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Abstract

Methylmercury (MeHg) is a potent neurotoxicant. The mechanisms underlying MeHg-induced neurotoxicity are not fully
understood. Several studies have shown that protein chaperones are involved in MeHg toxicity. The protein co-chaperone,
stress inducible protein 1 (STI-1), has important functions in protein quality control of the chaperone pathway. In the cur-
rent study, dopaminergic (DAergic) cephalic (CEP) neuronal morphology was evaluated in the Caenorhabditis elegans
(C. elegans) sti-1 knockout strain. In the control OH7193 strain (dat-1::mCherry + ttx-3::mCherry), we characterized the
morphology of CEP neurons by checking the presence of attached vesicles and unattached vesicles to the CEP dendrites. We
showed that the attached vesicles were only present in adult stage worms; whereas they were absent in the younger L3 stage
worms. In the sti-1 knockout strain, MeHg treatment significantly altered the structures of CEP dendrites with discontinuation
of mCherry fluorescence and shrinkage of CEP soma, as compared to the control. 12 h post treatment on MeHg-free OP50-
seeded plates, the discontinuation of mCherry fluorescence of CEP dendrites in worms treated with 0.05 or 0.5 uM MeHg
returned to levels statistically indistinguishable from control, while in worms treated with 5 uM MeHg a higher percentage
of discontinuation of mCherry fluorescence persisted. Despite this strong effect by 5 uM MeHg, CEP attached vesicles were
increased upon 0.05 or 0.5 uM MeHg treatment, yet unaffected by 5 uM MeHg. The CEP attached vesicles of sti-1 knockout
strain were significantly increased shortly after MeHg treatment, but were unaffected 48 h post treatment. In addition, there
was a significant interactive effect of MeHg and sti-1 on the number of attached vesicles. Knock down sti-1 via RNAi did
not alter the number of CEP attached vesicles. Taking together, our data suggests that the increased occurrence of attached
vesicles in adult stage worms could initiate a substantial loss of membrane components of CEP dendrites following release
of vesicles, leading to the discontinuation of mCherry fluorescence, and the formation of CEP attached vesicles could be
regulated by sti-1 to remove cellular debris for detoxification.
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Introduction

A decline in cellular homeostasis control and concomi-
tant structural and functional decay is fundamental for
the development of age-related diseases [1]. Distinct from
cells with a self-renewal potential, post-mitotic neurons
are vulnerable for the decline of protein quality control,
a system for surveillance and maintaining the proper
structure and function of proteins by facilitating folding
of nascent/misfolded proteins and degradation of protein
aggregates [2]. Protein quality control encompasses sev-
eral systems geared towards a coordinated and efficient
work stream, and it includes molecular-chaperone assisted
protein refolding, proteasomal degradation of soluble
misfolded proteins and degradation of insoluble protein
aggregates by lysosomes [3]. Nearly 10% of the proteome
in a eukaryotic cell are molecular chaperones, which play
important roles in basal as well as regulated responses of
protein quality control to cellular stress, such as oxidative
stress, toxic chemicals, inflammation, and heat shock [2].
Molecular chaperones facilitate refolding and unfolding of
nascent and misfolded proteins, and they also play a role
in degradation of misfolded proteins by delivering them to
proteasome, and lysosome which also refers to chaperone-
mediated autophagy (CMA) [4].

The majority of molecular chaperones are heat shock
proteins which were named after their increased synthesis
in response to heat shock [2]. Heat shock proteins have
essential roles in the process of protein synthesis, folding,
and transport [1]. Methylmercury (MeHg) is an environ-
mental neurotoxicant that bioaccumulates in the marine
food chain. Human exposure to environmental MeHg
mainly occurs through the consumption of fish, which
poses a significant health threat to developing children [5].
In a previous study, we showed that short time exposure
(1-6 h) of astrocytes to the neurotoxicant MeHg, the bind-
ing activity of the heat shock protein 90 (Hsp90) with its
client proteins (prostaglandin E synthase and nitric oxide
synthase) was significantly increased, while a prolonged
exposure (12-24 h, 1 uM MeHg) eventually repressed
the expression of Hsp90, leading to aberrant regulation
of redox homeostasis, a hallmark of MeHg’s neurotox-
icity [6]. It is empirical that proteins rich in sulfhydryl
(-SH) groups with structural and functional importance are
potential targets of MeHg [7-9]. This has been confirmed
with studies on heat shock factor 1 (HSF1), an evolutionar-
ily conserved transcription factor that initiates transcrip-
tion of heat shock proteins including Hsp90 and heat shock
protein 70 (Hsp70) [10, 11]. Embryonic exposure to MeHg
(5 ppm) has been shown in mice cortices to induce nuclear
translocation of HSF1, and a more than 4-fold increase in
the association of HSF1 with the Hsp70 promoter [12].
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In contrast to wild-type mice, in Hsfl knockouts, MeHg
treatment caused a significant decline in brain weight at
postnatal day 25 (P25), reduced rate of neurogenesis, and
increased rate of neuronal apoptosis and seizure suscep-
tibility [12]. Furthermore, siRNA mediated silencing of
Hsfl in HEK 293 cells caused an elevation of cell death
rate in response to MeHg [13].

The Hsp70 and Hsp90 organizing protein (Hop), or stress
inducible protein 1 (STI-1) transfers client proteins from
Hsp70 to Hsp90 [14, 15]. Intracellular STI-1 is a co-chap-
erone that assists protein folding in the intermediate stage of
the Hsp70/Hsp90 pathway by transferring client proteins from
the early complex (Hsp70/Hsp40) to the intermediate com-
plex (Hsp70/Hsp90) [16]. Genetic studies in yeast cells have
revealed that deletion of sti- 1 reduces the in vivo activity of the
Hsp90 client protein, glucocorticoid receptor (GR) [14]. STI-1
is a conserved protein across phyla, and the biological activi-
ties in some species were delineated. Sti-/ knockout mice are
embryonic lethal [17], while sti-1 knockout Caenorhabditis
elegans (C. elegans) is viable [18].

Previously, we have shown that the morphology of C. ele-
gans dopaminergic (DAergic) cephalic (CEP) dendrites is a
target of MeHg [19], featuring focal aggregation of mCherry
molecules in CEP dendrites. We showed that MeHg could
induce bright puncta of dat-1::mCherry aggregates in the
dendrites of CEP dopaminergic neurons in a dose- and time-
dependent manner. We compared the size and brightness of the
puncta with the intracellular mCherry inclusions in neuronal
soma, and concluded that the enlarged sphere shape of bright
mCherry puncta at the CEP dendrites was the hallmark of the
toxic effects of chronic MeHg exposure [19]. Recently, in a
study with Drosophila Huntington’s disease (HD) model, it
shows that the STI-1 homolog, Hop, is involved in the aggre-
gation of mutant Huntingtin (mHtt) [20]. In the C. elegans
OH7193 strain, the typical morphology of CEP neuron is the
presence of extracellular mCherry and “dot” like vesicular
structures in the dendrites [21, 22]. The extracellular mCherry
of CEP neuron can be released through the formation of vesic-
ular structures [22]. In the sti- 1 knockout strain (VC2559), we
observed that they were reproductively healthy, but the DAer-
gic CEP morphology was significantly altered, with a signifi-
cant loss of the mCherry fluorescence in CEP dendrites after
MeHg exposure. In the current study, we report the findings
of CEP morphology in the sti-1 knockout strain in response
to MeHg.

Materials and Methods
C. elegans Strains and Maintenance

Caenorhabditis elegans strains were maintained on NGM
plates at 20 °C. The OH7193 [otIs181 III; him-8(e1489)



Neurochemical Research (2020) 45:2939-2948

2941

IV], VC2559 [sti-1(0k3354) V], and TU3311 [unc-
119p::YFP +unc-119p::sid-1] strains were obtained from
the Caenorhabditis Genetic Center (University of Minne-
sota). To cross the OH7193 strain with the VC2559 strain,
6-10 young adult stage OH7193 male worms were mated
with 4-6 late L4 stage hermaphrodites of VC2559. After 7-8
days, the F2 homozygotes of mCherry were genotyped for
sti-1 with single worm PCR (duplex PCR, forward primer
1: 5’GCTCAGCGAGCCTACGAAGATG3', forward primer
2: 5"CCAGAGAGCTCTTGATGATTGTGACS', reverse
primer: 5TGAAGACGAGTCCAGAGGACG3’). Syn-
chronization of worm cultures was achieved by bleaching
of gravid hermaphrodites and sucrose separation to harvest
eggs. The harvested eggs were incubated at 20 °C for 18 h.

MeHg Exposure

MeHg (Sigma-Aldrich) was dissolved in ddH,O to make
40 x stock solution (2, 20, 200 uM MeHg). Synchronized
Larvae stage 1 (L1) worms were treated in NGM medium
(3 g NaCl, 2.5 g peptone, 975 ml H,0O, 1 ml cholesterol

(5 mg/ml in ethanol), 1 ml nystatin, 1 ml 1 M CaCl,, 1 ml
1 M MgSO,, 25 ml 1 M pH 6 KPO,), at 160 rpm with dead
OP50 bacteria. We showed that ~34% of worms died upon
chronic MeHg exposure when fed with live bacteria; how-
ever, the dead OP50 fed- worms were alive at the end of
exposure [19]. Dead bacteria were prepared by heating 1 ml
concentrated (100X) overnight cultured OP50 in 80 °C incu-
bator for 1 h [23]. After treatment, worms were transferred
to OP50 seeded NGM plates for further analysis. The con-
centrations of MeHg used for the experiment are 0, 0.05,
0.5, and 5 uM.

Imaging of Vesicular Structures

Attached vesicles and unattached vesicles are pre-defined
neuronal structures as shown in Fig. 1. Following MeHg
treatment, worms were paralyzed with 3 mM levamisole
(Sigma, catalog number: 1359302). They were imaged with
confocal microscope (Leica SP8, Germany). The images of
CEP dendrites were obtained via 40 X object (Leica SPS,
Germany). Parameters including wavelength and energy

attached vesicle

unattachedvesicle

Fig.1 Attached vesicles are associated with developmental stage.
The OH7193 strain was imaged with Leica SP8 confocal microscope.
a—d Shows different stages of attached vesicles (a and b: early stage;
c: mediate stage; d: late stage) budding from CEP dendrites. The
presence of an attached vesicle is judged by the angle (>30 degree)
of membrane curvature in CEP dendrite. e A mature unattached vesi-
cle is released from CEP dendrite. f Shows the head region of a L3

Em negative
= positive

* kX%

stage worm. The anterior side is on the right. g Shows the head region
of an adult stage worm. The anterior side is on the right. The arrow
in g shows an attached vesicle is budding from the ending of CEP
dendrite. h Percentage of worms (L3 and adult stage) with positive
attached vesicles in CEP dendrites. 25-30 worms for each group were
analyzed. Comparison was made with Chi-square test. ***P <(0.001
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of excitation light, magnification factor, emission gating
range, and scanning speed were analogous during image
acquisition.

Counting of Vesicles

To evaluate the number of CEP attached vesicles and unat-
tached vesicles, worms were placed on a 2% agarose pad,
and paralyzed with 3 mM levamisole. They were evalu-
ated with epifluorescence microscope (Olympus BX41).
The investigator was blinded to genotype. The complete
3D-structure of CEP neurons can be observed by slightly
turning forward and backward of the fine adjustment knob
of the microscope. 15-30 worms per group were evaluated.

Feeding RNAi

The TU3311 strain was crossed with the OH7193 strain to
generate a strain for CEP morphological evaluation follow-
ing RNAIi. To knock down sti-1 by feeding RNAI, L1 stage
worms were fed with the bacteria clone with RNAi plasmid
targeting the sequence of RO9E12.3 (szi-1). After 7 days,
the F1 adult stage worms of TU3311*OH7193 strain were
treated with MeHg in NGM medium of RNAi bacteria with
isopropylthio-f-galactoside (IPTG, 1 mM) and carbenicillin
(100 pg/ml).

Statistical Analysis

All data were computed and analyzed with the software
GraphPad 8.0.2 (La Jolla, CA, USA). To analyze data that
conforms to a normal distribution (Shapiro-Wilk test), t-test,
or one-way ANOVA and post hoc Tukey’s multiple compari-
sons test were performed. For data that conforms to a Chi-
square distribution, they are analyzed with Chi-square test
followed by Chi-square partition method for multiple com-
parisons. To analyze the effects of RNAi and MeHg, the data
were compared with two-way ANOVA test. For all analysis,
p <0.05 was considered to be statistically significant.

Result

In characterizing the morphology of C. elegans CEP neu-
rons, we observed a significant transition in the morphol-
ogy of CEP neurons during development. In adult stage
worms of the OH7193 strain, vesicular structures can be
formed in the CEP dendrites. Some of these vesicular
structures were attached to CEP dendrites (attached vesi-
cles), and others had a clear boundary with CEP dendrites
(unattached vesicles) (Fig. 1). We found that the attached
vesicles were only present in adult stage worms compared
with L3 stage worms (Fig. 1). More than 80% of adult
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stage worms were positive for the presence of attached
vesicles in the CEP dendrites, whereas no worms in the
younger L3 stage had the structure (Fig. 1).

In the OH7193 strain, the integrity of CEP structures
revealed by mCherry fluorescence was not significantly
affected by MeHg (Fig. 2a). However, in the sti-1 knock-
out strain (VC2559*0OH7193, Fig. 2b, c), MeHg treat-
ment significantly altered the structures of CEP with dis-
continuation of mCherry fluorescence in CEP dendrites
and shrinkage of CEP soma (Fig. 2b). In some cases, the
mCherry fluorescence from CEP neurons were completely
lost (Fig. 2c¢). In the sti-1 knockout strain, treatment with
0.05 uM MeHg significantly increased the percentage of
worm with the positive phenotypes as shown in Fig. 2b, c.
0.5 uM MeHg had a tendency to increase the percentage
of worm with the positive phenotypes (p=0.09). How-
ever, there was no significant difference in the percent-
ages between worms with 5 uM MeHg and control worms
(Fig. 2d). 12 h post treatment on MeHg-free OP50-seeded
plates, the integrity of mCherry fluorescence in the sti-
1 knockout worms treated with 0.05 or 0.5 pM MeHg
recovered to levels statistically indistinguishable from con-
trols, suggesting it is a reversible process. It is noteworthy
that the sti-1 knockout worms treated with 5 uM MeHg
had a significantly higher percentage of the phenotypes
compared with the OH7193 control 12 h post treatment
(Fig. 2e).

The compromised integrity of CEP neuron in the sti-/
knockout strain compared to the OH7193 control led us
to next evaluate the vesicular structures in CEP dendrites.
In the sti-1 knockout strain, we noted that the number of
attached vesicle was significantly increased upon 0.05 uM
MeHg treatment (Fig. 3b). The number of attached vesicles
in worms treated with 0.5 uM MeHg was higher than that
in control worms, but the difference did not attain statistical
significance (p=0.056). The number of attached vesicles in
worms treated with 0.05 or 0.5 uM MeHg was significantly
higher than in worms treated with 5 uM MeHg (Fig. 3b).
Meanwhile, the number of attached vesicles in worms
treated with 5 pM MeHg was statistically indistinguishable
from controls (Fig. 3b). Moreover, we noted that the percent-
age of worms with positive unattached vesicles was also
significantly increased upon treatment with 0.05 uM MeHg
(Fig. 3c). The percentage of unattached vesicles in worms
treated with 0.05 or 0.5 uM MeHg was significantly higher
than that in worms treated with 5 uM MeHg. The 5 uyM
MeHg treatment had no significant effect on the percentage
of worms with unattached vesicles (Fig. 3c).

In order to investigate if the CEP morphology persists
after MeHg treatment, the sti-/ knockout strain was treated
with graded concentrations of MeHg, and evaluated at adult
stage 48 h post treatment (Fig. 4). We found that at adult
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Fig.2 Discontinuation of CEP dendritic mCherry is induced by
MeHg in sti-1 knockout strain. The OH7193 and VC2559*OH7193
strains were imaged at adult stage following MeHg treatment (O,
0.05, 0.5, and 5 uM) in NGM medium for 7 days. a Shows an adult
stage OH7193 worm with intact and continual mCherry signals from
CEP dendrites. b Shows an adult stage worms of VC2559*OH7193
strain with discontinuation of mCherry signals from CEP den-
drites and shrinkage of CEP soma. ¢ Shows an adult stage worms

stage 48 h post treatment, the differences amongst the groups
were indistinguishable (Fig. 4).

To determine if the effects of MeHg are dependent
of sti-1, the OH7193 control and sti-/ knockout strain
(VC2559*0OH7193) were treated with 5 uM MeHg. Forty
eight hours post-treatment, the number of attached vesicles
was not changed with MeHg, but the VC2559*OH7193
strain had a significantly higher number of attached vesi-
cles compared with the OH7193 control (Fig. 5a). Two-
way ANOVA analysis indicated a significant main effect
of sti-1 knockout on the number of attached vesicles
(F(1,71)=38.65; P<0.001). Moreover, the interaction
sit-1 knockout with MeHg treatment was also significant
(F(1,71)=3.93, P=0.05). MeHg treatment decreased the
number of attached vesicles in the OH7193 control (wt),
but not in the sti-1 knockout strain (sti-1) (Fig. 5b).

9%

mm worms with intact mCherry
=3 worms with discontinuation of mCherry

& .\,\ .\'\ _\;\
NP
XTI X% 2V 0 o0 00 o8
QIR ¥ X XKL
SRR
Q27 TN ¥ (N N

Y O

12 h post exposure

VC2559*0OH7193 strain with disappearance of mCherry signals
from CEP dendrites and CEP soma, while those from ADE are rela-
tively intact. Worms having a similar phenotype shown in (b) or (c)
are classified as discontinuation of mCherry. d percentage of worms
with the discontinuation of mCherry following MeHg treatment. e
Percentage of worms with the discontinuation of mCherry 12 h post
MeHg treatment. Analysis was made with Chi-square test. *P <0.05

The results obtained in the adult stage sti-/ knockout
worms (Figs. 4 and 5) suggest that the attached vesicles
are induced when worms are actively treated with MeHg.
Accordingly, next we evaluated adult stage sti-1 knockout
strain worms upon treatment with graded concentrations of
MeHg for 24 h. In this experiment, the morphology of CEP
neurons was evaluated immediately after treatment. After
a 24-h treatment in NGM medium, the number of attached
vesicles in sti-/ knockout strain was significantly increased
upon 0.05-0.5 uM MeHg treatment (Fig. 6a). However, the
number of attached vesicles in the group with 5 uM MeHg
was not significantly different from the control. In addition,
differences in the number of unattached vesicles did not
attain statistical significance (Fig. 6b).

The TU3311 strain is hypersensitive to neuronal RNAi.
To knockdown sti-1, the TU3311 strain was crossed with
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Fig.3 Vesicular structures are increased following MeHg exposure
in sti-1 knockout strain. The VC2559*OH7193 strain was imaged
at adult stage following MeHg treatment (0, 0.05, 0.5, and 5 pM)
in NGM medium for 7 days. a Shows an adult stage with multiple
attached vesicles (arrow) and unattached vesicles (arrow head) in
CEP dendrites. b Number of attached vesicles in CEP dendrites
in worms treated with MeHg. Analysis was made with one-way
ANOVA and Tukey’s multiple comparisons test. ***P<0.001, and
**P <0.01. ¢ Percentage of worms with positive unattached vesicle
in CEP dendrites following MeHg treatment (the unattached vesicles
were absent in nearly two thirds of the worms during the observation,
so the data was categorized based on the presence of unattached vesi-
cles). Analysis was made with Chi-square test. *P <0.05

the OH7193 strain to generate OH7193*TU3311 strain. The
OH7193*TU3311 strain was fed with RNAi bacteria before
MeHg treatment. We found that RNAi knockdown of sti-/
in the OH7193*TU3311 strain failed to alter the number of
attached vesicles, and a 24-h treatment with 5 uM MeHg had
no significant effect in the RNAi control and sti-/ knock-
down worms (Fig. 7).

Discussion

The present study established that C. elegans CEP neuronal
morphology has a significant transition from L3 to adult
stage, with a prominent presence of vesicular structure in
CEP dendrites in adult stage worms. MeHg exposure alters
the number of attached vesicles and unattached vesicles in
CEP neurons of the sti-1 strain. The morphological changes
induced by MeHg in the sti-1 strain are dose- dependent.
Moreover, there is an interactive effect of MeHg and sti-/ on
the number of attached vesicles. The induction of vesicular
structures by MeHg may protect the cell from neurotoxic
effects initially, but eventually cause the spread of toxic
inclusions in the vesicles within neuronal tissues, leading to
a vicious cycle to propagate the neurotoxic effects.

@ Springer
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Fig.4 Number of attached vesicles is not changed post MeHg treat-
ment in the sti-/ knockout strain. The L1 stage VC2559*OH7193
strain was treated with MeHg for 5 days in NGM medium, followed
by 2 days on NGM plates. Number of CEP attached vesicles in adult
stage worms was counted. Analysis of data: one-way ANOVA

It has been shown that neurons of adult stage C. ele-
gans are capable of generating large extracellular vesicles
(approximately 4 um in diameter) by budding-off from the
plasma membrane of neuronal soma [22]. The inclusions of
the vesicles contain protein aggregates including the fluo-
rescent protein mCherry and damaged mitochondria, which
are degraded remotely. Intriguingly, inhibition of protein
quality control pathways, such as chaperones, autophagy or
proteasome, significantly increases the number of vesicle,
corroborating that formation of vesicle is a response to an
overload of protein misfolding or decline in protein qual-
ity control [22]. The novel results from the current study
show that there is a developmentally-dependent regulation
of attached vesicles in CEP dendrites: the vesicular struc-
ture is adult-stage dependent (Fig. 1), and it likely maintains
proteostasis by removing spatially organized mCherry via
release of extracellular vesicles (Figs. 3 and 4, and discus-
sions below) [3, 24]. It has been previously illustrated that
there are checkpoints at the late larvae stages (L3 and L4)
to coordinate the development and stress stimuli [25]. The
development-dependent phenotypes observed in the current
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Fig.5 The CEP phenotypes in sti-/ knockout strain are modulated
by MeHg. The L1 stage OH7193 and VC2559*OH7193 strain were
treated with MeHg for 5 days in NGM medium, followed by 2 days
on NGM plates. a Number of CEP attached vesicles in adult stage
worms. The worms treated with MeHg for 5 days were placed in
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Fig.6 The number of attached vesicles is increased with MeHg
in adult stage worms of sti-I knockout strain. The adult stage
VC2559*0H7193 worms were treated with MeHg (0, 0.05, 0.5,
5 uM) for 24 h in NGM medium before evaluation of CEP dendrites.
a Numbers of CEP attached vesicles in worms treated with MeHg. b
Numbers of CEP unattached vesicles in worms treated with MeHg.
Analysis was made with one-way ANOVA and Tukey’s multiple
comparisons test. *P <0.05, **P <0.01

study are possibly controlled by a neuronal program that is
tightly coupled with cycles of development [26—29].

In the sti-1 knockout strain, relatively low concentrations
of MeHg (0.05 uM) increased the percentage of worms
with compromised mCherry fluorescence of CEP neurons
(Fig. 2b, c); however, a higher dose (5 uM) had no effect
(Fig. 2d). These data are in agreement with the data from

OP50-seeded NGM plates for 2 days before evaluation. *P <0.05,
*#*P<0.01, and ***P<0.001. b Two-way ANOVA analysis of strain
and MeHg effects. SS, sum of squares for genotype, MeHg treatment
and the interaction term of genotype and MeHg; DF, degree of free-
dom
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Fig.7 Knockdown sti-1 does not alter the numbers of attached vesi-
cles. The OH7193 strain was crossed with the TU3311 strain to gen-
erate a hypersensitive neuronal RNAIi strain with DAergic expres-
sion of mCherry (OH7193*TU3311). The adult stage F1 generation
of the OH7193*TU3311 strain fed with RNAi bacteria were treated
with MeHg for 24 h. a Numbers of the CEP attached vesicles in the
OH7193*TU3311 strain treated with MeHg. b Two-ANOVA analy-
sis of the effect of RNAI sti-/ and MeHg on the numbers of attached
vesicles

Fig. 3 showing that the number of attached vesicles and
unattached vesicle was altered after upon 0.05 uM MeHg
treatment, but not 5 uM MeHg. The genesis of extracellu-
lar vesicle is controlled by intracellular Ca®* (Taylor et al.,
2020), and MeHg can induce influx of Ca®* and exert dose,
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time-dependent effects on Ca>* entry [30]. Thus, we postu-
lated that, in the sti-1 knockout background, low levels of
MeHg (0.05-0.5 uM), could induce the formation of vesicle
through a stimulatory effect on Ca>* entry, leading to the
loss of mCherry fluorescence. Perhaps, 5 uM MeHg caused
an acute fast initial effect that would be attained gradually by
0.05 and 0.5 utM MeHg, but subsequently 5 uM MeHg dys-
regulated completely the Ca®* signaling, depleting the Ca>*
stores and exhausting the pool of vesicles to be released. In
our model, the effects of MeHg at 5 uM on the formation
of attached vesicles could be masked at the late phase when
the Ca** signaling was disrupted, whereas the effects could
be observed at the relatively lower doses (0.05-0.5 uM)
(Fig. 4). Corroboratively, it was proposed that the lower level
of MeHg (0.5 uM) needs a longer time to reach the cellular
targets compared to the dose at 5 uM [31]. In rat cerebel-
lar granule cells, low levels of MeHg (0.2-0.5 uM) could
induce Ca?* influx, and the time to onset of Ca?* influx was
significantly longer for 0.5 uM MeHg (> 20 min) than 5 pM
MeHg (~5 min) [31]. Because of the highly electrophilic
activity of MeHg and its abundant cellular targets, the toxic-
ity of or cellular response to MeHg is a combined output of
multiple mechanisms [30, 32]. In addition to calcium signal-
ing, energy insufficiency due to collapse in the mitochondria
membrane potential might also have involved in the dose-
dependent effects of MeHg on attached vesicles. In previous
studies, we showed that MeHg (0—10 uM) dose-dependently
reduced the mitochondria membrane potential in primary
astrocyte cultures [33, 34].

The loss of mCherry fluorescence in the sti-1 knockout
worms post 12 h of MeHg treatment (5 uM) suggests that
the loss of membrane components marked with mCherry
fluorescence could be utilized as a clearance pathway to
remove damaged organelles and proteins through vesicle
formation and release, as reported earlier [22]. In a for-
ward genetic screening for genes modulating the toxicity
of 6-hydroxydopamine (6-OHDA), it was demonstrated
that worms with loss-of-function mutation in tsp-17 were
hypersensitive to changes in DAergic morphology (loss
of fluorescence) induced by 6-hydroxydopamine (OHDA)
[21]. Tsp-17 encodes a member of membrane proteins of
the tetraspanin family. It has been shown that tetraspanin-4
(TSPAN4), also a member of the tetraspanin family, is a
marker for the extracellular vesicles [35]. Combined with
the data from these studies [21, 22, 35], our data suggest a
model for the interpretation of the loss of mCherry fluores-
cence in CEP neurons (Fig. 2b, c¢): toxicant-induced vesicle
formation dissipates the concentration of mCherry in the
CEP dendrites to the level below the detection limit, and
the vesicles from CEP neuronal soma causes the shrinkage
shape of the soma (Fig. 2b) or complete loss of the signal
(Fig. 2¢); a period (12 h) post-treatment, worms that dosed
with a higher concentration of MeHg were able to initiate
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the vesicle formation process, exhibiting a similar pheno-
type as worms evaluated shortly after treatment with 0.05
or 0.5 uM MeHg. We have previously shown that treatment
with MeHg at 5 uM induced the bright mCherry puncta in
CEP dendrites [19], corroborating the findings herein that
worms with 5 uM MeHg were unable to increase the number
of attached vesicles and unattached vesicles after treatment
(Fig. 3). From these data (Figs. 2 and 3), it can be inferred
that C. elegans may invoke a clearing system (in this case
by a route of neuronal vesicle formation and release) to cope
with MeHg-induced neurotoxicity. In addition, the integrity
of CEP dendrites as evidenced by mCherry fluorescence and
morphology was normalized in sti-1 knockout worms treated
with 0.05 or 0.5 uM MeHg to the control level 12 h post
treatment (Fig. 2e), reinforcing the idea that active genesis
of vesicles is a cellular strategy to cope with toxic chal-
lenges arising from MeHg exposure. Further, the activity of
the neuronal vesicle formation is a well-regulated process
tailored to the threshold level of toxic challenges, which
could be inhibited by high levels of MeHg (e.g. 5 uM) or
induced by moderate (0.5 pM) to low (0.05 uM) levels of
the toxicant.

Because the attached vesicles are developmentally reg-
ulated and increased by a low level of MeHg in the sti-/
knockout strain, we compared the morphology of CEP
neurons in the control and sit-1 knockout strains, after a
period when worms were at the adult stage (Fig. 4). Our
findings established that the number of attached vesicles in
adult stage worms with MeHg were not significantly differ-
ent compared to the control (Fig. 4); however, in the adult-
stage worms treated with MeHg for 24 h, low level MeHg
treatment increased the number of attached vesicles and pos-
sibly the number of unattached vesicles (Fig. 6). These data
suggest that the sti-1 knockout strain is highly responsive to
low levels of MeHg, and this is in line with previous reports
that modulation of the chaperone pathway determines organ-
ismal as well as cellular sensitivity to the toxicity of MeHg
[6, 12, 13].

As the extreme sensitivity of the sti-1 knockout strain to
MeHg in vesicle formation compared with the control strain,
and vesicle formation is also a cellular strategy to main-
tain cellular proteostasis [3, 22], we investigated whether
sti-1 knockdown could recapitulate the phenotypes seen in
the sti-1 knockout strain. However, the experiments with
neuronal specific RNAi demonstrated that knock-down of
sti-1 in the neuronal tissue failed to significantly alter the
numbers of attached vesicles (Fig. 7), suggesting that the
phenotype is specific to the sti-1 knockout strain. Clearly,
further investigations in this strain are warranted to deter-
mine the mechanisms of MeHg-induced vesicle formation.
Results from experiments with the sti-/ knockout strain and
the OH7193 control (Figs. 2 and 5) corroborate the findings
that sti-1 is an important factor in CEP morphology. STI-1
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has multiple roles in development as well as protein quality
control [15, 18, 36], and our study provides novel evidence
that the morphology of CEP neuron is modulated by STI-1.
Though further biochemical studies are needed to dissect out
the precise steps in which STI-1 is involved in the regulation
of vesicular structures, the current study established a highly
sensitive model (the sti-1 knockout strain) for studying cel-
lular and molecular effectors of MeHg-induced neurotoxic-
ity. The model will aid further endeavors to investigate the
molecular cascades for the initiation and maturation of CEP
vesicles and its implication for neuronal protection strate-
gies against MeHg-induced neurotoxicity. For example, as
the low levels of MeHg (e.g., 0.05 uM), doses that were
not able to alter significant CEP structural changes in the
control strain (Fig. 2a) [19], were able to induce formation
of attached vesicles and unattached vesicles in the sti-1
knockout strain, it will be interesting to investigate genetic
factors that modulate the vesicle formation in sti-/ knockout
background.

Taken together, in the present study we have characterized
developmentally-controlled phenotypes including attached
vesicles of CEP neurons in C. elegans. MeHg-induced dis-
continuation and loss of mCherry fluorescence in sti-1 strain
likely results from an influx of vesicle formation associated
with MeHg exposure. MeHg treatment induced significant
structural changes in CEP neurons of sti-/ strain, and there
was a significant interactive effect between sti-/ and MeHg
on the numbers of attached vesicles, highlighting the interac-
tion of genetic and environmental factors in MeHg-induced
neurotoxicity. Further investigations on the molecular enti-
ties involved in the regulation of CEP vesicles, particularly
in the sti-1 strain treated with MeHg, are warranted.
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