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Our study had two basic aims: (1) to examine the behavioral mechanisms of action 

responsible for nicotine effects on impulsive choice in rats, and (2) to evaluate a contemporary 

mathematical model of choice - assessing the likelihood that it accurately describes how 

reinforcer magnitude and delay contribute to reinforcer value. 

Four experiments were conducted to accomplish the above aims.  Experiment 1 used a 

risky choice procedure to isolate the effects of nicotine on the delay sensitivity of rats.  The lack 

of any increase in risky choice in Experiment 1 suggested that nicotine did not affect delay 

sensitivity.  Experiment 2 was a systematic replication of Experiment 1 in which different 

reinforcer magnitudes were introduced.  This single change in the procedure resulted in dose-

dependent increases in risky choice, suggesting that nicotine decreased magnitude sensitivity.  

Experiment 3 used a concurrent progressive ratio schedule to compare responding for 1 pellet vs. 

5 pellets.  Although the results were inconsistent across rats, the averaged data indicate an 

increase in responding for the small reinforcer and a decrease in responding for the large 

reinforcer.  Experiment 4 used concurrent variable interval schedules with a magnitude group 

and a delay group of rats.  In the magnitude group, nicotine produced dose-dependent decreases 
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in preference for a 3-pellet reinforcer relative to a 1-pellet reinforcer.  In the delay group, 

nicotine produced no dose-dependent effects. 

Collectively, these experiments indicated that (1) nicotine increases impulsive choice by 

decreasing magnitude sensitivity and (2) any complete account of how delay and magnitude 

contribute to reinforcer value needs a magnitude sensitivity parameter.     

 

 



 

CHAPTER 1 
INTRODUCTION 

Overview 

 A hungry lion pounces on a small wildebeest calf rather than moving to intercept the 

much larger prey in the herd a few hundred yards beyond.  A 5th-grader plays hooky on the day 

of a big test despite the severe consequences that are certain to follow.  On a business trip to 

Vegas, a man gambles away his son’s tuition money.  Her job already in jeopardy, a young 

woman continues to inject herself with heroin on a daily basis.  A college student rolls over and 

hits the snooze button. 

 In all likelihood, these are all examples of impulsive choices.  That is, choices for a 

smaller-sooner reinforcer over a larger-later one.  Such choices are commonplace in the wild and 

perhaps even more so within human society.  From simple procrastination to unsafe sexual 

practices with extra-marital partners, from petty theft to decisions by world leaders with 

potentially catastrophic long-term global consequences, human beings are constantly faced with 

such choices.  Quite often, the smaller-sooner reinforcer is chosen.  Considering the ubiquity of 

the phenomenon, any thorough-going science of behavior should be able to account for such 

impulsive choices.   

 In some cases, preference for smaller-sooner over larger-later reinforcers can be 

accounted for entirely in terms of reinforcement maximization.  Given a choice between (A) 1 

food pellet every 30 seconds or (B) 3 food pellets every 2 minutes, a food-deprived animal will 

almost certainly prefer option A.  Although the shorter delay between each reinforcer 

presentation with option A might exert some influence on the degree of preference in such an 

arrangement, the simple preference for A over B can easily be accounted for by the higher rate of 

reinforcement for option A which yields 0.5 pellets/minute more than option B.  As such, this 
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would seem a trivial instance of impulsive choice which indicates the need to modify our 

definition of that term.  Henceforth, “impulsive choices” will refer to choices for a smaller-

sooner reinforcer under conditions in which such choices cannot be accounted for by differences 

in overall rate of reinforcement. 

 In pursuing the determinants of impulsive choice, we are thereby restricting our interest 

to the effects of pre-reinforcer delays (the delay between the choice-point and the reinforcer 

delivery) and reinforcer magnitudes on choice. In the laboratory, inter-trial intervals are typically 

arranged to eliminate the possibility of preference for the smaller-sooner reinforcer being driven 

by a higher rate of reinforcement (e.g., Mazur, 1987; Rachlin & Green, 1972).  This is normally 

accomplished by holding constant the time between trial onsets.   

   What we need then is a scientific account of how reinforcer delays and reinforcer 

magnitudes interact to produce preference for one alternative over another.  In extra-laboratory 

situations, such choices will often involve alternatives that differ along both quantitative and 

qualitative dimensions.  Nevertheless, on a fundamental level, both reinforcer dimensions of 

interest: delay and magnitude, are quantitative.  Given that the variables of interest are 

quantitative and given that the most precise and generalizable scientific account possible would 

be a quantitative account, what we need is a quantitative account of how reinforcer delay and 

magnitude contribute to produce preference between two alternatives. 

Historical Overview 

 Experiments with humans, monetary reinforcers (or points exchangeable for money), and 

short delays (e.g., delays of less than 1-day) indicate that delay has no effect on choice (see 

Navarick, 2004).  That is, humans will select whichever options result in maximizing monetary 

earnings within a session.  When those delays are extended (e.g., to months or years – typically 

with hypothetical, monetary amounts), delay has been found to have the same effect on 
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preference as is found with short delays and consumable reinforcers (e.g., food, water, and 

video-access) in both humans and non-human animals (see Frederick, Loewenstein & 

O’Donoghue, 2002; Green & Myerson, 2004 for reviews).  Given that the effect of delay is only 

found with much larger delays when using monetary reinforcers, “same effect” is not meant to 

imply the same magnitude of effect, but instead to imply that the basic mathematical function 

that best describes both effects, is the same.  What then, is that basic mathematical function?   

 Given that inter-trial intervals are typically not arranged to hold trial durations constant 

outside the laboratory, there might be some intuitive appeal in the possibility that preference1 is 

determined entirely by reinforcement rate from choice point to reinforcer delivery.  In 

quantitative terms, preference (P) for A over B might equal: 

 
 BB

AA
A DM

DM
P

/

/
        (1-1) 

where M represents magnitude2 and D represents delay.  This was, in essence, the equation 

proposed by Baum & Rachlin (1969).  In the previous example, 1 pellet delayed 30 seconds 

would be 33% more preferred than 3 pellets delayed 2 minutes.  Baum & Rachlin derived this 

equation from the matching law which states that the relative rate of responding equals the 

relative rate of reinforcement.  By interpreting “rate of reinforcement” to mean reinforcer 

magnitude per unit time, and “relative rate of responding” to mean preference, the simple 

matching law can be reduced to Equation 1-1. 

 One limitation of Equation 1-1 is that it predicts preference for A will approach infinity 

as the delay to A approaches zero.  Thus, any immediate reinforcer, no matter how small, would 

be infinitely preferred to any other reinforcer delayed only one second.  This limitation can be 

solved by assuming that the impact of a reinforcer on preference will never exceed the 

magnitude of that reinforcer.  Mathematically, this would mean:  
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 A second limitation of Equation 1-1 is that it does not allow for individual differences in 

sensitivity to delay.  There is a substantial body of research indicating sometimes considerable 

individual differences in the extent to which delay affects preference (e.g., Green & Myerson, 

2004; Johnson & Bickel, 2002; Mazur, 1984; 1986; 1987; Rachlin, Raineri, & Cross, 1991).  As 

such, a delay sensitivity parameter, k, is needed to account for these differences. 
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)1/(





BB

AA
A kDM

kDM
P       (1-3) 

 Interpreting Equation 1-3 to indicate that preference for A over B is equal to the relative 

value of A divided by the value of B, we can extract the terms of our equation to indicate that the 

value (V) of any reinforcer is determined by Equation 1-4:  

kD

M
V




1
       (1-4) 

 This is exactly the equation proposed by Mazur (1987) to describe how reinforcer 

magnitude and delay contribute to produce reinforcer value.  Where Equation1-4 has been used, 

reinforcer value is typically translated in terms of what immediately delivered reinforcer 

magnitude would be equally preferred to the reinforcer in question.  For example, if k=1, $100 

(M) delayed 9 months (D) would be equally valued to $10 delivered immediately (V=$10).  

Equation 1-4 is generally referred to as a delay discounting function, given that it shows how the 

value of a reinforcer is discounted as a function of delay.  It is important to note that the equation 

also shows how the value of a reinforcer increases as a function of reinforcer magnitude, but 

likely due to the simple proportional relation between reinforcer magnitude and reinforcer value, 

that aspect of the equation is rarely a focus of any real interest.    
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 Equation 1-4 is shown graphically in Figure 1-1.  For now, just consider the top left 

panel.  The vertical bars represent reinforcers available after different delays, and their heights 

reflect the magnitude of the reinforcer.  Tracing the curves to the ordinate (time 0) gives you the 

current value (V) of the delayed reinforcers.  As reinforcer value is a negatively decelerating 

function of delay, decreasing the delay from t to t – x increases the value of the reinforcer more 

than increasing the delay from t to t + x decreases the value of the reinforcer (Zabludoff, Wecker, 

& Caraco, 1988).  Equation 1-4 has been used to account for choice in at least two contexts: 

impulsive choice (e.g., Johnson & Bickel, 2002; Mazur, 1987; Rachlin, Raineri, & Cross, 1991) 

and risky choice (Mazur, 1984; 1986). 

 The curves in the top panels in Figure 1-1 illustrate an impulsive choice arrangement in 

which the values of two reinforcers change as the delay to their receipt decreases.  Because the 

values determine choice, we can see how preference changes between a 5-unit reinforcer with a 

delay of 5 s and a 10-unit reinforcer with a delay of 10 s (reinforcer amount in arbitrary units).  

The left panel (small k) predicts self-control, or preference for the larger-later reinforcer, until the 

delay to both reinforcers is reduced by about 2.5 s, at which point the intersecting lines predict 

indifference.  The right panel (large k) predicts (1) almost-immediate indifference and (2) 

impulsive choice (at a delay of less than 3 s) much sooner than the left panel.  Both panels 

predict impulsive choice as the small reinforcer delivery becomes imminent (i.e., as the delay 

approaches 5 s).  However, the right panel indicates a greater degree of impulsive choice.  The 

relative value of the smaller-sooner reinforcer compared to the larger-later reinforcer is always 

greater on the right panel than on the left panel.  Thus, k is frequently referred to as a measure of 

impulsive choice.  
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 Furthermore, k might also be referred to as a measure of risky choice.  Risky choice can 

be defined as preference for a variable over a fixed delay to reinforcement (see Bateson & 

Kacelnik, 1995 for a more complete definition).  For instance, a variable delay might be 

programmed according to a simple, mixed time (MT) schedule (a schedule that randomly 

fluctuates between two delays from reinforcer to reinforcer) to deliver a single reinforcer either 

immediately or after a delay of 2t.  Given a choice between this MT schedule and another 

alternative that delivers a single reinforcer after a fixed delay t, the alternative producing the 

variable delays will be preferred (Bateson & Kacelnik, 1995; Cicerone, 1976; Mazur, 1984, 

1986; Pubols, 1958).  This can be seen in the bottom panels of Figure 1-1.  The average value of 

R1 and R2, as indicated by the arrows (4.9 on the left panel and 2.7 on the right), is always 

greater than the value of F (3.2 or 1.0 on the left and right panels, respectively).  As k increas

the value of the variable alternative increases relative to the fixed alternative.  Compare the 

bottom left panel (small k) and the bottom right panel (large k) in Figure 1-1.  In the bottom lef

panel the value of the variable alternative (as indicated by the arrow) is about 150% of the value 

of the fixed alternative F.  When k is increased, the variable alternative value becomes over 

250% of the value of F.  Thus, a larger k would also indicate a greater degree of risky 

es, 

t 

choice.  

 It should be clear that an environmental or pharmacological manipulation that alters k 

should affect choice in both risky and impulsive choice procedures.  Similarly, according to 

Equation 1-4, any manipulation that affects impulsive choice should have a similar effect on 

risky choice.  For example, consider the following hypothetical situation:  A rat equally prefers 1 

pellet delayed 1 s and 3 pellets delayed 5 s.  According to Equation 1-4, the only interpretation of 

this indifference point is that k (the delay discounting parameter) equals 1.  If a 0.3 mg/kg 

nicotine injection changes that indifference point such that 1 pellet delayed 1 s becomes equally 
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preferred to 3 pellets delayed 4 s, the only interpretation provided by Equation 1-4 is that 

nicotine increased k from 1 to 2.  If 0.3 mg/kg increases k from 1 to 2, then that same dose of 

nicotine should produce a similar increase in risky choice.  Thus, the same rat might initially be 

indifferent between an MT 5 s schedule (with a 1 s and 9 s delay) and a fixed-time (FT) schedule 

of 2.3 s.  The 0.3 mg/kg nicotine dose should increase preference for the variable alternative such 

that it is equally preferred to an FT 2.1 s.  All of this follows from Equation 1-4 which indicates 

that changes in impulsive choice and risky choice are both synonymous with changes in delay 

discounting (k). 

Dallery and Locey (2005) found that nicotine produced dose-dependent increases in 

impulsive choice with rats.  That experiment used an adjusting delay procedure in which a 

computer adjusted the delay to a 3-pellet reinforcer until it was equally preferred to a 1-pellet 

reinforcer delayed 1 s.  Then, twice per week they administered a different dose of nicotine and 

found that nicotine produced dose-dependent increases in preference for the smaller-sooner 

reinforcer (i.e., dose-dependent increases in impulsive choice).  If this increase in impulsive 

choice was due to an increase in delay discounting (an increase in k, i.e., an increase in apparent 

differences in delays between the smaller-sooner and larger-later reinforcers), then nicotine 

should produce similar increases in risky choice.   

However, there is another possible mechanism by which nicotine might increase impulsive 

choice.  A decrease in magnitude sensitivity (i.e., a decrease in the apparent differences in 

magnitudes between the smaller-sooner and larger-later reinforcer) could just as easily account 

for the increased impulsive choice observed in the Dallery and Locey (2005) experiment.  If that 

were the case, then nicotine would not be expected to produce any change in risky choice given 

that the two alternatives in a risky choice procedure would have identical reinforcer magnitudes 
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(e.g., 1 pellet in the hypothetical situation previously described).  As such, the critical advantage 

of a risky choice procedure is experimental control: the choice alternatives can be made to differ 

in delay only, whereas in impulsive choice preparations, one alternative differs from the other in 

both reinforcer magnitude and delay.   

Purpose 

The present experiments were designed with two basic aims: (1) to more carefully examine 

the behavioral mechanisms of action responsible for nicotine effects on impulsive choice, and (2) 

to evaluate Equation 1-4, and the likelihood that it accurately describes how reinforcer 

magnitude and delay contribute to reinforcer value. 

Experiment 1 used a risky choice procedure to isolate the effects of nicotine on delay 

sensitivity.  The procedure, similar to that used by Mazur (1984), was used to assess the effects 

of acute nicotine administration on choice controlled by delay.  Equal reinforcer magnitudes (1-

pellet) were available on each alternative.  The procedure identified the titrated delay that was 

equally preferred to the variable delay, i.e., the indifference point between the two alternatives.  

This indifference point was then used as the initial titrating delay in all subsequent sessions.  If 

nicotine increases preference for the variable alternative, which would necessarily occur if 

nicotine increases k (see above), the proportion of choices for the titrating alternative should 

decrease.  As previously explained, Equation 1-4 predicts that an increase in delay discounting 

will increase the proportion of choices for the variable, risky alternative (thus decreasing choice 

for the titrating alternative).  However, nicotine did not increase risky choice in Experiment 1, 

suggesting that some other behavioral mechanism is responsible for the robust effect of nicotine 

on impulsive choice (Dallery and Locey, 2005).    

Experiment 2 was a systematic replication of Experiment 1.  The only change in the 

procedure was a modification of the reinforcer magnitude available on the titrating alternative.  
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Instead of 1-pellet on each alternative, the titrating delay was followed by a 3-pellet reinforcer.  

Under this preparation, nicotine produced increases in risky choice very similar to the dose-

dependent increases in impulsive choice previously found by Dallery and Locey (2005).  The 

collective results of Experiment 1 and Experiment 2 cannot be accounted for by a change in 

delay discounting (k) or, by extension, Equation 1-4.  Both experiments (and the Dallery and 

Locey experiment) can, however, be accounted for by a nicotine-induced decrease in magnitude 

sensitivity.  

 To extend the generality of the findings in the first two experiments and to learn more 

about the degree to which nicotine impacts magnitude sensitivity, another group of rats were 

exposed to concurrent progressive ratio schedules.  Progressive ratio (PR) schedules are fairly 

simple response-based schedules in which a fixed number of responses produces a reinforcer, but 

the fixed number of responses required for reinforcement increases after each reinforcer is 

earned.  PRs are typically used to determine the value of a reinforcer by assessing the breakpoint: 

the response requirement at which the animal stops responding.  In this experiment, concurrent 

PRs were established to assess allocation of response effort when one PR resulted in 1 pellet and 

the other resulted in 5 pellets.  Nicotine produced dose-dependent decreases in responses on the 

5-pellet PR relative to the 1-pellet PR, as would be produced by a decrease in magnitude 

sensitivity. 

 To further extend the generality of the findings from Experiments 1-3 and to further 

examine the effects of nicotine on magnitude and delay sensitivity, Experiment 4 used a 

concurrent-chains procedure to assess nicotine effects on choice between different magnitudes 

and different delays.  Concurrent chains have long been used to assess relative preference for one 

option over another (see Mazur, 2006).  Equivalent concurrent schedules can be arranged such 
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that responding on one alternative produces reinforcement schedule A and responding on the 

other alternative produces reinforcement schedule B.  If arranged properly, relative preference 

during the concurrent schedules can indicate relative preference for schedule A over schedule B.  

This basic logic was used to assess preference between a large reinforcer magnitude (3 pellets) 

and a small reinforcer magnitude (1 pellet) for one group of rats and between a short delay (1 

second) and a long delay (9 seconds) for another group of rats.  Nicotine produced a shift 

towards indifference for the magnitude group, suggesting a decrease in magnitude sensitivity, but 

had no effect on preference for the delay group, suggesting that the effect observed in the 

magnitude group was not the result of some other behavioral mechanism (e.g., a decrease in 

stimulus control, a simple rate-dependent effect, etc.). 

 Collectively, these experiments indicate that (a) nicotine increases impulsive choice by 

decreasing magnitude sensitivity and (b) any complete account of how delay and magnitude 

contribute to reinforcer value needs a magnitude sensitivity parameter.  These findings also call 

into question all past interpretations of effects on impulsive choice.  For instance, it is now 

unclear whether other drug-induced changes in impulsive choice, including opioids (Kirby, 

Petry, & Bickel, 1999; Madden, Bickel, & Jacobs, 1999; Madden, Petry, Badger, & Bickel, 

1997), alcohol (Petry, 2001; Vuchinich & Simpson, 1998), and cocaine (Coffey, Gudleski, 

Saladin, & Brady, 2003) are due to effects on delay discounting (as is typically inferred due to 

Equation 4) or due to effects on magnitude sensitivity.  Clarifying this issue will require the use 

of alternative procedures, such as those used in the present set of experiments.   

Notes 
1. The present manuscript uses the term “preference” as an intervening variable, or a summary 
term, for various measures of choice.  The degree of preference for option A is the behavioral 
result of the relative value of option A over option B.  However, the exact behavioral result will 
differ depending upon the procedure involved.  For instance, if the relative value of alternative A 
relative to alternative B is 0.75 (i.e., preference of 0.75), 75% of responses would be allocated to 
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option A in a concurrent variable-interval (VI) arrangement.  In a discrete trial arrangement (or 
any standard concurrent fixed ratio arrangement), any preference greater than 0.5 would result in 
exclusive (or very nearly exclusive) preference for the more valuable alternative.  Determination 
of preference can also allow precise predictions under other more complicated procedures (see 
Mazur, 2006 for examples).       
 
2. The present manuscript uses the term “reinforcer magnitude” rather than “reinforcer amount”.  
The use of “reinforcer amount” may be more commonplace in the relevant literature and 
oftentimes more specific.  However, it is my position that differences in reinforcer amount 
represent a sub-class of differences in reinforcer magnitude.  For instance, 3-pellets vs. 1-pellet 
and $100 vs. $10 are both examples of differences in reinforcer amount and reinforcer 
magnitude.  However, what about the difference between 1 s of hopper access versus 3 s of 
hopper access?  What about the difference between a 1% sucrose solution versus a 10% sucrose 
solution?  What about the difference between an entire candy bar versus a small piece of that 
candy bar?  Certainly all of these differences could be converted into something measurable in 
terms of amount (e.g., number of grains, mg of sucrose, grams of candy), but the term 
“magnitude” can be applied without the need for any such conversion.  Furthermore, such 
conversions could result in erroneous conclusions with qualitatively different reinforcers.  
Reinforcers in pigeon operant experiments are rarely homogenous grains, for example.  As such, 
an analysis of reinforcer value based on the amount of seeds would be more likely to fail than an 
analysis of reinforcer value based on reinforcer magnitude (e.g., seconds of access).  Given that 
“magnitude” is a more generally applicable term than “amount”, it will be used throughout the 
present manuscript.  This includes the substitution of reinforcer magnitude (M) terms within 
Equations that have traditionally included parameters for reinforcer “amount” (A) instead.  
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Figure 1-1. Hypothetical curves showing reinforcer value (based on Equation 1-4) as a function 
of delay with a small k (left panels) and a large k (right panels).  The top panels show 
the value of a 5-unit reinforcer delayed 5 s and a 10-unit reinforcer delayed 10 s.  The 
bottom panels show the value of a 5.4 s delay (F), the value of a 0.8 s delay (R1), and 
the value of a 10 s delay (R2). The arrows indicate the average value of a variable 
delay composed of both R1 and R2.   



 

CHAPTER 2 
EXPERIMENT 1: EFFECTS OF NICOTINE ON DELAY-BASED RISKY CHOICE 

Introduction 

Titrating procedures have been used in psychophysics for over 50 years (e.g., Bekesy, 

1947; Blough, 1958).  Their initial application to the study of reinforcer value is often attributed 

to Mazur (1987), in which a delay to a high-magnitude reinforcer was titrated towards 

indifference with a low-magnitude, immediate reinforcer with pigeons.  This impulsive choice 

procedure, and a human analog using hypothetical monetary outcomes over greatly extended 

delays (months or years rather than seconds), have been repeatedly replicated (see Green & 

Myerson, 2004 for review).  Indeed, these titrating-delay tasks, in conjunction with similar 

titrating-amount tasks, have provided the primary support for Equation 1-4 (see Mazur 1997 for 

review).  Such tasks have also provided a seemingly useful baseline for studying the effects of 

pharmacological and direct neural manipulations on impulsive choice (Dallery & Locey, 2005; 

Ho et al., 1998; Wogar, Bradshaw, & Szabadi, 1993).  Due to delays in publication, the 

impulsive choice version of the titrating-delay task was preceded by a risky choice version 

(Mazur, 1984), also with pigeons.  Since that first experiment, titrating-delay tasks have only 

rarely been used in studies of risky choice (e.g., Mazur, 1986).  Experiment 1 is the first to 

implement such a procedure with rats.    

The logic behind these titrating-delay tasks is fairly simple.  In the case of risky choice 

procedures like Experiment 1, the “fixed” delay (lever A) is titrated to find the “fixed” delay that 

would be equally preferred to a variable delay (lever B).  If a rat prefers the variable delay on a 

given trial, then the “fixed” delay must be lowered to eliminate any preference.  If the “fixed” 

delay is preferred, then that delay must be increased to eliminate any preference.  Eventually, this 
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titration of the “fixed” delay should produce an indifference point, the delay at which the titrating 

(“fixed”) alternative is equally preferred to the other (in this case, variably-delayed) alternative. 

If nicotine increases delay discounting as suggested by Dallery & Locey (2005), then 

nicotine should increase preference for the variable delay in Experiment 1.  In other words, 

nicotine should decrease the titrated delay, relative to vehicle, in a dose-dependent manner.   

Method 

Subjects 

Nine Long-Evans hooded male rats (Harlan, Indianapolis, IN) were housed in separate 

cages under a 12:12 hr light/dark cycle with continuous access to water.  Each rat was 

maintained at 80% of its free-feeding weight as determined at postnatal day 150.  Supplemental 

food was provided in each rat’s home cage following each session.  The weight of food 

supplements were calculated daily for each rat, using the difference between each rat’s pre-

session weight and its 80% weight.  Seven of the nine rats were experimentally naïve, whereas 

Rats 100 and 103 had extensive histories with similar choice procedures.   

Apparatus 

 Seven experimental chambers (30.5 cm L x 24 cm W x 29 cm H) in sound-attenuating 

boxes were used.  Each chamber had two (2 cm L x 4.5 cm W) non-retractable levers 7 cm from 

the chamber floor.  Each lever required a force of approximately 0.30 N to register a response.  A 

5 cm x 5 cm x 3 cm food receptacle was located 3.5 cm from each of the two levers and 1.5 cm 

from the chamber floor.  The food receptacle was connected to an automated pellet dispenser 

containing 45 mg Precision Noyes food pellets (Formula PJPPP).  Three horizontally aligned 

lights (0.8 cm diameter), separated by 0.7 cm, were centered 7 cm above each lever.  From left to 

right, the lights were colored red, yellow, and green.  A ventilation fan within each chamber and 

white noise from an external speaker masked extraneous sounds.  A 28V yellow house light was 
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mounted 1.5 cm from the ceiling on the wall opposite the intelligence panel. Med-PC™ 

hardware and software controlled data collection and experimental events.  

Procedure 

 Training.  Lever pressing was initially trained on an alternative fixed ratio (FR) 1 

random time (RT) 100” schedule.  The houselight was turned on for the duration of each training 

session.  Training trials began with the onset of all three left lever lights.  In the initial trial, both 

levers were active so that a single response on either lever resulted in immediate delivery of 1 

food pellet.  The RT schedule was initiated at the beginning of each trial so that a single pellet 

was delivered, response-independently, approximately every 100 s.  Both response-dependent 

and response-independent food deliveries were accompanied by the termination of all three lever 

lights.  After a 2 s feeding period, the lights were illuminated and a new trial began.  After two 

consecutive presses of one lever, that lever was deactivated until the other lever was pressed.    

After a total of 60 food deliveries, the session was terminated.  Training sessions were conducted 

for 1 week, at the end of which all response rates were above 10 per minute.  

After lever pressing was established, the rats were exposed to 1 week of lever-alternation 

training.  During these sessions, all three lights above each active lever flashed on a 0.3 s on/off 

cycle.  Sessions consisted of 30 blocks of 2 trials.  In the first trial of each block, both levers 

were active.  In the second trial of each block, the lever that the rat pressed in the preceding trial 

was deactivated and the lights above that lever were turned off.  A single response to an active 

lever resulted in an immediate pellet delivery and a 2 s blackout during which all lights above 

both levers were extinguished. 

 Titrated Delay Procedure (Pre-baseline).  Following initial training, experimental 

sessions were conducted 7 days a week at approximately the same time every day during the 12 

hr light cycle.  Sessions were preceded by a 10 minute blackout period during which the chamber 
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was dark and responses on either lever had no programmed consequences.  At the end of the pre-

session blackout period, the houselight, the green light above the left lever, and the red light 

above the right lever were illuminated.  The left, green-lit lever was the “variable” lever, on 

which a single response resulted in a single pellet delivery after a variable delay: either 1 s (p=.5) 

or 19 s (p=.5).  The right, red-lit lever was the titrated-delay lever.  A single response on this 

lever resulted in a single pellet delivered after a delay.  Following a lever press, the lights above 

both levers were extinguished and the appropriate delay period was initiated.  During the delay 

period, the light corresponding to the pressed lever flashed 10 times.  The flash intervals were 

equally spaced and determined by the duration of the delay period such that there were 11 equal-

interval off-periods, the last of which terminated in food delivery rather than light illumination.  

The houselight was extinguished following the 2 s feeding period and remained off for the 

duration of the inter-trial interval (ITI).  The ITI was 60 s minus the duration of the previous 

delay, so each new trial began 60 s after the preceding choice.  Immediately following the ITI, a 

new trial began with the onset of the houselight, the green, left-lever light; and the red, right-

lever light.  Each session consisted of 60 trials. 

The titrated (“fixed”) delay began at 10 s in the first session.  Each response on the 

variable lever decreased the delay by 10% during the ensuing trial, to a minimum of 1 s.  Each 

response on the titrated lever increased the delay by 10% during the ensuing trial.  If the same 

lever was pressed in two consecutive choice trials, that lever was deactivated in the ensuing trial.  

The light corresponding to a deactivated lever was not illuminated and responses on that lever 

had no programmed consequences.  Responses during these forced trials had no effect on the 

value of the titrated delay.  Choice trials resumed after each forced trial.  In subsequent sessions, 

the titrated delay began at the final value from the preceding session.   
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This pre-baseline condition continued for a minimum of 60 sessions and until the titrated 

delay was stable for seven consecutive days.  Stability was determined based on the average 

titrated delay in each session according to three criteria.  First, each of the 7-session averages had 

to be within 20% or 1 s of the average of those 7 values.  Second, the average of the first 3-

session averages and the average of the last 3-session averages were required to be within 10% 

or 1 s of the 7-session average.  Third, there could be no increasing or decreasing trend in 

average titrated delay across the final 3 sessions (i.e., three consecutive increases or decreases in 

the average titrated delay). 

Once stability was achieved, the average adjusted delay for the 7 stable sessions was 

considered the indifference point: the titrated delay which was equally preferred to the variable 

delay used in this procedure.  If the stability criteria were not met within 100 sessions (Rats 136, 

139, and 140), the median of the average titrated delays for the last 20 sessions was considered 

the indifference point (except for Rat 118 which continued the pre-baseline condition for 212 

sessions before reaching stability, as shown in Table 1).  The indifference point determined 

during the pre-baseline period was then fixed, and it was used as the initial delay value in all 

subsequent sessions. 

 Baseline. For the first trial of each session, the value of the titrated delay started at the 

indifference delay determined for that particular rat.  All other aspects of the procedure remained 

the same as described above.  The baseline was continued for a minimum of twenty sessions and 

until the proportion of choices for the titrated alternative was stable.  Stability was determined 

based on three criteria.   First, each of the last 7-session choice proportions had to be within 10% 

of the average of those 7 sessions.  Second, the average of the first 3-session choice proportions 

and the average of the last 3-session choice proportions were required to be within 5% of the 7-
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session average.  Finally, there could be no increasing or decreasing trend in choice proportions 

across the final 3 sessions (i.e., three consecutive increases or decreases in choice proportions).   

 Acute Drug Regimen.  The same procedure described in the baseline was used 

throughout the drug regimen.  Nicotine was dissolved in a potassium phosphate solution (1.13 

g/L monobasic KPO4, 7.33 g/L dibasic KPO4, 9 g/L NaCl in distilled H2O; Fisher Scientific, 

Pittsburgh, PA) to adjust pH to 7.4.  Subjects were administered nicotine by subcutaneous 

injection immediately prior to the 10-minute pre-session blackout period.  Doses were 1.0, 0.3, 

0.1, and 0.03 mg/kg nicotine (Sigma Chemical Co., St. Louis, MO).  Doses of nicotine were 

calculated as the base and injection volume was based on body weight at the time of injection (1 

ml/kg).  Injections occurred twice per week (Wednesday and Sunday).  During each phase, rats 

experienced two cycles of each dose in descending order with each cycle preceded by a vehicle 

injection.  

Data Analysis 

 Primary data analysis for Experiment 1 and all subsequent experiments was conducted by 

visual analysis (Sidman, 1960).  This is a useful first step in the analysis due to the many 

complex discriminations necessary for determining the nature of effects given the experimental 

designs used in this set of experiments (e.g., [1] distribution of results at each dose, [2] 

magnitude of dependent variable (DV) measures at each dose, comparisons of dose-effect 

functions across rats with respect to 1 and 2 at corresponding doses as well as non-corresponding 

doses [i.e., similarity of function across rats despite variety in sensitivity to drug]).   

 Statistical analyses have also been provided throughout this set of experiments to 

supplement visual analyses.  Friedman ANOVAs have been conducted for all dose-effect 

functions.  The Friedman ANOVA is a non-parametric test that ranks the DV measures across 

doses for each subject, and then sums the ranks for each dose across rats.  The Friedman statistic, 
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F, is reported for all such analyses, which is calculated from these ranked sums and the sample 

size.   The P value reports the chance that random sampling would result in sums of ranks as far 

apart (or more so) than those observed in the experiment.  Dunn’s multiple comparison test is 

also reported for dose-effect results.  Also known as the Friedman post-test, this test compares 

the Friedman ranks for each dose (across animals) to determine significant differences between 

particular doses (e.g. 1.0 mg/kg relative to vehicle).  For Dunn’s multiple comparison tests, the P 

value is set to 0.05 for all analyses and the rank differences (D) are also reported.               

Results 

 Table 2-1 shows the number of sessions each rat spent under the experimental (pre-

baseline) condition prior to the determination of an indifference delay and the number of sessions 

spent under the baseline condition prior to drug administration.  The percentage of choices for 

the titrating-delay lever during the last seven sessions of each of those conditions is also shown 

in Table 1.  Finally, the indifference delay used for the baseline and subsequent conditions for 

each rat is indicated in the same table. 

 Figure 2-1 shows the average latency to make a choice as a function of dose, during 

nicotine administration.  Note the logarithmic y-axis. “C” and “V” indicate control (no injection) 

and vehicle (potassium phosphate) injection, respectively.  Vertical lines represent standard 

errors of the mean.  Latency was measured for each trial as the time from the onset of the 

stimulus lights (at the beginning of each trial) to the first response on either lever.  Consistent 

with previous research (Dallery & Locey, 2005), only the largest dose of nicotine had any 

substantial effect on choice latencies relative to vehicle and control sessions.  Friedman ANOVA 

indicated a significant effect of dose on choice latency [F = 21.63, P = 0.0006].  Dunn’s multiple 

comparison test indicated a significant effect of only 1.0 mg/kg nicotine relative to vehicle [D = -

26; P < 0.05]. 
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 Figure 2-2 shows the effects of nicotine on choice for each subject during nicotine 

administration.  Specifically, the average titrated delay from each session is shown for each dose.  

Note the logarithmic y-axis.  If nicotine enhanced delay discounting, the titrated delay should 

have decreased in a dose-dependent manner.  None of the rats showed any consistent decrease in 

titrated delay relative to vehicle and control sessions (with the possible exception of 136).  

Several rats (e.g., 103 and 118) actually showed a dose-dependent increase in titrated delay 

relative to control sessions.  The titrated delay also consistently increased following nicotine 

administration for Rat 100 with the peak effect under a relatively small (0.1 mg/kg) dose.  Across 

rats, nicotine had no consistent dose-dependent effect on risky choice.  Friedman ANOVA did 

not indicate any significant effect of dose on titrated delay [F = 5.635, P = 0.3434].  Dunn’s 

multiple comparison test also did not indicate any significant effect of any dose relative to 

vehicle [P < 0.05]. 

 Figure 2-3 shows the effects of nicotine on the proportion of choices for the titrated delay 

during nicotine administration.  As with Figure 2-2, if nicotine enhanced delay discounting, the 

proportion of choices should have decreased as a function of nicotine dose.  However, Figure 2-3 

shows no consistent effects of nicotine on risky choice.  Friedman ANOVA indicated no 

significant effect of dose on choice proportions [F = 5.190, P = 0.3931].  Dunn’s multiple 

comparison test indicated no significant effect of any dose relative to vehicle [P < 0.05].   

Discussion 

 In the present experiment, once an indifference point was determined under pre-baseline 

conditions, it was used as the starting delay for the titrating delay for all subsequent baseline and 

acute drug regimen sessions.  This should have provided a sensitive baseline of indifference by 

which to observe any shifts in preference that might be produced by nicotine.  As can be seen in 

Figure 2-2, there were no consistent effects of nicotine on the titrating delay.  If nicotine 
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increased delay discounting, the titrated delay should have decreased relative to vehicle in a 

dose-dependent manner.  Rat 136 is the only rat to show such an effect.  Rat 100, 119, and 137 

show a decreasing effect of the two largest doses relative to 0.1 mg/kg, but not relative to 

vehicle.  Similarly, Rat 140 shows a slight decrease in the titrated delay under some doses of 

nicotine but even those minimal decreases do not appear to be dose-dependent effects.  If 

nicotine had any substantial effect on the titrated delay, it was in the opposite direction - 

increasing the titrated delay by over 370% of baseline at the most effective dose for Rats 100, 

103, 118, and 137.  The mean data show an increase to about 310% under the 0.1 mg/kg and 0.3 

mg/kg doses.     

With the titrating delay procedure, once an indifference point is reached, every single 

response on the titrating alternative should shift preference towards the other alternative and 

vice-versa.  As such, this procedure should eventually produce rapid alternation between the two 

alternatives.  However, this is not what actually occurs under these procedures (e.g., Mazur, 

1987).  Instead, animals tend to respond on one alternative repeatedly before switching 

preference and responding repeatedly on the other alternative.  This might be expected if an 

indifference range, rather than a specific indifference delay (or point), is produced by the titrating 

procedure.  However, given the sometimes extreme perseveration on each alternative, it seems a 

more likely explanation that choice is not sensitive to the delay on the present or immediately 

preceding trial, but instead to some aggregate of preceding trials (Cardinal, Daw, Robbins, & 

Everitt, 2002).  In other words, it simply does not happen that the rat switches the moment the 

titrated-delay reinforcer becomes more or less valuable than the non-titrating alternative.  

Instead, responding under this procedure seems to be controlled more by molar variables (the VT 

schedule on the titrating lever) than molecular variables (the particular FT schedule currently 
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available on the titrating lever), so the terminal titrated delay, or even the average titrated delay 

as shown in Figure 2-2, may not be the most appropriate measure of preference in this procedure. 

If responding on one lever or the other is not determined by the current delay but by the 

aggregate of recent delays produced by that lever, then the proportion of choices for the whole 

session should better indicate the general preference for that lever.  As such, Figure 2-3 shows 

the proportion of choices for the titrating delay.  Again however, with the possible exception of 

Rat 136, there is little evidence that nicotine has any increasing effect on delay discounting, 

which would produce a decrease in the proportion of choices for the titrating delay.  Instead, the 

most effective dose of nicotine produced an over 70% preference for the titrated delay for 6 of 

the 9 rats, and over 80% preference for 4 of those 6.  This is reflected in 67% mean preference 

for the titrated delay under the 0.1 mg/kg and 0.3 mg/kg doses.   

This 15% increase in preference is small and not representative across rats, but it does 

suggest that nicotine does not increase delay discounting as predicted by previous research 

examining the relation between smoking or nicotine administration and inter-temporal choice 

(Baker et al., 2003; Bickel, Odum, & Madden, 1999; Dallery & Locey, 2005; Mitchell, 1999).  

However, all of these previous studies have used impulsive choice procedures, making it 

impossible to separate nicotine effects on magnitude sensitivity and delay discounting.  Perhaps 

due to the many successful applications of Equation 1-4, the authors of these studies interpreted 

the relationship between nicotine and increased impulsive choice in terms of increased delay 

discounting.  If nicotine does increase delay discounting, then it should have produced an 

increase in risky choice (decrease in preference for the titrated delay) in the present experiment.  

As can be seen in Figure 2-2 and 2-3, if there was any effect of nicotine on risky choice, it 
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produced the opposite effect: increasing preference for the titrated (fixed) delay (e.g., Rats 100, 

103, and 118).  How can these seemingly contradictory findings be reconciled? 

According to Equation 1-4, reinforcer value is determined solely by M (magnitude), D 

(delay), and k (delay discounting).  Reinforcer magnitude and delay are both directly controlled 

by the experimenter (i.e., levers produce the same consequences in terms of number of pellets 

and delay to pellet presentation regardless of nicotine dose), so any change in reinforcer value 

(indicated by a change in proportion of choices) must be due to a change in delay discounting, k.  

Given that nicotine has been shown to increase the value of a smaller-sooner reinforcer over a 

larger-later reinforcer, nicotine-induced increases in impulsive choice must be due to increases in 

delay discounting and therefore there must be concomitant increases in risky choice.  But there 

were no such increases in risky choice in Phase 1.  Thus, Equation 1-4 cannot be used to 

reconcile these findings.   

However, if nicotine increases impulsive choice by decreasing magnitude sensitivity, 

there would be no predicted effect of nicotine on risky choice in Experiment 1.  Given the 

minimal impact of nicotine on risky choice and its implications for a slight decrease in delay 

discounting rather than any increase, the present findings are consistent with a magnitude-

sensitivity-effect of nicotine.  Experiment 2 was conducted to determine the likelihood of such a 

magnitude-sensitivity effect.    
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Table 2-1.  Number of sessions and percentage of choices for the titrating-delay lever during the 

last 7 sessions for the pre-baseline and baseline conditions.  Also, the indifference 
delay (in seconds) determined from the pre-baseline condition. 
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Figure 2-1. Average latency to respond as a function of nicotine dose.  Note logarithmic y-axis. 

“C” and “V” indicate control (no injection) and vehicle (potassium phosphate) 
injection, respectively.  Vertical lines represent standard errors of the mean.   
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Figure 2-2. The session average titrated delay as a function of nicotine dose. Note logarithmic y-
axis. “C” and “V” indicate control (no injection) and vehicle (potassium phosphate) 
injection, respectively.  Vertical lines represent standard errors of the mean.  
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Figure 2-3. The proportion of choices for the titrated delay as a function of nicotine dose.   

 



 

CHAPTER 3 
EXPERIMENT 2: EFFECTS OF NICOTINE ON RISKY CHOICE WITH DIFFERENT 

REINFORCER MAGNITUDES 

Introduction 

In Experiment 1 nicotine had no consistent impact on delay-based risky choice.  This lack 

of effect in combination with the systematic impulsive choice-enhancing effects of nicotine 

observed in Dallery & Locey (2005), suggests that nicotine might decrease magnitude sensitivity 

rather than increase delay discounting.  If nicotine does, in fact, decrease magnitude sensitivity, 

then this should become apparent by adding different reinforcer amounts to the procedure used in 

Experiment 1.  By changing only the number of pellets produced by the titrating alternative, any 

observed increase in risky choice must be attributed to the change in reinforcer magnitude.  If 

such an experiment were to show that nicotine increased delay-based risky choice only in the 

presence of different magnitude reinforcers, that would provide substantial support for the 

interpretation of nicotine-induced impulsive choice effects being the result of decreases in 

magnitude sensitivity.  As such, Experiment 2 was conducted as a systematic replication of 

Experiment 1 with only a single procedural change: the titrated-delay alternative produced three 

pellets instead of one. 

Method 

Subjects 

Nine Long-Evans hooded male rats (Harlan, Indianapolis, IN) were housed in separate 

cages under a 12:12 hr light/dark cycle with continuous access to water.  The weight restriction 

used in Experiment 2 was the same as Experiment 1.  Five of the 9 rats were experimentally 

naïve, while Rats 136, 137, 139, and 140 had previously participated in Experiment 1.   

Apparatus 

The Apparatus was the same as described in Chapter 2.  
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Procedure 

 Training.  Rats that had completed Experiment 1 received no additional training.  

Experimentally naïve rats experienced the same training as described for Experiment 1. 

 Titrated Delay Procedure (Pre-baseline).  The titrating delay procedure was identical 

to that used in Experiment 1 with the sole exception that a choice for the titrating alternative 

produced three pellets instead of one.  In other words, the left, green-lit lever was again the 

“variable” lever, on which a single response resulted in a single pellet delivery after a variable 

delay: either 1 s (p=.5) or 19 s (p=.5).  The right, red-lit lever was again the “titrating” lever, on 

which a single response resulted in three pellets delivered after some titrating delay. 

 The stability criteria for determining pre-baseline indifference points were the same as 

described for Experiment 1.  For two of the nine rats (139 and 161), stability was not reached 

within the first 100 sessions.  For these rats, the median of the average adjusting delays for the 

last 20 sessions was considered the indifference point for all subsequent sessions. 

 Baseline.  For the first trial of each session, the value of the titrating delay started at the 

indifference delay determined for that particular rat.  All other aspects of the procedure remained 

the same as described previously.  The baseline was continued for a minimum of twenty sessions 

and until the adjusting delay was stable.  For all rats, stability was determined based on the same 

criteria used in the pre-baseline condition. 

 Acute Drug Regimen.  The same procedure described in the baseline was used 

throughout the drug regimen.  Subjects were administered nicotine twice per week (Tuesday and 

Saturday) as described for Experiment 1.     

 Free-Feed.  Seventy five sessions after completion of the drug regimen, rats were 

allowed free access to food in the home cages.  Daily sessions continued as before except that 

38 



 

sessions were terminated after 90 minutes if 60 trials had not yet been completed.  Free-feed 

sessions continued for 20 days after 100% free-feeding weight was reached.   

Results 

 Table 3-1 shows the number of sessions each rat spent under the experimental (pre-

baseline) condition and the indifference delay that was determined during that condition. Note 

that for 2 subjects (139 and 161), the pre-baseline condition was terminated after 100 sessions in 

the absence of stable choice proportions.  However, all 9 rats did meet the stability criteria during 

the baseline condition.  Rat 157 died under the initial dose of nicotine during the second acute 

cycle (1.0 mg/kg).  Therefore, only acute dosing data from the first administration cycle is 

presented for Rat 157. 

 Figure 3-1 shows the average latency to make a choice as a function of dose for each rat, 

during acute administration.  Note the logarithmic y-axis. “C” and “V” indicate control (no 

injection) and vehicle (potassium phosphate) injection, respectively.  Vertical lines represent 

standard errors of the mean.  Latency was measured as the time from the onset of the stimulus 

lights (at the beginning of each trial) to the first response on either lever.  Friedman ANOVA 

indicated a significant effect of dose on choice latency [F = 33.57, P < 0.0001].  As with 

Experiment 1, only the highest dose of nicotine had any substantial effect (Dunn’s multiple 

comparison test between 1.0 mg/kg and the other three nicotine doses: D = -33, -37, and -34, P < 

.05). 

 Figure 3-2 shows the average titrated delay as a function of nicotine dose (open circles) 

for each rat and the group mean.  Note the logarithmic y-axis.  For ease of comparison, data from 

Experiment 1 (Figure 2-2) is also presented here (closed circles).  Similarly, Figure 3-3 shows 

the proportion of choices for the titrated delay for both Experiment 1 (closed circles) and 

Experiment 2 (open circles).  Unlike Experiment 1, all rats showed an increase in preference for 
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the more variable option under nicotine administration.  In most cases, the increase was a dose-

dependent escalation as reflected in the mean data.  Friedman ANOVA indicated a significant 

effect of dose for both the titrated delay [Figure 3-2, F = 26.02, P < 0.0001] and choice 

proportions [Figure 3-3, F = 33.44, P < 0.0001].  Dunn’s multiple comparison test indicated a 

significant effect of 0.3 mg/kg and 1.0 mg/kg relative to vehicle for the titrated delay [D = 28, 

31; P < 0.05] and the proportion of choices [D = 30, 33; P < 0.05].  The descending order of 

doses did not seem to be responsible for any observed effects: across the 8 rats experiencing both 

cycles, exactly 50% of the first cycle doses had greater effect than the corresponding dose during 

the second cycle with respect to proportion of choices under the three smallest acute doses of 

nicotine.   

 Figure 3-4 shows the mean proportion of choices for the titrated alternative as a function 

of acute nicotine dose for rats in Experiment 1 (closed circles), rats in Experiment 2 (open 

circles), and rats in the Dallery and Locey (2005) impulsive choice study (closed triangles).  For 

Experiment 2 and the impulsive choice study, the titrated alternative was a 3-pellet reinforcer 

whereas the other alternative was a 1-pellet reinforcer after a variable (Experiment 2) or 

immediate (impulsive choice) delay.  Any effect on choice in Experiment 1 is not consistent with 

either of the other two procedures which used different reinforcer magnitudes on the two 

alternatives.  Experiment 2 results indicate a dose-dependent increase in preference for the 

smaller (1-pellet), variably-delayed (1 s or 19 s) reinforcer, which is very similar to the dose-

dependent increase in preference for the smaller (1-pellet), sooner (1 s) reinforcer in the Dallery 

& Locey impulsive choice study.  

 The titrating delay could change by a maximum of 21% per 3 trials in the present study 

and only 10% per 6 trials in the Dallery & Locey (2005) study.  As such, a similar effect on 

40 



 

indifference delays should be reflected by a smaller effect on proportion of choices in the present 

study relative to the Dallery & Locey study.  Considering the differences in the speed with which 

adjusting could occur, the dose-dependent increase in risky choice in Experiment 2 is nearly 

identical to the dose-dependent increase in impulsive choice in the Dallery & Locey (2005) 

study. 

 Four rats survived to complete the free-feed condition (136, 139, 140, 141). Figure 3-5 

shows the mean proportion of choices for the 3-pellet, titrating alternative for those rats.  The 

mean during the final 20 sessions of the food-restricted diet (control, “C”), the mean during the 

final 20 sessions of the free-feeding condition (“F”), and the mean under each acute nicotine 

dose (from Figure 3-3) are included for ease of comparison.  There was no increase in risky 

choice over the course of the free-feeding condition.  Only two of the four rats showed any 

increase in risky choice during free-feeding relative to control.  The mean increase in risky 

choice produced by free-feeding was substantially less than the increase produced by all but the 

smallest (.03 mg/kg) dose of nicotine.  Friedman ANOVA indicated a significant effect of dose 

on choice [F = 18.5, P = 0.0099].  Dunn’s multiple comparison test indicated a significant effect 

of only 1.0 mg/kg relative to vehicle [D = 22; P < 0.05], indicating no significant effect of free 

feeding [D = 11] on choice. 

 Figure 3-6 shows the effects of free-feeding on response latency for each of the 4 

surviving rats.  Each panel shows average response latency during the final 20 sessions of the 

food-restricted diet (“C”) and during the final 20 sessions of the free-feeding condition (“F”).  

Acute effects of nicotine from Figure 3-1 are also shown for convenience.  With the exception of 

Rat 140, for which free-feeding had little effect on latency, response latencies were substantially 

higher under free-feeding than under any but the highest (1.0 mg/kg) dose of nicotine.  Friedman 
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ANOVA indicated a significant effect of dose and free-feeding on latency [F = 23.58, P = 

0.0013].  Dunn’s multiple comparison test indicated a significant effect of only 0.3 mg/kg 

relative to 1.0 mg/kg and free-feeding [D = -27, -23; P < 0.05]. 

Discussion 

 The present experiment was the first to combine a risky choice task with an impulsive 

choice task by adding different amounts to a delay-based risky choice procedure.  Subjects were 

initially indifferent between 1 pellet delivered after a variable (MT 10 s) delay and 3 pellets 

delivered after about 35 s.  Acute injections of nicotine produced dose-dependent increases in 

preference for the smaller, more variable option over the larger, less variable option.  Under the 

most effective doses of nicotine (0.3 mg/kg and 1.0 mg/kg), rats were indifferent between 1 

pellet after a variable delay and 3 pellets after about 15 s. 

 Why did nicotine increase preference for the smaller, more variable alternative?  As with 

nicotine-induced increases in impulsive choice (Dallery & Locey, 2005), Experiment 2 results 

could be accounted for by either an increase in delay discounting or a decrease in magnitude 

sensitivity.  By using different magnitudes with the delay-based risky choice procedure, either of 

these two behavioral mechanisms could be affected by nicotine.  However, given that the same 

procedure (with some of the same subjects) produced no increases in delay-based risky choice in 

Experiment 1, it is reasonable to conclude that the acute effects of nicotine on both impulsive 

choice and in this case, “riskpulsive” choice (a hybrid risky choice – impulsive choice 

procedure), are due to a decrease in magnitude sensitivity rather than delay sensitivity. 

 A comparison of dose effect curves from Dallery & Locey (2005) and Experiment 2 

(Figure 3-4) reveals very similar effects on proportion of choices for the large alternative.  

Although the procedures used in these two experiments were very similar, the present, risky-

choice procedure did use a faster titrating delay (10%/trial) procedure than was used in the 
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context of impulsive choice (up to 10%/6 trials).  As such, it is difficult to precisely compare the 

magnitude of effects across these studies.  However, the minimal and inconsistent effects of 

nicotine in Experiment 1, combined with the similarity of impulsive and “riskpulsive” functions 

in Figure 3-4, provide compelling evidence that any acute effect of nicotine on impulsive choice 

is the result of a decrease in magnitude sensitivity. 

 It is tempting to attribute nicotine effects on magnitude sensitivity to its effects as an 

appetite-suppressant.  Indeed, it may well be the case that nicotine effects on impulsive choice 

are limited to situations with food reinforcers.  As such, it is imperative before drawing any 

general conclusions that the present set of experiments (including Experiments 3 and 4) be 

replicated with alternative reinforcers.  However, Figure 3-5 and Figure 3-6 suggest that the 

present results cannot be accounted for entirely by the appetite-suppressant effects of nicotine.  

Figure 3-5 shows that any minimal effect of free-feeding on proportion of choices for the titrated 

delay was substantially less than the effects of acute nicotine administration of all but the least 

effective dose (0.03 mg/kg).  This suggests that free-feeding had less effect than nicotine on 

magnitude sensitivity.  In contrast, Figure 3-6 shows that for all but the largest dose of nicotine, 

free-feeding had a much greater effect on response latency.  Insofar as this increased latency to 

respond for food typifies an “appetite suppressant” effect, these data suggest that free-feeding 

has much greater appetite-suppressant effects than nicotine, yet much weaker effects on 

magnitude sensitivity, and thereby on impulsive choice.  A more thorough investigation with 

alternating drug and free-feed conditions may be needed before reaching any definitive 

conclusions. However, the present results do suggest that appetite suppression is unlikely to 

account for the decreases in magnitude sensitivity produced by nicotine. 
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 The results from Experiment 1 and 2 provide compelling evidence for a magnitude-

sensitivity effect by nicotine.  However, there are a few alternative explanations that might be 

worth considering for the present findings.  First, perhaps nicotine does increase delay 

discounting, without affecting magnitude sensitivity, but it only does so in the presence of 

different magnitudes.  All of the present data (i.e., Figure 3-4) would be consistent with such an 

interpretation.  Although such an interpretation might seem a bit of a stretch, it cannot be 

eliminated until a simpler procedure is used which involves choices between different reinforcer 

magnitudes without differences in reinforcer delays.   

 A second limitation of these first two experiments is that the differences in preference 

found in Experiment 1 might be the result of differences in baseline performance.  Even though 

the only procedural change between Experiment 1 and Experiment 2 was a change in reinforcer 

magnitude, this change in reinforcer magnitude also produced a change in indifference delays 

during the pre-baseline condition.  Due to the highly valuable nature of the MT 10 s option, as a 

result of the 1 s component of that schedule, the indifference delays in Experiment 1 were 

typically very close to 1 s upon completion of the pre-baseline condition (as shown in Table 2-1).  

In contrast, the high-magnitude reinforcer available with the titrated delay in Experiment 2 

produced much higher indifference delays (median of 36 s).  Similarly, the Dallery & Locey 

(2005) procedure also found indifference delays much higher than 1 s due to the large magnitude 

reinforcer available with the titrated delay.  As such, it may be the case that nicotine increases 

aversion to long delays, thus shifting preference away from the variable delay in Experiment 1 

because of the 19 s component and away from the titrating delay in Experiment 2 (and Dallery & 

Locey, 2005) because of the larger titrated delay and the beginning of the session.  This 

interpretation is supported by the increased risky choice found with Rat 136 whose pre-baseline 
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indifference delay was one of the highest.  However, this interpretation is not supported by Rats 

139 and 140, the two other rats with pre-baseline indifference delays substantially higher than 1 

s.  Furthermore, insofar as an “aversion to long delays” is synonymous with an increase in delay 

discounting, as explained in the introduction, an increase in delay discounting should have 

produced an increase in risky choice in Experiment 1.  

 Unfortunately, Experiment 1 might not have been the best measure of risky choice.  As 

was just mentioned, by using such an extremely valuable variable delay, the indifference delay at 

the end of the pre-baseline condition in Experiment 1 was frequently close to 1 s (for 6 of the 9 

rats).  Given a choice between 1 s and the 1 s, 19 s MT schedule, increasing k in Equation 4 

should increase preference for the 1 s alternative rather than the variable alternative.  In other 

words, the lack of an increase in preference for the variable alternative is consistent with a 

nicotine-induced increase in delay discounting once the titrated delay drops to 1 s.  However, 

because of the percentage adjustment, a substantial portion of the session would be needed 

before the titrated delay reached 1 s for all but Rat 103.  In order for the titrated delay to reach 1 

s would have required a substantial preference for the variable delay early in the session, which 

did not occur.  Also, the fact that such small indifference delays were obtained suggests that 

there was typically a bias for the variable-delay lever (as even an infinitely high k would not 

predict an indifference delay of 1.0 for Rat 103), and if such a bias was accounted for, then 

increasing k in Equation 4 should still have increased preference for the variable-delay lever.  

Nevertheless, results from the first two experiments might have been more convincing had a less 

extreme MT schedule been used (e.g., 3 s and 17 s) to consistently obtain indifference delays 

more distal to the more immediate element of the MT schedule (e.g., 3s). 
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 A final limitation of the first two experiments is that even if nicotine does decrease 

sensitivity to reinforcer magnitude, these experiments do not indicate how that happens.  For 

instance, is it the case that (1) smaller magnitude reinforcers become more valuable under 

nicotine, (2) larger magnitude reinforcers become less valuable under nicotine, or (3) some 

combination of #1 and #2?   

 Experiments 3 and 4 were designed to address all of the above limitations. 
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Table 3-1.  Number of sessions and percentage of choices for the titrating-delay lever during the 
last 7 sessions for the pre-baseline and baseline conditions.  Also, the indifference 
delay (in seconds) determined from the pre-baseline condition. 

 

 
aPre-baseline terminated without stability 
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Figure 3-1. Average latency to respond as a function of nicotine dose.  Note logarithmic y-axis. 
“C” and “V” indicate control (no injection) and vehicle (potassium phosphate) 
injection, respectively.  Vertical lines represent standard errors of the mean. 
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Figure 3-2. The session average titrated delay as a function of nicotine dose for Experiment 1 
(closed circles) and Experiment 2 (open circles). Note logarithmic y-axis. “C” and        
“V” indicate control (no injection) and vehicle (potassium phosphate) injection,         
respectively.  Vertical lines represent standard errors of the mean. 
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Figure 3-3. The proportion of choices for the titrated delay in Experiment 1 (closed circles) and 
Experiment 2 (open circles) as a function of nicotine dose. 
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Figure 3-4. The mean proportion of choices for the titrated delay as a function of nicotine dose in    

Experiment 1 (closed circles), Experiment 2 (open circles), and the Dallery & Locey         
(2005) impulsive choice experiment. 
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Figure 3-5. The proportion of choices for the titrated delay during acute dosing, during the 20  
sessions prior to free-feeding (control, “C”), and during the final 20 sessions under   
free-feeding (“F”).  Vertical lines represent standard errors of the mean. 
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CHAPTER 4 
EXPERIMENT 3: EFFECTS OF NICOTINE ON CONCURRENT PROGRESSIVE RATIOS 

WITH DIFFERENT REINFORCER MAGNITUDES  

Introduction 

Progressive ratio (PR) schedules were first described by Findley (1958).  These schedules 

are essentially a series of fixed-ratio (FR) schedules – schedules that arrange reinforcement after 

a fixed number of responses – in which the ratio value increases over successive reinforcements.  

Whereas the most prominent feature of an FR is the ratio requirement, the most prominent 

feature of a PR is the “step” size.  As such, “FR 50” indicates 50 responses are required for 

reinforcement whereas “PR 50” indicates that the ratio requirement will increase by 50 after each 

reinforcement.  PR schedules were initially used by Findley (1958) as an effective means to 

establish switching between concurrent ratio schedules – schedules that would otherwise 

typically engender exclusive preference for the lower ratio schedule. 

Hodos (1961) proposed the use of single-alternative PR schedules as a means of measuring 

reinforcer value (or in his words, “reward strength”).  Under a properly arranged PR schedule, a 

subject will eventually stop responding once the ratio requirement becomes too large.  

Presumably this “breakpoint” would always be the same for any particular reinforcer under the 

same motivational conditions (e.g., similarly food-deprived).  Also, the breakpoint would 

presumably be higher for higher-valued reinforcers (i.e., higher-value reinforcers should be able 

to support more behavior under such a schedule), thus making the PR breakpoint a sensitive 

measure of reinforcer value. 

Given that the focus of the present set of experiments is to explore how nicotine impacts 

reinforcer value, PR schedules might be a useful tool in that exploration.  Results from 

Experiments 1 and 2 suggest that nicotine decreases magnitude sensitivity.  This might be 

accomplished by decreasing the apparent magnitude of larger reinforcers or increasing the 
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magnitude of smaller reinforcers.  If it is the case that nicotine decreases the apparent magnitude 

of large reinforcers, then nicotine should produce a reduction in a PR breakpoint with large 

magnitude reinforcers.  If, however, nicotine increases the apparent magnitude of small 

reinforcers, then nicotine should produce an increase in a PR breakpoint with small magnitude 

reinforcers.  Alternatively, both effects might occur if the decrease in reinforcer magnitude 

sensitivity arises as a combination of both decreasing the apparent magnitude of large reinforcers 

and increasing the apparent magnitude of small reinforcers. 

One potential drawback in arranging single-alternative PR schedules to assess relative 

changes in reinforcer value between small and large magnitude reinforcers is the aforementioned 

caveat with respect to identical motivational conditions.  As the disparity between small and 

large reinforcers increases, so too does the disparity in motivational conditions.  For example, the 

PR breakpoint with respect to a gallon of ice cream would likely be lower than the PR breakpoint 

for a spoonful of ice cream (assuming no means of storing un-consumed ice cream).  This ice 

cream example has been supported experimentally by Hodos & Kalman (1963), who found PR 5 

breakpoints to be an inverted-U (or V) -shaped function of reinforcer volume (sweetened 

condensed milk mixed with tap water) with rats.  He concluded that the down-turn in the 

breakpoint function was the result of increased satiation with higher reinforcer volumes.  

Although this effect was only found with relatively small step sizes (e.g., PR 5), it indicates a 

potentially serious problem for any interpretation of changes in single-alternative breakpoints.  If 

nicotine decreased a single-alternative PR breakpoint, it would be impossible to determine if that 

decrease was the result of decreasing the reinforcer value (thus decreasing the amount of 

behavior that reinforcer could maintain) or the result of increasing the reinforcer value (but 

increasing satiation in the process). 
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Despite this potentially serious flaw in single-alternative PR schedules, they have been 

extensively used in behavioral pharmacology, particularly in drug self-administration studies 

(see Stafford, LeSage, & Glowa, 1998 for review).  Nevertheless, the use of a single-alternative 

PR schedule in the context of comparing breakpoints for different magnitude reinforcers seems 

particularly problematic given the potential confound of differences in satiation.  Furthermore, if 

the effects observed in Experiment 2 were the result of a magnitude sensitivity effect, that effect 

was only observed in a choice context.  It may be the case that nicotine decreases magnitude 

sensitivity without increasing the value of small reinforcers, per se, or decreasing the value of 

large reinforcers, per se.  Instead, it may be that nicotine simply decreases the difference in value 

between different magnitude reinforcers.  If that were the case, there might be little effect of 

nicotine on reinforcer magnitude when only one reinforcer is present (as may essentially be the 

case in a single-alternative schedule).  Whether or not nicotine effects on magnitude sensitivity 

are unique to choice contexts might certainly prove to be a worthwhile area of research.  

However, it would seem prudent to first verify the existence of such an effect before attempting a 

thorough exploration of its boundary conditions. 

Experiment 3 was thus designed to maintain the focus on a choice context in addressing 

whether or not the previously observed effects of nicotine (in Dallery & Locey, 2005 and 

Experiment 2) were due to an effect on magnitude sensitivity.  As such, Experiment 3 used a 

concurrent progressive ratio schedule in which one PR alternative produced large magnitude 

reinforcers and the other PR alternative produced small magnitude reinforcers.  Unlike the 

original concurrent PRs arranged by Findley (1958), ratio requirements were not reset after 

completing a ratio on the other alternative (Findley was interested in arranging ratio schedules in 

which pigeons would switch rather than exclusively prefer one option; whereas the present 
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experiment is designed to assess differences in reinforcer value between the two reinforcers).  By 

arranging these schedules concurrently, the motivational conditions (i.e., economic contexts) 

were held constant across the two alternatives – any increases in satiation were the same for both 

the small and large magnitude reinforcer PRs.   

Method 

Subjects 

Six experimentally naïve Long-Evans hooded male rats (Harlan, Indianapolis, IN) were 

housed in separate cages under a 12:12 hr light/dark cycle with continuous access to water.  Each 

rat was maintained at 85% of its free-feeding weight as determined at postnatal day 150. 

Apparatus 

The Apparatus was the same as described in Chapter 2.  

Procedure 

 Experimental sessions were conducted 7 days a week at approximately the same time 

every day during the rats’ light cycle. 

 Training.  All rats were trained under a simplified version of the baseline procedure.  

This involved a concurrent (PR 1, PR 1) schedule in which each reinforcer presentation 

increased the subsequent ratio requirement on that lever by 1.  Rats then experienced over 8 

months of concurrent progressive ratio schedules with occasional manipulations of various 

parameters. 

 Baseline. A concurrent (PR x1.2 1-pellet, PR x1.2 5-pellet) with starting ratio 

requirements of FR 5 and a COR 5 (changeover response requirement of 5) was used as the 

baseline condition.  PR x1.2 schedules are FR schedules in which the response requirement 

increases by 20% after each ratio completion.  Ratio completions on one PR (e.g., the 1-pellet 

PR) had no effect on the response requirement of the other schedule (e.g., the 5-pellet PR).   
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 After the 10-minute blackout, sessions began with the illumination of a green light above 

one lever and a yellow light above the other.  Each light remained on for 5 s.  Each response on 

one of the two levers reset the duration of the light above that lever for 5 s and designated that 

lever as “active.”  Responses on an active lever were reinforced with 1 pellet (for responses on 

the “small lever”) or 5 pellets (for responses on the “large lever”) based on the current ratio 

requirement for that lever (i.e., 5, 6, 8, 9, 11, 13, 15, 18, 22, 26, 31, 38, 45, 54, 65, 78, 93, 111, 

134, 160).  Ratio completion had no immediate effect on the stimulus lights except the standard 5 

s illumination produced by the terminal response.  Ratio completion produced a 4 s feeding 

period during which responses on either lever produced no programmed consequences.  

 At the end of the feeding period, both lever lights were turned on for 5 s but only the 

most recently active lever was designated as “active.”  Responses on an inactive lever turned off 

the light above the active lever, deactivated that lever, and initiated the COR 5.  Five consecutive 

responses on an inactive lever (including any initial response while the other lever was active) 

turned on the light above that lever for 5 s and designated that lever as “active.”  Responses on 

inactive levers never contributed towards the completion of any progressive ratio requirement.  

Sessions were terminated after 30 minutes or 20 reinforcements (20-100 pellets). 

 The baseline condition continued for a minimum of 40 sessions and until the rate of 

responding for each alternative was stable for seven consecutive days.  Stability was determined 

based on response rates in each session according to three criteria.  First, each of the 7-session 

response rates had to be within 20% of the average of those 7 values.  Second, the average 

response rates for the first three and last three of those seven sessions were required to be within 

10% of the 7-session average.  Third, there could be no increasing or decreasing trend in 

response rates across the final 3 sessions (i.e., three consecutive increases or decreases in 
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response rate for either the small or large lever).  Response rates for all rats were stable within 5 

days of the 40-session minimum. 

 Acute Drug Regimen.  The same procedure described in the baseline was used 

throughout the drug regimen.  Doses were 0.74, 0.56, 0.3, 0.1, and 0.03 mg/kg nicotine (Sigma 

Chemical Co., St. Louis, MO).  Each rat experienced two cycles of each dose in either ascending 

or descending order (counterbalanced across rats) with each cycle preceded by a vehicle 

injection. 

Results 

 Figure 4-1 shows total session responses as a proportion of mean session responses on 

that lever under vehicle.  Responses for the large (open circles) and small (closed circles) levers 

are shown as a function of nicotine dose.  “C” and “V” indicate control (no injection) and vehicle 

(potassium phosphate) injection, respectively.  The 0.56 mg/kg dose is not labeled.  Vertical lines 

represent standard errors of the mean.  For example, Rat 205 responded 75% more (proportion = 

1.75) on the small lever and 45% less (proportion = 0.55) on the large lever under the 0.56 mg/kg 

dose than under vehicle. 

 There were substantial individual differences in performance under nicotine.  For 3 of the 

six rats (203, 205, and 206), there was increased responding on the small lever and decreased 

responding on the large lever at all doses of nicotine.  This was also the case for Rat 202 with the 

exception of 0.3 mg/kg nicotine which had the opposite effect.  Rat 204 showed the same effect 

at the largest doses (0.56 mg/kg and 0.74 mg/kg) but the opposite effect (increased responding 

for the large, decreased responding for the small) at the smaller doses (0.1 mg/kg and 0.3 mg/kg).  

During nicotine-administration sessions, Rat 207 exhibited only minor and inconsistent 

deviations from performance under vehicle injections.   
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 Response rates for the mean data showed a dose-dependent increase in responding for the 

small lever and a dose-dependent decrease in responding for the large.  Only the largest doses 

(0.56 mg/kg and 0.74 mg/kg) produced response rates that were substantially higher (for the 

small lever) or lower (for the large lever) than rates during control (no injection) sessions.  

Friedman ANOVA indicated a significant effect of dose on responses for the small and large 

levers [F = 16.86, 17.11, P = 0.0098, 0.0089].  Dunn’s multiple comparison test indicated a 

significant effect of only 0.74 mg/kg relative to vehicle for the small and large levers [D = -25, 

26; P < 0.05].   

Discussion 

 If nicotine decreases sensitivity to reinforcer magnitude, then there should have been a 

separation in the two data paths in Figure 4-1.  Specifically, if nicotine increases the value of the 

small reinforcer, Figure 4-1 should show a dose-dependent increase in small (1-pellet) lever 

responses as a function of nicotine dose.  Alternatively, if nicotine decreases the value of the 

large reinforcer, Figure 4-1 should show a dose-dependent decrease in large (5-pellet) lever 

responses as a function of nicotine dose.  Both effects are apparent for Rat 205, 206 and the 

mean.  However, neither effect is seen consistently across most of the rats.   

 On the group level, the present findings offer general support to the interpretation that 

nicotine increases impulsive choice via a decrease in magnitude sensitivity rather than an 

increase in delay sensitivity.  The concurrent progressive ratio procedure does have the apparent 

virtue of being able to indicate whether a decrease in magnitude sensitivity is due to an increase 

in preference for the small, a decrease in preference for the large, or both.  The latter seems to be 

the case in the mean data of Figure 4-1, as indicated by the divergent data paths for the large and 

small levers.  However there are a host of limitations of the present experimental design and its 

findings. 
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 First, the concurrent progressive ratio procedure fails to separate magnitude and delay.  

Because lever presses require a considerable duration to complete, any increase in response 

requirement for reinforcement also entails a proportional increase in delay requirement for 

reinforcement.  As such the present study fails where both Dallery and Locey (2005) and 

Experiment 2 failed.  That is, all three failed to separate reinforcer delay and reinforcer 

magnitude. 

 Second, the current procedure was not designed to obtain breakpoints.  Due to the 

diminishing effect of drug over time, maximum session durations were severely limited in the 

present study.  Because of the large number of pellets earned on the large lever, sessions were 

restricted in number of ratios that could be completed.  By the end of the baseline condition, 

sessions never reached the maximum time duration – sessions always terminated due to the ratio 

completion limit of 20, often within 5 minutes.  While the concurrent nature of the schedule does 

seem to allow inferences into relative reinforcer value, it is difficult to determine what relation 

preference under these conditions would have to “true” breakpoints.  And indeed, because 

sessions were terminated after 20 total ratio completions, it is likely unreasonable to make any 

inferences from the present data with respect to whether nicotine increases the value of the large 

or decreases the value of the small – because any increase or decrease in ratio completions on 

one alternative would necessarily entail a corresponding decrease or increase on the other.  As 

such, it is unclear that the present design offers any real advantages over Experiment 1 and 

Experiment 2 except for the greater expediency of the procedure. 

 Third, the lack of a consistent dose-dependent effect on choice across rats (e.g., Figure 4-

1) limits what general conclusions can be drawn from the data.  Furthermore, even for those few 

rats that did show a consistent dose-dependent effect of nicotine (e.g., Rat 206), alternative 

60 



 

interpretations abound.  For instance, unlike Experiment 1 and 2, the present procedure did not 

establish indifference under baseline performance.  As such, any decreased difference in 

performance between the two levers could be the result of a dose-dependent breakdown in 

simple stimulus control rather than an effect on magnitude sensitivity, per se.  Perhaps related, 

any effect observed in Figure 4-1 might easily be dismissed as a simple rate-dependent effect – 

nicotine might simply be increasing low response rates and decreasing high response rates – 

independent of the consequences on each lever. 

 In summary, the present experiment offers, at best, weak support for the interpretation 

that nicotine decreases sensitivity to reinforcer magnitude.  What is needed is a more conclusive 

experiment that addresses all of the limitations of Experiments 1-3.  Such an experiment must do 

the following: 

 Separate amount and delay so that any effect of nicotine on choice can be attributed to 
sensitivity to one or the other. 

 Provide a comparable baseline for the amount-sensitivity test and the delay-sensitivity test 
(to avoid the alternative explanation from Experiments 1 and 2 that differences in baseline 
indifference delays were responsible for differences in drug effects). 

 Provide a sensitive baseline that clearly shows whether nicotine increases or decreases 
delay sensitivity and whether nicotine increases or decreases magnitude sensitivity. 

 Indicate whether any decrease in magnitude sensitivity is produced by increasing the 
apparent magnitude of the small reinforcer or decreasing the apparent magnitude of the 
large reinforcer. 

 Provide adequate controls to rule out alternative explanations such as a breakdown in 
stimulus control or a simple rate-dependent effect of nicotine.  

 The final experiment in the present study – Experiment 4 – was designed to address all of 

the above limitations. 
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Figure 4-1. Total session responses for small (closed) and large (open) levers as a proportion of        
responses for that lever under vehicle.  “C” and “V” indicate control (no injection)         
and vehicle (potassium phosphate) injection, respectively.  Vertical lines represent         
standard errors of the mean. 
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CHAPTER 5 
EXPERIMENT 4: EFFECTS OF NICOTINE ON CONCURRENT-CHAINS PERFORMANCE 

WITH DIFFERENT REINFORCER MAGNITUDES AND DELAYS  

Introduction 

Results from Dallery & Locey (2005), Experiment 1, and Experiment 2 are all consistent 

with a nicotine-induced decrease in magnitude sensitivity and little, if any, effect on delay 

sensitivity.  All of those procedures, however, are relatively complicated – involving alternatives 

that differ along at least 2 dimensions: reinforcer magnitude and delay (Dallery & Locey, 2005); 

reinforcer delay and probability of delay (Experiment 1); and reinforcer magnitude, delay, and 

probability of delay (Experiment 2).  If one is interested in determining what effect nicotine has 

on sensitivity to reinforcer magnitude, it seems simpler to arrange simple choices between 

alternatives that differ only in magnitude.  After obtaining a stable baseline of preference under 

such a preparation, nicotine could then be administered to assess its effects.  Similarly if 

interested in nicotine effects on sensitivity to reinforcer delay, why not arrange simple choices 

between different delays and then measure the effects of nicotine on such choices?  The simple 

answer to that question is: it would not work. 

 If given a choice between two FRs (e.g., FR 1 with 3 pellets vs. FR 1 with 1 pellet), 

exclusive preference would quickly emerge for the higher rate of reinforcement (e.g., Findley, 

1958).  As such, the only way that nicotine would have an effect on preference in such a situation 

would be if sensitivity to reinforcer magnitude was not only decreased, but completely 

eliminated by nicotine – something that is not suggested by the present data.  Even if magnitude 

sensitivity were completely eliminated (producing complete indifference between 1 pellet and 3 

pellets), exclusive preference for the 3-pellet alternative might still be found because no 

particular pattern of responses is predicted between two equally-valued FR schedules. 



 

One possible solution to this problem would be to arrange progressive, rather than fixed, 

ratio schedules to measure relative preference for each alternative.  This was the approach in 

Experiment 3 which led to limited success.  Another possible solution would be to arrange a 

concurrent-chains procedure with equal-interval VIs in the initial links.  A chained schedule is a 

schedule in which two or more reinforcement schedules are arranged successively with each 

component schedule comprising a “link” in the chain (see Skinner, 1958 for diagram).  The 

completion of each link produces a stimulus change and only completion of the final link results 

in primary reinforcement (e.g., food).  A concurrent-chains procedure involves two (or more) 

chained schedules in which the initial links are available simultaneously.  Autor (1960) was the 

first to use equal-interval VI initial links to assess relative preference between reinforcement 

schedule A (initiated upon completing the VI on the left key) and reinforcement schedule B 

(initiated upon completing the VI on the right key).  Early findings with such procedures (e.g., 

Herrnstein 1964a, 1964b) indicated that relative preference during the initial links was directly 

proportional to the relative value of the terminal link schedules.  Further research (see Mazur, 

2006 for review) has found that degree of preference depends somewhat on the exact schedule 

parameters used (e.g., duration of initial-link VIs). 

Nevertheless, the concurrent-chains procedure remains an effective and sensitive method 

for comparing the relative value of two terminal links.  The present experiment sought to take 

advantage of that by arranging concurrent chains with different reinforcer delays (for the delay 

group) and different reinforcer magnitudes (for the magnitude group) in the terminal links.  If 

nicotine decreases magnitude sensitivity but has no effect on delay sensitivity, this should be 

revealed by dose-dependent decreases in relative preference for the large magnitude terminal link 
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(for the magnitude group) and no dose-dependent changes in relative preference for the short 

delay terminal link (for the delay group).   

Method 

Subjects 

Twelve experimentally naïve Long-Evans hooded male rats (Harlan, Indianapolis, IN) 

were housed in separate cages under a 12:12 hr light/dark cycle with continuous access to water.  

Each rat was maintained at 85% of its free-feeding weight as determined at postnatal day 150. 

Apparatus 

The Apparatus was the same as described in Chapter 2.  

Procedure 

 Experimental sessions were conducted 7 days a week at approximately the same time 

every day during the rats’ light cycle. 

 Training.  Lever pressing was initially trained on an alternative (FR 1, RT 100”) 

schedule of reinforcement (see Skinner, 1958 for diagram).  A five minute pre-session blackout 

was followed by the illumination of the houselight and all six lever lights.  The houselight 

remained on for the duration of each training session.  The six lever lights flashed on a 0.5 s on-

off cycle.  In the initial trial, both levers were active so that a single response on either lever 

resulted in immediate delivery of 1 food pellet and the termination of all six lever lights.  After a 

2 s feeding period, the lights were illuminated and a new trial began.  After two consecutive 

presses of one lever, that lever was deactivated until the other lever was pressed.  Lights above 

deactivated levers were never illuminated and presses on those levers had no programmed 

consequences.  The RT schedule was initiated at the beginning of each trial so that a single pellet 

was delivered, response-independently, approximately every 100 s (0.01% chance every 0.01 s).  

After a total of 60 food deliveries, the session was terminated.  Training sessions were conducted 
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for 10 days, at the end of which all response rates were above 10 per minute.  Initially, rats were 

exposed to a multiple schedule (a schedule of reinforcement in which different components are 

differentially signaled) in which the different delays and magnitudes were experienced within 

each session. The multiple schedule was suspended after approximately 135 sessions due to 

apparent cross-component interference.   

 Concurrent-Chains Baseline.  Rats were randomly assigned to either the magnitude 

(n=6) or delay (n=6) group.  In the magnitude group, choices resulted in either 1 pellet (if the 

“small lever” was chosen) or 3 pellets (if the “large lever” was chosen).  In the delay group 

choices resulted in 2 pellets after a 1 s delay (“short lever”) or a 9 s delay (“long lever”).  For 

both groups, after a 10-minute blackout, sessions began with the illumination of the houselight, a 

yellow light above the left lever, and a red light above the right lever.  The houselight remained 

on for the duration of each session.  Each trial consisted of a concurrent-chains schedule with a 

concurrent (VI 20 s, VI 20 s) schedule in the initial links.  During the initial links the two lever 

lights flashed on a synchronized 0.5 s on-off cycle.  The VI schedules were 20-element Fleshler-

Hoffman distributions (Fleshler & Hoffman, 1962) from which intervals were selected without 

replacement to ensure greater daily consistency in reinforcement rate.  For the magnitude group, 

one lever was the “small lever” and one was the “large lever” (counterbalanced across rats).  For 

the delay group, one lever was the “short lever” and one was the “long lever.”  Completing the 

initial link on the small or large lever resulted in both lever lights being turned off and an 

immediate delivery of 1 food pellet (small lever) or 3 food pellets (large lever).  For the delay 

group, completing the initial link on the short or long lever produced an FT 1 s (short lever) or 

FT 9 s (long lever) terminal link.  During terminal links, the lever light above the not-chosen 

lever was turned off and the light above the chosen lever remained on for the duration of the FT 
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schedule.  The FT schedules ended with the delivery of 2 food pellets regardless of which lever 

had been chosen.  For both groups, a new trial began with the onset of both lever lights 35 s after 

each initial-link completion.   

 VI timers were only active during the initial links.  New trials began with a new interval 

for the previously chosen lever and a continuation of the active interval on the not-chosen lever.  

Sessions were terminated after 20 minutes (about 30 total trials).   

 After 80 sessions the initial links were changed to a concurrent (VI 30 s, VI 30 s) 

schedule and remained so for the remainder of the experiment.  The baseline condition continued 

for 75 sessions after this change. 

 Acute Drug Regimen.  The same procedure described in the baseline was used 

throughout the drug regimen.  Rats were administered nicotine doses of 0.74, 0.56, 0.3, 0.1, and 

0.03 mg/kg nicotine (Sigma Chemical Co., St. Louis, MO).  Injections occurred twice per week 

(Wednesday and Saturday).  Each rat experienced two cycles of each dose in descending order 

with each cycle preceded by a vehicle injection. 

Results 

 Figure 5-1 shows the proportion of responses for the large alternative (for the magnitude 

group) during the final 10 sessions of the baseline condition for each rat and for the group mean.  

Figure 5-2 shows the proportion of responses for the short delay alternative (for the delay group) 

during the final 10 sessions of the baseline condition for each rat and for the group mean.  Note 

the y-axis begins at 0.5 as session preference was never for the small or long delay for any rat 

(nor would it have been expected to be).   Although there is some variability across rats (e.g., Rat 

184), in general preferences were very high (80% or more for most rats) and thus very similar 

between the two groups. 
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 Figure 5-3 shows the proportion of responses for the large alternative (for the magnitude 

group) as a function of nicotine dose during the acute drug regimen.  Figure 5-4 shows the 

proportion of responses for the short delay alternative (for the delay group) as a function of 

nicotine dose during the acute drug regimen.  “C” and “V” indicate control (no injection) and 

vehicle (potassium phosphate) injection, respectively.  The unlabeled tick mark (between 0.3 and 

0.74) indicates 0.56 ml/kg nicotine.  Again, note the y-axis begins at about 0.4 (0.5 for the mean) 

given that 0.5 would indicate complete indifference between the two alternatives.  For the 

magnitude group, several rats approached (Rat 180 and 185) or dropped below (Rat 182 and 184) 

the 0.5 indifference point.  Regardless of differences in preference under vehicle and no-drug 

conditions, nicotine produced similar dose-dependent decreases in proportion of responses for 

the large lever across all rats in the magnitude group.  Friedman ANOVA indicated a significant 

effect of dose on choice proportions in the magnitude group [F = 30.71, P < 0.0001].  Dunn’s 

multiple comparison test indicated a significant effect of 0.56 mg/kg and 0.74 mg/kg relative to 

vehicle [D = 30, 27; P < 0.05].  For the delay group, there seems to be a slight decrease in 

preference for two rats (Rat 186 and 189) as a function of dose.  For the other 4 rats there is 

either a slight increase or no effect of dose.  Friedman ANOVA indicated no significant effect of 

dose on choice proportions in the delay group [F = 3.5, P = .744].  Dunn’s multiple comparison 

test indicated no significant effects of any dose relative to vehicle (P < 0.05). 

 Figure 5-5 shows mean response data for the magnitude group.  Both panels show 

responses for the large lever (open circles) and small lever (closed circles) as a function of 

nicotine dose during the acute drug regimen.  The left panel shows responses as a proportion of 

responses under vehicle administration.  The right panel shows responses as a proportion of 

responses on the large lever under vehicle administration.  Both panels show that moderate doses 
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of nicotine (0.1 mg/kg and 0.3 mg/kg) increased responding on the small lever and had little 

effect on large-lever responding.  Large doses of nicotine (0.56 mg/kg and 0.74 mg/kg), 

however, reduced responding on both levers.  As can be seen in the right panel, that reduction 

was much greater, proportionally, on the large lever than on the small.  As such, the effects seen 

in Figure 5-3 seem to be the result of two distinct processes: increases in responding on the small 

lever at moderate doses and extreme decreases in responding on the large lever at high doses. 

Discussion 

 Unlike Experiment 1 and 2, baseline preference was fairly extreme in both groups as 

shown in Figures 5-1 and 5-2.  This can also be seen for control and vehicle sessions in Figures 

5-3 and 5-4.  For both the magnitude and delay groups, preference during vehicle sessions was at 

or above 90% for 4 of the 6 rats.  As such, the present procedure was not ideal for detecting 

increases in magnitude or delay sensitivity which could only increase preference by 10% or less 

for most of the rats.  That being the case, the present procedure should be used with caution with 

drugs that are expected to increase delay discounting (or magnitude sensitivity).  However, given 

the findings from Experiments 1-3, the present procedure might have been ideal for assessing the 

reductive effects of nicotine on magnitude sensitivity. 

 Across all rats in the magnitude group, nicotine produced a substantial decrease in 

preference for the large alternative.  If the maximum possible reduction in magnitude sensitivity 

would result in indifference between the two options (0.5 proportion of responses for the large), 

several rats experienced nearly the maximum possible reduction.  When the peak effect for each 

rat is calculated as a proportion of the maximum possible reduction (reduction to 0.5 in Figure 5-

3), magnitude sensitivity reduction was 49%, 52%, 77%, 88%, 105%, and 147% (out of a 

“maximum” 100%).  In contrast, the peak effect for each rat in the delay group was a delay 

sensitivity reduction of -37%, -9%, 19%, 21%, 42%, and 57%, with a reduction of 16% in the 
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mean performance (which might have been less if not for the ceiling effect on increases in 

preference for the short delay).  It is interesting to note that the two rats which showed an 

apparent bias for the lever assigned to the small magnitude (rat 182 and 184 which showed much 

lower preferences during baseline than all the others), ultimately preferred the small (1-pellet) 

lever under the most effective dose of nicotine (0.56 ml/kg for Rat 182 and 0.74 ml/kg for Rat 

184).   

 The slight decrease in preference for the short delay under some doses of nicotine for 1/3 

of the rats (Rat 186 and 189; Figure 5-4) is consistent with the slight decrease in preference for 

the variable delay observed for 1/3 of the rats (Rat 100, 103, and 118; Figure 2-3) in Experiment 

1.  Collectively, these data suggest that nicotine might produce minor decreases in delay 

sensitivity for some rats.  It is unclear what would be responsible for this effect in only 33% of 

observed rats.  Nevertheless, it is possible that this uncommon effect might result in nicotine 

producing decreases in impulsive choice rather than increases, under some preparations.  Or 

perhaps such an effect could cancel out the magnitude sensitivity effect to produce no apparent 

effect under some preparations for some rats (e.g., Rats 204 and 207 in Figure 4-2).  However, 

under the preparations used in Experiments 2 and 4, nicotine’s decreasing effect on magnitude 

sensitivity seems to be much more powerful, consistent, and ubiquitous than any effect 

(increasing or decreasing) on delay sensitivity. 

 It is also worth noting that despite the expected lack of effect for the delay group, that 

group proved to be an essential control in the present experiment.  Because the concurrent chains 

procedure used a baseline of extreme preference for the large magnitude reinforcer (an average 

of about 85% under vehicle and control in Figure 5-3), any observed change in preference might 

have been the result of a decrease in stimulus control rather than a decrease in magnitude 
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sensitivity.  However, if that were the case, there should have been a comparable decrease for the 

delay group, but there was not.  Similar alternative explanations, such as a simple rate-dependent 

effect, are also ruled out due to the similarity of the delay group baseline and dissimilarity in the 

effects of nicotine between these two groups.  As such, the present experiment provides 

substantial support for the interpretation that nicotine increases impulsive choice by decreasing 

sensitivity to reinforcer magnitude.   

 Nevertheless, it is important to note that the concurrent-chains procedure used in this 

experiment does have its limitations.  Due to the performance ceiling produced by the extreme 

baseline preference, the present procedure would not be ideal for assessing pharmacological 

manipulations that produce an increase in either magnitude sensitivity or delay discounting.  

Also, because of the need for a control group to rule out alternative explanations (as described 

above), the present procedure would also not be ideal for assessing pharmacological 

manipulations that produce decreases in both magnitude and delay sensitivity.  However, for 

drugs which primarily affect impulsive choice by decreasing delay discounting alone or 

magnitude sensitivity alone, as seems to be the case with nicotine, the present concurrent-chains 

procedure might be a useful choice. 

 Given that Figure 5-3 (in conjunction with Figure 5-4) demonstrates that nicotine 

decreases magnitude sensitivity, the question remains as to how this is accomplished.  Is it the 

case that nicotine increases the apparent magnitude of small reinforcers or decreases the apparent 

magnitude of large reinforcers?  The answer appears to be: yes, it does both.  Figure 5-5 shows 

that under moderate doses (0.1 mg/kg and 0.3 mg/kg) nicotine increases responses on the small 

lever while having no effect on the large lever.  However, at the largest doses (0.56 mg/kg and 

0.74 mg/kg) nicotine decreases responses for both; but that decrease is much less on the small 
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lever than on the large.  Again, such effects might be interpreted as having nothing to do with 

magnitude sensitivity at all but being the by-product of moderate doses simply increasing lower 

response rates.  Similarly, the right panel shows that response rates converge on the largest doses 

of nicotine, an effect that would be predicted if those doses were eliminating stimulus control.  

However, such interpretations are not consistent with the lack of similar effects for the delay 

group.  Certainly, some complex explanation is possible as to why such an effect was blocked in 

the delay group (e.g., perhaps the differences in signaled delays somehow enhanced stimulus 

control in subsequent trials much more than the different amounts of food pellets).  Nevertheless, 

insofar as such explanations do not reduce to descriptions of lower-level mechanisms of how 

magnitude sensitivity is reduced, the more parsimonious explanation would currently seem to be 

that (1) nicotine increases impulsive choice in rats by decreasing sensitivity to reinforcer 

magnitude and (2) that decrease in reinforcer magnitude sensitivity is accomplished by both an 

increase in apparent magnitude of smaller reinforcers at moderate doses of nicotine and a 

decrease in apparent magnitude of larger reinforcers at larger doses of nicotine.                           
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Figure 5-1. Proportion of responses for the large (3-pellet) lever during the final 10 sessions of        
the baseline condition for all rats in the magnitude group.  Note truncated y-axis. 
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Figure 5-2. Proportion of responses for the short delay (1 s) lever during the final 10 sessions of         
the baseline condition for all rats in the delay group.  Note truncated y-axis. 
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Figure 5-3. Proportion of responses for the large (3-pellet) lever as a function of nicotine dose.        
“C” and “V” indicate control (no injection) and vehicle (potassium phosphate) 
injection, respectively.  Vertical lines represent standard errors of the mean. Note         
truncated y-axis. 
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Figure 5-4. Proportion of responses for the short delay (1 s) lever as a function of nicotine dose.        
“C” and “V” indicate control (no injection) and vehicle (potassium phosphate)      
injection, respectively.  Vertical lines represent standard errors of the mean. Note         
truncated y-axis. 
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Figure 5-5. Responses for the large (3-pellet, open circles) and small (1-pellet, closed circles)         
levers as a proportion of responses on that lever under vehicle (left panel) or as a          
proportion of responses on the large lever under vehicle (right panel) for each        
nicotine dose. Vertical lines represent standard errors of the mean.  Note the different         
y-axis in each panel. 

 

 



 

CHAPTER 6 
GENERAL DISCUSSION  

Summary of Findings 

 Previous research with smokers (Bickel, Odum, & Madden, 1999) and rats (Dallery & 

Locey, 2005) suggested that nicotine increases impulsive choice – preference for a smaller, 

sooner reinforcer over a larger, later reinforcer.  The present set of four experiments were 

designed with two basic aims: (1) to more carefully examine the behavioral mechanisms of 

action responsible for nicotine effects on impulsive choice, and (2) to evaluate Equation 1-4, and 

the likelihood that it accurately describes how reinforcer magnitude and delay contribute to 

reinforcer value.  Equation 1-4 is reproduced here for convenience:  

kD

M
V




1
       (1-4) 

Experiment 1 used a risky choice procedure to isolate the effects of nicotine on delay 

sensitivity.  The procedure attempted to identify the titrated delay that was equally preferred to 

the variable delay.  This indifference point was then used as the initial titrating delay in all 

subsequent sessions to provide a sensitive baseline of indifference by which any change in 

preference could be easily detected.  As it turned out, there was very little effect of nicotine on 

risky choice.  Given that an increase in delay discounting should have increased preference for 

the variable delay, these results suggested that the effects of nicotine on impulsive choice are not 

due to any effect on delay discounting.  

Experiment 2 was a systematic replication of Experiment 1.  The only change in the 

procedure was a modification of the reinforcer magnitude available on the titrating alternative.  

Instead of 1-pellet on each alternative, the titrating delay was followed by a 3-pellet reinforcer.  

Under this preparation, nicotine produced increases in “riskpulsive” choice very similar to the 
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dose-dependent increases in impulsive choice previously found by Dallery and Locey (2005).  

This effect could have been produced by an increase in delay discounting or a decrease in 

magnitude sensitivity.  Given the findings from Experiment 1, a decrease in magnitude 

sensitivity was the most parsimonious explanation.  

 Experiment 3 was a test of the magnitude sensitivity effect.  Concurrent PRs were 

established to assess allocation of response effort when one PR resulted in 1 pellet and the other 

resulted in 5 pellets.  Nicotine effects were inconsistent across rats.  However, average 

performance showed a dose-dependent decrease in relative difference between ratios completed 

on the two alternatives, as would be expected if nicotine decreased magnitude sensitivity.  That 

decrease in relative difference between ratios completed was accomplished by both an increase 

in small-reinforcer ratio completions and a decrease in large-reinforcer ratio completions.  

However, due to procedural limitations (fixed total number of ratio completions per session), 

such data were not informative of any lower-level behavioral mechanisms driving the apparent 

decrease in magnitude sensitivity. 

 Experiment 4 used a concurrent-chains procedure to assess nicotine effects on choice 

between different magnitudes and different delays.  A fairly extreme preference was initially 

found between a large reinforcer magnitude (3 pellets) and a small reinforcer magnitude (1 

pellet) for one group of rats and between a short delay (1 second) and a long delay (9 seconds) 

for another group of rats.  Nicotine produced a shift towards indifference for the magnitude 

group, suggesting a decrease in magnitude sensitivity, but had no effect on preference for the 

delay group, suggesting that the effect observed in the amount group was not the result of some 

other behavioral mechanism (e.g., a decrease in stimulus control, a simple rate-dependent effect, 

etc.).  The shift towards indifference in the magnitude group was produced by an increase in 
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responses for the small reinforcer under moderate doses of nicotine and an extreme decrease in 

responses for the large reinforcer under large doses of nicotine. 

 Collectively, these experiments indicated that (a) nicotine increases impulsive choice by 

decreasing magnitude sensitivity and (b) any complete account of how delay and magnitude 

contribute to reinforcer value needs a magnitude sensitivity parameter.   

Implications for Interpretations of Drug Action 

Nicotine Effects 

 Statements about changes in impulsive choice are frequently considered synonymous 

with statements about changes in delay discounting.  This is potentially because of the previous 

prodigious success of Equation 1-4.  If Equation 1-4 is a complete account of how reinforcer 

delay and reinforcer magnitude contribute to reinforcer value, then any change in value while 

those parameters are held constant must necessarily be due to a change in k – the delay 

discounting parameter.  As such, when Bickel et al. (1999) discussed the correlation between 

smoking and impulsive choice, it was discussed in terms of a correlation between smoking and 

delay discounting.  When Dallery and Locey (2005) concluded that nicotine increased impulsive 

choice, they concluded that nicotine increased delay discounting.  Working within the framework 

of Equation 1-4, such conclusions were inevitable.  However, the present set of experiments 

suggests that the framework was flawed and that the inevitable conclusions were wrong.  The 

possibility of an alternative mechanism – changes in magnitude sensitivity – became apparent 

from the results of Experiment 1.  The likely reality of that alternative mechanism, at least in the 

case of nicotine effects on impulsive choice, was confirmed by Experiments 2-4. 

 Given that nicotine increases magnitude sensitivity, rather than delay discounting, what 

are the implications of this for smokers?  Considering that most smokers maintain only low to 

moderate doses of nicotine in their body at any given time, nicotine is likely increasing the 
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apparent magnitude (and thus value) of small reinforcers rather than decreasing the apparent 

magnitude (and thus value) of large reinforcers.  This suggests that the widespread smoking of 

cigarettes is not simply due to the direct effects of nicotine (e.g., the sensation produced by the 

drug) but also (or perhaps even exclusively) due to the indirect effect of increasing the value of 

other small reinforcers (i.e., “making the world more enjoyable”).  Indeed, this might help to 

explain why nicotine self-administration is difficult to obtain in rats unless visual stimuli (small 

reinforcers) are associated with the nicotine delivery (Caggiula et al., 2001, 2002; Donny et al., 

2003).  Further evidence in support of the small-reinforcer-enhancement hypothesis has recently 

emerged from research on nicotine and conditioned reinforcement.  In an experiment by Raiff & 

Dallery (2006), nicotine enhanced responding maintained by stimulus lights (presumably small 

conditioned reinforcers) in a dose-dependent manner very similar to the effects observed in the 

present set of experiments. 

 Of course, much more research is needed to determine exactly what small reinforcers are 

enhanced by nicotine.  For instance, is the absolute magnitude of the reinforcer relevant or the 

value relative to other available reinforcers?  Is the reinforcer-enhancement effect limited to 

sucrose pellets and stimulus lights, some broad class of reinforcers, or all reinforcers in general?  

The latter possibility seems to be contradicted by the self-administration findings in which 

nicotine-producing responses are not maintained by the enhancement of grooming, sniffing, etc. 

in these studies, but apparently only by enhancing the more obtrusive presentation of stimulus 

lights.  Nevertheless, if the reinforcer-enhancing effects of nicotine are responsible for the effect 

on impulsive choice observed in Bickel et al. (1999) with hypothetical monetary rewards, it 

would seem that the scope of the present findings go well beyond sucrose and stimulus lights 
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with rats.  A relatively virginal area of research awaits further exploration to effectively address 

these issues.     

Treatment Implications 

 What about implications for treatment?  If the prevalence of smoking is primarily the 

result of a small-reinforcer-enhancing effect of nicotine, what does that suggest about treatment 

options?  First, it suggests that nicotine replacement therapy (NRT) is not ideal.  At least insofar 

as cigarette puffs are themselves small reinforcers (which presumably they are, even if only as 

secondary, rather than primary reinforcers), then any nicotine administration (e.g., nicotine 

patches) should increase the value of cigarette puffs as reinforcers (thus increasing the likelihood 

of engaging in cigarette-puff-seeking behavior).  Such increases might be responsible for the 

limited success of NRT (Fiore, Smith, Jorenby, & Baker, 1994) and the finding that nicotine 

patches have no reductive effect on cigarette craving or any other reactions (e.g., heart rate, 

negative affect, etc.) to smoking cues (Tiffany, Cox, & Elash, 2000).       

 Second, the small-reinforcer-enhancing effect suggests a possible treatment: altering the 

proportion of small and large reinforcers in the smoker’s environment.  Given that low-to-

moderate doses of nicotine maintain smoking primarily through enhancing the value of small 

reinforcers, reducing the number of small reinforcers (relative to large) should also reduce the 

reinforcing efficacy of the drug.  Indeed, extremely heavy smokers (those experiencing large 

doses of nicotine) should find smoking aversive if exposed to a substantial number of large 

reinforcers rather than small (as the value of the large reinforcers would be decreased).  Although 

a potentially effective treatment in theory, the expense and logistics involved in filling an 

environment with primarily large reinforcers would likely make such a treatment infeasible 

(though potentially feasible through the use of some other drug with prolonged and powerful 
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direct-reinforcing effects – but such a treatment would likely have other undesirable side-effects 

[e.g., abuse of the treatment drug]). 

 Third, the small-reinforcer-enhancing effect suggests that (small-magnitude) voucher 

reinforcement therapy might be an ideal treatment option.  If nicotine enhances the value of 

small, smoking-incompatible reinforcers, then it should increase the likelihood of smoking 

abstinence.  Astute readers may note that such an effect is unlikely given that abstinence would 

result in an absence of nicotine and thus, no increased value of abstinence-contingent reinforcers.  

However, Dallery & Locey (2005) found that following chronic nicotine administration (e.g., 

daily smoking) and the subsequent termination of any nicotine administration, the nicotine-

enhancing effect on impulsive choice persisted for months (without any drug “on-board”).  If 

that persistent drug effect was the result of a small-reinforcer-enhancement effect, then it is 

reasonable to assume that nicotine might increase the value of vouchers long after smoking that 

last cigarette.  The current success of voucher reinforcement therapy for smokers (e.g., Dallery, 

Glenn, & Raiff, 2007; Tidey, O’Neill, & Higgins, 2002; Wiseman, Williams, & McMillan, 2005) 

would seem to support this analysis.  As would the finding that nicotine replacement therapy had 

no effect on smoking or rates of delay discounting when combined with small monetary 

contingencies (i.e., vouchers) for smoking abstinence (Dallery & Raiff, 2007).  

Effects of Other Drugs  

 It is now unclear whether changes in impulsive choice found with opioids (Kirby et al., 

1999; Madden et al. 1999; Madden, et al. 1997), alcohol (Petry, 2001; Vuchinich & Simpson, 

1998), and cocaine (Coffey et al., 2003) are due to effects on delay discounting (as is typically 

inferred) or due to effects on magnitude sensitivity.  The exclusive adherence to impulsive 

choice procedures – procedures that confound differences in reinforcer magnitude and delay – 

makes it impossible to differentiate which behavioral mechanisms are responsible for the 
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observed effects on choice.  Clarifying this issue will require the use of alternative procedures, 

such as those used in the present set of experiments.   

Implications for an Equation of Reinforcer Value 

 Although the present results may have particular relevance for researchers interested in 

the behavioral effects of nicotine and other drugs, the inability of Equation 1-4 to account for 

these data has broader implications.  The present findings suggest that the currently popular 

conceptualization of the relationship between reinforcer amount and reinforcer value (e.g., 

Mazur, 2006) may be incomplete.  One likely possibility is that a magnitude sensitivity 

parameter should be added to provide a more accurate characterization of how amount and delay 

determine reinforcer value. 

The need for separate magnitude and delay sensitivity parameters has been proposed by 

several researchers.  For example, the concatenated generalized matching law (Killeen, 1972; 

Logue, Rodriguez, Pena-Correal, & Mauro, 1984), useful for the prediction and/or description of 

performance under concurrent interval and concurrent chain schedules, includes a parameter for 

reinforcer magnitude sensitivity.  Pitts & Febbo (2004) used a slightly modified version of the 

concatenated generalized matching law in an attempt to isolate the behavioral mechanism of 

action in amphetamine-induced changes in impulsive choice using a concurrent-chains 

procedure.  Both delay and magnitude sensitivity exponents were estimated, and amphetamine 

generally decreased sensitivity to reinforcer delay.  Similarly, Kheramin et al. (2002) used an 

alternative mathematical model proposed by Ho, Mobini, Chiang, Bradshaw, & Szabadi, (1999) 

in an attempt to separate the relative influence of magnitude sensitivity and delay discounting on 

impulsive choice in orbital prefrontal cortex-lesioned rats.  Although this method has potential, it 

relies upon a number of assumptions about how different variables interact to produce the value 

of a reinforcer.   
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The present set of experiments represents an alternative, experimental approach to 

separate the relative contribution of magnitude sensitivity and delay discounting in impulsive 

choice.  By eliminating the differences in reinforcer magnitude (as in Experiment 1), the risky 

choice procedure can assess what, if any, effect a particular manipulation has on delay 

discounting.  By comparing risky choice effects with equal and different reinforcer magnitudes 

(as in Experiment 2), one can assess what, if any, effect a particular manipulation has on 

magnitude sensitivity.  And by arranging concurrent chains with different magnitudes and 

different delays in the terminal links (as in Experiment 4), one can assess the extent to which a 

particular manipulation decreases either magnitude or delay sensitivity.     

As previously discussed, Equation 1-4 cannot reconcile the findings from the present 

experiments.  The increase in risky choice only in the presence of different reinforcer 

magnitudes, and the preference decreasing effects in the magnitude group of Experiment 4, 

imply that some magnitude sensitivity parameter, z, is needed.  But exactly what relation should 

it have to magnitude within Equation 1-4?  One consideration is whether changes in z should 

account for preference reversals – that is, a shift in preference from the larger, later reinforcer to 

the smaller, sooner reinforcer as the delay to making a choice decreases (see Green & Estle, 

2003).  With delay discounting, a multiplicative relation between delay and k is sufficient such 

that changes in k can produce preference reversals (e.g., Mazur, 1987).  For example, given a 

choice between 1 pellet delayed 1 second and 3 pellets delayed 5 seconds, Equation 1-4 predicts 

that changing k from less than 1 to greater than 1 would produce a shift in preference from the 3 

pellet option to the 1 pellet option.  However, a multiplicative relation between magnitude and a 

sensitivity parameter would be incapable of producing such preference reversals.  Whether z was 
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0.009 or 900, the relative values of the two alternatives would remain constant.  As such, z 

should most likely hold an exponential relationship to amount as per Equation 6-1:    

kD
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z




1
       (6-1) 

Using this equation with the previous example (1 pellet delayed 1 second vs. 3 pellets 

delayed 5 seconds) and holding k constant at 1, a change in z from less than 1 to greater than 1 

would produce a shift in preference from the 1 pellet option to the 3 pellet option.  Unlike 

Equation 1-4, Equation 6-1 is capable of accounting for both the present data and the Dallery and 

Locey (2005) data.  A nicotine-induced decrease in z would increase impulsive choice (Dallery 

& Locey, 2005) and “riskpulsive” choice (Experiment 2) without having any effect on risky 

choice with equal magnitudes (Experiment 1).  Similarly, a decrease in z would decrease 

preference for a large reinforcer relative to a small reinforcer (Experiment 3 and 4) without 

having any effect on preference with equal magnitudes (Experiment 4 delay group).   

Although Equation 6-1 can account for the dose-dependent decrease in magnitude 

sensitivity, it has several problems.  (1) It cannot account for the reinforcement enhancing effect 

of small reinforcers suggested by Experiment 4 (a decrease in z would increase preference for 

the small reinforcer by decreasing the value of both but decreasing the large reinforcer by more 

than the small).  (2) It yields substantially different predictions when different units are used 

(e.g., decreasing z from 1 to 0.5 would decrease the value of a 500 ml solution but increase the 

value of a 0.5 L solution).  (3) The equation is not balanced in terms of measurement units (the 

left side of the equation [value] is reported in magnitude units but the right side reduces to 

magnitude units per unit of time).  (4) Reinforcers, as stimuli without temporal components, 

should not have values determined by delay or degrees of delay discounting.  (5) Insofar as the 

equation applies to the value/efficacy of a reinforcer, any operation that changes the value of any 
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of its parameters (including delay and delay discounting) would constitute an establishing 

operation.  Problems 1 – 5, and corresponding solutions, are described in more detail in the 

appendix.   

All five problems can be solved by considering the genesis of Equation 1-4.  The value of 

option A was initially established in relation to the value of option B in Equation 1-3.  What the 

present set of problems suggests is that it is ultimately impossible to do otherwise.  All of these 

problems completely vanish if Equation 6-1 is abandoned in favor of Equation 6-2: 
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Ultimately we are left with preference for A is equal to the reinforcement on A (rather 

than the reinforcer value of A) divided by the reinforcement on B.  Reinforcement is shown as 

reinforcer magnitude raised to the power of magnitude sensitivity divided by the sum of 1 plus 

reinforcement delay multiplied by delay discounting.  It should not be lost on the reader that 

Equation 6-2 may be much closer to contemporary models of choice designed for concurrent 

chains procedures (e.g., Pitts & Febbo, 2004; see Mazur, 2006 for a review of others) than to 

Equation 1-4.  Perhaps it will ultimately prove more fruitful to use one of those models as a 

starting point than to use Equation 6-2.  It might well be worth reiterating that Equation 6-2 has 

not been thoroughly tested, by any means – particularly, it remains to be seen what the ideal 

combination of parameters will be to capture effects on magnitude sensitivity – be they effects of 

nicotine, some other drug, or any other environmental manipulation.    

Whatever magnitude sensitivity parameter or alternative mathematical model proves 

most useful in accounting for the present and future data, the present results certainly seem to 

refute the assumption that nicotine-induced increases in impulsive choice reflect increases in 

delay discounting.  In so doing, these results also challenge the common assumption of identity 
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between impulsive choice effects and delay discounting effects.  For instance, several researchers 

have reported a magnitude effect in humans, such that increasing reinforcer magnitude decreases 

k (e.g., Green, Myerson, & McFadden, 1997; Kirby, 1997; Raineri & Rachlin, 1993).  Perhaps it 

does.  But at present, research only indicates that increasing reinforcer magnitude decreases 

impulsive choice.  There is currently no evidence that this decrease in impulsive choice is due to 

a decrease in k rather than an increase in magnitude sensitivity.    

Equation 1-4 and similar mathematical models of choice have been very effective in the 

description and prediction of choice, both within behavioral pharmacology and the experimental 

analysis of behavior in general.  The present results suggest that it may be useful to consider 

additional behavioral mechanisms, such as changes in magnitude sensitivity, to account for drug-

induced changes in inter-temporal choice.  Further work is needed to establish the generality of 

this conclusion.  Such work should avoid exclusive reliance on procedures that conflate 

differences in reinforcer amount and delay, such as impulsive choice procedures.  A critical 

complement will be procedures that isolate the relative contributions of delay discounting and 

magnitude sensitivity on choice.  The value of such procedures, whether we call them 

“impulsive”, ”risky”, “riskpulsive”, “concurrent chains”, or something else, should ultimately be 

judged by their capacity to identify functional relations between amount, delay, and choice. 
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APPENDIX: DERIVATION1 OF EQUATION 6-2 FROM EQUATION 6-1 
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Although Equation 6-1 can account for the dose-dependent decrease in magnitude 
sensitivity, can it account for the lower-level mechanisms responsible for those decreases?  
Results from Experiment 4 (Figure 5-5) suggested that nicotine increased the value of the small 
reinforcer at moderate doses and decreased the value of the large reinforcer at larger doses.   
Equation 6-1 can certainly account for the effect observed with larger doses.  Decreases in z 
would decrease the value of both small and large reinforcers, with the relative decrease in the 
value of larger reinforcers being much greater than the decrease in the value of smaller 
reinforcers.  This was exactly the effect observed with the large doses (0.56 ml/kg and 0.74 
ml/kg) in Figure 5-5.  However, assuming both free parameters maintain consistent value across 
all reinforcement alternatives, increases in the value of small reinforcers can only be 
accomplished by decreases in k or increases in z (assuming magnitude and delay are held 
constant).  Any such changes would produce either no change in the relative value of the small 
reinforcer (if k decreased while delay was held constant across alternatives) or a decrease in 
value relative to the large (if z increased).  In other words, Equation 6-1 cannot account for the 
apparent value-enhancing effects of nicotine indicated in Figure 5-5.  

In order to produce both absolute increases in the value of small reinforcers and increases 
relative to large reinforcers, something like Equation A-1 may be needed where e is sensitivity to 
the absolute magnitude of the reinforcer and z is sensitivity to changes (or differences) in 
magnitude. 
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Under normal conditions both e and z can likely be set equal to 1 (although all current 
impulsive choice data would be consistent with any value of e greater than 0 because changes in 
e would have no effect on relative preference).  If that is the case, then a change in sensitivity to 
absolute reinforcer magnitude (e) to 100 and a change in relative reinforcer magnitude sensitivity 
(z) to 0.2 would produce the 250% increase in value for 1-pellet and no change in reinforcer 
value for 3-pellets that was observed for the 0.3 mg/kg dose in Figure 5-5.  The precise 
determination of values in this manner is not entirely appropriate given the procedure used in 
Experiment 4 (the arrangement of VI 30 s initial links produced greater than 300% preference for 
the large under baseline conditions).  Nevertheless, the dose-dependent decrease in relative 
preference shown in Figure 5-3 would indicate a dose-dependent decrease in z whereas the dose-
dependent increase in responses on the small lever at moderate doses in Figure 5-5 would 
indicate a dose-dependent increase in e within that tightly constrained range of doses. 

Although all the data from the present set of experiments and previous experiments 
interpreted in the context of Equation 1-4 are consistent with Equation A-1, further research is 
needed with parametric analyses of magnitudes and delays to determine the function that best 
describes the relation between reinforcer magnitude, reinforcer delay, and reinforcer value.  
However, even without knowing the best possible equation to describe this relation, there are a 
few concerns that might be raised with respect to the general notion of a relative magnitude 
sensitivity parameter, such as z in Equations 6-1 and A-1.   

Consider a choice between (A) $2 now or (B) $1 now plus $1 now.  It seems reasonable 
to assume that anyone would be indifferent between these two options given that they both are 
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equivalent in both magnitude and delay.  And yet, with a magnitude sensitivity parameter (z in 
Equation 6-1) of 0.5, option A would be valued at $20.5 = $1.4 and option B would be valued at 
$10.5 + $10.5 = $2.  Conversely, with a magnitude sensitivity parameter of 2, A (V = $4) would be 
preferred to B (V = $2).  But does the present set of experiments suggest that nicotine is actually 
going to shift preference one way or the other between the options A and B?  Probably not.   

One solution to the above problem is to simply point out that $1 now plus $1 now is not 
really possible.  If such a thing happened it would actually be $2 now.  But that solution does not 
help too much because what about $1 now and $1 delayed .00001 s vs. $2 now?  The better 
solution would be to recognize that value cannot be calculated by simple addition.  In other 
words, if $1 now has a value of $1, that does not imply that adding another will result in a 
combined value of $2.  The implication of the magnitude sensitivity parameter is that value does 
not accumulate in such a manner when the magnitude sensitivity parameter is something other 
than 1.  So if z = 2, then the effective value of that second $1, will be $3 (because the value of $2 
would be $4). 

A more serious problem for Equation A-1 might seem to be the problem of inconsistent 
predictions across different units of measurement.  For instance, what if liquid reinforcers were 
used in the Experiment 4 and nicotine reduced magnitude sensitivity (z) by 50%, from 1.0 to 0.5?  
If the reinforcer was 500 ml of sucrose solution, the value would plummet to 22.4 ml (5000.5 ml 
= 22.4 ml).  However, if the reinforcer was 0.5 liters of sucrose solution, the value would 
increase to 0.71 liters (0.50.5 L = 0.71 L).  Something would seem to be seriously wrong when 
such disparate predictions result simply from using different units of measurement. 

However, the problem of units is not unique to the magnitude sensitivity parameter (z).  
Consider a choice between (A) $1 in 1 day or (B) $3 in 4 days.  If your k is greater than 2, you’ll 
prefer A, if it is less than 2 you’ll prefer B.  Now consider a choice between $1 in 24 hours or $3 
in 96 hours.  It is the exact same choice; and yet when presented in terms of hours instead of 
days, the k that would generate indifference is 0.083 instead of 2.  It would seem that both the 
relative magnitude sensitivity parameter and the delay discounting parameter have potentially 
serious problems with respect to units of measurement. 

While on the topic of problems with units, consider the units in Equations 1-4 and A-1.  
If value is reported in terms of magnitude units (e.g., pellets), then what happens to the time units 
in the denominator of the equation?  One solution would be to contend that k has time-1 units 
which cancel out the time units from whatever delay is present.  With this solution k-values 
should be reported as x/second or x/day rather than x.  Although this has its appeal in that it 
would draw attention to the far different implications of k when different units of measurement 
are involved, and help with solving the previously discussed problem of measurement units, such 
a solution ignores the root of the problem. 

The root of the problem seems to be the use of Equations 1-4 and A-1 without respect for 
their origins – namely: Equations 1-1 – 1-3.  Equation 1-4 is derived directly from the 
proposition that preference for option A is a function of reinforcement rate on option A relative 
to reinforcement rate on option B.  Certainly a few modifications are made between Equation 1-1 
and 1-4, but in essence, the value of option A is its reinforcement rate (Equation 1-4 is taken 
from the numerator of Equation 1-3).  As such, why try to convert value to magnitude units at 
all?  Why divorce it from the temporal component that is clearly essential in its determination?  
It should be fairly clear from its etymology that the value of a reinforcer must be in magnitude 
units per unit of time. 
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A terminological problem becomes apparent at this point (if it had not already) in that 
reinforcers are typically defined as stimuli that increase some dimension of an operant response 
class in virtue of being contingent on that operant (paraphrased from Catania, 1998).  So if 
Equations 1-4 and A-1 describe the value of a stimulus, why would a stimulus have a temporal 
component?  For example, if someone asks me what the value of my car is, it would be 
inappropriate to include any temporal component in the assessment of that value.  I was not 
asked for the value of the car if it arrives in a week, I was asked about the value the car itself: a 
stimulus without any temporal component.   

A related terminological issue involves the relation between Equations 1-4 and A-1 and 
establishing operations – that is, operations that change the efficacy of a reinforcer (Catania, 
1998).  Given that changes in magnitude, delay, delay discounting, and magnitude sensitivity 
change the value (and thus efficacy) of a reinforcer, all of these effects (or to be more precise: 
the operations that bring about these effects) must necessarily be establishing operations.  
Although this is not necessarily a problem per se, the usefulness of the term “establishing 
operation” would seem to become essentially useless if this line of reasoning was followed to its 
natural conclusion because essentially any operation that affects behavior would be an 
establishing operation. 

The answer to both terminological issues would seem to be the same: Equations 1-4 and 
A-1 do not indicate the value of a reinforcer, but instead indicate the value of a reinforcement – 
that is, the value of a reinforcer delivery.  Clearly, the temporal parameters (D and k) in these 
equations relate to the delivery of the reinforcer rather than to the stimulus itself.  Conversely, 
the magnitude parameters (M, z, and e) clearly relate to the stimulus itself and therefore might 
more reasonably be included in discussions of establishing operations.  As such, the common 
interpretation of impulsive choice changes as changes in delay discounting would not suggest 
that nicotine administration is an establishing operation.  However, the present set of 
experiments, which indicate that nicotine decreases magnitude sensitivity, does suggest that 
nicotine administration is an establishing operation.               

Accepting that Equations 1-4 and A-1 refer to value of reinforcement in terms of 
magnitude/time units rather than magnitude units solves many of our problems, but what about 
the inconsistent predictions across units?  To answer this question, perhaps we should consider 
what is meant by reinforcement value?  If I say that a particular reinforcement has a value of 3 
pellets per minute, what does that imply?  It would seem to imply virtually nothing in isolation.  
The usefulness of a reinforcement value measure only seems to come from relating it to some 
other reinforcement value (e.g., the reinforcement of option A at 3 pellets per minute is half as 
valuable as that of option B at 6 pellets per minute) or to the amount of behavior it can sustain 
(e.g., the reinforcement of option A at 3 pellets per minute is able to maintain up to 100 
responses per reinforcer).  However, the amount of behavior that a particular reinforcement can 
maintain will almost certainly depend upon the reinforcement context in which it occurs (e.g., 
the response rate maintained by 3 pellets per minute on option A will depend upon the 
reinforcement rate on option B).  As such, except for the rare instances in which we are trying to 
identify how much behavior a particular reinforcement can maintain in complete isolation from 
other reinforcement, it might be a pointless endeavor to talk about the value of reinforcement A 
independent of the value of reinforcement B.   

In other words, the problem of inconsistent predictions across units can be solved by once 
again considering the origins of Equation 1-4.  The value of option A was initially established in 
relation to the value of option B in Equation 1-3.  What the present discussion suggests is that it 
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is ultimately impossible to do otherwise.  The problem - inconsistent predictions with changes in 
measurement units - completely vanishes if Equation A-1 is abandoned in favor of Equation 6-2: 
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Ultimately we are left with preference for A is equal to the reinforcement on A divided by the 
reinforcement on B.  Reinforcement is shown as magnitude raised to the power of relative 
magnitude sensitivity divided by the sum of 1 plus delay multiplied by delay discounting.  Note 
that absolute magnitude sensitivity (e in Equation A-1) is unnecessary in Equation 6-2 because 
absolute magnitude sensitivity on A cancels out absolute magnitude sensitivity on B.  In other 
words, preference is determined by relative value, so any effect that produces proportional 
increases in the value of all alternatives will have no impact on choice. 

Notes 
1. “Derivation” is used here in the lay sense (i.e., Equation 6-1 is the origin from which Equation 
6-2 is obtained) not in the mathematical sense (i.e., Equation 6-2 is not mathematically or 
logically necessary given that Equation 6-1 is true).    
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