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Abstract 

Behavior analytic approaches and techniques have much to offer to the study of remembering. 

There is currently great interest in the development of animal models of human memory 

processes in order to enhance understanding of the neurobiology of memory and treatment of 

dementia and related disorders. Because rodent models are so important in contemporary 

neuroscience and genetics, development of procedures to study various forms of memory in 

rodents is a point of emphasis. The sense of smell plays an important role in rodent behavior and 

use of olfactory stimuli has permitted demonstrations of complex forms of stimulus control that 

have also served as baselines for studying drug effects on remembering.  This article focuses on 

the effects of drugs on behavior maintained by two related procedures: delayed matching-to-

sample with odors and the Odor Span Task. These types of procedures provide an opportunity to 

explore drug effects on behavior maintained by multiple stimuli and across a range of delay 

intervals with potential to advance analysis of the behavioral pharmacology of remembering.  
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The study of drug effects on behavior generated by procedures thought to reflect learning 

and memory processes is a highly active research field.  There is interest both in cognitive 

enhancing drugs with potential to treat dementia, as well as in the analysis of amnestic 

compounds that may provide insight about receptor sites and neural pathways important to 

remembering (Insel, Ehlers, & Krystal, 2013; Talpos, Aerts, Fellini, & Steckler, 2014). While the 

study of memory is often viewed as the exclusive domain of cognitive psychology, behavior 

analytic approaches have made important contributions (e.g., see White, 2013). Research from 

the cognitive neuroscience perspective tends to categorize tasks in terms of the extent to which 

they are thought to reflect specific memory processes (e.g., working vs. reference memory). 

Behavioral approaches generally place more emphasis on identifying changes in stimulus control 

of behavior over time as a function of variables in effect during stimulus presentation, the delay 

interval and following the behavior.  Remembering is defined by retention of stimulus control 

across a temporal gap between initial learning and testing; forgetting by a loss of such control 

(Catania, 2013; White, 2013).  Although the traditions of the experimental analysis of behavior 

and behavioral pharmacology emphasize the importance of stable, steady-state behavioral 

baselines, adaptations that permit the study of transition states related to learning and 

remembering have been developed (e.g., repeated acquisitions, delayed matching-to-sample). 

The present paper reviews research based on recent developments that permit the study of 

complex stimulus control in rodents using olfactory stimuli and suggests that these procedures 

offer unique opportunities to contribute to the study of the behavioral pharmacology of 

remembering.  
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Delayed Matching-to-Sample (DMTS) and Non-Matching to Sample (DNMTS). The 

DMTS and DNMTS tasks are the most widely used procedures in the experimental analysis of 

short-term remembering and forgetting (White, 2013).  Both procedures involve insertion of a 

variable delay between the presentation of a sample stimulus and two or more comparison 

stimuli. Accuracy of selection of the matching (or non-matching) stimulus is generally inversely 

related to the length of the delay interval: the familiar forgetting function (cf., Blough, 1959). A 

useful feature of this function is that it permits separation of drug effects on initial 

discriminability (or other features of performance) based on differences in the intercept from 

effects on rate of forgetting based on differences in the slope (cf., White, 1985; 2013). For 

example, if a drug impairs matching accuracy at a zero or very short delay by the same 

magnitude as at longer delays, the intercept of the forgetting function under drug would be lower 

than that of control conditions, but the slope would be the same. Such an effect is said to be 

delay-independent. Delay-independent drug effects might be due to impaired discrimination, 

reduced motivation, or other actions unrelated to remembering. On the other hand if the effects 

are delay-dependent (e.g., impairment of accuracy emerges only with longer delay), the slope of 

the forgetting function would be steeper under drug conditions, but the intercept would not differ 

from control. When drug effects depend on the delay value, it is reasonable to argue that the drug 

is altering rate of forgetting during the delay interval.  

There are many studies of drug effects on DMTS accuracy, but perhaps surprisingly, 

most have obtained delay-independent effects (Steckler, Sahgal, Aggleton, & Drinkenburg, 

1998; White, 2013). That is, the drugs failed to affect the forgetting function (although there are 

interesting exceptions, e.g.,  Lane, Cherek, Lieving, & Tcheremissine, 2013). A complete review 

of this literature is beyond the scope of the present review, but it is worth noting that the delay-
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independent drug effects often found with DMTS procedures may reflect limitations of the 

procedure rather than an absence of drug effects on forgetting.  For example, the nature of the 

forgetting function and related sensitivity to drug effects may depend on selection of a sufficient 

range of delay values (Kangas, Vaidya & Branch, 2010; Sargisson & White, 2003). Additionally, 

ceiling effects are often observed in DMTS that may limit detection of enhancement of 

remembering. Both of the above limitations can be addressed through the use of a titrating 

DMTS procedure in which the value of the delay is adjusted based on the accuracy of responding 

within the session (Kangas et al., 2010) and indeed titrating DMTS procedures may be more 

sensitive to the effects of drugs on forgetting (e.g., Wenger, Hudzik & Wright, 1993; Wenger & 

Wright, 1990).  

Much of the DMTS literature uses visual stimuli with pigeons or non-human primates as 

subjects. Rodents are slow to learn matching to sample procedures using visual stimuli (Iversen, 

1993; 1997; Slotnick, 2001), and because of the importance of rats and mice in behavioral 

neuroscience, these training difficulties have hindered research in this area. One solution has 

been the use of a range of mazes (e.g., Radial Arm Maze and Morris Water Task) in the 

cognitive neuroscience of learning and memory.  These procedures opened the door to the 

analysis of drug effects on spatial learning and memory which has become an important field in 

its own right.  However, it is difficult to characterize and manipulate the controlling stimuli using 

such procedures, and controls for drug effects unrelated to learning and memory are often 

lacking (although see Galizio et al., 2014; Kay, Harper, & Hunt, 2010). Another solution has 

been to use delayed-matching to position procedures with rodents in which insertion of the left or 

right lever into an operant chamber serves as the sample and insertion of both levers presents the 

comparison stimuli (Steckler, Drinkenburg, Sahgal, & Aggleton, 1998). The difficulty in 
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preventing the rat from engaging in postural behavior that might mediate the delay has limited 

interpretation of this procedure (Dudchenko, 2004). The focus of the present paper is on the 

potential for using olfactory stimuli as an alternative method to study remembering of non-

spatial stimuli that is more readily learned by rodents.  

Rats and mice have highly developed olfactory systems and it appears that odor stimuli 

play a dominant role in the natural stimulus control of rodents (Slotnick, 2001). In contrast with 

their relatively poor performances with visual stimuli, rats show rapid learning and even learning 

set development with odor stimuli (Slotnick, 2001). The exceptional olfactory discrimination 

abilities of rodents have led to their use in applied settings to detect explosives and diagnose 

tuberculosis (Poling et al., 2011). Rats can also learn conditional discriminations fairly rapidly 

with odor stimuli (Lu, Slotnick, & Silberberg, 1993) and generalized identity and oddity have 

been demonstrated as well (April, Bruce, & Galizio, 2011; Pena, Pitts, & Galizio, 2006; 

Prichard, Panoz-Brown, Bruce, & Galizio, 2015).  

DMTS and DNMTS procedures with odor stimuli have also been studied with both rats 

and mice; above chance accuracy is evident even with relatively long delays (Bodyak & 

Slotnick, 1999; Lu et al., 1993; Otto & Eichenbaum, 1992; Roddick, Schellinck & Brown, 2014). 

Of course, a potential concern here is the possibility that the odorant might linger during the 

delay period. This has been addressed by introduction of a masking odor during the delay, which 

was without effect (Lu et al., 1993).   

It seems surprising that DMTS procedures with odor stimuli have not been used more 

frequently in behavioral pharmacology, but there appears to be only one such report in the 

literature.  Ravel, Vigouroux, Elaagouby, and Gervais (1992) studied the effects of scopolamine 
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on DMTS accuracy in rats using a T-maze apparatus. An olfactometer infused one of three odors 

into the sample compartment and exposure to the sample odor was followed by delays ranging 

from 4 s through 3 min. After the delay, the rat was allowed access to a choice compartment with 

two odor ports and selection of the odor that matched the sample was reinforced. Ravel et al. 

observed a forgetting function with performances showing a slight decline at 1 min and finally 

dropping to chance levels only after a 3-min delay. The effects of scopolamine were studied at 

the 4-s and 30-s delay conditions and accuracy declined in both in a dose-dependent fashion. 

Importantly, accuracy at the 30-s delay was impaired at a dose of scopolamine (0.125 mg/kg) 

that had no effect on performance at the 4-s delay. In short, the effects of scopolamine appeared 

to depend on the delay. Because such delay-dependent effects are relatively uncommon in the 

behavioral pharmacology literature, it would be of considerable interest to assess the effects of 

scopolamine across the entire delay gradient to determine whether the rate of forgetting was 

altered by scopolamine. Further, it might be possible to train rodents under titrating DMTS 

contingencies using odor stimuli to take advantage of the sensitivity to drug effects that may be 

afforded using the titrating procedure (Kangas, Vaidya & Branch, 2010). Certainly the results of 

Ravel et al. suggest that DMTS using odor stimuli has considerable potential to permit 

researchers to examine drug effects on forgetting of non-spatial stimuli across a range of delays 

in rats and mice.   

 Control by Multiple Stimuli: the Odor Span Task. The forgetting functions produced 

in DMTS experiments provide some validity for the procedure as an animal model of human 

short-term or working memory. However, in addition to its short duration, human working 

memory is often characterized by limited capacity. Thus, DMTS studies may be limited in that 

they test remembering of a single stimulus.  Indeed as Wright (2007) noted:  “Traditional single-
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item tests of animal memory perhaps miss the most important aspect of memory. Events in the 

real world are virtually never encountered in isolation. Any single event is part of an ongoing 

stream of events. Memory for any particular event is influenced by the events that surround it, 

which in turn can radically alter memory for any single event” (p. 405).  Wright’s comment 

comes at the beginning of a review of list learning experiments in which monkeys were exposed 

to a series of items to remember. Such studies can generate capacity and serial position effects 

similar to those observed in humans, but they generally use visual stimuli with non-human 

primates or pigeons as subjects (Wright, 2007). Despite the potential for translational 

significance, there are only a few studies of drug effects on remembering multiple stimuli using 

these and related procedures (e.g., Aigner, Walker, & Mishkin, 1991; Soto et al., 2013). 

As with DMTS, the use of odor stimuli opens the door to studying control by multiple 

stimuli in rodents and the procedure that has been most successfully used is the Odor Span Task 

(OST) developed by Dudchenko, Wood, and Eichenbaum (2000). The OST may be 

characterized as an incrementing non-matching-to-sample task. The apparatus is generally a 

large open field arena and Dudchenko et al. presented stimuli in the form of cups filled with sand 

mixed with common household spices or other odorants. On the first trial of a session, a single 

cup was placed in the arena scented with the first odor (Odor A) and digging in the sand 

produced food reinforcement. On Trial 2, two cups were presented: Odor A and a new odor (B) 

with selection of B reinforced. On Trial 3, both A and B odors served as negative comparisons 

and once again, selection of a new odor (C) was reinforced. Dudchenko et al. continued the 

procedure for up to 24 trials with each stimulus serving as S+ on the trial it was first presented, 

and as an S- on each subsequent trial. Dudchenko et al. found that rats averaged about eight trials 

before making their first error (span length) and accuracy decreased through the session as the 
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number of odors to remember increased. They viewed the procedure as a model for the study of 

working memory capacity in rodents and it has been used as such in a number of neurobiological 

studies in both rats (Davies, Greba, & Howland, 2013; Davies, Molder, Greba, et al., 2013; 

Turchi & Sarter, 2000) and mice (Young et al., 2007). Indeed, the CNTRICS (Cognitive 

Neuroscience Treatment Research to Improve Cognition in Schizophrenia) group, charged with 

identifying animal models with translational validity for drug development, nominated the OST 

as a benchmark task to assess working memory capacity (Dudchenko, Talpos, Young, & Baxter, 

2013).  

 At present, only a few studies have examined the effects of drugs on performance in the 

OST. Our UNC Wilmington laboratory has adapted the procedure to make it more suitable for 

behavioral pharmacology research (Galizio, Deal, Hawkey, & April, 2013; Hawkey, April, & 

Galizio, 2014; MacQueen, Bullard, & Galizio, 2011).  First, we use scented plastic lids to deliver 

odor stimuli. The operant response is to remove the lid to access a sucrose pellet located in the 

cup below.  We have found response definition to be better with this methodology, compared to 

the digging procedure used by Dudchenko et al. (2000), and have obtained high inter-rater 

reliability. Of course, the procedure requires control trials in which none of the cups contains a 

sugar pellet. On these trials the pellet is delivered manually following a correct response, and we 

consistently confirm performance is equivalent on these unbaited trials. Further, in most OST 

studies, the number of stimuli to remember and the number of comparison stimuli in the arena 

are confounded. In order to separate these variables, in our version of the OST the number of 

cups in the arena is permitted to increase only up to five comparisons. Thereafter, each trial 

consists of one new odor (S+) and four odors randomly selected from among those previously 

presented.  
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Drugs produce multiple actions not specific to remembering that might influence 

performance on the OST and it is critical to develop controls that permit separation of these 

various effects. For example, a drug that affected detection of olfactory stimuli, motivation for 

food, or motor control might impair OST accuracy, and in the absence of appropriate controls,  

might be misinterpreted as an effect on remembering. Our laboratory addresses this issue through 

the inclusion of a simple odor discrimination task. On simple discrimination trials, five odor 

stimuli are presented in the arena with one odor serving as S+ throughout the experiment and 

four others as S-. These odors are never used in the OST and simple discrimination trials are 

interspersed with OST trials throughout the test session. The logic is essentially the same as that 

the performance control conditions developed by Thompson and Moerschbaecher (1979) for use 

in the repeated acquisition procedure. Simple discrimination trials place the same task demands 

on the rat as do OST trials in terms of performance (lid removal, odor discrimination, 

motivation), except that they do not require remembering the stimuli presented within the 

session. Thus, if a drug dose results in impairment of OST performance, but not simple 

discrimination, it seems reasonable to infer that the drug is affecting some aspect of within-

session stimulus control (often used as the definition of working memory in non-humans, 

Dudchenko, 2004).  

The first drug we studied using these procedures was the non-competitive NMDA 

antagonist, MK-801 or dizocilpine (DZP). NMDA antagonists are thought to produce amnestic 

effects by virtue of their action in blocking long-term potentiation; further the demonstration by 

Morris (1989) that NMDA anatagonists also impaired spatial learning in the water maze is 

frequently cited in support of the importance of NMDA receptor activation in memory. 

However, NMDA antagonists also can produce a host of performance effects unrelated to 
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learning and memory and when these are controlled for experimental support has been mixed 

(Bannerman, Rawlins, & Good, 2006; Cain, Saucier, Hall, Hargreaves, & Boon, 1996; Keith & 

Galizio, 1997). The Bannerman et al. (2006) review of this literature emphasized that NMDA 

antagonists were most likely to produce selective impairment of remembering under conditions 

requiring within-session memory when task demands are high, and would thus predict that 

NMDA antagonists would produce selective impairments on OST performance. Indeed, 

MacQueen et al. (2011) found that DZP produced dose dependent decreases in span length, OST 

accuracy and simple discrimination. Importantly though, moderate doses of DZP impaired OST 

performance while completely sparing simple discrimination. These effects were subsequently 

replicated by Galizio et al. (2013) and in both studies the effects of DZP were shown to depend 

on the number of stimuli to remember. That is, the 0.1 mg/kg dose of DZP had no effect on 

accuracy early in the session when there were only a few stimuli to remember, but accuracy 

declined (relative to saline controls) as the number of stimuli to remember incremented during 

the course of the session. Simple discrimination accuracy was not affected at any point in the 

session at this dose. Thus, DZP did not impair non-matching-to-sample per se, but rather seemed 

to impair control only when multiple sample stimuli controlled behavior (when the “memory 

load” was relatively high). The nature and generality of these effects require much further 

analysis, but on the face of it, seem consistent with the Bannerman et al. hypothesis.   

However, using these same procedures, we have also found that several putative amnestic 

drugs did not produce selective effects on OST performance. For example, both scopolamine and 

MDMA produced dose-dependent decreases in OST accuracy and span length, but significant 

impairment was only noted at doses that also impaired simple discrimination accuracy (Galizio 

et al., 2013; Hawkey et al., 2014). Thus, neither drug appeared to act in any selective fashion on 
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within session remembering or to affect the number of stimuli rats could remember.  The 

scopolamine findings were of particular interest given the delay-dependent effects of this drug in 

DMTS discussed above (Ravel et al., 1992).  Morphine and the benzodiazepine, 

chlordiazepoxide, also failed to produce selective effects on overall OST accuracy, although 

chlordiazepoxide did reduce span length at a dose that was without effect on simple 

discrimination (Galizio, et al., 2013).  

It should also be noted that the OST may also be useful in the search for drugs that may 

enhance remembering. For example, Rushforth et al. (2010; 2011) have shown that nicotine 

increased span length suggesting that it may increase the number of stimuli rats can remember 

within a session. More research with additional classes of drugs is needed to develop the 

behavioral pharmacology of the OST and to determine the extent to which effects of drugs on 

OST performance converge with those obtained using other procedures.  

At this point it is also premature to speculate about the mechanisms through which drugs 

may affect OST performance because so little is known about the determinants of this complex 

stimulus control procedure. For example, drug effects might be altered by variations in OST 

parameters such as the number of comparison stimuli in the arena or the delay interval separating 

stimulus presentations. Additionally, the extent to which the procedure actually measures rodent 

memory capacity has been challenged. Although several studies have shown a decrease in OST 

accuracy as the number of stimuli to remember, the slope of this function is fairly shallow and 

accuracy is well above chance even with more than 20 odors to remember (Dudchenko et al., 

2000; Galizio et al., 2013; MacQueen et al., 2011).  We wondered how many odors rats could 

remember in this procedure and arranged conditions with 36, 48 and 72 novel odorants presented 

in a single sessions. Rats showed highly accurate performances even with 72 stimuli to 
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remember (April, Bruce, & Galizio, 2013). These results suggest that the type of stimulus control 

established in OST may not translate in any simple way to the kinds of procedures used to study 

human working memory in which performance drops to chance with four to seven items to 

remember. Rather, rodent performance in the OST seems to be more like that seen in human 

recognition memory tasks for meaningful pictures which appears to be virtually unlimited in 

terms of the number of items remembered (Standing, 1973). Thus, the interpretation and 

translational significance of the behavioral pharmacological data will require further exploration.   

Although many questions remain about the theoretical interpretation of OST 

performances, the procedure remains of considerable potential translational value in that it 

permits analysis of drug effects on rodent behavior maintained by multiple stimuli. Indeed, 

variations of these procedures could be developed which allow study of the interaction of the 

number of odors to remember and the duration of the delay interval (cf., Aigner et al., 1991; 

Wright, 2007). A factor likely to limit enthusiasm of many operant researchers for the OST and 

related variations is the reliance on manual arena-based methodologies with the attendant 

problems of control for experimenter effects and unauthorized odor cues, all of which contribute 

to a very labor-intensive set of procedures. However, in principle, OST and list learning 

procedures could be automated using olfactometer technology (cf., Otto & Eichenbaum, 1992; 

Prichard et al, 2015). Development of automated versions of these procedures would require 

multiple olfactometer channels, but inexpensive commercial olfactometers are now available that 

make this feasible.   

Summary and Conclusions. The search for drugs that might improve cognitive 

performance in patients with dementia as well as for cognitive enhancers (drugs that improve 

learning and memory in normal participants) has been a highly active research area, but 
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outcomes have been disappointing (Farah, 2015). This has led to concerns about the translational 

validity of current animal models and calls for improved techniques (Keeler & Robbins, 2011; 

Sarter, 2004; Stensbol & Kapur, 2015). Thus, there is an opportunity for behavioral 

pharmacologists to make important contributions to the cognitive neuroscience of learning and 

memory. Use of olfactory stimuli makes it possible to study complex stimulus control in rodents 

with techniques that resemble methodologies used in the human memory literature and may 

enhance translational validity. Preliminary results with these tasks are promising, but it remains 

to be seen whether they truly provide advantages over more traditional procedures used to study 

remembering in rodents. At the least, the behavioral pharmacology of olfactory stimulus control 

complements the current literature on remembering in rodents which mostly involves spatial 

tasks. The extent to which findings using these complex olfactory procedures in rats converge 

with those obtained from the more standard rodent techniques as well as from research using 

pigeon and non-human primates is of critical interest in this regard.  

More generally, it should be noted that sophisticated quantitative methods for analysis of 

remembering that may further enhance interpretation of behavioral pharmacological studies are 

being developed (Nevin, Davison, Odum, & Shahan, 2007; White, 2013). Thus, research on drug 

effects on remembering has the potential to enhance the field by permitting new ways of 

conceptualizing behavioral mechanisms of drug action (see Pitts, 2014).  A first step in such an 

analysis is to demonstrate that a drug effect is modulated by an environmental variable such as 

response rate (rate-dependency) or the nature of the reinforcer (event-dependency). As we come 

to understand the conditions under which the effects of certain drugs are dependent on variables 

such as the delay interval or the number of stimuli controlling behavior, new analyses of 

behavioral mechanisms of drug action may emerge.  
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