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Tissue-type plasminogen activator (tPA) is a highly specific

serine proteinase that activates the zymogen plasminogen to

the broad-specificity proteinase plasmin. Tissue-type plasmino­

gen activator is found not only in the blood, where its primary

function is as a thrombolytic enzyme, but also in the central

nervous system (CNS), where it promotes events associated

with synaptic plasticity and acts as a regulator of the perme­

ability of the neurovascular unit. Tissue-type plasminogen

activator has also been associated with pathological events in

the CNS such as cerebral ischemia and seizures. Neuroserpin is

an inhibitory serpin that reacts preferentially with tPA and is

lOcated in regions of the brain where either tPA message or tPA

protein are also found, indicating that neuroserpin is the

selective inhibitor of tPA in the CNS. There is a growing body

of eVidence demonstrating the participation of tPA in a number

of physiological and pathological events in the CNS, as well as

the role of neuroserpin as the natural regulator of tPA's activity

in these processes. This review will focus on nonhemostatic

roles of tPA in the CNS with emphasis on its newly described

function as a regulator of permeability of the neurovascular unit

and on the regulatory role of neuroserpin in these events. Exp
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T
issue-type plasminogen activator (tPA) is a highly
specific serine proteinase and one of the two principal
plasminogen activators. The primary substrate for

tPA in vivo is the zymogen plasminogen, which tPA
activates to the broad-specificity proteinase plasmin. Out­
side the central nervous system (CNS), tPA is primarily a
thrombolytic enzyme, as plasmin's principal substrate is
fibrin. However, within the CNS, the roles of tPA and
plasmin are not well characterized, and their primary
substrates are not known.

Tissue-type Plasminogen Activator and Neuro­
serpin in the Central Nervous System

Under normal circumstances, tPA is expressed at low
levels in specific areas of the CNS (1). However, its
synthesis is increased by events that require synaptic
plasticity, such as long-term potentiation, kindling, seizures,
and motor learning (2-5). During normal mouse develop­
ment, tPA mRNA is expressed in tissues derived from
neural ectoderm (2). In the adult nervous system, tPA is
detected mainly in the hippocampus, hypothalamus, cer­
ebellum, amygdala (1, 6, 7), and sympathetic nerves (8). It
has been suggested that in the CNS, tPA mRNA is
translationally controlled, so the protein is made only on
demand in individual synapses (1). However, it .has also
been demonstrated that tPA is rapidly released from the cell
in response to neuronal depolarization (9). This suggests the
presence of a "storage" pool of tPA ready to be released to
the synaptic cleft in response to stimuli that are associated
with rapid changes at the synaptic level (5).

Neuroserpin Is a Selective Regulator of tPA
Activity In the eNS. Neuroserpin is an axonally secreted
member of the serpin (serine proteinase inhibitors) family
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(6, 10, II) that is primarily expressed in the brain (Fig. I;
Refs. 6, 12). Sequence analysis of neuroserpin's cDNA as
well as biochemical studies have demonstrated that neuro­
serpin is a fully inhibitory serpin that reacts preferentially
with tPA (6, II). During development of the normal mouse,
neuroserpin mRNA is expressed in neurons throughout the
CNS (3) as well as in the olfactory epithelium and in the
ganglia of the cranial and the sympathetic and para­
sympathetic nerves (3). In the adult nervous system,
neuroserpin is detected in neurons in the same places where
tPA is detected (i.e., hippocampus, hypothalamus, cerebel­
lum, amygdala, and sympathetic nerves; Figs. 2 and 3; Refs.
I, 6), supporting the biochemical evidence that neuroserpin
is the selective inhibitor of tPA in the CNS. As
demonstrated for tPA (9), neuroserpin is rapidly released
from the cell in response to neuronal depolarization (4),
indicating the presence of a "storage" pool that, as with tPA,
is ready to be released to the synaptic cleft in response to
stimuli (5).

Nonhemostatic Roles for tPA and Neuroserpin in
the Central Nervous System

Tissue-type plasminogen activator and its inhibitor,
neuroserpin, have been implicated in a number of non­
hemostatic events in CNS, both during development and in
response to physiological and pathological processes. The
best-characterized physiological events associated with tPA

activity in the CNS are synaptic plasticity (15-17), learning
(3, 18, 19), and behavior (4,20), whereas a role for tPA and
neuroserpin has also been described in the pathogenesis of
diseases such as cerebral ischemia (21, 22), dementia (23,
24), seizures (5), and multiple sclerosis (25). The first part of
this review will focus on a discussion of the role of tPA and
neuroserpin in these known physiological and pathological
events, whereas the second part will focus on a recently
identified role for tPA and neuroserpin in the CNS: the
regulation of permeability of the neurovascular unit.

Tissue-type Plasminogen Activator and Neuro­
serpin in Physiological Events in the CNS

Synaptic Plasticity. Neuronal plasticity is associ­
ated with critical physiological and pathological processes
in the developing and mature CNS. One of the most
important characteristics of this phenomenon is an activity­
dependent remodeling of neuronal connectivity and synaptic
transmission. There is a growing body of evidence
supporting the hypothesis that both tPA 05) and neuro­
serpin (26, 27) play a significant role in the changes
associated with the development of synaptic plasticity in the
CNS.

Learning and Memory. Long-term potentiation
(LTP) is considered to be a cellular correlate of the changes
that accompany learning and memory, which are examples
of naturally occurring neuronal plasticity. The importance of

Figure 1. Northern blot analysis of RNA from human tissues. The top panel in each section shows the neuroserpin message,' and the lower
panel shows actin as a control for RNA loading. Each tissue is indicated above the lane. sm Int, small intestine; PBl, peripheral blood
lymphocytes. (Reprinted withpermission from Ref. 6).
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tPA in LTP has been shown by observations that tPA is
induced during LTP (3), lack of tPA or its inhibition affects
the late phase of LTP (19), and treatment with tPA
facilitates LTP (18). Moreover, tPA has been shown to be
upregulated in the cerebellum of rats during learning of a
complex motor skill (28), and the absence of tPA in tPA-1­

mice results in a significant reduction in the rate and extent
of learning (29).

Behavior and Anxiety. Although the role of tPA
and neuroserpin in behavior is less well defined, it has been
demonstrated that tPA-1- mice are impaired in their ability
to respond to a negative stimulus (19) as well as to stress­
inducing situations (30). Likewise, animals either lacking or
overexpressing neuroserpin exhibit a reduction in locomotor
activity in novel environments and in the response to
anxiety-like situations, as well as a neophobic response to
novel objects (20). It should be kept in mind, however, that
although animals overexpressing neuroserpin have a
significant decrease in tPA activity (31), in neuroserpin­
deficient mice (Ns-1- ) , tPA's proteolytic activity remains
unchanged (20). These findings indicate that the role of
neuroserpin in behavior may be independent of its effect on
tPA activity.

Tissue-type Plasminogen Activator and Neuro­
serpin in Pathological Events in the eNS

There is a growing body of evidence demonstrating that
tPA and neuroserpin are also involved in pathological
events in the CNS. The following section will discuss
briefly the role of tPA and neuroserpin in neurodegenera­
tion, seizures, and cerebral ischemia.

Excitotoxic Cell Death. Excitotoxicity involves a
cascade of molecular and cellular events that result in cell
death in pathological processes such as seizures and cerebral
ischemia. The importance of tPA in this process was
demonstrated by the observation that both genetic defi­
ciency of tPA (32, 33) and the infusion of neuroserpin
directly into the brain (hippocampus; Ref. 5) results in a
significant resistance to cell death induced by either the
direct injection of an excitotoxin into the brain or the
generation of a seizure. This former effect seems to be
mediated by plasminogen, as either genetic deficiency of
plasminogen (Plg-1- ) or infusion of (Xrantiplasmin also
result in a significant neuroprotective effect when the
excitotoxin is directly infused into the hippocampus (33).
However, it is not known whether seizure-induced cell death
is PIg dependent.

There is also ample evidence of excitotoxic cell death
dUring cerebral ischemia (34, 35). Genetic deficiency oftPA
(21) or treatment with neuroserpin results in a significant
decrease in ischemia-induced cell death (22, 31). Con­
versely, the reduction of plasminogen activity either by
plasminogen gene inactivation or treatment with (X2­
antiplasmin results in a significant increase in the volume
of the ischemic lesion after middle cerebral artery occlusion

(MCAD; Ref. 36). These results demonstrate that tPA
mediates cell death induced by both the direct injection of
excitotoxin into the hippocampus and cerebral ischemia.
However, in excitotoxin-induced cell death, tPA acts
through a plasminogen-dependent mechanism (37), whereas
in ischemia-induced cell death, this mechanism is plasmi­
nogen independent (36).

Seizures. Expression of the gene for tPA is induced
in events in which neuronal activity is increased, such as
seizures (3). The spreading of a seizure throughout the CNS
occurs in parallel with an increase in tPA activity, followed
by a surge in neuroserpin antigen in the regions of the brain
affected by the abnormal electrical activity (5). Moreover,
the progression of a seizure throughout the brain is slowed
either by the absence of tPA or by treatment with
neuroserpin and remains unchanged in the absence of either
plasminogen or plasminogen activator inhibitor 1 (PAl-I;
Ref. 5). These results strongly support the hypothesis that
the interaction between tPA and neuroserpin has a direct
affect on the development of structural changes at the
synaptic level necessary for the progression of electrical
activity throughout neuronal circuits. This effect of tPA is
independent of plasminogen, indicating the presence of an
as-yet-unidentified substrate for tPA in the CNS, and the
effect is not modified by the absence of PAI-l in PAI-I-I­
mice, indicating a unique role for neuroserpin as a
modulator of tPA's activity in the CNS.

Cerebral Ischemia. In cerebral ischemia, tPA seems
to have both beneficial (38) and deleterious (21) effects. Early
experiments with an animal model of stroke demonstrated
that the use of tPA as a thrombolytic reduces the extent of the
neurological damage when given a few hours after the onset
of cerebral ischemia (39). More recent studies showed that
treatment with tPA in patients with acute ischemic stroke
resulted in a 35% increase in the proportion of patients free of
disability at 3 months (40). However, although the
thrombolytic effect of intravascular tPA is desirable for the
treatment of patients with acute ischemic stroke, several
studies have demonstrated that excessive tPA within the CNS
promotes neuronal death (21, 22, 36). Although one study
has indicated that tPA deficiency increases cerebrovascular
fibrin deposition, with subsequent worsening in brain injury
following transient MCAD (41), several animal models have
demonstrated that both genetic deficiency of tPA (21, 36) and
its inhibition with the natural tPA inhibitor neuroserpin (22,
31) are associated with a significant increase in neuronal
survival and a decrease in infarct volume following either
transient or permanent MCAD.

Early after the onset of cerebral ischemia, there is a
transient increase in tPA activity, followed by a surge in
neuroserpin antigen in the ischemic area surrounding the
necrotic core (22). Likewise, neuronal depolarization
results in secretion of tPA (9) and an increase in the
neuronal transcription of neuroserpin (14). Thus, it is
possible to postulate that the neuronal depolarization
associated with cerebral ischemia in vivo leads to an
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Figure 2. Immunohistochemical staining for neuroserpin in a
histological section of the frontal cortex from a normal rat brain.
Original magnification is x40.

increase in the release of tPA from neurons and microglial
cells, followed by a compensatory surge in neuroserpin. If
the ischemic insult is too prolonged, then the effect of tPA
overcomes the balancing action of its inhibitor, neuro­
serpin, and the unopposed neurotoxic effect of tPA results
in cell death.

Tissue-type Plasminogen Activator and Neuro­
serpin Regulate the Permeability of the Neuro­
vascular Unit

The Neurovascular Unit. The neurovascular unit is
composed of endothelial cells, astrocytes, neurons, and a
contractile apparatus of either smooth muscle cells or
pericytes (42). Regulation of the permeability of this
structure is a necessary part of normal physiology; however,
in pathological situations such as acute cerebral ischemia,
excessive increases in the permeability of the neurovascular
unit lead to the passage of fluids from the intravascular
compartment into the extravascular space with the develop­
ment of vasogenic edema (43, 44). In the neurovascular
unit, tPA antigen has been identified in the cerebrovascular
endothelium (45), in some neurons (46), and in glial cells
(47). On the basis of the currently available evidence, tPA
seems to have a dual role in the neurovascular unit: a
hemostatic one as a local fibrinolytic enzyme in the
microcirculatory bed (48, 49) and a nonhemostatic role
responsible for the regulation of the permeability of this
structure (50, 51). In the remainder of this review, we focus
on the nonhemostatic role of tPA and neuroserpin as
regulators of the permeability of the neurovascular unit.

Tissue-type Plasminogen Activator Regulates
the Permeability of the Neurovascular Unit Under
Physiological Conditions. The role of tPA as a

Figure3. Northern blot analysis of RNA from adult central nervous
system. The top panel shows the neuroserpin message, and the
lower panel shows actin as a control of RNA loading. Each
anatomical location is indicated above the lane. (Reprinted with
permission from Ref. 6).

regulator of cerebrovascular permeability is supported by
two recent observations: (i) intraventricular infusion of tPA,
in the absence of cerebral ischemia, induces, in a dose­
dependent manner, an increase in cerebrovascular perme­
ability, as measured by quantification of Evans Blue dye
extravasation (51); and (ii) administration of tPA in rats is
associated with a significant decrease in cerebrovascular
resistance (52). Tissue-type plasminogen activator has been
reported to associate with two nonplasminogen ligands in the
CNS. These receptors are the NR-I subunit of the NMDA
receptor (53), although this association remains controversial
(54), and an LDL receptor family member presumed to be
LDL receptor-related protein (LRP; Ref. 55). The reported
effect of the intraventricular administration of tPA on
cerebrovascular permeability is not modified by blockade
of the NMDA receptor but is significantly inhibited by either
antibodies to the LRP or by the LRP antagonist, the receptor­
associated protein (RAP), indicating the presence of a
receptor-mediated process (51). Likewise, in contrast with
tPA, intraventricular infusion with uPA does not induce a
comparable increase in vascular permeability, indicating that
in the CNS, tPA and LRP play an unique role in regulating
vascular tone and cerebrovascular permeability.

Tissue-type Plasminogen Activator Induces
Opening of the Blood-Brain Barrier Under Patho­
logical Conditions. Analysis of tPA activity and blood­
brain barrier (BBB) permeability, using a highly sensitive
assay of in situ zymography and fluorescence microscopy
(51), demonstrated that as early as I hr after MCAO, there is a
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Figure 4. Temporal and spatial relationship between tissue-type plasminogen activator (tPA) activity and vascular permeability following middle
cer~?ral artery occlusion (MCAO) in wild-type C57BU6J mice. MCAO was performed as described elsewhere (51). Panels A-D show tPA
a?tl~lty in red by in situ zymography and cell nuclei in blue (DAPI) 1 hr after MCAO. Panel A demonstrates that by 1 hr after MCAO, there is
SI~nIficant tPA activity surrounding a vessel bordering the necrotic area. Panels Band C show the same vessel in adjacent sections (5 11m). but
with either anti-tPA antibodies included (B) or without the addition of Pig (C) in the overlay; and Panel 0 shows the background tPA activity
surrounding a vessel in a corresponding area in the contralateral hemisphere from the same section shown in Panel A. In each case, the original
magnification was X100. Panels E-H show Evans Blue extravasation in red and cell nuclei in blue (DAPI) 6 hrs after MCAO. Panel E shows a
low magnification of the entire ischemic area. Panel F shows Evans Blue extravasation from a vessel located in a vessel bordering the necrotic
area similar to the one seen in Panel A, and Panel G shows the electronic magnification of the box in Panel F. The arrow indicates an area of
Evans Blue leakage outside of the internal elastic lamina of the vessel. Panel H shows Evans Blue adhering to the vessel wall, but no
extravasation in a vessel from the same section seen in F and G but located in the corresponding region of the contralateral hemisphere.
(Reprinted with permission from Aef. 51).

robust surge in tPA activity associated with blood vessels and
the perivascular tissue in the area surrounding the necrotic
core, which is followed by an increase in vascular perme­
ability in the same area 5 hrs later (Fig. 4). These results
demonstrate that in cerebral ischemia, there is a link between
perivascular tPA and increases in vascular permeability (51).

Matrix metalloproteinases (MMPs) are zinc-dependent
enzymes that are upregulated following MCAO (56). Some
studies have suggested that during ischemic stroke MMPs
can promote proteolytic degradation of the vascular base­
ment membrane with subsequent "breakdown" of the BBB
and vasogenic edema, and that MMP-9-deficient mice
(MMP-9-1- ) are partially protected from cerebral ischemia,
Purportedly because of preservation of the integrity of the
BBB (57, 58). A link between tPA, MMP-9, and BBB
permeability following MCAO was also indicated by the
observation that thrombolytic treatment with tPA in an
animal model of embolic stroke is associated with
significant increases in MMP-9 expression, cerebrovascular
permeability, and vasogenic edema (59, 60). Likewise,
treatment with neuroserpin before the administration of tPA
results in a significant decrease in tPA-induced increase in
BBB permeability (60). Subsequent studies demonstrated
that administration of tPA to endothelial cell cultures results
in upregulation of MMP-9 (61) and that ischemia-induced
MMP-9 activity is significantly decreased by both genetic
deficiency of tPA and treatment with neuroserpin (51). The
interaction between tPA and MMP-9 in cerebral ischemia
was also shown to be independent of the presence of
plasminogen, as plasminogen-deficient mice (Plg-1- ) ex­
hibited an increase in MMP-9 activity similar to that

observed in wild-type animals following MCAO (51).
Subsequent studies using analysis of the extravasation of
Evans Blue Dye as a marker of increases in BBB
permeability 6 hrs after permanent MCAO in wild-type,
tPA-1-, and PIg-1- mice (51) demonstrated that early after
MCAO there was a significant increase in BBB permeability
in wild-type animals that was significantly decreased in both

Figure 5. Schematic description of the proposed role of a tissue-type
plasminogen activator (tPA) as a regulator of the permeability of the
neurovascular unit. In this model, a preformed pool of tPA (red
triangles) is located in the glial compartment surrounding the
neurovascular unit, and LDL receptor-related protein (LAP) (yellow
triangles) is found on the contractile apparatus (pericyte or smooth
muscle cells). When there is an increase in metabolic demands or
during pathological conditions such as cerebral ischemia (Panel B),
tPA is released from the glial compartment and interacts with LAP
located in the contractile apparatus. This interaction is likely to result
in the activation of an intracellular signaling cascade, with subse­
quent changes in the cytoskeletal structure and increases in the
permeability of the interendothelial junctions (red arrows). The final
result is abnormal passage of fluids and harmful substances from the
intravascular space into the brain with development of vasogenic
edema and cell death.
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tPA-1- and wild-type mice treated with neuroserpin. In
contrast, ischemia-induced "breakdown" of the BBB was
not reduced in animals deficient in plasminogen (PIg-1-),

MMP-9 (MMP-9-1- ), or urokinase-type plasminogen acti­
vator (uPA-1- ) (51). These results indicate that in the early
stages of cerebral ischemia, tPA has a unique role in
"opening" the BBB by a mechanism that is independent of
both plasminogen and MMP-9. Thus, the reported increase
in MMP-9 activity following MCAO (56, 59) may be a
result of the passage of MMP-9 from the blood into the
ischemic area through an already open BBB.

Conclusion
Tissue-type plasminogen activator has many functions

in the CNS other than its classical fibrinolytic role. Most of
these functions are independent of plasminogen (5, 51),
indicating the existence of an as-yet-unidentified substrate
for tPA in the CNS. On the basis of recent studies (51, 52),
tPA also has been shown to act as a regulator of
permeability of the neurovascular unit under both physio­
logical and pathological conditions. We have proposed a
model (Fig. 5) in which, in response to increased metabolic
demands under both physiological (i.e., learning) and
pathological (i.e., cerebral ischemia) conditions, there is
release of tPA, most likely from the glial cells surrounding
the neurovascular unit. This tPA interacts with LRP, most
likely in the contractile apparatus (pericyte or smooth
muscle cells), where it may activate an intracellular
signaling pathway that leads to changes in either cytoske­
letal structure or the interendothelial junctions. Under
physiological conditions, this increase in permeability
assures the passage of oxygen and nutrients to the brain.
Neuroserpin is released into the synaptic space in response
to the increase in tPA activity. In this way, tPA's effect is
rapidly neutralized. However, when the stimulus is
persistent, such as during cerebral ischemia, the increasing
concentrations of tPA overcome neuroserpin, leaving the
effect of tPA on the neurovascular unit unopposed. This
results in the pathological passage of fluids and harmful
substances such as MMP-9 into the brain, with the resulting
development of vasogenic edema and cell death. This model
opens the possibility for two potential therapeutic strategies
aimed at maintaining the integrity of the neurovascular unit
during pathological conditions: inhibition of tPA activity
with neuroserpin, or blocking the interaction with LRP by
the therapeutic administration of RAP.
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