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BACKGROUND AND PURPOSE
Nicotinic acetylcholine receptors (nAChRs) containing a6b2 subunits expressed by dopamine neurons regulate
nicotine-evoked dopamine release. Previous results show that the a6b2* nAChR antagonist, N,N�-dodecane-1,12-diyl-bis-
3-picolinium dibromide (bPiDDB) inhibits nicotine-evoked dopamine release from dorsal striatum and decreases nicotine
self-administration in rats. However, overt toxicity emerged with repeated bPiDDB treatment. The current study evaluated the
preclinical pharmacology of a bPiDDB analogue.

EXPERIMENTAL APPROACH
The C10 analogue of bPiDDB, N,N-decane-1,10-diyl-bis-3-picolinium diiodide (bPiDI), was evaluated preclinically for nAChR
antagonist activity.

KEY RESULTS
bPiDI inhibits nicotine-evoked [3H]dopamine overflow (IC50 = 150 nM, Imax = 58%) from rat striatal slices. Schild analysis
revealed a rightward shift in the nicotine concentration–response curve and surmountability with increasing nicotine
concentration; however, the Schild regression slope differed significantly from 1.0, indicating surmountable allosteric
inhibition. Co-exposure of maximally inhibitory concentrations of bPiDI (1 mM) and the a6b2* nAChR antagonist a-conotoxin
MII (1 nM) produced inhibition not different from either antagonist alone, indicating that bPiDI acts at a6b2* nAChRs.
Nicotine treatment (0.4 mg·kg-1·day-1, 10 days) increased more than 100-fold the potency of bPiDI (IC50 = 1.45 nM) to inhibit
nicotine-evoked dopamine release. Acute treatment with bPiDI (1.94–5.83 mmol·kg-1, s.c.) specifically reduced nicotine
self-administration relative to responding for food. Across seven daily treatments, bPiDI decreased nicotine self-administration;
however, tolerance developed to the acute decrease in food-maintained responding. No observable body weight loss or
lethargy was observed with repeated bPiDI.

CONCLUSIONS AND IMPLICATIONS
These results are consistent with the hypothesis that a6b2* nAChR antagonists have potential for development as
pharmacotherapies for tobacco smoking cessation.

Abbreviations
bPIDDB, N,N�-dodecane-1,12-diyl-bis-3-picolinium dibromide; bPiDI, N,N-decane-1,10-diyl-bis-3-picolinium diiodide;
DHbE, dihydro-b-erythroidine; FR5, fixed ratio 5; NAcc, nucleus accumbens; nAChR, nicotinic acetylcholine receptor; s.c.,
subcutaneous; TO180, 180 min timeout; TO20, 20 min timeout; VTA, ventral tegmental area; a-CtxMII, a-conotoxin MII
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Introduction
Drugs of abuse activate the dopaminergic reward circuitry,
leading to dopamine release in nucleus accumbens (NAcc)
and striatum, which is associated with primary reward and
habit formation respectively (Di Chiara et al., 2004; Koob and
Volkow, 2010). The transition from reward seeking to com-
pulsive behaviour associated with drug abuse appears to
result from a shift from NAcc to striatal control (Koob and
Volkow, 2010). Nicotine activates nicotinic acetylcholine
receptors (nAChRs; receptor nomenclature follows Alexander
et al., 2009) that modulate dopamine release. Identifying
nAChRs regulating dopamine release is important because
dopamine plays a critical role in nicotine primary reward as
revealed using self-administration models (Corrigall et al.,
1992). Nicotine self-administration activates dopaminergic
neurons in the ventral tegmental area (VTA), and microinjec-
tion of nicotine into VTA maintains self-administration
(Ikemoto et al., 2006; Caillé et al., 2009). Conversely, intra-
VTA infusion of dihydro-b-erythroidine (DHbE; b2 nAChR
antagonist) or NAcc infusion of 6-hydroxydopamine (Corri-
gall et al., 1992, 1994) reduces nicotine self-administration.
Because nicotine fails to promote dopamine release, elicit
hyperactivity or maintain self-administration in a4 or b2
subunit knockout mice (Picciotto et al., 1998; Marubio et al.,
2003; King et al., 2004; Pons et al., 2008), it appears that
nAChRs containing the a4 and b2 subunit contribute to the
regulation of the abuse-related effects of nicotine.

Recent evidence suggests that nAChRs incorporating
the a6 subunit also regulate nicotine reward. Expression of
a6 is restricted primarily to dopaminergic neurons, on both
presynaptic terminals and cell bodies (Champtiaux et al.,
2002; Visanji et al., 2006; Yang et al., 2009). Evidence for
this comes from a recent study demonstrating that
6-hydroxydopamine, which selectively attacks dopaminergic
neurons, produces a >90% decrease in a6 subunit mRNA
expression in the nigrostriatal tract (Visanji et al., 2006).
Nicotine self-administration is absent in a6 (–/–) mice (Pons
et al., 2008), whereas mice with gain-of-function a6 nAChRs
are hypersensitive to nicotine (Drenan et al., 2008). Chronic
nicotine administration decreases a6 expression in rats, mice
and non-human primates (Mugnaini et al., 2006; Perry et al.,
2007; Perez et al., 2009; but also see, Parker et al., 2004). The
neuropeptide a-conotoxin MII (a-CtxMII), a selective a6b2*
nAChR antagonist (* indicates possible presence of other
nAChR subunits; Champtiaux et al., 2002), potently
(Ki < 3 nM) inhibits a portion of [3H]epibatidine binding to
mouse brain membranes (Whiteaker et al., 2000) and attenu-
ates nicotine-evoked [3H]dopamine release from mouse stri-
atal synaptosomes (Kulak et al., 1997; Salminen et al., 2004).
The incomplete inhibition (Imax = 30%) in striatum produced
by a-CtxMII is due to the lack of inhibition of a4b2* nAChRs
(Perez et al., 2008). In contrast, a-CtxMII completely inhibits
nicotine-evoked dopamine release from rat NAcc slices (Exley
et al., 2008), perhaps indicating a greater functional role of
a6b2* nAChRs in this brain region. Also, a-CtxMII reduces
nicotine self-administration under a progressive-ratio sched-
ule of reinforcement (Brunzell et al., 2009), indicating that
a-CtxMII-sensitive, NAcc a6b2* nAChRs have a critical role in
nicotine reinforcement. Unfortunately, the lack of small mol-
ecules acting as a6b2* nAChR antagonists has limited the

evaluation of a6b2* nAChRs as a pharmacological target for
the development of smoking cessation agents.

N,N�-Alkane-diyl-bis-3-picolinium analogues with C6-12

methylene linkers are inhibitors of a6b2* nAChRs (Dwoskin
et al., 2008). The C12 analogue, N,N�-dodecane-1,12-diyl-
bis-3-picolinium dibromide (bPiDDB), inhibits ~60% of
nicotine-evoked [3H]dopamine release from rat striatal slices,
and no additivity is observed with maximally inhibitory con-
centrations of bPiDDB (10 nM) and a-CtxMII (1 nM), indi-
cating that bPiDDB acts at a6b2* nAChRs. Also, bPiDDB
completely inhibits nicotine-evoked dopamine release from
rat NAcc demonstrated using in vivo microdialysis (Rahman
et al., 2007), and following peripheral administration of
bPiDDB, specifically reduces nicotine self-administration
(Neugebauer et al., 2006). However, toxicity emerged
with repeated bPiDDB administration (lethality after
5.6 mg·kg-1·day-1 s.c.; unpublished observations). The C10

analogue, N,N�-decane-1,10-diyl-bis-3-picolinium diiodide
(bPiDI; Figure 1), attenuates nicotine-evoked [3H]dopamine
release from striatal slices and hyperactivity in nicotine-
sensitized rats, similarly to bPiDDB (Dwoskin et al., 2008). In
order to more fully characterize the neuropharmacology of
bPiDI, the current series of experiments was designed to
assess the pharmacological mechanism of action for bPiDI,
bPiDI inhibitory activity in drug naïve compared with
nicotine-sensitized rats, as well as effects of bPiDI on nicotine
self-administration following both acute and repeated
administration. Our results show that bPiDI inhibits
a-CtxMII-sensitive a6b2* nAChRs via a surmountable allos-
teric mechanism, and that inhibitory potency was increased
100-fold in nicotine-sensitized rats. Also, bPiDI decreased
nicotine self-administration, and tolerance did not develop
to this effect following repeated administration. Importantly,
toxicity was not evident at behaviourally relevant doses fol-
lowing repeated administration.

Methods

Animals
All animal care and experimental protocols were in accor-
dance with the Institute of Laboratory Animal Resources
Commission on Life Sciences National Research Council
(1996), and approved by the University of Kentucky Institu-
tional Animal Care and Use Committee. Male Sprague–
Dawley rats (Harlan Industries, Indianapolis, IN, USA) were

Figure 1
The structure of N,N-decane-1,10-diyl-bis-3-picolinium diiodide
(bPiDI).
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housed in a temperature- and humidity-controlled colony
with a 12/12 h light/dark cycle. Experiments were conducted
during the light phase. Unless stated otherwise, rats had ad
libitum access to food and water in the home cage.

[3H]dopamine release
Nicotine-evoked [3H]dopamine overflow was determined
using superfused rat striatal slices preloaded with [3H]dopam-
ine (Grinevich et al., 2003). Coronal slices of dorsal striatum
(not including nucleus accumbens core or shell; 500 mm,
~5 mg) were incubated for 30 min in Krebs’ buffer with
0.1 mM [3H]dopamine (final concentration) for 30 min. Slices
were transferred to a 2500 Suprafusion system (Brandel, Inc.;
Gaithersburg, MD, USA) and superfused (0.6 mL·min-1) for
60 min with Krebs’ buffer. During the entire superfusion
period, Krebs buffer contained nomifensine (10 mM) and
pargyline (10 mM) at 34°C to assure that the [3H] collected
primarily represents [3H]dopamine released into superfusate
rather than [3H]metabolites (Zumstein et al., 1981).
Evaluation of the inhibitory effect of bPiDI (20 mM) and
mecamylamine (30 mM; reference compound) on nicotine
(30 mM)-evoked endogenous dopamine concentrations and
dihydroxyphenylacetic acid concentrations in superfusate
were also conducted (drug concentrations based on results
from radiolabeled-experiments; supplemental data). Follow-
ing 60 min, two samples (2.4 mL·sample-1) were collected at
4-min intervals to determine basal [3H]dopamine outflow.
Then, each slice from an individual rat was superfused for
36 min in either the absence or presence of one of five bPiDI
concentrations (1 nM–10 mM) to determine bPiDI-evoked
[3H]dopamine overflow. Nicotine (10 mM) was added to the
buffer, and samples collected for 36 min to determine bPiDI-
induced inhibition of nicotine-evoked [3H]dopamine over-
flow. A control slice in each experiment was superfused for
36 min in the absence of bPiDI, followed by nicotine, to
determine nicotine-evoked [3H]dopamine overflow. Repeated
measures analysis was employed such that each concentra-
tion of bPiDI was evaluated using striatal slices from each
individual rat; striatum (~80 mg) was of sufficient size to
allow repeated measures evaluation. Liquid scintillation spec-
trometry was employed to determine the amount of [3H] in
superfusate and tissue samples.

Mechanism of bPiDI inhibition was determined using
Schild analysis and a6b2 nAChR receptor interaction via addi-
tivity with a-CtxMII. Concentration response for nicotine was
determined in the absence and presence of a single concen-
tration of bPiDI using slices from a single rat. bPiDI inhibition
was determined at 0.18, 1.8 and 10 mM. After 36 min of
superfusion with and without bPiDI, one of six nicotine con-
centrations (0.1–100 mM) was added to the buffer and super-
fusion continued for 36 min. Each slice from a single rat was
exposed to only one nicotine and one bPiDI concentration.
Thus, a repeated-measures design was used to determine nico-
tine concentration response, and bPiDI concentration was a
between-group factor. To determine if bPiDI interacts with
a-CtxMII-sensitive nAChRs, maximally inhibitory concentra-
tions of a-CtxMII (1 nM), bPiDI (1 mM), or a-CtxMII and
bPiDI concurrently were superfused for 36 min in duplicate.
Concentrations were chosen from concentration–response
curves (Dwoskin et al., 2008). Slices were superfused for
36 min in the absence of antagonist, followed by superfusion

with 10 mM nicotine (nicotine control). To determine
maximal inhibition produced by blockade of nAChRs, slices
were superfused with mecamylamine (10 mM; Teng et al.,
1997), an antagonist at all known nAChRs. A repeated-
measures design was used for this series of experiments.

bPiDI inhibition of nicotine-evoked [3H]dopamine release
was assessed in rats treated with repeated doses of nicotine
(0.4 mg·kg-1, s.c.) or saline daily for 10 days, and locomotor
activity was measured for 60 min immediately after injection.
Striatal slices were obtained 24 h after the last injection. Con-
centration response for bPiDI (0.1 nM–10 mM) to inhibit
[3H]dopamine overflow evoked by 10 mM nicotine was deter-
mined using the above protocol for bPiDI concentration
response. Concentration of nicotine (10 mM) used to deter-
mine bPiDI inhibition was selected based on previous find-
ings demonstrating that prior administration of nicotine
(0.4 mg·kg-1, for 10 days) does not alter the concentration
response for nicotine-evoked [3H]dopamine overflow (Smith
et al., 2010). The latter findings are in agreement with earlier
studies demonstrating that nicotine-evoked striatal dopam-
ine release, either in vitro or in vivo, is not altered following
repeated nicotine administration (Janson et al., 1991; Grilli
et al., 2005).

Nicotine self-administration
Rats were trained to respond for food pellets (45 mg) by
pressing one lever (active) in standard two-lever operant con-
ditioning chambers (ENV-008, MED Associates, St. Albans,
VT, USA). Jugular vein catheters were implanted in rats and,
after 5 days for recovery, nicotine self-administration was
initiated during daily 1 h sessions; rats were fed 15–20 g per
day after behavioural sessions. Responding on the active lever
[FR5 time out (TO) 20] resulted in simultaneous delivery of
nicotine (0.03 mg·kg-1·infusion-1 over 5.9 s) and activation of
cue lights for 20 s, which signalled a TO in which responding
on either lever was not reinforced; inactive lever responses
were recorded, but had no consequence. Behaviour was
defined as stable once rats earned (i) �10 infusions per
session; (ii) �20% variability in number of infusions earned;
and (iii) a minimum of 2:1 active : inactive lever response
ratio across three consecutive sessions. Effects of acute bPiDI
(1.94–5.83 mmol·kg-1, s.c.) and saline on nicotine self-
administration were determined using a within-subjects Latin
Square design. At least two maintenance sessions separated
each drug session. In a separate series of experiments, effects
of repeated bPiDI (1.94–5.83 mmol·kg-1, s.c.) and saline on
nicotine self-administration were determined using a
between-subjects design. Rats were assigned randomly to
receive 0, 1.94, 3.33 or 5.83 mmol·kg-1 of bPiDI for 7 consecu-
tive sessions, followed by three sessions in which saline was
administered.

Food-maintained responding
Rats were trained to respond for food pellets using the above
methods, with the exceptions that no surgery was performed
and a terminal FR5 TO180 schedule was used to approximate
response rates obtained with nicotine self-administration.
Rats received 20 g of food per day in the home cage. Effects of
acute bPiDI (1.94–5.83 mmol·kg-1, s.c.) and saline on respond-
ing for food were determined using a within-subjects design
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in two groups. One group was drug-naïve and the other group
was treated with nicotine (0.4 mg·kg-1, s.c.) during 10 con-
secutive daily locomotor activity sessions prior to operant
training, in order to model the nicotine exposure during
acquisition of nicotine self-administration prior to evaluation
of bPiDI. Effects of repeated bPiDI (1.94–5.83 mmol·kg-1, s.c.)
and saline on responding for food were determined in a
group of drug-naïve rats using a between-subjects design
similar to the nicotine self-administration procedures.

Data analysis
Data are presented as mean (�SEM). In [3H]dopamine over-
flow assays, fractional release was calculated by dividing [3H]
in each sample by total tissue-[3H] at time of sample collec-
tion; fractional release was expressed as a percentage of basal
[3H]outflow. Basal [3H]outflow was the average fractional
release in the two samples before analogue addition to the
buffer. Total [3H]overflow was the sum of the increase in
fractional release above basal [3H]outflow resulting from drug
exposure, with [3H]outflow for equivalent periods of drug
exposure subtracted. bPiDI concentration–response curves
were generated by nonlinear fit to the sigmoidal dose–
response equation (variable slope): response = Bt + (Tp-Bt)/
[1 + 10(logEC50–X)n], where X is log nicotine concentration and n
is Hill slope. IC50 for bPiDI inhibition of nicotine-evoked
[3H]dopamine overflow was determined using Prism 5.0
(GraphPad Software Inc., San Diego, CA, USA). Effect of bPiDI
on [3H]dopamine overflow and ability to inhibit nicotine-
evoked [3H]dopamine overflow were analysed by one-way
repeated-measures analysis of variance (ANOVA), with bPiDI
concentration as a within-subjects factor (SPSS 15.0; SPSS
Inc., Chicago, IL, USA). A two-way repeated-measures ANOVA

was performed to analyse the time course of bPiDI inhibition
on nicotine-evoked fractional release with concentration as a
between-groups factor and time as a within-subjects factor.

The mechanism by which bPiDI inhibits nicotine-evoked
[3H]dopamine overflow was examined using Schild analysis.
Nicotine concentration–response curves in the absence and
presence of bPiDI were fit by nonlinear least-squares regres-
sion using a variable slope, sigmoidal function. To determine
parallelism, slopes and X-axis intercepts were compared using
one-way ANOVA with bPiDI concentration as a between-
groups factor. Dose ratio (Dr) for bPiDI was EC50 for nicotine
in the presence of each bPiDI concentration, divided by EC50

for nicotine in the absence of bPiDI. Log (Dr–1) was plotted as
a function of log bPiDI concentration, fit by linear regression,
with the slope determined and linearity assessed using
Prism 5.0.

Inhibitory effect of concomitant exposure to bPiDI and
a-CtxMII was compared with inhibition produced by bPiDI
or a-CtxMII alone using a one-way ANOVA. A priori Student’s
t-tests compared [3H]overflow after either bPiDI or a-CtxMII
alone with that following concomitant bPiDI and a-CtxMII,
and compared [3H]overflow of all treatment groups with that
following mecamylamine.

For repeated nicotine or saline administration, nicotine
concentration–response and bPiDI concentration response
were analysed using a two-way mixed ANOVA with treatment
(nicotine or saline) as a between-groups factor and concen-
tration as a within-subjects factor. Concentration-response
data were analysed as previously described. A priori Student’s

t-tests compared bPiDI inhibition between nicotine-treated
and saline-control groups. Student’s t-tests also were used to
compare kinetic parameters for bPiDI inhibition (log IC50 and
Imax) between nicotine-treated and saline-control groups

Data from behavioural experiments were analysed by
one- or two-way repeated-measures ANOVA, followed by post
hoc Tukey’s or Dunnett’s tests as appropriate. Significance was
accepted at P < 0.05.

Materials
[3H]Dopamine (dihydroxyphenylethylamine, 3,4-[7-3H]) spe-
cific activity 28.0 Ci·mmoL-1) was purchased from Perki-
nElmer Life Sciences, Inc. (Boston, MA, USA). S-(-)-Nicotine
ditartrate (nicotine), nomifensine maleate, pargyline hydro-
chloride and mecamylamine hydrochloride were obtained
from Sigma-Aldrich (St. Louis, MO, USA). TS-2 tissue solubi-
lizer and scintillation cocktail were purchased from Research
Products International (Mt. Prospect, IL, USA). Other assay
buffer chemicals were purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA). a-CtxMII and bPiDI (Figure 1) were
synthesized as described (Cartier et al., 1996; Ayers et al.,
2002). bPiDI, mecamylamine and nicotine were dissolved in
saline and administered (s.c., 1 mL·kg-1) 15 min prior to
behavioural sessions. Nicotine solutions were adjusted to pH
7.4. Nicotine dose represents free base; bPiDI and mecamy-
lamine doses represent salts.

Results

bPiDI inhibits nicotine-evoked [3H]dopamine
overflow and endogenous dopamine release
from rat striatum
Initially, the effect of bPiDI to evoke [3H]dopamine overflow
in the absence of nicotine was evaluated; however, bPiDI had
no intrinsic activity, that is, did not evoke [3H]dopamine
overflow, as expected of an antagonist (Supporting Informa-
tion Table S1). In the same experiments, the ability of bPiDI
to inhibit nicotine-evoked [3H]dopamine overflow was deter-
mined. A one-way ANOVA revealed that bPiDI (1 nM–10 mM)
inhibited nicotine-evoked [3H]dopamine release from super-
fused rat striatal slices in a concentration-dependent manner
(F(5,25) = 6.55, P < 0.001; Figure 2A). bPiDI potently, but
incompletely, inhibited nicotine-evoked [3H]dopamine over-
flow (IC50 = 150 � 110 nM, Imax = 58 � 8%). Analysis of the
time course using two-way repeated measures ANOVA revealed
a main effect of concentration [F(5,32) = 2.88, P < 0.05;
Figure 2B], a main effect of time [F(14 448) = 81.4, P < 0.0001]
and a concentration ¥ time interaction [F(70 448) = 1.67,
P < 0.0001]. Post hoc analysis revealed that the 1 and 10 mM
concentrations of bPiDI inhibited nicotine-evoked
[3H]dopamine overflow beginning with the seventh sample
after nicotine was added to the buffer and until the 10th
sample was collected.

A Schild analysis was performed to determine the mecha-
nism of bPiDI inhibition of nicotine-evoked [3H]dopamine
overflow. bPiDI (0.18, 1.8 and 10 mM) shifted the nicotine
concentration-effect curve to the right in a concentration-
dependent manner, and inhibition was surmounted by
increasing concentrations of nicotine (Figure 3). While the
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slopes of the linear portions of the curves were not different
[F(3,18) = 0.26, P = 0.85], differences in the X-axis intercepts
were obtained [F(3,18) = 4.07, P < 0.05], indicative of parallel
curves. A linear fit (r2 = 1.00) to the Schild-transformed data
(Figure 3, inset) revealed a slope of the Schild regression
(1.48 � 0.10) different from unity [t(10) = 45.53, P < 0.0001].
Together, these results are consistent with bPiDI exhibiting a
surmountable allosteric inhibition (Kenakin, 1992).

Assays determined if bPiDI inhibition of nicotine-evoked
[3H]dopamine release accurately reflects inhibition of
nicotine-evoked endogenous dopamine release. Nicotine (10

and 30 mM) evoked endogenous dopamine overflow (Sup-
porting Information Figure S1A). Neither bPiDI nor mecamy-
lamine evoked dopamine release in the absence of nicotine
(Supporting Information Figure S1B). Both bPiDI and
mecamylamine inhibited nicotine (30 mM)-evoked endog-
enous dopamine overflow (Supporting Information
Figure S1A,B).

bPiDI interacts with a-CtxMII-sensitive
a6b2-containing nAChR subtypes
To determine if bPiDI interacts with a-CtxMII-sensitive
nAChRs, the effect of concomitant exposure of rat striatal
slices to maximally inhibitory concentrations of bPiDI (1 nM)
and a-CtxMII (1 nM) was compared with the effect of each
antagonist alone. One-way ANOVA revealed an effect of
antagonist [F(3,19) = 32.30, P < 0.0001; Figure 4A], and post
hoc analysis revealed that nicotine-evoked [3H]dopamine
overflow in the presence of antagonist was different from
nicotine-evoked [3H]dopamine overflow in the absence of
antagonist (within-subject control). Inhibition produced by
mecamylamine was greater than that produced by bPiDI,

Figure 2
Concentration dependence of N,N-decane-1,10-diyl-bis-3-
picolinium diiodide (bPiDI) inhibition of nicotine-evoked [3H]dopam-
ine overflow from superfused rat striatal slices. (A) Striatal slices were
superfused in the absence or presence of bPiDI for 36 min and then
for an additional 36 min with nicotine (10 mM) added to the buffer.
Control represents [3H]dopamine overflow in response to 10 mM
nicotine in the absence of bPiDI. Concentration response curve
was generated by nonlinear regression. Data are expressed as
mean � SEM total [3H]dopamine overflow as a percentage of
tissue-[3H] content; n = 6 rats. (B) Time course of bPiDI-induced
inhibition of nicotine-evoked [3H]dopamine overflow. Time course
data were used to generate [3H]dopamine overflow data for bPiDI.
Arrow indicates the time point at which nicotine was added to the
superfusion buffer. Data are expressed as fractional release as a
percentage of corresponding basal samples; n = 6 rats. Mean basal
[3H]outflow was 0.79 � 0.02 fractional release as percentage of
tissue [3H]content. DA, dopamine.

Figure 3
Schild analysis of N,N-decane-1,10-diyl-bis-3-picolinium diiodide
(bPiDI) inhibition of nicotine-evoked [3H]dopamine overflow from
superfused rat striatal slices. Assay buffer contained nomifensine
(10 mM) and pargyline (10 mM) throughout superfusion. After col-
lection of the second sample, slices were superfused with buffer in
the absence and presence of bPiDI (0.18, 1.8 or 10 mM) for 36 min
before the addition of nicotine (0.1–100 mM) to the buffer, and
superfusion was continued for an additional 36 min. For each nico-
tine concentration, the control response is that for nicotine in the
absence of bPiDI. Data are presented as mean � SEM of total [3H]ov-
erflow during the 36-min exposure to nicotine in the absence and
presence of bPiDI; n = 4 rats/bPiDI concentration; control, n = 12 rats
(bPiDI was between-groups factor, control was contemporaneous
with each bPiDI concentration). Concentration–response curves
were generated by nonlinear regression. Inset shows the Schild
regression in which log (dr–1) was plotted as a function of log [bPiDI]
and data were fit by linear regression. DA, dopamine.
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a-CtxMII or the combination of the two antagonists
[t(10) = 5.46; t(9) = 2.75; t(9) = 3.69, all P < 0.05; Figure 4A].
Inhibition of nicotine-evoked [3H]dopamine overflow result-
ing from concomitant exposure to both bPiDI and a-CtxMII
was not different (P > 0.05) from that produced by either
antagonist alone, indicating that bPiDI interacts with
a-CtxMII-sensitive nAChR subtypes. The time course of the
inhibitory effect of the antagonists shows that inhibition
following concomitant exposure was not different from that

following bPiDI or a-CtxMII alone (Figure 4B). Analysis
of the time course revealed a main effect of antagonist
[F(4,25) = 15.1, P < 0.0001], a main effect of time
[F(9,225) = 46.9, P < 0.0001] and a concentration ¥ time
interaction [F(36,225) = 3.39, P < 0.0001].

Repeated nicotine treatment increases the
potency of bPiDI to inhibit nicotine-evoked
[3H]dopamine release
Repeated administration of nicotine (0.4 mg·kg-1, s.c. once
daily for 10 days) was found previously to not alter the
concentration–response for nicotine to evoke [3H]dopamine
overflow from rat striatal slices (Smith et al., 2010). The
current study determined the concentration response for
bPiDI to inhibit nicotine-evoked [3H]dopamine overflow
from striatal slices obtained from rats repeatedly given either
nicotine or saline. A two-way mixed ANOVA revealed main
effects of prior nicotine treatment [F(1,66) = 8.43, P < 0.05]
and bPiDI concentration [F(6,66) = 11.42, P < 0.05], as well as
an interaction [F(6,66) = 3.24, P < 0.01; Figure 5]. The
concentration–response curve for bPiDI was shifted to the left
about 100-fold, following repeated nicotine treatment
[IC50 = 1.45 � 0.71 nM for nicotine-treated rats, and

Figure 4
Concomitant exposure to concentrations of N,N-decane-1,10-diyl-
bis-3-picolinium diiodide (bPiDI) and a-CtxMII produces inhibition of
nicotine-evoked [3H]dopamine overflow not different from that after
exposure to either antagonist alone. (A) Striatal slices were super-
fused in the absence or presence of mecamylamine (MEC; 10 mM),
a-CtxMII (1 nM), bPiDI (1 mM), or a-CtxMII + bPiDI for 36 min.
Superfusion continued for an additional 36 min following addition of
nicotine (10 mM) to the buffer. Control represents nicotine-evoked
[3H]dopamine overflow in the absence of antagonist. Data are
expressed as mean � SEM of % basal fractional release. * indicates
significant difference from control (nicotine alone; P < 0.05). # indi-
cates significant difference from all other antagonist conditions. n = 6
rats. (B) Time course of nicotine-evoked [3H]dopamine fractional
release in the absence and presence of MEC, bPiDI, a-CtxMII or
a-CtxMII + bPiDI. Data are expressed as fractional release as a
percent of basal [3H]outflow. Arrow indicates the time point at which
nicotine was added to the superfusion buffer. Mean basal [3H]outflow
was 1.14 � 0.02 fractional release as percentage of tissue [3H]con-
tent. DA, dopamine.

Figure 5
Repeated nicotine treatment increases the potency and inhibitory
activity of N,N-decane-1,10-diyl-bis-3-picolinium diiodide (bPiDI).
Rats were given nicotine (0.4 mg·kg-1·day-1, s.c., for 10 days) or
saline. Twenty-four hours after the last injection, the concentration
response for bPiDI (0.1 nM–10 mM) to inhibit nicotine (10 mM)-
[3H]dopamine overflow was determined. Slices were superfused with
buffer in the absence and presence of bPiDI (0.1–10 mM) for 36 min
before the addition of nicotine (10 mM) to the buffer; superfusion
continued for 36 min. Control represents [3H]dopamine overflow in
response to 10 mM nicotine in the absence of bPiDI. Data are
mean � SEM total [3H]dopamine overflow. n = 6 nicotine-treated
rats and n = 7 saline-treated rats. Concentration-response curves
were generated by nonlinear regression. * Indicates significant dif-
ference between repeated nicotine and repeated saline control
groups (P < 0.05). DA, dopamine.
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179 � 97 nM for saline-treated rats; t(6) = 3.19; P < 0.05]. Imax

for the nicotine-treated group was greater than that for the
saline-injected group [82 � 5% vs. 57 � 6%, respectively;
t(11) = 3.18, P < 0.001]. Thus, repeated nicotine treatment
increased both the potency and inhibitory activity of bPiDI.

Acute bPiDI attenuates nicotine
self-administration and food-maintained
responding
Effects of acute pretreatment with bPiDI (1.94–5.83 mmol·kg-1,
s.c.) or saline on nicotine (0.03 mg·kg-1·infusion-1) self-
administration were determined under a FR5 TO20 schedule.
ANOVA revealed a main effect of bPiDI dose [F(3,21) = 20.23,
P < 0.001]; post hoc Dunnett’s tests confirmed that bPiDI
(3.33 and 5.83 mmol·kg-1; P < 0.01 and 0.001, respectively)
decreased the number of nicotine infusions earned com-
pared with saline (Figure 6A), without altering the number
of responses on the inactive lever (data not shown). To
determine specificity, the acute effect of bPiDI on respond-
ing for food was determined under a FR5 TO180 schedule
(note the use of a longer TO in order to approximate
response rates of nicotine self-administration) in drug-naive
and nicotine (0.4 mg·kg-1·day-1 for 10 days)-treated rats.
While the effect of bPiDI did not differ between groups,
a main effect of bPiDI dose was found in both the drug-
naïve [F(3,15) = 20.61, P < 0.001] and nicotine-treated
[F(3,15) = 18.38, P < 0.001] groups. Post hoc tests confirmed
that bPiDI (3.33 and 5.83 mmol·kg-1) decreased the number
of pellets earned in each group compared with control
(Figure 6B). To directly compare the effects of acute bPiDI
on the two types of reinforcement, the number of nicotine
infusions or food pellets was expressed as percentage of the
respective saline control values. The highest dose of bPiDI
(5.83 mmol·kg-1) reduced nicotine self-administration to a
greater extent compared with food-maintained responding
(P < 0.05; Figure 6C).

Following repeated administration, tolerance
develops to the inhibitory effect of bPiDI on
food-maintained responding, but not to the
inhibitory effect on nicotine
self-administration
A between-subjects design was employed to determine if the
acute effects of bPiDI on nicotine self-administration and
food-maintained responding were altered with repeated
bPiDI administration. Once stable rates of nicotine self-
administration were achieved, rats were assigned randomly to
receive 1.94, 3.33 or 5.83 mmol·kg-1 of bPiDI (s.c.) or saline
once daily for 7 days, followed by an additional three saline
pretreatment sessions. During the three baseline sessions
prior to drug treatment, the ratios of active : inactive lever
responses were 3.96, 7.53, 6.93 and 4.88 for rats treated with
saline, 1.94 mmol·kg-1 group, 3.3 mmol·kg-1 group and
5.8 mmol·kg-1 group, respectively, confirming that the alloca-
tion of responses was biased towards the active lever. With
respect to the number of nicotine infusions earned, ANOVA

revealed a dose ¥ day interaction [F(36,312) = 2.80, P < 0.001;
Figure 7A]. Post hoc tests revealed decreases in the number of
nicotine infusions earned following 1.94 mmol·kg-1 on day 1,
3.3 mmol·kg-1 on days 1 and days 3–6, and 5.8 mmol·kg-1 on
days 1–7. Further, a separate ANOVA confirmed that the effect
of bPiDI was specific to the active lever {dose ¥ lever interac-
tion [F(3,52) = 4.95, P < 0.01; results not shown]}. Impor-
tantly, nicotine self-administration returned to baseline levels
within 1 day following the final bPiDI treatment session.
There was no significant difference in body weight between
rats given bPiDI or saline repeatedly, indicating no overt
toxicity.

Additional groups of rats trained to respond for food
pellets under a FR5 TO180 schedule were assigned randomly
to receive pretreatment with bPiDI (1.94–5.83 mmol·kg-1) or
saline for seven daily sessions, followed by an additional
three saline treatment sessions. Results revealed a dose ¥ day

Figure 6
Acute N,N-decane-1,10-diyl-bis-3-picolinium diiodide (bPiDI) preferentially reduces nicotine self-administration relative to food-maintained
responding. (A) Effect of bPiDI (1.94–5.83 mmol·kg-1, s.c.) on mean (�SEM) number of nicotine (0.03 mg·kg-1·infusion-1) infusions earned (n = 8
rats) (* P < 0.05 vs. saline; S). (B) Effect of bPiDI (1.94–5.83 mmol·kg-1, s.c.) on mean (�SEM) number of food pellets earned in drug-naïve rats
(n = 6, open symbols) or rats (n = 6, filled symbols) that were treated with nicotine (0.4 mg·kg-1, s.c.) for 10 days prior to operant training
(*P < 0.05 vs. saline; S). (C) Effects of acute bPiDI (1.94–5.83 mmol·kg-1, s.c.) on nicotine self-administration or food-maintained responding
(food-maintained responding data represent the group average of drug-naïve and nicotine-treated rats presented in panel B) expressed as % saline
control values. (# P < 0.05 vs. the effect of bPiDI on food-maintained responding).
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interaction [F(36,240) = 5.48, P < 0.01; Figure 7B], but post
hoc tests indicated that only 5.8 mmol·kg-1 decreased the
number of food pellets earned on days 1–3 and day 5. Thus,
with repeated administration, tolerance developed to the
initial bPiDI-induced decrease in food-maintained respond-
ing, whereas no tolerance developed to the decrease in nico-
tine self-administration.

Discussion

Previous research by our laboratory demonstrated the ability
of a series of N,N-alkane-diyl-bis-3-picolinium compounds,
including bPiDI, to inhibit nicotine-evoked total [3H]dopam-
ine release from rat striatal slices (Dwoskin et al., 2008). The
current study replicates these findings by reporting that
bPiDI potently inhibits (IC50 = 150 nM) nicotine-evoked
dopamine release from rat striatal slices, although the inhi-
bition was not complete (Imax = 53–57%). In contrast, the
non-selective nAChR antagonist, mecamylamine, com-
pletely inhibited (>90%) nicotine-evoked [3H]dopamine
release, which suggests that bPiDI acts at a subset of nAChRs
mediating this effect. Further, the present results extend our
previous study by elucidating the mechanism of action of
bPiDI. Schild analysis revealed rightward shifts in the
nicotine concentration–response curve with nicotine
overcoming the bPiDI inhibition, and a linear fit of the
Schild-regression revealed a slope different from unity. The
current results are consistent with a surmountable allosteric
mechanism and may be due to the presence of spare recep-
tors (i.e. maximum response is obtained with <100% of
available receptors occupied; Stephenson, 1956; Wenger
et al., 1997). Allosteric antagonists produce rightward and
downward shifts in the agonist concentration response;
however, with spare receptors, the probability of activation
of a sufficient number of receptors for obtaining maximal
response increases as agonist concentration increases (Zhu,
1993; Agneter et al., 1997).

Several different subtypes of nAChRs mediate nicotine-
evoked dopamine release in striatum. Studies using knockout
mice have confirmed the critical role of b2-containing
nAChRs in mediating nicotine-evoked dopamine release
(Picciotto et al., 1998). Comprehensive molecular genetics
studies suggest that four a-CtxMII-sensitive subtypes (i.e.
a6b2*, a6b2b3*, a4a6b2* and a4a6b2b3*), and two
a-CtxMII-insensitive subtypes (i.e. a4b2* and a4a5b2*),
mediate nicotine-evoked striatal dopamine release (Salminen
et al., 2004; Gotti et al., 2005). The a4a6b2b3* subtype con-
stitutes ~50% of a6-containing nAChRs on striatal dopamin-
ergic terminals in mice and has the highest sensitivity to
nicotine of any native nAChR (Grady et al., 2007; Salminen
et al., 2007). The incomplete maximal inhibition produced
by bPiDI is consistent with incomplete inhibition produced
by a-CtxMII (Kulak et al., 1997; Azam and McIntosh, 2005),
suggesting that bPiDI is a small molecule acting at a-CtxMII-
sensitive nAChRs. Moreover, concomitant exposure of rat
striatal slices to maximally effective concentrations of bPiDI
(1 mM) and a-CtxMII (1 nM) did not result in greater inhibi-
tion of nicotine-evoked dopamine release compared with
that produced by either antagonist alone, suggesting that
bPiDI and a-CtxMII inhibit the same nAChR subtype(s).
These results are interpreted to suggest that the inhibition
produced by bPiDI is mediated by a6-containing nAChRs.
Thus, bPiDI is a high potency and selective antagonist at
a-CtxMII-sensitive nAChRs (i.e. a6b2*, a6b2b3*, a4a6b2*
and/or a4a6b2b3*) that appear to mediate 60–70% of the
response to nicotine in rat dorsal striatum.

With repeated nicotine treatment (0.4 mg·kg-1·day-1, 10
days), the concentration response for bPiDI to inhibit

Figure 7
With repeated administration N,N-decane-1,10-diyl-bis-3-picolinium
diiodide (bPiDI) reduces nicotine self-administration but not food-
maintained responding. (A) Effect of bPiDI (1.94–5.83 mmol·kg-1,
s.c.; a single dose of bPiDI was given to each group) given once daily
for 7 days on nicotine self-administration to rats (n = 7–8 per dose
group) following three consecutive baseline sessions (‘B1’–‘B3’) and
followed by three additional saline pretreatment sessions (‘S1’–‘S3’).
(B) Effect of bPiDI (1.94–5.83 mmol·kg-1, s.c.) on food-maintained
responding given repeatedly for 7 days to rats (n = 6 per dose group)
following three consecutive baseline sessions (‘B1’–‘B3’) and fol-
lowed by 3 additional saline pretreatment sessions (‘S1’–‘S3’).
(*P < 0.05 vs. saline).
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nicotine-evoked [3H]dopamine release was shifted to the left
by about 100-fold, with a 25% increase in Imax, compared with
the control group. Studies suggest that repeated nicotine
treatment or long-term nicotine exposure alters nAChR sto-
ichiometry, conformation and composition (Harkness and
Millar, 2002; Nelson et al., 2003; Lopez-Hernandez et al.,
2004; McCallum et al., 2006; Visanji et al., 2006; Drenan
et al., 2008), and receptor maturation by increasing subunit
oligomerization and folding (Sallette et al., 2005; Corringer
et al., 2006; Lester et al., 2009). The majority of the latter
studies employed relatively high nicotine doses, constant
nicotine infusions or long exposures of nicotine to cell cul-
tures, limiting generalization of such receptor changes to the
current study. Phosphorylation of specific amino acid resi-
dues in the nAChR structure by protein kinase A and C occurs
in response to repeated or prolonged nicotine, which modu-
lates the sensitivity of the receptors to ligands (Giniatullin
et al., 2005; Picciotto et al., 2008). Studies show that repeated
activation of a4* nAChRs results in receptor upregulation,
whereas a6* nAChRs do not upregulate (Mugnaini et al.,
2006; Perry et al., 2007; Perez et al., 2009), although mice
with hypersensitive midbrain a6 nAChRs show exaggerated
responses to nicotine probably due to high affinity interac-
tions (Tapper et al., 2004; 2007; Perry et al., 2007; Drenan
et al., 2008). Therefore, a-CtxMII-sensitive nAChRs may be
regulated differentially depending on a4-subunit inclusion.
Alternatively, repeated nicotine treatment is thought to shift
nAChRs through different receptor states, and large shifts in
ligand affinity accompany changes in receptor state (Dani
and Heinemann, 1996; Marks et al., 2004; Picciotto et al.,
2008). Thus, rather than interacting with an alternate
subtype composition following repeated nicotine, bPiDI may
stabilize or ‘lock’ the receptor subtype(s) into a high affinity
state, consistent with the large potency shift for bPiDI follow-
ing repeated nicotine.

Acute administration of bPiDI resulted in a dose-
dependent decrease in the number of nicotine self-infusions
earned. Similarly, mecamylamine and DHbE (nAChR antago-
nists), varenicline and sazetidine-A (nAChR partial agonists),
and UCI-30002 (a nAChR negative allosteric modulator)
decrease nicotine self-administration (Watkins et al., 1999;
Yoshimura et al., 2007; Levin et al., 2010; O’Connor et al.,
2010). However, in contrast with findings showing that
mecamylamine and DHbE do not alter food-reinforced
responding (Corrigall et al., 1988; Dwoskin et al., 2008), acute
bPiDI administration decreased the number of food pellets
earned, albeit to a lesser extent than the reduction in the
number of nicotine infusions, suggesting that bPiDI is not an
entirely ‘neutral’ antagonist. However, it is worth noting that
similar results have been obtained in evaluations of medica-
tions currently approved for smoking cessation. For instance,
the monoamine uptake inhibitor bupropion significantly
decreased sucrose-maintained responding at a dose of
26 mg·kg-1, whereas a higher dose of 78 mg·kg-1 was
necessary to attenuate nicotine self-administration (Rauhut
et al., 2003). In contrast to bupropion, bPiDI preferentially
decreased nicotine self-administration relative to food-
maintained responding, suggesting that any potential off-
target actions of bPiDI are unlikely to prevent clinical efficacy.
Although bPiDI decreases nicotine-induced locomotor activ-
ity in nicotine-sensitized rats, bPiDI did not significantly alter

activity when given alone (i.e. without nicotine; Dwoskin
et al., 2008), and did not alter responding on the inactive
lever in the current self-administration study, providing
further evidence that general decreases in activity are not
responsible for the decrease in nicotine self-administration.
Finally, in addition to the observed antagonism of nAChRs in
brain, which supports a centrally mediated action, bPiDI is
distributed rapidly to brain and is detectable by high pressure
liquid chromatography/tandem mass spectrometry for
5–90 min following s.c. injection of 3.3 mmol·kg-1 of bPiDI
(our unpublished observations).

The bPiDI-induced decrease in nicotine self-
administration was maintained across seven daily treatments,
whereas tolerance developed to the decrease in food-
maintained responding. However, the highest dose of bPiDI
(5.8 mmol·kg-1) decreased food-maintained responding on
treatment days 1–3 and 5, suggesting that tolerance to the
highest dose was not complete. Thus, the traditional
approach of testing separate groups of rats with either nico-
tine or food was employed in the current study. One caveat in
comparing across nicotine self-administration and food-
maintained responding studies is that food-maintained
responding was evaluated in the absence of any history of
exposure to nicotine. While this may be minimized by using
a multiple schedule of reinforcement in which the rats can
earn either nicotine or food during different components
within the same session, the multiple schedule requires
extensive training and is typically less sensitive to classical
antagonists such as mecamylamine (Stairs et al., 2010). More-
over, the ability of classical nAChR antagonists to decrease
both nicotine- and food-maintained responding following
repeated administration has not been reported in the litera-
ture. Also, future studies will be necessary to determine if
bPiDI inhibition of nicotine self-administration is specific
(e.g. inhibits self-administration of other psychostimulants)
and if bPiDI attenuates cue-induced reinstatement of nicotine
seeking.

In conclusion, recent evidence from studies using geneti-
cally altered mice has revealed a critical role for a6b2*
nAChRs in the reinforcing effects of nicotine, as mice lacking
a6b2* nAChRs do not self-administer nicotine (Pons et al.,
2008), and infusion of a-CtxMII into NAcc decreases nicotine
intake in rats (Brunzell et al., 2009). The current results
showed that bPiDI attenuated nicotine-evoked striatal
dopamine release, inhibited a-CtxMII-sensitive a6b2*
nAChRs via a surmountable allosteric mechanism and
increased inhibitory potency 100-fold in nicotine-sensitized
rats. Importantly, bPiDI decreased nicotine self-
administration, and tolerance did not develop to this effect
following repeated administration. Furthermore, no overt
signs of toxicity (body weight loss or lethargy) were evident
following repeated administration of behaviourally relevant
bPiDI doses. Thus, the current findings demonstrate that
bPiDI is a non-toxic, systemically active, small molecule,
a6b2*-selective nAChR antagonist that specifically decreases
nicotine self-administration. The current results support the
hypothesis that a6b2* nAChRs have an important role in the
abuse-related effects of nicotine. Antagonism of a6b2*
nAChRs provides a new direction for the development of
medications to reduce nicotine abuse (Dwoskin and Bardo,
2009).
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 N,N�-Decane-1,10-diyl-bis-3-picolinium diiodide
(bPiDI) inhibits nicotine-evoked endogenous dopamine (DA)
overflow from superfused rat striatal slices. Basal outflow was
average fractional release during the initial 10 min period
prior to addition of drug to the buffer. Total dopamine over-
flow was the sum of increases in fractional release above basal
during superfusion with drug. (A) Striatal slices were super-
fused in the absence or presence of bPiDI (20 mM) or mecamy-
lamine (MEC; 30 mM) for 40 min and then for an additional
40 min with nicotine (30 mM) added to the buffer. Superfu-
sion buffer contained nomifensine (10 mM) and pargyline
(10 mM) throughout the experiment. Control represents
dopamine overflow in response to 30 mM nicotine in the
absence of bPiDI or mecamylamine. There were no differ-
ences in dihydroxyphenylacetic acid concentrations between
the treatment conditions. Samples (1 mL) were collected into
100 mL of 0.1 M perchloric acid and processed immediately
following collection. * indicates that both bPiDI (t12 = 2.53,
P < 0.05) and mecamylamine (t12 = 2.80, P < 0.05) inhibited
nicotine-evoked endogenous dopamine overflow. (B) Time
course of bPiDI-induced inhibition of nicotine-evoked
dopamine fractional release. Neither bPiDI nor mecamy-
lamine evoked dopamine release when slices were exposed to
these antagonists in the absence of nicotine (10–40 min).
Data are expressed as fractional dopamine release
(pg·mL-1·min-1; mean � SEM), n = 6 rats.
Table S1 N,N�-Decane-1,10-diyl-bis-3-picolinium diiodide
(bPiDI) does not evoke [3H]DA overflow from superfused rat
striatal slices
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