts to correlate protein-
uria with histologic changes or IgM deposits revealed a general trend
toward more severe abnormalities with greater degrees of proteinuria, but
the scatter of points was extremely wide in all instances.

The relationship between histologic changes and the age of the rats is
illustrated by the scattergrams in Text-figure 4A-E. It is important to
remember that rats were selected for study to provide a spectrum of ages,
and more importantly, a spectrum of protein excretion relative to each age
group. As can be seen in Text-figure 4A-E, as rats aged there were
progressive increases of tubular atrophy, colloid casts, and glomerular
sclerotic changes. These changes were unusual and generally mild prior to
9 months of age, and more severe changes were only seen beginning at
approximately 1 year. These changes progressed in severity with advanc-
ing age. Grades 3 to 4+ were essentially confined to animals over 12
months of age, and usually over 18 months of age. Grade 2 corresponded
to age 9 to 12 months. Less severe damage showed little correlation with
age. In any individual rat, severity of tubular and glomerular changes
were not necessarily directly related, although in general both increased
with advancing age and were of approximately equal severity.

The linear regression lines in all animals (Text-figure 4A) (r = .75,y =
—.0339 + .1278 x) were only slightly different from the line determined in
considering only those animals excreting more than 20 mg/day of protein
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(r = .78. v = .0497 + .1504 x). Analvsis of tubular changes relative to
aging demonstrated a similar trend (Text-figure 4B). although the correla-
tion coefficient was low (r = .63. v = —.0698 + .1438 x). Consideration of
tubular changes in aging rats with total urinary protein >20 mg day
showed a similar pattern. but the line was essentially parallel to the line
drawn for all rats. Further. the scatter of points for both proteinuric and
nonproteinuric animals with tubular changes were quite wide. unlike the
glomerular changes. A very wide scatter of points irrespective of protein-
uria or age was seen with colloid casts (Text-figure 4C) and colloidal iron
stains (Text-figure 4D). The data comparing the deposits of rat IgM and
aging are given in Text-figure 4E. Neonatal animals and rats up to 3 weeks
of age had no demonstrable deposits. In the fourth week. very trace
amounts of IgM were first detectable in the mesangium. By 6 weeks. this
had increased to 1+ intensity. and by the third month after birth deposits
of 2 to 3+ intensity were found in all animals. While the amount of IgM
tended to increase with aging. the distribution was extremely variable.
The deposits of IgM were mesangial in location and on occasion assumed
a pseudolinear pattern in a subendothelial location (Figure 4). The distri-
bution of deposits varied within the same specimen in vounger animals up
to 9 months of age but thereafter tended to be uniformly deposited with
equal intensity in the mesangium of all glomeruli. Rat complement was
seldom seen except in segmental lesions. usually associated with fibrin
(Figure 5) and less often IgA. Fibrin was also found in occasional crescents
(Figure 3). A few animals had trace deposits of IgE. but albumin was not
demonstrated other than in casts and protein reabsorption droplets. Com-
plement was also present in a linear pattern along tubular basement
membranes in most rats as a normal finding.

Elution and Complement Fixation Studies

Microelution of cyrostat sections with either pH 3.2 .02 M citrate
buffer. or 2.5 M KSCN resulted in loss of most of the IgM. Elution with
PBS or normal saline did not alter staining for IgM. When cyrostat
sections were evaluated for their ability to fix complement in vitro with
several different sources of complement. no fixation could be demon-
strated. Both the FITC-antirat IgM and FITC-eluate from 300 rat kidnevs
failed to stain kidnev or anv other tissues as described in Materials and
Methods. Some peripheral lvmphocytes did demonstrate tyvpical mem-
brane staining for IgM but were negative with the eluate. No red
cell-bound antibodies could be demonstrated with anti-IgM or eluate at 4
C or 37 C using a panel of 10 different 18-month-old rats. Some mono-
nuclear cells in rat blood took up FITC-labeled products on incubation.
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Text-rictre 4—Relationship between the histologic grade and age in male Sprague-Dawley rats.
The histologic grade is given on the Y-axis and months of age on the X-axis. (TUP <20 mg day, solid
circles: TUP > 20 mg day. solid triangles.. A—Glomerular grade with regression line for all animals
ir=.75.v = —.0329 + 1278x. 95% confidence level. .104<8<.152) and for those animals excreting
>20 mg protein dayv (r = .75, v = .0497 + .1504x. 95% confidence level. .105<3<.195). B—Tubular
grade with regression line for all animals (r = 63. v = —.0698 + .1438x. 95% confidence level.
106<3<.1%2) and for those animals with TUP >20 mg dav (r = 35. v = 1.1759 + .1222x. 95%
confidence level. .052<8<.192). C—Colloid casts. D—Colloidal iron. E—Rat IgM.
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These were probably aggregates. since reexamination using an ultra-
centrifuged preparation abolished this phenomenon. The eluate had no
demonstrable antibody activity against pooled normal rat serum.

Findings in Other Rats

Renal biopsies from female Sprague-Dawley rats at various ages from
birth to 24 months of age demonstrated a similar pattern of intensity of
staining for IgM. despite the absence of proteinuria (Text-figure 1) and
mild histologic changes. Similarly, examination of male and female Lewis
rats up to 1 vear of age demonstrated deposits of IgM of a slightly lesser
intensity than in the Sprague-Dawlev rats. but still of significant intensity-.
None of these animals had abnormal proteinuria. Twelve male and 12
female Fischer (F-344) rats 1 vear of age were also studied. Deposits of
IgM were present with the tvpical granular mesangial pattern of distribu-
tion. None of the female Fischer rats demonstrated abnormal proteinuria.
while 67 of the males had abnormal protein excretions of more than 10
mg 24 hours associated with the characteristic histopathology seen in
Sprague-Dawley rats. Six germfree 1-vear-old Sprague-Dawley male rats
were examined and tvpical deposits of mesangial IgM were present. but in
diminished quantities compared to normal rats of the same age. The
deposits were generallyv of 1+ intensity and occasionally of as much as 2+
intensity.

Discussion

Spontaneous nephropathy in the aging albino rat has been described by
many investigators. In 1928. Newburgh and Curtis! produced severe
renal lesions in albino rats using a diet enriched with beef liver. Blather-
wick and Medlar® extended these observations in 1937 and noted the
occurrence of mild histologic abnormalities in some of their old rats fed a
stock diet. Saxton and Kimball * were the first authors to focus attention
directly on the association between aging and nephrosis in the rat. Thev
also confirmed the effect of a high-protein diet in accelerating the disease
and shortening the life-span. and demonstrated the beneficial effect on
both with moderate food restriction. Theyv also corroborated Blatherwick
and Medlar's illustration of a difference in disease incidence and severity
related to sex.

Since these early reports describing the clinical and histopathologic
aspects of this disease. numerous other studies have been published
detailing factors which influence the disease process. The etiology and.
indeed. the pathogenesis of this spontaneous lesion remain obscure. As
noted above. dietary factors appear to be quite important in the develop-
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ment of the lesion. Animals allowed a stock diet ad libitum have a higher
incidence than restricted rats and conversely, rats fed high-protein diets
(especially high in casein) develop the nephropathy at an earlier age and
with a greater severity.! 471316182 Male animals are much more likely to
develop the disease than females and, while diet can alter the course in
females, this factor has much less influence than in males.>"!*12 Male rats
castrated before puberty have been reported to have protein excretion rates
similar to females. However, if castrated as adults, the protein excretion
falls, but still remains markedly abnormal.’* Androgen therapy increases
protein excretion in both castrated males and normal females. Other
hormonal influences may be important, as shown by the studies of Addis.**
Adrenalectomy decreases spontaneous proteinuria in males but not in
females, and it blocks the proteinuriogenic effect of infused renin seen in
normal animals. Further, the addition of thyroid supplements may hasten
the development of the disease.® Genetic influences also appear to be
important.”*° Most authors have studied the disease in random bred
albino rats, including Sprague-Dawley, Yale strain, Slonaker-Addis, Wis-
tar, and Holtzman. As noted in our present study, the inbred Lewis strain
of rats developed little proteinuria with aging. This is in agreement with
experiments in which we have followed this strain of rats as controls. On
the other hand, the Fischer (F-344) inbred strain of rats appears to
develop proteinuria and histologic damage at an accelerated rate com-
pared to random bred Sprague-Dawley animals. Growth factors other
than diet alone can influence the disease process. Unilateral nephrectomy
accelerates the appearance of the lesion in females as well as males, but
the acceleration is markedly greater in young rats with developing kid-
neys.418.20:3 Another manipulation that will enhance the development of
sclerosis is irradiation.’®* Again, this is more marked in unilaterally
nephrectomized animals and can be ameliorated by dietary restriction.
The mechanism by which these various factors influence the development
of the lesion is not known.

Male Sprague-Dawley rats excrete more protein than females at about 2
months of age and the quantity increases with senescence. Not only does
the amount increase, but the number of males developing “abnormal”
proteinuria continues to rise throughout the life of the colony. In some
reports, females have developed proteinuria similar to males at 1 year of
age.' However, in our present series none of the females excreted abnor-
mal amounts until 18 months of age. At this time, only 20% of females had
abnormal proteinuria, compared to 66% of males. Young proteinuric
animals excreted mainly albumin, while old proteinuric animals excreted
protein in a profile like normal rat serum, demonstrating progressive loss
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of glomerular basement membrane selectivity. Concomitantly, the serum
albumin level fell, but the total level of serum protein remained normal
because of increased production of a-globulins. This confirms the evolu-
tion of selective to nonselective proteinuria described by Couser et al.®
and Perry et al.*® The small amount of protein excreted in young non-
proteinuric rats is a-globulin, stains for mucoprotein, and presumably
originates from tubular cells. Studies by Perry et al.*® and Sellers et al."*
document the renal origin of the protein and demonstrate that prostatic
and testicular secretions are not responsible for the proteinuria. These
changes in pattern of protein excretion thus appear to occur on an age-
related continuum. The relationship between these excretion pattern
changes and glomerular or tubular damage remains to be clarified.

The histologic changes of the present study are similar to those pre-
viously reported.’-69:19.20:41.42 We have attempted to draw conclusions re-
garding the interrelationships between proteinuria, aging, and the histo-
logic lesions by studying a large number of animals in order to decrease
variability. While the predominant pathologic changes of aging in man
are vascular and ischemic, there is little evidence in the rat for pathology
in blood vessels.*!*? Instead, there is progressive development of tubular
atrophy, interstitial infiltration with mononuclear cells, interstitial fibrosis,
thickening of Bowman's capsule, mesangial accentuation followed by
segmental sclerosis of isolated capillary loops and then by segments of
tufts, and finally obsolescence of glomeruli. Adhesions between tufts and
Bowman’s capsule may be found, and crescents are not uncommon. The
tubular atrophy is associated with colloid cast formation. These observa-
tions raise an important etiologic question: Which is damaged first, the
glomerulus or the tubule? In the early report by Blatherwick and Medlar,?
the authors postulated that toxic substances are filtered and reach the
distal tubule, causing them to disintegrate ““as a result of overwork or as a
toxic phenomenon.” This perceptive hypothesis can be interpreted both
as initial glomerular basement membrane damage and leak with distal
damage, or normal glomerular basement membrane function with
primary tubular dysfunction. Some investigators suggest that the tubular
system is the initial site of damage and the glomerular damage is second-
ary.™ This is based upon finding increased tubular mitotic figures with
aging while glomeruli are normal # and there is protection afforded by
sodium restriction.” Other studies suggest that primary glomerular dys-
function occurs, perhaps secondary to increased glomerular basement
membrane permeability with increased filtration of macromolecules.®24?
Mesangial processing capacity could be overloaded, leading to glomerular
damage with consequent tubular pathology.® We have selected rats of
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different ages with a spectrum of degrees of proteinuria to ascertain if we
could distinguish a relationship between the histologic changes, protein-
uria, and aging. More specifically, we were interested in attempting to
delineate further the relationship between glomerular damage, tubular
pathology, and proteinuria in aging. The various scattergrams in Text-
figures 3 and 4 depict the results of our categorization. The closest
correlations existed between glomerular pathology and aging. When this
association was examined in terms of only those animals excreting protein
greater than 20 mg/day, there was little difference from the group as a
whole while, as described in Results, the lines for these two groups relative
to tubular pathology were parallel. These findings imply to us that glo-
merular pathology and proteinuria are increasing in the same population
of rats and that this increase occurs as a function of age. The parallel lines
of tubular changes suggest that the tubular pathology and proteinuria
occur independently with aging and, in view of the association noted
above for glomerular pathology, might well support the concept that
primary glomerular damage results in secondary tubular pathology.

Dense glomerular basement membrane deposits similar to those seen in
autologous immune complex nephropathy in rats are not found in this
spontaneous lesion.”? Glomerular basement membrane alterations with
nonspecific mesangial trapping of certain serum proteins as seen in amino-
nucleoside nephrosis is similarly not present in this disease.* Analysis of
our own data and that of other authors leads us to conclude that the
alterations of glomerular basement membrane permeability occur as a
function of age, are accelerated by agents producing a state of premature
senescence, and retarded by methods of increasing longevity. Alterations
of the sialoprotein ““barrier’” to filtered protein appears to have no role in
this process.****¢ The similarity of regression lines for both proteinuric
and nonproteinuric rats increasing with age—while the tubular histologic
grade paralleled proteinuria increasing with age—strongly implies that
glomerular damage precedes proteinuria and tubular atrophy. Indirect
information about the relationship between increased glomerular base-
ment membrane permeability and focal sclerosis in rats is provided by the
studies of Mauer et al*” These authors reported glomerular histologic
abnormalities in alloxan diabetic rats which were considered very similar
to premature aging. Yet, despite heavy immunoglobulin and complement
deposits in diabetic rats, no abnormal proteinuria developed relative to
the normal increase in proteinuria with aging in control rats. Again, this
incriminates primary senescent mesangial damage independent of altered
glomerular basement membrane permeability.

Immunoglobulin E has been shown to be an important intermediary in
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the pathogenesis of acute serum sickness in rabbits.*® Basophils sensitized
with IgE release a platelet-activating factor upon contact with the sensi-
tizing antigen. Platelets containing vasoactive amines are consequently
released after this interaction. Treatment of rabbits with either acute or
chronic serum sickness with histamine and serotonin antagonists provides
protection from the deposition of circulating immune complexes.*® A
similar, though less significant, effect of vasoactive amines in autologous
immune complex nephropathy in rats has been demonstrated.** While this
sequence of events may well not result acutely in any soluble IgE com-
plexes, the possibility exists that a life-long continuous activation of this
svstem, even at low levels, might eventually lead to soluble complexes
with localization in the kidney. Whether IgE complexes might induce
renal damage is a moot point. Nonetheless, examination of tissue from
more than 100 animals revealed only occasional regions of staining for
IgE, probably in areas of sclerosis. These findings only indicate that we
were unable to detect glomerular bound IgE and still do not eliminate the
possibility that IgE-mediated release of vasoactive amines might play
some role in the mesangial deposition of IgM.

Immunoglobulin A has been shown to be a common type of glomerular
deposit in man, especially in focal glomerulonephritis with hematuria
(Berger's disease) and in Henoch-Schoenlein purpura.®! The pathogenetic
significance of the IgA is unknown. In Berger's nephritis, no glomerular
changes may be found or minimal proliferation of mesangial cells may be
present, while in Henoch-Schoenlein purpura variable degrees of pro-
liferative nephritis are seen. Obviously, other factors than the IgA are
involved. In the present studies of rats, IgA was seldom found except in
areas of sclerosis, despite the presence of heavy deposits of mesangial IgM
in a distribution similar to that seen for IgA in the human diseases
described above. The findings of fibrin were similar to those of IgE and
IgA, except that the frequency was somewhat greater and occasional
crescents and areas of periglomerular fibrosis were demonstrated. These
deposits of immunoglobulins and fibrin would appear to be only in some
of the sclerotic areas and not to bear any relationship to the IgM deposits
or to the pathogenesis of the lesion.

The role of IgM in the pathogenesis of this lesion is unclear. It is
associated with occasional deposits of fibrin, IgG, C3, and rarely IgE or
IgA. Generally, however, only IgM is present. It cannot be eluted with
PBS or normal saline but can be removed with acid elution or potassium
thiocvanate, suggesting that it may represent an immune complex. The
deposits do not fix complement in civo or in vitro. Further, the failure to
find other serum proteins in the same distribution as IgM augers against
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nonspecific protein trapping. The IgM is found in both proteinuric and
nonproteinuric animals after 1 month of age, in both males and females,
and in several different strains of rats, some of which develop proteinuria
and sclerosis while others do not. It is present in germfree animals,
albeit in lesser quantities. These findings are similar to those reported by
Markham et al.*? in mice and by Poskitt et al.** in monkeys. Attempts to
elute the antibody and identify an endogenous antigen capable of produc-
ing an autoimmune phenomenon as described by Linder et al.>* have thus
far been unsuccessful. The failure to find IgM deposits at birth or during
the first few weeks of life indicates that either the IgM is not being
trapped or that an immune response with consequent IgM complexes has
not yet been mounted. Since IgM is not present at birth,* the latter
phenomenon appears more likely. The antigen which elicits the IgM is as
yet unknown, although the finding of IgM (even in lesser quantities) in
germfree rats suggests that an endogenous antigen may be involved.
Another possibility is that the IgM complexes are a heterogeneous group
containing IgM combined with a variety of exogenous and endogenous
antigens. The present findings by immunofluorescence are dissimilar to
those reported by Elema and Arends.” These authors described a spon-
taneous glomerular hyalinosis and sclerosis in Wistar rats which resem-
bled focal glomerular sclerosis in man. Deposits of immunoglobulins and
complement were found only in a pattern suggestive of insudated mate-
rial and not in the mesangial locations described in our rats. The pattern
of IgM distribution in our Sprague-Dawley rats is very similar to that
reported by Couser et al.* However, unlike those authors, we were unable
to correlate the quantity of deposited IgM with the proteinuria of the
animals. This may be related to the small number of animals in each age
group examined by fluorescence in Couser’s study. At the present time,
the evidence is suggestive that the IgM represents an elutable immune
complex being processed by the mesangium, but there is no evidence to
incriminate the IgM or complexes in the pathogenesis of glomerular
sclerosis in rats. '

The aging process in animals and man has been associated with changes
in immune function %% and an autoimmune phenomenon has been
postulated to be important in the pathogenesis of this renal lesion in
rodents.®**® Indirect support for this is the fact that rodents develop
numerous autoantibodies with aging associated with decreased cellular
immune competence and a higher incidence of various types of specific
autoimmune diseases in senescence.®-*? Further, Linder et al.* and Porter
et al® described autoerythrocyte antibodies complexed with red cell
antigens in mesangial deposits in mice, while Porter et al.** documented
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the occurrence of viral antigen in mesangial deposits. Couser et al.® and
our present work document the presence of IgM in mesangial deposits in
rats, and the current evidence supports the concept that the IgM is
present as some type of complex. The IgM deposits in these rats have not
been shown to have antibody activity against rat serum or a variety of
tissue, nuclear, and red cell antigens, nor have any IgM anti-red cell
antibodies been demonstrated. either in the serum of these rats or on
circulating red cells. No activity against lung tissue of rats with active
consolidation with chronic pneumonia was demonstrable. although this
common illness induced by a variety of pleuropneumonia-like organisms
is very common in all rats.* The mesangial IgM appears thus to be an
incidental finding, and the humoral immune system does not seem cul-
pable in the pathogenesis of the lesion. However, the role of the cellular
immune system is less clear. The ability of neonatal thvmectomy and
irradiation to accelerate the lesion is evidence of participation of the
cellular immune system in this process. Starvation results in amelioration
of the sclerosis and significantly protects the animals.*!%¢*® Starvation
also produces involution of lvmphoid organs and lymphopenia. and a
reduction in antibody production of IgM and IgG, especially 1gG.%-®
These two situations (i.e., protection with depressed immune response in
starvation and acceleration with depressed immune capacity with aging)
seem incompatible, but work by Folch and Waksman  has demonstrated
a “splenic suppressor cell” of thyvmic origin which is present in large
numbers at birth, but declines with age. Thymectomy eliminates this
population of cells: thus. if the aging changes were immunologically
related, the evidence would implicate alteration of the suppressor cell or
other cell populations closely linked to this cell ®-¢7 Additionally. there
appears to be decreasing amounts of thymic hormone with increasing
age.®® thus implicating a decrease in cell-mediated immunity from lack of
this substance. Inhibition of the development of autoimmunity by giving
voung syngeneic thymocytes further incriminates the role of cell-me-
diated immunity in this process.®® " Thus, indirect evidence would impli-
cate the cell-mediated immune system as an etiologic factor in glomerular
sclerosis of senescence in rats if the immune syvstem is involved.

Despite the development of proteinuria and progressive histopathology;,
aging rats maintain essentially normal levels of serum creatinine and die
of nonrenal diseases. This clinical course is markedly different from the
focal glomerular sclerosis seen in man. where progressive renal failure
within a short period of time is the rule. regardless of therapy.”?”® The
deposits of IgM in rats are mesangial and usually diffuse. with minimal
amounts of other immunoglobulins, complement. and fibrin. Similar dif-
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fuse mesangial IgM deposits have been noted in a few patients.” More
commonly, the deposits of serum proteins in focal glomerulosclerosis in
man are extremely focal and segmental. with complete sparing of many
glomeruli and involvement of perhaps isolated tufts in other glome-
ruli.”>™ Thus. focal sclerotic lesions in man and rats generally bear little
resemblance to each other by immunofluorescence or clinical findings.
Further. while the proteinuria and histologic changes are both age and
sex-related in rats, little such association is present in focal glomeruloscle-
rosis in man. Spontaneous glomerular sclerosis in Sprague-Dawlev rats is
for the most part dissimilar to focal glomerulosclerosis in man: nonethe-
less. the further study of the pathogenesis of this process may provide
greater insight into the factors which are involved in the induction of
glomerular sclerosis in general. The information obtained may eventually
have applicability in man to those glomerulopathies with focal sclerosis
which are associated with a significant risk of progressive renal dysfunc-
tion terminating in renal failure.
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Figure 1A—Glomerulus from a 6-month-old Sprague-Dawley male rat showing increased mesangial
matrix (PAS, X 350). B—Section from a 12-month-old rat illustrating tubular atrophy and prominant
thickening of Bowman's capsule (PAS, X 490). Figure 2—Section of an 18-month-old rat showing
interstitial cellular infiltrate, colloid casts, and a glomerulus with periglomerular fibrosis (H&E, X
110). Figure 3A—Glomerulus from an 18-month-old rat illustrating a crescent with mesangial
sclerosis and adhesions between tufts and the capsule (PAS, x 380). B—Glomerulus from an 18-
month-old rat demonstrating adhesions, with mesangial sclerosis and segmental collapse (PAS, X
370).
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Figure 4A—Glomerulus from an 18-month-old rat stained for IgM. Mesangial deposits of 3+ intensity are
illustrated. Tubular autofluorescence is a normal finding. (X 380) B—Glomerulus from the same rat
demonstrating 1+ mesangial IgM deposits (X 640). igure 5SA—Glomerulus from an 18-month-old rat

demonstrating 3+ segmental fibrin deposition in an area of sclerosis (X 340). B—Glomerulus from a 12-
month-old rat showing fibrin in a crescent (X 530).
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