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Amyloid-B (AB) appears critical to Alzheimer’s disease. To clar-
ify possible mechanisms of AB action, we have quantified
AB-induced gene expression in vitro by using AB-treated pri-
mary cortical neuronal cultures and in vivo by using mice
transgenic for the AB precursor (ABP). Here, we report that
aggregated, but not nonaggregated, AB increases the level of
the mRNAs encoding tissue plasminogen activator (tPA) and
urokinase-type plasminogen activator (UPA). Moreover, tPA and
uPA were also upregulated in aged ABP overexpressing mice.
Because others have reported that AB aggregates can substi-
tute for fibrin aggregates in activating tPA post-translationally,
the result of tPA induction by AB would be cleavage of plas-
minogen to the active protease plasmin. To gain insights into
the possible actions of plasmin, we evaluated the hypotheses

that tPA and plasmin may mediate AB in vitro toxicity or, alter-
natively, that plasmin activation may lead to AB degradation. In
evaluating these conflicting hypotheses, we found that purified
plasmin degrades AB with physiologically relevant efficiency,
i.e., ~1/10th the rate of plasmin on fibrin. Mass spectral anal-
yses show that plasmin cleaves AB at multiple sites. Electron
microscopy confirms indirect assays suggesting that plasmin
degrades Ap fibrils. Moreover, exogenously added plasmin
blocks AB neurotoxicity. In summation, we interpret these re-
sults as consistent with the possibility that the plasmin pathway
is induced by aggregated AB, which can lead to A degradation
and inhibition of AB actions.
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Neocortical AB deposits are a hallmark of Alzheimer’s disease
(AD). That AB accumulation is critical to AD is suggested by
findings that mutations in several genes associated with familial
AD (FAD) increase amyloidogenic AB production (for review,
see Selkoe, 1997; Price and Sisodia, 1998). In sporadic AD,
increased AB may result from enhanced AB production, which
has been the subject of intense scrutiny, or from decreased Af3
clearance, which has been studied relatively little.

Although the plasmin proteolytic cascade is traditionally con-
sidered in terms of fibrinolysis and cell migration, the plasmin
system may also be relevant to AB clearance. The principal
components of this system include plasminogen/plasmin, tissue
plasminogen activator (tPA), urokinase-type plasminogen activa-
tor (uPA), plasminogen activator inhibitor (PAI-1), and «-2-
antiplasmin (a2-AP) (for review, see Henkin et al., 1991; Reuning
et al., 1998). This proteolytic cascade begins with localized syn-
thesis and secretion of tPA and uPA. After post-translational
activation, tPA and uPA cleave plasminogen to yield the active
serine protease plasmin, which then proteolyzes its target pro-
teins. The activity of plasminogen activators and plasmin is kept
highly localized by their primary inhibitors, PAI-1 and «2-AP,
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respectively. In fibrinolysis, tPA binds to fibrin aggregates, lead-
ing to a conformational change in tPA that dramatically increases
its affinity for plasminogen, resulting in proteolytic cleavage of
plasminogen to active plasmin. Recent work has shown that AB
aggregates can substitute for fibrin aggregates in activating tPA
(Kingston et al., 1995; Wnendt et al., 1997), suggesting that tPA
may be activated by AB in AD.

The role of the plasmin system in neuronal death is under
intense scrutiny. In the brain, tPA, uPA, and plasminogen are
synthesized in neurons, and tPA is synthesized by microglia as
well (Tsirka et al., 1997). In ischemia and excitotoxicity models,
tPA induction and subsequent plasmin generation have been
implicated in neuronal loss (Chen and Strickland, 1997; Tsirka et
al., 1997, Wang et al., 1998). This neuronal loss may be induced
by extracellular matrix degradation because plasmin may degrade
laminin directly or indirectly by activation of extracellular met-
alloproteases (Lijnen et al., 1998). Indeed, matrix degradation has
been implicated in apoptosis in vitro (Basbaum and Werb, 1996)
and stroke (Romanic et al., 1998). However, the neurotoxic role
of the plasmin system has been challenged by reports that direct
tPA infusion does not cause neuronal loss (Tsirka et al., 1996)
and, moreover, that tPA may be directly neuroprotective in exci-
totoxicity models both in vitro and in vivo (Kim et al., 1999).

Here, we evaluate the role of the plasmin system in the cellular
response to AB. We report that AB accumulation induces tPA and
uPA expression in vitro and in vivo. Whether the product of tPA
action, plasmin, is neurotoxic by degrading neuronal extracellular
proteins, or neuroprotective by degrading AB, was evaluated by
quantifying plasmin-mediated AB degradation and modulation of
AP neurotoxicity. Our results indicate that plasmin degrades A
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and blocks A toxicity. We discuss the potential physiological and
therapeutic implications of these results.

MATERIALS AND METHODS

Primary rat cortical neuron preparations. Primary rat cortical neuron
cultures were established from embryonic day 18 (E18) rat fetuses as
described previously (Estus et al., 1997). Briefly, cell suspensions were
plated at 0.75-1.25 X 10° cells per polyethyleneimine-coated 6.4 mm well
in 100 ul of DMEM/B27 (Life Technologies, Rockville, MD) supple-
mented with 100 U/ml penicillin, 100 ug/ml streptomycin, and B27 (Life
Technologies). Cells were plated onto either 96 well microtiter plates or
16 well chamber slides (Nalge Nunc International, Rochester, NY).
Serum replacement with B27 supplement yields nearly pure neuronal
cultures as judged by immunocytochemistry for glial fibrillary acidic
protein (GFAP) and neuron-specific enolase (NSE) (Brewer et al., 1993).

Neuronal treatments. Neuronal preparations were treated with AB1-40
in the presence or absence of plasmin as indicated. For experiments
involving aggregated Ap, stock AP solutions (lot number ZK840;
Bachem, Torrance, CA; or lot number MF-0641; California Peptide
Research, Napa, CA) (1 mm) were prepared in sterile, double-distilled
water and frozen at —80°C until use. For experiments comparing aggre-
gated and nonaggregated A treatments, AB1-40 (lot number ZM605;
Bachem) was either prepared as above (aggregated) or dissolved to 7.5
mM in dimethylsulfoxide (DMSO), sonicated for 30 min in a bath
sonicator, and filtered through a 3 mm Teflon membrane filter (pore size,
0.2 uwm) (nonaggregated). Purified human plasmin (American Diagnos-
tica, Greenwich, CT) was dissolved in 100 mm Tris, pH 7.4, 0.1% Tween
20, 0.1 mm EDTA, and 20% glycerol to generate stock solutions. These
were then aliquoted and stored at —80°C until use. After initially ob-
serving lot-to-lot variation in the plasmin-specific activity, all plasmin
was subsequently normalized to the manufacturer’s indicated plasmin
specific activity, i.e., because 20 ug of active plasmin should generate a
colorimetric change of 0.2 AU/min in a standard reaction containing 0.1
mM Spectrozyme-PL, we used plasmin protein sufficient to generate this
amount of Spectrozyme-PL conversion, and considered this equivalent to
20 ug of active plasmin.

Rat cortical neurons cultured 2 d in vitro were exposed to AB by
removing the culture medium and replacing it with DMEM supple-
mented with 100 U/ml penicillin, 100 ug/ml streptomycin, and N2 me-
dium supplement (Life Technologies). AB and plasmin, alone or in the
indicated combinations, was then added to the indicated final concentra-
tions. Experiments involving plasmin pretreatment were initiated on
neurons after 1 d in vitro. For experiments involving DMSO solvated,
nonaggregated A, possible solvent-confounding effects were minimized
by adding an equal volume of DMSO to control and aggregated ApB-
treated wells such that the final DMSO concentrations were equivalent in
all samples.

Neurotoxicity assays. After the indicated treatments, neuronal cultures
were maintained for 48 hr before neuronal survival was assessed by
scoring for chromatin condensation by an observer “blinded” as to the
cellular treatments. Briefly, neurons were fixed with 4% paraformalde-
hyde, rinsed with PBS, stained with Hoechst 33258 at 1 ug/ml in PBS for
10 min, and chromatin then visualized by fluorescence microscopy.
Neurons manifesting condensed chromatin were scored as “apoptotic”
whereas those with uniformly distributed chromatin were scored as
“normal”. At least 250 neurons were scored in each well of 16 well
chamber slides, and experiments were typically performed in triplicate.
Where indicated, statistical analysis was performed in consultation with
the Sanders-Brown Center on Aging Biostatistics Core; a mixed linear
model was used with random effects caused by replicates, replicates by
treatment combination, and individual treatments. Post hoc analysis was
by Fisher’s PLSD procedure on least squares means produced by the
mixed linear model to account for incomplete blocks and on Satterth-
waite’s procedure for estimating the degrees of freedom. Computations
were done by using the Statistical Analysis System (Littell et al., 1996).

Chromatin fragmentation was assessed by using a fluorescent DNA
end-labeling technique, i.e., terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling (TUNEL), as described
previously (Estus et al., 1997).

Murine model of AB accumulation. Three mice transgenic for the
human ApB precursor protein (ABP) (Hsiao et al., 1996) and three
strain-matched (C57B6/SJL) control mice were maintained for equiva-
lent periods, i.e., 22 = 2 months (mean * SD). After euthanasia, their
brains were rapidly removed and flash-frozen in liquid nitrogen.

Gene expression assays. For the analyses of gene expression in vitro,
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total RNA was purified and reverse-transcribed as described previously
(Estus et al., 1997). For the analyses of gene expression in vivo, total
RNA was isolated from one cortical hemisphere (Chomczynski and
Sacchi, 1987), and 1 ug aliquots were subjected to reverse transcription.
Gene expression was analyzed by using PCR to incorporate radioactive
tracer into cDNA corresponding to specific mRNAs, as described and
validated previously (Estus, 1997; Estus et al., 1997). After amplification,
the cDNAs were separated by PAGE and visualized and quantified by
phosphorimaging technology (Fuji, Stamford, CT). Differences between
mouse brain samples were analyzed by a Student’s ¢ test (StatView;
Abacus Concepts, Calabasas, CA).

The primer sequences used in this study were either reported previously
(Estus et al., 1997) or were: tPA sense primer: 5 GGGCTCTGACT-
TCGTSTGCC 3, tPA antisense primer: 5" CCTTGCACTGTAGGGCTT-
CTA 3’ (185 bp product); uPA sense primer: 5" CTCTTACCGAGGA-
AAGGCCA 3', uPA antisense primer: 5 TGTCGGGGTTCCTG-
CAGTAA 3'(151 bp product); timpl sense primer: 5 GAAATCATC-
GAGACCACCTT 3/, timp1 antisense primer: 5’ AACCGGATATCTGT-
GGCATT 3’ (97 bp product); timp2 sense primer: 5 CCCTGTGA-
CACGCTTAGCAT 3', timp2 antisense primer: 5" TGGTGCCCATTG-
ATGCTCTT 3’ (166 bp product); timp34 sense primer: 5' GCCT-
CAAGCTAGAAGTCAA 3', and timp3A antisense primer: 5" TGTGAG-
GTGGTCCCACCTCT 3’ (109 bp product). The identity of the amplified
cDNAs was confirmed by direct sequencing.

Immunofluorescence. The integrity of the neuronal cytoskeleton was
visualized by anti-neurofilament immunofluorescence. Neurons were
treated as indicated, fixed with 4% paraformaldehyde, and permeabilized
with 0.05% Triton X-100 in PBS. Nonspecific antibody binding was then
blocked with 5% goat serum in PBS, and neurofilaments labeled with a
cocktail of anti-neurofilament L, M, and H monoclonal antibodies (pur-
chased individually from Sigma, St. Louis, MO) diluted in blocking
buffer (1/250). Primary antibodies were then visualized with a Cy3-
conjugated secondary antibody (Jackson ImmunoResearch, West Grove,
PA). After counterstaining with Hoechst 33258, cells were examined by
fluorescence microscopy.

Analysis of AB degradation. To assay A proteolysis, solutions of AB
and plasmin, prepared as described above, were incubated at 37°C in a 25
ul reaction volume containing 100 mm Tris, pH 7.4, 0.1% Tween 20, and
0.1 mm EDTA, as we described previously for other plasmin substrates
(Tucker et al., 1995). At the end of the incubation, the reaction was
stopped by the addition of 25 ul of 0.1% trifluoroacetic acid (TFA) and
frozen on dry ice. Intact AB was then detected and quantified by HPLC
methodology. Briefly, 25 ul aliquots of the stopped reaction volumes
were loaded onto a C18 reverse-phase HPLC column (Vydac, Hisperia,
CA) in 2% acetonitrile, 0.1% TFA, and eluted with an acetonitrile
gradient (2-55% over 30 min). Peptides were detected and quantified by
absorbance at 215 nm. Kinetics were analyzed as we described previously
(Vijayaragahaven et al., 1995); Kcat values were determined from the
time required for plasmin to reduce Ap levels by 50%. The identity of the
AP degradation fragments was determined by using matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (Ciphergen Bio-
systems, Palo Alto, CA) to analyze HPLC-purified AB fragments.

Electron microscopy. AB-containing solutions (100 um) were allowed to
aggregate for 6 hr at 37°C and then analyzed directly or treated with
plasmin (70 nMm) for 6 hr, as described above. For electron microscopy, 0.5
ul of AB-containing solution was applied to a formvar—carbon-coated
copper grid, allowed to dry, and stained with 2% uranyl acetate. The
aggregates were then visualized on a Zeiss 902 electron microscope at 80
kV. Similar results were obtained when samples were fixed with a 1%
glutaraldehyde and 4% paraformaldehyde mixture before application to
the grid. Magnification was determined by reference to a standard
calibration grid (Ted Pella, Redding, CA) that was imaged and photo-
graphed in parallel with the AB samples.

RESULTS

Aggregated but not nonaggregated A induces tPA,
UPA, and timp1 in vitro

To begin to evaluate the hypothesis that AB-induced gene ex-
pression may modulate the extracellular proteolytic milieu, we
quantified AB effects on the expression of several relevant genes.
AR effects were analyzed in an in vitro model of AB neurotoxicity
described previously (Estus et al., 1997). In this model, primary
cortical neurons treated with AB (20 um) begin to undergo
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Figure 1. Selective gene induction accompanies A toxicity. Rat cortical neurons were treated with AB1-40 (20 uMm, lot number ZK840) for the
indicated intervals, and cell viability was assayed by AlamarBlue reduction and LDH release (4, reprinted with permission from Estus et al., 1997). tPA4,
uPA, and timpl are induced by AB treatment (B). RNA was isolated from neurons treated in parallel with those depicted in A, and changes in gene
expression were analyzed by RT-PCR. Results from this representative experiment are depicted graphically (C). These gene inductions occur only in
cultures treated with aggregated AB (D). Each of these experiments were confirmed in at least two separate neuronal preparations.

apoptosis after 36 hr of treatment (Fig. 14). Previously, we and Because A treatment leads to c-jun induction beginning at 12
others reported that AB markedly induces the mRNA encoding hr (Estus et al., 1997), and tPA is known to be induced by c-Jun
the extracellular matrix protease transin (MMP-9) (Deb and (Arts et al., 1997), we began by quantifying A effects on tPA and
Gottschall, 1996; Estus et al., 1997), and others reported that AB the related uPA. To evaluate the balance in the extracellular
induces MMP-2 as well (Deb and Gottschall, 1996). proteolytic milieu, we also quantified three mRNAs that encode
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tissue inhibitors of matrix proteases (TIMP), including timpl,
timp2, and timp3a. RNA was prepared from cells treated in
parallel with those described in Figure 14 and changes in gene
expression quantified by RT-PCR (Fig. 1B,C). As we described
previously (Estus et al., 1997), AB treatment causes a generalized
decrease in mRNAs unique to neurons, including NSE and
map-2. In contrast to these declining patterns of expression,
ApB-treatment induced tPA, beginning with 12 hr of treatment, as
well as uPA and timpl, beginning at 36 and 48 hr, respectively
(Fig. 1B,C). As neuronal membrane integrity was breached, es-
pecially at 72 hr, each of the mRNAs declined. tPA was induced
roughly concurrent with c-jun, whereas uPA and timpl were
induced well after c-jun (Estus et al., 1997), consistent with the
possibility that c- Jun may contribute to their induction. In contrast
to the robust upregulation of tPA, uPA, and timpl, the mRNAs
encoding TIMP2 and TIMP3A were unchanged by A treatment,
suggesting a degree of specificity in these gene inductions.

Because AP neurotoxicity depends on the ability of AB to
aggregate (Pike et al., 1991; Simmons et al., 1994; Estus et al.,
1997), we next compared the abilities of aggregated and nonag-
gregated AB to regulate gene expression. AB was solvated in
either water (to promote subsequent aggregation) or DMSO (to
inhibit subsequent aggregation), and then diluted into medium
and used to treat cells. DMSO was added to the water-solvated
ApB such that the final DMSO concentration was equivalent be-
tween the two A treatments. After 48 hr of treatment, the
water-solvated AB had induced a dramatic decrease in cellular
viability, as assessed by AlamarBlue reducing potential, which
declined to 154 = 1.0% of vehicle-treated control neuronal
preparations (mean = SD; n = 3). In contrast, DMSO-solvated
ApB did not alter AlamarBlue reduction significantly from vehicle-
treated controls (99.7 = 2.9% of control; mean = SD; n = 3;
Estus et al., 1997). Examination of gene expression in neurons
treated in parallel showed that aggregated, but not nonaggre-
gated, AB treatment led to the induction of tPA, uPA, and timpl
(Fig. 1D). In summary, tPA, uPA and timpl were induced by AB
in a time- and aggregation-dependent fashion.

ApB accumulation correlates with tPA and uPA
induction in vivo

To evaluate whether the plasmin system may also be activated by
AB accumulation in vivo, we quantified the expression of /P4 and
uPA in mice transgenic for ABP expression (Hsiao et al., 1996).
RNA was isolated from AB-overproducing mice or from congenic
control mice of equivalent age. We first quantified the expression
of actin and pgp9.5, which are expressed constitutively by all cells
and by neurons, respectively (Fig. 24). The expression of these
genes was equivalent among the various samples. We next quan-
tified the expression of GFA P, an mRNA upregulated in reactive
astrocytes described in these mice (Hsiao et al., 1996). The
mRNA encoding GFAP was increased nearly twofold in the AB
producing mice (Fig. 24,B; p < 0.005; Student’s ¢ test). We then
quantified the expression of the mRNAs encoding tPA and uPA.
Each of these mRNAs was also increased significantly in the
Ap-overproducing mice (Fig. 24,B; p < 0.04). Hence, AB accu-
mulation in vivo is also associated with increased tPA and uPA
expression.

Plasmin efficiently degrades ApB

Because the active protease plasmin results from ApB-inducing
tPA expression as well as activating tPA post-translationally
(Kingston et al., 1995; Wnendt et al., 1997), and because plasmin
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Figure 2. tPA and uPA are induced by AB accumulation in vivo. Aged

mice transgenic for ABP expression or matched control mice were killed,
and their brains were analyzed for altered gene expression by RT-PCR.
The results are presented both as autoradiographs (A4) and, for selected
genes, graphically (mean * SE, n = 3) (B). Equivalent results were
obtained in two separate PCR analyses of these samples.

is known to degrade another aggregated protein and tPA cofac-
tor, fibrin (Henkin et al., 1991), we hypothesized that plasmin
may degrade AB. Therefore, we established an assay for AB
clearance wherein the ability of purified human plasmin to de-
grade AB1-40 was monitored by using reverse-phase HPLC to
separate AB fragments, which were then detected by UV absor-
bance. Figure 3 shows chromatograms reflecting freshly solvated
AP (40 pum) that was incubated 30 min in the absence (Fig. 34) or
presence of plasmin (70 nwm; Fig. 3B). Plasmin cleaves AB, as
discerned by the disappearance of AB and the appearance of
eight new peaks (plasmin is not detectable at these concentra-
tions, and elutes after AB when added in excess). The identity of
these peaks was determined by mass spectral analysis (Table 1);
each fragment is consistent with the known specificity of plasmin
to cleave after the basic amino acids lysine or arginine. These
results confirm and dramatically extend those of others (Van
Nostrand and Porter, 1999), who reported quite recently that
plasmin degrades A largely at position five, i.e., the predominant
fragment was DAEFR. The more complete A degradation that
we report here may reflect that we standardized the purified
plasmin relative to a synthetic colorimetric plasmin substrate, and
hence may have used a higher level of active plasmin than others
(Van Nostrand and Porter, 1999).

We next examined the plasmin concentration dependence of
ApB cleavage. AB (40 um) was incubated with increasing concen-
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Figure 3. Plasmin proteolyzes AB into multiple fragments. These HPLC
chromatograms depict AB (40 um) treated without (A) or with (B)
plasmin (70 nm) for 30 min at 37°C. After the reaction was stopped, the
proteins were separated by C18 reverse-phase HPLC, and AB fragments
were detected by their absorbance at 215 nm.

trations of plasmin (0-160 nm) for 30 min, and the amount of
remaining AB1-40 was quantified. These data, shown in Figure
44, indicate that plasmin degrades AP in a concentration-
dependent manner. Although plasminogen is synthesized consti-
tutively in CNS neurons (Tsirka et al., 1997), CSF concentrations
of plasminogen have not been reported. However, these plasmin
concentrations used here are much less than the reported serum
plasminogen concentration of 2 um (Kwaan, 1992).

We proceeded to examine the time course of AB clearance by
plasmin (Fig. 4B). AB1-40 (40 uMm) and plasmin (70 nM) were
incubated together for the indicated times, and the remaining
intact AB1-40 was quantified. Under these conditions, A was
75% cleared within 20 min. From these experiments, we calcu-
lated an apparent Kcat of plasmin for nonaggregated AB of
0.48/sec, i.e., one molecule of plasmin cleaves 0.48 molecule of
nonaggregated AB per second. This calculation assumes that the
ApB concentration is sufficiently above the K, so that plasmin is
functioning at or near V,,,; this is likely because the K,, of
plasmin for fibrin is 6 uM, and the AB is present in a 550-fold
excess relative to plasmin. By comparison, the Kcat of nonaggre-
gated fibrin cleavage by plasmin is 7/sec (Kastrikina et al., 1986).

Because AB aggregates accumulate in AD, and because the
natural plasmin substrate is aggregated fibrin, we next examined
the ability of plasmin to cleave aggregated AB. AB was allowed to
aggregate by incubating an A solution (100 um) at 37°C for 6 hr.
thioflavin T (ThT) assays demonstrate that 6 hr is sufficient for
maximal aggregation of this AB lot with these conditions (Fig.
4C). The AB was then diluted to 40 um and incubated in the
absence or presence of 0.8 um plasmin for up to 6 hr. The
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quantity of intact A remaining was then quantified by HPLC
(Fig. 4D). Aggregated AB was cleared at a much slower rate than
nonaggregated AP, reaching ~60% clearance after 6 hr of reac-
tion time. From these experiments, we calculated an apparent
Kcat of plasmin for aggregated AB of 0.003/sec. In comparison,
plasmin cleaves aggregated fibrin with a Kcat of 0.064/sec (Kas-
trikina et al., 1986). Hence, the rate of aggregated A cleavage is
~1/20th the rate of cleavage of aggregated fibrin. Interestingly,
substrate aggregation reduces the kcat of plasmin ~100-fold for
both fibrin and ApB.

To gain an understanding of the actions of plasmin on AP
aggregates at the ultrastructural level, we performed electron
microscopy on aggregated AB before and after plasmin treatment
(Fig. 5). Before plasmin treatment, the predominant AB aggre-
gate was a fibril with an approximate diameter of 10 nm, consis-
tent with previous reports regarding synthetic A fibrils in vitro as
well as A fibrils in AD (Roher et al., 1986; Kirschner et al.,
1987); very occasional polymers of A with a diameter of 100 nm
were found as well (data not shown), which have also been
reported previously in vitro (Stine et al., 1996). After plasmin
treatment, although occasional 100 nm fibrils were still present,
the predominant 10 nm fibrils were much reduced and were
replaced with an amorphous deposit that likely reflects dried
down Ap fragments (Fig. 5B). Hence, plasmin treatment appears
capable of degrading a class of AP fibrils corresponding to the
most common fibrils.

The plasmin system and A neurotoxicity
Plasmin generated from enhanced tPA activity could contribute
to AB neurotoxicity by attacking cell surface proteins, in a man-
ner analogous to how plasmin has been suggested to contribute to
neuronal loss in ischemia or excitotoxicity (Chen and Strickland,
1997; Tsirka et al.,, 1997). Alternatively, because plasmin de-
grades A, plasmin may block A toxicity. We evaluated these
conflicting hypotheses by comparing A toxicity in the presence
and absence of plasmin. Briefly, rat cortical neurons were treated
with (1) plasmin at concentrations as high as 30 nm, (2) AB at
concentrations that induce moderate (16 um) or high (25 um)
levels of toxicity, or (3) both plasmin and AB. Forty-eight hours
later, the neurons were fixed, and subjected to Hoechst 33258
staining to detect chromatin condensation (Fig. 64,CE,G,[K)
and DNA endlabeling to detect chromatin fragmentation (Fig.
6B,D,F,H,J,L). These fluorescent micrographs depict representa-
tive images of neurons treated with AB (16 or 25 um) and/or the
highest concentration of plasmin (30 nm). Inspection of these
images shows that AB treatment induced frequent chromatin
condensation and DNA fragmentation (Fig. 6C—F). Plasmin
treatment alone (Fig. 6G,H) was indistinguishable from control
cultures (Fig. 64,B). When neurons were exposed to AB and
plasmin, they closely resembled the control cultures (Fig. 61-L),
in sharp contrast to the effects of AB alone. When the frequency
of neurons manifesting chromatin condensation was quantified by
an observer “blinded” as to cell treatment, plasmin was markedly
neuroprotective (Fig. 7). This protection was robust and depen-
dent on the plasmin concentration (Fig. 7). Hence, at plasmin
concentrations that are capable of degrading AB and effectively
blocking AB toxicity, plasmin shows no overt neurotoxicity. We
interpret these results as suggesting that plasmin does not contrib-
ute to AP toxicity but rather may contribute to AB degradation.
An alternative interpretation of the plasmin neuroprotection is
that plasmin acts by removing cell surface receptor proteins
suggested to mediate A toxicity, e.g., RAGE (Yan et al., 1996).
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Table 1. The identity of A fragments depicted in Figure 3

Peak #

Cleavage product (in bold)

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
DAEFRHDSGYEVHHQKLV FFAEDVGSNKGAIIGLMVGGVV
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVYV (deaminated E)
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
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DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVY

The identity of each fragment was determined by mass spectral analysis. The identity of each peak is consistent with the
known specificity of plasmin to cleave after basic amino acids. After plasmin digestion, peak 9 actually contained a trace of
AB6-40 along with AB1-40; in experiments wherein this mixture was resolved by using an exceedingly shallow acetonitrile
gradient in the HPLC, the proportion of AB6-40 present in this peak was <1% after 5, 10, 15, or 20 min of reaction time

(data not shown).
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Figure 4. Kinetics of AB degradation by plasmin. Plasmin con-
centration dependence of AB cleavage (A). AB (40 um) was
incubated with plasmin at the indicated concentrations for 30
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min, and the amount of remaining AB1-40 was quantified by
HPLC. The data represent the mean * range of two separate
experiments. Time dependence of plasmin cleavage of AB (B).
AB1-40 (40 M) and plasmin (70 nM) were incubated for the
indicated times, and the remaining intact AB1-40 was quantified.
The data represent the mean = SE, n = 4. Time course of A3
aggregation (C). A solutions (100 um) were incubated at 37°C
for the indicated times, and changes in aggregation were assessed
simultaneously by ThT fluorescence. Time dependence of plas-
min degradation of aggregated AB (D). After aggregating for 6
hr at 100 um, AB was diluted to 40 um and incubated in the
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If this were the case, we hypothesized that treating with plasmin
before AB would be at least partially protective. To address this
possibility, we compared the neuroprotective effects of plasmin
when neurons were pretreated with plasmin for 18 hr before AB
treatment versus neurons treated with plasmin concurrent with
AB. As observed previously, 25 uM AB caused a marked decline
in viability, and concurrent plasmin treatment provided concen-
tration-dependent protection (Fig. 8). In contrast, plasmin treat-
ment before AB afforded no protection. We interpret this obser-
vation as supporting the possibility that the neuroprotective ef-
fects of plasmin are likely attributable to direct A degradation.

To evaluate whether the protective effects of plasmin extended
to the cytoskeleton, neurons were treated with plasmin, AB, or
the combination of plasmin and AB, and cytoskeletal integrity
assessed by neurofilament immunofluorescence (Fig. 9B,D,F,H );
chromatin was stained in parallel with Hoechst 33258 (Fig.
94,C,E,G). Inspection of these images reveals that AB treatment

Reaction Time (hours)

absence or presence of 70 nM plasmin for up to 6 hr. The quantity
of intact AB remaining was then quantified by HPLC. These data
represent the mean *+ SE of three independent experiments.

o

largely ablated neurofilament staining (Fig. 9C,D) relative to
control cultures (Fig. 94,B). Plasmin treatment alone (Fig. 9E,F)
was indistinguishable from control cultures. The neurofilament
network of neurons exposed to AB and plasmin was markedly
protected from A toxicity (Fig. 9G,H), closely resembling con-
trol cultures. Hence, these results suggest that plasmin has little
discernable effect on the cytoskeleton itself and, moreover, main-
tains cytoskeletal integrity in the presence of ApB.

DISCUSSION

The primary findings reported here are threefold. First, AB leads
to the induction of tPA and uPA in vitro and in vivo. Second,
plasmin degrades nonaggregated AR as well as A fibrils at rates
that are comparable to the rates of plasmin toward its physiolog-
ical substrate, fibrin. Third, plasmin is effective at blocking AB
toxicity in vitro while manifesting little direct neurotoxicity.
Hence, these results indicate that AB accumulation leads to the
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Figure 5. Electron microscopy reveals
that plasmin clears 10 nm diameter A
fibrils. Before plasmin treatment, the
vast majority of Ap fibrils had a diame-
ter of ~10 nm (A). After plasmin treat-
ment, these fibrils were largely replaced
by amorphous deposits that likely re-
flected dried down AB fragments (B).
These results were replicated in two sep-
arate AP preparations. Scale bar, 1 um.
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33258

Control
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TUNEL
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activation of the plasmin system. In this model, plasmin activation
results not in neurotoxicity but rather in protection from Ap,
apparently via AB degradation. Although formal evaluation of
this scenario awaits the maturation of mice transgenic for ABP
and wild-type or deficient in tPA, the results presented here are
remarkable in that they describe the induction of the plasmin
protease system by AB and describe plasmin as the first physio-
logical protease capable of degrading ApB aggregates.

Two primary mechanisms of AB clearance have been studied,
including receptor-mediated cellular internalization and extracel-
lular proteolysis. In sharp contrast to the attention directed at
elucidating the pathways of AP generation (for review, see
Selkoe, 1997; Price and Sisodia, 1998), the pathways responsible

16 uM AB, 30 nM Plasmin

25 uM AB, 30 nM Plasmin

_

Figure 6. Plasmin effects on AB-
induced chromatin condensation and
fragmentation. Rat cortical neurons were
treated with the indicated concentrations
of AB for 48 hr in the presence or ab-
sence of plasmin (30 nm). AB induced
chromatin condensation (Hoechst 33258
staining) and DNA fragmentation
(TUNEL staining). These effects were
largely reduced in cultures treated with
plasmin and AB. These results are rep-
resentative of those obtained in at least
six separate neuronal preparations.

for AP clearance have received little study until recently.
Receptor-mediated cellular internalization has received much
interest, because in vitro studies have found that AB may be
cleared as a result of its association with either apolipoprotein E
or with a-2-macroglobulin (A2M) followed by internalization of
the complex via low-density lipoprotein receptor-related protein
(LRP) (Narita et al., 1997; Hughes et al., 1998). Alternatively, AB
may be cleared directly via the scavenger receptor (Paresce et al.,
1996). That at least the former pathway may be physiologically
significant is supported by recent studies implicating A2M and
LRP in FAD (Kang et al., 1997; Blacker et al., 1998). Interest-
ingly, because tPA has also been shown to bind to A2M and
subsequently be internalized as a complex via LRP (Bu et al,,
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Figure 8. Treating neurons with plasmin before AB does not protect
neurons from A toxicity. The frequency of apoptosis in neurons treated
with plasmin before or during A treatment was quantified. These results
represent the mean * range of two separate neuronal preparations.

1992), genetic studies linking A2M and LRP with AD may be
relevant to the plasmin proteolytic cascade as well.

The second proposed mechanism of A clearance is extracel-
lular proteolysis by resident proteases. Screens for proteases
capable of degrading AB have identified a metalloprotease se-
creted by macrophages (Qiu et al., 1996, 1997) and an unknown
serine protease (Mentlein et al., 1998). These proteases were
apparently incapable of degrading AB aggregates (Qiu et al.,
1996, 1997; Mentlein et al., 1998). These screens likely did not
identify the plasmin system because the plasminogen and tPA
concentrations in the conditioned medium were insufficient for
the necessary bimolecular reaction between tPA and plasmino-
gen. Van Nostrand and Porter (1999) recently reported that
plasmin cleaves AB between amino acids 5 and 6, but did not
report the further AB degradation described here or that plasmin
degrades A fibrils with physiological efficiency. Indeed, the only
protease previously reported as capable of degrading Ap fibrils is
the bacterial protease mixture pronase, which was described as
capable of degrading nonaggregated AP, aggregated A, and,
more slowly, AB purified from plaque cores (Tennent et al., 1995).
Hence, the identification of plasmin here as a physiologically
relevant protease capable of degrading AB aggregates is highly
significant.

The results presented and discussed here suggest a possible
model for the actions of the plasmin system relative to A, i.e.,
AP aggregates lead to the activation of a proteolytic cascade that
degrades AB. More specifically, we propose that A accumulation
upregulates the expression of tPA4, and that AB then serves as an
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Figure 9. Plasmin treatment maintains neuronal cytoskeleton. Neurons
were treated with plasmin, A, or the combination of plasmin and A as
indicated, and cytoskeletal integrity was assessed by neurofilament im-
munofluorescence; chromatin was stained in parallel with Hoechst 33258.
Similar results were obtained in two separate experiments.

activating cofactor for tPA (Kingston et al., 1995; Wnendt et al.,
1997) to produce a localized conversion of plasminogen to the
active protease, plasmin. Plasmin then cleaves AB with physio-
logical efficiency, protecting neurons from any deleterious actions
of AB in the process. Interestingly, PAI-1, the principal physio-
logical inhibitor of tPA, as well as the less prominent PAI-2, are
both increased during inflammation (Henkin et al.,, 1991) and
have both been reported to be increased in AD (Akiyama et al.,
1993; Sutton et al., 1994). Hence, we interpret these results as
suggesting a feedforward model in AD in which inflammation
increases the expression of the plasminogen activator inhibitors,
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10nM plasmin/25uM A
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Figure 7. Plasmin protects neurons from A toxicity. Neurons were
treated with A, plasmin, or the indicated combinations of AB and
plasmin for 48 hr. The cultures were then fixed and analyzed for the
frequency of apoptosis by an observer “blinded” as to cell treatment.
There is a clear trend for the concentration-dependent ability of plasmin
to protect neurons from Af toxicity. These protective effects reached
statistical significance (p < 0.05) for the 16 uM AB samples treated with
10 and 30 nM plasmin and for the 25 uMm AB samples treated with 30 nM
plasmin. At least 250 neurons were scored for each treatment. These
results represent the mean = SE of at least four separate A treatments.

which in turn inhibit tPA, thereby reducing plasmin activity, and
allowing A levels to increase, which may then fuel further
inflammation. In ongoing experiments, we are performing a crit-
ical test of this hypothesis, i.e., quantifying AB levels in mice
overexpressing AB and lacking tPA. Hence, the work presented
here, in conjunction with that previously in the literature, sup-
ports a “testable” hypothesis that the plasmin system regulates
AR levels.

Mice with deficiencies in the plasmin system have been used to
assess the role of the plasmin system in the CNS. Mice deficient
in tPA, uPA, or PAI-1 develop with only modest deficits, whereas
mice deficient in plasminogen develop and reproduce normally
but suffer from thrombotic emboli and typically die by 6 months
of age (for review, see Carmeliet et al., 1995). Although such mice
have been used to implicate the plasminogen system as contrib-
uting to neuronal loss in ischemia or excitoxicity models (Chen
and Strickland, 1997; Tsirka et al., 1997; Wang et al., 1998), other
reports have suggested that tPA may be either nontoxic or directly
neuroprotective (Tsirka et al., 1996; Kim et al., 1999). Additional
events may occur in ischemia or excitotoxicity that enhance
susceptibility to plasmin-mediated neuronal loss. For example,
plasmin activates extracellular matrix metalloproteases (Lijnen et
al., 1998), and matrix degradation can modulate apoptosis (Bas-
baum and Werb, 1996; Romanic et al., 1998). Interestingly, we
observe here that AB induces timpl expression, which we specu-
late may minimize matrix degradation in response to Ap.

In summary, we interpret the data presented here as supporting
the hypothesis that the plasmin system may contribute to the
regulation of AR levels and actions. One potential ramification of
this work is that plasmin or a related recombinant protease might
be used to clear amyloid deposits in vivo. That amyloid deposits
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may be cleared naturally in vivo is supported by observations that
amyloid resulting from systemic amyloidoses regresses slowly if
amyloid production is inhibited (Holmgren et al., 1993) and that
pre-existing AP deposits can be reduced by subsequent “Ap
vaccination” in a mouse model of A accumulation (Schenk et al.,
1999). Hence, these results suggest that amyloid deposits may be
amenable to clearance. If AB clearance proves to ameliorate AD,
proteases such as the plasmin system described here may contrib-
ute to disease treatment.
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