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Abstract

Nicotine, the major psychoactive compound in tobacco, targets nicotinic acetylcholine receptors
(nAChRs) and results in drug dependence. The nematode Caenorhabditis elegans’ (C. elegans)
genome encodes conserved and extensive nicotinic receptor subunits, representing a useful system
to investigate nicotine-induced nAChR expressions in the context of drug dependence. However,
the in vivo expression pattern of nAChR genes under chronic nicotine exposure has not been fully
investigated. To define the role of NAChR genes involved in nicotine-induced locomotion changes
and the development of tolerance to these effects, we characterized the locomotion behavior
combining the use of two systems: the Worm Tracker hardware and the WormLab software. Our
results indicate that the combined system is an advantageous alternative to define drug-dependent
locomotion behavior in C. elegans. Chronic (24-hour dosing) nicotine exposure at 6.17 and 61.7
UM induced nicotine-dependent behaviors, including drug stimulation, tolerance/adaption, and
withdrawal responses. Specifically, the movement speed of naive worms on nicotine-containing
environments was significantly higher than on nicotine-free environments, suggesting locomotion
stimulation by nicotine. In contrast, the 24-hour 6.17 uM nicotine-treated worms exhibited
significantly higher speeds on nicotine-free plates than on nicotine-containing plates. Furthermore
significantly increased locomotion behavior during nicotine cessation was observed in worms
treated with a higher nicotine concentration of 61.7 uM. The relatively low locomotion speed of
nicotine-treated worms on nicotine-containing environments also indicates adaption/tolerance of
worms to nicotine following chronic nicotine exposure. In addition, this study provides useful
information regarding the comprehensive in vivo expression profile of the 28 “core” nAChRs
following different dosages of chronic nicotine treatments. Eleven genes (lev-1, acr-6, acr-7,
acr-11, lev-8, acr-14, acr-16, acr-20, acr-21, ric-3, and unc-29) were significantly up-regulated
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following 61.7 UM nicotine treatment, in which worms showed significantly increased locomotion
behavior. This study provides insights into the linkage between nicotine-induced locomotion
behavior and the regulation of nicotinic acetylcholine receptors.
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Introduction

Drug addiction has become a worldwide health issue with tobacco use being the leading
cause of preventable deaths (U.S. Department of Health and Human Services, 2014).
Nicotine, the major psychoactive compound in tobacco, primarily targets the nicotinic
acetylcholine receptors (hnAChRs). nAChRs are expressed at the synapse of nerve and
muscle cells and are responsible for mediating excitatory synaptic transmission at the
neuromuscular junctions and in the nervous system (Jones & Sattelle, 2003). One
mechanism of the development of drug-dependence behaviors is that the activation of
nAChRs on dopaminergic neurons by the endogenous ligand acetylcholine (ACh) or
exogenous agonists, such as nicotine, stimulates dopamine release, mediating rewarding
effects of nicotine (Cahir et al., 2011; Marks, 2013). Nicotine administration results in
behavioral stimulation after acute exposure, behavioral and physiological tolerance after
chronic exposure, and dependence/withdrawal symptoms upon nicotine removal (Feng et al.,
2006; Mineur & Picciotto, 2008).

The nAChRs have been characterized under a dicysteine loop (CC-loop) superfamily of
ligand-gated ion channels. Each nAChR is a pentameric membrane protein, consisting of
five subunits surrounding a central cation-permeable pore (Jones et al., 2007). Subunits are
classified into two major categories: a or non-a subunits. The a subunits have an adjacent
cysteine-cysteine motif at the ACh binding site, while non-a subunits do not have this motif
(Changeux & Edelstein, 1998). The composition of each nAChR can be homomeric or
heteromeric, leading to diversity in receptor function and pharmacology (Gerzanich et al.,
1998; Towers et al., 2005). Sequence comparisons reveal that NAChR subunits are highly
conserved across species (Mongan et al., 1998; Karlin, 2002; Towers et al., 2005). For
example, the neuronal homomer-forming a7 subunits are one of the most abundant and
widespread subtypes in the vertebrate brain (Mineur & Picciotto, 2008). On the other hand,
a7 and B2 are the primary nAChR subunits expressed in vertebrate nervous systems and
form the heteromeric nicotinic receptors (Azam et al., 2003). These receptors require proper
folding and trafficking provided by the chaperone protein RIC-3 (Halevi et al., 2002; Millar,
2008). RIC-3 enables a7 subunits to properly fold into the correct configuration and then be
exported out of the endoplasmic reticulum (Halevi et al., 2002; Lansdell et al., 2005). RIC-3
predominately interacts with the a7 subunits to form homomeric receptors. However, there
has been evidence that RIC-3 provides assistance to form a few heteromeric receptors
(Castillo et al., 2005). In the nematode Caenorhabditis elegans (C. elegans), ACR-16-like
group resembles the vertebrate a.7 subunit group and contains the second-highest number of
nAChR subunit genes after Fugu rubripes (Jones et al., 2007).
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The C. elegans is an excellent model organism to address genetic mechanisms associated
with neurological behavioral changes due to its fully sequenced genome and well-
characterized nervous system (Feng et al., 2006; Cutter et al., 2009). The life cycle of wide-
type C. elegans is ~ 3 days and life span is ~ 3 weeks at 20 °C (Wormatlas), shorter than
most vertebrate model organisms. The nervous system of C. elegans adult hermaphrodites’
consists of 302 neurons, whose identity, location, lineage, and synaptic connectivity have
been well-characterized (Schafer, 2004). The C. elegans has been a popular choice of model
organism in neuro-behavioral studies in response to toxicants. Previous studies have
examined C. elegans behavior changes in parameters such as head thrashing, locomaotion,
mortality, egg-laying, /U-turns, chemotaxis, and pharyngeal pumping (Riddle et al., 1997;
Anderson et al., 2001; Anderson et al., 2004; Feng et al., 2006; Sobkowiak et al., 2011;
Rose et al., 2013). The genome of C. elegans has been completely sequenced and shows a
high level of conservation with vertebrates (Cutter et al., 2009). Importantly, the C. elegans
genome encodes a diverse NAChR gene family that consists of at least 28 authentic nicotinic
receptor subunit homologs, representing a useful system to investigate nicotine-induced
cholinergic transmission and signaling (Schafer, 2004). Table 1 details the description of the
28 nAChRs. Based on sequence homology, these 28 nAChRs can be classified into five
“core” groups: ACR-16-like, UNC-29-like, UNC-38-like, DEG-3-like, and ACR-8-like
(Jones & Sattelle, 2003). The nicotine-sensitive ACR-16-like group closely resembles
vertebrate a7 nAChR subunits, the UNC-29-like and UNC-38-like group members are close
homologs to Drosophila and vertebrate non- a subunits (Jones & Sattelle, 2003). The
DEG-3-like and ACR-8-like groups are uniquely expressed in nematodes (Jones & Sattelle,
2003). Despite previous works revealing functions of individual nAChRs, their in vivo
expression pattern under chronic nicotine exposure has not been fully investigated.

Feng et al. first defined nicotine-dependent behaviors in C. elegans using the Wormtracker
system and a Worm analyzer software developed by the Schafer and Sternberg lab (Feng et
al., 2006). Naive worms displayed a “locomotion-stimulation” phase after being transferred
to a nicotine-containing environment. The stimulation was evident by increased movement
speed during the 4-16 minute period after exposure to nicotine, whereas locomotion speed
was decreased during the same time period when naive worms were placed in nicotine-free
environment. Feng et al. also demonstrated that worms subjected to chronic nicotine
treatment (16-hour) developed nicotine adaption/tolerance. Chronic nicotine-treated C.
elegans did not exhibit the “locomotion-stimulation” phase after being transferred to
nicotine-containing plates; instead they showed a naive-like behavior (low speed) on
nicotine plates, indicating nicotine adaption/tolerance. Significantly, nicotine withdrawal
symptoms were demonstrated as the nicotine-treated worms displayed abnormally high
locomotion speed in nicotine-deprived environments (Feng et al., 2006).

Using the Parallel Worm Tracking system (Ramot et al., 2008), Sobkowiak et al. also
examined the locomotion speeds of C. elegans exposed to various concentrations of nicotine
(Sobkowiak et al., 2011). They found that C. elegans locomotion significantly increased as
the concentration of nicotine increased from 0.001 mM to 0.1 mM and then decreased from
0.1 mM to 30 mM (Sobkowiak et al., 2011). Sobkowiak et al. also determined the longest
stimulation effect lasted for 70 minutes in 0.1 mM treated worms. Although worms were
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stimulated by nicotine concentrations of 0.001-1 mM, inhibition of locomotion was also
observed. At high concentrations of nicotine (30 mM), nearly all worms stopped moving
after 10 minutes. Another study by Rose et al. found that C. elegans exposed to 30 pM of
nicotine from zygote stage and the zygote + larval stages displayed a greater number of
reversal movements when tested on nicotine free agar when compared to the control (Rose
et al., 2013). However, the larval-exposed group was the only group to display spontaneous
reversals greater than the control worms when tested on nicotine containing agar (Rose et
al., 2013).

The Worm Tracker settings used in the Feng et al.’s study required a self-assembled moving
microscope stage to track behaviors of a single worm at one time and free software named
the Worm Analyzer for video analysis. However, it is not known if the commercially
available software, Wormlab, will be a sufficient alternative to characterize nicotine
associated locomotion behavior. The dual purposes of this study were to characterize
chronic nicotine exposure-induced locomotion behavior using a combined Worm Tracker
hardware and the WormLab software system and to detect related nAChRs gene expression
using quantitative real-time PCR (QRT-PCR).

Materials & Methods

C. elegans cultivation and treatment

The wild type strain Bristol N2 of C. elegans, retrieved from the Caenorhabditis Genetics
Center, was cultivated on nematode growth medium (NGM) seeded with Escherichia coli
(E. coli) strain OP50 as a source of food according to a standard protocol (Brenner, 1974).
All experiments used age synchronized worms at larval stage 3 (L3), 30 hour after hatching
at 20°C (Roh JY, 2009).

L-nicotine (98% pure solution) was obtained from ACROS Organics. Nicotine dosing
solutions were diluted with K-medium (0.032 M KCI and 0.051 M NaCl) to reach
concentrations of 6.17 uM and 61.7 uM. These two concentrations were considered
“effective dosages”, as previous reports revealed that dosages in this range promote early
egg-laying (Smith Jr et al., 2013) and cause locomotion stimulation (Sobkowiak et al.,
2011). A K-medium solution was used as a vehicle control. Worms were allotted to their
respected nicotine dosages in liquid K-medium solutions or control solutions; E. coli OP50
was added as food, and the dosage tubes were then placed on a shaker (50 rpm) in a 20°C
incubator for a 24 hour dosing period. A period of 24 hours exposure was deemed chronic
because this is approximately 1/3 of the C. elegans’ life cycle. Since nicotine is
photosensitive, the stock solution was stored in a dark-brown container wrapped inside
aluminum foil, the dosing solutions were freshly made and the exposures were performed in
a dark incubator. The nicotine-containing NGM tracking plates were also freshly made and
stored in dark refrigerator for less than one day until tracking.

C. elegans behavioral analysis

After 24 hours of nicotine exposure, worms were collected and rinsed with K-medium three
times to remove residual nicotine and bacteria. Worms were then transferred to either
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nicotine-containing (6 pM) or nicotine-free behavioral assay plates. The behavioral assay
was conducted on 3 cm NGM agar plates seeded with a thin layer of E. coli OP50. Video
recordings of the worms’ behavior were performed using the hardware settings of Worm
Tracker 2.0 (Schafer Lab, MRC LMB http://www.mrc-Imb.cam.ac.uk/wormtracker/). Six
independent experiments were performed per dosage group. After allowing an acclimation
time of 30 minutes on behavioral assay plates, five minute video recordings were taken by a
DinoL.ite Pro AM413T Camera. All videos were analyzed using the MBF Science computer
program WormLab 1.1.10. Figure 1 shows the viewing field of WormLab when the program
was tracking the worms. Each worm was manually selected and then tracked. The
locomotion speed, calculated by the Wormlab software as wavelength x oscillation
frequency, were exported to Excel files and sorted into five speed ranges.

Impact of nicotine on nAChRs gene expression in C. elegans

After 24 hours of nicotine exposure, worms were centrifuged at 2000 rpm for 2 minutes.
After removing the supernatant, worms were washed twice with M9 (0.042 M NayHPOy,
0.022 M KH,PQOy4, 0.086 M NaCl, 0.001 M MgSOy4:7H,0) and centrifuged again at 2000
rpm for 2 minutes to ensure excess nicotine and E. coli OP50 were removed. Immediately
after the second rinse, the worm pellet was frozen in liquid nitrogen and stored at -80°C until
analysis of nNAChR genes. The expression levels of 29 protein-coding genes (28 nAChR
genes and ric-3) were tested by the quantitative real-time polymerase chain reaction (QRT-
PCR) method. The 28 nAChR genes were lev-1, acr-2, acr-3, des-2, acr-5, acr-6, acr-7,
acr-8, acr-9, acr-10, acr-11, acr-12, lev-8, acr-14, acr-15, acr-16, acr-17, acr-18, acr-19,
acr-20, acr-21, deg-3, acr-23, acr-24, acr-25, unc-29, unc-38, and unc-63.

Total RNA was extracted by the Ambion® mirVana™ miRNA Isolation Kit by Life
Technologies (Ambion, Austin, TX, USA). Total RNA was quantified by a Nanodrop
ND-1000 (Nanodrop Technologies, Wilmington, DE, USA). For reverse transcription (RT),
400 ng of total RNA from control, 6.17 uM, and 61.7 uM nicotine dosed worms was
transcribed into single-stranded cDNA. RT was carried out in a 15 pL solution, which
contained a calculated amount of nuclease-free water and 400 ng of total RNAs, 0.19 pL
RNase Inhibitor (20U/uL), 0.15 pL 100 mM dNTPs (with dTTP), 10x RT Buffer, 1 uL
MultiScribe™ Reverse Transcriptase (50U/uL), and 2 uL of Poly(T) Primer Mix. The
reactions were performed with an Eppendorf Mastercycler ® Pro PCR machine using the
following temperature program: initial stage of 16°C for 30 minutes followed by 42°C for
30 minutes and a final stage of 85°C for five minutes followed by a holding period at 4°C
until samples can be stored at -20°C.

Quantitative RT-PCR (qPCR) analyses were conducted in a 20 pL solution, consisting of 7
uL nuclease-free water, 10 uL SYBR Green PCR Master Mix, 1 uL RT PCR product
(diluted with 85 pL of nuclease-free water), and 2 pL of forward and reverse primers. A list
of forward and reverse primer sequences for tested genes can be found in Table 2. The
reactions were performed with an AppliedBiosystems 7300 Real Time PCR System
programmed with a temperature setup as follows: initial enzyme activation stage of 95°C for
10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds.
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All reactions had three technical replicates and each dose had four biological replicates, i.e.
four independent experiments. In gPCR, F35G12.2, a conserved house-keeping gene that
encodes a C. elegans ortholog of mitochondrial NAD+:isocitrate dehydrogenase, was
employed as the reference gene for normalizing gPCR results (Taki & Zhang, 2013). The
results were analyzed using the AACt method (Livak & Schmittgen, 2001).

Data Analysis

Results

Statistical analysis was completed using IBM SPSS Statistics 20 software for Windows 7.
The statistical test analysis of variance (ANOVA) determined if there were significant
differences in locomotion speeds and gene expression fold changes between treatments
groups. Two-way ANOVA/Univariate Analysis of Variance was performed to compare
means in locomotion speeds using the speed as dependent variable, the dosage and the
withdrawal condition (nicotine-free or nicotine-containing tracking) as two factors. If there
was a significant difference at a p < 0.05 level, least significant difference (LSD) multiple
comparisons were executed to compare means among different treatment groups. In
addition, the chi-square statistical test was carried out using STATPerl to determine if there
were significant differences (at a p < 0.05 level) in worm population distribution at different
speed ranges between nicotine-free and nicotine-containing environments. If the output p
value was expressed as p = 0.000 by the statistics software, it was reported as p < 0.001.

Drug-dependent behavior characterization

The average locomotion speed of individual worms was calculated by the WormLab
software. Two-way ANOVA analysis showed that there were significant differences among
locomotion speeds in worms subjected to different dosages of nicotine treatments (0, 6.17,
and 61.7 uM) when on either nicotine-free or nicotine-containing conditions (3 dosages x 2
conditions = 6 groups, df =5, F = 126.5, p < 0.001). After 30 minutes of acclimation, the
average speed of naive worms on nicotine-free plates was 10.1 £ 1.2 um/sec (n = 423),
whereas on nicotine-containing plates, the average speed was 194 + 31 um/sec (n = 190).
The locomotion speed of naive worms on nicotine-containing plates was significantly higher
than on nicotine-free plates (p < 0.001, ANOVA). The pie charts on Figure 3A and 3B show
the detailed percentage distributions of worms into five continuous speed ranges (0-20, 20—
40, 40-80, 80-160, and > 160 um/sec) according to their average locomotion speeds on
either nicotine-free or nicotine-containing (6 pM) tracking plates. Worms on nicotine-
containing plates displayed a maximum speed of 2092.2 um/s, so the upper range of speed
was set as 160 — 2100 um/s (Figure 3). Since any speed of > 80 pm/sec was over two
standard deviations (SDs) of the mean locomotion speed of 10.1 pm/sec, which was the
speed of naive worms on nicotine-free plates (naive conditions), statistically 80 pm/sec can
be considered as a threshold to distinguish normal and abnormal-high locomotion speeds.
Most (98 %) naive worms displayed a normal low speed of 0—80 pm/sec on nicotine-free
plates. In contrast, 20% of naive worms exhibited an abnormally high locomotion speed of >
80 um/sec on nicotine-containing plates, as compared to only 2% on a nicotine-free
environment (p < 0.001, chi-square analysis) (Figure 4).
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Worms treated with a nicotine concentration of 6.17 uM in liquid medium for 24 hours
showed behavioral characteristics of nicotine adaption and withdrawal symptoms. Figure 3C
and 3D show the detailed percentage distributions of worms in this treatment into five
continuous speed ranges according to their average locomotion speeds on either nicotine-
free or nicotine-containing tracking plates. After 30 minutes of acclimation, the average
speed of nicotine-treated worms on nicotine-free plates was 88.7 + 6.4 pm/sec (n=387),
whereas on nicotine-containing plates, the average speed was 51.9 + 4.2 ym/sec (n = 251).
The locomotion speed of nicotine-treated worms on nicotine-free plates was significantly
higher than the worms on nicotine-containing plates (p = 0.021, ANOVA). Chi-square
analysis also showed that a higher percentage of worms (35% versus 18%) exhibited high
speeds of > 80 um/sec when in nicotine-free versus nicotine-containing environments (p <
0.001, Figure 5). In addition, the 24-hour 6.17 UM nicotine-treated worms displayed
significant (p < 0.001, ANOVA) lower average speeds (51.9 um/sec) on nicotine-containing
plates as compared to exposure of naive worms on nicotine-containing plates (194 um/sec).
The nicotine-induced locomotion stimulation was significantly greater in worms treated with
a higher nicotine concentration of 61.7 pM for 24 hrs. The average locomotion speed of the
dosed worms on nicotine-free plates was as high as 640 + 54 pm/sec (n = 64), significantly
higher (p < 0.001, ANOVA) than those on nicotine-containing plates, which was 92.9 + 54
um/sec (n = 116). In nicotine-free environments, the mean locomotion speeds of 61.7 uM
treated worms were also significantly higher than 6.17 uM treated worms (p < 0.001,
ANOVA). Results from chi-square analysis were also consistent; a high percentage (91%) of
worms were moving with a high speed of > 80 pm/sec on nicotine-free plates, which was
significantly higher than 35% of worms with > 80 um/sec on nicotine-containing plates (p <
0.001, chi-square analysis, Figure 6). Figure 7 depicts the locomotion speed stimulation as
the dosage increased from 6.17 to 61.7 pM.

Expressions of nAChR genes

Since the direct target of nicotine is the nicotinic acetylcholine receptors (NAChRs), we
tested the expressions of 28 nAChR genes under different nicotine treatments. Figure 8
shows the fold change in gene expression of all 28 tested nAChR genes as well as ric-3. Of
these genes, thirteen were significantly up-regulated (lev-1, acr-6, acr-7, acr-11, lev-8,
acr-14, acr-15, acr-16, acr-20, acr-21, ric-3, unc-29, and unc-38) and five were
significantly down-regulated (acr-2, acr-3, acr-5, acr-17, and unc-63). Of the 13 up-
regulated genes, five were at the 6.17 pM treatment group and eleven were at the 61.7 uM
treatment group. The genes that were upregulated at both 6.17 and 61.7 UM treatments were
acr-11, acr-16 and ric-3. In contrast, genes that were significantly downregulated at both
6.17 and 61.7 pM treatments were acr-2, acr-3, acr-5, and unc-63. There were six genes
(lev-1, acr-2, acr-5, acr-6, acr-21, and unc-63) that expressed > 1.5 fold regulation.
Interestingly, the genes (lev-1, acr-6, and acr-21) that exhibited >1.5 fold up-regulation
were all in the 61.7 uM treatment group, whereas those expressed > 1.5 fold down-
regulation (acr-2, acr-5, and unc-63) were all in 6.17 uM treated worms. The acr-5 gene
was the most downregulated at both tested concentrations with 14.6 and 3.0 fold
downregulation at 6.17and 61.7 M groups, respectively.
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Discussion

Nicotine exposure alters behaviors in C. elegans including pharyngeal pumping, egg-laying,
and male mating behaviors (Matta et al., 2007). While high dosages of nicotine causes body
paralysis/over-contraction of muscles and depressant-like symptoms on the nervous system,
relatively low dosages results in locomotion stimulation following acute exposure in C.
elegans (Benowitz, 1988; Sobkowiak et al., 2011). Using the locomotion speed as a
parameter, Feng et al. firstly define nicotine-dependent behaviors in C. elegans, which
parallel vertebrate responses to nicotine (Feng et al., 2006). We demonstrated in this study
that an alternative behavioral testing system: the Worm Tracker hardware, without the
moving microscopy stage, combined with the Wormlab software is a suitable setting to
monitor the nicotine-dependent behavioral patterns in C. elegans.

The hardware settings for behavioral study were established according to the Worm Tracker
system developed by the Schafer and Sternberg laboratory (MRC LMB, http://www.mrc-
Imb.cam.ac.uk/wormtracker/index.php?action=hardware). We used the WormLab software
to analyze videos taken by the Worm Tracker in this study. The WormLab is a multi-worm
tracking and analysis software; it tracks the movements of worms in the view of observation,
eliminating the need for a moving stage of the microscope (Figure 1). However, choosing of
the worm populations scattered on different locations on tracking plates, needs to be done
manually. For tracking, we observed the software performed better with 2-8 worms within
the view. The magnification used is not as high as the Worm Tracker that tracks the
movement of a single worm at a time, which is useful for delicate behavior observations.
Another program known as the Parallel Worm Tracker, developed by the Goodman lab
(Stanford University, Stanford, CA), is useful for simultaneously tracking a higher number
of worms. However, the magnification of the Parallel Worm Tracker is lower than that of
WormLab. The WormLab combines the advantageous features of both the Worm Tracker
and the Parallel Worm Tracker. In this study we successfully defined the nicotine-dependent
locomotion behavior indicating stimulation, adaption, and withdrawal responses using the
speed parameter from the WormLab software. Our data indicated that the combined system
is suitable in defining nicotine-associated locomotion behavior based on a relatively large
worm population. The assay is more convenient and less time-consuming with relatively
short video lengths (~ 5 minutes).

In the current study, the locomation speed of naive worms in nicotine-containing
environments was significantly higher than in nicotine-free environments suggesting a
stimulation/excitatory effect of nicotine on worms. The same effect was observed in other
studies that observed a stimulation of locomotion in naive worms when plated in nicotine
containing environments (Feng et al., 2006; Sobkowiak et al., 2011). It is worth noting the
data collection in Feng et al’s study occurred during the first 2-16 minutes of exposure to
the tracking plates. In this study a 30-minute acclimation period was used after transferring.
We observed significantly more naive worms who exhibited an abnormally high locomotion
speed in nicotine-containing as compared to nicotine-free environments. This indicates that
the stimulation effects of nicotine were still significant after 30 minutes of nicotine
exposure. This finding is also in agreement with findings in Sobkowiak et al’s study, in
which enhanced locomotion speed were observed during 0-300 min of naive worms’
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exposure to nicotine. In rodents, overall activity-enhancing effects was also observed in
chronic nicotine treatment and in cessation (Faraday et al., 2001).

Significant locomotion stimulation was observed during nicotine cessation in both nicotine
treatment groups; this is in agreement with previous findings (Feng et al., 2006). Also
stronger withdrawal stimulation on locomotion was observed in the higher nicotine
treatment group (61.7 pM) as compared to the low group (6.17 uM). Although withdrawal
stimulation is one aspect of nicotine-dependent behaviors, a return to baseline for
withdrawal behaviors is another important aspect to demonstrate physical dependence,
which warrants future investigations. In addition, the speed of 640 pm/sec displayed in
nicotine-treated worms when they were transferred to a nicotine-free environment was much
higher than naive worms in a nicotine-containing environment (194 um/sec). This suggests
the withdrawal locomotion stimulation in nicotine-treated worms was much stronger than
the acute-stimulation of naive worms. The withdrawal locomotion stimulation effects may
mimic withdrawal/craving activities in humans when tobacco use was abruptly stopped in
smoking addicts (Henningfield et al., 2009).

Nicotine-treated worms displayed significantly lower speeds (51.9 um/sec for 6.17 uyM
group and 92.9 um/sec for 61.7 uM group) on nicotine-containing plates as compared to
naive worms in the same concentration of nicotine-tracking plates (194 pm/sec); i.e. the
same nicotine concentration did not induce the same stimulation effects in nicotine-treated
worms. The observation that nicotine-treated worms in a nicotine-containing environment
behaved similarly to the control group (naive subjects) in a nicotine-free environment and
different from the acute exposure group suggests nicotine-treated worms developed
tolerance to the locomotor effects of nicotine. Indeed, the comparisons of all three
conditions (naive subjects on no-nicotine plates, naive subjects on nicotine plates, nicotine-
exposed subjects on nicotine plates) support the notion that tolerance to the locomotor
effects of nicotine were observed. For the 61.7 UM exposure group, since the nicotine
tracking plates only contain 6 uM of nicotine, considerably lower than the exposure level of
61.7 UM, the results indicate that a small amount of nicotine will greatly reduce withdrawal
symptoms (i.e. locomotion speed reduced from 640 to 92.9 um/sec). This observation,
consistent with findings in other animal models, supports current nicotine replacement
therapy using the low-dose nicotine to aid smoking cessation (Slawecki & Ehlers, 2002;
Henningfield et al., 2009).

In humans, blood nicotine concentration peaks at 0.5 uM after one cigarette consumption,
(Pidoplichko et al., 1997). In 2002, male smokers in the U.S. smoked on average 14.2
cigarettes per day and women smokers smoked 12.1 per day http://www.samhsa.gov/
data/2k3/cigs/cigs.htm). The two concentrations used in current study were 6.17 and 61.7
UM in dosing medium. Given the C. elegans’ cuticle is a significant barrier for drug
permeability, the internal concentrations in worms’ body fluid is likely to be substantially
lower than the dosing medium concentration (Wolf & Heberlein, 2003). In this current
study, the exposure starts from L4 stage and last for 24hr, 1/3 of C. elegans life cycle. For
roughly translating to mammalian exposure, it may represent the period of adolescence to
early adulthood. In other animal models, the adolescence period has been demonstrated to be
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a vulnerable developmental stage for nicotine-induced rewarding activities (Slotkin, 2002;
Belluzzi et al., 2004).

At least 28 nAChR have been identified in C. elegans that are homologs of mammalian
subunits (Jones & Sattelle, 2003; Rand, 2007). The ACR-16-like group contains 10 gene
members: acr-7, acr-9, acr-10, acr-11, acr-14, acr-15, acr-16, acr-19, acr-21, and acr-25.
The UNC-29-like group contains 4 members: lev-1, acr-2, acr-3, unc-29 and the UNC-38-
like group contains 3 members: acr-6, unc-38, and unc-63. There are 8 members in the
DEG-3-like group: des-2, deg-3, acr-5, acr-17, acr-18, acr-20, acr-23, acr-24 and the
ACR-8-like group contains 3 members: acr-8, lev-8, and acr-12. Although functions of
some nAChRs have been investigated, the in vivo expression pattern of these receptors has
not yet been investigated in the context of nicotine-dependence. Studying in vivo expression
of nicotine-induced nAChRs is beneficial to identify novel nicotine targets that are usually
deemphasized by functional studies using mutants. Furthermore, the in vivo expression
pattern is useful for identifying the combined effects of a group of genes, rather than only
effects of a single or a few genes. Eleven genes were specifically up-regulated at the 61.7
UM nicotine treatment, in which worms showed significant nicotine-withdrawal behavior.
Among those genes, five belong to the nicotine sensitive ACR-16 class (acr-7, acr-11,
acr-14, acr-16, and acr-21). Although ACR-16 forms a homomeric nAChR in the Xenopus
oocytes, our study showed a general up-regulation of other ACR-16-like genes, suggesting
the likelihood of forming heteromeric receptors in vivo (Ballivet et al., 1996; Mongan et al.,
2002). In vertebrates, the most abundant nAChR subunit expressed is the a7 subunit
(Mineur & Picciotto, 2008). In C. elegans, the ACR-16-like group is the largest group
containing the most a.7-like NAChR subunit genes (acr-7, acr-10, acr-16, and acr-21)
(Mongan et al., 2002; Sattelle et al., 2002). Our results showed that three out of four
ACR-16 genes that code for a7 subunits were significantly up-regulated at the 61.7 uM
group. Thereby these three genes (acr-7, acr-16, and acr-21) may be potential regulators of
nicotine-dependent behaviors such as stimulation and withdrawal. The results also suggest
that modulations of nAChRs were not specific to individual subtypes: two members (acr-5
and acr-17) in the DEG-3-like group, five members (acr-7, acr-11, acr-14, acr-16, and
acr-21) in ACR-16-like, two members (acr-6 and unc-63) in the UNC-38-like group, four
members (lev-1, acr-2, acr-3, and unc-29) in the UNC-29-like group, and one member in
ACR-8-like group (lev-8) were specifically activated in the 61.7 uM treatment. Likewise,
ric-3, which enhances the trafficking and assembly of nAChRs, was significantly up-
regulated at both concentrations of nicotine. Under high concentrations, up-regulation of
important NAChR genes coupled with the up-regulation of ric-3, may explain the increased
sensitivity to nicotine and the resulting stronger nicotine-withdrawal locomotion
stimulations observed in the 61.7 uM group. In addition, unc-63 was significantly down
regulated at both treatment groups. One study has demonstrated that unc-63 down-regulation
led to enhanced acquisition of tolerance (Matta et al., 2007).

Chronic drug exposure usually results in desensitization of receptors. It was demonstrated
that chronic exposure (16-hour) to nicotine (30 mM) resulted in insensitivity to the egg-
laying stimulation effects of nicotine, suggesting the decreased nAChR activity/abundance
following prolonged treatments (Waggoner et al., 2000). This current study suggests that an
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important determinant for nicotine tolerance and withdrawal would be the dosage. At a
dosage of 30 mM chronic exposure, the unc-29 was down-regulated and contributed to the
loss of sensitivity to nicotinic agonists. In contrast, impacts of chronic (24-hour) exposure to
relatively low levels of nicotine (6.17 and 61.7 uM) led to up-regulation of unc-29 in this
study. Interestingly, the nAChR up-regulation was also observed in humans following
prolonged tobacco use (chronic exposure). The up-regulation in abstinent smokers persisted
for at least 14 days after smoking cessation (Wonnacott, 1990). Our results suggested again
that C. elegans mimic human reactions to nicotine at both molecular and behavioral levels.

In summary, the combined system (WormTracker and WormLab) is a suitable platform for
defining nicotine-dependent phenotypic behaviors in C. elegans. The findings on in vivo
expressions of NAChRs at mMRNA level provide some useful information linking the genetic
regulation with nicotine-dependent behaviors. However, more studies will be needed to
establish causal relationships between individual and combined nAChR expressions with
behavioral phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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L3 worms were treated in K-media liquid solutions for 24 hours and then transferred to 3 cm
tracking plates containing or without nicotine. After 30 minutes of acclimation, videos (5
minutes) were recorded and imported into the WormLab analytical software where the

results were then exported to excel for further analysis.
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Figure 2. Field of view in WormLab
After importing the tracking videos into WormLab, worms were selected and highlighted for

tracking by the program. Each worm was labeled with a numerical value and the orange box
indicated the head of worm. Worm locomotion speeds were then exported from WormLab
into a Microsoft Excel file.
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Figure 3. The distribution of worm polulations into different speed ranges on nicotine-free and
nicotine-containing (6 M) tracking plates
All worms were placed on tracking plates for a 30-minute acclimation period and then

video-recorded for 5 minutes. Naive worms on A) nicotine-free and B) Nicotine-containing
plates; worms exposed to 6.17 uM nicotine for 24 hours were then recorded on C) nicotine-
free and D) nicotine-containing plates; and worms exposed to 61.7 pM nicotine for 24 hours
were then recorded on E) nicotine-free and F) nicotine-containing plates.
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Figure 4. Acute nicotine treatment induced locomotion stimulation behaviors in naive worms
The locomotion speeds of naive worms on nicotine-free (n= 423 worms in total) and

nicotine-containing plates (n =190 worms in total). Six independent experiments were
performed. All worms were placed on tracking plates for 30 minutes to acclimate and then
video-recorded for 5 minutes. A majority of naive worms (98%) plated on nicointe-free
plates were in the speed range of 0-80 pm/s. A significant portion of the worm population
(20%) exhibited abnormally high speeds of > 80 um/s on nicotine-containing plates. Chi-
square analysis revealed statistically significante differences in naive worm population
distributions between nicotine-free and nicotine-containing environments (*: p < 0.05).
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Figure 5. Chronic nicotine treatment (6.17 uM for 24 hours) induced locomotion behaviors
The locomotion speeds of nicotine treated worms on nicotine-free (n= 387 worms in total)

and nicotine-containing plates (n =251 worms in total). Six independent experiments were
performed. All worms were placed on tracking plates for 30 minutes to acclimate and then
video-recorded for 5 minutes. A significant portion of the worm population (35%) exhibited
abnormally high speeds of > 80 um/s on nicotine-free plates. Chi-square analysis revealed
statistically significant differences in worm population distributions between nicotine-free
and nicotine-containing environments (*: p < 0.05).
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Figure 6. Chronic nicotine treatment (61.7 uM for 24 hours) induced locomotion behaviors
The locomotion speeds of nicotine treated worms on nicotine-free on nicotine-free (n= 64

worms in total) and nicotine-containing plates (n = 116 worms in total). Six independent
experiments were performed. All worms were placed on tracking plates for 30 minutes to

acclimate and then video-recorded for 5 minutes. A significant portion of the worm

population (91%) exhibited abnormally high speeds of > 80 pm/s on nicotine-free plates.

Chi-square analysis revealed statistically significant differences in worm population

distributions between nicotine-free and nicotine-containing environments (*: p < 0.05).
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Figure 7. The relationship between nicotine dosage and locomotion speed during nicotine
cessation

The X-axis are different groups of nicotine-treated worms, naive worms, low (6.17 pM), and
high (61.7 uM) nicotine treatments. The Y-axis uses logarithmic scale with 10 as bases
(Log1g (speed value in um/sec). The solid lines within the boxes indicate median speed
values and the lower and upper hinges indicate data within 25 and 75 percentiles. The
whiskers show the largest/smallest speed values that fall within a distance of 1.5 times IQR
(interquartile range) from the upper and lower hinges. The two groups of nicotine-treated
worms have higher locomotion speeds compared to naive worms when on nicotine-free
environment (p<0.001, ANOVA). Also the high nicotine treated group display significantly
higher locomotion speed when on nicotine-free plates compared to low nicotine-treated
group (p<0.001, ANOVA).
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Figure 8. The expression fold changes of the 28 nAChR genes and ric-3 in C. elegans after being

exposed to nicotine for 24 hours

All Ct values were normalized using F35G12.2 mRNA then compared to a control value of
1 (> 1 means up-regulated, < 1means down-regulated). Y-axis uses a logarithmic scale with

a base of 2 (logy). The error bars represent the standard error of fold change for four

biological replicates per gene treatment (n=4). Results were deemed significant if p <0.05

().
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