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Abstract
Firing rates of dopamine (DA) neurons in substantia nigra pars compacta (SNc) and ventral
tegmental area (VTA) control DA release in target structures such as striatum and prefrontal
cortex. DA neuron firing in the soma and release probability at axon terminals are tightly regulated
by cholinergic transmission and nicotinic acetylcholine receptors (nAChRs). To understand the
role of α6* nAChRs in DA transmission, we studied several strains of mice expressing differing
levels of mutant, hypersensitive (L9′S) α6 subunits. α6 L9′S mice harboring six or more copies of
the hypersensitive α6 gene exhibited spontaneous home cage hyperactivity and novelty-induced
locomotor activity, whereas mice with an equal number of WT and L9′S α6 genes had locomotor
activity resembling that of control mice. α6-dependent, nicotine-stimulated locomotor activation
was also more robust in high-copy α6 L9′S mice versus low-copy mice. In wheel running
experiments, results were also bi-modal; high-copy α6 L9′S animals exhibited blunted total wheel
rotations during each day of a nine day experiment, but low-copy α6 L9′S mice ran normally on
the wheel. Reduced wheel running in hyperactive strains of α6 L9′S mice was attributable to a
reduction in both overall running time and velocity. ACh and nicotine-stimulated DA release from
striatal synaptosomes in α6 L9′S mice was well-correlated with behavioral phenotypes, supporting
the hypothesis that augmented DA release mediates the altered behavior of α6 L9′S mice. This
study highlights the precise control that the nicotinic cholinergic system exerts on DA
transmission, and provides further insights into the mechanisms and consequences of enhanced
DA release.
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1 - Introduction
α6-Containing nAChRs (α6*) represent a group of ACh-gated cys-loop family ion channels
characterized by high sensitivity to ACh or nicotine, and a discrete expression pattern in the
central nervous system. α6 subunits are selectively expressed in midbrain DA neurons of the
substantia nigra pars compacta (SNc) and ventral tegmental area (VTA), norepinephrine
neurons of the locus coeruleus, and glutamatergic retinal ganglion cells (Lena et al., 1999,
Whiteaker et al., 2000, Azam et al., 2002, Champtiaux et al., 2002). In contrast to the
widespread expression of α4β2* nAChRs, the well-defined and specific expression of α6*
nAChRs in these neuronal types suggests they may be candidate drug targets for
manipulation of these neurotransmitter systems (Quik and McIntosh, 2006). Functional α6*
nAChRs typically include β2 and β3 subunits (Cui et al., 2003, Salminen et al., 2004), and in
midbrain DA neurons they often assemble with α4 subunits to produce high-sensitivity
α6α4β2β3 pentamers (Champtiaux et al., 2003, Gotti et al., 2005, Drenan et al., 2010). α6*
nAChRs, like most CNS nAChRs, are localized in axons and/or presynaptic terminals where
they participate in cholinergic modulation of neurotransmitter release (Kulak et al., 1997).
We previously reported that α6 functional responses were specifically excluded from
midbrain GABAergic neurons and striatal GABA release (Drenan et al., 2008). Recent work
implicates α6* nAChRs in modulation of GABA release onto midbrain DA neurons (Yang
et al., 2011). However, the source of these α6-containing GABAergic afferents remains
undetermined, and α6*-dependent mIPSCs were non-existent in recordings made in native
brain slices (Yang et al., 2011).

Rodent DA striatal synaptosomes have been used to study native, presynaptic α6* nAChR
function, stoichiometry, and pharmacology. Recent studies implicate α6* nAChRs in DA
release and reward phenotypes, although results are complex and have not yielded a
consistent conclusion on the role of α6 subunits. For example, α6 subunits are not necessary
for intracranial nicotine self-administration, but are partially responsible for activity-
dependent DA release in NAc (Exley et al., 2011). NAc DA release in response to acute,
systemic nicotine is intact in α6 KO mice (Champtiaux et al., 2003), but these mice do not
participate in acute I.V. nicotine self-administration (Pons et al., 2008). α6 KO mice with α6
subunits selectively restored to the VTA – but not SNc – have normal acute I.V. nicotine
self-administration (Pons et al., 2008). Furthermore, intra-VTA perfusion of α6 antagonists
blocks nicotine-self administration, nicotine-stimulated locomotion, and DA release in rat
nucleus accumbens (NAc) (Gotti et al., 2010), and intra-NAc injection of α-conotoxin MII
(αCtxMII) suppresses nicotine self-administration in a progressive ratio schedule of
reinforcement, while similar injections into NAc do not reduce nicotine-stimulated
locomotor activation (Brunzell et al., 2009).

We have recently produced transgenic mice expressing α6 nAChR subunits with a leucine 9′
to serine (L9′S) mutation in the second transmembrane domain (Drenan et al., 2008). The
resulting hypersensitive α6* nAChRs, which are expressed with WT cellular selectivity,
allow for amplification and isolation of α6*-dependent behavioral and physiological
responses. α6 L9′S mice exhibit a number of altered locomotor phenotypes, including home
cage hyperactivity, novelty-induced locomotor activity, and nicotine-stimulated locomotor
activation (Drenan et al., 2008). In brain slice recordings from these mice, brief applications
of nicotine to midbrain DA - but not GABA – neurons elicit large inward currents and
transient firing responses that are blocked by αCtxMII (Drenan et al., 2008). These data
suggest that selective activation of hypersensitive α6* nAChRs produces increased
locomotor activity. In addition, electrochemical measurements of evoked DA release show
that α6 L9′S mice also display a modified DA release profile in striatal slices where α6*
nAChRs are localized presynaptically on DA axons. In these experiments, single spikes in
DA axons produce less DA release whereas spike trains (mimicking phasic firing in DA
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neurons) produce augmented and/or prolonged DA release (Drenan et al., 2010). Genetic
deletion of α4 subunits from α6 L9′S mice, which eliminates high-sensitivity α6α4* nAChR
pentamers, abolishes this DA release result as well as α6 L9′S-associated locomotor
hyperactivity (Drenan et al., 2010). Collectively, these results suggest that α6 L9′S mice will
be useful for investigating the causes and consequences of disrupted dopaminergic
transmission patterns that may be associated with human disorders such as ADHD, bipolar
disorder, and schizophrenia. Here, we studied the locomotor activity and agonist-evoked DA
release of six transgenic lines of mice with varying α6 L9′S BAC transgene copy numbers.
Our results support a novel mechanism for producing enhanced DA release and locomotor
hyperactivity by severely augmenting the nicotinic cholinergic system.

2 - Experimental Procedures
2.1 - Mice

All experiments were conducted in accordance with the guidelines for care and use of
animals established by the Office of Laboratory Animal Welfare at the National Institutes of
Health, and our protocols were approved by the Institutional Animal Care and Use
Committee at the California Institute of Technology or the University of Colorado at
Boulder. Mice were kept on a standard 12/12 or 13/11 h light/dark cycle at 22°C and given
food and water ad libitum. On postnatal day 21, mice were weaned and housed with same-
sex littermates. At 21 to 28 days, tail biopsies were taken for genotype analysis by PCR as
previously described (Drenan et al., 2008). α6 L9′S mice from line 2 and line 5 have been
described previously (Drenan et al., 2008, Drenan et al., 2010, Grady et al., 2010). Lines 9,
11, 15, and 29 were generated simultaneously with lines 2 and 5 and have been maintained
identically to lines 2 and 5 but have not been previously reported. All transgenic lines were
backcrossed to C57BL/6J mice for at least 10 generations. Because all transgenic lines were
congenic C57BL/6, non-transgenic littermates from all lines were used interchangeably as
control subjects for behavior and DA release experiments. For behavior, mice were three to
six months old at the beginning of an experiment, and groups of mice were matched as
closely as possible for age and sex.

2.2 - α6 L9′S BAC transgene copy number analysis
Mouse genomic DNA was isolated from tail samples using the DNeasy Blood and Tissue
Kit (Qiagen). Samples from several α6 L9′S and control mice were analyzed for each line.
For each real time PCR reaction, a master mix, including 5 μM each primer (RTa6Set3_F
5′CTG TGA ATC TGA AGA GCA GC 3′ and RTa6Set3_R 3′GAG GCA CTC ACC ACA
TTG GC 5′) and LightCycler 480 SYBR Green I Master mix (Roche Applied Science), was
aliquoted into LightCycler 480 96-well plates. Sample DNA was then aliquoted into each
well. The LightCycler 480 program was pre-incubation for 10 mins at 95° C followed by 45
cycles of amplification (10 sec at 95° C, 20 sec at 58° C,10 sec at 72° C). A melting curve
analysis was completed with each reaction using the following protocol: 5 sec at 95° C, 1
min at 65° C, a continuous ramp to 97° C (2.5° C per sec), and a cooling cycle of 10 sec at
40° C. α6 L9′S BAC copy number was calculated using the comparative CT method
following real time PCR (Livak and Schmittgen, 2001, Ballester et al., 2004, Lee et al.,
2006, Schmittgen and Livak, 2008).

2.3 - Mouse locomotor activity
Horizontal locomotor activity was measured with an infrared photobeam activity cage
system (San Diego Instruments; San Diego, CA). Ambulation events were recorded when
two contiguous photobeams were broken in succession. Acute locomotor activity in
response to novelty or nicotine was studied by recording ambulation events during four 15
sec intervals per min for a designated number of min. For all behavioral measures in this
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study, activity cages were located in the same isolated and sound-proof room. For nicotine-
induced locomotion experiments, groups of eight mice were placed in activity cages (18 ×
28 cm) and their baseline level of activity was recorded for eight min. Mice were then
removed, injected (100 μL per 25 g body mass), and returned to the cage within 15 sec. For
injection experiments, saline injections were administered once daily for 3 to 5 days to
habituate the animals to the injection procedure, which isolated the specific effect of
nicotine. Additionally, we have previously shown that saline does not produce a significant
locomotor response in α6 L9′S mice (Drenan et al., 2008, Drenan et al., 2010, Grady et al.,
2010). For novelty-induced locomotor activity experiments, mice were removed from their
home cage, placed in an activity cage, and locomotor activity was recorded for 30 min. For
48 h home cage monitoring, mice were isolated in their own cage and habituated to the test
room and cage for 24 h. Following this, locomotor activity was recorded in 15 min intervals
for 48 h. Locomotor activity methods are also described in our previous papers (Drenan et
al., 2008, Drenan et al., 2010, Grady et al., 2010).

2.4 - Wheel-running activity
Spontaneous wheel-running activity was measured using an automated monitoring system
(Mini Mitter system by Philips Respironics; Bend, OR). Mice were housed individually in
activity cages equipped with a stainless-steel running wheel (11.5 cm dia) and allowed free
access to the running wheel, food, and water. Running-wheel activity (total revolutions)
within a five min period was recorded continuously for 9 days via magnetic switches
attached to the wheels. Mice were placed in running-wheel cages 3 to 4 h before the onset of
lights off on the first recording day to allow them to become accustomed to the cage. We
started measuring activity at the beginning of the first dark phase.

Wheel running occurs in episodes ranging from minutes to hours, separated by periods of
inactivity. We used ClockLab software (Coulbourn Instruments; Whitehall, PA) to measure
the time that mice spent running during the dark phase. Our analysis was restricted to this
phase because almost all wheel-running (~96%) occurred during lights off. We computed
the time spent running during the dark phase for each mouse and recording day, and used
these values to test for significant differences in running time between lines. Mean wheel-
running velocity (rpm) during lights off was calculated by dividing the number of rotations
during this period by the time spent running.

2.5 - Dopamine release from striatal synaptosomes
After a mouse was sacrificed by cervical dislocation, its brain was removed and placed
immediately on an ice-cold platform and brain regions were dissected. Tissues from each
mouse were homogenized in 0.5 ml of ice-cold 0.32 M sucrose buffered with 5 mM HEPES,
pH 7.5. A crude synaptosomal pellet was prepared by centrifugation at 12,000 g for 20 min.
The pellets were resuspended in “uptake buffer”: 128 mM NaCl, 2.4 mM KCl, 3.2 mM
CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM HEPES, 10 mM glucose, 1 mM ascorbic
acid, and 10 μM pargyline at pH 7.5. Synaptosomes were incubated at 37° C in uptake
buffer for 10 min before addition of 100 nM [3H]-dopamine (1 μCi per 0.2 ml of
synaptosomes), and the suspension was incubated for an additional 5 min.

All experiments were conducted at ambient room temperature using methods described
previously (Nashmi et al., 2007, Salminen et al., 2007) with modifications for collection into
96-well plates. In brief, aliquots of synaptosomes (80 μl) were distributed onto filters and
perfused with buffer (uptake buffer containing 0.1 % bovine serum albumin and 1 μM
atropine with 1 μM nomifensine) at 0.7 ml/min for 10 min, or buffer for 5 min followed by
buffer with 50 nM αCtxMII for 5 min. Aliquots of synaptosomes were then exposed to ACh,
nicotine, or high K+ (20 mM) in buffer for 20 sec to stimulate release of [3H]-dopamine
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followed by buffer. Fractions (~ 0.1 ml) were collected for 4 min into 96-well plates starting
1 min before stimulation, using a Gilson FC204 fraction collector with a multicolumn
adapter (Gilson, Inc.; Middleton, WI). Radioactivity was determined by scintillation
counting using a 1450 MicroBeta Trilux scintillation counter (Perkin Elmer Life Sciences)
after addition of 0.15 ml Optiphase ‘SuperMix’ scintillation cocktail. Instrument efficiency
was 40%.

Data were analyzed using SigmaPlot 5.0 for DOS or the open source program, R. Perfusion
data were plotted as counts per min versus fraction number. Fractions collected before and
after the peak were used to calculate baseline as a single exponential decay. The calculated
baseline was subtracted from the experimental data. Fractions that exceeded baseline by
10% or more were summed to give total released cpm and then normalized to baseline to
give units of release [(cpm-baseline)/baseline] (Salminen et al., 2007).

2.6 - Statistical Analysis
Following a square-root transform of the data, statistical significance for 48 h home cage
locomotor activity (Figure 1), novelty-induced locomotor activity (Figure 2), and nicotine-
stimulated locomotor activity (Figure 3) experiments were computed using one-way analysis
of variance (ANOVA) followed by a Dunnett’s post-hoc test. For daily wheel running
experiments (Figure 4), ANOVA was performed as follows: mean values for each line on
each day were computed and one-way repeated measures analysis was performed using the
mouse line as the treatment variable and the mean values for each line on each day as the
measured values. A Dunnett’s post-hoc test set for an alpha level of 0.01 was used for
individual comparisons on wheel running data. This procedure was used to test for overall
differences between number of rotations per day, nocturnal running time, and nocturnal
velocity of the WT and α6 L9′S mouse lines during the 9 d experiment. For synaptosomal
DA release experiments, responses from each α6 L9′S line were compared with results
obtained from control synaptosomes tested on the same day using one-way ANOVA
followed by a Duncan’s post-hoc test for individual comparisons.

2.7 - Materials
All radioactive compounds were obtained from Perkin Elmer (Boston, MA). αCtxMII was
synthesized as previously described (Cartier et al., 1996). Ultra centrifugation grade sucrose
was obtained from Fisher Chemicals (Fairlawn, NJ). Sigma-Aldrich (St. Louis, MO) was the
source for the following compounds: ascorbic acid, atropine sulfate, bovine serum albumin
(BSA), (-)-nicotine tartrate, nomifensine, cytisine, and pargyline. Optiphase ‘SuperMix’
scintillation fluid was from Perkin Elmer Life Sciences.

3 - Results
3.1 - α6 L9′S BAC Copy Number Analysis

To gain a better understanding of the causes of elevated DA release and locomotor
hyperactivity in two lines of α6 L9′S transgenic mice, we studied an additional four α6 L9′S
lines in this paper. Although α6 L9′S lines 2 and 5 have been studied in some assays
(Drenan et al., 2008, Drenan et al., 2010, Grady et al., 2010), we now describe new results
obtained from these lines as well as lines “9”, “11”, “15” and “29”, which together provide a
more informative range of transgene copy number. We used relative, quantitative real-time
PCR to measure the α6 L9′S transgene copy number in these lines. The transgenic lines
studied here were created on a WT genetic background, which includes two WT alleles of
the Chrna6 gene. By utilizing a pan-α6 primer set (which recognizes WT and L9′S Chrna6
genes equally), we determined the fold-increase in Chrna6 gene number per diploid
genome, relative to non-transgenic control mice which have two Chrna6 genes per diploid
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genome. From these data we then calculated the number of α6 L9′S BAC transgenes in each
mouse line. Line 2 and 11 have the highest copy number (18.0 ± 0.9 and 16.3 ± 0.5 copies,
respectively), line 5 has an intermediate copy number (5.5 ± 0.1 copies), and lines 9, 15, and
29 have similar low copy number values (2.3 ± 0.1, 2.0 ± 0.2, and 2.0 ± 0.3 copies,
respectively) (data not shown).

3.2 - Ambulatory Locomotion and Hyperactivity in α6 L9′S Mice
We previously reported that α6 L9′S lines 2 and 5 mice exhibit home-cage hyperactivity
when monitored over 48 h (Drenan et al., 2008, Drenan et al., 2010). This phenotype is
largely confined to the dark phase, and is likely mediated by elevated DA release from
midbrain DA neurons. The number of transgenes may influence the number of L9′S α6
subunits produced and therefore the final α6* nAChR sensitivity (Labarca et al., 1995,
Labarca et al., 2001). To determine whether a relationship exists between putative transgene
expression and hyperactivity, we repeated this study with all six available α6 L9′S mouse
lines. The results of this analysis largely segregated into two groups: lines 2 and 5 again
showed home cage hyperactivity (Figure 1A), and line 11 also displayed a strongly
hyperactive phenotype relative to control mice (Figure 1A). In contrast, lines 9, 15, and 29
showed little to no home cage hyperactivity (Figure 1B). We quantified mean ambulations
during the dark phase for each mouse line, and found a statistically significant increase in
ambulation for lines 2, 5, and 11 compared to control (line 2: p < 0.001; line 5: p < 0.001;
line 11: p < 0.05; one-way ANOVA of square-root transformed data and Dunnett’s post-hoc
analysis) (Figure 1C), and no statistically significant difference for lines 9, 15, and 29 (one-
way ANOVA of square-root transformed data and Dunnett’s post-hoc analysis) (Figure 1C).

In a previous study, we also reported a novelty-induced locomotor activity phenotype in line
2 and line 5 α6 L9′S mice (Drenan et al., 2008). In these experiments, α6 L9′S mice
removed from their home cage and placed into an identical cage do not habituate to their
new environment as control mice do. This phenotype has been previously reported for other
mice with mutations causing increased DA release (Giros et al., 1996, Zhuang et al., 2001),
and could be mediated in α6 L9′S mice by enhanced cholinergic facilitation of DA release.
We studied the ability of each of the six lines of α6 L9′S mice to habituate to a novel
environment. The results of this experiment also segregated into a hyperactive and non-
hyperactive group of transgenic lines. Consistent with our previous results (Drenan et al.,
2008), lines 2 and 5 showed increased locomotor activity behavior during the 30 min test
period (Figure 2A). Line 11 also did not habituate to the novel cage (Figure 2A). In contrast,
lines 9, 15, and 29 habituated to the novel cage in a manner similar to control mice (Figure
2B). When we quantified ambulations during mins 25 to 30 of the locomotor test period, we
found a statistically significant increase for lines 2, 5, and 11 (line 2: p < 0.05; line 5: p <
0.001; line 11: p < 0.05; one-way ANOVA of square-root transformed data and Dunnett’s
post-hoc analysis) (Figure 2C). There was no significant increase in ambulations for lines 9,
15, and 29 compared to control (one-way ANOVA of square-root transformed data and
Dunnett’s post-hoc analysis) (Figure 2C), consistent with their ability to habituate to the
novel cage (Figure 2B). When we quantified ambulations during mins 0 to 5, however, there
was no significant difference in locomotor activity between strains (data not shown).

Nicotine suppresses locomotion in WT mice at moderate doses (0.5 to 1.5 mg/kg) (Tapper et
al., 2007, Drenan et al., 2008) and induces seizures and/or death at high doses (~10 mg/kg)
(Fonck et al., 2005). In contrast, high-copy α6 L9′S mice exhibit locomotor activation in
response to low doses of nicotine (0.08 to 0.15 mg/kg) that selectively stimulate α6α4β2β3
nAChRs on DA neurons (Drenan et al., 2008, Drenan et al., 2010, Grady et al., 2010). Here,
we tested all six α6 L9′S lines for locomotor responses following injection of 0.15 mg/kg
nicotine – a maximal dose for lines 2 and 5 based on previous studies (Drenan et al., 2008,
Drenan et al., 2010). As with home cage locomotion and novelty-induced locomotion,
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results of this experiment segregated into two groups, with lines 2, 5, and 11 responding
with strong locomotor activation (Figure 3A), and lines 9, 15, and 29 responding with little
to no locomotor activation (Figure 3B). When we quantified ambulations during the peak
response period (mins 9 to 20; the first 11 mins following injection), we found significant
differences from control for line 2 (p < 0.001), line 5 (p < 0.001), line 9 (p < 0.05), and line
11 (p < 0.001) using one-way ANOVA of square-root transformed data and Dunnett’s post-
hoc analysis (Figure 3C). Nicotine-stimulated locomotor responses in lines 15 and 29 were
not significantly different from control (Figure 3C).

3.3 - Wheel Running in α6 L9′S Mice
The results described in Figures 1-3 suggest that, like our study of α6 L9′S mice lacking α4
subunits (Drenan et al., 2010), ambulatory locomotor activity in α6 L9′S mice is sensitive to
genetic manipulations that modify receptor sensitivity. In this case, fewer copies of the α6
L9′S transgene (such as in lines 9, 15, and 29) may be insufficient to result in the expression
of a α6* nAChR pool with elevated sensitivity. The neural substrates that underlie complex
locomotor activities such as wheel running may differ from those underlying simple
ambulation. Therefore, we tested the ability of control and α6 L9′S mice to initiate and
sustain wheel running behavior, with the hypothesis that hyperactive α6 L9′S mice (lines 2,
5, and 11) – in contrast to non-hyperactive α6 L9′S mice (lines 9, 15, and 29) – may have
altered running wheel locomotor activity.

We housed mice individually in cages fitted with running wheels, and recorded wheel
rotations over a 9 d period during which the mice had continuous access to the wheels.
Control mice steadily increased their daily wheel running over the 9 d period, approaching a
plateau by the end of the experiment. We measured rotations per day for all six transgenic
α6 L9′S mouse lines and plotted the daily total of each line compared to the control group.
Strikingly, lines 2, 5, and 11 ran substantially less across the entire 9 d period compared to
control mice (Figure 4A). In contrast, the wheel-running profiles of lines 9, 15, and 29 were
not qualitatively different from control mice (Figure 4B). All α6 L9′S lines exhibited a
similar gradual increase during the 9 d test period, but with variable starting and ending
values.

We quantified wheel rotations during each day of the wheel running experiment and
performed a statistical analysis to detect overall differences between the different α6 L9′S
mouse lines across all 9 d. For rotations, there was a significant difference in mean values
among all α6 L9′S lines (p < 0.001; one-way repeated-measures ANOVA), with line 2 (p <
0.01), line 5 (p < 0.01), and line 11 (p < 0.01) differing significantly from control (Dunnett’s
post-hoc analysis). In contrast, rotations for lines 9, 15, and 29 were not significantly
different from the control group over the 9 d experiment. Thus, similar to ambulatory
locomotion, the wheel running results fell largely into two categories, with low-copy α6
L9′S mice and control mice having similar wheel rotations, while high-copy α6 L9′S mice
(lines 2, 5, and 11) exhibited reduced wheel running.

Almost all rodent wheel running occurs during lights off. To determine whether α6 L9′S
mice (lines 2, 5, and 11) run less because of a disruption in light/dark entrainment, we
calculated the percentage of wheel rotations occurring in the dark phase. None of the α6
L9′S lines differed significantly from control following Dunnett’s post-hoc testing (data not
shown). From these data, we concluded that α6 L9′S mice do not have disrupted light/dark
entrainment compared to control mice, and we therefore restricted the subsequent analysis to
dark phase wheel running.

When given free access to the wheel, mice run in bouts lasting from minutes to hours,
interspersed with periods of no wheel-running activity. Thus, the number of wheel rotations
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for lines 2, 5, and 11 could be less than control either because (1) the mutant mice spend less
time running on the wheel or (2) they run more slowly once they are on the wheel. To
determine the relative contributions of these two factors to the effects seen for lines 2, 5, and
11 (Figure 4A), we measured the time spent running during lights off and the nocturnal
running speed. Lines 2, 5, and 11 spent less time on the wheel (Figure 4C) and ran at slower
speeds than the control (Figure 4E) over the 9 d period of the experiment. In contrast, lines
9, 15, and 29 ran for similar times (Figure 4D) and at similar speeds compared to control
(Figure 4F). Quantification of 9 d mean running time revealed a significant difference (p <
0.001; one-way repeated-measures ANOVA followed by Dunnett’s post-hoc analysis)
between lines 2 (p < 0.01), 5 (p < 0.01), and 11 (p < 0.01) versus control. Similarly,
quantification of 9 d mean running speed also revealed a significant difference (p < 0.001;
one-way repeated-measures ANOVA followed by Dunnett’s post-hoc analysis) between
lines 2 (p < 0.01), 5 (p < 0.01), and 11 (p < 0.01) versus control. Thus, both factors
contributed to the reduced wheel running seen in lines 2, 5, and 11.

Interestingly, wheel-running velocity increased over the 9 d experimental period in a fashion
similar to that of overall activity (Figure 4E-F). In contrast, the time spent running remained
relatively constant (Figure 4C-D). Although both factors contributed to the reduced wheel-
running activity of lines 2, 5, and 11 at the beginning of the experiment, the reduction in
velocity made a larger contribution by the end. The data therefore suggest that, from the
beginning, high-copy number α6 L9′S mutant mice (lines 2, 5, 11) are less interested in
exploring other forms of exercise besides simple ambulation and, when they do use the
wheel, they find running on it less rewarding than control animals.

3.4 - ACh and Nicotine-Stimulated Dopamine Release from α6 L9′S Striatal Synaptosomes
α6 L9′S mice exhibit a number of spontaneous behavioral phenotypes, indicating that
endogenous neurotransmitter systems (i.e. dopaminergic or cholinergic) may be altered.
Native α6* and α4*(non-α6) nAChR function is readily studied using synaptosome
preparations from striatum and olfactory tubercle (Grady et al., 2002). The striatum is
organized such that a greater percentage of the total input is received from A9 SNc DA
neurons as one moves dorsolateral, and a greater percentage of total input is received form
A10 VTA DA neurons as one moves ventromedial (Voorn et al., 2004, Ikemoto, 2007). We
fractionated the striatum into dorsal striatum (ST) and ventral striatum/olfactory tubercle
(OT), thus attempting to roughly distinguish between SNc-derived DA terminals and VTA-
derived DA terminals. We measured ACh-stimulated DA release from control and α6 L9′S
synaptosomes prepared from ST and OT. DA release responses were distinguished as α6*-
dependent and α4(non-α6)*-dependent components using 50nM αCtxMII (Drenan et al.,
2008, Drenan et al., 2010), and responses for each line were compared to a
contemporaneous control experiment and plotted as a percentage of control (set to 100%).
Although αCtxMII has antagonist activity at α3* and α6* nAChRs, there is no significant
expression of α3* nAChRs in mouse DA neurons or DA presynaptic terminals, thus making
αCtxMII specific for α6* nAChRs in this assay. In experiments with ST synaptosomes,
several α6 L9′S lines exhibited augmented DA release via α6* nAChRs when stimulated
with 0.1 μM ACh (p < 0.05, one-way ANOVA with Duncan’s post-hoc analysis) (Figure
5A, left panel). For OT, all α6 L9′S lines except line 15 exhibited augmented α6*-dependent
ACh-stimulated release relative to control (p < 0.05, one-way ANOVA with Duncan’s post-
hoc analysis) (Figure 5A, right panel).

Nicotine-stimulated locomotor activation (Figure 3) may be related to augmented DA
release (Drenan et al., 2008). We previously studied nicotine-stimulated DA release from
striatal synaptosomes in α6 L9′S line 2 and line 5 mice (Drenan et al., 2008, Drenan et al.,
2010), and here we performed this analysis on all six lines of α6 L9′S mice under
investigation. In ST synaptosome preparations, α6 L9′S line 2, 5 and 11 exhibited
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augmented α6*-dependent, nicotine-stimulated (0.1 μM) DA release compared to control (p
< 0.05, one-way ANOVA with Duncan’s post-hoc analysis) (Figure 5B, left panel). For OT
tissue stimulated with nicotine (0.1 μM), results were similar (p < 0.05, one-way ANOVA
with Duncan’s post-hoc analysis) for α6*-dependent DA release (Figure 5B, right panel).
The difference in DA release between OT and ST at 0.1 μM nicotine is consistent with our
previous studies (Drenan et al., 2008, Drenan et al., 2010), and likely reflects a more
sensitive α6* nAChR pool in VTA-derived DA terminals (OT) versus SNc-derived DA
terminals (ST). α6* nAChR numbers are also increased in OT versus ST (Drenan et al.,
2010). These neurochemical data strongly support the hypothesis that excess DA release
may be responsible for increased ambulatory locomotion in hyperactive α6 L9′S mice, while
also suggesting that participation in wheel running behavior may be inhibited by increased
DA release.

4 - Discussion
4.1 - Gene dosage effects on hypersensitive α6* nAChRs

In this study, we investigated several behavioral and biochemical consequences of
introducing different numbers of hypersensitive α6 nAChR subunits into mice. Introduction
of two copies of the L9′S α6 allele, in combination with two WT α6 alleles (all transgenic
mice described here are produced on a WT genetic background), produces a modest gain-of-
function in synaptosomal DA release experiments (Figure 5), little or no locomotor
hyperactivity (Figures 1-2), a modestly enhanced locomotor response of nicotine (Figure 3),
and normal wheel running behavior (Figure 4). In contrast, six or more copies of the L9′S
allele is sufficient to produce statistically significant increases in ambulatory locomotion
(Figures 1-3), a significant reduction in wheel running behavior (Figure 4), and an increase
in α6-dependent ACh-stimulated and nicotine-stimulated DA release from striatal
synaptosomes (Figure 5).

We previously demonstrated that α6 L9′S lines 2 and 5, while exhibiting behavioral
hyperactivity and hypersensitive receptors, show no major change in receptor numbers as
determined by radioligand binding (Drenan et al., 2008, Drenan et al., 2010). Therefore,
because β2* receptor numbers are apparently fixed, we interpret the data in this study to
indicate that adding α6 L9′S alleles to two WT α6 alleles produces a concomitant increase in
the overall sensitivity of the receptor population. This likely occurs via production of α6
subunit polypeptides with the L9′S mutation, which competes with WT α6 subunits for
incorporation into β2* receptor pentamers. It is well known that the number of functional,
pentameric α6* nAChRs assembled is ultimately limited by the number of available β2,
(Picciotto et al., 1998), β3 (Cui et al., 2003, Salminen et al., 2007) and α4 subunits
(Champtiaux et al., 2003, Drenan et al., 2010). Increasing the sensitivity of the receptor pool
modestly by adding two α6 L9′S alleles (i.e. lines 9, 15, and 29) begins to produce increases
in DA release yet little behavioral effect, whereas adding six or more α6 L9′S alleles
drastically increases the sensitivity of the receptor pool, with profound physiological and
behavioral consequences (Figure 6A, 6B). We expect that increasing the agonist sensitivity
of the receptor pool by adding α6 L9′S alleles causes a left-shift in the ACh concentration-
response curve, lowering the threshold for endogenous ACh (or similarly for exogenous
nicotine) to produce DA increased DA release and ultimately lead to behavioral changes
such as locomotor hyperactivity (Figure 6C).

4.2 - Locomotor Phenotypes in α6 L9′S Mice
Previously, we showed that DA neurons in midbrain slices of α6 L9′S mice (line 2 and 5)
are characterized by an elevated resting membrane conductance that results from tonic
activation of hypersensitive α6* nAChRs (Drenan et al., 2008). Also, we demonstrated that
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α6 L9′S line 2 mice have altered frequency-dependent DA release in striatal slices, with
burst stimulation of DA axons causing increased DA release relative to control (Drenan et
al., 2010). These results suggest that ACh released at baseline levels – or circulating choline
(Labarca et al., 2001) – is capable of more strongly activating hypersensitive α6* nAChRs
on the soma and/or the axons/presynaptic terminals of DA neurons, ultimately leading to
augmented DA release and altered locomotor behavior. This hypothesis is further supported
by results in this study: locomotor hyperactivity phenotypes in various α6 L9′S transgenic
lines are strongly correlated with α6-dependent DA release, and α6-dependent DA release
depends on the number of α6 L9′S alleles (Figure 5). This relationship is consistent with
data showing that levels of ACh are higher during the dark phase and/or during spontaneous
locomotor activity (Kametani and Kawamura, 1990, Day et al., 1991, Mizuno et al., 1991).
Further experiments are required to elucidate the precise mechanism, as DA release in
striatum can be altered by modifying the rate of burst-firing in the soma of DA neurons, and/
or it may be changed by selectively altering the function of DA presynaptic terminals. If this
hypothesis regarding ACh-driven activation of α6* nAChRs is true, then other agonists for
α6 should cause similar results. Indeed, we do find a very similar pattern of results for
nicotine: both nicotine-stimulated locomotor activation (Figure 3) and nicotine-stimulated
DA release (Figure 5) results are very similar to those attributable to endogenous ACh. The
present data, based on transgene copy number, thus complement our previous data based on
pharmacology, which showed a relationship between a drug’s ability to elicit α6*-dependent
DA release from α6 L9′S striatal synaptosomes, and the drug’s ability to induce locomotor
activity (Drenan et al., 2008).

Although the effect of excess DA on ambulatory locomotion in rodents is well-documented,
the connection between altered DA release and rodent wheel running is not as well
established. Here we find that hyperactive α6 L9′S mice with elevated striatal DA release, in
contrast to control mice or low-copy, non-hyperactive α6 L9′S mice, engage in significantly
less wheel running. Wheel running is a form of rewarding, voluntary physical exercise. Our
analysis shows that reduced wheel rotations in the high-copy mutants (Figure 4A) arise from
both 1) less time spent running on the wheel (Figure 4C) and 2) a slower velocity of running
once on the wheel (Figure 4E). Interestingly, mice selectively bred for high voluntary wheel
running run faster on the wheel (Rhodes et al., 2005) and this increase correlates with
changes in their pharmacological response to DA drugs but not in their physiological
capacity for exercise, suggesting that genetic alterations in the DA pathway dramatically
affect wheel-running velocity. Hyperactive α6 L9′S mice did learn to run on the wheel at the
same rate as control and non-hyperactive α6 L9′S mice (Figure 4A and B), and there was no
evidence to indicate that gross motor or fine motor coordination was impaired in any of the
mice under investigation (data not shown).

The reduction in running velocity and time spent on the wheel (Figure 4C and E), may
indicate that reward associated with wheel running is blunted in high-copy α6 L9′S mice
(lines 2, 5, and 11). The reduction in time spent on the wheel at the outset of the experiment
further suggests that high-copy α6 L9′S mice are less receptive to reward opportunities in
their environment than control mice. DA signal to noise ratio – and not necessarily absolute
DA release – is critical for DA’s ability to communicate reward prediction errors (Tsai et al.,
2009). We suggest, therefore, that baseline DA release in α6 L9′S mice (lines 2, 5, and 11)
may be sufficiently elevated to interfere with the ability of a stimulus with reward or
motivational salience to further increase DA levels. It is unclear whether augmented baseline
DA release in α6 L9′S mice might be mediated by increased release during DA neuron
pacemaker firing, or by more frequent episodes of burst firing. The latter may be more likely
than the former, as single spikes elicit reduced DA release whereas spike trains produce
elevated DA release relative to control in α6 L9′S slices (Drenan et al., 2010). Access to a
running wheel gives mice a choice: exercise by ambulating on the cage floor or by running
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on the wheel. WT mice spend significantly more time running on the wheel, and run more
rapidly once they are on the wheel, than lines 2, 5, and 11. It is not yet clear why WT mice
show a greater preference for wheel-running than α6 L9′S mutants. One explanation is that
WT mice find wheel running more rewarding than lines 2, 5, and 11. In this case, the choice
to run on the wheel or ambulate in the cage is an active choice involving DA reward
mechanisms. An alternative explanation is that enhanced ambulatory activity becomes
established prior to introduction of the wheel and continues to dominate the animal’s
behavior. In this case, the selection of which action to take, once the alternative option is
presented (wheel running), may be largely predetermined. Further experiments will be
required to address these possibilities.

DA neurons and their presynaptic terminals must coordinately couple to excitatory/
facilitative cholinergic inputs through nAChRs, as well as to inhibitory GABAergic inputs.
DA neurons express α6* nAChRs, whereas midbrain GABAergic neurons express mainly
α4*(non-α6) nAChRs. By selectively augmenting cholinergic α6* nAChR function in α6
L9′S mice, DA neuron activity has become “hypercoupled” to local cholinergic tone and
consequently uncoupled from the influence of GABAergic efferents whose activity depends
in part on ACh and nAChRs. By exploring mice with perturbed cholinergic regulation of
neurotransmitter release, we show the precise balance between excitation and inhibition that
normally exists to maintain proper levels of DA. Further, these experiments contribute to our
knowledge of the DA system, including some of the cellular and molecular mechanisms
regulating this neurotransmitter system that may be dysregulated in DA-related diseases or
disorders in humans.
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Figure 1.
Home cage locomotor activity in six lines of α6 L9′S mice. A, B. Six α6 L9′S transgenic
lines were tested for home-cage locomotor activity over 48 h. Average 48 h activity traces
for groups of mice from each line are plotted compared to traces from control, non-
transgenic mice. Shaded background indicates lights off and white background indicates
lights on. Results fell into two categories and were plotted on separate graphs for clarity:
locomotor activity elevated compared to control (A), and locomotor activity comparable to
control (B). C. Plots of total ambulations during lights off for control and six α6 L9′S lines.
Total ambulations during both lights-off periods during the 48 h experiment were averaged
for each individual, and the average for each line is plotted. The number of mice for home-
cage hyperactivity was as follows: control, n = 14; line 2, n = 24; line 5, n = 24; line 9, n =
8; line 11, n = 9; line 15, n = 7; line 29, n = 7. Data are mean ± SEM of untransformed data
whereas p values are reported for Dunnett’s tests on square-root transformed data. * p <
0.05, *** p < 0.001
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Figure 2.
Novelty-induced locomotor activity in six lines of α6 L9′S mice. A, B. Six lines of α6 L9′S
mice were tested for novelty-induced locomotor activity over a 30 min period. Average 30
min activity traces for groups of mice from each line are plotted compared to traces from
control, non-transgenic mice. Results fell into two categories and were plotted on separate
graphs for clarity: locomotor activity elevated compared to control (A), and locomotor
activity comparable to control (B). C. Plot of ambulations for the 30 min period for each line
compared to control. Mean ambulation values during mins 25 to 30 of the 30 min period for
control and six α6 L9′S lines are plotted. The number of mice for novelty-induced locomotor
activity was as follows: control, n = 17; line 2, n = 18; line 5, n = 18; line 9, n = 14; line 11,
n = 20; line 15, n = 14; line 29, n = 13. Data are mean ± SEM of untransformed data
whereas p values are reported for Dunnett’s tests on square-root transformed data. * p <
0.05, *** p < 0.001
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Figure 3.
Nicotine-stimulated locomotor activity in six lines of α6 L9′S mice. A, B. Six lines of α6
L9′S mice were tested for nicotine-stimulated locomotor activity. Mice were habituated for 8
mins followed by nicotine administration (0.15 mg/kg; i.p.) at a dose designed to
specifically activate hypersensitive α6* receptors. After injection, mice were monitored for
an additional 30 mins. Average activity traces for groups of mice from each line are plotted
with traces from control, non-transgenic mice. Results fell into two categories and were
plotted on separate graphs for clarity: locomotor activity elevated compared to control (A),
and locomotor activity slightly elevated or not elevated comparable to control (B). C. Plot of
ambulations for nicotine-stimulated locomotor activity for each line compared to control.
Mean ambulation values for control and six α6 L9′S lines are plotted for the peak response
period (mins 9-20). The number of mice for nicotine-induced locomotor activity was as
follows: control, n = 9; line 2, n = 7; line 5, n = 7; line 9, n = 8; line 11, n = 8; line 15, n = 8;
line 29, n = 5. Data are mean ± SEM of untransformed data whereas p values are reported
for Dunnett’s tests on square-root transformed data. * p < 0.05, *** p < 0.001
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Figure 4.
Wheel running locomotor activity in six lines of α6 L9′S mice. A, B. Six lines of α6 L9′S
mice were tested for acquisition of wheel running behavior over 9 d. Mice were habituated
to cages fit with running wheels for 4 h, followed by continuous recording of running
behavior for 9 d beginning at the onset of the dark phase each day. Total revolutions per day
over 9 d for each α6 L9′S line are plotted compared to the same control group for
comparison. The data for each group were fit to a single exponential function. Results fell
into two categories and were plotted on separate graphs for clarity: wheel running activity
depressed compared to control (A), and wheel running activity comparable to control (B). C,
D. Daily wheel running time for six lines of α6 L9′S mice. Average time spent on the wheel
per day is plotted for each α6 L9′S mouse line compared to control. Similar to (A) and (B),
results were plotted on separate graphs for clarity: lines 2, 5, and 11 compared to control
(C), and lines 9, 15, and 29 compared to control (D). The data for each group were fit to a
linear regression function. E, F. Daily running speed for six lines of α6 L9′S mice. Average
running velocity per day is plotted for each α6 L9′S mouse line compared to control. The
data for each group were fit to a single exponential function. Results fell into two categories
and were plotted on separate graphs for clarity: running velocity depressed compared to
control (E), and running velocity comparable to control (F). The number of mice for wheel
running was as follows: control, n = 18; line 2, n = 18; line 5, n = 10; line 9, n = 10; line 11,
n = 20; line 15, n = 10; line 29, n = 10. Data are mean ± SEM.
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Figure 5.
ACh-stimulated and nicotine-stimulated DA release from synaptosomes in six lines of α6
L9′S mice. A. For control and six α6 L9′S mouse lines, αCtxMII-sensitive (α6*-dependent)
DA release from caudate/putamen (CPu) and olfactory tubercle (OT) synaptosomes was
measured in response to stimulation with 0.1 μM ACh. B. For control and six α6 L9′S
mouse lines, αCtxMII-sensitive (α6*-dependent) DA release from caudate/putamen (CPu)
and olfactory tubercle (OT) synaptosomes was measured in response to stimulation with 0.1
μM nicotine. For (A) and (B), data are expressed as a percentage of the response from a
control group (set to 100%) of mice assayed on the same day. The number of mice for ACh-
stimulated and nicotine-stimulated DA release was as follows: control, n = 8; line 2, n = 8;
line 5, n = 8; line 9, n = 6; line 11, n = 8; line 15, n = 8; line 29, n = 6. Data are mean ±
SEM. * p < 0.05, ** p < 0.01, *** p < 0.001
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Figure 6.
A putative model describing the mechanism of α6 L9′S transgene-induced hypersensitivity.
A. Comparison of α6 L9′S allele copy numbers among the strains studied in this paper. B.
Effects on sensitivity of the α6* nAChRs in DA neurons. Elevated α6 L9′S allele copy
number produces a greater fraction of hypersensitive nAChRs (abbreviated HyperS) in the
α6β2* receptor pool. However, previous data show that even the greatest copy numbers do
not substantially alter the size of the pool, presumably because this is limited by other
factors (perhaps β2 or β3 subunit pools). Results in this study indicate that addition of two
α6 L9′S alleles (e.g. α6 L9′S lines 9, 15, and 29) to the two endogenous WT α6 alleles
produces modest hypersensitivity at α6* nAChRs.. In contrast, six or more α6 L9′S alleles
(e.g. α6 L9′S lines 2, 5, and 11) is sufficient to out-compete production of WT α6 subunits
from the two endogenous α6 alleles, resulting in a pool of α6β2* receptors with marked
sensitivity. C. Idealized ACh concentration-response curve for behavioral or physiological
responses, comparing response magnitude in mice with zero (“non-Tg”), two (“low Tg
copy”; lines 9, 15, and 29), and six or more (“high Tg copy”; lines 2, 5, and 11) α6 L9′S
alleles.
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