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pre-exposed to dopamine followed by exposure to reserpine 
had decreased survival. Reserpine activated gst-4, which 
controls a phase II detoxification enzymes downstream of 
nuclear factor (erythroid-derived-2)-like 2. Our findings 
establish that the dopamine transporter, dat-1, plays an 
important role in reserpine toxicity, likely by increasing 
extracellular dopamine concentrations.
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Introduction

Parkinson’s disease (PD) is the second most prevalent 
neurodegenerative disease, affecting ~1  % of popula-
tion over the age of 55 (Lees et  al. 2009). PD symptoms 
include bradykinesia, tremor, rigidity and abnormal pos-
tural reflexes. At the time of symptomatology, 80–90  % 
of the dopaminergic neurons in the substantia nigra pars 
compacta are lost, resulting in reduced dopamine synthesis 
and release from striatal nerve terminals (Lang and Lozano 
1998). The mechanisms underlying neurological alterations 
leading to progressive motor symptoms are poorly under-
stood. The majority of PD cases are idiopathic in nature, 
and only 10 % have a known genetic linkage (Lees et  al. 
2009).

Animal models have proven highly informative in deci-
phering mechanisms associated with the etiology of PD. 
Reserpine is a monoamine depletory and it has been used 
in modeling PD etiology (see Beal 2001). Reserpine inhib-
its the vesicular monoamine transporter (VMAT), leading 
to loss of monoamine storage capacity. This model was 
instrumental in first demonstrating the therapeutic effi-
cacy of what still remains the gold-standard treatment for 

Abstract  Reserpine is used as an animal model of parkin-
sonism. We hypothesized that the involuntary movements 
induced by reserpine in rodents are induced by dopamin-
ergic toxicity caused by extracellular dopamine accumu-
lation. The present study tested the effects of reserpine on 
the dopaminergic system in Caenorhabditis elegans. Reser-
pine was toxic to worms (decreased the survival, food 
intake, development and changed egg laying and defeca-
tion cycles). In addition, reserpine increased the worms’ 
locomotor rate on food and decreased dopamine levels. 
Morphological evaluations of dopaminergic CEP neurons 
confirmed neurodegeneration characterized by decreased 
fluorescence intensity and the number of worms with intact 
CEP neurons, and increased number of shrunken somas per 
worm. These effects were unrelated to reserpine’s effect 
on decreased expression of the dopamine transporter, dat-
1. Interestingly, the locomotor rate on food and the neu-
rodegenerative parameters fully recovered to basal condi-
tions upon reserpine withdrawal. Furthermore, reserpine 
decreased survival in vesicular monoamine transporter and 
dat-1 loss-of-function mutant worms. In addition, worms 
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PD, L-DOPA (Carlsson et al. 1957). However, reserpine’s 
effects on dopaminergic neurodegeneration have yet to be 
fully clarified.

Caenorhabditis elegans (C. elegans) is a powerful genetic 
model and has been extensively used to explore molecular 
mechanisms of xenobiotic-induced PD (Nass and Blakely 
2003; Nass and Settivari 2008), such as 1-methyl-4-phenyl-
pyridinium (MPP+) (Braungart et  al. 2004), 6-hydroxydo-
pamine (6-OHDA) (Nass et al. 2002), rotenone or paraquat 
(Ved et  al. 2005). Several characteristics make C. elegans 
an optimal model for neurodegenerative studies. It has only 
320 neurons, eight of which are dopaminergic. The dopa-
minergic system in worms plays a role in several behaviors, 
including basal motor activity, egg-laying, defecation, sensa-
tion/response to food sources and habituation to touch (for 
review, see McDonald et  al. 2007). At the molecular level, 
C. elegans harbors all genes (most of them are orthologues 
to vertebrates) for dopamine synthesis, packaging, release, 
reuptake and signaling (McDonald et al. 2007). In addition, 
worms are transparent, thus green fluorescent protein (GFP) 
expression under the dopamine transporter-1 (dat-1) pro-
moter allows for in vivo visualization of the dopaminergic 
neurons (Nass et al. 2002; Nass and Settivari 2008). Further-
more, several mutant strains are available (Kuwahara et  al. 
2008), allowing the screening of mechanisms associated 
with drug-induced dopaminergic neurodegeneration.

The present study investigated reserpine’s effects on 
the dopaminergic system exploring C. elegans behavior, 
morphologic and genetic properties. We hypothesized that 
the physiopathology of reserpine-induced parkinsonism 
involves dopaminergic toxicity caused by excess of extra-
cellular dopamine.

Methods

Reagents

Reagents were obtained from Sigma-Aldrich (St. Louis, 
MO, USA) unless otherwise indicated.

Caenorhabditis elegans strains and handling

The following C. elegans strains were used: wild-type 
(WT) N2 (+); BY200, dat-1::GFP(vtls1) V; RM2702, 
dat-1(ok157) III; CB1111, cat-1(e1111) X; CB1112, cat-
2(e1112) II; LX636, dop-1(vs101); LX702, dop-2(vs105); 
LX703, dop-3(vs106); RB1254, dop-4(ok1321); VP596 
(dvls19[pAF15(gst-4::GFP::NLS)];vsls33[dop-3::RFP]). 
The VP596 strain was provided by Dr. Keith P. Choe 
(University of Florida, USA), and the other strains were 
obtained from the Caenorhabditis Genetics Center (CGC, 
University of Minnesota, Minneapolis, MN, USA).

Caenorhabditis elegans strains were handled and main-
tained at 20  °C as previously described (Brenner 1974). 
Gravid worms were maintained in 8P plates with NA22 
bacteria and synchronized with hypochlorite solution 
(3.75 mL sterile water, 1 mL household bleach and 250 µL 
10 N NaOH for 0.5 mL gravid worms). The remaining eggs 
were isolated with a 30  % sucrose gradient, washed with 
sterile water and resuspended in M9 buffer. Cultures were 
shaken at 24  rpm at 20  °C. After 13  h, synchronized L1 
worms were used for the reserpine exposures, as described 
below.

Reserpine exposure

The reserpine exposure protocol was based on meth-
odology described by Arya et  al. (2009) and Srivastava 
et al. (2008). Reserpine stock solution (50 mM was pre-
pared in acetic acid) was diluted in distilled water and 
poured over the surface of nematode growth medium 
(NGM) agar plates with Escherichia coli OP50 strain 
at final reserpine concentrations of 30 or 60 µM. Plates 
at 0.025 % acetic acid (reserpine vehicle) were used as 
control plates. Plates were allowed to dry and used 1 day 
after plating.

Synchronized L1 worms were transferred to control or 
reserpine (30 and 60 µM) plates. Adult worms were trans-
ferred each day to new plates. Reserpine exposure lasted 
for different days until the maximum of 8  days. Some 
reserpine-exposed animals were transferred to normal 
OP50-seeded NGM plates on day 4 of reserpine exposure 
for analysis. Furthermore, for several assays, worms were 
exposed to reserpine or vehicle from their L1 larval stage 
throughout their adulthood (3  days for control and the 
30 µM reserpine groups and 4 days for the 60 µM reserpine 
group). This difference in the exposure times was driven by 
observations in the development assay, indicating in that 
worms exposed to 60 µM reserpine required an extra larval 
day to reach the adult stage. Worms were used for the fol-
lowing assays.

Survival assay

20–30 synchronized L1 worms [WT N2, BY200 (dat-
1::GFP(vtls1)) or cat-1 (cat-1(e1111)), cat-2 (cat-
2(e1112)), dat-1 (dat-1(ok157)), dop-1 (dop-1(vs101)), 
dop-2 (dop-2(vs105)), dop-3 (dop-3(vs106)) and dop-4 
(dop-4(ok1321)) loss-of-function mutants] were trans-
ferred to individual 35  mm plates with vehicle or reser-
pine. Live worms were counted daily for 4  days. Each 
experiment was performed in triplicate (3 plates with 
20–30 worms each) and in at least four independent worm 
preparations. Scores were normalized to percent of worms 
plated on day 0.
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Developmental assay

Under normal conditions (when food is present and tem-
perature is near 20 °C), worms proceed through a series of 
molts, entering the second, third and fourth larval stages 
(L2, L3, and L4, respectively), prior to becoming adults 
capable of laying their own eggs (Hope 1999). Twenty to 
thirty synchronized L1 WT N2 worms were exposed to 
reserpine or vehicle for 4  days in 35  mm plate. The lar-
val stage was determined every 24 h by their morphology. 
Scores were normalized to the percent of worms on each 
plate. Each experiment was carried out in triplicate (three 
plates with 20–30 worms each) in six independent worm 
preparations (n = 6).

Pharyngeal pumping

The C. elegans feeding rate can be measured by the num-
ber of contraction–relaxation cycles (pumps) exhibited by 
the pharyngeal muscle, the worm’s feeding organ (Avery 
1993). Synchronized L1 WT N2 worms were exposed to 
reserpine or vehicle for 4 days. On day 3 and 4 of expo-
sure, reserpine’s effect on feeding rates on bacterial lawn 
was recorded according to Wang et al. (2008). Pharyngeal 
bulb contractions in each animal were counted in triplicate 
at 10-s intervals. Results were normalized per minute. Each 
experiment was carried out with 10 worms in four inde-
pendent worm preparations (n = 4).

Defecation behavior

The interval between defecation cycles of synchronized L1 
WT N2 worms exposed for 3 or 4 days to reserpine or vehi-
cle was measured according to Wang et al. (2008). For each 
worm, defecation cycles were counted three times. Each 
experiment was carried out with 10 worms in four inde-
pendent worm preparations (n = 4).

Egg laying and egg production

Egg laying and egg production were used to evaluate the 
reproductive state of the worms. Synchronized L1 WT N2 
worms were exposed to reserpine or vehicle for 4 days. On 
day 3 and 4, individual gravid adults were transferred to 
NGM agar plates and allowed to lay eggs for 2 h (Schafer 
and Kenyon 1995; Wang et  al. 2008). The next day, the 
progeny number was counted as a measure of number of 
eggs laid per worm. To assess the number of eggs inside 
the uterus (egg production), worms were burst with bleach 
solution and the number of released eggs counted. Egg lay-
ing and egg production experiments were carried out with 
10 worms each in four independent worm preparations 
(n = 4).

Locomotor rate

Dopamine-containing neural circuit mediates locomotor 
rate of C. elegans. Accordingly, well-fed animals with nor-
mal dopamine contents move more slowly in the presence 
of bacteria than in the absence of bacteria (Sawin et  al. 
2000). Here this basal slowing response (or food-sensing 
response) was assayed as described (Sawin et al. 2000) in 
L1 synchronized WT N2 worms exposed to reserpine for 
3, 4 or 8 days, or for 4 days followed by 4 days on normal 
NGM agar plates. cat-2(e1112) loss-of-function mutants, in 
which the tyrosine hydroxylase activity is abolished, result-
ing in the absence of dopamine synthesis, were used as pos-
itive controls. Worms were transferred to NGM agar plates 
in the presence or absence of an OP50 bacteria ring, and 
the number of body bends was counted during 20 s 5 min 
after transferred. Each experiment was carried out with five 
worms in six independent worm preparations (n = 6).

Dopamine content analysis

L1 synchronized WT N2 worms were exposed to reser-
pine or vehicle throughout their adulthood (3  days for 
control and the 30 µM reserpine groups and 4 days for the 
60  µM reserpine group). Next, they were washed off the 
plates several times with M9. 200,000 worms per group 
were pelleted in a tube and the supernatant removed. Tubes 
were immediately frozen in liquid nitrogen and stored at 
−80  °C. Dopamine content was measured with high-per-
formance liquid chromatography (HPLC) according the 
method described by Benedetto et al. (2010). Each experi-
ment was performed with 200,000 worms in four independ-
ent worm preparations (n = 4).

GFP fluorescence quantification

Here we used the BY200 strain, which expresses GFP 
under the control of the dopamine re-uptake transporter 
1 promoter, dat-1::GFP(vtIs1). L1 synchronized BY200 
worms were exposed to vehicle or reserpine throughout 
adulthood (3  days for control and the 30  µM reserpine 
groups and 4 days for the 60 µM reserpine group). Ten to 
fifteen reserpine-exposed worms were mounted on 4  % 
agarose slides and were anaesthetized with 0.2  % tric-
aine/0.02  % tetramisole. GFP fluorescence in dopaminer-
gic cephalic (CEP) neurons of five randomly chosen worms 
was captured with a Plan-Apochromat 20× objective on a 
LSM510 confocal microscope (Carl Zeiss MicroImaging, 
Inc) as previously described (Benedetto et al. 2010; Caito 
et  al. 2013). Images were processed with the Zeiss LSM 
Image Browser. GFP fluorescence quantification was per-
formed using ImageJ 1.36 software as previously described 
(Gavet and Pines 2010). Each experiment was performed 
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with five worms in seven independent worm preparations 
(n = 7).

Neurodegeneration assay

BY200 worms were exposed to vehicle or 30 or 60  µM 
reserpine for 3, 4 or 8  days, respectively. Worms were 
transferred to normal NGM agar plates with OP50 on 
day 4. For the test, fifteen worms from each group were 
mounted on 4 % agarose pads and anesthetized with 0.2 % 
tricaine/0.02  % tetramisole. Neuronal defects in the CEP 
dopaminergic neurons were evaluated with an epifluores-
cence microscope (Nikon Eclipse 801, Nikon Corporation, 
Tokyo, Japan) equipped with a Lambda LS Xenon lamp 
(Sutter Instrument Company) and Nikon Plan Fluor 20× 
dry and Nikon Plan Apo 60 ×  1.3 oil objectives. Worms 
were considered to have intact CEP neurons when they did 
not show any shrunken soma or loss of dendrites or somas 
in any one of the four CEP neurons. Shrunken somas in 
CEP neurons were also counted. Each experiment was per-
formed with 15 worms in five independent worm prepa-
rations (n =  5). Confocal images acquired for illustration 
were captured through Plan-Apochromat 20× objective on 
a LSM510 confocal microscope (Carl Zeiss MicroImaging, 
Inc) scanning every 200 nm for XZ sections. Images were 
processed with the Zeiss LSM Image Browser.

RNA isolation and real‑time polymerase chain reaction 
(PCR)

Synchronized L1 BY200 worms were exposed to reser-
pine for 8 days, or for 4 days followed by 4 days (recovery 
phase) on normal NGM agar plates. On day 4 and 8, about 
200 worms per condition were washed with M9 and lysed 
in Trizol (Ambion) by freezing the worms in liquid nitrogen 
and thawing repeatedly four times at 37  °C. The various 
phases were separated with chloroform (EMDchemicals), 
and the top phase was removed into a microcentrifuge tube 
and precipitated in isopropanol at −20 °C for 1 h. Two µl 
glycogen (Ambion) was added before isopropanol to allow 
RNA pellet easy viewing. After precipitation, the RNA was 
washed in 75  % ethanol and resuspended in RNase-free 
water. RNA concentration was measured by NANODROP 
2000 (Thermo Scientific) and an equal RNA amount was 
converted to cDNA using High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems).

Real-time PCR was performed in CFX96 real-time sys-
tem (Bio-Rad). cDNAs from the above were used as tem-
plates, and pre-designed TaqMan primer sets (Applied 
Biosystems) were used to detect C. elegans ama-1 
(Ce02462735_g1), dat-1 (Ce02450891_g1) and GFP 
(Mr03989638_mr) expression. All the real-time PCRs were 
performed in a final volume of 20 μl 1X of the TaqMan 

Universal PCR Master mix (Applied Biosystems). Each 
experiment was carried out with 200 worms in four inde-
pendent worm preparations (n = 4).

Acute dopamine treatment

L1 synchronized N2 WT worms were acutely pretreated 
for 10 min with 10 mM dopamine or M9 (vehicle), accord-
ing to Benedetto et  al. (2010). Immediately thereafter, 
worms were transferred to NGM agar plates with vehicle 
or reserpine. Their survival was measured daily for 4 days. 
Each experiment was performed in triplicate (3 plates with 
20–30 worms in each) in six independent worm prepara-
tions (n = 6).

Relative Pgst‑4::GFP fluorescence intensity

For this experiment, we used the transgenic VP596 line, 
which expresses one fluorescent construct to monitor glu-
tathione-S-transferases (GSTs) and another as a standard 
for worm number normalization (Pgst-4::GFP and Pdop-
3::RFP, respectively). Worms were exposed to vehicle 
or reserpine from L1 larval stage throughout adulthood 
(3 days for control and 30 µM reserpine groups and 4 days 
for 60 µM reserpine group). Next, they were washed sev-
eral times with M9 and S-buffer and transferred to a 384 
microplate (200 worms per well, five wells per condition). 
GFP and RFP fluorescences were quantified according to 
Leung et al. (2011) (filters: GFP 485/20ex 528/20em; RFP 
540/25ex 590/35em), and their ratio was calculated. Since 
gst-4 is inductible by reactive oxygen species, its fluores-
cence intensity was taken as a marker for oxidative stress 
in the living worms (Kampkötter et al. 2007). Each experi-
ment was performed with five wells with 200 worms per 
well, and repeated independently eight times.

Statistics

All statistical analyses were performed with Prism 6 
(Graphpad software, La Jolla, CA, USA); three-way 
ANOVA was performed with Statistica 9 (Statsoft soft-
ware, Tulsa, OK, USA). Data were analyzed by one, two or 
three-way ANOVA, followed by Tukey’s multiple compari-
son test where appropriate. Results were considered statis-
tically significant when p < 0.05.

Results

Reserpine decreases worm survival (Fig. 1)

Survival of WT N2 and BY200 worms exposed to reser-
pine was evaluated daily for 4  days. The results show a 



637Arch Toxicol (2016) 90:633–645	

1 3

significant interaction for the reserpine dose by exposure 
duration in WT N2 worms [F(2, 90) = 21.77, p < 0.0001; 
F(4, 90) = 8.531, p < 0.0001, respectively], as well as an 
interaction between reserpine and exposure duration [F(8, 
75) =  5.501, p  <  0.0001]. Sixty µM reserpine decreased 
the survival of BY200 worms relative to controls after 
1 day exposure, and after 2 days in WT N2 worms, show-
ing dose- and time-dependent effects. Sixty µM reserpine-
exposed worms’ survival on day 4 was around 73 % of the 
control values. No differences were found between differ-
ent strains. BY200 was used as a control strain expressing 
GFP.

Reserpine causes developmental delay (Fig. 2)

The larval stage of WT N2 worms exposed to reserpine 
was evaluated daily for 4  days. We performed statistics 
comparing the larval stages of worms exposed to vehicle 
or 30  µM reserpine for 3  days or to 60  µM reserpine for 
4  days. One-way ANOVA showed a significant effect of 
larval stage [F(1, 30) = 95.93, p < 0.0001], and post hoc 
analysis showed that, upon the described exposures, plates 
had a prevalence of adult worms in relation to other larval 
stages. Thus, while the control and 30 µM reserpine groups 

are in the adult stage on day 3, the 60 µM reserpine group 
reaches adulthood on day 4 of reserpine exposure.

Reserpine affects pharyngeal pumping, defecation and egg 
laying (Table 1)

Reserpine showed a significant effect on pharyngeal pump-
ing [F(2, 18) = 20.10, p < 0.0001], reducing the rate on day 
3 and 4 (30 or 60 µM). Moreover, both the reserpine dose 
and exposure duration showed a significant effect on defe-
cation cycles [F(2, 18) = 3.77, p = 0.043; F(1, 18) = 4.96, 
p  =  0.038, respectively]. Exposure duration showed a 
significant effect on egg production [F(1, 18)  =  4.61, 
p = 0.046], and the dose showed a significant effect on egg 
laying [F(2, 18) =  4.73, p =  0.022]; however, no differ-
ences were found between experimental groups.

Reserpine decreases C. elegans locomotor rate on food, 
and this effect is not recapitulated after the termination 
of reserpine exposure (Fig. 3)

The number of body bends in reserpine-exposed worms 
was counted in the presence and absence of food on day 
3, 4 or 8. No statistically significant effects of reserpine 
were found on locomotor rate when the test was performed 
in plates in the absence of bacteria (data not shown). How-
ever, in the presence of a food ring, reserpine showed a sig-
nificant dose effect [F(2, 45) = 92.59, p < 0.0001], increas-
ing the number of body bends compared with controls at 
each of the experimental doses and exposure days.

Next, we evaluated the effect of reserpine withdrawal on 
the locomotor rate on food. Two-way ANOVA showed a 
significant effect of the dose of reserpine [F(2, 30) = 22.18, 

Fig. 1   Effect of reserpine on survival in WT N2 and BY200 worms. 
Data were analyzed by two-way ANOVA followed by Tukey’s mul-
tiple comparison test. Different letters show differences between the 
same strains on different days. *,#Differences between groups on the 
same day: *Different of control group, p < 0.05; **Different of con-
trol group, p < 0.001; #Different of 30 µM reserpine group, p < 0.05; 
##Different of 30 µM reserpine group, p < 0.001

Fig. 2   Effect of reserpine on the development of WT N2 worms. 
Data were analyzed by two-way ANOVA followed by Tukey’s mul-
tiple comparison test. Worms got adults after exposure to vehicle or 
30 µM reserpine for 3 days and 60 µM reserpine for 4 days
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p  <  0.0001], reserpine removal [F(1, 30)  =  112.8, 
p  <  0.0001] and an interaction between reserpine dose 
plus reserpine withdrawal [F(2, 30) = 25.39, p < 0.0001]. 
Reserpine (30 or 60  µM) increased the locomotor rate of 
worms after 3, 4 or 8 days of reserpine exposure compared 
with controls. However, after 4  days of reserpine with-
drawal, the reserpine-exposed worms recovered and their 
locomotor rate was indistinguishable from controls.

One-way ANOVA comparing WT N2 and cat-2 loss-of-
function mutants showed a significant strain effect on day 
3, 4 or 8 of reserpine exposure [F(3, 20) = 86, p < 0.0001; 
F(3, 20)  =  85.47, p  <  0.0001; and F(3, 20)  =  39.59, 
p  <  0.0001, respectively]. cat-2 loss-of-function mutants 
showed higher locomotor rate on food than WT N2 con-
trols and reserpine-exposed worms for all days of analysis.

Reserpine decreases dopamine levels (Fig. 4)

Dopamine content was analyzed by one-way ANOVA 
and showed decreased dopamine levels in WT N2 worms 
exposed for 4  days to 60  µM reserpine versus controls 
[F(3, 12)  =  13.01, p  <  0.0004]. cat-2 loss-of-function 
mutants also showed reduced dopamine levels compared to 
controls.

Reserpine decreases the fluorescence intensity of CEP 
dopaminergic neurons in BY200 worms (Fig. 5)

One-way ANOVA showed decreased [F(2, 17)  =  6.495, 
p < 0.05] fluorescent intensity in CEP dopaminergic neu-
rons in adult BY200 worms exposed to 60  µM reserpine 
from the L1 larval stage versus controls.

Table 1   Effects of reserpine on pharyngeal pumping, defecation time, egg production and egg laying of WT N2 worms

Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test. * Difference of control group in same day, p < 0.05; 
** p < 0.001

Day 3 Day 4

Control 30 μM reserpine 60 μM reserpine Control 30 μM reserpine 60 μM reserpine

Pharyngeal pumping/min 232.1 ± 5.6 203.6 ± 1.2* 199.1 ± 6.1* 244.6 ± 7.6 211.5 ± 4.6* 203.0 ± 9.2**

Defecation cycles (s) 54.9 ± 0.6 58.1 ± 2.3 52.0 ± 1.8 64.8 ± 4.7 64.6 ± 4.3 53.7 ± 3.9

Eggs/worm 16.2 ± 0.1 15.5 ± 1.3 13.2 ± 0.7 15.3 ± 1.7 18.1 ± 1.3 18.3 ± 1.8

Number of laid eggs/worm/2 h 14.7 ± 1.2 11.9 ± 1.1 9.5 ± 1.3 12.4 ± 1.5 10.8 ± 1.1 10.0 ± 0.8

Fig. 3   Effect of reserpine on locomotor rate on food of WT N2 
worms and cat-2 loss-of-function mutants. Worms were exposed 
to reserpine from the L1 larval stage for 8 days. Some worms were 
removed from the reserpine-containing plates on day 4 and trans-
ferred to normal NGM plates. *Significant difference from control or 
indicated group on the same day; *p < 0.05; **p < 0.001. iDifference 
from cat-2 group: ip < 0.05; iip < 0.001

Fig. 4   Dopamine levels in WT N2 worms exposed to reserpine or 
vehicle throughout adulthood. cat-2 loss-of-function mutants were 
exposed to control plates. Data were analyzed by one-way ANOVA 
followed by Tukey’s multiple comparison test. *Significant difference 
of control group, p < 0.05; **p < 0.001
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Reserpine decreases the number of worms with intact 
CEP neurons and increases the number of shrunken soma 
in BY200 worm—worms fully recover from these effects 
upon reserpine withdrawal (Fig. 6)

CEP dopaminergic neuron morphology in BY200 worms 
was evaluated after 3, 4 or 8 consecutive days of reser-
pine exposure, as well as in worms exposed to reserpine 
for 4  days followed by 4  days of recovery (in absence 
of reserpine exposure). Two-way ANOVA showed a sig-
nificant dose effect [F(2, 31) =  63.72, p < 0.0001] and 
no effect of exposure duration. Reserpine decreased 
the number of intact CEP neurons versus controls on 
days 3, 4 or 8 of reserpine exposure. In addition, two-
way ANOVA showed a significant interaction between 
reserpine’s dose and withdrawal of the drug [F(2, 
22) =  55.36, p  <  0.0001]. After 4  days of withdrawal, 
worms showed normal morphology in CEP neuron 
morphology that was indistinguishable from controls 
(Fig. 6b).

Reserpine also showed a significant effect on 
the number of shrunken somas per worm [F(2, 
32)  =  64.07, p  <  0.0001], after 3, 4 or 8  day expo-
sures. Two-way ANOVA showed a statistically sig-
nificant interaction was noted for treatment by with-
drawal [F(2, 23)  =  28.61, p  <  0.0001] after 8  days, 
with worms removed from reserpine on day 4 showing 
indistinguishable morphology on day 8 versus controls  
(Fig. 6d).

Reserpine increases dat‑1 gene and GFP expressions 
in BY200 worms (Fig. 7)

Two-way ANOVA showed a significant dose effect on dat-
1 gene expression [F(2, 18) =  23.61, p  <  0.0001] in the 
absence of exposure duration effect. Reserpine increased 
dat-1 gene expression in BY200 worms after 4 or 8 days 
of exposure versus controls. Furthermore, two-way 
ANOVA showed an interaction between reserpine dose 
and reserpine withdrawal from exposure [F(2, 18) = 6.283, 
p < 0.00085]. Four days after 4 days of reserpine exposure, 
worms showed dat-1 gene expression levels indistinguish-
able from controls.

GFP expression showed analogous results for dat-1 gene 
expression. Two-way ANOVA showed a significant dose 
effect [F(2, 18) = 41.56, p < 0.0001] on GFP expression in 
reserpine-exposed worms. BY200 worms showed increased 
GFP expression levels compared to controls after 4 or 8 of 
reserpine exposure. In addition, two-way ANOVA showed 
a statistically significant interaction was noted for the reser-
pine dose by withdrawal [F(2, 18) = 13.18, p = 0.0003]. 
Worms removed from reserpine and transferred to normal 
NGM plates on day 4 showed GFP expression levels that 
were indistinguishable from controls on day 8.

Loss‑of‑function mutants for vesicular monoamine 
transporter (cat‑1) and for dopamine transporter (dat‑1)  
are more sensitive to reserpine than WT N2 worms (Fig. 8)

Two-way ANOVA showed an interaction between time 
and strain [F(32, 184)  =  3.131, p  <  0.0001]. Exposure 
duration and strain showed a significant effect upon expo-
sure to 30  µM reserpine [F(4, 173) =  1.25, p  <  0.0001, 
F(7, 173) = 18.77, p < 0.0001, respectively]. Exposure to 
60 µM reserpine showed an interaction between exposure 
duration and strain [F(28, 155) = 2.61, p < 0.0001]. Tuk-
ey’s multiple comparison’s test showed that reserpine (30 
and 60 µM) decreased the survival of cat-1 and dat-1 loss-
of-function mutants compared to WT N2 worms (Fig. 8a). 
No differences were observed between WT N2 worms 
and cat-2, dop-1, dop-2, dop-3 or dop-4 loss-of-function 
mutants exposed to reserpine or vehicle.

Furthermore, statistical analyses were separately per-
formed for cat-1 and dat-1 loss-of-function mutants. Two-
way ANOVA was performed to assess survival in reser-
pine-exposed cat-1 loss-of-function mutants assessing the 
reserpine dose and exposure duration as dependent vari-
ables. As result, two-way ANOVA showed a statistically 
significant interaction was noted for the reserpine dose by 
exposure duration [F(8, 45) = 5.613, p < 0.0001]. A signif-
icant interaction was also observed for the survival in dat-
1 loss-of-function mutants [F(8, 70) = 4.696, p < 0.0001]. 
Reserpine (30 and 60 µM) decreased the survival of cat-1 

Fig. 5   Effect of reserpine on fluorescence intensity of CEP dopa-
minergic neurons in BY200 worms. BY200 worms were exposed 
to reserpine through adulthood (3 days of exposure for controls and 
30  µM reserpine groups, and 4  days of exposure for 60  µM reser-
pine group). Data were analyzed by one-way ANOVA followed by 
Tukey’s multiple comparison test. **Difference of control group, 
p < 0.001
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and dat-1 loss-of-function mutants in relation to controls 
since the first day of exposure for 4 days (Fig. 8b).

Dopamine pretreatment sensitizes worms to reserpine 
exposure (Fig. 9)

Three-way ANOVA showed a significant interaction 
between the reserpine dose and pre-dopamine treat-
ment [F(2, 120)  =  19.37, p  <  0.0001], reserpine dose 
and exposure duration [F(6, 120)  =  16.58, p  <  0.0001] 
and dopamine pretreatment and exposure duration [F(3, 
120) = 4.20, p = 0.0072]. 60 µM reserpine-exposed worms 
showed lower survival rate versus controls on day 1, 2, 3 
and 4; moreover, dopamine pretreatment further decreased 
the survival of these worms. In addition, 60 µM reserpine 
induced a time-dependent reduction in worms’ survival.

Reserpine activates gst‑4 (Fig. 10)

One-way ANOVA showed a significant effect of the reser-
pine dose on relative Pgst-4::GFP fluorescence intensity in 

VP596 worms [F(2, 21) = 7.283, p = 0.004]. 60 µM reser-
pine induced an increase in this parameter.

Discussion

The present study observed decreased survival, develop-
ment and feeding, as well as alterations in reproductive 
and defecation characteristics in reserpine-exposed worms. 
Increased locomotor rate on food was accompanied by 
reduced dopamine levels in reserpine-exposed worms 
versus controls, analogous to cat-2 worms, which lack 
tyrosine hydroxylase, the rate-limiting enzyme in dopa-
mine synthesis. Analysis of dopaminergic CEP neurons 
in reserpine-exposed BY200 worms showed reduced fluo-
rescence, decreased number of worms with intact neurons 
and increased shrunken soma number per worm. Moreo-
ver, reserpine increased dat-1 gene expression. Decreased 
survival of VMAT or dat-1 loss-of-function mutants ver-
sus WT controls was observed upon reserpine exposure, 
as well as to worms pre-exposed to sublethal dose of 

Fig. 6   Effects of reserpine 
on CEP dopaminergic neuron 
morphology in BY200 worms. 
L1-synchronized worms were 
exposed to reserpine for 4 days 
followed by 4 days in normal 
NGM plates. a Shows a repre-
sentative picture of four intact 
CEP neurons in a BY200 worm. 
b The number of worms with 
intact CEP neurons (without 
shrunken soma or lost) per 15 
analyzed worms. c The arrow 
shows a representative shrunken 
soma. d The data of the number 
of shrunken somas per worm. 
**Difference of control or indi-
cated group on the same day, 
**p < 0.001; ***p < 0.0001
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dopamine. Reserpine also activated GSTs. Finally, dopa-
minergic neurons recovered their normal morphology upon 
reserpine removal, as well as locomotor rate on food and 
dat-1 gene expression. These data provide novel under-
standing on reserpine’s effects on the dopaminergic system, 
delineating mechanisms associated with reserpine-induced 
parkinsonism.

PD affects a large number of people around world, and 
animal models have been instrumental in deciphering PD 
pathophysiology. Reserpine recapitulates various aspects of 
PD, as it decreases dopamine levels and causes motor defi-
cits (Duty and Jenner 2011). In addition, reserpine depletes 
all monoamines. It is noteworthy that in addition to dopa-
mine (Jellinger 1991), other monoaminergic systems are 
affected in PD. The present study evaluated reserpine effects 
on the dopaminergic system in C. elegans, taking advantage 
of the nematode as a complimentary animal testing platform.

First, reserpine’s general toxicity was assessed in worms. 
Reserpines dose- and time-dependently decreased sur-
vival in WT N2 and BY200 worms (Fig. 1), corroborating 
earlier observation (Arya et  al. 2009; Saharia et  al. 2012; 
Srivastava et  al. 2008; Tauffenberger et  al. 2013). Moreo-
ver, reserpine delayed the worms’ development (Fig.  2), 
decreased their feeding rate, and altered defecation cycles 
and egg laying (Table 1). Our findings corroborate those by 
Srivastava et al. (2008), who reported that 30 μM reserpine 
exposure positively modulated development, pharyngeal 
pumping and broodsize in worms. Alterations in survival, 
development, defecation and egg laying may be a conse-
quence of decreased feeding (Papaioannou et  al. 2005), a 
complex behavior controlled by several neurotransmitters, 
such as serotonin, acetylcholine and glutamine (Papaioan-
nou et al. 2005). However, it is not feasible to correlate the 
decreased survival just with decreased pharyngeal pumping 
since decreased pharyngeal pumping per se may increase 
worms’ life span (Huang and Kornfeld 2004).

Decreased locomotor rate on food reflects the worm’s 
ability to sense the presence of food and adjust its locomo-
tor activity to allow for its consumption (Sawin et al. 2000). 
This behavior is mediated exclusively by a dopamine-
mediated neural circuit, and the behavior is lost in cat-
2(e1112), a mutant strain deficient in tyrosine hydroxylase 
(TH), the rate-limiting enzyme for dopamine biosynthesis 
(Sawin et  al. 2000). Reserpine-exposed worms increased 
their locomotor rate on food in comparison with controls 
(Fig.  3), consistent with Duerr et  al. (1999), suggesting 
alterations in the dopaminergic system. Measurement of 
dopamine levels showed that 60  μM reserpine-exposed 
worms and cat-2 loss-of-function mutants had reduced 
dopamine levels versus controls (Fig.  4), analogous to 
findings in reserpine-treated rodents (see review Duty and 
Jenner 2011). These reduced dopamine levels appear to be 
related to reserpine’s inhibition of VMAT.

Caenorhabditis elegans dopamine neurons are sensitive 
to neurotoxins and pesticides, including 6-OHDA (Nass 
et al. 2002), MPP+ (Braungart et al. 2004) and rotenone or 
paraquat (Ved et al. 2005). Here, we report for the first time 
morphological alterations induced by reserpine in worm 
dopamine neurons. Reserpine decreased GFP fluorescence 
intensity of CEP dopaminergic neurons in BY200 worms 
(Fig. 5), consistent with Sulston et al. (1975). Furthermore, 
reserpine increased the number of shrunken soma and 
decreased the number of worms with intact CEP neurons 
(Fig.  6). These neurodegenerative effects were observed 
concomitant to increased dat-1 gene expression (Fig.  7), 
confirming reserpine-induced neuronal damage.

Interestingly, morphological alterations induced by 
4-day reserpine exposure in dopamine neurons were not 
observed when worms were removed from reserpine for 
the 4 subsequent days (Fig. 6). Thus, dopaminergic neurons 

Fig. 7   Effect of reserpine on dat-1 gene and GFP expressions in 
BY200 worms. Reserpine-induced effects were reversible when 
reserpine exposure was terminated on day 4. Data were analyzed 
by two-way ANOVA. *Significant difference from control or indi-
cated group on same day *p < 0.05; **p < 0.001
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recovered their normal morphology upon reserpine with-
drawal. In agreement, although reserpine produces parkin-
sonian signs, its effects are transient and they fail to elicit 
dopamine neuronal death (see Duty and Jenner 2011). 
Notably, the neuronal morphology after reserpine with-
drawal recovered, dopaminergic transmission was restored 
and worms showed normal locomotor rate on food (Fig. 3), 
as well as normal dat-1 gene expression levels (Fig. 7).

Loss-of-function mutants of genes related to dopamine 
synthesis (cat-2), storage (cat-1), dopaminergic receptors 
(dop-1, dop-2, dop-3 and dop-4) and dopamine transporter 
(dat-1) were exposed to reserpine and their survival evalu-
ated. Reserpine decreased the survival of VMAT loss-of 
function mutant (cat-1 mutant) versus WT worms (Fig. 8), 
corroborating its monoamine depletory action via VMAT 
blockage. Moreover, dat-1 loss-of-function mutant were 
more sensitive to reserpine versus WT worms (Fig.  8), 
showing that the dopamine transporter is also detrimental 

to survival of reserpine-exposed worms. This observation 
demonstrates for the first time the ability of reserpine to 
interfere with dopamine transporter. It is noteworthy that 
PD brains showed a 50–70 % loss of the dopamine trans-
porter (Seeman and Niznik 1990), consistent with experi-
mental models of dopaminergic toxicity, including Mn 
(Benedetto et al. 2010) and antipsychotics (Fachinetto et al. 
2007a, b).

Dopamine transporter is responsible for dopamine clear-
ance at the synapse, removing excessive extracellular dopa-
mine into presynaptic dopaminergic termini (Cass et  al. 
1993; Kilty et  al. 1991; Shimada et  al. 1991). Its inhibi-
tion or loss-of-function leads to high extracellular dopa-
mine levels and ensuing neurotoxicity (Huotari et al. 2002; 
McDonald et  al. 2007). Reserpine decreased the survival 
of dat-1 loss-of-function mutant. In addition, reserpine-
exposed worms that were pretreated with exogenous dopa-
mine showed lower survival versus worms that were not 

Fig. 8   Survival of dopaminergic protein loss-of-function mutants 
exposed to reserpine. Cat-1 represents worms with loss-of-function 
of the vesicular monoamine transporter-2; cat-2 of tyrosine hydroxy-
lase; dat-1 of dopamine transporter; dop-1 and dop-4 of dopaminergic 
like-D1 receptors; dop-2 and dop-3 of dopaminergic like-D2 recep-
tors. a Cat-1 and dat-1 loss-of-function mutants are more sensitive to 

reserpine exposure than WT N2 ones. *Express difference of WT N2 
worms exposed to vehicle or reserpine for the same time (*p < 0.05; 
**p < 0.001). b Reserpine decreases survival of cat-1 and dat-1 loss-
of-function mutants after 1  day of exposure. *Different of day 0, 
p < 0.05; **p < 0.001
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pretreated with dopamine (Fig.  9). This shows that extra-
cellular dopamine is also involved in reserpine’s neurotox-
icity. Notably, Hossain et al. (2013) reported that increased 
extracellular dopamine levels may occur concomitant with 
loss-of-function of the VMT-2 in cat-1 mutant worms. 
Accordingly, reserpine may cause extracellular dopamine 
accumulation and toxicity by interfering with dopamine 
transporter function (Eyerman and Yamamoto 2007; Park 
et al. 2002).

Excessive dopamine can oxidize dopamine to generate 
unstable quinones, which are highly reactive and cause lipid 
peroxidation (Aluf et al. 2011). Dopaminergic cell loss in 
PD patients and experimental PD models invokes excessive 
reactive oxygen species production (Cassarino et al. 1997; 
Lotharius et al. 1999; Pong et al. 2000; Wu et al. 2003; Yoo 
et al. 2003). Skn-1 is the C. elegans homologue of nuclear 
factor (erythroid-derived-2)-like 2 (Nrf2), and it is consti-
tutively expressed in dopaminergic neurons where it regu-
lates a number of phase II detoxification enzymes including 
GSTs (VanDuyn et al. 2010). Reserpine dose dependently 
increased the relative Pgst-4::GFP fluorescence intensity in 
VP596 worms (Fig. 10). This result indicates that reserpine 
induced an activation of GSTs, likely reflecting a defense 
mechanism to reactive species generated from reserpine 
exposure.

In conclusion, reserpine decreased dopamine levels 
in worms by its well-described effect on blocking VMAT 
activity. In addition, we demonstrated that reserpine caused 
damages to dopaminergic neuron morphology, which are 
probably related to alterations on dopamine transporter that 
lead to increased extracellular dopamine levels and conse-
quent neurotoxicity. These results provide new insights to 
PD pathophysiology and should facilitate the search for 
new therapeutic modalities; however, additional studies 
must be carried out to systematically evaluate the specific 
effects of reserpine on dopamine transporter function.
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