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SUMMARY: Hyperlipidemia is thought to accelerate the progression of renal diseases, but the mechanisms by which
hyperlipidemia exerts its deleterious effect is still poorly understood. The aim of this study was to describe the renal pathology
in a hyperlipidemic mouse strain, the apolipoprotein E-deficient mice (apoE-/-). Renal specimens from a total of 34 mice were
studied, including 19 apoE-/- females at the age of 36 weeks, 9 apoE-/- females at the age of 24 weeks, and 6 wild-type females
(C57BL/6) as controls. Kidneys were evaluated by histologic examination, immunohistochemistry, and electron microscopy.
Immunohistochemistry was used to detect MAC-2-expressing monocyte/macrophages, and the proliferation marker PCNA.
Glomerular cell number, glomerular matrix area, and glomerular area were quantified by morphometry. Glomerular lesions in
apoE-/- mice were characterized by macrophage accumulation, commonly with foam cell appearance, deposition of extracellular
matrix, glomerular hyperplasia, and at times prominent mesangiolysis associated with capillary microaneurysms. Some cases
demonstrated lipid deposits filling glomerular capillaries. Arterioles of the vascular pole demonstrated a “foamy” degeneration of
smooth muscle cells. These lesions related to hyperlipidemia in this well-established mouse strain have not been previously
described. Because this mouse strain is among the most widely studied for interventions aimed at altering hyperlipidemia and the
progression of atherosclerosis, we believe that our observations may.be of major importance for the accurate interpretation of
interventional studies in this strain and offer a new opportunity to study mechanisms of hyperlipidemic renal injury. (Lab Invest

2002, 82:999-1006).

n increasing number of studies indicatea. role of

hyper/dyslipidemia as a risk factor for the pro-
gression of renal diseases (Attman et al, 1999; Keane,
2000; Stevenson and Kaysen, 1999)..One example is
diabetic nephropathy, in: which 'hyperlipidemia  has
been demonstrated to be associated with albuminuria,
and in which pharmacologic reduction of lipid levels
decreases urinary protein excretion (reviewed in
Stevenson and Kaysen, 1999). Although the role of
dyslipidemia as a cardiovascular risk factor in the
general population is well established, the conse-
quences for the development and progression of renal
diseases are still poorly understood (Majumdar.and
Wheeler, 2000).

ApoE-/- mice have become a standard model for
studies of atherosclerosis (Fazio and Linton, 2001).
ApoE mediates the clearance of remnant lipoproteins
via the liver (Mahley and Huang, 1999). Consequently,
apoE-/- mice develop severe hyperlipidemia due to an
accumulation of chylomicrons and VLDL remnant li-
poproteins resembling human type Ill hyperlipidemia
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(Ghisellietal,1981; Plump et al, 1992). Atherosclerotic
lesions, at the aortic root and widespread complex
plaques develop in these mice under normal chow
diet,'and this process:is accelerated by a high fat diet
(Nakashima et al, 1994; Reddick et al, 1994). Although
this mouse strain is widely used for studies of athero-
genesis and, recently, for studies of the combined
effects of hyperlipidemia and hypertension on the
kidney, no detailed description is currently available of
the renal_pathology in apoE-/- mice (Knowles et al,
2000). A study recently described renal injury in mice
deficient in both apoE and endothelial nitric oxide
synthase (Knowles et al, 2000). The authors found a
decreased kidney weight, increased plasma creati-
nine, and an increased number of glomeruli with lipid
deposits in double knockout mice at the age of 4
months (Knowles et al, 2000). A small number of
glomeruli with lipid deposits were described in control
apoE-/- mice, but the pathology in these mice was not
fully addressed (Knowles et al, 2000).

Here we describe the renal pathology of apoE-/-
mice at two time points. We identified a striking
pattern of glomerular injury characterized by glomer-
ular macrophage infiltration with accumulation of foam
cells, foci of mesangiolysis, focal intracapillary lipid
deposits that resemble the human lesion of lipoprotein
glomerulopathy, and foam cell transformation of arte-
riolar smooth muscle cells in glomerular hilar arte-
rioles. These findings provide a basis for the use of the
apoE-/- mouse as a model to define mechanisms of
hyperlipidemic renal injury.
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Results

ApoE-/- Mice Develop Progressive Glomerular and
Arteriolar Lesions

The renal morphology and correlative studies of
plasma were evaluated at the age of 24 and 36 weeks.
At both time points apoE-/- mice showed a strong
increase of total cholesterol as compared with wild-
type controls, but measurements of glucose triglycer-
ides did not vary significantly among the study groups
(Table 1). A striking morphologic alteration was the
presence of glomerular foam cells in mesangial areas,
within glomerular capillary lumina, and within the glo-
merular stalk close to the vascular pole (Fig. 1, A and
B). These foam cells contributed to the appearance of
an expanded mesangium, but because of variable
degrees of mesangiolysis and resultant distortion of
architectural boundaries of the mesangium that were
present in some animals, the distinct localization of
foam cells either to mesangial areas or to adjacent
capillary lumina could not always be accomplished.
Figure 2B illustrates that in some cases a large pro-
portion of the glomerular foam cells could be localized
to the mesangium, where they contribute to the ex-
pansion process. Glomerular foam cells“were de-
tected in all apoE-/- mice at both time points, whereas
foam cells were not detected in wild-type controls.
The percentage of glomeruli with foam cells rose
significantly from 7% at 24 weeks to 29% at 36 weeks
of age (Figs. 2 and 3; Table 2). A clear colocalization
was demonstrated between foam cells and_immuno-
histochemically labeled monocyte/macrophages. on
serial tissue sections (Fig. 3), establishing the identity
of foam cells as lipid-laden monocyte/macrophages.
Glomerular infiltration with. monocyte/macrophages
was a prominent feature in apoE-/- mice. The mean
number of monocyte/macrophages rose from 2.5 at
24 weeks of age to 4.3 cells per glomerulus at 36
weeks (Table 2).

In addition to foam cells within glomeruli, lipid
deposits and foam cells were present. in-the arteriolar
walls in the vascular pole (Fig. 1B). These lesions were
present in 26% of the glomeruli at the.age of 24
weeks, and the number of involved glomeruli rose to
59% at the age of 36 weeks (Table 2). ApoE-/- mice
demonstrated widening of the mesangium due to an
increase of argyrophilic matrix, as revealed by histo-
logic stains with silver methenamine (Fig. 1C). Involved
glomeruli demonstrated at times a prominent balloon-
ing of the capillaries, which was associated with
features of adjacent mesangiolysis (Fig. 1D). Mesan-

Table 1. Clinical Data of the Study Groups

Figure 1.

Typical renal lesions in apoE-/-. Renal specimens from apoE-/- mice at the age
of 36 weeks (A, C, D, and E), from an apoE-/- mouse at the age of 24 weeks
(B), and a wild-type control at the age of 36 weeks (F; all original magnification,
X600, silver). A, Several foam cells are present in the glomerular tuft (stars).
B, Lipid deposits are present in the juxtaglomerular area (star). The adjacent
arteriolar. wall-demonstrates a foam cell appearance (arrow). C, There is
prominent widening of the mesangial area (compare with the wild-type in F).
D,-Mesangiolysis (double star) and ballooning dilatation (“microaneurysm”
formation) of adjacent glomerular capillaries is present. E, Capillaries are
occluded 'by thrombus-like-structures: The “thrombi” illustrated in E show
multiple layers at higher magnification (arrowhead and insert) with adjacent
foam cells in the'mesangium-

giolysis, defined as loss or dissolution of the normally
compact silver staining mesangial matrix, was present
in.7 of 18 specimens at the age of 36 weeks, whereas
mesangiolysis'was not detected in apoE-/- mice at 24
weeks nor in wild-type controls. Lipid droplets filling
glomerular  capillary lumina were detected only in
apoE-/- mice at the age of 36 weeks, a finding that
was present in 9 of 18 cases (Fig. 1E). These
thrombus-like structures commonly showed a lami-
nated appearance (Fig. 1E). Global glomerulosclerosis
was not detected. The tubulointerstitium was well
preserved in all cases without prominent interstitial
leukocytic infiltrates or interstitial fibrosis.

C57BL/6 apoE—/— apoE—/—
Age (weeks) 36 24 36
n= 6 10 18
Glucose (mg/dl)® 158.7 (+ 6.8) 144.5 (= 26) 167.4 (£ 24.1)
Total cholesterol (mg/dl)? 67 (= 8.1) 337 (= 51.2) 322 (= 51.1)
Triglycerides (mg/dl)? 57 (= 23.7) 48.6 (= 18.4) 46 (= 14.4)

4+ standard deviation.
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Figure 2.

Colocalization of foam cells and monocyte/macrophages. Serial sections of
renal specimens from apoE-/- mice at the age of 24 weeks (A and B) and 36
weeks (C and D) stained with silver (A and C) and by immunohistochemistry
for monocyte/macrophages (B and D; all original magnification, x600). Note
that cells with foam cell appearance in A and C (stars and arrow) express the
monocyte/macrophage marker MAC-2 in B and D.

Figure 3.

Time course of the glomerular lesions in apoE-/- mice. Renal specimens from
a C57BL/6 wild-type control (A, B, and C), apoE-/- mice at the age of 24 weeks
(D, E, and F) and 36 weeks (G, H, and [; all original magnification, X600).
Slides were stained with silver (A, D, and G) and by immunohistochemistry for
monocyte/macrophages (B, E, and H) and the proliferation marker PCNA (C, F,
and 1). At 36 weeks, a large number of foam cells can be detected (G, stars),
which stain positive for MAC-2 (H) on serial sections. No glomerular foam cells
are present in the control (A). Lipid deposits and foam cells are present (D and
E, stars). Several proliferating cells can be detected at 36 weeks (1) but not in
the wild-type control (C).

Glomerular Cellularity and Extracellular Matrix Are
Increased in apoE-/- Mice

Glomerular tuft area, cellularity, and matrix deposition
were quantified by morphometry. The morphometric
analysis demonstrated an increase of the glomerular
tuft area, which progressed significantly from 24
weeks of age to 36 weeks in apoE-/- mice (Table 2).

The increase of the mean cell numbers per glomer-
ulus (Fig. 4A) was more prominent than the increase of
cells per tuft area (Fig. 4B), reflecting the increased

Renal Injury in Apolipoprotein E-Deficient Mice

size of the glomerular tuft. Both the absolute and the
relative glomerular cell number were significantly
higher in apoE-/- mice compared with wild-type con-
trols. This was consistent with an increased number of
glomerular cells expressing the cell proliferation
marker PCNA (Fig. 3). In addition to the increased
cellularity, glomeruli from apoE-/- mice demonstrated
a significantly increased glomerular matrix (Fig. 4, C
and D). Both the absolute matrix area per glomerulus,
and the percentage of matrix per glomerular tuft, were
significantly increased. The increase in glomerular
matrix was already present at 24 weeks of age com-
pared with wild-type controls.

Characterization of several components of the in-
creased matrix is demonstrated in Figure 5. ApoE-/-
mice at 24 and 36 weeks demonstrate progressively
increased mesangial accumulation of laminin and col-
lagen IV, as revealed by immunohistochemical
labeling.

Ultrastructural Features of apoE-/- Mice

Selected cases were further studied by transmission
electron microscopy. Consistent with the light micro-
scopic findings, lipid-laden cells with multiple vacu-
oles were present in the juxtaglomerular areas (Fig.
6A) and in the mesangium of glomerular tufts (Fig. 6B).
Extracellular lipid within the mesangium was focally
present (Fig. 6A). These cells were not detected in
wild-type controls (Fig. 6C). Vacuoles indicative of
lipid were present in smooth muscle cells of arteriolar
walls:“Extracellular lipid deposits and foam cells also
were present in the juxtaglomerular area, adjacent to
the vascular pole'(Fig. 6A). At 36 weeks of age, lipid
deposits were detectable inthe extracellular mesan-
gial matrix surrounding mesangial cells, in addition to
lipid within foam cells. Intracapillary thrombus-like
structures, detailed by histologic examination, were
shown at times to have a laminated appearance and
vacuoles consistent with lipid accumulation (Fig. 7).

Unexpectedly, some animals demonstrated
electron-dense immune-type deposits with an orga-
nized substructure on examination by electron micros-
copy (Fig. 6). We therefore decided to examine the
deposition of immunoglobulins by immunofluores-
cence on frozen tissue, in all cases in which frozen
tissue had been obtained for special studies, retro-
spectively. These studies included kidneys from addi-
tional mice at ages 72 and 82 weeks that were not part
of the original study protocol, but were otherwise
without experimental manipulation and hence compa-
rable to study animals except for duration of observa-
tion. No significant differences were found between
wild-type controls and apoE-/- mice in the semiquan-
titative scores for the deposition of IgA, IgG, IgM, and
C3 at similar ages. Both wild-type mice and apoE-/-
mice demonstrated an equivalent increment in glo-
merular immunoglobulin and C3 deposition with time,
resulting in significant differences between age
groups.
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Table 2. Morphological Data of the Study Groups

C57BL/6 apoE—/— apoE—/—
Age (weeks) 36 24 36
n= 6 10 18
Mean macrophages per glomerulus (= sem) 1.2 (=0.22) 2.5 (+0.34) 4.3 (+0.8)?
Percentage of glomeruli with foam cells 0(=0) 7% (= 1.68) 29% (+4.1)%°
Mean glomerular tuft area (um? = Sem) 3003 (*=53) 3399 (=104) 4103 (=130)>°
Percentage of glomeruli with lesions of the JG area 0(=0) 25.5 (£3.7) 59.4 (+3.9)?
JG, juxtaglomerular.
ap < 0.01 vs C57BL/6.
bp < 0.001 vs C57BL/6.
°p < 0.05 vs 24 weeks.
9p < 0.01 vs 24 weeks.
*
8 80, i - I ]
g r—————| g 0.016 5 0.0139 0A011_43
2 §8.9 & =
5 60 4 - o 0.0121
o 486 2 0.012 4 L
s 375 s
o o
& 40 = % 0.008 4
o £
E £
Z 201 Z 0.004 -
3 3
g0 T T J S (o] " v J
g C57BLB apobi- 2dweeks apokl- Bweeks = C57BL/6 apoE-f- 2dweeks apoE/- 36weeks
500 *kk

3 ﬂ I'—_"*—l 41‘1 1 A
§ Ay = 12%1 3% 11% l
g 400 356.3 E o 1%
° = = I
o ©
5 500 1 3 8%
o. Q 6%
e 1774 E g
5 200 4 - 2
£ S 4%
S 100 4 §
§ 5
= 0 v ' v o5 0% ' v )

C578LI6 apobEf- 2dwe eks ' apoE/- 36weeks a C57BLI6 apoE-/- 2dweeks apoE-- 36weeks

Figure 4.

Mean cell number per glomerulus (A) and per glomerular tuft area (per wm?) (B). Bars show standard error of the mean (*, p < 0.05; **, p < 0.01). Mean matrix
area per glomerulus (wm?) (C) and percentage of glomerular matrix (D). Bars show standard error of the mean (*, p < 0.05; **, p < 0.01, ***; p < 0.001).

Discussion

In this study we evaluated a genetically modified
mouse strain to define potential effects of hyperlipid-
emia on renal morphology and ultrastructure. Al-
though apoE-/- mice are widely used as a model
system to study atherosclerosis, a detailed description
of the renal pathology in this strain has not yet been
reported. The pathologic alterations that we document
in this strain are the prominent glomerular infiltration
with monocytes/macrophages (commonly with foam
cell appearance), lipid deposits filling glomerular cap-
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illaries, lipid deposits at the vascular pole, and “foamy”
degeneration of the arteriolar wall. A distinctive glo-
merular injury with mesangiolysis, and mesangial ex-
pansion resulting from accumulations of lipid-laden
monocytes/macrophages and extracellular matrix
(specifically including laminin and type IV collagen),
and to a much lesser degree, extracellular lipid, also
develops in conjunction with these aforementioned
changes.

One reason that previous studies may have over-
looked renal injury is that many studies of this model
have involved much shorter periods of study than that



Figure 5.

Characterization of changes in glomerular extracellular matrix in apoE -/- mice.
A, B, and C were obtained from wild-type control mice at 24 weeks. D, E, and
F are of a representative glomerulus from an apoE-/- mouse at 24 weeks of
age, and G, H, and I are of a representative glomerulus from an apoE-/- mouse
at 36 weeks of age. A, D, and G are silver methenamine—stained sections. B,
E, and H demonstrate immunohistochemical staining for laminin. Therg is a
progressive increase in laminin within the expanded mesangial regions of
apoE-/- mice. C, F, and | demonstrate immunohistochemical -staining of
collagen type IV, which also shows progressive accumulation in the mesan-
gium in conjunction with laminin. Both laminin and collagen IV are increased
in apoE-/- mice compared with wild-type control, and this increase in matrix is
progressive as the apoE-/- mouse ages from 24 to 36 weeks.

Figure 6.

Ultrastructural changes in apoE-/- mice at 24 weeks of age. Transmission
electron microscopy of renal specimens from apoE-/- mice at the age of 24
weeks. A, An overview of a glomerulus with vacuoles consistent with lipid
deposits in the juxtaglomerular area (star), dense immune deposits in the
mesangium (arrowhead), and injured arteriolar wall with renin granules and
vacuolization of smooth muscle cells (arrows). B, A foam cell in the
mesangium of a glomerular tuft (arrows). C, Normal glomerular tuft from a
wild-type control demonstrates the absence of foam cells and lipid deposits.

presented here, and often used animals 10 weeks of
age or younger. We demonstrate that age is an
important factor in the renal injury identified with clear

Renal Injury in Apolipoprotein E-Deficient Mice

Figure 7.

Ultrastructural features of “lipid thrombi” filling glomerular capillaries. Trans-
mission electron microscopy of renal specimens from apoE-/- mice at the age
of 36 weeks. A, Electron microscopic thrombi filling glomerular capillaries
were composed of vacuoles consistent with lipid droplets (arrows). Area
depicted by single arrow is illustrated at higher magnification in B, and area
depicted by double arrows is illustrated in C.

morphologic progression in severity as animals age
from.24 to 36 weeks.

The critical role of monocyte/macrophages during
glomerular inflammation.is' well established (Erwig et
al, 2001). We found that accumulation of monocyte/
macrophages in glomeruli, commonly with foam cell
appearance, is a prominent feature in apoE-/- mice
with hyperlipidemia. The number of glomerular mono-
cyte/macrophages and the percentage of glomeruli
with foam cellsirose during the disease time course.
As.a general comparison, the mean number of glo-
merular monocyte/macrophages is in the range de-
scribed for classical immunologic models of glomeru-
lar diseases like the nephrotoxic serum nephritis and
the apoferritin-induced immune complex glomerulo-
nephritis (Anders et al, 2001; Bird et al, 2000).

One difficulty in determining the exact role of hyper-
lipidemia in human glomerular diseases is the general
presence of multiple factors involved in disease pro-
gression. Animal models have allowed the dissection
of some of the direct effects of hyperlipidemia on
glomerular injury. Several rat strains spontaneously
develop hyperlipidemia, including the obese Zucker
rat (Zucker, 1965) and the exHC rat (Imai and Mat-
sumura, 1973). Both develop proteinuria and a glo-
merular lesion characterized by focal glomerular scle-
rosis and accumulation of lipid-laden foam cells.
Therapeutic interventions that reduce lipid levels have
been shown to improve kidney function and decrease
glomerular injury (Hattori et al, 1994; Kasiske et al,
1988). Additionally, there are a number of reports of
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diet induced hyperlipidemia (Kasiske et al, 1990). Rats
fed a high cholesterol diet develop glomerular macro-
phage accumulation, glomerular foam cells, and mild
proteinuria during a 6-week time course. These le-
sions are consistent with the findings in apoE-/- mice
(Hattori et al, 1999).

Activation of intrinsic glomerular cells leading to the
induction of adhesion molecules and release of che-
moattractants is thought to be responsible for the
glomerular macrophage accumulation in various ani-
mal models of glomerular injury. Support for this idea
is provided both by in vitro and in vivo data. In the
above-mentioned rat model, an induction of macro-
phage colony stimulating factor (M-CSF) has been
demonstrated as one potential macrophage chemoat-
tractant (Hattori et al, 1999). In vitro studies demon-
strated the induction of M-CSF and the chemokine
CCL2 (MCP-1) by mesangial cells exposed to LDL or
oxidized LDL (Kamanna et al, 1996; Kim et al, 1995).
Therefore, increased LDL in the circulation and oxida-
tion after glomerular deposition might activate mesan-
gial cells to release chemoattractants, which elicits
glomerular inflammation, a process similar to experi-
mental models of immune glomerular injury (Segerer
et al, 2000).

About 50% of apoE-/- mice at the age of 36 weeks
demonstrated glomerular capillaries filled with some-
what amorphous, but discrete accumulations of acel-
lular material, resembling lipid deposits. This lesion
seems to develop late in the disease course, because
none of the animals at 24 weeks of age had evidence
of this lesion. A human disease with similar findings of
“lipoprotein thrombi” filling glomerular..capillaries 'is
lipoprotein glomerulopathy (LPG) (Saito et al, 1999).
LPG is a rare renal disorder, found mainly in Japanese
patients, and is associated with mutant apoE alleles,
like apoE Sendai. A recent study used a virus-
mediated transduction of apoE Sendai into apoE-
deficient mice (Ishigaki et al, 2000). The authors de-
scribed “lipoprotein thrombi” in expanded glomerular
capillaries resembling LPG, which developed only in
apoE-deficient mice transfected with ‘apoE Sendai,
but not in controls, and concluded that apoE Sendai is
an etiologic cause of LPG (Ishigaki et al, 2000). Our
study indicates that apoE deficiency in the genetic
background of murine C57BL/6, leading to hyperlip-
idemia, is sufficient for the development of these
features, which resemble human LPG, and that the
Sendai mutation of apoE is not a requirement for this
injury to develop.

The juxtaglomerular apparatus consisting of the mac-
ula densa, the extraglomerular mesangium, and afferent
and efferent arteriole is of major importance in the
regulation of the renal microvasculature, hemodynamics,
and blood pressure (Persson and Bachmann, 2000). In
apoE-/- mice, lipid deposits and foam cells are present
at this important anatomical site. Some but not all lipid
deposits were present in the wall of arterioles, most likely
resulting in foam cells derived from smooth muscle cells.
Therefore, in apoE-deficient mice, renal foam cells seem
to derive from different cell sources, namely, vascular
smooth muscle cells in the vascular pole and monocyte/
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macrophages in the glomerular tuft. Because different
LDL modifications lead to foam cell formation in different
cell types, it will be interesting to further define the
composition of lipid deposits at different sites in the
kidney (Llorente-Cortes et al, 2000; Tertov et al, 1992).
These studies have not been performed herein, because
we were mainly limited to fixed material in this animal
series. It is likely that the morphologic changes with lipid
deposits in the juxtaglomerular apparatus and foam cell
formation in arterioles impairs microvascular regulation
in apoE-/- mice. The role of these findings during the
potential development of hypertension in these mice is
currently unknown (Yang et al, 1999).

An unexpected finding in some animals was the
demonstration of electron-dense immune-type de-
posits with an organized substructure on examination
by electron microscopy. No significant differences
were found between wild-type controls and apoE-/-
mice for the deposition of immunoglobulins or com-
plement at similar ages. However, both wild-type mice
and apoE-/- mice demonstrated an equivalent incre-
ment in glomerular immunoglobulin and C3 deposition
with time, resulting in significant differences between
age groups. These observations indicate that the
glomerular. immunoglobulin deposition in the mice
was not related to hyperlipidemia or apoE deficiency,
but reflected a nonspecific process associated with
aging, in agreement with what is known to occur
normally in many strains of mice.

In summary, apoE-deficient mice with severe hyper-
lipidemia developed progressive glomerular lesions.
The main morphologic alterations consisted of glo-
merular macrophage infiltration with foam cell forma-
tion,_lipid deposits filling glomerular capillaries, lipid
deposits in' the juxtaglomerular area with foam cell
appearance of arteriolar smooth muscle cells and, at
times, mesangiolysis. Gene-targeted mouse strains
on defined genetic backgrounds have proven to be
powerful tools to dissect the complex interactions
during renal injury. ApoE-deficient mice offer an im-
portant opportunity to study the effects of hyperlipid-
emia-and combinations of hyperlipidemia and other
risk factors on renal disease. Degeneration of smooth
muscle cells of the arteriolar wall into foam cells and
glomerular macrophage infiltration might set the stage
in which additional stresses drive progression of both
glomerular and vascular injury. Although blood pres-
sure was not specifically measured in this study, this
study suggests that use of this murine model for
studies of cardiovascular disease that involve a com-
ponent of hypertension will need to consider potential
contributions of renal injury to pathophysiologic
alterations.

Material and Methods
Animals

Female apoE-/- and wild-type C57BL/6 mice, age 8 to
10 weeks, were purchased from the Jackson Labora-
tory (Bar Harbor, Maine). Mice were fed a pelleted
rodent chow (Harlan Teklad, Madison, Wisconsin)



containing 4% fat, 24% protein, 4.5% crude fiber, and
0.01% BHT (manufacturer’s estimates) until the ages
of 24 and 36 weeks. Mice were maintained in a
temperature-controlled room (22° C) with a 12-hour
light/dark cycle and were given free access to food
and water. Food was removed from the mice 4 hours
before the collection of blood from the retro-orbital
plexus. Serum was stored at —70° C until analysis.
Mice were killed under ether narcosis by cervical
dislocation and whole animals were perfused with 10
ml of antioxidant buffer (100 um DTPA, 100 um BHT,
0.1% ethanol, in PBS, pH 7.4) via the left ventricle.
Additionally, frozen kidney tissue suitable for immuno-
fluorescence staining was available from apoE-/- mice
at 24 (n = 10) and 82 weeks (n = 4) of age and from
C57BI/6 mice at 36 (n = 6) and 72 weeks (n = 4). The
mice at the very late time points (72 and 82 weeks)
were not originally included in the study, but these
tissues for immunofluorescence studies were used to
evaluate an unexpected morphologic finding of pos-
sible immune complex deposition revealed by electron
microscopic studies, as detailed below. This electron
microscopic finding was obtained after all animals
enrolled in the studies had been killed and suitable
tissue for immunofluorescence was no longer avail-
able. All animal studies were reviewed and approved
by the Animal Care Committee of the University of
Washington.

Plasma Lipids

Plasma cholesterol levels were determined-using,a
colorimetric kit (Diagnostic Chemicals Limited,-Ox-
ford, Connecticut) with cholesterol standards (Preciset
#12552; Boehringer Mannheim), Indianapolis, Indiana).
Plasma triglyceride levels, were determined colori-
metrically after removal of free glycerol(Diagnostic Kit
#450032; Boehringer Mannheim).

Tissue Preparation and Microscopic Examination

Kidneys were removed and in part fixed in 10% neutral
buffered formalin, in methyl Carnoy’s rsolution.(60%
methanol, 30% chloroform, 10% acetic acid), and in
half-strength Karnovsky’s solution (1% paraformalde-
hyde and 1.25% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.0). Formalin and methyl Car-
noy’s fixed kidneys were processed and embedded in
paraffin following standard protocols. Sections 2-um
thick were stained with hematoxylin-eosin (HE) and
periodic acid-methenamine silver (PAM). Selected
cases were snap-frozen in liquid nitrogen and stored
at —70° C.

Electron Microscopy

The protocols used for electron microscopy have
previously been described in detail (Alpers et al, 1993;
Namimatsu, 1992).

Immunohistochemistry

The protocols for immunohistochemistry have previ-
ously been described in detail (Anders et al, 2001;
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Segerer et al, 2000). Primary antibodies used were a
monoclonal anti-smooth muscle actin (SMA) antibody
(IgG2A, clone 1A4; Dako, Carpinteria, California), a rat
anti-mouse MAC-2 antibody (clone M3/38; Cedarlane,
Ontario, Canada), an antibody against PCNA (IgG2A,
clone PC10; Calbiochem, San Diego, California), a
goat anti-type IV collagen (Southern Biotechnology
Associates, Birmingham, Alabama), and rabbit anti-
laminin antibody (Chemicon International, Temecula,
California). All antibodies have been used in previous
studies for immunohistochemistry on paraffin embed-
ded tissue (Alpers et al, 1993; Bird et al, 2000; Nan-
gaku et al, 2002; Shankland et al, 2000). Secondary
antibodies were a biotinylated anti-rat 1gG (Vector,
Burlingame, California), and an anti-mouse IgG2A
antibody (PharMingen, San Diego, California). 3,3'-
diaminobenzidine with nickel enhancement, resulting
in a black product, was used as chromogen.

Immunofluorescence

Sections 8-um thick were used for immunofluores-
cence. The sections were fixed in acetone, air-dried, and
rehydrated in PBS. Incubation with normal goat serum
was followed by incubation with fluorescein-5-
isothiocyanate (FITC)-conjugated goat anti-mouse IgA,
IgG, IgM, and C3 (all from Cappel Pharmaceuticals,
Aurora, Ohio) for 30 minutes. Sections were washed in
PBS and cover slipped in aqueous mounting media.

Quantitative Analysis and Statistics

HE- and PAM-stained tissue sections were used for
morphometric analysis.. Fifteen consecutive glomeru-
lar cross-sections. were photographed by an exam-
iner, blinded to the source of the tissue, using a digital
camera (Olympus DP11; Olympus America, Melville,
New York), and imported into Image-Pro Plus (Media
Cybernetics, Silver Spring, Maryland). Number of nu-
clei, area of mesangial matrix, and glomerular tuft area
were quantified for each glomerular cross-section.
The number of MAC-2-positive monocyte/macro-
phages.and PCNA-positive cells were counted in 30
glomeruli per slide. Each glomerulus with the vascular
pole present in the cross-section was evaluated on
every slide for the presence of foam cells within the
glomerulus, and the presence of foam cells in the walls
of the afferent and efferent arterioles. The immunoflu-
orescence staining was quantified in 15 glomeruli per
slide. Fluorescence intensity was graded semiquanti-
tatively on a scale from 0 (negative) to 4 (very strong).

Using the InStat program (Version 3.0 for Windows;
Intuitive Software for Science, San Diego, California),
the mean numbers were compared using the nonpara-
metric Kruskal-Wallis test and the Dunn’s multiple
comparison. A p < 0.05 was considered to be statis-
tically significant.
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