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Abstract
Reducing the nicotine content in tobacco products is being considered by the FDA as a policy to
reduce the addictiveness of tobacco products. Understanding individual differences in response to
nicotine reduction will be critical to developing safe and effective policy. Animal and human
research demonstrating sex differences in the reinforcing effects of nicotine suggests that males
and females may respond differently to nicotine-reduction policies. However, no studies have
directly examined sex differences in the effects of nicotine unit-dose reduction on nicotine self-
administration (NSA) in animals. The purpose of the present study was to examine this issue in a
rodent self-administration model. Male and female rats were trained to self-administer nicotine
(0.06 mg/kg) under an FR 3 schedule during daily 23 h sessions. Rats were then exposed to saline
extinction and reacquisition of NSA, followed by weekly reductions in the unit dose (0.03 to
0.00025 mg/kg) until extinction levels of responding were achieved. Males and females were
compared with respect to baseline levels of intake, resistance to extinction, degree of
compensatory increases in responding during dose reduction, and the threshold reinforcing unit
dose of nicotine. Exponential demand-curve analysis was also conducted to compare the
sensitivity of males and females to increases in the unit price (FR/unit dose) of nicotine (i.e.,
elasticity of demand or reinforcing efficacy). Females exhibited significantly higher baseline
intake and less compensation than males. However, there were no sex differences in the
reinforcement threshold or elasticity of demand. Dose–response relationships were very well
described by the exponential demand function (r2 values > 0.96 for individual subjects). These
findings suggest that females may exhibit less compensatory smoking in response to nicotine
reduction policies, even though their nicotine reinforcement threshold and elasticity of demand
may not differ from males.
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1. Introduction
Progressive reduction of the nicotine content in tobacco products to render them non-
addictive has been advocated by scientists and considered by policy makers for many years
(Benowitz and Henningfield, 1994; Kessler, 1994; Henningfield et al., 2004; Hatsukami et
al., 2010b). This approach has received increasing attention since the introduction of the
Family Smoking Prevention and Tobacco Control Act (FSPTCA) to Congress in 2007
(http://www.govtrack.us/-congress/bills/110/hr1108). Passed in 2009, the FSPTCA provides
the FDA regulatory authority over myriad aspects of tobacco products, including the
performance standards of specific constituents in tobacco itself and tobacco smoke
(www.gpo.gov/fdsys/pkg/PLAW-111publ31/pdf/PLAW-111publ31.pdf). As such, the FDA
now has the power to enforce a nicotine reduction policy as a population-wide strategy to
reduce initiation of tobacco use in adolescents and promote cessation of use in current
tobacco users.

Although, the public health benefits of a nicotine reduction policy could be vast (Tengs et
al., 2005), there are significant knowledge gaps, conceptual issues, and ethical concerns that
must be addressed to anticipate fully the feasibility and public health consequences of
nicotine reduction (see Hatsukami et al., 2010b; Donny et al., 2012; Sofuoglu and LeSage,
2012; Benowitz and Henningfield, 2013 for review). For example, the threshold (i.e.,
lowest) nicotine content in tobacco products that engenders or maintains tobacco addiction
is unknown. In addition, it is not clear to what extent a compensatory increase in smoking
would be observed as cigarette nicotine content is reduced (Scherer, 1999), which is one of
many potential adverse side effects of a nicotine reduction policy (Hatsukami et al., 2010b).
Given that thousands of people die every week from tobacco-related disease (CDC, 2008),
the FDA is in urgent need of research on these issues (see recent FOAs at http://
www.fda.gov/tobaccoproducts/default.htm).

Understanding individual differences in response to nicotine reduction will be critical to
anticipating the relative risk of addiction and adverse side effects (e.g., compensatory
smoking) in subpopulations of smokers. Such knowledge will be vital to developing safe
and effective policies, as well as clinical interventions to support those policies. For
example, animal and human research suggests that there are sex differences in the addiction-
related behavioral effects of nicotine. Female rats have been shown to acquire nicotine self-
administration more rapidly (Donny et al., 2000; Lynch, 2009), work harder to self-
administer nicotine (Donny et al., 2000; Lynch, 2009; Li et al., 2012), and exhibit greater
cue-induced enhancement of nicotine self-administration (Chaudhri et al., 2005). In humans,
women have shown less sensitivity to the discriminative stimulus effects of nicotine
(Perkins et al., 1994), less change in subjective and reinforcing effects with changes in the
nicotine content of a cigarette (Perkins et al., 1999), greater responsiveness to smoking-
paired cues (Perkins, 1996), and less success in quitting smoking (for review, see Perkins,
2001). These findings suggest that males and females may respond differently to nicotine-
reduction policies and may be at differential risk for side effects of such policies.

Animal research is vital to developing the science base to support FDA policy (for detailed
discussion, see Donny et al., 2012). While there are a plethora of published studies in
animals that have shown a dose–response relationship for nicotine’s reinforcing effects (i.e.,
self-administration, for review see Matta et al., 2007; Donny et al., 2012), very few have
been designed in a way that models aspects of a nicotine reduction policy like that being
considered by the FDA (e.g. Denoble and Mele, 2006; Smith et al., 2013). Specifically,
doses have usually been manipulated between groups rather than within subjects; or in
random order within subjects rather than in a strictly descending order as would be
stipulated by a nicotine reduction policy. The range and number of doses has also typically
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been limited within a single study. Moreover, operationally defining and quantifying
individual differences in the nicotine reinforcement threshold and the magnitude of
compensation during repeated reductions in unit dose have not been a primary focus.
Although some studies have demonstrated compensation in rats following within-subject
reductions in unit dose (e.g., Corrigall and Coen, 1989; Shoaib et al., 1997; Denoble and
Mele, 2006), few have specifically examined individual differences in compensation (Harris
et al., 2009, 2011; Smith et al., 2013).

To our knowledge, only three studies have examined changes in NSA during progressive
reductions in the unit dose (Shoaib et al., 1997; Denoble and Mele, 2006; Smith et al.,
2013). None of these studies operationally defined and measured nicotine reinforcement
thresholds for individual subjects, and it is not clear whether the dose range was wide
enough to do so. In one study, a saline phase was not included in the repeated dose-
reduction protocol to allow calculating a reinforcement threshold for maintenance of NSA in
individuals (Smith et al., 2013). However, the lowest nicotine dose (0.001875 mg/kg) did
not maintain infusion rates above those in a separate group of rats with access to saline,
suggesting that the dose range in the progressive reduction protocol encompassed a
reinforcement threshold for nicotine. Nonetheless, the nicotine solutions used in this study
included a cocktail of several tobacco constituents known to alter the reinforcing effects of
nicotine (Clemens et al., 2009), and the concentration of the cocktail remained constant over
the course of nicotine dose reduction. While this provides vital face validity for modeling
nicotine reduction policy in animals, it didn’t allow measurement of the nicotine
reinforcement threshold per se and how non-nicotine constituents may have altered it.

The purpose of the present study was to examine sex differences in response to nicotine
reduction using a rodent self-administration model. The study was specifically designed to
model a nicotine reduction policy by arranging progressive decreases in the unit dose of
nicotine to the point of extinction of self-administration in every subject. This approach is
somewhat analogous to human studies that have examined progressive reduction of cigarette
nicotine yield or content (e.g., Benowitz et al., 2007, 2009, 2012). However, in those
studies, extinction of smoking behavior was not achieved in all subjects to allow
measurement of individual reinforcement thresholds and sex differences were not examined.
In the present study, the primary measures of interest, determined in individual rats, were the
nicotine reinforcement threshold and magnitude of compensation.

Because changing the unit dose also changes the unit price of nicotine (response
requirement/unit dose, Hursh, 1991), the present study was well suited to a behavioral
economic analysis. This approach utilizes the concept of a demand curve; the function
describing the consumption of a commodity (e.g., nicotine, y-axis) versus the unit price of
that commodity (i.e., responses per unit dose, x-axis). Generally, a demand curve shows that
as the price of a commodity increases, consumption decreases. The primary purpose of
demand curve analysis is to characterize the “elasticity” of demand for a drug. Demand is
inelastic if consumption declines slowly (i.e., proportionally less) as unit price increases, or
elastic if consumption declines rapidly (i.e., proportionally greater) as unit price increases.
Commodities for which demand is more inelastic are considered to have greater reinforcing
efficacy or “essential value” (Hursh and Silberberg, 2008). In the present study, demand
curve analysis provided a way to examine sex differences in the elasticity of demand for, or
relative reinforcing efficacy of, nicotine in the context of a nicotine reduction model.
Behavioral economics provides a conceptual and methodological framework commonly
used in human laboratory, clinical, and epidemiological research (DeGrandpre et al., 1992;
Emery et al., 2001; Tauras and Chaloupka, 2001; Bidwell et al., 2012; Mackillop et al.,
2012a, 2012b), but seldom used in animal models of nicotine addiction (Diergaarde et al.,
2011). As such, the use of a behavioral economic approach in the present study addresses an
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important knowledge gap in animal research and may facilitate the prediction of findings in
human laboratory studies, clinical trials, and policy surveillance studies that utilize similar
behavioral economic measures.

2. Methods and materials
2.1. Animals

Eight male and eight female Holtzman rats (Harlan, Indianapolis, IN) weighing 300–325 g
and 225–250 g, respectively, at arrival were maintained under a restricted feeding regimen
(18–20 g/day). Rats were fed daily during the 1-h interval between experimental sessions
(see below). This strain was chosen to extend our previous studies that used the same strain
to examine individual differences in compensatory NSA following unit dose reduction
(Harris et al., 2008, 2009). Upon arrival, all rats were individually housed in a temperature-
and humidity-controlled colony room with unlimited access to food and water under a
reversed 12 h light/dark cycle (lights off at 11:00 h) for approximately one week. Rats were
then moved to operant conditioning chambers and placed on food restriction in a separate
room under the same light/dark cycle following recovery from catheter implantation for
NSA (see below). Protocols were approved by the Institutional Animal Care and Use
Committee of the Minneapolis Medical Research Foundation in accordance with the 1996
NIH Guide for the Care and Use of Laboratory Animals and the Guidelines for the Care and
Use of Mammals in Neuroscience and Behavioral Research (National Research Council
2003).

2.2. Apparatus
Each operant conditioning chamber (29 cm × 26 cm × 33 cm; Coulbourn Instruments,
Allentown, PA) was made of aluminum and Plexiglas walls, an aluminum ceiling, and a
stainless steel grid floor. Two response levers were located on the front wall 10 cm above
the chamber floor on either side of an aperture for delivery of food pellets (not used in this
study) located 2 cm above the floor. LED stimulus lights were located 2 cm above each
response lever. Water was continuously available via a spout mounted on the back wall of
the chamber. Each chamber was placed inside a sound-attenuating cubicle equipped with an
exhaust fan that provided masking noise. Infusion pumps (Model RHSY, Fluid Metering,
Syosset, NY) placed outside each cubicle delivered infusions through Tygon tubing
connected to a fluid swivel mounted above the chamber, and from the swivel through a
spring leash connected to a guide cannula mounted in a harness assembly on the back of the
rat. MED-PC IV (Med Associates, St Albans, VT) software was used for operating the
apparatus and recording data.

2.3. Drugs
Nicotine bitartrate (Sigma Chemical Co., St. Louis, MO) was dissolved in sterile saline. The
pH of the solution was adjusted to 7.4 with dilute NaOH, and heparin (30 units/ml) was
added to help maintain catheter patency. Nicotine doses are expressed as the base.

2.4. Surgery
Each rat was implanted with a chronic indwelling catheter into the right jugular vein under
droperidol (2 mg/kg)/fentanyl (0.04 mg/kg) anesthesia, described in detail elsewhere
(LeSage et al., 2002; Harris et al., 2008). If this catheter became occluded prior to the Dose
reduction protocol (see below) another catheter was implanted into the contralateral jugular
or ipsilateral femoral vein. If catheter failure occurred during the dose reduction protocol,
the rat was excluded from the study. The catheter was externalized between the scapulae and
attached to a vascular-access harness (VAH95AB, Instech Laboratories, Plymouth Meeting,
PA) that allowed connection to a fluid swivel via a tether for nicotine administration.
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Animals were allowed to recover for at least 4 days after surgery, during which time they
received daily i.v. infusions of heparinized saline and ceftriaxone (5.25 mg) and s.c.
injections of buprenorphine (0.1 mg/kg; first 2 days only) for analgesia. Infusions of
methohexital (0.1 ml, 50 mg/ml, IV) were administered occasionally to determine catheter
patency (production of ataxia) if malfunctions were suspected.

2.5. NSA training
The protocol timeline is illustrated in Fig. 1. Rats were trained to self-administer nicotine in
daily 23 h sessions (11:00 am–10:00 am) according to similar protocols used for male and
female rats in our laboratory (LeSage et al., 2002, 2007). This access schedule results in
patterns of nicotine intake similar to those of smokers (see LeSage et al., 2002; Harris et al.,
2009). Nicotine availability was signaled by illumination of the stimulus light above the
active (right) response lever. Following completion of the response requirement, the
stimulus light was extinguished and nicotine (0.06 mg/kg/inf) was infused in a volume of
100 μl/kg at a rate of 50 μl/s. This training dose was chosen because it lies on the
descending limb of the “inverted U” NSA dose–response curve in both limited (e.g., 1 h)
and unlimited access NSA models (e.g., Corrigall and Coen, 1989; Denoble and Mele,
2006), allowing measurement of compensatory increases in NSA following unit dose
reduction and characterization of both ascending and descending limbs of the dose–response
curve. Following a 7-s time-out, the stimulus light turned on and the next nicotine infusion
was available. Responses on the other (inactive) lever were recorded but had no
programmed consequences. The response requirement was initially a fixed ratio 1 (FR 1),
and was gradually increased to FR 3 across several sessions. The criteria for acquisition
were a minimum of 10 infusions per day under the FR 3 schedule and a ratio of active to
inactive lever presses of at least 2:1 across 5 consecutive sessions. These acquisition criteria
are typical for NSA under unlimited access conditions (e.g., Valentine et al., 1997; Brower
et al., 2002; LeSage et al., 2003).

2.6. Dose reduction protocol
When NSA was stable (no trend in infusion rates across at least 5 consecutive sessions and a
coefficient of variation < 15%), extinction was arranged by substituting saline for nicotine
for at least seven sessions until the number of infusions per day decreased to below 50% of
baseline and no trend was evident for three consecutive sessions. This initial extinction
period assured that rats were sensitive to changes in nicotine dose and set a target to define a
non-reinforcing dose at the low-end of the dose range. This expedited completion of the
protocol by avoiding unnecessary exposure to multiple non-reinforcing nicotine doses. At
this point, the nicotine training dose was made available to allow reacquisition of NSA.
Once NSA was reacquired and stable (same criteria as above), the unit dose reduction phase
began. During the dose-reduction phase, the unit dose was reduced weekly until the number
of infusions per day during the last 3 days at a given dose fell within range of the number of
infusions during the last 3 days of the prior extinction phase. Therefore, the number of unit
doses to which a rat was exposed differed between rats. Saline was then substituted for
nicotine for one week to confirm that the last nicotine unit dose was functionally equivalent
to saline (i.e., was not reinforcing). Then, the training dose was again made available to
allow reacquisition of NSA to confirm catheter patency. One male and one female rat failed
to reacquire NSA and all of their data were excluded from further analysis, resulting in a
final sample size of seven for each group. Males and females did not significantly differ in
the mean number of days to complete the entire protocol (155.1 ± 12.7 (5.5 months) in
males and 179.9 ± 18.1 (6.4 months) in females, respectively). We did not include a separate
group tested on the training dose throughout the protocol to control for changes (e.g.,
escalation) in NSA, because NSA remains stable under daily unlimited access conditions
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(Paterson and Markou, 2004; Kenny and Markou, 2006; O’Dell et al., 2007; Harris et al.,
2008, 2009).

2.7. Data analysis
Mean lever presses on the active and inactive lever, number of infusions, and nicotine intake
across the last three sessions at each unit dose and saline extinction were the primary
dependent measures (Appendices A–D). Data from both the entire 23 h session and the first
2 h of the session were analyzed. The latter were used to examine whether recent food intake
(i.e. satiation) might have influenced observed sex differences (see below). Unpaired t-tests
were conducted to compare baseline measures at the 0.06 mg/kg unit dose between males
and females. Because there was a significant sex difference in baseline NSA measures, data
were also transformed to a percentage of baseline.

For the extinction phase, mean infusions were compared between males and females using a
two-way mixed factor ANOVA to examine sex differences in resistance to extinction. For
the dose-reduction phase, dose–response curves were compared between males and females
via a Generalized Linear Mixed Model analysis using a random intercepts model with dose
as a continuous variable (log scale) and cubic fitting as a model component, and post-hoc
Bonferroni-corrected t-tests to compare males and females at individual unit doses. In
addition, one-way Repeated Measures ANOVA (RMANOVA) followed by Dunnet’s post-
hoc tests was used to examine within each sex the changes in dependent measures across
unit dose. These ANOVAs did not include doses of 0.001 mg/kg and lower in males and
0.002 mg/kg and lower in females due to missing data for four males and two females at
these doses. The missing data are due to these rats not receiving these doses because their
responding had reduced to extinction levels at a higher dose.

A compensation index analogous to a measure of compensation used in smokers (Scherer,
1999) was calculated for each rat using the formula:

A compensation index (CI) of 0 indicates no compensation (total daily nicotine intake
decreased proportionally to the reduction in unit dose), while a CI of 1.0 indicates full
compensation (total daily nicotine intake was unchanged following dose reduction).
Separate CIs were computed for each rat at each unit dose using the mean of the final 3 days
of access to each unit dose. The CIs were compared between males and females at each unit
dose via two-way mixed-factor ANOVA and post-hoc Bonferroni-corrected independent-
samples t-tests.

Demand curve analysis was conducted according to the model proposed by Hursh and
Silberberg (2008), using the exponential demand equation:

The dependent variable, Q, is the quantity consumed. The independent variable, C, is the
cost of nicotine based on the unit price. The free parameters, Q0 and α, are estimated from
the best-fit function and refer to the maximum level of consumption at zero price (i.e., level
or “intensity” of demand) and the rate of change in consumption with increases in unit price,
respectively. The range of the exponential function, k, is a constant specifying the range of
consumption in log units. The k value is held constant across all data sets being compared
(set to 2.5 in the present study) because changes in k impact the value of α. The exponential
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term, Q0 · C, represents the standardized price of a commodity, which corrects for variations
in price due to different doses or potencies of the commodities being compared. It also
serves to correct for differences in drug potency between subjects. Hursh and Silberberg
(2008) posit that α is a measure of reinforcing strength or “essential value”, the degree to
which a given commodity (e.g., drug) is capable of maintaining behavior under constraints
of increasing price. The value of α is inversely related to reinforcing strength so that drugs
that produce rapidly declining (elastic) demand curves have higher α values and lower
reinforcing strength than demand curves with slower declining (inelastic) demand curves.
Therefore, α served as the index of elasticity of demand for, or reinforcing efficacy of,
nicotine in the present study. Other demand measures of interest included; Q0, the level of
demand as described above; Omax, the maximal response output; and Pmax, the unit price
(responses per unit dose) at which maximal response output occurred. Demand functions
were generated using a template for GraphPad Prism software provided by the Institutes for
Behavior Resources (Baltimore, MD) on their website (http://www.ibrinc.org/index.php?
id=181). The demand measures for males and females were compared using independent-
samples t-tests with Welch’s correction for unequal variances where appropriate.

Using both the exponential demand model and the CI allowed analysis of elasticity of
demand on two levels. On a more molar level, the exponential demand analysis measures
the rate of change in consumption across all unit prices, providing an aggregate measure of
elasticity of demand. On a more molecular level, the CI measures the change in
consumption at individual prices, which is analogous to the concept of “local elasticity” (i.e.,
elasticity between two adjacent prices, Mackillop et al., 2012b). Analysis of local elasticity
(i.e., the CI) can reveal marked sensitivity to specific changes in price even when an
aggregate measure of demand (i.e. alpha) shows relatively low overall price sensitivity.
Findings at each level of analysis can have important implications for designing public
policy (see Mackillop et al., 2012b).

3. Results
Fig. 2 shows the mean number of infusions earned in males and females during saline
extinction, expressed as both absolute values (left panel) and as a percentage of baseline
(right panel). For absolute values, females exhibited significantly higher infusion rates
compared to males, with a significant main effect of sex (F(1,12) = 9.465, p < 0.01) and
session (F(8,96) = 33.91, p < 0.0001). However, the lack of a significant sex × session
interaction indicated changes in NSA during extinction were parallel between males and
females. Consequently, there was still a significant main effect of session (F(7,84) = 29.29, p
< 0.0001), but no significant main effect of sex or sex × session interaction when data were
expressed as a percentage of baseline. In addition, although females tended to require an
average of 4.5 more sessions than males to meet extinction criteria (8.8 ± 1.1 SEM vs 13.3 ±
3.3 SEM days, respectively), this difference was not statistically significant. However,
females showed significantly greater variability in this measure compared to males (F(6,6) =
9.16, p < 0.05).

Fig. 3 shows the mean dose–response curve for male and female rats during 23 h sessions,
expressed as both absolute values (left panel) and as a percentage of baseline responding at
the 0.06 mg/kg unit dose (right panel). Although baseline response rate at the 0.06 mg/kg
dose was significantly higher in females compared to males (t(12) = 2.38, p < 0.05; Fig. 3,
left panel), the overall dose response curves for absolute number of responses in males and
females were not significantly different. Both curves exhibited an inverted U shape and a
peak at the 0.01 mg/kg unit dose. The mean reinforcement threshold was also not
significantly different between males (0.0032 mg/kg, range 0.004 to 0.0005 mg/kg) and
females (0.0037, range 0.007 to 0.001 mg/kg). Although females consistently had somewhat
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higher mean rates of inactive lever pressing at unit doses above the reinforcement threshold,
there were no statistically significant main effects for this measure. There were also no
significant sex differences in the ratio of active/inactive lever presses (data not shown).

When data were transformed to a percentage of baseline (Fig. 3, right panel), there was a
significant effect of sex (F(2,71.3) = 10.76, p < 0.0001) and significant linear (F(2,71.2) =
11.69, p < 0.0001), quadratic (F(2,71.3) = 10.15, p < 0.0001) and cubic (F(2,71.3) = 8.02, p <
0.001) sex × dose interactions. The peak and descending limb of the dose response curve
was shifted upward in males compared to females, with males showing significant
compensatory increases in NSA at the 0.02 to 0.007 mg/kg unit doses compared to baseline
(q(36) = 3.86, p < 0.01; q(36) = 5.74, p < 0.001; q(36) = 3.55, p < 0.01, respectively). These
increases were greater than those observed in females at the 0.02 and 0.01 mg/kg unit doses
(t(12) = 2.79, p < 0.05 and t(12) = 2.81, p < 0.05, respectively). In fact, females as a group
showed no significant increase in NSA from baseline at any dose. There were no sex
differences at doses along the ascending limb of the unit dose–response curve (i.e., below
0.01 mg/kg).

Fig. 4 shows dose response curves for individual subjects. The curves for the majority of
male rats were generally similar in shape to the group curve (Fig. 4, left panel), but the
curves for females were somewhat skewed toward lower unit doses compared to the group
curve. Although females as a group showed no significant increase in NSA, some females
did exhibit substantial increases in NSA (Fig. 4, right pane) that were comparable in
magnitude to males. However, such increases appeared slower to develop in females (see
below). For instance, all but one male showed an increase in NSA at the 0.03 mg/kg unit
dose, whereas several females showed little or no change at this unit dose. In addition, there
appeared to be two distinct subgroups of females, those in which doses just below 0.01 mg/
kg (primarily 0.004 to 0.007 mg/kg) sustained high rates of responding versus those in
which responding had extinguished at those doses. Consequently, variability in the unit dose
at which the peak of the dose–response curve occurred was greater in females compared to
males (F(6,6) = 19.04, p < 0.01).

Fig. 5 shows the compensation index at each unit dose. There was a main effect of sex
(F(1,12) = 6.89, p < 0.05), dose (F(4,48) = 22.1, p < 0.001), and sex × dose interaction (F(4,48)
= 6.34, p < 0.001). The CI was significantly lower in females compared to males at the 0.03
and 0.02 mg/kg doses (t(60) = 4.5, p < 0.001; t(60) = 2.9, p < 0.05, respectively). The mean CI
at the 0.03 mg/kg unit dose was 0.39 ± 0.09 in males and 0.09 ± 0.06 in females. Most (5 out
of 7) males showed maximal compensation at the 0.03 mg/kg unit dose, whereas the
majority (5 out of 7) of females showed maximal compensation at lower unit doses (0.02 to
0.01 mg/kg), consistent with the data in Fig. 3 suggesting that compensation was slower to
manifest in females.

Figs. 6 and 7 show group and individual subject demand curves, respectively. Table 1 shows
the associated group and individual subject demand curve parameters. Nicotine consumption
for both group and individual subject data was well described by the exponential demand
function, with r2 values ranging from 0.96 to 1.0. None of the demand parameters were
significantly different between males and females.

Fig. 8 shows the mean infusions (% baseline, left panel), compensation indexes (middle
panel), and demand curves (right panel) based on data from the first 2 h of the session.
Similar to the data for the entire session (Fig. 3), there was a significant effect of sex
(F(2,71.3) = 10.91, p < 0.0001) and significant linear (F(2,71.2) = 11.68, p < 0.0001), quadratic
(F(2,71.3) = 10.92, p < 0.0001) and cubic (F(2,71.3) = 9.69, p < 0.001) sex × dose interactions.
A significant increase in mean infusions was observed in males (F(6,36) = 12.36, p < 0.0001)

Grebenstein et al. Page 8

Pharmacol Biochem Behav. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



but not females. Males showed a significant increase in infusions at the 0.02 and 0.01 mg/kg
unit doses (q(36) = 3.7, p < 0.01 and q(36) = 4.8, p < 0.001, respectively), and the increase
was greater than females at the 0.02 mg/kg unit dose (t(12) = 3.34, p < 0.01). The CI was also
greater in males than females at the 0.02 mg/kg dose (t(60) = 3.12, p < 0.05). As with the
overall session data, there was no sex difference in elasticity of demand during the first 2 h
of the session.

4. Discussion
The primary findings of the present study were that, compared to males, females showed
higher baseline rates of NSA, but significantly less compensation during the initial stages of
progressive unit-dose reduction. In contrast, no sex differences were apparent in resistance
to extinction, nicotine reinforcement threshold, or elasticity of demand for nicotine. To our
knowledge, the present study is the first to explicitly model a nicotine reduction policy in
animals for the purpose of measuring individual differences in compensation and the
reinforcement threshold for nicotine per se (i.e., apart from other tobacco or smoke
constituents). These findings are an important extension of the literature on sex differences
in nicotine reinforcement and have important implications for future research on nicotine
reduction policies being considered by the FDA (Hatsukami et al., 2010b; Donny et al.,
2012; Sofuoglu and LeSage, 2012; Benowitz and Henningfield, 2013).

The higher rate of stable baseline NSA in females in the present study is consistent with
several previous studies in rodents using i.v. administration under small FR or PR schedules
or oral self-administration models (Donny et al., 2000; Klein et al., 2004; Chaudhri et al.,
2005; Park et al., 2007; Lynch, 2009; Li et al., 2012), but is inconsistent with some other
studies showing no sex difference or higher nicotine intake in males (Chen et al., 2007;
Nesil et al., 2011; Feltenstein et al., 2012; Johnson et al., 2012; Li et al., 2012). It is unclear
what accounts for these discrepancies, as numerous methodological factors vary across
studies; including the unit dose, strain, age, session duration, and maintenance schedule.
Much more research is needed to clarify the factors mediating sex differences in NSA in
animal models (see below).

The inverted U-shape and position of the dose–response curves for NSA in the present study
are consistent with numerous studies showing similar shaped functions across similar unit
doses in either male or female rats. However, the resolution of the curves in the present
study is novel in that the curves comprise a greater range and number of doses (10 doses
over a 240-fold range) compared to previous studies of sex differences in NSA (3–4 doses
over a 5 to 8-fold range). Studies that directly examined sex differences in NSA in adult rats
primarily focused on responding at moderate to high unit doses on the descending limb that
were reinforcing in most subjects (Donny et al., 2000; Chaudhri et al., 2005; Feltenstein et
al., 2012). Two studies examined NSA in adolescent rats at only one dose (0.005 or 0.0075
mg/kg) that typically lies along the ascending limb of the curve (e.g., below 0.01 mg/kg),
but that dose was still high enough to be reinforcing in some subjects (Chen et al., 2007;
Lynch, 2009). In contrast, the present experiment examined several doses along the
ascending limb of the curve, including a dose that was not reinforcing in any subject.
Consequently, a relatively complete dose–response curve including both ascending and
descending limbs was obtained in every subject, allowing measurement of each rat’s
maximal level of compensation and nicotine reinforcement threshold. As such, the present
study provides the most detailed account of sex differences in the dose–response
relationship for maintenance of NSA to date.

The magnitude of compensation in male rats during the initial dose reduction to 0.03 mg/kg
was comparable to our previous studies in which a single similar dose reduction was
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arranged (Harris et al., 2009, 2011). The present study extends these previous studies by
arranging repeated reductions in unit dose, and shows that the magnitude of compensation is
greatest at this initial stage of reduction in most males. In contrast, females showed less
compensation overall than males and tended to show greater compensation at later stages of
dose reduction. Importantly, the findings of a higher baseline rate and less compensation in
females are consistent with our prior studies showing that higher baseline NSA rates are
predictive of lower compensation in males (Harris et al., 2008, 2009, 2011). Thus, the
present findings suggest further that the predictive utility of baseline nicotine intake for
anticipating risk of compensation could be an important focus for human studies related to
nicotine reduction policy.

The present study is unique in employing a within-subjects design to directly examine sex
differences in NSA in a unit-dose reduction model. The lower degree of compensation
observed in female rats is consistent with human studies showing that, compared to men,
females are less sensitive to changes in nicotine dose (for review, see Perkins, 2009). In
contrast, other studies in rats have shown either no sex difference or somewhat better
regulation of nicotine intake in females (Chaudhri et al., 2005; Chen et al., 2007). This
discrepancy may be attributable to differences in experimental design across studies.
Compensation is typically examined in human studies by measuring changes in nicotine
intake (or other biomarkers of smoking) following changes in nicotine dose in the same
individual (Scherer, 1999). Therefore, the within-subject design in the present study may be
better suited to detect and measure compensation than the between-subject designs more
often used in prior studies. However, other factors may also be involved, such as our use of
the Holtzman rat strain.

It is important to note that compensation in some females was similar to that in males,
suggesting that there may be a subpopulation of females that are as sensitive to changes in
nicotine dose as males. Larger studies are needed to better characterize this individual
variability and identify factors that predict magnitude of compensation in females. As
mentioned above, to the extent that baseline nicotine intake predicts compensation in
females as it does in males (e.g., Harris et al., 2009), baseline nicotine intake might be a
useful measure in clinical studies to identify women who are more sensitive to changes in
cigarette nicotine content and at greater risk of compensatory smoking. Such work could
have important clinical implications for use of nicotine replacement therapy (NRT) for
smoking cessation or reduction in women. Although NRT appears to be less effective in
women overall (Perkins and Scott, 2008), it may be more useful to a subgroup who is more
sensitive to changes in cigarette nicotine content.

For the purpose of developing a nicotine reduction policy, the observed sex differences in
baseline NSA and compensation are important in their own right, without any knowledge of
the mechanisms underlying those differences (Donny et al., 2012). However, for the purpose
of developing treatments to facilitate the success of policy, understanding the mechanisms
could be useful and might involve a combination of several factors, including sex
differences in a) nicotine pharmacokinetics (e.g., faster nicotine clearance or higher peak
brain nicotine concentrations in females, Rosecrans, 1972; Klein et al., 2004; LeSage et al.,
2007), b) sensitivity to the reinforcement enhancing effects of nicotine (i.e., greater
enhancement of NSA by nicotine-paired environmental stimuli in females, Chaudhri et al.,
2005), c) hormonal variables (e.g., estrous cycle effects in females, Lynch, 2009; but see
Donny et al., 2000; Feltenstein et al., 2012), and d) pharmacodynamic responses to nicotine
(e.g., reduced beta2-containing nicotinic acetylcholine receptor availability or upregulation
in females, Koylu et al., 1997; Mochizuki et al., 1998; Cosgrove et al., 2012; but see Donny
et al., 2000; Pehrson et al., 2008). Continued research on these mechanisms may identify
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sex-specific targets for behavioral or pharmacological treatments to promote policy-induced
cessation or reduction of smoking.

Despite the presence of sex differences in degree of compensation, elasticity of demand and
the reinforcement threshold were similar between males and females. This finding
demonstrates that, females are less sensitive to initial reductions in unit dose (i.e. local
elasticity is greater at lower prices), but that males and females are, overall, similarly
sensitive to reductions in unit dose (i.e. aggregate elasticity is equal). This somewhat
complex pattern of results may be attributed the different ways NSA is controlled by
nicotine per se versus associated environmental stimuli and the resulting shape of the NSA
dose–response curve. On one hand, greater sensitivity to nicotine’s primary reinforcing
effects would serve to increase compensation, but reduce elasticity of demand and the
reinforcement threshold. On the other hand, greater control by the discriminative and
conditioned reinforcing effects of environmental stimuli would result in less compensation,
and also reduce elasticity of demand and the reinforcement threshold. If NSA is more
controlled by nicotine per se in males, but more controlled by environmental stimuli in
females (see above), the net result could be similar aggregate elasticity of demand and
reinforcement thresholds between males and females despite initial differences in
compensation at lower unit prices (i.e. local elasticity). Parsing out sex differences in the
relative contribution of nicotine per se versus associated environmental stimuli to elasticity
of demand and nicotine reinforcement thresholds was beyond the scope of the present study,
but certainly represents an important future direction.

Few studies have examined NSA at nicotine unit doses below 0.003 mg/kg, a dose that can
still be reinforcing in some rats (e.g., Corrigall and Coen, 1989; Brower et al., 2002). In the
NSA unit dose reduction model used by Smith et al. (2013) the unit dose was reduced to
0.001875 mg/kg. While this dose was quite likely below the reinforcement threshold for rats
as a group when compared to a saline group, the lack of a saline phase within subjects and
the presence of other tobacco constituents prevent confirming whether this was the case in
individual rats. As such, it is unclear from these studies what the threshold reinforcing unit
dose is for nicotine per se or what unit dose is ubiquitously not reinforcing in rats. The
present study begins to address this issue by demonstrating that doses as low as 0.0005 to
0.002 mg/kg can continue to maintain NSA above saline responding in some rats, and that
0.00025 mg/kg was not reinforcing in any rat. In addition, sex was not a significant
moderating factor. The present findings differ somewhat from Smith et al. (2013), in that
NSA rates in the 0.004 to 0.001 mg/kg range maintained slightly higher mean rates of NSA.
However, individual differences were similar between studies. For example, Smith et al.
showed mean rates of NSA above or only slightly below baseline in some subjects at low
doses near or below the mean reinforcement threshold. Certainly, it will be essential to
confirm whether these findings apply to larger samples of rats; as well as other strains, ages,
and species. The influence of key model parameters that often vary between studies will also
be important to examine (e.g., session duration, infusion speed, cue conditions). Moreover, it
will be critical to know whether the reinforcement threshold is moderated by individual
differences in nicotine metabolism, history of nicotine intake, and concurrent drug intake
(e.g., ethanol Lê et al., 2006, 2010).

It is important to note that at lower doses NSA may have been maintained more, if not
solely, by presentation of the visual cues associated with nicotine delivery than nicotine
itself. The higher rates of responding on the active lever compared to the inactive lever
during saline suggest that NSA was, in part, controlled by either conditioned reinforcing
effects of the cues, relatively weak primary reinforcing effects of the cues that were
enhanced by nicotine exposure, or both. The present study wasn’t designed to directly
address this issue. However, several studies using an unlimited-access model have shown
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that the specific cues used in the present study do not have any primary reinforcing effects in
male and female rats (Fu et al., 2003; Parker et al., 2004; Chen et al., 2007; Wang et al.,
2008; Yu and Sharp, 2010), suggesting that primary reinforcing effects of the cues and
reinforcement enhancing effects of nicotine thereon were not playing a strong role in the
present study. This contrasts with studies using a limited-access model and different visual
cues that exhibit primary reinforcing effects that are enhanced by nicotine (Donny et al.,
2000; Chaudhri et al., 2005; Palmatier et al., 2007), suggesting that reinforcement enhancing
effects of nicotine may be dependent on access conditions, specific properties of visual cues,
or both. These findings suggest that the higher rates of responding during saline were likely
a function of conditioned, not primary, reinforcing effects of the cues.

The change in nicotine consumption over the course of gradual nicotine dose reduction (i.e.,
elasticity of demand) was well described by the exponential demand function for both group
and individual subject data. This finding is consistent with the descriptive precision of
exponential demand analysis observed in previous studies with nicotine, tobacco, and other
drugs of abuse in both animals and humans (Christensen et al., 2008; Hursh and Silberberg,
2008; Mackillop et al., 2010, 2012b; Diergaarde et al., 2011). As such, the present study
further supports Hursh’s (1991) seminal proposal that behavioral economic methods provide
a means to model drug abuse policy in non-humans, and may be useful for further
preclinical studies to model the potential effects of tobacco control policies (Donny et al.,
2012; Hursh and Roma, 2013). None of the measures of demand for nicotine significantly
differed between males and females, suggesting there was no sex difference in the
reinforcing efficacy of nicotine per se. This finding is inconsistent with previous studies
showing higher breaking points (i.e., reinforcing efficacy) for nicotine under PR schedules
in female rats compared to males (Donny et al., 2000; Lynch and Sofuoglu, 2010; Li et al.,
2012). As discussed above, this inconsistency may be attributable to differences in
experimental design (between-versus within-subject manipulation of dose), access
conditions (limited versus unlimited), and rat strain. Nonetheless, the lack of a sex
difference in demand in the present study, despite differences in compensation, insinuates
the hypothesis that overall consumer demand for cigarettes over the course of a nicotine
reduction policy would be similar between male and female smokers, though males may
show more compensation during initial nicotine reduction (i.e., less “local elasticity”
Mackillop et al., 2012b). It will be important to test this hypothesis in comparable human
studies.

We are aware of only one other study that examined sex differences in extinction of NSA.
Similar to the present study, Feltenstein et al. (2012) found a significant main effect of sex
on absolute levels of active lever pressing in extinction, with females exhibiting higher rates
compared to males. Moreover, there was no significant sex × session interaction, indicating
a parallel change in response rates and no sex difference in resistance to extinction per se.
Nonetheless, there were interesting trends in the present study that may warrant more
intensive study. For example, there was a resurgence of responding after the initial
extinction sessions in some females, as indicated by the upward trend in responding across
extinction days 5 to 7 (Fig. 2), and females required somewhat longer to meet extinction
criteria (4–5 days). Although these differences were not statistically significant, a larger
study specifically powered to detect them would be of interest to help confirm whether or
not there are modest but significant sex differences in resistance to extinction.

Unlike some other studies on sex differences in NSA using limited access models (Donny et
al., 2000; Chaudhri et al., 2005; Li et al., 2012), the present study did not find higher rates of
inactive lever pressing in females compared to males. The reason for this discrepancy may
be due to differences in access conditions between studies, as another study using an
unlimited-access model also showed no sex differences in inactive lever pressing (Chen et
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al., 2007). It’s possible that better lever discrimination develops in an unlimited access
protocol, due to greater opportunity for learning (i.e., more reinforcers can be delivered per
session to train the discrimination). Use of the Holtzman strain in the present study may also
account for the discrepancy with other studies, as some studies showed this strain can
exhibit lower rates inactive responding than Lewis rats (Brower et al., 2002; also see Shoaib
et al., 1997).

There are a number of limitations to the present study. First, the limited number of days at
which each dose was available may have resulted in thresholds that were lower than what
would have been observed if NSA was allowed to stabilize at each unit dose. As such, the
thresholds reported herein could be considered conservative estimates. We chose weekly
exposure to each dose to try to balance expediting the protocol to avoid attrition and
allowing a wide range of doses to be studied. Nonetheless, since the FDA will need to
specify the duration that each nicotine standard is in effect under a nicotine reduction policy,
it will be important to examine this variable in future studies. Second, the sample sizes in the
present study were somewhat small. Larger studies will help to derive more accurate
estimates of compensation, the nicotine reinforcement threshold, and elasticity of demand,
and better characterize their individual variability. Third, only a single training dose was
used. Though not directly measured in the present study, serum nicotine concentrations
produced by the 0.06 mg/kg unit dose were likely significantly higher than those reported
even in heavy smokers (LeSage et al., 2002; Hukkanen et al., 2005; Matta et al., 2007). This
high dose was chosen because it facilitated the ability to study compensation. However, it is
possible that sex differences in compensation would not have been observed if a lower
clinically-relevant training dose was used. In addition, it is possible that the present protocol
overestimates the general variation and degree of compensation that would be observed
within each sex under more clinically-relevant circumstances. Fourth, only a single rate of
unit dose reduction was used. It is possible that sex differences may manifest differently
under different rates of dose reduction. In fact, the lack of sex differences in resistance to
extinction in the present study, which could be considered the fastest rate of dose reduction,
supports this notion. It will be critical to study this issue further. Although Benowitz and
Henningfield (1994) initially suggested implementing a policy involving a gradual reduction
of nicotine content in cigarettes, more research is needed to determine what the best rate of
reduction would be to facilitate cessation and minimize side effects (Benowitz and
Henningfield, 2013). Some studies in both humans and animals suggest that relatively rapid
reduction of nicotine content in cigarettes might be as effective, if not more so, than slower
reduction (Hatsukami et al., 2010a; Smith et al., 2013).

Finally, feeding conditions were not optimally tailored to each sex in the present study. In
order to systematically extend previous studies (e.g., Donny et al., 2000), males and females
were fed the same amount of food each day. However, because body weight was generally
lower in females than males (mean = 298 (±8 SEM) g and 390 (±12 SEM) g, respectively)
they received an average of 1.4% (±0.02 SEM) more food per kilogram of body weight and,
therefore, might have been less food deprived than males. Since food deprivation can
increase motivation to self-administer drugs of abuse (e.g., Comer et al., 1995; Rodefer and
Carroll, 1997; also see Donny et al., 1998), females may have been somewhat less motivated
than males in the present study and, therefore, less likely to compensate. However, this is
not likely for several reasons. First, females normally consume more food per gram of body
weight than males under ad lib conditions, which is likely due to their greater energy
expenditure (e.g. thermogenesis Valle et al., 2005). As a result, when the same level of
restriction is applied to both sexes (e.g. 75% of ad lib intake), females usually receive 1–
1.5% more food per gram of body weight than males (Keenan et al., 1995, 1996, 1997;
Hubert et al., 2000; Laaksonen et al., 2013). Therefore, the relative level of food restriction
in the present study was likely similar between males and females. Second, differences in
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body weight were controlled for because unit doses were administered relative to body
weight (mg/kg). Third, it has nonetheless been shown that reduced body weight and level of
food restriction per se have less influence on NSA in rats than the acute state of food
deprivation (i.e. hunger). Donny et al. (1998) showed that stable NSA in food-restricted rats
fed 2 h before their session (pre-fed) was equivalent to that in ad lib fed rats, despite
significant differences in body weight between groups. In contrast, NSA in food-restricted
rats fed after their session was significantly higher than both the pre-fed and ad-lib rats, even
though they were at a similar reduced body weight as pre-fed food-restricted rats. These
findings demonstrate that the acute state of hunger exerts greater influence over NSA than
the degree of food restriction or body weight per se. Our finding that sex differences in the
first 2 h of the session were the same as for the entire session suggests that any potential
differences in hunger between males and females was negligible.

In order to implement a nicotine reduction policy, the FDA must specify nicotine
performance standards for tobacco products. Such standards need to be based on scientific
understanding of the nicotine reinforcement threshold and the factors that moderate it. The
purpose of animal studies is not to specify an actual threshold reinforcing nicotine dose for
the FDA to consider in setting a performance standard (Donny et al., 2000), but to simply
identify variables that moderate that dose. This information could, in turn, help direct the
human research needed by the FDA to determine a nicotine performance standard. Despite
its limitations, the present study is an important step toward addressing these issues. In
summary, the unit dose reduction model was sufficiently sensitive to detect sex differences
in compensation during gradual nicotine dose reduction, with females exhibiting
significantly less compensation than males. The model also appears useful for measuring
nicotine reinforcement thresholds in individual subjects, and suggests males and females
have a similar threshold with substantial variability between subjects. Exponential demand
curve analysis provided a precise description of the overall decrease in consumption with
decreases in dose (i.e., increases in price), and suggests that elasticity of demand is similar in
males and females. NSA dose reduction models may be useful for future animal studies to
examine other factors that may modulate the nicotine reinforcement threshold,
compensation, and elasticity of demand. Finally, our findings suggest that sex differences in
compensation should be a focus in future human studies on nicotine reduction.
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Fig. 1.
Illustration of the experimental protocol, showing each phase and associated unit dose
available for self-administration.
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Fig. 2.
Mean (±SEM) number of infusions during saline extinction expressed as absolute values
(left panel) and a percentage of the mean number of infusions earned during baseline (right
panel). Each point is the mean of seven rats. Points above “B” represent the mean number of
infusions during the last three sessions prior to extinction. Points above “F” represent values
during the final extinction session at which extinction criteria were met.
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Fig. 3.
Mean (±SEM) number of responses on the active and inactive lever expressed as absolute
values (left panel) and a percentage of baseline responding at the 0.06 mg/kg unit dose (right
panel) during the course of progressive unit dose reduction. Each point is the mean of seven
rats. Points above “S” represent the mean number of infusions during the last three sessions
of saline extinction, prior to the dose reduction phase. Vertical and horizontal dotted lines
represent the mean and range of the reinforcement threshold dose, respectively, in male rats.
Vertical and horizontal dashed lines represent the same measures in female rats. Raw data
are provided in Appendices A and D. Significantly different from males, #p < 0.05.
Significantly different from baseline, **p < 0.01, ****p < 0.0001.
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Fig. 4.
Mean number of responses on the active lever in each male (left panel) and female (right
panel) rat during progressive unit dose reduction. Each point is the mean of the last three
sessions at each unit dose. Raw data are provided in Appendix A. Points above “S” represent
responding during the saline extinction phase prior to dose reduction.
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Fig. 5.
Mean (±SEM) compensation index (CI) in males and females at each unit dose. Data at
doses below 0.002 mg/kg are not shown because less than half of the rats were exposed to
those doses. The horizontal dotted line indicates the CI value at which no compensation is
evident. Significantly different from females, *p < 0.05, ***p < 0.001.
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Fig. 6.
Group demand curves for male and female rats. Each point is the mean nicotine
consumption (mg/kg/day) during the last three sessions at each unit price during progressive
unit dose reduction, in log–log coordinates. Data points are fit with the predicted function
according to the exponential demand equation. Raw data are provided in Appendix C.
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Fig. 7.
Demand curves for individual male and female rats. See Fig. 6 for further details.
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Fig. 8.
Data from the first 2 h of the session. The left panel shows the mean number of infusions at
each unit dose. The middle panel shows the compensation index (CI) at each unit dose. The
right panel shows exponential demand curves for consumption in the first 2 h of the session.
See Figs. 3, 5, and 7, respectively, for further details.
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