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Abstract

Background: Economy type is an important determinant of reinforcer value. This study
investigated the effect of open and closed economies on demand and preference for cocaine and
saccharin in rats.

Methods: In the first phase, rats were trained to lever press for cocaine infusions or saccharin.
The number of presses required for each reinforcer increased across sessions. ocaine and saccharin
economy type was manipulated over groups by varying post-session availability of these
reinforcers. One group of rats had three hours’ post-session access to unlimited cocaine (open
economy). A second group had three hours’ post-session access to unlimited saccharin. A third
group had no post-session access to either reinforcer (closed economy). In a second phase, rats in
the three conditions could make mutually exclusive choices for cocaine or saccharin.

Results: Post-session access to saccharin caused saccharin demand to become more elastic. Post-
session access to cocaine had no effect on demand for cocaine but made demand for saccharin
more elastic. Results from the choice phase generally paralleled those from the demand phase, the
main finding being that post-session saccharin access caused an increase in cocaine preference.

Conclusions: These results show that manipulating economy type can affect cocaine and non-
drug reinforcers differently. Opening the saccharin economy decreased saccharin’s value. Opening
the cocaine economy did not decrease cocaine’s value, but instead led to a devaluation of
saccharin. These results suggest that cocaine choice may be determined not only by the reinforcers
immediately available, but also by those reinforcers’ broader contexts of availability.
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Introduction

Addiction can be conceptualized as persistent choice of drugs over non-drug alternatives
(Ahmed, 2010; Heyman, 2009; Rachlin, 1997). Choice is determined by the value of the
reinforcers available (Rachlin, 1992). Understanding why, in some individuals or situations,
the value of drug reinforcers surpasses that of non-drug alternatives could help explain
addiction and provide clues for potential treatment strategies. The present study investigated,
within an animal model, how one potential determinant of reinforcer value — economy type —
affected the value of cocaine and a non-drug alternative reinforcer.

Economy type can be an important determinant of a reinforcer’s effect on behavior (Hursh,
1980, 1991). In a closed economy, the experimental session is the only source of the
reinforcer. For example, if the only food a subject receives is that earned by lever pressing
during a session, the economy for food is closed. In this situation, the total amount of food
obtained is completely dependent on the subject’s behavior emitted under that contingency.
In an open economy, on the other hand, the subject earns the reinforcer during the
experimental session, but also has access to the reinforcer from other sources outside of the
experimental session. For example, in studies using food as the reinforcer, the experimenter
often provides post-session supplemental food. In such open economies, total food received
is less dependent on the subject’s behavioral output under the contingency programmed
during the session than it is in a closed economy. The distinction between an open and
closed economy is not an absolute one, but rather the openness of an economy can be
thought of as being on a continuum (Hursh, 1980). If the experimenter provides a large
amount of post-session food, the economy can be described as being more open than when
the experimenter provides only a small amount of post-session food.

Hursh et al. (1989) performed an experiment showing how opening the economy for food
affected how hard subjects were willing to work for food. Monkeys were trained to press a
push-plate for food during four daily “work” sessions. The fixed-ratio (FR) schedule in
effect increased over days from 10 to 372. The important manipulation of the experiment
was the amount of “free” food that monkeys could obtain after the work sessions. In the
closed-economy condition, no free food was available. In a second condition, there was a
20-minute period at the end of the four work sessions during which monkeys could obtain
additional (free) food on an FR-1 schedule. In a third condition, food was available on an
FR-1 schedule for five minutes at the end of each of the four work sessions. The main
finding was that the provision of free food made subjects less willing to work for food,
especially when relatively large FRs were operative during the work sessions. Stated in the
language of behavioral economics, opening the economy for food made demand for it more
elastic.

Little work has been done on investigating the effect of economy type on drug reinforcers.
Carroll et al. (2000) found that post-session provision of ethanol reduced monkeys’
progressive-ratio schedule breakpoints for ethanol during the work session. In contrast, post-
session provision of phencyclidine (PCP) had no effect on PCP breakpoints. In humans,
post-session provision of cigarettes made demand for cigarettes more elastic during a work
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session where subjects mouse-clicked on ratio schedules for cigarettes (Mitchell et al., 1994,
1998). The same effect was observed in a similar study where coffee was the reinforcer
instead of cigarettes (Mitchell et al., 1995). To date, no study has investigated the effect of
manipulating the economy type of cocaine.

The primary goal of the present study was to determine the effect of economy type on the
elasticity of demand for cocaine and a non-drug alternative, saccharin. This was
accomplished by allowing rats to work for cocaine and saccharin reinforcers on an
ascending series of FR schedules during a three-hour work session. This work session was
followed by a second three-hour session where different groups of rats had unlimited FR-1
access to cocaine (the OpenCoc group), saccharin (the OpenSac group), or neither (the
Closed group). It was hypothesized that opening the economy for saccharin would make
demand for it more elastic (i.e., rats should be less willing to work for it as price increases).
From a behavioral economic perspective, demand for cocaine would also be expected to be
more elastic in an open economy for cocaine. However, previous studies have shown that
increased access to cocaine can increase its reinforcing strength, as measured by demand
analyses (Christensen et al., 2008b), progressive-ratio breakpoints (PatersonandMarkou,
2003), and resistance to punishment (Deroche-Gamonet et al., 2004; Pelloux et al., 2007).
Because opening the economy for cocaine entails increased cocaine exposure, it is possible
that demand for cocaine might not become more elastic when the cocaine economy is
opened.

A second goal of the present study was to determine the effect of manipulating the cocaine
and saccharin economy types on choice between these reinforcers. The same basic strategy
as that described above was used, except that the work session was replaced by a discrete-
trials choice session where rats made mutually exclusive choices between the two
reinforcers (Lenoir et al., 2007). When Nader and Woolverton (1992) opened the economy
for food, they found that monkeys increased their choice of cocaine over food. It was
expected that opening the economy for saccharin would also increase choice of cocaine here.
However, it is not known how opening the cocaine economy affects choice. Nader and
Woolverton did not manipulate the cocaine economy in their study. From a behavioral
economic perspective, opening the cocaine economy would be expected to increase choice
of saccharin. But, as described above, opening the cocaine economy entails increased access
to cocaine, which previous studies have shown can result in an increase in cocaine’s
reinforcing strength.

The effects of economy type could be relevant for understanding addiction. Bickel et al.
(2011) have attributed addiction to a reinforcer pathology, where drug reinforcers are
overvalued and non-drug reinforcers are undervalued (see also Rachlin, 1992, 1997).
Economy type could be a factor that contributes to this situation. For example, if an
individual is faced with the choice between a drug and a non-drug alternative, that individual
may be more likely to choose the drug when it is relatively scarce (as in a closed economy)
and the non-drug alternatives that are available can be easily obtained from multiple sources
(as in an open economy). Conversely, they may be more inclined to choose the non -drug
alternative when it is relatively scarce and the drug is readily available from different sources
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(e.g., as part of replacement therapy). The present study was designed to model these
dynamics and could therefore provide some insight into addiction.

2. Materials and methods

2.1 Subjects

Twenty-seven adult male Long-Evans rats (Charles River Laboratories, Frederick, MD),
weighing approximately 400 g at the beginning of experimental sessions, served as subjects.
Rats were individually housed in plastic cages with wood-chip bedding and had unlimited
access to rat chow and water in their home cages. The colony room where the rats were
housed had a 12- hour light:dark cycle with lights on at 08:00 h. Training sessions were
conducted five days per week during the light phase of the light:dark cycle. Throughout the
experiment, rats were treated in accordance with the Guide for the Care and Use of
Laboratory Animals (National Academy of Sciences, 2011) and all procedures were
approved by American University’s Institutional Animal Care and Use Committee.

2.2 Apparatus

Training took place in 20 Med Associates (St. Albans, VT) operant test chambers. Each
chamber measured 30.5 x 24 x 29 cm and had aluminum front and rear walls with clear
polycarbonate side walls. On the front wall of the chamber, two Med-Associates retractable
levers were located on either side of a Med Associates small cup liquid receptacle. Saccharin
reinforcers (0.3 ml of 0.2% saccharin solution) were delivered to this liquid receptacle. A
100-mA cue light was located above each lever. speaker located in the center of the front
wall provided a tone stimulus (4500 Hz and 80 dB). Cocaine (provided by the Drug Supply
Program, National Institute on Drug Abuse, Bethesda, MD) in a saline solution at a
concentration of 2.56 mg/ml was infused at a rate of 3.19 ml/min by 10-ml syringes driven
by Med-Associates (St. Albans, VT) syringe pumps. ygon tubing extended from the 10-ml
syringes to a 22-gauge rodent single-channel fluid swivel (Instech Laboratories, Plymouth
Meeting, PA) and tether apparatus (Plastics One, Roanoke, VA) that descended through the
ceiling of the chamber. Cocaine was delivered to the subject through Tygon tubing that
passed through the metal spring of the tether apparatus. For half of the chambers, the 100-
mA houselight was located at the top of the front wall of the chamber. For the other half, this
houselight was located just outside of the clear left side wall of the chamber and near the
floor.

2.3. Surgery

Before beginning operant training, all rats were surgically prepared with chronic indwelling
jugular vein catheters, using procedures described in detail elsewhere (Thomsen and Caine,
2005; Tunstall and Kearns, 2014). In brief, approximately 3.5 cm of Silastic tubing was
inserted into the right jugular vein. From this insertion site, an additional 8 cm of Silastic
tubing passed under the skin to the midscapular region where it connected to the 22-guage
stainless steel tubing of a backmount catheter port (Plastics One, Roanoke, VVA) that was
implanted subcutaneously. The spring tether in the chamber was attached to the threaded
plastic cylindrical shaft of the port that protruded through an opening in the skin. All surgery
was conducted under ketamine (60 mg/kg) and xylazine (10 mg/kg) anesthesia. Rats were
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given 7-10 days to recover from surgery. Catheters were flushed daily with 0.1 ml of a
saline solution containing 1.25 /ml heparin and 0.08 mg/ml gentamicin.

2.4 Procedure

2.4.1. Overview.—See Figure 1 for a procedural schematic. Rats were randomly
assigned to groups prior to beginning training. Rats received two three-hour sessions per day
separated by an approximately 15-to 20-minute transition period where rats were returned to
their homecages while the chambers were prepared for the second session. The first session
of the day was the “work” session. During this session, rats in all groups were trained on a
demand procedure (Phase 1) or a choice procedure (Phase 2) where they lever pressed for
cocaine and saccharin. During the second session, rats in the OpenCoc group received three
hours of access to cocaine only on an FR-1 schedule, rats in the OpenSac group received
three hours of access to saccharin only on an FR-1 schedule, and rats in the Closed group
were placed in the chamber for three hours without access to either reinforcer. Rats
experienced each of the two sessions in a different chamber and for each rat the position of
the houselight (near ceiling of front wall vs. near floor of side wall) differed over the two
chambers to enhance discriminability. Separate chambers were used for the two daily
sessions in an effort to make rats in the open economy groups learn that, in one situation
they had to pay an increasing price for each reinforcer (or had limited opportunities to
choose that reinforcer) whereas in another situation, one of the reinforcers was always
almost freely available.

During the “work” session of the demand phase, rats in all groups had a total of one hour of
access to cocaine (in four 15-minute components) and one hour of access to saccharin (in
four 15-minute components) for five days per week. The OpenCoc group had an additional
three hours of access to cocaine following each work session. During the choice phase, rats
in all groups could make up to 14 choices between a single cocaine infusion and a single
saccharin reinforcer during sessions that occurred five days per week. Again, the OpenCoc
group had an additional three hours of access to cocaine following each choice session. As
described below in more detail, across the experiment rats had a total of approximately 40—
45 days of access to cocaine spread over sessions conducted five days per week.

2.4.2. Phase 1: Demand for cocaine and saccharin.—The demand procedure used
during the work session was similar to that in Christensen et al. (2008a). Rats were first
trained to lever press for cocaine and for saccharin an FR-1 schedule. During each session,
there were eight, 15-minute components where one of the two retractable levers was
inserted. There were four presentations each of the cocaine and saccharin levers. Cocaine
and saccharin components randomly alternated, with the restriction that there were no more
than two consecutive components of the same type. Each component was followed by a 7.5-
minute period where both levers were retracted. Thus, over the course of the three hour work
session, rats had access to each of the levers for a total of 60 minutes. The position (left vs.
right) of the cocaine and saccharin levers was counterbalanced over rats. During cocaine-
lever components, a lever press resulted in a 0.75-mg/kg cocaine infusion, simultaneous
illumination of the cue light above the lever, and a 10-seecond tone presentation. Lever
presses were recorded, but had no consequences during this 10-second period. During

Drug Alcohol Depend. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 6

saccharin-lever components, pressing the lever resulted in the delivery of 0.3 ml of saccharin
solution in the cup, illumination of a 100-mA bulb located inside the liquid receptacle for
1.66 seconds (the time it took to fill the cup), and initiation of a 10-second timeout that was
signaled by illumination of the cue light above the lever. If during lever-press acquisition a
rat reliably pressed one of the levers but not the other, the rat was given one or more sessions
where only the non-pressed lever was available for the entire three hour session. Once the rat
began pressing this lever, the rat was returned to the procedure described above where the
two levers alternated for 15-minute components separated by 7.5-minute periods where both
levers were retracted.

Rats were trained on the alternating lever procedure with an FR-1 schedule in effect for a
minimum of 12 sessions and until the consumption of each reinforcer stabilized. Stability
was defined as three consecutive sessions where the total number of reinforcers earned of
each type did not vary from the rolling three-session mean by more than 25%. Once this
stability criterion was reached, the FR increased over blocks of two sessions according the
following sequence: 3, 6, 12, 24, 48, 96. The same price was in effect for both cocaine and
saccharin for the duration of a session. Prices increased across sessions.

Upon completion of the work session, rats were removed from the operant chamber and put
back in their homecages while the second session was prepared (programs loaded, syringes
refilled, etc.). This typically took 15-20 minutes. For rats in the OpenCoc group, the left
lever was inserted for the entire three-hour second session. Each lever press resulted in
delivery of 0.75 mg/kg cocaine and initiated a 10-second timeout period during which the
cue light above the lever was illuminated and the tone sounded. For rats in the OpenSac
group, the right lever was inserted into the chamber. Each lever press resulted in the delivery
of 0.3 ml saccharin, illumination of the light bulb inside the receptacle for 1.66 seconds, and
initiation a 10-second timeout period signaled by illumination of the cue light. Rats in the
Closed group also had a three-hour second session each day where the houselight was
illuminated, but no levers were inserted and no cocaine or saccharin reinforcers were
delivered.

2.4.3. Choice between cocaine and saccharin.—After the demand phase, rats were
trained on the discrete-trials choice procedure introduced by Ahmed and colleagues (Lenoir
etal., 2007; Cantin et al., 2010) for the first of the two daily sessions. Each choice session
began with four forced-choice trials. There were two forced-choice trials each with the
cocaine and saccharin levers, with trial order randomized within blocks of two. These
forced-choice trials ensured that rats sampled each lever twice at the beginning of each
session. On a cocaine trial, the cocaine lever was inserted into the chamber and a single lever
press resulted in delivery of a cocaine infusion (0.75 mg/kg/infusion), presentation of the
associated 10-second audiovisual cue, and retraction of the lever. On a saccharin trial, the
saccharin lever was inserted and a single lever press resulted delivery of 0.3 ml of the
saccharin solution, retraction of the lever, and illumination of both the cue light above the
lever and the light inside the liquid receptacle. Each trial was followed by a 10-minute
intertrial interval (ITI). Following the four forced-choice trials, there were up to 14 free-
choice trials. Now, both levers were inserted simultaneously. A single press on the selected
lever resulted in delivery of the designated reinforcer and retraction of both levers. (That is,
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an FR-1 schedule was in effect on both levers.) A 10-minute ITI followed each free-choice
trial. During free-choice trials, a limited hold was in effect whereby if no choice was made
within 120 seconds, both levers retracted, no reinforcers were delivered, and the ITI began.
Such trials were recorded as omissions. Sessions lasted for a maximum of 14 free-choice
trials or 195 minutes, whichever occurred first. Rats were trained on this procedure for at
least five sessions and until preference stabilized. The stability criterion was three
consecutive sessions in which choices for cocaine did not differ from the rolling three-
session mean by more than 20%. Once this criterion was reached, rats were tested over an
additional five sessions on a choice procedure where the FR in effect on the saccharin lever
increased according to the sequence 3, 6, 12, 24, 48. Cocaine was always available on an
FR-1 schedule. This was done in case strong preference for saccharin obscured potential
group differences. All other aspects of the choice procedure were the same as described
above.

Data analysis

For the demand data, the number of cocaine infusions self-administered and the number of
saccharin reinforcers earned were averaged over the training sessions at each FR (for FR 1,
the mean of the last two sessions was used). Individual and group mean consumption data
were fit by Hursh and Silberberg’s (2008) exponential-demand equation:

log Q = lOgQO + k(e_aQOC -1 ), (1)

where Qs quantity consumed, Q0 is consumption as price approaches 0, kis a constant
defining the consumption range in log units (K= 2.5 here), a determines the rate of decline
in consumption, and is cost (FR size).

The primary measure of interest from the demand phase was essential value (EV), which is
inversely related to a and reflects inelasticity of demand. EVs of cocaine and saccharin were
calculated for each subject according the formula given by Hursh (2014):

EV =1/(100 * a k') (2)

For the choice phase, the primary measure was percent choice of cocaine. Interpolated
indifference points were also calculated (Anderson and Woolverton, 2005). This was the
saccharin FR value estimated to produce 50% cocaine/saccharin choice.

For all statistical tests, a was set to 0.05. For the demand phase data, one-way ANOVAS
were performed on numbers of sessions required to meet criterion. Non-parametric
Kruskall-Wallis and Mann-Whitney tests were used to compare groups on cocaine and
saccharin EV. Non-parametric tests were used here due to non-normal distribution of EV.
Spearman correlation coefficients were used to evaluate the strength of the association
between EV and number of reinforcers consumed in the second of the two daily sessions for
the two open economy groups. For the choice data, ANOVAs followed by Tukey’s posthoc
tests, where appropriate, were performed on the indifference point measure and numbers of
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omissions. Spearman coefficients were used to evaluate the relationship between choice
indifference point and number of reinforcers consumed in the second session for the two
open economy groups.

3. Results

The groups’ mean bodyweights did not differ over the course of the experiment. At the start
of Phase 1, the Closed, OpenCoc, and OpenSac groups’ mean weights were 404.1 (£ 9.5
SEM), 399.2 (£ 7.1), and 421.7 (£ 15.7) g, respectively. At the beginning of Phase 2, their
mean weights were 457.3 (+ 15.3), 455.9 (= 11.9), and 471.7 (£ 16.6). At the end of the
experiment, their mean weights were 504.4 (+ 17.7), 471.6 (+ 15.5), and 504.6 (+ 20.5) g,
respectively. A repeated measures ANOVA indicated there was a main effect of Time
(H2,42] = 69.6, p< 0.001) on weight, but no effect of Group (F< 1) or Group x Time
interaction (H4,42] = 1.1 p> 0.35).

3.1 Phase 1: Demand

During acquisition of lever pressing on the alternating levers procedure, some rats in the two
open economy groups regularly pressed one lever but not the other during the work session.
To correct this, six of the rats in the OpenCoc group required sessions (mean = 5.2, SEM =
1.5) where only the saccharin lever was available. Another two rats in that group required
sessions (mean = 1.5, SEM= 0.5) with only the cocaine lever available. Three rats in the
OpenSac group required sessions (mean = 3.7, SEM = 0.7) where only the cocaine lever was
available and one rat required five sessions where only the saccharin lever was available.
Once these rats reliably pressed both levers, they were put back on the alternating levers
procedure. In total, rats in the Closed, OpenCoc, and OpenSac groups required means of
15.1 (x 1.3 EM), 22.3 (£ 3.0), and 16.8 (+ 1.3) sessions, respectively, on the FR-1 alternating
levers procedure to meet the acquisition criterion. These means did not significantly differ
(one-way ANOVA, A2,24] = 3.4, p>0.05).

Figure 2 shows group mean consumption of cocaine and saccharin during work sessions
across the range of FRs tested as well as fits of the exponential demand model. The model fit
the data well, with median A2 values (based on model fits to individual subjects’ data) of
0.86 (x 0.14 inter-quartile range), 0.93 (x 0.14), and 0.94 (z 0.10) for the cocaine
consumption data in the Closed, OpenCoc, and OpenSac groups, respectively. For the
saccharin consumption data, these values were 0.96 (+ 0.05), 0.88 (+ 0.24), and 0.97

(x 0.05), respectively. As can be seen in the left panel, demand curves for cocaine were
highly similar across groups. In contrast, demand for saccharin (right panel) decreased more
quickly as price increased in the two open economy groups than it did in the Closed group.

Figure 3 presents group mean EVs for cocaine and saccharin based on fits of the exponential
demand model to individual subjects’ consumption data. These results largely parallel those
presented in Figure 2, where the model was fit to group mean consumption. As the left panel
of Figure 3 shows, there was no difference over groups in cocaine EV (Kruskall-Wallis H[2]
= 2.2, p>0.3). However, there was a group difference for saccharin EV (H[2] = 12.9, p<
0.005). Mann-Whitney Utests confirmed that the Closed group had significantly higher
saccharin EV than the OpenCoc group ({[8,9] =3.0,=0.001)or the OpenSac group ({[8,10]
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=9.0, p<0.005), but the two latter groups did not differ from each other (([9,10] = 27.5, p
>0.15).

Figure 4 presents consumption of cocaine or saccharin in the Open oc and OpenSac groups,
respectively, during the second daily three-hour session for those groups when the FR was
always 1. Rats in both groups consumed approximately 40 reinforcers per session
throughout the demand phase. A 2 x 7 (Group x FR) ANOVA performed on the numbers of
reinforcers earned during the second session in the open economy groups indicated that
there was no effect of Group or FR and no Group x FR interaction (all /& < 1). There was a
significant correlation in the Open Sac group between EV of saccharin and number of
saccharin reinforcers consumed during the post-demand session (ss[10] = 0.28, p> 0.4).

3.2. Phase 2: Choice

Two rats in the OpenCoc group and one rat in the OpenSac group became ill and died before
completing the choice phase, reducing the 75 for these groups to 7 and 9, respectively, for
this phase. he Closed, OpenCoc, and OpenSac groups required means of 5.9 (+ 0.4 SEM),
5.5 (£ 0.4), and 5.1 (£ 0.1) sessions, respectively, to meet the stability criterion on the choice
procedure (no group difference, A2,22] = 1.5, p> 0.2). Numbers of omissions remained
relatively low throughout the choice phase. Across saccharin FRs, the mean numbers of
omissions ranged from 0 to 1.0 in the Closed group, from 0.4 to 1.9 in the OpenCoc group,
and from 0.4 to 1.8 in the OpenSac group. There was no significant effect of Group (F< 1),
FR (A5, 105] = 1.4, p> 0.2), or interaction of Group with FR (A10,105] = 1.2, p> 0.25).

The left panel of Figure 5 shows the mean percentage of choices for cocaine for each of the
groups across the range of saccharin FRs tested (the cocaine FR was always 1). The dashed
line in the figure represents indifference (50% of choices for cocaine and for saccharin). As
can be seen in the figure, all groups increased cocaine choice as the saccharin FR was raised,
though the Closed group was overall less inclined to choose cocaine than the other two
groups. The right panel of Figure 5 presents mean choice indifference points (based on
individual subjects’ indifference points). This figure shows that rats in the Closed group did
not become indifferent between cocaine and saccharin until the saccharin FR was raised to a
mean of about 22, whereas the two open economy groups were indifferent at a saccharin FR
of approximately 7-8. one-way ANOVA performed on the indifference points indicated that
the groups significantly differed (A2,23] = 4.6, p < 0.05). Subsequent Tukey posthoc tests
confirmed that the Closed group’s mean indifference point was significantly higher than that
of the other two groups (both ps < 0.05), which did not differ from each other (p> 0.95).

Figure 6 shows the mean numbers of cocaine infusions and saccharin reinforcers obtained
by the Open oc and OpenSac groups, respectively, during the three-hour session following
the choice session. As during the demand phase, there was no significant effect of Group,
FR, or the Group x FR interaction (all /< 1.8, all ps > 0.2). There was no significant
correlation between choice indifference point and number of reinforcers consumed during
the post-choice session in either the OpenCoc group (ss[7] = -0.67, p> 0.10) or the
OpenSac group (s5[9] = .10, p> 0.8).
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4. Discussion

Opening the economy for saccharin made demand for it more elastic. That is, rats were less
willing to work for saccharin as its price increased when they had post-session access to it.
This outcome is consistent with previous studies finding that demand became more elastic
when rats were given post-session access to food (Hursh et al., 1989), when monkeys were
given post-session access to ethanol (Carroll et al., 2000), and when humans were given
post-session access to cigarettes (Mitchell et al., 1995, 1998) or coffee (Mitchell et al.,
1995). In the present experiment, post-session access to saccharin also increased rats’
preference for cocaine over saccharin. This result is similar to Nader and Woolverton’s
(1992) finding that post-session access to food increased monkeys’ choice of cocaine over
food.

Post-session access to cocaine, on the other hand, had no effect on its elasticity of demand.
This was observed even though the number of cocaine infusions obtained by the OpenCoc
group after the work session was similar to the number of saccharin reinforcers that the
OpenSac group obtained after the work session. Therefore, it does not appear that the
OpenCoc group received too few extra cocaine infusions to make demand for it more elastic.

It may be thought that different satiation time courses for saccharin and cocaine could
explain the different results of opening the economies for these two reinforcers. According
to this account, post-session saccharin received on one day may have caused rats in the
OpenSac group to be partially sated at the start of the work session the following day. In
contrast, due to the short half-life of i.v. cocaine in rats (~18 minutes; Barbieri et al., 1992),
post-session cocaine would have been eliminated from OpenCoc rats well before the start of
the next day’s work session. It should be noted, however, that the half-life of saccharin in
rats is also short enough (~30 minutes; Sweatman and Renwick, 1980; Renwick, 1985) so
that saccharin consumed on one day would have been eliminated prior to the start of the next
day’s work session. Further, saccharin satiety in rats is controlled by immediate oral sensory
stimulation rather than by any longer-term post-ingestive consequences such as fullness of
the stomach or overhydration (Mook et al., 1981). Nonetheless, the neurobiological
mechanisms involved in saccharin satiety are poorly understood and it is possible that
residual satiety-like effects of prior saccharin exposure could have been responsible for the
OpenSac group’s results.

An alternative possibility is that differences in rates of delay discounting of cocaine and
saccharin could explain the different effects of opening the economies for these two
reinforcers. Post-session access to the two reinforcers was necessarily delayed. If rats more
steeply discounted delayed cocaine than delayed saccharin, this could explain why there was
no effect of opening the cocaine economy on cocaine’s EV while opening the saccharin
economy was effective in decreasing saccharin’s EV. While studies comparing discount rates
of cocaine and saccharin have not been performed in rats, monkeys discounted delayed
cocaine /ess steeply than they did delayed saccharin (Freeman et al., 2009) or delayed food
(Huskinson et al., 2016). If rats discount cocaine and saccharin similarly to the way that
monkeys do, the delay discounting explanation described above could not account for the
present results.
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Post-session access to cocaine caused rats to work less hard to defend saccharin
consumption as saccharin’s price increased. The OpenCoc group worked for saccharin (and
cocaine) during one session and then self-administered cocaine for three hours in a second
session. Saccharin followed by delayed cocaine has been shown in previous studies to result
in the devaluation of saccharin as measured by taste reactivity (Green et al., 2015; Grigson,
1997, 2008; Grigson and Twining, 2002; Wheeler et al., 2008, 2011). For example, Green et
al. first infused a drop (0.2 ml) of saccharin into rats’ mouths once per minute for 45
minutes. Then, rats self-administered cocaine for two hours. Initially, rats made more
appetitive than aversive mouth movements in response to the saccharin, but after 14 sessions
they made more aversive than appetitive mouth movements. This devaluation of saccharin
has been attributed to the development of a conditioned compensatory response (i.e., a
cocaine-opposing response) elicited by the saccharin, which was predictive of delayed
cocaine reinforcement (Grigson, 2008; Wheeler et al., 2011). Rats in the OpenCoc group
here may have also come to devalue cocaine through similar conditioning processes.
However, though it may have been devalued, saccharin still functioned as a reinforcer. For
example, at FR 12, rats in the Open oc group continued to work for saccharin, making
approximately 250 lever presses per session for it (vs. about 100 for cocaine), even though
they were not fluid deprived at any time. Similarly, rats in the OpenCoc group often chose
saccharin over cocaine during the choice phase when the price of saccharin was low.

The results of the present experiment are consistent with and extend results of a growing
number of studies investigating choice between cocaine and non-drug alternatives in rats (for
reviews, see Ahmed, 2010, 2017). The treatment of the Closed group in the present
experiment was most like that experienced by rats in other cocaine vs. saccharin choice
studies (e.g., Lenoir et al., 2007). At equal prices for cocaine and saccharin, rats in the
Closed group showed a high degree of preference (> 80% of choices) for saccharin — a result
like that observed by Lenoir et al (2007). As saccharin price increased, however, preference
switched to cocaine — an outcome consistent with that reported by Cantin et al. (2010).
Though most rats show saccharin preference over cocaine at equal lever press requirements,
a common finding in such choice studies is that a subset of rats prefer cocaine over
saccharin. In the Closed group reported here, one out of eight subjects preferred cocaine
over saccharin (when the FR was the same for both options). This is consistent with the
observation from other studies that approximately 10-15% of rats prefer cocaine over
saccharin (Ahmed, 2010, 2017). The present study adds to this literature by showing that the
broader context of availability of the two choice alternatives can influence preference. For
example, the OpenSac group showed greater preference for cocaine than the Closed group.
Instead of observing 10-15% cocaine preferers in the OpenSac group, four out of nine
subjects were cocaine preferers.

In the present experiment, price was manipulated by increasing the number of responses
required on a ratio schedule. There are various other ways that price could have been
manipulated. For example, Schwartz et al. (2016) arranged different prices by varying the
amount of weight that subjects had to lift. Peck and Byrne (2016) used lever hold-down
duration as the cost that was manipulated. In both studies, the exponential demand model
described the resulting data just as well as it describes data from more typical studies using
number of lever presses as the cost variable. It should be noted that on FR schedules, as
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number of lever presses required increases, so too does delay to reinforcer.A study
investigating this question found that the delay to reinforcement inherent in ratio schedules
is a key component of cost (Baumann, 1991). Though we could not compare delays to
cocaine and saccharin reinforcement on ratio schedules here, as we did not record inter-
reinforcer intervals, this could be an interesting question for future research.

The finding here and in previous cocaine vs. saccharin choice studies (e.g., Cantin et al.,
2010) that rats increased their choice of cocaine when the price of saccharin was increased is
consistent with the notion that cocaine is an economic substitute for saccharin in rats. The
present results further suggest that economy type can influence substitutability between
these reinforcers. Specifically, when saccharin was available after the choice session (in the
OpenSac group), cocaine appeared to substitute more readily for saccharin (i.e., at lower
saccharin prices) than when saccharin was not available after the choice session (i.e., in the
Closed group). This suggests that for a non-drug alternative reinforcer to maintain its power
to compete with cocaine for the allocation of behavior, the price of that non-drug alternative
needs to be lower when it is available in an open economy than when it is available in a
closed economy. (The results of the OpenCoc group suggest the same may be true when
cocaine is available in an open economy.) Though the results described above are consistent
with substitution effects, it should be noted that the discrete-trials choice procedure used
here was probably not ideal for studying substitution or cross-price elasticity. In more typical
studies of these phenomena (e.g., Carroll et al., 1991; Petry and Heyman, 1995), the two
alternatives are available on concurrent ratio schedules for the whole session and subjects
can freely respond on both schedules throughout the session. Our procedure only allowed
rats to make one mutually exclusive choice between the two options every 10 minutes. This
constraint may have caused rats to behave differently from how they would behave if they
had access to both levers throughout the whole session as in the typical study of cross-price
elasticity.

It has often been stated that drug use is driven by lack of access to alternative reinforcers.
The results of the present study suggest a more nuanced picture. The main finding here was
that rats were less willing to work to defend consumption of the non-drug alternative as its
price increased when its economy was opened and it became more available. This translated
into higher choice of cocaine. This suggests that, in the human situation, cocaine choice
could be more likely when the available non-drug alternatives are abundant and easy to
obtain than when they are scarcer. The results of the present study also suggest that, in
contrast to the effect of making non-drug alternatives abundant, increased access to cocaine
may not make demand for it more elastic. Such increased cocaine access may even cause a
devaluation of non-drug reinforcers under certain conditions. Understanding drug-taking
behavior will require consideration not only of which reinforcers are available to an
individual but also the broader contexts (economy types) in which those reinforcers are
available.
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Highlights
. Opening the saccharin economy decreased saccharin’s essential value in rats.
. This also increased preference of cocaine over saccharin in rats.
. Opening the cocaine economy had no effect on demand for cocaine.
. Saccharin had lower essential value when available in an open cocaine
economy.
. Economy type manipulations differently affect drug vs. non-drug reinforcers.
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Figure 1.

Closed Group

Phase 1: Demand

OpenCoc Group
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OpenSac Group

--Cocaine/Saccharin
(alternate components)
--FR 1to FR 96 (increased
over sessions)

same as Closed Group

same as Closed Group

No access to
cocaine or saccharin

3 hof FR-1 access
to cocaine

3 hof FR-1 access
to saccharin

Closed Group

Phase 2: Choice

OpenCoc Group

OpenSac Group

--Discrete-trials choice
between cocaine (FR 1) and
saccharin (FR 1 to 48,
increased across sessions)

same as Closed Group

same as Closed Group

No access to
cocaine or saccharin

3 hof FR-1 access
to cocaine

3 hof FR-1 access
to saccharin

Schematic diagram of procedures used in Phase 1 and Phase 2. In both phases, the procedure
used in the first session of the day was the same for all groups. The groups differed in their
second session experience.
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Demand Curves
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Figure 2.

Group mean numbers of cocaine infusions (left panel) and saccharin reinforcers (right panel)
earned by the Closed group (open circles), OpenCoc group (triangles), and OpenSac group
(diamonds) at each FR during the demand phase as well as fits of the exponential demand
model to this consumption data.
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Figure 3.
Mean (£ SEM) essential value of cocaine (left) and saccharin (right) based on fits of the

exponential model to individual subjects’ data for the Closed (black bars), OpenCoc (white
bars), and OpenSac (striped bars) groups. ** indicates p < 0.01.
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Figure 4.
Mean (+ SEM) numbers of cocaine infusions or saccharin reinforcers obtained on an FR-1

schedule by the OpenCaoc (triangles) and OpenSac (diamonds) groups, respectively, in Phase
1 during their second session of the day (i.e., during the 3-h post-work-session access
period). The FR shown on the x-axis corresponds to the ratio in effect during the work
session.
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Figure 5.

The left panel presents mean (£ SEM) percent choice of cocaine at each saccharin FR value
for the Closed (open circles), OpenCoc (triangles), and OpenSac (diamonds) groups. The FR
for cocaine was always 1 throughout the choice phase. The horizontal dashed line represents
indifference (50% choice of cocaine or saccharin). The right panel shows mean (+ SEM)
indifference points for each of the groups. The indifference point is the estimated saccharin
FR at which rats would choose cocaine and saccharin equally. * indicates p < 0.05.
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Figure 6.
Mean (£ SEM) numbers of cocaine infusions or saccharin reinforcers obtained on an FR-1

schedule by the OpenCaoc (triangles) and OpenSac (diamonds) groups, respectively, in Phase
2 during their second session of the day (i.e., during the 3-h post-choice-session access
period). The FR shown on the x-axis corresponds to the saccharin ratio in effect during the
choice session
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