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Abstract

Mutants of presenilinl (PS1) increase neuronal cell death causing autosomal dominant Familial
Alzheimer’s disease (FAD). Recent literature shows that treatment of neuronal cultures with low
concentrations of trypsin, a member of the serine family of proteases, protects neurons from toxic
insults by binding to the Proteinase-Activated Receptor-2 (PAR2) and stimulating survival kinase
ERKZ1/2. Other studies show that PS1 is necessary for the neuroprotective activity of specific
neurotrophic factors, such as BDNF, against excitotoxicity and oxidative stress. Here we show that
treatment of mouse cortical neuronal cultures with trypsin activates ERK1/2 and protects neurons
against glutamate excitoxicity. The trypsin-dependent ERK activation and neuroprotection requires
both alleles of PS1, because neither PS1 knockout nor PS1 hemizygous neuronal cultures can use
exogenous trypsin to activate ERK1/2 or increase neuronal survival. The protective effect of PS1
does not depend on its y-secretase activity since inhibitors of y-secretase have no effect on trypsin-
mediated neuroprotection. Importantly, cortical neuronal cultures either heterozygous or
homozygous for PS1 FAD mutants are unable to use trypsin to activate ERK1/2 and rescue
neurons from excitotoxicity indicating that FAD mutants inhibit trypsin-dependent
neuroprotection in an autosomal dominant manner. Furthermore, our data support the theory that
PS FAD mutants increase neurodegeneration by inhibiting the ability of neurons to use cellular
factors as protective agents against toxic insults.
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INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form of
dementia. Most AD cases are sporadic, although a small fraction (about 5%) of all cases are
caused by genetic mutations and are classified as familial AD (FAD). FADs are caused by
specific mutations in the genes of the amyloid precursor protein (APP), presenilinl (PSI),
and presenilin2 (PS2) and are transmitted in an autosomal dominant manner. Most known
FAD cases map on the gene of PS1. Presenilins (PSs) belong to a family of homologous
multi-pass transmembrane proteins that are found as part of the y-secretase complex (1, 2)
and have been shown to have y-secretase-dependent and -independent functions (3).
Furthermore, FAD mutants of PS1 have been linked to increased neurotoxicity in animal
models of AD (4, 5).

In addition to deposition of protein aggregates and inflammation, the hallmarks of
neurodegenerative diseases include increased neuronal loss in selective brain regions
suggesting that potential therapies against neurodegeneration may include factors able to
protect neuronal cells against toxic insults such as excitotoxicity and oxidative stress. Recent
studies have shown that trypsinogen, the inactive precursor of trypsin, enhances white matter
neurogenesis (6) while others identified trypsin as a neuroprotective factor against kainate
toxicity (7). Trypsin belongs to the serine family of proteases and has been shown to activate
matrix metalloproteinases (MMPSs) and to function as a signaling agent by activating the
Proteinase-Activated Receptor-2 (PAR2), a seven transmembrane domain G protein-coupled
receptor expressed in neurons and glia (8). Specifically, low concentrations of trypsin
activate PAR2 by promoting cleavage of its extracellular N-terminus thus creating a new N-
terminus which acts as a “tethered-ligand” by binding the extracellular sequence of PAR2
and activating its signaling (9, 10). Trypsin-activated PAR2 stimulates the phosphorylation/
activation of mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK1/2) (9, 11, 12), a key factor in cell growth and survival (13-15). However, other
studies have shown that astrocytic PAR2 activation can inhibit ERK phosphorylation (7).
Furthermore, PAR2 has been implicated in neurodegenerative diseases as neuronal PAR2
activation protects neuronal cells against A 1-42 toxicity (16), while in multiple sclerosis
(MS), patients show increased activation of PAR2 in white matter (17). In the present study,
we show that trypsin protects primary cortical neuronal cultures against glutamate
excitoxicity, a function that requires PAR2 and phosphorylation/activation of MAP kinase
ERKZ1/2. Importantly, PS1 null neurons are unable to use trypsin in neuroprotection while
PS2 has no effects on the neuroprotective functions of trypsin. Finally we present data that
FAD mutations of PS1 abolish the trypsin-mediated neuroprotection and the trypsin-induced
phosphorylation of ERK1/2 in an autosomal dominant matter.

MATERIALS AND METHODS

Reagents

Common reagents, MEK/ERK inhibitor UO126 and soybean trypsin inhibitor (SBTI) were
from Sigma (St. Louis, MO) and matrix metalloproteinase inhibitor GM6001 was from
Millipore. Neurobasal medium and B27 supplement were from Invitrogen (Eugene, OR),

Neurobiol Aging. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nikolakopoulou et al. Page 3

anti-ERK1/2 and pERK Thr202/Tyr204 from Cell Signaling Technology (Beverly, MA,
USA) and anti-c-myc was from SantaCruz Biotechnology, Inc. y-secretase inhibitor (DAPT)
was from EMD Millipore-Calbiochem (CA).

Neuronal cultures

Primary neuronal cultures were prepared from E15.5 PS1+/+ (WT), PS1-/- (KO) PS1+/-
(KO/+), PS1+/1213T, 1213T/1213T, PS1+/M146V and M146VV/M146V embryonic brains
and genotypes were determined as described previously (5, 18, 19). Neocortices were
dissected out, treated with 0.025% of trypsin in Krebs-Ringer buffer [containing (in mM)
120 NaCl, 5.0 KClI, 25 NaHCOQg3, 1.2 KH,PQy4, 1.5 MgCl,, 10 glucose, pH 7.4] for 10 min at
37 °C and, subsequently, were mechanically dissociated in DNase I-containing (0.008%)
Krebs-Ringer buffer. After centrifugation, the dissociated cells were resuspended in
Neurobasal medium containing B27 and plated on Poly-D-Lysine coated 24-well dishes at 2
x 10° cells/well and used at 7DIV. PAR2 KO neurons from the crossing of B6.CG-

F2rl1 tmIMslb/j mice (Jackson labs) were prepared as described above.

Cell survival assays

Hoechst staining assay (Sigma) was used to measure neuronal viability as previously
described (20, 21). Briefly, neurons on poly-D-lysine-coated 24-well plates were pre-treated
with 5.25nM trypsin (Sigma) for 1 hour followed by 50uM glutamate for 3 hours. Cells were
then fixed in 4% paraformaldehyde for 20 minutes at room temperature and stained with
Hoechst 33342 for 10 minutes. Neurons were observed under a fluorescence microscope on
ultraviolet illumination. Numbers of viable neurons were counted in 9 fields per well with at
least 20 neurons per field, and cell counting was performed by at least two independent
researchers using different preparations Results are expressed as percent of control value.
Progranulin was added to the cultures 24h before glutamate treatment at 35nM
concentration.

Treatment with inhibitors and cell lysates

Cells were treated with MEK/ERK inhibitor UO126 (10 pM), soybean trypsin inhibitor
(SBTI, 11nM) or matrix metalloproteinase inhibitor GM6001 (2.5 pM) 3.5 hours prior to
glutamate addition and with y-secretase inhibitor DAPT (4 um) 6 hours before glutamate
addition. Cell lysates for Western blotting were prepared in SDS lysis buffer [(in mM) 100
Tris-HCI, 20 NaCl, 10 EGTA, 10 EDTA, 1% SDS, phosphatase inhibitors: 20 NaF, 5 sodium
orthovanadate, 1 sodium pyrophosphate, and 200 microcystin, containing complete protease
inhibitor mixture (Boehringer Mannheim, Indianapolis, IN)]. The following antibodies were
used for blotting analysis: anti-ERK1/2 and pERKThr202/Tyr204 (as above), anti-PAR2
(Enzo Life Sciences Inc.), anti-GFP and anti c-myc (as above).

Statistical analysis

Statistical analysis was based on densitometric data from several independent experiments.
Results are expressed as mean + SEM. Statistical significance was determined using one-
way ANOVA followed by Tukey’s post hoc where applicable.
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Trypsin protects neurons from glutamate excitotoxicity in a PAR2- and ERK1/2-dependent

manner

Previous studies have shown that low concentrations of trypsin protect organotypic
hippocampal slice cultures against kainate insult (7). As shown in Fig. 1A, following
glutamate treatment, 60.2+ 3.12% of neurons survive compared to untreated neurons. In
contrast, pre-treatment with trypsin increases the percentage of surviving neurons to
77.8+3.74% (n=4, P<0.05), showing that trypsin protects neurons from glutamate toxicity.
To elucidate the signaling pathway through which trypsin decreases glutamate-induced
neuronal death, we examined ERK1/2 phosphorylation that has been reported to be induced
by trypsin in cell lines (11, 22, 23). Fig. 1B shows that trypsin causes a significant and
sustained increase in the phosphorylation of ERK1/2 Thr202/Tyr204 (Fig. 1B). Furthermore,
U126, a specific inhibitor of the MEK/ERK1/2 pathway (24), blocks the trypsin-induced
ERKZ1/2 phosphorylation and neuroprotection (Fig. 1C), suggesting that trypsin-mediated
neuroprotection against glutamate depends on ERK1/2 phosphorylation. In addition, we
have performed western blots that show that concomitant application of glutamate and
trypsin in wt neurons increases pERK activation relatively to untreated and glutamate-
treated neurons 4h post treatment (Sup Fig 1).

It is has been reported that trypsin activates PAR2 receptor by cleaving its N-terminus (10,
11, 25) and that activated PAR?2 initiates a signaling cascade that results in increased
phosphorylation/activation of survival kinase ERK1/2 (11, 22). To examine whether
neuroprotection and presumed PAR2 activation are trypsin-dependent, we used Soybean
trypsin inhibitor (SBTI) that specifically inhibits the proteolytic activity of trypsin (26). Fig.
2 (A and B) shows that treatment of neuronal cultures with SBTI eliminated both, the
trypsin-induced neuroprotection and ERK1/2 phosporylation indicating that the proteolytic
activity of trypsin is necessary for trypsin-induced ERK1/2 activation and neuroprotection.
To examine whether PAR2 receptor is necessary for the neuroprotective function of trypsin,
we used cortical neurons from PAR2 knockout (KO) mice. Figure 2C shows that neuronal
cultures from PAR2 null mice are unable to use trypsin as a neuroprotective factor against
glutamate-induced death supporting the suggestion that PAR2 mediates the neuroprotective
function of trypsin. In contrast, Fig. 2D shows that absence of PAR2 has no effect on the
neuroprotective function of Progranulin (PGRN), a protein known to protect against
glutamate toxicity (21). Furthermore, Fig. 2E shows that, in contrast to wild type (WT)
neurons, there is no significant upregulation of phospho-ERK1/2 (pERK) following trypsin
treatment of PAR2 KO neurons. Together, these data indicate that trypsin-induced
neuroprotection depends on PAR2 and is mediated by the ERK1/2 survival signaling
pathway.

Trypsin-dependent neuroprotection requires both PS1 alleles, but is independent of PS2
and y-secretase

It was recently shown that PS1 is necessary for the neuroprotective functions of BDNF and
ephrinB1 (20). To examine whether PS1 plays a role in the trypsin-dependent
neuroprotection we used mouse cortical neuronal cultures missing either one (KO/+) or both
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(KO) PS1 alleles prepared as described (20, 21). Fig. 3A shows that in contrast to WT
neurons (Fig. 1), neuronal cultures that lack either one or both PS1 alleles are not able to use
trypsin as a neuroprotective factor against glutamate excitotocity. These data indicate that
absence of even one PS1 allele results in decreased trypsin-dependent neuroprotection, a
result similar to that reported for the ephrinB- and BDNF-dependent neuroprotection (21).
We then examined whether PS1 affects the trypsin-induced phosphorylation of neuronal
ERK1/2. As shown in Fig. 3B, trypsin fails to induce a significant increase of p-ERK1/2 in
neurons prepared from either hemizygous (KO/+) or homozygous (KO) PS1 knockout mice
suggesting that both PS1 alleles are necessary for trypsin-dependent phosphorylation of
survival kinase ERK1/2. Similarly, simutaneous treatment with trypsin and glutamate does
not increase ERK phosphorylation in PS1 KO neurons (Supp Fig 1). In contrast, absence of
neuronal PS2 has no effect on the trypsin-dependent neuroprotection against glutamate (Fig.
30).

Since PS1 is part of the y-secretase complex (27-29), we asked whether inhibition of y-
secretase activity interferes with the trypsin-dependent neuronal survival. To this end, we
used the y-secretase inhibitor DAPT extensively used to study y-secretase function (30, 31).
As shown in Fig. 4, DAPT has no effect on the trypsin neuroprotection, suggesting that y-
secretase activity does not play a role in this function of trypsin. This result is in accordance
with previous studies showing that the PS1-mediated neuroprotective activities of BDNF and
ephrinB1 are independent of y-secretase (20).

PS1 FAD mutations inhibit trypsin-induced neuroprotection against glutamate toxicity

To examine whether PS1 FAD mutations affect the trypsin-mediated neuroprotection against
glutamate, we used cortical neurons from knockin (KI) transgenic mice carrying FAD
mutant PS11213T available in our laboratory (18). This mouse model has the same genotype
as human patients carrying this PS1 FAD mutation (18) and should closely recapitulate /n
vivo effects of this mutation on neuronal survival. Heterozygous animals carrying a WT and
a FAD mutant allele of PS1 have been considered to resemble more the human disease
compared to overexpression or knockout models. Our results indicate that the presence of
even one FAD mutant allele of PS1 is sufficient to inhibit the trypsin-dependent
neuroprotection from glutamate toxicity (Fig. 5A, B). We next asked whether the PS1 FAD
allele 1213T has any effects on the trypsin-induced phosphorylation of ERK1/2. Fig. 5C, D
shows that the trypsin-induced increase in p-ERK1/2 is abolished in the presence of either
one or two alleles of this FAD mutant, a result similar to that observed in KO/+ and KO
animals (Fig. 3). These data suggest that PS1 FAD mutation 1213T inhibits trypsin-mediated
neuroprotection by inhibiting trypsin-induced ERK1/2 phosphorylation/activation.

To examine whether inhibition of trypsin-induced neuroprotection is specific to the 1213T
PS1 allele, we examined neurons derived from a second KI mouse model expressing the
FAD mutant allele PS1 M146V (5). Similar to neurons carrying the 1213T allele, primary
cortical neuronal cultures from mouse brains carrying either one or two PS1 M146V alleles
showed no trypsin-dependent neuroprotection against glutamate excitotoxicity (Fig. 6A, B).
Furthermore, p-ERK1/2 was not upregulated by trypsin in neuronal cultures prepared from
brains carrying either one or two alleles of FAD mutant PS1 M146V (Fig. 6C, D), a result
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similar to that obtained in neurons carrying the PS1 1213T mutant. Taken together, our
studies show that even in the heterozygous state, PS1 FAD mutants inhibit the trypsin-
dependent phosphorylation of ERK1/2 kinase and abolish trypsin-dependent
neuroprotection.

DISCUSSION

PS1 plays pivotal roles in the neurodegeneration of FAD as most mutations linked to this
disorder map on the gene of PS1. PS1 is an important component of the y-secretase enzyme
that processes many transmembrane proteins, including APP, Notchl and cadherins, and
plays critical roles in the production of AB (2). In addition, PS1 has y-secrertase independent
functions in neuroprotection and electrophysiological properties (20, 32-34). The
mechanism however by which PS mutations promote neurodegeneration is still unclear and
both AB-dependent and -independent mechanisms have been proposed (35). Trypsin belongs
to the superfamily of serine proteases such as kallikrein and activated protein C (36, 37),
which participate in cell proliferation, migration and differentiation and has recently been
implicated in neurogenic (6) and neuroprotective (7) functions. Studies in organotypic
hippocampal slice cultures showed that trypsin affects cell survival (7) by activating PAR2, a
G-coupled receptor that is specifically activated by this protease (9, 10). The protease
activity of trypsin cleaves the N-terminal sequence of PAR2 receptor (see Introduction), an
event that initiates a signaling cascade resulting in the phosphorylation/activation of survival
kinase ERK1/2 (10, 21, 22). However, the role of trypsin against excitotoxicity in pure
neuronal cultures that are devoid of other cell types, and the involvelment of PS1 FAD
mutants have not been demonstrated.

Excitotoxicity, a neuronal insult due to excessive activation of glutamate receptors, has been
implicated in the pathogenesis of many neurodegenerative disorders including AD (38, 39).
Thus, agents that protect neurons from excitotoxicity are considered potential treatments of
neurodegenerative disorders (40). Here we show that trypsin is able to rescue brain primary
neuronal cultures from glutamate excitotoxicity. Furthermore, we found that trypsin-induced
protection of primary neurons depends on PAR2 as PAR2 KO neurons are not rescued by
trypsin from glutamate-iduced death and they do not show trypsin-induced increase of
ERK1/2 phosphorylation. SBTI, a specific inhibitor of the trypsin protease activity, inhibits
trypsin-induced neuroprotection and ERK1/2 phosphorylation suggesting that trypsin exerts
its neuroprotective function by proteolytically activating the PAR2 receptor. Interestingly,
PAR?2 has no effect on the PGRN-dependent neuroprotection against glutamate (27),
indicating that this receptor specifically mediates the neuroprotective functions of trypsin.
Since several studies show that trypsin activates matrix metalloproteinases (MMP) (41-43),
we used the general MMP inhibitor GM6001 (44), to ask whether trypsin-mediated
neuroprotection depends on activation of MMPs. We found that this inhibitor has no effect
on the neuroprotective function of trypsin (data not shown), suggesting that activation of
MMPs is not involved in trypsin neuroprotection.

Our data show that absence of either one (haploinsufficiency) or both PS1 alleles
significantly reduces trypsin-dependent neuroprotection. The haploinsufficiency effect of
PS1 is similar to reports showing that the neuroprotective function of BDNF /n vitro
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depends on both PS1 alleles and that neurons expressing reduced levels of PS1 show
reduced BDNF-dependent neuroprotection against excitotoxicity (20). In addition, we found
that neither PS2, a protein homologous to PS1, nor y-secretase activity affect the trypsin-
induced neuroprotection against glutamate, indicating that this function of trypsin is
specifically mediated by PS1 in a non-y-secretase-dependent manner. In summary, our data
suggest that PS1 is needed for the trypsin-induced activation of PAR2 signaling and ERK1/2
activation. The mechanism, however, by which PS1 mediates PAR2 activation is unknown.
Since both PS1 and PAR2 are located at the plasma membrane it is reasonable to speculate
that PS1 may modulate the mechanism by which trypsin activity cleaves PAR2.

Our data showing that the absence of one PS1 allele results in significant reduction of the
trypsin-dependent neuroprotection supports the hypothesis that inactivation of even one PS1
allele by genetic mutations decreases neuronal protection from toxic insults. Such a
mechanism may result in increased rates of neuronal cell death /in vivo, a process that over
many years may lead to significant neuronal loss and dementia. This observation seems
analogous to familial forms of frontotemporal dementia (FTD) where loss/inactivation of
one allele of PRGN (haploinsufficiency) results in dominant transmission of FTD (45) and
raises the possibility that loss of PS function by allele interference (35) may be involved in
FAD neurodegeneration caused by PS mutants. Thus, we tested the effects of PS1 FAD
mutants on the survival of primary cortical neuronal cultures carrying the same genotype as
human FAD patients. Our results show that the presence of either one (heterozygous state) or
both (homozygous state) PS1 FAD mutant alleles abolishes trypsin-dependent
neuroprotection. Thus cortical neuronal cultures either heterozygous or homozygous for
FAD mutant PS1M146V show decreased trypsin neuroprotection against excitotoxicity
compared to WT. Importantly, we obtained similar data with neurons carrying FAD mutant
PS11213T providing further support to the hypothesis that PS1 FAD mutations may interfere
with the function of PS1 in trypsin-induced neuroprotection. Together, our observations
suggest that FAD mutants may increase the rate of neuronal cell loss by interfering with PS-
dependent neuroprotective mechanisms against toxic insults in the brain. Over time the
increased rate of neuronal loss may lead to dementia.

In conclusion, our studies using cortical neuronal cultures /in vitro indicate that trypsin acts
as a neuroprotective factor against glutamate excitotoxicity and that trypsin-induced
neuroprotection depends on both PS1 and PAR2 receptor. In addition, the presence of both
neuronal PS1 alleles is necessary for trypsin-dependent neuroprotection. Furthermore,
neurons carrying either heterozygous or homozygous PS1 FAD mutants are unable to use
trypsin as a neuroprotective agent against toxic insults. These data support the theory that
PS1 FAD mutations may increase the rate of neurodegeneration /n vivo by inhibiting
neuroprotective function of PS1 against toxic insults.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The highlights of this study are:

a.

Trypsin shows neuroprotective properties against glutamate toxicity in cortical
neurons.

Trypsin-induced neuroprotection depends on ERK activation, inhibition of ERK
abolishes trypsin-mediated neuroprotection

PS1 is necessary for trypsin-induced neuronal survival against glutamate-
induced toxicity, absence of PS1 inhibits trypsin-induced ERK activation and
trypsin-mediated neuroprotection.

PS1 mutations found in FAD also inhibit trypsin-induced neuroprotection and
ERK activation.

Trypsin neuroprotection depends on activation of its receptor, PAR2; PAR2
knockout neurons are not rescued by trypsin from glutamate neurotoxicity and
this effect is specific since progranulin-dependent neuroprotection is not affected
by the absence of PAR2.
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Figure 1. Trypsin induces neuroprotection via ERK1/2 phosphorylation
(A) WT mouse cortical neurons at 7 days in vitro (DIV) were pretreated with 5.25 nM

trypsin for 60 minutes followed by incubation with 50 pM glutamate for 3 hours. Cells were
then fixed with 4% paraformaldehyde and stained with Hoechst 33342 as described (20).
Nine pictures were taken from each well and each condition represented the average of 3-4
wells. Cell survival was measured by counting the number of cells with normal nuclear
morphology (wt vs glutamate, P<0.001, glutamate vs glutamate+trypsin P<0.05, glutamate
+trypsin vs glutamate+trypsin+U0O126 P=0.05). Results (mean + standard error [SE]) were
calculated from 4 independent experiments. * p<0.05, ** p <0.005, *** p<0.001 comparing
cultures treated with glutamate in the presence or absence of trypsin (One-way Anova,
Tukey’s post-hoc). (B) Mouse cortical neurons were cultured and treated with trypsin as
above for the indicated time periods. Untreated cultures were used as controls (NT).
Following incubation, cells were collected and assayed on Western blots (WBs) for the
indicated proteins. (Left) A representative blot out of 7 independent experiments is shown.
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(Right) Densitometric analysis of p-ERK 1/2 in the presence of trypsin at different time
points expressed as percentage of phospho-ERK 1/2 (p-ERK) to total ERK 1/2 (t-ERK) ratio
that was set as 100% for control (NT). Bars represent phospho-protein to protein ratios
relative to control. (C) ERK 1/2 inhibitor U0126 (10 uM) blocked trypsin-induced ERK1/2
phosphorylation. Inhibitor was added to cultures 30 minutes prior to addition of 5.25 nM
trypsin. Neurons were subsequently collected at the indicated times and subjected to SDS-
PAGE and WBs as above (Left). (Right) Quantitative data show that UO126 inhibits trypsin-
induced neuroprotection against glutamate. Results (mean + standard error [SE]) were
calculated from 4 independent experiments. *p<0.05, ** p <0.005 (Tukey’s post-hoc).
UO0126 shows no toxicity when administered in culture.
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Figure 2. Trypsin activity and PAR2 receptor are necessary for trypsin-induced neuroprotection
against glutamate excitotoxicity

(A) Treatment of 7DIV cortical neurons with 11 nM SBTI 30 minutes prior to trypsin
administration inhibits trypsin-induced neuroprotection against glutamate toxicity
(glutamate vs glutamate+trypsin P<0.05, glutamate+trypsin vs glutamate+trypsin+SBTI
P<0.05). Results (Tukey’s post-hoc, mean * standard error [SE]) were calculated from 4
independent experiments. SBTI shows no neurotoxicity. (B) SBTI (11 nM) blocks trypsin-
induced ERK1/2 phosphorylation. Inhibitor was added to cultures 30 minutes prior to the
addition of 5.25 nM trypsin. Neurons were subsequently collected at the indicated times
after trypsin administration and subjected to SDS-PAGE and WB as above. (C) PAR2 KO
mouse cortical neurons were treated at 7DIV with 5.25 nM trypsin for 1 hour, followed by 3
hours of exposure to glutamate. Cells were fixed in 4% paraformaldehyde, stained with
Hoechst and neuronal survival was measured as described in Fig. 1. Trypsin treatment does
not protect against glutamate in cortical neurons lacking PAR2 (percentage of survival for
glutamate treated neurons 59.7+2.2, for glutamate +trypsin treated neurons 56.94+2.3).
Results (mean + standard error) were calculated from 5 independent experiments. (D) PAR2
deficiency has no effect on progranulin-induced neuroprotection against glutamate. Eight
DIV mouse PAR2 KO cortical neurons were treated overnight with 35nM progranulin, fixed
as described above and healthy Hoechst stained nuclei were counted. Progranulin is
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neuroprotective even in the absence of PAR2 (P<0.05, n=4). (E) Densitometric analysis of p-
ERK 1/2 in the presence of trypsin at different time points expressed as percentage of
phospho-ERK 1/2 (p-ERK) to total ERK 1/2 (t-ERK) ratio that was set as 100% for control
(NT). Bars represent phospho-protein to total protein ratios relative to control. *p<0.05,
(Tukey’s post hoc). (F) A representative blot out of 5 experiments shows no ERK activation
after trypsin treatment in the absence of PAR2.
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Figure 3. PS1 specifically promotes trypsin-induced neuroprotection and ERK1/2
phosphorylation

(A) Seven DIV mouse PS1 KO/+ (left) and PS1 KO (right) neuronal cultures were treated
with 5.25 nM trypsin for 60 minutes before 3h exposure to glutamate (50M) as described in
Fig. 1. Cell survival assay showed that absence of one PS1 allele is sufficient to inhibit
trypsin-mediated neuroprotection. Results (mean + standard error [SE]) were calculated
from 4 independent experiments. (B) (Upper) WT, PS1 KO/+ and PS1 KO neuronal cultures
prepared as in Fig. 1 from the same littermate were treated at 7 DIV with 5.25 nM trypsin
for the indicated time periods. Untreated cultures (NT) were used as controls. Following
incubation, cells were collected and assayed on WB for the indicated proteins. A
representative blot out of 5-7 independent experiments is shown. (Lower) Densitometric
analysis of p-ERK 1/2 in the presence of trypsin at different time points expressed as
percentage of phospho-ERK 1/2 (pERK) to total ERK 1/2 (t-ERK) ratio that was set as
100% for control (NT). Bars represent phospho-protein to total protein ratios relative to
control. *p=0.05, ** p<0.005 (Tukey’s post-hoc). (C) PS2 —/- 7DIV neuronal cultures were
treated with 5.25nM trypsin 60 minutes prior to the addition of 50 uM glutamate for 3h. Cell
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survival assay shows that trypsin rescued cortical neurons from glutamate excitotoxicity in
the absence of PS2, n=3 **p<0.005, *** p<0.001 (Tukey’s post hoc).
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Figure 4. Trypsin neuroprotection does not depend on y-secretase activity
DAPT, a y-secretase inhibitor, was added in 7DIV WT neuronal cultures at a concentration

of 4 uM, 2 hours before treatment with trypsin. Healthy Hoechst-stained nuclei were
counted and paired t-test statistical analysis showed that DAPT does not affect trypsin-
mediated neuroprotection. Results (mean + standard error [SE]) were calculated from 4
independent experiments. *p<0.05, (Tukey’s post hoc). DAPT shows no neurotoxicity
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Figure 5. Trypsin-induced neuroprotection and ERK1/2 phosphorylation are inhibited by PS1
FAD mutation 1213T

Mouse cortical neuronal cultures prepared from brains expressing one (A, 1213T/+) or both
(B, 1213T/1213T) alleles of PS1 FAD mutation 1213T were treated at 7 DIV with 5.25nM
trypsin for 60 minutes followed by 50uM glutamate as above. Quantification of Hoechst
positive nuclei shows that trypsin does not protect neurons from glutamate in either case (A,
B). Results are expressed as mean * standard error and were calculated from four
independent experiments. (C) WT, 1213T/+, and 1213T/1213T cortical neurons from the
same littermate were treated at 7 DIV with 5.25 nM trypsin for the indicated time periods.
Untreated cultures were used as controls (NT). Following incubation, cells were collected
and assayed on WB for the indicated proteins. A representative blot out of 5-7 independent
experiments is shown. (D) Densitometric analysis of p-ERK in the presence of trypsin at
different time points expressed as percentage of phospho-ERK 1/2 (p-ERK) to total ERK 1/2
(t-ERK) ratio that was set as 100% for control (NT). Bars represent phospho-protein to total
protein ratios relative to control. *p=0.05, ** p<0.005 (Tukey’s post-hoc).
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Figure 6. Trypsin-induced neuroprotection and ERK1/2 phosphorylation are inhibited by PS1

FAD mutation M146V

Mouse cortical neuronal cultures prepared from brains expressing one (A, M146V/+) or
both (B, M146V/M146V) alleles of PS1 FAD mutation M146V were treated at 7 DIV with
5.25nM trypsin for 60 minutes followed by 50uM glutamate as above. Quantification of
Hoechst positive nuclei shows that trypsin does not protect neurons from glutamate in either
case (A, B). Results are expressed as mean + standard error and were calculated from four
independent experiments. (C) WT, M146V/+ and M146V/M146V cortical neurons from the
same littermate were treated at 7 DIV with 5.25 nM trypsin for the indicated time periods.
Untreated cultures were used as controls (NT). Following incubation, cells were collected
and assayed on WB for the indicated proteins. A representative blot out of 4-7 independent
experiments is shown. (D) Densitometric analysis of p-ERK 1/2 in the presence of trypsin at
different time points expressed as percentage of phospho-ERK 1/2 (p-ERK) to total ERK 1/2
(t-ERK) ratio that was set as 100% for control (NT). Bars represent phospho-protein to total
protein ratios relative to control. *p=0.05, ** p<0.005 (Tukey’s post-hoc)
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