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Inflammatory mechanisms are thought to contribute to
lesion pathogenesis and neuronal cell death in Alzhei-
mer’s disease. Transforming growth factor-� (TGF-�)
plays a central role in the response of the brain to
injury, and is increased in the brain in Alzheimer’s
disease. In this study we determine whether expression
of TGF-� is abnormal in the microvasculature in Alzhei-
mer’s disease and whether TGF-� affects vascular pro-
duction of pro-inflammatory cytokines, interleukin
(IL)-1�, and tumor necrosis factor (TNF)-�. Microvessels
isolated from the cortices of Alzheimer’s disease
patients and age-matched controls are analyzed for
microvessel-associated and released TGF-�. Results
from Western blot analysis and enzyme-linked immu-
nosorbent assay indicate a higher level of TGF-� in
Alzheimer’s disease vessels compared to controls. To
determine whether TGF-� affects vascular release of in-
flammatory factors, cultured brain endothelial cells are
treated with TGF-� and levels of IL-1� and TNF-� deter-
mined. Both enzyme-linked immunosorbent assay and
Western blot analyses show that untreated endothelial
cells express little IL-1� or TNF-�, but incubation with
TGF-� results in robust expression of these factors by
brain endothelial cells. Our results suggest that vessel-
derived TGF-� contributes to inflammatory processes in
the Alzheimer brain. (Am J Pathol 2002, 160:1583–1587)

Inflammatory mechanisms, especially in the later stages
of Alzheimer’s disease (AD), are thought to contribute to
lesion pathogenesis and neuronal cell death.1–5 This hy-
pothesis is supported by observations in human and
animal studies that anti-inflammatory drugs reduce the
risk of AD pathology and, in some instances, enhance
cognitive performance.6–9 A large number of cytokines
and chemokines are elevated in the AD brain and have

been implicated in lesion development. Transforming
growth factor-� (TGF-�) plays a central role in the re-
sponse of the brain to injury and is elevated in the AD
brain.10–14

TGF-� is a multifunctional protein family that regulates
cell growth, differentiation, migration, and extracellular
matrix production and is involved in tissue remodeling
and inflammation.15,16 In the central nervous system,
TGF-� is an important regulator of survival/death deci-
sions in neurons and has been shown to be cytoprotec-
tive as well as injurious to neurons.14,17–20 This pleiotro-
pic cytokine has been implicated in the pathophysiology
of stroke and in several aspects of AD pathogenesis.21–24

In AD patients, TGF-� levels in plaques, cerebrospinal
fluid, and serum are higher than in nondemented elderly
controls.11,12,21 Also, TGF-� immunoreactivity is elevated
along the cerebral vasculature in AD but not control
brains.25 Transgenic mice overexpressing TGF-� in as-
trocytes show high levels of cerebrovascular amyloid
deposition, suggesting that TGF-� induces cerebrovas-
cular amyloidosis and contributes to microvascular de-
generation in AD.24

Microvascular endothelial cells are a rich source of
both cytokines and chemokines and release inflamma-
tory factors in response to a wide variety of stimuli.26

Previous work from our laboratory has shown that in the
AD brain endothelial cells express inflammatory media-
tors such as CAP37 (cationic antimicrobial protein, MW
37 kd) and MCP-1 (monocyte chemoattractant protein-1)
on their surface and release significantly higher levels of
interleukin (IL)-1�, IL-6, and tumor necrosis factor (TNF)-
�.27,28 Also, we have shown high levels of inducible nitric
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oxide synthase, an isoform usually up-regulated in inflam-
mation, in microvessels isolated from AD brains.29 Taken
together, these data implicate the cerebral microvascu-
lature as a source of inflammatory factors in AD.

The objectives of this study are to determine whether
TGF-� expression is abnormal in the microvasculature in
AD and whether TGF-� affects vascular production of
inflammatory factors such as IL-1� and TNF-�.

Materials and Methods

Human Microvessel Isolation

Human autopsy brains were obtained �4 to 15 hours
postmortem and frozen at �70°C until dissection. The
average postmortem interval was similar for both AD and
control samples. The clinical diagnosis of primary AD
was confirmed by neuropathological examination. Con-
trol samples from age-matched patients without evidence
of neuropathology were also collected. The age ranges
for AD (69 to 86 years) and control samples (66 to 75
years) were similar. Microvessels were isolated from
pooled temporal, parietal, and frontal cortices using fil-
tration through a 210-�m sieve and collection on a 53-�m
sieve, as we have previously described.28–32 This proce-
dure yields �6 to 10 mg of microvessel protein from 15 g
of human cortex. The isolation procedure is character-
ized by extensive sieving and washing and the resulting
microvessels are unlikely to contain trapped cells or plas-
ma-derived proteins within the lumen.33 A separate mi-
crovessel preparation was isolated from each human
brain. The purity of the microvessel preparations was
routinely monitored by phase-contrast microscopy. Mi-
crovessels were resuspended in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Grand Island, NY), con-
taining 10% fetal calf serum and 10% dimethyl sulfoxide
and stored frozen in liquid nitrogen until used.

Preparation of Conditioned Media and Lysates

Microvessels were quick-thawed at 37°C and centrifuged
at 2000 � g for 15 minutes. Microvessels were washed
three times with cold Hanks’ balanced salt solution and
resuspended in serum-free DMEM containing 1% lactal-
bumin hydrogenase. Microvessels (50 �g/sample) were
incubated in 1 ml for 4 to 6 hours at 37°C in a 95%
CO2/5% O2 incubator, and then centrifuged (2000 � g).
The conditioned media were collected and used for en-
zyme-linked immunosorbent assay (ELISA). To determine
microvessel-associated TGF-�, microvessels were lysed
using 2% sodium dodecyl sulfate (SDS) containing eth-
ylenediaminetetraacetic acid (0.5 mol/L), and lysates
used for Western blots analyses.28 To determine the ef-
fect of microvessel homogenization on TGF-� release, we
compared the TGF-� released into microvessel-condi-
tioned media to that obtained after homogenizing the
microvessels. For these experiments, vessels were incu-
bated in 1% collagenase for 1 hour at 37°C and homog-
enized by both polytron and sonication.

Rat brain microvessels were isolated as previously
described33,34 and seeded as explant cultures. Micro-
vascular endothelial cells were isolated from the resulting
mixed endothelial cell and smooth muscle cell cultures
using cloning penicylinders. The endothelial identity of
these cultures was confirmed using antibodies to endo-
thelial cell factor VIII, as previously described.35 Conflu-
ent endothelial cells were incubated in serum-free DMEM
with 0.1% bovine serum albumin and then exposed to
different concentrations of TGF-� for 24 hours. Control
(unstimulated) cells were incubated in media alone. Su-
pernatants were assayed for IL-1� and TNF-� by ELISA.
Endothelial cells were washed, scraped, and samples
lysed using 2% SDS containing ethylenediaminetetraace-
tic acid (0.5 mol/L) and lysates used for Western blot
analyses.28

Cytokine Analysis Using ELISA

Levels of TGF-� in conditioned media from AD and
non-AD samples were measured by ELISA. ELISA kits to
detect IL-� and TNF-� were obtained from Boehringer
Mannheim (Indianapolis, IN) and the TGF-� kit from R&D
systems (Minneapolis, MN). Levels of biologically active
TGF-�, IL-�, and TNF-� were determined using a color-
based assay. For the determination of IL-� and TNF-�,
samples were bound by a biotin-labeled antibody and
the peroxidase-conjugated detection antibody. This com-
plex bound via the biotin-labeled antibody to the strepta-
vidin-coated microtiter plate. The plate was incubated at
room temperature for 2 hours, washed, and bound, per-
oxidase was developed by adding tetramethylbenzidine
as a substrate. For the determination of TGF-�, samples
were bound by immobilized TGF-� receptor that had
been precoated onto microtiter plates. An enzyme-linked
polyclonal antibody specific for TGF-�1 was added to the
wells then incubated at room temperature for 2 hours,
washed, and the substrate solution added. The devel-
oped color (read at 450 nm) was proportional to the
concentration of the IL-�, TNF-�, or TGF-� bound in the
initial step. The measuring range for the IL-1� and TNF-�
kits is between 5 to 700 pg/ml and for TGF-� kits the
range is between 31.2 to 2000 pg/ml. All samples mea-
sured within the range of the standard curve.

Cytokine Detection by Western Blot

Microvessels (50 �g/lane) or endothelial cell (20 to 30
�g/lane) lysates were loaded for SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose mem-
branes for Western blot analyses. The blots were washed
two times using Tris-buffered saline with Tween 20
(TBST), incubated in milk solution (TBST with 3% nonfat
dry milk) for 1 hour, and washed two times with TBST. The
blots were then incubated in the primary antibody (TGF-
�1: catalog no. sc-398, R&D Systems; TNF-�: catalog no.
sc-8301, Santa Cruz Biotechnology, Santa Cruz, CA; and
IL-1�: catalog no. sc-7884, Santa Cruz Biotechnology) in
milk solution (dilution 1:500) for 1 hour, washed three
times with TBST, incubated with the secondary antibody
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(Bio-Rad no. 1706515 for TGF-�, TNF-�, and IL-1�; Bio-
Rad, Richmond, CA) in milk solution (dilution, 1:4000) for
1 hour, and washed three times with TBST. The blots
were then enhanced (Bio-Rad Immun-Star Kit, catalog
no. 170-5011) and visualized on film. Relative quantita-
tion of band optical density was performed using a GEL
DOC 2000. An intensity profile for each band was gen-
erated by averaging the value of each horizontal row of
pixels and the number of pixel rows between top and
bottom within a set bracket.28 The limits of detection for
the Western blot, using our current protocols and anti-
bodies, was 6 pmol/L of TGF-�.

Results

Both Released and Microvessel-Associated
TGF-� Are Elevated in AD Microvessels

AD and control microvessels were analyzed for release of
soluble as well as microvessel-associated TGF-�. Incu-
bation of isolated microvessels in serum-free medium for
4 to 6 hours resulted in a significantly (P � 0.05) higher
(150%) release of TGF-� into the media by AD-derived
microvessels compared to control-derived vessels (Fig-
ure 1). Western blot analysis of microvessel-associated
TGF-� showed strong reactivity of AD-derived vessels to
TGF-� antibody with no detectable expression in control
microvessels (Figure 2).

Disruption of AD microvessels by enzyme and me-
chanical homogenization resulted in a 104% increase in

the amount of TGF-� detected in the media compared to
the amount detected in the conditioned media from intact
microvessels.

TGF-� Stimulates Release of Pro-Inflammatory
Cytokines from Cultured Brain Endothelial Cells

ELISA analysis of conditioned medium from cultured
brain endothelial cells collected after 24 hours showed
barely detectable levels of the pro-inflammatory cyto-
kines IL-1� and TNF-� (Figure 3). In contrast, incubation
of endothelial cells with TGF-� caused a dose-dependent
increase in release of both cytokines. Levels of IL-1�
were significantly (P � 0.05) elevated in response to 0.01
�g/ml TGF-� and increased at higher TGF-� concentra-
tions (P � 0.01) (Figure 3, right). Similarly, incubation with
TGF-� produced a dose-dependent increase in the re-
lease of TNF-� that was significant at 0.01 �g/ml of TGF-�
and increased at higher TGF-� concentrations (P �
0.005) (Figure 3, left).

Increased Expression of Cell-Associated IL-1�

and TNF-� in Cultured Brain Endothelial Cells
Treated with TGF-�

Western blot analyses of brain endothelial cell lysates
collected from untreated endothelial cells showed little
detectable expression of either IL-1� or TNF-� (Figure 4).
In contrast, incubation of cultured brain endothelial cells

Figure 1. Microvessels were isolated from the brains of patients with AD
(n � 10) or nondemented elderly controls (n � 5). Brain microvessels were
washed and incubated for 6 hours with serum-free DMEM containing 1%
lactalbumin hydrogenase, centrifuged, and the supernatant assayed for
TGF-� using an ELISA-based assay. *, P � 0.05, significantly different from
control-derived microvessels.

Figure 2. Microvessels were isolated from the brains of patients with AD or
nondemented elderly controls. Microvessel lysates (50 �g/lane) were loaded
for SDS-polyacrylamide gel electrophoresis, and Western blot analyses and
were performed using antibodies to TGF-�. Lanes 1–3, non-AD control-
derived microvessels; lanes 4–6, AD-derived vessels.

Figure 3. Confluent brain endothelial cells were incubated in serum-free
DMEM with 0.1% bovine serum albumin and then exposed to different
concentrations of TGF-� for 24 hours. Control (unstimulated) cells were
incubated in media alone. The supernatants were assayed for IL-1� (right)
and TNF-� (left) using an ELISA-based assay. *, P � 0.05; **, P � 0.01;***, P �
0.005, significantly different from unstimulated endothelial cells.

Figure 4. Confluent endothelial cells were incubated in serum-free DMEM
with 0.1% bovine serum albumin and then exposed to different concentra-
tions of TGF-� for 24 hours (lanes 2–4 and 6–8). Control (unstimulated)
cells were incubated in media alone (lanes 1 and 5). Endothelial cells were
washed, scraped, and samples prepared for SDS-polyacrylamide gel electro-
phoresis. Western blot analysis was performed using antibodies to IL-1�
(left) and TNF-� (right).
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with several doses of TGF-� resulted in a dose-depen-
dent increase in expression of IL-1� (Figure 4, left) and
TNF-� (Figure 4, right), as determined by increased im-
munoreactivity to cytokine antibodies.

Discussion

Recent studies have implicated pro- and anti-inflamma-
tory cytokines as integral to AD pathogenesis. Among
them, TGF-�, increased in the central nervous system in
AD, is emerging as an important factor that could con-
tribute to several aspects of AD pathogenesis.10–14,21–24

For example, in transgenic mice where astrocytes over-
produce TGF-�, cerebrovascular amyloidosis, accumu-
lation of basement membrane proteins, and degenerative
changes in microvascular cells have been observed.15

TGF-� expression in these mice is widespread but is
most prominent in perivascular locations. Also, staining of
blood vessels in TGF-� transgenic mice is similar to the
staining of blood vessels in AD patients.25 The observa-
tion that TGF-� triggers AD-like cerebrovascular amyloid-
osis and microvascular degeneration supports a relevant
role for TGF-� in AD pathology.

TGF-� could also contribute to vascular and neuronal
deleterious changes in the AD brain via interactions
and/or regulation of inflammatory mediators. It is clear
soluble inflammatory factors are important in the AD brain
because virtually all cytokines and chemokines that have
been studied in AD are up-regulated.3 Despite the pres-
ence of large numbers of inflammatory mediators in the
AD brain, it is unclear what factors regulate expression of
these inflammatory proteins. Our data showing that
TGF-� is elevated in AD microvessels and that it stimu-
lates release of the pro-inflammatory cytokines IL-1� and
TNF-� from brain endothelial cells suggests that TGF-� is
a pivotal factor in the control of inflammatory mediators
and processes in AD.

In AD, amyloid-� is heavily deposited in the blood
vessel wall and both brain endothelial cells and astro-
cytes release inflammatory proteins.36–40 In this study we
demonstrate that AD brain microvessels express and
release high levels TGF-�. However, it is not clear
whether the vessels synthesize TGF-�. There is evidence
that both astrocytes and endothelial cells can produce
TGF-�.25,41 Indeed, astrocyte-derived TGF-� induces
amyloid-� deposition in cerebral blood vessels of aged
transgenic mice.25 Although the TGF-� measured could
reflect an astrocyte-derived cytokine that is adherent to
the vessel wall, we believe this is unlikely because the
microvessel isolation procedure is characterized by ex-
tensive sieving and washing. It is possible that some of
the TGF-� is astrocyte-derived protein that has been
internalized by brain endothelial cells. Alternatively, the
TGF-� measured could be vascular-derived. Endothelial
cells have been shown to synthesize TGF-� and this
protein in response to increased shear stress or cell
injury.41 The amount of TGF-� detected by ELISA in mi-
crovessel-conditioned media is much lower than the level
of cytokine apparently required to induce an effect in
cultured endothelial cells. In part, this apparent discrep-

ancy may reflect differences between isolated microves-
sels and cultured cells. In this regard, we have new
preliminary evidence showing that cultured endothelial
cells treated with an inflammatory cocktail release higher
levels of TGF-� than that detected in microvessel-condi-
tioned media (data not shown). Although it is difficult to
draw conclusions as to what occurs in vivo, it is likely that
both endothelial cells and astrocytes contribute perivas-
cular TGF-�.

The inflammatory hypothesis of AD, that is supported
both by basic laboratory evidence and epidemiological
studies, suggests that treatment with anti-inflammatory
drugs may reduce the risk or slow the progression of
AD.1,6–9 Inflammatory mediators co-localize in the AD
brain with those regions that exhibit high levels of AD
pathology.42 Our previous results showing an up-regula-
tion of vascular-derived inflammatory mediators in AD are
significant because of the topographic association of
capillaries with neuritic plaques and the co-localization of
vascular-derived heparan sulfate proteoglycan deposits
with senile plaques.43,44 In our current study we report
that TGF-� is elevated in AD microvessels and stimulates
release of pro-inflammatory cytokines IL-1� and TNF-�
from brain endothelial cells. These results suggest that
vessel-derived TGF-� could initiate and/or propagate a
destructive inflammatory cycle, contribute to neuronal
cell death and may be a therapeutic target in AD.
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