1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Psychopharmacology (Berl). 2014 June ; 231(12): 2395-2403. doi:10.1007/s00213-013-3396-y.

ASSESSMENT OF THE EFFECTS OF CONTINGENT HISTAMINE
INJECTIONS ON THE REINFORCING EFFECTIVENESS OF
COCAINE USING BEHAVIORAL ECONOMIC AND
PROGRESSIVE-RATIO DESIGNS

Kevin B. Freeman?, Brian C. McMaster!, Peter G. Roma?:3, and William L. Woolverton?

1Division of Neurobiology and Behavior Research Department of Psychiatry and Human Behavior
The University of Mississippi Medical Center Jackson, MS 39216

?|nstitutes for Behavior Resources Baltimore, MD 21218

3Department of Psychiatry and Behavioral Sciences Johns Hopkins University School of Medicine
Baltimore, MD 21224

Abstract

Rationale—Recent research has demonstrated that the drug, histamine, can function as a
punisher of cocaine self-administration. However, little is known about how drug punishers affect
the maximum reinforcing effectiveness of drugs as reinforcers.

Objective—The goal of the present study was to determine if histamine, when self-administered
as a mixture with cocaine, could reduce cocaine’s maximum reinforcing effectiveness using two
procedures designed for measuring reinforcing effectiveness.

Method—In the first experiment, rhesus monkeys were allowed to self-administer cocaine (0.1
mg/kg/inj) alone or as a mixture with histamine (0.012-0.05 mg/kg/inj) in a behavioral economic
design. In the second experiment, monkeys were allowed to self-administer cocaine alone
(0.006-0.56 mg/kg/inj) or as a mixture with histamine (0.025-0.1 mg/kg/inj) under a progressive-
ratio schedule of reinforcement.

Results—In Experiment 1, histamine decreased the reinforcing effectiveness of cocaine in a
dose-dependent manner as evidenced by increases in cocaine’s demand elasticity with increases in
histamine dose. In Experiment 2, histamine decreased cocaine’s potency and effectiveness as a
reinforcer in a dose-dependent manner as indicated by rightward and downward shifts,
respectively, in the dose-response functions.

Conclusion—The reinforcing effectiveness of cocaine can be reduced by contingent self-
administration of histamine. These results indicate that combining drug punishers with drug
reinforcers reduces the maximum reinforcing effect of the drug reinforcer, which suggests a use
for drug punishers as a deterrent to drug abuse (e.g., as mixtures with prescription medications
with abuse potential).
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Introduction

Punishment is operationally defined as a consequence of behavior that reduces the future
probability of that behavior (Azrin and Holz 1966). Researchers have investigated the
effects of punishment on drug self-administration using exteroceptive stimuli such as
electric shock to reduce operant responding for drug injections (Deroche-Gamonet et al
2004; Grove and Schuster 1974; Johanson 1977). However, drugs, which produce
interoceptive effects, can also function as punishers. For example, histamine has been shown
to punish operant responding maintained by food and drugs in rats and monkeys, and does
s0 in a dose-dependent manner (Goldberg 1980; Holtz et al 2013; Negus 2005; Podlesnik et
al 2010; Woolverton 2003). Negus (2005), using monkeys in a food vs. cocaine choice
procedure, reported that intravenous histamine injections punished both food and cocaine
choice. More recently, Woolverton et al (2012) tested histamine as a punisher of cocaine
self-administration with monkeys in a drug vs. drug choice procedure and found that the
effectiveness of histamine as a punisher was dose-dependent and reduced by delay to its
presentation. Taken together, these studies indicate that the effectiveness of histamine as a
punisher depends on its dose and temporal contiguity to drug self-administration, results that
are consistent with what has been reported with non-drug punishers (Azrin and Holz 1966).

Interestingly, while it is well established that punishment with histamine decreases food and
drug self-administration, no study to our knowledge has quantitatively investigated the
impact of punishment with histamine or any other drug on the maximum reinforcing effect
(“reinforcing effectiveness,” henceforth) of a drug reinforcer. Measures of reinforcing
effectiveness (e.g., progressive-ratio schedules of reinforcement) have a distinct advantage
over fixed schedules of reinforcement in that that they can be used to rank order drugs in
terms of how reinforcing they are (Hursh and Silberberg 2008; Richardson and Roberts
1996). Generally, a psychostimulant’s abuse potential is related to its effectiveness as a
reinforcer (Freeman et al 2012; Wee et al 2005; Wilcox et al 2000; Woolverton 1995). If
punishment with a drug can reduce the reinforcing effectiveness of another drug, it stands to
reason that it may also reduce that drug reinforcer’s abuse potential. This approach could be
particularly useful for reducing abuse of compounds with which drug punishers can be
coupled (e.g., prescription medications).

The current study was designed to quantitatively determine the effects of punishment with
histamine on the reinforcing effectiveness of cocaine. Specifically, monkeys were allowed to
self-administer intravenous cocaine, either alone or as a mixture with a range of doses of
histamine. Two procedures were used to index reinforcing effectiveness, behavioral
economic (BE) demand curves and a progressive-ratio (PR) schedule of reinforcement. The
BE approach relates the consumption of a reinforcer to its cost across a range of increasing
prices, ultimately yielding a demand curve function. The recently introduced Exponential
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Model of Demand (Hursh and Silberberg 2008) is a descriptive model that permits scaling
of reinforcer effectiveness as quantified through a rate constant defining the elasticity of
demand across the entire range of prices (also see Banks et al 2011 for a recent relevant
application). Alternatively, the PR approach uses a schedule that progressively increases the
response requirement for a reinforcer within a session until the subject ceases to respond for
the reinforcer (see Rowlett 2000 for a review). When multiple doses of a drug are tested, the
asymptote in the dose-response function relating the drug’s dose to the subject’s breakpoints
at each dose serves as the metric for reinforcing effectiveness. Both BE and PR approaches
have distinct advantages that have been reviewed (Hursh and Roma 2013; Hursh and
Silberberg 2008; Richardson and Roberts 1996; Rowlett 2000; Stafford et al 1998). The
current study used both approaches with the rationale that if the effects of histamine on
cocaine’s effectiveness as a reinforcer were similar across assays, then conclusions
regarding the effects would be strengthened by convergent evidence. The hypothesis was
that the addition of histamine would decrease cocaine’s effectiveness as a reinforcer in both
tests in @ manner that was related to histamine dose.

All animal-use procedures were approved by the University of Mississippi Medical Center’s
Animal Care and Use Committee and were in accordance with the National Research
Council’s Guide for Care and Use of Laboratory Animals (1996).

The subjects were five adult male rhesus monkeys (Macaca mulatta) weighing between 9.1
and 12.0 kg at the beginning of the study. Four monkeys (AV22, CJ82, M1388, and
R99028) had a history of cocaine and D2 partial agonist self-administration (Freeman et al
2012). The fifth monkey (4199) had no history of drug self-administration prior to the
current study. All monkeys were provided with sufficient food to maintain stable body
weights (200-300 g/day, Teklad 25% Monkey Diet, Harlan/ Teklad, Madison, W1, USA)
and had unlimited access to water via a lick-activated spout mounted in the cubicle wall.
Fresh fruit was provided daily, and a vitamin supplement was given three times a week.
Lighting was cycled to maintain 16 h of light and 8 h of dark, with lights on at 0600 hours.

Each monkey was fitted with a stainless-steel harness (E and H Engineering, Chicago, IL,
USA) or a jacket (Lomir Biomedical, Malone, NY, USA) that was attached by a tether to the
rear wall of the experimental cubicle (1.0 m3, Plaslabs, Lansing, MI, USA). The front door
of the cubicle was constructed of transparent plastic, and the remaining walls were opaque.
There were two response levers (PRL-001, BRS/LVE, Beltsville, MD, USA) mounted in
steel boxes, 10 cm above the floor and 47.0 cm apart, on the interior of the door of each
experimental cubicle. Four jeweled stimulus lights, two red and two white, were mounted
above each lever on the faceplates of the lever boxes. Drug injections were delivered by a
peristaltic infusion pump (Cole-Parmer, Chicago, IL, USA). Water was delivered by a
separate peristaltic infusion pump through a sipper tube mounted 10 cm above the lever box
associated with its delivery (see Procedure below for the purpose of including operant water
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delivery). A Macintosh computer with custom interface and software controlled all events in
an experimental session and recorded data.

Each monkey had a single-lumen catheter implanted according to the following protocol.
The monkey was injected with a combination of atropine sulfate (0.04 mg/kg i.m.) and
ketamine hydrochloride (10 mg/kg i.m.) followed 20-30 min later by inhaled isoflurane.
When anesthesia was adequate, the catheter was surgically implanted into a major vein with
the tip terminating near the right atrium of the heart. The distal end of the catheter was
passed subcutaneously to the mid-scapular region, where it exited the monkey’s back. After
surgery, the monkey was returned to the experimental cubicle. The catheter was threaded
through the tether and connected to a single-lumen swivel (Lomir) mounted at the rear of the
cubicle. An antibiotic (Kefzol; Eli Lilly & Company, Indianapolis, Indiana) was
administered (22 mg/kg i.m.) twice daily for 7 days post-surgery to prevent infection. Over
the course of the study, the catheter was filled with a solution of 40 units/ml heparin
between sessions to prevent clotting at the catheter tip. If a catheter became nonfunctional
during the experiment, it was removed, and the monkey was removed from the experiment
for a 1-2 week period to allow the clearance of possible infections. After health was verified
(i.e., no sign of systemic or local infection), a new catheter was implanted.

Experiment 1: Behavioral Economic Demand Curves—Experimental sessions
began at 12:00 P.M. each day, 7 days per week, and were signaled by illumination of the
white lever lights. Each session lasted 4 h and began with two forced-choice (sampling)
trials, one for each lever, followed by free-choice trials. During forced choice trials, only
one of the two levers was active, and the active lever, signaled by the illumination of its pair
of white lights, alternated in order to ensure equal exposure to the contingencies
programmed for each lever. During free choice trials, both pairs of white lever lights were
illuminated, and both levers were active. Following the completion of 10 responses on the
active lever (i.e., FR10), the white lights were terminated and the red lights for that lever
were illuminated for a 10-sec period that ran concurrently with the delivery of a reinforcer.
Trials were separated by an 11-sec inter-trial interval (ITI) that ran concurrently with the
delivery of the drug reinforcer. Responding on one lever resulted in a 10-sec drug injection,
while responding on the other lever resulted in a 10-sec delivery of 2.0 ml of water through
the sipper tube mounted in the door. The water alternative was incorporated into the design
to serve as a control baseline for future studies that will investigate choice between cocaine
or cocaine-histamine combinations and sweet liquid reinforcers (e.g., sucrose, saccharin).
The right-left positions of the lever-response conditions (i.e., drug injection or water
delivery) were counterbalanced across monkeys and remained fixed throughout the
experiment within each monkey.

When drug intake stabilized at a response requirement, the FR was increased according to
the following sequence: FR10, 32, 100, 320, 560, 1000, and 3200. Each response
requirement was in effect until drug self-administration was stable, defined as 3 consecutive
sessions in which the number of injections were within 20% of the 3-session mean with no
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upward or downward trends. Monkeys were tested under four drug conditions, in irregular
order within and across monkeys. The four conditions were cocaine alone (0.1 mg/kg/inj) or
that same dose of cocaine mixed with one of three concentrations of histamine that resulted
in the following doses of histamine per injection: 0.012, 0.025, and 0.05 mg/kg/inj.

Experiment 2: Progressive Ratio—Four monkeys were used in Experiment 2 (4199,
CJ82, M1388, and R99028). Experimental sessions for Experiment 2 were run daily
beginning at the same time of day as Experiment 1. At the start of each session, the white
lights were illuminated above both levers, and pressing the right lever resulted in the
delivery of a 10-s drug injection. Responses on the left lever were counted but had no
programmed consequences. During the injection, the white lights were extinguished, and the
red lights were illuminated. Responding was trained and maintained with 0.1 mg/kg/inj
cocaine under a PR schedule of reinforcement comparable to that described by Wilcox et al
(2000). Test sessions were inserted into the daily sequence between two saline or two
cocaine sessions. To prevent monkeys from learning this session sequence, a randomly
determined saline or cocaine baseline session was inserted after every other test session.
Thus, the final daily sequence of sessionswas C, S, T, S, C, T, R, where “C”, “S”, “R”, and
“T”, respectively represent sessions for cocaine baseline (0.1 mg/kg/inj), saline, randomly
determined cocaine or saline, and tests.

All sessions consisted of 20 trials, with one injection available per trial. Because of response
variability between monkeys, the set point of the initial response requirement was adjusted
in each monkey to make the total number of injections during baseline drug sessions as
comparable between monkeys as possible (range approximately 12-15 inj/session). The
response requirement started at 12 responses per injection in monkey R99028, 50 responses
in CJ82, 100 responses in M1388, and 200 responses in 4299. For all monkeys, the response
requirement per injection doubled after every fourth trial. There was an ITI of 30 min
duration after each injection during which lights were extinguished and levers were inactive.
A subject had 30 min to complete a trial (limited hold [LH] 30 min). A trial ended with a
drug injection or the expiration of the LH. If the response requirement was not completed
for two consecutive trials (i.e., the LH expired) or the animal self-administered all 20
injections, the session ended.

For test sessions, the conditions made available were a range of cocaine doses (0.006 - 0.56
mg/kg/inj) alone or mixed with a range of histamine doses (0.025 — 0.1 mg/kg/inj). All test
sessions were conducted in an irregular order within and across monkeys and were tested at
least twice in each monkey, once with a saline session the day before and once with a
cocaine session the day before. When the two test sessions of a condition showed high
variability (each of the two determinations were different from the mean by + three
injections), the dose was re-tested twice, once after a saline and once after a cocaine baseline
session and the data from the second determinations were used in the analysis.
Unfortunately, monkey M1388 reached an endpoint of having no useable veins before all
conditions could be completed. However, data collected in this subject up to that point are
included in the current report.
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Drugs—Caocaine hydrochloride was provided by the National Institute on Drug Abuse
(Rockville, MD, USA), and histamine dihydrochloride was purchased commercially from
Sigma-Aldrich (St. Louis, MO, USA). Final solutions were prepared using 0.9% saline, and
mixtures of cocaine and histamine were prepared by adding both drugs to a single bag (i.e., a
drug mixture). All doses are expressed as the salt forms of the drugs.

Data Analysis—For Experiment 1, data were analyzed using a behavioral economic
demand curve approach which relates the consumption of a reinforcer (the number of
injections per session) to its price (the response requirement for one drug injection) using a
custom-designed GraphPad Prism 5.0 template freely available from the Institutes for
Behavior Resources (www.ibrinc.org). Drug injections per session for each reinforcer
condition were plotted as a function of response requirement and the data were fit with the
Exponential Model of Demand introduced by Hursh and Silberberg (2008):

log Q =log Qo + k (e ™ (Q0-C) 1),

where Q is the experimentally determined measure of consumption at any particular FR, Qg
is the predicted absolute consumption at price 0 and specifies the highest level of demand, k
is the range of the exponential demand curve in log units shared across all individuals and
conditions, a is the rate of decline in consumption as price is increased, and C is a measure
of cost, expressed here as the FR value. The a statistic and derivatives thereof, which
quantifies the elasticity of the demand curve, provides a measure of a reinforcer’s
effectiveness (see Hursh and Silberberg 2008 and Hursh and Roma, 2013). In cases where
the injections per session were 0, a value of 0.1 was entered in order to permit log
transformation (for an example of this adjustment see Banks et al. 2011). Preliminary
analyses revealed a value of 11 as the best-fit for the Exponential Model's k parameter,
which was then held constant for formal analyses of all individual and aggregate demand
curves.

For Experiment 1, there were two main dependent measures of interest. The first was
baseline consumption, defined as the number of injections taken at the lowest response
requirement (FR10). Because histamine can function as a punisher, the expectation was that
histamine, when mixed with 0.1 mg/kg/inj cocaine, would reduce baseline consumption for
cocaine relative to the cocaine alone condition. The second dependent measure was demand
elasticity as expressed in the a term (and derivatives thereof) from the Exponential Model of
Demand. These values were derived from analyses of aggregated mean demand curves of all
monkeys' final three sessions per FR for cocaine alone and cocaine mixed with each dose of
histamine. Hursh and colleagues (Hursh and Silberberg 2008; Hursh and Roma, 2013) have
argued that reinforcing effectiveness or "essential value" of a reinforcer is inversely related
to demand elasticity as quantified by a. Therefore, to make interpretation more intuitive,
demand elasticity was graphically presented as its inverse (1/a) so that larger values
reflected greater reinforcing effectiveness. Therefore, the expectation was that, if histamine
reduced the reinforcing effectiveness of cocaine, then the essential value of cocaine alone
would be significantly larger than at least one of the cocaine-histamine mixture conditions
and at no point significantly smaller than any of the cocaine-histamine conditions. For the
baseline consumption comparison, the effect of condition (Coc 0.1, Coc 0.1 + Hist 0.012,
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Coc 0.1 + Hist 0.025, Coc 0.1 + Hist 0.05) was analyzed via one-way Analysis of Variance
(ANOVA) followed by post-hoc independent samples t tests. A Sum-of-Squares F test was
first used to determine whether any of the conditions’ data differed from a single curve fit to
all of the data, which was followed by post-hoc Sum-of-Squares F tests to compare demand
elasticity (a) of each curve to each other. All post-hoc t tests and Sum-of-Squares F tests
were subjected to Benjamini-Hochberg False Discovery Rate (FSD) stepwise Type | error
correction (Benjamini and Hochberg, 1995). Statistical significance for all analyses was set
atp <0.05.

For Experiment 2, the mean number of injections per session was calculated individually
from the two test sessions at a condition (i.e., cocaine alone or as a mixture with histamine).
A dose of cocaine alone or as a combination with a dose of histamine was considered to be a
reinforcer in a subject if the mean value for these two test sessions exceeded the mean value
for that subject’s saline test sessions and the ranges did not overlap. For each monkey, the
dose-effect data for cocaine alone and for the cocaine-histamine mixtures were fitted by
non-linear regression (Sigmoidal Dose-Response; Variable Slope; Graphpad Prism 5.0), and
the maximum injections and ED50 values for cocaine alone and for the cocaine-histamine
mixtures were determined. Maximum injections are the measure of reinforcing effectiveness
in a PR test (Rowlett 2000). Thus, a dose of histamine was considered to reduce cocaine’s
reinforcing effectiveness in a subject if the maximum number of injections for that dose of
histamine mixed with cocaine was lower than the maximum for cocaine alone, and the
ranges did not overlap. ED50 values for conditions were generated from the regression
analysis, and were used to provide a descriptive quantification of histamine’s effects on
cocaine’s potency as a reinforcer. ED50 values were only calculated in cases where there
were at least three data points for a condition (not including saline) with at least one data
point above and one below the 50% point between saline and the highest point for that
condition.

Experiment 1

Figure 1 illustrates individual demand curves of cocaine consumption (mean injections per
session) as a function of response requirement and histamine dose, and Table 1 lists
individual subject baseline consumption, demand elasticity (a), and R2 values for all
conditions. Cocaine functioned as a reinforcer in all subjects, and injections per session
generally decreased with increases in response requirement for all conditions. Figure 2,
Panel A illustrates the mean aggregated demand curves across monkeys for cocaine alone
and cocaine mixed with various doses of histamine. The Exponential Model provided a good
fit to the aggregated data (R? range from .90-.98). A one-way ANOVA revealed a significant
main effect of condition on baseline consumption (F(3,56) = 3.73, p = .016). As illustrated
in Figure 2 Panel B, post-hoc tests revealed that 0.025 and 0.05 mg/kg/inj histamine
significantly decreased consumption compared to cocaine alone (ts(28) > 2.80, ps < 0.05; all
other ts(28) < 2.10, ps > 0.09). The essential values (1/a) of cocaine with each dose of
histamine are presented in Figure 2, Panel C. Sum-of-Squares F Tests of the underlying a
values confirmed that at least two conditions differed from each other (Fs(6,19) = 16.3, p <
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0.0001), with post-hoc tests revealing that the essential value of cocaine combined with the
high 0.05 mg/kg/inj histamine dose was significantly lower than that of cocaine alone or
cocaine combined with 0.012 or 0.025 mg/kg/inj histamine (Fs(1,9) > 11.0, ps < 0.05).

Experiment 2

Discussion

Figure 3 illustrates the number of injections each subject received of saline, cocaine, and
cocaine mixed with various doses of histamine. Subjects took an average of 3.4 injections on
the saline tests, with a range of 2 to 4 injections. Consistent with previous reports, the
number of cocaine injections increased in a dose-dependent manner in each subject. In three
of the four subjects (4199, R99028, and CJ82), adding histamine to cocaine shifted the
cocaine dose-response function rightward and downward in a manner that was dependent on
histamine dose. Unfortunately, subject M1388 ran out of useable veins before the conditions
could be completed. Mean maximum injections per session and ED50 values for cocaine
and cocaine mixed with histamine are presented in Table 2. Histamine decreased the
maximum injections for cocaine at a dose of 0.1 mg/kg (histamine) in subjects 4199 and
R99028 and at 0.05 mg/kg/inj in subject CJ82, indicating that it decreased the reinforcing
effectiveness of cocaine. ED50 values for cocaine increased in an orderly fashion with
increases in histamine dose, indicating that histamine decreased cocaine’s potency as a
reinforcer.

The main finding of the present study was that histamine, a drug punisher, reduced cocaine’s
effectiveness as a reinforcer. Confidence in this finding is supported by the fact that the
result occurred using both BE and PR approaches, which use different analyses for
measuring reinforcing effectiveness. The doses of histamine that were required to reduce the
reinforcing effectiveness of cocaine in the current report (0.05-0.1 mg/kg/inj) were relatively
high compared to those in previous studies that were effective in reducing choice for cocaine
and food in rhesus monkeys (Negus 2005; Woolverton 2003). This may be due to
differences in preparation. In the current study, responding was reinforced by cocaine on one
lever only. However, Negus (2005) and Woolverton (2003) used choice procedures in which
monkeys had the choice between punished and non-punished reinforcer options. Behavior
may be more sensitive to punishment by histamine or any other stimulus when there is an
alternative reinforcer available.

Another explanation for why relatively high doses of histamine were required to reduce
cocaine’s effectiveness as a reinforcer is that histamine may function as a punisher of
cocaine self-administration at doses that are lower than those required to reduce its
maximum effectiveness as a reinforcer. This position is supported by the results of the PR
tests in Experiment 2. Dose-response functions rendered from PR schedules of
reinforcement can reveal changes in a drug’s potency as a reinforcer through lateral shifts in
the dose-response function. Alternatively, these functions can also reveal changes in a
drug’s reinforcing effectiveness through vertical shifts in the dose-response function’s
asymptote. Thus, a treatment that decreases a drug’s potency as a reinforcer but not its
effectiveness would be reflected in a rightward shift of the dose-response function with no
vertical shift in the asymptote. In the current dataset, histamine decreased cocaine’s potency
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as a reinforcer in three monkeys (i.e., resulted in rightward shifts of the cocaine dose-
response function) at doses that were not effective in reducing the maximum number of
injections of cocaine (i.e., no change in the asymptotes; see CJ82, R99028, and 4199 in
Figure 3). These results suggest that cocaine’s potency as a reinforcer is more sensitive to
modulation by drug punishment than its effectiveness as a reinforcer. However, increasing
the dose of histamine in these three monkeys did result in downward shifts in the dose-
response functions for cocaine, indicating that drug punishers can decrease the reinforcing
effectiveness of cocaine if the doses are sufficiently high. Unfortunately, the fourth monkey,
M1388, ran out of useable veins before the end of the experiment, which prevented testing
of a higher dose of histamine in this subject.

It should be noted that the rate-based measures used in the current report are limited in that
they cannot distinguish between a stimulus’s punishing effect and potential non-specific
rate-decreasing effects. Thus, an alternative interpretation to the current results is that
histamine administration and accumulation over repeated injections constrained the subjects’
ability to respond at the rates necessary for acquiring cocaine injections at the higher
response requirements. However, two characteristics of histamine make this interpretation
unlikely. First, histamine has a short plasma elimination half-life (approximately 2 min in
humans; Ind et al., 1982). The short inter-trial intervals in Experiment 1 (11 sec) make it
impossible to rule out a role for histamine accumulation and non-specific effects on response
rates. However, given that the inter-trial interval for Experiment 2 was 30 min, it is
improbable that histamine accumulation had a direct effect on responding over trials, which
is a strong indication that the decrease in cocaine injections observed with co-administration
of histamine was related to its punishing effect. The second factor that argues against a non-
specific effect of histamine on response rate is that systemically administered histamine does
not enter the brain in appreciable amounts (Hershowit 1979), which eliminates the
possibility of sedative or psychomotor effects that have been argued to constrain operant
responding with centrally-acting drugs (see Lynch and Carroll, 2001).

In addition to providing tools for studying theoretical aspects of punishment, drug punishers
have been used clinically to deter abuse of other drugs. For example, diphenoxylate, a
narcotic that is used to treat diarrhea, is prescribed as a mixture with low doses of atropine,
an anticholinergic drug with reported aversive effects, to deter intentional overdosing
(Lomotil; Product Information). Similar punishment approaches have been used to deter
alcohol (Antabuse) and buprenorphine (Suboxone) abuse (Barth et al 2010; Orman and
Keating 2009). However, abuse of prescription opioids and stimulants is on the rise (Kaye
and Darke 2012; Ling et al 2011), and most formulations of these prescription medications
do not currently use punishment technologies to deter abuse. The findings in the current
report provide evidence that drug punishers may be able to reduce the level of reinforcement
achievable by prescription medications. Further characterization of drugs as punishers,
including histamine, and identifying new classes of drugs that function as punishers may
provide the groundwork for developing abuse-deterrent formulations for these compounds.
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Fig. 1.
Number of injections of 0.1 mg/kg/inj cocaine alone (solid line) and as a mixture with

various doses of histamine (hatched lines) self-administered per session as a function of
response requirement. Each panel represents an individual monkey, and each point
represents the mean of three stable sessions.
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Fig. 2.

Panel A: Aggregated mean demand curves of all sessions from all monkeys for 0.1
mg/kg/inj of cocaine alone (solid line) and cocaine mixed with various doses of histamine
(hatched lines). Panel B: Mean + SEM baseline consumption (i.e., at FR10) of all monkeys
for cocaine alone and cocaine mixed with various doses of histamine. Panel C: "Essential
Value" (inverse demand elasticity [1/a]) of the aggregated mean demand curves in Panel A
for cocaine alone and cocaine mixed with various doses of histamine. * p < 0.05.
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Dose-response functions for self-administration of cocaine alone or cocaine mixed with
various doses of histamine under a progressive ratio schedule of reinforcement. Each panel
represents an individual monkey, and each data point is the mean value for two test sessions
at each dose or dose combination of cocaine and histamine.
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Table 1

Baseline consumption, demand elasticity (o), and R2 values of each condition for each monkey in Experiment
1. Coc = cocaine; Hist = histamine; BC = baseline consumption (i.e., mean injections received at FR10).

Coc0.1+ Coc0.1+ Coc0.1+
Coc0.1
Hist 0.025 Hist 0.05 Hist 0.1
Subject BC/a/R2 BC/a/R2 BC/a/R2 BC/a/R2
4199(C) 74/1.2x107%/0.98 96/9.7x1077/0.99 38/1.3x106/0.96 47/55%x107%/0.73
R99028 (R) 40/5.3x1076/0.96 36/7.4x1076/0.95 28/1.2x107°/0.92 23/1.5x1075/0.91
AV22(H) 29/1.9x10/0.99 16/24x10%/098 15/4.1x1075/0.99 2/1.4x1075/0.31
CJ82(Q) 36/7.0x106/0.99 35/8.6x107%/0.96 30/5.0x10°6/0.98 20/1.5x1075/0.94
M1388(M) 52/4.2x1076/0.88 40/1.1x1075/0..94 45/4.5x1076/0.97 42/6.1x107%/0.88
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Table 2

Maximum injections achieved and ED50 values for cocaine alone and cocaine mixed with various doses of
histamine in each monkey in Experiment 2. The maximum injections value is the mean of the two test trials
for the dose of cocaine alone or dose of cocaine mixed with histamine at which the highest number of
injections were received by a monkey (i.e., the asymptote of the dose-response function). Coc = cocaine; Hist
= histamine; Max = maximum injections achieved within the dose-response function.

Coc + Coc + Coc +

Hist 0.025 Hist 0.05 Hist 0.1

Coc Alone

Subject Max/ED50 Max/ED50 Max/ED50 Max/ED50

4199(C)  165/0.03 1 155/0.05 115017
R99028(R)  20/0.05 = 20/0.18 6" /--

CJ82(Q)  185/006  18/011 145,017 e
M1388(M) 19/ 16/ 19/ g

-- indicates condition not run or insufficient data points for a calculation.

*
indicates that, within a subject, the mean maximum number of injections for a condition were less than those for cocaine alone with no overlap in
range.
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