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Abstract

Mislocalization, aberrant processing and aggregation of TAR DNA-binding protein 43 (TDP-43) is found in the neurons
affected by two related diseases, amyotrophic lateral sclerosis (ALS) and frontotemporal lobe dementia (FTLD). These TDP-
43 abnormalities are seen when TDP-43 is mutated, such as in familial ALS, but also in FTLD, caused by null mutations in the
progranulin gene. They are also found in many patients with sporadic ALS and FTLD, conditions in which only wild type
TDP-43 is present. The common pathological hallmarks and symptomatic cross over between the two diseases suggest that
TDP-43 and progranulin may be mechanistically linked. In this study we aimed to address this link by establishing whether
overexpression of mutant TDP-43 or knock-down of progranulin in zebrafish embryos results in motor neuron phenotypes
and whether human progranulin is neuroprotective against such phenotypes. Mutant TDP-43 (A315T mutation) induced a
motor axonopathy characterized by short axonal outgrowth and aberrant branching, similar, but more severe, than that
induced by mutant SOD1. Knockdown of the two zebrafish progranulin genes, grna and grnb, produced a substantial
decrease in axonal length, with knockdown of grna alone producing a greater decrease in axonal length than grnb.
Progranulin overexpression rescued the axonopathy induced by progranulin knockdown. Interestingly, progranulin also
rescued the mutant TDP-43 induced axonopathy, whilst it failed to affect the mutant SOD1-induced phenotype. TDP-43 was
found to be nuclear in all conditions described. The findings described here demonstrate that progranulin is
neuroprotective in vivo and may have therapeutic potential for at least some forms of motor neuron degeneration.
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Introduction

The biological role of progranulin (PGRN) is incompletely

understood. It has been reported to be involved in development,

tumor growth, wound healing and inflammation, but its role in the

nervous system remains to be elucidated [1,2,3,4]. We have

previously demonstrated that PGRN has neurotrophic effects in

vitro, producing increased neurite lengths and neuron survival in

both cortical and motor neurons [5]. Its neuroprotective effect in

vivo is unexplored.

Null mutations in the PGRN gene are responsible for about a

third of hereditary FTLD, which itself represents about 40% of all

FTLD, the second most common form of dementia in patients

under 65 years of age [6,7,8]. These mutations produce

progranulin haplo-insufficiency, evident by decreased PGRN

levels in the cerebrospinal fluid and serum of patients with FTLD

caused by PGRN mutations [5,9,10]. The brains of patients with

progranulin mutations are characterized by nuclear and cytoplas-

mic inclusions that contain TDP-43 that is aberrantly cleaved,

phosphorylated and ubiquitinated [11,12]. Similar TDP-43

containing inclusions are also seen in the majority of patients

with sporadic FTLD [13].

Missense mutations in TDP-43, on the other hand, cause

amyotrophic lateral sclerosis (ALS) [14,15,16,17,18,19]. ALS is a

fatal motor neuron disease that is frequently accompanied by

frontal lobe dysfunction, and sometimes by full FTLD [20,21,22].

ALS is mostly sporadic (90%); mutations in TDP-43 explain about

5% of the hereditary forms [14]. The motor neurons of ALS

patients with TDP-43 mutations contain inclusions with abnor-

mally cleaved, phosphorylated and ubiquitinated TDP-43, similar

to those described for FTLD caused by progranulin mutations

[11]. Importantly, similar inclusions are also seen in sporadic ALS

patients, but not in patients with mutant SOD1-associated ALS

(which accounts for about 20% of familial ALS patients)[23,24].

The pathological and genetic links between FTLD and ALS

suggest an interaction between the molecular pathways through

which progranulin and TDP-43 act in the process of neurode-

generation. To study this interaction, we aimed to investigate the

effect of progranulin knock down or overexpression of wild type

and mutant TDP-43 on motor neuron outgrowth in the zebrafish.
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To investigate the role of PGRN in vivo we first examined the effect

of knocking down zebrafish PGRN protein using morpholinos

targeted to the grna and grnb genes, two fish orthologues of the

human gene. Both ATG and 59UTR morpholinos were used to

exclude off target effects, and 5-base pair mismatch morpholinos

were used as controls. We also aimed to confirm the effect of

mutant TDP-43 mRNA expression on motor axon outgrowth and

to test whether PGRN overexpression is protective against the

axonopathies induced by mutant TDP-43 and SOD1.

Results

Knockdown of zebrafish PGRN leads to a motor
axonopathy

Knockdown of grna and grnb separately with morpholino (MO)

directed to either the start codon (ATG MO) or sequence within

the 59 untranslated region (59 UTR morpholino) led to dose

dependent decreases in axonal length (Figure 1A and B). The

effect of knockdown of grna was more pronounced than that of

knockdown of grnb. The grna and grnb MO together had a

cumulative effect (Figure 1C). The axonal shortening induced by

grna knockdown (using the 59 UTR MO) was rescued by co-

expression of human PGRN mRNA (Figure 2A), indicating that

the effect was specifically caused by PGRN deficiency. Real time

PCR, following reverse transcription of RNA extracted from

24 hours post fertilization (hpf) zebrafish embryos injected with

PGRN mRNA (250ng/ml), confirmed the presence of human

PGRN mRNA following injection (Figure 2B). Further, a human

PGRN ELISA assay confirmed overexpression of human PGRN

protein in zebrafish embryos injected with PGRN mRNA

(Figure 2C).

Mt-TDP induces a motor axonopathy
Injection of wild type (Wt) and mutant (Mt, A315T) TDP-43

mRNA resulted in overexpression of human TDP-43, as indicated

by immunoblot of embryos 28 hours post injection (Figure 3A).

Protein produced by in vitro translation of the Wt TDP-43 mRNA

served as a positive control. Embryos overexpressing Wt TDP-43

exhibited modest axonal shortening and aberrant branching in

comparison with buffer injected embryos (Figure 3B). Neverthe-

Figure 1. PGRN knockdown results in reduced motor axon outgrowth. A) Knockdown of grna, by morpholino targeted to both the start
codon (ATG) and 59UTR region of zebrafish PGRN sequence, produced a dose dependent decrease in axonal length compared to mismatch Control
MO injected embryos.‘Significantly different from 200 mM Control MO, p,0.036; # significantly different from 50 mM MO, p,0.001; grna CO-MO
(ATG): n = 41; grna CO-MO (UTR): n = 20; grna ATG-MO, 50 mM: n = 40, 100 mM: n = 40, 200 mM: n = 41; grna 59UTR-MO, 50 mM: n = 27, 100 mM: n = 28,
200 mM: n = 14; Knockdown of grnb produced a similar, but more subtle, axonal shortening. * Significantly different from 600 mM Control MO,
p,0.038; # significantly different from 200 mM MO, p,0.05; grnb CO-MO (ATG): n = 27; grnb CO-MO (UTR): n = 10; grnb ATG-MO, 200 mM: n = 40,
400 mM: n = 36, 600 mM: n = 41; grnb 59UTR-MO, 200 mM: n = 9, 400 mM: n = 12, 600 mM: n = 12; B) The two MO used simultaneously had a cumulative
effect; * significantly different from Control MO a + b, p,0.002; # significantly different from all other groups p,0.0001. Buffer injected: n = 20, CO-
MO (A + B): n = 34, grnb MO: n = 36, grna MO: n = 36, grna + grnb MO: n = 36. All bars represent mean 6 s.e.m.
doi:10.1371/journal.pone.0013368.g001
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Figure 2. Overexpression of human PGRN mRNA prevents the decrease in axon outgrowth produced by knockdown of zebrafish
PGRN. A) The decreased axonal length produced by knockdown of grna with a 59UTR MO was rescued by co-expression of PGRN mRNA.
* significantly different from grna CO MO, p,0.02; ˆ significantly different from grna MO + GFP, p,0.0001. Bars represent mean 6 s.e.m. Buffer
injected: n = 20, CO-MO: n = 15, CO-MO + PGRN: n = 15, grna MO: n = 15, grna MO + GFP: n = 15, grna MO + PGRN: n = 13. B) Real time PCR analysis of
cDNA reverse transcribed from RNA extracted from either non-injected or PGRN mRNA injected zebrafish embryos confirmed the presence of human
PGRN mRNA in injected embryos (*p,0.0001). C) Quantification of human PGRN protein levels in non-injected and PGRN mRNA injected zebrafish
embryos (24hpf) by ELISA confirmed the overexpression of human PGRN protein following PGRN mRNA injection (100 and 250 ng/ml). *Significantly
different from non-injected, p,0.043 (post-hoc Wilcoxon Signed Ranks test) following a significant Friedman Test, p = 0.015.
doi:10.1371/journal.pone.0013368.g002

Figure 3. Overexpression of wild type (Wt) and mutant (Mt) TDP-43 mRNA produces motor axonopathies. A) Anti-V5 immunoblot
confirmed similar expression levels of Wt and Mt TDP-43 following TDP-43 mRNA injection. Protein produced by in vitro translation of the Wt TDP-43
mRNA served as a positive control. B) Overexpression of Wt TDP-43 produced modest axonal shortening (‘p,0.001) and aberrant branching
(‘p,0.001) in comparison with Buffer injection (n = 61). Mt TDP-43 expression (600 ng/ml: n = 37, 650 ng/ml: n = 64, 700 ng/ml: n = 26) produced a
more pronounced effect, resulting in significantly shorter axonal lengths (*p,0.001) and more embryos affected by aberrant branching (*p,0.001)
than Wt TDP-43 injected embryos (600 ng/ml: n = 35, 650 ng/ml: n = 59, 700 ng/ml: n = 45).
doi:10.1371/journal.pone.0013368.g003
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less, mutant TDP-43 expression produced a more pronounced

decrease in axonal length compared with Wt TDP-43 expressing

embryos (Figure 3B), despite the embryos having equal body

lengths (p = 0.62). Overexpression of mutant TDP-43 also

produced an outgrowth defect resulting in significantly more

branching in the Mt TDP-43 than Wt TDP-43 expressing

embryos when injected with 650 ng/ml mRNA. Signs of axono-

pathy (decreased axonal length and increased branching) were also

evident when Wt TDP-43 was injected at higher concentrations

(.650 ng/ml), decreasing the difference between Wt and Mt TDP-

43 expressing embryos at these concentrations.

Overexpression of human PGRN mRNA is protective
against the mutant TDP-43 induced axonopathy

To test for a neuroprotective effect of PGRN mRNA on the

mutant TDP-43 phenotype, human PGRN mRNA was co-

injected with Mt TDP-43 mRNA. Embryos co-injected with Mt

TDP-43 and GFP mRNA, as a control for non-specific effects of

RNA injection, exhibited similar axonal shortening and aberrant

branching as embryos expressing Mt TDP-43 alone. Co-

expression of PGRN mRNA with the Mt TDP-43 led to a

significant increase in axonal outgrowth length, approaching that

of Wt TDP-43 expressing embryos (Figure 4A and B). Co-

expression of PGRN mRNA also decreased the amount of

aberrant branching seen in Mt TDP-43 expressing embryos.

Conversely, overexpression of the same amount of PGRN mRNA

with Wt TDP-43 led to increased aberrant branching.

Human PGRN mRNA is not protective against the
axonopathy induced by mutant SOD1

Our laboratory has previously demonstrated that Mt SOD1

overexpression leads to motor axonopathies similar to that

described here for Mt TDP-43 [25]. Co-expression of PGRN

mRNA had no significant protective effect on the Mt SOD1

induced axonopathy (Figure 4B). Co-expression of PGRN with Wt

SOD1 led to an increase in aberrant branching, similar to that

seen when PGRN was co-expressed with Wt TDP-43.

TDP-43 localization in zebrafish embryos
Immunofluorescent staining of endogenous zebrafish TDP-43

and overexpressed human TDP-43 was performed in transversely

cryosectioned 30hpf embryos. TDP-43 immunoreactivity was

detected throughout the body of embryos, including in the ventral

spinal cord and forebrain. A nuclear staining pattern was found in

all embryos examined (non-injected, PGRN Morpholino injected,

Wt TDP-43, Mt TDP-43 and Mt SOD1) (Figure 5). As expected,

the intensity of TDP-43 immunofluorescence was greater in

embryos overexpressing human TDP-43.

Discussion

The data reported here demonstrate for the first time the

neurotrophic action of PGRN in vivo. Decreased PGRN levels,

produced by coinjected of morpholinos against zebrafish PGRN

gene homologues, grna and grnb, resulted in a substantial decrease

in axonal length. This decreased axonal outgrowth was produced

by morpholinos against both homologues simultaneously, as well

as separately. Further, use of morpholino acting in two different

manners to prevent translation, one that binds to the start codon of

the PGRN sequence and another that binds to a 59 untranslated

sequence, preventing the 40S ribosomal subunit from reaching the

start codon, led to the same effect. Non-specific effects of

morpholino injection were eliminated by comparison of all effects

with the morphology of embryos injected with the same

concentration of a control morpholino that contains the same

sequence but with five base pairs changed so that they do not bind

to the target sequence. The specificity of the morpholino effect was

Figure 4. Co-expression of PGRN rescues the axonopathy induced by Mt TDP-43 but not Mt SOD1. A) Staining of primary motor axons
with an anti-synaptic vesicle 2 revealed a decrease in axonal length and increase in aberrant branching in embryos expressing Mt TDP-43 compared
with Wt TDP-43. These signs of axonopathy were reduced by co-expression of human PGRN. B) Zebrafish embryos co-expressing Mt TDP-43 and
control mRNA (GFP) exhibited decreased axonal outgrowth and increased aberrant branching compared to embryos expressing Wt TDP and GFP
(p,0.001 and p = 0.016, respectively). However, co-injection with the equivalent dosage of PGRN mRNA (250 ng/ml) rescued both axopathies
described (p,0.043). Mt SOD1 produced motor axon shortening (p,0.001) and increased branching (p,0.001) in comparison with Wt SOD1, as
described previously [25]. PGRN co-expression had no significant effect on the Mt SOD1 induced axonopathy but did increase aberrant branching in
Wt SOD1 injected embryos (p = 0.006). ‘ indicates significantly different from buffer, * significantly different from ‘Wt + GFP’, and # significantly
different from ‘Mt + GFP’. Bars represent mean 6 s.e.m and the number of replicates per group is displayed below each bar.
doi:10.1371/journal.pone.0013368.g004
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further clarified by a reversal of the decreased axonal outgrowth

through co-injection of human PGRN mRNA.

Our studies confirm a previous report that expression of mutant

TDP-43 induces a motor neuron axonopathy in zebrafish embryos

[26]. We further report that in addition to mutant TDP-43, high

levels of Wt TDP-43 also produce axon abnormalities. In larger

models, such as the mouse, overexpression of Wt TDP-43 has

been reported to result in neuronal loss, and in turn motor

dysfunction [27]. These results raise the possibility that altered

expression of Wt TDP-43 may also be disease causing in sporadic

ALS patients. Further studies are needed to elucidate if raised Wt

TDP-43 levels are present in sporadic ALS patients, perhaps due

to variations in the non-coding region of the gene [28].

Co-expression of PGRN mRNA proved to be protective against

the mutant TDP-43 induced axonopathy described. This co-

expression increased axonal outgrowth length to near normal

levels, and also decreased the degree of aberrant branching found

in mutant TDP-43 expressing embryos. Interestingly, PGRN

expression had no effect on the mutant SOD1 induced axono-

pathy and actually lead to a slight increase in branching within

wild type SOD1 expressing embryos, wherein axonal length is at

near maximal levels. The differential results for TDP-43 and

SOD1 suggest that the pathogenic mechanisms through which

TDP-43 and SOD1 lead to motor neuron degeneration may be

different, not only in their molecular pathways and morphological

hallmarks, but also in receptivity to protection by exogenous

neurotrophic factors. This is consistent with previous reports that

whilst TDP-43 pathology is present in the brains and spinal cords

of a majority of ALS patients [12,29], it is not present in patients

with SOD1 mutations [23,24].

We did not see abnormal TDP-43 sequestration following

PGRN knock down or mutant TDP-43 overexpression, consistent

with previous results in other animal models [26,30,31,32]. The

only effect of injection of TDP-43 mRNA on TDP-43 immuno-

reactivity was an increase in the intensity of the staining compared

to non-injected and PGRN MO injected embryos. These data

suggest that, at least in the zebrafish model, mutant TDP-43

expression and decreased PGRN levels can exert their harmful

effects without TDP-43 mislocalization occurring.

Our results demonstrate that PGRN is required for normal

axonal outgrowth in zebrafish embryos. We also report for the first

time the neuroprotective effect of supplemental PGRN levels

against mutant TDP-43 induced abnormalities. We thus suggest

that PGRN can have neurotrophic and neuroprotective effects in

vivo and that its therapeutic use for some forms of motor neuron

degeneration should be further investigated.

Methods

Constructs, mRNA production and morpholino
Antisense morpholinos (MO) against the start codon (ATG) or

59UTR of grna and grnb were designed and obtained from Gene

Tools (Philomath, OR, USA). Control morpholinos (CO MO),

comprised of the same sequence as their matching antisense MO

except for five mismatched bases, were also obtained from Gene

Tools. The sequences of the morpholino used are as follows:

Figure 5. TDP-43 localization in zebrafish embryos. Immunofluorescent staining of endogenous zebrafish TDP-43 and overexpressed human
TDP-43 was performed in transversely sectioned 30 hpf embryos in order to allow imaging of the spinal cord (shown in schematic diagram, A). TDP-
43 localization was nuclear in all embryos examined (B: non injected, C: PGRN MO injected, D: Wt TDP-43 injected, E: Mt TDP-43 (A315T) injected, and
F: co-expressing Mt TDP-43 and PGRN). The scale bar indicates a distance of 25 mm. Abbreviations: DSC, Dorsal spinal cord; VSC, Ventral spinal cord;
Myo, myotomes; NC, notochord; G, gut.
doi:10.1371/journal.pone.0013368.g005
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grna ATG MO: CATTTTTTGAGCAGGTGGATTTGTG

grna ATG CO MO: CAATTTTTCAGCACGTGAATTTCTG

grnb ATG MO: AGGCTATGAAAGCTGCACGCACCAT

grnb ATG CO MO: AGCCTATCAAACCTGCACCCAC-

GAT

grna 59 UTR: TTTTTGAGCAGGTGGATTTGTGAAC

grna 59 UTR CO MO: TATTTGACCACGTGCATTTGT-

CAAC

grnb 59 UTR: ACAGATGAAAAGCCATGAACGACTT

grnb 59 UTR CO MO: ACACATCAAAACCCATCAAC-

GAGTT

cDNA of wild type (Wt) human TDP-43 was purchased from

OpenBiosystems (Huntsville, AL) in the pCMVSport6.1 vector

and subcloned into the pcDNA4/V5-HisA vector (Invitrogen).

Mutagenesis was performed to produce the A315T mutation using

the Stratagene QuikChange Site-Directed Mutagenesis Kit with

the following primers:

A315T, Forward: GATGAACTTTGGTACGTTCAGCAT-

TAATCC

A315T, Reverse: GGATTAATGCTGAACGTACCAAAG-

TTCATC

The construct was linearized by StuI and mRNA was

transcribed from the linear transcript using the mMESSAGE

mMACHINE T7 Kit (Ambion, Huntingdon, UK) followed by

purification with a MEGAclearTMKit (Ambion, Huntingdon,

UK). mRNA-concentration was determined using a NanoDrop

1000 spectrophotometer (Thermo Scientific, Waltham, MA). The

progranulin mRNA was similarly produced from a Topo TA

Cloning vector (Invitrogen), containing the full human PGRN

coding sequence, following linearization with HindIII.

Zebrafish maintenance and injection
All experiments were approved by, and performed in

accordance with the guidelines of, the Ethical Committee for

Animal Experimentation, K.U. Leuven (project approval

number P021/2010). Adult zebrafish (AB strain) and embryos

were maintained under standard laboratory conditions. Zebra-

fish embryo microinjections were made using a FemtoJet

injection setup (Eppendorf, Hamburg, Germany). Each injection

was made in the 1–4 cell stage of the zebrafish embryo and

involved delivery of 2.14 nl of mRNA/MO solution, accom-

plished by an injection pressure of less than 4.5 psi, which

produced a droplet diameter of 160 mm on a micrometer.

Embryos were then stored in E3 solution (5 mM NaCl, 0.17 mM

KCl, 0.33 mM CaCl2 and 0.33 mM MgSO4 and 0.1%

Methylene Blue) at 27.5–28.5uC.

Analysis of motor neuron outgrowth
At 30 hours post-fertilization (hpf), morphologically normal

zebrafish embryos were fixed in 4% paraformaldehyde in

phosphate-buffered saline (PBS) and immunostained using mouse

anti-synaptic vesicle 2 (1/200; Developmental Studies Hybridoma

Bank, University of Iowa, Iowa City, IO, USA) and secondary

Alexa Fluor 555 anti-mouse antibody (1/500; Molecular Probes,

Eugene, OR, USA) in order to visualize motor neurons. Observers

blind to injection and treatment conditions measured the axonal

length of the first five ventral motor axons after the yolk sac in

each embryo using Lucia software (version 4.9) and the average of

these five lengths was calculated for each embryo. Motor axons

were scored as affected by aberrant branching when two or more

axons per embryo branched at, or medial to, the ventral edge of

the notochord (all axons on each side of the embryo were

checked).

Real time PCR
A real time PCR was used to quantify the amount of human

progranulin mRNA delivered via injection into zebrafish embryos.

RNA was extracted from zebrafish embryos (50 embryos per

group, with three replicates per condition), using Trizol (Invitro-

gen, San Diego, CA) and isopropanol purification. cDNA was

obtained from the extracted RNA by reverse transcriptase PCR

(QuantiTect reverse transcription kit). The amount of human

proganulin DNA was quantified by real time PCR with the

following components:

Forward primer: 59 CGG AGG AGC CAG CTA CAG 39

Reverse primer: GAT59 GCC TGC TCA GTG TTG TG 39

and probe: FAM-CCC CTT CTG GAC AAA TG-NFQ

Thermal cycling was performed on a 7300 Sequence Detection

System (Applied Biosystems, Carlsbad, CA). All samples were

normalized to the level of 18S RNA.

Evidence of protein expression
Zebrafish embryos were dechorionated at 24–28 hpf and

transferred to a solution of E3 solution containing 1 mM PMSF.

The yolksac of the embryo was removed by suction through a

narrow glass pipette three times. The deyolked embryos were then

transferred to eppendorf tubes where the supernatant was

removed and 0.75 ml/embryo T-PER lysis buffer (Peirce, Rock-

ford, IL, USA) containing one tablet of Complete Protease

Inhibitors (Roche, Mannheim, Germany) per 25 ml and Phenyl-

methylsulfonyl fluoride (PMSF, final concentration 1 mM), was

added to lyse the sample. The samples were sonicated for 20 sec

and protein concentration was determined using the Micro-BSA

Protein Assay Reaction Kit (Pierce). For the TDP-43 immunoblot,

100 mg of zebrafish protein lysate and 5 mg of human Wt TDP-43

protein, produced by in vitro translation of the Wt TDP-43 mRNA

using a Retic Lysate IVTTM kit (Ambion, Huntingdon, UK), was

separated on a SDS page gel and processed as described previously

[33]. Protein bound to the PVDF membrane was probed with an

antibody against the V5 tag (Invitrogen) that is fused to TDP-43 in

the injected mRNA, followed by anti-mouse HRP-coupled

secondary antibody (1:5000; Santa Cruz, Santa Cruz, CA,

USA). The protein bands were visualized by chemiluminescence

(ECL Western blot substrate, Peirce) and scanned on a

Biospectrum AC imaging system (UVP, CA).

Human PGRN protein levels were measured by sandwich

ELISA on protein lysates obtained in the same manner as

described above for immunoblot analysis. Multiple protein lysate

samples were prepared for each condition (non-injected: n = 6,

100 ng/ml PGRN mRNA injected: n = 6, and 250 ng/ml PGRN

mRNA injected: n = 5), with each sample containing approxi-

mately forty embryos. For the ELISA assay, 96-well plates were

coated overnight at 4uC with 2 mg/ml anti-human monoclonal

PGRN antibody (R&D Systems) in phosphate-buffered saline

(PBS). After blocking with 2% Bovine Serum Albumin, protein

lysates diluted in PBS/0.004% Tween 20/0.1% BSA (or PBS

alone) were incubated at room temperature for 2 hours. All wells

were then incubated with anti-human biotinylated PGRN

antibody (R&D systems), followed by avidin/biotin horseradish

peroxidase complex (Vector Laboratories, Burlingame, CA,

diluted 1:100). The chromogenic reagent o-phenylenediamine

(OPD) was applied to all wells of the plate (30 min, room

temperature) and the resulting color reaction was stopped with

4 M H2SO4. The plate was read on a VictorX3 plate reader

(Perkin Elmer, Waltham, MA) at an absorbance of 490 nm. The

resultant progranulin protein concentrations were normalized to

the total protein content of the sample, and graphed normalized to

Progranulin is Neuroprotective
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the amount of background signal (the human progranulin

concentration of the non-injected sample).

TDP-43 immunofluorescence in zebrafish sections
To allow immunofluorescent staining of sectioned zebrafish

embryos 30hpf embryos were fixed in 4% paraformaldehyde

overnight, followed by overnight cryoprotection incubation in

20% sucrose. Embryos were then mounted in Tissue-Tek OCT

compound (Sakura Finetek, Zoeterwoude, The Netherlands),

frozen and transversely cryosectioned at a thickness of 20 mm.

Antigen retrieval was performed by boiling sections in sodium

citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0)

for 30 min. Non-specific staining was blocked by incubation of

sections in blocking solution (PBS containing 5% normal horse

serum, 5% bovine serum albumin and 0.1% Triton X-100) for

1 hr. Sections were then incubated in primary antibody (1/200,

polyclonal rabbit anti-TDP-43, ProteinTech Group Inc., Chicago,

IL) diluted in PBS with 0.1% Triton X-100. Incubation with a

fluorescent secondary antibody (anti-rabbit Alexa Fluor 488

antibody, 1/500; Molecular Probes, Eugene, OR, USA) followed.

Statistical analysis
Statistics were performed using SPSS 16.0. Axonal lengths were

analyzed with one-way ANOVA followed by a Bonferroni post-

hoc test. For comparison of the rate of aberrant branching

(percentage data) chi-squared tests were used. Real time PCR data

was also analyzed with one-way ANOVA. The human PGRN

protein concentration data obtained from an ELISA assay was

analyzed with a non-parametric Friedman repeated measures test,

followed by a post-hoc Wilcoxon signed ranks test. All P-values

,0.05 were taken as significant.

Author Contributions

Conceived and designed the experiments: ASL AVH LVDB PVD WR.

Performed the experiments: ASL AVH LDM MT PVD. Analyzed the

data: ASL AVH PVD. Wrote the paper: ASL WR.

References

1. Suzuki M, Lee HC, Kayasuga Y, Chiba S, Nedachi T, et al. (2009) Roles of

progranulin in sexual differentiation of the developing brain and adult

neurogenesis. J Reprod Dev 55: 351–355.
2. Bateman A, Bennett HP (1998) Granulins: the structure and function of an

emerging family of growth factors. J Endocrinol 158: 145–151.
3. He Z, Bateman A (2003) Progranulin (granulin-epithelin precursor, PC-cell-

derived growth factor, acrogranin) mediates tissue repair and tumorigenesis.

J Mol Med 81: 600–612.
4. Ahmed Z, Mackenzie IR, Hutton ML, Dickson DW (2007) Progranulin in

f ro n t o tem p o ra l l ob a r de ge n era t io n a nd n eu r o i n f l am m at i on .
J Neuroinflammation 4: 7.

5. Van Damme P, Van Hoecke A, Lambrechts D, Vanacker P, Bogaert E, et al.
(2008) Progranulin functions as a neurotrophic factor to regulate neurite

outgrowth and enhance neuronal survival. J Cell Biol 181: 37–41.

6. Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R, et al.
(2006) Mutations in progranulin cause tau-negative frontotemporal dementia

linked to chromosome 17. Nature 442: 916–919.
7. Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H, et al. (2006) Null

mutations in progranulin cause ubiquitin-positive frontotemporal dementia

linked to chromosome 17q21. Nature 442: 920–924.
8. Benussi L, Ghidoni R, Pegoiani E, Moretti DV, Zanetti O, et al. (2009)

Progranulin Leu271LeufsX10 is one of the most common FTLD and CBS
associated mutations worldwide. Neurobiol Dis 33: 379–385.

9. Sleegers K, Brouwers N, Van Damme P, Engelborghs S, Gijselinck I, et al.

(2009) Serum biomarker for progranulin-associated frontotemporal lobar
degeneration. Ann Neurol 65: 603–609.

10. Finch N, Baker M, Crook R, Swanson K, Kuntz K, et al. (2009) Plasma
progranulin levels predict progranulin mutation status in frontotemporal

dementia patients and asymptomatic family members. Brain 132: 583–591.
11. Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, et al.

(2006) Ubiquitinated TDP-43 in frontotemporal lobar degeneration and

amyotrophic lateral sclerosis. Science 314: 130–133.
12. Arai T, Hasegawa M, Akiyama H, Ikeda K, Nonaka T, et al. (2006) TDP-43 is a

component of ubiquitin-positive tau-negative inclusions in frontotemporal lobar
degeneration and amyotrophic lateral sclerosis. Biochem Biophys Res Commun

351: 602–611.

13. Cairns NJ, Neumann M, Bigio EH, Holm IE, Troost D, et al. (2007) TDP-43 in
familial and sporadic frontotemporal lobar degeneration with ubiquitin

inclusions. Am J Pathol 171: 227–240.
14. Lemmens R, Race V, Hersmus N, Matthijs G, Van Den Bosch L, et al. (2009)

TDP-43 M311V mutation in familial amyotrophic lateral sclerosis. J Neurol
Neurosurg Psychiatry 80: 354–355.

15. Kabashi E, Valdmanis PN, Dion P, Spiegelman D, McConkey BJ, et al. (2008)

TARDBP mutations in individuals with sporadic and familial amyotrophic
lateral sclerosis. Nat Genet 40: 572–574.

16. Gitcho MA, Baloh RH, Chakraverty S, Mayo K, Norton JB, et al. (2008) TDP-
43 A315T mutation in familial motor neuron disease. Ann Neurol 63: 535–538.

17. Rutherford NJ, Zhang YJ, Baker M, Gass JM, Finch NA, et al. (2008) Novel

mutations in TARDBP (TDP-43) in patients with familial amyotrophic lateral
sclerosis. PLoS Genet 4: e1000193.

18. Sreedharan J, Blair IP, Tripathi VB, Hu X, Vance C, et al. (2008) TDP-43

mutations in familial and sporadic amyotrophic lateral sclerosis. Science 319:

1668–1672.

19. Van Deerlin VM, Leverenz JB, Bekris LM, Bird TD, Yuan W, et al. (2008)

TARDBP mutations in amyotrophic lateral sclerosis with TDP-43 neuropa-

thology: a genetic and histopathological analysis. Lancet Neurol 7: 409–416.

20. Abrahams S, Goldstein LH, Simmons A, Brammer M, Williams SC, et al. (2004)

Word retrieval in amyotrophic lateral sclerosis: a functional magnetic resonance

imaging study. Brain 127: 1507–1517.

21. Lomen-Hoerth C (2004) Characterization of amyotrophic lateral sclerosis and

frontotemporal dementia. Dement Geriatr Cogn Disord 17: 337–341.

22. Mackenzie IR, Feldman HH (2005) Ubiquitin immunohistochemistry suggests

classic motor neuron disease, motor neuron disease with dementia, and

frontotemporal dementia of the motor neuron disease type represent a

clinicopathologic spectrum. J Neuropathol Exp Neurol 64: 730–739.

23. Mackenzie IR, Bigio EH, Ince PG, Geser F, Neumann M, et al. (2007)

Pathological TDP-43 distinguishes sporadic amyotrophic lateral sclerosis from

amyotrophic lateral sclerosis with SOD1 mutations. Ann Neurol 61: 427–434.

24. Tan CF, Eguchi H, Tagawa A, Onodera O, Iwasaki T, et al. (2007) TDP-43

immunoreactivity in neuronal inclusions in familial amyotrophic lateral sclerosis

with or without SOD1 gene mutation. Acta Neuropathol 113: 535–542.

25. Lemmens R, Van Hoecke A, Hersmus N, Geelen V, D’Hollander I, et al. (2007)

Overexpression of mutant superoxide dismutase 1 causes a motor axonopathy in

the zebrafish. Hum Mol Genet 16: 2359–2365.

26. Kabashi E, Lin L, Tradewell ML, Dion PA, Bercier V, et al. (2010) Gain and

loss of function of ALS-related mutations of TARDBP (TDP-43) cause motor

deficits in vivo. Hum Mol Genet 19: 671–683.

27. Wils H, Kleinberger G, Janssens J, Pereson S, Joris G, et al. (2010) TDP-43

transgenic mice develop spastic paralysis and neuronal inclusions characteristic

of ALS and frontotemporal lobar degeneration. Proc Natl Acad Sci U S A 107:

3858–3863.

28. Luquin N, Yu B, Saunderson RB, Trent RJ, Pamphlett R (2009) Genetic

variants in the promoter of TARDBP in sporadic amyotrophic lateral sclerosis.

Neuromuscul Disord 19: 696–700.

29. Neumann M, Roeber S, Kretzschmar HA, Rademakers R, Baker M, et al.

(2009) Abundant FUS-immunoreactive pathology in neuronal intermediate

filament inclusion disease. Acta Neuropathol 118: 605–616.

30. Li Y, Ray P, Rao EJ, Shi C, Guo W, et al. (2010) A Drosophila model for TDP-

43 proteinopathy. Proc Natl Acad Sci U S A 107: 3169–3174.

31. Wegorzewska I, Bell S, Cairns NJ, Miller TM, Baloh RH (2009) TDP-43 mutant

transgenic mice develop features of ALS and frontotemporal lobar degeneration.

Proc Natl Acad Sci U S A 106: 18809–18814.

32. Shankaran SS, Capell A, Hruscha AT, Fellerer K, Neumann M, et al. (2008)

Missense mutations in the progranulin gene linked to frontotemporal lobar

degeneration with ubiquitin-immunoreactive inclusions reduce progranulin

production and secretion. J Biol Chem 283: 1744–1753.

33. Krishnan J, Lemmens R, Robberecht W, Van Den Bosch L (2006) Role of heat

shock response and Hsp27 in mutant SOD1-dependent cell death. Exp Neurol

200: 301–310.

Progranulin is Neuroprotective

PLoS ONE | www.plosone.org 7 October 2010 | Volume 5 | Issue 10 | e13368



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


