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Neurobiology of Disease

Urokinase-Type Plasminogen Activator Protects Cerebral
Cortical Neurons from Soluble A f-Induced Synaptic
Damage
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Soluble amyloid f (Ap)-induced synaptic dysfunction is an early event in the pathogenesis of Alzheimer’s disease (AD) that
precedes the deposition of insoluble Af and correlates with the development of cognitive deficits better than the number of
plaques. The mammalian plasminogen activation (PA) system catalyzes the generation of plasmin via two activators: tissue-
type (tPA) and urokinase-type (uPA). A dysfunctional tPA-plasmin system causes defective proteolytic degradation of Af plaques
in advanced stages of AD. In contrast, it is unknown whether uPA and its receptor (uPAR) contribute to the pathogenesis of this
disease. Neuronal cadherin (NCAD) plays a pivotal role in the formation of synapses and dendritic branches, and A decreases its
expression in cerebral cortical neurons. Here we show that neuronal uPA protects the synapse from the harmful effects of soluble
Ap. However, Af-induced inactivation of the eukaryotic initiation factor 2a halts the transcription of uPA mRNA, leaving unop-
posed the deleterious effects of Aff on the synapse. In line with these observations, the synaptic abundance of uPA, but not uPAR,
is decreased in the frontal cortex of AD patients and 5xFAD mice, and in cerebral cortical neurons incubated with soluble Af. We
found that uPA treatment increases the synaptic expression of NCAD by a uPAR-mediated plasmin-independent mechanism, and
that uPA-induced formation of NCAD dimers protects the synapse from the harmful effects of soluble Af oligomers. These data
indicate that AB-induced decrease in the synaptic abundance of uPA contributes to the development of synaptic damage in the
early stages of AD.
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Soluble amyloid 8 (Af)-induced synaptic dysfunction is an early event in the pathogenesis of cognitive deficits in
Alzheimer’s disease (AD). We found that neuronal urokinase-type (uPA) protects the synapse from the deleterious effects of
soluble A3. However, A3 -induced inactivation of the eukaryotic initiation factor 2« decreases the synaptic abundance of
uPA, leaving unopposed the harmful effects of AS on the synapse. In line with these observations, the synaptic expres-
sion of uPA is decreased in the frontal cortex of AD brains and 5xFAD mice, and uPA treatment abrogates the deleteri-
ous effects of A on the synapse. These results unveil a novel mechanism of A[-induced synaptic dysfunction in AD
patients, and indicate that recombinant uPA is a potential therapeutic strategy to protect the synapse before the develop-
ment of irreversible brain damage.
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Synaptic dysfunction is an early event in the pathogenesis of
Alzheimer’s disease (AD) (Davies et al., 1987; Selkoe, 2002) that
precedes the deposition of amyloid 8 (AS) (Martin et al., 1994;
Hsia et al,, 1999) and correlates with the severity of cognitive
deficits better than the number of plaques (DeKosky and
Scheff, 1990; Terry et al, 1991; Jacobsen et al., 2006). Thus,
understanding the pathophysiology of synaptic injury in the
early stages of AD is crucial for the discovery of therapeutic
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strategies to protect the synapse before the development of ir-
reversible brain damage.

The A is derived from the cleavage of the amyloid precursor
protein by 8- and 7y-secretase (Selkoe et al., 1996). The predom-
inant isoforms of the AB peptide are AB 1-40 and AB 1-42
(Plant et al., 2003); and although in the early stages of AD both
are soluble, at later stages insoluble forms are deposited into dif-
fuse plaques (Kawarabayashi et al., 2001). It was initially believed
that fibrillar AB accumulated in plaques was toxic to the syn-
apse. However, subsequent studies showed that this is not the
case, and instead that soluble nonfibrillar AB is more toxic than
the fibrillar forms (Lambert et al., 1998). In line with these obser-
vations, soluble A oligomers have a harmful impact on synap-
tic plasticity and the composition and function of axonal
boutons (He et al., 2019) and dendritic spines (Lacor et al., 2007;
Shankar et al., 2007).

The plasminogen activation (PA) system is assembled by a
cascade of enzymes and their inhibitors that catalyze the gen-
eration of plasmin. There are two mammalian plasminogen
activators: tissue-type (tPA) and urokinase-type (uPA) (Collen,
1999). A dysfunctional tPA-plasminogen system in advanced
stages of AD has been linked to defective plasmin-induced
cleavage of AB-containing plaques (Tucker et al., 2000) and
A B-induced neurodegeneration (Melchor et al., 2003). In con-
trast, although some studies indicate that AB induces the
release of uPA in cell cultures (Davis et al., 2003), the role
of this plasminogen activator in the pathogenesis of AD is
unknown.

Neuronal cadherin (NCAD) is a Type I cadherin that in the
mature brain is found in glutamatergic synapses of the II/III and
V cortical layers (Uchida et al., 1996; Benson and Tanaka, 1998).
NCAD expression is modulated by synaptic activity (Shan et al.,
2002) and regulates the formation of synapses and dendritic
branches in excitatory neurons (Sanes and Yamagata, 1999;
Honjo et al., 2000; Togashi et al., 2002; Mendez et al., 2010).
Importantly, NCAD coimmunoprecipitates with amyloid pre-
cursor protein (Asada-Utsugi et al., 2011) and AB decreases the
expression of NCAD in cerebral cortical neurons (Ando et al.,
2011).

Here we show that neuronal uPA protects the synapse from
the harmful effects of soluble AB. However, A -induced pro-
tein kinase R-like endoplasmic reticulum kinase (PERK)-medi-
ated phosphorylation of eukaryotic initiation factor 2« (elF2a)
at serine 51 halts the transcription of uPA mRNA in neurons,
leaving unopposed the harmful effect of AB on the synapse.
In line with these observations, the synaptic expression of
uPA, but not uPA receptor (uPAR), is decreased in the frontal
cortex of AD patients and 5xFAD mice, and in WT cerebral
cortical neurons incubated with soluble AB 1-42 oligomers.
This effect is cell type- and organ-specific as is not observed
in astrocytes, aorta, or kidneys of 5xFAD mice, or in WT
astrocytes incubated with AB 1-42 oligomers. Finally, we
found that uPA treatment increases the synaptic expression of
NCAD by an uPAR-mediated plasmin-independent mecha-
nism, and that uPA-induced formation of NCAD dimers pro-
tects the synapse and dendritic branches from the harmful
effects of soluble AB oligomers. Our data indicate that AS-
induced decrease in the abundance of synaptic uPA contrib-
utes to the development of synaptic dysfunction in the early
stages of AD, and that uPA treatment is a potential strategy
to prevent soluble AB-induced synaptic damage before the
development of irreversible brain damage.
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Materials and Methods

Animals, human tissue, and reagents

Animal strains were WT and uPAR-deficient (uPAR ") pregnant
females, and 5-d-old and 6- to 7-month-old 5xFAD male mice [express
human ABPP with the Swedish (KM670/671NL), Florida (I716V), and
London (V717I) mutations, together with a mutant presenilin 1
(M146L, L286V) under the control of the murine Thy-1 promoter]
(Buskila et al., 2013), and their WT littermate controls on a C57BL/6]
background. Experiments were approved by the Institutional Animal
Care & Use Committee of Emory University. Human samples of brains
with AD and healthy controls (mean age: 75.3 * 14.2 and 755 *
14.8 years, respectively) were obtained from the Emory Alzheimer’s
Disease Center and Emory, National Institute of Neurological Disorders
and Stroke Neurosciences Core facility. Recombinant murine uPA, its
amino terminal fragment (ATF; devoid of proteolytic activity), mouse
anti-uPA antibody, and mouse uPA total antigen assay ELISA kit were
purchased from Molecular Innovations. Other materials were A3 1-42
oligomers (rPeptide), the PERK inhibitor GSK 2606414, and BAPTA-
AM (Tocris Bioscience), the N-cadherin inhibitor Exherin (ADHI;
AdooQ Bioscience), phalloidin Alexa-488, the nuclear staining Hoechst,
glycine, KCl, and mouse A3 1-40 and AB 1-42 ELISA kit (Thermo
Fisher Scientific), AM1-44 and advasep-7 (Biotium), trypsin, glutamate,
and bicuculline (Sigma Millipore), pepsin (GeneTex), the Apop Tag Plus
Fluorescein In Situ Apoptosis Detection Kit (EMD Millipore), and anti-
bodies against A3 1-42 (clone 6E10, BioLegend), rabbit PSD-95, rabbit
elF2a phosphorylated at serine 51 (pelF2¢, Cell Signaling Technology),
mouse PSD-95 and mouse bassoon (Enzon), rabbit N-cadherin
(Abcam), mouse uPA (Santa Cruz Biotechnology), mouse uPAR (R&D
Systems), rabbit uPA (Molecular Innovations), rabbit syntaxin I (STX-I;
Millipore), microtubule-associated protein-2, and [-actin (Sigma
Millipore). Secondary antibodies were IRDye 800CW donkey anti-goat,
IRDye 800CW donkey anti-rabbit, IRDye 800CW donkey anti-mouse,
IRDye 680RD donkey anti-mouse, and IRDye 680RD donkey anti-rabbit
(LI-COR); and anti-rabbit Alexa-488, anti-mouse Alexa-488, anti-rabbit
Alexa-594, and anti-mouse Alexa-594 (Thermo Fisher Scientific).

Neuronal and astrocytic cultures

Cerebral cortical neurons and astrocytes were cultured as described pre-
viously (Echeverry et al.,, 2010), from EXVIII 5xFAD and uPAR '~ mice
(neurons), and 5-d-old 5xFAD mice (astrocytes), and from their WT lit-
termate controls. Briefly, the cerebral cortex was dissected, transferred
into Hanks balanced salt solution containing 100 units/ml penicillin,
100 ug/ml streptomycin, and 10 mm HEPES, and incubated in trypsin
containing 0.02% DNase at 37°C for 15 min. Tissue was triturated, and
the supernatant was resuspended in GS21-supplemented neurobasal me-
dium containing 2 mum L-glutamine and plated onto 0.1 mg/ml poly-L-ly-
sine-coated wells. For astrocytes, the triturated tissue was resuspended in
10% FBS DMEM and filtered through a 70 um pore membrane. Then
cells were plated onto poly-l-lysine-coated T75 flasks. Astrocytes were
plated and used for experiments on confluency.

Preparation of synaptoneurosomes and Triton-soluble and
-insoluble fractions

Neuronal cultures or cerebral cortices were homogenized and centri-
fuged at 2000 x g for 5min in fractionation buffer containing 1 mm
EGTA, 0.25 M sucrose, and 25 mm HEPES, pH 8.1. Then, supernatants
were centrifuged at 32,000 x g for 10 min. The pellet was resuspended
and layered on top of a 5%-10% discontinuous Ficoll gradient (Thermo
Fisher Scientific) and centrifuged at 50,000 x g for 20 min using a
Beckman Optima TLX tabletop ultracentrifuge. Synaptoneurosomes
were collected from the 5%-10% interface and centrifuged at 50,000 x g
for 10 min at 4°C. To isolate the Triton-soluble and -insoluble fractions,
synaptoneurosomes were prepared from uPA- and vehicle (control)-
treated cerebral cortices, as described above but without EGTA (n=4 or
5), subjected to osmotic lysis in 10 mm HEPES and protease inhibitors,
and centrifuged at 50,000 x g during 30 min. The pellet was resuspended
in 0.5% Triton, homogenized, and centrifuged at 40,000 x g during
30 min. The pellet (Triton-insoluble fraction) and supernatant (Triton-
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soluble fraction) were mixed with 1% SDS prepared and loaded on a gel
as described below.

Measurement of the release of neuronal uPA and the concentration
of A 1-40 and Af 1-42 in the cerebral cortex

WT cerebral cortical neurons plated on 24 wells were washed and incu-
bated with 300l of fresh neurobasal medium containing 1 pl/ml
DMSO, 200 um glycine, and 20 um bicuculline, followed by 1 min of
treatment with either PBS or 10 um glutamate. A subgroup of cells was
preincubated during 30 min with 30 um of BAPTA-AM before the addi-
tion of glutamate (1 =19 per condition). After 1 min of treatment, 100 pil
of media was collected, and the concentration of uPA was measured
with an ELISA kit following the manufacturer’s instructions (Molecular
Innovations). To quantify the concentration of AB 1-40 and A3 1-42 in
the cerebral cortex, we used an ELISA kit (Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions. Briefly, 100 mg of the frontal
cortex of 5-d-old 5xFAD mice and their WT littermate controls (n=3
per strain) were homogenized in 800 ul of 5 M guanidine-HCI/50 mm
Tris, pH 8, mixed at room temperature for 3 h, diluted 10-fold with cold
PBS plus a cocktail of protease inhibitors (Sigma Millipore), and centri-
fuged at 16,000 x g for 20 min at 4°C. The supernatant was diluted twice
with a kit dilution buffer, and 100 pl of samples or standards was incu-
bated for 2 h in the antibody-coated plate. Wells were then washed 4
times, and incubated with the kit detector antibody for 1 h at room tem-
perature. Then, after the plate was washed and incubated with anti-IgG
HRP for 30 min at room temperature, 100 pl of the kit chromogen buffer
was added during 30 min. The absorbance was read at 450 nm. Protein
concentration was measured for each sample (Pierce BCA Protein
Assay, Thermo Fisher Scientific), and values were expressed as pg of
AB1-40 or AB1-42/mg of protein.

Preparation of Af 1-42 oligomers

AB 1-42 oligomers were prepared as previously described (Fa et al.,
2010). Briefly, 80 um A8 1-42 monomers were lyophilized in 1,1,1,3,3,3-
hexafluoro-2-propanol, resuspended in DMSO to a 5 mm concentration,
and incubated in PBS overnight. Experiments were performed with
doses to reach a final concentration of 100 nm of A3 1-42 oligomers.

Electrophysiology

To study the effect of uPA on A -induced synaptic dysfunction, we per-
formed patch-clamp recordings to examine sEPSCs on DIV14-DIV17
WT cerebral cortical neurons incubated during 24 h with AS oligomers,
alone or in the presence of uPA (given in three doses of a 5 nm solution
immediately after the addition of A, and 12 and 23 h later). Coverslips
containing cells were transferred to a recording chamber and perfused at
0.2 ml/min with a Ringer’s solution (pH 7.4, 300 mOsm) containing the
following (in mM): 145 NaCl, 3 KCl, 1.5 CaCl,, 1 MgCl,, 10 HEPES, and
10 glucose. Individual neurons were visually identified under polarized
illumination using an STP 6000 microscope (Leica Microsystems), and
pyramidal neurons were chosen based on their soma shape and mem-
brane properties. Whole-cell patch-clamp recordings were performed
using a MultiClamp 700B amplifier, Digidata 1550 digitizer, and
pClamp 10.6 software (Molecular Devices). Recording pipettes with a re-
sistance of 4-6 MQ were pulled from borosilicate glass using a Sutter P-
97 electrode puller. The patch solution (pH 7.3, 285 mOsm) contained
the following (in mM): 130 K-gluconate, 2 KCI, 10 HEPES, 3 MgCl,, 5
phosphocreatine, 2 K-ATP, and 0.2 NaGTP. Access resistances meas-
ured in voltage clamp were in the range of 15-30 M{). Whole-cell cur-
rents were filtered at 3kHz and digitized at 10kHz. Spontaneous
Excitatory Postsynaptic Currents (sEPSCs) were recorded at holding
potential of —60mV. All sEPSCs were detected offline using the
MiniAnalysis program 6.0 (Synaptosoft). We examined four neurons in
each quadrant of each coverslip, for a total of 17-24 neurons from 5 differ-
ent cultures. The investigator performing the patch-clamp recordings
remained blind to the experimental conditions and their statistical analysis.

Western blot analyses
To study the expression of uPA, uPAR, and STX-I in the cerebral cortex,
whole extracts were prepared from the frontal cortex of WT mice
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(n=4), DIV16 WT cerebral cortical neurons (n=4), 5-d-old astrocytes
cultured from the cerebral cortex of 5xFAD mice and their WT litter-
mate controls (n=8), and the aorta and kidney dissected from 5xFAD
mice (n =4) and their WT littermate controls (n =4). To study the
expression of uPA in the synapse, synaptoneurosomes were prepared
from the frontal cortex of 6-month-old (n=4) and 5-d-old 5xFAD mice
and their WT littermate controls (n=4), DIV16 WT cerebral cortical
neurons, and the frontal cortex of AD patients and healthy controls
(n=6 per group). To study the purity of the A8 1-42 oligomers used for
our in vitro studies, 108 ug of A 1-42 oligomers was left untreated or
incubated with PBS overnight. To study the effect of A on the expres-
sion of uPA, 100 nm of AB 1-42 oligomers was added during 0-24 h to
DIV16 WT cerebral cortical neurons and WT astrocytes (n=4). To
determine whether elF2a mediates the effect of A on uPA expression,
DIV16 WT cerebral cortical neurons were incubated 0, 1, or 24 h with
100 nm of AB 1-42 oligomers, alone or in combination with 1 um of the
PERK inhibitor GSK 2606414 (n=5). To study the effect of uPA on
NCAD expression and to determine whether it requires uPA’s proteo-
Iytic activity, synaptoneurosomes were prepared from WT cerebral corti-
cal neurons incubated 30 min with vehicle control or 5 nm of either uPA
or its ATF. To investigate the effect of uPA on trypsin-induced cleavage
of NCAD monomers, whole-cell extracts were prepared from WT cere-
bral cortical neurons incubated during 30 min with vehicle (control) and
5 nm of either uPA or its ATF, and then treated 10 min with EDTA-free
0.006% trypsin (1 =6). To investigate the effect of uPA on the formation
of NCAD dimers, Triton-soluble and -insoluble fractions were isolated
from synaptoneurosomes prepared from the frontal cortex of WT mice
treated during 30 min with 5 nm of uPA or vehicle (control; n=5). To
study the effect of AB on NCAD expression, whole-cell extracts were
prepared from WT cerebral cortical neurons incubated 24 h with 100 nm
of AB 1-42 oligomers, alone or in the presence of three doses of 5 nm of
either uPA or its ATF administered at the beginning of the experiment,
and 12 and 23 h later (n=4 per time point). Proteins were quantified
with the BCA assay, and equal amounts were loaded and separated onto
a 4%-15% SDS-gel, transferred into a nitrocellulose membrane, blocked
with LI-COR blocking buffer, and incubated overnight at 4°C with anti-
bodies against mouse uPA (1:1000), STX-I (1:2000), actin (1:50,000),
rabbit N-cadherin (1:2000), goat uPAR (1:1000), rabbit pelF2« (1:1000),
and AB 1-42 (1:1000). Then membranes were washed and incubated
during 1 h with IRDye 800CW donkey anti-rabbit (1:10,000), IRDye
800CW donkey anti-goat (1:10,000), IRDye 800CW donkey anti-mouse
(1:10,000), IRDye 680RD donkey anti-mouse (1:10,000), and IRDye
680RD donkey anti-rabbit antibodies (1:10,000). Membranes were devel-
oped using a LI-COR Odyssey Fc reader. Quantifications were per-
formed using the Image Studio software. Values were expressed as a
ratio of intensity of the band/actin intensity and normalized to each
control.

Immunohistochemistry

To study the expression of uPA and NCAD in the cerebral cortex, 30 pm
sections were obtained from the frontal cortex of 5xFAD mice (n=06)
and their WT littermate controls (n=7), and from AD patients and
healthy controls (n=5). To study the effect of AB on uPA and uPAR
expression, WT cerebral cortical neurons were incubated 24 h with 100
nm of A 1-42 monomers, alone or in combination with 5 nm of uPA or
its ATF, administered at the beginning of the experiment, and 12 and 23
h thereafter. To study the effect of uPA on the formation of synaptic
contacts, DIV16 WT cerebral cortical neurons were incubated 30 min
with vehicle (control) or 5 nm of uPA, alone or in combination with 175
uM of ADHI (NCAD inhibitor). To study the effect of uPA on NCAD
expression, murine WT and uPAR™’~ cerebral cortical neurons were
incubated with 5 nm of uPA or a comparable volume of vehicle (control).
To study the effect of AB on NCAD expression, DIV14-DIV16 WT cer-
ebral cortical neurons were incubated during 24 h with 100 nm of AB 1-
42 monomers, alone or in combination with three doses of 5 nm of uPA
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Figure 1. uPA expression in the cerebral cortex. A-D, Representative confocal micrographs at 282 < magnification of individual cortical layers from the murine (4) and human (C) frontal cor-

tex immunostained with anti-uPA antibodies (green) and Hoechst (blue). B, D, The percentage of uPA-positive puncta in each cortical layer in relation to the total number of puncta in the six
cortical layers (n = 20 pictures per layer from 4 mice and human brains). B, D, Statistical analysis: one-way ANOVA with Holm-Sidak's multiple comparisons test. E-H, Representative Western
blot analysis (,G) and quantification of the normalized intensity of the band (F,H) of uPA expression in whole extracts and synaptoneurosomes prepared from either the frontal cortex (E,F) or
WT cerebral cortical neurons (G,H). n =4 observations per experimental group. Statistical analysis: two-tailed Student’s ¢ test. /, Mean concentration of uPA in the culture medium of WT cere-
bral cortical neurons incubated during 60 s with vehicle (control), or a combination of 10 um of glutamate, 20 wm bicuculline, and 200 wm glycine, alone or in the presence of 30 um of
BAPTA-AM. n =19 observations per condition. One-way ANOVA with Tukey’s multiple comparisons test.

administered at the beginning of the experiment and 12 and 23 h later.
A subset of samples was treated with only one dose of uPA 24 h after the
addition of Af. Brain slices were permeabilized with 0.1% Triton,
blocked with 3% BSA in TBS during 1 h, and incubated overnight with
antibodies against murine uPA (1:100), or N-cadherin (1:400). Samples
were then washed and incubated with Hoechst (1:5000) and either anti-
mouse Alexa-488 (1:500) or anti-rabbit Alexa-488 (1:500) secondary
antibodies. Pictures were taken from the frontal cortex at a 40 x magnifi-
cation with an immunofluorescent microscope (Olympus IX83), and
from each cortical layer at 283 x magnification with a Fluoview FV10i
automated confocal laser-scanning microscope (Olympus). Quantifi-
cation of uPA- and NCAD-positive puncta was performed in confocal
micrographs taken from individual cortical layers at 282x magnifica-
tion. Values are given as percentage of the total number of uPA-positive
puncta in the six cortical layers, or as a mean number of uPA/positive
puncta/2025 pm®. Images were processed with ImageJ and the plugin
puncta analyzer. Cells were fixed in 4% PFA 24 h after the addition of
A B, permeabilized with 0.1% Triton, blocked with 3% BSA in TBS dur-
ing 20 min, and incubated overnight with antibodies against either mu-
rine uPA (1:100), or murine uPAR (1:400), murine bassoon (1:100),
STX-I (1:400), and rabbit PSD-95 (1:100). Then, cells were washed and
incubated with Hoechst (1:5000) and a 1:500 dilution of the following
secondary antibodies: anti-mouse Alexa-594, anti-rabbit Alexa-594,
anti-goat Alexa-488, or anti-mouse Alexa-488. Confocal micrographs
were taken at 60x and deconvoluted using 64 iterations of the CellSens
dimension 1.17 software (Olympus). Quantifications were performed
using the Image] and the plugin puncta analyzer.

Quantification of dendritic branches

To study the effect of uPA on the complexity of the dendritic tree,
DIV14 WT cerebral cortical neurons were incubated with 175 um of
ADHLI or a comparable volume of vehicle (control) 30 min before the
addition of 5 nm of uPA or vehicle (control). To study the effect of uPA
on the harmful effect of AB on dendritic branches, DIV14 WT cerebral
cortical neurons were incubated during 24 h with vehicle (control) or
100 nm of AB 1-42 oligomers, alone or in the presence of three doses of
5 nM of uPA added at the beginning of the experiment, and 12 and 23 h
later, alone or in combination with 175 nm of ADH1 or vehicle (control).
At 30 min after the addition of uPA for the first group of experiments,
and 60 min after the last dose of uPA for the second set of experiments

(24 h after the addition of AB), neurons were fixed with 4% PFA and
incubated 15 min with 0.1% Triton and blocked during 30 min with BSA
3%, followed by staining with phalloidin-488 (1:1000) and anti-microtu-
bule-associated protein-2 antibodies (1:2500). The number of dendritic
intersections 0-70 pm away from the soma was quantified in pictures
taken at 20x magnification using the Sholl analysis plugin of Image J.

Quantification of AM1-44 uptake

WT cerebral cortical neurons were incubated during 24 h with vehicle
(control) or 100 nm of AB 1-42 oligomers, alone or in the presence of
three doses of 5 nm of uPA added at the beginning of the experiment,
and 12 and 23 h later. Twenty-four hours after the last dose of uPA, cells
were incubated during 2 min with Tyrode’s buffer containing 125 mm
NaCl, 2 mm KCI, 2 mm CaCl,, 2 mm MgCl,, 25 mm HEPES, 30 mm D-
glucose, 5 um of AMI1-44, and 45 mm of KCL. Cells were then washed;
and 5min later, 5 um of ADVASEP-7 was added to reduce background
and induce the release of membrane-bound AM1-44. Five minutes later,
cells were treated with 45 nm of KCI to induce the release of AM1-44
incorporated into synaptic vesicles. Quantifications were made in images
taken with an Olympus microscope IX83 and a DP80 camera at a 20X
magnification.

Quantification of neuronal survival

The effect of A on neuronal survival was studied by quantifying the
uptake of propidium iodide and the number of TUNEL-positive cells in
WT cerebral cortical neurons incubated during 24 h with vehicle (con-
trol) or 100 nm of AB 1-42 oligomers. As a control, cell death was
induced in a third group of cells with 50 um of glutamate.
Quantifications were automatically performed with the CellSens dimen-
sion 1.17 software (Olympus).

Quantitative PCR analysis

Total RNA was extracted using a RNeasy mini kit from QIAGEN from
WT cerebral cortical neurons incubated 0, 1, and 24 h with 100 nm of
AB 1-42 oligomers (n=8) followed by cDNA synthesis with a
RNAiScript ¢cDNA Synthesis kit purchased from Bio-Rad. Then,
uPA mRNA was quantified with a QuantStudio 3 thermocycler
(Thermo Fisher Scientific) using TagMan fast advanced master mix
(Thermo Fisher Scientific) in combination with Plau FAM-MGB
(MmO00447054_m1, Thermo Fisher Scientific) or GAPDH FAM-MGB
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Figure 2.

Effect of AD on uPA and uPAR expression. 4, B, Representative confocal micrographs at 282 magpnification from sections taken from the II/Ill and V frontal cortical layers of a

brain with AD (Ab, Ad) and a healthy control (Aa and Ac) and a brain with AD (Ab and Ad). B, The mean number of uPA-positive puncta in the II/lll and V cortical layers in both experimental
groups. n =5 brains per group and 5 pictures per brain. Statistical analysis: two-tailed Student's ¢ test. (—G, Representative Western blot analyses (C, F) and quantification of the mean inten-
sity of the band (D, E, G) of uPA and STX-I (C~E) and uPAR (F, G) in synaptoneurosomes prepared from the frontal cortex of AD patients and healthy control brains. n = 6 brains per experimen-

tal condition. D, E, G, Statistical analysis: two-tailed Student’s ¢ test.

(Mm99999915_g1, Thermo Fisher Scientific). Values are expressed as
mean values obtained from AAC, using GAPDH as internal control.

Statistics

Statistical analysis was performed with Student’s f test and one- or two-
way ANOVA with corrections, as deemed appropriate and described in
each figure legend. p values of < 0.05 were considered as significant.

Results

uPA expression in the cerebral cortex

First, we used confocal microscopy to study the expression of
uPA in the frontal cortex of the murine brain. We found that,
although uPA-positive puncta are detected throughout the entire
cortex, most of them are located in the II/IIl and V cortical layers
(35.30 * 8.34% and 27.65 * 3.6% of the total number of uPA-
positive puncta in the six cortical layers, respectively; Fig. 1A,B;
n=4 mice). These observations were replicated in the frontal
cortex of the healthy human brain, in which most of uPA-posi-
tive puncta were also detected in the II/III and V cortical layers
(26% = 2.53% and 29 * 1.5% of the total number of uPA-posi-
tive puncta in the six cortical layers; Fig. 1C,D; n=4 brains).
Furthermore, our studies with whole-brain extracts and synapto-
neurosomes (assembled by the sealed axonal bouton and
attached postsynaptic terminal) prepared from the frontal cortex
of WT mice and DIV17 WT cerebral cortical neurons indicate
that most of this uPA is localized in the synapse (Fig. 1E-H).
Additionally, we found that 60 s of incubation with a combina-
tion of glutamate, bicuculline, and glycine [to increase synaptic
activity without causing cell death (Jeanneret et al., 2018)] trig-
gers its release via a calcium-dependent mechanism (Fig. 11).

Effect of AD on the synaptic expression of uPA and uPAR
Several studies have reported variations in uPA gene (Ozturk et
al., 2007) and uPA protein (Whelan et al., 2019) in AD patients.

Thus, we decided to use confocal microscopy to study its
expression in brain sections obtained from the frontal cortex
of AD patients and healthy controls (n=4 brains per group).
Our data indicate that, compared with controls, the expression
of uPA is decreased in the II/IIl and V cortical layers of AD
brains (Fig. 2A,B). Additionally, our studies with synaptoneur-
osomes show that the synaptic abundance of uPA is decreased
in the frontal cortex of these patients (Fig. 2C,D). Importantly,
probing of these membranes with antibodies against STX-I
shows that equal amounts of synaptic extracts were loaded in
both experimental groups (Fig. 2C,E). Remarkably, in contrast
with the expression of uPA, we did not find a reduction in
the abundance of its receptor (uPAR) in the synapse of AD
brains (Fig. 2F,G).

We then performed similar observations in the frontal cortex
of 6- to 7-month-old 5xFAD mice and their WT littermate con-
trols. We found that, as observed in AD patients, the expression
of uPA is decreased in the II/IIT and V cortical layers of 5XFAD
mice (Fig. 3A,B). Moreover, studies with synaptoneurosomes
revealed that the synaptic abundance of uPA (Fig. 3C-E), but not
uPAR (Fig. 3F,G), is decreased in the frontal cortex of these ani-
mals. Importantly, the observed decrease in uPA expression in
5xFAD mice was specific to the brain, as it was not observed in
their aorta (Fig. 3H,I) or kidneys (Fig. 3J,K). To determine
whether this effect is cell-type-specific, we studied the expression
of uPA in astrocytes prepared from the frontal cortex of 5-d-old
5xFAD mice and their WT littermate controls. To control for the
young age of the animals used to prepare these cultures, we per-
formed similar observations with synaptoneurosomes isolated
from the frontal cortex of 5xFAD mice and their WT littermate
controls of comparable age. We found that the expression of
uPA is decreased in the synapse (Fig. 3L-N), but not in astrocytes
(Fig. 30,P), of 5xFAD mice. Importantly, some extracts prepared
from 5XFAD astrocytes exhibited increased GFAP immuno-
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Figure 3.

uPA and uPAR expression in 5xFAD mice. A, B, Representative confocal micrographs at 282 x magnification from sections taken from the II/Ill and V cortical layers from the frontal

cortex of 5xFAD mice (Ab, Ad) and their WT littermate controls (Aa, Ac). B, The mean number of uPA-positive puncta in the II/Ill and V cortical layers in both experimental groups. n =7 brains
per group and 5 pictures per brain. Statistical analysis: two-tailed Student’s ¢ test. (—G, Representative Western blot analyses (C, F) and quantification of the mean intensity of the band of uPA
(D), STX-I (E), and uPAR (G) expression in synaptoneurosomes prepared from the frontal cortex of 6-month-old 5xFAD mice and their WT littermate controls. n =4 animals per experimental
conditions. Statistical analysis: two-tailed Student’s ¢ test. H-K, Representative Western blot analyses (H, J) and quantification of the mean intensity of the band (I, K) of uPA expression in the
aorta (H, ) and kidneys (J, K) of 5xFAD mice and their WT littermate controls. n per experimental condition: /, 4 mice; K, 6 mice. Statistical analysis: two-tailed Student’s t test. [—P,
Representative Western blot analyses (L, 0) and quantification of the mean intensity of the band (M, N, P) of uPA, STX-, GFAP, and actin expression in extracts from synaptoneurosomes and
astrocytes prepared from the frontal cortex of 5-d-old 5XFAD mice and their WT littermate controls. M, N, n=4. P, n = 8. Statistical analysis: two-tailed Student’s t test. Q, Mean concentration
of AB 1-40 and A3 1-42 in the frontal cortex of 5-d-old 5XFAD mice and their WT littermate controls. n = 6 samples from 3 different brains per experimental group. Statistical analysis: two-

tailed Student’s ¢ test.

reactivity compared with WT astrocytes, despite equal protein
loading in both experimental groups (data not shown). Fur-
thermore, our ELISA experiments indicate that, at that age, the
concentrations of A3 1-40 and A 1-42 are already increased in
the cerebral cortex of these animals (Fig. 3Q).

Effect of A on uPA and uPAR expression

First, we quantified cell death in WT cerebral cortical neurons
incubated with soluble A 8 1-42 oligomers prepared as described
in Materials and Methods (Fig. 44). Our propidium iodide (Fig.
4B) intake and TUNEL assays (Fig. 4C) indicate that 24 h of
incubation with 100 nm of soluble AB 1-42 oligomers does not
induce cell death. Thus, we used this experimental design to
study the effect of AB on uPA and uPAR expression in cere-
bral cortical neurons. We found that A3 decreases the expres-
sion of uPA (Fig. 4D-G), but not uPAR (Fig. 4H-K), in WT
cerebral cortical neurons. Importantly, this effect is neuron-
specific, as it was not detected in WT astrocytes incubated
with AB (Fig. 4L,M). Furthermore, our data indicate that A
inhibits the translation of uPA mRNA in cerebral cortical

neurons, as it decreases the expression of uPA protein (Fig.
5A,B), but not uPA mRNA (Fig. 5C). Because pelF2« inhibits
mRNA translation in neurons of AD patients (Chang et al.,
2002; Hoozemans et al., 2009; Ma et al., 2013), we decided to
investigate whether pelF2a mediates the effect of AB on uPA
expression. We found that AB increases the abundance of
pelF2a in cerebral cortical neurons (Fig. 5D,E) and that inhi-
bition of PERK-induced elF2a phosphorylation with GSK
2606414 (Fig. 5F,G) effectively abolishes the deleterious effect
of AB on uPA expression (Fig. 5H,I).

uPA protects the synapse from the harmful effects of Af

Several lines of experimental evidence indicate that AB has a
deleterious effect on the synapse (Lue et al., 1999; Fitzjohn et al.,
2001; Selkoe, 2002). Because our previous studies show that uPA
protects the synapse from different forms of injury (Merino et
al., 2017; Diaz et al., 2017, 2019), we then studied whether uPA
also protects the synapse from the harmful effects of AS. Since
A B oligomers have a deleterious effect on the presynaptic release
of neurotransmitters (He et al., 2019), first we studied the
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Figure 4.  Effect of A3 on uPA expression. 4, Representative Western blot analysis of A3 1-42 oligomers prepared as described in Materials and Methods and either left untreated (lane 1,
monomers) or incubated overnight with PBS (lane 2, oligomers). B, Mean propidium iodide (PPI) intake by WT cerebral cortical neurons incubated 24 h with vehicle (control) or 100 nm of A3
1-42 oligomers, or 1 h with 50 m of glutamate. Each point represents the average number of PPI-positive neurons per picture from neurons from three different cultures [n =12 pictures/444
cells (control), 12 pictures/465 cells (A3 - treated neurons) and 15 pictures/430 cells (glutamate-treated neurons)]. Statistical analysis: one-way ANOVA with Holm-Sidak's multiple comparisons
test. C, Mean percentage of TUNEL-positive cells in WT cerebral cortical neurons exposed to the experimental conditions described in B. Each point represents the average number of TUNEL-pos-
itive cells per culture (4 different cultures). n=16,713 cells (control), 10,854 cells (A3 - treated neurons), and 13,167 cells (glutamate-treated neurons). Statistical analysis: one-way ANOVA
with Holm-Sidak's multiple comparisons test. D, E, Representative confocal micrographs at 60 magnification of WT cerebral cortical neurons stained with Hoechst (blue) and antibodies
against uPA (green) and phalloidin (red) after 24 h of incubation with 100 nm of A3 1-42 oligomers or vehicle-control. Bottom panels, A 4 electronic magnification of the area denoted by
the dashed square in Da and Db. C, The mean number of uPA-positive puncta/50 m. n =48 extensions per experimental group. Statistical analysis: two-tailed Student’s ¢ test. F, G,
Representative Western blot analysis (F) and quantification of the mean intensity of the band (G) of uPA expression in synaptoneurosomes prepared from WT cerebral cortical neurons treated
during 24 h with A3 1-42 oligomers or vehicle (control). n =5 per experimental group. Statistical analysis: two-tailed Student’s  test. H, I, Representative confocal micrographs at 100x mag-
nification of extensions of WT cerebral cortical neurons immunostained with phalloidin and antibodies against uPAR (green) after 24 h of incubation with A3 or vehicle (control). /, The mean
number of uPA-positive puncta/50 um in 60 extensions of WT neurons exposed to the experimental conditions described in H. Statistical analysis: two-tailed Student's t test. J-M,
Representative Western blot analyses (J, L) and quantification of the mean intensity of the band (K, M) of uPAR (J, K) and uPA and GFAP (L, M) expression in WT cerebral cortical neurons

(J, K) and astrocytes (L, M) incubated 24 h with A3 or vehicle (control).

activity-dependent uptake of the fluorescent nerve terminal
probe AM1-44 by presynaptic vesicles of WT cerebral cortical
neurons depolarized with 50 um of KCl after 24 h of incubation
with 100 nm of soluble AB 1-42 oligomers or vehicle (control),
alone or in the presence of 5 nm of uPA. Our studies reveal that
AB has a harmful effect on presynaptic function (denoted by a
decrease in the uptake of AM1-44) that is attenuated by uPA
treatment (Fig. 6A,B). We then used the same experimental
design and confocal microscopy to quantify the number of bas-
soon/PSD-95-positive puncta (denotes synapses with intact pre-
synaptic and postsynaptic terminals) in extensions of WT
neurons incubated with A8 in the presence of 5 nm of uPA or its
ATF (devoid of proteolytic activity). We found that AS
decreases the number of bassoon/PSD-95-positive puncta, and
that this effect is attenuated by uPA (Fig. 6C,D) via a mechanism
that does not require plasmin generation (Fig. 6E,F). Impo-
rtantly, AB does not decrease the abundance of STX-I (Fig. 6G),
indicating that, despite affecting the molecular composition of
axonal boutons and dendritic spines, it does not alter the struc-
tural integrity of the presynaptic membrane. To further study the
functional significance of these findings, we quantified the ampli-
tude and frequency of sEPSCs in WT cerebral cortical neurons
incubated during 24 h with vehicle (control) or A3, alone or in
the presence of uPA. Our data indicate that, compared with con-
trols, AB causes a 35.4 = 3.8% and 32.78 = 6.8% decrease in the
amplitude (p=0.04) and frequency (p=0.03) of EPSCs, respec-
tively, and that this effect is abrogated by treatment with uPA
(p <0.05, compared with cells treated with AB alone; Fig. 6E-]).

uPA regulates the synaptic expression and function of

NCAD in cerebral cortical neurons

Our data indicate that A3 decreases the synaptic abundance of
bassoon and PSD-95, and that this harmful effect is attenuated
by uPA. Because NCAD modulates the synaptic expression of
bassoon and PSD-95 (Pielarski et al., 2013; Nikitczuk et al.,
2014), we then investigated whether uPA has an effect on the
synaptic expression and function of NCAD. Our studies with
synaptoneurosomes and neuronal cultures prepared from WT
and uPAR™'~ cerebral cortical neurons treated during 30 min
with 5 nm of uPA or a comparable volume of vehicle (control)
indicate that uPA increases the abundance of NCAD in the syn-
apse (Fig. 7A,B), and that, although this effect does not require
plasmin generation (Fig. 7C,D), it is mediated by its binding to
uPAR (Fig. 7E,F).

We then investigated whether uPA also induces the develop-
ment of homophilic interactions between NCAD monomers,
which is required for the formation of dendritic branches and
synaptic contacts. Because the establishment of these interactions
makes NCAD resistant to trypsin (Tanaka et al., 2000), we stud-
ied the expression of NCAD in WT cerebral cortical neurons
incubated during 30 min with vehicle (control) or 5 num of either
uPA or its ATF, followed by treatment during 10 min with
0.006% trypsin. Our data indicate that uPA induces the forma-
tion of homophilic interactions between NCAD monomers, as
denoted by attenuation of the proteolytic effect of trypsin in
uPA-treated neurons (Fig. 7G,H), and that this effect does not
require uPA’s proteolytic activity (Fig. 7L]). To ensure that the
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Effect of A3 on uPA mRNA translation. A, B, Representative Western blot analyses () and quantification of the mean intensity of the band (B) of uPA expression in WT cerebral

cortical neurons incubated 0-24 h with 100 nm of A3 1-42 oligomers. n = 4 per time point. Statistical analysis: one-way ANOVA with Tukey’s multiple comparisons test. €, qRT-PCR analysis
of uPA mRNA expression in WT cerebral cortical neurons exposed to the experimental conditions described in A and D. n=6-8 per time point. Statistical analysis: one-way ANOVA with
Tukey’s multiple comparisons test. D, E, Representative Western blot analysis (D) and quantification of the mean intensity of the band (E) of pelF2cx in WT cerebral cortical neurons incubated
60 min with 100 nm of A3 1—42 oligomers or vehicle (control). n =6 per experimental condition. Statistical analysis: two-tailed Student's ¢ test. F, G, Representative Western blot analysis (F)
and quantification of the mean intensity of the band (G) of pelF2cx in WT cerebral cortical neurons incubated 60 min with vehicle (control) or 100 nm of A3 1-42 oligomers, alone or in the
presence of 1 wum of the PERK inhibitor GSK 2606414 (GSK). n=4 per experimental condition. Statistical analysis: two-way ANOVA with Holm-Sidak'’s multiple comparisons test. H, I,
Representative Western blot analysis (H) and quantification of the mean intensity of the band (/) of uPA expression in WT cerebral cortical neurons incubated 24 h with 100 nm of AB 1-42
oligomers, alone or in the presence of 1 wum of the PERK inhibitor GSK 2606414 (GSK). n = 8 per experimental condition. Statistical analysis: two-way ANOVA with Sidak’s multiple comparisons

test.

formation of these homophilic interaction leads to the develop-
ment of NCAD dimers in the brain, the cerebral cortex of WT
mice was treated during 30 min with 5 nm of uPA or a compara-
ble volume of vehicle (control). Then synaptoneurosomes were
prepared from both experimental groups, and Triton-insoluble
and -soluble fractions were immunoblotted with anti-NCAD
antibodies. We not only confirmed our original observation that
uPA increases the abundance of NCAD monomers in the syn-
apse (Fig. 7K,L) but also found that it induces the formation of
NCAD dimers (apparent as a 230 kDa band in the Triton-insolu-
ble but not -soluble fraction; Fig. 7K,M). Because the generation
of NCAD dimers triggers the formation of dendritic branches
and modulates the expression of bassoon and PSD-95 in the syn-
apse (Zhai et al., 2001; Togashi et al., 2002; Mendez et al,, 2010),
we quantified the number of dendritic branches and bassoon/
PSD-95-positive puncta in extensions from WT cerebral cortical
neurons treated with uPA, alone or in the presence of 175 um of
the NCAD inhibitor ADH1 (prevents the formation of NCAD
dimers). We found that uPA induces the formation of dendritic
branches (Fig. 7N,0) and bassoon/PSD-95-expressing synaptic
contacts (Fig. 7P,Q), and that both effects are mediated by the
generation of NCAD dimers, as they are abrogated by ADH1.

UPA-induced formation of NCAD dimers protects the
synapse and dendritic branches from the harmful effects

of Ap

Our confocal microscopy studies show that the expression of
NCAD is decreased in the II/III layers of the frontal cortex of
AD patients (Fig. 84,B) and 6-month-old 5xFAD mice (Fig. 8C,

D). We then decided to study the expression of NCAD in WT
cerebral cortical neurons after 24 h of incubation with 100 nm of
A 1-42 oligomers, in the presence of 5 nm of uPA or its ATF,
or a comparable volume of vehicle (control). A subset of neurons
was treated with a combination of uPA and 4 ug/ml of anti-
uPAR blocking antibodies. These experiments revealed that A3
decreases the expression of NCAD, and that this effect is abro-
gated by uPA (Fig. 8E,F) via a uPAR-mediated mechanism (Fig.
8G,H) that does not require plasmin generation (Fig. 81,]). More
importantly, we found that the harmful effect of AB on the
number of dendritic branches (Fig. 8K,L) and intact synaptic
contacts (Fig. 8M,N) is attenuated by uPA, and that this protec-
tive effect is mediated by the formation of NCAD dimers as it
was abrogated by cotreatment with ADHI.

Discussion

The cerebral cortex has six layers with more or less well-differen-
tiated populations of cells (DeFelipe et al., 2006). Hence, while
layers I and IV contain mostly neuropil (layer I) and stellate neu-
rons (layer IV) with locally ramifying axons, layers II/IIT and V
harbor pyramidal neurons that establish excitatory connections
with other areas of the brain (DeFelipe et al., 2006). Our confocal
microscopy studies show that uPA is abundantly found in the II/
III and V cortical layers of the frontal cortex, and that this exp-
ression pattern is similar in the murine and human brain.
Furthermore, we show that glutamate, at concentrations that
increase synaptic activity and induce neuronal plasticity, promotes
its release via a calcium-dependent mechanism. Importantly,
although astrocytes (Diaz et al., 2019) and endothelial cells (Prager
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Figure 6.  uPA protects the synapse from the harmful effects of Aj3. A, B, WT cerebral cortical neurons incubated during 24 h with 100 nm of A3 1-42 oligomers, alone or in combination

with 5 nu of uPA, or with vehicle (control), were treated with a combination of 5 um of AM1-44 and 45 mm of KCl. Cells were then washed and treated 5 min later with 5 zm of ADVASEP-7
to reduce background and induce the release of membrane-bound AM1-44. Fluorescence intensity at this point corresponds to AM1-44 loaded into presynaptic vesicles (depicted with an
arrow). Five minutes later, cells were treated with 45 nu of KCl to induce the release of AM1-44 incorporated into synaptic vesicles. B, Values indicate fluorescence intensity before second dose
of KCI (AM1-44 loaded into synaptic vesicles). Each experiment was repeated six times for a total of 30 observations per experimental condition. 4, p << 0.05 when A3 -treated cells are com-
pared with A3 /uPA- (*) and vehicle (control)-treated (%) neurons. A, B, Statistical analysis: two-way (A) and one-way (B) ANOVA with Tukey’s multiple comparisons test. CF, Representative
confocal micrographs of WT cerebral cortical neurons incubated during 24 h with A3, alone or in the presence of either uPA (C) or its ATF (E) an immunostained with Hoechst and antibodies
against bassoon (green) and PSD-95 (red). Bottom panels, The 4x magnification of the area depicted by the dashed squares. D, F, The mean number of bassoon/PSD-95-positive puncta in
neuronal extension of WT neurons exposed to the experimental conditions described in € and E, respectively. D, n=56. F, n = 40. Statistical analysis: one-way ANOVA with Tukey’s multiple
comparisons test. G, Mean number of STX-I-positive puncta in extensions of WT neurons incubated 24 h with 100 nm of A3 1-42 oligomers or a comparable volume of vehicle (control).
n=40. Statistical analysis: two-tailed Student’s t test. H, Representative recordings of sEPSCs in WT cerebral cortical incubated during 24 h with vehicle (control) or A3, alone or in combina-
tion with uPA. I, J, Mean amplitude (/) and frequency (J) of SEPSCs in WT cerebral cortical neurons exposed to the experimental conditions described in H. n=23 (control cells), 24 (cells treated
with A3 alone), and 18 (cells treated with A3 in the presence of uPA). Results are presented as percentage of amplitude and frequency in relation to control cells. Each observation was

repeated with cells from 5 different cultures. Statistical analysis: one-way ANOVA with Holm-Sidak’s multiple comparisons test.

etal.,2004) also express uPA, our studies with synaptoneurosomes
indicate that, in the cerebral cortex and cultured cerebral cortical
neurons, most of uPA is found in the synapse. However, it is im-
portant to note that we also detected a less intense band of immu-
noreactivity to anti-uPA antibodies in whole-brain extracts that
may correspond to uPA in glia, endothelial cells, and the shaft of
neuronal extensions.

The PA system plays a role in the pathogenesis of AD (Barker
et al., 2010). However, most of the studies published to this date
have focused on the effect of a dysfunctional tPA-plasminogen-
plasmin cascade on plasmin-mediated cleavage of A3 plaques in
advanced stages of the disease (Tucker et al., 2000; Melchor et al.,
2003). In contrast, the role of uPA in the pathophysiology of AD
remains unknown. Our work indicates that the abundance of
uPA, but not uPAR, is decreased in the synapse of neurons
located in the II/IIT and V layers of the frontal cortex of patients
with AD and 5xFAD mice. Furthermore, we show that this effect
is specific to neurons as it is not observed in astrocytes, or in
other organs, such as aorta and kidneys. Noticeably, we detected
increased GFAP immunoreactivity in some extracts from 5xFAD
astrocytes, which agrees with the reported increase in astrocytic
activation in 5xFAD mice (Sompol et al., 2017). Independently
of these considerations, our observations agree with a reported
decrease in the abundance of uPA in the plasma of patients with
early stages of AD (Whelan et al., 2019). We found that the syn-
aptic expression of uPA is already decreased in the early stages of
the disease, when A8 levels in the cerebral cortex are increased
but AB deposits are absent. These results are in line with our
observations that soluble AB oligomers decrease the synaptic
abundance of uPA, but not uPAR, and that this effect is unique

to neurons, as in our experimental paradigm A failed to
decrease the expression of uPA in astrocytes.

The unfolded protein response is crucial for cellular homeo-
stasis through transcriptional regulation of proteostasis pathways
in the endoplasmic reticulum via three stress-responsive trans-
membrane proteins: PERK, inositol requiring element 1, and
activating transcription factor 6 (Genereux et al.,, 2015). PERK
induces the phosphorylation of elF2ar (Marciniak et al., 2006),
which in turn produces a general translational halt. The unfolded
protein response is upregulated in the brain of AD patients
before the formation of plaques and tangles (Hoozemans et al.,
2009), and several lines of evidence indicate that pelF2a shuts
down mRNA translation in AD and other neurodegenerative
diseases (Chang et al, 2002), and that this effect is associated
with synaptic dysfunction and memory deficits (Ma et al., 2013).
Our data show that A increases the abundance of pelF2«, and
that inhibition of PERK abrogates the harmful effect of A on
the expression of uPA protein. Significantly, PERK and elF2«
are also found in astrocytes (Guthrie et al., 2016), so AB should
interact with an as yet unknown synaptic site or protein unique
to neurons to inhibit the translation of uPA mRNA in these cells
but not in astrocytes. More importantly, our results unveil a new
modulatory role of uPA on the unfolded protein response in
neurons, with translational implications for the treatment of
patients with AD and other neurodegenerative diseases.

Synaptic dysfunction is an early event in AD (Selkoe, 2002)
that precedes the deposition of A (Hsia et al., 1999) and corre-
lates with the development of cognitive symptoms better than
the number of plaques and tangles (Terry et al.,, 1991). Indeed,
the accumulation and deposition of AB in the brain are not
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Figure 7.  uPA regulates the expression and function of NCAD in the synapse. A-D, Representative Western blot analyses (A, €) and quantification of the mean intensity of the band (B, D)
of NCAD expression in synaptoneurosomes (SYN) prepared from WT cerebral cortical neurons incubated 30 min with vehicle (control) or 5 nm of either uPA (4, B) or its ATF (C, D). n=4.
Statistical analysis: two-tailed Student’s ¢ test. F, Representative confocal micrographs at 240 magnification of WT and uPAR™~ neurons immunostained with anti-NCAD (green) and -bas-
soon (red) antibodies after 30 min of uPA treatment. F, Mean number of NCAD/bassoon-positive puncta in extensions from WT (n = 31) and uPAR~~ (n = 36) neurons treated as described in
C. Statistical analysis: two-tailed Student’s t test. G-J, Representative Western blot analyses (G, /) and quantification of the mean intensity of the band (H, J) of NCAD expression in WT neurons
incubated during 30 min with 5 nw of either uPA (G, H) or its ATF (I, J) followed by 10 min of treatment with 0.006% trypsin. n =6 per condition. Statistical analysis: one-way ANOVA with
Tukey's multiple comparisons test. K—M, Representative Western blot analysis (K) and normalized intensity of the band (L, M) of NCAD monomers (K, L) and dimer expression (black arrow in
K; quantification in M) in the soluble (Sol.) and insoluble (Ins.) fractions of extracts prepared from the cerebral cortex of WT mice following treatment with uPA. n =4 per condition. Statistical
analysis: two-tailed Student’s ¢ test. N, 0, Representative Sholl analyses (N) and mean number of dendritic intersections 0-70 wm from the neuronal soma (0) in WT cerebral cortical neurons
treated with either vehicle (control), or 5 nm of uPA, or 175 um of the NCAD inhibitor ADH1, or a combination of uPA and ADH1. *p << 0.05 compared with neurons treated with vehicle (con-
trol). 3p << 0.05 compared with neurons treated with uPA and ADH1. n=90 cells/per condition. Lines indicate SEM. Statistical analysis: two-way ANOVA with Dunnett’s multiple comparison
test. P, Q, Representative confocal micrographs (240x) of extensions of WT neurons immunostained with antibodies against bassoon (red) and-PSD-95 (green) after 30 min of treatment with
uPA or vehicle (control), alone or in the presence of the NCAD inhibitor ADH1. @, The mean number of bassoon/PSD-95-positive puncta in 64-93 extensions from neurons exposed to the exper-
imental conditions described in P. Statistical analysis: one-way ANOVA with Holm-Sidak's comparisons test.

sufficient to cause cognitive symptoms (Price and Morris, 1999;  report that neuronal uPA protects the synapse from the harmful
Aizenstein et al., 2008), and multiple studies have shown that  effect of AB; (2) it indicates that this protective role is mediated
soluble AB is more toxic than the aggregate forms (Jin et al., by uPAR and independent of uPA’s ability to cleave plasminogen
2011). Accordingly, several lines of experimental work have  into plasmin; (3) it shows that AB does not have an effect on the
shown that soluble AB oligomers have a harmful effect on the  abundance of uPAR, thus opening the possibility of using
synapse (Fitzjohn et al., 2001; Selkoe, 2002; Lacor et al, 2007),  recombinant uPA to reverse the harmful effects of A on the
and that cortical levels of soluble A correlate with synaptic dys- ~ synapse; and (4) it indicates that uPA plays a crucial role in the
function (Lue et al., 1999) and loss of synaptic proteins, such as  early stages of the disease.

bassoon and PSD-95 (Almeida et al,, 2005). Our data indicate Cadherins are a family of proteins that mediate the formation
that AB impairs synaptic function and that this effect is abro-  of adherent contacts between apposing membranes (Geiger and
gated by treatment with uPA. In contrast, in our experimental ~ Ayalon, 1992). A link between cadherins and uPA has been pro-
paradigm, A8 did not alter the structural integrity of the presyn-  posed in various experimental systems. Accordingly, some stud-
aptic membrane, as denoted by unchanged levels of STX-I in  ies have shown that E-cadherin increases the expression of uPA
A B -treated neurons. These observations are in line with reports  in different cell lines and tumors (Frixen and Nagamine, 1993;
indicating that A3 has a negative effect on the molecular com-  Sasaki et al., 1999; Hiendlmeyer et al., 2004; Kleiner et al., 2007),
position of the synapse without causing structural damage to the = and others have reported that E-cadherin mediates the ability of
axonal bouton and postsynaptic terminal (Chapman et al.,, 1999).  uPA to promote the dissemination of malignant cells (Munshi et
Our observations are novel for four reasons: (1) this is the first  al., 2002). We found that uPA increases the abundance of NCAD
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Figure 8.  uPA-induced formation of NCAD dimers protects against A3 -induced damage of dendritic branches and synapses. A-D, Representative confocal micrographs at 282 x magpnifica-
tion of the II/IIl cortical layers of the frontal cortex of the brain of AD patients or healthy controls (A), or 5xFAD mice and their WT littermate controls (C), immunostained with Hoechst (blue)
and antibodies against NCAD (green). B, D, The mean number of NCAD-positive puncta/2025 ,u,m2 in each experimental group. n="5 brains and 5 micrographs per brain in B, and 4 brains
and 5 micrographs per brain in D. B, D, Statistical analysis: two-tailed Student’s t test. E, F, Representative Western blot analysis (E) and quantification of the mean intensity of the band (F) of
NCAD expression in extracts from WT cerebral cortical neurons incubated during 24 h with vehicle (control) or A3 1-42 oligomers, alone or in the presence of 5 nm of uPA or vehicle (control).
n =4 per experimental condition. Statistical analysis: one-way ANOVA with Tukey’s multiple comparisons test. G, H, Representative confocal micrographs (240x) of extensions of WT neurons
immunostained with antibodies against bassoon (green) and-PSD-95 (red) after 24 h of incubation with A3, alone or in the presence of 5 nm of uPA, alone or in combination with 4 g/ml of
anti-uPAR antibodies or an 1gG isotype (control). H, The mean number of bassoon/PSD-95-positive puncta in 60 extensions from neurons exposed to the experimental conditions described in
G. Statistical analysis: one-way ANOVA with Tukey’s multiple comparisons test. I, J, Representative Western blot analysis (/) and quantification of the mean intensity of the band (J) of NCAD
expression in extracts from WT cerebral cortical neurons incubated during 24 h with vehidle (control) or A3 1-42 oligomers, alone or in the presence of 5 nu of uPA’s AFT. n =4 per experi-
mental condition. Statistical analysis: one-way ANOVA with Tukey’s multiple comparisons test. K, L, Representative Sholl analyses (K) and mean number of dendritic intersections 0-70 pm
from the neuronal soma (L) in WT cerebral cortical neurons incubated 24 h with 100 nm of soluble A3 1-42 oligomers, alone or in the presence of 5 nm of uPA, alone or in combination with
175 pm of the NCAD inhibitor ADH1. n =45 cells examined per experimental group. p << 0.05 when controls are compared with neurons treated with A3 (¥) or A3 + uPA (**); or when
cells treated with A3 are compared with cells treated with A3 + uPA (A); or when cells treated with A3 + uPA are compared with cells treated with A3 + uPA + ADH1 (#). Lines indi-
cate SEM. Statistical analysis: two-way ANOVA with Tukey’s multiple comparison test. M, N, Representative confocal micrographs (240 ) of extensions of WT neurons immunostained with
antibodies against bassoon (green) and-PSD-95 (red) after 24 h of incubation with A3, alone or in the presence of 5 nm of uPA, or with a combination of A3, uPA, and ADH1. N, The mean
number of bassoon/PSD-95-positive puncta in 44 extensions from neurons exposed to the experimental conditions described in M. Statistical analysis: one-way ANOVA with Tukey’s multiple
comparisons test.

in the synapse and induces the development of NCAD dimersin =~ NCAD expression, and that uPA-induced formation of NCAD

the cerebral cortex, and that this leads to the formation of den-  dimers protects the synapse and dendritic branches from the del-
dritic branches and bassoon/PSD-95-containing synaptic con-  eterious effect of soluble AS.
tacts. Furthermore, we found that the expression of NCAD is Synaptic activity (Kamenetz et al, 2003) and sublethal

decreased in the cerebral cortex of AD patients and 5xFAD mice, = NMDAR activation (Lesne et al., 2005) induce the release of A3
and in WT cerebral cortical neurons incubated with AB. These  and increase its levels in the interstitial space (Cirrito et al.,
observations agree with reports indicating that A3 decreases the ~ 2005). Because our data show that glutamate, at doses that
expression of NCAD in the synapse of the frontal cortex of AD  increase synaptic activity without inducing cell death, also indu-
patients (Ando et al., 2011). More importantly, our results indi-  ces the release of neuronal uPA, then we propose a model in
cate that uPA treatment abrogates the harmful effect of AB on  which synaptic activity induces the release of both A3 and uPA.
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In the early stages of this process, uPA counteracts the toxic
effect of AB by increasing the abundance of NCAD in the syn-
apse. However, this homeostatic effect is lost when high concen-
trations of AB halt the translation of uPA mRNA by inducing
PERK-mediated phosphorylation of elF2a. We acknowledge
that the PERK inhibitor used in our studies may have unknown
unintended off site effects. However, our demonstration that it
effectively inhibits A 8 -induced elF2a phosphorylation supports
our hypothesis that A3 has a negative effect on uPA expression
via PERK-mediated elF2a phosphorylation. Significantly, A3
decreases NCAD, but not uPAR expression in the synapse. Thus,
by triggering the formation of NCAD dimers, binding of
recombinant uPA to endogenous uPAR is capable to rescue syn-
apses and dendritic branches from the harmful effects of AB.
This is a novel role for uPA with important implications for the
understanding of the pathophysiological events that cause early
synaptic dysfunction in AD, and for the development of potential
therapeutic strategies to protect the synapse before the progres-
sion to irreversible brain damage.
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