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Abstract
To reduce damage from toxic insults such as glutamate excitotoxicity and oxidative stresses,
neurons may deploy an array of neuroprotective mechanisms. Recent reports show that
progranulin (PGRN) gene null or missense mutations leading to inactive protein, are linked to
frontotemporal lobar degeneration (FTLD), suggesting that survival of certain neuronal
populations need full expression of functional PGRN. Here we show that extracellular PRGN
stimulates phosphorylation/activation of the neuronal MEK/ERK/p90RSK and PI3K/Akt cell
survival pathways and rescues cortical neurons from cell death induced by glutamate or oxidative
stresses. Pharmacological inhibition of MEK/ERK/p90RSK signaling blocks the PGRN-induced
phosphorylation and neuroprotection against glutamate toxicity whilst inhibition of either MEK/
ERK/p90RSK or PI3K/Akt blocks PGRN protection against neurotoxin MPP+. Inhibition of both
pathways had synergistic effects on PGRN-dependent neuroprotection against MPP+ toxicity
suggesting both pathways contribute to the neuroprotective activities of PGRN. Extracellular
PGRN is remarkably stable in neuronal cultures indicating neuroprotective activities are
associated with full-length protein. Together, our data show that extracellular PRGN acts as a
neuroprotective factor and support the hypothesis that in FTLD, reduction of functional brain
PGRN results in reduced survival signaling and decreased neuronal protection against
excitotoxicity and oxidative stress leading to accelerated neuronal cell death. That extracellular
PGRN has neuroprotective functions against toxic insults suggests that in vitro preparations of this
protein may be used therapeutically.
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1. Introduction
Progranulin (PGRN), also identified in literature as PC cell-derived growth factor (PCDGF),
acrogranin, or proepithelin, is a 593 residue polypeptide that contains a signal sequence and
7.5 homologous cysteine-rich granulin domains separated by linker sequences (Bateman,
Bennett, 2009). Mature PGRN is secreted as a highly glycosylated protein of approximately
88–95 kDa that under certain conditions is processed in the linker regions by elastase or
other proteases to produce biologically active peptides referred to as granulins or epithelins
(Zhu et al., 2002; Kessenbrock et al., 2008; Butler et al., 2008). Processing of secreted
PGRN is inhibited by the secretory leukocyte protease inhibitor (SLPI) (Zhu et al., 2002).
PGRN and its derivatives, granulin peptides, are expressed in many tissues including
epithelial cells, the gastrointestinal tract and hematopoietic cells (Daniel et al., 2000) and
have been associated with multiple biological functions such as regulation of cell growth,
cell cycle progression, embryonic development, and tissue repair (He, Bateman, 2003;
Bateman, Bennett, 2009). Studies in non-neuronal systems indicate that PGRN activates cell
signaling pathways including the extracellular regulated kinase (ERK1/2) and the
phosphatidylinositol-3 kinase (PI3K)/Akt cell survival pathways (He et al., 2002; Lu,
Serrero, 2001; Zanocco-Marani et al., 1999; Monami et al., 2006). During inflammation and
wound healing, cells secrete the protease elastase that converts PGRN to granulin peptides
which may have different, overlapping, or even opposite functions from the parent protein
(Plowman et al., 1992; Tolkatchev et al., 2008; Zhu et al., 2002). For example, while full
length PGRN acts as an anti-inflammatory agent, individual graunlin peptides have been
shown to stimulate production of pro-inflammatory cytokines (Zhu et al., 2002). These
observations suggest that a carefully maintained equilibrium between PGRN and granulin
peptides may be important to tissue homeostasis.

In the central nervous system (CNS), PGRN is expressed in both neurons and microglia
(Daniel et al., 2000; Matsuwaki et al., 2010; Ryan et al., 2009). Importantly, recent genetic
studies showed that PGRN mutations are linked to frontotemporal lobar degeneration
(FTLD), a form of dementia characterized by severe neuronal loss in the frontal and
temporal brain regions of adult patients (Baker et al., 2006; Cruts et al., 2006). These
findings renewed interest in the brain functions of this protein. To date, more than 70 FTLD-
linked PGRN mutations have been detected with most of them causing functional null
alleles (Sleegers et al., 2010). Although the autosomal dominant mode of inheritance of
PGRN-linked familial FTLD might suggest gain of a toxic function, many PGRN mutants
encode incomplete or inactive peptides indicating that PGRN haploinsufficiency can result
in dominant transmission of neurodegeneration. Based on these findings, decreased plasma
PGRN levels has been proposed as a biomarker for early diagnosis of this disorder (Sleegers
et al., 2009; Finch et al., 2009; Ghidoni et al., 2008). Besides the null FTLD mutations that
lead to decreased PGRN levels, there are at least 17 PGRN missense mutations linked to
FTLD families (Gijselinck et al., 2008). The pathogenetic nature of these mutations is less
clear than the PGRN null mutations, but it was recently reported that at least some missense
mutations also cause a decrease in the levels of functional PGRN (Shankaran et al., 2008;
Wang et al., 2010). Thus, there is strong evidence that a 50% reduction of functional PGRN
(haploinsufficiency) leads to increased neuronal cell death in adult brains supporting the
hypothesis that PGRN or its derivatives support neuronal survival.
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Recently, it was reported that secreted PGRN binds sortilin and is subsequently delivered to
lysosome through endocytosis (Hu et al., 2010). Additional studies suggest that PGRN
functions as a neurotrophic agent that may promote survival of primary neuronal cultures
under conditions of serum withdrawal (Van Damme et al., 2008; Gao et al., 2010; Ryan et
al., 2009). Furthermore, PGRN knockdown decreased axonal outgrowth in zebrafish
embryos and PGRN-deficient hippocampal slices are susceptible to glucose deprivation
(Laird et al., 2010; Yin et al., 2010). Together, these reports indicate that PGRN function as
a neurotrophic factor and may play important roles in neuronal physiology.

That reduction of PRGN leads to increased degeneration of cortical neurons in the CNS
(Bateman, Bennett, 2009; Sleegers et al., 2010), raises the possibility this protein functions
as a neuroprotctive factor. For example, PGRN may protect brain neurons from exposure to
toxic insults such as glutamate-associated excitotoxicity and oxidative stress. Both processes
are associated with neuronal activity and have been proposed to play important roles in the
development neurodegenerative disorders (Fatokun et al., 2008; Lau, Tymianski, 2010).
Here we show that extracellular PGRN activates neuronal ERK1/2 and Akt cell survival
signaling and protects neurons from toxic insults associated with neurodegeneration.

2. Materials and Methods
All chemicals were purchased from Sigma except where indicated. All animal experiments
were carried out in accordance with the rules and regulations at the Mount Sinai School of
Medicine and the Biomedical Research Foundation of the Academy of Athens.

2.1 Primary neuronal cultures
cortical neuronal cultures from embryonic brains of E18.5 Wistar rats were prepared as
described (Vogiatzi et al., 2008; Xu et al., 2009). Dissociated cells were plated onto poly–D-
lysine-coated plates at a density of approximately 60,000/cm2. Cells were maintained in
Neurobasal medium supplemented with 1% B27 (Invitrogen), L-glutamine (0.5 mM) and
penicillin/streptomycin (1% v/v) and used at 8 to 12 days in vitro (DIV). Under these
conditions post-mitotic neurons represent more than 98% of cultured cells (Paxinou et al.,
2001).

2.2 Production and purification of PRGN
HEK293T cells stably transfected with vector pcDNA3.1/V5-His-TOPO expressing human
PGRN (provided by Dr. Bateman, McGill University) were grown in DMEM supplemented
with 10% FBS and 0.5 mg/ml G418. At 100% cell confluency, the growth medium was
replaced with fresh DMEM and condition media were collected 48 hrs later. An
approximately 90 KDa protein corresponding to glycosylated full-length PGRN was present
in conditioned media of transfected, but not control, cultures (see supplemental Fig. 1). His-
tagged PGRN was bound to Ni-NTA agarose beads (Qiagen) overnight and collected beads
were washed with PBS containing 10mM imidazole. PGRN was then eluted with PBS
containing 200mM imidazole. Silver-stained SDS gels showed purified full-length PGRN
protein with minimal degradation (supplemental Fig. 1). For PGRN stability experiments,
PGRN was added to neuronal cultures for various times as indicated in the text. Elastase
alone (0.3U/ml) or elastase pre-incubated with protease inhibitors for 30 min, was added to
the media together with PGRN. At the end of reaction, media were retrieved, denatured and
analyzed by Western Blot using anti-V5 tag antibody (Invitrogen).

2.3 Cell survival assays
three independent assays were used to measure PGRN-dependent neuroprotection against
glutamate or H2O2 toxicity as indicated in Results. Hoechst staining assay of neuronal

Xu et al. Page 3

Neurobiol Aging. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



viability (Arndt-Jovin, Jovin, 1977) was determined according to manufacturer’s
instructions (Sigma). Briefly, neurons on poly-D-lysine-coated 24-well plates were treated
with glutamate for 3 hrs, fixed in 4% paraformaldehyde for 20 min at room temperature and
stained with Hoechst 33342 for 10 min. Neurons were then observed under a fluorescence
microscope on ultraviolet illumination. Numbers of viable neurons were counted in ten
fields per well with at least 20 neurons per field. Results are expressed as percent of control
value. MTT cell viability assay based on the cleavage of yellow tetrazolium salt MTT to
purple formazan (Denizot, Lang, 1986) was performed according to manufacturer’s
instructions (Sigma). In summary, neurons at 8–12 DIV grown on poly-D-lysine-coated 96-
well plates were treated with toxic agents for 3 hrs and MTT solution (1 mg/ml) was added
to each well. Plates were incubated at 37 °C for 2 hrs and the reaction was terminated by
0.1N HCl in isopropanol for 1 hr. Absorbance was then measured at 560 nm by
spectrophotometric microplate reader (Thermo Scientific) with background subtraction at
620 nm. Data are expressed as a percent of control value. Lactate dehydrogenase (LDH)
release assays (Koh, Choi, 1987), were performed using the Cytotoxicity Detection Kit Plus
(Roche) according to manufacturer’s instruction. Results are expressed as the percentage of
LDH release by non-treated cells.

2.4 Assessment of MPP+ toxicity
rat cortical neurons cultured on poly-D-lysine-coated 12-well plates for five days were
treated with 35 nM progranulin or BSA (as control) for 24 hrs prior to addition of 40 μM
MPP+. Twenty four hours after MPP+ addition, culture media were removed and cells were
lysed in a detergent containing solution that enables the quantification of viable cells by
counting the number of intact nuclei in a haemacytometer as described (Stefanis et al., 1999;
Farinelli et al., 1998). Cell counts were performed in triplicate and are reported as mean ±
SE. In experiments with inhibitors of ERK and Akt (Fig 6), MPP+ treatment was modified
in order to achieve comparable death rates in sorter time periods. This was crucial because
inhibitors are unstable in culture and may exert non-specific toxic effects when used for
longer times. Titration experiments with or without the inhibitors showed that 4 hours
treatments with the compounds, was the optimal regiment. Axonal degeneration and loss of
neuritic processes were observed using phase contrast microscopy.

2.5 Western Blot analysis
Western blots analysis was performed as described (Vogiatzi et al., 2008; Xu et al., 2009).
Briefly, neurons were washed with cold PBS and solubilized in lysis buffer containing 50
mM Tris-HCl (pH 7.6), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, phosphatase and
protease inhibitor cocktail. Cell lysates were centrifuged at 16,000 × g for 40 min and 30μg
of supernatant protein was loaded onto each well of 10% SDS-PAGE. The following
antibodies were used for blotting analysis: anti-PGRN (Zymed), anti-His (Qiagen), anti-V5
(Invitrogen), anti-ERK1/2 and pERK Thr202/Tyr204 (Cell Signaling), anti-Akt and pAkt
Ser473 (Cell Signaling), anti-p90RSK and pRSK Thr359/Ser363 as well as pRSK Ser380
(Cell signaling).

2.6 Statistical analysis
all data are expressed as mean ± SE. All data were normalized to the control (100%) and
levene’s test (embedded in SPSS) was used to assess the homogeneity of variance.
Accordingly, statistical significance of differences was evaluated either with paired t-test or
with one-way ANOVA followed by the Student-Newman-Keuls’ test as post-hoc multiple
comparisons depending on the significance of levene’s test. p values < 0.05 were considered
significant.
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3. Results
3.1 Extracellular PGRN promotes neuronal survival against toxic insults

Decreased expression of PRGN is associated with increased degeneration of cortical neurons
in the CNS (Bateman, Bennett, 2009; Sleegers et al., 2010), raising the possibility this
protein functions as a neuroprotective factor. For example, PGRN may protect brain
neuronal populations from exposure to toxic insults such as glutamate-associated
excitotoxity and oxidative stress. To better understand the effects of PGRN on neuronal
survival, we generated adequate amounts of purified protein using recombinant DNA
technology (see Materials and Methods) and asked whether exogenous PGRN is able to
protect rat cortical neuronal cultures from glutamate toxicity. Treatment of our cultures with
50 μM glutamate reduced neuronal cell viability to 53±4%, determined by Hoechst staining,
a commonly used protocol that evaluates cell survival by counting intact cell nuclei (see
Materials and Methods). Pretreatment of the neuronal cultures with recombinant PGRN
however, significantly decreased the glutamate-induced neuronal cell death (73±5%
survival) (Fig. 1A). The neuroprotective effect of PGRN against glutamate excitotoxicity
was verified by employing the MTT as well as the LDH assays, both of which are
commonly used to evaluate cell toxicity and survival (Figs. 1B and 1C, respectively).
Glutamate toxicity, measured by the amount of LDH released to the culture medium, was
reduced by PGRN proportionally to its concentration and the effect of PGRN at 35 nM was
comparable to the neuroprotective effect induced by neurotrophin BDNF used as a positive
control (Fig. 1C).

To explore whether PGRN is able to protect neurons from oxidative stress, we treated rat
cortical neuronal cultures with hydrogen peroxide (H2O2), a commonly used reagent for
induction of oxidative stress. Addition of 25 μM H2O2 reduced neuronal viability, measured
using the MTT, to about 46±4% of control while pre-incubation with 35 nM PGRN
significantly protected neurons from oxidative damage increasing cell survival to
approximately 54±5% of control. BSA used at concentrations similar to PGRN had no effect
on neuronal cell viability (Fig. 1D). MPP+, the active derivative of MPTP, is known to exert
neuronal toxicity, in part, by releasing reactive oxygen species (ROS) from the
mitochondria, as a result of complex I inhibition (Przedborski, Vila, 2003). To study the
PGRN effects against MPP+ toxicity, we exposed cortical neurons to 40 μM MPP+ for 24
hrs and cell survival was evaluated by counting intact nuclei. MPP+ treatment decreased
neuronal survival to 47±7% of control (Fig. 1E), whilst pre-treatment of these cultures with
35 nM of PGRN restored survival to nearly control levels (Fig. 1E). In contrast, pre-
treatment with BSA had no effect on the MPP+-induced neuronal death (Fig. 1E). Together,
these results indicate that PRGN has a strong neuroprotective effect against MPP+

neurotoxicity. Furthermore, our data suggest that the neuroprotective effect of PGRN
depends on the toxic agent. Thus, there is a significance difference between PGRN and Glu
+PGRN (p=0.016; 1A) but no significance between PGRN and MPP++ PGRN (p=0.516;
1E) suggesting PGRN almost completely reverses the toxic effects of MPP+ but not those of
glutamate.

Depending on culture conditions and cell type, secreted PGRN can be processed by
extracellular proteases, including elastase and proteinase 3, to produce granulin peptides that
have been proposed to have different functions from the parent protein (Zhu et al., 2002; He,
Bateman, 2003; Kessenbrock et al., 2008). To explore whether neurons secrete proteases
able to process PGRN, purified protein was added to the medium of rat cortical neuronal
cultures, and non-degradated PGRN was recovered and analyzed. Figure 2 shows that
PGRN is remarkably stable in the culture media of primary neurons even following
overnight incubation (lanes 2, 3, 6 and 9). In contrast, PGRN was quickly degraded in the
presence of exogenous elastate (lanes 4 and 7), a process inhibited by inhibitors of elastase
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(lanes 5 and 8). These data show that exogenous PGRN is not metabolized to any significant
extent by primary neuronal cultures in vitro and suggest that it is unlikely that this protein is
processed to granulins by cortical neurons in vivo. Furthermore, our observations suggest
that the neuroprotective properties of exogenous PGRN are most probably due to full-length
PRGN protein rather than granulin peptides.

3.2 Extracellular PGRN activates ERK and Akt signaling in cortical neurons
To elucidate the mechanism by which PGRN exerts its neuroprotective function, we
examined its effects on cell signaling pathways including those of ERK1/2 and Akt kinases.
Both pathways have been reported to be activated in response to PGRN in non-neuronal cell
lines (He et al., 2002; Lu, Serrero, 2001; Zanocco-Marani et al., 1999; Monami et al., 2006)
and we reasoned that these may also be activated in primary neurons. ERK1/2 and Akt
kinases are involved in cell survival and activation of the corresponding signaling pathways
is indicated by phosphorylation of ERK1/2 at residues Thr202/Tyr204 and of Akt at Ser473
(Fayard et al., 2005; Payne et al., 1991). Figure 3A shows that PGRN treatment leads to a
rapid increase in the phosphorylation of both ERK1/2 and Akt kinases at residues Thr202/
Tyr204 and Ser473, respectively. Interestingly, ERK1/2 phosphorylation peaked earlier than
Akt phosphorylation (Fig. 3A) and since there is no evidence that Akt is downstream of
ERK, these PGRN-induced phosphorylation events may be independent of each other
suggesting PGRN independently activates both survival pathways. To confirm the
specificity of ERK and Akt activation by PGRN, we employed pharmacological agents that
specifically target MEK/ERK1/2 and PI3K/Akt kinases. Pre-incubation of our cultures with
MEK/ERK1/2 inhibitor U0126 decreased phosphorylation of ERK1/2 while pre-treatment
with PI3K/Akt inhibitor LY-294002 abolished PGRN-induced Akt phosphorylation. MEK/
ERK1/2 inhibitor PD98059 and PI3K/Akt inhibitor wortmannin gave results similar to those
obtained with U0126 and LY-294002 respectively (Figs. 3B and C).

An important downstream effector of ERK1/2 kinase is the p90 ribosomal S6 kinase
(p90RSK) which is activated upon phosphorylation at residues Thr359/Ser363 and Ser380.
Following activation p90RSK travels to the nucleus where it regulates gene expression
(Anjum, Blenis, 2008). Figure 4 shows that treatment of neuronal cultures with PGRN,
induced a rapid increase in the phosphorylation of p90RSK residues Thr359/Ser363 and
Ser380. Furthermore, the PGRN-induced phosphorylation of p90RSK was blocked by
MEK/ERK1/2 inhibitor U0126 indicating that ERK1/2 mediated the PGRN-induced
phosphorylation of p90RSK. Taken together, these results show that PGRN specifically
activates the ERK1/2 and Akt cell survival pathways in neuronal populations and suggest a
mechanism by which PGRN protects neurons from toxic insults.

3.3 Inhibition of ERK1/2 and Akt signaling abolishes the neuroprotective effects of
extracellular PGRN

To examine whether the PGRN-dependent neuroprotection is indeed mediated by ERK1/2
signaling, we used MEK/ERK1/2 inhibitor U0126. Figure 5A shows that the PGRN-
dependent neuronal survival of glutamate-treated cultures is inhibited by U0126. Consistent
with these results obtained with the cell counting assay, U0126 also blocked the PGRN-
dependent decrease of LDH in the media of glutamate-treated neuronal cultures (Fig. 5B).
U0126 alone had no effect on cell survival or LDH release (Fig. 5). Despite the PRGN-
induced increase in Akt phosphorylation however, Akt inhibitors, including LY-294002, had
no effect on the PGRN-dependent neuroprotection (supplemental Fig. 2), suggesting that the
Akt signaling has little or no effect on the neuroprotective activities of PGRN against
glutamate toxicity and that MEK/ERK1/2 signaling may be the main pathway mediating the
PRGN neuroprotection against glutamate excitotoxicity.
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We then employed pharmacological inhibitors to ask whether the ERK1/2 and Akt signaling
pathways are involved in the neuroprotective function of PGRN against MPP+-induced
toxicity. Figure 6A shows that PGRN significantly inhibited the neuronal cell death induced
by toxin MPP+ and this neuroprotective effect was blocked by MEK/ERK1/2 inhibitors
including U0126 and PD98059. In contrast to the glutamate-induced toxicity however, the
neuroprotective effect of PGRN against MPP+ toxicity was partially blocked by inhibitors of
the PI3K/Akt cell survival signaling like LY-294002 and wortmannin (Fig. 6A). These data
suggest that both the ERK1/2 and Akt signaling pathways contribute to the neuroprotective
activities of PGRN against MPP+ toxicity. This suggestion is further supported by data that
inhibition of both MEK/ERK1/2 and PI3K/Akt pathways act synergistically suppressing
further the PGRN-dependent neuronal survival of MPP+-treated cultures (Fig. 6A).
Furthermore, our data indicate that these pathways contribute independently to the
neuroprotective effects of PGRN against MPP+ toxicity. Morphological examination of
MPP+-treated neuronal cultures showed that PGRN decreases degeneration of neuritic
processes caused by exposure to MPP+ and this protective process is blocked in the presence
of inhibitors against both MEK/ERK1/2 and PI3K/Akt kinases (Fig. 6B). Together, our
results reveal a novel neuroprotective function of PGRN against toxic agents, such as
neurotoxin MPP+, and suggest that this neuroprotective function of PGRN involves
activation of both ERK1/2 and Akt cell survival signaling pathways.

4. Discussion
Progranulin is a secreted protein that has been shown to play important roles in many
biological processes including inflammation, wound repair, tumorgenesis and embryonic
development (Bateman, Bennett, 2009). Genetic studies show that PGRN mutations leading
to reduced levels of functional protein (haploinsufficiency) associate with specific
neurodegeneration in the frontotemporal region of the brain (Baker et al., 2006; Cruts et al.,
2006) suggesting that PRGN functions in neuronal physiology and survival, and that specific
cortical neuronal populations may need full protein expression for sustained survival.
Indeed, recent studies indicate that PGRN has neurotrophic activities and promotes neuronal
survival under conditions of serum or trophic factor withdrawal (Van Damme et al., 2008;
Gao et al., 2010; Ryan et al., 2009). Chronic exposure of brain neurons to toxic insults such
as glutamate excitotoxicity and oxidative stress however, has been proposed as an important
factor contributing to neurodegenerative disorders characterized by progressive loss of
cortical neurons (Fatokun et al., 2008; Lau, Tymianski, 2010). In addition, these neurotoxic
mechanisms may operate in acute conditions like stroke where production of oxygen free
radicals or hyperactivity of glutamate receptors may compound neuronal damage and death.
We reason that to avoid or minimize severe neuronal damage inflicted by toxic insults,
neurons may deploy an array of neuroprotective mechanisms and that PGRN may be part of
this neuronal defense against toxic insults. Neurons deprived of the full protection of PGRN,
like in FTLD-linked PGRN mutations, may then be more vulnerable to toxic conditions than
neurons that express normal level of PGRN. Over the years this chronic vulnerability may
translate into accelerated neuronal cell loss and dementia.

PRGN is secreted as a glycosylated polypeptide indicating that it exerts at least some of its
biological functions in the extracellular space. To explore the neuroprotective properties of
extracellular PGRN and to preserve possible modifications specific to mammalian cells, we
produced and purified PGRN protein from the culture media of human embryonic kidney
(HEK293) cells overexpressing human PGRN. Purified protein was then tested in primary
neuronal cultures to ask whether PGRN protects neurons from specific toxic insults such as
glutamate-associated excitotoxicity and oxidative stresses evoked by H2O2 and MPP+. Our
results show that extracellular PGRN has potent neuroprotective functions mediated, at least
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in part, by the activation of neuronal MEK/ERK and PI3K/Akt signal transduction pathways
both of which are stimulated by extracellular PGRN.

Under certain conditions including inflammation, PGRN is processed by specific proteases,
such as elastase, to granulin peptides proposed to mediate some of the functions of the
parent protein (Plowman et al., 1992; Tolkatchev et al., 2008; Zhu et al., 2002). We thus
examined the extent to which extracellular PGRN is processed in the medium of our
neuronal cultures. Our data show that PGRN is remarkably stable in the media of neuronal
cell cultures as we failed to detect any significant degradation of PGRN even after overnight
incubation. Media PRGN was completely degraded by exogenous elastase suggesting
neurons secrete little or no elastase or other PRGN processing enzymes to the medium (Fig.
2). Our observations support the hypothesis that the detected neuroprotective effects of
exogenous PGRN are due to the full-length protein rather than its processing products
granulins, although they do not exclude similar or parallel neuronal functions of these
peptides. Our finding also suggests that secreted neuronal PRGN may act as an autocrine
signaling factor to stimulate neuroprotection. Recent reports identify sortilin as a cell surface
binding partner of PGRN indicating that this protein is internalized through sortilin-
mediated endocytosis (Hu et al., 2010). It is thus important to explore whether sortilin-
mediated endocytosis of PGRN is involved in neuroprotection. Although our data show no
decrease in the levels of extracellular PGRN, we cannot exclude the possibility that small
and undetectable fractions of PGRN are endocytosed by neuronal cell surface sortilin.
Alternatively, sortilin may be merely a regulator/controller of extracellular PGRN levels by
endocytosis destined for lysosomal degradation, and the putative receptor for neuronal
survival is yet to be found.

Exogenous PGRN rescued cell death in neuronal cultures subjected to toxic insults such as
glutamate, H2O2 and MPP+, but did not significantly alter the survival rate of cultures in the
absence of toxic insults. Interestingly, the neuroprotective effects of PGRN, measured by
different methodologies, were most pronounced against MPP+-induced oxidative insult.
MPP+ is the active derivative of MPTP, a mitochondrial toxin that induces Parkinsonism in
humans and experimental animals (Przedborski, Vila, 2003). The primary event in MPP+-
induced cell death is the production of ROS with subsequent mitochondrial dysfunction and
apoptotic death. On the other hand, glutamate-induced excitotoxicity is receptor-mediated
and primarily involves Ca2+ overload followed by ROS generation and necrotic death. The
differential effect of PGRN on neuronal survival of glutamate- or MPP+-treated cultures
suggests that the neuroprotective effect of PGRN may depend on the specific cell death
mechanism involved in each condition and that PRGN may be more potent against apoptotic
than necrotic death. Furthermore, the potent protective effect of PGRN against the MPP+-
induced neuronal cell death raises the possibility that PGRN reduces the release of reactive
oxygen species through the inhibition of complex I in the mitochondria and may affect
neurodegenerative mechanisms specific to Parkinson’s disease including degeneration of
substantial nigra neurons. In this respect, it is of interest that PGRN has been proposed to be
involved in Parkinson’s disease (Brouwers et al., 2007; Sleegers et al., 2010).

Haploinsufficiency of PGRN in FTLD seems to necessitate a delicate mechanism to strictly
maintain the extracellular levels of PGRN and recent reports suggest that PGRN-deficient
hippocampal slices starved for glucose and oxygen show greater cell death compared to
wild-type tissues (Yin et al., 2010). Our data however, reveal specific neuronal signaling
pathways regulated by PGRN. Furthermore, that increasing extracellular PRGN increases
neuroprotection indicates that reduction of extracellular PRGN (like in FTLD) will decrease
protection from toxic insults. In addition, our results reveal neuroprotective signaling
stimulated by increased PRGN and this signaling should be less effective in conditions of
reduced PGRN. Taken together, PGRN is not simply neurotrophic, but also neuroprotective
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against various noxious insults, a property that may be important to the survival of non-
mitotic neuronal cells throughout life. Accordingly, compared to wild type neurons, neurons
deficient in PGRN may be more vulnerable to chronic insults such as increased activity of
the glutamatergic system or oxidative stress. Similar mechanism may apply to other
neurodegenerative diseases as PGRN has been implicated in Alzheimer’s disease (AD),
Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS) (Sleegers et al., 2010).

Treatment of neuronal cultures with PGRN increased phosphorylation of Akt and ERK
kinases at epitopes associated with kinase activation and these phosphorylation events were
sensitive to specific inhibitors of the MEK/ERK1/2 and PI3K/Akt signaling pathways (Fig.
3). Together, these data indicate that exogenous PRGN activates both the MEK/ERK1/2 and
PI3K/Akt cell survival pathways of neuronal cells and suggest that these pathways may be
involved in the PGRN-dependent neuroprotection against toxic insults. A recent report
indicates that treatment of PGRN null (PGRN −/−) neurons with recombinant PGRN failed
to stimulate phosphorylation of ERK1/2 (Kleinberger et al., 2010). Presently it is unclear
whether this discrepancy is due to differences in the activities of the PGRN preparations
used or to methodological differences in the protocols employed.

An important downstream effector of ERK1/2 is protein p90 ribosomal S6 kinase (p90RSK)
which is phosphorylated and activated by ERK in the cytoplasm. Following activation,
p90RSK translocates to the nucleus where it activates the serum response factor (SRF).
Treatment of neuronal cultures with PGRN leads to the phosphorylation of specific p90RSK
residues, a process inhibited by MEK/ERK inhibitor U0126 (Fig. 4). Since this inhibitor
targets MEK, the upstream activator of ERK, our results indicate that exogenous PGRN
stimulates the neuronal MEK/ERK/p90RSK cell signaling cascade and suggest that
stimulation of this pathway contributes to the neuroprotective properties of PGRN. Indeed,
inhibition of this cascade blocks the neuroprotective activity of PGRN against glutamate
excitotoxicity (Fig. 5) further supporting the hypothesis that PGRN-induced activation of the
MEK/ERK/p90RSK pathway plays important roles in the neuroprotective functions of this
protein. Pharmacological inhibition of the MEK/ERK/p90RSK pathway also blocked the
PGRN-dependent neuroprotection against neurotoxic agent MPP+ (Fig. 6). In addition,
inhibition of the PI3K/Akt signaling pathway using LY-294002 or wortmannin also blocked
the PGRN-dependent neuroprotection against MPP+. Interestingly, combined
pharmacological inhibition of both pathways had a synergistic effect suppressing neuronal
survival further than did inhibition of either pathway alone, suggesting that both pathways
contribute to the neuroprotective activity of PGRN against MPP+. Notably, the PGRN-
conferred neuroprotection against MPP+ was also characterized morphologically by sparing
of neuronal processes (Fig. 6B). This PGRN effect is noteworthy especially in a post-mitotic
system of primary cortical neuronal cultures older than 7 DIV (Baki et al., 2008). Since
MPP+-induced death is characterized by axonal degeneration which proceeds soma demise
(Przedborski, Vila, 2001), our results suggest that PGRN not only induces neurite outgrowth
(Van Damme et al., 2008; Gao et al., 2010; Ryan et al., 2009) but also preserves integrity of
neuronal processes (Fig. 6B). Together, our results support the hypothesis that reduction of
functional PGRN in FTDL patients with PGRN mutations results in reduced activity of
neuronal cell survival pathways such as MEK/ERK/p90RSK and PI3K/Akt thus decreasing
neuronal protection against chronic toxic insults and leading to increased rates of neuronal
cell death. That PGRN added to growth media acts as a neuroprotective factor against toxic
insults suggests that cellular expression of PGRN may not be necessary for neuroprotection
and that in vitro preparations of this protein may be used therapeutically if appropriately
delivered to brain tissue, a hypothesis that needs experimental verification.

FTLD patients with PGRN mutations are often characterized by the presence of misfolded,
polyubiquitinated and abnormally phosphorylated C-terminal fragments of TAR DNA-
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binding protein 43 (TDP-43) in tau-negative and ubiquitin-positive neuronal inclusion
bodies (Neumann et al., 2006; Sleegers et al., 2010). Recent reports suggest that neurons
derived from PGRN-deficient mice accumulate phosphorylated TDP-43 fragments (Yin et
al., 2010; Kleinberger et al., 2010) while suppressing PGRN induces a caspase-dependent
cleavage of TDP-43 a process that may be relevant to accumulation of TDP-43 fragments
(Zhang et al., 2007; Kleinberger et al., 2010). Thus, it would be important to explore
whether the MEK/ERK/p90RSK and PI3K/Akt signaling pathways are involved in the
molecular modifications that promote formation and translocation of TDP-43 aggregates.
Deciphering the cellular signaling pathways that mediate the neuroprotective effects of
PGRN and their involvement in the accumulation of abnormal aggregates common to the
disease may lead to the development of new therapeutic interventions for the treatment of
FTLD and related disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Neuroprotective functions of extracellular PGRN
(A) Rat cortical neurons were cultured in 24-well plates in Neurobasal Media plus B27
supplement. At 8–12 DIV, neurons were pre-treated with 35nM PGRN for 30 min followed
by 50μM glutamate incubation for 3 hrs. Cells were then fixed with 4% paraformaldehyde
and stained with Hoechst 33342. Five pictures were taken from each well and each condition
represented the average of four wells. Cell survival was measured by counting the number of
cells with normal nuclear morphology. Results (mean ± SE) were calculated from five
independent experiments. ***, p<0.005 comparing between cultures treated with glutamate
in the presence or absence of PGRN (paired t-test). (B) Cortical neurons as above cultured in
96-well plates were pre-treated with 35nM PGRN or 50ng/ml BDNF for 18 hrs followed by
50μM glutamate for 3 hrs. Cell viability was evaluated by MTT assay and normalized to
control (ctrl). Results (mean ± SE) were summarized from five independent experiments and
in each experiment each condition is the average of six identical wells. *, p<0.05 comparing
between cultures treated with glutamate in the presence or absence of PGRN or BDNF
(paired t-test). (C) Neuronal cultures as above were pretreated with different concentrations
(5nM, 15nM or 35nM) of PGRN or 50ng/ml BDNF for 2hrs followed by 50μM of
glutamate treatment for 24 hrs. The cell-free culture supernatant was collected and LDH
release was determined as per Manufacturer’s instructions. Results (mean ± SE) were
summarized from seven independent experiments. *, p<0.05; ***, p<0.005 comparing
between cultures treated with glutamate in the presence and absence of PGRN or BNDF
(paired t-test). Numbers next to PGRN indicate concentrations in nM. (D) Rat cortical
neuronal cultures as in (B) were pre-treated with either 35nM PGRN or BSA for 24 hrs
followed by 25μM H2O2 treatment overnight. Cell viability was evaluated as in (B) and
normalized to control. Results (mean ± SE) were summarized from seven independent

Xu et al. Page 14

Neurobiol Aging. Author manuscript; available in PMC 2012 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiments and in each experiment each condition is the average of six identical wells. *,
p<0.05 comparing glutamate-treated cultures in the presence or absence of PGRN (paired t-
test). (E) Neurons in 12-well plates were pre-treated with either 35 nM PGRN or BSA for 24
hrs followed by 40 μM MPP+ treatment for 24 hrs. Cell survival was evaluated by counting
the number of intact nuclei in a haemacytometer after lysis (see Materials and Methods).
Results (mean ± SE) were summarized from six independent experiments. ***, p<0.005
comparing between cultures treated with glutamate in the presence and absence of PGRN
(paired t-test). Ctrl, no treatment; Glu, glutamate.
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Figure 2. Stability of extracellular PGRN in neuronal culture media
35 nM of recombinant PGRN (see Methods) was added to neuronal cultures for various time
periods as indicated. Elastase (0.3 U/ml) or mixture of elastase with protease inhibitor
cocktail was added together with PGRN at the same time. Protease inhibitors were pre-
incubated with elastase for 30 min before adding into culture media. At the end of reaction,
5 μl of media were retrieved, denatured and analyzed by Western Blot with anti-V5 tag
antibody. Numbers to the left of the blots indicate the position and size (kDa) of molecular
mass markers. IB, immunoblot.
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Figure 3. Extracellular PGRN activates ERK and Akt signaling pathways of cortical neurons
(A) Rat cortical neurons in 12-well plates were treated at 8DIV with 5nM PGRN for the
indicated time periods. Untreated cultures were used as controls (ctrl). Following incubation,
cells were collected and assayed on Western blots for the proteins indicated to the right of
the blots. A representative blot out of three independent experiments is shown (B) ERK
inhibitors U0126 and PD98059 (25μM each) blocked PGRN-induced ERK1/2
phosphorylation. Inhibitors were added to cultures for 30 min prior to addition of 5nM
PGRN. Neurons were subsequently collected at indicated times and subjected to SDS-PAGE
and Western blot as above. Densitometric analysis of the amounts of p-ERK in the presence
of inhibitors expressed as pERK to ERK ratio that was set as 1 for control (white bar). Other
bars represent phosphoprotein to protein ratios relative to control. (C) PI3K/Akt inhibitors
wortmannin (wort, 1μM) or LY-294002 (25μM) blocks PGRN-induced Akt
phosphorylation. Inhibitors and PGRN were added to cultures as in (B) and neurons were
collected at indicated times and subjected to SDS-PAGE and Western blot as above.
Densitometric analysis of the amounts of p-Akt in the presence of inhibitors is expressed as
p-Akt to Akt ratio as above. Data were obtained from three separate experiments (**p<0.01,
***p<0.001, one way ANOVA followed by the Student-Newman-Keuls’ test, comparing
between cultures treated with PGRN and without treatment (ctrl); ###p<0.001, comparing
between cultures treated with PGRN in the presence or absence of inhibitors). Signal
variability is indicated by error bars.
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Figure 4. PRGN stimulates phosphorylation of p90 ribosomal S6 kinase (p90RSK) in primary
cortical neuronal cultures
(A) Rat neuronal cultures prepared as above were treated with 5 nM PGRN for the indicated
time periods, in the absence or presence of MEK/ERK inhibitor U0126 (25 μM) and at the
end of treatment, neurons were lysed and assayed by Western blotting for levels p90RSK
phosphorylated at Thr359/Ser363 and total RSK 1,2,3 proteins. (B) Cortical neurons were
treated as in A for the indicated periods and levels of phoshorylated p90RSK at Ser380 and
total RSK 1,2,3 proteins were assayed as above. (C) Densitometric analysis of p90RSK
Thr359/Ser363 and p90RSK Ser380 in neuronal cultures treated as above was performed
and analysed as described in Fig. 3. Data were obtained from three separate experiments
(*p<0.05, **p<0.01, one way ANOVA followed by the Student-Newman-Keuls’ test,
comparing between cultures treated with PGRN and without treatment
(ctrl); #p<0.05, ##p<0.01, ###p<0.001, comparing between cultures treated with PGRN in the
presence and absence of U0126).
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Figure 5. Inhibition of ERK1/2 kinase blocks the neuroprotective function of extracellular
PGRN against glutamate toxicity
(A) Rat cortical cultures of 8–12 DIV were pretreated for 1 hour with U0126 (10μM) and
then with 35nM PGRN for 2 hrs, followed by 50 μM glutamate for 24 hrs. Cells were then
fixed, stained and analyzed as described in the legend of Fig. 2A. Results (mean ± SE) were
summarized from eight independent experiments. ***, p<0.001 comparing cultures treated
with glutamate in the presence and absence of PGRN (paired t-test); ###, p<0.001 between
cultures treated with PGRN/glutamate in the presence and absence of U0126 (paired t-test).
(B) Conditioned media of neuronal cultures prepared as above was replaced with fresh
media and neurons were treated with U0126, PGRN and glutamate as described above. Cell-
free supernatants were then collected and LDH release was determined as described in the
legend to Fig. 2C. Results (mean ± SE) were summarized from nine independent
experiments. ***, p<0.001 comparing between cultures treated with glutamate in the
presence and absence of PGRN; ##, p<0.01 comparing between cultures treated with PGRN/
glutamate in the presence and absence of U0126 (paired t-test).
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Figure 6. ERK1/2 and Akt signaling mediate the neuroprotective activities of PGRN against
MPP+ toxicity
(A) Rat cortical cultures as in Fig. 1E were pre-incubated with PGRN (15nM) for 30 min
with or without inhibitors of MEK/ERK (U0126 or PD98059) or PI3K/Akt (wortmannin or
LY-294002) signaling as indicated and then treated with 40μM MPP+ for 4 hrs. Following
MPP+ treatment, cells were lysed with a nuclear sparing buffer. Intact nuclei were counted
in a haemacytometer. Data are presented as mean ± SE, obtained from three separate
experiments (one way ANOVA followed by the Student-Newman-Keuls’ test, ***p<0.001,
comparing between cultures treated with MPP+ and untreated (control) or PGRN alone
treated cultures; ###p<0.001, comparing between MPP+ and MPP++PGRN treated cultures;
*p<0.05, **p<0.01, comparing between cultures treated with MPP++PGRN in the presence
and absence of MEK/ERK1/2 and PI3K/Akt inhibitors; ΔΔp<0.01, comparing between
cultures treated with MPP++PGRN+wortmannin in the presence and absence of PD98059 or
U0126). (B) Representative photomicrographs of cortical neurons treated as in A. MPP+

treatment of neuronal cultures caused retraction of neuritic processes and eventually
neuronal death (MPP+). PGRN preserves the neuritic processes of MPP+-treated cultures
(MPP+PGRN) and this PGRN effect is abolished in the presence of MEK/ERK and PI3K/
Akt inhibitors PD98059 and wortmannin, respectively. Magnification is X20.
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