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Cell-autonomous and cell-nonautonomous mechanisms of neuro-
degeneration appear to occur in the proteinopathies, including
Alzheimer's and Parkinson’s diseases. However, how neuronal toxicity
is generated from misfolding-prone proteins secreted by nonneuronal
tissues and whether modulating protein aggregate levels at distal
locales affects the degeneration of postmitotic neurons remains un-
known. We generated and characterized animal models of the
transthyretin (TTR) amyloidoses that faithfully recapitulate cell-
nonautonomous neuronal proteotoxicity by expressing human
TTR in the Caenorhabditis elegans muscle. We identified sensory
neurons with affected morphological and behavioral nociception-
sensing impairments. Nonnative TTR oligomer load and neurotox-
icity increased following inhibition of TTR degradation in distal
macrophage-like nonaffected cells. Moreover, reducing TTR levels
by RNAI or by kinetically stabilizing natively folded TTR pharmaco-
logically decreased TTR aggregate load and attenuated neuronal
dysfunction. These findings reveal a critical role for in trans modu-
lation of aggregation-prone degradation that directly affects post-
mitotic tissue degeneration observed in the proteinopathies.

aggregation | cell-nonautonomous | neurodegeneration |
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In protein-aggregation disorders, cell-autonomous and cell-
nonautonomous mechanisms of neurodegeneration appear to
occur, the latter associated with the propagation of protein ag-
gregates and/or pathologies throughout the nervous system (1,
2). Elucidating these degenerative pathways is often confounded
by the fact that affected tissues express the misfolding-prone
protein(s). Moreover, it is unclear whether modulating levels
of native aggregation-prone proteins or of protein aggregates in
distal tissues would change cell-nonautonomous proteotoxicity.
Knowledge of these features is important for further un-
derstanding neurodegenerative diseases and for envisioning new
therapeutic strategies.

In the transthyretin (TTR) systemic amyloidoses, the unaf-
fected liver secretes tetrameric TTR into the blood stream,
where TTR dissociates, misfolds and aggregates, compromising
organ systems such as the heart and the autonomic and periph-
eral nervous systems, tissues that do not synthesize TTR (3).
Thus, cell-nonautonomous proteotoxic pathways are clearly dis-
tinguished in the TTR amyloidoses, allowing the mechanism(s)
to be carefully studied. Native TTR exists as a B-sheet-rich tet-
ramer (4), whose established function is to transport holo-
retinol-binding protein in the plasma and to serve as a back-
up carrier for thyroxine (T4) (5, 6). Strong genetic, pathologic,
biochemical, and pharmacologic evidence suggests that TTR
amyloid diseases result from TTR aggregation, compromising
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the function of various tissues (7-10). A central unanswered question
is how TTR aggregation leads to the cell-nonautonomous demise of
postmitotic tissues, including neurons (11). This key question remains
unanswered for all human amyloid diseases (12-14). Moreover, it is
unclear whether nonnative (NN) TTR oligomers contribute to
neurodegeneration and, if so, whether their levels can be modulated
at distal sites to diminish neuronal proteotoxicity (9, 15).

Over 115 different TTR mutations associated with human
disease render the tetramer less stable and more aggregation
prone (16, 17). The most common TTR variant is V30M (10),
which leads to familial amyloid polyneuropathy (FAP), affecting
the peripheral and autonomic nervous systems and resulting in
the degeneration of thermo- and pain-sensing neurons (18). The
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highly unstable D18G TTR variant is not readily secreted by the
liver but instead is targeted for endoplasmic reticulum (ER)-
associated degradation (ERAD) (16, 19). Partial secretion of
D18G TTR from the choroid plexus results in aggregation that
leads to familial meningocerebrovascular amyloidosis charac-
terized by dementia and cerebrovascular bleeding (20). The ag-
gregation of circulating WT TTR leads to senile systemic
amyloidosis, a cardiomyopathy that is the most common TTR
amyloid disease affecting ~10% of elderly adults, leading to
congestive heart failure (21). Interestingly, mutations also exist
that are protective against disease. For example, T119M TTR
when present in hetero-allelic combination with V30M TTR
results in the formation of highly Kkinetically stable, non-
amyloidogenic T119M/V30M heterotetramers that stop or delay
FAP pathology (7).

Numerous attempts to model human neuronal TTR proteo-
toxicity in transgenic mice have failed to recapitulate cell-
nonautonomous disease phenotypes, including degeneration of
postmitotic tissue, despite the presence of extracellular TTR
aggregates (22). In Drosophila, expression of TTR in the cytosol
of neurons resulted in neuronally related phenotypes, but in
humans TTR is not significantly expressed in the cytosol of
neurons (23, 24). Therefore, there is a pressing need to develop
an animal model relevant to human pathology wherein the
mechanism of TTR aggregation-associated toxicity occurs cell
nonautonomously. Successful models become even more rele-
vant if the existing regulatory agency-approved drugs that slow
the progression of human FAP, such as tafamidis and patisiran
(an RNAI therapeutic targeting TTR) (8), also ameliorate dis-
ease phenotypes in the animal model, thus contributing to the
identification of mechanisms by which TTR is toxic as well as the
means by which toxicity can be ameliorated.

Herein we report animal models in the nematode Caeno-
rhabditis elegans that generate TTR aggregates including NN
oligomers analogous to those in humans (9, 25). Critically, ex-
pression of human TTR (hTTR) uniquely in the body-wall
muscle resulted in TTR secretion and aggregation and in cell-
nonautonomous structural and functional impairments of sen-
sory nociceptive neurons not expressing TTR. Decreasing TTR
levels cell nonautonomously resulted in a reduced NN TTR oligo-
meric load and a significant amelioration of cell-nonautonomous
proteotoxicity. These data suggest that TTR oligomers are likely
proteotoxic, as is hypothesized to be the case in humans (9, 25, 26).
Notably, the degenerative phenotypes in C. elegans linked to TTR
proteotoxicity were exacerbated by impairing the turnover of TTR
tetramers and oligomers in distal cells, suggesting that increased
TTR oligomer levels correlate with enhanced proteotoxicity and that

enhancing TTR degradation could be a viable therapeutic strategy.
These C. elegans models provide a platform to study the mechanism(s)
of in trans neurodegeneration as well as the influence of cell-
nonautonomous TTR degradation and have the potential to
provide insights into the etiology of other aging-associated
protein-aggregation disorders linked to neurodegeneration
such as Alzheimer’s disease (AD) and Parkinson’s disease (PD).

Results

Generation of C. elegans Models Expressing Human TTR Variants. To
model TTR proteotoxicity in C. elegans, we expressed human
WT TTR, V30M TTR, or D18G TTR in the body-wall muscle
under the control of the unc-54 promoter (Fig. 14). We modeled
these disease-promoting TTR sequences because earlier work
showed that they have diverse stabilities and secretion efficiencies
that could allow us to investigate the range of cell-nonautonomous
versus cell-autonomous effects (16). We also made a transgenic
strain with the protective, non—aggregation-prone T119M mu-
tation (7) that allowed us to scrutinize the hypothesis that the
proteotoxic phenotypes observed in the pathogenic strains (see
below) were not simply the result of the overexpression of an
hTTR sequence. In each model strain, the hTTR signal se-
quence (SS) (Fig. 14) was included to enable TTR to be
inserted into the ER and to target it for secretion (see below).
As TTR is a small protein and fusions to GFP or other large
fluorescent proteins could significantly impact its folding, as-
sembly, and/or trafficking in the early secretory pathway, the
TTR transgenes were not tagged.

To test whether the C. elegans strains expressed comparable
TTR levels, TTR mRNA and TTR protein levels were assessed.
TTR mRNA levels quantitated from age-synchronized animals
peaked at day 1 of adulthood and declined by day 8 for all strains
(SI Appendix, Fig. S14). Soluble and insoluble TTR protein levels
were quantified by Western blot (Fig. 1 B and C) using antibodies
that recognized all four hTTR variants equally (SI Appendix, Fig.
S1B) but did not recognize endogenous C. elegans TTR-like pro-
teins in the non-TTR control or TTR strains. Animals expressing
stable human variants (i.e., WT TTR, V30M TTR, and T119M
TTR) generated comparable levels of soluble TTR protein that
peaked in day-1 adult animals in all strains (Fig. 1B). TTR was not
detected in the insoluble pellet except for V30M TTR, which is the
most amyloidogenic of these three sequences (Fig. 1C). In contrast,
animals expressing the highly unstable and, as shown in humans,
poorly secreted D18G TTR displayed very low levels of soluble
protein but notably higher levels of insoluble TTR that increased
with aging (Fig. 1C) (16, 20). Collectively, these data show that the
strains generated had comparable levels of 77R mRNA and TTR
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Fig. 1. Generation of C. elegans TTR models. (A) Schematic of TTR C. elegans transgenes generated in this study. The human TTR with SS and full-length WT
TTR, V30M TTR, T119M TTR, and D18G TTR variants were expressed under the body-wall muscle-specific promoter unc-54. (B and C, Upper) Representative
Western blots of soluble (B) and insoluble (C) fractions of lysates of day-1 (D1), day-5 (D5), and day-8 (D8) adult animals probed with antibody
MDX102 against TTR. (B and C, Lower) TTR/actin ratios (mean + SEM, n = 3), aligned to a representative Western blot for one experiment. The percentage
difference in soluble TTR/actin ratios between the strains relative to the WT TTR levels in D1 animals are 43%, 39%, and 92% for V30M, T119M, and D18G,

respectively. ctrl, control; SS, signal sequence.
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protein and that the solubility profile of TTR sequences is con-
sistent with that observed in humans, which had not been pre-
viously modeled (16).

Differential Secretion of Tetrameric TTR Variants in C. elegans
Recapitulates hTTR Secretion Profiles. In humans, WT TTR, V30M
TTR, and T119M TTR are efficiently secreted from the liver, while
D18G TTR is not (16, 19). To test the hypothesis that hTTR var-
iants expressed in C. elegans were secreted from the body-wall
muscle with differential secretion efficiencies, we first performed
immunofluorescence (IF) with a polyclonal antibody against h\TTR
to visualize total TTR expression and localization in day-1 adult
animals. The TTR signal was observed in the periphery of indi-
vidual body-wall muscle cells and in colocalization with phalloidin,
suggesting that TTR reached the plasma membrane for possible
secretion and deposited at myofilament striations of sarcomeres
(Fig. 24). In addition, we observed WT, V30M, and T119M TTR
signal in the body cavity, demonstrating secretion of TTR from
muscle cells. In contrast, the D18G TTR signal was absent from the
body cavity, suggesting that this highly unstable variant was not
secreted efficiently. Instead, we observed pronounced D18G TTR
intracellular aggregates, likely a result of its retention inside muscle
cells (Fig. 24). We confirmed these observations by repeating the IF
(SI Appendix, Fig. S2) using fit-for-purpose antibodies that uniquely
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and selectively recognized NN TTR (monomers and/or oligomers)
but not native TTR tetramers (SI Appendix, SI Materials and
Methods and Fig. S3 4 and B). Whether NN TTR was also present
inside other tissues is not clear at this time.

To further scrutinize the hypothesis that natively folded TTR
tetramers were secreted from the C. elegans body-wall muscle
(16), we analyzed their in vivo subcellular localization by feeding
animals compound 5 (CMPDS5) (Fig. 2B). This small molecule is
a validated fluorogenic probe for natively folded TTR that binds
to the Ty4-binding sites in TTR and remains dark until it selec-
tively reacts with the Lys-15 e-amino groups of TTR to render
the TTR-(CMPDS5), conjugates fluorescent (27). Pronounced
TTR—~(CMPDS), conjugate fluorescence was detected in WT TTR,
V30M TTR, and T119M TTR strains in all six coelomocytes,
macrophage-like cells that endocytose soluble material from the
body cavity for degradation (28) (Fig. 2 C, d-{). These data dem-
onstrate that TTR tetramers were secreted from the muscle. We
and others previously observed TTR localization to coelomocytes in
independently generated WT TTR C. elegans strains (29, 30).
Neither the non-TTR control nor the D18G TTR animals showed a
TTR—(CMPD5), conjugate-positive signal in coelomocytes (Fig. 2
C, a—c and m-o, respectively), suggesting that D18G TTR was not
secreted out of muscle cells. Thus, the various TTR sequences
expressed in the C. elegans body-wall muscle showed secretion

?8’* body wall

NP+ muscle
Jz\ cl

coelomocytes

UNC-122::DsRed

T119M V30M
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Fig. 2. Differential secretion profiles of C. elegans TTR models. (A) Representative confocal IF images of adult day-1 animals stained with a polyclonal

antibody against TTR (green) and phalloidin (F-actin; red). The panels at the far right show maximal intensity projections of whole animals. Insets in white
boxes show enlargements of head regions in the adjacent column on the left. Arrowheads point to muscle cells; arrows point to the body cavity. The dotted
line in the control F-actin panel outlines the contour of a single body-wall muscle cell. Insets in orange boxes show enlargements of aggregates. Insets in cyan
boxes show enlargements of cell-surface TTR staining. (Scale bars: 50 pm.) (B) Schematic diagram of the experiment in which worms were fed CMPD5 to detect
TTR-(CMPD5), conjugates. The black box shows coelomocytes enlarged in C. The pharynx is shown in green. (C) Enlargements showing coelomocytes. Arrows
point to coelomocytes. Control, n = 11; WT, n = 12; V30M, n = 15; T119M, n = 21; D18G, n = 23. (Scale bar: 10 pm.) DIC, differential interference contrast
microscopy. See also S/ Appendix, Fig. S2.
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profiles comparable to those exhibited by humans, rendering
these models suitable for studying TTR cell-nonautonomous
proteotoxicity.

Expression of TTR in C. elegans Results in the Generation of Native
TTR Tetramers and Oligomeric TTR Aggregates. Since soluble and
secreted hTTR can remain natively tetrameric or can dissociate,
misfold, and aggregate into a variety of aggregate structures, in-
cluding NN TTR oligomers that we hypothesize are toxic (9, 25), we
next characterized the age-dependent profile of tetrameric and
oligomeric TTR in the C. elegans transgenic TTR strains (25, 31).
Natively folded TTR tetramers were quantified in the soluble frac-
tions from lysates of age-synchronized day-1, day-5, and day-
8 animals by incubating the lysates with the fluorogenic small
molecule A2 (31). Similar to CMPD5, A2 binds strongly to both T;-
binding pockets of the folded TTR tetramer and reacts with Lys-
15 residues to create a fluorescent TTR tetramer—(A2), conjugate
that is quantified by ultra-performance liquid chromatography
(UPLC) (31). Fluorescent TTR tetramer—(A2), conjugate levels
from C. elegans lysates, as measured by UPLC, were compared with
a calibrated standard curve generated by the addition of increasing
amounts of purified recombinant WT TTR into day-1 control ly-
sates (Fig. 34 and SI Appendix, Fig. S3C). We found that native
TTR tetramer levels decreased with aging (Fig. 3B). The decrease is
consistent with expression of the unc-54 promoter (32), but message
instability, tetramer degradation, or tetramer-to-monomer-to-
aggregate conversion could also contribute (16). Notably, the most
stable TTR variant (T119M TTR) had the highest TTR tetramer
levels from day 1 through day 8 of adulthood, whereas the least
stable variant (D18G TTR) yielded the lowest native TTR tetramer
levels (Fig. 3B), consistent with observations in humans showing that
these are highly stable and unstable variants, respectively (16). Thus,
the C. elegans transgenic strains expressing stable TTR variants
generated measurable levels of TTR tetramers.

We next evaluated whether NN oligomeric or aggregated TTR
was being generated in the transgenic TTR strains. NN TTR
oligomer levels from soluble and insoluble fractions of lysates
from all C. elegans strains were assessed by Native-PAGE and by
a sandwich ELISA using the same antibodies against NN TTR
that were used for IF (Fig. 24). Native-PAGE showed the
presence of high-molecular-weight aggregates primarily in the
soluble and insoluble lysate fractions of the V30M TTR and
D18G TTR strains but not in the WT TTR or T119M TTR
strains (Fig. 3C and SI Appendix, Fig. S3D). To test whether we
could more quantitatively assess NN TTR oligomer levels, sol-
uble and insoluble lysate fractions of day-1 and day-5 age-
synchronized animals were analyzed by a sandwich ELISA
(Materials and Methods) (25). Consistent with the observations
from the Native-PAGE analysis (Fig. 3C), NN TTR levels were
detected primarily in insoluble lysates of D18G TTR strains, but
not in lysates from V30M TTR animals (Fig. 3D). As with
Native-PAGE, the ELISA was unable to detect NN WT TTR or
T119M TTR, likely because of the conformational stability of
these sequences. The presence of NN oligomers in the transgenic
strains expressing V30M TTR and D18G TTR is consistent with
the higher amyloidogenicity of these sequences (16). Taken to-
gether, these data show that expression of the TTR variants in
the C. elegans body-wall muscle resulted in the generation of
differential native tetramer and NN oligomeric TTR concen-
trations, as observed in human patients.

TTR FAP Variant Impairs Sensory Nociception Cell Nonautonomously.
In FAP patients, the aggregation of V30M TTR and its depo-
sition around peripheral and autonomic neurons is associated
with the loss of nociception and temperature perception in the
extremities (18). To test whether the expression of V30M TTR in
the body-wall muscle leads to the impairment of nociception in
C. elegans, we measured the reflex-like escape reaction of V30M
TTR animals with a thermal-avoidance assay developed pre-
viously to measure pain responses (Fig. 44) (33). Individual
animal responses were scored into four categories (classes I-IV),
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Fig. 3. Soluble and insoluble oligomeric TTR aggregates in C. elegans TTR
models. (A, Left) Schematic of the UPLC experiment showing the incubation
of A2 with worm lysates. (Right) TTR tetramer-(A2), fluorescence chro-
matograms from the UPLC experiment showing the TTR tetramer elution
peak (red arrow) identified as TTR by comparison with recombinant TTR
control (S/ Appendix, Fig. S3C). AU, arbitrary units. (B) Quantification of TTR
tetramer levels from UPLC experiments in A. Levels were normalized to
those of adult day-1 WT TTR animals (mean + SEM, n = 3). (C) Native gel
blots of the soluble (Left) and insoluble (Right) fractions of animal lysates
probed with anti-TTR MDX102 antibody. Images are representative of five
replicates for day-1 samples and three replicates for day-5 samples. Loading
controls are shown in S/ Appendix, Fig. S3D. (D) NN TTR quantification by a
sandwich ELISA for soluble (Left) and insoluble (Right) lysate fractions
(mean + SEM, n = 3). ctrl, control. See also S/ Appendix, Fig. S3.

as previously established (SI Appendix, SI Materials and Methods)
(33). As controls, we scored thermal avoidance in eat-4(n2474)
and unc-86(n846) 1-d-old mutant animals, shown previously to
have attenuated and unaltered responses, respectively (Fig. 4B)
(33). A significantly higher percentage of V30M TTR animals
(10 = 0.6%) than non-TTR control animals (0%) or T119M
TTR animals (0%) were unresponsive to noxious heat (class IV)
(Fig. 4B and SI Appendix, Table S1). The T119M TTR data
demonstrate that the nociceptive defect was not due simply to
the overexpression of an hTTR sequence. To ascertain that the
V30M TTR-dependent defect was not the result of locomotion-
related impairments that would prevent the animals from back-
ing up, we tested reversal movement in each class IV animal with
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Fig. 4. Cell-nonautonomous nociception impairments of TTR animals. (A)
Schematic of the thermal-avoidance (nociception) assay. (B) Thermal-
avoidance response of indicated strains. (C) Thermal-avoidance response
of indicated strains. unc-54p and des-2p are body-wall muscle and FLP/PVD
neuron promoters, respectively. Data in all graphs are representative of at
least two experiments (mean + SEM). ctrl, control; E.V., empty vector. See
also S/ Appendix, Figs. S4-S6 and Tables S1 and S2 for statistics.

a soft touch to the nose. All class IV animals (100%; n = 41)
backed in response to this stimulus. To test whether the noci-
ception defects were TTR dependent, we repeated the noxious
heat assay in V30M TTR animals treated with TTR RNAI,
which afforded a protein knockdown of >90% (SI Appendix,
Fig. S4). The nociception defect was rescued in RNAi-treated
V30M TTR animals (Fig. 4C and SI Appendix, Table S2). These
results are consistent with cell-nonautonomous V30M TTR
neuronal toxicity.

To further test whether defects in nociception exhibited by V30M
TTR animals were cell nonautonomous, we generated transgenic
animals expressing V30M TTR in the body-wall muscle but lacking
the SS (V30MASS TTR, SI Appendix, Fig. S6 A and B) to prevent
its secretion (SI Appendix, Fig. S6C). V30M ASS animals did not
exhibit a defective thermal-avoidance response (2.6 + 0.5% class
IV) compared with V30M animals with TTR fused to an SS (10 +
0.6%) (Fig. 4B and SI Appendix, Table S1). Furthermore, we tested
for thermal avoidance in day-1 D18G TTR animals in which we did
not find evidence for TTR secretion (Fig. 2.4 and C). D18G TTR
animals did not exhibit defective nociception (Fig. 4B). Taken to-
gether our data show that secretion of V30M TTR from the muscle
results in proteotoxicity to sensory pain-sensing neurons in a cell-
nonautonomous manner, likely owing to V30M TTR’s ability to
dissociate, misfold, and misassemble (16).

Impaired Dendritic Morphology of Somatosensory Neurons in V30M
TTR Animals. The neural circuitry for the nociceptive thermal-
avoidance responses in C. elegans tested here was previously
mapped to the AFD and FLP head sensory neurons (33, 34). The
FLP neurons are polymodal cells that extend elaborate dendritic
branches enveloping the head of the animal (Fig. 5 4 and B)
(35). To probe whether the nociceptive defects observed in
V30M TTR animals (Fig. 4) correlated with morphological
neuronal defects, we quantified the dendritic morphology of
their FLP neurons. Day-1 adult V30M TTR animals had a sig-
nificantly higher number of quaternary branches than age-
matched non-TTR control or T119M TTR animals, suggesting
that the expression of V30M TTR affects dendritic outgrowth
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(Fig. 5 B and C). As extension of quaternary branches toward the
hypodermis is critical for FLP sensory function (35), we also
quantified the FLP quaternary branch extension angle from the
tertiary branch (Fig. 5D). V30M TTR animals had quaternary
branches that bent backward toward tertiary branches more of-
ten than non-TTR control and T119M TTR animals (Fig. SE and
SI Appendix, Table S3). These data show that sensory endings do
not extend fully and in some cases nearly reverse in V30M TTR
animals. To test whether these phenotypes were due to de-
velopmental defects, we first surveyed the number of quaternary
branches in the last larval L4 stage, when FLP quaternary
branching is finalizing its development (35). The number of FLP
quaternary dendritic branches was lower in L4 non-TTR control
larvae than in non-TTR control day-1 adults, showing that
quaternary branches are still being added as control animals
develop (Fig. 5C and SI Appendix, Fig. S7A). Expression of
V30M TTR or T119M TTR resulted in a higher number of
quaternary branches in L4 animals than in control animals (S7
Appendix, Fig. S74). However, the number of branches in
T119M TTR L4 larvae as they grew to day-1 adults was similar to
those of non-TTR controls, whereas V30M TTR animals con-
tinued adding quaternary branches as they transitioned to day-1
adults (Fig. 5C). Thus, expression of V30M TTR resulted in
ectopic branching in young-adult animals compared with L4
larvae. No significant differences in quaternary FLP branch an-
gle in L4 larvae were observed in non-TTR control, V30M TTR,
and T119M TTR transgenic animals, demonstrating that these
morphological defects were not developmental (SI Appendix,
Fig. S7B and Table S4).

We next tested whether expression of V30M TTR without the
signal sequence (ASS) in FLP neurons with the des-2 promoter
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Fig. 5. Defective dendritic morphology of V30M TTR sensory neurons. (A)
Schematic of the morphology of an FLP sensory neuron. Dendrites: 1°: pri-
mary; 2°: secondary; 3°: tertiary; 4°: quaternary. (B) Representative confocal
images of the head region of a day-1 adult animal showing the contour of
FLP neurons as delineated by des-2p::Myristoyl::GFP with same orientation as
in A. Insets show enlargements of quaternary dendritic branches. Inverted
images shown. (C) Quantification of the FLP dendrites (mean + SEM). n =
20 animals per strain. **P < 0.01, permutation t test. n.s., not significant. (D)
Angles measured in E. (E) Histograms of the proportion of angular branches
with a deviation greater than 0° in adult day-1 animals. *P < 0.025; two-
sample Kolmogorov-Smirnov test comparing angles of V30M TTR and con-
trol/T119M TTR. See also S/ Appendix, Fig. S7 and Tables S3 and S4.
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(36) could drive the TTR nociception-sensing defects (Fig. 4).
Nociception was not impaired in day-1 des-2p::V30MASS TTR
animals (Fig. 4B), suggesting that V30M TTR expression in FLP
neurons is not sufficient to impair nociception.

To test whether V30M TTR toxicity affects other neurons, we
evaluated a subcellular phenotype in ALM, a set of mechano-
sensory neurons involved in soft-touch sensing (37). As mito-
chondria are critical for neuronal function, and their altered
dynamics have been shown to be a key early pathological feature
of most neurodegenerative diseases (38), we imaged and quan-
titated the size of these organelles inside ALM axons. Mito-
chondrial length was significantly decreased in V30M TTR
animals compared with non-TTR control and T119M animals
(81 Appendix, Fig. S8). These data suggest that secreted V30M
TTR is not specifically toxic to sensory pain-sensing neurons but
is also toxic to those involved in mechanosensation. Taken to-
gether, our data show that V30M TTR proteotoxicity impairs
neuronal function in a cell-nonautonomous manner by targeting
pathways that regulate the proper structure and function of pain-
sensing and mechanosensory neurons.
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Student’s t test; ctrl, control.

TTR Clearance by Distal Cells Exacerbates TTR Proteotoxicity in
Neurons. Our data show that TTR tetramers secreted from the
body-wall muscle into the body cavity are taken up by coelo-
mocytes (Fig. 2). As coelomocytes are lysosomal-degradative
cells (28), we reasoned that if TTR was degraded in coelomo-
cytes, then modulation of coelomocyte-mediated TTR degrada-
tion would affect the level of TTR proteotoxicity. To first test if
TTR was degraded in coelomocytes, we genetically ablated these
cells by crossing the TTR transgenic animals to a strain
expressing a diphtheria toxin mutant, DT-A(E148D), under a
coelomocyte-specific promoter and measured TTR levels (28).
We confirmed the absence or significant reduction of coelomo-
cytes in DT-A(E148D) animals (SI Appendix, Fig. S9 A and B
and Table S5). Previous studies showed that ablation of coelo-
mocytes resulted in the accumulation of fluid-phase markers in
the body cavity due to a lack of uptake and degradation (28). To
test for coelomocyte ablation in TTR; DT-A strains, we injected
the body cavity with soluble A680-fluorescent dextran (3,000
MW) and immediately treated them with CMPD5 (10 pM) to
convert native TTR to TTR-(CMPDS5), tetrameric conjugates, as
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Fig. 7. Reduction or stabilization of TTR levels improves TTR-mediated loco-
motion impairments. (A) Representative 40-s locomotion trajectories of adult
day-1 animals quantified in B. The starting points for each trajectory were
aligned in the middle. (B) Comparison of locomotion rates in the indicated
strains. The number of animals analyzed is shown inside the bars. See also S/
Appendix, Fig. S11. (C) Representative 40-s locomotion trajectories of the in-
dicated strains. (D) Locomotion rates of the animals plotted in C. (E) Schematic of
the timeline for the locomotion and CMPD5 treatment assay. (F) Representative
40-s trajectories of the indicated strains. (G) Locomotion rates for 2-d-old strains
plotted in F. Plots show mean + SEM, **P < 0.005, ***P < 0.001, by Student’s
t test. E.V., empty vector; n.s., not significant. (Scale bars: 2 mm.)

described above (Fig. 2 B and C). A680-dextran as well as TTR-
(CMPD5), conjugates accumulated in coelomocytes in non-DT-
A animals but accumulated throughout the body cavity in TTR;
DT-A animals, suggesting that muscle-secreted TTR (WT TTR,
V30M TTR and T119M TTR) was normally taken up from the
body cavity and degraded in these cells (Fig. 64 and SI Appendix,
Fig. S9 C and F). Neither non-TTR control animals nor D18G
TTR; DT-A animals treated with CMPDS5 produced any signif-
icant TTR—-(CMPDS5), conjugate signal (SI Appendix, Fig. SO E
and D). Next, to test whether ablation of coelomocytes resulted
in decreased TTR degradation, we characterized TTR protein
levels in animals with and without coelomocytes. Western blots
of the soluble and insoluble TTR fractions of lysates from TTR,;
DT-A age-synchronized animals showed that adult 5-d-old ani-
mals without coelomocytes had increased TTR protein levels
compared with animals with coelomocytes (Fig. 6B). This shows
that ablation of coelomocytes resulted in a significant decrease in
TTR degradation and in the accumulation of higher levels of
TTR tetramers and insoluble TTR in the body cavity of aging
animals.

Next, to determine whether decreasing TTR tetramer degra-
dation cell nonautonomously increased TTR proteotoxicity in
neurons, we tested for thermal avoidance in V30M TTR; DT-A
animals. A significantly higher percentage of the V30M; DT-A
animals (22 + 2%; n = 43) failed to respond to noxious heat
(class IV) compared with non-TTR control; DT-A (9.1 + 2.5%;
n = 12) or V30M TTR animals with coelomocytes (10 + 0.6%;
n = 41). Thus, reduced TTR degradation resulted in enhanced
TTR neuronal defects (Fig. 6C and SI Appendix, Table S6).

To test whether the higher number of nonresponsive V30M;
DT-A animals correlated with an increase in the amount of NN
V30M TTR oligomers, we measured NN TTR oligomer load via
ELISA, as described above (Fig. 3D). The NN TTR oligomer
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aggregate load was significantly increased in the soluble fraction
of lysates of day-1 and day-5 adult V30M TTR; DT-A animals
compared with that of V30M TTR animals (Fig. 6D). These data
suggest that the additional impairment of neuronal nociception
in V30M TTR; DT-A animals correlated with the increased
soluble TTR tetramers and oligomers (Fig. 6 4 and B). No sig-
nificant increase in the amount of insoluble NN TTR oligomers
was observed in V30M TTR; DT-A animals compared with
V30M TTR animals, suggesting that soluble NN oligomers could
be responsible for the heightened thermal-avoidance defect in
animals without coelomocytes. Taken together, these data show
that removal of degradative cells distal to the original site of
V30M TTR expression can increase TTR tetramer levels
throughout the body cavity by decreasing TTR protein turnover.
These results suggest that enhanced TTR degradation at distal
sites could ameliorate neuronal TTR phenotypes.

Reduction or Small Molecule Stabilization of Native TTR Levels
Improves TTR-Mediated Locomotion Impairments and Decreases
Oligomeric Aggregate Load. As neurons or possibly muscles are
affected in our models, we next assessed whether expressing
V30M TTR led to movement impairments. Expression of V30M
TTR resulted in impaired locomotion as measured by decreased
displacement and velocities compared with non-TTR controls,
and TTR RNAI rescued this phenotype (Fig. 74 and B and SI
Appendix, Fig. S4). These motility defects could be the result of
impaired muscle and/or neuronal function (39, 40). To test
whether V30M TTR motility could be affected as a result of
muscle dysfunction, we performed TTR RNAi in the D18G
strain in which we observed no evidence of TTR secretion (Fig.
2C). One-day-old D18G TTR animals exhibited a pronounced
uncoordinated (Unc) phenotype, which was rescued by RNAi
against TTR (Fig. 7 C and D). These data suggest that D18G
TTR proteotoxicity affects proteostasis in the muscle and results
in its malfunction, although muscle morphology appeared un-
affected (Fig. 24 and SI Appendix, Fig. S2). Thus, expression of
V30M TTR could result in defects in locomotion due to TTR
cell-autonomous impairment of muscle function, but this merits
further scrutiny.

Next, we tested whether stabilizing TTR pharmacologically
would ameliorate the TTR-dependent Unc phenotype. To sta-
bilize the native TTR tetramer quaternary structure, we treated
V30M TTR animals with CMPDS5. In addition to being fluoro-
genic upon binding to and reacting with TTR (Fig. 2 B and C),
CMPDs5 affords a hyperstable tetramer, which ameliorates FAP
by preventing aggregation, similar to tafamidis (8, 30). We chose
CMPDS5 as the kinetic stabilizer instead of tafamidis because
CMPDS5 exhibits better solubility (41). Since V30M TTR oligo-
mers were detected in day-1 adult animals (Fig. 3C), we initially
treated L1, L3, L4, and day-1 animals with various concentra-
tions of CMPD5 to establish a therapeutic dose. We determined
that 10 pM applied to L3 larvae produced a response without
toxicity (Fig. 7E and SI Appendix, Fig. S114). CMPD5-treated L3
V30M TTR larvae assessed at day 2 of adulthood exhibited
significantly restored locomotion (51.3% rescue of mean speed)
compared with nontreated animals (Fig. 7 F and G). These data
show that C. elegans FAP models respond to treatment with a
pharmacological kinetic stabilizer to ameliorate TTR-dependent
phenotypes, likely as a result of the stabilization of TTR tetra-
mers, as demonstrated in human FAP patient serum (31).

To test whether the rescued locomotion phenotype following
treatment with CMPDS was the result of a decrease in the TTR
oligomeric aggregate load, we measured NN TTR levels by
ELISA in lysates of day-2 V30M TTR animals with or without
CMPD5. We observed a significant reduction in NN V30M TTR
levels only in the soluble fractions of V30M TTR strains without
coelomocytes (SI Appendix, Fig. S11C), which we earlier showed
had significantly increased NN TTR oligomer levels (Fig. 6D).
These data suggest that the rescue of the locomotion phenotype
with CMPDS5 could result from a decrease in the soluble NN TTR
oligomer pool. Taken together, our data show that preventing TTR
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Fig. 8. TTR cell-nonautonomous clearance and proteotoxicity model. (4) Ex-
pression of V30M TTR in the body-wall muscle results in the secretion of this
variant as tetramers into the body cavity where V30M TIR is subsequently
endocytosed by coelomocytes for degradation. D18G TTR remains in the muscle
where it generates cell-autonomous dysfunction. TTR oligomers are generated
whose presence correlates with impaired nociceptive response and with mor-
phological abnormalities in the sensory neurons involved in this response. (B)
Modulation of TTR-dependent cell-nonautonomous proteotoxicity can be ac-
complished by modifications to TTR degradation at distal sites (coelomocytes).
Ablating coelomocytes results in increased TTR-dependent proteotoxicity.
Reduction of TTR levels at the source cell autonomously by RNAi or non-
autonomously by a small molecule (CMPD5) reduces TTR-dependent pro-
teotoxicity.

aggregation, either by reducing TTR levels via RNAi or by slowing
tetramer dissociation with a kinetic stabilizer (i.e., CMPD5), can
rescue TTR-mediated locomotion defects, showing that the loco-
motion phenotype results from TTR aggregation.

Discussion

A Model to Study Cell-Nonautonomous Proteostatic Mechanisms for
Modulating Aggregate-Prone Toxicity. Previous C. elegans pro-
teinopathy models expressing human disease-linked aggregation-
prone proteins specifically in the body-wall muscle, neurons, or
intestine exhibited uniquely cell-autonomous tissue-specific tox-
icity (1). These included degenerative disease models expressing
amyloid beta (Ap) (29), poly-glutamine expansion proteins (42,
43), a-synuclein (44), WT or mutant prion protein (45), various
tau variants (46), TDP-43 (47), an Ig light chain (48), and al-
antitrypsin (49). Recent observations in cell-culture models and
mice have demonstrated that proteotoxicity by misfolded proteins
in AD, PD, amyotrophic lateral sclerosis, Huntington’s disease,
and the prion diseases also appear to have cell-nonautonomous
components that involve damage of tissues or cells other than
those expressing the aggregation-prone, disease-associated pro-
teins (50-52). However, the cell-nonautonomous pathways of
neurodegeneration remain incompletely understood for all hu-
man amyloid diseases, in part due to the lack of models that
faithfully recapitulate in trans toxicity. C. elegans have been used
previously to model and characterize the cell-nonautonomous role
of neuronal signaling in the impairment and restoration of pro-
teostasis across tissues. Specifically, null mutations in unc-30, a
transcription factor that regulates the synthesis of the inhibitory
neurotransmitter GABA, caused the premature appearance of
polyQ35 aggregates and an imbalance in proteostasis of post-
synaptic muscle cells (53). Moreover, down-regulation of neuronally
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expressed gei-11 (54), a Myb-family factor that regulates L-type
AChR, increased cholinergic receptor activity at the neuromuscu-
lar junction and suppressed toxicity and protein misfolding in
postsynaptic muscle cells, suggesting an effect of cholinergic sig-
naling on muscle homeostasis (55). In addition, cell-to-cell spread-
ing of protein aggregates has been modeled previously in C. elegans
by expressing the cytosolic Sup35 prion NM domain from yeast in
the body-wall muscle (56). Also, human a-synuclein aggregates in C.
elegans were shown to transfer between neurons (57). Thus, these
promising transgenic models could contribute to elucidating cell-
nonautonomous mechanisms as well as the effects of cell-to-cell
transfer of aggregate-prone toxicity, which remain unclear for all
human aggregate- and spread-prone misfolding proteins.

In the TTR amyloid diseases, cell-nonautonomous toxicity is
the default mechanism, thus affording the possibility to study
mechanisms of toxicity directly in trans. The TTR models studied
herein recapitulate TTR cell-nonautonomous neurotoxicity and
show clear cell-nonautonomous disease model phenotypes in C.
elegans. Our model (Fig. 8) posits that disease-prone WT TTR
and V30M TTR tetramers are secreted from the muscle into the
body cavity where they are endocytosed by coelomocytes for
degradation, a process that competes with NN TTR oligomer
generation (i.e., misfolding and aggregation). Increases in NN
V30M TTR oligomers correlate with compromised FLP sensory
neuronal structure and function, as well as with locomotion de-
fects, although other aggregated TTR structures could also
contribute. D18G TTR was not efficiently secreted from the
muscle, forming intracellular aggregates and exhibiting strong
paralysis. We hypothesize that an overloaded ERAD system was
unable to degrade D18G TTR in the muscle, demonstrating that
TTR toxicity could also act cell autonomously.

The presence of protein aggregates in neurodegenerative
diseases is a key indicator of disrupted organismal proteostasis
(58, 59). Since increasing the NN V30M TTR oligomer load by
inhibiting cell-nonautonomous TTR degradation by coelomocyte
ablation significantly exacerbated the nociceptive defect in
V30M TTR animals, our studies suggest that the NN V30M TTR
oligomers contributed to the degenerative phenotype (Fig. 8). A
conclusion from our study is that adjusting TTR tetramer con-
centration both cell autonomously (by RNAI to decrease TTR
mRNA in the muscle) and cell nonautonomously (by coelomo-
cyte ablation) can modulate cell-nonautonomous TTR proteo-
toxicity. Moreover, TTR tetramer kinetic stabilization by a small
molecule reduced TTR oligomers and rescued V30M-mediated
locomotion defects (Fig. 7 and SI Appendix, Fig. S11). These
data suggest that C. elegans TTR models recapitulated human
TTR aggregation pathways, as RNAI and kinetic stabilizers slow
or stop degeneration in humans. The notion that protein-
aggregate formation and proteostasis can be modulated by
altering the levels of aggregate precursors in either the TTR-
secreting cells or in distal cells primarily responsible for TTR
degradation could provide avenues for possible therapeutic in-
terventions. As coelomocyte degradation is autophagosomal
(60), our data suggest that modulating autophagic activity cell
nonautonomously could regulate TTR tetramer and oligomer
levels and reduce NN TTR-mediated neurotoxicity. The liver,
muscle, and skin have been shown to be the major sites of TTR
degradation in rats, with no detectable degradation occurring in
nervous tissue (61). Thus, the activation of autophagy or analo-
gous lysosomal degradation mechanisms in these tissues should
be considered as a strategy for treating the TTR amyloidoses and
other amyloid diseases.

Cell-Nonautonomous Impairment of Neuronal Structure and Function
by Toxic Oligomeric TTR. In this study, we modeled V30M TTR-
associated FAP cell-nonautonomous neurotoxicity, a feature not
recapitulated in previously published Drosophila or murine models
(22-24). Consistent with the observed defects in nociceptive sens-
ing, extracellular V30M TTR resulted in defective FLP dendritic
branch extension and in ectopic branching that appeared to be due
to degenerative processes rather than developmental defects. As
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nociceptive sensing was only partially impaired in V30M TTR an-
imals, it is possible that TTR proteotoxicity primarily impaired FLP
function, whereas AFD, the other neurons responsible for noci-
ception (30, 32), were less affected; however, this needs to be
evaluated further. Putative sensory neuron selectivity would sug-
gest a specific TTR-targeting mechanism. However, V30M TTR
toxicity appeared not to be selective for nociceptive neurons, as
we observed defective subcellular phenotypes in mechanosensory
neurons (mitochondrial size). The extent of putative in trans
deficits in other neurons merits future investigation.

It is unclear whether TTR toxicity is imparted via direct
neuronal internalization of TTR, but previous in vitro studies
showed that TTR can be endocytosed into sensory neurons (62,
63). Our data show that animals expressing V30M TTR inside
FLP neurons have a normal nociceptive response, demonstrating
that TTR expression inside neurons may not be sufficient to
drive toxicity. Thus, unknown extracellular pathways could
mediate the effects of TTR toxicity. Another possibility is that
V30M TTR could internalize in other neurons and drive tox-
icity in FLP sensory neurons via direct or indirect neuron-to-
neuron interactions. In either case, our data point toward
neuronal toxicity occurring as a result of cell-nonautonomous
mechanisms, as nociception was not affected in the nonsecreting
D18G TTR animals.

The observed cell-nonautonomous neuronal phenotypes of
V30M TTR animals suggest that affected neurons experienced
increased cell-nonautonomous proteostatic stress and a height-
ened stress response. How a TTR-mediated proteotoxic cell-
nonautonomous stress response might be regulated remains
unknown. Importantly, in trans mechanisms have been shown to
play a role in the regulation of stress response pathways in C.
elegans and mammals (64-67). At the organismal level in C.
elegans, the heat-shock response (HSR) is regulated in somatic
nonneuronal tissues by the AFD thermosensory neurons, which,
in addition to regulating nociception, also normally modulate
responses to ambient temperature to adjust thermotaxis (68).
While it is unknown whether AFD function is compromised in
V30M TTR animals, it is possible, because this neuron is in-
volved in nociception (34), that a putative defective AFD func-
tion could result in an impaired HSR. If this response is impaired
in V30M TTR animals, the ability of this neuron to mount an
HSR could lead to the misregulation of organismal-level pro-
teostasis. Interestingly, mutations affecting AFD function (fax-4,
gey-8, and gey-23) both impair the ability to mount an HSR and
display a diminished nociceptive response (68).

TTR toxicity also resulted in overbranching dendritic mor-
phology. Notably, previous studies showed that, upon aging, the
C. elegans nervous system exhibits significant age-dependent
ectopic branching rather than neuronal cell death (69, 70). The
underlying mechanisms of age-dependent aberrant ectopic branches
in WT animals in these earlier studies are still unclear, but these
features correlated with the age-related deterioration of synaptic
structure and function. Indeed, early-disease pathology in humans is
characterized by neuronal alterations, including significant dendritic
pathology (71), that precede cell death. Thus, the C. elegans den-
dritic arborization phenotypes observed herein correlate with age-
dependent neuronal deterioration and are already apparent in
young-adult TTR animals. Thus, the models presented here seem
poised to facilitate the elucidation of the mechanisms of TTR
aggregation-dependent neurodegeneration. Moreover, these mod-
els could be key for scrutinizing the basis of tissue tropism in the

1. Nussbaum-Krammer Cl, Morimoto RI (2014) Caenorhabditis elegans as a model system
for studying non-cell-autonomous mechanisms in protein-misfolding diseases. Dis
Model Mech 7:31-39.

2. Goedert M, Falcon B, Clavaguera F, Tolnay M (2014) Prion-like mechanisms in the
pathogenesis of tauopathies and synucleinopathies. Curr Neurol Neurosci Rep 14:495.

3. Holmgren G, et al. (1991) Biochemical effect of liver transplantation in two Swedish
patients with familial amyloidotic polyneuropathy (FAP-met30). Clin Genet 40:242-246.

4. Blake CC, Geisow MJ, Oatley SJ, Rérat B, Rérat C (1978) Structure of prealbumin:
Secondary, tertiary and quaternary interactions determined by Fourier refinement at
1.8 A. J Mol Biol 121:339-356.
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TTR amyloidoses, e.g., neuronal versus cardiac degeneration. Due
to its analogy to the vertebrate heart, the rhythmic contractile ac-
tivity of the pharynx in the transgenic C. elegans TTR models could
be used to characterize the basis of TTR cardiac tissue toxicity in
TTR cardiomyopathies, as accomplished previously in other amy-
loidosis models (48). The ability to probe for tissue-specific mech-
anisms of toxicity and do genetic screens in C. elegans should help
identify the genetic and molecular pathways by which peripheral
tissues, including heart or sensory neurons, are selectively impaired
in the TTR amyloidoses.

Materials and Methods

Detailed methods and a complete list of strains and constructs used in this
study are provided in S/ Appendix, S| Materials and Methods.

Native PAGE Gel Analysis for Detection of TTR Oligomers. Soluble lysate and
the insoluble pellet were obtained from synchronized C. elegans as described
in S/ Appendix, SI Materials and Methods. The samples were resolved on
Novex NativePAGE 3-12% Bis-Tris protein gels (Invitrogen) and probed with
the MDX102 antibody against oligomeric TTR after transfer to a nitrocellu-
lose membrane. Validation of antibodies used in this assay is reported in S/
Appendix, SI Materials and Methods under Antibodies Against Oligomeric
TTR (SI Appendix, Fig. S3 A and B).

Quantification of NN TTR Levels in Vitro by ELISA. NN TTR levels were quan-
titated using a sandwich ELISA developed by Misfolding Diagnostics, Inc.
(patent WO02014/124334A2). Validation of antibodies used in this assay is
reported in S/ Appendix, S| Materials and Methods under Antibodies Against
Oligomeric TTR (S| Appendix, Fig. S3 A and B). The lysates were obtained as
mentioned above. Each sample used in the assay contained 2.4 pg of the
total protein. A misfolded form of recombinant TTR protein was used to
generate the standard curve.

Thermal-Avoidance Assay for Nociception. The thermal-avoidance assay was
done on day-1 adult animals, and their response to noxious heat was scored in
one of the four categories, as published previously (S/ Appendix, S| Materials
and Methods) (33).

Locomotion Assay and Worm-Tracking Analysis. Individual day-2 adult animals’
movement trajectories were recorded for a duration of 40 s using a Stemi
508 microscope (Zeiss) with a SwiftCam2 camera and imaging software
(Swift). All movies were analyzed using the wrMTrck plugin for ImagelJ to
obtain average speed and representative tracks of each of the trajectories (S/
Appendix, S| Materials and Methods) (72).
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