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Brief Communications

Progranulin Deficiency Decreases Gross Neural Connectivity
But Enhances Transmission at Individual Synapses
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Frontotemporal dementia (FTD) has been linked to mutations in the progranulin gene (GRN) that lead to progranulin (PGRN) haploin-
sufficiency. Thus far, our understanding of the effects of PGRN depletion in the brain has been derived from investigation of gross
pathology, and more detailed analyses of cellular function have been lacking. We report that knocking down PGRN levels in rat primary
hippocampal cultures reduces neural connectivity by decreasing neuronal arborization and length as well as synapse density. Despite
this, the number of synaptic vesicles per synapse and the frequency of mEPSCs are increased in PGRN knockdown cells, suggesting an
increase in the probability of release at remaining synapses. Interestingly, we demonstrate that the number of vesicles per synapse is also
increased in postmortem brain sections from FTD patients with PGRN haploinsufficiency, relative to controls. Our observations show
that PGRN knockdown severely alters neuronal connectivity in vitro and that the synaptic vesicle phenotype observed in culture is

consistent with that observed in the hippocampus of FTD patients.

Introduction

Progranulin (PGRN) is a multifunctional secreted growth factor
that is widely expressed in the developing brain but becomes
progressively restricted to defined neuronal populations, includ-
ing cortical and hippocampal pyramidal neurons and Purkinje
cells (Daniel et al., 2000, 2003; Petkau et al., 2010). Thus far,
PGRN has been implicated in the regulation of neuronal survival
(Van Damme et al., 2008; Ryan et al., 2009; Kleinberger et al.,
2010), and treatment of neurons with exogenous PGRN has been
shown to enhance neurite outgrowth (Van Damme et al., 2008;
Gao et al,, 2010). Despite this, an understanding of the role of
PGRN in the development and maintenance of neural circuitry is
still in its infancy.

Interest in understanding the role of PGRN in the brain has
been heightened following the discovery that mutations in the
progranulin gene (GRN) are a major cause of autosomal domi-
nant, tau-negative frontotemporal dementia (FTD) (Baker et al.,
2006; Cruts et al., 2006; Gass et al., 2006; Mukherjee et al., 2006;
Pickering-Brown et al., 2006; Bronner et al., 2007; van der Zee et
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al., 2007). The majority of GRN mutations produce null alleles,
indicating that FTD results from a loss of functional PGRN (hap-
loinsufficiency) (Baker et al., 2006; Gass et al., 2006). PGRN pa-
thology has also been reported in other dementia-related and
neurodegenerative diseases (Malaspina et al., 2001; Baker and
Manuelidis, 2003; Baker et al., 2006). Thus, it is imperative to
improve our understanding of PGRN function in the brain, and
to determine how alterations in PGRN levels impact basic neural
circuitry.

Materials and Methods

Neuron cultures

Hippocampal neuronal cultures were prepared from E18 rat embryos as
previously described (Xie et al., 2000). Neurons were infected at 3 d in
vitro (DIV) with a lentivirus expressing GFP plus either a scrambled
siRNA (control) or PGRN siRNA. For rescue experiments, cells were
reinfected at 8 DIV with empty vector (+V), or a vector expressing a
siRNA-insensitive, human PGRN (+P). For analysis of neuronal mor-
phology and synapse density, 11 DIV neurons were transfected with
DsRed or PSD-95-RFP (kind gift from Dr. David Bredt, Indianapolis,
IN), respectively, using Lipofectamine 2000 (Invitrogen). Analyses were
done at 13 DIV.

siRNA constructs, lentivirus infection, and recombinant DNAs

PGRN siRNA (5'-GACAGAGTGCATTGCTGTC-3’) and scrambled
siRNA (5'-GCCTATGGTCACAGGTAGT-3") oligonucleotides were
generated (Integrated DNA Technologies) and inserted into pSUPER.
The lentivirus also expressed GFP under the synapsin promoter. A mul-
tiplicity of infection of 5 was used in all cases. siRNA-insensitive, human
PGRN (NM_002087.2) (gift from Dr. Andrew Bateman, Montreal, Can-
ada) was inserted in an FUW lentivirus vector at BamHI and EcoRI sites.

Immunohistochemistry
Cultures were immunolabeled as previously described (Sun et al., 2009).
Primary antibodies were as follows: rabbit anti-synaptophysin (Sigma),
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Dendriticarborization and spine density are reduced in PGRN-deficient neurons. A, Representative Western blot from hippocampal cultures infected with scrambled (Sc) or PGRN siRNA

(siRNA), and subsequently infected with empty vector (+V), or a vector expressing human PGRN (+P). B, E, Confocal images of hippocampal neurons infected with scrambled or PGRN siRNA and
transiently transfected with dsRed. C, D, F, The number of primary neurites (C), arbor length (D), and the density of dendritic protrusions (F) are significantly decreased in cells expressing PGRN siRNA
relative to controls. Subsequent expression of PGRN eliminated differences between Sc and siRNA transfected cells (€, D). F, Histogram of the density of dendritic protrusions. n = 6 to 20 cells per
condition from 5— 8 separate cultures. **p << 0.01, ***p << 0.001 for one-way ANOVA with Tukey post hoc (€) and for Student’s t test (F). D, ***p << 0.0001, F; 3,4, = 18.3, two-way ANOVA,

treatment. Scale bar, 10 pum.

mouse anti-PSD-95 (Affinity BioReagents), and guinea pig anti-VGAT
and anti-VGluT-1 (Synaptic Systems). Secondary antibodies were as fol-
lows: Alexa 488, Alexa 633, and Texas Red-conjugated goat anti-mouse
or anti-rabbit (Invitrogen).

TUNEL and MTT assays

MTT assays were done as described by Korting et al. (1994). n = 3
independent cultures; 4 wells per condition per culture. TUNEL assays
were conducted with the NeuroTACSII In Situ Apoptosis Detection Kit
(R&D Systems). Approximately 1300 cells were counted per experiment.
n = 4 independent cultures; 10 images per condition per culture.

FM4-64 labeling

FM4-64 experiments were done as previously described (Sun et al.,
2009). ADVESAP-7 (1 mum; Sigma) was added to quench nonspecific
signal. Three images were captured to confirm that the positive sites of
FM loading were stationary presynaptic terminals. Unloading was done
for 30 s in the same hyperkalemic solution used to load the FM4-64 dye.
Unloading of FM4-64 to 15% of initial intensity was observed in >95%
of the labeled sites.

Immunoblot analysis

Cell lysates were prepared as previously described (Sun et al., 2009).
Antibodies were as follows: rabbit anti-synaptophysin (Sigma) and
mouse anti-progranulin (R&D Systems), anti-GluR2 (Millipore Biosci-
ence Research Reagents), and anti-actin (Sigma). Biotinylation and lysis
of cultures were done as per Holman and Henley (2007).

Electrophysiology

General recording conditions were as previously described (Milnerwood
and Raymond, 2007). Cells were perfused (2—4 ml/min) with the follow-
ing (in mm): 167 NaCl, 2.4 KCl, 10 glucose, 10 HEPES, 2 CaCl,, and 1
MgCl,, pH 7.4, 300-305 mOsm/L) at 27-30°C. Whole-cell patch-clamp
recordings of miniature EPSCs (mEPSC:s) isolated by 100 uM picrotoxin
and 200 nM tetrodotoxin were obtained. Pipette resistance was 3—6 M{)
when filled with (in mm) 130 Cs methanesulfonate, 5 CsCl, 4 NaCl, 1
MgCl,, 5 EGTA, 10 HEPES, 5 QX-314, 0.5 GTP, 10 Na,-
phosphocreatine, and 5 MgATP, pH 7.4, 290—-295 mOsm/L. Series resis-
tances (R <20 M()) were uncompensated and did not differ between
groups (mean 11.8 = 0.6 M()); cells were discarded if R, changed >10%
or if I, exceeded —180 pA (mean —43.4 = 6 pA M()). mEPSCs were
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isolated using Clampfit10 (detection threshold
8 pA; typically 2-3 rms noise), and nonunitary
events were suppressed from all analyses other
than frequency and interevent intervals. Statis-
tics were performed with Prism 6 (GraphPad
Software) software and significance deter-
mined as p < 0.05.
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Electron microscopy

Postmortem sections. We embedded 1 mm X 2
mm sections of hippocampi in a JEMBED/
Spurr’s mixture and stained 70 nm sections
with 2% uranyl acetate and Reynold’s lead.
Over 50 images from the stratum radiatum
directly underlying the CA1 stratum pyrami-
dale were analyzed for each patient. Images
were acquired at 60,000 X with experimenter
blind to genotype.
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Hippocampal neurons were imaged using an

Olympus Fluoview 1000 confocal micro-

scope (60X/1.4 Oil Plan-Apochromat). All Figure 2.

images in a given experiment were captured
and analyzed with the same exposure time
and conditions.

Neuronal morphology. Individual cells were
transfected with DsRed. The number of pri-
mary dendrites and the number and length of
spiny protrusions were analyzed using Image].
To determine neurite complexity and lengths
by Sholl analysis, neurite lengths in 20 wm incre-
ments from the soma were quantified usinga cus-
tom software routine in Igor Pro (WaveMetrics)
designed in house as used by Milnerwood et al. (2010). To determine the
density and length of spiny protrusions, all protrusions along primary den-
drites within 100 wm from the cell body were analyzed.

Synapse density. Cultures transfected with PSD-95-RFP were fixed and
immunostained with anti-synaptophysin. Images were analyzed using
Image] with a colocalization plugin (http:// rsb.info.nih.gov/ij/plugins/
colocalization.html). Points of colocalization were defined as regions
>1 pixel in size where the intensity ratio of the two channels was >50.

Punctum number and size. Puncta for FM4-64, synaptophysin, PSD-
95, VGIuT-1, and VGAT were analyzed using ImageJ. Over 30 images
from different fields were taken for each group using the same settings
within groups. The threshold values were chosen based on a subjective
evaluation of “real” clusters compared to background noise as described
by Sun et al. (2009). Once the threshold was set, it was applied through-
out. All puncta in a field were analyzed.
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The density of presynaptic clusters is reduced but the number of synaptic vesicles per synapse is increased in PGRN-
deficient neurons. 4, B, The density of putative synapses defined by colocalization of presynaptic and postsynaptic markers is
decreased in PGRN knockdown cultures (n = 9—18 neurons per condition, 5 cultures). B, Confocal images of hippocampal neurons
infected with scrambled (Sc) or PGRN siRNA, transiently transfected with PSD-95-RFP, and immunostained for synaptophysin.
Scale bar, 5 wm. C, D, The size of synaptophysin punctais increased in PGRN knockdown neurons. n = 10images per condition, 3
cultures. D, Confocal images of neurons infected with scrambled or PGRN siRNA (green) and fixed and immunolabeled with
anti-synaptophysin (red). Scale bar, 5 wm. E, Overall synaptophysin levels are unchanged in control and PGRN siRNA-expressing
cultures. n = 4 blots from 4 separate cultures. F, G, The number of synaptic vesicles per synapse is increased in PGRN knockdown
cultures compared to control (1 = 4152 synapses per condition, 3 cultures). Scale bar, 100 nm. ***p < 0.001, one-way ANOVA
with Tukey post hoc (4, , G).

Number of synaptic vesicles per synapse (electron microscopy). Synapses
in electron micrographs were identified by an electron-dense region as-
sociated with at least five vesicles presynaptically, and apposed to an
electron-dense postsynaptic density. Only vesicles within 550 nm from
the presynaptic active zone were counted.

Statistical analysis. Significance was determined using a two-tailed Stu-
dent’s ¢ test unless otherwise specified.

Results

The neuropathology observed in late-stage FTD patients includes
a marked compromise in the survival of hippocampal pyramidal
neurons. However, it is unclear how GRN deficiency might im-
pact this population of neurons before cell death. To examine
this, we knocked down PGRN in cultured primary hippocampal
cultures by infection with a lentivirus expressing GFP plus either
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trol: 14.37 = 2.75%; PGRN siRNA: 19.15 *
1.22%; p = 0.186, n = 15 images per condi-
tion, 3 cultures), nor were differences ob-
served by the MTT assay for cell viability
(control: 100 * 3.10%; PGRN siRNA:
91.49 * 3.41%; p = 0.076, n = 4 experi-
ments, 4 cultures). Thus, PGRN protein
100ms levels can be reduced to 20% of normal

expression in 2-week-old hippocampal
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a scrambled siRNA (control) or PGRN siRNA (PGRN knock-
down). At 13 DIV (10 d after infection), PGRN levels were dra-
matically reduced in the siRNA-infected cells compared to
controls (control: 100 = 6.92%; siRNA: 21.38 * 6.85% p =
5.25 X 10 7%, n = 3 blots from 3 cultures) (Fig. 1A). This 80%
reduction in PGRN protein levels is comparable to the 65% de-
crease observed in the CSF of FTD patients with PGRN haploin-
sufficiency (Van Damme et al., 2008). To ensure that the
phenotypic changes observed in cultures expressing PGRN
siRNA were due to knockdown of PGRN specifically, PGRN was
subsequently reintroduced to cells by reinfection of a construct
expressing siRNA-insensitive, human PGRN (Fig. 1 A).

Since PGRN has been shown to enhance neuronal survival (Van
Damme et al., 2008), the effect of PGRN depletion on survival was
determined at 13 DIV using TUNEL and MTT assays. There was no
change in the percentage of total apoptotic nuclei in each field (con-

Synaptic vesicle recycling and the frequency of mEPSCs are enhanced in PGRN-deficient neurons. A, Representative
images of FM4-64 staining of recycling synaptic vesicles in PGRN knockdown and control cultures. Scale bar, 10 pum. There was an
increase in the integrated density of FM4-64 puncta (control: 100 == 8.6%; siRNA: 128.0 = 3.7%; p = 0.04,n = 3 experiments).
B, Representative traces showing mEPSCs. €, Mean mEPSC amplitudes (left) or decay kinetics (middle) are not significantly
different in PGRN knockdown cultures; however, mean mEPSC frequency (right) is increased in PGRN knockdown cultures. n =
813 cells from 3— 4 separate cultures; one-way Kruskal-Wallis ANOVA p = 0.024, KW = 9.46, p << 0.05 Dunn’s post hoc, *p <
0.05 t test direct comparison). D, Cumulative probability plots demonstrate that PGRN siRNA significantly reduces mEPSC IEls (left;
two-way RM-ANOVA #treatmentp = 0.01 13, F1,640) = 8.2, ***interaction p = 0.0001, F 49 649) = 6.6). Overexpression of PGRN
does not significantly affect IEls (middle; p = 0.89). The effect of SiRNA on mEPSCIEIs is significantly reduced by subsequent PGRN
CDNA expression (right; two-way RM-ANOVA *treatment p = 0.034, F; 44) = 5.1, ***interaction p = 0.0001, F4q g0 = 6.6).
E, GIuR2 levels are not significantly different in PGRN knockdown cultures. Surface GluR2: 1.26 == 0.22-fold increase in surface
GluR2 levels in PGRN siRNA cells compared to control ( p = 0.31). Total GIuR2: 1.08 == 0.26-fold increase in total GIuR2 levels in
PGRN siRNA cells compared to control ( p = 0.78). Shown is a representative blot from n = 3 blots from 3 cultures.

protrusions along dendrites, compared to
controls (control: 100 = 3.19%; siRNA:
69.17 + 5.27%; p = 3.6 X 10 °) (Fig.
1E,F). Moreover, there was a marked de-
crease in the density of mature, spine-like
protrusions (0—2 wm) and a significant
increase in the density of longer
“filopodial-like” protrusions (>11 um)
(Fig. 1F).

We next examined the effects of PGRN
knockdown on synapse density and size.
Individual neurons were transfected at 11
DIV with the excitatory postsynaptic
marker PSD-95 fused to red fluorescent
protein (RFP) enabling the visualization of postsynaptic densities
in individual cells. Synapses were defined by the colocalization of
PSD-95-RFP and the presynaptic marker synaptophysin; how-
ever, it is important to note that these may not reflect functional,
active synapses. There was a 37% reduction in the density of
synapses in PGRN knockdown cultures compared to controls
(control: 100 =+ 4.7%; siRNA: 63.6 = 4.2%; p = 1.3 X 10 ~7) (Fig.
2A,B).

To determine whether synaptic composition was also affected,
cells were immunolabeled with antibodies against a number of
presynaptic and postsynaptic proteins. Immunolabeling of cells
for synaptophysin revealed a twofold increase in the size of syn-
aptophysin puncta in PGRN knockdown cultures compared to
controls (Fig. 2 B-D). This was not due to increased expression of
synaptophysin as assessed by Western blot (Fig. 2 E). Changes in
the ratio of functional excitatory/inhibitory synapses can lead to
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Figure 4.  The number of synaptic vesicles per synapse is enhanced in the hippocampus of

FTD patients with PGRN haploinsufficiency. A, Representative hematoxylin and eosin staining of
postmortem hippocampal sections from control and FTD with GRN mutations patients. The line
demarcates the CA1 pyramidal cell layer that is virtually ablated in the FTD brain. The box
approximates the region of stratum radiatum used for electron micrograph analyses. B, Repre-
sentative electron micrographs of hippocampal synapses in the stratum radiatum of control and
FTD brains. €, The number of synaptic vesicles per synapse in FTD1-FTD3 (107.83 = 12.50;n =
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neurodegeneration. To determine whether the increase in the size
of presynaptic compartments is specific for excitatory or inhibitory
synapses, cultures were immunolabeled with antibodies against
VGlut-1 (a vesicular glutamate transporter localized at excitatory
synapses) and VGAT (a vesicular GABA transporter localized at in-
hibitory synapses), respectively. The size of VGlut-1, and to a lesser
extent VGAT puncta, was increased in PGRN knockdown cultures
compared to controls (VGlut-1: control: 100 * 4.5%; siRNA:
195.8 + 21.5%; p = 2.5 X 10 ~* n = 20—22 images per condition,
2 cultures; VGAT: control: 100 * 5.1%; siRNA: 131.8 = 10%; p =
0.007, n = 30—-33 images per condition, 2 cultures). The size of
postsynaptic PSD-95 clusters was unchanged (control: 100 *
2.6%; siRNA: 88.1 = 5.1%; p = 0.038, n = 30 images per condi-
tion, 3 cultures).

The increase in the size of synaptophysin, VGAT, and VGlut-1
clusters suggests an increase in the number of synaptic vesicles
per synapse. Using electron microscopy, we confirmed a 33%
increase in the number of synaptic vesicles per excitatory asym-
metric synapse in PGRN knockdown cultures (control: 63 * 2.8;
siRNA: 94 * 3.88; p = 6.3 X 10 >, n = 133 and 146 synapses per
condition, 3 cultures) (Fig. 2F, G). The length of the postsynaptic
density was unchanged (control: 417 =16 nm, #n = 110 synapses;
siRNA: 425 = 21 nm; p = 0.766, n = 98 synapses, 3 cultures).
These data indicate that PGRN knockdown decreases dendritic
arborization and synapse density. Although this suggests an over-
all reduction in neuronal connectivity, we also observed an in-
crease in the number of synaptic vesicles per synapse, which may
reflect an increase in transmission at remaining synapses. It is
possible that increased synaptic vesicle number is a direct effect of
decreased PGRN signaling, or a homeostatic response to de-
creased synapse number in the network.

To determine whether the increase in vesicles per synapse trans-
lates to changes in presynaptic function, vesicle turnover was as-
sessed using the styryl dye FM4-64 (Betz and Bewick, 1992). The
average integrated density (product of area and mean gray value) of
FM4-64 clusters was increased in PGRN knockdown cultures (con-
trol: 100 * 8.6%; siRNA: 128.0 = 3.7%; p = 0.04, n = 20 images per
condition, 3 cultures), suggesting increased synaptic vesicle recycling
at individual boutons.

To examine synaptic transmission in PGRN knockdown cul-
tures compared to controls, whole-cell voltage-clamp recordings
were conducted. Analysis of mEPSCs demonstrated that AMPA
receptor-mediated current amplitudes and decay kinetics did not
differ significantly across groups (Fig. 3 B, C). In contrast, we ob-
served a marked increase in the frequency of events in PGRN
siRNA cultures (Fig. 3B, C, right). Due to the large number of
events collapsed to a single cell mean, it is appropriate to consider
the mean cell cumulative probability of mEPSC parameters be-
tween groups. There were no significant effects of PGRN siRNA
or PGRN overexpression upon mEPSC amplitude cumulative
probabilities; however, PGRN siRNA significantly decreased
mEPSC interevent intervals (IEIs) (Fig. 3D, left), whereas PGRN
overexpression had no effect (Fig. 3D, middle). Furthermore, in
agreement with mean cell frequencies, subsequent PGRN over-
expression abolished the siRNA-mediated decrease in mEPSC
1EIs (Fig. 3D, right).

Together, the data demonstrate that reduced PGRN levels re-

<«

143 synapses) was significantly higher than in control patients ((1-3; 45.53 £ 3.2;n = 199
synapses; p = 0.031, Student’s ¢ test). Each datum represents the number of vesicles per
synapse. Scale bars: A, T mm; B, 100 nm.
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sult in an increased frequency of spontaneous glutamatergic
transmission. This can be attributed to either of the following: (1)
increased probability of transmitter release; or (2) an increase in
the number of synapses with similar or reduced release probabil-
ities. Given the reduction in overall synapse density in PGRN
siRNA cultures (Fig. 2), the data suggest that presynaptic release
probability is markedly increased at remaining synapses.

To further examine whether the increase in mEPSC frequency
can be attributed to presynaptic or postsynaptic mechanisms, we
examined the level of total and surface AMPA receptors in con-
trol and PGRN knockdown cultures. No differences were ob-
served in either total or surface GluR2 (Fig. 3E) in agreement with
alack of change in mEPSC amplitude. Together, the data suggest
that increased synaptic transmission is attributable to increased
probability of presynaptic release.

We next determined whether the morphological changes ob-
served in vitro were also observed in the brains of FTD patients
with PGRN haploinsufficiency. Postmortem hippocampal sec-
tions were obtained from three control and three patients with
familial FTD with GRN mutations (UBC-11, UBC-15, and
UBC-17) exhibiting severe FTD and a marked loss of CAl
hippocampal pyramidal neurons (Fig. 4A). Electron micros-
copy analysis demonstrated a significant increase in the num-
ber of synaptic vesicles per synapse in FTD patients compared
to control patients (Fig. 4B, C).

Discussion

Although dementia is typically thought of as a disease caused by
the process of aging, emerging data indicate that there may be a
previously unrecognized neurodevelopmental component to the
occurrence of FTD. Indeed, comparisons of family members with
and without pathogenic mutations leading to FTD demonstrate
that presymptomatic carriers exhibit cognitive dysfunction many
decades before the predicted onset of dementia (Geschwind et al.,
2001). Understanding the normal function of proteins involved
in the etiology of FTD and how they impact not only neurode-
generation but also neural connectivity and function is, there-
fore, of the utmost importance.

Our data provide insight into of the normal functioning of
PGRN in the early development and maintenance of neural con-
nectivity. As PGRN is widely expressed in both neurons and glia
during development, it would be of interest to determine the
contribution of glial-derived PGRN in brain development. Fur-
thermore, PGRN is highly expressed in specific neuronal popu-
lations throughout adulthood, and further work is required to
determine whether PGRN plays a role in the maintenance of
synaptic connections.

It is clear that when considering the etiology of FTD, other
factors beyond PGRN haploinsufficiency must be taken into con-
sideration. For example, FTD patients with PGRN haploinsuffi-
ciency also exhibit ubiquitin-positive, TDP-43-positive neuronal
inclusions that are believed to be associated with the pathophys-
iology of FTD. Patients also exhibit pronounced atrophy of spe-
cific brain regions, significant astrocytic gliosis, and myelin loss in
white matter tracts. More specifically, in the hippocampus, there
is a marked loss of neurons and gliosis in area CA1 and the subic-
ulum (for review, see Eriksen and Mackenzie, 2008). It is intrigu-
ing that depletion of PGRN in both hippocampal cultures and
patients with FTD results in increased number of vesicles per
synapse, yet it is highly probable that neuronal inclusions, gliosis,
and myelin loss also exert significant effects on neural function in
patients with severe FTD. Further investigations will determine
whether prolonged PGRN-haploinsufficiency and the associated
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neuronal dysfunction reported here are related, or even causal to,
latent pathophysiological processes in FTD.
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