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Dementia is a clinical syndrome that affects approximately 47 million people worldwide
and is characterized by progressive and irreversible decline of cognitive, behavioral and
sesorimotor functions. Alzheimer’s disease (AD) accounts for approximately 60-80% of
all cases of dementia, and neuropathologically is characterized by extracellular deposits

of insoluble amyloid-B (AB) and intracellular aggregates of hyperphosphorylated tau.
Significantly, although for a long time it was believed that the extracellular accumulation of
AB was the culprit of the symptoms observed in these patients, more recent studies have
shown that cognitive decline in people suffering this disease is associated with soluble
AB-induced synaptic dysfunction instead of the formation of insoluble AB-containing
extracellular plagues. These observations are translationally relevant because soluble AB-
induced synaptic dysfunction is an early event in AD that precedes neuronal death, and
thus is amenable to therapeutic interventions to prevent cognitive decline before the
progression to irreversible brain damage. The plasminogen activating (PA) system is an
enzymatic cascade that triggers the degradation of fibrin by catalyzing the conversion of
plasminogen into plasmin via two serine proteinases: tissue-type plasminogen activator
(tPA) and urokinase-type plasminogen activator (uPA). Experimental evidence reported
over the last three decades has shown that tPA and uPA play a role in the pathogenesis of
AD. However, these studies have focused on the ability of these plasminogen activators
to trigger plasmin-induced cleavage of insoluble AB-containing extracellular plagues.

In contrast, recent evidence indicates that activity-dependent release of uPA from the
presynaptic terminal of cerebral cortical neurons protects the synapse from the deleterious
effects of soluble AB via a mechanism that does not require plasmin generation or the
cleavage of AB fibrils. Below we discuss the role of the PA system in the pathogenesis of
AD and the translational relevance of data published to this date.
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Introduction

Dementia is a complex process characterized by a progressive
and irreversible decline in at least two neuropsychiatric or
cognitive domains that cannot be explained by systemic
conditions such as delirium, or non neurodegenerative or
primary neuropsychiatric disorders (Elahi and Miller, 2017).
The different forms of dementias are classified according to
the accumulation of specific protein aggregates in neurons,
glia and the extracellular compartment. In line with these
observations, most of the dementias that are not caused by
cerebrovascular disease predominantly fall into one of the
following six neurodegenerative proteinopathies: amyloid-B
(AB), microtubule associated protein tau, TAR DNA-binding
protein 43, fused in sarcoma, a-synuclein, and prion protein
(DeTure and Dickson, 2019; Robinson et al., 2020).

Alzheimer’s disease (AD) accounts by 60-80% of all
dementias. It affects approximately 46.8 million people
worldwide, and this number is expected to reach 131.5 million
by 2050 (Long and Holtzman, 2019). It is a dual proteinopathy
characterized by the extracellular deposition of Af 1-40 and

1-42 fibrils in neuritic plaques, and intracellular aggregates
of hyperphosphorylated tau in neurofibrillary tangles. AB
1-40 and 1-42 are generated by the amyloidogenic process
of the amyloid precursor protein (APP). More specifically,
the proteolytic processing of APP by a-secretase on the cell
membrane generates soluble APPa (Chen et al., 2017; DeTure
and Dickson, 2019), which has been implicated in neuronal
plasticity and synaptogenesis (Muller et al., 2017). However,
those APP molecules that fail to be processed by a-secretase
are endocytosed and cleaved by B-secretase 1 and y-secretase
to generate AR 1-40 and 1-42 peptides (Mamada et al., 2015;
Wang et al., 2017; Zhao et al., 2020), which have a harmful
effect on cell survival and synaptic structure and function
(Collaborators, 2019). Importantly, recent studies have shown
that the soluble non-fibrillar form of AB is more toxic to the
synapse that the fibrillar form (Ferreira et al., 2015).

Search Strategy

For the present review, we searched the literature using
keywords such as dementia, Alzheimer’s disease, plasminogen
activation system, tissue-type plasminogen activator,
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urokinase-type plasminogen activator, and plasmin on
PubMed and Google Scholar from their inception to 2020.
In addition, we also used modifications of the above main
keywords to thoroughly search the literature. The major
inclusion criteria preferred the literature comprising biological
bases of Alzheimer’s disease and the plasminogen activation
system.

Synaptic Dysfunction in Alzheimer’s Disease

The long-time proposed idea that the extracellular
accumulation of insoluble AP peptides is the culprit of the
cognitive and behavioral deficits observed in AD patients
(Price and Morris, 1999) has been challenged by several
unsuccessful clinical trials aimed at curtailing or preventing
the formation of AB-containing extracellular plaques (Makin,
2018). In line with these observations, neuropathological
and clinical studies have shown that the development of
cognitive deficits in AD patients correlates with abnormalities
in synaptic structure and function better than the number
of tangles and insoluble AB-containing plaques (Terry et al.,
1991; Selkoe, 2002). This concept is of significant translational
importance, because synaptic dysfunction is an early event
in the pathogenesis of AD that precedes neuronal death
(Forner et al., 2017; Mondragon-Rodriguez et al., 2020) and
thus is amenable to therapeutic interventions to prevent its
development.

The last two decades of research have significantly
contributed to our understanding of early synaptic dysfunction
in AD. A growing body of experimental evidence indicates
that neuronal activity regulates AP production (Kamenetz
et al., 2003; Tampellini, 2015), and that while at low
concentrations soluble AB induces presynaptic facilitation, at
high concentrations triggers post-synaptic depression (Palop
and Mucke, 2010; Marsh and Alifragis, 2018). In line with
these observations, it has been shown that by decreasing the
abundance of glutamatergic receptors in the post-synaptic
density, elevated soluble AP attenuates excitatory synaptic
transmission, thus causing the collapse of glutamatergic
dendritic spines (He et al., 2019; Rolland et al., 2020).
Additionally, several reports have shown that soluble AB
blocks a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
and N-methyl-D-aspartate receptor receptor function, impairs
long term potentiation, enhances long term depression, and
augments the excitotoxic effect of glutamate by blocking
its reuptake from the synaptic cleft (Charkhkar et al., 2015;
Jackson et al., 2019; Liu et al., 2019). The translational
relevance of these observations is underscored by the fact
that increased soluble AB in the brain of AD patients is linked
to synaptic depression and disruption of neuronal network
activity (Palop and Mucke, 2010; Charkhkar et al., 2015).
Importantly, the harmful effects of AR on the synapse are
potentially reversible inasmuch as they precede neuronal
death.

The Plasminogen Activation System

Plasminogen is an ubiquitous zymogen produced mainly in
the liver. It binds not only to receptors broadly distributed
on the cell surface of prokaryotic and eukaryotic cells, but
also to molecules such as laminin, fibronectin, fibrin and
thrombospondin. The proteolytic cleavage of plasminogen
by tissue-type plasminogen activator (tPA), urokinase-type
plasminogen activator (uPA), and specific bacterial proteins,
generates plasmin, a potent trypsin-like proteinase with wide
substrate specificity (Svenningsen et al., 2017). Inasmuch as
unrestrained plasmin-induced proteolytic activity is potentially
hazardous, cells secrete plasminogen activator inhibitors
(PAls) to tightly control the activation of plasminogen into
plasmin. PAls are members of the serine proteinase inhibitor
superfamily (serpins) that are abundantly present in most
body tissues, including the brain (Lin et al., 2020). The
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serpin molecules harbor a peptide, known as reactive center
loop, that acts as a pseudosubstrate for the target enzyme.
Cleavage of the reactive center loop by the proteinase triggers
a conformational change that moves the proteinase from the
top to the bottom of the serpin molecule. Simultaneously, the
reactive center loop inserts into the B-sheet A of the serpin,
thus irreversibly inactivating the proteinase (Huntington et al.,
2000).

PAI-1 is a 50 kDa serpin that binds to and inhibits tPA and
uPA. Following its secretion, PAI-1 is transformed into a latent
conformation unable to form complexes with plasminogen
activators. However, its interaction with vitronectin and
heparin stabilizes its active conformation and broaden its
specificity towards thrombin. PAI-1 also binds to uPA bound
to its receptor (UPAR), thereby inhibiting plasmin-mediated
degradation of the extracellular matrix. Neuroserpin is
another serpin that preferentially binds to and inhibits tPA
(Lee et al., 2017), and is localized in neurons of regions of
the brain where tPA is also found. Significantly, the release
of neuroserpin has been reported to have a neuroprotective
effect (Yepes et al., 2000; Wang et al., 2015; Yang et al., 2016;
Lietal, 2017; Wu et al.,, 2017).

Despite the fact that for a long time it was believed that
the only function of the PA system was to catalyze the
generation of plasmin from the zymogen plasminogen in
the intravascular space and on the cell surface, a substantial
body of experimental evidence generated in the last 20
years has shown that tPA and uPA also play a central role in
central nervous system (CNS) function and dysfunction, and
that some of their functions are plasminogen-independent.
Indeed, tPA and uPA activity have been detected in well
defined areas of the brain (Vassalli et al., 1991; Sappino et
al., 1993; Chevilley et al., 2015; Lenoir et al., 2019), where
they play a plethora of roles that not always require plasmin
generation. Accordingly, tPA is crucial for the development of
synaptic plasticity (Seeds et al., 1995) and regulation of blood-
brain barrier (BBB) permeability (Yepes, 2015, 2016), while
UPA induces neurogenesis in the developing brain (Dent et al.,
1993), and its release in the mature central nervous system
triggers astrocytic activation (Diaz et al., 2017) and promotes
axonal and synaptic recovery following different forms of
injury (Merino et al., 2016). Importantly, both activators are
packed into synaptic vesicles located in the presynaptic and
post-synaptic terminals where they are released by calcium-
dependent mechanisms (Jeanneret et al., 2018; Diaz et al.,
2020). Furthermore, once in the synaptic cleft both activators
act as modulators of synaptic function (Diaz et al., 2017,
2018; Jeanneret et al., 2018). As it will be discussed below, a
substantial body of evidence indicates that both plasminogen
activators and their inhibitors play a role in the pathogenesis
of dementias.

The Plasminogen Activation System in the

Pathogenesis of Dementia

Below we discuss data supporting a role for five components
of the PA system in the pathogenesis of AD: plasmin, tissue-
type plasminogen activator, PAI-1, neuroserpin and urokinase-
type plasminogen activator.

Plasmin in the brain of AD patients

In vitro studies have demonstrated that plasmin cleaves
insoluble AR fibrils (Tucker et al., 2000a, b) and induces
neuroprotection by prompting the conversion of pro-brain
derived neurotrophic factor into brain derived neurotrophic
factor (Angelucci et al., 2019). Furthermore, plasmin
expression has been found to be restricted to lipid rafts, where
it has been described to trigger a-secretase-induced cleavage
of AB (Mattei et al., 2020). Remarkably, it has been reported
that plasmin’s expression and activity are reduced in AD brains
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(Ledesma et al., 2000), likely due to neuroserpin-induced
decrease in tPA activity (Fabbro and Seeds, 2009). However,
other studies have failed to reproduce these observations,
and instead have shown that the abundance of plasminogen
and plasmin are unchanged in the brain of AD patients (Barker
et al., 2010). These investigators have suggested that the
reported decrease in plasmin is actually due to disruption of
lipid rafts caused by abnormal cholesterol metabolism in the
neuronal membrane of these patients (Dotti et al., 2004).

tPA in the pathogenesis of AD

tPA is a 70 kDa protein secreted as a single-chain precursor
that is cleaved by plasmin at Arg275-11e276 to generate an
active two-chain form. The molecule of tPA is assembled by
an amino terminal region (fibronectin- or finger-like domain),
an EGF-like domain, two kringles, and a serine protease region
with the activity-site residues His322, Asp371 and Ser478.
Despite the fact that in the mature brain tPA is detected in
most neurons, its enzymatic activity is limited to well-defined
areas, namely amygdala, hypothalamus, hippocampal complex
and dentate gyrus (Sappino et al., 1993). This apparent
discrepancy between the expression of tPA and its enzymatic
activity suggests that the role of this plasminogen activator in
the central nervous system is not limited to tissue remodeling
and fibrinolysis. In line with these observations, subsequent
studies have found that membrane depolarization induces the
rapid release of tPA from cerebral cortical neurons (Echeverry
et al., 2010), and that this plasminogen activator mediates
the development of neuronal plasticity in in vitro and in vivo
models of long-term potentiation (Qian et al., 1993), learning
(Seeds et al., 1995, 2003), stress-induced anxiety (Pawlak et
al., 2003), and visual cortex plasticity (Muller and Griesinger,
1998).

During fibrinolysis, tPA binding to fibrin aggregates increases
its affinity for plasminogen, thus triggering its cleavage
into plasmin. Remarkably, it has been found that insoluble
AR aggregates also activate tPA (Kingston et al., 1995).
Furthermore, tPA mRNA is increased in cerebral cortical
neurons treated with insoluble AB and in the brain of
mice with a transgene with the AB precursor. Along these
observations, it has been proposed that the main role of tPA is
to prompt plasmin-induced cleavage of extracellular insoluble
AB-containing plaques (Tucker et al., 2000a). However, in
apparent discrepancy with these reports, in vivo studies with
mouse models of AD have revealed that chronic elevation of
AB actually decreases tPA activity by enhancing the inhibitory
effect of PAI-1, and that the intracerebral injection of AB
causes neuronal degeneration in animals genetically deficient
on either tPA or plasminogen, but not in their wild-type
controls (Melchor et al., 2003). Importantly, in seemingly
contradiction with a proposed protective role of tPA in the
brain of AD patients, other studies haven shown that this
proteinase actually mediates the neurotoxic effect of AB via its
ability to activate ERK 1/2 (Medina et al., 2005).

PAI-1: the culprit of plasminogen activator system
dysfunction in AD?

PAI-1 is detected in various cell types, and its synthesis
is induced by a variety of growth factors, hormones and
inflammatory cytokines. This SERPIN not only inactivates
tPA and uPA, but also modulates uPA-triggered proteolysis
on the cell surface, and cell adhesion and migration. In line
with these observations, multiple studies have shown that
genetic deficiency of PAI-1 is linked to decreased thrombosis,
accelerated neointima formation, and reduced lung
inflammation, atherosclerosis and cancer invasion (lrigoyen
et al., 1999). PAI-1 expression is increased in a murine aging
model [klotho mutant (kl/kl) (Takeshita et al., 2002)], in
senescent cells (Mu and Higgins, 1995), in the plasma of
healthy aging humans (Yamamoto et al., 2005), and in the
cerebrospinal fluid (Sutton et al., 1994) and the brain of AD

patients (Liu et al., 2011). It has been reported that genetic
deletion of PAI-1 in the brain of a murine model of AD reduces
the deposition of AB, purportedly by increasing tPA-induced
plasmin-mediated cleavage of AB-containing plaques (Liu et
al., 2011). Together, these data have led to propose a model
in which increased PAI-1 activity in the brain of AD patients
abrogates plasmin-triggered cleavage of AB by blocking tPA-
catalyzed conversion of plasminogen into plasmin.

Familial encephalopathy with neuroserpin inclusion bodies
Neuroserpin is a member of the SERPIN gene family originally
identified as an axonally secreted protein (Osterwalder et
al., 1996) in neurons of the central and peripheral nervous
system (Hastings et al., 1997). It is widely expressed during
the late stages of development. In contrast, its expression in
the mature brain its expression is restricted to highly plastic
areas such as the cerebral cortex, hippocampus and amygdala
(Krueger et al., 1997). Furthermore, neuroserpin is also found
in the pancreas, heart, kidney and testis, as well as in the
pituitary and adrenal glands (Hill et al., 2000). Neuroserpin
inhibits tPA and to a lesser extent uPA and plasmin, but does
not exhibit inhibitory activity against thrombin (Hastings et
al., 1997). Because neuroserpin preferentially inhibits tPA,
in contrast with PAI-1 that inhibits tPA and uPA, and given its
preferential neuronal localization, it has been proposed that
this serpin is the selective inhibitor of tPA in neurons (Hastings
etal., 1997).

The “mousetrap-like” inhibitory mechanism of the serpins
described above has the disadvantage that mutations that
destabilize and keep open their B-sheet A allow the insertion
of the reactive center loop of other serpins, thus initiating a
polymerization process that causes the formation of intracellular
inclusions (Lomas and Carrell, 2002). In line with these
observations, Davis et al. (1999a) described a familial form of
early onset dementia that neuropathologically is characterized
by neuroserpin-containing inclusion bodies disseminated
throughout the cerebral cortex. Further studies identified four
mutations (Ser49Pro, Ser52Arg, His338Arg and Gly392Glu) that
cause the polymerization of human neuroserpin that the is
retained as intraneuronal inclusion bodies in the deeper layers
of the cerebral cortex and substantia nigra that characterize this
disease (Davis et al., 1999b, 2002).

This autosomal dominant entity, denominated familial
encephalopathy with neuroserpin inclusion bodies, is
characterized by an insidious onset of cognitive decline,
with perseveration and impaired attention, concentration,
learning and memory. Other clinical manifestations commonly
observed in these patients are tremor, seizures, myoclonic
seizures and dysarthria.

uPA protects the synapse from the harmful effects of A

uPA is a serine proteinase that upon binding to its receptor
(uPAR) generates plasmin on the cell surface and activates
cell signaling pathways by plasminogen-dependent and
-independent mechanisms (Mahmood et al., 2018). In the
developing brain uPA is abundantly detected in neurons and
oligodendrocytes (Dent et al., 1993), where it is believed to
play a role in the formation of dendritic and axonal branches.
In contrast, the expression of uPA and uPAR in the mature
brain is circumscribed to neuronal extensions, growth cones
and a subpopulation of astrocytes (Merino et al., 2016), where
its role is less well understood. However, recent experimental
evidence indicates that the expression of uPAR increases
in growth cones after an axonal injury, and that uPA/uPAR
binding induces axonal recovery following a mechanical injury
in vitro and an ischemic stroke in vivo (Merino et al., 2016,
2018), and promotes both, the formation of new synaptic
contacts and the repair of those damaged by an ischemic
injury in vivo (Diaz et al., 2017, 2018). In the mature brain
UPA is abundantly found in the Il and V layers of the human
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and murine frontal cortex, and biochemical analyses reveal
that most of this uPA is associated with synaptic vesicles in
the presynaptic terminal. Additionally, concentrations of
glutamate that induce synaptic plasticity trigger its release via
a calcium-dependent mechanism (Diaz et al., 2020).

It has been reported that AP induces the expression of uPA
MRNA (Tucker et al., 2000a; Davis et al., 2003), and that
the main role of uPA in the AD brain is to induce plasmin-
mediated cleavage of insoluble AB-containing extracellular
plagues (Tucker et al., 2002). However, four lines of
experimental evidence support a role for uPA independent
of its ability to cleave AR fibrils. First, the expression of uPA
but not of its receptor (UPAR) is decreased in the synapse of
AD patients and 5XFAD mice [express human APP with the
Swedish (KM670/671NL), Florida (1716V), and London (V7171)
mutations together with a mutant presenilin 1 (M146L,
L286V) under the control of the murine Thy-1 promoter].
Significantly, this is a cell — specific finding, as the abundance
of UPA is unchanged in astrocytes, kidneys and aorta of
5XFAD mice (Diaz et al., 2020). Second, AR oligomers halt the
transcription of uPA mRNA and decrease the expression of uPA
in the synapse but not in astrocytes (Diaz et al., 2020). Third,
treatment with recombinant uPA abrogates the harmful effect
of soluble AB on presynaptic function and the frequency of
excitatory post-synaptic currents. And fourth, treatment with
uPA attenuates the deleterious effect of Ap on the number
of synaptic contacts, via its ability to induce the expression of
neuronal cadherin. Significantly, none of these effects requires
the generation of plasmin. These data indicate that uPA plays
a role in the early phases of the pathogenesis of AD by a
mechanism independent of plasmin-induced cleavage of AB-
containing plaques. More specifically, the results discussed
above suggest a model, summarized in Figure 1, in which
uPA is a homeostatic regulator of AR function in the synapse.
More specifically, under physiological conditions AB-induced
depression of postsynaptic function (Palop and Mucke, 2010)
is modulated by uPA. However, an excessive increase in AR
levels leads to AB-induced halting of uPA mRNA translation
and decreased synaptic expression of uPA. This sequence of
events leaves unopposed the harmful effect of AR on synaptic
structure and function, with the subsequent development of
cognitive impairment observed in AD patients. If this model
is correct, then it is plausible to postulate that increasing
the expression of uPA in the synapse may be a potential
therapeutic strategy to prevent cognitive decline in AD
patients.

A B C D E
Presynaptic
Postsynaptic
NCAD dimers A oligomers  UPA Recombinant uPA

Figure 1 | Model of the proposed homeostatic role of uPA on AB-induced
synaptic damage.

Under physiological conditions NCAD dimers formation between pre- and
post-synaptic terminals contribute to the formation of functional synaptic
contacts (A). An increase in neuronal activity induces the release of both,

AB and uPA in the synapse. AR increases presynaptic activity and depresses
postsynaptic activity, and these effects are modulated by uPA (B). However,
an abnormal increase in AB inhibits the translation of uPA (C), and this leaves
unopposed the harmful effects of AB on NCAD dimer formation, with the
subsequent detachment of pre- from post-synaptic terminals and ensuing
collapse of synaptic structure and function (D). Treatment with recombinant
UPA abrogates the harmful effect of AB on NCAD, thus preserving the
structural and functional integrity of the synapse (E), and so preventing
cognitive decline in AD. AB: Amyloid-B; NCAD: neuronal cadherin; uPA:
urokinase-type plasminogen activator.
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