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Abstract
Rationale Cigarette smoking is one of the most serious health
problems worldwide and people trying to stop smoking have
high rates of relapse. Zebrafish (Danio rerio), by combining
pharmacological and behavioral assays, is a promising animal
model for rapidly screening new compounds to induce
smoking cessation.
Objectives This study aims to identify possible acetylcholine
nicotinic receptors (nAChRs) involved in mediating nicotine
(NIC)-induced conditioned place preference (CPP) in zebrafish

and investigate the effect of the CC4 and CC26 cytisine deriv-
atives in reducing NIC-induced CPP.
Methods CPP was evaluated using a two-compartment cham-
ber, and the zebrafish were given CC4 (0.001–5 mg/kg),
CC26 (0.001–1 mg/kg), cytisine (0.1–2.5 mg/kg), and
varenicline (1–10 mg/kg) alone or with NIC (0.001 mg/kg).
Swimming activity was evaluated using a square observation-
al chamber. The affinity of the nicotinic ligands for native
zebrafish brain nAChRs was evaluated by binding studies
using [3H]-Epibatidine (Epi) and [125I]-αBungarotoxin
(αBgtx) radioligands, and their subtype specificity was deter-
mined by means of electrophysiological assay of oocyte-
expressed α4β2 and α7 subtypes.
Results CC4 and CC26 induced CPP with an inverted U-
shaped dose–response curve similar to that of NIC.
However, when co-administered with NIC, they blocked its
reinforcing or slightly aversive effect. Binding and electro-
physiological studies showed that this effect was due to bind-
ing to high-affinity heteromeric but not α7-containing
receptors.
Conclusions We have further characterized CC4 and identi-
fied a new compound (CC26) that may be active in inducing
smoking cessation. Zebrafish is a very useful model for
screening new compounds that can affect the rewarding prop-
erties of NIC.
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Introduction

Smoking is one of the most difficult addictions to
overcome because of the reinforcing effects of nicotine
(NIC) and possibly other substances contained in tobac-
co and the presence of withdrawal symptoms, which is
why tobacco dependence remains a major health prob-
lem worldwide.

NIC is the main psychoactive ingredient in cigarettes, and
its binding to neuronal nicotinic acetylcholine receptors
(nAChRs) evokes physiological effects by stimulating the
mesolimbic brain reward system (Picciotto and Kenny
2013). Receptors consisting of five subunits encoded by at
least nine different genes (α2−α7; β2−β4) and having spe-
cific pharmacological and functional properties have been
found in mammals. Two main classes of nAChR subtypes
have been identified: homomeric α7 or α9 or heteromeric
α9-α10 αBungarotoxin (αBgtx)-sensitive receptors, and
heteromeric α(α2-α6) and β(β2-β4) αBgtx-insensitive re-
ceptors (Gotti et al. 2009).

Current first-line pharmacotherapies aimed at encour-
aging people to stop smoking include NIC replacement
therapy, bupropion hydrochloride, and varenicline (VAR)
tartrate. NIC replacement therapy slightly decreases re-
lapse rates in smokers by interfering with the action of
NIC (Raupach and van Schayck 2011). The atypical
antidepressant bupropion reduces the severity of NIC
craving during withdrawal, but its long-term beneficial
effects on relapse are not clear (Hughes et al. 2007).
Cytisine (CYT)-related VAR tartrate (Chantix or
Champix) is a partial agonist of α4β2* and α6β2 *
nAChR subtypes and a full agonist of α7 and α3β4
nAChRs. It acts on β2-containing receptors and induces
the release of mesolimbic dopamine, which counteracts
withdrawal symptoms and reduces smoking satisfaction
(Foulds 2006; Mihalak et al. 2006; Rollema et al.
2007). Clinical trials indicate that VAR is effective in
decreasing relapse to smoking in humans (Cahill et al.
2011; Gonzales et al. 2006; Jorenby et al. 2006;
Tonstad et al. 2006; Zierler-Brown and Kyle 2007),
but adverse cardiovascular effects and/or neuropsychiat-
ric events have recently been reported including (but not
limited to) depression, suicidal ideation, suicide at-
tempts, and completed suicide (Freedman 2007; Moore
et al. 2011; Singh et al. 2011). It is possible that at least
some of these are related to VAR acting on subtypes
other than these β2-containing subtypes.

In our search for new drugs that act on dopamine
release, we have recently identified the compound 1,2-
bis(cytisin-12-yl)ethane (CC4), a dimer of CYT that
mediates striatal dopamine release by partially activating
the α4β2 and α6β2 nAChRs and, when co-incubated
with NIC, reduces NIC-induced dopamine release (Sala

et al. 2013). It also has low affinity for the α3β4 and
α7 nAChR subtypes, and its effects on these subtypes
are less efficacious than those of NIC or CYT. In line
with the partial agonist selectivity of CC4 for β2-
nAChRs, our in vitro and in vivo findings in rat have
shown that, like VAR, it reduces some behaviors asso-
ciated with NIC addiction such as conditioned place
preference (CPP) and NIC self-administration.

Rodent studies have been important in the field of NIC
addiction, but they are extremely time-consuming, expensive,
and difficult to develop for the screening of many compounds.
We therefore decided to test the CYT derivatives using
zebrafish (Danio rerio), a recently emerging alternative pre-
clinical vertebrate model for behavioral studies of NIC expo-
sure, particularly for studying the complex processes involved
in the development of NIC addiction (Mathur and Guo 2010).
In particular, zebrafish can be used to screen for chemical
compounds that can modulate NIC-induced CPP, a behavioral
model used to study the rewarding properties of NIC
(Kedikian et al. 2013).

Zebrafish express the same set of neuronal nAChR genes
as those present in other vertebrates (α2, α3, α4, α6, α7, α8,
β2, β3, β4) (Ackerman et al. 2009; Zirger et al. 2003), and
there is a high degree of protein sequence conservation be-
tween human and zebrafish orthologues. Transcripts for the
α2, α7, and β3 subunits are expressed very early (3 h post-
fertilization) and the α4 and α6 subunits later on, although
still early in development, consistent with their possible role in
signaling events early during nervous system development.
The β2 subunit has been localized by means of immunocyto-
chemistry in various areas of the CNS, and it seems that
nAChR development and subtype expression are similar be-
tween zebrafish and humans, but little work has been done on
the pharmacological and biochemical characterization of na-
tive adult brain zebrafish subtypes. Moreover, functional stud-
ies on heterologously expressed α4β2 and α7 subtypes have
shown that in zebrafish only some nicotinic drugs have main-
tained the subtype specificity determined in mammals (Papke
et al. 2012).

The aim of this study was to assess the ability of
NIC, CYT, and CYT derivatives to induce CPP in
zebrafish and the ability of CYT derivatives to reverse
the rewarding effect of NIC-induced CPP. As very little
is known about the pharmacology of the native nicotinic
subtypes expressed in zebrafish, we used binding and
pharmacological experiments to identify the native sub-
types expressed in adult zebrafish brain by means of
subtype-selective antagonists. We also characterized the
neuropharmacology of CC4 and the new CYT derivative
1,4-Bis(cytisin-12-yl)-2-butyne (CC26), by means of be-
havioral and binding studies on native zebrafish sub-
types and by electrophysiological experiments on
oocyte-expressed zebrafish α4β2 and α7 subtypes.
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Materials and methods

Animals

Adult wild-type (WT) zebrafish (D. rerio) (0.4–1 g) of het-
erogeneous genetic background were obtained by a local
aquarium supply store (Aquarium Center, Milan, Italy).
Zebrafish were aged between 6 and 12 months, and were
between 3 and 4 cm long. In all of the experiments, the sex
ratio of zebrafish was 50–50 %. Males and females were
identified according to Streisinger (2000). The animals were
kept at approximately 28.5 °C on a 14/10-h light/dark cycle
(lights on at 08.00 hours). In order to minimize stress, the
experiments were began 1 month after their arrival in the
lab. Furthermore, the fish were habituated to the apparatus
for 1 h a day in the week preceding the beginning of the
experiments. During the experiments, the observer, who was
blind to the treatment allocation, sat 2 m away from the tank.

Behavioral studies

Behavioral testing took place during the light phase between
0900 and 1400 hours. Tank water consisted of deionized H2O
and sea salts (0.6 g/10 l of water; Instant Ocean, Aquarium
Systems, Sarrebourg, France). The home tanks with groups of
approximately 30 adult fish were maintained with constant
filtration and aeration. Fish were fed daily with brine shrimp
and flake fish food (Tropical fish food, Consorzio G5, Italy).
All the fish were drug naive, and each fish was used only once.
Ten fish per group were used. Experimental procedures were
carried out in accordance with the European Community
Council Directive No. 86/609/EEC and the subsequent
Italian Law on the Protection of animals used for experimental
and other scientific reasons.

The experimental protocol was approved by the Italian
Governmental Decree No. 29/2010. All efforts were made to
minimize the number of animals used and their discomfort.

Conditioned place preference

The fish were tested in a two-chamber tank (10×20×15 cm)
as previously described (Braida et al. 2007). The tank was
divided into two halves (10×10 cm) containing distinct visual
cues (two black polka dots) with a perforatedwall that allowed
complete, albeit somewhat impeded, movement. On the first
day, after a previous introduction to the apparatus, the fish
were tested for baseline preference by calculating the percent
time spent on a given side during a 15-min trial (precondi-
tioning phase). Six hours later, the fish were given intramus-
cular (i.m.) injections with the different drugs and then re-
stricted to the least preferred side for 30 min. Twenty-four
hours after, fish receiving vehicle were confined in the oppo-
site compartment for 30 min. Drug–texture pairings were

always counterbalanced. On the third day, the fish were free
to access to two sides for 15 min, and the time spent in each
compartment was recorded. The change in preference, obtain-
ed by subtracting the baseline value from the final value in the
drug-paired compartment, reflected rewarding or aversive
properties.

Swimming behavior

Immediately after treatment, each subject was placed in a
transparent observation chamber (20×10×15 cm) containing
home tank water filled at a level of 12 cm. The floor of the
chamber was divided into ten equal-sized 2×10 cm rectan-
gles. Using a time-sampling procedure, swimming activity
was monitored by counting the number of lines crossed in a
30-s observation period every 5 min, for a total of six obser-
vation bins over 30 min (Swain et al. 2004).

Treatment

Zebrafish body weight was measured as previously described
(Braida et al. 2007). Briefly, fish were removed from their tank
using a net and placed in a container containing tank water,
positioned on a digital balance. Fish weight was determined as
the weight of the container plus the fish minus the weight of
the container before the fish was added. The mean of three
measurements was recorded. Each fish was injected i.m. in the
caudal musculature along the posterior axis. The site of injec-
tion was constantlymaintained at the area below the caudal fin
on the left side of each fish. Each volume, depending on the
fish’s weight (2 μl/g), was given using a Hamilton syringe
(Hamilton Bonaduz AG, Bonaduz, Switzerland). Fish were
individually pulled out of the water tank with the use of a net.
Then, each fish was kept immobilized through the net with
two fingers of the left hand. Immediately after, the needle was
positioned at a 45° angle in relation to the back of the fish with
the needle pointing towards the head. The injection was in the
largest portion of the caudal muscle, immediately posterior to
the caudal fin. The needle was inserted into the muscle just
beyond the bevel of the needle. Total time out of water was
approximately 10 s. Each fish was removed from the net and
immediately dipped in the tank water.

NIC determination in zebrafish brain and tissues

LC-MS/MS analysis

NIC was determined by liquid chromatography–tandem mass
spectrometry (LC-MS/MS) as previously described (Vieira-
Brock et al. 2011), with minor modifications. Liquid chroma-
tography was performed using an HP 1200 system consisting
of a binary pump, an automatic sampler, and a column oven
(Agilent Technologies, Germany), which was equipped with a
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Discovery HS-F5 column (150 mm×2.1 mm, 3 μm)
(Supelco, Milan, Italy). The column temperature was 25 °C.
The mobile phase was 10 mM ammonium acetate (A) and
acetonitrile (B). The elution conditions were as follows: 5 %B
to 95 % B (0–10 min), 95 % B (10–13 min), 95 to 5 % B (13–
13.1 min) and the flow rate was 0.3 ml/min. An Agilent 6410
triple quadrupole–mass spectrometer with an electrospray ion
source operated in positive mode was used for detection. Flow
injection analysis was used to optimize the fragmentor and
source parameters. The optimized source parameters for MS
analysis were as follows: drying gas temperature 350 °C, gas
flow 12 l/min, nebulizer gas flow pressure 35 psi, and capil-
lary voltage 3,500 V. The optimized fragmentor voltage was
90 Vand the collision energy was 20 eV. The SRM pairs were
163.2–>130.2 for NIC and 166.2–>130.2 for NIC -d3 (IS).
The retention time of NIC was 5.8 min. The calibration curve
was constructed using nine calibration standards (viz. 10–
100 ng/ml). The best fitting calibration curve was obtained
by linear regression analysis with a 1/x2 weighting factor (r2>
0.993). The calibration curve equation was y=0.003284+
0.01235, using the peak area ratios of the analyte and IS
(NIC -d3). Linearity was confirmed by statistical analysis
(P<0.05). The lower limit of quantification (LLOQ) was
10 ng/ml. The limit of detection (LOD) at a signal-to-noise
ratio of 3:1 was 5 ng/ml.

Sample preparation

The fish brains were homogenized in deionized water (2 ml/g
brain tissue) and treated in accordance with a standard protein
precipitation protocol. Briefly, the homogenate was diluted
1:4 in acetonitrile and centrifuged at 10,000 rpm for 10 min at
4 °C. The supernatant was evaporated, reconstituted in 10mM
ammonium acetate/acetonitrile 70:30, and then analyzed
using the liquid chromatography/mass spectrometry.
Deuterated NIC was used as the internal standard.

Biochemical studies

Binding assays and pharmacological experiments

Before the brain extraction, each fish was anesthetized in
0.2 % Tricaine and then euthanized by incubation in ice
water for 15 min according to Gupta and Mullin (2010).
After dissection, brains were immediately frozen until later
use. In each experiment, the tissues from 40 to 60 zebrafish
were pooled and homogenized in 5 ml of 50 mM Na phos-
phate pH 7.4, 1 M NaCl, 2 mM EDTA, 2 mM EGTA, and
2 mM phenylmethylsulfonyl fluoride (PMSF) with a Potter
homogenizer. The homogenates were then diluted and centri-
fuged for 1.5 h at 60,000×g. The procedures of homogeniza-
tion, dilution, and centrifugation of the total membranes were
performed twice, after which the pellets were collected,

rapidly rinsed with 50 mM Tris–HCl pH 7, 120 mM NaCl,
5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, and 2 mM PMSF,
and then resuspended in phosphate buffer saline (PBS) buffer
containing a mixture of 10 μg/ml of each of the following
protease inhibitors: leupeptin, bestatin, pepstatin A, and
aprotinin.

[3H]-Epibatidine binding In order to ensure that the α7-
nAChRs did not contribute to [3H]-Epibatidine (Epi) binding
to the membrane, the binding was performed in the presence
of 1 μM αBgtx, which specifically binds to α7*-nAChR and
thus prevents [3H]-Epi binding to these sites. Saturation bind-
ing to the membrane homogenates was carried out for 3 h at
RT or overnight at 4 °C by incubating aliquots of the mem-
brane with increasing concentration of [3H]-Epi (0.005–
10 nM). Nonspecific binding (averaging 5–10 % of total
binding) was determined in parallel samples containing
100 nM unlabeled Epi. At the end of the incubation, the
samples were filtered on a GFC filter soaked in 0.5 %
polyethylenimine, washed with 15 ml of buffer (Na phos-
phate, 10 mM, pH 7.4; NaCl, 50 mM), and counted in a γ
counter.

[125I]-αBungarotoxin binding Binding experiments were per-
formed by incubating zebrafish membranes with increasing
concentration (0.01–10 nM) of [125I]-α bungarotoxin (αBgtx)
overnight at 20 °C in the presence of 2 mg/ml bovine serum
albumin (BSA). Specific radioligand binding was defined as
total binding minus nonspecific binding determined in the
presence of 1 μM cold αBgtx. After incubation, the samples
were filtered as described above and the bound radioactivity
directly counted in a γ counter.

Pharmacological experiments The inhibition of [3H]-Epi and
[125I]-αBgtx binding by the test compounds was measured by
pre-incubating zebrafish membrane homogenates with in-
creasing concentrations (10 pM–10 mM) of the drug to be
tested for 30 min at room temperature, followed by overnight
incubation with a final concentration of 0.1 nM of [3H]-Epi at
0 °C or 1 nM [125I]-αBgtx at room temperature.

Immunoprecipitation studies The immunoprecipitation stud-
ies were performed as previously described (Grady et al.
2009). Triton X-100 at a final concentration of 2 % was added
to the washed brain zebrafish membranes, which were extract-
ed for 2 h at 4 °C. The membrane extracts were centrifuged for
1.5 h at 60,000×g and recovered. For the immunoprecipita-
tion experiments, the extracts obtained from the zebrafish
membranes preincubated with 1 μM αBgtx were labeled with
2 nM [3H]-Epi and incubated with a saturating concentration
(20 μg) of anti-α4 antibodies. The extracts labeled with
[125I]-αBgtx were incubated with a saturating concentration
(20 μg) of anti-α7 antibodies. After overnight incubation, the
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samples were recovered by incubating samples with beads
containing bound anti-rabbit goat IgG (Technogenetics,
Milan, Italy). The level of antibody immunoprecipitation
was expressed as fentomole of immunoprecipitated receptors
per milligram of protein.

Both α4 (PPWLAGMI) and α7 (SAPNFVEAVSKDFA)
peptide sequences used to raise antibodies against the subunits
are located at the C-terminus of the subunits, which have
100 % amino acid sequence identity conserved between
zebrafish and mammals.

Electrophysiological studies

Expression of zebrafish nAChRs in oocytes

Zebrafish cDNAs were obtained from R. Thomas Boyd (Ohio
State University, Columbus, OH) as previously described
(Papke et al. 2012). Mature (>9 cm) female Xenopus laevis
African frogs (Nasco, Ft. Atkinson, WI) were used as a source
of oocytes. Prior to surgery, the frogs were anesthetized by
placing the animal in a 0.7 g/l solution of MS222 (3-
aminobenzoic acid ethyl ester) buffered with sodium bicar-
bonate for 15–30 min. Oocytes were removed from an inci-
sion made in the abdomen. To remove the follicular cell layer,
harvested oocytes were treated with 1.25 mg/ml type 1 colla-
genase (Worthington Biochemical Corporation, Freehold, NJ)
for 3–4 h at room temperature in calcium-free Barth's solution
(88 mM NaCl, 1 mM KCl, 0.33 mM MgSO4, 2.4 mM
NaHCO3, 10 mM HEPES (pH 7.6), 12 mg/l tetracycline
chloride). Subsequently, stage 5 oocytes were isolated and
injected with 50 nl (5–20 ng) each of the appropriate subunit
cRNAs. The RNAs injected for α-β pairs were injected at 1:1
ratios. Recordings were made 1 to 10 days after injection.

Experiments were conducted using OpusXpress 6000A
(Molecular Devices, Union City CA) as previously described
(Papke and Stokes 2010). OpusXpress is an integrated system
that provides automated impalement and voltage clamp of up
to eight oocytes in parallel. Cells were automatically perfused
with bath solution, and drug solutions were delivered from a
96-well plate. Both the voltage and current electrodes were
filled with 3 M KCl. The agonist solutions were applied via
disposable tips, which eliminated any possibility of cross-
contamination. Drug applications alternated between acetyl-
choline (ACh) controls and experimental applications. Flow
rates were set at 2 ml/min for experiments with α7 receptors
and 4 ml/min for other subtypes. Cells were voltage-clamped
at a holding potential of −60 mV. Data were collected at
50 Hz and filtered at 20 Hz. ACh applications were 12 s
in duration followed by 181-s washout periods with α7
receptors and 6 s with 241-s wash periods for other
subtypes. Fresh ACh stock solutions were made daily in
Ringer's solution and diluted.

Measurement of functional responses Responses of cells ex-
pressing α4β2 receptors were measured as the peaks in the
currents evoked by ACh or ACh co-applied with the experi-
mental compounds. For α7 receptors, the peak currents are
associated with synchronization of channel activation that
occurs well in advance of the full agonist application (Papke
and Porter Papke 2002). Therefore, we measured the net
charge of the α7 agonist-evoked responses.

Experimental protocols and data analysis Each oocyte re-
ceived two initial control applications of 60 μM ACh, then
60 s experimental drug (1 μM) pre-applications followed by
co-application of the test compounds at 1 μM plus 60 μM
ACh and additional follow-up control applications of
ACh. Responses to each drug application were calculated
relative to the average of the two preceding ACh control
responses to normalize the data, compensating for the varying
levels of channel expression among the oocytes.

Drugs

For the in vivo studies 1,2-bis(cytisin-12-yl)ethane (CC4), 1,4-
bis(cytisin-12-yl)-2-butyne (CC26), and cystine (CYT) were
synthesized as described by Braida et al. (2014); Carbonnelle
et al. (2003). NIC bi-tartrate (0.0001–0.1 mg/kg) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Due to
the lack of data on zebrafish and nicotinic compounds injected
and not dissolved in the tank water, a pilot study was previ-
ously undertaken on selective nAChRs antagonists alone or in
combination with NIC on CPP. CC4 (5 mg/kg), CC26
(1 mg/kg), CYT (2.5 mg/kg), varenicline (VAR, 7.5 mg/kg),
mecamylamine hydrochloride (MEC, 0.1 mg/kg), α-
conotoxin MII (MII, 0.01–1 mg/kg), methyllycaconitine
(MLA, 0.01–1 mg/kg), and dihydro-β-erythroidine (DhβE,
0.001–0.1 mg/kg) (Sigma-Aldrich, St. Louis MO, USA) were
given alone or combined with the maximal rewarding dose of
NIC. For CC4 and CC26 antagonism, NIC was used at differ-
ent doses. The rewarding and maximal employed dose of each
compound was tested on swimming activity. The dose ofMEC
to antagonize NIC-induced CPP was chosen according to the
dose of the other selective antagonists. All the drugs were
dissolved in sterile saline and administered i.m. 20 min before
the test. When multiple treatments were needed, the drug
solutions were put in the same syringe to avoid potential tissue
trauma. Vehicle group received saline (2 μl/g). All the fish
were drug naive, and each fish was used only once. Ten fish
per treatment were used. The doses of the drugs were calcu-
lated as salt. All drugs were prepared fresh daily. α-Conotoxin
MII was synthesized as described by Pucci et al. (2011).

For the in vitro studies ACh, Epi, PMSF, Tris, Triton
X-100, NaCl, KCl, MgSO4, CaCl2, KH2PO4, NaHCO3, and
protease inhibitors were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Cold α-Bgtx was supplied by Tocris
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(Bristol, UK). (±)-[3H]-Epi (specific activity 45–65 Ci/mmol)
and [125I]-αBgtx (150 Ci/mmol) were purchased from
PerkinElmer (USA). Receptor nomenclature is conformed to
BJP’s Guide to Receptors and Channels (Alexander et al.
2011).

Statistical analysis

Behavioral data were analyzed by means of one-way analysis
of variance (ANOVA). Tukey post hoc tests were used to
follow up significant F values found in the primary analysis.

The LIGAND program was used to calculate Ki values of
all the tested compounds using data obtained from at least
three to four independent saturation and competition binding
experiments. For electrophysiological studies, means (±SEM)
were calculated from the normalized responses of at least four
oocytes for each experimental condition. All the statistical
analysis was performed using Prism 5 software (GraphPad
Inc, La Jolla, CA).

Results

Behavioral studies

NIC induces CPP, which is antagonized by selective
and nonselective nicotinic antagonists

The zebrafish spent an equivalent average amount of time in
each of the two outer compartments during the conditioning

phase (453±17.76 s in one with the polka dots and 447±
17.25 s in the one without the polka dots, P=0.81, not signif-
icant). The CPP induced by different doses of NIC is shown in
Fig. 1. One-way ANOVA revealed a significant treatment
effect [F(4,45)=4.55, P<0.005] when comparing the time in
the drug-paired compartment during the pre- and post-
conditioning period. Post hoc analysis showed that NIC in-
creased the time spent in the drug-paired compartment on the
post-conditioning day at a dose of 0.001 mg/kg, while at the
highest dose NIC appeared slightly aversive (even if no sig-
nificant difference was shown compared to saline group),
exhibiting an inverted U-shaped dose–response curve.

Given the lack of data concerning zebrafish injected with
nicotinic compounds, a pilot study of CPP was undertaken
using selective nAChR antagonists alone or in combination
with NIC (Table 1). The three selective antagonists had a
treatment effect: MLA [F(7,72)=13.93, P<0.0001], MII
[F(7,72)=5.86, P<0.0001], and DHβE [F(7,72)=8.08,
P<0.0001]. Post hoc tests revealed that MLA (0.01 mg/kg),
MII (1 mg/kg), and DHβE (0.01 mg/kg) had slight but sig-
nificant reinforcing effects per se, but when combined with
NIC (0.001 mg/kg), MLA (1 mg/kg) and DHβE (0.001 and
0.01 mg/kg) antagonized NIC-induced CPP, whereas MII was
ineffective at doses up to 1 mg/kg.

Nicotinic partial agonists evoke a CPP, but attenuate
NIC-induced CPP

Figure 2 shows the CPP induced by different doses of CYT,
VAR, CC4, and CC26. One-way ANOVA revealed a signif-
icant treatment effect when comparing the time in the drug-

Fig. 1 Effect of NIC on CPP.
NIC elicited CPP following an
inverted U shape. Increasing
doses (mg/kg) of NIC were given
i.m. 20 min before the
conditioning session. Preference
was calculated by subtracting the
time (mean ± SEM) spent in the
drug-paired compartment before
drug conditioning from the time
spent after drug conditioning.
(n=10 zebrafish for each group).
***P<0.01 significantly different
from the corresponding saline
group during post-conditioning;
$$P<0.01 significantly different
from NIC (0.001 mg/kg) (ANOVA
followed by a post hoc Tukey’s
test)
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paired compartment during the pre- and post-conditioning
period: CYT [F(3,36)=4.95, P<0.005] (panel a), VAR
[F(5,54)=14.77, P<0.0001] (panel b), CC4 [F(6,63)=5.12,
P<0.0002] (panel c), CC26 [F(4,45)=3.44, P<0.02] (panel
d). Post hoc analysis showed that all of the compounds had a
dose–response curve with an inverted U shape. The most
potent partial agonist to evoke CPP was CC26 (0.01 mg/kg),
followed by CC4 (0.01–1 mg/kg), CYT (1 mg/kg), and VAR
(2.5 mg/kg). The highest doses of all of the compounds were
ineffective.

When different doses of NIC were combined with the most
potent compound, CC4 and CC26 (panel e), there was a
significant treatment effect [F(8,81)=41.19, P<0.0001, one-
way ANOVA] on the time spent in the drug-paired compart-
ment during the pre-and post-conditioning periods. Both the
partial agonists significantly blocked either the reinforcing or

the aversive effect of NIC. A treatment effect was also shown
when CYT, VAR, and MEC before NIC [F(5,54)=7.27,
P<0.001, one-way ANOVA ]. Post hoc analysis showed that
CYT (2.5 mg/kg), VAR (7.5 mg/kg), and MEC (0.1 mg/kg)
given alone did not change the mean time (between the pre-
and post-conditioning period) spent in the drug-paired side
compared with the saline-treated zebrafish. However, when
nicotinic partial agonists and MEC were co-administered with
the maximally effective dose of NIC (0.001 mg/kg), they
significantly blocked NIC-induced CPP.

Nicotinic compounds did not affect swimming behavior

Combined treatment with the maximal rewarding dose of NIC
and the various partial agonists or antagonists given at the
maximal or rewarding doses used for the antagonism studies
did not induce any change in swimming behavior
[F(13,116)=1.04, P<0.44, one-way ANOVA, ns) (Fig. 3).

Biochemical studies

NIC can be determined in zebrafish brain and tissues

The level of NIC was measured by means of LC-MS/MS
in the brain of zebrafish that had received the same NIC
doses as those used to induce CPP. Twenty minutes after
the injection of 0.001, 0.01, or 0.1 mg/kg of NIC base in
the tail, the brains, and tissues (liver and kidney) were
dissected and the samples extracted for NIC detection as
described in “Materials and methods.” As shown in
Table 2, there was a dose-dependent increase in NIC
levels in the brain, comparable with that found in the
brain of smokers (Matta et al. 2007), which was detect-
able even at the lowest dose of 0.001 mg/kg. Parallel
quantification of NIC also showed a dose-dependent in-
crease of NIC in the other tissues, this was much greater
than in the brain. This is probably due to differences in
the pharmacokinetic and pharmacodynamic properties of
NIC in different tissues.

Identification of native zebrafish nAChR subtypes

In order to identify the major classes of nicotinic receptor
subtypes expressed in zebrafish brain, we used binding studies
and two radioligands: [125I]-αBgtx, which binds to a class of
homomeric receptors containing the α7 subunits, and [3H]-
Epi, which binds a number of nAChR subtypes with high
affinity.

Preliminary binding studies, using increasing concentra-
tions of [3H]-Epi, revealed the presence of two classes of sites
with apparent dissociation constants (Kd) of 20 pM and 5 nM.
As it has been reported that, albeit with low affinity, [3H]-Epi
binds to α7-containing receptors in vertebrates (Marks et al.

Table 1 Effect of nAChR subtype selective antagonists on NIC-induced
CPP in zebrafish

Pretreatment Dose
(mg/kg)

Treatment Dose
(mg/kg)

Time (s)
Δ

Saline – Sal – −2.07±15.28
Saline – NIC 0.001 236.30±46.86**

MLA 0.01 Sal – 122.80±43.84*

MLA 0.1 Sal – 27.60±49.76

MLA 1 Sal – −77.00±17.00*
MLA 0.01 NIC 0.001 139.40±51.63*

MLA 0.1 NIC 0.001 250.40±59.16**

MLA 1 NIC 0.001 −193.50±23.00* $$$

MII 0.01 Sal – 17.75±53.42

MII 0.1 Sal – −0.66±22.66
MII 1 Sal – 87.00±26.40*

MII 0.01 NIC 0.001 188.60±42.60**

MII 0.1 NIC 0.001 219.00±42.20***

MII 1 NIC 0.001 184.80±50.20*

DHβE 0.001 Sal – −55.60±39.76
DHβE 0.01 Sal – 152.00±67.56*

DHβE 0.1 Sal – 67.00±47.56

DHβE 0.001 NIC 0.001 135.60±42.20

DHβE 0.01 NIC 0.001 –28.83±21.66$$$

DHβE 0.1 NIC 0.001 –102.00±26.50$$

The data are expressed as mean values (±SEM) of the differences in the
time spent in the drug-paired compartment pre- and post-conditioning
(Δ). The antagonists were given together with nicotine (NIC) or saline
(Sal) i.m. (n=10 for each group). The selective nAChR antagonists were
methyllycaconitine (MLA) for the α7 subtype, α-conotoxin (MII) for the
α6β2 subtype and dihydro-β-erythroidine (DHβE) for heteromeric β2*-
containing subtypes

*P<0.05; **P<0.01; ***P<0.001 versus the Sal + Sal group; $$P<0.01;
$$$P<0.001 versus the Sal + NIC group (ANOVA followed by Tukey’s
test)
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2010), we incubated membrane homogenates with an excess
of cold αBgtx (1 μM) and performed saturation binding
experiments using [3H]-Epi. Under these conditions, we

detected only a single high affinity site with a Kd of 26 pM
(coefficient of variation (CV) 23 %) and a Bmax of 252.4±
23 fmol/mg of protein (n=3).

Fig. 2 Effects of different
nAChR partial agonists on CPP.
Dose–response curves (mg/kg) of
cytisine (CYT) (a), varenicline
(VAR) (b), CC4 (c), and CC26
(d) given i.m. 20 min before the
conditioning session, and all
elicited CPP. e Effects of CC4
(5 mg/kg) and CC26 (1mg/kg) on
CPP induced by increasing doses
of NIC. f Effect of CYT
(2.5 mg/kg), VAR (1–10 mg/kg),
or MEC (0.1 mg/kg) given alone
or in combination with the
maximal reinforcing dose of NIC
(0.001 mg/kg). Preference was
calculated by subtracting the time
(mean ± SEM) spent in the drug-
paired compartment before drug
conditioning from the time spent
after drug conditioning. (n=10
zebrafish for each group).
*P<0.05, **P<0.01,
***P<0.001 significantly
different from the corresponding
saline group during post-
conditioning; $P<0.05 compared
to VAR 2.5; ##P<0.001,
####P<0.0001 compared with
corresponding saline +
NIC(ANOVA followed by a post
hoc Tukey’s test)

Fig. 3 Effect of NIC and nicotinic compounds on swimming behavior.
None of the compoundsmodified swimming activity. NIC (0.001mg/kg),
cytisine (CYT, 1 and 2.5 mg/kg), varenicline (VAR, 2.5–7.5 mg/kg), CC4
(1 and 5 mg/kg) and CC26 (0.01–1 mg/kg), mecamylamine (MEC,
0.1 mg/kg), methyllycaconitine (MLA, 1 mg/kg), α-conotoxin MII

(MII, 1 mg/kg), dihydro-beta-erythroidine (DHβE, 0.1 mg/kg) were
given i.m. 20 min before the test. Swimming behavior was evaluated in
terms of the number of lines crossed in a 30-s observation period every
5 min, for a total of six observations bins (n=10 zebrafish for each group)
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Saturation binding studies of zebrafish membrane homog-
enates using [125I]-αBgtx determined a single class of site
with a Kd of 0.42 nM (CV 31 %) and a Bmax of 122.4±
10.9 fmol/mg of protein (n=3).

In order to identify the subtypes that bind [3H]-Epi and
[125I]-αBgtx, we used quantitative immunoprecipitation
studies and antibodies directed against peptides located
at the C-terminus of the mammalian α4 and α7 subunits,
which have 100 % amino acid sequence identity with the
zebrafish subunits (see “Materials and methods”). The
immunoprec ip i t a t ion of membrane-so lub i l i zed
[125I]-αBgtx-labeled receptors showed that more than
95 % were immunoprecipitated by anti-α7 antibodies.
There was no anti-α4 antibody specific immunoprecipita-
tion of the [3H]-Epi-labeled receptors, although the anti-
bodies immunoprecipitated more than 90 % of the [3H]-Epi
labeled receptors from rat brain.

Pharmacological characterization of native subtypes

In order to obtain a complete pharmacological profile of the
[3H]-Epi and [125I]-αBgtx receptors, we used competition
binding experiments with a series of known nicotinic ligands
and the CYT derivatives CC4 and CC26, the affinities of
which are shown in Table 3 and Fig. 4. The order of affinity
of the agonists of [3H]-Epi-labeled receptors was
VAR>CYT>CC26>NIC>CC4, whereas the order of the an-
tagonists was MII>MLA>αBgtx>DHβE>and MEC. The or-
der of potency of the agonists of the [125I]-αBgtx receptors
was VAR>CYT>CC26>NIC>CC4, whereas the order of the
antagonists was αBgtx>MLA>MII>DHβE>MEC.

In line with other findings in vertebrates, VAR was the
compound with the highest affinity for both classes of recep-
tors, whereas CYT, CC26, NIC, and CC4 had, respectively,
25, 23, 18, and 21 times higher affinity for [3H]-Epi receptors
than [125I]-αBgtx receptors.

We also found that αBgtx and MLA had, respectively,
3,750 and 1,422 times higher affinity for [125I]-αBgtx recep-
tors than for [3H]-Epi receptors, thus indicating that these

compounds are selective for α7 containing receptors and that
MII has 118 times higher affinity for [3H]-Epi receptors than
for [125I]-αBgtx receptors. These binding studies showed that
zebrafish have two major classes of nicotinic subtypes (Epi
and αBgtx receptors) and that the binding selectivity of most,
but not all, of the nicotinic ligands is conserved.

Evaluation of the functional activity of CYT derivatives
on zebrafish subtypes

In order to identify the nAChR subtypes involved in CPP, we
electrophysiologically tested the antagonists MLA and DHβE
and the CYT derivatives on oocytes expressing α7 and α4β2
zebrafish subtypes as previously described (Papke et al.
2012). As shown in Table 4, a 1 μM concentration of MLA
completely blocked (98 %) the 60 μMACh-evoked responses
of the α7 subtype, and the same concentration also reduced
the response of the α4β2 subtype, although to a lesser extent
(79 %). The antagonist DHβE blocked 84 % of the ACh-
induced current in the α4β2 subtype, but had very little effect
on the α7 subtype (5 %). On the basis of these data, we can
conclude that DHβE clearly antagonized the ACh response of
the α4β2 subtype but not that of the α7 subtype, whereas
MLAwas very active on the α7 subtype and just as active as
DHβE on the α4β2 subtype.

When tested on the same subtypes, the CYT derivatives
CC4 and CC26 compounds blocked more than 85 % of the
response of the α4β2 ACh-induced currents but did not
significantly reduce the currents in the α7 subtype.

Table 2 NIC concentration in zebrafish brain and tissues

NIC doses
administrated
(mg/kg)

Brain
(pmol/mg)

nM Tissues
(pmol/mg)

nM

0.001 13.25±1.75 81.7±10.7 3.5±0.5 21.6±3.1

0.01 20.25±1.8 124.9±11.5 56±0.6 345±3.5

0.1 36.0±4.3 222.0±27.0 77.7±6.1 481±382

Fish were injected with vehicle or the indicated doses of nicotine in the
tail and, after 20 min, the brain and tissues (liver and kidney) were
dissected and extracted for nicotine detection. Values are the mean ±
SEM of four determinations

Table 3 Affinity (Ki, nM) of nicotinic ligands for native membrane-
bound zebrafish receptors

[3H]-Epibatidine
receptors

[125I]- αBungarotoxin
receptors

Ligand affinity 0.026 (23) 0.42 (31)

CYT 1.47 (19) 37.4 (60)

CC4 11.9 (25) 234 (43)

CC26 5.38 (61) 126 (48)

NIC 11.8 (23) 213 (59)

VAR 1.1 (24) 1.29 (37)

DHβE 1,780 (30) 3,810 (62)

αBgtx 1,500 (15) 0.4 (54)

MII 1.9 (66) 224 (46)

MLA 836 (67) 0.59 (40)

MEC 145,000 (32) 498,000 (54)

Kd and Ki values were derived from curves of [3 H]-Epibatidine and
[125 I]-αBungarotoxin saturation and competition binding, to zebrafish
brain membranes. Curves obtained from three to four separate experi-
ments were fitted using a nonlinear least squares analysis program.
Numbers in parentheses represent percentage of coefficient of variation
(CV)
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Discussion

We used the zebrafish model to identify candidate molecules
for treating tobacco addiction. by pharmacologically and elec-
trophysiologically characterizing the native and heterologous-
ly expressed zebrafish nAChR subtypes involved in NIC-
induced CPP. Our data showing that the i.m. injection of
NIC elicits CPP confirm previous CPP findings obtained
using NIC dissolved in water (Kedikian et al. 2013; Kily
et al. 2008). The detection of NIC in the brain indicate that
zebrafish are very sensitive to much lower concentrations of
NIC, than previously reported (Kedikian et al. 2013). One
possible explanation for this sensitivity is that i.m. injections
lead to more precise and accurate NIC concentrations in the
brain, although both methods indicate that the rewarding
effect of NIC has an inverted U-shaped dose–response curve
similar to that of many drugs of abuse (Kily et al. 2008).

Our findings also confirm that CC4 blocks NIC-induced
CPP in zebrafish as it does in rats (Sala et al. 2013), and that
the new CYT derivative CC26 (which has previously been
shown to improve spatial memory) (Braida et al. 2014) is
more potent in blocking CPP than CC4.

When administered alone, CC4, CC26, CYT, and VAR
induced CPP in a manner that was similar to that induced by
NIC. However, when co-administered with NIC they
abolished its reinforcing effect. Moreover, when CC4
(5 mg/kg) or CC26 (1 mg/kg) were combined with different

doses of NIC they reversed both the reinforcing and the slight
aversive effect of NIC.

Surprisingly, the highest dose of NIC became reinforcing
when combined with CC4 or CC26. Our binding study clearly
show that CC4 or CC26 and nicotine are all competitive drugs,
so due to the direct competition between CC4 or CC26 and
nicotine doses there is a decrease of the reinforcing and aver-
sive effects of low and high doses of nicotine. In conclusion at
the highest dose of NIC, in the presence of competitive partial
agonists, the concentration of nicotine bound to the receptors is
lower and probably in the reinforcing effect range

Fig. 4 Ligand binding
competition profiles in zebrafish
brain membrane homogenates
from competition binding assays
were carried out as described in
“Materials and methods” using
[3H]-Epi concentration of 200 pM
and [125I]-αBgtx of 2 nM. The
data were analyzed using
nonlinear least square regression
and the LIGAND program. The
data shown are representative of
the ligands tested in one
experiment. See Table 2 for a
summary of the Ki values in all of
the competition experiments

Table 4 Fractional inhibition of 60 μM ACh-evoked responses

Compound (1 μM) nAChR subtype:

α7 α4β2

CC4 0.12±0.05 0.86±0.02

CC26 0.10±0.17 0.87±0.01

MLA 0.98±0.01 0.79±0.04

DHβE 0.05±0.22 0.84±0.02

Responses ofα4β2 receptors were measured as peak currents. Responses
of α7 responses were measured as net charge (Papke and Papke 2002).
Compounds were first pre-applied for 60 and the co-applied with A-
Ch. Inhibition is calculated as 1 minus the co-application response divid-
ed by a prior response to ACh alone obtained from the same cell. Values
are the mean ± SEM of at least four cells
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The maximal reinforcing effects of CC26 and CC4 were
reached at doses that were, respectively, 10 times (0.01mg/kg)
and 100 times (0.1 mg/kg) higher than that of NIC
(0.001 mg/kg), and CYT and VAR elicited their maximal
effect at doses that were, respectively, 1,000 and 2,500 times
higher. The findings obtained using CC4 and CYT are in line
with those recently obtained in rats when both compounds
were self-administered icv (Sala et al. 2013). The rewarding
effect of CYT is also in line with results showing that CYT is
self-administered by drug-naive mice in a manner similar to
NIC (Rasmussen and Swedberg 1998) and that rats receiving
ventral tegmental (VTA) injections of CYT spend significant-
ly more time in the drug-paired than in the saline-paired
compartment (Museo and Wise 1994). Although no data are
available concerning VAR-induced CPP, it is known that the
compound can produce rewarding effects in rats as it replaces
NIC in a self-administration paradigm and fully replaces NIC
as the training stimulus in the drug discrimination in rats
(Rollema et al. 2007; Smith et al. 2007). Accordingly, VAR
dose-dependently decreases NIC self-administration in rats
allowed either limited (1 h/day) or extended access to it
(23 h/day) (George et al. 2011). The systemic administration
of VAR has a dose-dependent biphasic effect on rewarding
electrical brain stimulation in rats (Spiller et al. 2009). The
range of VAR doses that are effective in blocking NIC-
induced CPP as well as the reinstatement of NIC CPP in rat
is similar to ours (0.5–2 mg/kg subcutaneous) (Biala et al.
2010). It is important to note that none of the doses of any of
the nAChR ligands had any significant effect on swimming
behavior.

NIC is the major psychoactive ingredient in tobacco, and
its addictive properties are due to its interaction with nAChRs,
especially those expressed in the mesocorticolimbic pathway,
one of the main reinforcement circuits of the brain, in which
they modulate dopamine (DA) release. In line with their
partial agonist mechanism, CYT and VAR increase rat
mesolimbic DA turnover in a dose-dependent manner
(Rollema et al. 2011). The mammalian mesolimbic dopa-
minergic system consists of DA neurons whose cell bod-
ies are in the midbrain VTA and whose projections reach
the ventral striatum, prefrontal cortex, and amygdala.
Zebrafish have no DA neurons in the midbrain, but dye
tracing experiments have identified a conserved ascending
DA system essential for reward responses in which DA
neurons of the posterior tuberculum of the dorsal hypo-
thalamus project to the dorsal and ventral (limbic) stria-
tum. It has been suggested that these projections, respec-
tively, represent the meso-striatal and meso-limbic system
(Rink and Wullimann 2002). The neuroanatomical orga-
nization of DA neurons in zebrafish and mammals there-
fore seems to be similar (Klee et al. 2011; Panula et al.
2010) and the increase in DOPAC (a dopamine metabo-
lite) levels during NIC-enhanced learning tasks indicates

that NIC also increases DA activity in zebrafish (Eddins
et al. 2009).

In order to investigate the subtypes involved in the reward-
ing effects of NIC, we tested the NIC-induced CPP in the
presence of different nAChR antagonists. We found that at
low doses the antagonists per se have a modest reinforcing
effect probably due to the fact that the antagonists may reduce
a physiological inhibitory effect of Ach acting on nAChRs
present in the rewarding circuit. At high doses, MEC, DHβE
(more efficiently), and MLA fully blocked the reinforcing
effect of NIC, whereas MII, the α6β2* nAChR antagonist
(Pucci et al. 2011), had no effect on NIC-induced CPP. We
believe that the block of the nicotine rewarding effects are due
to the competition at the receptor level between nicotine and
the antagonists.

As there is little published information concerning the
zebrafish, we used binding and immunoprecipitation studies
to test the affinities of these compounds for native zebrafish
nAChRs. The results indicate that zebrafish brain expresses
two distinct classes of nicotinic receptors: one containing the
α7 subunit that binds [125I]-αBgtx with high affinity and
another that binds [3H]-Epi and various nicotinic ligands with
high affinity, presumably including several subtypes. We be-
lieve that one of these is the α4β2 subtype, although our
immunoprecipitation studies could not clearly demonstrate
this, possibly because our anti-α4 antibodies are directed
against a short C-terminus peptide that may be hidden in the
zebrafish subtype.

As our binding studies indicated that DHβE cannot distin-
guish between the two classes, we further characterized them
with the α7 selective compound MLA and the CYT deriva-
tives CC4 and CC26 by means of electrophysiology in oo-
cytes expressing the α4β2 and α7 subtypes. Functional as-
says showed that DHβE, CC4, and CC26 block the 1-μM
ACh-induced current in the α4β2 subtype and have little
effect on the α7 subtype, thus behaving as selective α4β2
antagonists. Although our binding studies indicated that MLA
was selective for the α7 subtype, it did not discriminate
between the α7 and α4β2 subtypes.

On the basis of the results of our binding and functional
studies, we conclude that heteromeric receptors that bind [3H]-
Epi with high affinity and are functionally blocked by DHβE,
CC4, CC26, and MEC (presumably α4β2-containing recep-
tors) are involved in mediating CPP in zebrafish. The MLA-
induced block of CPP is puzzling because, although our
binding studies showed that it had 2,000 times greater affinity
for α7-containing receptors, the electrophysiological findings
clearly show that it is similarly active in blocking ACh-
induced currents in oocytes expressing α4β2 or α7 subtypes.
The effect of MLA on the α4β2 is in line with previously
published data demonstrating that ligands selective for mam-
malian α7 receptors have a broader range of activity in
zebrafish than in mammalian CNS (Papke et al. 2012).
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Our finding that the α4β2 subtype is involved in zebrafish
CPP is in line with the fact that pretreating C57BL/6micewith
the α4β2 antagonists mecamylamine or DHβE (2.0 mg/kg,
s.c.) blocks the NIC-induced CPP and that mice lacking the
β2 nAChR do not show NIC-induced CPP, whereas α7
knock-out mice do (Grabus et al. 2006; Walters et al. 2006).

Previous findings indicated an important role of
nAChRs in other behavioral effects of NIC such as loco-
motor sensitization, improved learning, and anxiety
(Bencan and Levin 2008; Eddins et al. 2009; Levin
et al. 2007; Levin et al. 2006; Papke and Porter Papke
2002; Petzold et al. 2009; Svoboda et al. 2002)

In conclusion, we used the zebrafish model to characterize
CC4 further and identify a new compound CC26 that may be
active in inducing tobacco smoking cessation. This demon-
strates that the model can be very useful for screening new
compounds that can affect the rewarding properties of NIC.
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