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Abstract

Advances in neurocritical care and interventional neuroradiology have led to a significant decrease 

in acute ischemic stroke (AIS) mortality. In contrast, due to the lack of an effective therapeutic 

strategy to promote neuronal recovery among AIS survivors, cerebral ischemia is still a leading 

cause of disability in the world. Ischemic stroke has a harmful impact on synaptic structure and 

function, and plasticity-mediated synaptic recovery is associated with neurological improvement 

following an AIS. Dendritic spines (DSs) are specialized dendritic protrusions that receive most of 

the excitatory input in the brain. The deleterious effect of cerebral ischemia on DSs morphology 

and function has been associated with impaired synaptic transmission and neurological 

deterioration. However, these changes are reversible if cerebral blood flow is restored on time, and 

this recovery has been associated with neurological improvement following an AIS. Tissue-type 

plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) are two serine 

proteases that besides catalyzing the conversion of plasminogen into plasmin in the intravascular 

and pericellular environment, respectively, are also are efficient inductors of synaptic plasticity. 

Accordingly, recent evidence indicates that both, tPA and uPA, protect DSs from the metabolic 

stress associated with the ischemic injury, and promote their morphological and functional 

recovery during the recovery phase from an AIS. Here we will review data indicating that 

plasticity-induced changes in DSs and the associated post-synaptic density play a pivotal role in 

the recovery process from AIS, making special emphasis on the role of tPA and uPA in this 

process.
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Introduction

Despite the fact that the last 10 years have witnessed remarkable advances in the treatment 

of acute cerebral ischemia, we still lack an effective therapeutic strategy to promote 

neurological recovery in ischemic stroke (IS) survivors. In line with these observations, 

while the death rate from IS has decreased by ~35% in the last decade, cerebral ischemia is 

still a leading cause of disability in the world [1].

Five premises constitute the conceptual foundation for this review. First, that the occlusion 

of a large cerebral blood vessel causes the destruction of approximately 14 billion synapses 

every minute [2]. Second, that synaptic plasticity promotes synaptic repair in the ischemic 

brain. Third, that synaptic repair underlies the recovery of neurological function following 

an IS [3]. Fourth, that the plasminogen activation (PA) system is an effective inductor of 

synaptic plasticity [4]; and fifth, that although the definition of recovery most frequently 

used is the development of compensatory movement patterns that allows the performance of 

neurological functions lost after the IS [5], "true" recovery is defined by the repair of 

neuronal structures and brain circuits harmed by the ischemic injury [3].

Based on these considerations here we will review data supporting the idea that the 

neurological deficits observed after an IS are primarily due to the harmful effects of the 

ischemic injury on synaptic structure and function, particularly on the post-synaptic terminal 

assembled by dendritic spines (DSs) and the associated post-synaptic density (PSD). Thus, 

neurological recovery from an IS is largely dependent on the morphological, biochemical 

and electrophysiological recuperation of the post-synaptic terminal via the development of 

synaptic plasticity. Furthermore, we will review recent data indicating that two components 

of the PA system, namely tissue-type plasminogen activator (tPA) and urokinase-type 

plasminogen activator (uPA), play a pivotal role in this process, and thus that they are 

potential therapeutic tools to promote neurological recovery among IS patients.

Taking into account these considerations, in the first part of this work we will discuss the 

most important morphological and functional features of the post-synaptic terminal, and will 

review recent data indicating that tPA and uPA have a direct impact on its morphology and 

function. In the second section we will use this knowledge to analyze the effects of cerebral 

ischemia on DSs and the PSD, and discuss what is currently known about the relation 

between plasticity-induced changes in DSs/PSD and functional recovery after an acute 

ischemic injury, making emphasis on the role of tPA and uPA in this process. Finally, in the 

last section we will review some data suggesting that modulation of different forms of 

synaptic plasticity may be a suitable target for the development of potential therapeutic 

strategies aimed to promote neurological recovery in patients that have suffered an acute IS.

The post-synaptic terminal

DSs and the associated PSD are capable to undergo structural, biochemical and functional 

modifications in response to changes in synaptic activity. As it will be discussed below, this 

property bestows on the post-synaptic terminal a pivotal role in the process of neurological 

recovery following an acute IS.
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Dendritic spines

DSs are specialized dendritic protrusions that receive most of the excitatory input in the 

brain [6, 7]. In average, a dendrite harbors between 1 and 10 DS per µm of length [7] and 

each spine has a size and volume that ranges between 0.5 to 2 µm and 0.01 µm3 to 0.8 µm3 

[7], respectively. The precursors of DS during development are thin and elongated structures 

known as filopodia [8, 9] that retract upon establishing synaptic contacts, adopting the 

appearance of a mature post-synaptic terminal in which is possible to recognize a head 

connected to the dendritic shaft through a 50 – 400 nm thin neck [10]. According to their 

shape, DSs can be classified as thin, stubby, or mushroom-shaped [11].

Although it was initially believed that DSs were fixed structures, it was soon evident that 

their morphology and biochemical composition change in response to variations in synaptic 

activity [12–18]. This property, known as spine motility [19], allows neurons to form and 

eliminate synapses [20] and is due to the presence of a highly dynamic network of actin 

filaments that in the DS head interacts with the plasma membrane and PSD, and in the neck 

assembles in long bundles. Actin filaments are polar structures with a barbed end to which 

actin monomers join, and a pointed end from which monomers dissociate [21]. The actin 

cytoskeleton in the DS is not fixed. Indeed, only ~ 5% of actin in the spine head is stable and 

treadmilling is assumed to occur, with continuous polymerization at the barbed ends and 

depolymerization at pointed ends [22]. This ability to change the structure of their 

cytoskeleton allows DSs to rapidly change their morphological features in response to 

variations in synaptic activity.

Calcium (Ca++) is the principal mediator of the effect of presynaptic activity on DSs. 

Accordingly, the simultaneous release of glutamate from the axonal bouton and 

depolarization of the postsynaptic terminal induces the influx of Ca++ into the DS via N-

Methyl-D-Aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) and voltage-gated Ca++ channels (VGCC), and stimulates the mobilization of Ca++ 

from internal sources such as the smooth endoplasmic reticulum. Here is important to keep 

in mind that DSs can regulate their Ca++ concentrations independently of the dendritic shaft, 

and although it was initially believed that the existence of a thin neck between the larger 

head of the DS and the dendritic shaft was the primary cause of this property, it has been 

recently proposed that this ability to compartmentalize Ca++ concentrations is independent 

of the presence of a physical barrier [23]. Regardless of its cause, this property allows each 

DS to maintain membrane potentials that differ from the parent dendrite and to act as an 

isolated signaling unit, able to operate independently of neighboring synapses [24]; and by 

doing so, each spine can participate in synapse-specific plasticity events important for 

functional modulation of individual synapses [25]. In summary, DSs are highly dynamic 

structures that have the ability to modify their morphology and biochemical composition in 

response to changes in synaptic activity [12–18]. This property enables them to participate in 

plasticity-dependent processes not only during physiological processes such as learning, but 

also during the recovery phase from an acute IS.
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The post-synaptic density

The post-synaptic density (PSD) is a morphological and functional specialization of the 

postsynaptic terminal usually found near the tip of the DS, that contains a cytoskeleton that 

holds together a large number of scaffold proteins including NMDA, AMPA and 

metabotropic glutamate receptors. The morphology and biochemical composition of the 

PSD are not fixed, but instead undergo continuous modifications in response to variations in 

presynaptic activity. Accordingly, changes in synaptic strength have a direct effect not only 

on the size of the DS but also on the area of the corresponding PSD [24]. Hence, an increase 

in synaptic strength is followed by an enlargement of the DS and its PSD [7]. These 

variations have a direct effect on synaptic function, inasmuch as large spines not only are 

more stable but also have larger PSDs, express a higher number of AMPA receptors and 

form stronger synapses. In contrast, smaller spines change their shape more easily, have a 

larger number of NMDA receptors and the synaptic contacts that they establish are usually 

weaker [6]. More precisely, the population of NMDA and AMPA receptors in the PSD 

changes continuously in response to the electrical status of the synapse. Accordingly, the 

PSD of an inactive synapse contains NMDA but not AMPA receptors. However, when 

presynaptic activity increases, Ca++-induced activation of specific cell signaling pathways in 

DSs leads to the recruitment of AMPA receptors to their PSD, increasing its channel 

conductance and triggering a number of morphological, biochemical and 

electrophysiological changes that will be discussed below.

The plasminogen activation system and the post-synaptic terminal

The plasminogen activation (PA) system is an enzymatic cascade that was initially thought 

to be solely involved in the control of fibrin degradation by catalyzing the conversion of 

plasminogen into the broad-spectrum protease plasmin via two serine proteases: tPA and 

uPA. Hence, soon after their discovery it was proposed that uPA's and tPA's only role was 

the generation of plasmin in the pericellular and intravascular compartments, respectively 

[26]. However, subsequent work indicated that the control of fibrinolysis is not the only role 

of tPA and uPA, and that instead both PAs are also found in the synapse where they play a 

central role in the development of synaptic plasticity via mechanisms that not always require 

their ability to generate plasmin [27, 28]. Interestingly, it has been found that cerebral 

ischemia induces the secretion of both proteases into the synaptic cleft [29, 27], but that in 

contrast with an almost immediate release of tPA, uPA is secreted only during the recovery 

phase. Here it is important to keep in mind that neurons are not the only source of 

plasminogen activators (PAs), and that astrocytes and endothelial cells also release tPA in 

response to the ischemic injury [30]. Thus, not only neuronal tPA and uPA but also glial- and 

endothelial cell-derived PAs play a central role in the development of synaptic plasticity 

following an ischemic injury [31–33].

A growing body of experimental evidence indicates that once in the synaptic cleft both PAs 

are able to induce morphological and biochemical changes in DSs and the PSD [28]. More 

specifically, membrane depolarization induces the rapid release of tPA either from dendritic 

spines [34] or the axonal bouton [28], and this tPA increases DSs motility via plasmin-

induced degradation of the extracellular matrix [35, 36], and induces Ca++ influx and 
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miniature excitatory postsynaptic currents in the postsynaptic terminal by a mechanism that 

does not require plasmin generation.

In contrast with tPA, membrane depolarization does not induce the immediate release of 

uPA. Instead, neuronal uPA is released during the recovery phase from an ischemic injury, 

and binding of uPA to its receptor uPAR promotes the assemblage of F-actin bundles in DSs 

and the formation of filopodia by a mechanism that does not require the generation of 

plasmin (Figure 1). More precisely, uPA-uPAR binding on the surface of DSs induces the 

expression of the actin polymerizing protein profilin and inactivates the actin-

depolymerizing protein cofilin by triggering its phosphorylation at serine 3 [27]. The net 

effect of this sequence of events is the addition of G-actin monomers to the barbed end, thus 

promoting the formation of stable F-actin filaments. Together these data indicate that the 

release of tPA and uPA in the synaptic cleft has a direct effect on the morphology and 

function of DSs and their PSDs and that as will be discussed below, this plays a central role 

in the process of neurological recovery following an ischemic injury.

Effect of cerebral ischemia on dendritic spines and the postsynaptic 

density

Cerebral ischemia has a direct impact on synaptic structure. Indeed, it has been estimated 

that one hour of cerebral ischemia is enough to destroy 830 billion synapses and 714 km of 

myelin [2] with the ensuing bearing on synaptic function. Of special relevance for this 

review is a substantial body of experimental data indicating that ischemia-induced 

morphological and biochemical changes in DSs and associated PSDs not only underlie the 

development of functional deficits but also the recovery of neurological function following 

an acute IS.

Cerebral ischemia and the dendritic spine

Several post-mortem studies have demonstrated that the ischemic injury induces changes in 

dendritic branch complexity, DS density, and the number of synapses in the peri-infarct 

regions [37]. In line with these observations, in vivo work using two-photon confocal 

microscopy has shown that the induction of focal cerebral ischemia is followed by 

substantial morphological changes in DSs (Figure 2) [38, 39]. More specifically, early after 

the onset of the ischemic injury DSs are replaced by focal areas of swelling known as 

varicosities [39, 40, 27], that despite not having an as yet clear function, it is believed that 

constitute a protective mechanism that allows the post-synaptic terminal to 

compartmentalize abnormally high Ca++ concentrations without compromising neighboring 

synapses [41, 42]. Furthermore, in addition to the formation of varicosities, some spines 

elongate purportedly because a long neck also allows them to isolate from neighboring 

synapses the higher concentrations of Ca++ produced by the excitotoxic injury [43, 44]. 

Remarkably, if cerebral blood flow is restored within 20 – 60 minutes of the onset of the 

ischemic injury, DSs in the periinfarct cortex re-emerge again from these varicosities and 

filopodia, and in some cases form de novo from the parent dendrite [39, 27]. These 

observations are of paramount importance because it has been postulated that morphological 

and functional changes in the periinfarct cortex are associated with recovery of neurological 
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function after an IS [45, 46]. However, it should be noted that despite the importance of 

these observations, the establishment of an experimentally demonstrable cause-effect 

relationship between dendritic spines recovery and improvement of neurological function 

after an ischemic stroke is still lacking.

Cerebral ischemia and the post-synaptic density

A direct effect of the ischemic injury on the PSD was suggested by early in vitro work with 

neuronal cultures showing that excitotoxic exposure to glutamate increases its thickness and 

changes its appearance [47]. These observations were corroborated by in vivo studies 

indicating that a brief period of cerebral ischemia transiently increases the size of the PSD 

by modifying its protein composition. More exactly, this and other studies demonstrated that 

the ischemic injury induces the recruitment of several proteins to the PSD [48]. One of them 

is the Ca++ /Calmodulin (CaM)-dependent protein kinase II (CaMKII), a serine/threonine 

kinase highly abundant in DSs that, as will be discussed below, activates the molecular 

mechanism that lead to the recruitment of AMPA receptors to the PSD with the subsequent 

induction of a form of synaptic plasticity known as long-term potentiation (LTP). This event 

is of central importance in the ischemic brain. Indeed, in the non-ischemic brain a large 

number of excitatory synapses harbor NMDA but not AMPA receptors in their PSDs 

rendering them non-functional or “silent”. However, in the early phases of the ischemic 

injury the binding of glutamate to NMDA receptors leads to Ca++-induced CaMKII 

activation, and CaMKII-mediated recruitment of AMPA receptors to the PSD, converting 

them from “silent” into active synapses. Furthermore, the PSD becomes discontinuous soon 

after the onset of the ischemic injury, originating multiple spines from a single post-synaptic 

terminal (perforated synapses) with a high density of AMPARs and therefore enhanced 

electrical activity [7, 49]. These changes lead to a transient but significant increase in 

synaptic transmission in the earlier phases of the ischemic injury [3].

Taken all together, the experimental evidence available to this date indicates that DSs and the 

associated PSDs are dynamic structures that undergo morphological and biochemical 

modifications in response to cerebral ischemia, and that these changes are reversible if the 

ischemic insult is relieved on time. These variations, that are similar to those observed 

during development and activity-dependent forms of synaptic plasticity [50], seem to 

underlie the recovery of neurological function after an acute IS [27].

The plasminogen activation (PA) system protects dendritic spines and 

promotes their recovery following an acute ischemic injury

Several in vitro and in vivo studies indicate that in the ischemic brain tPA and uPA have 

distinct effects on DSs and PSD morphology, biochemistry and function (Figure 1). More 

specifically while tPA protects DSs from the metabolic stress induced by the ischemic injury 

[51, 52], uPA promotes the re-emergence of DSs from dendritic varicosities during the 

recovery phase from an acute IS [27].
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Tissue-type plasminogen activator triggers cell-signaling pathways that 

allow DSs to detect and adapt to metabolic stress

It has been recognized that cerebral ischemia [29, 53] and pharmacologically-induced 

membrane depolarization [34] induce the release of tPA from axonal boutons and DSs; and 

several groups have reported that once in the synaptic cleft this tPA induces morphological 

and biochemical changes in the presynaptic and postsynaptic terminals. In fact, recent 

studies have found that the release of tPA in the early phases of an ischemic injury activates 

the synaptic vesicle cycle in glutamatergic neurons [28]. More specifically, tPA induces the 

recruitment of the cytoskeletal protein βII-Spectrin and voltage gated calcium channels 

(VGCC) to the active zone, leading to Ca++-mediated phosphorylation of synapsin I, a 

protein that when non-phosphorylated clusters synaptic vesicles in the reserve pool of the 

presynaptic terminal. However, upon phosphorylation synapsin I detaches from the surface 

of synaptic vesicles, freeing them to translocate to the synaptic release site. Furthermore, 

these studies showed that tPA not only promotes Ca++-mediated synapsin I phosphorylation, 

but also the binding of βII-Spectrin to these synaptic vesicles, bringing them to the active 

zone where they release their load of neurotransmitters [28].

Besides its action on the presynaptic terminal, tPA also has two important morphological 

and biochemical effects on DSs and their PSDs (Figure 1). First, it increases the size of the 

PSD [28] and interacts with NMDA receptors promoting the entrance of Ca++ into the DS 

[54]. And second, activates the mammalian target of rapamycin (mTOR) [51] and the 

adenosine monophosphate (AMP)-activated protein kinase (AMPK) [55] pathways that, as 

will be discussed below, protect DSs from the harmful effects of metabolic stress.

Tissue-type plasminogen activator and the mTOR/AMPK pathways

The mTOR pathway is assembled by a complex of protein kinases that regulates cell growth 

and survival [56]. Several studies have described a central role for mTOR in the ischemic 

brain. Accordingly, while mTOR activation has been linked to the development of synaptic 

plasticity and cell survival [57], inactivation of mTOR has been associated to neuronal death 

in the early phases of the ischemic injury [58, 59]. Recent in vitro and in vivo studies with 

neuronal cultures and an animal model of cerebral ischemia have shown that either the 

release of neuronal tPA or the intravenous administration of recombinant tPA (rtPA) 

promotes neuronal survival in the ischemic brain via its ability to induce mTOR activation in 

DSs. These investigators identified that this neuroprotective effect is mediated by mTOR’s 

ability to induce the neuronal expression and accumulation of hypoxia-inducible factor 1α 

(HIF1α), a transcription factor that mediates the detection and adaptation to metabolic stress 

[60]. Furthermore, it was found that HIF1α induces the expression of GLUT3, a member of 

the family of membrane transporter proteins that regulates the uptake of glucose by neurons 

[61, 62] (Figure 1).

AMPK is an evolutionary conserved kinase that acts as a sensor of cellular energy status. 

Thus, energy depletion induces the phosphorylation of AMPK’s α sub-unit at Thr172, 

triggering a number of biochemical events that inactivate ATP-consuming events such as 

protein synthesis and activate ATP-generating processes such as glycolysis and glucose 
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uptake via membrane recruitment of GLUT3 receptors [63]. Strikingly, tPA is a very 

efficient activator of AMPK in DSs, and this leads to the recruitment to the neuronal 

membrane of GLUT3 receptors synthesized via the tPA-induced mTOR/ HIF1α pathway 

described above. In line with these observations, in vivo work with an animal model of 

cerebral ischemia and positron emission tomography (PET) studies indicate that either the 

release of neuronal tPA or treatment with rtPA promotes the uptake of glucose by dendritic 

spines located in the ischemic tissue [51].

Urokinase-type plasminogen activator promotes the recovery of dendritic 

spines in the periinfarct cortex

UPA is a serine protease that upon binding to its receptor uPAR is cleaved by membrane-

bound plasmin to generate an active two-chain form that catalyzes the conversion of 

plasminogen into plasmin on the cell surface [64]. Additionally, uPAR is a 

glycosylphosphatidylinositol-anchored glycoprotein that promotes tissue remodeling, cell 

proliferation, adhesion and migration via its interaction with a large number of proteins on 

the cell surface and extracellular matrix [65]. Although uPA is expressed in cerebral cortical 

and hippocampal neurons its role in the adult CNS remained unclear for a long time until a 

study showed two very important findings [27]: first, that neurons release uPA during the 

recovery phase from a hypoxic/ischemic injury; and second, that genetic deficiency of either 

uPA (uPA−/−) or uPAR (uPAR−/−) does not have an effect on the volume of the necrotic core 

but impairs the recovery of neurological function after an acute IS. Together, these two 

observations suggested that uPA binding to uPAR promotes neurological recovery in the 

ischemic brain. Soon thereafter it was identified that cerebral ischemia has a comparable 

effect on the formation of dendritic varicosities in the distal dendrites of wild-type (Wt), 

uPA−/− and uPAR−/− mice. However, while Wt neurons developed filopodia and DSs from 

these varicosities within the first 24 hours of recovery from the ischemic injury, DSs of 

uPA−/− and uPAR−/− mice failed to re-emerge from these varicosities, and instead became 

smooth and without protrusions. Later studies found that during the early phase of an 

ischemic stroke uPAR clusters on the surface of dendritic varicosities from which DS will 

re-emerge during the recovery phase. More specifically, it was shown that the binding of 

uPA to uPAR induces profilin-mediated F-actin assembly in dendritic varicosities leading to 

the formation of filopodia that later become DSs. Importantly, it was also reported that 

treatment with recombinant uPA (ruPA) had a rescue effect on uPA−/− but not uPAR−/− mice. 

In summary, the evidence available to this date suggests that uPA-uPAR binding plays a 

pivotal role in the recovery process from an acute IS via its ability to promote the re-

emergence of DSs from dendritic varicosities via reorganization of their actin cytoskeleton.

Synaptic plasticity, dendritic spines and neurological recovery after stroke

Taking into consideration the data discussed above is easy to understand that neurological 

recovery is inherently associated with the development of synaptic plasticity [66–68], 

defined as the mechanism whereby a synapse modifies its strength, efficacy and excitability 

in response to specific patterns of neural activity [69]. Here we will consider two types of 

synaptic plasticity of significant importance in the ischemic brain. The first form is governed 
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by the Hebb's rule stating that the strength of a synapse increases when there is a 

simultaneous increase in presynaptic activity and a critical level of post-synaptic 

depolarization. Accordingly, its main electrophysiological correlate is an enhancement in 

post-synaptic firing rates in response to presynaptic activity [70], and its two best known 

forms are long-term potentiation (LTP) and long- term depression (LTD). The second one is 

known as homeostatic plasticity and its main role is to act as a compensatory feedback 

mechanism aimed to maintain network stability [71].

Long-term potentiation in the ischemic brain

LTP is a form of Hebbian plasticity that causes a rapid increase in synaptic strength only in 

those inputs where the presynaptic and postsynaptic terminals fire together. Accordingly, the 

induction of LTP involves the influx of Ca++ into the DS via NMDA receptors that open 

only if there is simultaneous presynaptic release of glutamate and substantial postsynaptic 

depolarization. Although the increase of Ca++ in the DS lasts only 2–3 seconds [72] it is 

enough to activate a complex cascade of intracellular signaling pathways that cause the 

morphological and functional changes required to increase synaptic strength via the 

induction of LTP. CaMKII is the primary effector of the Ca++-activated signals that mediate 

the development of LTP [73], and among a vast variety of functions, activated CaMKII 

phosphorylates the GluR1 sub-unit of AMPA receptors at Serine 381 [73] and promotes F-

actin bundling in the spine head [74], leading to the recruitment of GluR1-containing AMPA 

receptors to the PSD with increase in AMPA receptor conductance, and DS enlargement.

From this description is easy to recognize that many of the molecular events that are 

involved in the development of LTP are also activated during excitotoxicity. Hence, LTP can 

also be induced by anoxia [75], cerebral ischemia, and inhibition of glycolysis [76]. The 

induction of LTP by cerebral ischemia also causes morphological changes in the synapse, 

namely increase in the number of perforated synapses and multiple synapse boutons, 

filopodia growth, PSDs thickening, and enlargement of existing spines and formation of new 

ones [77]. Noteworthy, although some studies indicate that excitotoxic activation of NMDA 

receptors inhibits CaMKII activity [78], others have shown that glutamate treatment- and 

cerebral ischemia-induced Ca++ influx into the DS induce CaMKII translocation to the PSD 

and the formation of extrasynaptic CaMKII clusters [48, 79].

The implications of these findings are yet unclear. Indeed, while some studies have linked 

the development of LTP after an ischemic injury to delayed neuronal death [80], others have 

found that an increase in activity-dependent LTP in the areas surrounding the necrotic core 

underlies the development of synaptic plasticity required for the recovery of neurological 

function [81]. Independently of these considerations, the clinical relevance of these data is 

supported by studies with IS patients indicating that functional recovery is associated with 

increased neuronal excitability not only in the peri-infarct cortex but also in non-ischemic 

tissues [82].
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Homeostatic plasticity

Although the induction of LTP plays an important role in physiological processes such as 

learning and memory formation [83, 84] and in recovery of neurological function after an 

ischemic lesion [3], it is clear that once LTP is induced, potentiated synapses can be excited 

to undergo further potentiation reaching an unstable state of hyperexcitation and circuit 

failure. To prevent this from happening, neurons have the ability to develop a form of 

homeostatic plasticity whereby they stabilize their activity in the face of perturbations [84]. 

As discussed above, in Hebbian forms of plasticity such as LTP, changes in synaptic strength 

are confined to active synapses, a property known as "input specificity". In contrast, 

although in some cases may also operate at a local level, homeostatic plasticity has been 

considered to be predominantly a global process that involves all the inputs received by a 

neuron [71]. However, independently of its local or global nature, the development of 

homeostatic plasticity requires the induction of morphological and biochemical 

modifications in the post-synaptic terminal, most notably changes in DS size and in the 

population of AMPA receptors in the PSD [85]. There is a growing awareness of the 

importance of the concept of homeostatic plasticity as a mechanism of neurological recovery 

after an ischemic injury. Indeed, the interruption of synaptic activity days to weeks after the 

onset of cerebral ischemia may have a deleterious effect on neurological function. However, 

this phase of impaired synaptic activity is followed days later by neuronal hyperexcitability 

arguably by the successful development of homeostatic plasticity that generates a permissive 

environment for axonal sprouting, dendritic spine recovery and formation of new synaptic 

contacts.

Conclusions and future perspectives

The data reviewed here indicate that cerebral ischemia has a direct impact on the structure 

and function of the post-synaptic terminal, and that plasticity-induced functional and 

morphological reorganization of dendritic spines in the periinfarct tissue is associated with 

improvement in neurological function following an ischemic injury. We evaluated 

experimental evidence indicating that key components of the PA system, namely tPA and 

uPA, play a central role in the process of neurological recovery via their ability to induce 

synaptic plasticity. We revised some of the most important biochemical pathways underlying 

the development of Hebbian and non-Hebbian synaptic plasticity and analyzed their 

importance in the recovery process from an acute ischemic stroke. However, despite the 

importance of these findings, it is clear that an experimentally demonstrable cause-effect 

relationship between dendritic spine recovery and improvement in neurological function is 

lacking. Likewise, it remains to be understood whether the development of long-term 

potentiation and other forms of synaptic plasticity have a harmful effect on neuronal survival 

in the ischemic brain, or if instead it they underlie the recovery of synaptic function in the 

periinfarct cortex. Finally, the data analyzed here indicate that the PA system is a potential 

target for the development of therapeutic strategies aimed at promoting neurological 

recovery among AIS survivors.
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Figure 1. Schematic representation of tPA and uPA on the post-synaptic density
TPA (red dots) is rapidly released from the presynaptic terminal following membrane 

depolarization. The interaction of this tPA with NMDA receptors on the post-synaptic 

density (dark blue shadow) induces activation of the AMPK/mTOR pathway, leading to 

HIF-1α accumulation, and subsequent membrane recruitment of the neuronal transporter of 

glucose GLUT3. This sequence of events lead to increase uptake of glucose by the post-

synaptic terminal. In contrast with tPA, uPA (green dots) is released from the presynaptic 

terminal during the recovery phase from a hypoxic/ischemic injury. This uPA interacts with 

its receptor uPAR leading to the assembly of F-actin bundles and the recovery of the 

dendritic spine.
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Figure 2. Effect of cerebral ischemia on dendritic spines
A & B. Diagram and representative micrograph of a Golgi staining of a distal dendrite from 

the fronto-temporal cortex of a wild-type mice either under physiological conditions (A), or 

six hours after the onset of cerebral ischemia (B), or 24 hours after reperfusion (C – E). Note 

that dendritic spines in A are replaced by varicosities in B. However, during in the early 

stages of reperfusion (recovery phase), filopodia (C) and then recovered dendritic spines (D) 

re-emerge from some of these dendrites, in contrast with other dendrites (E) in which 

dendritic spines do not recover (E).
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