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Abstract

Rationale—Delaying presentation of a drug can decrease its effectiveness as a reinforcer, but the

effect of delaying punishment of drug self-administration is unknown.

Objective—This study examined whether a histamine injection could punish cocaine self-

administration in a drug-drug choice, whether delaying histamine would decrease its effectiveness,

and whether the effects of delay could be described within a delay discounting framework.

Methods—Monkeys were implanted with double-lumen catheters to allow separate injection of

cocaine and histamine. In discrete trials, subjects first chose between cocaine (50 or 100 μg/kg/inj)

alone and an injection of the same dose of cocaine followed immediately by an injection of

histamine (0.37–50 μg/kg). Next, they chose between cocaine followed immediately by histamine

and cocaine followed by an equal but delayed dose of histamine.

Results—When choosing between cocaine alone and cocaine followed immediately by

histamine, preference increased with histamine dose from indifference to > 80% choice of cocaine

alone. When choosing between cocaine followed by immediate histamine and cocaine followed by

delayed histamine, monkeys showed strong position preferences. When delayed histamine was

associated with the non-preferred position, preference for that option increased with delay from ≤

30% to > 85%. The corresponding decrease in choice of the preferred position was well described

by a hyperboloid discounting function.

Conclusions—Histamine can function as a punisher in the choice between injections of cocaine

and delay can decrease its effectiveness as a punisher. The effects of delaying punishment of drug

self-administration can be conceptualized within the delay discounting framework.
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The effectiveness of a reinforcer is a decreasing function of the delay until its delivery (see

Lattal 2010 for a review). When assessed using choice procedures, this phenomenon is

termed delay discounting (Ainslie 2001; Mazur 1987; Myerson and Green 1994; Rachlin

2006). There is increasing evidence that a hyperboloid discounting model provides an

excellent description of how preference for a reward decreases as a function of the delay

until its receipt (see Green and Myerson 2004, for a review):

(Equation 1)

where V is the value of an outcome when it is delivered after a delay (D), expressed as a

proportion of its value when it is delivered immediately; the parameter k reflects how

steeply the outcome is discounted, and the parameter s reflects the nonlinear scaling of time

and amount.

The phenomenon of delay discounting has been observed in both human and nonhuman

subjects and has assumed an increasingly prominent theoretical role in the study of drug

abuse. This may be in large part because substance abusers have been shown to discount

delayed reinforcers more steeply than non-abusing control subjects (e.g., Coffey et al. 2003;

Madden et al. 1997; see Reynolds, 2006, for a review). It has been argued that steep

discounting in drug abusers contributes to the choice to self-administer a drug with its

immediate effects rather than choosing competing, but more delayed non-drug reinforcers

(Bickel and Marsch 2001).

Recent research with nonhuman subjects also supports the role of delay discounting in drug

self-administration (see Perry and Carroll 2008, for a review). The hyperboloid discounting

model has been shown to describe the choices of rats and pigeons responding for food and

liquid reinforcers (Green et al. 2004; Mazur 2000; Richards et al. 1997), and we have

extended this finding to monkeys choosing between immediate and delayed injections of

cocaine (Woolverton et al. 2007). Notably, Perry et al. (2005) found that rats that discounted

delayed food more steeply were subsequently more likely to self-administer cocaine than

rats that discounted food less steeply, suggesting that high rates of delay discounting are

predictive of drug self-administration (Carroll et al. 2010).

The effectiveness of a punisher, like that of a positive reinforcer, is a decreasing function of

delay until its delivery (see Azrin and Holz, 1966). Early studies with non-human subjects

focused on a single operant situation (e.g., Baron 1965; Cohen 1968), but similar effects of

delay have been observed in a choice situation (e.g., Deluty, 1978). In human subjects, there

has been growing interest in the nature of the relationship between delay and value when

choices are between losses (punishers), and how this relationship compares to that between

delay and value for gains (reinforcers; e.g., Estle et al. 2006; Holt et al. 2008; Murphy et al.

2001). Discounting functions for both gains and losses have consistently been shown to be

better described by the hyperboloid model than by the exponential discounting function

derived from the expected utility model favored by economists (Green and Myerson 2004).

The discounting of delayed punishers would seem particularly relevant to the choice to take

a drug of abuse. Drug taking has consequences beyond the immediate effect of the drug

itself (e.g., hangovers, incarceration, accidents, adverse health and social consequences) that
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could function as punishers to suppress drug taking. These consequences are often delayed,

however, and their effectiveness may be diminished by that delay. Although the number of

empirical studies that directly address this point is limited, Odum et al. (2002) reported that

smokers discounted hypothetical health losses in a manner that was predicted by the

hyperboloid discounting model and that they did so more steeply than never-smokers did.

The clear implication is that delayed health losses are not particularly effective punishers of

smoking, at least among current smokers. With regard to non-humans, it is known that

electric shock can suppress drug taking under single-operant (Bergman and Johanson 1981;

Grove and Schuster 1974) and choice (Johanson 1977) situations. However, we are not

aware of any research with non-humans on the effect of delay on punishment of drug self-

administration.

The present study examined the effect of delay of punishment on the self-administration of

cocaine using a method for studying the punishing effects of histamine that we developed

previously (Woolverton 2003; see also Negus 2005). In Phase 1, monkeys chose between an

injection of cocaine alone and an injection of the same dose of cocaine followed

immediately by an injection of histamine. We hypothesized that histamine injections would

punish cocaine self-administration and that the effectiveness of histamine punishment would

increase with the dose of histamine. In Phase 2, monkeys chose between an injection of

cocaine that was followed immediately by a histamine injection and an injection of cocaine

that was followed by a delayed histamine injection. For each monkey, the dose of histamine

was one that had been determined to be an effective punisher in the previous phase. We

hypothesized that delayed histamine would be a less effective punisher than immediate

histamine and that the hyperboloid discounting model (Green and Myerson, 2004) would

describe the decrease in punishment effectiveness as a function of delay.

Materials and Methods

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).

Subjects

Five male rhesus monkeys, weighing between 7.6 and 12.8 kg, served as subjects. Monkeys

4296, SBR115 and 4300 were experimentally naïve at the start of the study. The other two

monkeys had significant histories of lever pressing maintained by drug and/or non-drug

reinforcers, most recently as reported in Freeman et al. (2009; monkey BDH) and Freeman

et al. (2010; monkey M341). Monkey M341 lost his last catheter before completing the

second phase of the study and therefore data only from the first phase are reported. Each

monkey had continuous access to water, was fed monkey chow and fresh fruit at 07:00 each

day in amounts sufficient to maintain stable body weights, and was given a multi-vitamin

tablet 3 days/week. Animal rooms were maintained on a 16:8 hour light:dark cycle with

lights on at 06:00.
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Apparatus

Each monkey was housed in a ventilated cubicle (Plas-Labs, 1.0 m3) that also served as the

experimental chamber. The door of the cubicle was clear plastic and had attached two metal

boxes, 33 cm apart. Each box contained a primate response lever (PRL-001, BRS/LVE,

Beltsville, MD) and four jeweled stimulus lights, two white and two red. Partway through

the experiment, one monkey (4296) developed a strong preference for one lever. For that

monkey, the two-lever arrangement was replaced with a custom-designed single “joy stick”

type lever that could be pushed either to the left or the right and which had the white and red

stimulus lights arranged vertically on each side of the manipulandum. Monkey M4296

completed the delay portion of the study with the joystick.

Each monkey was fitted with a mesh jacket and tether (Lomir Biomedical, Malone, NY) that

attached to the rear of the cubicle. This system allowed the monkey essentially unrestricted

movement and protected the catheter, which was attached to a double lumen swivel at the

distal end of the tether. Outside the cubicle, the catheter was connected to pumps (7540X,

Cole-Parmer Instrument Co, Chicago, IL) that injected drug solutions at a rate of

approximately 1.5 ml/10 sec. Macintosh computers with custom software controlled

experimental events and recorded data.

Procedure

For catheter implantation, each monkey was injected with atropine sulfate (0.04 mg/kg, i.m.)

and ketamine hydrochloride (10 mg/kg, i.m.) followed 20–30 minutes later by inhaled

isoflurane. When anesthesia was adequate, a double-lumen silicone catheter was implanted

into a major vein (internal jugular, external jugular, or femoral) with the tip terminating near

the right atrium. The distal end of the catheter was passed subcutaneously to the midscapular

region, where it exited the subject’s back. After surgery, the monkey was returned to the

experimental cubicle and the catheter was connected to the infusion pumps, one for cocaine

injections and one for histamine injections. An antibiotic (usually Kefzol, Eli Lilly & Co.,

Indianapolis, IN) was administered twice daily for seven days post-operatively to prevent

infection. If a catheter became nonfunctional during the experiment it was removed and a

new catheter was implanted after a 1–2 week period to allow any infection to clear.

Catheters were filled between sessions with a solution of 40 units/ml heparin to help prevent

clotting at the catheter tip.

Experimental sessions began at 12:00 each day and were conducted seven days a week.

Sessions began with four forced-choice (“sampling”) trials, which were followed by 20 free-

choice trials. On forced-choice trials, the white lights were illuminated for one option only

and a single response on the corresponding lever (FR 1) extinguished the white lights. The

cocaine injection associated with that option began immediately and was delivered over 10

sec. When a histamine injection was programmed to follow the cocaine injection after a

delay, the histamine injection was delivered over 8 sec after the delay elapsed. No signal

was presented during the delay. During both the cocaine and histamine injections, the red

lights were continuously illuminated over the operative lever only. An inter-trial interval

(ITI) was programmed to begin with the lever press (as opposed to the end of the injection).

That is, the ITI and the delay ran simultaneously to ensure that trials were evenly spaced and
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that reinforcement density did not covary with delay and to minimize drug accumulation

over the session. Free-choice trials were identical to forced-choice trials except that the

white lights for both options were illuminated until one was chosen, and different injections

and/or different delays were delivered as a consequence of responding on one or the other

lever.

In Phase 1 of the experiment, we examined the punishing effect of histamine on cocaine

self-administration. One choice option consisted of cocaine only (in different conditions,

either 50 or 100 μg/kg/inj), whereas the other option consisted of the same dose of cocaine

followed immediately (1-sec between injections) by either saline or different doses of

histamine (0.37–50 μg/kg/inj). Histamine doses were tested in an irregular order across

monkeys. The ITI was 10 min for this phase of the study.

In Phase 2 of the experiment, the ITI was increased to 20 min and we examined the effect on

cocaine choice of delaying a histamine injection. For both choice options, a histamine

injection (6, 12 or 25 μg/kg) followed the cocaine injection. For one option, the histamine

injection followed cocaine immediately, whereas for the other option there was a delay

between the cocaine and histamine injections. A relatively long delay (360 or 720 sec) was

tested first in all monkeys to verify that a long delay would be effective. Monkey 4296 did

not initially prefer the delayed-histamine option and, for this monkey, choice of the cocaine-

only option (as in Phase 1) was re-established. Next, cocaine followed by a low dose of

delayed histamine was substituted for the cocaine-only option. Then the dose of the delayed

histamine injection was gradually increased to the same level as the immediate dose until

choice was stable and maintained after a position reversal. Shorter delays were then tested in

an irregular order across monkeys.

Each experimental condition was in effect for at least four sessions and until choice was

stable for three consecutive sessions. Stability was defined as three consecutive sessions in

which the number of choices of the preferred option was within ± 3 of the three-session

mean and in which there was no upward or downward trend. After preference for one option

was stable, the positions of the two options were reversed.

Data Analysis

For each monkey, mean percent choices of the cocaine-only option in Phase 1 and of the

delayed-histamine option in Phase 2 were calculated for the last three sessions of a condition

and its reversal. Both histamine dose-response functions and delay-response functions were

analyzed individually using least squares linear regression. Because no preference (i.e, 50%

choice) is equivalent to no effect, ED75 values (i.e., 75% choice) were estimated based on

the regression of percent choice on log histamine dose in Phase 1 and provided a measure of

sensitivity to the punishing effect of histamine.

To examine the applicability of the delay discounting model to punishment, the percentage

of trials on which monkeys chose the immediate histamine option when it was associated

with the preferred position served as a measure of the effectiveness of histamine as a

punisher. Changes in punisher effectiveness as a function of delay were analyzed by fitting a

hyperboloid discounting function to the data (Equation 1).
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Drugs

Cocaine HCl was provided by the National Institute on Drug Abuse. Histamine

dihydrochloride was purchased from Sigma Aldrich, Inc. Both were dissolved in 0.9% saline

in concentrations appropriate to doses. Drug dose was varied by varying the concentration of

the drug solution.

Results

The monkeys completed all trials in all sessions of both Phase 1 and Phase 2. Sessions to

stability ranged between four and 22 over the entire experiment. In Phase 1, three of the

monkeys (4300, BDH and M341) showed no clear preference between an injection of 50

μg/kg of cocaine alone and the same cocaine dose followed immediately by an injection of

saline. The other two monkeys (4296 and SBR115) were not tested with a saline option but

showed no clear preference between the cocaine injection alone and the same dose of

cocaine followed immediately by an injection of a low dose of histamine (1.5 and 6 μg/kg;

see Figure 1). All five monkeys showed an increase in choice of the cocaine-only option as

histamine dose was increased with preference for the cocaine-only option increasing to near

100% in all cases. ED75 values for histamine were 0.6 μg/kg (BDH), 3.0 μg/kg (4300, SBR

115) and 12 μg/kg (4296). The ED75 value was not calculated for M341 since choice levels

below 75% were not seen with any tested dose of histamine. Monkey BDH was unusually

sensitive to histamine, with a clear preference for the cocaine-only option when the

histamine dose was 0.75 μg/kg. Two of the monkeys (M341 and 4296) were tested with a

cocaine dose of 100 μg/kg/inj in addition to the dose of 50 μg/kg/inj, With the higher dose of

cocaine, the histamine dose-response function was shifted to the right relative to that seen

when the dose of cocaine was 50 μg/kg, indicating that higher doses of histamine were

required to punish responding maintained by a higher dose of cocaine. There were no post-

session effects of histamine on food intake.

In Phase 2, the options were either cocaine followed immediately by histamine or cocaine

followed by the same dose of histamine but delivered after a delay. Under these conditions,

every monkey developed a position bias such that one of the two positions was preferred

even when it was associated with histamine with a brief delay; choice of the preferred

position was greater than 85%, averaged across delays, for each monkey. Choice of that

position was not systematically affected by the delay to the histamine injection (Figure 2,

open symbols). Across the four monkeys, the change in percent choice from the shortest to

the longest delay ranged from −3.4% to 3.0%. Because of these position preferences,

analysis focused on the effect of delay until the histamine injection on choice of the other,

non-preferred position when it was associated with delayed histamine. Choice of the non-

preferred position increased systematically as a function of the delay (Figure 2, solid

symbols) in all monkeys. Monkey BDH was particularly sensitive to delay, choosing its

non-preferred position 6.7% of the time when either choice resulted in cocaine followed by

histamine 1 second later, but choosing this option on 86.7% of the trials when the delay was

10 seconds.

To examine the effects of delay to histamine on punisher effectiveness within the delay

discounting framework, we analyzed the decrease in the percentage of trials on which
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monkeys chose the immediate histamine option when it was associated with the preferred

position as a function of the delay to histamine associated with the non-preferred position

(i.e., the complement of the data represented by the solid symbols in Figure 2). As predicted

by the hyperboloid model, discounting was negatively accelerated (see Figure 3) and

Equation 1 accounted for a significant proportion of the variance in the data with R2s

ranging from 0.77 to 0.93.

Discussion

The present study examined the effect of punishment on cocaine self-administration and

whether the role of delay in modulating such punishment may be usefully examined within

the context of the delay discounting framework. Given a choice between a cocaine injection

that was followed immediately by a histamine injection and the same injection of cocaine

alone in Phase 1, monkeys preferred the injection of cocaine alone, suggesting that

delivering a histamine injection after a cocaine injection punished cocaine self-

administration. Moreover, the frequency with which monkeys chose the cocaine-only option

increased systematically as the dose of histamine increased. When given a choice between

cocaine only and cocaine followed by a saline injection (or in some cases, a low dose of

histamine), the monkeys were relatively indifferent, indicating that simply delivering a

second injection after a cocaine injection was not punishing in and of itself.

Histamine has previously been shown to punish food-maintained responding in both single

operant and choice situations (Goldberg, 1980; Katz and Goldberg 1986; Negus 2005;

Woolverton 2003). In addition, histamine has been shown to punish cocaine self-

administration in monkeys given a choice between cocaine and food (Negus 2005). The

results of the present experiment demonstrate that histamine can also function as a punisher

of cocaine self-administration when monkeys choose between injections of cocaine. There

were individual differences in sensitivity to histamine, with ED75s ranging between 0.6 and

12 μg/kg. Overall, effective doses of histamine in the present study were comparable to the

doses of histamine that previously have been shown to punish cocaine self-administration

when monkeys choose between cocaine and food (Negus, 2005).

In Phase 2, monkeys were given a choice between a cocaine injection followed immediately

by histamine and cocaine followed by the same dose of histamine injected after a delay. We

hypothesized that adding a delay between a cocaine injection and its punisher would

diminish the effectiveness of that punisher. In fact, histamine injected with relatively long

delays after cocaine (360 or 720 seconds) proved to be ineffective as a punisher of cocaine

self-administration in the present study. When the delay to the histamine injection was brief,

and thus the difference between the alternatives was relatively small, all of the monkeys

showed strong position preferences. Such position preferences have been amply documented

in monkeys responding under conditions similar to those used here (e.g., Iglauer and Woods,

1974; Johanson and Schuster 1975). Although the mechanisms that determine position

preferences are unclear, they are most often observed when the differences between the

options are relatively small.
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When the delayed histamine was associated with the preferred position, increasing the delay

had little effect because choice of that option was already near ceiling. In contrast, when the

delayed histamine was associated with the non-preferred position, choice of that option

increased systematically as a function of the delay to the histamine injection, indicating that

the effectiveness of histamine as a punisher of that option decreased. This result was

observed in all monkeys, consistent with the hypothesis that a delay between drug self-

administration and a punisher weakens the effectiveness of the punisher. Interestingly, the

delays that affected choice of cocaine self-administration in the present experiment were

comparable to those that were effective in decreasing choice of a delayed cocaine injection

in previous experiments (Woolverton and Anderson 2006; Woolverton et al. 2007). That is

to say, delays of approximately the same duration reduced the effectiveness of both

punishment and positive reinforcement of cocaine self-administration.

We had hypothesized not only that the effectiveness of histamine punishment would

decrease as a function of delay, but also that the decrease would be described by the

hyperboloid discounting model (Green and Myerson, 2004). Consistent with this hypothesis,

increases in choice of the non-preferred option as the delay to histamine injection showed a

negatively accelerated increase, reflecting a nonlinear decrease in punishment effectiveness

that was well described by the hyperboloid model (Equation 1; see Figure 3). In addition to

extending the generality of the discounting framework to situations involving delayed

punishment of drug self-administration, these results are important because of the potential

implications of the form of the discounting function for our understanding of the effects of

punishment on drug taking.

More specifically, the hyperboloid discounting function predicts the occurrence of

preference reversals that are not predicted by other forms of discounting (e.g., exponential).

For example, a substance abuser might agree to quit next week at which point he (or she)

would experience the negative (but time-limited) consequences of abstinence rather than use

drugs and experience the larger, but later (and perhaps longer lasting) negative consequences

for social and family relationships. Nevertheless, come next week he may choose to

continue to use drugs, despite his previously stated preference. Such preference reversals

have been typically discussed with respect to choices between smaller, sooner and larger,

later rewards, but they have been shown to occur with smaller, sooner and larger, later losses

as well (Holt et al. 2008). Thus, the hyperboloid model explains the preference reversals

often associated with substance abuse as a consequence of the discounting of delayed

punishment.

Discounting research with substance abusers has also focused on delayed rewards, and the

steep discounting of such rewards by substance abusers is often assumed to underlie their

substance abuse (e.g., Bickel and Marsch, 2001). The present results may serve as a

reminder that the negative consequences of substance abuse are governed by similar

principles, and these principles must be taken into account in our effort to understand and

change such problem behavior. Although the use of punishment (e.g., arrest and

incarceration) to influence the choice to take a drug is common, there has been little

systematic investigation of its theoretical underpinnings. The discounting framework would

appear to provide such underpinnings. Individuals’ tendency to discount delayed punishment
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may also play a crucial role in their escalating drug use and may contribute to their

vulnerability to drug abuse. For purposes of investigating the dynamics of the control of

drug taking by punishment, an animal model will be particularly useful, and a behavioral

preparation in which histamine drug injections are used as a punisher of monkeys’ drug self-

administration would appear to provide such a model.
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Figure 1.
Dose-response functions for rhesus monkeys choosing between cocaine (50 or 100 μg/kg/

inj) followed immediately by an injection of saline or histamine at the indicated doses, and

the same dose of cocaine alone. Symbols represent the mean percent choice of the cocaine-

only option averaged across the last 3 sessions of a dose condition and its reversal (i.e., 6

total sessions).
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Figure 2.
Effects of delay on choice between cocaine (50 μg/kg/inj) followed by an immediate

injection of histamine and the same dose of cocaine followed by a delayed injection of

histamine. For monkeys 4300, BDH, SBR115, and 4296 the histamine dose was 6, 12, 12,

and 25 μg/kg, respectively. Solid symbols and open represent the percent choice (based on

the last 3 sessions of a condition) of the non-preferred and preferred positions, respectively,

when the delayed histamine was associated with those positions. Note that delay is plotted

on a logarithmic scale.

Woolverton et al. Page 12

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 May 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Discounting functions for rhesus monkeys choosing between cocaine (50 μg/kg/inj)

followed by an immediate injection of histamine and the same dose of cocaine followed by a

delayed injection of histamine. Punisher effectiveness is measured as the percentage choice

of the preferred position, as a function of delay when the delayed histamine option is

associated with the non-preferred position. Note that, in contrast to Figure 2, delay is plotted

on a linear scale.
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