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Abstract

Lobeline is being tested in clinical trials as a pharmacotherapy for methamphetamine abuse and
attention deficit hyperactivity disorder. Preclinical research demonstrates that lobeline produces
locomotor hypoactivity apart from its therapeutic effects; however, the hypothesis that there are sex
differences in hypoactivity or in the development of tolerance to its locomotor depressant effects has
not been investigated. Periadolescent rats were injected with saline to determine baseline locomotor
activity. Animals received saline or lobeline (1.0-10 mg/kg) daily for 7 consecutive days (post natal
days 29-35), and were challenged with saline 24 h later to assess baseline activity. Lobeline produced
hypoactivity in total horizontal activity and center distance travelled. Tolerance developed to the
lobeline-induced hypoactivity and sex differences in lobeline tolerance were observed on both
measures. Females acquired tolerance to lobeline 5.6 mg/kg at a slower rate than males. Saline
challenge revealed a linear dose-dependent trend of hyperactivity on both measures, which indicates
that rats exhibited altered locomotor behavior 24 h after the final lobeline treatment. These findings
demonstrate sex differences in the hypoactive response to lobeline prior to puberty and suggest that
females may experience more locomotor depressant effects than males. Chronic lobeline may induce
hyperactivity following cessation of treatment.
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1. Introduction

Novel pharmacotherapies are being developed to help decrease drug taking behavior in
individuals exhibiting substance use disorder (SUD; Elkashef et al. 2008; Volkow, 2005).
Studies utilizing animal models of drug reward have identified multiple compounds that
decrease the motivation to self-administer drugs of abuse and/or alter the response to drug-
associated stimuli (Ashby et al. 2003; Caine et al. 1997; Campbell et al. 1999; Campbell et al.
2002; Carroll et al. 2001; Di Ciano et al. 2003; Dwoskin and Crooks, 2002; Farook et al.
2009; Gilbert et al. 2005; Glick et al. 2000; Glick et al. 2008; Goeders et al. 1998; Harrod et
al 2001; Harrod et al. 2003; Hart et al. 2008; Kenny et al. 2003; Le Foll and Goldberg,
2005a; Le Foll et al. 2005b; Le Foll et al. 2008; Neugebauer et al. 2007; Pilla et al. 1999;
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Roberts et al., 1996; Reichel et al. 2009; Sarnyai et al. 2001; Sorensen et al. 2008; Stoops,
2006; Zheng et al. 2006). These candidate pharmacotherapies alter the motivation for abused
drugs and drug-associated stimuli by interacting with neuropharmacological processes that
influence the organization of goal directed behaviors (Berridge et al. 2009; Kalivas et al.
2005; Koob and La Moal, 2008; Robbins et al. 2008).

Interestingly, preclinical studies also demonstrate that many potential pharmacotherapies can
produce unfavorable behavioral effects, like alterations in locomotor activity. Thus, it is
common for candidate pharmacotherapeutic drugs to induce hyperactivity or hypoactivity,
presumably because these compounds engage and/or inhibit motor systems that functionally
overlap with neural circuits that mediate motivated behavior (Bass et al. 2002; Eaves et al.
1985; Geter-Douglass et al. 1997; Gyertyan and Saghy, 2004; Harrod et al. 2001; Harrod et al.
2003; Jarbe et al. 2008; Le Foll et al. 2008; Matsumoto et al. 2008; Miller et al. 2003; Simon
et al. 1995; van Vilet et al. 2006; Vickers et al. 2003). Such alterations in locomotor behavior
are of interest to preclinical and clinical research because changes in locomaotor activity may
affect acceptability and compliance of a particular pharmacotherapy, and thus decrease the
probability of successful treatment outcomes in individuals who exhibit SUD.

Lobeline, an alkaloidal constituent of Lobelia inflata, is currently in clinical trials for the
treatment of psychostimulant abuse (Dwoskin and Crooks, 2002; Harrod et al. 2001; Harrod
et al. 2003; Miller et al. 2001; Miller et al. 2003; Neugebauer et al. 2007; Polston et al. 2006;
NIDA, 2008) and Attention Deficit Hyperactivity Disorder (ADHD; NIMH, 2008).
Hypotheses regarding the mechanisms of lobeline’s therapeutic effects have been proposed for
SUD. Data on the effects of lobeline in animal models of ADHD, however, have not been
reported. Lobeline decreases the reinforcing effects of methamphetamine and attenuates
motivation for intracranial self-stimulation in rats (Harrod et al. 2001; Wellman et al. 2008).
Lobeline is hypothesized to decrease the motivation for methamphetamine by altering the
storage and release of dopamine through vesicular monoamine transporters (VMATZ2) within
pathways that organize drug taking behavior (Teng et al.1998; Harrod et al. 2001; Dwoskin
and Crooks, 2002; Zheng et al. 2006). Lobeline also exhibits a high affinity for a4p2 nicotinic
acetylcholine receptors (Abood et al., 1989; Damaj et al., 1997; Miller et al., 2000), and has
been shown to function as a nicotinic acetylcholine receptor antagonist (Benwell and Balfour,
1998; Miller et al., 2000; see Dwoskin and Crooks, 2002). Lobeline is not self-administered
and does not support conditioned place preference in rats (Fudala and Iwamoto, 1986; Harrod
etal. 2003). Furthermore, repeated lobeline injection does not produce behavioral sensitization
or nicotinic receptor upregulation (Bhat et al. 1991; Stolerman et al. 1995; Damaj et al. 1997,
Miller et al. 2003). Lobeline’s action as a nicotinic receptor antagonist may contribute to the
decreased motivation for rewarding stimuli as administration of lobeline or the nicotinic
receptor antagonist mecamylamine decreased alcohol consumption and preference in mice
(Farook etal. 2009). Interestingly, lobeline has also been reported to act as a mu opioid receptor
antagonist (Milller et al. 2007).

Similar to other candidate pharmacotherapies for SUD, lobeline produces locomotor
depressant effects and tolerance develops to the hypoactive locomotor response following
repeated treatment in adult male rodents (Stolerman et al. 1995; Damaj et al. 1997; Dwoskin
and Crooks, 2002; Harrod et al. 2001; Harrod et al. 2003; Miller et al. 2003). Although
substantial preclinical research has examined the pharmacology of lobeline, the mechanisms
mediating lobeline-induced hypoactivity are currently unknown. Notably, the lobeline-induced
hypoactivity does not appear to be related to its therapeutic effects as a treatment for
psychostimulant abuse because lobeline attenuates the reinforcing effects of
methamphetamine, and the locomotor stimulant effects of nicotine or cocaine, before and after
rats exhibit tolerance to the locomotor depressant effects of this drug (Harrod et al. 2001; Miller
etal. 2003; Polston et al. 2006, respectively). Moreover, lobeline decreased alcohol preference
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and intracranial self stimulation at doses that did not produce hypoactivity in male rodents
(Farook etal. 2009; Wellman et al. 2008). Together, these findings show that lobeline decreases
the motivational properties of multiple addictive drugs, and produces transient locomotor
depressant effects.

To date no studies have explicitly investigated the relative behavioral effects of lobeline in
females and males, and thus, nothing is known regarding potential lobeline-induced sex
differences in behavior. Sex differences in the locomotor response to drug treatment are well
documented, however. Adult female rats are generally reported to exhibit greater drug-induced
locomotor activity than males (Becker, 1990, 1999; Chin et al. 2001; Glick et al. 1983; Harrod
et al. 2004; Harrod et al. 2005a; Kanyt et al. 1999; van Haaren and Myer, 1991; Walker et al.
2001), and these effects have generally been attributed to the activational effects of gonadal
hormones (Becker, 1999; Becker and Hu, 2008; Chin et al. 2002; Harrod et al. 2005a; Sell et
al. 2000). Females also exhibit increased plasma and brain levels of drug (i.e., amphetamine,
ibogaine, nicotine) following identical dose and route of injection procedures (Becker et al.
1982; Harrod et al. 2007; Pearl et al. 1997; Rosecrans, 1972; also see Bowman et al. 1999),
and a greater therapeutic response to potential drug abuse pharmacotherapies, compared to
males (Campbell et al. 2002; Carroll et al. 2001; Pearl et al. 1997). The current study therefore
tested the general hypothesis that lobeline treatment produces sex differences in locomotor
activity.

This hypothesis was tested using an animal model of periadolescence. Periadolescence is
defined as approximately post natal days (PND) 30 — 40, which corresponds to the 10 days
prior to puberty (Spear and Brake, 1983). Periadolescent rats were chosen to investigate sex
differences in the locomotor depressant effects of lobeline because gonadal hormones present
during adulthood further modulate sex differences observed in psychostimulant-induced
locomotor behavior (Becker and Hu, 2008). Similar to adults, periadolescent rats exhibit sex
differences in the response to abused drugs. Periadolescent females exhibit increased ethanol-
induced corticosterone release (Silveri and Spear, 2004) and are more sensitive to the rewarding
effects of cocaine than males (Lynch, 2008; Zakharova et al. 2009). Female periadolescent rats
show greater cocaine and nicotine-induced behavioral sensitization (Collins and Izenwasser,
2002; Collins and Izenwasser, 2004; Collins et al. 2004) and cocaine-mediated changes in
locomotor activity compared to males (Parylak et al. 2008). These findings suggest that
organizational effects of gonadal hormones can also mediate sex differences in response to
abused drugs (Parylak et al. 2008). In the present experiment, repeated lobeline treatment was
administered prior to puberty (e.g., on PND 29-35; Dohler and Wuttke, 1975) to avoid the
activational effects of gonadal hormones on lobeline-induced locomotor activity that would
otherwise be present in adult animals (Becker and Hu, 2008; Dohler and Wuttke, 1975; Spear,
2000).

Rats were repeatedly administered one of five doses of lobeline for seven consecutive days
and the subsequent effect on locomotor activity was measured. Saline injections were
administered to all rats on the day prior to and after the lobeline injection phase to determine
if baseline activity changed across the experiment. It was hypothesized that females would
exhibit greater lobeline-induced hypoactivity (Damaj et al. 1997; Dwoskin and Crooks,
2002; Harrod et al. 2001; Harrod et al. 2003; Miller et al. 2003; Stolerman et al. 1995), and
would acquire tolerance to the locomotor attenuating effects more slowly than males. These
predictions are based on experiments showing that periadolescent females exhibit greater
response to pharmacological treatment compared to males (Collins and Izenwasser, 2004;
Collins et al. 2004; Lynch, 2008; Parylak et al. 2008; Silveri and Spear, 2004; Zakharova et
al. 2009).
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2. Materials and Methods

2.1 Subjects

One hundred and twelve, male (n =56) and female (n =56), Sprague—Dawley rats (Harlan
Laboratories Inc., Indianapolis, IN) arrived at the animal care facilities with surrogate dams
and litter mates on post-natal day (PND) 20, and were transferred to a colony located in the
psychology department at the University of South Carolina. Animals were weaned on PND 21
into fresh plastic cages and were housed four, same sex rats/cage. Rats were pair-housed, same
sex, on PND 28 for the remainder of the experiment. Rodent food (Pro-Lab Rat, Mouse Hamster
Chow #3000) was provided ad lib. The colony was maintained at 21 + 2° C, 50% + 10% relative
humidity and a 12L.:12D cycle with lights on at 0700 h (EST). The protocol for this research
methodology was approved by the Institutional Animal Care and Use Committee at the
University of South Carolina.

2.2 Experimental design and procedure

Locomotor activity was chosen as the behavioral measure because previous reports
demonstrate that this method is sensitive to lobeline-induced changes in activity (Damaj et al.
1997; Miller et al. 2003; Stolerman et al. 1995). Each treatment group was randomly assigned
one male and one female per litter (Holson & Pearce, 1992). Locomotor activity was repeatedly
measured in all animals following either saline or lobeline injection. The activity monitors
were 16 square (40 x 40 cm) chambers (Kinder Inc., Poway, CA) that detected free movement
of animals by infrared photocell interruptions. This equipment used an infrared photocell grid
(32 emitter/detector pairs) to measure horizontal and vertical locomotor activity. The chambers
were converted into round (~ 40 cm diameter) compartments by adding clear Plexiglas inserts.
The photocells were tuned by the manufacturer for the extra perspex width. All activity
monitors were located in a single, isolated room. One-to-two males and females from each
treatment group were represented in each 60-min activity session. Table 1 shows the total
number of rats/group and the basic experimental design.

Animals were habituated to locomotor activity chambers for three 60-min sessions, one/day
on PND 25-27. No injections were administered during habituation trials. On PND 28 all rats
were administered a subcutaneous (sc) saline injection, and five minutes later, were placed into
the activity chambers for 60-min to measure baseline activity. Day 28 is referred to as “saline
baseline”. On PND 29, rats were injected with saline or lobeline (1.0, 3.0, 5.6, and 10 mg/kg)
and were placed into locomotor activity chambers five minutes later. The animals’ locomotor
response to saline or lobeline was assessed once daily for 60 minutes across seven consecutive
days on PND 29 — 35. All animals received a second saline injection (sc) on PND 36 to
determine if the baseline activity changed over the lobeline treatment phase of the experiment.
This manipulation is referred to as “saline challenge” for explanatory purposes.

Two dependent measures were used in the present experiment. Total horizontal activity
represents all movements detected by the photocells in the horizontal plane. Center distance
travelled represents the distance (cm) that animals travel in the centermost portion of the
activity chambers. The latter measure was used because although rats exhibit thigmotaxic
behavior, they show activity, albeit less, in the center of the chamber. The center distance
travelled measure has been a reliable measure of sex differences in locomotor activity (Booze
et al., 1999; Harrod et al. 2004; Harrod et al. 2008; Wallace et al., 1996). Center distance
travelled was determined with Kinder, Inc. software, which was used to impose a circular
region (~24% of total area) in the center of the compartment during the data reduction phase
(i.e., following completion of the activity session) of the experiment.
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Lobeline sulfate (Sigma-Aldridge, St. Louis, MO) was calculated on the weight of the salt and
dissolved in saline two hours prior to injection in a volume of 1 ml/kg. Lobeline solutions were
made fresh daily.

2.4 Data Analysis

Time course analyses were conducted on the activity data to examine effects of dose, sex, and
the development of tolerance to the hypoactive effects of lobeline over the 7 days of injection.
The data were recorded every two minutes of the 60-minute activity session. A mixed model
ANOVA (Littell et al. 1997) was used to directly model the mean and slope (the log of the
time after placement into the locomotor chamber) of the habituation line as a function of sex,
dose, and day. Traditionally, habituation is measured by looking at mean differences between
groups in the amount of locomotor activity. These analyses add to the traditional approach an
examination of the steepness of the habituation line which could be seen as assessing tolerance
to the locomotor depressant effects of lobeline. The advantage of this approach is that the effects
of lobeline on both mean levels of activity and tolerance can be examined. Further, this method
also allows an assessment of differences in the rate at which activity changes as well as mean
levels of activity. The hypothesized lobeline-induced hypoactivity and sex differences in this
response are examined through the tests of the main effect of dose and the interaction of dose
with sex on average levels of activity and on the slope of the habituation line. The development
of tolerance across the week of lobeline administration was investigated by examining linear
changes in mean levels of activity and the slope of the habituation line across the week of
lobeline administration. The assumption of linearity in the development of tolerance was
validated by comparing model fit of an unrestricted model to the model assuming linearity.
The advantage of this procedure is that the degrees of freedom are reduced from 6 to 1 for the
day effect, providing more power and necessitating fewer contrasts. The error term remained
the same, based on seven levels of the within subjects factor (Keppel and Zedeck, 1989). The
hypothesis of dose-dependent tolerance to lobeline was tested by examining the interaction of
dose with the linear tolerance effect. The hypothesis that there would be sex differences in the
development of tolerance was tested with a three way interaction of dose, day, and sex. Thus,
all research questions were answered using mixed-model repeated measures ANOV A with sex
(2) and dose (5) as between-subjects factors, and day (7) and time (10) as within-subjects factors
all predicting the mean and slope of the daily habituation lines. Planned comparisons were
conducted for hypothesized interactions that were found to be significant. The first 20 minutes
of the activity period were analyzed because visual analysis of individual habituation lines s
showed that animals administered lobeline demonstrated consistent trends in activity for the
first third of the observation period and that activity in the last two thirds of the period was
characterized by much greater variability suggesting that lobeline was no longer producing
hypoactivity. This observation was verified with a repeated measures ANOVA comparing
absolute deviations from the habituation line (expressed as a percentile) for each minute of
observation across the three 20 minute periods of observation. Results showed significantly
larger deviations in the second and third periods, F(2,23517) = 205, mean deviations were .
48, .82, and 2.46 across the three periods, respectively.

The saline baseline day and the saline challenge day data were analyzed using standard repeated
measures ANOVA techniques, with sex (2) and dose (5) as between-subjects factors, and time
(10) and day (2) as within-subjects factors. This analysis was conducted on both the total
horizontal activity and center distance travelled data. The significant dose x day interactions,
as determined by the overall ANOVA, were further analyzed using multivariate regression
analyses. These analyses were conducted to determine if the change in behavior observed
following saline challenge represents a linear, quadratic, or cubic trend for both the total
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horizontal activity and center distance travelled data. An o level of 0.05 was used to determine
statistical significance.

3. Results

3.1 Analysis of behavior following repeated lobeline injection

3.1.1 Total horizontal activity—The mixed-model sex x dose x day x time (2 x5 x 7 x
10) ANOVA revealed no sex difference in overall activity. Most activity occurred at the
beginning of the session and then dissipated as a function of time [time: F (1, 7702) = 1562.1,
p<0.0001]. This initial activity burst represents exploratory behavior, whereas the subsequent
within-session decrease in activity reflects habituation of this response. The slope of the
habituation line became steeper across days, suggesting both a within- and between-session
habituation of activity [day: F (1, 7702) = 49.0, p<0.0001; day x time: F (1, 7702) = 68.7,
p<0.0001].

The predicted activity counts for the males and females following acute and repeated
pretreatment for the 20 min activity sessions are shown in Figure 1. Since means and slopes
of the habituation lines are the outcome, standard error bars for each point are not appropriate,
and standard errors for each parameter are provided in text below. Lobeline produced
significant hypoactivity relative to saline controls across the seven-day injection phase [dose:
F (4, 102) = 68.3, p<0.0001]; however; activity levels increased relative to those following the
firstinjection, suggesting rats exhibited tolerance to the hypoactive effects of repeated lobeline
[dose x day: F (4, 7702) = 17.2, p<0.0001]. Tolerance was further demonstrated by significant
dose-dependent changes in the slopes of the habituation lines across injection days [dose x day
xtime: F (4,7702) = 43.7, p<0.0001]. Thus, not only do the absolute levels of lobeline-induced
hypoactivity decrease over days (observed as increased activity), but tolerance was also
observed in increasingly precipitous slopes of the habituation lines following repeated lobeline
injection (e.g., lines approximate that of saline controls’ lines with repeated injection).
Moreover, sex differences in the rate of tolerance varied as a function of dose and repeated
treatment [dose x sex x day: F (4, 7702) = 2.9, p<0.05].

Planned comparisons revealed that the 1.0 mg/kg group exhibited slightly lower total horizontal
activity than the saline group by 34.0 counts (SE = 16.2, p<0.05) and the habituation line is
less steep than controls by 37.8 counts/log minute (SE = 17.0, p<0.05); no change in this effect
over the course of the trial was observed. There were no sex differences between males and
females for this comparison. Animals injected with 3.0 mg/kg exhibited activity levels that
were 87.4 counts below the saline group (SE = 16.2, p<0.05) and were less steep by 125.1
counts (SE = 17.0, p<0.05) across the entire trial. However, mean levels of activity increased
for the 3.0 mg/kg group by 11 counts per day (SE = 2.8, p<0.001), and the slope of the
habituation line decreased (i.e., became steeper) by —26.9 counts per day (SE = 2.5, p<0.05),
demonstrating the development of tolerance in this group. There was no effect of sex for the
3.0 mg/kg group either on the average level of activity or on the shape of the habituation line.
The 5.6 mg/kg group was on average lower than controls by 144.9 counts (SE = 16.6, p<0.001),
and the habituation line is less steep by 183.8 counts (SE = 17.4, p<0.001). The behavior of
this group changed dramatically over the course of the trial, exhibiting increased average
activity by 5.7 counts per day (SE = 2.8, p<0.05), and a decreased slope of the habituation line
by 14.3 counts/log time per day (SE = 2.5, p<0.001). The average level of activity per day for
males in the 5.6 mg/kg group increased by 9.7 counts more than it did for females (SE = 3.9,
p<0.01), although there was no difference between males and females in the slope of the line.
Thus, across days males acquired behavioral tolerance to the 5.6 mg/kg dose at a faster rate
than females, but there were not differences within trials. The lower panels of Figure 1 show
that the male lobeline 5.6 mg/kg groups exhibited an increased level of activity relative to the
female 5.6 mg/kg groups on day 7 of the treatment phase. The 10 mg/kg group exhibited activity
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which was 142.2 counts below the saline groups (SE = 17.0, p<0.001) over the course of the
trial, and the habituation lines are less steep than those of controls by 186.4 counts/log minute
(SE = 17.8, p<0.001). However, these differences did not change over the seven injections,
and furthermore, did not differ between males and females. Figure 1 shows that neither the
height nor slope of the line of the 10 mg/kg group differed between sexes, or between acute
and repeated treatment.

These findings demonstrate that lobeline produced significant hypoactivity in male and female
periadolescent rats and further indicates that females exhibited a slower rate of tolerance than
males to the hypoactive effects of lobeline if injected with 5.6 mg/kg, but not the 1.0 or 3.0
mg/kg doses of lobeline. No evidence of tolerance or sex differences was evident in the
hypoactive effects of 10 mg/kg lobeline.

3.1.2 Center distance travelled following repeated lobeline injection—A mixed-
model sex x dose x day x time (2 x 5 x 7 x 10) ANOVA, identical to the ANOVA analyzing
total horizontal activity, was conducted on the lobeline pretreatment phase of the experiment.
There was no sex difference in overall center distance travelled. The most distance travelled
in the center of the chambers occurred during the beginning of the session and then dissipated
as a function of time [time: F (1, 7702) = 567.9, p<0.0001]. Like the horizontal measure, this
initial activity burst represents exploratory behavior, whereas the subsequent within-session
decrease in activity reflects habituation of this response. For distance in the center, average cm
travelled did not change across days [day: F (1, 7702) = 3.25, p=0.07], but the slope of the
habituation line became steeper across days, suggesting both a within- and between-session
habituation of activity [day x time: F (1, 7702) = 8.24, p<0.01].

The predicted center distance travelled for the males and females for the 20 min activity session
are shown in Figure 2. Lobeline significantly decreased the distance travelled in the center of
the apparatus relative to saline controls across the seven-day injection phase [dose: F (4, 102)
= 26.8, p<0.0001]; however; the distance travelled increased relative to those following acute
injection, indicating that rats exhibited tolerance to the hypoactive effects of repeated lobeline
[dose x day: F (4, 7702) = 3.1, p<0.05]. Tolerance was further demonstrated by significant
dose-dependent changes in the slopes of the habituation lines across injection days [dose x day
xtime: F (4,7702) =6.85, p<0.0001]. Thus, not only does the absolute level of lobeline-induced
hypoactivity decrease over days (observed as increased center distance travelled), but tolerance
was also observed in increasingly precipitous slopes of the habituation lines following repeated
lobeline injection. Moreover, sex differences in the rate of tolerance varied as a function of
dose and repeated treatment [dose x sex x day: F (4, 7702) = 2.6, p<0.05].

Planned comparisons revealed that the 1.0 mg/kg group did not have significantly lower time
in the center than the saline group by 11.7 cm (SE = 7.5, p=0.13), but the habituation line is
less steep than controls by 20.2 cm/log minute (SE = 7.8, p<0.05). No change in this effect
was observed over the course of the trial, demonstrating no tolerance to 1.0 mg/kg. There were
no differences in center distance travelled for the 1.0 mg/kg dose of lobeline. Animals injected
with 3.0 mg/kg lobeline exhibited activity levels that were 27.9 cm below the saline group (SE
= 27.9, p<0.05) and were less steep by 40.8 cm (SE = 7.78, p<0.05) across the entire trial.
Mean levels of distance travelled did not change across days, however the slope of the
habituation line decreased (i.e., became steeper) by —4.84 cm per day (SE = 1.46, p<0.05),
demonstrating the development of tolerance in this group. There was no effect of sex for the
3.0 mg/kg group either on the average level of activity or on the shape of the habituation line.
The 5.6 mg/kg group was on average lower than controls by 36.4 cm (SE = 7.7, p<0.05), and
the habituation line is less steep by 52.8 cm (SE = 8.0, p<0.05). The behavior of this group did
not change significantly over the course of the trial. The average level of distance travelled per
day for males in the 5.6 mg/kg group increased by 5.5 cm more than it did for females (SE =
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1.78, p<0.05) over the course of the pretreatment phase, although there was no difference
between males and females in the slope of the line. Thus, males acquired behavioral tolerance
to the 5.6 mg/kg dose more quickly relative to females. Figure 2 shows that the male lobeline
5.6 mg/kg group showed an increased level of activity relative to the female lobeline 5.6 mg/
kg groups on day 7 of the treatment phase (see lower panels). The 10 mg/kg group exhibited
activity which was 70.7 cm below the saline groups (SE = 5.62, p<0.05) over the course of the
trial, and the habituation lines are less steep than those of controls by 54.7 cm/log minute (SE
= 8.1, p<0.05). However, these differences did not change over the seven injections, and
furthermore, did not differ between males and females. Figure 2 shows that neither the height
nor slope of the line describing the behavior of the 10 mg/kg group differed between females
or males, or across repeated treatment.

These findings show that lobeline produced significant decreases in center distance travelled
in male and female periadolescent rats. Furthermore, these findings indicate that females
exhibited a slower rate of tolerance than males to the hypoactive effects of lobeline if injected
with lobeline 5.6 mg/kg, but not lobeline 1.0 or 3.0 mg/kg. No evidence of tolerance or a sex
difference was evident in the 10 mg/kg group.

3.2 Analysis of the saline baseline and saline challenge data

3.2.1 Total Horizontal Activity—Repeated measures sex x dose x day X time (2 x 5 x 2 x
10) ANOVA was conducted on the absolute data from the saline baseline and saline challenge
days to determine if rats’ total horizontal activity changed as a function of sex, repeated lobeline
treatment, and time. There were no significant main effects or interactions with the factors of
sex or time. Activity was similar across groups during the initial saline baseline measurement
[F (4, 107) < 1.0, p > 0.05]. Saline challenge, however, resulted in altered locomotor activity
in some, but not all of the groups previously injected with lobeline. Rats repeatedly treated
with lobeline exhibited increased activity following saline challenge relative to saline baseline
[day x dose: F (4, 102) = 5.4, p = 0.001]. Thus, although there were no differences between
saline controls across the saline baseline and challenge days [F (1, 21) <1.0, p > 0.05], rats
treated with repeated lobeline exhibited a dose-dependent increase in total horizontal activity
following saline injection.

The baseline and challenge data were converted to percent of the saline control and were
analyzed using multivariate regression with contrast analyses to determine if the change in
behavior observed following saline challenge represents a linear, quadratic, or cubic trend. Day
(saline baseline and saline challenge) was the within-subjects factor and dose (1.0, 3.0, 5.6, 10
mg/kg) was the between-subjects factor in the analysis. The slopes for the regression lines were
significantly different on the baseline and challenge days [day x dose: F (3, 86) = 5.6, p =
0.002] indicating that total horizontal activity observed on saline challenge increased relative
to saline baseline. The hyperactive response followed a significant linear trend [day x dose: F
(1, 86) = 15.8, p = 0.0001] which indicates that the hyperactivity observed following saline
challenge increased as a function of lobeline dose. That is, animals repeatedly treated with
lobeline exhibited a dose-dependent hyperactive response following saline challenge. The day
x dose interaction is illustrated in Figure 3A.

3.2.2 Center Distance Travelled—Repeated measures sex x group x day x time (2 x 5 x
2 x 10) ANOVA, identical to that performed on the total horizontal activity, was conducted
on the saline baseline and saline challenge data. There were no main effects or interactions
including the factor of sex. Center distance travelled was similar across groups during the initial
saline baseline measurement [F (4, 107) < 1.0, p > 0.05]. However, the significant main effect
of day shows that rats exhibited a significant change in baseline of center distance travelled
between the saline baseline and saline challenge days [day: F (1, 102) = 13.9, p = 0.001]. This
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change was observed as decreased center distance travelled. Thus, the saline controls exhibited
means (x SEM) of 928.8 (+ 128.9) and 634.0 (£72.2) cm travelled on the saline baseline and
saline challenge days, respectively [F (1, 21) = 6.6, p<0.05]. Following saline challenge, the
saline, 1.0, and 3.0 mg/kg groups exhibited similar activity of 636.0 + (72.3), 601.1 (x 72.9),
628.8 (+ 58.6), respectively, whereas the animals treated with 5.6 and 10 mg/kg lobeline
exhibited increased activity relative to saline controls during the saline challenge day [day X
group: F (4, 102) = 2.6, p = 0.001]. Those means were 910.3 (£ 71.0) and 915.4 (x93.1) cm
travelled, respectively. These findings show that the cm travelled in the center decreased from
saline baseline to saline challenge in control and lobeline 1.0 and 3.0 mg/kg groups. The
decrease was not observed in the lobeline 5.6 and 10 mg/kg groups. Rather, the latter groups
exhibited significant hyperactivity on saline challenge, relative to controls.

The baseline and challenge data were converted to percent of the saline control and were
analyzed using multivariate regression with contrast analyses to determine if the change in
behavior observed following saline challenge represents a linear, quadratic, or cubic trend. The
analysis revealed a significant main effect of day which shows that the center distance travelled
increased on the challenge day relative to saline baseline [day: F (1, 86) = 12.7, p = 0.0006].
Furthermore, the slopes for the regression lines were significantly different on the baseline and
challenge days [day x dose: F (3, 86) = 5.6, p = 0.002] indicating that total horizontal activity
observed on saline challenge increased relative to saline baseline as a function of lobeline dose.
The dose-dependent response was characterized as a linear trend [day x dose: F (1, 86) = 14.8,
p = 0.0001]. That is, animals repeatedly treated with lobeline exhibited a hyperactive response
that was particularly evident in the 5.6 and 10 mg/kg groups following saline challenge. The
day x dose interaction is illustrated in Figure 3B.

4. Discussion

The current study investigated sex differences in lobeline-induced hypoactivity and
furthermore, determined if males and females exhibited different rates of tolerance to lobeline’s
locomotor depressant effects. The results from the lobeline treatment phase replicate previous
findings showing that lobeline produced hypoactivity in a dose-dependent manner in adult
rodents (Damaj et al.1997; Harrod et al. 2001; 2003; 2004; Miller et al. 2003; Stolerman et al.
1995). Furthermore, the present findings are also in accord with previous research
demonstrating tolerance to the locomotor depressant effects after repeated administration
(Damaj et al.1997; Harrod et al. 2001; Miller et al.2003; Stolerman et al. 1995). In the present
experiment, rats given repeated injection of lobeline 3.0 mg/kg showed nearly complete
tolerance, and those receiving lobeline 5.6 mg/kg exhibited only partial tolerance after seven
treatments. Interestingly, however, rats did not exhibit tolerance to the hypoactive effects
repeatedly produced by lobeline 10 mg/kg. Damaj et al. (1997) demonstrated that mice
administered lobeline (15 mg/kg) 2x/day exhibited tolerance to its hypoactive effects after 10
days of treatment. Taken together, these findings suggest that greater than seven exposures are
needed to investigate tolerance to the hypoactive effects of lobeline at concentrations in the
range of 10 mg/kg and above in rats, according to the dependent measures used in the present
experiment.

Increased activity in the center of an open field apparatus is a putative measure of decreased
anxiety. In the injection phase of the present experiment, rats showed a dose-dependent
decrease in center distance travelled, followed by a progressive increase on this measure after
repeated lobeline treatment (1.0-5.6 mg/kg). One explanation for this trend is that lobeline
produces anxiolytic effects that alter the basal thigmotaxic behavior of the rat. Thus, according
to this explanation, rats progressively spend more time exploring the center of the locomotor
chamber because lobeline decreases anxiety. Lobeline has been shown to produce anxiolytic
effects in rats according to research that utilized an elevated plus maze (Brioni et al. 1993). To
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our knowledge, no studies have investigated the possible anxiolytic effect of lobeline in an
open field arena, and it isn’t clear if the increased distance travelled in the center of the
locomotor activity chambers used in the present experiment is related to the potential anxiolytic
effects of lobeline. A more conservative suggestion is that the increased center distance
travelled reflects tolerance to the hypoactive effects of lobeline. Thus, as animals acquired
tolerance to the locomotor depressant effects (i.e., as indicated by the mean total horizontal
activity measure) rats exhibited a corresponding increase in exploration of the chamber.

Sex differences in the development of tolerance to lobeline’s hypoactive effects were observed.
According to both dependent measures, females exhibited increased sensitivity to the
hypoactive effects of lobeline as indicated by a slower rate of tolerance to repeated injection
of 5.6 mg/kg when compared to males. These sex differences were not likely mediated by the
activational effects of gonadal hormones because lobeline was repeatedly administered prior
to puberty (Dohler and Wuttke, 1975). These findings add to a growing body of research
suggesting that the activational effects of gonadal hormones are not the only factor mediating
sex differences in the behavioral response to pharmacological treatment, and that differences
in brain organization between males and females contribute to the sex differences in response
to drug administration (Collins and I1zenwasser, 2004; Collins et al. 2004; Hu et al. 2004; Kuhn
et al. 2001; Lynch, 2008; Parylak et al. 2008; Silveri and Spear, 2004; Zakharova et al.
2009).

Sex differences in dopamine neuropharmacology may account for the slower acquisition of
tolerance to the lobeline-induced hypoactivity by females, relative to males. Lobeline alters
dopamine storage and release by inhibiting the VMAT2 in striatal preparations (Grady et al.
1992; Teng et al. 1998; Zheng et al. 2007). Sex differences in striatal dopamine concentrations
have been reported in mice treated with the VMAT?2 inhibitor, reserpine. Thus, adult males
showed greater reserpine-induced striatal dopamine concentrations compared to females (Ji et
al. 2007). Walker et al. (2000) demonstrated that electrically stimulated increases in striatal
dopamine release and reuptake was greater in adult female rats compared to males, and that
this effect occurred independently of variations in the estrous cycle. Furthermore, females
exhibit greater striatal dopamine transporter density than males (Rivest et al. 1995), and males
express increased striatal D1 and D2 receptors relative to females throughout the transition of
periadolescence to adolescence (e.g., PND 25 —40; Andersen and Teicher, 2000). These
findings suggest that lobeline could induce inhibition of dopamine release or dopamine storage
in a sex-dependent manner via activity with the VMAT2, thus yielding sex differences in
locomotor activity. Further studies using periadolescent rats will be important to test the
hypothesis that sex differences in lobeline-induced hypoactivity are mediated by lobeline-
induced modulation of dopamine release and storage by VMAT?2.

All rats in the present experiment were administered saline injections 24 h before and after the
lobeline treatment phase to determine if the baseline levels of activity changed over the course
of the experiment. There were no changes in baseline activity according to the total horizontal
activity measure; however, rats treated with lobeline during the treatment phase exhibited a
hyperactive behavioral response during saline challenge. This hyperactive response was
observed as a linear trend (day x dose), suggesting that the hyperactivity, which was observed
only on the saline challenge day, was directly related to the treatment dose of lobeline
administered during the injection phase of the experiment. Thus, repeated lobeline pretreatment
produced hyperactivity of total horizontal activity and center distance travelled following saline
challenge, and this effect was observed independently of sex.

One explanation for the hyperactivity exhibited during saline challenge is that repeated lobeline
injection may have suppressed monoaminergic activity during the pretreatment phase of the
experiment (Clarke and Reuben, 1996). As previously mentioned, lobeline alters dopamine
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storage and release by inhibiting VMAT2 (Dwoskin and Crooks, 2002; Grady et al. 1992;
Teng etal., 1998; Zheng et al., 2007). Because the saline challenge occurred 24 hours after the
final lobeline injection, a rebound in monoaminergic neurotransmission may have induced a
hyperactive response. A second explanation is related to Pavlovian conditioning processes.
Previous research has extensively investigated the relationship between contextual
conditioning and drug effects (Anagnostaras and Robinson, 1996; Bevins and Palmatier, 2003;
Hinson and Poulos, 1981; Siegel, 1975). These experiments demonstrate that repeated drug
injection administered amongst the same contextual cues produces a conditional response (CR)
that mimics the unconditional response (UR) produced by the drug (Anagnostaras and
Robinson, 1996; Hinson and Poulos, 1981; Pavlov, 1927), or results ina CR that is in opposition
to the UR (Siegel, 1975; Siegel et al. 2000). The compensatory conditioned response theory
of drug tolerance predicts that the development of tolerance to a particular drug effect following
repeated injection will result in a CR that is opposite of the UR (Siegel, 1975). The present
findings demonstrate a robust hyperactive response following the absence of lobeline, and
suggest that further experiments, which assess the associative versus non-associative nature of
contextual conditioning in locomotor activity studies, are needed (Baker and Tiffiany, 1985;
Besheer et al. 2004; Bevins and Palmatier, 2004; Poulos and Cappell, 1991). This finding may
have clinical implications for individuals using lobeline as a pharmacotherapy for SUD and
ADHD because successful treatment of these disorders may require chronic lobeline treatment.

The present experiment demonstrates that periadolescent females developed tolerance to the
locomotor depressant effects of lobeline more slowly than males. These findings strongly
suggest that cessation of chronic lobeline treatment may produce further changes in locomotor
activity, specifically, hyperactivity. Lobeline-induced fluctuations in overt locomotor
behavior, which may occur during lobeline treatment or following cessation of treatment, could
produce negative experiences by altering the individual’s daily activities. Interruption of
ongoing behavior by a pharmacological treatment might therefore decrease compliance with
the pharmacotherapy. Lobeline is currently approved for clinical trials for SUD and ADHD in
adults (NIDA, 2008; NIMH, 2008). These findings of the present experiment suggest that
female individuals who use lobeline as a pharmacotherapy may experience more lobeline-
induced locomotor depressant effects, compared to males. The current study investigated
repeated lobeline using a periadolescent model to determine if lobeline produced sex
differences in locomotor activity prior to sexual maturity because gonadal hormones have been
shown to modulate drug effects in females relative to males (Lynch et al. 2002; Becker an d
Hu, 2008). Preclinical research, which elucidates the processes that mediate lobeline-induced
sex differences in behavior, will provide important information for future hypotheses regarding
the application of lobeline to females and males as a pharmacotherapy for SUD and ADHD.
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Figure 1.

Predicted total horizontal activity counts in male and female periadolescent rats following
repeated saline (SAL) or lobeline (LOB; 1.0-10 mg/kg) injection. Rats exhibited tolerance to
the repeated effects of LOB and females developed tolerance to repeated LOB 5.6 mg/kg at a
slower rate than males (p<0.01). n = 10-12 animals/group.
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Figure 2.
Predicted center distance travelled in male and female periadolescent rats following repeated

saline (SAL) or lobeline (LOB; 1.0-10 mg/kg) injection. Rats exhibited tolerance to the
repeated effects of LOB and females developed tolerance to repeated LOB 5.6 mg/kg at a
slower rate than males (p<0.01). n = 10-12 animals/group.
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Figure 3.

Total horizontal counts (A) and center distance travelled (B) during saline (SAL) baseline (open
circles) and SAL challenge (filled circles) in animals repeatedly treated with lobeline (LOB)
1.0, 3.0, 5.6, or 10 mg/kg during the seven-day treatment phase of the experiment. The SAL
Baseline occurred one day prior to the first day of LOB or saline control injection. SAL
Challenge was administered one day after the seventh LOB or SAL injection. Multiple
regression analyses, which were performed on the percent of SAL control animal’s data,
demonstrate that the dose-dependent response was characterized as a linear trend for both the
total horizontal activity [day x dose: F (1, 86) = 15.8, p = 0.0001], and center distance travelled
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data [day x dose: F (1, 86) = 14.8, p = 0.0001]. The data represent the first 20 minutes of the
activity session. The dotted lines represent 95% confidence intervals. n = 20-24 animals/dose.
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