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Chemosensory Cue Conditioning With Stimulants in a Caenorhabditis
Elegans Animal Model of Addiction
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The underlying molecular mechanisms of drug abuse and addiction behaviors are poorly understood.
Caenorhabditis elegans (C. elegans) provide a simple, whole animal model with conserved molecular
pathways well suited for studying the foundations of complex diseases. Historically, chemotaxis has been
a measure used to examine sensory approach and avoidance behavior in worms. Chemotaxis can be
modulated by previous experience, and cue-dependent conditioned learning has been demonstrated in C.
elegans, but such conditioning with drugs of abuse has not been reported. Here we show that pairing a
distinctive salt cue with a drug (cocaine or methamphetamine) results in a concentration-dependent
change in preference for the cue that was paired with the drug during conditioning. Further, we
demonstrate that pairing of either drug with a distinctive food type can also increase preference for the
drug-paired food in the absence of the drug. Dopamine-deficient mutants did not develop drug-paired,
cue-conditioned responses. The findings suggest that, like vertebrates, C. elegans display a conditioned
preference for environments containing cues previously associated with drugs of abuse, and this response
is dependent on dopamine neurotransmission. This model provides a new and powerful method to study
the genetic and molecular mechanisms that mediate drug preference.
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Drug addiction is a multifaceted condition that may interfere
with an individual’s ability to function normally within society. On
a neurobiological level, it is believed that drugs of abuse can alter
synaptic plasticity to produce behaviors geared toward increasing
compulsive drug self-administration (Chen et al., 2010; Koob &
Volkow, 2010). The biological systems already in place to sustain
the organism (e.g., feeding) and survival of the species (e.g., sex),
or the systems that are governed by natural rewards, can be
“hijacked” by drugs to initiate and perpetuate drug taking behav-
ior. The molecular mechanisms underlying various aspects of
drug-induced changes in behavior remain unclear. To dissect these
changes, animal models are utilized to characterize particular traits
of addiction.

Animal models provide opportunities to ethically and experi-
mentally control studies of complex human diseases such as ad-
diction. The majority of paradigms have used vertebrate models
and have been developed to investigate the rewarding or positive
reinforcing properties of drugs, including self-administration,
brain stimulation reward, drug discrimination, and conditioned
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place preference (CPP) (Shippenberg & Koob, 2002). In classical
conditioning, unconditioned stimuli (UCS) are paired with specific
environmental stimuli. After repeated pairings of a UCS with a
specific stimulus in conditioning sessions, the stimulus itself be-
comes rewarding, even in the absence of the UCS. A large number
of studies have demonstrated acquisition of CPP using many
different drugs of abuse, including cocaine, amphetamine, and
meth-amphetamine in many vertebrate animals, including humans
(for review, see Tzschentke, 2007).

Caenorhabditis elegans (C. elegans) is a simple animal model
that can give insight into complex behaviors. C. elegans are able to
sense environmental stimuli and employ approach or avoidance
behavior to food, odors, and even light (Ward et al., 2008) through
different neuronal systems (Bargmann, 2006). C. elegans was also
the first multicellular organism to have its entire genome se-
quenced and many conserved gene systems exist between humans
and these animals (Bargmann, 1998; Kaletta & Hengartner, 2006).
Genes that are implicated in the actions of drugs of abuse are
mostly conserved across species (Wolf & Heberlein, 2003). Like
the conserved mechanisms of learning and memory seen in C.
elegans (for review, see Ardiel & Rankin, 2010), it is possible that
some of the mechanisms underlying the rewarding, reinforcing,
and addictive properties of drugs of abuse in humans are also
present in C. elegans.

As with vertebrates, C. elegans form associations between neu-
tral stimuli and biologically relevant stimuli (or appetitive stimuli)
through associative learning. (Law, Nuttley, & van der Kooy,
2004; Wen et al., 1997). C. elegans are able to discriminate
between two equally preferred salt ion cues (Na™ and CI") and
learn to associate the specific cue previously paired with food by
preferentially selecting that “salt environment” following condi-
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tioning (Wen et al., 1997). This is important because it shows that
C. elegans are able to produce behaviors that suggest a learned
association between an unconditioned stimulus and a conditioned
stimulus. The current study paired psychostimulant drugs and
environmental cues with the hypothesis that C. elegans will dem-
onstrate a preference for an environment containing a cue previ-
ously associated with a drug. This study suggests that chemosen-
sory cue conditioning using drugs in C. elegans may be utilized to
better understand the mechanisms underlying addiction.

Methods

Materials

All reagents and assay materials were purchased from Sigma
Aldrich and Fisher Scientific. Methamphetamine (MAP), dopa-
mine (DA), and cocaine hydrochloride salts were purchased from
Sigma Aldrich (St. Louis, MO).

Culture and Maintenance of Strains

The N2 Bristol WT strain was used in all assays. The cat-
I(ellll) and cat-2(el112) mutant strains along with the N2 WT
worms were obtained from the laboratory of Richard Nass (Indiana
University School of Medicine). All animals were maintained at
20°C and all general culturing techniques are described by Nass
and Hamza (2007). Worms were grown with E. coli (strain NA22)
as a food source unless otherwise noted. Young adult worms were
used for conditioning and testing to control for any effects of
different sensitivities and responses to drugs at varying develop-
mental stages. Worm populations were age synchronized as de-
scribed by Nass and Hamza (2007). A bleach and sodium hydrox-
ide solution was used to lyse gravid adults and release the eggs into
solution. The eggs were allowed to hatch overnight in an M9
buffer and plated 18 hr later as L1-stage larvae. Conditioning and
testing began approximately 72 hr postplating the L1 worms.

Apparatus

In each of the experiments, the worms were conditioned and
tested on 60-mm petri dishes. Worms were viewed and photo-
graphed with an Amscope light-emitting diode (LED) stereomi-
croscope with an 8 megapixel universal serial bus digital camera
(Model MD1800, Amscope.com). The worms were counted as
they appeared in 16-mm diameter circular sectors of the plate
drawn in a pattern on the bottom of the petri dish (See Figure 1).

Salt Ion Conditioning and Testing Plates

Chemosensory conditioning was completed with either a “so-
dium” or “chloride” cue, similar to previous studies (Rankin, 2000;
Wen et al., 1997). Sodium acetate (NaCH,COO) was used to
establish the sodium cue and ammonium chloride (NH,CI) for the
chloride cue. These chemosensory cues have been used in previous
associative learning protocols as the Na* and CI" (Rankin, 2000;
Wen et al., 1997). Furthermore, additional studies have shown
their counterparts (acetate and ammonium ions, respectively) are
also attractants in their own right (Frokjaer-Jensen, Ailion, &
Lockery, 2008). However, for the purposes of this study, sodium

acetate will be referred to as the Na™ cue and ammonium chloride
as the CI" cue. NGM agar minus the NaCl was used as the plain
context for salt ion conditioning. When conditioning required an
ion environment, 6.15g/L. NaCH;COO or 4.01g/L NH,Cl was
substituted for NaCl to produce 75 mM “Na*” or “CI™ plates,
respectively (Wen et al., 1997). Cocaine or MAP hydrochloride
was added to cooled agar immediately before pouring at desired
concentrations.

Chemosensory cue assay plates were made by taking salt-free
NGM agar plates and preparing salt gradients with one 5 pl drop
of each ion-spotting solution (2.0 M NaCH;COO and 2.5 M
NH,C]) at the center of either gridded circle (see Figure 1). The
drops were placed 3 hr before testing began to allow for the ion
gradient to diffuse. The spotting solutions were frequently changed
because of greater variability in results with age (Rankin, 2000;
Wen et al., 1997).

When determining whether stimulant chemosensory cue condi-
tioning could be rescued in the car-I and cat-2 strains, both
conditioning and testing plates were made as described above;
however, a DA hydrochloride solution was mixed with agar just
prior to pouring plates to reach final concentrations in the range of
5-25 millimolar (mM) DA. Conditioning and testing with DA
plates occurred immediately following the cooling of the agar to
prevent oxidation. Procedures for DA-rescued conditioning are the
same as described in the next section.

Salt Ton Conditioning Procedure

Synchronized, young adult worms were washed from their
maintenance plates into 15-ml conical tubes and centrifuged for 1
minute at 2,000 rpm. The supernatant was removed, leaving the
pelleted worms in the tube and 10 ml deionized (DI) water was
added. The worms were gently mixed, centrifuged, and the super-
natant removed. One washing cycle consisted of adding water,
mixing, centrifugation, and supernatant removal. Worms began
conditioning following three washing cycles, see Figure 2 for a
procedure timeline. When assigned to the conditional stimulus
(CS)+ condition first, worms were placed on conditioning plates
designed to combine a particular concentration of drug with a
constant exposure to one salt stimulus. The CS- condition would
repeat the procedure used with the CS+ salt using the alternate salt
ion (CS-) only in the absence of any drug. After the final wash,
worms were transferred to their first conditioning plate in 20 pl
aliquots, and excess water was absorbed with a Kimwipe to spread
the worms over the conditioning plate and to prevent large clumps
of animals. Worms remained on their conditioning plates undis-
turbed for 15 min. Worms were then washed from the conditioning
plates with 1 ml DI water followed by three washing cycles. After
the initial conditioning session (either the CS+ or CS- condition)
and washes, worms were transferred to the opposite CS condition
for 15 min. One conditioning cycle consisted of a CS+ session and
a CS- session. Two conditioning cycles were completed for all
groups unless otherwise specified. Following conditioning, worms
underwent three washing cycles and were then placed onto assay
plates by micropipetting a 10 wl drop containing approximately
100-200 worms to the center of the assay plate. Excess water was
gently wicked away and worms were allowed to roam freely on the
assay plates for 60 min. After 60 min, the assay plates were
photographed and the worms counted within the 16-mm diameter
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Figure 1. (A) Conditioned cue assay plate. A grid was drawn on the bottom of all assay plates so that all testing
plates were uniform. For each assay, both cue gradients were photographed so that the worms present in the
environments could be counted. (B) Salt cue conditioning assay plate. A point source of salt ion was placed in
the center of each circle on either side of the center line. On one side, a 5-pl drop of 2.0 M NaCH;COO was
placed in the center of the circle. On the other side, a 5-pl drop of 2.5 M NH,CI1 was placed in the center of the
circle. The drops were placed 3 hr prior to testing to allow the solution to diffuse into a gradient. (C) Food context
conditioning assay plate. Ten wl of OP50 E. coli bacterial broth was placed in the center of one circle and the
opposite circle contained 10 wl of NA22 E. coli bacterial broth. The bacterial culture was spread with a sterile
glass rod to cover the entire 16-mm diameter circle. The bacterial lawns were allowed to incubate overnight and
were used for testing the following day.
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Figure 2. Salt cue conditioning procedure. This timeline shows the conditioning and testing procedure when

pairing the CI” salt chemosensory cue with cocaine.

circular gradients containing the chemosensory cues. A final pref-
erence index (PI) score was calculated to determine the strength of
the preference for a particular cue (whether it be the cue that had
been previously paired with the drug or the control cue). The PI
score was calculated as a percentage of worms in the CS+ gradient
from the total number of worms in both the CS+ and CS- gradi-
ents. Worms that remained in the center of the plate or outside the
gradient circles were not included in the calculation. Data
are presented as mean * SEM. One- or two-way analyses of
variance (ANOV As) with Tukey’s post hoc analyses were used to
compare groups as necessary.

Food Conditioning and Testing Plates

NGM agar (as described in Nass & Hamza, 2007) was used for
food conditioning. The NGM plates were produced by filling
60-mm petri dishes with 10-ml regular NGM agar (17g/L bacto-
agar, 2.5g/L bactopeptone, 3g/L NaCl). NA22 and OP50 strains of
E. coli were used when the conditioning required exposure to a
food source. Twenty pl of either NA22 or OP50 bacterial culture
(NA22: 2¢g tryptone, 1.2g yeast extract, 0.625g¢ NaCl, and 125-ml
water autoclaved and then inoculated with NA22 and incubated;
OP50: 1.25g tryptone, 0.625g yeast extract, 0.625g NaCl, 25 mg
streptomycin, and 125-ml water autoclaved and then inoculated
with OP50 and incubated) were pipetted onto hardened NGM
plates and spread evenly across the plate to form a consistent lawn.
The bacterial lawn was allowed to dry and incubated overnight at
37.5°C. Plates were ready for conditioning the following day.
Food conditioning followed the same protocol as salt conditioning
except just prior to worms being placed on conditioning plates,
they were exposed to their designated drug concentration. Drug
exposure consisted of 1-ml drug solution being placed into the tube
containing the worm pellet left after the initial washing cycles. The
worms were gently mixed with the solution and then dropped onto
the conditioning plate in 20-pl aliquots. The drug solution was not
wicked away and worms were allowed to freely roam in the
bacterial lawn for the 15-min conditioning period. Conditioning
and testing proceeded as described above. Food conditioning assay
plates were made by spreading 10 w1 of bacterial culture (OP50 or

NA22) within the 16-mm diameter circles on each side of the
NGM assay plates (see Figure 1). The bacterial circles were
allowed to incubate overnight before testing.

Control Groups

Naive controls.  Animals were washed from maintenance
plates and immediately tested on either salt ion or food-type assay
plates without any conditioning trials.

UCS alone. Worms were placed on salt-free NGM plates that
had been washed with 50-pwmol/L MAP or 50-pmol/L cocaine for
30 min. The animals were then tested for salt ion or food cue
preference.

CS1- <> CS2-. Water controls. Animals went through salt or
food conditioning as described with the following exception: no
presentation of any unconditioned stimulus (e.g., drug).

UCS — CS1- <> CS2. The unpaired controls were conducted
by placing animals in a 50-pmol/L MAP or 50-pwmol/L cocaine
drug solution for 15 min and then went through salt or food
conditioning and testing as normal without any drug being pre-
sented during conditioning.

E. coli paired with salt ions. To show that chemosensory
conditioning could be produced using salt ions as conditioned
stimuli, OP50 was used as the unconditioned stimulus. Condition-
ing proceeded just as described above for salt ion conditioning
except that the drug was replaced by a thin layer of OP50 (incu-
bated overnight) spread onto the designated (food assigned to
either Na™ or CI') salt ion plate.

Results

N2 Wild-Type Worms Show Salt Cue Conditioning

The feeding (Avery, 1993; Greer, Perez, Van Gilst, Lee, &
Ashrafi, 2008) and chemotaxis (Bargmann & Horvitz, 1991; Barg-
mann, Hartwieg, & Horvitz, 1993; Mori, 1999; Sengupta, 2007;
Ward, 1973) behavior of C. elegans, as well as the circuitry
underlying these behaviors (Chatterjee & Sinha, 2008; de Bono &
Maricq, 2005; Schafer, 2005) is well-described, making these
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behaviors well-suited for studying associative conditioning. The
first experiment was conducted to determine if C. elegans could
form associative connections to the Na™ and CI cues by pairing
OP50 food with each separately. The salt concentrations selected
were previously shown to produce a balanced response resulting in
no preference for either ion (Wen et al., 1997), and this was
confirmed with naive N2 worms, #(18) = —.26, p = .79; Student’s
t test; Figure 3. This allowed for an “unbiased” apparatus for
testing conditioning effects on final preference, because at baseline
there is no partial attraction for a particular side.

The worms tested in all assays were not food deprived. It has
been found that food deprivation results in a significantly greater
final preference for the salt ion that had cued food availability
(Wen et al., 1997); however, because there was no food depriva-
tion for drug conditioning, worms were not starved in these pos-
itive controls. Following food-paired conditioning, the worms
showed a robust preference for the salt ion that had been paired
with the food (Figure 3, right). When the OP50 was paired with the
chloride ion, there was a significant preference for chloride during
testing, #(19) = 10.88, p < .001. However, when the OP50 was
paired with the sodium ion, there was a significant preference for
sodium during testing, #19) = -7.45, p < .001. A two-way
ANOVA (CS+ order X CS+ ion-type) revealed no effects of
CS+ order (whether the food was paired first or second during
conditioning), F(1, 20) = .09, p = .77, or any effect of CS+
ion-type (whether the food was paired with sodium or chloride),
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F(1,20) = 3.25, p = .09 (data not graphed). Further, the attrition
rate once worms were placed onto assay plates averaged 4.58 *
0.45%. Most of the worms that were placed on testing plates went
to one of the two salt (or food) environments.

C. Elegans Responds to Cocaine and MAP Salt Cue
Conditioning in a Dose-Dependent Manner

C. elegans has been found to respond dose-dependently to drugs
of abuse, including ethanol (Mitchell et al., 2007; Davis, Li, &
Rankin, 2008; Mitchell et al., 2010), cocaine (Ward et al., 2009),
and amphetamine (Carvelli, Matthies, & Galli, 2010). Having
demonstrated that chemosensation is amenable to use for classical
conditioning, we altered the assay to determine whether changing
the natural UCS (food) to a drug, known to cause behavioral
changes in C. elegans, could also induce a conditioned response.
Previously, C. elegans has shown an aversive response to a cue
that has been paired with starvation (Saeki, Yamamoto, & lino,
2001); thus, it was important to determine whether a cue that was
presented second in order (i.e., increased time from being taken off
maintenance plates and feeding) would elicit an aversive response
rather than the approach response for the CS+. The presence of an
order effect could also suggest an adaptation to the first cue,
resulting in less responsiveness to the second cue. Three-way
ANOVAs (CS+ order X Drug-paired salt ion X Concentration)
showed no effect of CS+ order, either for cocaine, F(1, 82) = .27,
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Figure 3. Salt cue conditioning controls. The data presented on the right show that preference for the ion
predicting food was significantly greater than preference for the ion that had not previously been paired with
food, CI"as CS+: #(19) = 10.88, p < .001; Na+ as CS+: #(19) = 7.45, p < .001. Further, a comparison of Na+
preference for naive controls (far left) and Na+ preference for positive controls (on the right) revealed significant
differences, for Na+ as CS-: #(37) = 6.02, p < .001; for Na+ as CS+: #(37) = 4.49, p < .001. All negative
controls on the left revealed no significant differences in final salt ion preference: naive, #(18) = —27, p = .79;
50-uM MAP alone, #(5) = 0.08, p = .94, 500-u.M MAP alone, #(5) = .46, p = .67; 50-uM cocaine alone, #(5) =
=72, p = .51, 500-uM cocaine alone, #(5) = .99, p = .42; CS1- <> CS2- or water controls, #(23) = —28, p =
.78; and UCS — CS1- <> CS2- or unpaired drug controls, #(10) = —1.26, p = .24. Bars represent means = SEM
(n values from left to right: 19, 6, 6, 6, 6, 24, 11, 20, and 20 plates).
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p = .60, or MAP, F(1, 87) = 3.35, p = .08, thus data were
collapsed across CS+ order. Two-way ANOVAs (Drug-paired salt
ion X Concentration) showed no differences in which salt ion was
paired with a drug, whether it was for cocaine, F(1, 82) = 1.21,
p = .27, or MAP, F(1, 87) = 3.49, p = .06. For each drug-type,
data were collapsed across CS+-type. Worms conditioned with the
stimulant cocaine displayed a concentration-dependent effect on
preference for the ion that predicted the occurrence of drug during
conditioning, F(6, 82) = 4.62, p < .01 (see Figure 4). Tukey’s post
hoc analyses showed that the 50-pwmol/L cocaine treatment during
conditioning resulted in a significantly greater preference for the
drug-paired ion compared with naive controls and vehicle/water
controls (both p < .01). No other cocaine concentration levels
were found to be significantly different from controls.

Similar to cocaine, MAP also induced a conditioned preference.
A one-way ANOVA revealed that worms conditioned with MAP
showed a concentration-dependent preference for the ion paired
with MAP during conditioning, F(6, 87) = 16.20, p < .01 (see
Figure 5). Tukey’s post hoc analyses revealed that both the 50-
pmol/L and 500-pwmol/L MAP treatment groups showed signifi-
cantly higher preference for the drug-paired salt ion cue compared
with naive controls (50 wmol/L: p < .001; 500 wmol/L: p = .01)
and vehicle/water controls (50 wmol/L: p < .001; 500 pmol/L:
p < .01). No other MAP treatment groups were significantly
different from either control. Cocaine and MAP conditioned pref-
erence testing occurred concurrently, thus water controls (i.e., drug
concentration of 0 wmol/L) were the same for both drugs.

Several negative controls were conducted to rule out alternative
explanations for the observed conditioning (Figure 3, left). To
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Figure 4. Cocaine conditioned salt cue preference. A one-way ANOVA
revealed a significant effect of treatment group on final preference for the
drug-paired salt cue, F(6, 82) = 4.62, p < .001. Tukey’s post hoc analyses
showed that the 50-uM cocaine treatment during conditioning resulted in
a significant increase in preference for the drug-paired chemosensory cue
compared with naive controls and water controls. No other concentration
group differed significantly in preference from either control group. Bars
represent means @ SEM (n values from left to right: 19, 24, 8, 13, 8, and
8 plates). “ p < .01, compared with naive controls; # p < .01, compared
with water controls.
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Figure 5. MAP conditioned salt cue preference. A one-way ANOVA
showed a significant effect of treatment group on final preference for the
drug-paired salt context, F(6, 87) = 16.20, p < .01. Tukey’s post hoc
analyses showed that both the 50-uM and 500-uM MAP treatment groups
resulted in significantly higher preference for the drug-paired chemosen-
sory cue compared with controls, while no other concentration groups
differed from controls. Bars represent means * SEM (n values from left to
right: 19, 24, 10, 15, 10, and 5 plates). * p < .05, compared with naive
controls; ** p < .001, compared with naive controls; # p < .01, compared
with water controls; *# p < .001, compared with water controls.

determine whether presentation of the drug was changing final
preference between sodium and chloride, worms were exposed to
MAP or cocaine without any conditioning or pairing with salt ions
(UCS alone, Figure 3, left). Worms exposed to a 50-pmol/L MAP
UCS alone showed no preference for one ion-type over the other,
1(5) = .08, p = .94, nor did worms exposed to the 500-wmol/L
MAP UCS, #5) = .46, p = .67. Likewise, worms exposed to
50-pmol/L cocaine alone did not prefer a particular salt ion, #5) =
.72, p = .51, nor did worms exposed to the 500-pwmol/L cocaine
UCS, #(5) = .99, p = .42. A second negative control consisted of
animals undergoing the entire conditioning process without the
presentation of any UCS. Worms exposed to both CS ions sequen-
tially, with no UCS presentation, did not show any final preference
for either CS ion during testing, #(23) = —.27, p = .78. The final
negative control analysis was determination of backward condi-
tioning effects. These unpaired controls had presentation of drug
prior to exposure to both CS ions and showed no preference for
either CS ion at testing, #(10) = —-1.26, p = .24.

DA-Deficient Worms Do Not Show Salt Cue
Conditioning

DA plays a role in addiction-related behavior (for review, see
Koob & Volkow, 2010). In C. elegans, DA has been found to be
important in several behavioral plasticities including mechanosen-
sory behavior plasticity (Sanyal et al., 2004), gustatory plasticity
(Hukema, Rademakers, & Jansen, 2008), state-dependent learning
(Bettinger & Mclntire, 2004), and ethanol-induced plasticity (Lee,
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Jee, & Mclntire, 2009; Mitchell et al., 2010). The cat-1 mutants are
defective in vesicle packaging of DA (and other neuromodulators,
including serotonin) because the cat-1 gene encodes a vesicular
monoamine transporter (Duerr et al., 1999). The cat-2 mutants lack
the gene encoding tyrosine hydroxylase, which is needed for the
synthesis of DA (Lints & Emmons, 1999). Both mutants have
decreased levels of DA compared with N2 worms (Sanyal et al.,
2004). Because DA is involved in both drug-induced behavior and
drug-dependent learning in C. elegans, we determined whether DA
neurotransmission played a role in drug-induced chemosensory
cue conditioning.

At 50-pmol/L concentrations, both MAP and cocaine were
shown to induce preference for the salt ion cue that they had been
paired with during conditioning for N2 worms (Figure 4 and
Figure 5). When cat-1 and cat-2 mutants were conditioned with
50-pmol/L. MAP, one-way ANOVAs showed no effects of treat-
ment on preference for the drug-paired ion, Figure 6; cat-1: F(3,
34) = 0.25, p = .86; cat-2: F(3,40) = 1.76, p = .17. A two-way
ANOVA (Strain X Treatment) revealed a main effect of strain on
final preference for the drug-paired salt cue, F(2, 158) = 26.71,
p < .001, a main effect of treatment on final preference, F(3,
158) = 5.87, p < .001, and a significant interaction between strain
and treatment on final salt preference, F(6, 158) = 3.15, p < .01.
Tukey’s post hoc analyses showed no differences between the
strains in either of the control treatment groups. However, N2
worms were found to have significantly higher preference for the
drug-paired salt cue than either of the DA-deficient mutants when
exposed to 50-pmol/L cocaine during conditioning (compared
with car-1, p < .001; compared with car-2, p < .01). Additionally,
N2 worms showed greater preference for the drug-paired cue than
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the mutants when conditioned with 50-pmol/L MAP (compared
with car-1, p < .001; compared with cat-2, p < .01).

Similar to N2 worms, the cat-1 and cat-2 mutants showed no
differences in final ion preference during UCS alone and unpaired
negative controls, 50-umol/L cocaine UCS alone, #(5) = .83, p =
44; 50-p.mol/L MAP UCS alone, #(5) = .73, p = .49; 50-pmol/L
cocaine unpaired controls, #9) = .35, p = .74; 50-pmol/L MAP
unpaired controls: #(9) = 1.72, p = .12; data not graphed. How-
ever, unlike the N2 strain that showed a robust response for a salt
cue that had been paired with food during conditioning (see Figure
3), neither the car-1 or cat-2 strains showed any learning when
using food cues as the UCS (data not graphed).

Additionally, we attempted to rescue the stimulant learning in
the car-1 and catr-2 strains by adding exogenous DA to the condi-
tioning plates. N2, cat-1, and cat-2 strains were tested for a learned
association between a salt cue and 50-pwmol/L cocaine or 50-
pmol/L MAP, while both the CS+ and CS- conditioning plates
and testing plates contained a range from 5-25 mM DA. The
addition of DA to conditioning and testing plates resulted in the
rescue of both cocaine and MAP salt ion conditioning for both
the cat-1 and cat-2 mutants when compared with their water
controls (see Table 1). These findings differ from the N2 strain,
where demonstration of learned association between the MAP cue
and the salt ion cue occurs whether additional DA is present or not,
although exogenous DA appeared to block the learned association
between cocaine and the ion cues (see Table 1). Perhaps this block
with cocaine learning occurs because the exogenous DA induces
overstimulation, thus negating the effectiveness of cocaine to serve
as an unconditioned stimulus.

50 uM MAP

50 uM Cocaine

Treatment Group

Figure 6. Comparing N2 wild-type with dopamine deficient mutants in stimulant conditioned salt cue
preference. A two-way factorial ANOVA showed a main effect of strain on final preference for the drug-paired
salt cue, F(2, 138) = 21.99, p < .001, a main effect of treatment, F(3, 138) = 5.01, p < .01, but no interaction
between strain and treatment. Tukey’s post hoc analyses showed no differences between the strains in either of
the control treatment groups. However, N2 wild-type worms were found to have significantly higher preference
for the drug-paired salt cue than either of the dopamine-deficient mutants when exposed to 50-uM cocaine
during conditioning (compared to cat-1, p < .001; compared with car-2, p = .03). Additionally, N2 worms
showed greater preference for the drug-paired cue than the mutants when conditioned with 50-uM MAP
(compared with cat-1, p = .001; compared with cat-2, p = .004). Bars represent means = SEM (n values from
left to right: 14, 19, 14, 16, 7, 8, 12, 8, 7, 11, 13, and 10 plates). “ p < .05; ™ p < .001.
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Table 1
Average Percentage = SEM of Worms Per Plate Preferring the
Drug-Paired Salt Cue

Strain Group Cocaine MAP

N2 Control 48.70 = 2.13 48.70 = 2.13
Drug 69.13 + 5.32" 66.07 + 2.07"
Drug + DA 55.35 £ 2.98 60.51 * 2.34"

cat-1 Control 4532 = 3.11 4532 =311
Drug 38.15 + 3.68 44.56 = 3.87
Drug + DA 60.32 + 5.25" 57.92 = 1.517

cat-2 Control 46.21 £ 3.41 46.21 = 3.41
Drug 50.72 = 1.87 51.65 = 5.09
Drug + DA 61.00 * 3.62" 55.78 £9.31"

Note. n = 8+ for rach cell; Control = Water controls; Drug = 50-uM drug
paired with salt cue during conditioning; Drug + DA = Dopamine present
on both CS+ and CS- plates during conditioning and present on final salt
preference assay plates.

* Average percentage of worms preferring cue paired with drug during
conditioning, p < .05 versus water controls (Tukey’s 7 test).

Food Cues Can Also be Used as Conditioned Stimuli

In previous chemosensory cue conditioning studies with C.
elegans, salt cues were used as the conditioned stimuli to pair with
UCS, such as food. However, it has been shown that C. elegans
demonstrate choice behavior when presented with multiple differ-
ent bacterial strain options (Zhang, Lu, & Bargmann, 2005;
Shtonda & Avery, 2006). We developed a conditioned food cue
assay similar to the conditioned salt cue assay where the “neutral”
cues during conditioning and in final preference testing became the
E. coli strains OP50 and NA22. However, initial observation using
naive controls, water controls, unpaired controls, and drug alone
controls revealed that the worms did demonstrate a baseline pref-
erence for the NA22 bacteria over the OP50, see Figure 7 for
negative controls: for naive controls: preference for OP50 =
38.35 = 2.61%, preference for NA22 = 61.65 * 2.61%, #(15) =
—-4.47, p < .01; for CS1- <—> CS2- (water) controls: preference
for OP50 = 43.32 = 1.68%, preference for NA22 = 56.68 *
1.68%, t(34) = -3.97, p < .01; for 50-pmol/L cocaine alone
controls: preference for OP50 = 38.77 * 2.56%, preference for
NA22 = 61.23 = 2.56%, t(9) = -3.40, p < .05; for 50-pumol/L
MAP drug alone controls: preference for OP50 = 44.11 * 1.52%,
preference for NA22 = 55.89 * 1.52%, t(9) = 2.99, p < .05; for
50-pmol/L. cocaine unpaired controls: preference for OP50 =
41.33 £ 2.04%, preference for NA22 = 58.67 * 2.04%, 1(9) =
—4.25, p < .01; for 50-pwmol/L MAP unpaired controls: preference
for OP50 = 38.77 = 3.70%, preference for NA22 = 61.23 =
3.70%, t(9) = -3.04, p < .01. Thus, for the food cue conditioning
experiments, the least preferred food type (OP50) was used as the
conditioned stimulus to determine if drug conditioning could over-
come the baseline preference for NA22 over OP50.

Pairing MAP with OP50 during conditioning produced a signif-
icant effect on OP50 preference during testing, F(6, 93) = 2.43,
p < .04 (see Figure 8). Because no order effects were seen during
salt ion conditioning (i.e., preference was not altered due to CS+
being presented first or second), all food conditioning experiments
were completed using the CS+ (OP50) as the first cue. Further,
more replicates were completed at drug concentrations that elicited
effects during salt ion conditioning. Tukey’s post hoc analyses

revealed a significant increase in preference for the drug-paired
food cue for the 50-pwmol/L MAP treatment group over naive
controls (p < .01) and a trend toward increased preference com-
pared with water controls (p = .08). No other treatment groups
were found to be significantly different from either control. Sim-
ilarly, when cocaine was the UCS, a one-way ANOVA showed a
significant effect of treatment group on final preference for the
drug-paired food cue, F(6, 94) = 7.55, p < .001 (see Figure 9).
Tukey’s post hoc analyses showed that the 5-pmol/L and 50-
pmol/L cocaine groups showed significantly greater preference for
the drug-paired food than either of the controls, 5 pmol/L: com-
pared with naive controls, p < .001, compared with water controls
p < .01; 50 pwmol/L: compared with naive controls, p < .001,
compared to water controls, p < .01. No other treatment groups
were different from either control.

Discussion

Associative learning in C. elegans has previously been confined
to pairing cues with appetitive stimuli (i.e., food; Morrison & van
der Kooy, 1997; Wen et al.,, 1997) or aversive stimuli (e.g.,
starvation: Nuttley, Atkinson-Leadbeater, & van der Kooy, 2002;
Saeki et al., 2001). This study expanded the UCS to include
stimulant drugs that are known to be robust UCS stimuli in
vertebrate (for comprehensive reviews, see Cunningham, Gremel,
& Groblewski, 2006; Tzschentke, 2007) and other invertebrate
models (Huber, Panksepp, Nathaniel, Alcaro, & Panksepp, 2011;
Kusayama & Watanabe, 2000; for ethanol, see Kaun, Azanchi,
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Figure 7. Food cue conditioning negative controls. All controls revealed
significant differences in bacterial strain preference, each control preferring
the NA22 bacteria: naive, #(15) = —4.47, p < .01; for CS1- <-> CS2-
controls, #34) = -3.97, p < .01; for UCS alone (50-uM cocaine), #(9) =
-3.40, p < .05; for UCS alone (50-uM MAP) controls, #9) = 2.99, p <
.05; for 50-pM cocaine unpaired controls, #(9) = —4.25, p < .01; for
50-uM MAP unpaired controls, #(9) = -3.04, p < .05. Bars represent
means = SEM (n values from left to right: 16, 35, 10, 10, 10, and 10
plates).
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Figure 8. MAP conditioned food cue preference. These assays represent
a pairing of MAP with the food-type OP50. A one-way ANOVA showed
a significant effect of treatment group on final preference for the drug-
paired food cue, F(6, 93) = 2.43, p < .04. Tukey’s post hoc analyses
showed that the 50-pM MAP treatment during conditioning caused a
significant increase in preference for the drug-paired chemosensory cue
compared with naive controls and a trend toward significantly greater
preference over water controls (p = .08). The controls were not signifi-
cantly different from any other treatment groups. Bars represent means *
SEM (n values from left to right: 16, 35, 4, 4, 16, 15, and 4 plates). “ p <
.01 over naive controls.

Maung, Hirsh, & Heberlein, 2011). A simple choice measurement
was used to show drug-conditioned learning in C. elegans, em-
ploying the same principles used to study drug reward in higher
level organisms. Previous studies have shown C. elegans respond
behaviorally to cocaine and amphetamine, and these responses are
at least partially dependent on serotonergic and dopaminergic
neurotransmission (Carvelli et al., 2010; Ward, Walker, Feng, &
Xu, 2009). Using similar concentrations, we have shown that C.
elegans can associate these drugs with chemosensory cues and that
preference for these cues increases following repeated pairings.
Using chemosensory cues, C. elegans showed an increased pref-
erence for the salt ion that was paired with cocaine or MAP (see
Figures 4, 5). Further, the worms show that different bacterial
cultures can be used as chemosensory cues in associative learning.
C. elegans showed increased preference for the baseline less
preferred food when that food had been paired with cocaine or
MAP during conditioning (see Figures 8, 9). The current findings
provide evidence of possible reward mechanisms in C. elegans that
are activated by stimulants. The prospect for modeling some
complex behavioral states such as “motivation” in C. elegans is
debatable (Mitchell et al., 2010). However, the development of
preference for a cue that was previously paired with drugs suggests
that some conserved aspects of reward behavior may also be
evident in C. elegans (Cunningham et al., 2006; Tzschentke,
2007). Moreover, the current data are also consistent with recent
findings in which drosophila melanogaster demonstrate increased
preference responses to cues that had been previously paired with

ethanol (Kaun et al., 2011). Together, these findings support the
hypothesis that some mechanisms mediating the rewarding prop-
erties of drugs of abuse may be conserved in invertebrates. Thus,
invertebrates may prove to be valuable model organisms in the
study the neurobiological basis of addiction.

The observed stimulant-induced associative learning was dose-
dependent. This suggests it was not just the presence of drug that
altered the preference for one chemosensory cue over the other, but
rather the effects on the internal state of the worm, which was the
UCS. If it was solely the presence of drug during conditioning that
changed chemotaxis, then the increased preference would have been
observed at all concentrations. Further, previous exposure to stimu-
lants alone, with no pairing of salt ion cues, did not alter future
preference for either ion over naive controls (see Figure 3). These
findings suggest that the drugs themselves are not altering preference,
but that alterations in the internal states produced by the drugs are
being associated with learned cues as evidenced by subsequent be-
havioral changes observed in the absence of the drug.

Drug-paired classical conditioning can be used as a paradigm
for the measurement of the rewarding properties of drugs because
when animals seek out environments previously associated with
drugs, it is believed to be because the drugs were rewarding. We
developed our assay from previous conditioning procedures where
food was used as the UCS (Wen et al., 1997). It is possible that
drug rewards and food rewards are fundamentally different when
used as UCS (Spiteri, Le Pape, & Agmo, 2000). It has been argued
that the preference observed after food conditioning is a measure-
ment of the consummatory properties of the food, while drug-
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Figure 9. Cocaine conditioned food cue preference. These assays repre-
sent a pairing of the cocaine unconditioned stimulus with the OP50
food-type. A one-way ANOVA showed a significant effect of treatment
group on final preference for the drug-paired food cue, F(6, 94) = 7.55,
p < .001. Tukey’s post hoc analyses showed that the 5-uM and 50-pM
cocaine groups showed significantly higher final preference for the food
paired with drug than either of the control groups. No other treatment levels
were significantly different from water controls. Bars represent means =
SEM (n values from left to right: 16, 35, 4, 11, 13, 12, and 4 plates). * p <
.001 compared with naive controls; # p < .01 compared with water
controls.
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induced CPP is measuring the affective properties from the drug
(Spiteri et al., 2000). However, in this study, both the food UCS
and drug UCS were given simultaneously with the chemosensory
cues, therefore all final preference choices should be considered a
reflection of the association with both the consummatory and
affective properties of the UCS’s. Further, unpaired controls
showed that no associative learning occurred when the worms
were exposed to the UCS at a different timepoint than presentation
of the chemosensory cue.

In addition to the development of a C. elegans measurement of
drug conditioned preference, we also were able to demonstrate that
the drug conditioning occurred with different types of conditioned
stimuli. Previous conditioning literature has used salt ions, odor-
ants, and temperature as “neutral” stimuli or cues for associative
conditioning (for review, see Ardiel & Rankin, 2010). It has also
been shown that worms do exhibit dietary choice behavior
(Shtonda & Avery, 2006). The present study used the ability of C.
elegans to sense differences in food choices as cues for pairing
with cocaine and MAP UCS. It was found that no conditioning was
observed when the drugs were paired with the NA22 bacteria. All
the N2 young adults tested had been raised on NA22 bacteria and
when tested for preference, both acutely and following nondrug
paired conditioning controls, showed a higher preference for NA22
than OP50. It is possible that there is just a ceiling effect of
preference shown during testing for NA22 and the pairing of any
rewarding UCS just could not increase preference. It is also pos-
sible that the effects of “dwelling” could be affecting final pref-
erence ratios. Worms typically will slow down when entering a
bacterial lawn (de Bono & Maricq, 2005), which may limit the
ability of the worms to leave that area and go to another, although
it has been reported that in a 2-choice assay between two bacterial
types, worms quickly went to the chosen food environment and did
not leave the lawn (Zhang et al., 2005). However, consistent with
the current results, if drugs of abuse in this paradigm are indeed
producing these effects by activating reward systems already in
place for natural rewards (e.g., food), one might expect worms to
show similar responses to the drug-associated cues as they would
for food.

The mechanisms underlying addiction are still not fully under-
stood. The DA reward pathway is thought to be involved, partic-
ularly in the plasticity of behavior going from drug use to drug
abuse (Chen et al., 2010; Koob & Volkow, 2010). Previously,
associative learning in C. elegans has been found to be modulated
by monoaminergic systems (Hukema et al., 2008) and DA-
deficient mutants were found to be impaired in state-dependent
learning (Bettinger & Mclntire, 2004). In the current study, two
DA-deficient mutants were tested and did not demonstrate cocaine
or MAP conditioned salt cue preference at concentrations seen in
N2 wild-type worms. These data are consistent with findings in
drosophila in which DA neurotransmission was required for the
development of a conditioned preference response using ethanol as
the UCS (Kaun et al., 2011). Further, in the current study, neither
the cat-1 or cat-2 mutants showed a conditioned response when
using food as the UCS, although DA-deficient mutants have been
found to have problems sensing food (Duerr et al., 1999; Sawin,
Ranganathan, & Horvitz, 2000). Ward et al. (2009) found that the
cat-2 mutants did not differ from N2 worms in their locomotor
response to cocaine exposure; instead, they found that serotonin
modulated cocaine-induced locomotion changes. Further, car-2

mutants also have been found to be normal in olfactory learning
from pre-exposure to pathogenic bacteria (a conditioned taste
aversion-like paradigm), while the serotonin system largely mod-
erated the aversive learning response (Zhang et al., 2005). How-
ever, we found that car-2 mutants showed no cocaine conditioned
preference. This suggests that the acute behavioral effects of
cocaine and the conditioned preference plasticity effects could be
regulated by different pathways and also that different types of
associative learning (conditioned aversion vs. conditioned prefer-
ence) could be regulated by different systems. Similar to the
current findings, monoaminergic-pathway mutants in vertebrates
also have shown alterations in stimulant-induced classically con-
ditioned behavior (Budygin et al., 2004; Sora et al., 2001). In
different learning paradigms, learning responses have been rescued
in these DA-deficient strains by exposure to exogenous DA (Mat-
suura, Oda, Hayashi, Sugisaki, & Ichinose, 2010). Consistent with
these findings, exposure to exogenous DA rescues the conditioned
preference response in both strains using either cocaine or MAP as
the UCS. It is unclear why the increase in the learned response was
more robust in the cat-1 strain as compared with the cat-2 strain.
These strains have been shown to have different intracellular
amounts of DA present (Sanyal et al., 2004), possibly resulting in
different adaptations in DA processing or receptor systems that
may impact the effectiveness of rescue via exogenous DA expo-
sure. Regardless, these results support the hypothesis that the
dopaminergic system is involved in the stimulant associative learn-
ing response in C. elegans.

Chemosensory cue conditioning appears to be a useful assay for
the analysis of drug-paired associative learning in C. elegans. The
strength of the design is testing in the absence of any drug that can
confound interpretations in many other addiction-related animal
models. We have demonstrated that C. elegans develops cocaine
and MAP conditioned cue preference. By studying addiction-
related behaviors in a simple nervous system that is amenable to
identification of molecules, neurons, and circuits, we may be able
to better understand the mechanisms underlying addictions and
identify novel regulators of this reward-based plasticity.
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