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Abstract

In a previous study, we have shown that methylmercury (MeHg) exposure causes focal 

aggregation of intracellular transgenic mCherry protein in dendrites of cephalic (CEP) neurons in 

Caenorhabditis elegans (C. elegans). However, the underlying mechanism is unknown. We 

hypothesized that reduced cellular release of mCherry via extracellular vesicles by MeHg 

contributes to its accumulation and intracellular aggregation. Thus, we characterized vesicular 

structures in CEP dendrites, which were 1–3 μm in diameter and could readily bud off from the 

plasma membrane of the dendrites. Chronic treatment of C. elegans with MeHg (5 μM, 4–10 days) 

reduced the number of vesicles attached to CEP dendrites (attached vesicles) and vesicles 

unattached to CEP dendrites (unattached vesicles), as well as the presence of extracellular 

mCherry, supporting the hypothesis that release of mCherry by microvesicle formation is inhibited 

by MeHg. Leucine-rich repeat kinase 2 (LRRK2) has an important function in membrane biology. 
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Further investigation showed that the effects of MeHg were modified by human LRRK2. In worms 

with the wild-type LRRK2, the vesicle numbers were significantly reduced by MeHg (0.5 and 5 

μM). The effects of MeHg on the presence of extracellular mCherry and attached vesicles were 

modified by the human wild-type LRRK2. Independent of MeHg treatment, the G2019S mutant 

LRRK2 showed reduced number of unattached vesicles; however, the levels of extracellular 

mCherry were increased. Knockdown of C. elegans irk-1, the homolog of human LRRK2, reduced 

the number of attached vesicles, corroborating that LRRK2 plays an important role in the 

formation of microvesicles.
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Introduction

In a previous study of Caenorhabditis elegans (C. elegans), we showed that transgenically 

expressed fluorescent protein mCherry was enriched in focal areas alongside the cephalic 

(CEP) dendrites after chronic exposure to methylmercury (MeHg), culminating in increased 

fluorescence signal with swelling puncta-like morphology. Yet background mCherry signals 

from the CEP dendrites were not increased by MeHg (Ke et al. 2020). A tentative 

explanation for these observations was that the enriched mCherry results from a failure of 

trans-cellular transfer or extracellular release of the dendritic localized mCherry 

(Melentijevic et al. 2017), where these molecules are sorted. However, the mechanisms of 

MeHg-induced damage to C. elegans dendrites have yet to be determined.

A major form of trans-cellular interchange of substances and organelles is the release and 

transfer of extracellular membrane vesicles (Kastelowitz and Yin 2014). Once fused with 

targeted recipient cell membranes, various cargos in the vesicles, including RNA, proteins, 

lipids, and even organelles, can be delivered to extracellular space, facilitating intercellular 

communications (Proia et al. 2008). An evolving concept of extracellular vesicles has been 

gaining attention, as this particular membrane structure has been involved in many important 

biological and pathogenic mechanisms. They are commonly found in biopsies of blood, 

cerebrospinal fluid, bile and saliva (Al-Nedawi et al. 2009; Kastelowitz and Yin 2014; 

Kosinski et al. 2005; Naegeli et al. 2017; Wang et al. 2014; Wehman et al. 2011). The 

extracellular membrane vesicles can be generally classified into two groups: exosomes and 

microvesicles (Al-Nedawi et al. 2009). The former refers to the extracellular vesicles that are 

released when multivesicular endosome fuses with plasma membrane, and they are of 

endosomal membrane origin and smaller in size (30–100 nm). Microvesicles are of plasma 

membrane origin and bigger in size (100–1000 nm), and are generated by outward budding 

and shedding from the plasma membrane (Kastelowitz and Yin 2014).

C. elegans is capable of secreting diverse vesicles for multiple regulatory purposes. By 

taking advantage of the long ventral nerve cord process, a well-characterized regulatory 

process is the transport and release of synaptic vesicles in the worm (Hall and Hedgecock 

1991; Richmond et al. 1999). Besides the canonical synaptic vesicles for neurotransmission, 
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it shows that C. elegans’ spermatozoa can protrude vesicles containing the signaling 

molecules that target oocytes to coordinate the maturation of the two germ lines (Kosinski et 

al. 2005). The budding of extracellular vesicles in C. elegans embryos are critical for 

embryonic morphogenesis (Wehman et al. 2011). The extracellular vesicles, released from 

the budding of the plasma membrane at the C. elegans male-specific cephalic male (CEM) 

ciliary base, act as a regional sensory cue by promoting male reversal and tail-chasing 

behavior (Wang et al. 2014). A multi-omic analysis of C. elegans’ extracellular vesicles 

revealed that the marker of human extracellular vesicles (the tetraspanin: CD63) is a 

homolog of one of the most abundant proteins in the C. elegans extracellular vesicles 

(Russell et al. 2018), supporting that extracellular vesicles are conserved cellular process 

among species.

A recent study has shown that C. elegans’ neuronal soma can excrete vesicles by membrane 

sprouting and fission (Melentijevic et al. 2017). The inclusion of vesicles encompasses 

disorganized proteins, damaged organelles, or toxic protein aggregates. It has been proposed 

that these vesicles represent a homeostatic mechanism to maintain optimal intracellular 

environment, as their numbers can be increased in response to a challenge with toxic 

proteins. Meanwhile, neurobehavioral analysis has revealed that vesicle formation by the 

soma represents an established mechanism in adult C. elegans for maintaining proper 

function of neurons. Although the significance of the discovery for brain diseases is 

speculative, earlier studies have shown that by secreting disease-causing toxic protein 

aggregates in externalized membrane vesicles, neurons propagate neurodegenerative 

pathology resembling Parkinson’s disease (PD) (Emmanouilidou et al. 2010).

PD is an age-related neurodegenerative disease with progressive loss of dopaminergic 

(DAergic) neurons in the substantia nigra (SN) (Tolosa et al. 2020). Genetic studies have 

shown dozens of alleles that are causative to the disease, among which Leucine-rich repeat 

kinase 2 (LRRK2) mutations are the most common genetic cause of familial PD (Berwick et 

al. 2019; Zimprich et al. 2004). The LRRK2 protein has multiple domains including a kinase 

domain and a small-GTPase-like domain (Greggio et al. 2006). The G2019S mutation in the 

kinase domain is most frequently associated with PD (Luzon-Toro et al. 2007). Gain of 

function of the kinase domain associated with the G2019S mutation is closely related to the 

neurodegenerative pathogenesis of PD (Albanese et al. 2019; di Domenico et al. 2019). 

Although it remains largely unknown, the LRRK2 protein seems to function as a scaffold for 

large protein complexes juxtaposed with biological membranes, including autophagosome 

(Albanese et al. 2019; Roosen and Cookson 2016) and lysosomes, whose components are 

frequently found in extracellular vesicles and actively involved in plasma membrane repair 

and clearance of misfolded proteins (Reddy et al. 2001; Tsunemi et al. 2019).

In the C. elegans model of MeHg neurotoxicity, the morphology of CEP dendrites was 

characterized by a beading shape with focal aggregation of mCherry (Ke et al. 2020). In this 

model, we observed that CEP dendrites can form microvesicles and release mCherry to 

extracellular space. Herein, we further characterized the morphology of microvesicles in 

mCherry-labeled CEP dendrites, investigating the dynamics of the microvesicles in the 

nematode model. Furthermore, the effects of human LRRK2, the G2019S mutation, and the 

C. elegans homolog (Irk-1) on the formation of microvesicles were addressed.
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Materials and methods

C. elegans strains and maintenance

C. elegans was cultured on OP50 seeded NGM plates in 20 °C incubator. The OH7193 

[otIs181 III; him-8(e1489) IV], WLZ1 (wlzIs1 [snb-1p::Hsa-LRRK2 + lin15(+)]), WLZ3 

(wlzIs3 [snb-1p::Hsa-LRRK2(G2019S) + lin15(+)])uIs60, and TU3311 ([unc-119p::YFP + 

unc-119p::sid-1]) strains were obtained from the Caenorhabditis Genetic Center (University 

of Minnesota). To cross WLZ1 with OH7193 and WLZ3 with OH7193, 6–10 young adult 

stage OH7193 male worms were mated with 4–6 late L4 stage hermaphrodites of WLZ1 and 

WLZ3, respectively. After 7–8 days, the F2 homozygotes of mCherry were genotyped for 

LRRK2 with single worm PCR with primers reported earlier (Saha et al. 2009).

To synchronize worms, gravid stage worms were bleached, and worm debris and eggs were 

separated with 30% sucrose solution at 60 g for 7 min. After 16–18 h, newly hatched larvae 

stage 1 (L1) worms were treated in NGM medium (3 g NaCl, 2.5 g peptone, 975 ml H2O, 1 

ml cholesterol (5 mg/ml in ethanol), 1 ml nystatin, 1 ml 1 M CaCl2, 1 ml 1 M MgSO4, 25 ml 

pH 6 KPO4), at 160 rpm with dead OP50 bacteria.

Measurement of attached vesicles and vesicles

To measure the diameters of attached vesicles and unattached vesicles, adult stage worms 

(6–20 for each group) treated with MeHg were imaged with confocal microscope (Leica 

SP8, Germany). As shown in Fig. 1, those attached to the dendrites are unreleased vesicles 

or attached vesicle, and those having a clear boundary with the dendrites are unattached 

vesicles. The diameter measurement of vesicles was made with Fiji software. Due to 

irregular shapes of attached vesicle, the diameter is defined as the distance from the center 

point of the basal part to the point at the apex of the budding head. To track the dynamics of 

the vesicular structures, worms were individually cultured in a single plate. Adult stage 

worms were paralyzed with 3 mM levamisole (Sigma, 1359302), and imaged at 0 h. After 

image acquisition, worms were carefully rehydrated with M9 buffer and placed back in the 

plates. After 4 h, the same worms were picked for imaging.

Counting of attached vesicles and vesicles

Worms treated with MeHg were paralyzed with 3 mM levamisole on 2% agarose pad poured 

on a glass slide. A thin small cover slide was placed on the agarose pad when the liquid was 

about to dry, yet sufficient quantity remained to soak the worms. Too much liquid causes 

refraction of the fluorescence light, while too little liquid harms the worms. Worms (10–30 

per group) were picked onto the slide for manual counting of attached vesicles and 

unattached vesicles with epifluorescence microscope (Olympus BX41).

Feeding RNAi

The bacteria clone with RNAi plasmid targeting the sequence of T27C10.6 (irk-1, C. elegans 

homolog of human LRRK2) was obtained from the C. elegans RNAi collection (the 

Ahringer library). The RNAi bacteria were cultured on a special NGM plate with 

isopropylthio-β-galactoside (IPTG, 1 mM), and the ampicillin analog carbenicillin (100 μg/

ml). Transformed bacteria with the vector plasmid L4440 served as control. The strain 
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TU3311 affords enhanced neuronal RNAi (Calixto et al. 2010). To cross TU3311 with 

OH7193, 6–10 young adult stage OH7193 male worms were mated with 4–6 late L4 stage 

hermaphrodites of TU3311. After 7–8 days, the F2 homozygotes of mCherry and GFP were 

selected under a fluorescence microscope. The TU3311*OH7193 strain was synchronized 

before feeding with the RNAi bacteria. The F1 adult stage worms of TU3311*OH7193 

strain were treated with MeHg in NGM medium of RNAi bacteria with IPTG and 

carbenicillin.

We did a parallel experiment to knockdown neuronal GFP expression by RNAi feeding to 

the strain TU3311*OH7193; however, the GFP fluorescence was not significantly reduced in 

worms feeding with RNAi bacteria for at least 60 h. We reasoned that the GFP with a low 

turnover rate may not be an appropriate marker for the effect of RNAi, or alternatively the 

S65T variant of GFP which is used for construction of reporter strains has a relatively short 

time for maturation which makes it difficult to discriminate subtle difference in expression 

level (Boulin et al. 2006). Global level of irk-1 mRNA is not an appropriate index for 

knockdown efficiency in the strain TU3311. To further assess the efficiency of RNAi 

knockdown to the gene irk-1, we analyzed the reference RNAi strain NL2099, resulting 

95±3% reduction in the expression level of irk-1 after 60-h feeding on RNAi bacteria lawn. 

Parental RNAi has a long-last knockdown effect to the offspring (Fire et al. 1998). To 

maximize the effect of RNAi, in our experiment, parental worms were fed with RNAi 

bacteria, and the next generation F1 adults on RNAi bacteria lawn were harvested.

Developmental stages of C. elegans

To calculate the percentage of C. elegans in various developmental stages, 80–100 worms 

per group were transferred to agar pads on glass slide, and evaluated under microscope 

(Olympus BX41) for the vulval developmental stage and typical dauer morphology, as 

described earlier (Apfeld and Kenyon 1998).

Statistical analysis

Numerical data with a normal distribution was analyzed with t-test, or one-way ANOVA and 

post hoc Tukey’s multiple comparisons test (GraphPad 8.0.2). Categorical data were 

analyzed with Chi-square test followed by Chi-square partition method for multiple 

comparisons. When two experimental factors were analyzed, a two-way ANOVA test was 

performed. To explore the interactive effects of MeHg and Lrrk2, binary data was analyzed 

with logistic regression by SPSS 17.0 (Chicago, USA). p ≤ 0.05 was considered to be 

statistically significant.

Result

In a previous study with the OH7193 strain, we observed that the fluorescence protein 

mCherry did not strictly reside within intracellular compartments of the tissues where the 

expression is driven by the neuron-type specific promoters. Thus, we posited that this 

transgenically expressed intracellular protein can be released to extracellular areas across the 

plasma membrane, promoting us to re-evaluate the morphology of DAergic neurons in the 

OH7193 strain.
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In the head region, two pairs of CEP neurons have four dendrites extending to the mouth 

where the ciliary bases are located. The CEP dendrites rarely have branches or tangled 

structures. At the adult stage of OH7193 strain, we noted a sphere or oval shape membrane 

structure in the CEP dendrites (Fig. 1). The size and morphology of the membrane structures 

is consistent with their being extracellular microvesicles that originate from the dendritic 

membrane. To enable clarity in counting and assessing these vesicular structures, we defined 

those that are attached to the dendrites as “attached vesicles” (Fig. 1d and 1e), and those that 

have a clear boundary and are separated from the dendrite substructure as “unattached 

vesicles” (Fig. 1c). The size of attached vesicle and unattached vesicles had no significant 

difference, and most of them are in the range of 1 to 3 μm in diameter as measured by 

confocal microscopy (Fig. 1f).

Dynamic analysis spanning 4 h for the same CEP dendrites shows that the attached vesicles 

can shed off from the dendrite to become unattached vesicles (Fig. 2). Although some 

attached vesicles are able to progress to the unattached state, the membrane curvature in 

some of the early stage attached vesicles becomes flattened during this period (Fig. 2), 

suggesting that, in some cases, this process is reversible.

The size of attached vesicles was not significantly changed during the 4-hour observation 

(Fig. 3a, 3b and 3g). However, the unattached vesicles that shed off from the dendrites, 

became smaller or totally disappeared (Fig. 3c–3f). The size of unattached vesicles at 4 h 

was significantly reduced compared to those at 0 h (Fig. 3h).

To assess if MeHg exposure could modify this process, the OH7193 strain was treated in 

NGM medium for various time periods with 5 μM MeHg, the dose which was shown to 

significantly increase the rate of CEP mCherry puncta (Ke et al. 2020). Two-way ANOVA 

analysis showed that MeHg had a significant effect on the number of attached vesicles. 

Specifically, post hoc comparisons showed that MeHg treatment decreased the number of 

attached vesicles after 4, 8, or 10 days of exposure (Fig. 4). In the 6 d group, though the 

number of attached vesicles in MeHg-treated worms was lower than that in control worms, 

the difference did not reach to a significant level. In untreated worms, there was no 

significant change in the number of attached vesicles between the time points. In MeHg-

treated worms, there was a significant decrease in the number of attached vesicles in the 10 d 

group compared to the 8 d group (Fig. 4).

The number of unattached vesicles was significantly decreased upon MeHg treatment. Two-

way ANOVA analysis showed that MeHg had a significant decreasing effect (Fig. 5). The 

number of unattached vesicles was unchanged at the different time periods in untreated 

worms. In MeHg-treated worms, the number of unattached vesicles was significantly 

decreased in the day 4, day 6 and day 10 groups compared to control worms. In the 8 d 

group, the mean number of unattached vesicles in worms treated with MeHg was lower than 

that of the control group (without MeHg), but the difference failed to reach a statistically 

significant level (p=0.082).

To analyze the effect of human LRRK2 genes, the number of attached vesicles and 

unattached vesicles was counted in worms carrying the wild-type human LRRK2 gene 
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(LRRK2-wt) and the G2019S, a mutant LRRK2 gene (LRRK2-G2019S). Attached vesicle 

number was not significantly altered after a 10-d exposure to MeHg (Fig. 6a and 6b). 

However, the unattached vesicle number was significantly decreased after 10-d exposure of 

MeHg in the wild-type LRRK2 strain (LRRK2-wt, Fig. 6c). Notably, 0.05 μM MeHg 

decreased the number of unattached vesicles in the LRRK2-wt strain, and both higher doses 

(0.5 and 5 μM) had a significant effect (Fig. 6c). In contrast, in the LRRK2-G2019S strain, 

MeHg had no significant effects on the number of unattached vesicles (Fig. 6d).

The effects of MeHg and LRRK2 on the number of attached vesicles and unattached 

vesicles suggest that the extracellular level of mCherry might be affected. Next, the presence 

of mCherry in the peri-dendritic areas of the CEP neuron was investigated (Fig. 7). As 

shown in Figure 7, a worm is deemed positive if at least one side of the CEP dendrites has a 

type II or type III density of mCherry. This dichotomy method classifies the worms into the 

positive or negative phenotype based on whether there is a presence of extracellular 

mCherry. Similarly, a worm with at least one CEP attached vesicle or unattached vesicle is 

classified as positive in the analysis of vesicular structures.

Chi-Square analysis shows that 5 μM MeHg for 10 days decreased the percentage of the 

OH7193 worms (wt) with positive extracellular mCherry (Fig. 8a), attached vesicle (Fig. 

8b), and unattached vesicle (Fig. 8c). However, in the strain harboring human wild-type 

LRRK2 (LRRK2-wt), the percentage of worms with positive extracellular mCherry was not 

changed with MeHg (Fig. 8a). It seems that the percentage of worms with attached vesicles 

in the strain towards an increase, but this does not reach a statistically significant level (Fig. 

8b). However, the number of unattached vesicles was significantly decreased by MeHg (Fig. 

8c).

In the LRRK2-G2019S strain, MeHg failed to alter the percentage of worms with positive 

extracellular mCherry, attached vesicle, or unattached vesicle (Fig. 8a, 8b and 8c). It is 

noteworthy that the percentage of worms with positive extracellular mCherry after MeHg 

treatment was significantly lower in the wt strain than that in stains with LRRK2-wt or 

LRRK2-G2019S (Fig. 8a). In worms absent of MeHg treatment, the percentage of positive 

extracellular mCherry was significantly lower in the wt strain than that in the LRRK-wt 

strain (Fig. 8a). The percentage of positive unattached vesicles in the LRRK2-G2019 strain 

without MeHg was lower than that in wt control worms; however, the difference did not 

reach to a significant level (p=0.083).

Binary logistic regression analysis shows that both MeHg and wild type LRRK2 had a 

significant effect on the percentage of extracellular mCherry (table 1). For attached vesicle, 

MeHg had a significant effect, and wild type LRRK2 had a significant interactive effect with 

MeHg. For unattached vesicle, MeHg had a significant effect, and the effect of the LRRK2- 

G2019S is near the significant level (p=0.075, table 1).

To investigate if the homolog of human LRRK2 in C. elegans, irk-1, is involved in the 

formation of the vesicular structures, a neuronal hypersensitive RNAi strain TU3311 was 

crossed with the OH7193 strain. The TU3311*OH7193 strain was fed with RNAi bacteria 

targeting irk-1 for 3 days, after which the F1 adult stage worms fed with the RNAi bacteria 
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were harvested and treated for 24 h with MeHg in NGM medium. The two-way ANOVA 

indicated a significant interaction between MeHg x RNAi (knocking down of irk-1). In fact, 

in the worms fed with the RNAi vector L4440 control, MeHg tended to decrease the number 

of attached vesicles, but in the irk-1 knockdown groups, MeHg tended to increase the 

number of attached vesicles in the relation to the control group (Fig. 9).

In the 10-day MeHg treatment experiment (Fig. 8), all the OH7193 strain worms were in the 

adult stage. For the OH7193*WLZ1 and OH7193*WLZ3 strains, some of the worms failed 

to reach the adult stage, so the development stage at day 10 was analyzed (Fig. 10). In the 

OH7193*WLZ1 strain (LRRK2-wt), the percentage of the younger L3 stage worms was 

significantly lower in worms treated with 5 μM MeHg compared to control worms (Fig. 

10a). However, in the OH7193*WLZ3 strain (LRRK2-G2019S), MeHg failed to alter the 

distribution of L3 stage worms. For the two strains, some of worms were in dauer stage. 

MeHg had no effect on the percentage of dauer stage worms of LRRK2-wt or LRRK2-

G2019S strain. The percentage of duaer stage worms was significantly higher in LRRK2-

G2019S strain than LRRK2-wt strain. Binary logistic regression showed that the effect of 

MeHg on the percentage of L3 stage worms is significantly modified by LRRK2-G2019S. 

For dauer stage worms, LRRK2-G2019S had a significant effect, which was not modified by 

MeHg (Fig. 10c).

Discussion

The present study establishes that MeHg exposure inhibits the formation of vesicles in CEP 

dendrites and the effects are modified by human LRRK2 gene. To our knowledge, this is the 

first study to characterize extracellular vesicles that are of CEP dendritic origin (Doroquez et 

al. 2014; Ward et al. 1975). As mCherry is released in the form of extracellular vesicles 

(Melentijevic et al. 2017), the failed formation of vesicle after MeHg exposure will 

gradually lead to the accumulation of mCherry and contribute to the large aggregates of 

mCherry (Ke et al. 2020), and possibly other toxic protein aggregates in CEP dendrites, 

eventually leading to dysfunction of CEP DAergic neurons.

The biological as well as pathological roles of vesicular structures have been delineated in 

studies with C. elegans and in vitro cell culture models (Emmanouilidou et al. 2010; 

Kosinski et al. 2005; Proia et al. 2008). In a study aimed to characterize the vesicular 

structure from neuronal soma in C. elegans, it was shown that the vesicular structure is a 

development-dependent neuronal protective strategy to rid the cells of damaged organelles 

and protein aggregates, which are associated with aging and proteotoxicity (Melentijevic et 

al. 2017). It has been demonstrated that protein aggregates in the cell can be spatially 

organized, with those insoluble aggregates being sorted into lysosome which components 

can be present in extracellular vesicles (Russell et al. 2018; Sontag et al. 2017; Tsunemi et 

al. 2019). Here, we show that the neurotoxicant MeHg is able to reduce the number of 

attached vesicles and unattached vesicles (Fig. 4 and 5), suggesting that the mCherry puncta 

observed in the early study might represent a failure of vesicle formation or release (Ke et al. 

2020). Notably, worms with MeHg for 10 days had a significant lower number of attached 

vesicles than worms with MeHg for 8 days (Fig. 4), suggesting that the effect is modulated 

by intra-worm mercury which could be further increased in worms with 10-day MeHg 
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exposure compared with worms with 8-day MeHg exposure. Further studies on the 

toxicokinetics of MeHg in C. elegans are warranted to characterize the relationship between 

intra-worm level of mercury and toxic endpoints. In addition, MeHg is a pro-oxidant, which 

causes oxidative damage to cellular targets via inhibition of antioxidant selenoproteins 

(Farina et al. 2011). In the current model, MeHg could exert an inhibitory effect on the 

pathways of vesicular formation directly by oxidizing the cellular membrane system for 

genesis of extracellular vesicles or indirectly by increasing reactive oxygen species (ROS) 

(Bodega et al. 2019). On the other side, extracellular vesicles can scavenge ROS in the 

extracellular compartment, and instead of this beneficial effect they can also propagate 

oxidative stress by transferring oxidative molecules to target cells (Bodega et al. 2019). The 

role of extracellular vesicles in MeHg-induced oxidative stress can be further investigated in 

the C. elegans model by dynamic analysis of extracellular vesicles originated from 

dopaminergic neurons and site-specific analysis of oxidative stress. For example, chemical 

ROS-scavengers can be tested in the neuronal-cell specific ROS reporter strains for the 

better understanding of the potential role of ROS in the process.

The CEP attached vesicle and unattached vesicle numbers (Fig. 6 and 8), and extracellular 

mCherry (Fig. 8) were modified by human LRRK2 in response to MeHg (table 1). The 

decline in the number of vesicular structures with MeHg is paralleled by lower rate of 

presence of extracellular mCherry in the OH7193 strain (Fig. 8). However, in the LRRK2 
transgenic worms, the rates of presence of extracellular mCherry were not changed with 

MeHg and were higher than those in the OH7193 strain (Fig. 8a). The extreme sensitivity of 

unattached vesicles other than attached vesicles or extracellular mCherry (Fig. 6 and 8) 

suggests that the fission process of vesicle formation is modulated by the human LRRK2, 

and this fits well with the notion that LRRK2 functions as a membrane scaffold protein to 

assembly a large protein complex to modulate membrane-mediated processes such as 

activity of chaperone-mediated autophagy (CMA) (Orenstein et al. 2013), synaptic vesicle 

recycling (Maas et al. 2017), and rate of exocytosis (Miklavc et al. 2014). It is intriguing 

that, even though the numbers of vesicular structure was not modified by the G2019S 

mutation, the rates of presence of extracellular mCherry were higher, suggesting that the 

basal activity of exportation or release other than the microvesicle pathway was triggered by 

the LRRK2 and the G2019S mutation (Fig. 8a).

The LRRK2 protein is a large protein (2527 amino acids) with multiple domains (GTPase 

domain, kinase domain, and WD40-like domain). The gain of function of the G2019S 

mutation increases the kinase activity, which is necessary for the pathogenic effects 

associated with PD (West 2017). Transfection of COS-7, HEK293, SH-SY5Y cell lines or 

primary cortical neurons with the G2019S LRRK2 construct induced an increased level of 

perinuclear inclusion body. An introduction of kinase-dead mutation reduced the level of 

inclusion body (Greggio et al. 2006), suggesting that the LRRK2 G2019S mutation is 

associated with increased activity of clearance of soluble protein aggregates destined for 

destruction by the perinuclear proteasome (Sontag et al. 2017). Astrocytes from PD patients 

carrying the G2019S mutation in the LRRK2 gene are capable of spreading aggregation-

prone alpha-synuclein to co-cultured midbrain dopaminergic neurons from healthy 

individuals (di Domenico et al. 2019). We show that the G2019S mutation is associated with 

decreased basal levels of vesicles (Fig. 8), while the extracellular mCherry is increased, 
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corroborating that the G2019S LRRK2 increases the level of protein aggregation leading to 

the release of mCherry aggregates. Over-expression of wild type LRRK2 has a comparable 

level of extracellular mCherry to the G2019S LRRK2 (Fig. 8a), and this could result from 

the saturable activity of the kinase domain (Liu et al. 2016). In a model of manganese (Mn)-

induced cytotoxicity, both pharmacological and genetic modulation of LRRK2 attenuated 

Mn-induced apoptosis in macrophages and microglia (Kim et al. 2019), and it is possible 

that the toxicity is also mediated by the compromised capacity of cellular protein 

homeostasis (Harischandra et al. 2019). As LRRK2 expression is maintained in cell bodies 

and processes in human postmortem midbrain tissue (Greggio et al. 2006), studies on the 

interactive effects of neurotoxicants and LRRK2 mutation will establish new preventive 

strategies for PD.

Irk-1, the C. elegans homolog of LRRK2, is required for polarized organization of synaptic 

vesicles by regulating protein sorting (Sakaguchi-Nakashima et al. 2007). IRK-1 works 

antagonistically with PINK-1 to modulate C. elegans’ sensitivity to the mitochondria 

toxicant- paraquat (Samann et al. 2009). Coincidently, we show that knockdown of irk-1 in 

neuronal tissue reduced the numbers of CEP attached vesicles (Fig. 9), corroborating that the 

endogenous IRK-1 is involved in the regulation of vesicle formation process, while over-

expression of human LRRK2 seems to increase it (Fig. 8b). In addition, the kinase activity 

of human LRRK2 G2019S mutation has been shown to be involved in the damage to 

mitochondrial DNA (mtDNA) (Howlett et al. 2017), which could be the underlying 

mechanism for the increased percentage of dauer stage worms in the LRRK2-G2019S strain 

(Fig. 10) (Lee et al. 2003) and partly explain the reduced basal level of unattached vesicles 

in the strain (Fig. 6d).

In summary, by virtue of the transparency of the cells and mCherry labeled DAergic neurons 

in C. elegans, we have characterized the mCherry positive extracellular vesicles in CEP 

dendrites, which exhibited typical morphology of a microvesicle. Chronic treatment with 

MeHg reduced the numbers of attached vesicles and unattached vesicles, as well as the rate 

of extracellular mCherry, suggesting that the exportation of mCherry by microvesicle 

formation was inhibited by MeHg. Furthermore, the effects of MeHg were modified by 

expression of human LRRK2. Knockdown of C. elegan irk-1, the human LRRK2 homolog, 

reduced the number of attached vesicle, corroborating that LRRK2 plays an important role 

in the formation of microvesicles. Although the failed release of mCherry is presumably a 

result of MeHg-induced decreased levels of vesicles, additional investigations on 

proteotoxicity models of C. elegans are warranted to establish a robust link between MeHg 

and the microvesicle pathway of protein homeostasis.
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Figure 1. 
C. elegans CEP dendrites produce microvesicles. Images of adult stage of the OH7193 strain 

were acquired by Leica SP8 confocal microscope. a, bright field image of the head region. b, 

corresponding image of DAergic neurons in the head region. c, unattached vesicle shed from 

the CEP dendrite. d and e, attached vesicle on the CEP dendrites. Arrow head shows 

unattached vesicle; arrows show attached vesicle. f, diameters of the vesicular structures in 

the CEP dendrites. t-test.
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Figure 2. 
Attached vesicles shed off the CEP dendrite to become unattached vesicles. The head region 

of DAergic neurons was imaged to show the four parallel CEP dendrites. a, the dotted-line 

arrow shows the attached vesicle which is linked to the dendrite with a thin tubular structure, 

and the other straight-line arrows show the areas that are likely to form attached vesicles. b, 

of the same worm from “a” after a 4-h period, shows the attached vesicle shed off from the 

dendrite, while the areas that are likely to form attached vesicles become flattened.
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Figure 3. 
The CEP vesicles are dissolved during a 4-h period. The images of single-worm tracking 

show the dynamics of attached vesicles (arrow) and unattached vesicles (arrow head). a and 

b, show two attached vesicles at the CEP ciliary bases in the proximity of mouth area. c and 

d, show the unattached vesicle becomes much smaller after a 4-h period. e and f, show the 

unattached vesicle becomes invisible after a 4-h period. g, diameters of attached vesicles at 0 

and 4 h. h, diameters of unattached vesicles at 0 and 4 h. ***p<0.001, paired t-test.
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Figure 4. 
CEP attached vesicle numbers are decreased with MeHg exposure. The number of attached 

vesicles on the four CEP dendrites of the OH7193 strain dosed with MeHg for different 

periods was counted with epi-fluorescence microscope. a, MeHg exposure reduced the 

number of attached vesicles. b, two-way ANOVA analysis of the effects of time and MeHg 

exposure on the number of attached vesicles. The results were derived from 15–20 worms 

for each group. SS, sum of squares; DF, degree of freedom; F, F ratio.
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Figure 5. 
The CEP unattached vesicle numbers are decreased with MeHg exposure. The number of 

unattached vesicles in the four CEP dendrites of the OH7193 strain dosed with MeHg for 

different periods was counted with epi-fluorescence microscope. a, MeHg exposure 

decreased the number of unattached vesicles. b, two-way ANOVA analysis of the effects of 

time and MeHg exposure on the number of unattached vesicles. The results were derived 

from 15–20 worms for each group. SS, sum of squares; DF, degree of freedom; F, F ratio.

Ke et al. Page 18

Neurotox Res. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
The number of CEP sourced extracellular vesicles is altered by expression of human LRRK2 

and MeHg exposure. The OH7193 strain was crossed with the WLZ1 (LRRK2-wt) and 

WLZ3 strain (LRRK2-G2019S) respectively to observe the effect of human LRRK2 genes 

on the number of vesicular structures. a and b, the numbers of attached vesicles from the 

CEP dendrites in the OH7193*WLZ1 and OH7193*WLZ3 strains dosed with graded 

concentrations of MeHg. c and d, the numbers of unattached vesicles from the CEP 

dendrites in the OH7193*WLZ1 and OH7193*WLZ3 strains treated with MeHg. 

Comparisons were made by one-way ANOVA and Tukey’s multiple comparisons test. 

*P<.05, **P<.01, and ***P<.001.
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Figure 7. 
mCherry protein is present outside the CEP dendrites. The head region of the OH7193 strain 

was imaged to show the extracellular presence of mCherry. The presence of mCherry in 

vicinity of CEP dendrites is classified into three types according to density of mCherry. Both 

the type II and III are positive, but the type I is negative. A worm is positive if at least one 

side of CEP dendrites has a type II or type III density of mCherry. a, a worm with positive 

presence of mCherry in the peri-areas around the CEP dendrites. b, a worm with negative 

presence of mCherry in the peri-areas around the CEP dendrites.
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Figure 8. 
Repression of mCherry transcytosis and extracellular vesicular formation by MeHg is 

modified by LRRK2. The OH7193 (wt), wild type LRRK2 transgenic (OH7193*WLZ1, 

LRRK2-wt), and mutant LRRK2 transgenic (OH7193*WLZ3, LRRK2-G2019S) worms 

were scored for the presence of mCherry outside of CEP dendrites (a), attached vesicles (b), 

and unattached vesicles from CEP dendrites (c). 10–30 worms for each group were scored. 

Part of the data here is the same of those from figures 4–6. Analysis was made with Chi-

square test. *P<.05, #P<.05, **P<.01, and ###P<.001.
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Figure 9. 
Know-down irk-1 in neurons reduces the number of the CEP attached vesicle in adult C. 
elegans. The OH7193 strain was crossed with the TU3311 strain to generate a hypersensitive 

neuronal RNAi strain with DAergic expression of mCherry (OH7193*TU3311). The adult 

stage F1 generation of the OH7193*TU3311 fed with RNAi bacteria were treated with 

MeHg for 24 h. a, number of the CEP attached vesicles in the OH7193*TU3311 strain 

treated with MeHg. b, two-ANOVA analysis indicated a significant interaction between the 

effect of RNAi and MeHg on the number of attached vesicles. SS, sum of squares; DF, 

degree of freedom; F, F ratio. *P<.05.
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Figure 10. 
The association of developmental stage with MeHg is dependent on the genotypes of 

LRRK2. The developmental stage of the OH7193*WLZ1 (LRRK2-wt) and OH7103*WLZ3 

(LRRK2-G2019S) strains were analyzed after treatment with MeHg for 10 days. a, MeHg 

treatment (5 μM) decreases the percentage of L3 stage worms in the OH7193*WLZ1 

(LRRK2-wt) strain. b, no significant effects of MeHg on the percentage of dauer stage 

worms. Analysis was made with Chi-square test. **P<.01, and ***P<0.001. c. binary 

logistic regression for the effects of MeHg and LRRK2-G2019S on the percentage of L3, or 

dauer stage worms.
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Table 1.

The effects of MeHg and LRRK2 on the rate of extrcellular mCherry, attached vesicle and vesicle.

% Factors* Wald df P value

extracellular mCherry MeHg 4.763 1 0.029

LRRK2-wt 3.898 1 0.048

LRRK2-G2019S 0.285 1 0.593

Interaction (MeHq, LRRK2) 0.256 2 0.880

Attached vesicle MeHg 6.004 1 0.014

LRRK2-wt 3.246 1 0.072

LRRK2-G2019S 0.033 1 0.856

Interaction (MeHg, LRRK2) 9.429 2 0.009

 Interaction (MeHg, LRRK2-wt) 9.101 1 0.003

 Interaction (MeHq, LRRK2-G2019S) 0.888 1 0.346

Unattached vesicle MeHg 8.772 1 0.003

LRRK2-wt 0.029 1 0.865

LRRK2-G2019S 3.165 1 0.075

Interaction (MeHg, LRRK2) 1.801 2 0.406

*
, analysis was made with binary logistic regression.
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