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Abstract
The present study examined whether continued access to methamphetamine or food reinforcement
changed economic demand for both. The relationship between demand elasticity and cue-induced
reinstatement was also determined. Male Long-Evans rats lever-pressed under increasing fixed-
ratio requirements for either food pellets or methamphetamine (20 μg/50 μl infusion). For two
groups, demand curves were obtained before and after continued access (12 days, 2-hr sessions) to
the reinforcer under a fixed-ratio 3 schedule. A third group was given continued access to
methamphetamine between determinations of food demand and a fourth group abstained from
methamphetamine between determinations. All groups underwent extinction sessions, followed by
a cue-induced reinstatement test. Although food demand was less elastic than methamphetamine
demand, continued access to methamphetamine shifted the methamphetamine demand curve
upward and the food demand curve downward. In some rats, methamphetamine demand also
became less elastic. Continued access to food had no effect on food demand. Reinstatement was
higher after continued access to methamphetamine relative to food. For methamphetamine,
elasticity and reinstatement measures were correlated. We conclude that continued access to
methamphetamine – but not food – alters demand in ways suggestive of methamphetamine
accruing reinforcing strength. Demand elasticity and reinstatement measures appear to be related
indices of drug-seeking.
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Introduction
Over the last two decades, methamphetamine addiction has increased to the point where
illicit use of the drug worldwide is second only to cannabis (United Nations Office on Drugs
and Crime, 2009). In the United States, methamphetamine abuse remains a significant public
health problem (Gonzales et al., 2010), with approximately 850,000 people aged 12 and
older reporting use of the drug in 2008 (Substance Abuse and Mental Health Services
Administration, 2009). Methamphetamine addiction is associated with myriad physical and
mental health problems, including impairments in executive functions underlying everyday
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activities (Henry et al., 2010; Cruickshank et al., 2009; Darke et al., 2008; Maxwell, 2005;
Meredith et al., 2005).

The transition from substance use to dependence is in part characterized by allocating more
time and resources to the procurement and use of drugs at the expense of occupational,
social, or recreational activities (American Psychiatric Association, 2000). This pattern
suggests that the relative reinforcing value of drugs increases with continued use. Ongoing
work in the area of behavioral economics has shed light on the basic behavioral and
economic processes governing such resource allocation (for a recent review, see Murphy et
al., 2009). Fundamental to this field, a demand curve plots the consumption of a commodity
as a function of its price (Pearce, 1992). In animal models, price can be operationalized as
the prevailing response requirement (Hursh, 1980). To obtain a demand curve for a self-
administered drug, the fixed-ratio (FR) response requirement needed to obtain a single drug
infusion is manipulated across sessions, and total drug consumption (e.g., number of
infusions per session) is measured at each ratio (Bickel et al., 1990). The rate at which
consumption decreases with increases in price is termed elasticity of demand (Hursh, 1980).
Commodities associated with less elastic demand (whereby consumption decreases more
slowly with increases in price) are considered to be more effective reinforcers than
commodities with greater demand elasticity. With respect to drug self-administration, it has
been argued that elasticity of demand may correspond, in part, to abuse liability (Hursh et
al., 2005; Hursh and Winger, 1995; Hursh, 2000, 1993, 1991).

Hursh and Silberberg (2008) proposed an exponential model to quantify economic demand.
Christiansen et al. (2008a) subsequently demonstrated that the model adequately accounted
for data variance in both food and cocaine consumption across increasing ratios. In this
equation

Q represents the number of reinforcer deliveries at each FR, or price (P); Q0 is an estimate
of consumption at zero-price and mathematically represents the y-intercept; k is a scaling
parameter representing the range of the dependent variable in logarithmic units; and α
provides an index of elasticity of demand. As α increases, demand becomes more elastic and
consumption decreases more quickly with price increases. Conversely, smaller values of α
reflect less elastic curves in which consumption decreases more slowly with increases in
price. Hursh and Silberberg (2008) argued that α indexes reinforcing strength and represents
the essential value of a commodity.

In order to compare qualitatively different commodities, such as food and drugs, and to
adjust consumption for individual subject differences such as body weight, demand curves
often are normalized according to a method described by Hursh and Winger (1995). A unit
metric (d) representing one percent of the total consumption at the smallest FR is calculated
for each subject. This unit metric is then used to calculate a normalized price (P/d) and
normalized consumption (Q x d). These normalized terms then replace P and Q in the above
equation.

Using a normalized demand analysis, Christensen et al. (2008a) demonstrated that demand
for food was much less elastic than demand for cocaine, a result inconsistent with lay
notions that the hedonic value of abused drugs is more powerful than that of so-called
natural rewards, such as food or water. Similar results have been obtained in studies
arranging choice between cocaine and sweetened water, in that most rats prefer sweetened
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water to cocaine (Cantin et al., 2010; Lenoir et al., 2007). Cantin et al. (2010) observed that
the minority of rats that prefer cocaine to sweetened water corresponds to the epidemiology
of human cocaine use in that only a minority of people who use the drug go on to develop a
substance dependence disorder.

In addition to individual differences in the vulnerability to cocaine reinforcement,
Christensen et al. (2008b) postulated that the reinforcing value of cocaine might increase as
a function of extended exposure to the drug. To this end, they examined how rats’ food and
cocaine (1 mg/kg/infusion) demand changed as a function of continued access to these
commodities. Sessions were composed of eight 15-min components. Using block
randomization, in half of these components, responding produced cocaine and in the other
half, responding had no scheduled consequences. A stimulus light signaled cocaine
components. In another group of rats, the same procedure was employed with food
reinforcement. For both groups, the FR increased across sessions in order to measure
demand. Subsequently, the reinforcer (cocaine or food) was made available under an FR 3
using the same block randomization procedure for seven consecutive sessions (continued
access). Finally, the demand curves were redetermined. Normalized demand for cocaine was
found to be less elastic (lower α values) after continued access, whereas demand for food
was unchanged. These results suggest that continued access to cocaine self-administration
increases the reinforcing strength of cocaine as indexed by demand elasticity, and that this
result is specific to drug reinforcers.

Here, we focused on demand elasticity with methamphetamine or food as the reinforcers.
We used 2-h daily self-administration sessions because, as discussed in Orio et al. (2010),
psychostimulant self-administration sessions shorter than three hours usually constitute
limited access and result in stable patterns of intake. We utilized a 20 μg/50 μl bolus
infusion of methamphetamine because this dose has the most widely studied in rat
methamphetamine self-administration experiments (Anggadiredja et al., 2004; Roth and
Carroll, 2004; Xi and Kruzich, 2007; Rogers et al., 2008; Schwendt et al., 2009; Reichel and
See, 2010; Parsegian et al., 2011; Reichel et al., 2011), allowing clearer comparisons to be
made across studies.

In addition to studying food and methamphetamine demand both before and after continued
access, we also determined if demand for food changes after continued access to
methamphetamine. In order to rule out possible history effects not associated with continued
access, methamphetamine demand was also assessed before and after a period of abstinence
equal to the duration of the continued-access condition. Finally, we determined relationships
between continued access, demand elasticity, and the degree of cue-induced reinstatement
following extinction. Reinstatement procedures are commonly used as an animal model of
drug- or food-seeking during relapse (Shaham et al., 2003; Nair et al., 2009). We predicted
that the degree of reinstatement would negatively correlate with elasticity of demand. That
is, demand that is less elastic should be associated with a greater degree of reinstatement
following extinction. To date, this relationship has not been examined.

Methods
Subjects

Thirty-six adult male Long-Evans rats (Charles-River) were individually housed on a
reversed 12:12 light-dark cycle in a temperature- and humidity-controlled vivarium. Rats
received free access to water throughout the study and were maintained at 85% of their free-
feeding weights through post-session feedings of standard rat chow (Harlan, Indianapolis,
IN, USA) that occurred at least 30 min following sessions. The mean weight of the rats was
373 g with a range of 330 g to 437 g at the beginning of the experiment. Procedures were
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conducted in accordance with the “Guide for the Care and Use of Laboratory Rats” (Institute
of Laboratory Animal Resources on Life Sciences, National Research Council) and
approved by the IACUC of the Medical University of South Carolina.

Apparatus
Self-administration chambers (30×20×20 cm, Med Associates) were housed inside sound-
attenuating cubicles fitted with a fan for airflow and masking noise. Each chamber contained
two retractable levers, two stimulus lights, a speaker for tone delivery, and a house light to
provide general illumination. Additionally, each chamber was equipped with a balanced
metal arm and spring leash attached to a swivel (Instech). Tygon® tubing extended through
the leash and was connected to a 10 ml syringe mounted on an infusion pump located
outside the sound-attenuating cubicle.

Preliminary Training
All rats were trained to press the right lever for 45-mg food pellets using a procedure
developed by Taylor et al. (2010) that gradually increased the response requirement within
daily 2-hr sessions based on an interresponse time criterion. Training continued until
responding was maintained under a FR 30 schedule.

Surgery
Following preliminary training, half of the rats underwent catheter implantation surgery,
followed by a recovery period. Anesthesia consisted of injections (IP) of ketamine (66 mg/
kg; Vedco Inc, St Joseph, MO, USA), xylazine (1.3 mg/kg; Lloyd Laboratories,
Shenandoah, IA, USA), and equithesin (0.5 ml/kg). Ketorolac (2.0 mg/kg, IP; Sigma, St.
Louis, MO, USA) was given just prior to surgery as an analgesic. One end of a silastic
catheter was inserted into the external right jugular and secured with 4.0 silk sutures. The
other end ran subcutaneously and exited from a small incision just below the scapula. This
end attached to an infusion harness (Instech Solomon, Plymouth Meeting, PA, USA) that
provided access to an external port for IV drug delivery. An antibiotic solution of cefazolin
(10 mg/0.1 ml; Schein Pharmaceuticals, Florham Park, NJ, USA) was given post surgery
and during recovery along with 0.1 ml 70 U/ml heparinized saline (Elkins-Sinn, Cherry Hill,
NJ, USA). Rats were allowed to recover for a minimum of 5 days following surgery. During
the first 3 days of recovery, food was available ad libitum. Subsequently, food restriction
was introduced to maintain weight at the 85% level.

Group Assignments
Rats were assigned to one of four experimental groups. Groups are labeled according to the
reinforcer earned in each of the first three conditions of the experiment.

Food-Food-Food (FFF; n=9)—A demand curve for food was obtained before and after
continued access (12 sessions) to food under an FR 3 schedule.

Methamphetamine-Methamphetamine-Methamphetamine (MMM; n=11)—A
demand curve for methamphetamine hydrochloride (Sigma, St. Louis, MO, USA) was
obtained before and after continued access (12 sessions) to the drug under an FR 3 schedule.

Food-Methamphetamine-Food (MMM; n=9)—A demand curve for food was obtained
before and after continued access (12 sessions) to methamphetamine under an FR 3
schedule.
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Methamphetamine-(Nothing)-Methamphetamine (M-M; n=7)—A demand curve for
methamphetamine was obtained twice. Rats did not participate in daily experimental
sessions during the second experimental condition, but were transported in their home cages
to the hallway immediately outside of the experimental rooms, weighed, and had their
catheters flushed during their normal session time. This was done to maintain as high a
degree of similarity between experimental groups as possible.

Self-administration
Sessions lasted 2 h and began with the illumination of the house light and insertion of the
two levers into the chamber. Only the right lever was active; presses on the left lever had no
scheduled consequences. For rats responding for food, each completion of the ratio
requirement resulted in the delivery of a 45-mg pellet. For rats self-administering
methamphetamine, completion of the ratio requirement resulted in activation of the pump
for a 2-s infusion (20 μg/50 μl bolus infusion). For all rats, reinforcer deliveries were
accompanied by the presentation of a stimulus complex consisting of a 5-s tone (78 dB, 4.5
kHz) and a white stimulus light over the right lever, followed by a 20-s time out. Responses
occurring during the time out were recorded, but had no scheduled consequences. The offset
of the house light and retraction of the levers signaled the end of the session. Sessions took
place during the dark cycle and were conducted 6 days/week.

Rats self-administering methamphetamine received an i.v. infusion (0.1 ml) of 10 U/ml
heparinized saline before each session. After each session, catheters were flushed with
cefazolin and 0.1 ml 70 U/ml heparinized saline. Catheter patency was periodically verified
with methohexital sodium (10 mg/ml dissolved in 0.9% physiological saline; Eli Lilly,
Indianapolis, IN, USA), a short-acting barbiturate that produces a rapid loss of muscle tone
when administered intravenously.

Demand curves and continued access
A demand curve was first obtained for either food (FFF, FMF) or methamphetamine
(MMM, M-M). Across sessions, the FR requirement increased every two sessions according
to the following series: 3, 10, 18, 32, 56, 100, 178, 320, 560. If there was considerable
variability in the number of reinforcers earned at a particular ratio, three or more sessions
were conducted, and the most discrepant result was excluded from the data analysis. If there
was not an easily identifiable discrepant result via visual analysis, all of the data were
included. The ratio increased until zero reinforcers were earned for at least one of the two
sessions, or until the FR 560 was reached.

Following the first demand curve determination, rats in the FMF group underwent jugular
catheter surgery and at least 5 days of recovery as described above. Rats in the other groups
did not participate in experimental sessions during this time. For catheterized rats, catheters
were flushed daily with cefazolin and 0.1 ml 70 U/ml heparinized saline to maintain catheter
patency.

Subsequently, rats responded for food (FFF) or methamphetamine (MMM, FMF) according
to an FR 3 schedule for 12 consecutive sessions (continued access). Rats in the M-M group
were not studied during this condition, but continued to have their catheters flushed daily as
described above. At the conclusion of this condition, demand curves for food (FFF, FMF)
and methamphetamine (MMM, M-M) were redetermined.

Extinction and reinstatement
Extinction began immediately following the completion of the second demand curve. Rats
were placed in the self-administration chamber for daily 2-h sessions and responding had no
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scheduled consequences. A minimum of 10 extinction sessions was conducted. Thereafter,
the extinction condition ended when for two consecutive sessions, the number of responses
on the right (previously active) lever was ≤ 25% of the average number of responses
obtained under the FR 3 schedule during the first two sessions of the second demand curve.
For those rats not meeting this criterion, a maximum of 25 extinction sessions were
conducted.

Following extinction, animals were tested for cue-induced reinstatement, during which time
active lever presses resulted in presentation of the light-tone stimulus complex according to
an FR 3 schedule, followed by a 20-s timeout. Thus, the schedule of reinforcement was
identical to the one described during continued access, except that the primary reinforcer
(food or methamphetamine) was not delivered.

Data Analysis
For demand curve analyses, we analyzed the number of reinforcer deliveries per session as a
function of the FR. Because reliable responding was not maintained in the majority of rats
beyond FR 320 (food) and 100 (meth), these ratios were used as endpoints in the demand
curve determinations. In cases where individual rats did not earn a reinforcer at a particular
ratio, a value of 0.1 was assigned because the log of zero is undefined.

Best-fitting functions using the exponential demand model (Hursh and Silberberg, 2008)
were fit to the normalized and nonnormalized averaged group data on log-log coordinates
using GraphPad Prism 4 (GraphPad Software, La Jolla, CA). For all curve fits, the k
parameter was set at a common value of 3, because this is the smallest integer power of 10
that results in an ordinate spanning the data range. For both normalized and nonnormalized
analyses, we also fit the exponential equation to the individual subject data and obtained the
best-fitting α and Q0 parameters for each rat in both the first and second demand curve
determinations. We included the Q0 parameter in our analyses because it is possible that
demand curves could shift vertically without elasticity changes. For each group, we
determined if the α and Q0 parameters differed between the first and second demand curve
determinations using Wilcoxon matched-pairs tests. Between-group food and
methamphetamine comparisons of the α and Q0 parameters were accomplished using Mann-
Whitney U tests.

The use of normalized demand eliminates the need to adjust consumption measures for body
weight. For methamphetamine, however, intake during the continued-access condition was
adjusted for body weight (mg/kg/day). The results from this condition, and subsequent
results from extinction and reinstatement that used total active responses as the dependent
variable, were analyzed with ANOVA. When statistical assumptions were violated, we
conducted nonparametric tests when possible. If nonparametric tests did not exist for the
analysis, we first performed a logarithmic transformation on the data to approximate a
normal distribution before conducting ANOVA. All post-hoc analyses were conducted using
Tukey multiple-comparison tests with the significance set at p < .05.

Results
Fig. 1 shows nonnormalized (upper panel) and normalized (lower panel) demand curves for
food and methamphetamine in the first determination of the demand curves. Food demand is
based on the combined results from the FFF and FMF groups; methamphetamine demand is
based on the combined results from the MMM and M-M groups. The Q0 and α values
associated with these curves, along with goodness-of-fit (r2), are shown in Tables 1
(nonnormalized) and 2 (normalized). Subsequent fits of the equation to the results from each
rat individually revealed that the food demand curve was associated with a higher Q0
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parameter (Mann-Whitney, p < 0.001) and a lower α parameter (Mann-Whitney, p < 0.001).
Thus, demand for food started at a higher level and was less elastic than demand for
methamphetamine.

The normalization process results in consumption at the smallest normalized price
investigated equaling 100. Therefore, the Q0 parameter approximated this value and did not
differ significantly between food and methamphetamine. Subsequent fits of the exponential
equation to the normalized results from each rat individually revealed that the food demand
curve was again associated with a lower α parameter (Mann-Whitney, p < 0.001).

Fig. 2 shows the mean (± SEM) consumption of food and methamphetamine under the FR 3
schedule during the 12 sessions of continued access. Food consumption is expressed as the
number of pellets earned per session, while methamphetamine consumption is expressed as
drug intake (mg/kg/day). Statistical comparisons focused on each group separately to
determine if intake increased across the 12 sessions. For each group, a Friedman repeated
measures analysis of variance (ANOVA) on ranks was conducted. Consumption increased
significantly only in the MMM group (χ2 11 = 55.59, p < 0.001). For this group, post-hoc
comparisons on the ranks revealed that intake was significantly higher during Sessions 7–12
relative to Session 1 and also during Sessions 8, 11, and 12 relative to Sessions 2 and 3.
Consumption in the other groups remained relatively unchanged across sessions; the
increase in consumption during Session 12 for the FMF group is due to one rat
approximately doubling its usual consumption on this day, and does not reflect a general
pattern.

Fig. 3 shows the mean (± SEM) number of food or methamphetamine reinforcers earned as
a function of the FR for each group in the first and second determinations of the demand
curves. For statistical comparisons, each group was analyzed separately. A two-factor
repeated measures ANOVA was conducted with both Determination and FR as repeated
measures. For all groups, there was a signficant main effect (p < 0.001) of FR; reinforcer
deliveries decreased as the ratio increased. For the MMM group, there was a significant
main effect of Determination (F 1, 10 = 8.23, p < 0.05). Rats earned more methamphetamine
infusions in the second determination than the first. Post-hoc comparisons revealed that this
difference was significant at FR 3 and FR 18. In contrast, the number of reinforcer deliveries
significantly decreased from the first to the second determination in the FMF group (F 1, 8 =
6.57, p < 0.05). These rats consumed fewer food pellets after a history of methamphetamine
self-administration. While significant overall, post-hoc tests revealed that the decrease in
intake was not significant at any individual FR values; however the difference at FR 3, 18,
and 32 is suggestive of a trend (p < 0.1). Consumption in the other two groups generally
increased slightly at most FR values, but this increase was not statistically significant.

The exponential demand model was fit to the individual subject data shown in Fig. 3. The
Q0, α, and r2 values associated with the first and second determination of these curves as a
function of group are shown in Table 1. For each group, we conducted two Wilcoxon
matched-pairs tests, one comparing the change in the α parameter and the other comparing
the change in the Q0 parameter. For all groups, there was no significant difference in the α
parameter between determinations. For the FFF, MMM, and M-M groups, the Q0 parameter
was higher in the second determination, but only in the MMM group was this difference
significant (p < 0.01). For the FMF group, the Q0 parameter was lower in the second
determination; while suggestive, this decrease did not meet statistical significance (p < 0.1).

Fig. 4 shows normalized demand curves for each group. The Q0, α, and r2 values associated
with the first and second determination of these curves as a function of group are shown in
Table 2. For both the MMM and M-M groups, the second determination of the demand
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curve was slightly less elastic than the first. In addition, after continued access to
methamphetamine, demand for food became slightly more elastic in the FMF group.
However, Wilcoxon matched-pairs tests revealed that these small changes in elasticity were
not statistically significant.

Elasticity of demand (α) did not change as a function of continued access to either food or
methamphetamine. As a follow-up analysis, we investigated if the α parameter changed in
individual rats that increased their intake during the continued-access condition. As shown
in Fig. 2, only the MMM group significantly increased their intake during continued access.
Of these 11 rats, only a subset demonstrated a consistent increase across sessions. We
selected the three rats that increased their intake to the greatest extent for the additional
analysis. For these rats, the upper-left panel of Fig. 5 shows methamphetamine consumption
(mg/kg/day) across the continued-access condition. The remaining panels show the first and
second determinations of the demand curve. The associated Q0, α, and r2 values are shown
in Table 3. For each rat, the α parameter was lower in the second determination relative to
the first. After continued access, demand for methamphetamine became less elastic,
decreasing at a slower rate with increases in the response requirement.

Fig. 6 shows responding during the first 10 sessions of extinction as a function of group.
Only the first 10 sessions were included in this analysis, because some rats did not
experience additional sessions. Due to highly variable and skewed extinction responding, we
averaged the number of responses made during extinction into five 2-session blocks and
then conducted a logarithmic transformation of these data. The log mean (± SEM) number
of responses made in extinction as a function of group and block is shown in the upper panel
of Fig. 6. The results were analyzed with a two-factor repeated measures ANOVA with
Group as a between-subjects variable and Block as a repeated measure. There was a
significant main effect of Block (F 4, 24 = 6.05, p < 0.001). Collapsed across Group, post-
hoc tests revealed that extinction responses were significantly lower in Blocks 3, 4, and 5
relative to Block 1. No other differences between blocks were statistically significant. There
also was a significant main effect of Group (F 3, 124 = 2.84, p = 0.05). Collapsed across
Blocks, post-hoc tests revealed that the FFF group made fewer extinction responses than the
MMM and the FMF groups. No other group differences were statistically significant.

For each group, the lower panel in Fig. 6 expresses the logarithmic response data as a
proportion of the log responses made in Block 1. Because the groups had different levels of
responding for food and methamphetamine during the demand condition (food maintained
considerably more responding), we wanted to express extinction responding for each group
as a proportion of the respective baseline level of responding. However, we did not have a
true baseline prior to extinction, as rats simply moved from the second demand condition to
extinction. Because rats were exposed to different FR values and may or may not have
earned reinforcers in the final session of the demand condition, this session could not be
used as a suitable index of baseline responding. Therefore, we selected the first 2-session
block of extinction as an arbitrary baseline and examined the proportional changes in
responding thereafter. The results were analyzed with a two-factor repeated measures
ANOVA, with Group as a between-subjects variable and Block as a repeated measure.
Block 1 was excluded from the analysis. The main effect of Block and the Group × Block
interaction were not significant. There was, however, a significant main effect of Group,
(F 3, 93 = 3.78, p < 0.05). Collapsed across Blocks, post-hoc tests revealed that the FFF
group had significantly lower proportional rates of extinction responding than each of the
other groups.

The extinction condition lasted for a minimum of 10 sessions and until the number of
responses emitted in a session was ≤ 25% of the responses emitted under the FR 3 schedule
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during the second determination of the demand curve. A maximum of 25 sessions was
conducted if this criterion was not met. A one-way ANOVA on the number of extinction
sessions conducted revealed a significant main effect of group (F 3, 40 = 18.70, p < 0.001).
Post-hoc tests revealed that significantly more sessions were conducted in the MMM group
relative to the FFF and FMF groups, and in the M-M group relative to the FFF and FMF
groups.

Fig. 7 shows the mean (± SEM) number of responses made during the final two sessions of
extinction and the cue-induced reinstatement test as a function of group. Because the
extinction data were variable for those rats that did not meet the stability criterion, for each
rat we took the average number of responses made during the final two extinction sessions
as representative of terminal performance. A two-factor repeated-measures ANOVA was
conducted on a logarithmic transformation of these data with Group as a between-subjects
variable and Condition as a repeated measure. The main effects of both Group (F 3, 31 =
6.92, p < 0.01) and Condition (F 1, 31 = 139.57, p < 0.001) were significant, as was the
Group × Condition interaction (F 3, 31 = 4.09, p < 0.05). To explore this interaction, we
conducted a series of follow-up ANOVAs comparing two groups per analysis. The Group ×
Condition interaction was significant when the FFF group was compared to the MMM group
(F 1, 18 = 17.97, p < 0.001). Rats given continued access to methamphetamine showed a
greater increase in responding from extinction to reinstatement than rats given continued
access to food. While not significant in the other comparisons, results suggestive of an
interaction were obtained in the FFF/FMF comparison (p = 0.09) and the MMM/M-M
comparison (p = 0.07). Thus, continued access to methamphetamine appeared to enhance
cue-induced reinstatement.

Table 4 shows the relationship between the degree of cue-induced reinstatement and the Q0
and α parameters from the nonnormalized exponential demand model for both food and
methamphetamine using the second determination of demand. For methamphetamine, the
results from the MMM and M-M groups were combined. For food, we analyzed only the
results from the FFF group because the FMF group had a history of the same cues being
paired with both food and methamphetamine. Spearman’s rank-order correlations revealed a
significant negative correlation between the α ranks and the reinstatement ranks for the
methamphetamine groups (ρ = −.68, p < 0.01). Rats exhibiting relatively inelastic demand
(low α) for meth, but not food, had a greater degree of cue-induced reinstatement. No other
correlations were significant.

Discussion
Demand for methamphetamine was more elastic than demand for food, consistent with
previous results comparing cocaine and food (Christensen et al., 2008a,b) and demonstrating
that rats better defend their food – relative to drug – consumption against increasing prices
by increasing their response output. This result is probably due to the fact that food is a
biological necessity, although rats also have a much longer history of consuming food than
drugs and the protocol in this study maintained rats in a state of mild food deprivation. The
fact that food is actually a less elastic commodity than drugs is not as obvious in human drug
addicts, because the price of food usually is relatively cheap and varies little. Drug users
might spend the majority of their income on drugs since it requires a relatively smaller
percentage of their income to satisfy basic needs such as food.

Continued access to food did not change the food demand function. Unlike Christensen et al.
(2008b), however, continued access to methamphetamine did not significantly lower the
normalized α parameter. Although the normalized demand functions for methamphetamine
became less elastic in the second determination, this difference was not significant and not
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necessarily a result of continued access because a similar elasticity shift was obtained in the
M-M group. One possible reason why we failed to observe a consistent shift in drug
elasticity with continued access is the considerably longer duration of action for
methamphetamine as compared to cocaine. These direct effects of the drug on responding
might have masked elasticity changes. Moreover, the study of Christensen et al. (2008b)
incorporated timeout periods within their experimental sessions. Thus, possible response
suppression due to direct drug effects may have been more prevalent in the current study.

Continued access to methamphetamine in the MMM group produced a significant upward
shift in the methamphetamine demand curve as indexed by the Q0 parameter. Christensen et
al. (2008b) reported similar upward shifts in nonnormalized cocaine demand after continued
access, an effect that could reflect tolerance. Using a rhesus monkey drug self-
administration procedure, Hursh and Winger (1995) demonstrated that when the number of
cocaine infusions was expressed as a function of the response requirement, decreasing the
dose resulted in an increased number of infusions earned at lower prices and a decreased
number of infusions earned at higher prices. Based on these results, tolerance to
methamphetamine would be indicated by an increase in both the Q0 and α parameters. That
is, rats would consume more methamphetamine at lower prices but not defend this
consumption at higher prices because the dose is functionally smaller. While increases in the
Q0 parameter were obtained, we actually found slight decreases in the α parameter. In the
second determination of demand, rats usually earned more methamphetamine infusions at all
response requirements. As a result, the entire demand curve – not just consumption at the
lowest price – shifted upward, an effect not predicted by a tolerance account.

In a review of the demand curve literature, Bickel et al. (2000) argued that the non-
normalized level of demand for a commodity at any particular price strongly predicts choice
behavior. For example, Bickel and Madden (1999) obtained demand curves for money and
cigarettes in human smokers when both were available separately. Subsequently, the
participants chose between money and cigarettes across a range of prices. At any price
comparison, the commodity associated with the higher level of demand when it was
available separately was the one chosen when both were available concurrently. This
suggests that, in our study, an upward shift in the entire methamphetamine demand curve
might be associated with a general increase in the relative reinforcing effectiveness of
methamphetamine relative to other reinforcers in the rats’ environment. Consistent with this
account, the level of demand for food significantly decreased after continued access to
methamphetamine in the FMF group, although this decrease was slight. Christensen et al.
(2008a) reported that demand for food decreased if cocaine was available within the same
session, an effect that could be attributed to the anorectic effects of the drug. In this study,
however, determinations of food demand were made in the absence of methamphetamine
with body weight held constant.

Although the decrease in demand elasticity after continued access to methamphetamine was
not significant, individual rats that increased their intake across the continued-access
condition subsequently exhibited considerably less elastic methamphetamine demand
curves. This suggests that intake escalation during continued access might predict
subsequent changes in demand elasticity. To this end, Christensen et al. (2008b) reanalyzed
results from Ahmed and Koob (1998), who first demonstrated that rats’ cocaine intake
escalated when provided extended access (6 hr) to cocaine self-administration relative to
limited access (1 h). Because Ahmed and Koob (1998) did not manipulate the FR
requirement, but instead examined self-administration of multiple doses of cocaine before
and after extended access, in the reanalysis a unit-price of the drug was calculated as the FR
divided by the dose. Consumption at each price was then used to construct demand curves.
Christensen et al. (2008b) reported that cocaine demand was less elastic in rats previously
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given extended access to cocaine self-administration. These results, along with our results
showing less elastic demand in rats that escalated their methamphetamine intake, suggest
that lengthening the duration of the continued-access sessions might engender greater intake
escalation (e.g., Kitamura et al., 2006) and subsequently produce more reliable changes in
demand elasticity.

Consistent with previous reports examining the relative reinforcing value of food and
cocaine in the context of economic demand (Christensen et al., 2008a,b) or choice (Cantin et
al., 2010; Lenoir et al., 2007), we found food to be a more effective reinforcer than
methamphetamine. Unlike food, however, there was an upward shift in the
methamphetamine demand curve after continued access to the drug. Moreover, on
behavioral measures associated with drug-seeking, such as extinction responding and cue-
induced reinstatement, drug-seeking was greater than food-seeking. Previous studies have
shown greater cue-induced reinstatement using a cocaine cue than an appetitive cue (Martin-
Fardon et al., 2007; Gal and Gyertyan, 2006; Baptista et al., 2004). Stimulus-reinforcer (S-
R) relations have long been implicated in response persistence under extinction (e.g., Nevin,
1974) and cue-induced reinstatement (e.g., Davis and Smith, 1976). S-R relations may
simply be stronger with psychostimulants due to more profound neuronal alterations in
multiple corticostriatal pathways that may underlie cue-induced reinstatement (Belin et al.,
2009; Nair et al., 2009). Interestingly, in our study, a comparison of the FFF and FMF
groups suggests that a prior history of cue-methamphetamine pairings is sufficient to
enhance extinction responding and reinstatement in rats most recently studied on a food
baseline, perhaps due to long-term alterations in these neuronal pathways.

For the MMM group, continued access to methamphetamine did not significantly increase
extinction responding and cue-induced reinstatement relative to the M-M group that did not
receive continued access, although the differences observed in the reinstatement test
approached significance. The lack of a difference between these groups on drug-seeking
measures could be due to the fact that, although not provided continued access, the M-M
group received considerable access to methamphetamine self-administration during the two
determinations of demand. In addition, the daily duration of the continued-access sessions
was relatively brief (2 h). Longer drug self-administration sessions (e.g., 6 h) have been
shown to subsequently increase cue-induced reinstatement (Kippin et al., 2006), although
this effect has not been consistently obtained (Rogers et al., 2008).

Hursh and colleagues have argued that drug demand elasticity in animal self-administration
assays provides an estimate of abuse liability in humans (Hursh et al., 2005; Hursh and
Winger, 1995; Hursh, 2000, 1993, 1991). Reinstatement procedures in animal models are
thought to resemble drug-seeking and relapse in humans (deWit and Stewart, 1981; Epstein
and Preston, 2003). To our knowledge, this is the first study that has shown a relationship
between economic demand and reinstatement of drug-seeking. For groups self-administering
methamphetamine, the α parameter was inversely related to the degree of cue-induced
reinstatement. Rats with less elastic demand for methamphetamine exhibited greater
reinstatement than rats with more elastic demand. To the extent that defending consumption
against increasing prices by increasing response output falls along the same continuum as
response persistence during extinction, perhaps similar neural mechanisms are activated.
Demand elasticity then, not only provides a metric to rank-order drug of abuse in terms of
abuse liability, but also may correspond to the propensity to relapse.
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Fig. 1.
Upper panel: Mean number of food (closed circles) and methamphetamine (open circles)
reinforcer deliveries plotted as a function of the prevailing response requirement on a log-
log scale. Curved lines represent the best-fit functions using the exponential demand
equation. Lower panel: Normalized demand curves for food and methamphetamine.
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Fig. 2.
Mean (± SEM) consumption of food or methamphetamine during the 12 sessions of
continued access. Symbols represent significant differences (p < .05) during Sessions 7–12
relative to Session 1 (*) and also Sessions 8, 11, and 12 relative to Sessions 2 and 3 (#).
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Fig. 3.
Mean (± SEM) number of food or methamphetamine reinforcers earned as a function of the
prevailing response requirement for each group in the first (closed bars) and second (open
bars) determinations of demand. The (#) symbol represents a significant (p < .001) main
effect of determination. The (*) symbol represents significant differences (p < .05) between
determinations at individual ratios.
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Fig. 4.
Normalized food and methamphetamine demand curves as a function of group and
determination.

Galuska et al. Page 18

Behav Pharmacol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Individual subject data from the three rats in the MMM group that demonstrated the greatest
increase in methamphetamine intake during continued access. The upper left panel shows
consumption during continued-access sessions. The remaining panels show demand curves
for methamphetamine before (first; closed symbols – solid lines) and after (second; open
symbols – dashed lines) continued access to methamphetamine.
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Fig. 6.
Upper panel: Mean (± SEM) of the logarithms of the number of responses made during the
first 10 sessions of extinction, sorted into 2-session blocks. Lower panel: The data in the
upper panel are expressed as a proportion of Block 1 responding.
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Fig. 7.
Mean (± SEM) number of responses made during the final two sessions of extinction
(averaged in one column) and the cue-induced reinstatement test as a function of group. The
relative increase in responding from extinction to reinstatement was significantly less (p < .
05) for the FFF group (*) relative to the MMM group.
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Table 1

Estimated parameters and goodness-of-fit of the exponential demand model

Group a Determination b Q0 α r2

Food First 286.5 7.5E-6 .99

Meth First 28.1 † 1.6E-3 † .99

FFF
First 278.3 7.5E-6 .99

Second 286.5 7.1E-6 .99

MMM
First 29.4 1.4E-4 .99

Second 39.8 ** 1.1E-4 .99

FMF
First 298.3 7.7E-6 .97

Second 281.4 * 8.9E-6 .98

M-M
First 26.1 1.8E-4 .99

Second 27.5 1.5E-4 .98

Note.

a
Food and Meth represent the first determination of food and methamphetamine demand shown in the top panel of Fig. 1. Food is based on the

averaged results from the 18 rats in the FFF and FMF groups. Meth is based on the averaged results from the 18 rats in the MMM and M-M
groups. The results from which individual group demand curves were derived are shown in Fig. 3.

b
The first determination refers to the demand curve obtained prior to continued access and the second determination refers to the demand curve

obtained following continued access (Groups FFF, MMM, FMF) or abstinence (M-M). Asterisks represent differences between the first and second
determinations that meet the p < .1 (*) or p < .01 (**), levels of significance.

The † symbol represents significant differences between the initial food and methamphetamine demand curves (p < .001).

Behav Pharmacol. Author manuscript; available in PMC 2012 August 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Galuska et al. Page 23

Table 2

Estimated parameters and goodness-of-fit of the normalized exponential demand model

Groupa Determination Q0 α r2

Food First 111.1 7.5E-6 .99

Meth First 105.1 1.6E-4† .99

FFF
First 107.3 7.5E-6 .99

Second 105.0 7.1E-6 .99

MMM
First 110.3 1.4E-4 .99

Second 106.4 1.1E-4 .99

FMF
First 116.6 7.7E-6 .97

Second 120.4 8.9E-6 .97

M-M
First 97.9 1.9E-4 .99

Second 102.4 1.5E-4 .98

Note.

a
Food and Meth represent the first determination of normalized food and methamphetamine demand shown in the bottom panel of Fig. 1. The

normalized demand curves from which the individual group parameters are derived are shown in Fig. 4. See Table 1 for additional details.
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Table 3

Estimated parameters and goodness-of-fit of the exponential demand model for selected rats self-
administering meth before (first) and after (second) the continued-access condition.

Rat Determination Q0 α r2

DC 50
First 59.2 2.7E-4 .91

Second 46.4 7.9E-5 .93

DC 53
First 51.1 2.4E-4 .83

Second 55.6 9.1E-5 .95

DC 55
First 20.6 3.5E-4 .98

Second 30.7 1.8E-4 .87

Note. Results are shown for the three rats selected for analysis, which increased their meth in take to the greatest extent over the continued-access
period.
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Table 4

Spearman rho correlations on ranks (and corresponding p-values) between the number of responses in
reinstatement and the estimated Q0 and α parameters from the nonnormalized exponential demand model.

Food (n = 9) Meth (n = 18)

Q0 α Q0 α

Reinstatement .06 (.88) .10 (.81) .20 (.42) −.68(.002)**

Note. Estimated parameters from the second determination of the demand curves were used in these calculations. The food results are based on the
FFF group. The methamphetamine results are based on both the MMM and M-M groups. Spearman’s rank-order correlations revealed a significant
negative correlation between the α ranks and the reinstatement ranks only in the meth groups (**p < .01).

Behav Pharmacol. Author manuscript; available in PMC 2012 August 1.


