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The Tissue Plasminogen Activator—Plasminogen Proteolytic
Cascade Accelerates Amyloid-3 (A3) Degradation and
Inhibits A3-Induced Neurodegeneration

Jerry P. Melchor, Robert Pawlak, and Sidney Strickland

Laboratory of Neurobiology and Genetics, The Rockefeller University, New York, New York 10021

Accumulation of the amyloid-3 (AB) peptide depends on both its generation and clearance. To better define clearance pathways, we have
evaluated the role of the tissue plasminogen activator (tPA)—plasmin system in A3 degradation in vivo. In two different mouse models of
Alzheimer’s disease, chronically elevated A peptide in the brain correlates with the upregulation of plasminogen activator inhibitor-1
(PAI-1) and inhibition of the tPA-plasmin system. In addition, A3 injected into the hippocampus of mice lacking either tPA or plasmin-
ogen persists, inducing PAI-1 expression and causing activation of microglial cells and neuronal damage. Conversely, A3 injected into
wild-type mice is rapidly cleared and does not cause neuronal degeneration. Thus, the tPA-plasmin proteolytic cascade aids in the
clearance of A3, and reduced activity of this system may contribute to the progression of Alzheimer’s disease.
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Introduction
Alzheimer’s disease (AD), the most common form of human
amyloidosis, is the leading cause of cognitive decline and demen-
tia in aged individuals. AD patients exhibit characteristic pathol-
ogies including extracellular senile plaques composed mainly of
the amyloid-B (AB) peptide, intracellular neurofibrillary tangles
of hyperphosphorylated tau protein, and localized deposition of
amyloid in the blood vessels of the brain. The AB peptide comes
from the proteolytic processing of a larger molecule, the A8 precur-
sor protein (ABPP). Excessive production or reduced degradation of
the AB peptide can lead to its accumulation and the formation of
senile plaques in Alzheimer’s disease. Various proteases have been
implicated in AB degradation, including neprilysin, insulin-
degrading enzyme (IDE), and plasmin (Selkoe, 2001).
Plasminogen activators (PAs) are serine proteases, the main
function of which is to activate plasminogen into plasmin. There
are two types of mammalian PAs: tissue-type (tPA) and urokinase-
type (uPA) (Collen, 2001). tPA is expressed in various regions of the
mouse brain, including the hippocampus, amygdala, cerebellum,
and hypothalamus (Sappino et al., 1993), where it participates in
both normal and pathological events (Baranes et al., 1998; Madani et
al.,, 1999; Tsirka et al., 1995). In particular, tPA is highly expressed in
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the hippocampus, a region important for learning and memory and
often involved in AD pathology.

Numerous reports have suggested that the tPA—plasmin sys-
tem may play a role in AD. For example, in vitro studies have
linked the tPA—plasmin system with A turnover (Kingston et al.,
1995; Tucker at al, 2000a,b). Enzymatic studies have shown that
fibrillar AB stimulates tPA activity in vitro (Kingston et al., 1995),
and AB can stimulate tPA mRNA expression in cell culture, re-
sulting in the production of plasmin and subsequent AB degra-
dation (Tucker et al., 2000a,b). Because the in vivo significance of
the tPA—plasmin system in AD is not known, we investigated this
in mouse models of AD and in mice deficient for either tPA or
plasminogen. The results indicate that the tPA—plasmin system
contributes to AB degradation and pathology.

Materials and Methods

AD transgenic mouse models. Transgenic mice were obtained from Tac-
onic Farms (Tg2576) (Hsiao et al., 1996) and Drs. M. A. Chishti and D.
Westaway (University of Toronto, Toronto, Ontario) (TgCRNDS) (Ch-
ishti et al., 2001). The Tg2576 mice express ABPP695 with the Swedish
mutation driven by the hamster prion promoter (PrP). The TgCRND8
mice express ABPP695 with both the Swedish and V717F mutations also
driven by the hamster PrP. Brains from 3-month-old TgCRNDS and
12-month-old Tg2576 mice (ages when overt amyloid deposition is
present) and from their respective age-matched nontransgenic litter-
mates were obtained from animals that were anesthetized with 2.5%
avertin (15 ul/g mouse body weight) in sterile saline and transcardially
perfused with ice-cold sterile PBS. Brains were quickly embedded in
Optimum Cutting Temperature medium (Sakura Finetek, Torrance,
CA), frozen with dry ice, and cut into 20 wm coronal sections for either
immunohistochemistry or in situ zymography. In situ zymography to
assess tPA activity was performed according to Sappino et al. (1993).
Zymographic activity of tPA was viewed using dark-field microscopy.
Lytic zones in specific brain regions (hippocampus, amygdala) were
measured using NIH Image software.
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Mouse surgery and AB peptide injection. tPA—/— and plg—/— mice
were obtained from Drs. D. Collen and P. Carmeliet (Catholic University
of Leuven, Leuven, Belgium). Both tPA—/— and plg—/— mice were
backcrossed to the C57BL/6 background for nine generations. Animals
were anesthetized with 2.5% avertin (15 ul/g body weight) and atropine
(2 pl/g body weight). For injection into the hippocampus, the coordi-
nates relative to bregma (anterior—posterior —2.5 mm, lateral 1.7 mm,
and 1.8 mm depth) were taken from Franklin and Paxinos (1997) and
measured using a Kopf Company stereotaxic instrument. AB,, peptide
(American Peptide Company, Sunnyvale, CA) freshly solubilized to a
final concentration of 2 pg/ul in PBS or PBS alone was injected into the
CALI region of the hippocampus of 10- to 12-week-old female C57BL/6,
tPA—/—, and plg—/— mice. The AB,, peptide was injected into the
hippocampus at a rate of 200 nl/min using a 33 gauge Hamilton syringe.
The mice were allowed to recover for 1, 2, or 3 d before brain isolation.

Immunohistochemistry and histology. For immunostaining, sections
were fixed in 4% paraformaldehyde/PBS and blocked with PBS contain-
ing 10% goat serum, 1% BSA, and 0.5% Triton X-100. Sections were
incubated with rabbit polyclonal anti-AB antibody (1:1000) (Biosource,
Camarillo, CA), polyclonal anti-plasminogen activator inhibitor 1
(PAI-1) antibody (provided by Dr. D. Loskutoff, Scripps Institute, San
Diego, CA), rat anti-mouse F4/80 antibody (Serotec, Raleigh, NC), or
P2-1, a monoclonal antibody directed against the N-terminal end of
ABPP (gift from Dr. William E. Van Nostrand, University of Stony
Brook, Stony Brook, NY), and placed in a humidified chamber at 4°C
overnight. The next day, sections were rinsed with PBS/Triton X-100 and
incubated with the appropriate secondary antibody (1:500) followed by
either the FITC-conjugated goat anti-rabbit IgG (Vector Laboratories,
Burlingame, CA) or the ABC kit according to the manufacturer’s proto-
col (Vector Laboratories). Immunoreactivity was visualized using either
fluorescence microscopy or Nova-Red according to the manufacturer’s
protocol (Vector Laboratories). The monoclonal antibody P2-1 was
used with the Mouse on Mouse Staining kit according to manufacturer’s
protocol (Vector Laboratories). When using fluorescence microscopy,
all images were viewed and photographed using identical exposures and
magnifications. The images were imported into Photoshop and con-
verted to grayscale. The area and intensity of AB deposition and F4/80
immunoreactivity were quantified using NIH Image, and the mean and
SEM were calculated for each animal group (at least two sections per
animal; n = 5-7 per experimental group).

Fluoro-Jade B staining was performed according to the protocol by
Schmued and Hopkins (2000) and viewed under fluorescence micros-
copy. Briefly, sections were immersed sequentially in 1% NaOH in 80%
alcohol for 2 min, 70% alcohol for 2 min, water for 2 min, 0.06% potas-
sium permanganate for 10 min, water for 2 min, and 0.0004% Fluoro-
Jade B in 1% acetic acid for 20 min, and rinsed in water three times. The
sections were then dried, immersed in xylene, and mounted with
p-xylene bis-(N-pyridinium bromide). The sections were viewed under
blue-green excitation light with a fluorescent microscope. Images were
obtained using identical magnification and exposures and quantified as
above.

Statistical analysis. The data were analyzed by ANOVA and Newman—
Keuls post hoc comparison. A value for p < 0.05 was considered significant.

Results

Decreased tPA activity in transgenic AD mouse models
Enzymatic studies have shown that fibrillar AB stimulates tPA
activity (Kingston et al., 1995), and in cell culture, AB can stim-
ulate tPA mRNA expression resulting in the production of plas-
min and subsequent AB degradation (Tucker et al., 2000a,b). To
investigate the in vivo significance of the tPA—plasmin system in
clearing A3, we examined the level of tPA activity in transgenic AD
mouse models. One model was the Tg2576 mouse, which exhibits
amyloid plaques and cognitive deficit at 12 months of age (Hsiao et
al,, 1996). Tg2576 and age-matched control mice were used for in
situ zymography, which measures tPA activity in a brain section
through plasmin cleavage of casein in the overlay gel (Sappino et al.,
1993). tPA activity in the amygdala, cortex, hypothalamus, and hip-
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Figure 1. tPA activity is decreased and PAI-1 expression increased in Tg2576 mice. Tg2576
and age-matched wild-type (WT) mice brain sections (n = 5-7) were subjected to in situ
zymography to measure tPA activity. Dark, lytic zones are smaller in the hippocampus, amyg-
dala, and hypothalamus of 12-week-old (B8) and 12-month-old (D) Tg2576 mice as compared
with wild-type mice (4, (). Twelve-week-old Tg2576 mice show increased PAI-1immunoreac-
tivity (F), whereas age-matched littermate controls do not ( £). At 12 months, both Tg2576 (H)
and littermate nontransgenic “wild-type” (G) show similar levels of PAI-1 expression in the
hippocampus. CA2 and CA3 indicate respective hippocampal subregions.
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Figure2. Quantification of tPA activity in the hippocampus and amygdala of TgCRND8 mice

(hatched bars), Tg2576 mice (open bars), and their age-matched littermate nontransgenic
controls (WT, solid bars). The two sets of controls were equivalent and averaged for this figure.
See Results for detailed statistical analysis.

pocampus was decreased in both 12-week-old (Fig. 1B) and 12-
month-old Tg2576 mice (Fig. 1D) as compared with age-matched
controls (Fig. 1 A,C) (quantified in Fig. 2, open bars).

This decrease in tPA activity was also observed in the hip-
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pocampus and amygdala in another AD mouse model, the
TgCRNDS8 mice (Fig. 2, hatched bars); this mouse exhibits AD-
like pathology and cognitive deficiency at 3 months (Chishti et
al.,2001). ANOVA revealed a strong effect of the genotype on tPA
activity in both the amygdala and hippocampus (F(, 4, = 10.00,
p < 0.05,and F, 4y = 9.98, p < 0.005, respectively). Newman-—
Keuls post hoc comparison showed a difference between wild-
type and both Tg2576 ( p < 0.05 for amygdala and p < 0.01 for
hippocampus) and TgCRNDS8 mice ( p < 0.05 for amygdala and
p < 0.01 for hippocampus). These results are consistent with the
report that plasmin levels are decreased in the brains of AD pa-
tients (Ledesma et al., 2000).

Increased PAI-1 levels in AD transgenic mice

In Tg2576 mice, tPA mRNA expression is reportedly elevated
(Tucker et al., 2000b), and the observed decrease in tPA activity
could be caused by overexpression of an inhibitor. Therefore, we
investigated the expression of the serpin PAI-1, a main inhibitor
of tPA. PAI-1 is an acute-phase protein often upregulated during
inflammation, a response normally triggered in AD brains
(Podor et al., 1992). Immunohistochemistry for PAI-1 was per-

WT tPA-/-

PAI-1

Microglial A
deposition

Neuronal
Degeneration Activation

Figure 3.

by Fluoro-Jade B staining (K and L, respectively; compare with J).

Mice deficient for tPA or plasminogen show PAI-1 induction and persistent A3 deposition after A3 injection.
tPA—/—,plg—/—,and (57BL/6 (WT) mice (n = 5—7) were injected with A3, into the CA1 region of the hippocampus. PAI-1
expression (bright green fluorescence, highlighted with arrows) was upregulated in the presence of AB in the tPA—/— (B) and
plg—/— () mice but not in wild-type mice (A). Inmunohistochemical analysis shows the presence of AB in tPA—/— (£)
and plg—/— (F) but not in wild-type (D) mice 3 d after injection. The AS3,,, deposited in tPA—/— and plg—/— mice causes
microglial activation as assessed by F4/80 staining (H and /, respectively; compare with G) and neuronal degeneration as assessed
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formed to identify specific brain regions that expressed this pro-
tein. PAI-1 expression was elevated in 12-week-old Tg2576 mice
(Fig. 1 F) but not in age-matched wild-type mice (Fig. 1 E). PAI-1
was elevated in regions where tPA activity was depressed, such as
the CA regions of the hippocampus. This result indicates that
increased A levels correlate with the upregulation of PAI-1. At
12 months, wild-type and Tg2576 mice showed increased PAI-1
levels (Fig. 1G,H ); however, wild-type mice compensated for el-
evated PAI-1 expression with an increase in tPA activity, because
there was no change in plasminogen activation (Fig. 1A,C). AD
transgenic mice exhibit the elevation of PAI-1 and concomitant
depression of tPA activity before evident AB plaque formation,
but in an environment of increased A load.

A, peptide can increase PAI-1 expression

To test whether AB,, could induce expression of PAI-1 and
thereby reduce tPA activity in the brain, we injected 2 ug of AB,,
(in 1 ul PBS) into the CA1 region of the hippocampus (Shin et al.,
1997) of 10- to 12-week-old tPA—/—, plg—/—, and C57BL/6
female mice. For 3 d, brains of injected mice were isolated daily,
and coronal sections were prepared. PAI-1 was only weakly in-
duced in the wild-type mice (Fig. 3A), but
it was strongly upregulated in the AB,,-
injected areas of tPA—/— and plg—/—
mice (Fig. 3B,C).

plg-/-

Rapid clearance of the A3, peptide
from the mouse hippocampus requires
tPA and plasminogen

One reason for the lack of PAI-1 induction
in wild-type mice could be rapid degrada-
tion of AB by the tPA—plasminogen sys-
tem. Given that an increase in A level was
correlated with a decrease in tPA activity,
we tested whether the tPA—plasminogen
system could degrade AB,, in the paren-
chyma. After intrahippocampal injection
in wild-type mice, AB immunoreactivity
gradually disappeared for the first 2 d (data
not shown) and was completely cleared by
day 3 (Fig. 3D). In contrast, A immuno-
reactivity was evident in both tPA—/— and
plg—/— mice (Fig. 3E,F) 3 d after injec-
tion, indicating that the tPA—plasmin sys-
tem participates in AB degradation. A3
immunoreactivity was ~10-fold higher in
both tPA—/— and plg—/— as compared
with wild-type mice 3 d after injection
(Fig. 4A). ANOVA showed an effect of the
genotype on Af3 clearance (F, ;4 = 10.58;
p < 0.01). Newman—Keuls post hoc com-
parison showed a significant difference be-
tween wild-type and tPA—/— (p < 0.01)
and wild-type and plg—/— (p < 0.01)
mice. By day 7 after A injection, the pep-
tide was cleared from the brains (data not
shown), indicating that other proteases
contribute to A degradation. Thus, there
was a positive correlation between the du-
ration of AB,, deposition, the induction of
PAI-1, and the inhibition of tPA, suggest-
ing a role for the tPA—plasmin system in
AP clearance.
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Figure4. (Quantification of A3 immunoreactivity (A), microglial activation (B), and neuro-
degeneration ( () in wild-type (open bars), tPA—/— (solid bars), and plg—/— mice (hatched
bars). See Results for detailed statistical analysis.

Microglial activation and neurodegeneration in tPA—/— and
plg—/— mice after Af3,, injection
The deposition of AB in the parenchyma triggers an inflamma-
tory response in the adjacent parenchyma and eventually causes
neuronal death (Frautschy et al.,, 1998). In both tPA—/— and
plg—/— mice, activated microglial cells were detected near the
sites of AB injection after 3 d (Fig. 3H,I), whereas control animals
did not show activated microglia (Fig. 3G). The intensity of mi-
croglial staining was at least sixfold greater in both tPA—/— and
plg—/— mice as compared with wild-type mice (Fig. 4B).
ANOVA also showed genotype effects in the activation of micro-
glial cells (F, 0y = 7.97; p < 0.01). Newman—Keuls post hoc
comparison also showed differences between wild-type and
tPA—/— (p < 0.05) and wild-type and plg—/— (p < 0.05) mice.
Consistent with these findings, the hippocampi of tPA—/—
and plg—/— mice exhibited neuronal degeneration at the sites
around the AB deposition as assessed by Fluoro-Jade B (Fig.
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3K,L) and Cresyl violet staining (data not shown), whereas wild-
type mice did not show neuronal death (Fig. 3]). Again, neuro-
degeneration was almost nonexistent in wild-type mice, whereas
both tPA—/— and plg—/— mice exhibited ~10-fold greater neu-
ronal damage (Fig. 4C). Statistical analysis showed a difference in
genotype response to neuronal damage (F, 9y = 3.943; p <
0.05), and Newman—Keuls post hoc analysis indicated differences
in wild-type versus either tPA—/— (p < 0.05) or plg—/— (p <
0.05) neurodegeneration. Microglial activation and Fluoro-Jade
B staining was negligible in the needle tracks of animals injected
with PBS (data not shown). Therefore, the tPA—plasmin system
was required to efficiently clear A injected into the hippocam-
pus and prevent neuronal degeneration.

Discussion

Proteases take part in both the generation and catabolism of the
AP peptide and therefore are logical targets for drugs attenuating
Alzheimer’s disease. The A peptide is produced by the sequen-
tial proteolytic processing of ABPP by the B-site APP cleaving
enzyme (Vassar et al., 1999) and presenilins (Wolfe et al., 1999).
Presenilin-null neurons are deficient in AS production (Zhang et
al., 2000), and presenilin inhibitors are effective in preventing A3
formation in cell culture (Beher et al., 2001); however, the clinical
use of these inhibitors might lead to side effects such as decreased
Notch processing (Geling et al., 2002; Roncarati et al., 2002).

Proteases that degrade A are being considered as possible
targets for inhibiting AD pathogenesis; neprilysin, IDE, and uPA
have been implicated in A clearance (Selkoe, 2001). Both uPA
and tPA activate the zymogen plasminogen to the active protease
plasmin, which cleaves AR in vitro; however, a role for plasmin-
ogen activation in Alzheimer’s disease has not been studied in
vivo.

In an environment of increased AB load in mouse models of
AD, we found a dramatic reduction in tPA activity in the hip-
pocampus and amygdala, areas affected in AD patients. This re-
duction of tPA activity (and diminished plasminogen to plasmin
conversion) was caused by upregulation of PAI-1, which was
elevated in AD mouse models and induced at the sites of AS
injection. Consistent with these results, PAI-1 levels in the cere-
brospinal fluid are elevated in certain neurological pathologies,
including dementia caused by AD (Sutton et al., 1994). There-
fore, the inhibition of the tPA—plasmin system by PAI-1 could
facilitate A deposition by slowing down the clearance of the
peptide (Fig. 4). This mechanism could start a vicious cycle of
accumulating A, leading to increased PAI-1 expression, further
tPA inhibition, and therefore even more AB deposition. Al-
though the increase in PA activity could be attributable to uPA in
wild-type mice as compared with ABPP transgenic mice, the ad-
dition of amiloride, an inhibitor of uPA but not tPA (Vassalli and
Belin, 1987), into the overlay gel for wild-type mice did not de-
crease PA activity (data not shown), indicating that the activity
was attributable to tPA. Another possibility is that the decrease in
tPA activity in ABPP transgenic mice was attributable to in-
creased ABPP and not AB. The two longer isoforms of ABPP can
be alternatively processed into protease nexin II, a serpin that
could inhibit tPA (Van Nostrand et al., 1989, 1991). Both of the
transgenic lines used here, however, express the shorter 695
amino acid isoform of ABPP. Additionally, immunostaining for
both ABPP and tPA did not colocalize in the AD transgenic mice
(data not shown).

There is precedence for both a harmful or protective role of
the tPA—plasmin system in neurological insults, depending on
the primary substrate specific for a given pathology. For example,
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when the blood—brain barrier (or the blood—nerve barrier in the
peripheral nervous system) breaks down and fibrin is deposited,
the tPA—plasmin system accelerates clearance of fibrin and can be
protective (Akassoglou et al., 2002). Similarly, in stroke models
induced by obstructing brain arteries with fibrin-rich clots, the
tPA—plasmin system helps recanalize the vessels and protects the
brain from damage (Tabrizi et al., 1999).

tPA, however, can play a deleterious role as well (Pawlak and
Strickland, 2002). Excitotoxic insult leads to the induction of tPA
mRNA and protein expression (Qian et al., 1993; Tsirka et al.,
1996), which results in the cleavage of laminin by plasmin and
neuronal damage (Chen and Strickland, 1997). In a mouse model
for stroke without the formation of clots or during a permanent
occlusion, the tPA—plasmin system can be deleterious if it leaks
into the brain parenchyma (Wang et al., 1998; Nagai et al., 1999).

Alzheimer’s disease represents a situation of pathological dep-
osition of a substrate for the tPA—plasmin system in the brain.
The data here indicate that the tPA—plasmin system contributes
to the clearance of AB injected into the mouse brain and the
prevention of neurotoxicity of the peptide that may be important
in slowing the progression of Alzheimer’s disease.
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