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Figure 1. Graphical summary:

The graphical summary shows the main findings in our series of integrated micropublications. The thermometers illustrate
which phenotypic abnormalities are observed at the the different growth temperatures (20 °C or 25 °C).

Description
Inclusions consisting of transactive response DNA-binding protein 43 (TDP-43) are a characteristic and toxic feature of
numerous neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) (Arai et al., 2006; Neumann et al., 2006;
Neumann et al., 2009). The small nematode Caenorhabditis elegans has been instrumental in studying the underlying
mechanisms of TDP-43 toxicity in vivo (Ash et al., 2010; Liachko et al., 2010; Zhang et al., 2011; Vaccaro et al., 2012;
Liachko et al., 2014; Liachko et al., 2019). Previous studies in C. elegans models observed the characteristic features of
mutant TDP-43 such as; post-translation modifications, insolubility and cytosolic localization. Models expressing wild-type
TDP-43, however, either did not show these features or showed less pronounced phenotypes (Ash et al., 2010; Liachko et al.,
2010; Vaccaro et al., 2012). Since wild-type TDP-43 causes lower levels of proteotoxicity than its mutant forms, it has been
hypothesized that the extend of locomotor dysfunction correlates with susceptibility of TDP-43 to misfolding, aggregation and
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phosphorylation in C. elegans (Liachko et al., 2010; Vaccaro et al., 2012). In our series of micropublications we extended the
phenotypic landscape of a C. elegans model for pan-neuronal expression of hTDP-43. We show that altering the thermal
environment of hTDP-43 worms enhances characteristic features of TDP-43 proteinopathies, including increased protein
levels, cytosolic localization, and phosphorylation (Koopman et al., 2023a). The proteotoxic effects of hTDP-43 translate into
numerous movement phenotypes (Koopman et al., 2023b), disrupted sensorimotor functions and decreased fecundity
(Koopman et al., 2023c). Our results suggest that the toxicity of wild-type hTDP-43 in C. elegans exceeds the neuromuscular
system and affects non-motor systems to a varying degree. Moreover, characteristic C. elegans phenotypes, such as coiling,
shrinking and uncoordinated movement, may point at defects in specific neuronal subgroups.

The thermal environment enhances pathological features of wild-type hTDP-43

Our findings show that raising the growth temperature of hTDP-43 worms enhances numerous features of TDP-43 pathology
(Koopman et al., 2023a). The increased phosphorylation of S409/S410 and cytosolic localization of wild-type hTDP-43 are
considered pathological hallmarks of TDP-43 proteinopathies. Previous studies did not readily observe cytosolic localized
TDP-43 in C. elegans (Ash et al., 2010). Moreover, phosphorylation of TDP-43 is considered highly characteristic for mutant
TDP-43 and has not been detected previously when assessing wild-type TDP-43 in C. elegans (Liachko et al., 2010; Liachko
et al., 2014). Nonetheless, wild-type TDP-43 harbors the propensity to undergo post-translation modifications and form
insoluble aggregates (Arai et al., 2006; Neumann et al., 2006; Neumann et al., 2009). Here, we show that by altering the
environmental context, e.g., the growth temperature, such features can be detected in C. elegans (Koopman et al., 2023a).

Whether our observations represent actual TDP-43 pathology (e.g., misfolding, mislocalization), as previously postulated by
Zhang et al. (Zhang et al., 2011), or merely mirrors the increased expression of hTDP-43 at higher growth temperatures
remains to be determined. The synaptobrevin promotor used to drive pan-neuronal expression of hTDP-43 clearly acts as a
temperature-sensitive regulator of expression and thus enhances the expression of the hTDP-43 at higher temperatures. It is
however, clear that cytosolic localization of hTDP-43 is increased in both absolute and relative numbers when comparing
hTDP-43 worms grown at 25 °C to those raised at 20 °C (Koopman et al., 2023a). Therefore, it is likely that additional
effectors are at play besides the titrating effect of the environmental temperature on hTDP-43 expression levels.

TDP-43 worms show phenotypes associated with defects in cholinergic and GABAergic signaling

Movement dysfunction is a characteristic phenotype of worms overexpressing (mutant) hTDP-43 (Ash et al., 2010; Liachko et
al.,2010). In line with previous studies, we show that neuronal expression of hTDP-43 in C. elegans severely impairs
spontaneous and induced movement (Koopman et al., 2023b). Since we assayed locomotion and body movement to a new
extent, our results add another dimension to the previously described phenotypes in liquid- and on solid medium. For example,
hTDP-43 worms are not only uncoordinated but also show context-dependent shrinking and coiling, features that are seen in
worms with cholinergic and GABAergic defects (Rand et al., 1984; Schuske et al., 2004; Sluder et al., 2012).

So far, GABAergic dysfunction and degeneration have been considered a specific consequence of neuronal expression of
mutant hTDP-43 (Vaccaro et al., 2012). Expression of wild-type hTDP-43 only results in small but significant alterations in the
distribution and number of GABAergic synapses (Ash et al., 2010). Cholinergic transmission, on the other hand, has received
little attention in previous studies. Our results suggest that a detailed (functional) dissection of the cholinergic system may
provide additional insights in the neurotoxic mechanisms of hTDP-43.

Widespread proteotoxicity of hTDP-43 in extra-motor systems

Neuronal circuits integrate various environmental stimuli to alter behavior, including locomotory patterns (Bargmann et al.,
1991; Sawin et al.,2000). Evaluating the behavior of nematodes in the presence of multiple environmental cues provides a way
to analyze different components of the nervous system that influence motor output. Both serotonin and dopamine are known to
modulate the output of motoneurons (Nurrish et al., 1999; Sawin et al., 2000; Chase et al., 2004). Serotonin inhibits
acetylcholine release via activation of the goa-1 Gαo mediated-pathway (Nurrish et al., 1999) while dopamine’s effects are
dependent on the ratio of DOP-1/DOP-3 expression in motoneurons (Chase et al., 2004). Chemotaxis is mediated by
glutamatergic sensory neurons (De Bono et al., 2005; Ohnishi et al., 2011) that synapse on a dense network of interneurons
that eventually provide output to motoneurons via the command motoneurons AVA and AVB (Piggott et al., 2011; Fang-Yen et
al., 2015).

We show that olfactory-driven movement is abrogated in hTDP-43 worms while the mechanosensory, dopamine-regulated
basal slowing response is seemingly intact (Koopman et al., 2023c). Moreover, we find that hTDP-43 worms have lower
fecundity and might have a higher basal egg-laying rate in M9 (Koopman et al., 2023c). There is, however, no clear response
to 5-HT treatment (Koopman et al., 2023c). The reduction in offspring as a consequence of hTDP-43 expression has been
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previously described (Zhang et al., 2012). Our results, however, also contradict earlier observations showing that most
offspring of hTDP-43 worms die during embryogenesis when exposed to an environmental temperature of 25 °C (Zhang et al.,
2012). While we initially observed similar effects, we did not observe embryogenic lethality after six additional backcrosses.
This could be the result of additional background mutations, transgenic silencing or adaptation over time by the accumulation
of suppressor mutations.

Our findings do not exclude altered serotonergic or dopaminergic signalling in hTDP-43 worms (Koopman et al., 2023c). Both
the (non-significant, but underpowered) increase in basal egg-laying rate and the reduced effect of food on movement speed
hint towards increased serotonergic and dopaminergic signalling respectively as both transmitters can negatively influence
movement through the inhibition of cholinergic motoneurons (Nurrish et al., 1999). Nonetheless, due to severe movement
defects in hTDP-43 worms, differences in food-slowing might as well be the consequence of the reduced response-window
(i.e. absolute speed cannot be lower than 0). Therefore, additional studies should further elucidate whether sensory,
dopaminergic, and serotonergic systems are contributing to the observed movement dysfunction in hTDP-43 worms or
represent epiphenomena.

The interaction effects of increased hTDP-43 levels and accelerated aging

An increased environmental temperature enhanced most, but not all phenotypic abnormalities in hTDP-43 worms. A higher
growth temperature is known to have a major effect on the physiology of the worms since it affects both the rate of
development and rate of aging (Klass et al., 1977; Lee and Kenyon, 2009). While worms grown at 20 °C and 25 °C were
examined at the same chronological time, they consequently had a different biological age. In case of hTDP-43 worms,
temperature also enhanced hTDP-43 levels and accompanying pathological features. Therefore, it is impossible to separate the
accelerated aging effects from the potential effects of increased hTDP-43 levels on the measured phenotypic parameters. In
fact, given the similar effects of environmental temperature on locomotion capacity of control and hTDP-43 worms, the
biological age may account for a large part of the temperature-evoked phenotypic response (Koopman et al., 2023a; Koopman
et al., 2023b; Koopman et al., 2023c).

The inability to separate aging and hTDP-43 specific effects does not preclude the use of temperature to increase the severity
of movement dysfunction in hTDP-43 worms for screening purposes. An environmental temperature of 25 °C can be used to
completely abolish the thrashing capacity of hTDP-43 worms. Consequently, within thrashing frequency of hTDP-43 worms
resides a robust and binary readout that can be used in elegant suppressor screens. At the same time other behaviors that
require basal locomotion, like chemotaxis or food-slowing, become inaccessible at 25 °C. Thus, the usefulness of an increased
growth temperature highly depends on the feature to be assessed and the question to be answered. Altogether, these findings
reinforce the idea that environmental factors can be used to manipulate the genotype-phenotype conversion and, ergo, to shape
screenable phenotypes.

Reagents
Table 1: Strains used

Strain Description Genotype Remark

N2 Bristol wild isolate Wildtype

OW1601 CL6049 6x backcrossed with N2. Named:
hTDP-43 worms.

dvIs62[snb-1p::hTDP-43/3’long UTR + mtl-
2p::GFP]X

Provided by Chris
Link

OW1603 CL2122 6x backcrossed with N2. Named:
control worms.

dvIs15[(pPD30.38)unc-54 (vector) +
(pCL26)mtl-2p::GFP]

Provided by Chris
Link
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