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Figure 5. Aggregation of TDP-43 impairs activity-dependent BDNF secretion through altered Sortilin splicing.

A Representative photomicrographs of cultured hippocampal neurons immunostained for TDP-43 (green), FLAG (red), and counterstained with DAPI (blue) in control
conditions (untransduced) or infected with lentivirus expressing FLAG-tagged human TDP-43 12xQN construct.

B TDP-43 intensity in cell nuclei of untransduced or TDP-43 12xQN-infected hippocampal neurons normalized to mean nuclear intensity in
untransduced neurons. Results are presented as average 4+ SEM (N = 3 independent experiments; n = 3 wells per condition in each experiment). Student’s t-
test; **P < 0.01.

C Expression of Tardbp (left), total Sort1 (center), and exon 17b Sort1 (right) mRNAs quantified by gPCR in hippocampal neurons untransduced (control) or infected with
lentiviruses expressing Tardbp shRNA or human TDP-43 12xQN constructs. Values were first normalized to Gapdh mRNA levels and then plotted as average + SEM
relative to levels in untransduced neurons (N = 3 independent experiments; n = 3 wells per condition in each experiment). One-way ANOVA with Tukey’s post hoc;
**Pp < 0.01.

D BDNF secretion induced by KCI treatment as assessed by in situ BDNF ELISA in cultured hippocampal neurons untransduced (control) or infected with lentiviruses
expressing Tardbp shRNA or human TDP-43 12xQN constructs. Histogram bars show average 4+ SEM BDNF levels normalized to a standard curve (N = 5 independent
experiments; n = 5 wells per condition in each experiment). **P < 0.01; ***P < 0.001.

E BDNF secretion in cultured hippocampal neurons untransduced (control) or infected with lentiviruses expressing Tardbp shRNA or human TDP-43 12xQN constructs
together with either EGFP or Sortilin rescue viruses. Histogram bars show average + SEM BDNF levels normalized to a standard curve (N = 5 independent
experiments; n = 5 wells per condition in each experiment). **P < 0.01.

Data information: Results are presented as average =+ standard error of the mean (SEM). Statistical tests were performed using Student’s t-test (B), one-way ANOVA with
Tukey’s post hoc (C), or 2-way ANOVA with Sidak post hoc analysis (all other panels).

secretion (Fig 6F). These results indicate that human neurons carry-
ing a disease-associated mutation in the gene encoding TDP-43
display abnormal activity-dependent secretion of BDNF, an impor-
tant determinant of synaptic plasticity and learning. Crucially, our
gene editing studies demonstrate that this defect is directly caused
by the mutation and not due to other factors.

Discussion

A principal difficulty in elucidating specific pathways by which
RBPs can cause disease lies in the large number of targets that can
be affected by anyone of these proteins. From the point of view of
network theory, RBPs can be thought of as highly connected hubs,
linked to hundreds or thousands of other proteins. As many other
complex systems, cellular networks follow a power-law distribution:
Some nodes have a very high number of connections to other nodes
(i.e., hubs), while the majority of nodes have very few (Barabasi &
Oltvai, 2004). Such networks, also known as scale-free networks,
are very resistant to accidental failures, but vulnerable to coordi-
nated attacks on their principal hubs. At the two extremes, the
pathophysiology of diseases caused by RBP malfunction could be
explained either by the summation of the effects of all their many
targets (as in a random network model) or by failure of only a small
subset, those that are also network hubs themselves (as predicted
by a scale-free network model) (Barabdsi & Oltvai, 2004). Numerous
studies have taken advantage of different genome-wide approaches
to identify possible TDP-43 targets important in ALS/FTLD patho-
physiology [e.g., (Polymenidou et al, 2011; Sephton et al, 2011;
Xiao et al, 2011; White et al, 2018)]. These studies have identified
hundreds, sometimes thousands, of mRNAs bound or somehow
affected by TDP-43, mainly based on correlative evidence. To the
best of our knowledge, our study is among the first to perform
rescue experiments showing that major pathophysiological conse-
quences of TDP-43 malfunction can be reverted by restoring the
correct expression of only one of its targets. Sortilin controls the
production and function of neurotrophins, in turn some of the most
powerful and pleiotropic molecules in the nervous system. BDNF,
arguably the most important neurotrophin in the brain, is also a
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highly connected hub, controlling a myriad of processes, from
axonal growth and synaptogenesis, to synapse plasticity and func-
tion. Based on our findings, we suggest that major disease pheno-
types caused by aberrant TDP-43 activity may be explained by the
abnormal function of a handful of critical “hub” proteins, such as
BDNF.

A common form of FTLD is caused by mutations in the GRN gene
encoding progranulin, a secreted glycoprotein with multiple func-
tions both inside and outside the nervous system (Baker et al, 2006;
Cruts et al, 2006). FTLD caused by GRN gene mutations also
displays the characteristic TDP-43 aggregates, suggesting that
progranulin may be upstream of TDP-43 in disease pathogenesis. In
neurons, progranulin has been attributed some neurotrophic activi-
ties, including an ability to induce neurite outgrowth (Van Damme
et al, 2008). Although Sortilin has been described as cellular recep-
tor for progranulin (Hu et al, 2010), studies on SortI ™/~ knockout
mice have shown that the neurotrophic effects of progranulin are
independent of Sortilin (Gass et al, 2012). Soluble Sortilin, produced
as a result of exon 17b inclusion, can still bind progranulin
(Prudencio et al, 2012), but the consequence of this interaction is
unclear. It has alternatively been proposed to have detrimental
effects, by blocking progranulin binding to neuronal receptors
(Prudencio et al, 2012), or beneficial effects, by protecting progran-
ulin from endocytosis while preserving its neurotrophic activity
(Molgaard et al, 2016). Based on the former line of thought, it has
been proposed that Sortilin antagonists and strategies to decrease
Sortilin levels may be able to restore normal progranulin levels in
FTLD patients (Lee et al, 2014). Our present studies suggest that
such approaches may have severe negative effects by compromising
activity-dependent BDNF secretion, a fundamental process required
for normal synaptic function and cognition.

The mechanisms by which TDP-43 dysfunction cause
neuropathology remain contentious. The ubiquitous presence of
TDP-43 aggregates in many neurodegenerative diseases propelled
the notion of a neurotoxic mode of action, thus supporting a gain-
of-function model for TDP-43 pathophysiology. On the other hand,
concomitant depletion of TDP-43 from the cell nucleus has favored
a loss-of-function mechanism. It has also been shown that TDP-43
aggregation and TDP-43 knockdown affect the expression levels of a

© 2019 The Authors
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Figure 6. Disease-associated mutations in TDP-43 increase levels of exon 17b Sort1 mRNA and impair activity-dependent BDNF secretion in mouse

hippocampal neurons and patient-derived human neurons.

A Expression of Tardbp (left), total Sort1 (center), and exon 17b Sort1 (right) mRNAs quantified by qPCR in hippocampal neurons infected with Tardbp shRNA and
mutant human TARDBP lentivirus constructs as indicated. Absolute levels of mouse Tardbp and human TARDBP mRNAs were determined using a standard curve (see
Methods) and added together to assess total Tardbp mRNA levels relative to control uninfected cells after normalization to Gapdh mRNA. Results are presented as
average + SEM (N = 3 independent experiments; n = 3 wells per condition in each experiment). *P < 0.05; **P < 0.01.

B Western blots of cell lysates showing total TDP-43 expression in primary hippocampal neurons infected with Tardbp shRNA and mutant human TARDBP lentivirus
constructs as indicated. The antibody used here detects both mouse and human TDP-43 proteins. GAPDH immunoblotting was used to control for equal loading.
Molecular weights are noted in kDa. Bands corresponding to mouse and human TDP-43 are indicated.

C BDNF secretion induced by KCI treatment assessed by in situ BDNF ELISA in cultured hippocampal neurons infected with Tardbp shRNA and mutant human TARDBP
lentivirus constructs as indicated. Histogram bars show average + SEM BDNF levels normalized to a standard curve (N = 5 independent experiments; n = 5 wells per
condition in each experiment). *P < 0.05; ***P < 0.001.

D BDNF secretion induced by KCI treatment in cultured hippocampal neurons infected with Tardbp shRNA and mutant human TARDBP lentivirus constructs together
with either EGFP or Sortilin rescue viruses. Histogram bars show average + SEM BDNF levels normalized to a standard curve (N = 5 independent experiments; n = 5
wells per condition in each experiment). *P < 0.05; **P < 0.01.

E Expression of TARDBP (left), total SORT1 (center), and exon 17b SORTI (right) mRNAs quantified by gPCR in human neurons derived from the indicated stem cells
carrying either wild-type Met® (gray bars) or disease-associated Val*” (black bars) TARDBP alleles. Results are presented as average & SEM (N = 3 independent
experiments; n = 3 wells per condition in each experiment). *P < 0.05; **P < 0.01.

F  BDNF secretion in stem-cell-derived human neurons carrying wild-type Met>*or Val®*” TARDBP alleles, infected with proBDNF lentivirus 5 days prior to depolarization
by KCI treatment. Results are presented as average + SEM (N = 3 independent experiments; n = 5 wells per condition in each experiment). **P < 0.01; ***P < 0.001.

Data information: Results are presented as average + standard error of the mean (SEM). All statistical tests were performed using 2-way ANOVA with Sidak post hoc
analysis.
Source data are available online for this figure.
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common set of proteins (Prpar Mihevc et al, 2016), suggesting that
TDP-43 neuropathology involves, at least in part, a loss of normal
TDP-43 function. Several animal models have shown that overex-
pression of TDP-43, wild type or mutant, is in itself toxic in a dose-
dependent manner and able to produce neurodegeneration, often
without formation of aggregates (Baloh, 2011; Arnold et al, 2013),
suggesting that TDP-43 inclusions are not necessary to promote
neurotoxicity. Two recent studies generated knock-in mice carrying
a Q331K substitution, equivalent to a mutation found in human
patients, and found mRNA splicing patterns in TDP-43 target genes
consistent with enhanced TDP-43 activity, suggesting a gain-of-func-
tion mechanism (Fratta et al, 2018; White et al, 2018). Intriguingly,
although Q331K knock-in mice showed reduced levels of Sortl
mRNA containing exon 17b, they displayed significantly elevated
levels of mutant Tardbp mRNA and TDP-43 protein, by as much as
45% (White et al, 2018). Several studies, including the present one,
have shown that even a relatively mild elevation (~20%) in TDP-43
levels is sufficient to reduce Sortl exon 17b inclusion below the
endogenous baseline, suggesting that the enhanced exclusion of
Sortl exon 17b observed in Q331K knock-in mice could have been
due to increased TDP-43 levels, rather than a gain-of-function in the
TDP-43 molecule itself. In the present study, we describe a previ-
ously unknown consequence of TDP-43 dysfunction, namely
impaired activity-dependent secretion of BDNF, triggered by either
knockdown, aggregation, or disease-associated mutation of TDP-43.
All three strategies led to elevated levels of Sort] mRNA containing
exon 17b, and in all cases, activity-dependent BDNF secretion could
be rescued by restoring the expression of full-length Sort] mRNA
lacking exon 17b, regardless of how TDP-43 dysfunction was
achieved. These results reveal a hitherto unidentified neuropatho-
logical phenotype that can be attributed to the loss of normal
TDP-43 function.

Activity-dependent secretion of BDNF is crucial for normal
brain function. In humans carrying the Val®®Met mutation in the
BDNF pro-domain, disruption of this process leads to abnormal
hippocampal and cortical activation, and has been linked to
impaired episodic, working, visual, and verbal memories [reviewed
in (Dincheva et al, 2012)]. The Val®®Met mutation impairs activity-
dependent BDNF secretion by disrupting proBDNF binding to
Sortilin (Egan et al, 2003; Chen et al, 2004, 2005). Our results
show that a similar phenotypic outcome results from increased
inclusion of Sortl exon 17b caused by abnormal TDP-43 function,
leading to production of a soluble form of Sortilin that diverts traf-
ficking of proBDNF away from the regulated secretory pathway,
thereby impairing activity-dependent BDNF secretion. A disease-
associated mutation in TDP-43 produced similar effects in human
neurons. We have shown that, at least in mice, this resulted in
reduced numbers of dendritic spines, a main site of synapse forma-
tion, as well as impaired hippocampal TBS-LTP, both of which
could be rescued by restoring membrane-anchored Sortilin in the
affected neurons. These mice showed impaired spatial memory in
the Barnes maze. Based on these results, we suggest that a similar
mechanism may be present in human subjects with abnormal TDP-
43 function, either due to aggregation or mutation, which could
potentially explain cognitive defects present in some ALS/FTLD
patients.

In summary, we have uncovered a previously unknown connec-
tion between two critical signaling hubs in neurons, TDP-43 and
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BDNF, mediated by the alternative splicing of the mRNA encoding
the protein-sorting receptor Sortilin. Using rescue experiments, we
have validated this functional relationship, and shown that restoring
the expression of only one critical target, among the many hundreds
linked to TDP-43, is sufficient to revert major neuropathological
events caused by TDP-43 dysfunction.

Materials and Methods

Lists of plasmids, antibodies, qPCR primers, CRISPR templates, and
human pluripotent stem cell lines used in this study are presented
in Appendix Tables S1-S5, respectively.

Plasmids

A summary of all the plasmids wused is presented in
Appendix Table S1. pLKO.1 vector (Addgene plasmid #10878) was
modified to replace the puromycin resistance cassette with an
mCherry reporter by restriction digestion. mCherry construct was
obtained by high-fidelity PCR using the Q5® High-Fidelity Poly-
merase (NEB) from the pmCherry-N1 construct (Clontech). Target
sequence used for knockdown of mouse Tardbp was GAGTG
GAGGTTATGGTCAA and for mouse Sortl GTTGAAGCTCTT
TAAGCCA. Both constructs included a CTCGAG hairpin. We
developed a bicistronic lentiviral vector (pESUG6L) for concurrent
knockdown and cDNA expression in neurons, with shRNA expres-
sion under a U6 promoter and cDNA overexpression under a
CMV-enhanced human synapsin I (SYN1) promoter. All subcloning
was done using Gibson Assembly (NEB) of cassettes generated by
high-fidelity PCR. The lentiviral expression cassette was obtained
from FUGW plasmid (Addgene plasmid #14883); U6 shRNA
cassette from pLKO.1-TRC cloning vector (Addgene plasmid
#10878); IRES-EGFP cassette and multiple cloning site from the
pIRES2-EGFP vector (Clontech). The enhanced human SYNI
promoter was obtained by Gibson Assembly using the CMV
enhancer from the pcDNA3.1(+) vector (Invitrogen) and the
human SYN1 promoter; the latter was obtained by high-fidelity
PCR from genomic DNA isolated from HEK293T cells (ATCC)
using the DNeasy Blood & Tissue Kit (Qiagen). A second vector
(pESL) was derived from pESUG6L by site-directed mutagenesis to
remove the U6 RNA expression cassette and was used for cDNA
expression that did not require concurrent knockdown. Full-length
cDNAs encoding human TDP-43, mouse Sortilin, and human
proBDNF were reverse transcribed using the GoScript Reverse
Transcription System (Promega) from RNA obtained from either
WiCell HES-01 human embryonic stem cells (for human
constructs) or mouse primary cortical tissue (for mouse
constructs). cDNAs were subcloned into the pESL or pESUGL
vectors by standard restriction site cloning techniques. Mutations
in human TDP-43 and proBDNF were introduced using the Q5
Site-directed Mutagenesis Kit (NEB) and verified by Sanger
sequencing. The human TDP-43-3'UTR construct was made by
modifying the pESL-hTDP-43 vector. The entire 3’'UTR of human
TARDBP (2,813 bp) was amplified by high-fidelity PCR using a
forward primer matching the 5 end of the UTR and a reverse
primer targeting the 3’ end of the polyA cassette, and subcloned
into the pESL-hTDP-43 vector through Gibson Assembly (NEB).

© 2019 The Authors
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Animals

C57BL/6NTac mice were used for primary culture studies. Embryos
of both sexes were used in these studies. B6(SJL)-Tardbp™!-1P%/J
(Tardbpfx) mice, B6.Cg-Tg(Camk2a-cre)T29-1Stl/J (CamKIIa®r®),
and B6.Cg-Gt(ROSA)26Sortmo(CAG-tdTomatolHze /3 (Rigq 264T0m)  mice
were obtained from The Jackson Laboratory. Tardbp™/™
crossed with CamKIla“®® mice to generate CamKIla“"*;Tardbp
mice which were then intercrossed to bring the Tardbp™ allele to
homozygosity. CamKIa“RE mice were intercrossed with Rosa26%To™
mice to homozygosity to demonstrate CRE recombinase expression
in CamKIIa“®® mice. The data collected in this study were derived
from 1-month-old offsprings of CamKIla“*%;Tardbp™ * males mated
to Tardbp™™ non-littermate females. qPCR, Western blotting, and
Golgi studies on CamKIa“*E;Tardbp™™ mice used animals from
both sexes. All other studies used only male mice. All animals were
housed in the National University of Singapore Comparative Medi-
cine vivarium in a 12-h light/dark cycle on a standard chow diet.
All animal procedures were approved by the National University of
Singapore Institutional Animal Care and Use Committee.

mice were
fx/ +

Neuron primary culture

Pregnant C57BL/6NTac females were euthanized at the 17th day of
gestation by administration of sodium pentobarbital, with eutha-
nasia confirmed with cervical dislocation. The hippocampal struc-
tures were aseptically removed from the embryos and digested in
Papain (Sigma-Aldrich) for 30 min at 37°C and rinsed in neuronal
maintenance media. Neurons were triturated into a single cell
suspension and counted with a hemocytometer. They were then
transferred to coverslips or cell culture vessels coated with 0.01%
poly-p-lysine (Sigma-Aldrich) and 1 pg/ml mouse Cultrex® Laminin
(Trevigen). Cultured hippocampal neurons were maintained in
serum-free defined Neurobasal media supplemented with B27 (Invit-
rogen), GlutaMAX (Invitrogen), and 50 pg/ml Gentamicin (Invitro-
gen) at 37°C in 5% CO, conditions.

BDNF ELISA

We adapted the BDNF Emax® ImmunoAssay Kit (Promega) for
in situ detection of endogenous BDNF produced in mouse neuron
cultures (in situ BDNF ELISA). Nunc MaxiSorp® flat-bottom 96-well
plates were coated with anti-BDNF monoclonal antibody provided
in the kit (G700, Promega, 1:1,000) for 16 h at 4°C in 2.5 mM Na
bicarbonate buffer pH 9.7. Plates were washed once with sterile PBS
and coated with 0.1% poly-p-lysine (Sigma-Aldrich) diluted in PBS
at 37°C overnight. Plates were washed twice using sterile PBS and
coated with 5 ug/ml Cultrex® Laminin (Trevigen) diluted in PBS.
Hippocampal neurons were seeded onto 96-well plates (1,000 cells
per well) in neuron culture medium as described above and simulta-
neously infected with lentiviral particles at a five multiplicity of
infection (MOI). Medium was replaced on the following day. After
5 days in vitro, the medium was refreshed 2 h prior to treatment.
Neurons were depolarized with 56 mM KCI for 1 h, placed on ice,
washed twice with ice-cold PBS, and then washed with mild deter-
gent buffer (0.1% Triton X-100 in PBS) three times of 5 min. The
wells were then treated with blocking agent provided in the Kkit.
Detection of bound BDNF followed manufacturer’s instructions for
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all subsequent ELISA detection steps. Detection of human BDNF in
culture supernatants of human neurons transduced with proBDNF-
expressing lentivirus was done with the BDNF Emax® ImmunoAssay
Kit (Promega) according to manufacturer’s instructions.

Lentivirus generation and transduction

HEK293FT cells (Invitrogen) were maintained in OptiMEM with 5%
fetal bovine serum and appropriate antibiotics (Invitrogen). Cells
were co-transfected with lentiviral constructs for shRNA or overex-
pression with the packaging vectors A8.9 and Vsv-g (Addgene) using
FuGENE®-6 (Promega). Supernatants containing viral particles were
aseptically collected 3 days post-transfection, filtered using 0.4-um
PES filters (Sartorius), concentrated 50-100 times, and dialyzed into
sterile Dulbecco’s phosphate-buffered saline (DPBS) by centrifugation
in 100 kDa cutoff Amicon Ultra-15 centrifugal filters (Millipore).
Viruses were aliquoted and snap-frozen in liquid-nitrogen. Viruses
were titrated by serial dilution on HEK293T cells (for shRNA
constructs) or serial dilution on primary dissociated cortical neurons
and quantified for mCherry or EGFP expression with a Ti-E inverted
fluorescence microscope. Lentiviral transduction of hippocampal
neurons was performed after 1 day in vitro (DIV1) at a multiplicity of
infection (MOI) = 5 and left for 24 h before the media was changed.
The infected cultures were used at 5 days post-infection.

Stereotaxic injection of lentivirus

Male mice were anesthetized with isoflurane, fixed onto a stereo-
taxic frame (RWD Life Science) equipped with a digital displace-
ment transducer and a syringe pump (Harvard Apparatus). Mice
were kept deeply anesthetized by constant isoflurane infusion and
monitored by pinch withdrawal. Animals were injected with 1uL of
lentiviral constructs at a titer of approximately 1 x 10° IFU per ml in
the CA1 region of the dorsal hippocampus (£ 2.1 mm lateral to
midline, 2.0 mm anterior to bregma, and 1.4 mm ventral to dura)
using a gas-tight Neuros micro-injector (Hamilton). The injections
were performed at 200 nl/min, with the needle left in place for
S min post-injection to minimize backflow. Mice were allowed to
recover for 7 days to induce expression of the transgene.

Hippocampus microdissection

For analysis of mRNA and protein expression, mice were anes-
thetized with isoflurane 7 days post-injection and perfused intracar-
dially with cold PBS. Brains were removed and placed into cold
HEPES buffer saline sucrose (HBSS) (Invitrogen), containing 3%
sucrose and 1 mM HEPES buffer (Sigma-Aldrich). Hippocampi were
dissected, and 2-mm-thick transverse sections were made using a
surgical scalpel. Manual isolation of the CA1 area and the remaining
of the hippocampal region was performed under a stereomicroscope
(Olympus). Microdissection of EGFP-positive CA1 area from hippo-
campi following lentiviral transduction was performed under fluo-
rescence stereomicroscope (Olympus).

RNA isolation and qPCR

For isolation of RNA from cell cultures, cells were washed with ice-
cold PBS and RNA isolated using the ReliaPrep RNA Miniprep
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System (Promega) as per manufacturer’s instructions. For isolation
of RNA from micro-dissected hippocampal tissue, we used the
Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad) as per
manufacturer’s instructions. Tissue fragments were homogenized
with a bead homogenizer (Bertin) in the buffer of the Aurum Kkit.
RNA samples were digested with DNAse I (Promega) prior to
reverse transcription with the GoScript Reverse Transcription Kit
(Promega). qPCR was performed on Viia-7 and ABI QuantStudio
five instruments (Applied Biosystems) with primers indicated in
Appendix Table S2. To facilitate the quantitative analysis of total
transcripts of human and mouse Tardbp mRNA, standard curves for
each transcript were obtained using Tardbp cDNA fragments of the
corresponding species purified by gel extraction of restriction
enzyme digests and quantified by NanoDrop quantification (Thermo
Fisher). Standard curves were obtained during each qPCR run to
calculate absolute levels of mRNA transcripts for mouse and human
Tardbp.

Protein isolation and Western blotting

Cultured cells were first briefly washed in PBS, and cell lysis was
performed in 50 mM Tris/HCl pH 7.4 in 1 mM EDTA, 270 mM
sucrose, 1% (v/v) Triton X-100 in the presence of protease and
phosphatase inhibitors (Nacalai Tesque) as per manufacturer’s
instructions. The cellular extracts were then centrifuged at
13,000 xg at 4°C using a benchtop centrifuge for 5 min whereupon
supernatants were collected. For analysis of micro-dissected
hippocampal tissue, the tissue fragments were placed in RIPA buffer
(Abcam), homogenized with a bead homogenizer (Bertin), and
cleared by centrifugation at 13,000 xg. Protein concentrations of
cellular or tissue extracts were determined by the Bradford Assay
(Bio-Rad). SDS-PAGE was followed by Western blotting. The anti-
bodies used are listed in Appendix Table S3. Immunoblots were
developed using the ECL Western Blotting Kit or the SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher) and
exposed to Kodak X-Omat AR films. Densitometric analysis of X-ray
films was done using the ImageJ software (NIH).

Immunocytochemistry and immunohistochemistry, Golgi,
and CLARITY

Hippocampal neurons cultured on coverslips were briefly washed in
PBS, fixed for 15 min in 4% formaldehyde solution (Sigma-Aldrich),
and blocked in 10% normal donkey serum (Millipore) with 1%
bovine serum albumin (Thermo Fisher) in Tris-buffered saline
(TBS). Fixed cells were then incubated for 16 h at 4°C with the
appropriate antibodies as listed in Appendix Table S2, followed by
incubation in fluorophore-conjugated secondary antibodies (Molec-
ular Probes). Coverslips were mounted onto microscopy slides using
ProLong Diamond anti-fade mounting media (Invitrogen). Confocal
laser scanning microscopy was performed on a Leica SP8 micro-
scope.

For immunohistochemistry, 1-month-old mice were deeply anes-
thetized and intracardially perfused with cold phosphate-buffered
saline (PBS) followed by 4% formaldehyde (Sigma-Aldrich). Brains
were dissected and post-fixed for 16 h at 4°C. After cryoprotection
in 40% sucrose for 16 h, 40-um coronal sections were collected on a
cryostat. Antigen retrieval was performed by boiling sections in
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citrate buffer in a pressure cooker prior to immunostaining. Sections
were blocked in 5% donkey serum in TBS before incubation with
appropriate primary and secondary antibodies as listed in
Appendix Table S3.

Golgi staining using superGolgi Kit (Bioenno) was used to visual-
ize dendrite arbors and spines in CA1 hippocampal neurons as per
manufacturer’s specifications. Briefly, brains from mice that had
been intracardially perfused with cold PBS were immersed in Golgi-
Cox solution for 10 days at 4°C, then transferred into post-impreg-
nation buffer, and sectioned with a vibratome (Campden Instru-
ments) at a thickness of 200 um. Slices were mounted, stained, and
developed as per manufacturer’s instructions. Microscopy images of
pyramidal layers of the CA1l of the hippocampus were captured
using a 63x oil-immersion objective on a SP8 confocal microscope
(Leica) using confocal reflection microscopy for 3D visualization.

The CLARITY staining procedure (Chung & Deisseroth, 2013)
was used to visualize EGFP-positive neuronal processes and spines
of neurons infected with Sortilin rescue lentivirus. After intracardial
perfusion with cold PBS, mice were reperfused with cold hydrogel
solution containing bis-acrylamide and 4% paraformaldehyde
together with VA-044 as a polymerization initiator. Brains were
incubated in hydrogel solution for 3 days to allow further diffusion
of hydrogel solution into the tissue, degassed under vacuum, over-
laid with mineral oil to prevent ingress of atmospheric oxygen, and
incubated at 37°C for additional 3 h. Brains were sectioned to a
width of 1 mm on a vibratome (Campden Instruments) and
passively cleared in clearing solution containing SDS and boric acid
for 1 week. Sections were washed in an excess of PBS and 0.01%
Tween-20 (PBST) for 24 h, and stained in primary antibody against
EGFP (Appendix Table S3) for 48 h at 37°C under gentle rocking.
Sections were washed for 24 h in PBST and incubated in appropri-
ate secondary antibody for 2 days at 37°C with gentle rocking.
Sections were washed for 24 h, incubated in 85% glycerol overnight
at 4°C, and mounted on MAS-coated slides (Matsunami). Samples
were imaged using an SP8 confocal microscope (Leica) using a 40x
oil-immersion objective.

Image analysis

For colocalization studies, overlap between BDNF and secretogranin
II (SCG2) immunoreactivity was quantified as a percentage of total
BDNF staining and averaged across each field. More than 50
neurons were quantified in triplicate wells for each condition. For
quantification of TDP-43 staining in hippocampal CA1, TDP-43-posi-
tive nuclei were counted as a percentage of total NeuN-positive
nuclei in the hippocampal CAl region and in the remaining
hippocampal formation. Nuclear TDP-43 intensity was also quanti-
fied by averaging TDP-43 immunoreactivity in TDP-43-positive
nuclei. In both cases, quantifications were derived from three mice
per condition (5 sections per animal). For dendrite length and spine
analysis, apical and basal dendrites of CA1 pyramidal neurons were
quantified separately using Imaris (Bitplane) on both Golgi-stained
and CLARITY images. For Sholl analysis, the number of intersec-
tions at 20 um (basal) or 40 pm (apical) intervals from the cell soma
of Golgi-stained neurons was quantified. The soma of each neuron
was superimposed over the center point of the circle, and dendrite
crossings were manually counted and plotted as a number of inter-
sections against distance from soma. Dendritic spines across the
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entire cross-section of each dendrite were counted and averaged
over a 100 um distance.

Electrophysiology

Our electrophysiological procedures are described in greater detail
in Shetty et al (2015). Briefly, mice were decapitated after anestheti-
zation using CO, and the brains were quickly removed into cold
(4°C) artificial cerebrospinal fluid (ACSF: 124 mM NaCl, 3.7 mM
KCl, 1.0 mM MgSO,4, 2.5 mM CaCl,, 1.2 mM KH,PO,, 24.6 mM
NaHCOs;, and 10 mM p-glucose, equilibrated with 95% 0,/5% CO,
(carbogen; total consumption 16 1/h). From each mouse, 6-8 trans-
verse hippocampal slices (400-um-thick) were prepared from the
right hippocampus by using a manual tissue chopper. Slices were
incubated at 32°C in an interface chamber (Scientific System Design)
at an ACSF flow rate of 1 ml/min. One monopolar, lacquer-coated,
stainless steel electrode (5 MQ; AM Systems) was positioned at an
adequate distance within the stratum radiatum of the CA1 region for
stimulating synaptic inputs of one neuronal population, thus evok-
ing field excitatory post-synaptic potential (fEPSP) from Schaffer
collateral-commissural-CA1 synapses. For recording, another elec-
trode was placed in the CA1 apical dendritic layer. The signals were
amplified by a differential amplifier (Model 1700, AM Systems) and
were digitized using a CED 1401 analog-to-digital converter (Cam-
bridge Electronic Design). After the pre-incubation period of 2 h, an
input-output curve (afferent stimulation versus fEPSP slope) was
plotted prior to experiments. To set the test stimulus intensity, a
fEPSP of 40% of its maximal amplitude was determined. Biphasic
constant current pulses were used for stimulation. Late long-term
potentiation (L-LTP) was induced using a theta burst stimulation
(TBS) protocol which consists of 50 bursts (consisting of 4 stimuli)
at an inter-stimulus interval of 10 ms. The 50 bursts were applied
over a period of 30 s at 5 Hz (or at an inter-burst interval of
200 ms). The slopes of fEPSPs were monitored online. The baseline
was recorded for 30 min. For baseline recording and testing at each
time point, four 0.2 Hz biphasic constant current pulses (0.1 ms/
polarity) were used. fEPSPs were recorded every 5 min from 30 min
before stimulation up to 180 min after stimulation across the CAl-
CA3 Schaffer collaterals and normalized against ¢t = 0.

Barnes maze

The Barnes maze spatial memory test was carried out as previously
described (Bach et al, 1995). Spatial cues were placed around the
maze and these were kept constant throughout the study. On the
first day of training, the mouse was placed in the escape box for
1 min. The animal was then placed in the center of the maze inside
a black chamber. As in all subsequent sessions, the chamber was
removed after 10 s, whereupon a buzzer (80 dB) and a light
(400 lux) were turned on, and the mouse was free to explore the
maze for 3 min or until the mouse entered the escape tunnel. The
tunnel was always located underneath the same hole, which was
randomly determined for each mouse. The platform was moved
every day by 90° to avoid any odorant cue but the spatial cues and
the tunnel position remained the same. Mice were trained using
this protocol once daily for 4 days. For the test sessions, the
escape tunnel was removed and the mouse was allowed to freely
explore the maze for a maximum of 3 min to assess spatial
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memory. The short-term memory test was conducted 20-30 min
after the first training. Long-term and remote memory tests were
conducted 24 h and 14 days after the last training, respectively.
To quantify the preference for the trained target quadrant, time
spent in the target quadrant and time spent in the other quadrants
were measured.

Human pluripotent stem cells: maintenance, gene editing by
CRISPR/Cas9, and neuronal differentiation

All human induced pluripotent stem cells (iPSCs) and embryonic
stem cell (ESC) lines used in this study (Appendix Table S4) were
approved by the NUS Institutional Review Board (IRB). Human
induced pluripotent stem cells HPS0290/0291/0292 were initially
cultured on gamma-irradiated SNL feeders in Primate ES cell media
(ReproCELL) containing 4 ng/ml bFGF (Stem Cell Technologies).
They were then transitioned to a feeder-free TeSR-E8 system (Stem
Cell Technologies) on Geltrex (Invitrogen)-coated plates. Other
human pluripotent stem cell lines (H1 embryonic stem cells, ASFS5,
and Conan) were maintained in TeSR-E8 media on Geltrex-coated
plates. Feeder-free human pluripotent stem cells were used for all
subsequent experiments.

crRNA guide sequence was designed using the CRISPR Design
Tool, identifying TCTTATAGTGGCTCTAATTC as the guide sequence
with TGG as PAM. Targeting constructs for genome editing had
50 bp homology arms (Appendix Table S5) and were made as a
gBlock® Gene Fragment (IDT). crRNA together with Alt-R® tracrRNA-
FAM, Alt-R® S.p. HiFi Cas9 Nuclease 3NLS (IDT), and targeting
constructs was transfected using Lipofectamine RNAIMAX (Invitro-
gen) into pluripotent stem cells and grown for 48 h. FACS sorting
using a 488 laser against the FAM-tag on the tracrRNA was performed
using a MoFlo XDP Cell Sorter (Beckman Coulter) into Geltrex-coated
96-well plates. Clones were grown in CloneR® hPSC Cloning Supple-
ment (Stem Cell Technologies) and expanded for genomic DNA
extraction (Qiagen) and continued culture. To identify positive edited
sequences, ARMS-PCR of gDNA using the following primers was
performed: In-F: GCAGCACTACAGAGCAGTTGGGGTAGGG, In-R:
GTTCTGCTGGCTGG CTAACATGCCAAT, Out-F: TCCAATGCCGAA
CCTAAGCACAATAGCA, Out-R: AAAGCCTCCATTAAAACCACTGC
CCGAC; and wild-type and heterozygous Met**’Val clones were iden-
tified by agarose gel electrophoresis. The Met**’Val mutation was
introduced in wild-type hPSC lines as heterozygote.

A scheme depicting the main steps of neuronal differentiation of
pluripotent stem cells is shown in Appendix Fig S6B. Human
pluripotent stem cells were passaged on Geltrex (Invitrogen)-coated
plates at 1:10 split ratio 1 day before in TeSR-E8 media. The proto-
col for differentiation of human pluripotent stem cells into human
neurons was adapted from Li et al (2011). Cells were washed in
pre-warmed DMEM/F12 media and differentiated in neural induc-
tion medium (NIM) containing advanced DMEM/F12:Neurobasal
media (1:1 ratio), 1x N2 supplement, 1x B27 supplement, 1x
GlutaMAX, 5 pg/ml BSA (Invitrogen), 3 uM SB431542 (Sigma-
Aldrich), 4 pM CHIR99021, 0.1 pM Compound E, and 10 ng/ml
recombinant human LIF (Stem Cell Technologies). Media was
changed every day until 7th day of differentiation, when cells were
passaged onto Geltrex-coated plates in NIM without Compound E,
but containing 2 pM ROCK inhibitor Y-27632 (Wako). The cells
(i.e., neural progenitors) were then seeded at 20,000 cells/cm2 on
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plates coated with 0.01% poly-p-ornithine (Sigma-Aldrich) and
20 pg/ml Cultrex® Laminin (Trevigen) in NIM containing only
SB431542, CHIR99021, and hLIF. Two days later, the cells were dif-
ferentiated toward a neuronal lineage in neuronal differentiation
medium containing DMEM/F12, 1x N2 supplement, 1x B27 supple-
ment (Invitrogen), 300 ng/ml dibutyrl-cAMP (Sigma-Aldrich), 5 pg/
ml r-ascorbic acid (Sigma-Aldrich), 10 ng/ml brain-derived neuro-
trophic factor (BDNF), and 10 ng/ml glial cell line-derived neuro-
trophic factor (GDNF) (R&D Systems) for 7 days with media
changes every other day. After 7 days of differentiation, culture
medium was changed to a neuronal maturation medium containing
Neurobasal media, 1x B27 supplement (Invitrogen), 300 ng/ml
dibutyrl-cAMP (Sigma-Aldrich), 5 pg/ml r-ascorbic acid (Sigma-
Aldrich), 10 ng/ml BDNF, and 10 ng/ml GDNF. After 2 days in
maintenance culture, the medium was changed and the cells were
infected proBDNF lentiviral particles at MOI = 5. Medium was
changed every other day thereafter. Assessment of activity-depen-
dent BDNF secretion was done in cell cultured supernatant
harvested 5 days after lentiviral infection. The cells were then lysed
for RNA analysis as explained above.

Statistical analysis

Results are presented as average + standard error of the mean
(SEM). Unless otherwise indicated, all statistical tests were performed
using 2-way ANOVA with Sidak post hoc analysis. Statistical signifi-
cance: *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001.

Expanded View for this article is available online.
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