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ABSTRACT
Progranulin (PGRN) is a multi-functional, secreted growth factor expressed in a variety of
tissues throughout the body. In the central nervous system (CNS), PGRN is expressed in
microglia as well as in a number of neuronal populations and has been shown to promote
neuronal survival, enhance neurite outgrowth and regulate inflammation and development.
Mutations in the progranulin (GRN) gene have been identified as a major cause of autosomal
dominant frontotemporal dementia (FTD) with tau-negative inclusions. The majority of GRN
mutations result in the production of a null allele and reduced PGRN expression. However, the
normal functions of PGRN in the CNS remain poorly understood. Our study examines the
secretion characteristics of PGRN in neurons. To study the secretion of PGRN from axons and
dendrites, we have fused a pH-sensitive optical reporter of exocytosis, superecliptic pHluorin, to
PGRN (PGRN-SEP). We demonstrate that activity enhances the secretion of PGRN from axons
and dendrites with different temporal profiles of secretion. We show, using calcium blockers and
calcium-free media, that activity-mediated secretion of PGRN requires Ca2+ entry via voltagegated calcium channels (VGCC). We postulate that activity-dependent secretion of PGRN may
enhance the formation and maturation of synapses as treatment of hippocampal neurons with
recombinant PGRN results in an increase in synapse density.
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CHAPTER I: INTRODUCTION
PROGRANULIN
Overview of progranulin expression and function outside the CNS
Progranulin (PGRN) is a widely expressed secreted growth factor implicated in
proliferation, wound repair, embryonic development, signal transduction, tumorigenesis, host
defense and inflammation (Bateman and Bennett, 2009; Daniel et al., 2000; He et al., 2003;
Kessenbrock et al., 2008; Yin et al., 2010). PGRN was independently isolated by several
different laboratories as a secreted glycoprotein composed of a signal peptide and 7.5 tandem
repeats of a cysteine-rich motif that can be proteolytically cleaved to form several smaller
granulin (GRN) peptides (Fig. 1) (Plowman et al., 1992; Baba et al., 1993; Zhou et al., 1993).
PGRN is highly expressed in a subset of epithelial cells, including those in the intestinal
crypt, skin and reproductive tracts (Daniel et al., 2003; Daniel et al., 2000). PGRN is also
expressed in immune cells of the spleen and the lymph nodes, as well as in cells of the innate
immune system, such as bone marrow cells (Bhandari et al., 1992; Daniel et al., 2000). During
development, PGRN is widely expressed in the placenta, epidermis and microvasculature
(Daniel et al., 2003). In addition, some human cancers also express PGRN, and it has been
shown to contribute to tumorigenesis in breast cancer, ovarian carcinoma and multiple myeloma
(reviewed in Bateman and Bennett, 2009).
The function of PGRN in regulating cellular proliferation has been extensively studied
(Bateman et al., 1990; Plowman et al., 1992; Xu et al., 1998). Initial evidence of PGRN’s
function as proliferation factor originated from cancer studies, which demonstrated that PGRN
acts as an autocrine growth factor in aggressive teratomas (Bateman and Bennett, 2009; Zhou et
al., 1993). During tumorigenesis, PGRN increases proliferation, inhibits apoptosis and increases
1

Figure 1

GRN gene on chromosome 17q2131
12 coding exons

PGRN mRNA
563 codons

Figure 1. Schematic representation of the GRN gene structure and the corresponding
mRNA encoding the PGRN protein. Numbered boxes (1-12) depict exons in the GRN gene,
whereas lettered boxes (A-G) represent each of the individual GRN domains in the PGRN
protein product.
Modified with permission from (Gass et al., 2006).
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migration through the extracellular matrix (ECM), resulting in increased tumour expansion (Liu
and Bosch, 2012).
During wound repair, PGRN inhibits TNF-α induced signaling in neutrophils and thereby
reduces inflammation (Zhu et al., 2002). Additionally, in early stages of wound healing, PGRN
increases the recruitment of fibroblasts, endothelial cells, macrophages, neutrophis and blood
vessels to the wounded areas, thus regulating the wound response and accelerating tissue repair
(He et al., 2003).
PGRN also plays an important role during embryonic development (reviewed in Gass et
al., 2012). PGRN has been shown to stimulate blastocyst formation and the subsequent formation
of the placenta (Desmarais et al., 2008; Diaz-Cueto et al., 2000; Qin et al., 2005). Moreover,
PGRN stimulates the development of early embryonic epithelia, resulting in normal progression
of embryonic development to the blastocyst stage (Diaz-Cueto et al., 2000). Despite its apparent
importance in early development, constitutive GRN knockout mice survive to late adulthood
(Kayasuga et al., 2007; Petkau et al., 2011). PGRN also contributes to normal brain development
since it regulates the male-specific sexual differentiation of the hypothalamus during perinatal
development (Suzuki and Nishiahara, 2002).
Interest in PGRN has increased since the discovery that mutations in the GRN gene are
linked to frontotemporal dementia (FTD), a set of progressive disorders characterized by
widespread degeneration of the frontal and temporal lobes of the brain (Baker et al., 2006; Cruts
et al., 2006; Gass et al., 2006). FTD and the function of PGRN in hippocampal neurons will be
further discussed below.

3

Structure and processing
PGRN is a 68 kDa glycoprotein, comprised of a signal peptide followed by seven and a
half tandem repeats of 12 cysteine-rich granulin (GRN) motifs (Bateman et al., 1990) (Fig. 1).
The cysteine-rich motifs give rise to each of the GRNs having a unique structure of four stacked
beta-hairpins held together by six disulphide bridges (Hrabal et al., 1996). PGRN can be
proteolytically processed by elastase and proteinase-3 into individual 6-25 kDa GRN peptides
(granulins A-G) corresponding to each of the GRN domains by cleavage at the inter-GRN linker
regions (Fig. 1) (reviewed in Bateman and Bennett, 1998).
The balance between PGRN and its cleaved GRN peptides is maintained by the secretory
leukocyte protease inhibitor (SLPI), which can bind to PGRN and prevent its proteolysis (Zhu et
al., 2002). Evidence suggests that full-length PGRN and individual GRN peptides have opposing
functions. For instance, full-length PGRN decreases neutrophil activation and enhances the
secretion of an anti-inflammatory cytokike, IL-10 in macrophages (Zhu et al., 2002). In contrast,
some of the individual GRNs are thought to exert pro-inflammatory effects on neutrophils (Zhu
et al., 2002).
Progranulin and Binding Partners
Although full-length PGRN had been identified as early as 1992 (Bhandari et al., 1992;
Plowman et al., 1992) and known to be a secreted protein involved in multiple processes
throughout the body, efforts to determine its mechanism of action were obstructed by the lack of
knowledge of its binding receptor (Bateman and Bennett, 2009). Recently, using an expression
cloning screen, Hu and colleagues demonstrated that PGRN binds to sortilin via its C terminus
with high affinity (Hu et al., 2010). Sortilin is a type I single pass transmembrane protein and is a
member of the Vps10p family of receptors expressed mainly in neurons, which act as sorting
4

receptors for molecules in the secretory pathway and on the cell membrane (Nielsen et al., 2001;
Willnow et al., 2008). Sortilin regulates intracellular protein trafficking and by shuttling between
the cell surface and intracellular compartments, directs target proteins to their specific fates
including signal transduction, regulated secretion, endocytic uptake, anterograde and/or
retrograde sorting (reviewed in Nykjaer and Willnow, 2012). In addition, sortilin can also form a
complex with the nerve-growth factor (NGF) receptor p75NTR to activate pro-NGF and proBDNF mediated cell death (reviewed in Hermey, 2009).
By binding to PGRN, sortilin mediates PGRN endocytosis and delivery to the lysosome,
thereby regulating the level of PGRN in the brain (Hu et al., 2010). Direct binding studies
revealed that PGRN and proNGF bind distinct sites on the sortilin ectodomain, suggesting that
PGRN and pro-neurotrophins interact with sortilin through different mechanisms (Zheng et al.,
2011). In addition, PGRN shows no affinity for p75NTR and the Sortilin/p75NTR co-expressing
cells display no increase of affinity for PGRN (Hu et al., 2010). Although PGRN functions in
promoting neuronal survival (Ryan et al., 2009; Van Damme et al., 2008), it remains unknown
whether sortilin is able to act as a signaling receptor for PGRN, and whether PGRN is able to
inhibit pro-neurotrophin-induced apoptosis through its interaction with sortilin.
PGRN has also been shown to bind to tumour necrosis factor receptors 1 and 2 (TNFR1
and TNFR2), thereby inhibiting the interaction between TNFα and TNFR and blocking TNFαinduced pro-inflammatory intracellular signaling pathways (Tang et al., 2011). Using a collageninduced arthritis mouse model, Tang et al. (2011) showed that loss of PGRN increased
inflammation and joint damage induced by arthritis (Tang et al., 2011). Conversely, treatment
with recombinant PGRN protein delayed the symptoms of arthritis in this model (Tang et al.,
2011). These two recently identified PGRN receptors may help provide critical mechanistic links
5

to our understanding of normal PGRN functions in the CNS and how loss of PGRN function
results in FTD. In addition, the discovery of sortilin and TNFR as PGRN receptors may help in
the development of novel therapeutics targeted to regulate PGRN levels.
Progranulin and Frontotemporal Dementia
Frontotemporal dementia (FTD) is a clinical syndrome that accounts for 5-10% of all
dementia, and 10-20% of dementia in patients with the onset before 65 years of age (Neary et al.,
1998). FTD is a set of progressive disorders, which affects the frontal and/or temporal lobes of
the brain, characterized by language and memory impairments, behavioural abnormalities and
personality changes (McKhann et al., 2001; Neary et al., 1998). Mutations in the PGRN gene
have been previously shown to be the major cause of FTD with tau-negative, ubiquitin and TAR
DNA-binding protein 43 (TDP-43) positive inclusions (Baker et al., 2006; Cruts et al., 2006;
Gass et al., 2006) Thus far, 69 PGRN mutations have been identified, responsible for 5-10% of
all FTD mutations (http://www.molgen.ua.ac.be/FTDMutations). Most of the PGRN mutations
result in a loss-of-function due to nonsense-mediated mRNA decay and a decrease in the amount
of expressed and secreted PGRN (Baker et al., 2006; Cruts et al., 2006). Indeed, patients with
PGRN mutations exhibit a >50% decrease in PGRN levels in the blood and cerebrospinal fluid
(Finch et al., 2009; Van Damme et al., 2008). In addition, several missense mutations that lead to
FTD and that disrupt PGRN secretion have been identified (Mukherjee et al., 2008; Shankaran et
al., 2008; Wang et al., 2010). For example, a point mutation in the signal peptide of PGRN
(PGRN A9D) results in an inability of PGRN to be glycosylated or secreted, leading to PGRN
insufficiency without affecting PGRN mRNA levels (Mukherjee et al., 2008). Two other
missense mutations, P248L and R432C result in reduced PGRN secretion, potentially due to
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being inefficiently transported and partially degraded within the secretory pathway (Shankaran et
al., 2008).
Despite the evidence of PGRN acting as a growth factor mediating neuronal survival and
neurite outgrowth (Ryan et al., 2009; Van Damme et al., 2008), a precise understanding of the
functional roles for PGRN and GRNs in the brain is lacking. The following sections will focus
on PGRN expression and function in the brain.
PGRN expression and function in the nervous system
The expression of PGRN in the CNS is developmentally regulated. During early stages of
development, PGRN mRNA is widely expressed in the olfactory bulbs, retinal ganglia, forebrain
and the spinal cord (Daniel et al., 2003), and then becomes progressively restricted as brain
development progresses. In the adult brain, PGRN is limited to discrete neuronal populations
including pyramidal neurons of the cortex and hippocampus, as well as cerebellar Purkinje cells
and spinal motor neurons (Petkau et al., 2010). Importantly, PGRN expression is dramatically
upregulated in activated microglial cells, indicating a neuroinflammatory role for PGRN
(reviewed in Baker and Manuelidis, 2003).
The function of PGRN in the brain is not well understood. Previous work has shown that
full-length PGRN and its peptide, GRN E, can act as a survival factor for cultured cortical and
motor neurons (Ryan et al., 2009; Van Damme et al., 2008). Conversely, PGRN knockdown
increases caspase-3 activation and neuronal vulnerability to normally sublethal doses of Nmethyl-D-aspartic acid (NMDA) and hydrogen peroxide (H2O2), resulting in cell death (Guo et
al., 2010; Yin et al., 2010). Interestingly, the ability of PGRN to promote neuronal survival
seems to depend on its cleavage into GRNs, since the addition of SLPI diminishes the effects of
PGRN on neuronal survival (Van Damme et al., 2008).
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Previous work from our lab has demonstrated that knocking down PGRN levels in
primary hippocampal neurons using siRNA decreases neuronal arborization (Tapia et al., 2011).
PGRN depletion has also been shown to attenuate the outgrowth of spinal motor axons in
zebrafish embryos, demonstrating that PGRN displays neurotrophic properties properties in vitro
and in vivo (Laird et al., 2010). Conversely, treatment with full-length PGRN (Gao et al., 2010)
and a GRN-domain peptide, GRN-E (Gao et al., 2010; Van Damme et al., 2008), was shown to
enhance neurite outgrowth in cortical neurons, and overexpression of PGRN found to induce the
appearance of dendritic structures in NSC-34 motor neuron cells (Ryan et al., 2009).
PGRN knock down in hippocampal neurons results in reduced synapse density, but
increased number of synaptic vesicles per synapse and the frequency of miniature excitatory
post-synaptic currents (mEPSCs) (Tapia et al., 2011). In addition, constitutive PGRN knockout
mice display altered synaptic connectivity and impaired synaptic plasticity (Petkau et al., 2011).
Taken together, these data suggest PGRN plays an important role in neuronal morphology and
connectivity.
NEUROTROPHINS
Neurotrophins have many diverse functions in the CNS, from regulating differentiation to
neuronal survival, synaptogenesis and activity-dependent forms of synaptic plasticity (reviewed
in Lu et al., 2005). Four neurotrophins have been identified so far: nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT3), and neurotrophin 4 (NT4).
These molecules exert their actions by binding to two classes of transmembrane receptors:
p75NTR and the Trk family of receptor tyrosine kinases, which includes TrkA, TrkB and TrkC
(reviewed in Huang and Reichardt, 2003). Neurotrophins arise from precursor pro-neurotrophins,
which are proteolytically cleaved to produce mature proteins (Seidah et al., 1996). Pro8

neurotrophins bind to p75NTR with high affinity and promote cell death, while mature
neurotrophins preferentially bind to Trk receptors and promote survival (reviewed in Hempstead,
2002; Lu et al., 2005).
One of the main signaling pathways important in cell survival was identified as the
phosphatidylinositol 3-kinase (PI3-K)-Akt pathway, which prevents cell death by blocking the
apoptotic actions of BCL2-associated death protein BAD (Brunet et al., 2001; Reichardt, 2006).
The other important pathway in cell survival is the mitogen-activated protein kinase (MAPK)MEK signaling cascade, which results in stimulating the activity and the expression of antiapoptotic proteins, such as BCL2 (reviewed in Blum and Konnerth, 2005; Kaplan and Miller,
2000). In addition, the MAPK pathway plays an important role in neurite outgrowth (reviewed in
Pullikuth and Catling, 2007). The detailed examination of neurotrophin function and signaling
are beyond of the scope of this work, and have been described in several excellent reviews
(Chao, 2003; Lu et al., 2005; Poo, 2001; Vicario-Abejon et al., 2002)
Brain-derived Neurotrophic Factor
Brain-derived neurotrophic factor (BDNF) is a neurotrophin that has been shown to play
an important role in the development of the nervous system, in the survival of specific
populations of neurons, as well as in the modulation of synaptic transmission (Murray and
Holmes, 2011). BDNF is widely expressed in most brain structures, including the hippocampus,
amygdala and cerebellum and its expression and secretion is regulated by neuronal activity (Gall
and Isackson, 1989; Kuczewski et al., 2009). BDNF is initially synthesized in the endoplasmic
reticulum (ER) as its precursor, proBDNF (reviewed in Lu et al., 2005).
Following the cleavage of proBDNF by the extracellular proteinase plasmin into its
mature form (Pang et al., 2004), BDNF is sorted into either constitutive or regulated pathway
9

(Farhadi et al., 2000). The cleavage of proBDNF to BDNF is an important step in regulating the
neurotrophic action of BDNF, since its precursor and mature form have been demonstrated to
have opposing effects (reviewed in Chao and Bothwell, 2002).
BDNF is transported from the cell body to the axon and dendrites, where can be secreted
in response to neuronal activity (reviewed in Hartmann et al., 2012). Following the transport of
BDNF from the cell body to the axon terminal BDNF can be secreted presynaptically and act in
an autocrine or paracrine manner, depending on the site of TrkB receptor expression (reviewed
in Lessmann et al., 2003). In axons, BDNF is transported in both anterograde and retrograde
directions in dense-core vesicles (DCVs) to be secreted in response to neuronal activity (Adachi
et al., 2005; Altar et al., 1997; Cheng et al., 2011; DiStefano et al., 1992; Matsuda et al., 2009).
BDNF transport has not been extensively studied in dendrites; however, bidirectional movements
of BDNF-GFP have been observed in the neurites of cultured cortical neurons (Kohara et al.,
2001). Similarly to axons, BDNF is transported in the DCVs in the regulated secretory pathway
and secreted in an activity-dependent manner in dendrites (Cheng et al., 2011; Gottmann et al.,
2009; Kuczewski et al., 2010; Matsuda et al., 2009; Smith et al., 1997).
Activity-Mediated Secretion of BDNF
Activity-dependent secretion of BDNF plays an important role in modulating synaptic
efficacy and neuronal morphology, and is involved in the maintenance long-term potentiation
(LTP) (Bramham and Messaoudi, 2005; Lu et al., 2005; Lu et al., 2008). Activity-mediated
secretion of BDNF has been well characterized in response to a variety of stimuli, including
patterned electrical stimulation (Balkowiec and Katz, 2000), high K+ (Egan et al., 2003) and the
excitatory neurotransmitter glutamate (reviewed in Lu, 2003). Secretion of BDNF is dependent
upon the intracellular rise in Ca2+ concentration, which occurs following the activation of either
10

voltage-gated Ca2+ channels (VGCC) or NMDA receptors following membrane deporarization
(reviewed in Kuczewski et al., 2010).The intracellular increase in Ca2+ concentration and the
subsequent BDNF secretion can also occur after the activation of the IP3 receptors on the ER
membrane following the activation of metabotropic glutamatergic receptors (mGlu) (Canossa et
al., 2001; Griesbeck et al., 1999; Kuczewski et al., 2010; Kuczewski et al., 2009).The
intracellular rise in Ca2+ concentration is further amplified by Ca2+-triggered Ca2+ secretion
mediated by the ryanodine receptors (RyR) (reviewed in Lessmann et al., 2003). Consequently,
Calcium/Calmodulin-dependent Kinase II (CamKII) is activated by intracellular Ca2+, which
leads to the fusion of BDNF-containing vesicles with the cell membrane and exocytosis
(reviewed in Kuczewski et al., 2010).
Experiments using GFP-tagged BDNF have demonstrated that BDNF can be released
both pre-synaptically and post-synaptically, and that the amount of BDNF released depends on
the pattern of electrical stimulation (reviewed in Lu, 2003). The most effective stimulus for
BDNF secretion has been shown to be LTP-inducing tetanic stimulation, as opposed to lowfrequency stimulation (Balkowiec and Katz, 2000). Prior to the activity-mediated release of
BDNF in axons and dendrites, it needs to be packaged into secretory vesicles and transported
along microtubules to its site of secretion.
VESICLE BIOGENESIS AND SECRETION
All proteins destined for secretion enter the secretory pathway in ER and the trans-Golgi
network (TGN), where they are sorted and transported to their destinations (reviewed in
Stephens and Pepperkok, 2001). From there, the proteins destined for secretion are sorted into
two types of vesicles. In all cell types, some of the secretory proteins are to be secreted
continuously with no extracellular stimulation needed to trigger their release and belong to the
11

constitutive secretory pathway. These vesicles are sorted within the TGN into transport vesicles,
and move immediately to fuse with the plasma membrane in order to release their contents by
exocytosis (reviewed in Lodish et al., 2000). The regulated secretory pathway occurs in
specialized secretory cells, such as neurons, and involves the secretion of vesicular contents in
response to a specific signal. The proteins destined for regulated secretion are packaged into
secretory vesicles, and are secreted in response to specific hormonal or neural stimuli (reviewed
in Lodish et al., 2000).
Peptide hormones and neurotransmitters are synthesized as larger precursors at the rough
ER, followed by their insertion into the ER cisternae and transport to the Golgi apparatus.
Subsequently, the precursors are packaged into secretory granules at the TGN to be later
processed to active peptides (reviewed in Kim et al., 2006). At this point, the molecules destined
for the constitutive secretory pathway need to be sorted from those destined to be in the regulated
secretory pathway. Currently, there are two models to explain how molecules are sorted to DCVs
(reviewed in Borgonovo et al., 2006). This section and the following will focus on the
biogenesis, transport and secretion of DCVs as PGRN is thought to be localized in a DCV (see
Results section).
The first model, “sorting for entry”, suggests that packaging of DCV cargoes takes place
within the TGN (Fig. 2) (reviewed in Griffiths and Simons, 1986). In this model, the aggregation
of cargo destined for the regulated secretory pathway is thought to occur at specialized locations
within the TGN, which have higher Ca2+ concentrations and a pH above 6.5. These conditions
are thought to facilitate the precipitation of cargoes destined for the regulated pathway, which are
subsequently packaged into DCVs (reviewed in Borgonovo et al., 2006). The second model for
the sorting of molecules into DCVs is called “sorting by retention”, and proposes that all
12

Figure 2

A

B

Figure 2. Schematic of two proposed models to explain sorting mechanisms for the
formation of secretory granules in the TGN.
A, The “sorting for entry” model suggests that the selection of specific cargo and the exclusion
of non-secretory granule proteins occurs prior to the formation of secretory granules in the TGN.
B, The “sorting by retention” model suggests that following the formation of an immature
secretory granule, secretory granule specific proteins are retained while non-secretory granule
proteins are removed from vesicles. This gives rise to a mature secretory granule.
Reproduced with permission from (Tooze, 1998).

13

secretory proteins not aimed for the regulated secretory pathway are removed from immature
DCVs via clathrin-coated vesicles and redirected into the constitutive secretory pathway (Fig. 2)
(reviewed in Arvan and Castle, 1992).
Likewise, there are also two models proposed for DCV budding from the TGN. The
vesicular trafficking model of DCV formation suggests they are produced by active budding
from the TGN, in a manner similar to constitutive vesicle formation (reviewed in Schekman and
Orci, 1996). The active budding requires lipid and protein components for the initiation of
membrane curvature at the TGN in order to achieve DCV budding (reviewed in Schekman and
Orci, 1996). In addition, an alternative passive model has also been proposed, in which DCV
formation does not require active vesicle budding from the TGN. In the passive model of DCV
formation, polynodular tubular progranules form along the TGN, and subsequently result in the
segregation of DCVs (Rambourg et al., 1992).
Following the budding of the immature secretory granules from the TGN, they undergo
several maturation steps including acidification and removal of constitutive secretory proteins,
and are then transported to their sites of secretion. Interestingly, regulated vesicular exocytosis
from neurons in response to extracellular stimulation is immediately followed by an increase in
secretory granule biogenesis in order to replenish the number of vesicles available for exocytosis
(reviewed in Kim et al., 2006). Signals inducing exocytosis of DCVs have been demonstrated to
initiate transcriptional activations of the mRNAs encoding DCV proteins (Mahapatra et al.,
2003).
NEURONAL TRANSPORT
Since neurons are highly polarized cells, secreted proteins need to be able to travel long
distances from the site of their production, typically located in the cell body, to the site of their
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secretion in the axon or dendrites (reviewed in Horton and Ehlers, 2003). DCVs are actively
transported along the microtubules by molecular motors. In both axons and dendrites,
microtubules are arranged in a longitudinal orientation and serve as a framework for the transport
of vesicles and organelles (Fig. 3). Microtubules are assembled from α- and β-tubulin subunits
asymmetrically, which results in a fast-growing “plus” end and a slow-growing “minus” end
(reviewed in Hirokawa and Takemura, 2005). The polarity of microtubules allows for the
directionality of axonal and dendritic transport (reviewed in Horton and Ehlers, 2003).
The molecular motors of the kinesin and dynein superfamilies enable cargo movement
along microtubules. Many of the kinesin superfamily proteins (KIFs) transport cargoes towards
the plus end of microtubules, and are called termed “plus-end-directed motors”. These proteins
regulate anterograde transport of cargoes from the cell body to axons and dendrites (reviewed in
Vallee et al., 2004). Conversely, cytoplasmic dyneins, also referred to as “minus-end-directed
motors” mediate retrograde transport from the axons or dendrites back to the cell body (reviewed
in Hirokawa, 1998). Dynein forms a large multisubuit complex and is associated with the protein
complex dynactin, which mediates the interaction between cytoplamic dynein and its cargoes
(reviewed in Vallee et al., 2004). In some cases, these motor proteins require an
adaptor/scaffolding proteins associated with them in order to recognize, bind and transport the
components of the cargo complex (reviewed in Hirokawa and Takemura, 2005). Due to the
existing neuronal polarity, cargoes destined for either axons or dendrites must be targeted to their
appropriate domain. It is thought that microtubules at the initial axonal segment function as the
cue for the KIFs to be directed into the axon, as opposed to the dendrites (reviewed in Nakata
and Hirokawa, 2003). The delivery of cargoes to axons and dendrites is aided by the presence of
specialized membrane subdomains, enriched in exocyst and SNARE proteins, which coordinate
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Figure 3

Figure 3. Axonal and dendritic transport of cargoes within a neuron.
Cargoes are transported in axons and dendrites by molecular motors. In axons, microtubules are
unipolar with the plus ends directed towards axonal terminals and the minus ends towards the
cell body. The orientation of microtubules in dendrites is of mixed polarity.
Reproduced with permission from (Cai & Sheng, 2009).
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targeted vesicle fusion with the plasma membrane (reviewed in Horton and Ehlers, 2003).
Axonal Transport
Proteins transported from the cell body to the axon include components of synaptic
vesicles and plasma membrane at synaptic terminals, as well as molecules destined for growth
cones (reviewed in Hirokawa and Takemura, 2005). In axons, the organization of microtubules is
such that the plus ends face the axonal terminus, and the minus end directed towards the cell
body (Fig. 3) (reviewed in Guzik and Goldstein, 2004). Several KIFs have been demonstrated to
be involved in the transport of axonal cargoes (reviewed in Hirokawa and Takemura, 2005).
Axonal cargo can undergo either fast or slow axonal transport, with cytosolic proteins and
cytoskeletal components undergoing slow axonal transport at a rate of about 0.1 µm/s, and
membrane organelles, synaptic vesicle precursors and DCVs undergoing fast axonal transport at
a rate of approximately 1-5 µm/s (reviewed in Brown, 2003). The same types of molecular
motors regulate both slow and fast axonal transport; however, these two modes of axonal
transport are regulated differently (Brown, 2003). Slow axonal transport is typically comprised
of short-range anterograde and retrograde movements, which leads to a slower net anterograde
distance covered (reviewed in Brown, 2003). In contrast, fast axonal transport is comprised of
continuous unidirectional movement, resulting in a faster overall distance gain (reviewed in
Brown, 2003).
Dendritic Transport
Most of the proteins that are needed in the dendrites are transported from the cell body.
Molecules transported in dendrites include specific mRNAs to support local protein synthesis,
proteins associated with postsynaptic densities, neurotransmitters and ion channels (reviewed in
Hirokawa and Takemura, 2005). Similar to axons, most of the microtubules present in dendrites
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are unipolar, with the plus end pointing away from the cell body (Burton and Paige, 1981).
However, the microtubules in proximal dendrites are of mixed polarity (Fig. 3) (Baas et al.,
1988). In addition, the microtubule organization also differs between axons and dendrites. Axons
and dendrites express different microtubule-associated proteins (MAPs) that form crossbridges
between microtubules, resulting in smaller spacing between microtubules in axons compared to
dendrites (reviewed in Hirokawa and Takemura, 2005). In dendrites, the transport of
neurotransmitter receptors, such as NMDA and AMPA (α-amino-3-hydroxy-5-methyl-4isoxazole propionic acid) glutamate receptors is necessary for synaptic function. The KIF17
motors have been shown to transport NMDAR and KIF5s (KIF5A, KIF5B and KIF5C) mediate
the transport AMPAR (Setou et al., 2000; Setou et al., 2002). It is currently thought that KIFs use
an adaptor/protein scaffolding protein complex for cargo recognition and binding in order for the
secretory vesicle to undergo membrane fusion with the plasma membrane and release their
contents into the extracellular space.
REGULATED EXOCYTOSIS
Docking and Priming
A vesicular fusion event involves many precisely coordinated steps. Vesicles in the
constitutive pathway are secreted upon their arrival to the plasma membrane, whereas secretory
vesicles in the regulated pathway typically wait at the plasma membrane until the cell receives a
signal to secrete (reviewed in Alberts et al., 2002). In neurons, two types of vesicles undergo
activity-mediated secretion: DCVs and synaptic vesicles (SVs) (reviewed in Martin, 2003). SVs
are transported into the axon to be released at the presynaptic terminals, whereas DCVs can be
transported into both axon and dendrites (reviewed in Ludwig and Leng, 2006). Prior to fusion,
these two types of vesicles are transported to the membrane and become docked or tethered
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(Pfeffer, 1999). Tethering is regulated by members of the Rab family of small GTPases, which
act in concert with several Rab effector proteins (reviewed in Zerial and McBride, 2001).
Typically, docked synaptic vesicles (SVs) are positioned in active zones, whereas most DCVs
are located outside of active zones (Thureson-Klein, 1983). Subsequently, both SVs and DCVs
must undergo several “priming” events, regulated by members of the Munc and Rab families of
proteins and their effectors in order to prepare for the release in response to extracellular
stimulation, such as Ca2+ (reviewed in Gundelfinger et al., 2003; Heidelberger et al., 1994;
Klenchin and Martin, 2000; Tsuboi, 2009).
Rab proteins are key players in determining the specificity of vesicular transport. They
are monomeric GTPases and are thought to facilitate and mediate the rate of vesicle docking and
the union of the vesicular membrane and the plasma membrane necessary for exocytosis. Rab
proteins are inactive in their GDP-bound state, and in their GTP-bound state they are active and
associated with the membrane of the secretory vesicle. In its active state, the Rab protein is
thought to bind to Rab effectors that facilitates the tethering and docking of SVs and DCVs at
their target sites and initiate the formation of the soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex (Tsuboi and Fukuda, 2006; van Weering et al.,
2007).
Vesicular Fusion
SNARE proteins are main components of the vesicle fusion apparatus and are crucial in
regulating calcium-dependent fusion of synaptic vesicles, as well as DCVs (Augustine et al.,
1999; Shin et al., 2002). The SNARE complex is composed of trimolecular helical bundles of
syntaxin, vesicle-associated membrane protein (VAMP), which is also called synaptobrevin, and
the membrane associated protein SNAP-25 (reviewed in Burgoyne and Morgan, 2003). The
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interaction of these three proteins leads to the formation of a tight complex that brings the vesicle
and plasma membrane in close proximity and is crucial in membrane fusion and vesicular
exocytosis (Fig. 4). VAMP is anchored to the vesicle by a single transmembrane domain, and
also has a cytoplasmic domain, which interacts with the core complex. Syntaxin is primarily
located in the plasma membrane, with its extracellular domain interacting with the core complex.
It is thought that syntaxin gets incorporated into the SNARE core complex through its interaction
with another protein involved in vesicular secretion, n-Sec1 (also called Munc18) (reviewed in
Burgoyne and Morgan, 2003).
SNAP-25 is a plasma membrane protein lacking an intracellular domain; it is anchored to
the plasma membrane by acetylations and contributes two strands to the SNARE coiled-coil.
Together, the four strands of the SNARE complex on the opposing vesicular and plasma
membranes form a tight bundle comprised of the four tightly intertwined α helices. The rapid
intracellular rise in Ca2+ following neuronal activity triggers the full zipping of the coiled coiledcoil complex, which results in membrane fusion and secretion of the vesicle contents into
extracellular space (reviewed in Chen and Scheller, 2001) (Fig. 4).
Vesicle membrane SNAREs (v-SNAREs) and target membrane SNAREs (t-SNAREs)
have characteristic helical domains that interact with each other. In order for a v-SNARE to
interact with a t-SNARE, the helical domains of one of them must wrap around the helical
domains of the other in order to form the stable trans-SNARE-complexes, which result in the
locking of two juxtaposing membranes together. There are at least 20 different SNARE proteins
in mammalian cells, and each is associated with a specific membrane-enclosed organelle
involved in the secretory or endocytic pathway (reviewed in Chen and Scheller, 2001). Indeed,
the specificity with which SNAREs interact with each other is thought to determine the
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Figure 4

Figure 4. Molecular model of vesicle exocytosis.
Prior to the formation of the core complex, syntaxin is bound to n-Sec1. Rab proteins facilitate
the dissociation of n-Sec from syntaxin for vesicle priming and the nucleation between the three
neuronal SNAREs: syntaxin, SNAP-25 and VAMP. Ca2+ initiates the complete zipping of the
coiled-coil complex, which results in membrane fusion and release of the vesicle contents into
the extracellular space.
Reproduced with permission from (Chen and Scheller, 2001).
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specificity of vesicle docking and fusion, thus specifying the compartment identity (Sollner et al.,
1993).
Kiss and Run Exocytosis
In addition to “full-collapse” vesicular fusion, there is another mode of regulated
exocytosis/endocytosis referred to as “kiss-and-run” (Ceccarelli et al., 1973; Fesce et al., 1994).
The kiss-and-run model of vesicular fusion involves the incomplete fusion of the vesicle and its
subsequent retrieval, as opposed to the complete flattening of the vesicle in a full-collapse
exocytic event. Kiss and run events have been demonstrated in both synaptic vesicles and DCVs
(reviewed in Burgoyne et al., 2001). The significance of kiss-and-run in neuropeptide and
neurotransmitter release remains controversial. However, there is some evidence to suggest that
kiss-and-run may be a regulated process that allows regulated exocytosis to switch from full
vesicle fusion to partial fusion under certain conditions (reviewed in Burgoyne and Morgan,
2003). It is possible that the transient fusion pore formation, which takes place during a kiss-andrun exocytic event, results in a partial release of the vesicular contents and thereby allows
regulation of the amount of the vesicular contents secreted per fusion event (Barg et al., 2002).
Another potential physiological advantage to kiss-and-run fusion is that it seems to provide more
efficient vesicle recycling (Sankaranarayanan and Ryan, 2000). In the context of
neurotransmission, rapid vesicle recycling would result in the modification of the size and
kinetics of the synaptic current and might provide a mechanism to regulate synaptic strength and
synaptic plasticity (Choi et al., 2000). Further studies are needed to determine what proportion of
fusion events is comprised of kiss-and-run exocytosis, as well as the molecular machinery of
kiss-and-run events.
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OVERALL OBJECTIVE
The overall objective of the study was to investigate the subcellular distribution and
transport characteristics of PGRN, as well as to determine the mechanism by which PGRN is
secreted from cultured hippocampal neurons.
HYPOTHESIS
We hypothesize that PGRN is transported to both axons and dendrites in DCVs and is
secreted in an activity-dependent manner.
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CHAPTER II: MATERIALS AND METHODS
DNA Constructs:
PGRN-eGFP, BDNF-RFP, PGRN-eGFP A9D, PGRN- eGFP P248L and PGRN-eGFP R432C
constructs were kind gifts from Dr. Michael Silverman SFU. PSD-95-RFP and SynRFP were
kind gifts from David Bredt (UCSF) and Louis Reichardt of (UCSF).
PGRN-superecliptic pHluorin (PGRN-SEP): Superecliptic pHluorin (SEP) [kind gift from
Michael Ehlers (Duke University, Durham, NC)] was PCR-amplified Forward:
ACCGGTCATGAGTAAAGGAG and reverse: TCTAGAATTATTTGTATAGTTCA and
subcloned into the pJPA7 vector replacing eGFP to produce PGRN-SEP.
Mutant PGRN constructs: PGRN-SEP P248L and PGRN-SEP R432C constructs were made by
replacing eGFP from PGRN-eGFP P248L and PGRN-eGFP R432C mutants using the cut sites
AgeI and SmaI.
Hippocampal culture and transfection:
Primary hippocampal cultures were prepared from embryonic day 18 (E18) Sprague Dawley rats
and C57BL/6 mice as previously described (Xie et al, 2000) and plated at a density of 197
cells/mm2 and 46 cells/mm2, respectively. Neurons were transfected using Lipofectamine 2000
(Invitrogen) at 9-10 days in vitro (DIV) according to manufacturer's protocol and imaged at 1316 DIV.
Immunohistochemistry:
Neuron cultures were fixed in a solution of 4% paraformaldehyde/4% sucrose for 10 min,
followed by permeabilization in 0.1% Triton-X for 10 min, and blocked in 10% goat serum for 1
h at room temperature. Primary antibodies were diluted in PBS with 1% goat serum and
incubated overnight at 4°C, and secondary antibodies were diluted in PBS with 1% goat serum
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for 1 h at room temperature. Primary antibodies: rabbit anti-PGRN (Invitrogen), rabbit antiMAP2 (Abcam), guinea pig anti-VGlut-1 (Millipore), mouse anti-PSD-95 (Affinity
BioReagents). Secondary antibodies: Alexa 488, Texas Red, Cy5-conjugated goat anti-rabbit,
anti-mouse or anti-guinea pig (Molecular Probes).
PGRN ELISA:
Primary hippocampal neuronal cultures were prepares as described above and plated at a density
of 260 cells/mm2. At 13 DIV, neurons were treated with 1 µM tetrodotoxin (TTX) or 20 µM
bicuculline overnight, and the experiment was performed at 14 DIV. For the control experiment,
the conditioned media was aspirated off the cells, followed by three quick rinses, replaced with a
2.5 mM KCl solution and incubated for 10 min at 37°C. The solution was then collected,
followed by three quick rinses, and replaced with 2.5 mM KCl solution for another 10 min
incubation at 37°C. For the high KCl stimulation experiment, the conditioned media was
aspirated off the cells, followed by three quick rinses, replaced with a 2.5 mM KCl solution and
incubated for 10 min at 37°C. The solution was then collected, and following three quick rinses
it was replaced with a 70 mM KCl solution for 10 min incubation at 37°C. All samples were
concentrated using filtration tubes (Amicon), and the PGRN ELISA assay (Adipogen) was
performed according to the manufacturer’s instructions.
Image Acquisition:
Neurons were imaged using an inverted confocal Olympus FV1000 microscope (60×/1.4 Oil
Plan-Apochromat). All images in a given experiment were captured and analyzed using the same
exposure time and conditions.
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Image Analysis:
PGRN-eGFP Colocalization to Synapses: Images of PGRN-eGFP , VGlut-1 and PSD-95 were
thresholded using ImageJ. The puncta were thresholded subjectively, but once the appropriate
thereshold was chosen, it was applied to all the images in the experiment. Points of
colocalization were determined using the ImageJ colocalization plugin downloaded from the
program’s website (http://grove.ufl.edu/~ksamn2/plugins.html#COLOC). Points of
colocalization were defined as regions >4 pixels in size where the intensity ratio of the three
channels was >50.
PGRN-eGFP Puncta Density, Puncta Area and Puncta Integrated Density: Neurons expressing
PGRN-eGFP and SynRFP were treated with 0.5 mM 4-aminopyridine (4-AP) and 10 µM
biccucculine and imaged 5 and 10 mins following treatment. Images were thresholded using
ImageJ. The puncta were thresholded subjectively, but once the appropriate thereshold was
chosen, it was applied to all the images in the experiment. Puncta density was determined by
dividing the total number of PGRN-eGFP puncta by the total axon length. PGRN-eGFP puncta
area and Integrated Density (IntDen; product of the area and the mean grey value) were then
determined before and after treatment of cells using ImageJ.
Synapse Density: Masks of GFP transfected neurons were made using Adobe Photoshop
enabling the visualization of all synaptophysin and PSD-95 immunolabelling associated with the
transfected cell. Images of synaptophysin and PSD-95 immunolabelling were then thresholded
by subtracting background immunofluorescence signal using ImageJ, and points of
colocalization were analyzed using the ImageJ colocalization plugin.
Live imaging of PGRN-SEP: Neurons transfected with PGRN-SEP and SynRFP or BDNF-RFP
were imaged every 12 s at 37ºC.Neurons were initially imaged for 5 minutes in a control solution
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(119 mM NaCl, 2.5 mM KCl, 0.5 mM CaCl2, 3.5 mM MgCl2, 25 mM HEPES and 30 mM
glucose), pH adjusted to 7.4. After 5 minutes of imaging the baseline, cells were switched to the
various treatments and imaged for an additional 10 min. High KCl (51.5 mM NaCl, 70 mM KCl,
2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES and 30 mM glucose, pH 7.4); 4-aminopyridine (4AP) (119 mM NaCl, 2.5 mM KCl, 0.5 mM CaCl2, 3.5 mM MgCl2, 25 mM HEPES and 30 mM
glucose, 0.5 mM 4-AP and 10 µM bicuculline, pH 7.4); CdCl2 treatment ( 119 mM NaCl, 2.5
mM KCl, 0.5 mM CaCl2, 3.5 mM MgCl2, 25 mM HEPES and 30 mM glucose, 100 µM CdCl2);
calcium-free media (119 mM NaCl, 2.5 mM KCl, 7 mM MgCl2, 25 mM HEPES , 30 mM
glucose and 100 µM EGTA pH 7.4).
In order to validate the pH-dependent fluorescence changes of SEP, cells were treated
with a solution containing NH4Cl solution (pH 7.4), and subsequently with one containing 2-(Nmorpholino)ethanesulfonic acid (MES). 50 mM NaCl was substituted with NH4Cl, and all other
components remained unchanged. For the treatment with acidic MES solution, HEPES was
replaced with MES while all other components remained unchanged and the pH was adjusted to
5.2. The average PGRN-SEP fluorescent event density was calculated by dividing the total
number of PGRN-SEP fluorescent events in each frame by the total neurite length, and averaging
for all the frames in the 10 min time-lapse imaging series. The number of PGRN-SEP fluorescent
events was manually counted for each of the time-lapse images. All visible puncta more than 2
pixels in size were counted. Colocalization of PGRN-SEP fluorescent puncta and Syn-RFP or
PSD-95-RFP puncta was determined by manually counting all overlapping puncta (>1 pixel
overlap) in each frame.
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Recombinant PGRN treatment:
Neurons were treated with recombinant PGRN protein (R&D Systems) at concentrations of 0ng,
100ng and 250ng on 0 DIV, 3 DIV, 7 DIV and 10 DIV.
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CHAPTER III: RESULTS
Expression of endogenous and fluorescently tagged PGRN
Previous immunostaining of cultured hippocampal neurons done in the Silverman
laboratory (Simon Fraser University, BC) had demonstrated that endogenous PGRN is
distributed in a punctate pattern in both dendrites and axons (data not shown). Moreover, the
Silverman demonstrated that16% ± 1.1% of endogenous PGRN puncta were localized at
synapses (n = 35 neurons, 3 cultures), indicating that the majority of PGRN is localized at
extrasynaptic sites.
The goal of the current project was to examine PGRN transport and secretion. To do this
we tagged PGRN with either eGFP or its pH sensitive variant SEP and expressed them in
cultured neurons. To validate that these constructs faithfully reflected PGRN distribution, cells
were transfected with PGRN-eGFP and its distribution and localization to synapses was
examined. The distribution of PGRN-eGFP was similar to that of endogenous PGRN, with a
punctate pattern of PGRN-eGFP in both dendrites and axons (Fig. 5A). The distribution of
PGRN-eGFP at synapses was similar to that of endogenous with 11.2% ± 1.4% of PGRN-eGFP
puncta localized to synapses (n = 35 neurons, 3 cultures) (Fig. 5B). Together, this demonstrates
that fluorescently-tagged PGRN is a faithful marker for endogenous PGRN similar to that shown
for many neuronal proteins.
Activity-induced translocation of PGRN
Previous work has demonstrated activity-dependent recruitment of BDNF to synapses
(Dean et al., 2012). To determine whether PGRN is also recruited to synapses following
enhanced neuronal activity, we co-transfected neurons with PGRN-eGFP and the pre-synaptic
marker synaptophysin-RFP (syn-RFP) at 10 DIV and imaged at 13 DIV.
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Figure 5

Figure 5. PGRN-eGFP is localized to both axons and dendrites and to a subset of synapses.
A, Confocal image of a 14DIV rat hippocampal neuron expressing PGRN-eGFP and
imunolabelled for MAP2. Insets b’ and b” represent higher magnifications of a dendrite and an
axon, respectively. Scale bar on the low magnification image = 10 µm; scale bar on the high
magnification images = 5 µm
B, Dendrite transfected with PGRN-eGFP and immunolabelled for PSD-95 and VGlut-1.
Arrowheads, points of triple colocalization. Scale bar = 2 µm.
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To enhance neuronal activity, cells were treated with 0.5 mM 4-aminopyridine (4-AP) plus 10
µm bicuculline and imaged 0, 5 min and 10 min after treatment. 4-AP is a K+ channel blocker,
and induces neuronal activity by increasing the amplitude and duration of action potentials
(Alkadhi and Hogan, 1989). Bicuculline acts as a GABAA receptor antagonist, thus blocking the
inhibitory input to the target neuron (Curtis et al., 1970). 0.5 mM 5-AP has previously been used
to enhance activity in hippocampal neurons (Kuriu et al., 2006).We observed a significant
increase in the density of PGRN-eGFP puncta 5 and 10 min after 4-AP/Bic treatment, whereas
the density of SynRFP was unchanged (Fig. 6A). There was a significant increase in the size and
integrated density of PGRN-eGFP puncta that were colocalized with SynRFP, suggesting that
activity enhances the recruitment of PGRN to synapses (Fig. 6 B-D).
Activity enhances PGRN Secretion
To directly visualize PGRN secretion from cultured hippocampal neurons, we used a
construct expressing PGRN fused to SEP, a pH-sensitive marker for vesicular exocytosis
(Miesenbock et al., 1998; Sankaranarayanan, 2000; Ghandi and Stevens, 2003). The fluorescence
of SEP is quenched at pH<6 and therefore not visible while inside the acidic lumen of a secretory
vesicle, which has the pH of about 5.5 (Mellman et al., 1986; Njus et al., 1986). When the
acidified vesicle fuses with the plasma membrane, the vesicle lumen undergoes a rapid increase
in pH to ~7.4 resulting in SEP fluorescence becoming unquenched and visible (Miesenbock et
al., 1998). PGRN–SEP puncta were sparsely distributed in both dendrites (Fig 7A) and axons
(Fig 7B). To demonstrate that PGRN-SEP fluorescence was quenched in a majority of vesicles,
cells were treated with a solution of 50 mM NH4Cl (pH 7.4), which has been demonstrated to
rapidly diffuse across cell membranes and neutralize the acidic vesicular lumen (Miesenbock et
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Figure 6
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Figure 6. Activity enhances the density of PGRN-eGFP puncta at axons and enhances the
recruitment of PGRN-eGFP to synapses.
A, The density of PGRN-eGFP puncta in axons is increased following treatment with 0.5 mM 4AP/10 µM Bic (normalized to controls). Conversely, the density of synRFP puncta is unchanged
(n=8-14 neurons per condition, 3 cultures). *p<0.05, student’s t-test.
B, The integrated density of PGRN-eGFP puncta co-localized with synRFP puncta is increased 5
min and 10 min following treatment with 0.5 mM 4-AP/10 µM Bic in 14 DIV rat hippocampal
neurons (normalized to controls). (n=8-14 neurons per condition, 3 cultures). *p<0.05, **p<0.05;
student’s t-test.
C, Confocal images of axons of 14 DIV hippocampal neurons co-transfected with PGRN-eGFP
and synRFP before activity induction and following a 10 min treatment with 0.5 mM 4-AP/10
µM Bic. White arrowheads denote existing PGRN-eGFP puncta colocalized with synRFP that
increase in integrated density 10 min following activity induction; black arrowheads depict
PGRN-eGFP puncta that are newly recruited to synRFP puncta 10 min following activity
induction. Scale bar, 5 µm.
D, Graph depicting mean grey value of PGRN-eGFP puncta in relation to mean grey value of
synRFP puncta along a length of axon (from inset in C).
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Figure 7

Figure 7. Treatment with NH4Cl and MES of neurons expressing PGRN-SEP.
Confocal images of (A ) dendrites co- transfected with PGRN-SEP and PSD-95-RFP, or (B)
axons co-transfected with PGRN-SEP and SynRFP from 14 DIV rat hippocampal neurons. The
treatment with NH4Cl (pH 7.4) unquenches the SEP fluorescence and reveals many PGRN-SEP
puncta along the dendrite and the axon (middle panel). The treatment with MES (pH 5.2)
quenches SEP fluorescence (right panel). Scale bar = 2 µm.
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al., 1998). PGRN–SEP puncta were sparsely distributed in both dendrites (Fig 7A) and axons
(Fig 7B). To demonstrate that PGRN-SEP fluorescence was quenched in a majority of vesicles,
cells were treated with a solution of 50 mM NH4Cl (pH 7.4), which has been demonstrated to
rapidly diffuse across cell membranes and neutralize the acidic vesicular lumen (Miesenbock et
al.,1998). Following a brief application of NH4Cl, we observed an increase in the number of
fluorescent PGRN-SEP puncta in the axon and dendrites at both synapses and extrasynaptic sites,
suggesting that the majority of PGRN is localized intracellularly (Fig. 7 A, B). To demonstrate
that the few PGRN-SEP puncta represent unquenched PGRN-SEP at the surface, cells were
treated with an acidic solution containing 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.2.
Following the treatment of PGRN-SEP transfected neurons with MES, we observed a rapid
decrease in PGRN-SEP fluorescence in both axons and dendrites (Fig. 7 A, B).
The exocytosis of BDNF–pHluorin-containing vesicles has been described in cultured
hippocampal neurons (Cheng et al., 2011; Dean et al., 2009; Matsuda et al., 2009). To determine
whether the secretion of PGRN is similarly regulated by neuronal activity, the change in SEP
fluorescence following activity induction was monitored using confocal time-lapse imaging.
Specifically, cells were transfected with PGRN-SEP to visualize exocytotic events and
either SynRFP or PSD-95-RFP to visualize synapses in axons and dendrites, respectively. Cells
were imaged for 5 min in a low KCl solution to obtain baseline levels of PGRN secretion (see
Methods) and then switched to a solution containing 70 mM KCl, or 0.5 mM 4AP/ 10 µM Bic
and imaged every 12 s for 10 mins. We observed a rapid increase in the average density of
PGRN-SEP fluorescent puncta in both axons (Fig. 8 A-C) and dendrites (Fig. 8 E,F) following
stimulation. The average density of PGRN-SEP fluorescent puncta was also dramatically
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Figure 8. Activity enhances the secretion of PGRN from axons and dendrites.
A, Confocal images of axons in 14 DIV cultures expressing PGRN-SEP and SynRFP following
stimulation with 0.5 mM 4-AP/10 µM Bic. Scale bar = 5 µm.
B, There is an increase in the average density of PGRN-SEP fluorescent events in axons
following stimulation with 0.5 mM 4-AP/10 µm Bic. This is abolished in Ca2+-free media or in
the presence of CdCl2 (n=10-23 neurons per condition, 3 cultures). ***p<0.001; two-way
ANOVA with Bonferroni post-hoc.
C, There is an increase in the average density of PGRN-SEP fluorescent events in axons
following stimulation with 70 mM KCl. This is abolished in Ca2+-free media or in the presence
of CdCl2 (n=9-28 neurons per condition, 3 cultures). ***p<0.001; two-way ANOVA with
Bonferroni post-hoc.
D, There is no significant difference in the proportion of PGRN-SEP fluorescent events that
colocalize with synRFP puncta after stimulation with KCl or 4-AP/Bic (n = 10 neurons per
condition, 3 cultures). p>0.05, student’s t-test.
E, Confocal images of dendrites in 14 DIV cultures expressing PGRN-SEP and PSD-95-RFP
following stimulation with 0.5 mM 4-AP/10 µM Bic. Scale bar = 5 µm.
F, There is an increase in the average density of PGRN-SEP fluorescent events in dendrites
following stimulation with 0.5 mM 4-AP/10 µm Bic. This is abolished in Ca2+-free media or in
the presence of CdCl2 (n=9-28 neurons per condition, 3 cultures). ***p<0.001; two-way
ANOVA with Bonferroni post-hoc.
G, There is no significant difference in the proportion of PGRN-SEP fluorescent events in the
dendrites that colocalize with PSD-95-RFP puncta following stimulation with 4-AP/Bic (n = 10
neurons per condition, 3 cultures). p>0.05; student’s t-test.

37

increased in axons following treatment with 0.5 mM 4-AP/10 µM Bic, reaching a steady level
following the initial peak (Fig 8B). There was also a dramatic increase in the average density of
PGRN-SEP fluorescent puncta in axons following stimulation with 70 mM KCl (Fig. 8C), which
was slightly larger in magnitude than that induced by stimulation with 0.5 mM 4-AP/10 µM Bic.
The difference in the average PGRN-SEP event density observed in the two modes of
stimulation in the axon may be due to their different mechanisms of inducing depolarization
(Moretto et al., 2003), as well as the differences in the concentration used. Similarly, stimulation
triggered a rapid increase in the density of PGRN-SEP fluorescent events in the dendrite (Fig.
8F); however, the increase in the average density of PGRN-SEP events was closely followed by
decay and nearly reaching original levels.
The differences in the temporal profiles of the average density of PGRN-SEP fluorescent
events in the axon and dendrites may be due to different modes of secretion. A previous study
examining the activity-induced release of BDNF indicates incomplete fusion of BDNF vesicles
in the axon, in contrast to the full collapse observed in the dendrites (Matsuda et al., 2009).
Indeed, the recycling of vesicles following multiple kiss-and-run events at the axon may explain
the sustained levels of PGRN-SEP fluorescent events in the axon following stimulation.
Conversely, complete fusion of PGRN-SEP containing vesicles in the dendrites may account for
the decay in the average density of PGRN-SEP fluorescent events after the initial activityinduced increase.
To examine the role of Ca2+ in activity-mediated exocytosis of PGRN-containing
vesicles, we stimulated the cells with high K+ in Ca2+-free media and examined the average
density of PGRN-SEP fluorescent puncta. We found that stimulating the cells with 70 mM KCl
in Ca2+-free media results in a significant decrease of PGRN-SEP fluorescent events (Fig. 8B). In
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addition, blocking voltage-gated calcium channels (VGCCs) with CdCl2 similarly resulted in a
significant decrease in PGRN-SEP fluorescent event density (Fig. 8B). These data suggest that
Ca2+ influx through the VGCC is necessary to produce the fusion of PGRN-SEP containing
vesicles in axons and dendrites.
To determine whether activity-mediated secretion of PGRN is enriched at synapses, we
analyzed the number of PGRN-SEP events that colocalized with either SynRFP or PSD-95. We
found no significant difference in the percentage of PGRN-SEP fluorescent events at SynRFP
puncta following stimulation with 70 mM KCl or 0.5 mM 4-AP/10 µM Bic in axons indicating
that PGRN is not preferentially secreted from synapses following activity (Fig. 8 D,G).
Examining PGRN secretion using ELISA
To examine the concentration of endogenous PGRN in cell culture media after
stimulation, we treated primary hippocampal neurons with a solution containing high K+ and
measured endogenous PGRN levels using sandwich ELISA. The use of ELISA in measuring
BDNF levels following neuronal stimulation has been well characterized (Balkowiec and Katz,
2002; Griesbeck et al., 1999; Hartmann et al., 2012). The treatment of neurons with high K+ has
been shown to increase BDNF secretion as detected by the ELISA assay (Griesbeck et al., 1999).
As expected, we observed no significant difference in PGRN levels in the concentrated cell
culture media following the treatment of neurons with 2.5 mM KCl control solution for 30 min
across all the treatment groups (Fig. 9A). Surprisingly, we also observed no significant
difference in PGRN levels in the concentrated cell culture media following a 30 min treatment
with 70 mM KCl across all the treatment groups (Fig. 9B). It is possible that the binding of
PGRN to sortilin and its rapid endocytosis following secretion into the extracellular space (Hu et
al., 2010) prevented its detection in the cell culture media. It is also possible that the increase in
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Figure 9

Figure 9. Measuring PGRN concentration following high KCl stimulation using ELISA.
A, Endogenous PGRN levels measured by ELISA in cell culture media are unchanged following
O/N pre-incubation with 1 µM TTX or 20 µM Bic and treatment with 2.5 mM KCl for 30 min.
p>0.05; student’s t-test.
B, Endogenous PGRN levels measured by ELISA in cell culture media are unchanged following
O/N pre-incubation with 1 µM TTX or 20 µM Bic and treatment with 70 mM KCl for 30 min
(n=3 experiments from 3 separate cultures). p>0.05; student’s t-test.
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PGRN secretion following stimulation with high K+ was not detected due to the sensitivity limits
of the ELISA assay.
Recombinant PGRN treatment increases synapse density but decreases Integrated Density
of VGlut-1 puncta
To examine the effects of secreted PGRN on synapse density and morphology, we treated
hippocampal neurons with different concentrations of recombinant PGRN protein (R&D
Systems). The cells were transfected with GFP at 10 DIV to determine neuronal morphology,
and coimmunolabeled for PSD-95 and VGlut-1 at 14DIV (Fig. 10 A-C). The density of synapses
(defined as the density of colocalized PSD-95/VGlut-1 puncta along the GFP mask) was
analyzed. There was a trend toward increase in synapse density following treatment with 100 ng
PGRN, and a small but significant increase in synapse density following treatment with 250 ng
PGRN (Fig. 10A). These results are consistent with a previously described decrease in synapse
density following PGRN knockdown in primary hippocampal neurons (Tapia et al., 2011).
Knockdown of PGRN results in an increase in the size and efficacy of synapses (Tapia et al.,
2011). To determine whether treatment with PGRN affects synapse size, we examined the
Integrated Density (product of puncta size and mean grey value) of PGRN puncta. Although
PGRN treatment did not affect on the Integrated Density of PSD-95 puncta (Fig. 10B), treatment
with 250ng PGRN resulted in a significant decrease in the Integrated Density of VGlut-1 puncta
(Fig. 10C). These findings suggest that PGRN may regulate synapse formation.
Activity-mediated PGRN exocytosis of PGRN mutants
Several PGRN point mutations, including A9D, P248L and R432C have been identified
in patients with FTD and were shown to affect PGRN secretion without affecting PGRN mRNA
levels (Mukherjee et al., 2008; Shankaran et al., 2008). Specifically, the mutation A9D has been
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Figure 10

Figure 10. Synapse density is increased, but integrated density of VGlut-1 puncta is
decreased following treatment with recombinant PGRN protein.
A, Synapse density at 14 DIV, determined by the colocalization of presynaptic and postsynaptic
markers, is significantly increased following treatment with 250 ng of recombinant PGRN
protein. **p<0.01; student’s t-test.
B, Integrated density of PSD-95 puncta at 14 DIV is unchanged following treatment with
recombinant PGRN protein. p>0.05; student’s t-test.
C, Integrated density of VGlut-1 puncta is significantly decreased following treatment with
250 ng of recombinant PGRN protein (n=24 cells per condition, 3 cultures). *p<0.05; student’s ttest.
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demonstrated to result in the cytoplasmic missorting and low expression of PGRN, whereas the
mutations P248L and R432C have been demonstrated to be partially degraded within the
secretory pathway and to have reduced secretion in HEK cells (Shankaran et al., 2008).
We set out to examine the secretion of PGRN mutants P248L and R432C in hippocampal
neurons under basal conditions and following neuronal activity. In order to do this, we
transfected the constructs expressing PGRN-SEP P248L and R432C mutations in neurons and
using live imaging, examined the density of PGRN-SEP fluorescent events before and after
stimulating the cells with high K+ (Fig. 11 A,B). Under basal conditions, we observed a slight
but not significant decrease in the average density of PGRN-SEP fluorescent events for PGRN
mutants P248L and R432C (Fig. 11A). Surprisingly, we also did not find any significant
difference in PGRN-SEP event density under following stimulation with 70 mM KCl for both of
the point mutants compared to WT PGRN-SEP (Fig. 11B). It is possible that since we had not
performed these experiments in a PGRN knockdown background, the mutant forms of PGRN
were transported, packaged and secreted with the native protein, thereby masking any aberrations
in their secretion. Further, in order to examine the expression levels of the three PGRN point
mutants in neurons, we transfected the constructs expressing PGRN-eGFP A9D, P248L and
R432C mutations and examined puncta density, integrated density, as well as co-localization
with synapses (Fig. 12 A-C ). We observed a significantly lower density of PGRN-eGFP A9D
puncta, indicating that there was a decrease in PGRN expression (Fig. 12A). This is in accord
with a previous study carried out in HEK cells that demonstrated the failure of PGRN A9D to
undergo maturation, as well as decreased expression (Shankaran et al., 2008). The other two
point mutants examined, PGRN-eGFP P248L and R432C had exhibited puncta densities similar
to that of control (Fig. 12A).
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Figure 11

Figure 11. There is no significant difference in secretion of PGRN mutants from axons at
basal conditions or following activity.
A, There is no significant difference in the average density of PGRN-SEP fluorescent events in
the axon of PGRN-SEP mutants P248L and R432C under basal conditions at 14DIV. p>0.05;
student’s t-test.
B, There is no significant difference in the average density of PGRN-SEP fluorescent events in
the axon of PGRN-SEP mutants P248L and R432C following treatment with 70 mM KCl at
14DIV (n=12-32 neurons per condition, 3 experiments). p>0.05; student’s t-test.
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Figure 12

Figure 12. Puncta density, integrated density and percent colocalization with synapses of
PGRN mutants A9D, P248L and R432C.
A, There is a significant decrease in the puncta density of PGRN-eGFP A9D compared to WT
PGRN-eGFP. ***p<0.001; student’s t-test.
B, There is a significant decrease in the integrated density of PGRN-eGFP A9D puncta
compared to WT PGRN-eGFP. ***p<0.001; student’s t-test.
C, There is a significant increase in the percentage of PGRN-eGFP R432C puncta colocalized
with synapses (n=25-36 cells, 3 experiments). *p<0.05; student’s t-test.
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In order to further examine the levels of expression of these three PGRN point mutants,
we examined the integrated density of their puncta. The integrated density of PGRN-eGFP A9D
puncta was significantly lower compared to control, consistent with reports of its low expression
in HEK cells (Fig. 12B) (Shankaran et al., 2008). In contrast, PGRN-eGFP P248L and PGRNeGFP R432C exhibited integrated densities comparable to control and consistent with previously
reported normal levels of expression (Fig. 12B) (Shankaran et al., 2008). In order to examine the
colocalization of the PGRN mutants with synapses, we examined their colocalization with
VGlut-1 and PSD-95. We observed no significant difference in percentage of PGRN-eGFP
mutants A9D and P248L puncta colocalization to synapses (VGlut-1 and PSD-95) compared to
WT (Fig. 12C). However, there was a significant increase in the percentage of PGRN-eGFP
R432C puncta colocalized with synapses, which may be due to aberrant transport and
mislocalization of PGRN R432C as a result (Fig. 12C) (Shankaran et al., 2008).
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CHAPTER IV: DISCUSSION
The present study demonstrates for the first time the properties of PGRN transport and
secretion in cultured hippocampal neurons. Specifically, we demonstrate that PGRN is
transported bidirectionally in the axons and dendrites, and is co-transported with BDNF. In
addition, we have shown that PGRN undergoes activity-dependent secretion from axons and
dendrites, and this release requires an increase in intracellular Ca2+ and VGCC activation.
Our data indicates that PGRN is expressed in a punctate pattern in both axons and dendrites. We
have found that about 16% of endogenous PGRN is colocalized with synapses, with the majority
of PGRN puncta residing at extrasynaptic sites. These results are similar to what has been
previously demonstrated regarding the synaptic localization of BDNF (Dean et al., 2012).
Following the induction of neuronal activity, we have observed an increase in the localization of
PGRN-containing vesicles to synapses, consistent with the recent finding that BDNF also
increasingly targeted to synapses following neuronal activity (Dean et al., 2012). It is possible
that the recruitment of PGRN to synapses may result in local modulation of synaptic strength.
Our results indicate that PGRN is secreted pre- and postsynaptically, both constitutively
and in response to neuronal depolarization since we have observed the appearance of PGRN-SEP
fluorescent events at SynRFP and PSD-95-RFP puncta, as well as extrasynaptically, at basal
levels and following stimulation with high K+ and 4-AP.
Considering the co-transport and high degree of colocalization between PGRN and
BDNF suggests their being transported in the same vesicle, and therefore it is not surprising that
PGRN would also be secreted in an activity-dependent manner. The activity-mediated secretion
of BDNF has been well characterized and shown to be crucial to neuronal function, since a
single amino acid substitution (val66met) in the pro-region of BDNF that inhibits its trafficking
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and regulated secretion results in impaired hippocampal function (Balkowiec and Katz, 2000;
Egan et al., 2003; Hartmann et al., 2001; Kuczewski et al., 2008; Matsuda et al., 2009).
In both axons and dendrites, we observed a rapid increase in the average density of
PGRN-SEP fluorescent events following neuronal depolarization. However, in axons the number
of PGRN-SEP events reached a plateau for the duration of the stimulation, whereas in dendrites
we observed a decay in the number of PGRN-SEP fluorescent events. Previous work by Matsuda
et al., 2009 has demonstrated partial fusion of BDNF-pHluorin containing vesicles at the axon
and full fusion at the dendrite following activity. Axonal and dendritic PGRN vesicles may in
fact belong to two distinct populations, containing different sets of associated proteins. Indeed, it
has been previously shown that distinct subsets of syt-IV and BDNF-containing vesicles are
differentially sorted to axons and dendrites (Dean et al., 2012). Our findings indicate that the
activity-mediated secretion of PGRN in both axons and dendrites requires an increase in
intracellular Ca2+ concentration through VGCC, an observation, which is consistent with what
has been reported in terms of the mechanism for regulated BDNF secretion (Balkowiec and
Katz, 2002; Goodman et al., 1996; Hartmann et al., 2001; Santi et al., 2006).
We have found no significant differences in secretion of PGRN mutants P248L and
R432C, previously linked to FTD (Mukherjee et al., 2008; van der Zee et al., 2007). These two
particular point mutations have been predicted to have folding and processing defects, and were
shown to be secretion-deficient when expressed in HEK cells (van der Zee et al., 2007;
Shankaran et al., 2008). One possibility is that since our studies were not done in a
knockdown/knockout background, wild-type PGRN masked any secretion defects of the two
mutants studied. Future work is needed in order to further investigate P248L and R432C PGRN
secretion from neurons following a shRNA-mediated PGRN knock-down.
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Previous studies have demonstrated that PGRN plays an important role in neuronal
survival and treatment of cultured neurons with exogenous PGRN has been shown to increase
neurite outgrowth (Van Damme et al., 2008; Ryan et al., 2009). We demonstrate that treatment
of neurons with recombinant PGRN significantly increases synapse density. In addition, we
demonstrate that exogenous PGRN treatment has no effect on the integrated density of the postsynaptic marker PSD-95, while significantly decreasing the integrated density of the pre-synaptic
marker VGlut-1. Indeed, these findings are consistent with our previous work, which
demonstrates a significant decrease in synapse density and a significant increase in the size of
synaptophysin puncta following PGRN knock-down in cultured hippocampal neurons (Tapia et
al., 2011).
In addition to its function in neuronal survival, there is increasing evidence that PGRN
plays an important role in neuronal connectivity and synaptic plasticity (Petkau et al., 2011;
Tapia et al., 2011). Previous work from our lab has demonstrated decreased neuronal
arborization and synapse density, as well as increased synaptic vesicle recycling and frequency
of miniature excitatory post-synaptic currents (mEPSC) following PGRN knock-down in
hippocampal neurons (Tapia et al., 2011). In accordance with this, progranulin knockout mice
show decreased dendritic length and reduced spine number in the apical dendritic arbor, as well
as behavioural abnormalities (Petkau et al., 2011). In addition, PGRN knockout mice display
altered synaptic connectivity and impaired synaptic plasticity (Petkau et al., 2011).
The activity-dependent regulation of synaptic efficacy enables neuronal networks to
develop the appropriate connections (reviewed in Lu, 2003). One of the mechanisms employed
by neurons to regulate synapse formation and function is to release target-derived neurotrophins,
such as BDNF, from their cell bodies, axons and dendrites in response to neuronal activity in
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order to deliver sufficient quantities of the neurotrophin depending on the level and/or pattern of
neuronal activity to control the strength of synaptic connections (reviewed in Kuczewski et al.,
2010; Lu, 2003). Indeed, a recent study has demonstrated that acute and gradual increases in
BDNF concentration activate different intracellular cascades, leading to differences in spine
morphology (Ji et al., 2010). These results suggest that it is not only the concentration of secreted
BDNF that is important in the regulation of neuronal function and morphology, but also the
manner in which it is secreted: constitutively or in response to neuronal activity.
It is possible that activity-mediated PGRN secretion plays an important role in the
modulation of synapse morphology and neuronal architecture. For instance, PGRN secreted in
response to synaptic activity may be able to exert morphological changes at the level of synapse,
resulting in new synapse formation. Indeed, we have shown that long-term treatment of
hippocampal neurons with PGRN results in increased synapse density. However, many questions
regarding the action of secreted PGRN remain to be addressed. It is not yet clear whether PGRN
acts locally or globally once secreted in response to neuronal activity. In addition, it is not known
whether secreted PGRN exerts its neurotrophic actions in a paracrine or in an autocrine manner.
PGRN seems to play an important role in regulating neurite outgrowth (Gao et al., 2010;
Laird et al., 2010; Ryan et al., 2009; Van Damme et al., 2008), and neuronal activity may be a
key factor in modulating the manner in which PGRN exerts its effects on neuronal arborization.
For instance, acute increases in BDNF concentration and resulting transient activation of TrkB
enhances neurite elongation and spine head enlargement (Ji et al., 2010). Conversely, gradual
increases in BDNF concentration and sustained TrkB activation promote neurite branching and
spine neck elongation (Ji et al., 2010). In addition, local acute applications of BDNF to the
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neurites of cultured hippocampal neurons have been demonstrated to induce axon differentiation
(Shelly et al., 2007).
Despite the evidence of PGRN’s function as a neuronal growth factor, the mechanism
behind its neurotrophic action and its relationship to neurodegeneration is currently not known.
Activity-mediated secretion of PGRN may be an important factor in how PGRN contributes to
the regulation of synapse morphology and neuronal connectivity by controlling the kinetics of
PGRN-induced signal transduction. Gaining further insight of the basic biology of PGRN in the
brain may help to provide the necessary foundation for understanding the pathophysiology of
FTD.
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