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Cerebrovascular amyloid deposition and microvascu-
lar degeneration are frequently associated with Alz-
heimer’s disease (AD), but the etiology and pathoge-
netic role of these abnormalities are unknown.
Recently, transforming growth factor-f1 (TGF-$1)
was implicated in cerebrovascular amyloid formation
in transgenic mice with astroglial overproduction of
TGF-B1 and in AD. We tested whether TGF-$31 over-
production induces AD-like cerebrovascular degener-
ation and analyzed how cerebrovascular abnormali-
ties develop over time in TGF-B1-transgenic mice. In
cerebral microvessels from 3- to 4-month-old TGF-f1-
transgenic mice, which display a prominent perivas-
cular astrocytosis, levels of the basement membrane
proteins perlecan and fibronectin were severalfold
higher than in vessels from nontransgenic mice. Con-
sistent with this increase, cortical capillary basement
membranes of TGF-B1 mice were significantly thick-
ened. These changes preceded amyloid deposition,
which began at around 6 months of age. In 9- and
18-month-old TGF-B1 mice, various degenerative
changes in microvascular cells of the brain were
observed. Endothelial cells were thinner and dis-
played abnormal, microvilli-like protrusions as
well as occasional condensation of chromatin, and
pericytes occupied smaller areas in capillary pro-
files than in nontransgenic controls. Similar cere-
brovascular abnormalities have been reported in
AD. We conclude that chronic overproduction of
TGF-f1 triggers an accumulation of basement mem-
brane proteins and results in AD-like cerebrovascular
amyloidosis and microvascular degeneration. Closely
related processes may induce cerebrovascular pathol-
ogy in AD. (Am J Pathol 2000, 156:139-150)

The central nervous system (CNS) requires an efficient
vasculature to supply energy and oxygen to brain cells. A
decrease in cerebrovascular function could change brain
perfusion and impair cognitive abilities. In Alzheimer’s
disease (AD), progressive dementia is accompanied by
neurodegenerative changes and distinct cerebrovascu-
lar abnormalities.’ * The observations that AD and vas-
cular disease share common risk factors and that stroke
may be a risk factor for AD®°€ have sparked new interest
in the possible relationships between cerebrovascular
pathology, neurodegeneration, and dementia.
Cerebrovascular abnormalities abound in the AD
brain, and vascular deformations, and perivascular
pseudocalcifications were noted in senile brains several
decades ago.”® The most apparent of these abnormali-
ties is cerebral amyloid angiopathy (CAA), the deposition
of amyloid in cerebral blood vessel walls. CAA is found in
most AD cases and, like other AD-associated lesions (eg,
plagues), occurs in the nondemented elderly as well.®1°
Analysis of cerebrovascular amyloid deposits led to the
identification of the amyloid-gB (AB) peptide, which is gen-
erated from the B protein precursor (BPP) by proteolytic
cleavage.' In its fibrillar form, AB is the main component
of both vascular and parenchymal amyloid plaques. CAA
is a major cause of normotensive intracerebral hemor-
rhage in the elderly,®'%'2'3 and may, in some of its
inherited forms, cause dementia in the absence of other
classic AD lesions.'® AD and CAA are also associated
with other changes in the cerebrovasculature, including
alterations in smooth muscle cells and pericytes, endo-
thelial cell thinning, and loss of endothelial mitochon-
dria.™'®7 Thickening of the vascular basement mem-
brane, probably due to the accumulation of basement
membrane proteins, has also been noted in several in-
dependent studies,’ 1% '819 glthough others did not ob-
serve significant differences in AD compared with normal
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aging.?® The cause and functional consequences of
these microvascular abnormalities are unclear, and the
temporal relationships between basement membrane ac-
cumulation, amyloid deposition, and other microvascular
abnormalities are unknown.

Transforming growth factor-g1 (TGF-B1), a multifunc-
tional cytokine with a central role in tissue injury and
repair,®! has profound effects on vasculogenesis, angio-
genesis, and maintenance of vessel wall integrity.?#° In
the CNS, TGF-B1 organizes injury responses.>* In AD
patients, TGF-B1 levels in plaques,®>?® cerebrospinal
fluid,?” and serum®® are higher than in nondemented
elderly controls. Furthermore, cortical TGF-B1 messenger
RNA (mRNA) levels correlate positively with the degree of
cerebrovascular amyloidosis in AD cases, and TGF-1
immunoreactivity in such cases is elevated along cere-
bral blood vessels.?®

The expression of a constitutively bioactive form of
TGF-B1 in astrocytes of transgenic mice results in
perivascular astrocytosis and age-related deposition of
amyloid around cerebral blood vessels.?®3° QOverexpres-
sion of TGF-B1 in mice expressing human BPP/AB in
neurons accelerates vascular deposition of human A,
suggesting a causal role for TGF-B1 in cerebrovascular
amyloidosis.?® Such a role is supported by other studies
in rats,®' cortical slice cultures,®® isolated canine cere-
bral blood vessels,®® and cultured smooth muscle
cells.®** How TGF-B1 production causes amyloid deposi-
tion and whether amyloidosis is associated with other
microvascular alterations have not yet been determined.
Here, we demonstrate that chronic elevation of TGF-B1
production in the CNS of transgenic mice leads to an
accumulation of basement membrane proteins in blood
vessels that precedes the formation of cerebrovascular
amyloid deposits and is associated with AD-like degen-
erative changes in cerebrovascular cells.

Materials and Methods

Transgenic Mice and Genotyping

All mice had a BALB/cXSJL F2 genetic background.
Nontransgenic breeder mice were obtained from Jack-
son Laboratories (Bar Harbor, ME). Transgenic mice ex-
pressing a constitutively active form of TGF-B1 under
control of glial fibrillary acidic protein regulatory se-
quences have been described previously.?®3°3% Trans-
genic mice from lines T64 and T115 express TGF-B1
immunoreactive protein in astrocytes throughout the
brain, with increased levels in perivascular locations. In
addition, primary astrocytes from TGF-B1 transgenic
mice secreted much higher levels of bioactive TGF-B1
than astrocytes from nontransgenic controls. TGF-B1
mice show a prominent perivascular astrocytosis at a
young age and increased levels of fibronectin and lami-
nin mRNAs in their brains.° High-level overexpression of
TGF-B1 results in communicating hydrocephalus;3° low-
level expression, as used in the current study, does not
cause this complication. Mouse genotypes were deter-
mined by amplification of transgene regulatory se-

quences from tail DNA by polymerase chain reaction.
Nontransgenic littermates of TGF-B1 mice served as con-
trols.

Brain Tissue Preparation

Frontal cortex (midfrontal gyrus) from a patient with AD
and severe CAA was obtained from the Alzheimer’s Dis-
ease Research Center of the University of California (San
Diego, CA). Tissue blocks were fixed in freshly prepared
4% paraformaldehyde in 0.1 mol/L phosphate buffer, pH
7.4, at 4°C for 48 hours. Mice were anesthetized with
chloral hydrate and flush-perfused transcardially with
0.9% saline. Brains were removed and divided sagittally.
Hemibrains were snap-frozen and stored at —70°C until
extraction of RNA or immersion fixation in paraformalde-
hyde as described above. For electron microscopy (EM),
anesthetized mice were perfused with 0.1 mol/L cacody-
late buffer, pH 7.4, containing 3% paraformaldehyde, 1%
glutaraldehyde, and 3 mmol/L CaCl,, at a rate of 5 ml/min
for 3 minutes. This procedure resulted in optimal fixation
and tissue preservation. Brains were removed and stored
in cacodylate buffer at 4°C until they were embedded in
resin (see below).

Histological Analysis

Fixed mouse or human brain specimens were cut with a
vibratome into 40-um free-floating sections and pro-
cessed essentially as previously described.?®3¢ For thio-
flavin S staining, sections were air-dried overnight on
Superfrost slides (Fisher, Pittsburgh, PA), fixed on the
slides with 4% formaldehyde in 0.1 mol/L phosphate
buffer, and stained with 1% thioflavin S solution for 8
minutes. Sections were rapidly differentiated once in
100% ethanol and twice in 80% ethanol/water, rinsed for
10 minutes with water, and mounted with fluorescence
mounting medium (Vectashield, Vector Laboratories,
Burlingame, CA). Sections were examined by fluores-
cence microscopy or by laser scanning confocal micros-
copy with a Bio-Rad MRC-1024 mounted on a Nikon
Optiphot-2 microscope as previously described.2° The
following CAA scores (for human brains) and the thiofla-
vin S scores (for murine brains) were determined semi-
quantitatively by visual inspection of thioflavin S-stained
brain sections: 0, no vessels affected; 1, occasional ves-
sels affected; 2-4, multiple vessels affected mildly
(Grade 2), moderately (Grade 3), or severely (Grade 4).37

Preparation of Brain Microvessels

Brain microvessels were isolated from mouse cortex and
hippocampus as described by Pardridge et al.*® Mice
were anesthetized, and brains were removed and
washed with ice-cold buffer B (103 mmol/L NaCl, 4.7
mmol/L KCI, 2.5 mmol/L CaCl,, 1.2 mmol/L KH,PO,, 1.2
mmol/L MgSO,, 15 mmol/L N-2-hydroxyethylpiperazine-
N’-ethane-sulfonic acid (HEPES), pH 7.4). Cortex and
hippocampus were dissected and homogenized in
freshly prepared buffer A (buffer B plus 25 mmol/L



NaHCO,, 10 mmol/L glucose, 1 mmol/L sodium pyruvate,
1 g/100 ml bovine serum albumin) in a Potter-Elvehjem
tissue grinder and a rotating (100 rpm) Teflon pestle with
a clearance of 0.15-0.23 mm (PCG Scientific, Gaithers-
burg, MD) using seven up-and-down strokes. The ho-
mogenate was transferred to a 30-ml Corex glass tube
and mixed with 30% industrial-grade dextran (molecular
weight 79,500; Sigma) in buffer B to a final dextran con-
centration of 17%. After centrifugation for 20 minutes at
2400 X g, the top fatty layer was removed, and the
remaining solution was mixed again and recentrifuged as
above. The pellet was resuspended in 15 ml of buffer A
and passed through a 280-um metal mesh (Bellco, Vine-
land, NJ). The filtrate containing microvessels, red blood
cells, and nuclei was collected and passed through a
70-um nylon mesh (Becton Dickinson Labware, Bedford,
MA). Microvessels retained on this mesh were washed
extensively with buffer A before retrieval from the mesh.
The purity of the microvascular preparation was as-
sessed by light microscopic examination of vessels
seeded on Superfrost glass slides. Slides were air-dried
overnight, and vessels were fixed with 4% formaldehyde
in phosphate-buffered saline for staining with thioflavin S
and with hematoxylin and eosin (H&E). To assess the
purity of brain microvessels, aliquots fixed to glass slides
were also stained with a rabbit antibody against glucose
transporter 1 (AB1341, 1:1000; Chemicon) as de-
scribed.3940

Processing of EM Samples for Morphometry

Brain tissue, fixed for EM as described above, was pro-
cessed for thin-section EM as follows. Small blocks (3-5
mm?3) were trimmed out of the frontal cortex tissue,
washed three times for 15 minutes each in cold 0.1 mol/L
sodium cacodylate buffer, pH 7.2 (cacodylate buffer),
and postfixed in 1% osmium tetroxide in cacodylate
buffer for 45 minutes at room temperature. Excess unre-
acted osmium tetroxide was removed by washing the
blocks three times for 10 minutes each in cold cacodylate
buffer. After an initial dehydration in 30% ethanol for 5
minutes, en bloc staining was performed in saturated
uranyl acetate in 50% ethanol, diluted with two parts of
water, for 1 hour. Tissues were then fully dehydrated in a
graded series of ethanol/water solutions, ending in three
absolute ethanol steps. Blocks were then transferred with
propylene oxide into Polybed 812 epoxy resin (Poly-
sciences, Warrington, PA). After embedding and poly-
merization at 60°C, large semithin survey sections were
cut with glass knives on a Reichert Ultracut E ultramic-
rotome, stained with heated toluidine blue, and examined
by light microscopy to identify cortical regions rich in
capillaries. Sections (~70 nm thick) were cut, stained
with saturated, aqueous uranyl acetate for 20 minutes,
and 0.4% aqueous lead citrate for 10 minutes, and ex-
amined with a JEOL JEM 100CX transmission electron
microscope.
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Quantitative Morphometry

The capillary profiles were identified as blood vessels 3 to
8 um in diameter that lacked smooth muscle cells and
consisted of a single layer of endothelial cells. In addition,
these profiles were chosen not to contain nuclear struc-
tures and were centered for electron micrography at a
magnification of X10,000. Sets of 8 to 10 capillary profiles
were recorded micrographically for each specimen. Pho-
tographic prints were made for each capillary and im-
ported into an image-analysis system (Image1/AT, Uni-
versal Imaging Corporation, West Chester, PA) with a
black and white video camera. The following morphomet-
ric variables were then measured for each capillary pro-
file: capillary profile area, capillary circumference, intimal
area, endothelial area (excluding basement membrane
area), and pericytic cell area. Results were calculated as
follows. Basement membrane area = intimal area —
(pericytic area + endothelial area); relative basement
membrane thickness = basement membrane area/cap-
illary circumference; capillary diameter = capillary cir-
cumference/sr; relative endothelial cell area = 100 X
endothelial area/capillary profile area; relative pericyte
area = 100 X pericyte area/capillary profile area.

RNase Protection Assays

Total RNA from snap-frozen brains was isolated with TRI
reagent (Molecular Research Center, Cincinnati, OH) and
stored in Formazol buffer (Molecular Research Center) at
—20°C. Total RNA was analyzed by solution hybridization
RNase protection assay as previously described.*! Sam-
ples were separated on 5% acrylamide, 8 mol/L urea
Tris/borate/ethylenediaminetetraacetic acid gels, and
dried gels were exposed to X-ray films (Biomax MR,
Kodak, Rochester, NY). mRNA levels were quantitated
from phosphorimager readings of probe-specific signals
corrected for RNA content/loading errors by normaliza-
tion to the B-actin signals. The following *2P-labeled an-
tisense riboprobes were used to identify specific mMRNAs
(protected sequences are in brackets): murine B-actin
[nucleotides 480-559 of mouse B-actin mMRNA (GenBank
accession no. M18194)], murine TGF-B1 [nucleotides
500-752 of mouse TGF-B1 mRNA (GenBank accession
no. M13177)], and porcine TGF-B1 [nucleotides 999-
1412 of porcine TGF-B1 mRNA (M23703)].

Western Blots

Homogenates of isolated cerebral microvessels were
prepared with a triple-detergent lysis buffer®® and pro-
tease inhibitors (100 ug/ml phenylmethylsulfonyl fluoride,
1 pg/ml aprotinin, 2X complete inhibitor; Boehringer
Mannheim). Insoluble material was removed by centrifu-
gation. The protein concentration in the supernatant was
determined with a modified Bradford method (Pierce,
Rockford, IL), and sample protein concentrations were
equalized with lysis buffer. Sodium dodecyl sulfate load-
ing buffer was added, and the samples were heated to
95°C for 5 minutes. Microvascular preparations and brain
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homogenates from TGF-B1 mice were separated by so-
dium dodecyl! sulfate-polyacrylamide gel electrophoresis
using 4-15% gradient gels (Biorad, Hercules, CA), elec-
trotransferred at 4°C overnight to polyvinylidene diflu-
roide membranes (Millipore, Bedford, MA), and blocked
with Tris-buffered saline containing 5% nonfat dried milk
and 0.1% Tween 20. Extracellular matrix proteins se-
creted by Engelbreth-Swarm-Holm mouse sarcoma cells
(Matrigel; Becton Dickinson Labware) were analyzed
similarly as a positive control for the presence of base-
ment membrane proteins. The blots were incubated for 5
hours at room temperature in rat anti-heparan sulfate
proteoglycan (ie, core protein perlecan) antibodies
(clone A7L6, 1:500; Chemicon, Temecula, CA) or mouse
anti-fibronectin antibodies (clone TV-1, 1:300; NeoMark-
ers, Union City, CA). The bound antibodies were de-
tected with horseradish peroxidase-conjugated anti-rat
or anti-mouse antibodies (1:5000, Jackson ImmunoRe-
search, West Grove, PA) and developed with ECL re-
agents (Amersham, Arlington, IL), and the blots were
exposed to X-ray film (Biomax MR; Kodak). For quan-
titation, exposures of Western blots with densities
within the linear range of the film were scanned, and
the density of the bands was determined by inflection
point analysis with Advanced Quantifier software (Bio-
Image, Ann Arbor, MI).

Statistical Analysis

For all histopathological and morphological analyses and
for the RNase protection assay analyses of cortical
TGF-B1 mRNA levels, brain tissue samples were coded,
and investigators were unaware of the genotype of the
mice. Statistical calculations were done with Statview
(SAS Institute Inc., Cary, NC).

Results

Accumulation of Amyloid Deposits at the
Vascular Basement Membrane

Laser-scanning confocal microscopy of cortical brain
sections and isolated cortical microvessels from TGF-1
brains and nontransgenic controls showed that thioflavin
S-positive amyloid deposits were tightly associated with
the vascular wall (Figure 1). In transverse sections of
blood vessels from 12-month-old TGF-B1 mice, discrete
deposits were detected on the abluminal side of endo-
thelial cells (Figure 1A). Interestingly, cerebrovascular
amyloid deposits in AD (Figure 1B) were detected in a
similar location, although deposition was frequently more
extensive than in mouse vessels. Thioflavin S-positive
deposits were found in 5 to 10% of microvessels ex-
tracted from the cortex and hippocampus of 12- to 18-
month-old TGF-B1 mice (Figure 1, C-F), but were never
found in vessels from nontransgenic control mice (data
not shown). The degree of amyloid deposition varied
widely in different areas of the same vessel (Figure 1E)
and in different vessels from the same brain (compare
vessels shown in Figure 1, E and F). This observation is in

agreement with the distribution of thioflavin S-positive
blood vessels in TGF-B1 transgenic brains®® and in hu-
man CAA.°

Consistent with the location of thioflavin S-positive
amyloid deposits identified by confocal microscopy,
electron-dense extracellular deposits were detected
within the abluminal basement membrane of TGF-1
transgenic cortical blood vessels by electron microscopy
(Figure 2). Such deposits were never observed in non-
transgenic control mice (Figure 2).

Cerebrovascular Amyloid Deposition in TGF-B1
Mice Is Dose- and Age-Dependent

To ascertain whether accumulation of basement mem-
brane proteins precedes amyloid deposition, we first
compared the relationship between age, TGF-B1 expres-
sion levels, and the development of cerebrovascular
amyloid deposits in two independent lines of TGF-B1
transgenic mice (Figure 3A). Brain transgene mRNA lev-
els in heterozygous mice from medium-expresser line
T115 were approximately twice as high as those in het-
erozygous mice from the low-expresser line T64. Ho-
mozygous line T115 mice showed a further increase in
TGF-B1 mRNA levels. In all three groups of mice, trans-
gene (porcine) TGF-B1 levels correlated with the expres-
sion of endogenous (murine) TGF-B1 (r = 0.94;, P <
0.0001). The amino acid sequences of mature porcine
and murine TGF-B1 differ by only a single amino acid,*®
and TGF-B1 can induce its own synthesis in an autocrine
fashion.** Porcine TGF-B1 mRNA levels were approxi-
mately two- and fourfold higher than endogenous TGF-S1
MRNA levels in heterozygous low- and medium-ex-
presser mice, respectively (Figure 3A).

The extent of thioflavin S-positive amyloid deposition in
cerebral blood vessels was assessed in transgenic mice
from lines T64 and T115 at three different age ranges
(Figure 3B). Thioflavin S-positive deposits were never
observed in nontransgenic littermate control mice. In
general, older TGF-B1 mice showed more cerebrovascu-
lar deposits than younger mice with similar levels of trans-
gene expression. In addition, mice expressing higher
levels of TGF-B1 showed more cerebrovascular deposits
than age-matched mice expressing lower levels of TGF-
B1. Within a given line, transgene TGF-B1 mRNA levels
did not significantly increase with age (data not shown).
Thus, the formation of thioflavin S-positive deposits in
TGF-B1 mice is both dose- and age-dependent.

Accumulation of Basement Membrane Proteins
Precedes Amyloid Deposition

Proteins of the vascular basement membrane, including
perlecan, laminin, and fibronectin, have been implicated
in amyloidosis (reviewed in*°4¢). Because low-expresser
line T64 mice showed no amyloid deposits before 6
months of age, this line was used to study whether
TGF-B1 increases basement membrane protein produc-
tion before amyloid is deposited. Western blot analysis
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Figure 1. Thioflavin S-positive deposits in cerebral blood vessels of TGF-B1 mice and AD. Cortical brain sections from a 12-month-old TGF-B1 (line T115
heterozygous) mouse (A) and an AD patient with a CAA score of 3 (B) were stained with thioflavin S and analyzed by confocal microscopy. Thioflavin S-positive
amyloid deposits are located on the abluminal side of endothelial cells in TGF-B1 mice and the AD case. Isolated cerebral blood vessels stained with H&E from
an 18-month-old TGF-B1 mouse were examined at low-power (C) or high-power (D) magnification. No gross structural abnormalities were observed. E and F:
Thioflavin S-stained isolated cerebral blood vessels from an 18-month-old TGF-B1 mouse with various degrees of amyloid deposition. Scale bars, 20 um.

was used to determine semiquantitatively the relative
levels of two basement membrane proteins, perlecan and
fibronectin, from isolated cortical/hippocampal microves-
sels of 3- to 4-month-old TGF-B1 mice and nontransgenic
controls. The vessel preparations from transgenic brains
contained significantly more perlecan and fibronectin
than those from controls (Figure 4). Light microscopic
analysis of H&E-stained microvessel preparations
showed very little contaminating tissue debris (Figure 1,
C and D).

Increased production of basement membrane proteins
in the vascular wall can result in a thickening of the
basement membrane.*” Several groups have reported
thickening of the basement membrane in AD," 61819
although others did not observe significant differences in
AD compared with normal aging.?® Here, we tested
whether the increase in basement membrane protein
production in TGF-B1-transgenic microvessels would
translate into an increased thickness of the capillary
basement membrane in TGF-B1 mice. Using electron
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Figure 2. Electron-dense deposits within the basement membrane of cerebral blood vessels in TGF-f1 mice. Ultrathin brain sections from a 9-month-old TGF-81
mouse (line T64 heterozygous) and a nontransgenic littermate control (Non-tg) were analyzed by electron microscopy. Basement membrane (Bm) of a
medium-sized blood vessel from a TGF-B81 mouse shows electron-dense deposits (edd) at medium- and high-power magnification. No such deposits were
observed in nontransgenic blood vessels. E, endothelial cell; SM, smooth muscle cell. (Original magnifications: top left, X31,500; top right and bottom, X42,500).

microscopy and ultrastructural morphometry, we found In 9- to 18- month-old TGF-B1 mice, basement mem-
that cortical capillaries from 4-month-old TGF-B1 mice branes from cortical capillaries were almost twice as thick
(line T64) had significantly thicker basement membranes as those of nontransgenic controls (Figure 6). These re-

than those from nontransgenic controls (Figures 5 and 6). sults suggest that amyloid deposition in TGF-B1 mice
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Figure 3. Accumulation of thioflavin S-positive deposits in TGF-B1 mice
depends on age and level of TGF-B1 expression. Brains from TGF-B1 line
T64 heterozygous mice (T64—/+), line T115 heterozygous mice (T115—/+),
and line T115 homozygous mice (T115+/+) and nontransgenic littermate
controls (Non-tg) were analyzed for cerebral TGF-B1 mRNA expression
levels and for the number of thioflavin S-positive cerebrovascular deposits.
A: Total RNA was extracted 3 months postnatally (7 = 4 mice per group).
The relative levels of porcine (transgene) TGF-B1 (pTGF-B1) and murine
(endogenous) TGF-B1 (mTGF-B1) were determined by RNase protection
assay. Results are means = SEMs obtained by phosphorimager analysis and
normalization to actin values. B: Sagittal brain sections from the indicated
groups of mice (aged 3-6, 9-12, or 15-18 months) were stained with
thioflavin S and examined by fluorescence microscopy. Data points represent
mean scores from three to six sections per mouse. Older mice had more
thioflavin S-positive deposits than younger mice with similar levels of trans-
gene expression, and higher levels of TGF-B1 expression resulted in more
amyloid deposits.

was preceded by the accumulation of basement mem-
brane proteins and thickening of the basement mem-
brane.

To test the possibility that the difference in basement
membrane thickness simply reflected vascular cell atro-
phy rather than active thickening, we analyzed the distri-
bution of capillary diameters in TGF-B1-transgenic mice
and nontransgenic controls and compared the relative
basement membrane thickness with the capillary diame-
ters. Capillary diameters in young TGF-B1 mice were
slightly smaller than in littermate nontransgenic controls
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Figure 4. Increased perlecan and fibronectin levels in cerebral microvessels
from young TGF-B1 mice. A: Western blot analysis showing perlecan ex-
pression in homogenates from isolated cortical and hippocampal microves-
sels (180 g per lane) from 4-month-old TGF-B1 mice (line T64 or T115
heterozygous) or nontransgenic littermate controls. A mix of extracellular
matrix proteins (Matrigel, 1 ul) served as a positive control. Microvessels
prepared from TGF-B1 transgenic or nontransgenic control brains (72 = 5 per
group) were pooled yielding approximately 300 ug of protein per group.
Molecular size standards shown on the left indicate perlecan-immunoreactive
products in cerebral microvessels exeeding 400 kd, as well as a smaller-size
protein of approximately 200 kd, which is also present in Matrigel. B:
Perlecan and fibronectin contents determined semiquantitatively by densito-
metric analysis in three to four independent experiments were significantly
higher in TGF-B1-transgenic (line T64) than in nontransgenic microvessels
(*P < 0.05; Mann-Whitney U test). Results are means * SEMs.
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Figure 5. Ultrastructural abnormalities in cerebral blood vessels of TGF-B1
mice. Ultrathin brain sections from 9-month-old TGF-B1 mice (line T64
heterozygous) or nontransgenic littermate controls (Non-tg) were analyzed
by electron microscopy. In the TGF-B1 transgenic vessel, the basement
membrane (Bm) appears thickened, and the endothelial cell (E) profile is
thinner with an irregular luminal surface. The nontransgenic control vessel
has a normal basement membrane and a smooth endothelial cell surface.
Original magnifications, X5000. p, pericyte.

(14% decrease in diameter), whereas capillary diameters
in the older mice were on average 8% greater in TGF-B1
mice then in nontransgenic controls. The relative ratio
between basement membrane thickness and diameter
was significantly greater in young and old TGF-g1-trans-
genic than -nontransgenic capillaries (4-month-old:
23.0 = 2.4 versus 14.2 = 0.7, P = 0.0012; 18-month-
old: 18.8 = 0.7 versus 14.9 = 0.5, P < 0.0001, unpaired
two-tailed Student’s t-test). These data suggest that, at
least in young mice, the increased thickness of the
basement membrane is likely due to membrane thick-
ening and not to atrophy of vascular cells. In aged
TGF-B1 capillaries, atrophy may contribute to the ob-
served increase in thickness.

Old TGF-B1 Mice Develop Microvascular Injury
and Degeneration in Their Brains

To determine whether the accumulation of basement
membrane proteins and subsequent amyloid deposition
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Figure 6. Age-related accumulation of basement membrane proteins in cor-
tical capillaries of TGF-B1 mice. Ultrathin cortical brain sections from TGF-81
mice (line T64 heterozygous) and nontransgenic littermate controls (Non-tg)
at 4, 9, and 18 months of age were analyzed by electron microscopy. The
thickness of the basement membrane was measured in seven to nine capil-
lary profiles per brain in a total of three mice per group by computer-assisted
morphometry as described in Materials and Methods. Results are means *
SEMs. Basement membranes were significantly thicker in capillaries from
TGF-B1 brains than in capillaries from nontransgenic control brains (*P <
0.005; unpaired, two-tailed Student’s #test).

Thickness (nm)

around blood vessels affect vascular integrity, we first
examined cerebral microvessels for gross alterations.
Isolated microvessels stained with H&E from TGF-B1 and
nontransgenic control mice revealed no structural differ-
ences (Figure 1, C and D; data not shown). To assess
whether cerebral overexpression of TGF-B1 might result
in vascular cell loss, we counted hematoxylin-stained
nuclei in capillaries from cortical microvascular prepara-
tions of 9-month-old TGF-B1 mice and nontransgenic
controls. No significant loss in vascular cells was ob-
served (data not shown).

Electron microscopic examination of cortical capillar-
ies showed clear morphological alterations in 9-month-
old TGF-B1 mice not seen in littermate controls (Figures
5-7). Frequently, endothelial cells had irregular luminal
surfaces with microvilli-like protrusions and bleb-like
structures (Figures 5 and 7). Some endothelial cell nuclei
from TGF-B1 brains showed evidence of abnormal chro-
matin condensation not seen in the nuclei from nontrans-
genic controls. Ultrastructural morphometry demon-
strated smaller endothelial cell and pericyte profiles in
TGF-B1 brains than in nontransgenic controls (Figure 8).
In 4-month-old TGF-B1 mice, endothelial cells and peri-
cytes showed no significant changes (data not shown),
although capillary basement membranes were already
significantly thicker than those in nontransgenic littermate
controls (Figure 6).

Discussion

This study demonstrates that chronic elevation of TGF-p1
production in astrocytes of transgenic mice leads to ce-
rebrovascular abnormalities and degeneration. Strong
perivascular astrocytosis, as previously reported in
TGF-B1 mice,®*® and an accumulation of microvascular
basement membrane proteins were followed by amyloid
deposition. This accumulation of proteins was associated
with degenerative changes in cerebrovascular cells. In
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Figure 7. Microvascular endothelial cell damage in brains of 9-month-old TGF-B1 mice. Ultrathin cortical brain sections from TGF-B1 mice (line T64 heterozygous;
A, B, D) and nontransgenic littermate controls (C) were analyzed by electron microscopy. Endothelial cell nuclei (arrows) from TGF-1 brains showed signs of
increased chromatin condensation (A, B), whereas the nucleus from a nontransgenic control appeared normal (C). Frequently, the surface of TGF-B1 transgenic
endothelial cells was irregular (A, B, D), with microvilli-like protrusions and bleb-like structures (arrowheads). Original magnifications, X31,500 (A—C) and

X72,000 (D).

many respects, the pathological changes in TGF-B1 mice
resembled those found in AD and CAA, including
perivascular astrocytosis, basement membrane thicken-
ing, amyloid deposition, and degenerative changes in
vascular cells (reviewed in '). Therefore, overproduction
of TGF-B1 may be an underlying cause of several of
these cerebrovascular abnormalities in humans as well.

We proposed recently that TGF-B1 might induce cere-
brovascular amyloidosis in AD.?° The current study fur-
ther implicates this cytokine as a potential pathogenic
factor of other microvascular abnormalities associated
with AD and CAA. Interestingly, several reports demon-
strated higher TGF-B1 levels in AD brains than in nonde-
mented controls.?*=2° In addition, we recently observed
increased levels of the latent form of TGF-B1 in perivas-
cular astrocyte-like cells in AD brains with CAA but not in
nondemented controls.*® Although the reason for this
increase is unclear, trauma, ischemia, or age-related ox-
idative stress and cellular injury may trigger TGF-B1 ex-

Endothelial Cell Pericyte
o . 0
£ 154 l3 =
2 T o
Q. [=3
> * >
= 101 2 =
z =z
(] [
Q (3]
S )
2 % Ty
g o
< <

Non-tg TGF-$1 Non-tg TGF-f1

Figure 8. Abnormalities in brain capillaries from TGF-B1 mice. The relative
areas occupied by endothelial cell profiles (left) or pericyte profiles (right)
were measured in cross-sections of cortical capillaries from 9-month-old
TGF-B1 mice (line T64 heterozygous) and nontransgenic littermate controls.
Results are means = SDs from seven to nine capillaries analyzed in three
mice per group. The relative areas of endothelial cell and pericyte profiles in
9-month-old TGF-B1 mice were significantly smaller than those in controls
(*P < 0.05; unpaired, two-tailed Student’s #test).
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pression.?* In chronic conditions, for example in AD,
such factors may lead to elevated TGF-B1 levels over
long periods.

By studying TGF-B1 mice, we were able to ascertain
the earliest pathological cerebrovascular changes pre-
ceding amyloid deposition. Unlike other models of cere-
bral amyloidosis,**~>" TGF-B1 mice develop amyloid de-
posits in cerebral blood vessels in the absence of
parenchymal amyloid plaques, enabling vascular amy-
loid deposition to be studied independently of plaque
formation. Apart from a previously reported perivascular
astrocytosis,®° one of the earliest changes was the accu-
mulation of basement membrane proteins in the vascular
wall (Figure 4). Perlecan and fibronectin levels in isolated
microvessels were severalfold higher in TGF-B1 mice
than in nontransgenic controls, and the basement mem-
brane in TGF-B1 mice was significantly thickened (Fig-
ures 5 and 6). Our previous observation that laminin and
fibronectin mRNA levels are higher in TGF-B1 brains than
in nontransgenic controls®® suggests that basement
membrane protein accumulation is caused by increased
gene expression, although there my be decreased base-
ment membrane protein degradation at the same time.

This effect of TGF-B1 on basement membrane protein
synthesis and accumulation in TGF-B1 transgenic brains
is consistent with its stimulatory effect on extracellular
matrix production.?®2 TGF-B1 induces the transcription
of basement membrane proteins, such as perlecan, fi-
bronectin, and collagen in vitro,%3%* and tissue-specific
expression of TGF-B1 in transgenic mice causes fibrosis
and excessive production of basement membrane pro-
teins in the skin,®® pancreas,®® and kidney.?" Notably, in
the kidney, a similar type of vascular pathology develops
regardless of whether TGF-B1 is overproduced within
kidney cells or in the serum of transgenic mice (reviewed
in 2"). Although the cerebrovascular phenotype in glial
fibrillary acidic protein~-TGF-B1 mice results from paren-
chymal overexpression of TGF-B1, it would be interesting
to test whether increased serum TGF-B1 levels produce
cerebrovascular abnormalities. Such a finding could
have important implications for humans, because AD
cases have higher serum TGF-B1 levels than nonde-
mented controls®® and because serum TGF-B1 levels
may be determined genetically.®”

When coinjected with AB peptide into rat brains, per-
lecan precipitates amyloid deposition.®® However, it has
not been shown that accumulation of basement mem-
brane proteins precedes or triggers amyloid deposition in
vivo. Our results support the hypothesis that basement
membrane proteins initiate cerebrovascular amyloidosis
in TGF-B1 mice (Figures 3 and 4). Future studies will
need to determine whether basement membrane pro-
teins are necessary for amyloid deposition or fulfill only
accessory functions. In addition, it will be important to
identify which components of the basement membrane
are the main culprits in the amyloidogenic process.

In older TGF-B1 mice, the accumulation of basement
membrane proteins and amyloid was associated with
degenerative changes in cerebrovascular cells (Figures
5-8). Although we have not yet identified exactly how the
early changes in the vascular wall relate to the degener-

ative changes in endothelial cells and pericytes, AB pro-
duced by neurons or vascular cells®®€° may be trapped
by the accumulating basement membrane proteins and
injure vascular cells. AB causes degeneration of cultured
pericytes,®! endothelial cells,®*°® and smooth muscle
cells.®® Moreover, human BPP/AB-overproducing mice
show impaired cerebrovascular functions, although this
seems not to be associated with permanent endothelial
cell damage.®* Thioflavin S-positive amyloid deposits in
TGF-B1 mice correspond to electron-dense accumula-
tions of AB-immunoreactive material located near or
within the vascular basement membrane (Figure 2
and?®). Cerebrovascular amyloid deposits in human CAA
are also located within the abluminal basement mem-
brane.®® At least part of the vascular cell degeneration in
TGF-B1 mice could be attributed to these deposits. In
many instances, however, thickened basement mem-
branes or endothelial cells with morphological abnormal-
ities were not associated with detectable electron-dense
basement membrane inclusions in TGF-B1 mice. This
suggests that the amyloid in these areas exists in a more
soluble form and is not electron dense or that other
factors unrelated to amyloid may cause the degenerative
changes in these vascular cells. Recent studies support
the concept that AB may be more toxic in soluble oligo-
meric form than in polymeric or fibrillar forms.®

It is intriguing that TGF-B1 overexpression in astro-
cytes of transgenic mice throughout the brain®° results in
pathological changes that are largely restricted to the
cerebrovasculature. One possible explanation is that
cells in the cerebrovasculature express a unique TGF-B1
receptor or binding molecule that is not present in other
CNS cells and that induces a vascular cell reaction or
activation. Among other cells, perivascular astrocytes
may become activated or hypertrophied and increase
local production of endogenous and transgenic TGF-B1,
thus feeding into a vicious cycle. A potential candidate
TGF-B1-binding molecule is endoglin, which is ex-
pressed mainly in endothelial cells and potentiates
TGF-B1 signaling.®” It is interesting and of possible rele-
vance to the effects of TGF-B1 on the cerebrovasculature
that familial mutations in the endoglin gene have been
linked to dominant vascular abnormalities in hereditary
hemorrhagic telangiectasia type 1,8 which causes telan-
giectases and aneurysms. Furthermore, polymorphisms
in the endoglin gene have been associated with in-
creased risk for sporadic intracerebral hemorrhage in
humans.®® Abnormal regulation of TGF-81 signaling in
the vasculature may be responsible for the development
of hemorrhages in these human cases, and TGF-1 may
contribute similarly to hemorrhages in CAA.

In summary, our analysis of TGF-B1 mice has estab-
lished a causal link between increased cerebral TGF-B1
production and several AD-like cerebrovascular abnor-
malities and, together with previous work,*° has allowed
us to establish a temporal relationship among these ab-
normalities. Chronic overproduction of TGF-B1 in the
CNS caused a perivascular astrocytosis, followed by an
excessive accumulation of basement membrane proteins
and the formation of amyloid deposits. These alterations
were associated with the development of degenerative



changes in cerebral microvessels. The similarity of the
pathological vascular changes in older TGF-B1 mice and
in humans with AD and CAA suggests a pathogenic role
of TGF-B1 in these human conditions.
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