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Abstract

Recent studies have revealed that sequence varianis genes encoding the
a3/a5/34 nicotinic acetylcholine receptor subunits are asgiated to nicotine
dependence. In this study, we evaluated two specifiaspects of executive
functioning related to drug addiction (impulsivity and working memory) in
transgenic mice over expressing3/a5/34 nicotinic receptor subunits. Impulsivity
and working memory were evaluated in an operant delyed alternation task,
where mice must inhibit responding between 2 and 8ec in order to receive food
reinforcement. Working memory was also evaluated ira spontaneous alternation
task in an open field. Transgenic mice showed lesspulsive-like behavior than
wild-type controls, and this behavioral phenotype s related to the number of
copies of the transgene. Thus, transgenic Line 224-28 copies) showed a more
pronounced phenotype than Line 30 (4-5 copies). Onexpression of these subunits
in Line 22 reduced spontaneous alternation behaviosuggesting deficits in working
memory processing in this particular paradigm. Thes results reveal the
involvement of a3/a5/B4 nicotinic receptor subunits in working memory and
impulsivity, two behavioral traits directly related to the vulnerability to develop

nicotine dependence.

Keywords: Nicotine dependence, gene variants, CHRNA3/A5/Bdegcluster, nicotine

acetylcholine receptor, delayed alternation.



1. Introduction

Drug addiction is recognized as a chronic diseelsaracterized by major
alterations in cognitive processing (Volkow et &002; Robbins et al., 2008). Thus,
increased attention to drug-paired stimuli andrtfenories of drug-related effects can
induce craving and relapse even after long peraddsbstinence (Everitt et al., 2007).
Changes in other features of executive functionsigh as inhibitory control and
behavioral flexibility have also been reported tmtribute to the cycle of addiction

(Jentsch, and Taylor, 1999; Ersche et al., 2006; Poah., 200h

Recent studies have revealed that sequence \ariemtgenes of the
CHRNAS/A5/B4 gene cluster, encoding th@&/a5/34 human nicotinic acetylcholine
receptor subunits are associated to nicotine degeed (Thorgeirsson et al., 2008;
Thorgeirsson et al., 2010mprogo et al., 2010) and lung cancer (Amos et2008;
Hung et al., 2008). However, it is not clear whetkigese gene variants promote
nicotine dependence vulnerability, the main risktda for lung cancer, or directly
enhance lung cancer risk. The use of appropriat@eirmodels could provide new

insights to clarify the significance of this assin.

In this study, we investigated whether the overession ofa3/a5/34 nicotinic
acetylcholine receptor subunits would produce ckanm two specific aspects of
executive functioning, working memory and respanédbition that could be related to
nicotine dependence vulnerability. For that purpose used an operant delayed
alternation task in transgenic mice overexpressimgge subunits and wild-type (WT)
littermates, where animals are required to contiisiyochange their response strategy in
order to obtain food reinforcement (Weiss et aDP®). Thus, mice must sustain
attention on the previously emitted response (waykinemory) and inhibit premature

responding during the delay requirement (respamsi@ition).



2. Materials and Methods
2.1 Animals

Male hybrid B6/SJL-F1J mice were housed in group®f 3-5 animals per
cage under a reverse 12 h light/dark schedule (ligghon 20:00 to 8:00) in controlled
environmental conditions of humidity (50% - 70%) ard temperature (21 + 1°C)
with food and water supplied ad libitum. Transgenic mice were obtained in
heterozygosity by standard pronucleus microinjectia of the 111 kb BAC fragment
inserted with the human cluster containing the thre nicotinic receptor subunits
(a3, a5, and p4) on B6/SJL-F1J genetic background, as previouslylescribed
(Gallego et al., in press). The presence of all pmwter regions was assessed by
PCR on maxiprep-extracted DNA from the RP11-335K5 AC067863) clone, and
rearrangements within the BAC were checked (Eagl (BhTI) restriction pattern).
Two lines were generated carrying between 16-18 (& 22 Tg) and 4-5 copies
(Line 30 Tg) of the transgene, respectively, as dmtted by Slot-blot (data not
shown). Similar mRNA overexpression of13, a5 and 4 subunits was confirmed in
both lines by RT-PCR. No significant differences kigveen genotypes were found in
endogenous3, a5, and B4 subunits expression in the cerebral cortex when ouse
Chrna3, Chrna5 and Chrnb4 were checked by gRT-PCR malysis. Western blot
analysis confirmed increased expression % and a3 subunits in specific regions of
transgenic mice in both transgenic lines comparedotWT mice (Gallego et al., in
press). Binding assays using’fi] nicotine showed an increase of two to three fold
of nicotine binding sites in transgenic hippocampamembranes, as compared to

WT with no differences in PH] MLA binding (Gallego et al 2011, in press).



The two transgenic lines (Line 22 and Line 30)eavased in order to exclude
positional effects. Hybrid founders were crosseth@dB6/SJL-F1J females and all
experiments were performed using mice from the B2géneration to attenuate
littermate’s genetic differences. The non-transgdittermates obtained from crosses of
males TgCHRNA3/A5/B4 mice and B6/SJL-F1J femalesvesk as controls. All
experimental procedures were approved by the leitatal committee (CEEA-IMIM
and CEEA-PRBB), and met the guidelines of the |¢Caitalan law 5/1995 and Decrees

214/97, 32/2007) and European regulations (EU tiwes 86/609 and 2001-486).

2.2 Western blot analysis of cytochrome P450 2A6 dno4, a6, a7, p2 and g3

nicotine acetylcholine receptor (NnAChR) subunits irthe prefrontal cortex

To determine if the changes in expression levels dfe genes contained in
the cluster could induce any compensatory modificatn in other nicotinic subtypes
and subunits, the expression levels of the most eslant nicotinic subunits present
in the central nervous system were evaluated in th@refrontal cortex tissue
extracts from adult (3 month of age) TQCHRNA3/A5/B4(Line 22; n = 5) and WT
mice (n = 5). Cortical extracts were lysated in iceold RIPA buffer (1% Nonidet P-
40, 0.5% sodium deoxycholate, and 0.1% SDS in PBSLOM, pH 7.4). The samples
were mixed in NUPAGE® LDS Sample Buffer (4x) and NRAGE® Sample
Reducing Agent (10x) (Invitrogen, Carlsbad, CA, USA Equal total protein
amounts (20pg) were loaded per lane, separated on a NUPAGE® 2% Bis-Tris
Gel (Invitrogen, Carlsbad, CA, USA) and transferredto an iBlot® Gel Transfer
Stacks Nitrocellulose Regular membrane (Invitrogen,srael). The nitrocellulose

membranes were blocked (1 h, room temperature) withtODYSSEY® Blocking



Buffer (LI-COR Biosciences) and incubated at 4°C osrnight with the following
rabbit antibodies: anti-nAChR a4 (1:1000, Abcam, Cambrige, UK), anti-nAChR6
(1:20000, Millipore, Temeluca, CA, USA), anti-nAChR:7 (1:1000, Abcam,
Cambridge, UK), anti-nAChRB2 (1:800, AVIVA Systems, San Diego, CA, USA),
anti-nAChR B3 (1:10000, AVIVA Systems, San Diego, CA, USA), artytochrome
P450 2A6 (1:2000, Abcam, Cambridge, UK). Incubatiorior 1 h with the specific
secondary IRDye® 680 donkey anti-rabbit (LI-COR Bisciences, Lincoln, NE,
USA,) allowed detection using the ODYSSEY® Infraredmaging System scanner.
Ponceau S staining was used as loading control. Biescent bands were analyzed

with the ImageJ image processing program.

2.3 Impulsive-like behavior

Mice were first food deprived to 85-90% of their freedeng weight, and then
trained in an operant delayed alternation paraddymng the dark phase of the
light/dark cycle. The experiments were conducte® imouse operant chambers (Med
Associates Inc. Georgia, VT, USA), housed in soattdnuated boxes equipped with a
fan to provide ventilation and avoid ambient noiBee chambers were provided with a
house-light, two nose poking holes (15 mm diamegguoidistantly placed on one of the
walls, and a food magazine placed on the opposdk, where 20 mg chocolate-
flavored pellets (AIN-76A Rodent Tab Choc. TestdiRichmond, IN, USA) were
delivered. The poking holes and the magazine wauépped with infrared photocells
and lights, and responses were recorded by the wi@mpsing the MED-PC software.
Accuracy (percent correct trials) and prematur@arding (latency to respond in sec)

during the delay requirement were recorded. Miceevirained in daily sessions which



lasted until 50 reinforcers were delivered or af8r min had elapsed, whichever
occurred first. Animals were then returned to tHheme-cages and fed with standard

chow (approximately 2-2.5 g each).

2.3.1 Magazine training

Shaping begun with mice receiving food pelletsrfrine magazine every 20 sec
during 3 sessions. Then they were trained to noge pn either hole to obtain a food
pellet on a continuous reinforcement schedule. murihe third step, mice were
reinforced for nose-poking onlgn the left or the right hole during 4 consecutive

sessions, switching the active hole between session

2.3.2 Alternation training

During this phase, mice learned to distribute oesps between alternate
locations. First, the choice opportunity (left aght hole) was signalled by illumination
of the house-light. After the first response in afethe holes, the house-light was
extinguished, the magazine-light was turned onpadfpellet was delivered, and a
sound was presented during 1 sec. If the pellet eddgcted, the house light was
illuminated after a 1 sec delay and the next tsegun. If mice nose-poked in either of
the holes during the delay interval, or in the meot hole, the house-light was
extinguished and the food cup light was illuminatedt no food was presented nor the
sound activated. Mice were then required to turayafsom the operands and nose-poke
in the food magazine on the opposite wall to réssmother trial. This procedure
minimized the possibility that the animals’ wouldeua lateralized position or other
mediating responses as a strategy to alternatehentwo holes. The criteria for

acquisition of the alternation task was 1) a minmmaf 40 reinforcers obtained per



session; 2) more than a 75% of correct respondjrgfedility of responding during 2

consecutive sessions with less than 20% deviatam the mean.

2.3.3 Delayed alternation training

When the alternation criteria were met, four défg delay intervals were
introduced (2, 4, 6 and 8 sec) in a pseudorandateraturing 15 days. Each delay was
presented until a correct response was made, andaify sessions were terminated

when each delay was correctly completed for a tuftaD trials.

2.4 Locomotor activity

Locomotor activity was measured in an open-field ansisting in a
rectangular arena (70 cm long x 70 cm wide x 60 cimgh) made of Plexiglas and
covered with red plastic. The test was performed wter low non-aversive lighting
conditions (50 Lux). Adult TJCHRNA3/A5/B4 (Line 22 n =12) and WT mice (n =
12) were monitored for 10 min and total distance tvelled and time spent in each
zone were registered using a video-tracking softwar (SMART, Panlab, SL.,

Spain).

2.5 Working memory

Taking into account that working memory can be mesured as a concurrent
processing task, we evaluated repeated explorations two similar objects located
in the center of an open field as an index of workig memory in

TgCHRNAS3/A5/B4 (Line 22; n = 12) and WT mice (n = 2). We considered



exploration when a mouse directed the nose to thdjects at a distance of no more
than 2 cm. Sitting on the object was not considereds exploratory behavior. Each
animal was placed on the centre of the field and ding a 10 min session the
sequence of object visits (Maccarrone et al., 200%)as recorded using a video-
tracking software (SMART, Panlab, SL., Spain) and he object exploration was
measured by the experimenter blind for the genotyp®f the animals. The arena
and the objects were deeply cleaned between animals order to avoid odor

interferences. Consecutive visits to a previously xplored object were thus
recorded and plotted as frequency to revisit the sae object either one, two, three

Oor more consecutive times.

2.6 Statistical analysis

The data were analyzed using two-way repeated uremsnalysis of variance
(ANOVA) with training day as a within-subjects factand genotype as a between-
subjects factor. Post-hoc comparisons between geestfor each day were carried out
using estimation of parameters. For the cumulattea¢a (3-day blocks), one-way
ANOVA was used to compare differences between gpestANOVA was also used
to analyze locomotor activity data and to compare ifferences between genotypes

in the working memory test.
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3. Results

3.1 Protein expression levels of cytochrome P450 @Aand o4, a6, a7, p2 and g3

nNAChR subunits

Previous studies from our laboratories (Gallego efal., in press) showed the
overexpression of thea3, p4 and a5 NAChR subunits in different regions of the
brain of TgCHRNA3/A5/B4 mice. Remarkably, the a3 nAChR subunit was
overexpressed in the cerebral cortex of TQCHRNA3/AB4 (Line 22) mice. Because
of a large body of evidences linking the prefrontalcortex with impulsivity
(Reviewed in Perry et al.,, 2011), we have performetlVestern blot analysis to
evaluate whether the protein expression levels ofi¢ nicotine-metabolizing enzyme
involved in nicotine addiction (Thorgeirsson et al. 2010) cytochrome P450 2A6,
and/or the a4, a6, a7, p2 and p3 NnAChR subunits were also modified in the
prefrontal cortex of TJCHRNA3/A5/B4 (Line 22) mice.As shown in Figure 1, no
statistically significant changes were observed ithe expression levels of these

proteins.

3.2 Alternation training

All animals, irrespective of genotype or transgelme, learned similarly the
alternation task within 10 days of training. Indedtle percent of correct trials
(accuracy) increased as a function of training fiay chance alternation (50% correct)
on the first day, to about 80% correct on day 1d. both transgenic lines, two-way
ANOVA revealed a significant effect of training ddline 22: Rg2s2) = 34.032,

p<0.001; Line 30: f261)= 66.284, p<0.001], but no significant effect ehgtype [Line
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22: Ri27)= 1.517, NS ; Line 30: (E29) = 0.404, NS], nor interaction between factors
[Line 22: Ria378= 1.082, NS ; Line 30 261)= 0.399, NS] were observed (Figure 2A

and 3A).

3.3 Delayed alternation

Training on the delayed alternation task did rexteal significant differences
between genotypes or transgenic lines with resjgeetrors due to alternation. Thus,
accuracy was maintained from 80 to 90 % during XBedays of training (data not
shown). On the other hand, significant differeneesre observed with respect to
premature responding when all delays were takeetheg For Line 22, two-way
ANOVA showed a significant main effect of trainingy [R14,336)= 65.712; p<0.001]
and genotype [fr24) = 7.012; p<0.05], without interaction between théwo factors
[Fa,336)= 1.142; NS]. Post-hoc analysis revealed a sicanifi decrease in the number
of premature responses in Line 22 mice in compangith WT on day 2 (p<0.001), 4,
5, 6, 11, 14 and 15 (p<0.05) (Figure 2B). One-wayOQVA for cumulative data on
premature responding in blocks of 3 consecutivesdégset) showed significant
differences between genotypes on days 4-6 (p<0/M9)(p<0.05), 10-12 (p<0.05) and

13-15 (p<0.05).

In contrast, two-way ANOVA showed for Line 30 grsficant main effect of
training day [kia37s) = 95.150; p<0.001], without effect of genotype:lf7) = 1.517;
NS] nor interaction between these factorg4fzs)= 1.082; NS] (Figure 3B). Post-hoc
analysis just revealed a decrease in prematuremdsyg on days 7 and 10 (p < 0.05).

One-way ANOVA for cumulative data on premature omegpng in blocks of 3
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consecutive days (inset) showed no significantedsiices between genotypes on any

block.

3.4 Locomotor activity

Since differences in the delayed alternation tesin Line 22 may be
influenced by changes in locomotor activity, we angzed this parameter in an
open-field paradigm. One-way ANOVA revealed no di#rences regarding total
travelled distance between WT and Line 22 transgeaimice [Ri 23 = 1.604; NS,
one-way ANOVA] (Figure 4A). Moreover, the percentge of time spent in
periphery and centre were not different between gestypes [Ri 3 = 0.504; NS,
one-way ANOVA] (Figure 4B), thus indicating no chages in locomotor activity or
anxiety-like behavior in transgenic mice overexpresing the human

CHRNA3/A5/B4 genomic cluster.

3.5 Working memory

To address working memory we analyzed the frequemcof revisits to the
same object for one, two, three or more than 3 coasutive times. A one-way
ANOVA did not reveal any difference between WT andransgenic animals from
Line 22 when evaluating a low number of revisits tdhe same object (one revisit
F1.23 = 0.103; NS; two revisits [ 23 = 2.024; NS and three revisits {r 3 = 0.021,;
NS). However, a significant difference between WTral Line 22 transgenic mice
was revealed when analyzing number of revisits super to 3 [F (123 = 6.778; p <

0.05] (Figure 5).
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4. Discussion

In this study, we reveal specific changes on respanhibition in transgenic
mice overexpressingi3/a5/34 nicotinic acetylcholine receptor subunits using a
operant delayed alternation task (Weiss et al.5p0A this paradigm, mice are required
to continuously change their response strategyrderoto obtain food reinforcement.
They must sustain attention on the previously editiesponse and inhibit premature
responding during the delay requirement. Prematsponding during the delay task is
associated with disruptions in the control of resmoinhibition and provides a measure
of impulsivity (Evenden, 1999; Robbins, 2002; Lambwe et al., 2007). Transgenic
mice decreased premature responses in this paradiigith suggests an improvement
in the control of impulsivity. Interestingly, thenprovement of this behavioral response
was directly related to the number of copies of tlamsgene. Thus, Line 22 carrying
between 16-18 copies of the transgene showed a@bkeldecrease in the number of
premature responses during most of the trainingpgewhereas a modest improvement
of the performance was revealed in Line 30, whiahries only 4-5 copies of the
transgene.The fact that Line 22 transgenic mice have a more rpnounced
behavioral phenotype compared to Line 30 transgenicmice may also be
attributable to changes in the functionality of thesubunits rather than simply to
their protein expression levels since the seizuresponse to high doses of nicotine is
increased in L22 transgenic mice compared to L30 é&a not shown).

Recent studies have revealed a direct relationséigveen impulsivity and the
vulnerability to develop drug addiction (Belin dt, 2008). The decreased impulsivity
of these transgenic mice reveals the specific werkent of a3/a5/34 nicotinic
acetylcholine receptor subunits in this persondiiyt directly related to drug addiction

vulnerability. Furthermore, studies in animal models of nicotine ddiction have
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implicated the a5 subunit in the medial habenula (mHb) and its progction area,
the interpeduncular nucleus, in the reinforcing prgerties of nicotine (Fowler et
al., 2011). Thus, knockout mice lacking th&5 subunit showed increased nicotine
self-administration at higher doses with respect toNVT mice, and this effect was
reversed by the selective re-expression of this suit in the mHb of knockout
mice. In addition, rats with a selective knockdownof the a5 subunit in this
structure also exhibited a marked increase in nicame consumption as compared to
control rats (Fowler et al., 2011). These data prage strong evidence for an
inhibitory role of the a5 subunit in the medial hakenula-interpeduncular circuit in
nicotine intake.

A role for the mHb in impulsive behavior has alsobeen recently put
forward. Thus, intra-habenula neonatal administration of ibotenic acid or nicotine
produces a selective lesion of this structure, aridads to increased impulsivity (Lee
and Goto, 2011). However, our transgenic models deot show changes in the
expression ofa3/a5/B4 subunits in this region with respect to WT mice (GHego et
al, in press), thus discarding this mechanism in #observed phenotype.

The operant delayed alternation task used ingtudy allows the evaluation of
working memory related to medial prefrontal corferctionality (Granon et al., 1994;
Goldman-Rakic, 1995). Thus, the similar accuracyeobed in transgenic mice and WT
littermates during the delay training period regdhlat the overexpression @8/a5/34
nicotinic acetylcholine receptor subunits doesproduce alterations in thgrticular
type of working memory. In order to further characterize this behavioral trait, we
analyzed spontaneous alternation in the transgeniine showing the most relevant
phenotype (Line 22) and found significant differenes in these transgenic mice

when a high number of revisits were analyzedThe discrepant results obtained in
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these two paradigms may be attributed to difference in the motivational
component of both tasks. Thus, in the delayed alteation task, mice must
alternate their responses on two levers in order t@btain a reward, while in the
working memory task mice are not rewarded for corret alternation.

Finally, our locomotor activity data showing that ttal distance travelled in
the open field was similar between genotypes suggethat the decrease in
premature responding observed in transgenic mice ithe delayed alternation task
cannot be attributed to possible differences in laamotion. Importantly, from the
molecular point of view there were not significantchanges in expression of other
nicotinic receptor subunits in the prefrontal cortex, further suggesting that
a3/a5/B34 nicotinic receptor subunits are related to the okerved phenotype.

In summary, our study reveals the involvementi®f5/34 nicotinic receptor
subunits in impulsivity, a behavioral trait dirgctelated to the vulnerability to develop
nicotine dependence. This new behavioral role ifledtfor the a3/a5/34 subunits
provides a functional link for the association @&ngs variants of these subunits and
nicotine dependence (Thorgeirsson et al., 2008gréfbre, these genomic variants

could promote the development of nicotine depengelenc
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7. Figure Legends

Figure 1. Western blot analysis of cytochrome P45PA6 and a4, a6, a7, 2 and 3
NAChR subunits protein expression in the prefrontalcortex in TQCHRNAS, Line
22. (A) Bar graphs representing the densitometric ralysis (arbitrary units) of
Western blots of wild-type (WT; white bars) and TQGHRNA3/A5/B4 (TG; striped
bars) mice. Data represent mean + SEM *p < 0.05 oneay ANOVA between
genotypes. (B) Representative Western blots of tlaalyzed proteins and Ponceau

S staining of the membrane.

Figure 2. Performance on the operant delayed alternation itagkne 22 wild-type
(WT) and Line 22 transgenic mice (TG). (A) Accuradnyalternation training without
delays during 10 days in Line 22 WT (n = 15) andeL22 TG (n = 15) mice. (B)
Premature responding during 15 days considerindeddlys together (2, 4, 6 and 8 sec)
in Line 22 WT (n = 13) and Line 22 TG (n = 13) midéhe inset shows premature
responding in blocks of 3 days during the 15 ddyse data represent meanSEM.

*p<0.05; *** p<0.001 vs. Line 22 WT (estimation of parameters).

Figure 3. Performance on the operant delayed alternation itagkne 30 wild-type
(WT) and Line 30 transgenic mice (TG). (A) Accuradnyalternation training without
delays during 10 days in Line 30 WT (n = 15) andeLB30 TG (n = 16) mice. (B)
Premature responding during 15 days considerindeddlys together (2, 4, 6 and 8 sec)
in Line 30 WT (n = 15) and Line 30 TG (n = 14) midehe inset shows premature

responding in blocks of 3 days during the 15 day& data represent mearsEM.
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Figure 4. Locomotor activity and anxiety behavior vere evaluated on the open
field test in wild-type (WT) and Line 22 transgenicmice (TG). (A) Total distance
travelled and (B) percentage of time spent in the griphery and centre was
calculated over a 10 minutes session in Line 22 12 mice per genotype). The

data represent mean + SEM.

Figure 5. Spontaneous alternation on two similar gjects located on the centre of
an open field arena. The data represent mean + SEBF the frequency of revisits to
the same object during a 10 minutes session in witgipe (WT; n = 12) and Line 22

transgenic mice (TG; (n = 12). ** p < 0.001 vs. WT



