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ALS-Linked Mutations Enlarge TDP-43-Enriched Neuronal
RNA Granules in the Dendritic Arbor
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Trans-activating response region (TAR) DNA-binding protein of 43 kDa (TDP-43) is an RNA-binding protein that is mutated in familial
amyotrophic lateral sclerosis (ALS). Disease-linked mutations in TDP-43 increase the tendency of TDP-43 to aggregate, leading to a
corresponding increase in formation of stress granules, cytoplasmic protein/RNA complexes that form in response to stress. Although
the field has focused on stress granules, TDP-43 also forms other types of RNA granules. For example, TDP-43 is associated with RNA
granules that are prevalent throughout the dendritic arbor in neurons. Because aggregation of TDP-43 is also important for the formation
of these neuronal RNA granules, we hypothesized that disease-linked mutations might alter granule formation even in the absence of
stress. We now report that ALS-linked mutations in TDP-43 (A315T and Q343R) increase the size of neuronal TDP-43 granules in the
dendritic arbor of rat hippocampal neurons. The mutations correspondingly reduce the granule density, movement, and mobility of
TDP-43 granules. Depolarization of rat hippocampal neurons with KCI stimulates TDP-43 granule migration into dendrites, but A315T
and Q343R TDP-43 granules migrate shorter distances and into fewer dendrites than wild-type TDP-43. These findings highlight novel
elements of TDP-43 biology that are affected by disease-linked mutations and suggest a neuronally selective mechanism through which

TDP-43 mutations might elicit neuronal dysfunction.
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Introduction
Accumulation of misprocessed protein aggregates is a hallmark
of many neurodegenerative diseases. Trans-activating response
region (TAR) DNA-binding protein of 43 kDa (TDP-43) is the
principle protein component that deposits to form the ubiquiti-
nated inclusion bodies of patients with amyotrophic lateral scle-
rosis (ALS) and frontotemporal dementia (Neumann et al,
2006). Mutations in TDP-43 appear to be sufficient to cause ALS,
with >30 different mutations in TDP-43 being associated with
familial ALS (Da Cruz and Cleveland, 2011). These mutations
appear to increase the propensity of TDP-43 to aggregate, al-
though not all mutations have been investigated.

The structure of TDP-43 provides important insights into its
functions. It was first identified as a transacting factor binding to
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the promoter of HIV to repress Tat gene expression. The major
protein domains of TDP-43 include two RNA-binding motifs
(RRM1 and RRM2) that mediate binding to transcripts and a
C-terminal glycine-rich region (GRR) that is required for inter-
action with other RNA-binding proteins such as hnRNP A1 and
hnRNP A2/B1, which are known to participate in RNA granule
biology (King et al., 2012). The GRR domain is also responsible
for the characteristic ability of TDP-43 (and other RNA-binding
proteins) to undergo reversible, regulated protein aggregation,
which imparts the ability to consolidate RNA transcripts into the
RNA/protein complexes termed RNA granules (Colombrita et
al., 2009; Liu-Yesucevitz et al., 2010; Wolozin, 2012). RNA gran-
ules facilitate transport of transcripts along neuronal processes,
regulate protein translation, and also process RNA for decay.

Most recent biological studies of TDP-43 have focused on its
role in RNA transcription and splicing, which is its main function
in non-neuronal cells. However in neurons, TDP-43 is also pres-
ent in dendritic arbors, where it colocalizes with other major
RNA-binding proteins in RNA granules, such as fragile X mental-
retardation protein (FMRP) and staufen, known for their roles in
RNA transport, localization, and protein translation (Wang et al.,
2008; Fallini et al., 2012). Formation of RNA granules proceeds
via aggregation of TDP-43. The tendency of disease-linked mu-
tations to increase TDP-43 aggregation raises the possibility that
these mutations also increase aggregation of TDP-43 to form
RNA granules in dendritic arbors.
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To investigate the biology of dendritic TDP-43, we examined
both endogenous TDP-43 and transduced TDP-43 in primary
cultures of rat hippocampal neurons and in brains of mice over-
expressing WT TDP-43. We observed that TDP-43 forms RNA
granules in neuronal processes and synapses and that these gran-
ules colocalize with other major RBPs, such as TIA-1 and G3BP,
but not the processing body (P-body)-associated Dcpla. Disease-
linked mutations modify the dynamics of dendritic TDP-43-
containing RNA granules, increasing granule size while reducing
distribution density and mobility. Mutations in TDP-43 also
cause striking decreases in depolarization (KCl)-evoked migra-
tion of TDP-43 into the dendritic arbor. Together, these studies
indicate that mutations in TDP-43 perturb normal functions of
neuronal RNA granules in the dendritic arbor and suggest
changes in dendritic biology of TDP-43 as novel targets for
disease-linked TDP-43 mutations.

Materials and Methods

Constructs. Plasmids expressing enhanced green fluorescent protein
(EGFP)-tagged wild-type (WT), mutant, or C-terminal fragments of
TDP-43 were generated by cloning cDNAs into a pEGFP-C1 vector
(Clontech) at BamH1/Xbal sites. Plasmids expressing the red fluorescent
protein (RFP)-tagged RNA granule markers Dcpla, TIA-1, or G3BP
were generated by cloning cDNAs into a pRFP vector modified to express
monomeric RFP (provided by Paul Anderson, Dana Farber Cancer In-
stitute and Roger Tsien, University of California—San Diego). GIPZ len-
tiviral TDP-43 shRNAmi constructs (V3LHS_326405, V3LMM_445964,
and V3LHS_636490) were purchased from Thermo Scientific.

Primary culture and transfection. Embryonic day 18 (E18) progeny
from pregnant Sprague Dawley rats were killed by inhalation of CO,.
Embryos were collected by cesarean section. Both male and female em-
bryos were used. Hippocampi were removed and digested in 0.25% tryp-
sin in HEPES-buffered Hank’s balanced salt solution (HBSS) without
calcium or magnesium at 37°C for 15 min. The hippocampi were washed
three times with HBSS and manually dissociated with a pipette. Neurons
were plated at a concentration of 25,000/cm? on poly-L-lysine-coated
glass coverslips or 35 mm culture plates with glass bottoms in plating
media containing neurobasal media (Invitrogen) supplied with 0.5 mm
glutamine, 10% fetal bovine serum, and 1% penicillin/streptomycin (100
ug/ml). After a 4 h incubation, neurons were attached to cover glasses
and the medium was changed to a feeding medium consisting of neuro-
basal medium (Invitrogen) with B27 supplement, 1% penicillin/strepto-
mycin (100 pg/ml), and 0.5 mM glutamine. Primary hippocampal
neurons were transiently transfected with lipofectamine 2000 at 7-10 d in
vitro (DIV). The culture media were changed to opti-MEM (Invitrogen)
prior to transfection and incubated for 30 min at 37°C/5% CO,. DNA
plasmids/lipofectamine solution was prepared with a ratio of 1 ug: 4 ul
and incubated for 25 min at room temperature before adding to primary
neurons. Neurons were incubated at 37°C/5% CO, for from 60 min,
washed once with Opti-MEM, and returned to feeding medium. Cover-
slips were used for immunocytochemistry in 48 h.

STEMCCA lentivirus production, induced pluripotent stem cell genera-
tion and maintenance, and teratoma formation assay. hASTEMCCA virus
production and concentration (Sommer et al., 2009; Sommer et al.,
2010) and induced pluripotent stem cell (iPSC) generation, mainte-
nance, and validation were performed as described previously by Som-
mer et al. (2009). For this study, fibroblasts from a 64-year-old male
patient heterozygous for the G298S mutation were used to create three
clonal disease-specific lines, one of which was used for this study. The
control iPSC line used in this study was obtained from the Boston Uni-
versity and Boston Medical Center’s Center for Regenerative Medicine
comprehensive iPSC bank and was matched with the disease-specific line
for age, sex, and ethnicity.

Generation of neuronal-lineage cells from iPSCs. Neuronal-lineage cells
were generated as described previously by Chambers et al. (2009) and Hu
etal. (2009). For immunofluorescence visualization of TUJ1, MAP2, and
ChAT, cells were grown on 18 mm glass coverslips coated with 5 mg/ml
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fibronectin and 10 mg/ml laminin (for TUJ1 and MAP2 labeling) or
Matrigel (for ChAT labeling). Cells were fixed with 4% PFA in PBS and
permeabilized and blocked with 5% BSA in PBS with 0.1% Triton X-100.
Primary and secondary antibody staining were performed in PBS/
0.005% Triton X-100. Primary antibodies were mouse anti-human Tujl
and mouse anti-human MAP2 (both Sigma-Aldrich) and rabbit anti-
human ChAT (Millipore). Secondary antibodies were donkey anti-
mouse 594 nm and donkey anti-rabbit 488 nm (both Jackson
ImmunoResearch). Cell nuclei were labeled with DAPI (Invitrogen) after
antibody incubations and final washes. TDP-43-positive cytoplasmic
granules were quantified by measuring the number of cytoplasmic gran-
ules per cell (n = 45-116) in cultures of control and G298S motor neuron
(MN) iPSC lines from four separate experiments.

Fluorescent immunocytochemistry. Primary hippocampal neurons
were washed with 1 X PBS, fixed with 4% paraformaldehyde for 10 min at
room temperature, washed three more times in PBS, permeabilized by
incubation in 0.1% Triton X-100/1X PBS for 10 min at room tempera-
ture, washed three times with 1 XPBS for 5 min at room temperature, and
incubated in 0.1 M glycine and 0.2 M Tris-Cl, pH 8, for 10 min at room
temperature. Neurons were blocked for 1 h in PBS containing 5% BSA,
incubated in primary antibodies for 1 h at room temperature, washed
three times with 1 XPBS, detected with secondary antibodies, and washed
three times with 1 XPBS. Coverslips were mounted on glass slides with
ProLong Gold antifade mounting reagent (Invitrogen). The primary an-
tibodies used were rabbit anti-TDP-43 (Proteintech Group), rabbit anti-
TDP-43 (Cosmo Bio), goat anti-TIA-1 (Santa Cruz Biotechnology), and
mouse anti-MAP2 (Millipore). The secondary antibodies used were Dy-
light 488-conjugated donkey anti-rabbit, Dylight 549-conjugated don-
key anti-rabbit, Dylight 549-conjugated donkey anti-goat, and Dylight
405-conjugated donkey anti-goat (all Jackson ImmunoResearch) and
Alexa Fluor 549-conjugated donkey anti-mouse (Invitrogen).

Microscopy. Cells or tissue slides were visualized by 3D multiple wave-
length fluorescence microscopy using the Zeiss LSM510 or 710 LSM
Meta confocal microscope for Dylight 405, Dylight 545, and Dylight 488
fluorescence at room temperature using an oil-immersion 63X a-plan-
Apochromat objective. The images were captured using an HP Cool-
SNAP camera and examined as either single sections or projections of an
entire stack of optical sections. All images from immunocytochemistry
were processed using Image] software and Adobe Photoshop CS4. Im-
ages used for quantification were processed in MetaMorph software.

Activity-dependent TDP-43 granule translocation. Hippocampal neu-
ron culture prepared from E18—E19 rat embryos were plated on cover-
slips and transfected at 7 DIV with EGFP-tagged TDP-43 or mutant
TDP-43 (A315T or Q343R). Twenty-four hours after transfection, neu-
rons were pretreated with 1 um tetrodotoxin (TTX) for 1 h and then cells
were stimulated 4 times with 90 mm KCl for 3 min and allowed to recover
for 10 min after each stimulation. TTX was also present during the intra-
stimulation and poststimulation phases (6 h). Cells were fixed and im-
munostained with anti-postsynaptic density-95 rabbit mAb (Cell
Signaling Technology) and Alexa Fluor 594 donkey anti-rabbit IgG
(Jackson ImmunoResearch). Fluorescent images were taken on a Zeiss
laser confocal microscope (LSM 700) with a plan-apochromat 40X/1.3
oil objective using 405, 488, and 555 nm lasers for DAPI, GFP, and Alexa
Fluor 594, respectively. The image analysis was performed with the soft-
ware package ImageJ (Schneider et al., 2012). Neurites were traced and
their length was measured with the NeuronJ plugin (Meijering et al.,
2004). The number of neurites traced was manually counted.

Live cell imaging: fluorescence recovery after photobleaching and time-
lapse particle tracking. Cultured E18 hippocampal neurons were cultured
on poly-L-lysine-coated MatTek 35 mm glass-bottom dishes. On DIV 10,
48 h posttransfection with EGFP-tagged TDP-43, primary hippocampal
neurons were analyzed by microscopy. The Zeiss TempModule system
was used to control the temperature (37°C), humidity, andCO, (5%) of
the working system. Neurons were allowed to equilibrate to 37°C/5%
CO, in the heated, stage-mounted humidity chamber for 30 min before
imaging. A Zeiss LSM 710 confocal laser scanning microscope was used
to capture all live cell imaging and videos. For fluorescence recovery after
photobleaching (FRAP) experiments, a representative TDP-43 granule
was selected with the 100X objective (a-plan-Apochromat 100X/1.46
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TDP-43-enriched RNA granules colocalize with stress granules. A, Representative images from a primary hippocampal neuron expressing EGFP WT TDP-43 and RFP-TIA-1. Endogenous

MAP2 (blue) was detected by immunocytochemistry. Scale bar, 10 um. Higher magnification of the boxed images of the dendrite showed that dendritic WT TDP-43-enriched RNA granules colocalize
with stress granules. Scale bars, 2 um. B, Representative primary hippocampal neuron coexpressed EGFP-WT TDP-43 and RFP-G3BP. WT TDP-43-enriched RNA granules colocalize with stress
granules in neuronal soma but not neuronal processes. Arrows point to colocalized RNA granules. Scale bar, 10 m. €, Coexpression of EGFP-WT TDP-43 and RFP-Dcp1a in a representative primary
hippocampal neuron. Scale bar, 10 m. Higher magpnification of the boxed images showed WT TDP-43-enriched RNA granules express adjacent to P-bodies. Scale bars, 2 wm. D, Fluorescent
immunocytochemistry was applied to detect endogenous WT TDP-43 (green) and TIA-1 (red). In neuronal process from a representative DIV 20 hippocampal neuron, higher-magnification images
were captured and show that some WT TDP-43-enriched RNA granules contain TIA-1. Scale bars, 10 wm. E, Expression of TDP-43 in MN iPSCs from neurologically normal (Ctrl) and ALS human lines,
with quantification on the right. Arrows point to TDP-43 granules. Scale bar, 10 wm. F, Inmunoblot of TDP-43 from MN iPSCs from control and familial ALS (G298S) donors. Increased levels of
multimeric, insoluble TDP-43 was present in in the familial ALS line at 21 and 28 d of culture after differentiation.

oil). To capture images, nominal speed 9 was used and the pinhole was set
to 2 wm to obtain strong fluorescence. Control images were captured
before bleaching. Then, the granule of interest was bleached with 100%
argon laser power and a series of images was captured immediately after
bleaching. Low laser transmission was used for capturing images to avoid
photobleaching the entire image. Images were captured every 2 s for 160 s
after bleaching. The fluorescence intensity of the target granules was
curve fit with a one-phase exponential equation in Zen software (Zeiss)
to calculate the mobile and immobile fractions. Data were plotted in
Prism software (GraphPad) to produce a FRAP graph. For time-lapse
particle tracking, time-lapse photography allowed for the capture of im-
ages every 20 s for 10 min with the a-plan-Apochromat 63 X oil objective.
The motility rate of the TDP-43 granules was analyzed in MetaMorph
software using single particle tracking and multidimensional motion
analysis application. The motility rates of >500 TDP-43 granules from
nine neurons of three independent experiments were collected for
quantification.

Image analysis and quantification. DIV7 primary hippocampal neu-
rons were cotransfected with constructs expressing mCherry and EGFP-
TDP-43. Individual dendrites were highlighted by mCherry fluorescence.
The furthest distance TDP-43 granule in a dendrite was defined by trac-
ing the dendritic distance from the cell body to the furthest location
where TDP-43 granules were identified. Granule density was quantified
by counting the number of granules in a 20-um-long dendritic segment.
On average, 40 processes from 12 different neurons in each group were
analyzed. ImageJ software was used to quantify dendritic distance and
granule density. RNA granules located in neuronal soma were excluded
from quantification. MetaMorph Morphology filters were applied to im-
ages before data collection. The RNA granule size and fluorescence in-
tensity were measured in MetaMorph software. Data were analyzed in
GraphPad Prism software.

Results

TDP-43-enriched RNA granules localize in

neuronal processes

A striking hallmark of TDP-43 proteinopathy in ALS is the depo-
sition of protein inclusions in the processes and cytoplasm of
neurons. Reports from multiple investigators, including us, indi-
cate that TDP-43 regulates RNA metabolism by participating in
the biology of stress granules, a subtype of RNA granules (Colom-
brita et al., 2009; Liu-Yesucevitz et al., 2010; Dewey et al., 2011;
Bentmann et al., 2012; Wolozin, 2012).

We began our studies by characterizing TDP-43-enriched
neuronal RNA granules in primary hippocampal neurons. DIV
10 rat hippocampal neurons were transiently transduced with
TDP-43 and TIA-1 (Fig. 1A), G3BP (Fig. 1B), or Dcpla (Fig. 1C).
TIA-1and G3BP are RNA-binding proteins associated with stress
granules and Dcpla is associated with P-bodies (Liu-Yesucevitz
et al,, 2010). RNA granules containing both TDP-43 and TIA-1
were present in both neuronal soma and dendrites (Fig. 1A).
Similar results were observed when examining endogenous TDP-
43, which formed smaller granular puncta that colocalized TIA-1,
a stress granule marker (Fig. 1D). In contrast, RNA granules con-
taining both TDP-43 and G3BP were largely located in the soma
(Fig. 1B). TDP-43-enriched RNA granules did not colocalize with
Dcpla, a marker for P-bodies, but they did appear as granules adja-
cent to P-bodies (Fig. 1B). More than 50% of the neurons examined
exhibited dendritic TDP-43 (both transfected and endogenous); the
fraction of neurons with TDP-43 present in the soma and dendrites
appears to be condition dependent, with both stress and depolariza-
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tion increasing exit of TDP-43 from the nucleus (Wang et al., 2008;
Colombrita et al., 2009; Dewey et al., 2011).

We also examined endogenous TDP-43 in MN iPSCs from
control and familial ALS (G298S TDP-43) subjects. Our prior
studies indicated that differentiation produces cells with neuro-
nal morphologies, expression of neuronal antigens such as
MAP2, and expression of MN antigens (Leung et al., 2013).
TDP-43 was present in the MN iPSCs in both the nucleus and
soma (Fig. 1E). MN iPSCs from control and ALS subjects that had
been differentiated for <2 weeks exhibited cytoplasmic TDP-43
granules (Fig. 1E, arrows); however, the number of cytoplasmic
granules per cell were not significantly different among the
groups (Fig. 1E). Further biochemical studies suggested that,
with increasing duration of culture, mutant TDP-43 exhibited an
increasing tendency to accumulate high-molecular-weight mul-
timers and lower-molecular-weight fragments (Fig. 1F). We used
biochemical fractionation and immunoblotting to examine the
characteristics of TDP-43 in the MN iPSCs with time because
TDP-43 granule formation is associated with formation of insol-
uble aggregates (Liu-Yesucevitz et al., 2010; Dewey et al., 2011;
Hart and Gitler, 2012). The biochemical characteristics of
TDP-43 in the MN iPSCs varied with age of differentiation and
genotype (Fig. 1F). Sarkosyl-stable, multimeric TDP-43 and
smaller, 25/35 KD TDP-43 cleavage fragments were not apparent
2 weeks after differentiation, but became increasingly apparent
with time (Fig. 1F). By 25 d of differentiation, Sarkosyl-insoluble
oligomeric TDP-43 and the putative TDP-43 cleavage fragments
were apparent and accumulated to a greater extent in the MN
iPSCs carrying G298S TDP-43 than WT TDP-43 (Fig. 1F). The
appearance of biochemical differences in TDP-43 solubility with
increasing duration shows that the appearance of insoluble
TDP-43 is sensitive to conditions and raises the possibility that
the G298S TDP-43 mutation elicits a change in TDP-43 biology
that only appears with time. However, results observed from in-
dividual lines could be influenced by the genetic background of
the donor or by clonal variation. To understand whether disease-
linked changes in TDP-43 could alter its neuronal physiology, we
examined the behavior of exogenously expressed WT and mutant
TDP-43 in hippocampal neuronal cultures.

ALS-linked mutations change the size and distribution of
neuronal RNA granules

Recent studies have indicated that ALS-linked mutations in
TDP-43 increase its stability, increase its association with stress
granule proteins, induce toxicity, and accelerate disease onset
time (Liu-Yesucevitz et al., 2010; Watanabe et al., 2013). To elu-
cidate the effects of disease-linked mutations on TDP-43-
enriched neuronal RNA granules, we investigated the size and
distribution of TDP-43 RNA granules in primary hippocampal
neurons. EGFP-tagged WT TDP-43 or mutant TDP-43 (A315T
or Q343R) was coexpressed with plasmids expressing mCherry in
DIV 10 primary hippocampal neurons (Fig. 2A). The expression
of mCherry was used to highlight the transfected neurons, out-
lining neuronal soma and processes. To measure a dendritic
length, we traced the distance from the soma to the end of the
processes highlighted by mCherry. The size and fluorescent in-
tensity of TDP-43 RNA granules were measured using Meta-
Morph software. RNA granules formed by A315T or Q343R
TDP-43 were larger (Fig. 2B,C) and exhibited greater fluores-
cence intensity than those formed by WT or K82/84A TDP-43
(where K82/84A is expressed only outside the nucleus in the cy-
toplasm because it lacks the TDP-43 nuclear localization signal;
Fig. 2E). The distribution of TDP-43 RNA granules along the
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dendrites was determined by dividing dendrites into 20 uwm seg-
ments and quantifying the number of granules in each 20 um
segment. RNA granules containing A315T or Q343R TDP-43
exhibited lower distribution densities than either WT or K82/84A
TDP-43 (Fig. 2B,D). The farthest distance of distribution for
TDP-43 granules was determined by measuring the distance
from the soma to the farthest TDP-43 RNA granule identified
along a process; however, no significant differences were ob-
served (data not shown). Therefore, mutations in TDP-43 alter
the size and distribution density of RNA granules. The absence of
changes in these measures observed for the K82/84A mutant
demonstrated that these changes were independent of cytoplas-
mic levels of TDP-43.

To test the effects of mutations on TDP-43 granule formation
using an independent method, we measured the mobility of
TDP-43 using FRAP (Sprague and McNally, 2005). EGFP-tagged
WT or A315T TDP-43 were transiently expressed in DIV 10 rat
primary hippocampal neurons and FRAP was performed 2 d after
transfection. Images were captured with a 4X zoom every 2 s and
data were analyzed in Zeiss Zen software. Dendritic RNA gran-
ules with similar sizes were selected for this experiment from each
group. The average fluorescence intensity for RNA granules from
a representative cell was plotted as a function of time after cor-
rection for total cell bleaching (Fig. 2F). The mobile fraction of a
TDP-43 RNA granule was determined by comparing the fluores-
cence intensity in the bleached region after the equilibrium is
reached with the intensities before and immediately after bleach-
ing. The mobile fraction of mutant TDP-43-enriched RNA gran-
ules (32.81%) was less than that of WT TDP-43-enriched RNA
granules (47.66%; Fig. 2F). These data demonstrate that disease-
linked mutations in TDP-43 modify RNA granule characteristics
in neuronal dendrites.

ALS-linked TDP-43 mutations reduce the trafficking of

RNA granules

Neuronal RNA granules are motile units that traffic along den-
drites and interact to control synaptic function cooperatively.
These RNA granules regulate RNA transport, translation, and
catabolism, thereby controlling local protein synthesis at syn-
apses and synaptic plasticity (Liu-Yesucevitz et al., 2011). We
characterized the kinetics of TDP-43 RNA granules using live cell
imaging to record the movement of TDP-43 RNA granules.
EGFP-tagged TDP-43, A315T, or Q343R were transiently ex-
pressed in DIV 10 rat primary hippocampal neurons. Two days
after transfection, the neurons imaged to track granule move-
ment. Images were captured every 20 s for 10 min and the result-
ing data were analyzed using multidimensional analysis and
single particle tracking applications with MetaMorph software.
We observed that the average trafficking velocity of RNA granules
containing A315T or Q343R TDP-43 was slower than that of
RNA granules containing wild-type TDP-43 (Fig. 3A). The data
were also displayed using a velocity distribution graph (Fig. 3B).
In addition, the ratio of rapidly moving to slowly moving RNA
granules was reduced among RNA granules containing mutant
TDP-43 (Fig. 3B,C). This shift of movement from rapidly to
slowly moving indicates that disease-linked mutations in TDP-43
impair movement RNA granules.

Mutant TDP-43 exhibits reduced dendritic localization upon
neuronal depolarization

Previous results indicated that the localization of TDP-43 in the
dendritic arbor is responsive to neuronal depolarization (Wang
et al., 2008). We reasoned that the slower mobility of mutant
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Figure2. Effects of ALS-linked mutations on the characteristics of TDP-43-enriched RNA granules. 4, EGFP-TDP-43 (WT, A315T, Q343R, or K82/84A) was coexpressed with mCherry in DIV 10 rat
hippocampal primary neurons. TDP-43 formed RNA granules in neuronal processes. mCherry fluorescence was expressed in the whole neuron and thus was used as a marker to highlight neuronal
processes for the quantification of TDP-43 RNA granule distribution density and the furthest neuronal process distance of TDP-43 RNA granules. Scale bar, 10 um. B, Representative hippocampal
neuronal processes expressing TDP-43-enriched RNA granules: WT TDP-43, A315T, and Q343R (ALS-linked TDP-43 mutations) and K82/84A TDP-43 (a mutation removing the nuclear localization
signal). Scale bar, 5 wm. €, Quantification of the average size of TDP-43 RNA granules. RNA granules containing TDP-43 with ALS-linked mutations are larger than those containing WT or K82/84A
TDP-43. The average granule size was calculated from =500 RNA granules collected from 10 neurons of three independent experiments. *p = 0.01 WT TDP-43 vs K82/84A TDP-43; **p = 0.001
A315T orQ343Rvs WTTDP-43. D, Quantification of the average distribution density of TDP-43-enriched RNA granules. The average granule density was calculated from > 30 processes of 12 different
primary hippocampal neurons. ALS-linked mutations significantly reduced the distribution density of RNA granules in neuronal processes. *p = 0.01 WT vs K82/84A TDP-43; **p = 0.001 A315T or
Q343R vs WT TDP-43. Statistical analysis was by one-way ANOVA with Dunnett's posttest. Error bars indicate SEM. E, Quantification of the relative fluorescence intensities of TDP-43 RNA granules
inneuronal processes. Data were collected from =600 RNA granules from three independent experiments. F, FRAP analysis of TDP-43 molecules in RNA granules. Nine primary hippocampal neurons
were investigated. The average fluorescence intensities of the irradiated TDP-43 RNA granules after photobleaching of from a representative neuron were plotted over recovery time. The curves were
fitted by one-phase exponential equations. The calculated mobile fraction of mutant TDP-enriched RNA granules is lower than those RNA granules containing WT TDP-43.
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reduced the number of RNA granules trafficking with velocities >0.1 pum/s.
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TDP-43 might affect its response to neu-
ronal depolarization. To test this, rat hip-
pocampal neurons were transfected with
WT or mutant (A315T or Q343R) TDP-
43. Twenty-four hours after transfection,
the neurons were incubated for 1 h in 1
uM TTX. The cells were then stimulated
with KCI (90 mM, 4 X 3 min), incubated
for 6 h, fixed, and the distribution of
TDP-43 was evaluated by immunocyto-
chemistry. The localization of TDP-43 in- D
cubated in the presence of TTX but not
stimulated by KCl was nuclear (data not
shown). However, after KCl-induced de-
polarization, WT TDP-43 exhibited ex-
tensive dendritic localization (Fig. 4). In
contrast, A315T and Q343R TDP-43 ex-
hibited markedly less dendritic localiza-
tion, reaching distances that were >70%
less and being present in 70% fewer processes
(Fig. 4). This suggests that the reduced mobil- @3
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bor are poorly understood (Wang et al.,  Figure4. Localization of TDP-43 after KCl-induced depolarization of hippocampal neurons. Cultured rat hippocampal neurons

2008). The present study investigated the
dendritic biology of TDP-43 and identi-
fied strong, mutation-sensitive effects in
the neuronal arbor. The discovery of
mutation-sensitive dendritic actions sug-
gests novel mechanisms through which
disease-linked mutations in TDP-43
might contribute to the pathophysiology of disease.

Our studies of hippocampal neurons show that TDP-43 forms
RNA granules in neuronal processes. The observation of mobile
TDP-43-positive granules confirms observations by Fallini et al.
(2012). The patterns of TDP-43 colocalization with TIA-1 or
G3BP differ depending on whether granules are in the dendritic
arbor or soma. TDP-43-enriched RNA granules present in den-
drites largely colocalized with TIA-1. In contrast, TDP-43 RNA
granules present in neuronal soma colocalize with either TIA-1 or
G3BP. Colocalization with G3BP is consistent with the known
role for TDP-43 in enlarging G3BP RNA granules (McDonald et
al., 2011). Therefore, the somatic restriction of granules positive
for TDP-43 and G3BP indicates that the molecular composition
of TDP-43-enriched RNA granules is variable and suggests dif-
ferent functions for the TDP-43-positive granules in the soma
and dendrites. The presence of TDP-43-positive RNA granules in
the dendritic arbor is also consistent with prior studies showing
an association of TDP-43 with FMRP and staufen in dendrites
(Wang et al., 2008). The colocalization with staufen, a protein
known to be involved with RNA transport, combined with the
mobility of TDP-43 in dendrites, suggests a role for TDP-43-
positive granules in mRNA transport.

Interestingly, some TDP-43-positive RNA granules also ex-
hibit an intimate interaction with P-bodies, a type of RNA

Scale bar, 10 m.

were transfected with TDP-43::GFP (WT, A315T, or Q343R). Twenty-four hours after transfection, the neurons were treated with
TTX (1 ) for 1 h, pulsed with 90 mm KCI 4 X 3 min, allowed to incubate for 6 h, and then GFP was imaged directly. A-C,
Representative images of TDP-43::GFP (WT, A315T, and Q343R) in the hippocampal neurons. D—F, Tracings of TDP-43 present in
the processes from images from A—C. G, Quantification of distance traveled by WT, A315T, and Q343R TDP-43. H, Quantification of
the number of neurites per neuron exhibiting evidence of TDP-43 (WT, A315T, and Q343R) puncta in the soma or dendritic arbor.

granule responsible for degrading mRNA. These TDP-43 RNA
granules were often located adjacent to P-bodies (identified by
labeling with Dcpla), but were separate granules not colocalized
with P-bodies. A prior study by Wang et al. (2008) suggested that
TDP-43 expressed in neuronal processes localizes in P-bodies.
However, this conclusion was potentially flawed because the
marker used to identify P-bodies, GW182 (a component of the
RNA-induced silencing complex), is now known to identify en-
dosomes and multivesicular bodies (Gibbings et al., 2009). Inte-
gration of these data suggests that TDP-43 interacts with, but
does not actually colocalize with, P-bodies and suggests the het-
erogeneous nature of TDP-43 RNA granules.

The biology of RNA-binding proteins such as TDP-43 is fun-
damentally linked to protein aggregation (Wolozin, 2012). RNA-
binding proteins consolidate transcripts by aggregating to form
granules through a process that we have termed regulated protein
aggregation (Wolozin, 2012). Most disease-linked mutations in
TDP-43, as well as other RNA-binding proteins, appear to in-
crease the tendency of these proteins to aggregate, which effec-
tively shifts the equilibrium between dispersed and aggregated
states and leads to larger RNA granules, including stress granules
(Johnson et al., 2009; Elden et al., 2010; Liu-Yesucevitz et al.,
2010; Bosco et al., 2010; Wolozin, 2012; Kim et al., 2013). Recent
work by Donnelly et al. (2013) suggests that COORF72 might also
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contribute to the pathophysiology of ALS through a similar
mechanism involving sequestration of RNA-binding proteins.
Upon investigating MN iPSCs carrying G298S TDP-43, we ob-
served evidence of increasing TDP-43 aggregation with increas-
ing duration of culture under differentiating conditions.
Although no statistically significant differences in insoluble
TDP-43 or granule number was observed in young MN iPSC
cultures, cells from a G298S TDP-43 line that had been grown in
culture under differentiating conditions longer showed readily
detectable insoluble multimeric TDP-43. These results are con-
sistent with prior studies on iPSCs and suggest that disease-linked
mutations increase the tendency of TDP-43 to aggregate under
conditions of endogenous expression (Bilican et al., 2012; Egawa
etal., 2012). We also observed smaller TDP-43 fragments, which
might appear to correspond to the 25 and 35 kDa cleavage frag-
ments noted previously (Neumann et al., 2006; Zhang et al.,
2009).

The neuronal predominance of ALS pathology suggests a fun-
damental link between neuronal biology and the pathophysiol-
ogy of ALS. The link might lie in the strong propensity of neurons
to constitutively form RNA granules in the cytoplasm and neu-
ronal arbor. We reasoned that mutation-induced changes in the
equilibrium between dispersed and aggregated might alter the
dynamics of neuronal TDP-43 RNA granules. Our studies dem-
onstrate that ALS-linked mutations (A315T and Q343R) in-
creased the average size and decreased the distribution density of
TDP-43 RNA granules in neuronal processes. These changes in
RNA granules appear to result from structural features in
TDP-43 rather than the amount of cytoplasmic TDP-43, because
the K82/84A mutation, which removes the nuclear localization
signal, generates high levels of cytoplasmic TDP-43 yet does not
alter the average granule size or distribution density. The changes
in RNA granules also extended to movement. Live-cell-imaging
studies showed strong changes in mobility. Mutant TDP-43
granules showed a much higher proportion of immobile RNA
granules. In addition, FRAP analysis demonstrated that RNA
granules containing mutant TDP-43 are less mobile than those
with WT TDP-43, which is consistent with the increased granule
size. Mutation-related differences in RNA granule dynamics
might affect the biology of neurons because these RNA granules
are thought to play important roles in transporting transcripts
along the complex network of neuronal dendrites, dendritic bou-
tons, and synapses. The granules also play important roles in
activity-dependent translation and synaptic plasticity (Kiebler
and Bassell, 2006; Wang et al., 2008; Liu-Yesucevitz et al., 2011;
Pascual et al., 2012; Fallini et al., 2012). Each of these activities is
dependent on the process of regulated protein aggregation, which
modulates the size, distribution, and, ultimately, function of the
RNA granules in the neuronal arbor.

The issue of mobility becomes particularly important when
considering physiological responses to neural activity. Studies by
Wang et al. (2008) indicated strong translocation of TDP-43 to
the dendritic arbor upon depolarization of neurons with KCI.
Our studies confirmed these results and also demonstrated a
striking 70% decrease of dendritic translocation of mutant
TDP-43 (A315T and Q343R) in response to depolarization (Fig.
4). Although the experiments did not use live cell imaging, the
decreased translocation is consistent with the overall reduction in
movement of mutant TDP-43. Therefore, mutation-induced in-
creases in the propensity of TDP-43 to aggregate results in slower
moving neuronal granules. These results suggest that disease-
linked TDP-43 mutations modify its biology in the neuronal
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arbor before overt degeneration, which suggests potential mech-
anisms for early pathophysiological changes occurring in ALS.

Recent studies with cases of familial Alzheimer’s disease indi-
cate that the early stages of neuron dysfunction in neurodegen-
erative diseases begin decades before the presentation of clinical
syndromes (Acosta-Baena et al., 2011) and the same may be true
for ALS. Genetic studies suggest roles for TDP-43 in neuronal
biology. TDP-43 has been shown to bind multiple transcripts,
including multiple transcripts related neurons function, such as
Park2, Nlgnl, GluA2, and Nrxn3 (Polymenidou et al., 2011;
Lagier-Tourenne et al., 2012). The observation that mutations in
TDP-43 alter the dynamics of neuronal RNA granules raises
the possibility that the pathophysiology of ALS affects other
aspects of neuronal function before overt neurodegeneration
occurs. Time lapse studies of transfected neurons shows that
cytoplasmic TDP-43 is a better predictor of degeneration than
nuclear TDP-43 (Barmada et al., 2010). This “extranuclear” ac-
tivity extends well beyond the immediate neuronal soma. In syn-
apses, TDP-43 acts as a neuronal activity-responsive factor that
changes its localization at synapses in response to stimulation
(Wang et al., 2008). More recently, TDP-43-enriched RNA gran-
ules were proposed to be categorized as synaptic-activity-
regulated foci that might regulate local protein synthesis at the
synapses (Fallini et al., 2012; Pascual et al., 2012; Wolozin, 2012).
Our results suggest strong effects of disease-linked mutations on
the behavior of TDP-43 in the dendritic arbor and reveal that
disease-linked TDP-43 mutations reduce or slow the response of
TDP-43 to changes in neuronal activity. These results demon-
strate a discrete activity of TDP-43 in an extranuclear, neuronal
compartment that is affected by disease-linked mutations in
TDP-43. Therefore, although end-stage TDP-43 pathology oc-
curs in the soma or nucleus, the pathophysiology of TDP-43
could be manifest in dendrites and synapses potentially much
earlier in the course of disease.
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