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Protein aggregation is associated with a wide range of degenerative
human diseases with devastating consequences, as exemplified by
Alzheimer’s, Parkinson’s, and Huntington'’s diseases. In vitro kinetic
studies have provided a mechanistic understanding of the aggrega-
tion process at the molecular level. However, it has so far remained
largely unclear to what extent the biophysical principles of amyloid
formation learned in vitro translate to the complex environment of
living organisms. Here, we take advantage of the unique properties
of a Caenorhabditis elegans model expressing a fluorescently tagged
polyglutamine (polyQ) protein, which aggregates into discrete
micrometer-sized inclusions that can be directly visualized in real time.
We provide a quantitative analysis of protein aggregation in this
system and show that the data are described by a molecular model
where stochastic nucleation occurs independently in each cell, fol-
lowed by rapid aggregate growth. Global fitting of the image-
based aggregation kinetics reveals a nucleation rate corresponding
to 0.01 h™" per cell at 1 mM intracellular protein concentration, and
shows that the intrinsic molecular stochasticity of nucleation accounts
for a significant fraction of the observed animal-to-animal variation.
Our results highlight how independent, stochastic nucleation events
in individual cells control the overall progression of polyQ aggrega-
tion in a living animal. The key finding that the biophysical principles
associated with protein aggregation in small volumes remain the
governing factors, even in the complex environment of a living or-
ganism, will be critical for the interpretation of in vivo data from a
wide range of protein aggregation diseases.
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Protein aggregation is a pathological hallmark of a wide range of
neurodegenerative and systemic diseases (1, 2). A mechanistic
understanding of the pathways of amyloid formation has been
obtained in vitro by approaches of chemical kinetics, providing
fundamental insights into the microscopic aggregation steps of
disease-associated proteins and peptides, most notably the amyloid-
B peptide associated with Alzheimer’s disease (AD) (3). These
studies have been invaluable to the design of small molecules that
reduce the generation of potentially toxic oligomeric species (4, 5),
to understand the action of molecular chaperones in inhibiting
protein aggregation (6, 7), and to rationalize the efficacy of anti-
bodies in clinical trials for AD (8). This framework has been ex-
tended to include stochastic and spatial effects that control kinetics
in small volumes (femtoliter-picoliter range) (9-11), with the pre-
mise of being applicable to protein aggregation in living cells.
However, cells and organisms have evolved intricate protein
homeostasis pathways to ensure correct protein folding and to
suppress misfolding and aggregation (12, 13), and it has not yet
been established whether a chemical kinetics approach is suffi-
cient to describe protein aggregation in vivo. The fundamental
question is whether the complex nature of the cellular and organ-
ismal environment induces a major remodeling of the aggregation

PNAS 2021 Vol. 118 No. 11 e2021888118

network as studied in vitro, or whether the same biophysical prin-
ciples remain dominant.

The nematode Caenorhabditis elegans provides the high level
of control and the tools necessary to perform a quantitative ki-
netic analysis and determine the mechanisms governing protein
aggregation in a living animal. C. elegans has a well-defined
anatomy, and the animals within a population are genetically
identical. Perhaps the most beneficial feature of this animal
model system is its optical transparency, allowing the aggregation
of a fluorescently labeled protein to be directly visualized. Spe-
cifically, we take advantage of the C. elegans muscle tissue that
corresponds to 95 physiologically identical cells, and propose
that these postmitotic cells can be quantitatively modeled as
individual “test tubes” in which the deposition of expanded
polyQ takes place by a mechanism of nucleated aggregation.

Results

Establishing a Framework for In Vivo Protein Aggregation Kinetics.
PolyQ-containing proteins have been studied extensively in vitro
and in vivo, and expansions of polyQ were predicted (14) and
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have been observed to form cross-f fibrils in vitro (15, 16) and to
accumulate into insoluble inclusions in polyQ diseases in vivo
(15, 17, 18). Most polyQ diseases have a pathogenic threshold at
an expansion of around 35 to 40 glutamine residues (19), and this
threshold is conserved across experimental systems including C.
elegans (20). When expressed in C. elegans muscle cells, a Q40
protein C-terminally tagged with yellow fluorescent protein
(Q40-YFP, SI Appendix, Materials and Methods) forms intracel-
lular inclusions that have a relatively uniform size and shape
(Fig. 14 and SI Appendix, Fig. S1) (20). Visualized by trans-
mission electron microscopy (TEM), the polyQ inclusions con-
tain fibrillar material with widths on the order of 10 nm (Fig. 1B
and SI Appendix, Fig. S2). The appearance of immobile amyloid-
like inclusions is consistent with fluorescence lifetime imaging
(FLIM) (21) and fluorescence recovery after photobleaching
(FRAP) (20) experiments carried out previously. Protein ag-
gregation kinetics can thus be monitored in living animals using
the visualization of intracellular Q40-YFP inclusions as a direct
measure of the total aggregate amount. The appearance of in-
clusions over time is reminiscent of the kinetics of amyloid for-
mation observed in vitro, displaying a rapid increase from zero
toward a plateau (Fig. 1C).

Also analogous to in vitro reactions, inclusion formation
in vivo is concentration dependent, as evidenced by the com-
parison of homozygous and heterozygous Q40-YFP animals
(Fig. 1C), the latter having 50% of the Q40-YFP gene copies and
exhibiting 50% of the fluorescence intensity prior to the onset of
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aggregation (SI Appendix, Fig. S3). Despite the different kinetic
profiles for the animals expressing the two Q40-YFP protein
concentrations, the plateau value for the number of inclusions
per animal is very similar (~112 for homozygous versus ~100 for
heterozygous animals) (Fig. 1C). This number of aggregates
corresponds closely to the number of cells in which Q40-YFP is
expressed (dashed lines in Fig. 1C). The unc-54 promoter pre-
dominantly directs expression to the 95 body wall muscle cells,
and in addition strain AM141 displays fluorescence in the eight
vulval muscle cells and the anal depressor cell, leading to a total
of 104 cells in which Q40-YFP is expressed and aggregation can
occur. This result reveals that, on average, each cell acquires one
inclusion over the course of the aggregation process. The ag-
gregation curve can therefore be interpreted as the cumulative
number of cells in which visible inclusion formation has taken
place. Indeed, at the midpoint of the aggregation reaction we
find that the majority of cells have either zero or one inclusion,
whereas only rarely a cell contains two inclusions (Fig. 1D).
The observation that most muscle cells acquire a single polyQ
inclusion suggests a rate-limiting nucleation event that initiates
the aggregation process. For simple polyQ stretches, nucleation
has been proposed to arise from a conformational change of a
single molecule (22, 23). However, oligomeric species formed by
polyQ-containing proteins have also been observed in several
model systems including C. elegans (24), and have been sug-
gested to act as precursors on the pathway toward fibril forma-
tion (25-27). Irrespective of the molecular nature of the

Fig. 1. Q40-YFP expressed in C. elegans body wall muscle cells displays concentration-dependent, amyloid-like aggregation kinetics with each cell acquiring

one inclusion on average. (A) Confocal images of C. elegans strain AM141, progressively displaying bright inclusions of a relatively uniform size and shape in
the body wall muscle cells. Lower panels are magnifications of the boxed areas in the Upper panels. (Scale bars: Upper, 50 um; Lower, 10 pm.) (B) Transmission
electron micrographs of embedded sections of 96-h-old animals showing the subcellular localization of the inclusions (yellow outlines) below the muscle
sarcomere (red outlines). Right shows a higher magnification image corresponding to the boxed region in the Upper Left panel, displaying a meshwork of
fibrils with a typical width on the order of 10 nm. (Scale bars: Left, 1 um; Right, 100 nm.) (C) Average number of inclusions per animal over time for age-
synchronized populations of C. elegans expressing Q40-YFP in body wall muscle cells for homozygous (+/+) and heterozygous (+/—) animals. The plateau value
for the number of inclusions approximates the number of cells in which the protein is expressed, indicated by the dashed lines at 95 for the body wall muscle
cells and 104 for the total number of muscle cells in which Q40-YFP is observed. n = 12 to 20 animals for each timepoint; error bars indicate the SD. (D)
Confocal image of an animal stained with phalloidin around the midpoint of aggregation (66 h) to reveal the muscle filaments. Dashed lines indicate the
approximate boundaries between muscle cells, revealing that some have acquired an inclusion by this time, whereas in other cells visible aggregation has not
yet taken place. (Scale bar, 20 pm.) (E) Panels i and ii: close-up confocal images of the muscle tissue in strain AM141 followed for 40 min at around the
midpoint of aggregation (64 h) (SI Appendix, Fig. S1B). Yellow arrows point to inclusions that are observed to grow during this time, whereas arrowheads
indicate mature inclusions that do not change in size. Note that diffuse signal of soluble Q40-YFP is depleted around the mature inclusions. (Scale bar, 10 pm.)
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nucleation event in our model, this step is required to initiate the
formation of visible inclusions through fibril elongation and
secondary processes that together amplify the fibril mass. In
particular, branching of fibrils or secondary nucleation with slow
off-rates of the newly formed nuclei can result in three-
dimensional growth of the inclusion. Consistent with this
framework, the growth of polyQ inclusions is experimentally
observable in the cells of live animals and proceeds at a rapid
radial expansion rate of ~0.5 pm/h (Fig. 1E). Since mature in-
clusions typically have a diameter of 3 to 5 pm, the obtained rate
reveals that the inclusions can reach their maximum size on a
timescale of several hours. Diffuse signal corresponding to sol-
uble Q40-YFP is no longer observed surrounding mature inclu-
sions (Fig. 1E), indicating that inclusion growth is limited by the
available amount of protein in each cell. Whereas we cannot
exclude the possibility that newly synthesized protein continues
to be incorporated into the inclusion, translation is probably
limited as a consequence of the mounted stress response (28).
Supporting this notion, polysomes have been shown to decline in
Q40-YFP animals (29).

Nucleation Occurs Stochastically in Individual Muscle Cells. The in-
crease over time of the number of cells in which an inclusion has
formed (Fig. 1 C and D) implies that the initiation of protein
aggregation occurs at different moments in time in individual
cells. One possible explanation for this observation could be bio-
logical variation that makes some cells more prone to undergo
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aggregation than others. However, aside from the vulval muscle
cells and the anal depressor muscle, the 95 C. elegans body wall
muscle cells (Fig. 24) are highly similar in their lineage relationship,
anatomical function, and gene expression profiles (30, 31). Con-
sistent with the cells being physiologically identical and having equal
aggregation propensities, the first inclusion observed for each of a
set of animals appeared randomly among the cells along the
posterior—anterior axis (Fig. 2B and SI Appendix, Fig. S4).

A second possible hypothesis for the different aggregation
onset across cells is that nucleation is first randomly triggered in
one cell, after which aggregation spreads to neighboring cells.
The spreading of aggregation throughout the brain by means of
cell-to-cell transfer of aggregate seeds has been proposed to
contribute to the pathology of several neurodegenerative dis-
eases, including Huntington’s (32, 33). However, we do not find
evidence for a spatial correlation between the first and subse-
quent inclusions (Fig. 2C and SI Appendix, Fig. S4B), suggesting
that Q40-YFP aggregation is triggered by independent nucle-
ation events in the corresponding cells in C. elegans. The absence
of direct aggregate transfer between adjacent cells is supported
by a recently published observation that Q40-RFP expressed in
C. elegans body wall muscle does not spread to neighboring tis-
sues (34), and is further verified below using kinetic analysis.

These observations motivate the question whether the inclu-
sions form at different times in each cell because of the intrin-
sic stochasticity of the nucleation process in small volumes
(Fig. 2D). In bulk in vitro experiments, nucleation events occur

D Bulk

|

VL VR

1) Dorsal Anterior £
Posterior ?;\HW Left[ 2" Right

Ventral

Ventral

RS ————————=—
VR “Em e e ey 0t

1 inclusion

22 inclusions

Nanodroplets

Fig. 2. Q40-YFP aggregation occurs stochastically in individual muscle cells. (A) lllustration showing the distribution of the 95 body wall muscle cells in adult
C. elegans. Four bundles of muscle cells run along the posterior-anterior axis. The animals typically crawl on their left or right side on solid media, resulting in
a superposition of the two dorsal and the two ventral bundles (Middle Left). A schematic view from the anterior side shows the localization of the four
bundles in the different quadrants (Middle Right). Cell shapes were drawn based on http://wormatlas.org. (B) The 32-h-old animals display their first inclusion
at any position along the posterior-anterior axis. The asterisks mark the anterior of the animals; inclusions are highlighted by yellow spheres for better
visualization. (C) The 32-h-old animals with two or more inclusions support the notion that nucleation is initiated stochastically in individual cells, in the
absence of a pattern of spatial propagation from the first to subsequent inclusions. (D) Cartoon showing the occurrence of aggregation events (yellow stars)
in bulk, nanodroplets, and in C. elegans muscle cells. In a typical test tube reaction (Top), all aggregation events take place within the same continuous
volume. In nanodroplets (Middle) and C. elegans muscle tissue (Bottom, only one bundle of muscle cells is shown for clarity), the total volume is divided over
multiple small volumes, in which the probability of nucleation is low. As a consequence, aggregation will be initiated in different droplets or cells at different
points in time. Three aggregation events are shown in each system for clarity, but in reality the number of nucleation events in a given period of time is
proportional to the size of the reaction vessel.
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with high frequency throughout the continuous, microliter-sized
reaction volume. In contrast, these events become very rare
when one considers individual picoliter-sized volumes, such as
that of a cell (9-11). The intrinsic nucleation properties of the
molecules remain the same when a given reaction volume is divided
into multiple small volumes, but one cannot predict in which of the
small volumes a given nucleation event will occur. In the C. elegans
muscle tissue, aggregate nuclei will thus appear randomly distrib-
uted in a cell-by-cell fashion over time (Fig. 2D). The probability of
a second nucleation event occurring within the same cell is low,
especially given the rapid speed of inclusion growth which quickly
depletes the surrounding soluble protein (Fig. 1E), hence de-
creasing the probability of another nucleation event.

In the absence of aggregate spreading, the question remains
what causes the sigmoidal shape of the aggregation curve
(Fig. 1C). In strain AM141, inclusion formation begins during
larval stages and proceeds as the animal is growing. We found
that the marked increase in muscle cell volume during devel-
opment (~50-fold from embryo to adult, SI Appendix, Fig. S54)
dominates the shape of the aggregation curve, given that the
probability of nucleation is expected to scale linearly with cell
volume at equal concentration (SI Appendix, Fig. S5).

Altogether, our observations are in agreement with a model in
which Q40-YFP aggregation in C. elegans body wall muscle cells
is governed by stochastic nucleation in individual cells, followed
by inclusion growth.

Quantitative Analysis of In Vivo Protein Aggregation Kinetics. To
consolidate these findings of stochastic nucleation and inclusion
growth in a quantitative manner, we turned toward the appli-
cation of chemical kinetics. Kinetic analysis has transformed the
mechanistic understanding of protein aggregation in vitro and
allows macroscopic measurements of aggregation processes to be
connected with their microscopic mechanisms. Global fitting of
in vitro data depends on the availability of a range of protein
concentrations (35). Moreover, under in vitro conditions, the
volume within which the aggregation reaction takes place is
typically constant throughout the aggregation time course. To
address these issues, we generated a new series of four C. elegans
strains (designated A-D) that express different amounts of Q40-
YFP under the control of the unc-54 promoter. The reduced
protein concentrations compared to strain AM141 restrict nu-
cleation during developmental stages, and instead the new lines
show an onset of inclusion formation at early adulthood, when
the muscle cells are close to reaching their maximum volume (S/
Appendix, Fig. S54). In the following kinetic analysis, we there-
fore do not consider the developmental stage and define the
first day of adulthood as t = 0.

To monitor the aggregation time course for all four strains in
parallel, we employed a high-throughput confocal imaging plat-
form with semiautomated image analysis (Fig. 3 and SI Appendix,
Figs. S6 and S7 and Materials and Methods). This method yields
numbers that are comparable to those obtained by manual in-
clusion counting (SI Appendix, Fig. S6E), but has the advantage
of being unbiased and more quantitative. The intracellular pro-
tein concentrations were quantified from Western blot analysis,
yielding 1 mM, 0.7 mM, 0.5 mM, and 0.3 mM for strains A-D,
respectively (SI Appendix, Fig. S8 and Materials and Methods).
These values were proportional to the fluorescence intensities
for the four strains (SI Appendix, Fig. S8D). We monitored the
animals from day 1 up to day 8 of adulthood, during which
fluorescence intensities remained approximately constant (S/
Appendix, Fig. S7B), and as expected, strains expressing higher
protein concentrations exhibited faster kinetics (Fig. 3 and S/
Appendix, Fig. S7A).

In order to define the Q40-YFP aggregation reaction in C.
elegans muscle cells by means of the underlying nucleation rate
constant and the corresponding reaction order, we developed a
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Fig. 3. Determining the mechanisms of Q40-YFP aggregation in vivo by
global fitting of aggregation time courses at multiple protein concentra-
tions. (A) Global fit (solid lines) of the average number of inclusions per
animal, assuming a constant nucleation rate over time and no cooperativity.
The two global free parameters are the nucleation rate and the reaction
order. (B) Global fit (solid lines) of the same dataset shown in A, but using a
model that forces significant cooperativity. Cooperativity is not spatially
restricted in this model and can occur between any of the cells. The two
global free parameters are the nucleation rate and the reaction order. (C)
Prediction of the total aggregate amount based on the fit in A and assuming
fast inclusion growth on a timescale of hours (solid lines), compared to the
observed integrated fluorescence over the inclusions per animal. (D) Pre-
diction as in C, but assuming slow inclusion growth on a timescale of days.
Data are representative of two independent experiments. The dashed lines
connecting the datapoints in A-D are to guide the eye, and error bars in-
dicate the SEM. n = 20 animals per strain and timepoint.

model of stochastic nucleation with explicit dependence on the
protein concentration (see SI Appendix, Materials and Methods).
In this model, we assume that the time between nucleation and
the appearance of an observable aggregate is short relative to the
timescale of the measurement, which is supported by the rapid
growth of detectable aggregates (Fig. 1E), and that the aggre-
gation behavior is deterministic once a nucleus has formed.
Furthermore, we chose to fix the plateau value at 95 following
our earlier observation that, on average, each body wall muscle
cell acquires one inclusion. We first fitted the numbers of in-
clusions for the four C. elegans lines to a model that assumes a
constant nucleation rate over time (Fig. 34), and extracted a
reaction order of 1.6 with respect to the protein concentration
and a nucleation rate constant of 6 x 107° M~ s~!. At an
intracellular protein concentration of 1 mM, as in line A, this
rate constant corresponds to a nucleation rate of 7 x 1078 M s~1,
or 0.01 molecules h™" per cell. The reaction order of 1.6 implies a
significant dependence of the nucleation rate on the protein
concentration and suggests that a nucleus size of less than 2 is
unlikely. The fits to this model generally represent the experi-
mental data well, with the exception of the last timepoints in the
highest expressing line A animals. It is unclear why the number
of inclusions ceases to increase beyond day 5 of adulthood for
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line A, and we speculate that it may be due to positive selection
for animals that remain healthy, or due to the increased pro-
teasomal activity that has been observed in aging C. elegans (36),
leading to degradation of the remaining soluble protein.

As noted above, there is currently no evidence to support di-
rect transfer of aggregated species between neighboring cells in
C. elegans polyQ models (Fig. 2C and SI Appendix, Fig. S4B)
(34). Communication through the regulation of proteostasis
mechanisms, however, is not spatially restricted and can occur
between all cells in a tissue, and even between different tissues
within an organism (37). This phenomenon could lead to coop-
erativity in the aggregation behavior, even in the absence of a
spatial correlation in the appearance of aggregates. To test if
such a phenomenon plays a significant role, we extended our
mathematical model to include a cooperative mechanism by
which the presence of cells with an inclusion increases the ag-
gregation probability in other cells. The predicted kinetic profiles
display initial upwards curvature and do not reproduce the data
well (Fig. 3B), leading us to conclude that Q40-YFP aggregation
in the C. elegans body wall muscle cells occurs independently in
individual cells with a constant nucleation rate.

The image analysis furthermore allowed us to extract mea-
sures for the aggregate mass per inclusion and per animal, based
on the integrated fluorescence intensity of the thresholded in-
clusions. We observed that the average total fluorescence per
inclusion converges to a plateau value for each strain (SI Ap-
pendix, Fig. S94), and that these values are approximately pro-
portional to the protein concentration (SI Appendix, Fig. S9B).
This finding is in line with our previous notion that, in each cell,
the inclusion grows until all diffuse, soluble protein is depleted
(Fig. 1 A and E). Using the average maximum fluorescence for
the inclusions in each strain combined with the fits obtained
from the number of aggregates, we predicted the development of
the total fluorescence intensity of the inclusions per animal un-
der different assumptions about the timescale of inclusion
growth. Assuming rapid growth (reaching the maximum inclu-
sion size within ~4 h), the predictions closely match the experi-
mentally obtained values as determined by the integrated
fluorescence over the inclusions per animal (Fig. 3C). Predic-
tions for slow growth (inclusions reaching their maximum size in
~3 d), on the other hand, are not in agreement with the
experimental data (Fig. 3D).

The stochastic nature of nucleation in small volumes not only
leads to cell-to-cell differences within a single animal, but may
also play a role in animal-to-animal variation given the finite
number of cells within each animal. Interanimal differences in
the number of inclusions were previously attributed primarily to
biological variation (20). However, simulations for a 95-cell
system, based solely on our fits of the data in Fig. 34, show that
stochasticity causes a considerable SD in the number of inclu-
sions in a population of animals (Fig. 4). We find that the pre-
dictions are in remarkable agreement with the experimental
values obtained for the lowest expressing strain D up to day 5 of
adulthood (Fig. 4D) and present a lower boundary for the ex-
perimental values at later timepoints and in higher expressing
strains (Fig. 4 A-C), for which measurement errors and biolog-
ical variation presumably make additional contributions.

Discussion

In this study, we present a kinetic model for polyQ aggregation in
the muscle cells of living C. elegans. The first key finding
emerging from our work is that Q40-YFP aggregation in each C.
elegans muscle cell is governed by stochastic nucleation, followed
by growth of the inclusion on a timescale that is fast compared to
that of nucleation (Figs. 1E and 3 C and D). Notably, typically
one inclusion per cell is observed in cell culture (38-40), in
mouse models of polyQ diseases (18, 41, 42), and in the brains of
juvenile Huntington’s disease patients (17), consistent with a
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Fig. 4. The stochasticity of nucleation sets a lower boundary for the SD of
the inclusion numbers in a population of animals. (A-D) Prediction (solid
line) and experimental datapoints of the SDs for (A) line A, (B), line B, (C) line
C, (D) line D. The predictions are based on the nucleation rate for each strain
as determined from global fitting as shown in Fig. 3A. n = 20 animals for
each strain and timepoint; data are representative of two independent