|BC ARTICLE

L))

Check for
Updates

Urokinase-type plasminogen activator (uPA) regulates the
expression and function of growth-associated protein 43

(GAP-43) in the synapse

Received for publication, August 13,2019, and in revised form, November 19,2019 Published, Papers in Press, December 9, 2019, DOI 10.1074/jbc.RA119.010644

Paola Merino*, Ariel Diaz*, Enrique R. Torre*, and ©® Manuel Yepes

591

From the *Division of Neuropharmacology and Neurologic Diseases, Yerkes National Primate Research Center, Atlanta, Georgia
30329-4208, the §Deparl‘ment of Neurology and Center for Neurodegenerative Disease, Emory University School of Medicine,
Atlanta, Georgia 30322-0001, and the "Department of Neurology, Veterans Affairs Medical Center, Atlanta, Georgia 30033-4004

Edited by Enrique M. De La Cruz

Growth-associated protein 43 (GAP-43) plays a central role in
the formation of presynaptic terminals, synaptic plasticity, and
axonal growth and regeneration. During development, GAP-43
is found in axonal extensions of most neurons. In contrast, in the
mature brain, its expression is restricted to a few presynaptic
terminals and scattered axonal growth cones. Urokinase-type
plasminogen activator (uPA) is a serine proteinase that, upon
binding to its receptor (uPAR), catalyzes the conversion of plas-
minogen into plasmin and activates signaling pathways that
promote cell migration, proliferation, and survival. In the devel-
oping brain, uPA induces neuritogenesis and neuronal migra-
tion. In contrast, the expression and function of uPA in the
mature brain are poorly understood. However, recent evidence
reveals that different forms of injury induce release of uPA and
expression of uPAR in neurons and that uPA/uPAR binding
triggers axonal growth and synapse formation. Here we show
that binding of uPA to uPAR induces not only the mobilization
of GAP-43 from the axonal shaft to the presynaptic terminal but
also its activation in the axonal bouton by PKC-induced
calcium-dependent phosphorylation at Ser-41 (pGAP-43). We
found that this effect requires open presynaptic N-methyl-p-
aspartate receptors but not plasmin generation. Furthermore,
our work reveals that, following its activation by uPA/uPAR
binding, pGAP-43 colocalizes with presynaptic vesicles and
triggers their mobilization to the synaptic release site. Together,
these data reveal a novel role of uPA as an activator of the syn-
aptic vesicle cycle in cerebral cortical neurons via its ability to
induce presynaptic recruitment and activation of GAP-43.

GAP-43 plays a central role in the development of reactive
synaptogenesis (1), growth of presynaptic terminals (2), axonal
formation and regeneration (3, 4), and induction of synaptic
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plasticity (5). It is expressed in neurons (4), and its abundance
varies according to developmental stage. Although, during the
early phases of development, GAP-43 is detected in axonal
extensions of most neurons (6), in the mature brain, its expres-
sion is restricted to the presynaptic terminal of neurons of
highly plastic areas such as the neocortex, hippocampus, and
cerebellum (7). In contrast, multiple studies have failed to
detect it in dendrites and myelinated axons (8).

During development, the expression of GAP-43 is regulated
by transcriptional processes and N-methyl-p-aspartate
(NMDA)? receptor—mediated posttranscriptional mechanisms
(9). In contrast, in mature neurons, its abundance is controlled
by mRNA stabilization by the neuron-specific RNA-binding
protein HuD (10). In line with these observations, the abun-
dance of HuD increases during synaptic plasticity and axon
formation and regeneration (11, 12).

GAP-43 palmitoylation at Cys-3 and Cys-6 in the endoplas-
mic reticulum—Golgi intermediate compartment triggers its
binding to the cytoplasmic side of the plasma membrane (13),
which, in turn, is followed by its activation by PKC-B—induced
phosphorylation at Ser-41 (14). This process is regulated by
calmodulin. Accordingly, when the concentration of calcium is
low, calmodulin binds to GAP-43 and inhibits its phosphoryla-
tion (15). In contrast, when the concentration of calcium
increases during neuronal activity, calmodulin dissociates from
GAP-43 (16). Furthermore, GAP-43 expression and activation
can be elicited by external stimuli such as treatment with nerve
growth factor and neural cell adhesion molecule-mediated
fibroblast growth factor receptor activation (17).

The presynaptic terminal harbors neurotransmitter-filled
synaptic vesicles grouped in three pools: the recycling pool, the
reserve pool, and the readily releasable pool. However,
although the vesicles of the first two are clustered and tethered
to the cytoskeleton by synapsin I (18), those of the readily
releasable pool are directly docked to the active zone (AZ) and
available for immediate release (19). The synaptic vesicle cycle
is a carefully orchestrated sequence of events whereby phos-

2 The abbreviations used are: NMDA, N-methyl-p-aspartate; AZ, active zone;
uPA, urokinase-type plasminogen activator; uPAR, urokinase-type plas-
minogen activator receptor; CiliD, ciliobrevin D; NMDAR, N-methyl-p-as-
partate receptor; NLA, neurosphere-like aggregate; SYP, synaptophysin;
ERK, extracellular signal-regulated kinase; E16, embryonic day 16; ANOVA,
analysis of variance; ATF, N-terminal fragment.
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Figure 1. Effect of uPA on GAP-43 in cerebral cortical neurons. A-D, representative Western blot analysis (A) and normalized integrated intensity of the
band (B-D) of total GAP-43 and pGAP-43 in WT cerebral cortical neurons incubated for 0-180 min with 5 nm uPA. n = 4/experimental condition; one-way
ANOVA with Tukey’s multiple comparisons test. Eand F, representative Western blot analysis (F) and normalized integrated intensity of the band (F) of pGAP-43
expression in cerebral cortical neurons genetically deficient in uPAR (uPAR /™) treated for 3 h with 5 nm uPA or vehicle (control). n = 4/experimental condition;

two-tailed Student’s t test.

phorylation of synapsin I at serine 9 (pSyn-9) frees the clusters
of vesicles of the reserve and recycling pools, allowing them to
move to the AZ (20). When these vesicles release their content
into the synaptic cleft, their membranes are reconstituted into
new synaptic vesicles that are endocytosed to replenish the
recycling and reserve pools. Importantly, this sequence of
events is activated by phosphorylation of GAP-43 (1)

Urokinase-type plasminogen activator (uPA) is a serine pro-
teinase that, upon binding to its receptor (uPAR), is cleaved by
plasmin and other proteases to generate an active two-chain
form that catalyzes the conversion of plasminogen into plasmin
(21, 22) and activates cell signaling pathways by plasminogen-
dependent and -independent mechanisms (23). In the develop-
ing brain, uPA is abundantly detected in neurons and oligoden-
drocytes (24). In contrast, its expression and function in the
mature brain are poorly understood. However, recent experi-
mental evidence indicates that the expression of uPAR
increases in growth cones after axonal injury and that uPA/
uPAR binding induces axonal recovery following mechanical
injury in vitro and ischemic stroke in vivo (25, 26) and promotes
the formation of new synaptic contacts and repair of those
damaged by ischemic injury (27, 28).

In this study, we show that uPA binding to uPAR induces
mobilization of GAP-43 from the axonal shaft to the presynap-
tic terminal and that, when in the axonal bouton, uPA triggers
its activation by PKC-induced calcium-mediated phosphoryla-
tion at Ser-41. Our data indicate that the effect of uPA on
GAP-43 does not require plasmin generation but, instead, that
is mediated by open presynaptic NMDA receptors. Further-
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more, our results reveal that, following its activation by uPA
treatment, pGAP-43 colocalizes with presynaptic vesicles and
that this is followed by synapsin I phosphorylation at Ser-9 with
resultant mobilization of synaptic vesicles from the reserve and
recycling pools to the synaptic release site. This study reveals a
novel role of uPA in the brain as an activator of the synaptic
vesicle cycle in cerebral cortical neurons via its ability to trigger
mobilization and activation of GAP-43 in the presynaptic
terminal.

Results

Effect of uPA on GAP-43 expression in cerebral cortical
neurons

GAP-43 is crucial for axonal growth (29), formation of new
synaptic contacts (30), and neuronal repair (31). Because our
earlier studies indicate that uPA plays a central role in these
events (25, 26, 28), we decided to study the expression of
GAP-43 in whole-cell extracts prepared from WT cerebral cor-
tical neurons incubated for 0 —180 min with 5 nm uPA. Our data
indicate that uPA does not cause a significant increase in the
abundance of GAP-43 (Fig. 1, A and B). Because phosphoryla-
tion of GAP-43 at serine 41 (pGAP-43) leads to its activation
(32), we performed similar experiments with antibodies that
detect pGAP-43. We found that the abundance of pGAP-43
increased 3 h after treatment with uPA (Fig. 1, A, C, and D).
Notably, uPA failed to increase the abundance of pGAP-43 in
UPAR ™/~ cerebral cortical neurons (Fig. 1, E and F).
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Figure 2. Effect of uPA on synaptic GAP-43. A, representative Western blot analysis of GAP-43 and actin expression in 5-30 ug of extracts prepared from
synaptoneurosomes from WT cerebral cortical neurons. B, -fold change of the intensity of the band of GAP-43 expression at 10-30 g protein concentration
in relation to the intensity of the band at 5 g concentration. Each observation was repeated four times per experimental point. p values were calculated with
one-tailed Student’s t test, comparing pairs of samples with consecutive concentrations (i.e. 10 ug versus 5 ug, 15 ug versus 10 ug, 20 ug versus 15 ug, 25 ug
versus 20 g, and 30 g versus 25 ug). C and D, representative Western blot analysis (C) and normalized integrated intensity of the band (D) of GAP-43
expression in synaptoneurosomes prepared from WT cerebral cortical neurons after 0-180 min of treatment with 5 nm uPA. n = 4/experimental condition;
one-way ANOVA with Dunnett’s multiple comparisons test. E, representative confocal micrographs at X60 magnification of bassoon (red) and GAP-43 (green)
expression in WT cerebral cortical neurons treated for 5 min with 5 nm uPA or vehicle (control). Bottom panels, X4 electronic magnification of the areas in the
dashed squares in a and b. F, percentage of total GAP-43—positive puncta that colocalized with bassoon in WT cerebral cortical neurons treated as described in
C. n = 80 extensions examined from four different neuronal cultures; two-tailed Student’s t test. G and H, representative Western blot analysis (G) and
normalized integrated intensity of the band (H) of pGAP-43 expression in synaptoneurosomes prepared from WT cerebral cortical neurons treated for 0-180
min with 5 nm uPA. n = 5-6 observations/experimental condition; one-way ANOVA with Dunnett’s multiple comparisons test. /, representative X60 confocal
micrographs of bassoon and p-GAP-43 expression in WT cerebral cortical neurons treated as described in E and F. Bottom panels, X4 electronic magnification
of the areas depicted in the dashed squares in a and b. J, percentage of total pGAP-43—positive puncta that colocalized with bassoon in WT cerebral cortical
neurons treated as described in E and F. n = 60 extensions examined from four different neuronal cultures; two-tailed Student’s t test.

uPA increases the synaptic abundance of GAP-43 and pGAP-
43 by a uPAR-dependent, plasminogen-independent
mechanism

Because GAP-43 plays a central role in synaptic function
(33), we decided to study its expression in synaptoneurosomes
(assembled by the sealed axonal bouton and attached postsyn-
aptic terminal) prepared from WT cerebral cortical neurons
incubated for 0 —180 min with 5 nMm uPA. However, to assess the
linearity of our observations, we first quantified the intensity of
the band of GAP-43 expression in immunoblots loaded with
5-30 ug of synaptosomal protein. Our studies showed a linear
relation between the protein concentration used in our studies
(10 ug) and the intensity of the band of our inmmunoblots (Fig.
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2, A and B). We found that, with this experimental design, uPA
induced a rapid (5 min) but transient increase in the abundance
of GAP-43 in the synapse (Fig. 2, C and D). These observations
were corroborated by our confocal microscopy studies reveal-
ing that 5 min of uPA treatment induced colocalization of
GAP-43 with the presynaptic marker bassoon (Fig. 2, E and F).
We then performed similar experiments with anti-pGAP-43
antibodies. Our immunoblotting and confocal microscopy
studies indicated that uPA induced a rapid and sustained
increase in the abundance of pGAP-43 in the presynaptic ter-
minal (Fig. 2, G—J]). Furthermore, we found that this effect was
independent of uPA’s proteolytic activity, as it was also
observed following treatment of WT neurons with uPA’s
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Figure 3.uPA induces GAP-43 phosphorylation by a uPAR/FPR2-mediated plasminogen-independent mechanism. A and B, representative Western blot
analysis (A) and normalized integrated intensity of the band (B) of pGAP-43 expression in synaptoneurosomes from WT cerebral cortical neurons treated for 5
min with 5 nm uPA’s N-terminal fragment (ATF; devoid of proteolytic activity) or vehicle (C, control). n = 4 observations/group; two-tailed Student’s t test. Cand
D, representative Western blot analysis (C) and normalized integrated intensity of the band (D) of pGAP-43 expression in synaptoneurosomes prepared from
Plg~/~ cerebral cortical neurons treated for 5 min with 5 nm uPA or vehicle (control). n = 4 observations/group; two-tailed Student’s t test. E and F, represen-
tative Western blot analysis (E) and normalized integrated intensity of the band (F) of pGAP-43 expression in synaptoneurosomes prepared from WT cerebral
cortical neurons treated with uPA alone or in the presence of 4 ug/ml anti-uPAR-blocking antibodies. n = 4 observations/experimental condition; one-way
ANOVA with Tukey’s multiple comparisons test. G and H, representative Western blot analysis (G) and normalized integrated intensity of the band (H) of
pGAP-43 expression in synaptoneurosomes prepared from WT cerebral cortical neurons treated with uPA alone or in the presence of 0.5 ng/ml pertussis toxin
(PT). n = 5 observations/experimental condition; one-way ANOVA with Tukey’s multiple comparisons test.

N-terminal fragment (ATF; devoid of proteolytic activity; Fig. 3,
A and B) and Plg”’"~ neurons with uPA (Fig. 3, C and D) and
requires its binding to uPAR, as it is blocked by cotreatment
with anti-uPAR antibodies (Fig. 3, E and F). Because N-formyl
peptide receptor 2 (FPR2) is an essential coreceptor for uPAR
signaling (34), we performed similar experiments in the pres-
ence of pertussis toxin. Our data indicated that FPR2 acted as a
uPAR coreceptor for uPA-induced GAP-43 phosphorylation
(Fig. 3, G and H).

uPA induces vesicular transport and phosphorylation of GAP-
43 in the synapse

Because our results indicated that uPA treatment triggered a
transient increase in the abundance of GAP-43 in extracts from
synaptoneurosomes (Fig. 24) but not from whole-cell extracts
(Fig. 1A), we postulated that uPA induces mobilization of
GAP-43 from the axonal shaft to the synapse. To test this
hypothesis, we studied the expression of GAP-43 in synap-
toneurosomes prepared from WT cerebral cortical neurons
treated with 5 nm of uPA alone or in the presence of 25 um
ciliobrevin D (CiliD), an inhibitor of axonal vesicular transport
(35). We found that CiliD abrogates the effect of uPA on the
abundance of GAP-43 in the synapse (Fig. 4, A and B). These
data suggested that the observed effect of uPA on the expres-
sion of pGAP-43 may be a consequence of a greater availability
of GAP-43 in the synapse, caused by increased vesicular trans-
port from the axonal shaft triggered by uPA, instead of a direct
effect of uPA on phosphorylation of GAP-43. Surprisingly, our
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finding that CiliD does not abrogate the effect of uPA on
GAP-43 phosphorylation in the synapse indicates that this is
not the case and, instead, that uPA induces not only vesicular
transport of GAP-43 from the axonal shaft but also its phos-
phorylation in the synapse (Fig. 4, A and C). Furthermore, we
found that this effect was mediated by PKC and calcium, as it
was abrogated by treatment with the PKC inhibitor cheleryth-
rine chloride (Fig. 4, D and E) and the cell-permeant calcium
chelator BAPTA-AM (Fig. 4, F and G).

Presynaptic NMDA receptors mediate the effect of uPA on
pGAP-43

Because the levels of GAP-43 during development are in part
regulated by NMDA -activated transcriptional mechanisms (9),
and because our data indicate that calcium mediates the effect
of uPA on GAP-43 phosphorylation (Fig. 4, F and G), we
decided to study the expression of pGAP-43 in extracts from
synaptoneurosomes prepared from WT cerebral cortical neu-
rons incubated for 5 min with 5 nM uPA alone or in the presence
of 10 um MK-801 (to block open synaptic NMDA receptors).
Remarkably, these experiments showed that open synaptic
NMDARSs are required for uPA to induce GAP-43 phosphory-
lation in the synapse (Fig. 5, A and B). Because GAP-43 is found
in the presynaptic terminal (4), it is possible that uPA induces
entry of calcium into the dendritic spine via NMDARs and that
the ensuing raise in the intracellular concentration of calcium
in the postsynaptic terminal triggers a transsynaptic signal that
induces phosphorylation of GAP-43 in the axonal bouton.
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Figure 4. uPA induces calcium-dependent PKC-mediated phosphorylation of GAP-43 in the synapse. A-C, representative Western blot analysis (A) and
normalized integrated intensity of the band (B and C) of GAP-43 and p-GAP-43 expression in synaptoneurosomes prepared from WT cerebral cortical neurons
treated for 5 min with uPA alone or in the presence of 25 um CiliD. n = 4 observations/experimental group; one-way ANOVA with Dunnett’s multiple
comparisons test. D and E, representative Western blot analysis (D) and normalized integrated intensity of the band (E) of pGAP-43 expression in synaptoneu-
rosomes prepared from WT cerebral cortical neurons treated with uPA or vehicle (control), alone or in the presence of 10 um PKC inhibitor (PKC-Inh; cheleryth-
rine chloride). n = 4 observations/experimental condition; one-way ANOVA with Tukey’s multiple comparisons test. F and G, representative Western blot
analysis (F) and normalized integrated intensity of the brand (G) of pGAP-43 expression in synaptoneurosomes prepared from WT cerebral cortical neurons
treated with uPA alone or in the presence of 30 um BAPTA-AM. n = 4/experimental condition; one-way ANOVA with Tukey’s correction test.

However, it is also possible that uPA increases entry of calcium
directly into the axonal bouton via presynaptic NMDARs,
which are known to play a central role in the regulation of syn-
aptic function (36).

To test this hypothesis, we studied the expression of
pGAP-43 in presynaptic terminals isolated from the cerebral
cortex of WT mice, as described under “Experimental proce-
dures,” and treated them for 5 min with 5 nm uPA alone or in
combination with 10 um MK-801. The purity of these prepara-
tions (i.e. the absence of components of the postsynaptic termi-
nal) was demonstrated by their immunoreactivity to GAP-43
(present only in the axonal bouton) and syntaxin-I (which
delineates the presynaptic membrane) but not to PSD-95 (a
postsynaptic marker; Fig. 5C). Our data indicated that open
presynaptic NMDARs mediated the effect of uPA on GAP-43
phosphorylation in the axonal terminal (Fig. 5, D and E). To
determine whether NMDA receptors mediate uPA-induced
activation of other signaling pathways, we studied the expres-
sion of ERK 1/2 phosphorylated at Thr-202/Tyr-204 in synap-
toneurosomes prepared from WT cerebral cortical neurons
treated for 30 min with uPA alone or in the presence of
MK-801. We found that uPA induced ERK 1/2 activation and
that this effect was also mediated by open synaptic NMDA
receptors (Fig. 5, F and G). To further characterize uPA-in-
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duced GAP-43 phosphorylation in the presynaptic terminal, we
performed immunocytochemical staining with anti-pGAP-43
antibodies and phalloidin (to detect actin-rich presynaptic ter-
minals) in the axonal mantle of neurosphere-like aggregates
(NLAs; these preparations are surrounded by an axonal mantle
devoid of dendrites) prepared with WT cerebral cortical neu-
rons as described under “Experimental procedures” and
depicted in Fig. 5H, following 5 min of treatment with 5 nMm uPA
or vehicle (control). These studies revealed that uPA has a
direct effect on the phosphorylation of GAP-43 in the presyn-
aptic terminal of cerebral cortical neurons (Fig. 5, I and J).

UPA-induced GAP-43 activation triggers recruitment of
synaptic vesicles to the active zone

Because GAP-43 plays a role in the regulation of the synaptic
vesicle cycle (1), we used confocal microscopy to quantify the
number of pGAP-43/synaptophysin (SYP; a protein bound to
the membrane of synaptic vesicles)—positive puncta in exten-
sions of WT cerebral cortical neurons treated for 5 min with 5
nM uPA or vehicle (control). Our studies indicated that uPA
induced colocalization of pGAP-43 with synaptic vesicles, as
denoted by an increase in the number of pGAP-43/SYP-
positive puncta in uPA-treated neurons (Fig. 6, A and B).
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intensity of the band (G) of pERK 1/2 and total ERK 1/2 expression in synaptoneurosomes prepared from WT cerebral cortical neurons incubated for 30 min with
uPA alone orin the presence of MK-801.n = 4in G; one-way ANOVA with Tukey's correction. H, representative micrograph of an NLA and its surrounding axonal
mantle, prepared from WT neurons. The dashed square denotes the area where the observations were made. /, representative micrographs at X40 magnifi-
cation of phalloidin (red) and pGAP-43 (green) expression in the area demarcated by the dashed square in F of NLAs treated for 5 min with uPA or vehicle
(control). J, percentage of presynaptic terminals that express pGAP-43 in the axonal mantle of 19 NLAs treated with uPA or vehicle (control) as described in G.
Each pointin H is the average of three micrographs per NLA for a total of 57 micrographs in 19 NLAs per experimental condition; two-tailed Student’s t test.

pSyn-9 is followed by mobilization of synaptic vesicles from
the reserve and recycling pools to the AZ (20). Then, to inves-
tigate whether, besides inducing colocalization of pGAP-43
with synaptic vesicles (Fig. 6, A and B), uPA also triggers their
mobilization to the synaptic release site, we studied the expres-
sion of pSyn-9 in synaptoneurosomes prepared from WT cer-
ebral cortical neurons treated for 5 min with 5 nm uPA alone or
in combination with 10 um MK-801. Our data showed that uPA
induced synapsin I phosphorylation and that this effect was
mediated by open synaptic NMDARs (Fig. 6, C and D). To
determine whether this leads to mobilization of synaptic vesi-
cles to the AZ, we studied the expression of SYP in synaptic
membranes isolated from WT cerebral cortical neurons treated
with uPA or vehicle (control). Because SYP is attached to pre-
synaptic vesicles, its abundance in synaptic membranes denotes
synaptic vesicles attached to the synaptic release site. These
experiments revealed that uPA-induced GAP-43 phosphoryla-
tion was followed by mobilization of synaptic vesicles to the AZ
(Fig. 6, E and F).

Following their fusion to the AZ, synaptic vesicles are recon-
stituted before returning to the reserve and recycling pools (37).
Because, during this process, these vesicles take up dyes added
to the synaptic cleft (38), their intensity is a marker of the abun-
dance of synaptic vesicles docked to the AZ (39). To corrobo-
rate the observed effect of uPA on the mobilization of synaptic
vesicles to the AZ, we measured the uptake of AM1-44 dye from
synaptic vesicles from WT cerebral cortical neurons incubated
with AM1-44 alone (control) or in combination with either 45
mM KCI (known to trigger mobilization of synaptic vesicles to
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the AZ; this was an internal control for our experimental sys-
tem) or 5 nM uPA. Our data showed that uPA-induced colocal-
ization of pGAP-43 and SYP was followed by mobilization of
synaptic vesicles to the AZ at levels comparable with those
observed following KCl treatment (Fig. 6, G and H).

Discussion

GAP-43 is a phosphoprotein that, during early development,
is abundantly found in neuronal extensions (40), where its
activity is pivotal for formation of presynaptic terminals, axonal
growth, and cytoskeletal reorganization (29). In contrast,
expression of GAP-43 in the mature brain is restricted to scat-
tered presynaptic terminals and axonal growth cones of highly
plastic areas (41), where it has been shown to play a central role
in formation of axonal boutons (31) and development of synap-
tic plasticity and neurorepair (42, 43). Interestingly, there are
many parallels between the expression and function of uPA and
GAP-43 in the developing and mature brain. Indeed, like GAP-
43, uPA is also abundantly found in the developing brain (44—
46), where it promotes neuritogenesis and neuronal migration
(47). In contrast, its expression and function in mature neurons
are not fully understood. However, our earlier work indicates
that release of neuronal uPA and expression of uPAR in axonal
growth cones increases following mechanical injury in vitro and
ischemic injury in vivo and that, as described for GAP-43, uPA
binding to uPAR induces not only formation of new axons and
synaptic contacts under physiological conditions in vitro but
also repair of those damaged by different forms of injury (25—
27). Remarkably, despite these and several other similitudes, to
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Figure 6. uPA induces mobilization of synaptic vesicles to the active zone. A, representative X60 confocal micrographs of pGAP-43 (green) and synapto-
physin (red) expression in WT cerebral cortical neurons incubated for 30 min with 5 nm uPA or a comparable volume of vehicle (C, control). B, mean number of
pGAP-43/synaptophysin-positive puncta in 36 extensions from WT cerebral cortical neurons from three different cultures treated as described in A; two-tailed
Student’s t test. C and D, representative Western blot analysis (C) and normalized integrated intensity of the band (D) of pSyn-9 in extracts prepared from WT
cerebral cortical neurons treated for 30 min with 5 nm uPA alone or in the presence of 10 um MK-801.n = 4 observations/experimental group; one-way ANOVA
with Tukey’s multiple comparisons test. E, synaptoneurosomes were prepared from the cerebral cortex of WT mice, treated for 5 min with 5 nm uPA or vehicle
(control), exposed to osmotic lysis, and placed on a linear 0.3-1.5 m sucrose gradient. The band containing synaptic membranes was immunoblotted with
anti-SYP antibodies (denotes synaptic vesicles attached to the presynaptic membrane). F, normalized integrated intensity of SYP associated with synaptic
membranes (denotes synaptic vesicles attached to the active zone) in WT synaptoneurosomes treated as described in E. n = 6 observations/experimental
group; two-tailed Student’s t test. G and H, WT cerebral cortical neurons were incubated for 2 min with 5 um AM1-44, alone (control) or in combination with
either 45 mm KCl or 5 nm uPA (a). Cells were then washed and treated 5 min later with 5 um ADVASEP-7 to reduce background and induce release of
membrane-bound AM1-44 (b). Fluorescence intensity at this point corresponds to AM1-44 loaded into synaptic vesicles (depicted in H). Five min later, cells
were treated with 45 nm KCl to induce release of AM1-44 incorporated into synaptic vesicles (c). Values in H correspond to the -fold-change in fluorescence
intensity before the second dose of KCl (c) compared with the intensity before ADVASEP-7 treatment (b). Each experiment was repeated 27 times. *and ,p <
0.05 when control values at each time point were compared with the fluorescence intensity in KCI- and uPA-treated cells. Two-way ANOVA with Tukey'’s
multiple comparisons test (G and H).

ular transport machinery (13). Our data show that uPA induces
a transient increase in GAP-43 in the synapse, and that this

date it is unknown whether there is a functional link between
uPA and GAP-43. The data presented here indicate that uPA

regulates the expression and function of GAP-43 in mature
synapses and that uPA-induced uPA/FPR2-mediated GAP-43
phosphorylation leads to activation of the synaptic vesicle cycle
in cerebral cortical neurons.

Despite the fact that the abundance of GAP-43 protein
decreases during late developmental stages, specific areas of the
mature brain maintain high levels of GAP-43 mRNA (49),
which is stabilized by HuD, a neuron-specific RNA-binding
protein (10, 50) that also stabilizes the mRNA of several com-
ponents of the plasminogen activation system (51). Impor-
tantly, nerve regeneration and synaptic plasticity increase HuD
expression and translation of GAP-43 mRNA in axons and
growth cones (52). Furthermore, GAP-43 mRNA translation is
also induced by treatment with nerve growth factor (17) and
NMDA receptor and neural cell adhesion molecule-mediated
fibroblast growth factor receptor activation (9, 17, 53). Follow-
ing GAP-43 mRNA translation, GAP-43 protein translocates
from the cell body to growth cones using the fast axonal vesic-
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effect is abrogated by inhibition of axonal vesicular transport
indicates that uPA triggers mobilization of GAP-43 from the
axonal shaft to the synapse. However, the mechanism(s)
whereby uPA regulates axonal vesicular transport of GAP-43
are still unclear.

GAP-43 is activated by PKC-B-induced calcium-mediated
phosphorylation at Ser-41 (54). Our experiments with whole-
cell extracts revealed that, although uPA induces GAP-43 phos-
phorylation after 5 min of treatment, this effect reaches statis-
tical significance only following 3 h of incubation. In contrast,
our immunoblotting with synaptic extracts showed a transient
but statistically significant increase in pGAP-43 expression in
the synapse 5 min after uPA treatment. An explanation for
these results is that GAP-43 phosphorylation occurs in the syn-
apse and, therefore, this effect is less apparent in whole-cell
extracts containing other extrasynaptic proteins. Importantly,
our observation that vesicular axonal transport inhibition
blocks the uPA-induced increase in GAP-43 in the synapse but
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not uPA-induced GAP-43 phosphorylation indicates that uPA
induces mobilization of GAP-43 from the axonal shaft to the
synapse and that this is followed by uPA-induced GAP-43 acti-
vation by phosphorylation at Ser-41. However, we cannot rule
out the possibility that GAP-43 is phosphorylated in the axonal
shaft before its synaptic translocation.

Our experiments revealed that, although the effect of uPA on
GAP-43 is not mediated by plasmin, it requires its binding to
uPAR. However, GAP-43 is bound to the cytoplasmic surface of
the plasma membrane, and uPAR is a glycosylphosphatidyli-
nositol-anchored receptor that has neither transmembrane nor
cytoplasmic domains. Therefore, uPAR needs a coreceptor to
induce axonal mobilization and synaptic phosphorylation of
GAP-43 (25-27, 55). Thus, although our previous work has
shown that different integrins and low-density lipoprotein
receptor—related protein 1 (LRP1) are coreceptors that mediate
the effect of uPA/uPAR binding on axons and dendrites, our
finding that uPA-induced GAP-43 mobilization and activation
requires open synaptic NMDA receptors suggests that they
may act as co-receptors for uPAR. Our data agree with reports
indicatingthatNMDA receptoractivationtriggers GAP-43phos-
phorylation (56) and that other plasminogen activators (i.e. tis-
sue-type plasminogen activator) interact with NMDA recep-
tors (57). Furthermore, our results show that NMDA receptors
also mediate the effect of uPA on activation of other cell signal-
ing pathways (i.e. ERK 1/2).

Because GAP-43 is found in the presynaptic terminal, the
observation that synaptic NMDA receptors mediate the effect
of uPA on GAP-43 mobilization and phosphorylation suggests
amodel in which the interaction of uPA with NMDA receptors
located in the postsynaptic terminal induces activation of a
messenger in the dendritic spine that then would diffuse trans-
synaptically to induce mobilization and phosphorylation of
GAP-43 in the axonal bouton. However, our work with presyn-
aptic extracts indicated that the effect of uPA is mediated by
presynaptic NMDA receptors, which, by allowing entry of cal-
cium in the axonal bouton, trigger a sequence of events that
leads to an increase in the abundance of GAP-43 and its activa-
tion in the synapse. These observations were corroborated by
our immunocytochemical studies with NLAs surrounded by a
mantle with axons and presynaptic terminals but not dendrites
or dendritic spines. These data are of significant relevance
because presynaptic NMDA receptors have a central role in
development of presynaptic plasticity and neurotransmission
(36). This is the first report of a functional interaction between
uPA and these receptors. However, our data do not rule out the
existence of a coreceptor such as LRP-1 or an integrin that
mediates the observed functional interaction between uPAR
and NMDA receptors.

Synapsin Iis a phosphoprotein that, by cross-linking synaptic
vesicles, prevents their mobilization from the reserve and recy-
cling pools to the AZ. However, synapsin I phosphorylation at
Ser-9 leads to its dissociation from synaptic vesicles, freeing
them to move to the AZ (58). Our data indicate that pGAP-43
colocalizes with synaptic vesicles in uPA-treated neurons and
that this is followed by synapsin I phosphorylation at Ser-9 and
mobilization of synaptic vesicles to the AZ. These observations
agree with reports from other groups indicating that, following
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its association with synaptic vesicles (59, 60), pGAP-43 acti-
vates the synaptic vesicle cycle and induces release of neu-
rotransmitters (1). Importantly, our results indicate that these
events require entry of calcium through open presynaptic
NMDA receptors.

In summary, the results presented here indicate a novel role
for uPA where its binding to uPAR triggers mobilization of
GAP-43 from the axonal shaft to the synapse and subsequent
PKC-mediated activation by phosphorylation at Ser-41. We
found that this effect does not require plasmin generation but is
mediated by open presynaptic NMDA receptors. Finally, our
data reveal that mobilization and activation of GAP-43 induced
by uPA lead to activation of the synaptic vesicle cycle. These
results have significant implications for our understanding of
the mechanisms of presynaptic plasticity and synaptic repair
induced by uPA/uPAR binding.

Experimental procedures
Reagents

Recombinant murine uPA and uPA N-terminal fragments
(ATFs) were purchased from Molecular Innovations (Novi,
MI). Other reagents were ciliobrevin D (EMD Millipore, Burl-
ington, MA); chelerythrine chloride, BAPTA-AM, and MK-801
(Tocris, Minneapolis, MN); AMI1-44 and ADVASEP-7
(Biotium, Freemont, CA); phalloidin rhodamine and Hoechst
(Thermo Fisher, Waltham, MA); and pertussis toxin (Millipore
Sigma, Burlington, MA). We also used antibodies against
GAP-43 (Novus Biologicals, Centennial, CO); GAP-43 phos-
phorylated at serine 41 (pGAP-43, GenTex (Irvine, CA) and
Abcam (Cambridge, MA)); actin, synaptophysin, and syntaxin I
(Millipore); bassoon (Enzo, Farmingdale, NY); uPAR (R&D Sys-
tems, Minneapolis, MN); and synapsin I phosphorylated at ser-
ine 9 (pSynl), postsynaptic density protein 95 (PSD-95), pERK
1/2, and total ERK 1/2 (Cell Signaling, Danvers, MA). Second-
ary antibodies for immunoblotting were IRDye 800 mouse,
IRDye 800 rabbit, IRDye 680 mouse, and IRDye 680 rabbit (all
purchased from LI-COR, Lincoln, NE) and goat anti-rabbit
Alexa Fluor 488 (1:500) and donkey anti-mouse Alexa Fluor 594
(1:500), obtained from Invitrogen.

Neuronal cultures and preparation of NLAs

Cerebral cortical neurons were cultured from E16-E18 WT,
Plg/~,and uPAR /" mice as described elsewhere (61). Briefly,
the cerebral cortex was dissected, transferred into Hanks’ bal-
anced salt solution containing 100 units/ml penicillin, 100
pg/ml streptomycin, and 10 mm HEPES and incubated in tryp-
sin containing 0.02% DNase at 37 °C for 15 min. Tissue was
triturated, and the supernatant was resuspended in GS21-sup-
plemented Neurobasal medium containing 2 mm L-glutamine
and plated onto 0.1 mg/ml poly-L-lysine— coated wells. NLAs
were prepared as described elsewhere (62) with few modifica-
tions. Briefly, dissociated cortical neurons cultured from E17-
E18 WT embryos, as described above, were allowed to aggre-
gate for 48 h as hanging drops (4000 cells/drop) containing 0.2%
Methocel and 10% horse serum in Neurobasal/B27 medium
and plated on glass coverslips pretreated with a combination of
poly-L-lysine and 10 ug/ml fibronectin in the presence of a
coculture of WT astrocytes and 10 um AraC to prevent glial
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proliferation on the coverslip. Experiments were performed 7
days later, when NLAs were surrounded by a dense mantle of
axons.

Preparation of synaptoneurosomes

Synapse-enriched fractions containing the sealed presynap-
tic terminal and the attached postsynaptic membrane (synap-
toneurosomes) were prepared according to a modification of
published protocols (63—66). Briefly, cells were homogenized
and centrifuged at 2000 X g for 5 min. Pellets were discarded,
and the supernatants were centrifuged at 32,000 X g for 10 min.
Pellets were resuspended and layered on top of a 5%, 9%, and
13% discontinuous Ficoll (Fisher, Fair Lawn. NJ) gradient and
centrifuged at 25,000 X g for 25 min at 4 °C in a TLS 55 rotor
using a Beckman Optima TLX tabletop ultracentrifuge. Synap-
toneurosomes were collected from the 5%/9% and 9%/13%
interfaces and then centrifuged at 35,000 rpm for 10 min. The
pellet was resuspended in radioimmune precipitation assay
buffer and used for Western blot analysis.

Isolation of membrane-bound synaptic vesicles

Synaptoneurosomes were prepared as described above from
the frontal cortex of WT mice and resuspended in 500 ul of
Neurobasal/B27 medium pre-equilibrated at 37 C°and 5% CO,
and incubated for 5 min with 5 nm uPA or a comparable volume
of vehicle (control), followed by addition of 2 ml of 0.25 M
sucrose/EGTA (pH 8.1) buffer and centrifugation at 80,000 X g
for 10 min. Osmotic lysis was accomplished by resuspension in
10 mm HEPES, followed by homogenization and centrifugation
at 100,000 X g for 30 min. The membrane pellet was resus-
pended in 200 ul of 0.25 M sucrose/EGTA (pH 8.1). Proteins
were measured, and 200 ug of membrane pellets was overlaid
on top of a 0.3%-1.2% sucrose gradient, followed by 90 min of
centrifugation at 93,000 X g. The band containing synaptic ele-
ments was identified as described in our previous work (39, 67)
and centrifuged for 20 min at 100,000 X g. Membrane-bound
synaptic vesicles were resuspended in 0.5% SDS and used for
immunoblotting.

Isolation of presynaptic terminals

Presynaptic terminals were isolated from the murine cere-
bral cortex as described elsewhere (48). Briefly, each cortex was
homogenized in 1 ml of buffer containing 0.32 M sucrose and 1
mM EDTA and centrifuged for 15 min at 1600 X g. The super-
natant was removed, loaded onto a 0.75, 1, and 2 M discontinu-
ous sucrose gradient, and centrifuged for 40 min at 242,000 X g.
At this point, three bands were observed, containing the pre-
synaptic terminal, cellular organelles, and membranes. The
fraction containing presynaptic terminals was recovered and
centrifuged at 242,000 X g during 10 min, and the pellet was
resuspended in 50 ul of a solution containing 0.32 M sucrose
and 1 mm EDTA. The purity of these preparations was con-
firmed by their immunoreactivity to antibodies against GAP-43
(present only in the presynaptic terminal) and syntaxin I (delin-
eates the presynaptic membrane) but not PSD-95 (detects the
postsynaptic terminal; Fig. 4C).
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Western blot analysis

To study the effect of uPA on GAP-43 and pGAP43 expres-
sion in whole-cell extracts, WT and uPAR /" cerebral cortical
neurons were incubated for 0—180 min with 5 nm murine uPA.
To study the effect of uPA on expression of GAP-43 and
pGAP-43 in the synapse, synaptoneurosomes were prepared
from either WT or Plg™’~ cerebral cortical neurons treated for
0-180 min with 5 nm uPA, for 5 min with 5 nm ATF, or for 5
min with 5 nM uPA alone or in the presence of 4 ug/ml anti-
uPAR-blocking antibodies. To determine whether FPR2 is a
coreceptor for uPAR in this system, synaptoneurosomes were
prepared from WT cerebral cortical neurons incubated for 30
min with 0.5 ug/ml pertussis toxin or a comparable volume of
vehicle (control), followed by 5 min of treatment with 5 nmM uPA
or vehicle (control). To study the role of axonal vesicular trans-
port, PKC, calcium, and open synaptic NMDARSs in the effect of
uPA on GAP-43 and pGAP-43, synaptoneurosomes were pre-
pared from WT cerebral cortical neurons incubated for 30 min
with either 25 um CiliD (an inhibitor of vesicular transport), 30
uM BAPTA-AM (a cell-permeant calcium chelator), 10 um or
chelerythrine chloride (a PKC inhibitor), or 10 um MK-801,
followed by 5 min of treatment with 5 nm uPA or a comparable
volume of vehicle (control). To study the effect of uPA on
GAP-43 in the axonal bouton, presynaptic terminals were iso-
lated from the cerebral cortex of WT mice and treated for 5 min
with 10 um MK-801 or vehicle (control), followed by 5 min of
incubation with 5 nm uPA. To investigate the effect of uPA on
synapsin I phosphorylation, WT cerebral cortical neurons were
incubated for 30 min with 10 um MK-801 or vehicle (control),
followed by 5 min of treatment with 5 nm uPA. Each experiment
was repeated as described in the corresponding figure legend.
Protein concentration was quantified in whole-cell extracts and
synaptoneurosomes with a BCA assay. 10 ug was loaded per
sample, separated in a 4%—20% precast linear gradient poly-
acrylamide gel (Bio-Rad), transferred to a PVDF membrane
using a semidry transfer system, blocked with 5% nonfat dry
milk in Tris-buffered saline (pH 8.0) with 0.1% T'ween 20 buffer,
and immunoblotted with antibodies against GAP-43 (1:2000),
pGAP-43 (1:2000), pERK 1/2 (1:1000), total ERK 1/2 (1:1000),
actin (1:5000), syntaxin I (1:2000), PSD-95 (1:1000), or synapsin
I phosphorylated at serine 9 (1:2000). To assess the linearity of
GAP-43 signal in our immunoblots, we performed similar
experiments with antibodies against GAP-43 and actin in gels
loaded with 5-30 ug of synaptosomal protein. Membranes
were developed in a LI-COR Odyssey imaging system. Densi-
tometry analysis was performed in each band using Image Stu-
dio (LI-COR). All values were normalized to actin.

Immunocytochemistry

WT cerebral cortical neurons and NLAs were incubated for 5
min with 5 nM uPA or a comparable volume of vehicle (control).
Cells and NLAs were fixed with 4% paraformaldehyde, washed
three times in Tris-buffered saline, and incubated for 30 min in
a blocking solution containing 1 ml of 0.2 mm glycine, 20 ul/ml
casein, and 5 ul/ml donkey serum. Then samples were kept
overnight in a solution containing antibodies against either bas-
soon (1:100) and GAP-43 (1:5000), pGAP-43 (1:5000), or syn-
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aptophysin (1:250) and pGAP-43 (1:5000). Secondary antibod-
ies were goat anti-rabbit Alexa Fluor 488 (1:500) and donkey
anti-mouse Alexa Fluor 594 (1:500). NLAs were incubated for
30 min with Rhodamine-594 — conjugated phalloidin (1:1000).
The number of bassoon/GAP-43— and synaptophysin/GAP-
43—positive puncta was quantified in neuronal extensions with
Image] without plugins in pictures taken with a Fluoview FV10i
confocal laser-scanning microscope (Olympus) at X40 magni-
fication. Images were processed using 2D deconvolution with
five iterations incorporated in the CellSens Dimension Olym-
pus software. The number of phalloidin/GAP-43-positive
puncta was quantified in the axonal mantle of NLAs in images
taken with an Olympus microscope (1X83) and a DP80 camera
at X40 magnification with Image] without plugins.

Quantification of AM1-44 uptake

WT cerebral cortical neurons were incubated for 2 min with
Tyrode’s buffer containing 125 mm NaCl, 2 mm KCl, 2 mMm
CaCl,, 2 mm MgCl,, 25 mm HEPES, 30 mm D-glucose, and 5 um
AM1-44 alone (control) or in combination with either 45 mm
KClI (in this case, the NaCl concentration was 82 mm) or 5 nM
uPA. Cells were then washed. 5 min later, 5 um ADVASEP-7
was added to reduce background and induce release of mem-
brane-bound AM1-44. Five minutes later, cells were treated
with 45 nMm KCl to induce release of AM1-44 incorporated into
synaptic vesicles. Quantification was made with images taken
with an Olympus microscope (IX83) and a DP80 camera at X 20
magnification.

Statistical analysis

Statistical analysis was performed with one- or two-way
ANOVA with corrections described in each figure legend, as
appropriate. p < 0.05 was considered significant.

Author contributions—P. M. and M.Y., conceptualization; P. M.
formal analysis; P. M., A. D., and E. R. T., methodology; P. M., writ-
ing-original draft; A.D., investigation; M.Y., supervision; M. Y.,
funding acquisition; M. Y., project administration; M. Y., writing-
review and editing.
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