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1. Introduction

Delayed reinforcement is of interest from two theoretical perspectives. Firstly, how do

animals succeed in bridging delays to reinforcement at all? Natural reinforcers always

follow the action that obtained them by a delay, even if it is short. Thus, to control the

world successfully, animals must be able to use delayed reinforcement. In some species,

the delay to reinforcement may be very long indeed; humans routinely make decisions on

the basis of outcomes that are decades away.

Secondly, individuals differ in their ability to choose delayed rewards. Impulsive choice

is exemplified by the tendency of an individual to choose a reward that is small or poor,

but is available immediately, in preference to a larger reward that is only obtainable after a

period of time (Ainslie 1975). Impulsive choice may reflect reduced efficacy of delayed

reinforcement. It has been considered a normal human characteristic (Aristotle 350 BC /

1925), but impulsive choice contributes to deleterious states such as drug addiction (Poulos

et al. 1995; Heyman 1996; Bickel et al. 1999; Evenden 1999a; Mitchell 1999) and has

been suggested to underlie a number of other clinical disorders, including attention-

deficit/hyperactivity disorder (ADHD) (Sagvolden et al. 1998; Sagvolden and Sergeant

1998). Why are some individuals impulsive in their choices?

In this chapter, as a background to these questions, modern theories of animal learning

(specifically, Pavlovian and instrumental conditioning) will first be summarized. These

theories are based on studies showing that multiple dissociable psychological processes

contribute to rats’ actions. The potential ways in which delayed reinforcement can affect

instrumental learning will be considered. Theories of instrumental choice will then be

briefly reviewed, examining their applicability to choice between delayed reinforcers and

their relevance to neuropsychological studies. Interventional studies will be reviewed that

examine the role of selected neurochemical systems (the serotonin and dopamine

neuromodulator systems) and neuroanatomical regions (the nucleus accumbens core,
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anterior cingulate cortex, medial prefrontal cortex, and orbitofrontal cortex) in rats’ ability

to choose delayed rewards. Finally, the applications of these studies to addiction and other

disorders of impulsivity will be considered.

2. The rat responds for rewards based on multiple representations of reinforcer value

In addition to innate, unlearned behaviour, rats may acquire new behavioural responses

through Pavlovian conditioning, in which the experimenter arranges a contingency

between stimuli in the world by presenting those stimuli independently of the animal’s

behaviour (Pavlov 1927). Similarly, rats exhibit goal-directed behaviour learned through

instrumental conditioning, in which the experimenter arranges a contingency between the

animal’s behaviour and a reinforcing outcome (Thorndike 1911). When considering

subjects choosing between delayed rewards, it is natural to think of instrumental

conditioning as the underlying psychological process. However, instrumental conditioning

is not a unitary phenomenon. Apparantly simple goal-directed responding depends on

multiple representations within the brain (Dickinson 1994; Dickinson and Balleine 1994).

Additionally, under certain circumstances, such behaviour can cease to be goal-directed

and become habitual (Adams 1982; Dickinson 1994), and Pavlovian conditioning can have

a direct influence on instrumental responding. Indeed, it is apparent that many

psychological processes contribute to learning and performance of instrumental behaviour

(summarized here but reviewed thoroughly by Dickinson 1994; Dickinson and Balleine

1994; Cardinal et al. in press); thus, complex tasks such as choosing between delayed

rewards may depend on a number of these processes.

Specifically, rats can learn the instrumental contingency between an action such as

lever-pressing and an outcome (such as food). This knowledge is represented in declarative

fashion in the brain (Dickinson 1994). To produce goal-directed action, this knowledge

interacts with another declarative representation, that of the instrumental incentive value of
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the food, in order to determine whether the rat does or does not perform the action. If the

rat knows that lever-pressing produces food and values the food highly, it is likely to press

the lever. Surprisingly, there is a second system that assigns a value to foodstuffs — the

food’s affective or hedonic value. Through direct experience, the hedonic value is ‘written

into’ the instrumental incentive value governing goal-directed action (a process termed

incentive learning: Dickinson 1994; Dickinson and Balleine 1994). There are

circumstances in which these two values can differ (see Dickinson 1994; Dickinson and

Balleine 1994; Cardinal et al. in press).

Although rats possess declarative knowledge of the consequences of their actions, they

also possess a procedural, stimulus–response ‘habit’ system; this system is less flexible

(for example, it contains no explicit knowledge of the reinforcer, so the probability of

performing the habitual action does not change immediately if the value of the reinforcer is

altered). Overtraining is a typical way in which a goal-directed response becomes habitual

(see Adams 1982; Dickinson et al. 1983; Dickinson 1985; Dickinson 1994; Dickinson et

al. 1995).

Finally, Pavlovian conditioned stimuli (CSs) can modulate instrumental performance

directly (Dickinson 1994; Dickinson and Balleine 1994), an effect termed Pavlovian–

instrumental transfer (PIT). For example, a Pavlovian CS that predicts the arrival of

sucrose solution will enhance instrumental lever-pressing for sucrose (Estes 1948;

Lovibond 1983); this, at least in part, represents conditioned motivation (see Cardinal et al.

in press). The ability of a Pavlovian CS to affect instrumental performance depends upon

the relevance of the unconditioned stimulus (US) to the animal’s motivational state at the

time; therefore, a neural system must exist to judge the current value (or salience) of the

US when the CS is presented. This value has been dissociated both from the instrumental

incentive value and the hedonic value of foodstuffs (Dickinson 1986; Dickinson and

Dawson 1987a; Dickinson and Dawson 1987b; Dickinson et al. 2000; see Cardinal et al. in



4

press). As emphasized by Gjelsvik (this volume), cue-induced motivation (PIT) may have

great significance for addiction (with potential roles in acquisition, maintenance, and cue-

induced relapse; see e.g. Tiffany and Drobes 1990; Gawin 1991; O'Brien et al. 1998) as it

represents a mechanism by which uncontrolled (noncontingent) stimuli can radically affect

goal-directed responding.

Thus, an ostensibly simple behaviour — lever-pressing in rats — is influenced by many

dissociable psychological processes. Understanding of these processes is by no means

complete. For example, it is not clear how conditioned reinforcement (in which neutral

stimuli paired with primary reward gain affective or motivational value such that animals

will work for them: see Mackintosh 1974; Williams 1991; Williams and Dunn 1991;

Williams 1994a) relates to the valuation processes described above. Conditioned

reinforcers might act in several ways (for example, by gaining instrumental incentive value

and also affecting behaviour via PIT). Thus, the fact that multiple psychological processes

contribute to a behaviour such as lever-pressing must be borne in mind when considering a

complex phenomenon such as responding for delayed reinforcement.

3. Mechanisms by which delayed reinforcement can affect instrumental learning

Early theorists considered the fundamental problem of delayed reinforcement: how a

response can be strengthened by reinforcement that follows it. Hull (1932) postulated that

the strength of a stimulus–response (S–R) association is inversely related to the delay

between the response and the reinforcement, assuming a logarithmic relationship. Indeed,

instrumental learning has repeatedly been shown to be a decreasing function of the delay

(e.g. Lattal and Gleeson 1990; Dickinson et al. 1992). Interestingly, in several early

studies, the delay was bridged by distinctive cues or environments; the cue that precedes

eventual reward has the potential to become a secondary or conditioned reinforcer, making

the ‘underlying’ response–reinforcement delay gradient function unclear. The importance
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of this effect was first shown by Grice (1948), who trained rats on a visual discrimination

task with delayed reinforcement. The rats were given a choice between a white and a black

alley; both led to a grey goal box, but only one (reached from the white alley) contained

food. A delay to reinforcement was added by inserting two grey alleys of variable length.

Grice found that learning was noticeably impaired by as short a delay as 0.5 s, and severely

impaired by 5 s, a deficit that could be ameliorated by having more discriminable goal

boxes or by forcing the rats to make discriminable motor responses in the black and white

start alleys. Grice argued that learning under conditions of delayed reward was due to

immediate secondary (conditioned) reinforcement, based on traces of visual or

proprioceptive stimuli. Clearly, if the ‘primary’ delay gradient is a meaningful concept, it

is steep; the distinction becomes one of whether the delay gradient applies to direct

reinforcement of responses (Hull) or to stimulus–reward association (Grice).

Killeen and Fetterman (1988), in contrast, suggest that the very idea of a ‘delay

gradient’ is misleading. In their model, reinforcement always strengthens the responses

that the animal is presently making, and never acts ‘backwards in time’ to strengthen past

responses. The observed ‘gradient’ arises from the fact that the animal has a finite

probability of leaving the behavioural state it was in when it responded. If reinforcement

follows immediately, there is a high probability of strengthening the response that caused

reinforcement, but the longer the reinforcer is delayed, the greater the chance that the

animal has moved to another state, in which case a different response will be reinforced.

This point has also been made by Spence (1956), Mowrer (1960), and Revusky and Garcia

(1970); see also Mackintosh (1974, pp. 155-159).

When considering choice between reinforcers when one is delayed, one reason for the

failure of a subject to choose the delayed reinforcer may therefore be that a response–

reinforcer, stimulus–reinforcer, or stimulus–response association is weaker for the delayed

alternative. Additionally, if the delay is bridged by a stimulus acting as a conditioned
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reinforcer, then neural interventions known to increase the power of conditioned

reinforcers should improve subjects’ ability to choose the delayed reward.

4. Delayed reinforcement in choice

4.1. Utility theory as an approach to normal and pathological choice in animals

To analyse choice involving delayed reinforcement, it is natural to attempt to quantify the

value of reinforcers to the subject, and utility theory is a way of analysing choice that has

explicitly or implicitly underlain many studies using delayed reinforcement. Formal utility

theory is based on six axioms defining attributes of preference that perfectly rational agents

should possess (von Neumann and Morgenstern 1947) (reviewed by Russell and Norvig

1995). A full statement of these axioms is beyond the scope of this article, but one, for

example, is transitivity: if an agent prefers A to B and B to C, then it must prefer A to C. (If

the agent violated this principle, preferring A>B>C>A, and initially possesses A, then an

observer could offer the agent C in exchange for A plus a small monetary payment;

similarly B for C and A for B, after which the agent ends up in its original state but with

less money, which — assuming money is desirable — is irrational.) Given that an agent

obeys the axioms of utility theory, then there must exist a utility function U that assigns a

real number to every outcome O such that U(O1) > U(O2) if O1 is preferred to O2, and

U(O1) = U(O2) if the agent is indifferent between the two outcomes.

Goal-directed action requires that the agent assigns value (goal status) to outcome

states, but also that it knows the consequences of its actions. To allow for the fact that

actions may not always have totally predictable consequences, the agent’s knowledge

about the causal nature of the world may be represented in the form p(action → outcomen |

evidence) denoting the probability, given the available evidence, that action causes

outcomen. The expected utility of an action is therefore given by EU(action|evidence) =

∑np(action→outcomen|evidence)⋅U(outcomen). Rational decision-making follows if the
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agent selects the action with the maximum expected utility (the MEU principle). The

theory specifies neither the utility functions themselves — anything can be valued — nor

the way that the decision is arrived at, which may be explicit or implicit.

However, this decision-making approach suffers from two particular deficiencies.

Firstly, computing the expected utilities takes finite time. In real-world situations it may

often be better to make an imperfect decision quickly than eventually to make what would

have been the perfect decision — a difficult problem (Russell and Norvig 1995). Secondly,

the MEU principle implies that in identical situations, the same action will always be taken

(it is a ‘pure’ strategy). Once again, this may not be a wise real-world strategy. Game

theory (von Neumann and Morgenstern 1947) has shown that there are many situations

involving choice under uncertainty when the optimal strategy is to assign probabilities to

making different choices but to let the actual decision be governed by chance (a ‘mixed’

strategy), and how randomness is used by animals in decision-making is poorly understood

(see Mérö 1998).

Within the framework of utility theory, there are two ways to produce ‘pathological’

decision-making, such as that contributing to drug addiction. One is to alter the utility

functions. For example, assigning a higher utility to poverty than wealth would cause a

perfectly rational agent to give its money away; if gambling had intrinsic utility then an

agent might gamble despite the financial loss. While the underlying choice remains

rational, the agent’s preferences generate abnormal behaviour. Indeed, some investigators

see it as axiomatic that animals make rational or optimal decisions (see Williams 1994b,

pp. 91/94), so that the experimenter’s job is to discover the value system of the subject.

The other possibility, considered less often, is that utilities are computed normally but the

decision-making process itself fails. Indeed, normal humans are not ‘normative’: they

systematically deviate from the axioms of decision theory (Kahneman et al. 1982;

Heckerman et al. 1992; see also Chase et al. 1998). The distinction is difficult. As an
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illustration, consider a smoker who desires to abstain but then lights a cigarette. Are we to

consider the decision flawed or the actual utility of smoking higher than he first thought? If

‘optimality can be considered axiomatic’ (Williams 1994b, p. 94), the latter is the case, but

such a theory cannot distinguish between the act of our relapsing smoker and one who has

no wish to give up. Nevertheless, this distinction seems important; if so, a more

reductionist approach is required to the way the brain reaches decisions.

4.2. Choice within the brain: ‘top-down’ and ‘bottom-up’ approaches

To choose between two goals that differ in nature, such as food v. money, they must be

compared on a single dimension. Utility functions achieve this by converting multifactorial

alternatives to real numbers. Neurally, a similar process is logically unavoidable — if at no

earlier stage of processing, incompatible behaviours must compete for access to motor

output structures (although there is no a priori reason why the neural comparison process

should be simple or linear).

There is a long history of behavioural research into the computation of reward utility

and consequent behavioural strategy (reviewed by Williams 1994b), including the utility of

artificial reinforcers (see Shizgal 1997). Initial attempts involved the calculation of

reinforcement efficacy by establishing the relationship between response rate and the

frequency and amount of reinforcement; however, such studies soon established that this

relationship was not simple (see Williams 1994b, pp. 82-83). For example, response rates

are affected by whether a ratio or an interval schedule of reinforcement is used, even when

the reinforcement rate is identical (Dawson and Dickinson 1990). Similarly, the

mechanisms governing motor aspects of responding are neurally dissociable from

motivational mechanisms (see e.g. Robbins and Everitt 1992).

Another approach has been to relate reinforcement efficacy to choice behaviour. This

literature grew following the discovery by Herrnstein (1961; 1970) of the ‘matching law’.
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Herrnstein (1961) trained pigeons to respond on two concurrent variable interval (VI)

schedules, and varied the relative availability of reinforcement on the two schedules while

holding the overall reinforcement rate constant. He observed that the proportion of the total

behaviour allocated to each response key approximately matched the proportion of

reinforcers allocated to that key. This defines the matching law: R1 / (R1 + R2) = r1 / (r1 +

r2) where R represents the behavioural response rate for each alternative, and r the

reinforcement. Herrnstein (1970) extended this relationship to take account of more than

two alternatives, particularly including ‘unmeasured’ activities the animal may engage in,

and derived a ‘general principle of response output’ (Herrnstein 1970, p. 256): R1 = kr1 / (r1

+ re), where R1 is the rate of the response being measured, r1 is the quantity of

reinforcement for that response, re is the reinforcement for all other responses, and k is a

parameter determining the maximum response rate. Although there are situations where the

matching law is not useful — in particular, ratio schedules, where the distribution of

reinforcement necessarily follows the distribution of responding — a vast literature has

sought to define the effects of varying parameters of reinforcement (such as rate,

probability, delay, and magnitude) based on this work (see de Villiers and Herrnstein

1976).

This approach has not been without problems. In many circumstances, subjects have

been found to ‘overmatch’ (exhibit relative preferences that are exaggerated relative to the

predictions of the matching law) or ‘undermatch’ (exhibit reduced preferences), requiring

further development of the mathematical models (Baum 1974; Baum 1979), though it has

been argued that this is a circular approach (Rachlin 1971). Maximum response rates (k)

have been shown to vary with the kind of reinforcement used (Belke 1998), violating an

assumption of Herrnstein’s law. Nevertheless, the matching law and its extensions do a

good job of describing the relationship between reinforcement rate and behaviour on

concurrent VI and concurrent-chain schedules (Williams 1994b).
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The matching law described a molar property of behaviour — that is, the overall

distribution of a large number of responses. As responses are made on a moment-to-

moment basis, the question arises of what ‘molecular’ choice process operates to produce

matching at a molar level. Suggestions vary from ‘momentary maximizing’ theory, which

suggests that subjects choose (in all-or-none fashion) the response with the highest

instantaneous reinforcement probability, to the idea that matching is the underlying choice

rule (Mackintosh 1974, pp. 192-195; Williams 1994b).

All these theories have a common theme: it is assumed that some value is computed for

each alternative behaviour, and a decision rule allocates behaviour according to the relative

distribution of values. In order to produce a single value for each alternative, different

reinforcement parameters (rate, magnitude, delay, and probability) converge on a single

dimension (Baum and Rachlin 1969). Often, the effects of these different parameters are

assumed to be calculated independently (Killeen 1972; Rachlin et al. 1991; Ho et al.

1999). Though some investigators have supported the latter assumption (Mazur 1987;

Mazur 1997), others, using different techniques, have found that the effects of reinforcer

delay and magnitude are not independent (Ito 1985; White and Pipe 1987). In either case,

the assumption that all choice alternatives are reduced to a single value and then compared

in order to select the option with the greatest value corresponds directly to a form of utility

theory, as described above.

Utility theory can fail to characterize human decision-making (Kahneman et al. 1982),

just as similar approaches have not fully characterized choice in other animals (Williams

1994b, p. 105). Perhaps more success can be achieved by considering the multiple

psychological systems that have been discovered to contribute to instrumental

performance. Rather than being fundamental, rationality (and the MEU principle) may

represent an ideal that is approximated by a set of heuristic psychological processes

implemented in the brain. In this framework, behaviour and choice are seen as the
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asymptotic sum of contributions from cognitive goal-directed systems, habitual responding

and other motivational influences (e.g. Dickinson 1994). As discussed above, rats possess

at least two representations of the value of foodstuffs (Dickinson and Balleine 1994),

namely hedonic value and the incentive value governing instrumental responding;

Pavlovian incentive value is probably a third (see above). A ‘bottom-up’ analysis of the

neuropsychological mechanisms by which these multiple motivational systems calculate

the value of environmental events and interact with each other may prove more productive

than the ‘top-down’ approach. To take a hypothetical example, suppose that stimulus–

response habits obey the matching law, but that cognitive, voluntary decisions can override

habits in some circumstances and have a different value system. It may be that

acknowledging the existence of these two systems, and determining when each operates,

will more rapidly lead to an accurate description of choice behaviour than attempting to

model choice with a single, but highly complicated, value system.

4.3. Temporal discounting and impulsive choice

Given these caveats, studies of impulsive choice have produced some highly consistent

results regarding the effects of delayed reinforcement in well-defined choice paradigms. In

a typical experimental situation, a subject chooses between an immediate, small reward or

a large, delayed reward; the time discounting function quantifies the effect of the delay on

preference. Kacelnik (1997) points out that economic models of choice tend to be based on

exponential time discounting functions. If it is assumed that delayed reward is preferred

less because there is a constant probability of losing the reward per unit of waiting time, or

that there is a constant ‘interest rate’ for the reward obtained immediately (and that the

subject’s behaviour is attuned to this fact, i.e. that choice is normative) then exponential

models emerge: if a delayed reward of magnitude A is chosen and there is a probability p
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of loss in every unit of time waited, the perceived value V of the delayed reward should be

V = A(1 – p)T = Ae–kT where k = –ln(1 – p).

However, the exponential model has been emphatically rejected by experimental work

with humans and other animals. The literature on human cognitive decisions will not be

considered here. The rat literature contains several demonstrations (many based on the

adjusting-delay task of Mazur 1987), using natural reinforcers and intracranial self-

stimulation (Grice 1948; Mazur 1987; Mazur et al. 1987; Richards et al. 1997b), that time

discounting is described well by a hyperbolic discount function (Figure 1A) or a very

similar power law (Grace 1996); see Kacelnik (1997) for a discussion of why hyperbolic

discounting may be in some sense optimal. One interesting prediction from this function is

that preference between a large and a small reward should be observed to reverse

depending on the time that the choice is made (Figure 1B), and such preference reversal is

a reliable experimental finding (for references see Bradshaw and Szabadi 1992).

At present, the neuropsychological system responsible for hyperbolic discounting is

unknown — such discounting might, for example, result from poor knowledge of the

action–outcome contingency at long delays, from weak stimulus–response habits, or from

reduced utility of delayed rewards in the context of perfect contingency knowledge.

Neuropsychological research along these lines is a young field. However, consideration of

the neural basis of Pavlovian and instrumental conditioning in animals has led to the

identification of several brain regions and neurotransmitter systems that may contribute to

choice, reinforcement and value assessment (reviewed by Cardinal et al. in press). Given

the importance of impulsive choice in addiction (Poulos et al. 1995; Heyman 1996; Bickel

et al. 1999; Evenden 1999a; Mitchell 1999) and ADHD (Sagvolden et al. 1998; Sagvolden

and Sergeant 1998), a number of groups have studied the effects on impulsive choice of

manipulating neurochemical and neuroanatomical systems implicated in addiction and

ADHD; these studies will be reviewed next.
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5. Neurochemical studies of impulsive choice

5.1. Serotonin (5-HT)

Abnormalities of the utility function for delayed reinforcement have been suggested to

occur following neurochemical manipulations. The suggestion that serotonin is involved in

impulse control follows from the twin observations that drugs that suppress 5-HT function

appear to reduce behavioural inhibition, making animals more impulsive in a ‘motor’ sense

(Soubrié 1986; Evenden 1999b), and that low levels of serotonin metabolites in

cerebrospinal fluid are associated with impulsive aggression and violence in humans

(Åsberg et al. 1976; Linnoila et al. 1983; Brown and Linnoila 1990; Linnoila et al. 1993)

and risk-taking behaviour in monkeys (Mehlman et al. 1994; see also Evenden 1998). In

the sphere of delayed reinforcement, forebrain serotonin depletion, which leads to

‘impulsive choice’ in a variety of paradigms (Wogar et al. 1993b; Richards and Seiden

1995; Bizot et al. 1999), has been suggested to reflect a modification of the temporal

discounting function (Wogar et al. 1993b; Ho et al. 1999). Specifically, 5-HT depletion is

suggested to steepen the function, such that delayed rewards lose their capacity to motivate

or reinforce behaviour. The 5-HT-depleted animal becomes hypersensitive to delays (or

hyposensitive to delayed reward). As delayed rewards have unusually low utility, the

animal consistently chooses small, immediate rewards over large, delayed rewards, a

characteristic of impulsivity (Ainslie 1975). Conversely, increasing serotonin function with

the 5-HT indirect agonist fenfluramine decreases impulsivity (Poulos et al. 1996).

5.2. Dopamine (DA)

Much of the interest in the relationship between dopamine and impulsivity comes from the

discovery that amphetamine and similar psychostimulants are an effective therapy for

ADHD (Bradley 1937). Though these drugs have many actions, they are powerful releasers
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of dopamine from storage vesicles in the terminals of dopaminergic neurons, and prevent

dopamine re-uptake from the synaptic cleft, potentiating its action (for references see

Feldman et al. 1997, pp. 293/552/558). Sagvolden and Sergeant have proposed that many

features of ADHD, including preference for immediate reinforcement and hyperactivity on

simple reinforcement schedules due to short inter-response times, are due to an abnormally

short and steep delay gradient, and that this is due to a hypofunctional dopamine system

(Sagvolden et al. 1998). Indeed, they go on to suggest nucleus accumbens (Acb) DA as the

specific culprit (Sagvolden et al. 1998; Sagvolden and Sergeant 1998). Acb DA has long

been implicated in aspects of responding for reinforcement, though its role is not yet fully

understood (see Cardinal et al. in press).

Many of the inferences regarding the neural abnormalities in children with ADHD have

in fact been drawn from studies of the spontaneously hypertensive rat (SHR), an inbred

strain of rat that serves as an animal model of ADHD (Wultz et al. 1990; Sagvolden et al.

1992; Sagvolden et al. 1993; Sagvolden 2000). This rat exhibits pervasive hyperactivity

and attention problems that resemble ADHD, is abnormally sensitive to immediate

reinforcement in the sense that it exhibits a steeper ‘scallop’ of responding on fixed-

interval (FI) schedules (Sagvolden et al. 1992), and is impulsive on measures of ‘execution

impulsivity’ (Evenden and Meyerson 1999).

Examination of the brains of SHRs supports the assertion that they have an abnormality

of dopamine systems. Depolarization- and psychostimulant-induced dopamine release in

nucleus accumbens brain slices is altered in the SHR compared to Wistar Kyoto progenitor

control rats in a complex pattern that has been attributed to hypofunction of the mesolimbic

dopamine system projecting to the Acb (de Villiers et al. 1995; Russell et al. 1998; Russell

2000), though abnormalities have also been found in dopamine release in slices of dorsal

striatum and prefrontal cortex (Russell et al. 1995). Within the Acb, differences in gene
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expression and dopamine receptor density have been observed in both the core and shell

subregions (Papa et al. 1996; Carey et al. 1998; Papa et al. 1998).

Impulsive choice has been suggested to reflect an alteration in reinforcement processes,

namely that delayed reinforcers have lost their effectiveness, and has been suggested to

underlie attention-deficit/hyperactivity disorder (ADHD) (Sagvolden et al. 1998;

Sagvolden and Sergeant 1998). ADHD is amenable to treatment with psychomotor

stimulant drugs (Bradley 1937; Solanto 1998), suggesting that they might promote the

choice of delayed rewards. However, in laboratory models of impulsive choice, the effects

of acute administration of psychostimulants have varied: some studies have found that they

promote choice of delayed reinforcers (Sagvolden et al. 1992; Richards et al. 1999; Wade

et al. 2000), while others have found the opposite effect (Charrier and Thiébot 1996;

Evenden and Ryan 1996), and it has been shown that the same psychostimulant can have

opposite effects in different tasks designed to measure impulsivity (Richards et al. 1997a).

Intriguingly, in studies of delayed reinforcement, it has been demonstrated that signalled

delays generally maintain higher rates of free-operant responding than unsignalled delays

(see Lattal 1987 for a review), and signals present during the delay to reinforcement can

have an important role in discrete-trials choice (Mazur 1997). A signal or cue that is

associated selectively with a reinforcing outcome may become a conditioned reinforcer,

and conditioned reinforcement can affect choice behaviour (Williams and Dunn 1991).

Since amphetamine-like drugs potentiate the effects of conditioned reinforcers (Hill 1970;

Robbins 1976; Robbins 1978; Robbins et al. 1983), Cardinal et al. (2000) tested the

hypothesis that amphetamine promotes the choice of signalled delayed reinforcement by

potentiating conditioned reinforcing properties of the cue. Rats were given regular discrete-

trial choices between an immediate small reinforcer and a delayed large reinforcer. For one

group of rats, illumination of a stimulus light during the delay provided a signal that was

unambiguously associated with the large reinforcer (termed the Cue condition; Figure 2).
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This design is commonly used to establish stimuli as conditioned reinforcers in delay-of-

reinforcement experiments (for reviews see Williams 1994a; Mazur 1997). In the No Cue

condition, rats awaited and collected the reinforcers in darkness, with no signal present

during the delay. Given that the effect of amphetamine on performance of this task in the

absence of differential cues was to increase preference for the small immediate reward

(reduced tolerance of delay, Evenden and Ryan 1996), the addition of a conditioned

reinforcer would be expected to reduce or reverse this effect. To prevent rats accumulating

more food overall by choosing the immediate reward frequently, the time between

successive trials was held constant (see Sonuga-Barke et al. 1998); thus, choice of the

small immediate reinforcer was always suboptimal.

Cardinal et al. (2000) found that the effects of amphetamine depended on the effects of

the cue, decreasing preference for the large, delayed reinforcer in the No Cue condition,

but increasing it in the Cue condition. This finding is consistent with Evenden and Ryan

(1996), who used a task equivalent to the No Cue condition of Cardinal et al. (2000) and

found that amphetamine reduced preference for the delayed reward. It is also consistent

with results obtained using an adjusting-amount procedure (Richards et al. 1997b) in

which a tone was sounded for the duration of the delay, analogous to the Cue condition of

Cardinal et al. (2000); in this task, amphetamine and the amphetamine analogue

methamphetamine increase preference for the larger, delayed reward (Richards et al.

1997a; Richards et al. 1999; Wade et al. 2000). The results of Cardinal et al. (2000)

therefore support the idea that ‘delay discounting’ of the efficacy of future rewards is not a

unitary process (Ainslie 1975), but rather that the observed phenomenon of discounting

arises from several underlying processes of which conditioned reinforcement is one.
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6. Neuroanatomical studies of impulsive choice

In contrast to the literature on the neurochemistry of impulsivity, little is known of the

neuroanatomical basis of impulsive choice. However, three lines of evidence have

suggested the nucleus accumbens (Acb) and its cortical afferents, including the anterior

cingulate and medial prefrontal cortices (ACC, mPFC), as candidate structures that may be

involved in regulating choice between alternative reinforcers.

First, these structures have been firmly implicated in reinforcement processes. The Acb,

once suggested to mediate the reinforcing efficacy of natural and artificial rewards (see

Koob 1992) (and also Wise 1981; 1982; 1985; 1994), is now thought not to be necessary

for this, but instead to be a key site for the motivational impact of impending rewards

(reviewed by Robbins and Everitt 1996; Salamone et al. 1997; Everitt et al. 1999;

Parkinson et al. 2000a; Cardinal et al. in press). Many of its afferents have also been

shown to be involved in reward-related learning, including the ACC (Bussey et al. 1997a;

Bussey et al. 1997b; Parkinson et al. 2000b) and mPFC (e.g. Balleine and Dickinson 1998;

Richardson and Gratton 1998; Bechara et al. 1999; Tzschentke 2000).

Second, these regions are important recipients of dopaminergic and serotonergic

afferents (Fallon and Loughlin 1995; Halliday et al. 1995), and pharmacological

manipulations of dopamine and serotonin systems have been shown to affect impulsive

choice in rats, as described above.

Third, abnormalities of these regions have been detected in humans with ADHD, and in

animal models of ADHD. Abnormal functioning of prefrontal cortical regions, including

medial prefrontal and anterior cingulate cortex, has been observed in ADHD patients

(Ernst et al. 1998; Bush et al. 1999; Rubia et al. 1999). In the spontaneously hypertensive

rat (SHR), differences in dopamine receptor density and gene expression have been

observed within the core and shell regions of the Acb (Papa et al. 1996; Carey et al. 1998;
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Papa et al. 1998; Sadile 2000). Abnormalities of dopamine release have been detected in

the Acb (de Villiers et al. 1995; Russell et al. 1998; Russell 2000) and prefrontal cortex

(Russell et al. 1995), in addition to possible dysfunction in the dorsal striatum and

amygdala (Russell et al. 1995; Papa et al. 2000).

6.1. Role of the nucleus accumbens (Acb)

Using the task described earlier (Figure 2), with no cues present during the delay to avoid

the potential confound of conditioned reinforcement, Cardinal et al. (2001) examined the

effects of excitotoxic lesions of the nucleus accumbens core (AcbC; Figure 3) on rats’

ability to choose a delayed reward. Subjects were trained pre-operatively and assigned to

matched groups before being tested post-operatively, to avoid any possible effects of the

lesion on learning of the task.

AcbC-lesioned subjects exhibited a persistent and profound deficit in subjects’ ability to

choose a delayed reward, making impulsive choices (Figure 4). This was not due to an

inflexible bias away from the lever producing the delayed reinforcer: AcbC-lesioned rats

still chose the large reinforcer more frequently at zero delay than at other delays, and

removal of the delays resulted in a rapid and significant increase in the rats’ preference for

the large reinforcer. Thus, the pattern of choice reflected a reduced preference for the large

reinforcer when it was delayed, suggesting that delays reduced the effectiveness or value of

reinforcers much more in AcbC-lesioned rats than in controls.

In the initial set of post-operative testing sessions, the AcbC-lesioned rats preferred the

small reinforcer even at zero delay, avoiding the large reinforcer. This paradoxical finding

probably reflects an induced bias away from the lever providing delayed reinforcement

(Evenden and Ryan 1996; Cardinal et al. 2000). However, the majority of AcbC-lesioned

subjects (6/10) showed a consistent preference for the large reinforcer after prolonged

training without delays (Figure 5A). This did not overcome the tendency to avoid the lever
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previously associated with delayed reinforcement in all lesioned subjects; given that the

pre-operative performance of the same animals was equal to that of controls, it is possible

that the post-operative experience of delayed reinforcement may have been aversive for

AcbC-lesioned rats (or at least, much less preferable than immediate small reinforcement),

inducing them to avoid that lever permanently. However, even when sham and AcbC-

lesioned subjects were selected who showed near-exclusive preference for the large

reinforcer in the absence of delays (Figure 5E), reintroduction of delays caused a dramatic

and selective fall in preference for the large, delayed reinforcer in the AcbC-lesioned group

(accompanied by a decline in preference at zero delay, Figure 5F–H, which represents

generalization of their avoidance of the delayed reinforcer from trial blocks on which

delays were present to the first trial block). In summary, these results show that AcbC-

lesioned rats are hypersensitive to the effects of delaying reinforcement even when they are

clearly able to discriminate the two reinforcers.

The task used by Cardinal et al. (2001) does not determine whether AcbC-lesioned rats

exhibit altered sensitivity to reinforcer magnitude or delay. Either abnormality might

produce impulsive choice (see Ho et al. 1999). However, in their study, the AcbC group

did discriminate between the large and the small reinforcer, consistent with the observation

that the expectancy of reward magnitude continues to have normal effects upon rats’

reaction time following excitotoxic Acb lesions (Brown and Bowman 1995). A large

proportion of the AcbC group showed a preference, sometimes absolute, for the large

reward when prolonged training was given with no delays, and 5/10 AcbC-lesioned rats

met a very stringent criterion of preference for the large reward under these conditions

(Figure 5E). These same rats were exquisitely sensitive to delays, preferring the large

reinforcer much less than similarly-selected shams when it was delayed.

It is possible that the AcbC group discriminated between the reinforcer magnitudes, but

to a lesser extent than normal rats. In this scenario, AcbC-lesioned rats exhibit impulsive
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choice because the perceived value of the large reinforcer is abnormally low, and

insufficient to overcome the normal effects of delay discounting. Models such as the

multiplicative hyperbolic discounting model of Ho et al. (1999) have been derived based

on behavioural techniques allowing magnitude and delay discounting parameters to be

determined independently. Unfortunately, the behavioural technique used by Cardinal et

al. (2001) cannot be analysed using this model. For example, sham subjects’ preferences

approached 100% choice of the large reinforcer at zero delays (Figure 5A), whereas in the

model of Ho et al. (1999), relative preference between a 1-pellet and a 4-pellet reinforcer

cannot exceed 80%. The behavioural result comes as no surprise, for it is the well-known

phenomenon of maximization on discrete-trial schedules (see Mackintosh 1974, pp. 190-

195), but it implies that behaviour in this task cannot be quantified according to the

hyperbolic discounting model.

Thus, the task used by Cardinal et al. (2001) does not allow the two explanations of

impulsive choice (variations in sensitivity to reinforcer magnitude or delay) to be

distinguished conclusively. While this may be possible in delay-of-reinforcement choice

tasks using indifference-point methodology (Ho et al. 1999), there is an alternative.

Relative preference for two reinforcers is often inferred from the distribution of responses

on concurrent VI schedules of reinforcement (discussed ealier), which, while complex to

interpret when delayed reinforcement is used, are simpler to interpret with immediate

reinforcement. Such a schedule could be used to assess whether or not AcbC-lesioned rats

exhibited relative indifference (‘undermatching’ compared to shams) between the

reinforcers used by Cardinal et al. (2001). This would provide evidence for reduced

reinforcer magnitude discrimination following AcbC lesions, or for an abnormality of the

matching process itself, while normal performance (or overmatching) would make this

explanation less likely and therefore support the view that AcbC lesions produce a steeper
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delay-of-reinforcement gradient. As yet, published data do not allow this question to be

answered.

Finally, an explanation in terms of temporal perception might also be offered for the

effects of AcbC lesions. The basal ganglia have been suggested to be a component of an

‘internal clock’, based on the effects of dopaminergic manipulations on timing tasks (see

Gibbon et al. 1997). Similarly, forebrain serotonin depletion that affects Acb, among many

other structures, impairs timing ability (Morrissey et al. 1993; Wogar et al. 1993a;

Morrissey et al. 1994; Al-Zahrani et al. 1997), though these impairments sometimes reflect

enhanced behavioural switching rather than a true timing deficit (Ho et al. 1995; Al-

Zahrani et al. 1996; Al-Ruwaitea et al. 1997a); see Al-Ruwaitea et al. (1997b) for a

review. Applying the distinctions of Killeen and Fetterman (1988) to the task of Cardinal

et al. (2001) (Figure 2), a lesion that increased the speed of an ‘internal clock’ might affect

choice prospectively (i.e. the lesioned subject perceives itself to be at a later time-point in

the session than it actually is, hastening the within-session shift towards the lever

producing immediate reinforcement), or might affect retrospective choice (i.e. the lesioned

subject experiences a given delay as longer than it remembered, causing a decrease in its

preference for the lever producing delayed reinforcement). Again, there is at present no

evidence to address the question of whether excitotoxic AcbC lesions affect behavioural

timing.

At the least, the findings of Cardinal et al. (2001) show that the Acb contributes

significantly to animals’ ability to choose a delayed reward. If further experiments show

that it does so specifically by maintaining the value of a reinforcer over a delay, a new

avenue of inquiry into Acb function might open up. It has previously been shown in

primates that neuronal activity related to the expectation of reward across a delay can be

found in the ventral striatum (Schultz et al. 1992; Schultz et al. 1995; Schultz et al. 1998;

Schultz et al. 2000); such activity is a candidate representation of the goals of activity
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(Schultz et al. 2000). Additionally, striatal neurons may respond to past events,

maintaining a form of memory that might assist the association of past acts with

reinforcement (Schultz et al. 1995). These findings represent important data on the forms

of information that the AcbC may use to promote actions leading to delayed rewards, and a

future challenge will be to discover the manner in which these neural signals influence

overt behaviour, and the psychological processes they govern. Given the involvement of

the Acb in aversive motivation (see Salamone 1994; Parkinson et al. 1999), it will also be

important to determine whether lesions of Acb induce impulsive choice in an aversive

context, impairing the ability to choose a small immediate penalty in preference to a large

delayed penalty.

6.2. Role of the anterior cingulate cortex (ACC)

Cardinal et al. (2001) found that excitotoxic lesions of the ACC (Figure 3) had no effect on

choice in the same task, establishing that the ACC is not required for rats to choose a

delayed reinforcer (Figure 4). Moreover, ACC-lesioned rats remained equally sensitive to

unexpected removal of the delays in this task (Figure 4), suggesting that their choices were

no more inflexible or ‘habitual’ than those of shams. This finding stands in apparent

contrast to previous reports of motor impulsivity or disinhibited responding in ACC-

lesioned rats. For example, such rats have been found to over-respond to unrewarded

stimuli (Bussey et al. 1997a; Parkinson et al. 2000b), and to respond prematurely in

situations where they are required to wait (Muir et al. 1996). However, such a dissociation

is not in itself unexpected, as motor impulsivity and impulsive choice have been

dissociated before (‘execution’ and ‘outcome’ impulsivity) (Evenden 1999b). Thus, these

results suggest that despite findings of ACC abnormalities in disorders of impulsivity (e.g.

Bush et al. 1999), ACC dysfunction is not an important contributor to impulsive choice.
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6.3. Role of the medial prefrontal cortex (mPFC)

In the task used by Cardinal et al. (2001), lesions of the mPFC ‘flattened’ the within-

session shift from the large to the small reward; the mean preference for the large reward

was below that of shams at zero delay, but above that of shams at the maximum delay

(Figure 4F). There is no obvious explanation for this effect within theories of choice of

delayed reinforcement; it seems clear that the mPFC lesion resulted in some form of

insensitivity to the contingencies or stimuli present in the task.

Given that Balleine and Dickinson (1998) demonstrated that lesions encompassing

prelimbic cortex impaired rats’ sensitivity to instrumental contingencies, it might be that a

failure of contingency perception was responsible for performance of mPFC-lesioned rats

in the present task. However, these rats were just as sensitive as controls to the unexpected

removal of all delays; their responding was not inflexible, as might have been expected

according to this account.

A more plausible interpretation is that mPFC lesions disrupted the control over

behaviour by the passage of time in each session. There is strong evidence that normal rats

learn a session-wide temporal discrimination in this task, and that this temporal

discriminative stimulus comes to control responding — in particular the tendency to shift

from the large to the small reward as the session progresses (Cardinal et al. 2000).

Disruption of such temporal stimulus control might be expected to produce a flattening of

the within-session shift of the kind seen. Indeed, aspirative lesions of the mPFC have

previously been shown to induce a general deficit in timing ability in rats (Dietrich and

Allen 1998); lesioned subjects showed a temporal discrimination function that was less

steep than normal in the peak procedure, an operant task that assesses the ability to time a

discriminative stimulus (Catania 1970; Roberts 1981).
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6.4. Role of the orbitofrontal cortex (OFC)

Finally, Mobini et al. (2002) have recently studied the effects of lesions encompassing the

OFC on a task very similar to those of Evenden and Ryan (1996) and Cardinal et al.

(2001). The OFC is a prefrontal cortical region strongly implicated in the assessment of

reward value that projects to the AcbC (see Cardinal et al. in press). Intriguingly, OFC

lesions induced impulsive choice in a manner very similar to AcbC lesions (and, as for

AcbC lesions, it is not known whether the impulsive choice was as a result of altered

sensitivity to reinforcer magnitude or delay; see above). Although the lesions of Mobini et

al. (2002) damaged the prelimbic cortex in addition to the OFC, their hypothesis that OFC

damage was responsible for the behavioural effect is strengthened by the finding of

Cardinal et al. (2001) that mPFC lesions encompassing the prelimbic cortex did not induce

impulsive choice.

7. Conclusions

7.1. Theories of learning and choice with delayed reward

Two broad approaches to choice behaviour will be summarized, and a synthesis offered.

Model 1: informed choice. According to this model, subjects make prospective choices

between alternatives based on full knowledge of the response–outcome contingencies and

of the value of each outcome. These choices represent goal-directed actions. Subjects’

sensitivity to delay in choice tasks is therefore a consequence of temporal discounting of

the perceived (prospective) value of the delayed reward.

This model is necessarily applicable only to fully-trained subjects — subjects who have

learned the instrumental contingencies. It may be particularly applicable when humans are

offered explicit hypothetical choices: ‘would you prefer $800 now, or $1000 in a year?’

(Rachlin et al. 1991; Myerson and Green 1995). As the contingencies cannot be offered

‘pre-packaged’ to experimental animals through language, such subjects must be trained
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through direct experience of the rewards in the experimental situation. This introduces the

complication that delays to reinforcement can affect operant and discrimination learning,

so care is typically taken by experimenters to ensure subjects are ‘well trained’. Slow

acquisition of delay sensitivity must be attributed to difficulties in learning the instrumental

contingencies across a delay and/or learning the appropriate incentive value of delayed

reward through experience of waiting. In tasks where the delay is systematically and

predictably varied (e.g. Evenden and Ryan 1996; Cardinal et al. 2000), learning may also

be slowed by the requirement to learn discriminative stimuli predicting the delay

contingency currently in force. Thus, this model is inherently an incomplete description of

the effects of delayed reinforcement, as it does not deal with the effects of delays on

learning.

Model 2: differential associative response strength. According to an extreme form of

this model, based on simple S–R theory (Thorndike 1911; Grindley 1932; Guthrie 1935;

Hull 1943), rats’ choice behaviour reflects differential reinforcement of stimulus–response

habits. The change in associative strength is some function of reward magnitude multiplied

by the time-discounted ‘trace strength’ of the preceding response. Choice is determined by

a process of competition between the available responses (e.g. the principles of matching:

Herrnstein 1970; de Villiers and Herrnstein 1976). Choice is therefore ‘retrospective’ in a

sense, as preference for a particular alternative depends upon prior experience of that

alternative, and time discounting reflects the decay of the traces available to be associated

with reward. A similar model, after Grice (1948), may be constructed in which animals

respond for immediate conditioned reinforcement (by goal-directed behaviour or S–R

habit) and the acquisition of associations between a chain of stimuli and eventual reward

accounts for the observed phenomenon of temporal discounting, by similar mechanisms.

The S–R view accounts for some of the theoretical appeal of exponential temporal

discounting models. In exponential decay, at any one moment in time the trace strength of
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a response follows directly from the trace strength at the previous instant (if xt is the trace

strength at time t and A is the starting value, then xt = Ae–kt and xt+1 = e–kxt). In contrast, in

the hyperbolic discounting model and all others in which preference reversal occurs, the

strength of the trace at any one moment cannot be calculated in such a manner: information

about the absolute time since the response must be available. (This is clearly illustrated by

the preference reversal graphs in Figure 1B; if two such decay curves cross, then an

observer travelling along one curve cannot know at the crossover point whether its own

curve is the recent, rapidly-decaying trace, or the older, slowly-decaying trace, without

further information — namely the time since the response, or its starting strength.) This

process does not model ‘mnemonic decay’ in any clear way. Thus, the empirical

observation of hyperbolic discounting specifies the information that must be available to

the subject at any one moment in time; in the context of ‘retrospective’ choice, this

constrains the possible underlying psychological mechanisms, and there is no obvious

candidate within the S–R model.

Furthermore, while S–R models can account for effects of delays on learning as well as

choice, they do not take into account the fact that goal-directed actions contribute to choice

in rats (Dickinson 1994) and would clearly not provide a satisfactory account of human

choice (cf. Ainslie 1975; Rachlin et al. 1991; Myerson and Green 1995).

Model 3: composite. A multifactorial model is therefore suggested, based on that of

Dickinson (1994). The ‘response strength’ of any behaviour is governed by (1) goal-

directed action (Dickinson and Balleine 1994), in which knowledge of the instrumental

contingency combines with the incentive value of the expected outcome; (2) stimulus–

response habits, which gain strength slowly with the number of reinforcers presented

(Dickinson et al. 1995); and (3) Pavlovian–instrumental transfer, mediated by the

Pavlovian association between contextual, discriminative, or other conditioned stimuli and

the outcome of the instrumental action. Ordinarily, behaviour conforming to the matching
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law and to hyperbolic temporal discounting is seen as a product of these processes.

Delayed reinforcement may act (a) to impair learning of the instrumental contingency

(Dickinson et al. 1992); (b) to reduce the incentive value of the delayed reward, as

speculated by many models; (c) to reduce the reinforcement of stimulus–response habits;

and (d) to reduce the Pavlovian association between stimuli present at the moment of

action and the ultimate reinforcer.

This model, though qualitative, makes several predictions. Firstly, manipulations of

components of this composite behaviour should affect choice. For example, manipulations

of the association between cues immediately consequent on choice and the outcome (e.g.

the presence or absence of a cue bridging the delay) should affect choice independently of

the actual delay to reinforcement, a prediction not made by Kacelnik’s (1997) normative

model of hyperbolic discounting, but one that has experimental support (Mazur 1997;

Cardinal et al. 2000). Secondly, pharmacological and neural manipulations known to

dissociate these processes should also be capable of affecting choice (Cardinal et al. 2000).

This model is obviously compatible with mathematical models of temporal discounting,

but interprets the discount function as the sum of the contributions of several processes

operating in any one situation. Similar composite models have been offered before (a

casual example is Pinker 1997, pp. 395-396), though with a different decomposition of the

processes contributing to choice (compare, for example, distinct contributions of

conditioned and primary reinforcement to response strength: Killeen and Fetterman 1988,

pp. 287-289). One interesting challenge may be to establish what processes contribute most

significantly to choice of a reinforcer at different delays. Consider an obvious hypothesis:

instrumental incentive value in the rat depends upon declarative knowledge, as discussed

above, and in this way is analogous to human hypothetical choices. Thus it may be that

when reward is extremely delayed (as in some human experiments), only instrumental

incentive value is important (as delay d → ∞, total value V→ Vinstrumental). When a dieting
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human calmly decides to abstain from chocolate cake and the dessert trolley is then pushed

under his nose, it would not be expected from the rat literature (see Cardinal et al. in press)

that the instrumental incentive value of chocolate cake suddenly changes — after all, the

subject’s underlying motivational state of hunger (or lack of it) has not altered. However,

alternative, possibly Pavlovian motivational processes may create an extra boost to the

value of the cake (observed as a tendency to choose the cake), as the cake is now

immediately available (as d → 0, Vcake–other increases dramatically). The net value function

(Vcake = Vcake–instrumental + Vcake–other, versus Vweight loss) could then exhibit preference reversal,

leading our diner to succumb and choose the immediate reinforcer. This illustrates but one

possible scenario. Nevertheless, if different processes do contribute at different delays,

there would be important implications for our understanding of individual differences in

impulsive choice.

7.2. Neural basis of choosing delayed reinforcers

As described above, there is now direct evidence that the Acb is involved in the

pathogenesis of impulsive choice: the integrity of the Acb is critical for animals to tolerate

delays to appetitive reinforcement (Cardinal et al. 2001). In addition to providing

neuroanatomical insight into the normal process through which delayed reinforcement

affects behaviour, this finding suggests a mechanism by which Acb dysfunction may

contribute to addiction, ADHD, and other impulse control disorders.

As lesions of the ACC and mPFC, two afferents to the AcbC, did not impair rats’

capacity to choose a delayed reward (Cardinal et al. 2001) it remains to be established

which afferents to the AcbC contribute to its ability to promote the choice of delayed

rewards, and through what efferent pathways it does this. Obvious afferent structures that

may provide specific information concerning reinforcer value to the Acb are the basolateral

amygdala and the OFC, both implicated in the assessment of reward value (see Cardinal et
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al. in press). The OFC may also be an important efferent target of information travelling

through the Acb, as this ‘limbic loop’ of the basal ganglia projects back (through the

ventral pallidum) to medial OFC (Alexander et al. 1986). In support of the conjecture that

an OFC–AcbC circuit may play an important role in animals' ability to choose a delayed

reinforcer (Cardinal et al. 2001), Mobini et al. (2002) recently found that OFC lesions

induce impulsive choice in rats in a manner very similar to AcbC lesions. If this hypothesis

is correct, then a ‘disconnection’ lesion (a lesion of the OFC in one hemisphere and the

AcbC in the other) should impair subjects’ ability to choose delayed reinforcement. In

addition, it remains to be seen whether the nucleus accumbens shell (AcbSh) also plays a

role in the choice of delayed rewards. This is another interesting target of investigation,

given the abnormalities of dopamine receptor function detected in the AcbSh of the SHR

(Papa et al. 1996; Carey et al. 1998; Papa et al. 1998; Sadile 2000).

Finally, the limbic corticostriatal circuit of which the Acb is a part may not be the only

system involved in delayed reinforcement. In principle, any structure that represents future

reinforcers across a delay may contribute to their choice, and exert conditioned reinforcing

effects on current behaviour, while any structure that maintains a ‘memory trace’ of

responses across a delay may support the reinforcement of those responses. The ventral

striatum and OFC exhibit such activity (Schultz et al. 1995; Schultz et al. 1998; Schultz et

al. 2000), but so do other structures including the dorsal striatum (e.g. Schultz et al. 1995),

implicated in the reinforcement of stimulus–response habits (Mishkin et al. 1984; Robbins

and Everitt 1992; Packard and McGaugh 1996; White 1997; see Parkinson et al. 2000a).

7.3. Application to addiction and other disorders of impulsivity

The observation that AcbC damage can induce impulsive choice has implications for the

understanding of ADHD and drug addiction, two clinical disorders in which impulsive

choice is a factor.
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AcbC-lesioned animals exhibited two signs of ADHD (APA 1994; Sagvolden and

Sergeant 1998): locomotor hyperactivity and impulsive choice. However, such animals do

not exhibit attentional deficits: neither 6-OHDA-induced dopamine depletion of the Acb

(Cole and Robbins 1989) nor excitotoxic lesions of the AcbC (A. Christakou, T.W.

Robbins, and B.J. Everitt, unpublished data) affect accuracy in tests of visuospatial

attentional function. Thus, AcbC-lesioned rats may represent an animal model of the

hyperactive–impulsive subtype of ADHD (APA 1994). Interventional neuroanatomical

studies of impulsive choice are clearly important for the understanding of the pathogenesis

of ADHD, for they allow a causal role to be established between dysfunction of a brain

region and impulsive choice. Damage to two other structures observed to be abnormal in

ADHD — the ACC and mPFC — did not induce impulsive choice; abnormalities of

structure or function observed in these regions in ADHD brains may therefore be

responsible for other features of the disorder (such as motoric disinhibition), or these

regions may have altered as a consequence of a disease process beginning elsewhere. A

clearer understanding of the neurochemical and neuroanatomical basis of the symptoms

and signs of ADHD may lead to more effective therapy.

The same considerations apply to drug addiction, in which impulsive choice plays a

prominent role in maintaining the selection of drugs of abuse in favour of other, longer-

term rewards. Furthermore, if the suggestion that Pavlovian (cue-induced) motivational

processes contribute to preference reversal effects and to addiction is correct (see above

and Gjelsvik, this volume), then the role of the AcbC is doubly important (see Cardinal et

al. in press), for PIT requires the AcbC (Hall et al. 2001); noncontingent CSs elevate AcbC

DA levels (Bassareo and DiChiara 1999; Ito et al. 2000), DA antagonists block PIT

(Dickinson et al. 2000), and enhancement of Acb DA function boosts PIT (Wyvell and

Berridge 2000). The process of addiction is complicated further by the ability of drugs of

abuse (including opiates, ethanol, and psychostimulants) to produce chronic
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neuroadaptations in brain regions including the Acb (see Koob et al. 1998). Addictive

drugs may be unique among reinforcers in producing sensitization, the phenomenon by

which repeated drug administration leads to an enhanced response to the drug (Robinson

and Berridge 1993; Altman et al. 1996; Kalivas et al. 1998); psychostimulant sensitization

enhances the sensitivity of the Acb to DA stimulation (Cador et al. 1995), and enhances

PIT subsequently (Wyvell and Berridge 2001); chronic methamphetamine has also been

shown to increase impulsive choice (Richards et al. 1999). One mechanism contributing to

addiction may therefore be the ability of drugs of abuse to induce damage or dysfunction in

the AcbC, further promoting subsequent impulsive choice and future drug-taking.
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Figure legends

Figure 1. (A) Hyperbolic discounting, governed by the equation Value = magnitude / (1 +

K⋅delay). Large values of K give the steepest curve. (B) Preference reversal. Given a

choice between an early reward of value 0.6 and a later reward of value 1, hyperbolic

discounting predicts that the larger reward will be chosen if the choice is made far in

advance (towards the left of the graph). However, as time advances, there comes a time

just before delivery of the small reward when preference reverses and the small reward is

chosen. Figure adapted from Ainslie (1975).

Figure 2. Delayed reinforcement choice task (Cardinal et al. 2000; Cardinal et al. 2001),

based on Evenden and Ryan (1996). The figure shows the format of a single trial; trials

began at 100-s intervals. Sessions lasted 100 min and consisted of 5 blocks, each

comprising two trials on which only one lever was presented (one trial for each lever, in

randomized order) followed by ten choice trials. The delay to the large reinforcer was

varied systematically across the session: delays for each block were 0, 10, 20, 40, and 60 s

respectively. In the Cue condition, a stimulus light was illuminated during the delay to the

large reinforcer; this was absent in the No Cue condition.

Figure 3. Schematic of lesions of the mPFC (left), ACC (middle), and AcbC (right). Black

shading indicates the extent of neuronal loss common to all subjects; grey indicates the
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area lesioned in at least one subject. Coronal sections are +4.7 through +1.7 mm (mPFC),

+2.7 mm through –1.3 mm (ACC), and +2.7 through +0.48 mm (AcbC) relative to bregma.

Outlines are taken from Paxinos and Watson (1998).

Figure 4. Effect of lesions of the AcbC (top), ACC (middle), or mPFC (bottom) on choice

of delayed reward (● lesioned group; ∆ corresponding sham group; error bars, SEM). The

‘no cue’ condition (see Figure 2) was used throughout. A–C shows the pattern of choice in

the last 3 sessions preceding surgery; corresponding sham/lesion groups were matched for

performance. Subjects’ preference for the large reinforcer declined with delay, as is typical

for trained subjects performing this task (Evenden and Ryan 1996; Cardinal et al. 2000).

D–F illustrates choice in the first 7 post-operative sessions. The AcbC-lesioned group was

markedly impaired (** p < .01), choosing the delayed reinforcer significantly less often

than shams at every delay, including zero. However, both groups still exhibited a within-

session shift in preference. ACC lesions had no effect on choice. The mPFC-lesioned

subjects exhibited a ‘flatter’ within-session preference shift than shams (# p < .05, group ×

delay interaction). G–I illustrates the effects of omitting all delays in alternating sessions

(●/○, lesioned/sham groups with delays;▲/∆, lesioned/sham groups without delays; error

bars, SED for the three-way interaction). All groups remained sensitive to the

contingencies. Delay removal increased both the sham- and AcbC-lesioned groups’

preference for the larger reward; ACC- and mPFC-lesioned rats were also as sensitive to

removal of the delays as shams. Figure reproduced with permission from Cardinal et al.

(2001).

Figure 5. A illustrates the preference of AcbC-lesioned rats following extended training in

the absence of any delays (a further six sessions after completion of other behavioural

tests; ● AcbC-lesioned group; ∆ shams; error bars, SEM). B–D show performance over

consecutive blocks of sessions upon the reintroduction of delays (* p < .05, ** p < .01,



34

difference from shams). Panels E–H show data from the same sessions as A–D, but only

include data from those rats selected for ≥90% preference for the large reinforcer in every

trial block on the last day of training with no delays. The sham and lesioned groups were

therefore matched in E. F–H show that despite this matching, preference for the large

reinforcer in the AcbC group collapsed upon reintroduction of the delays. As these data

exhibit significant heterogeneity of variance, the highly conservative correction of Box

(1954) was applied (see Howell 1997, pp. 322/457/464); * p < .05 for the corrected

between-group difference.
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