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Summary

The secreted growth factor progranulin (PGRN) has been shown to be important for regulating neuronal survival and outgrowth, as well
as synapse formation and function. Mutations in the PGRN gene that result in PGRN haploinsufficiency have been identified as a major
cause of frontotemporal dementia (FTD). Here we demonstrate that PGRN is colocalized with dense-core vesicle markers and is co-
transported with brain-derived neurotrophic factor (BDNF) within axons and dendrites of cultured hippocampal neurons in both
anterograde and retrograde directions. We also show that PGRN is secreted in an activity-dependent manner from synaptic anc
extrasynaptic sites, and that the temporal profiles of secretion are distinct in axons and dendrites. Neuronal activity is also shown to
increase the recruitment of PGRN to synapses and to enhance the density of PGRN clusters along axons. Finally, treatment of neuron
with recombinant PGRN is shown to increase synapse density, while decreasing the size of the presynaptic compartment and specifically
the number of synaptic vesicles per synapse. Together, this indicates that activity-dependent secretion of PGRN can regulate synaps
number and structure.
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Introduction Previous work from our lab has demonstrated that knocking
Progranulin (PGRN) is a multi-functional, secreted growth factor down PGRN levels in rat primary hippocampal cultures reduces
expressed in a variety of tissues throughout the body (Batemameuronal arborization and the density of synapses, but enhances
and Bennett, 2009). In the adult brain, PGRN is expressed irthe size of presynaptic compartments and the frequency of mini
microglia, in pyramidal neurons of the cortex and hippocampus,excitatory postsynaptic currents (mMEPSCs) of the remaining
as well as in cerebellar Purkinje cells and spinal motor neuronssynapses (Tapia et al., 2011). In addition, PGRN knockout mice
(Petkau et al., 2010). PGRN has been shown to play a role irdisplay altered synaptic connectivity, impaired synaptic plasticity
promoting neuronal survival, enhancing neurite outgrowth andand abnormal neuronal morphology (Petkau et al., 2012). Taken
regulating inflammation in the central nervous system (CNS)together, these data suggest PGRN has neurotrophic properties
(Guo et al.,, 2010; Ryan et al.,, 2009; Tang et al.,, 2011; Vanand plays an important role in regulating neuronal morphology
Damme et al., 2008; Xu et al., 2011). Interest in the regulationand connectivity. Despite the recent interest in how PGRN
and function of PGRN in the brain has significantly increased functions in the brain, the regulation of PGRN transport and
following the discovery that mutations in the progranulin (also secretion have not yet been characterized in neurons.
known as granulin) gene&sRN) are the major cause of autosomal  We demonstrate that PGRN is localized to a subset of synapses
dominant frontotemporal dementia (FTD) with tau-negative in both axons and dendrites and is transported bi-directionally
inclusions (Baker et al., 2006; Bronner et al., 2007; Cruts et al.,with transport characteristics similar to those of dense-core
2006; Gass et al., 2006; Mukherjee et al., 2006; Pickering-Brownvesicles. In addition, we demonstrate that PGRN is highly
et al., 2006; van der Zee et al., 2007). colocalized and co-transported with a well-characterized
Most of the pathogenic mutations result in null alleles, and it neurotrophin, brain-derived neurotrophic factor (BDNF), and is
is believed that frontotemporal dementia results from PGRNfurther recruited to synapses following neuronal activity. Similar
haploinsufficiency (Baker et al., 2006; Cruts et al., 2006). to that previously shown for BDNF, PGRN is secreted from
However, a number of FTD-linked mutations that specifically axons and dendrites in an activity-dependent manner with
lead to deficiencies in PGRN secretion have also been identifiedifferent temporal profiles of secretion. This secretion is
(Mukherjee et al., 2008; Shankaran et al., 2008; Wang et al.dependent on the activation of voltage-gated calcium channels
2010). A further understanding of the regulation of PGRN (VGCC) and can be blocked in €afree media or in the
secretion is therefore warranted. presence of VGCC blockers. Treatment of cultured hippocampal
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Table 1. Transport characteristics of PGRN-GFP in axons and dendrites of 14 DIV hippocampal neurons

All events Anterograde events Retrograde events
(n5 67) (n5 43) (n5 24)

Axon

Flux (per minute) 4,96 0.66 2.6% 0.43 2.260.27
Velocity (mm/s) 1.7% 0.06 1.7 0.07 1.7% 0.07

Run length 6.16 0.32 6.65 0.51 5.7%0.24
Dendrite

Flux (per minute) 2.46 0.60 1.65 0.53 0.86 0.19
Velocity (mm/s) 1.06 0.11 1.080.13 1.0% 0.10

Run length 4,76 0.63 4.44 0.68 4.4% 0.64

Values are from 11 kymographs and 11 cells (me@ns.e.m.).

NH,4CI, we observed an increase in the number of fluorescentevents and either synRFP or PSD-95-RFP to demarcate synapses
PGRN-SEP puncta in axons and dendrites at both synapses aiml axons and dendrites, respectively. Cells were imaged for
extrasynaptic sites, suggesting that the majority of PGRN is5 minutes in a low KCI solution to obtain baseline levels of
localized intracellularly (supplementary material Fig. S3A,B). PGRN secretion (see Materials and Methods) and then switched
To determine whether PGRN secretion is regulated byto a solution containing 70 mM KCI, or 0.5 mM 4-AP and

neuronal activity, the change in SEP fluorescence following 10 mM bicuculline and imaged every 12 seconds for 10 minutes.
enhanced activity was monitored using time-lapse confocalThe average density of PGRN-SEP fluorescent puncta rapidly
imaging. Specifically, cells were transfected with superecliptic increased in axons following treatment with 4-AP and
pHIluorin-tagged PGRN (PGRN-SEP) to visualize exocytotic bicuculline, and was maintained throughout the imaging period

Fig. 3. Activity increases the density of PGRN-GFP puncta at

axons and enhances the recruitment of PGRN-GFP to synapses.

(A) The density of PGRN-GFP puncta in axons is increased at

10 minutes after treatment with 4-AP and bicuculline (labeled as ‘4-
AP’; normalized to controls). Conversely, the density of synRFP
puncta is unchangea% 8-14 neurons per condition, three cultures).
(B) The integrated density of PGRN-GFP puncta that are specifically
colocalized with synRFP puncta is increased at 5 minutes and

10 minutes following 4-AP and bicuculline treatment (normalized to
controls;n5 8-14 neurons per condition, three culturegy, *0.05,

** P, 0.01, Student’'s-test. (C) Confocal images of 14 DIV
hippocampal neurons co-transfected with PGRN-GFP and synRFP,
before treatment and 10 minutes following treatment with 4-AP and
bicuculline. White arrowheads indicate existing PGRN-GFP puncta
colocalized with synRFP that increase in integrated density by

10 minutes after activity induction. Black arrowheads indicate
PGRN-GFP puncta that are newly recruited to synRFP puncta. Scale
bar: 5mm. (D) Fluorescence distribution histogram depicting mean
gray value of PGRN-GFP and synRFP puncta along a length of axon
(from inset in C).
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Fig. 6. Synapse density is increased, but integrated density

of VGlut-1 puncta is decreased following treatment with
recombinant PGRN. (A) The density of synapses, determined
by the density of colocalized VGlut-1 and PSD-95 clusters
along a GFP mask, is significantly increased following
treatment with 250 ng/ml rPGRN. (B) The integrated density of
PSD-95 puncta is unchanged following treatment with rPGRN.
(C) The integrated density of VGIut-1 puncta is significantly
decreased following treatment with 250 ng/ml rPGRIS @4

cells per condition, three culturesp* 0.05, **P, 0.01;
Student’st-test. (D) Confocal images of 14 DIV hippocampal
neurons transfected with GFP and immunolabeled for PSD-95
and Vglut-1, treated with either 0 ng/ml rPGRN (left panel) or
250 ng/ml rPGRN (right panel). White arrowheads indicate
points of colocalization between PSD-95 and Vglut-1 puncta
within a single, GFP-transfected neuron. Scale bam?

(E) The number of synaptic vesicles per synapse is decreased in
cells treated with 250 ng/ml rPGRMY 54-58 synapses per
condition). *P, 0.05, Student's-test. (F) Electron microscopy
images of synapses treated with either 0 ng/ml rPGRN (left
panel) or 250 ng/ml PGRN (right panel). Scale bar: 100 nm.

Similar to what we have shown for PGRN, BDNF is secreted Matsuda et al., 2009). In contrast, the characteristics of axonal
from axons and dendrites in an activity-dependent manner, an@BDNF release events following activity correspond to partial fusion
this is dependent on the activation of VGCC and an increase irof BDNF-containing vesicles, indicating the kiss-and-run mode of
intracellular C&" concentration (Balkowiec and Katz, 2002; BDNF release (Dean et al., 2009; Matsuda et al., 2009). Indeed, the
Goodman et al., 1996; Hartmann et al., 2001; Santi et al., 2006)recycling of vesicles following multiple kiss-and-run events at the
We have demonstrated that PGRN is released with differentaxon may explain the sustained levels of PGRN-SEP fluorescent
temporal profiles of secretion from axons and dendrites. Althoughevents in the axon following stimulation. Conversely, complete
activity results in a rapid increase in PGRN-SEP fluorescent eventfusion of PGRN-SEP-containing vesicles in the dendrites may
in both axons and dendrites, in axons the number of PGRN-SERccount for the decay in the average density of PGRN-SEP
events is maintained for the duration of 4AP and bicuculline fluorescent events after the initial activity-induced increase.
treatment, whereas in dendrites the number of PGRN-SEP Axonal and dendritic PGRN vesicles may in fact belong to two
fluorescent events decreases sharply over time. Previous studiestinct populations, which may also contribute to different
have also reported different modes of activity-mediated BDNF activity-induced PGRN release profiles in the axonal and
release in axons and dendrites. BDNF secretion events in dendritedendritic compartments. Accordingly, it has been previously
have been shown to be larger and faster than in axons, indicatinghown that distinct subsets of BDNF-containing vesicles are
full fusion of BDNF-containing vesicles (Dean et al., 2009; differentially sorted to axons and dendrites (Dean et al., 2012).
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