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(5) 493–502, 1998.—Behavioral paradigms applicable for use
in both human and nonhuman subjects for investigating aspects of working/short-term memory are presented with a view to-
wards exploring their strengths, weaknesses, and utility in a variety of experimental situations. Such procedures can be useful
in teasing out specific aspects of mnemonic processes including discrimination, encoding, and retention. Delayed matching-
to-position, delayed matching-to-sample (DMTS), and titrating matching-to-sample procedures are highlighted. Addition-
ally, the application of DMTS tasks in preclinical and clinical settings is presented: drug effects on memory processes can be
explored preclinically in animal models; normative data have been developed in human populations where they have been
used in adults to explore the relationships between mnemonic processes and specific clinical entities such as Parkinsonism, se-
nile dementia of the Alzheimer’s type, schizophrenia, and depression. Studies in children indicate that encoding and reten-
tion processes improve rapidly in the early years, plateauing prior to puberty. Noninvasive imaging techniques such as
positron emission tomography (PET) indicate that activity in specific brain areas is associated with DMTS task performance
and may serve to confirm roles for such structures in mnemonic processes. Published by Elsevier Science Inc.
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discrimination will be necessary to identify the comparison
stimulus that matches the sample. Reductions in accuracy on
no-delay trials thus indicate deficits in discrimination. If the
sample is terminated immediately prior to presentation of the
comparison stimuli (“zero-delay”), then both discrimination
and encoding are required for accurate matching of the com-
parison stimuli with the sample. Reductions in accuracy on
zero-delay trials thus indicates a deficit in either discrimina-
tion or encoding, or both. If delays of variable length are in-
terposed between termination of the sample and presentation
of the comparison stimuli (“

 

x

 

-delay”), then discrimination,
encoding, and retention are all required for accurate choice. If
retention is impaired, accuracy on 

 

x

 

-delay trials will fall more
quickly as 

 

x

 

 (the length of the delay) increases, leading to a
steepening of the slope of the function relating choice accu-
racy to delay (the retention gradient). Combining the three
types of trials in a test can thus allow one not only to quantify
mnemonic impairment but also to identify its source.

It may be argued that a deficit in discrimination or encod-
ing differs fundamentally from a deficit in retention, because
only retention should be considered a mnemonic process.
This definition restricts memory to the rate at which informa-
tion, once acquired, is lost. A broader definition of memory
would include discrimination and encoding, without which
“remembering” the correct choice at the end of the delay will
fail. This semantic argument should not impede efforts to
identify and characterize the logically dissociable cognitive
processes underlying working memory and their potential dis-
ruption by neurotoxic agents.

 

Delayed Response vs. Delayed Comparison

 

As also suggested by Heise and Milar, procedures for
quantifying working memory can be distinguished along two
dimensions into four basic types. The first dimension differen-
tiates “delayed response” tasks from “delayed comparison”
tasks. In a delayed response task, the correct response is de-
fined before the delay, whereas in a delayed comparison task,
the correct response is not defined until after the delay. Thus,
accurate performance in a delayed response task requires pro-
cessing information about the response, whereas accurate
performance in a delayed comparison task requires process-
ing information about the sample stimulus. Delayed match-
ing-to-position [e.g., (11,16)] and delayed matching-to-sample
[e.g., (14,68)] exemplify delayed response and delayed com-
parison procedures, respectively.

 

Discrete Trial vs. Continuous Format

 

Both delayed response and delayed comparison tasks may
be administered in either a discrete trial or a continuous for-
mat. In a discrete trial format, sample and choice stimuli are
paired in a given trial, and a given sample applies only to that
trial. Delayed matching-to-sample and delayed matching-to-
position tasks are presented in discrete trial format. In a con-
tinuous format, each stimulus presentation provides both
the comparison stimulus for a given trial and the sample stim-
ulus for the next trial. Continuous spatial alternation (29) and
continuous nonmatching-to-sample (46) procedures exem-
plify the continuous format. In continuous spatial alternation,
the correct stimulus on trial 

 

n

 

 is always opposite to the correct
stimulus on trial 

 

n

 

 

 

6

 

 1; in continuous nonmatching-to-sample,
a response to the stimulus on trial 

 

n

 

 is reinforced if and
only if that stimulus differs from the stimulus presented on
trial 

 

n 

 

2

 

 1.

AT the 1997 Annual Meeting of the Behavioral Toxicology
Society held in Palm Beach, FL, attendees were treated to an
excellent series of presentations that discussed the finer points
of delayed matching-to-sample (DMTS) procedures. What
follows are synopses of the six presentations along with an ex-
cellent bibliography that will serve as an important resource
for all of us interested in these most powerful approaches to
the study of memory. Phil Bushnell opened the symposium
with an important contribution in which he presented histori-
cal and theoretical material.

 

WORKING MEMORY: PROCESSES AND PROCEDURES

 

Working memory is a term denoting one of several types
of memory that have been identified by cognitive psycholo-
gists. Accepted taxonomies of memory typically distinguish
among different kinds of remembering depending upon the
information that must be remembered. A basic dichotomy
distinguishes between the retention of factual or experiential
information on the one hand, and the retention of habits and
motor skills on the other [e.g., (70)]. Animal psychologists fur-
ther differentiate this “fact memory” into working and refer-
ence memory. As first described by Werner Honig, working
memory is required when “. . . different stimuli govern the cri-
terion response on different trials, so that the cue that the ani-
mal must remember varies from trial to trial” (31). Thus, in
contrast to reference memory, which is used to retain infor-
mation that remains constant over time, working memory is
required to remember information that varies unpredictably
in time and/or in content.

 

Delayed (Non)Matching-To-Sample

 

In principle, assessing working memory is simple: one pre-
sents a bit of information (a 

 

sample

 

) to a subject, withdraws
that information, waits a period of time (a 

 

delay

 

), then pre-
sents that same bit of information along with a comparison
bit, and asks the subject to identify which bit of information
was presented previously (a 

 

choice

 

). This process is then re-
peated across a number of trials. Only two bits of information
are needed: working memory will be required as long as the
sample bit is selected randomly from trial to trial. This proce-
dure forms the conceptual basis for memory paradigms
known as delayed matching-to-sample.

 

Discrimination, Encoding, and Retention

 

At least three component subprocesses are needed to per-
form the operations necessary for successful working mem-
ory: discrimination, encoding, and retention (30). Discrimina-
tion refers to the perceptual (usually—but not always—
visual) processes necessary to identify the information being
presented during the sample phase of a trial. Encoding refers
to the process(es) by which the perceptual information avail-
able in the presence of the sample stimulus is converted into
an internal representation of that information. Retention re-
fers to the process(es) that maintain the veracity of that infor-
mation over time (i.e., during the delay). Under some condi-
tions, accurate retrieval of that information may also be
necessary, but the short-term, ephemeral nature of working
memory suggests that retrieval plays a minor role in it.

Heise and Milar (30) provided a logical means to measure
discrimination, encoding, and retention independently in the
context of memory tests. If the sample and the comparison
stimuli are presented simultaneously (“no-delay”), then only
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D(N)MTS Advantages

 

All four types of procedures can adequately assess working
memory; however, all of the three trial types (no-delay, zero-
delay, and 

 

x

 

-delay) necessary for logical dissociation of the
component processes of working memory (discrimination, en-
coding, and retention) can be presented only in discrete trial,
delayed comparison tasks. Continuous procedures are limited
to 

 

x

 

-delay trials. Whereas zero-delay trials can be approxi-
mated in discrete trial delayed response tasks, no-delay trials
(sample and comparison stimuli presented simultaneously)
can be arranged only using the delayed-(non)matching-to-sam-
ple format. Thus, this format provides an analytical advantage
over the other formats.

 

Dealing With Mediating Strategies

 

An advantage associated with delayed comparison proce-
dures involves their ability to avoid mediating strategies that
are commonly observed in delayed response procedures [e.g.,
(25,27,33)]. That is, because the correct response is defined
prior to the delay in a delayed response procedure, the subject
can in principle physically “bridge” the delay interval by, for
example, positioning himself near the location of the correct
response. Because the correct response is not known until af-
ter the delay in a delayed comparison procedure, this simple
positioning strategy is not effective. However, as shown in the
original article describing a delayed matching-to-sample pro-
cedure (3), pigeons can develop more complex mediating
strategies in this delayed comparison procedure, and these
strategies substantially improve their choice accuracy. Thus,
no working memory procedure is immune to mediating strate-
gies. A common approach to controlling mediating strategies
is to require specific “neutral” behavior (e.g., nosepokes into
a central food cup) during the delay (10,16), thus reducing the
opportunity for mediation.

The best way to determine whether mediating strategies
are being utilized is to measure behavior during the delay in-
terval. These measurements have rarely been made: in one in-
stance, “delay presses” (presses on retracted/inactive levers
during delays) were recorded from rats performing a delayed
matching-to-position task (9). Contrary to expectation, little
relationship was observed between either the frequency or
the distribution of the delay presses and accuracy of choice,
suggesting that these “rehearsal” responses did not effectively
improve working memory. Clearly, more work is needed to
clarify the role of mediating responses in working memory
tasks and their potential role in determining the nature of the
mnemonic processes actually engaged by the test procedures.

Jacques Maurissen followed with a second presentation
that focused on one of the specific procedures mentioned pre-
viously. Here, in the context of attempting to determine the
effects of chemicals on important brain functions in rats, it
was posited that such functions (e.g., memory) can only be in-
directly studied in animals through a careful evaluation of be-
havior.

 

DELAYED MATCHING-TO-POSITION (DMTP):
DATA, ANALYSIS, AND INTERPRETATION

 

Behavior is affected by a number of factors. When study-
ing the effects of a test material on memory, it must be re-
membered that other chemical-induced effects such as motor
dysfunction, sensory disturbance, impaired discrimination
learning, and decreased motivation can result in decreased at-

tention and responsiveness and, thus, modify the behaviors
under observation in the absence of any specific effect on
memory. Some tests allow these so-called “nonspecific” or
“performance” effects to be teased apart from mnesic pro-
cesses. The delayed matching-to-position (DMTP) procedure
is such a test. A word of caution here about the term “mem-
ory.” Some scientists equate “memory” exclusively with “in-
formation retention” over time, given that information can
only be remembered if it has previously been acquired and
you cannot forget what you do not know (17,28). Memory will
be defined in this manner for my portion of this article. For
others, as mentioned by the previous speaker, “memory” is a
more global concept that encompasses acquisition, storage,
and retrieval of information over time (31). A common link
between these definitions is the passage of time. Typically, in
a delayed matching-to-position task, an item of information is
presented and retention is tested by having the subject select
the same item from several alternatives after a delay. The
data are usually expressed in terms of percent correct choice,
also known as “matching accuracy.” Increasing the duration
of the delay results in a decreased percent correct choice, con-
firming that the procedure constitutes a test of memory (12).

 

DMTP Interpretation

 

Typically, a series of “percent correct” data points at two
or more delays are plotted with time on the abscissa and the
corresponding percent correct on the ordinate. A line can
generally be fit to the data. It crosses the ordinate at time zero
(

 

Y

 

 intercept) and has a definable slope. The slope of such a
function indicates the rate of decay of information (also
known as the “forgetting curve” or “retention gradient” dis-
cussed earlier).

The intercept at time zero (which is not a measured data
point, but which is extrapolated from measured data) repre-
sents nonmnesic processes. The need to extrapolate to time
zero comes from the fact that, even in the case of zero-second
delays, subjects still generally take a few seconds to perform
the task. 1) 

 

Different Slope—Same Intercept:

 

 If the data from
the treatment group have a steeper slope than those for the
control group, but start at time zero at the same performance
level (i.e., percent correct), it can be concluded that the capac-
ity to retain information has decreased (i.e., forgetting rate is
increased) in the treated group in the absence of nonmnesic
confounders. 2) 

 

Same Slope

 

—

 

Different Intercept:

 

 If the treat-
ment group data have a lower intercept than those for the
control group, but they have the same slope, it can be con-
cluded that the retention rate is not affected in the treated
group, but that information encoding and/or related processes
at time zero were affected by treatment. 3) 

 

Different Slope

 

—

 

Different Intercept: 

 

When treatment significantly affects both
the intercept and the slope, the data are hard (if not impossi-
ble) to interpret, partly because of the possibility of an inter-
action between intercept and slope.

 

DMTP Caveats

 

Before concluding that a test material affects memory, the
investigator should pay attention to the following points: 1)

 

Single-delay experiments

 

: Memory is a time-dependent pro-
cess. A minimum of two delays are needed to derive a slope.
In the absence of a slope, no inference can be made about
memory (i.e., retention) without the confounding effects of
encoding, attention, motivation, etc. [(30), p. 157]. 2)

 

 Correc-
tion trials:

 

 If the subject has developed a position bias (i.e., re-
peatedly choosing the same lever), there needs to be some
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correction made for that bias so that the data can reflect a true
mnesic process. 3)

 

 Mediating responses or “rehearsals”

 

: By po-
sitioning itself next to the lever to be chosen, the subject can
increase the reinforcement density by nonmnesic means. The
experimental design should minimize opportunities for such
mediating responses and the recording system should auto-
matically quantify their occurrence. Finally, the investigator
should verify the effectiveness of the measurement by direct
observation of subjects during delays. 4) 

 

“Zero-second delay”
data point:

 

 Even though the stimulus indicating the end of the
delay coincides with the onset of the occasion for responding
in the zero-second condition, there is always a short delay be-
fore responding actually occurs. The so-called “zero-delay”
data cannot, therefore, be construed as a pure expression of
nonmnesic processes (because of the time involved): only the
extrapolated percent correct choice at zero seconds can. 5)

 

Arcsine transformation

 

: If the data are analyzed in terms of
percent correct choice rather than as slope and intercept, their
distribution at short delays most likely will not be normal, but
will have a binomial form. In this case, an arcsine transforma-
tion (also called angular transformation) may be useful before
statistical analysis (38). 6) 

 

Ceiling/Floor effect

 

: If, for example,
a group exhibits 95–100% correct choices at several short de-
lays (i.e., there is no slope), and the percentage correct mono-
tonically decreases at longer delays, this is evidence for a ceil-
ing effect. Under such circumstances it can be argued that,
even in the presence of delay-dependent data, the exact na-
ture of the effect cannot be resolved without further experi-
mentation. The same concerns arise when the data “bottom
out” at the longer delays. 7) 

 

Scaling effect

 

: To analyze proac-
tive interference effects in choice accuracy (i.e., altered per-
formance on the current trial due to the performance on the
previous trial), Dunnett et al. (18) used a DMTP task with two
levers. They divided the data into trials in which the response
on the previous trial was on the same side or opposite side of
the response on the current trial. They noticed that the differ-
ence in choice accuracy between previous-response-same and
previous-response-opposite trials was much greater in old
than in young rats, suggesting that old rats were more suscep-
tible to proactive interference than young rats. However, the
young rats performed at a higher level of accuracy than the
old ones. In a very astute study, Dunnett and colleagues in-
creased the duration of the delay in the young rats to equate
their forgetting curve with that of the old rats. Under these
conditions (i.e., when baseline levels of remembering were
similar), the difference between young and old rats vanished,
demonstrating that they were all equally susceptible to proac-
tive inhibition. In other words, the effects of an independent
variable on an endpoint cannot be compared in situations
where baseline conditions are dissimilar (scaling effect). As a
corollary, it is not possible to draw any conclusion when com-
paring the effects of a test material on similar tasks, one in-
volving memory, the other not (e.g., cued and noncued tasks),
in the presence of a baseline difference (e.g., different accu-
racy levels in the two procedures). In such a case, the investi-
gator could not differentiate between effects due to memory
vs. effects due to task difficulty because these factors are inex-
tricably linked and cannot be separated in the presence of a
baseline difference. In summary, DMTP techniques are pow-
erful tools for teasing apart mnesic from nonmnesic effects of
chemicals, but caution must be exercised in the design, analy-
sis, and interpretation of the findings.

Our colleague from the University of Arkansas, Galen
Wenger, presented data obtained in both pigeons and squirrel

monkeys with a little-used variation on the DMTS theme in
which the subjects’ performance was used to adjust delay du-
rations within sessions.

 

TITRATING MATCHING-TO-SAMPLE
PERFORMANCE IN PIGEONS AND SQUIRREL MONKEYS:

BASELINE AND CHEMICAL EFFECTS

 

As we have heard previously, matching-to-sample perfor-
mance was first described in laboratory animals over 40 years
ago (3,24,58). Briefly, a stimulus (the sample stimulus) was
presented to the subject and, following a response to this stim-
ulus, it was extinguished. Following some delay, two or more
comparison stimuli, one of which matched the original sample
stimulus, were presented simultaneously to the subject. A re-
sponse to the stimulus that matched the original sample stim-
ulus produced a reinforcing stimulus whereas a response to
the stimulus that was not identical to the original sample stim-
ulus resulted in the extinguishing of all stimuli and the initia-
tion of a time-out period. Following the presentation of the
reinforcing stimulus or the completion of the time-out period,
the next trial was initiated by the presentation of a sample
stimulus. Since these original reports, a number of studies
have shown that percent accuracy of the matching response is
proportional to the length of the delay (13,39). These reports
also showed that, in pigeons, matching accuracy approaches
chance performance at delay values of 10–12 s.

 

Procedural Complications

 

Although the matching-to-sample schedule as just described
fulfills many of the criteria of a task measuring short-term or
working memory, there are a number of technical problems
associated with it. First, subjects frequently develop a position
bias evidenced by a majority of the responses to the compari-
son stimuli being restricted to either the right- or left-hand
key of a three-key pigeon chamber. As a result, on approxi-
mately 50% of all trials the subject’s response to the right-
hand key, for example, results in a matching response and is
reinforced. Unfortunately, such biases in responding, even
when not observed under control conditions, are frequently
seen following drug administration, making interpretation of
dose–response curves difficult. A second problem observed
with the procedure is the frequent occurrence of prominent
ceiling and floor effects. With only two comparison stimuli
presented following the delay, chance performance will be
equal to 50% accuracy: this limits the magnitude of any de-
crease in accuracy that can be observed and is particularly
problematic when accuracy, particularly at the longer delays
used, is near this level under control conditions. This is further
complicated by the fact that, when stability of responding is
achieved following training, the percent accuracy at short de-
lays is usually around 95%. Thus, there is little or no room
above the control performance in which one might observe a
statistically significant improvement following drug adminis-
tration. Some investigators have tried to minimize this ceiling
effect by lengthening the delays, resulting in a lower percent
accuracy in control performance. However, even with such an
approach, no consistent improvements in accuracy have been
reported following drug administration in pigeons. This raises
the issue of whether a drug can improve control performance
that may represent the limit of the organism’s abilities.

 

Delay Titration and Choice Position Randomization

 

As a result of these issues, our laboratory began a series of
experiments with pigeons and modified the procedures de-
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scribed above in several significant areas. First of all, the ceil-
ing and floor effects were minimized by allowing the length of
the delay to change as a function of the subject’s performance.
Thus, the dependent variable becomes the length of the delay
rather than percent accuracy. Similar titration procedures
have been reported previously and appeared to have potential
for the study of drug effects on memory function (13,40,57).
In our experiments with pigeons, the delay value on the first
five trials of the session was fixed at 3 s. On the sixth and all
subsequent trials the delay value was either increased, did not
change, or decreased depending upon whether accuracy on
the previous five trials was 

 

.

 

80%, 80% or 

 

,

 

80%, respec-
tively (66,67). Control performance was characterized by
choice accuracies of 80% or higher at much longer delays than
those that have been reported using fixed delay procedures.
Effects on accuracy were only observed when drug-induced
changes exceeded the ability of the titration schedule to main-
tain 80% accuracy (i.e., by further decreasing the length of the
delay). A second change in the procedure was to present the
two comparison stimuli randomly on all three keys of a three-
key pigeon chamber rather than just on the two side keys.
This resulted in a 33% probability than any single key would
remain dark during the presentation of the comparison stim-
uli and effectively prevented the development of position bi-
ases. We also compared control performance and drug effects
in pigeons responding under this titration procedure with
those performing in schedules using fixed delay values rang-
ing from 0 to 6 s. The titration schedule was shown to main-
tain higher percent accuracies at longer delays and provided
more graded dose–response curves than those observed in pi-
geons responding under matching-to-sample baselines using
fixed length delays.

 

Squirrel Monkeys

 

The same titration procedures and parameters have also
been used with squirrel monkeys (32) with generally similar
results. However, in squirrel monkeys overall percent accu-
racy for the session was frequently observed to decrease in the
absence of a decrease in the average value of the delay for the
session. This suggests that the same titration parameters that
worked beautifully in pigeons are not optimum for squirrel
monkeys. It should also be noted that recent work using fixed
delay values in experiments with squirrel monkeys suggests
that matching performance is not as good in squirrel monkeys
as it is in pigeons.

In summary, pigeons and squirrel monkeys can be trained
to respond under a titrating matching-to-sample procedure.
However, as noted, the titration parameters that appear to
work fine in pigeons may not be optimum for squirrel mon-
keys. The titration procedure has several advantages over
fixed delay procedures including: the level of difficulty is
more constant across subjects, it is easier to change the level
of difficulty in a consistent manner, and the prominent ceiling
and floor effects are minimized. The disadvantages of the ti-
tration procedure compared to fixed delay procedures in-
clude: a difficulty in showing interactions between delay
length and drug effects, and a smaller historical data base for
comparison.

Jerry Buccafusco provided a discussion of his experience
looking at drug effects on DMTS performance in both young
and old macaques, and reminded us of the utility of the
aged monkey model for studying phenomenon shared with
humans.

 

DELAYED MATCHING-TO-SAMPLE PERFORMANCE IN YOUNG 
AND AGED MONKEYS IN THE ASSESSMENT OF NEW DRUGS FOR 

THE TREATMENT OF COGNITIVE DISORDERS

 

The behavioral repertoire of old world monkeys resembles
that generated by the human neurobehavioral system more
than that of any other laboratory animal, except higher apes
(49). Behavioral tasks that tap the higher cognitive abilities of
these nonhuman primates may provide information relevant
to normal human aging and to the dementias. Aged monkeys
display many similar pathologic and neurochemical changes
of the central nervous system seen in Alzheimer’s patients
(4,60,65). We have recently confirmed the presence of numer-
ous ubiquitin-positive senile plaques that colocalize 

 

b

 

-amyloid
protein in aged macaques (61). Also, these aged animals re-
spond cognitively in a manner similar to impaired humans fol-
lowing administration of memory enhancing or amnestic
agents [for review see (15)]. The method most frequently em-
ployed to test the sophisticated cognitive repertoire of these
monkeys has been one or another variation of delayed re-
sponse tasks. The delayed matching-to-sample (DMTS) task
allows the measurement of abilities that are relevant to hu-
man aging, such as attention, strategy formation, reaction
time in complex situations, and memory for recent events. A
similar version of this task has been employed to demonstrate
cognitive impairment in patients with Alzheimer’s disease
(34). Our data collection system utilizes several variables that
relate a monkey’s performance to three categories: (a) color
preference, (b) position preference, and (c) response latency.
For example, the formation of color strategies reflects a cate-
gory of cognitive ability, which not only is unique to primate
species but may be mediated by different neuronal substrates
than those that mediate memory recall. The ability to form
such concepts very likely relates to human declarative mem-
ory (59). This situation is highly appropriate for animal exper-
imentation, and the models to be employed should offer the
best available subjects for prehuman trials.

 

The DMTS Procedure

 

Our DMTS paradigm is computer initiated, with the ex-
perimenter isolated from the animal. However, we deter-
mined early on that several animals could be tested simulta-
neously in their home cage environment with no obvious loss
of task stability or predictability (5,23). Test panels are at-
tached to the home cages. Stimuli on the test panels are 2.54
cm diameter colored disks (red, yellow, or green) presented
by light-emitting diodes centered behind clear plastic push-
keys. A trial is initiated with the illumination of the sample
key by a colored disk. A key press extinguishes the sample
light and initiates one of four preprogrammed delay intervals,
during which no disks are illuminated. Following the delay in-
terval, two choice lights found below the sample key are illu-
minated. One of the choice lights matches the color of the
sample light and these disks remain illuminated until a mon-
key presses one of them. Key presses of choice stimuli that
match the color of the sample stimulus are reinforced by de-
livery of a 300-mg banana-flavored food pellet. Nonmatching
choices are neither reinforced nor punished. Color patterns
are fully counterbalanced for side, delay, and matching-to-
sample. A new trial is initiated 5 s after the second key press
on a preceding trial. Monkeys complete 96 trials on each day
of testing. Four possible delay intervals between a monkey’s
response to the sample light and the presentation of the two
choice lights are used: these delay intervals are individually
adjusted to produce stable performance levels approximating
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the following criteria: zero-second delay (85–100% correct);
short delays (75–84% correct); medium delays (65–74% cor-
rect); and long delays (55–65% correct). The rationale for this
procedure is to normalize performance based on the widely
varying capabilities of the monkeys (63). Without this normal-
ization process, intersubject variability is increased, and the
more task-proficient animals would be subject to significant
ceiling effects.

 

Age and Drug Treatments

 

It has been our experience that, although aged macaques
are impaired in their performance of the DMTS task, both
nonaged adults and aged monkeys respond similarly to most
classes of memory-enhancing or amnestic drugs. The model
has predicted drug efficacy very well, with doses not unlike
those used clinically. In fact, we have examined the cognitive-
enhancing potential of a number of drug classes, including, for
example, acetylcholinesterase inhibitors, acetylcholine-releas-
ing agents, cholinergic muscarinic and nicotinic receptor ago-
nists, subtype-selective serotonin receptor antagonists, and

 

a

 

2

 

-adrenergic receptor agonists (7,35,37,63,64). Drugs with
clinical amnestic actions, such as scopolamine (62), mecamyl-
amine (23), and nitric oxide synthase inhibitors (47), also dis-
rupt DMTS performance in our monkeys.

 

Distractability

 

Variations of the DMTS task have been used to help
model other disease states. We instituted a task-relevant dis-
tractor that impairs performance only during the distractor-
associated trials: on 19% of all trials, a task-relevant distract-
ing stimulus (randomly flashing the sample and cue lights) is
presented during either the initial 3 s of delay intervals (early
onset) or the final 3 s of delay intervals (late onset). In aged
monkeys, both early and late onset distractors impaired task
performance on trials with the shortest delays, but did not af-
fect accuracy on trials with long delays. In contrast, young
adult monkeys were impaired only by the presence of an early
onset distractor, and only for those trials associated with the
shortest delays. Methylphenidate (0.005–1.0 mg/kg) reduced
distractibility in the young monkeys, but was not effective in
this regard in aged monkeys. Thus, attention and recall after
brief delays can be impaired following exposure to a task-rele-
vant distracting stimulus in both aged and young adult mon-
keys, but aged monkeys are more susceptible to distraction
and do not receive benefit from methylphenidate administra-
tion. We also demonstrated that nicotinic receptor agonists
were as effective as methylphenidate in reversing distractor-
associated impaired DMTS performance (36,48). Therefore,
central nicotinic receptors may be targeted for the treatment
of the dementias, as well as for attention deficit disorders; and
versions of the DMTS task in young and aged macaques may
continue to be useful animal models for these syndromes.

In our transition from animal data to humans, John Chelo-
nis presented findings obtained from a population of normal
children, relating changes in DMTS performance to age in a
developmental context. These data suggest differential devel-
opmental profiles for speed vs. accuracy of performance.

 

AN ANALYSIS OF DELAYED MATCHING-TO-SAMPLE 
PERFORMANCE AS A FUNCTION OF

DELAY AND AGE IN CHILDREN

 

As has been discussed repeatedly, delayed matching-to-
sample (DMTS) procedures have been used extensively to as-

sess memory in nonhuman subjects (42,69). Often, several de-
lays are used that vary in length from very short (e.g., 0–1 s) to
very long (e.g. over 30 s), allowing aspects of both encoding
and short-term retention to be measured (10,11). Because
DMTS procedures readily lend themselves to use in animals,
a variety of studies have been conducted to examine the roles
that specific brain areas play in processes associated with per-
formance of these tasks [see (2) for a review] and extensive
research has been conducted using these procedures to assess
the affects of various psychoactive substances on memory in
animals (6,8,26,44). Variations in the DMTS procedure have
been used to assess memory in specific populations of human
subjects including patients diagnosed with unipolar depres-
sion (22) and elderly patients diagnosed with specific disor-
ders that involve an impairment in memory (1,41,56). DMTS
procedures have also been used to assess memory in children
between the ages of 1 and 3 years (42), and children diag-
nosed with a variety of behavioral and developmental disabil-
ities (2,45). However, this task has not been used to assess
how memory and encoding develop in normal children as they
mature.

 

Developmental Aspects of DMTS Performance

 

The present experiment assessed DMTS performance in
535 children between the ages of 4 and 12 years with no
known psychological problems. Six delays, ranging from 1 to
32 s, were used to determine how normal development affects
response latency, encoding, and retention. The results indi-
cated that overall accuracy on this task increased as children
grew older and variability simultaneously decreased with the
largest decreases occurring at ages 7 and 9 years. Mean ob-
serving response latency (the amount of time that a subject
takes to press the sample stimulus and, thus, initiate the de-
lay), and the variability in this measure decreased as age in-
creased: fewer children exhibited extremely long observing
response latencies as age increased. Mean choice response la-
tency (the amount of time a subject takes to make a choice re-
sponse, i.e., select from one of three comparison stimuli, after
a delay), and the variability in this measure also decreased as
age increased. Unlike observing response latency, however,
there appeared to be a stepwise decrease in variability with
the most dramatic decreases occurring at ages 5.5 and 8 years.
Also, there were not any extreme outliers like those noted in
the observing response data.

 

Accuracy

 

The rate of decay in accuracy was greater for younger chil-
dren, indicating decreased retention: for 4-year-old children
accuracy decreased by 20% from the shortest (1 s) to longest
(32 s) delay, but for 11-year-old children the decrease for the
same delays was only about 3%. Additionally, older children
were more accurate in recalling the correct stimulus at 1-s de-
lays than younger children, indicating better encoding of the
stimuli in older children.

 

Choice Response Latency

 

Choice response latency at each delay was also influenced
by age. Specifically, choice response latency did not change
much as a function of delay for the older children, but in-
creased dramatically as delay increased for younger children.
For example, the choice response latency for 4-year-old chil-
dren increased by 3.6 s from the shortest to longest delay, but
for 11-year-old children this increase was only 0.4 s. Also as
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children became older, the choice response latency curve
shifted downward (latencies decreased). If we believe that
choice response latencies are a function of attentional pro-
cesses, then the data suggest that younger children are less
able to attend to the task, and this attentional difference is
magnified as delays increase.

Performance of a delayed matching-to-sample task is
clearly dependent on age, with accuracy improving as children
mature: the rate of improvement was greatest at younger ages
and decreased as children grew older. Both observing and
choice response latencies decreased as children grew older
and the rate of decrease was also greatest in younger children.
The data indicate that there are differences in aspects of en-
coding and retention in children of different ages. Specifically,
young children appear to have more difficulty encoding infor-
mation than do older children and they also appear to have
more difficulty retaining information once it is encoded.

 

Normative DMTS Data

 

This research provides normative DMTS data for children
that will be useful for designing research utilizing this and per-
haps other operant procedures to assess important aspects of
brain function in children. Additionally, these data can be
compared to similar data obtained from children with various
physiological and/or psychological problems to determine if
such children differ significantly from normal subjects in
DMTS performance. Preliminary data suggest differences in
DMTS performance between normal children and children
with attention deficit/hyperactivity disorder.

Our colleague from the UK, Rebecca Elliott, presented re-
cent findings on the utility of DMTS procedures in several
clinical populations and in cases where attempts have been
made to visualize specific brain areas in humans thought to be
associated with DMTS performance.

 

DMTS PERFORMANCE IN NEUROLOGICAL AND 
PSYCHIATRIC PATIENTS

 

The data discussed were obtained using a computerized
visuospatial version of a delayed matching paradigm. This test
forms part of the “CANTAB” battery of neuropsychological
tests that was developed in Cambridge, UK, in parallel with
analogous tests for experimental animals (50,53,54). The
CANTAB delayed matching-to-sample (DMTS) paradigm uses
complex patterns made up of four subelements with different
colors and shapes. The sample stimulus is briefly presented,
then after a variable delay subjects are presented with a
choice of four test stimuli and must select the one that
matches. There are four delay conditions: simultaneous,
where the sample remains on the screen while the choices are
presented (essentially a perceptual and attentional control),
and three delay conditions (memory conditions) where the
sample disappears 0, 4, or 12 s before the choices are pre-
sented. Subjects respond by physically touching the appropri-
ate stimulus on the touch-sensitive computer screen. Both ac-
curacy and latency of performance can be measured but only
accuracy data will be discussed here.

 

Task Standardization

 

The DMTS paradigm has been standardized in a large
group of normal volunteers (

 

n

 

 = 787) to determine how per-
formance varies with age and IQ (50). In adults, accuracy of
performance declined with increasing age. Performance at the

longer delays was affected first but the deterioration then
spread to shorter delays. There was also an effect of IQ varia-
tion, with subjects in the highest of three IQ bands performing
significantly better. These results stress the importance of
comparing patient groups to age- and IQ-matched controls.

 

Lesion Studies

 

Patients with frontal lobe lesions did not show significant im-
pairments on the task whereas patients with temporal lobe le-
sions or amygdalo-hippocampectomies showed impairments
at all delays (43). Their performance on the simultaneous
matching condition was normal, suggesting that their delay
impairments were truly mnemonic rather than secondary con-
sequences of attentional or perceptual impairments. These re-
sults confirm the consensus from the animal literature that
DMTS performance depends crucially on intact temporal lobes
but, certainly at relatively short delays, is less dependent on
prefrontal cortices.

 

Parkinson’s Disease (PD) and Dementia of the
Alzheimer Type (DAT)

 

Patients with PD or DAT were studied by Sahakian et al.
(55) and both these groups showed deficits in task perfor-
mance. There were, however, subtle differences in the nature
of these deficits, suggesting distinct cognitive mechanisms of
impairment. Patients with DAT showed pronounced delay-
dependent impairments with intact simultaneous matching.
By contrast, the patients with PD were more impaired at the
simultaneous condition, suggesting a fundamental perceptual
or attentional impairment, which in more severe cases led to a
secondary “memory” deficit in the delay conditions. For
DAT, but not PD, the DMTS task was especially sensitive
even early in the course of the disorder when cognitive im-
pairment is relatively mild.

 

Psychiatric Disorders

 

The DMTS test has also proved particularly sensitive to
psychiatric disorders (20,22). Patients with schizophrenia or
unipolar depression showed performance deficits on this task
that were disproportionate to their overall level of cognitive
impairment. Again, there were subtle and interesting differ-
ences in the pattern of DMTS impairment between these two
patient groups: in schizophrenic patients, there was no impair-
ment at simultaneous matching but there were dramatic de-
lay-independent DMTS deficits. Depressed patients, on the
other hand, showed deficits on simultaneous and delayed
matching but, unlike patients with PD, their deficit in the de-
lay conditions could not be fully accounted for by a percep-
tual/attentional deficit but implicated an additional mnemonic
impairment.

 

Longitudinal Studies

 

In an important extension of the clinical use of this para-
digm, patients with DAT and with depression have been stud-
ied longitudinally, allowing the DMTS deficits to be related to
the clinical course of these disorders (21,51). Patients with
DAT showed a progressive deterioration in DMTS perfor-
mance and, as seen with normal ageing, deficits became ap-
parent at longer delays first and then spread to shorter delays.
By contrast, the study of depression looked at the relationship
between performance and clinical improvement. Performance
on simultaneous matching returned to normal with clinical re-
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mission but some slight residual deficits were seen in the delay
conditions.

 

Drug Studies

 

The complex patterns of deficits associated with these vari-
ous disorders and the dissociations in the nature of deficits be-
tween populations raises interesting questions about the neu-
ral substrates of the DMTS task and its component processes.
Recent data have begun to address these questions. Pharma-
cological studies have been used to show how DMTS per-
formance is affected by psychoactive drugs. In a study of the
cholinergic receptor antagonist, scopolamine, with normal
volunteers (52), the drug caused significant dose- and delay-
dependent impairments resembling those associated with nor-
mal ageing and DAT. The benzodiazepine, diazepam, did not
impair performance, suggesting that the effects of scopol-
amine were genuine selective short-term memory effects rather
than secondary consequences of sedation.

 

Imaging Studies

 

An alternative approach to considering the underlying
neural mechanisms of human DMTS performance is to use
functional imaging. A recent PET study (19) using a version
of this DMTS paradigm with a 5-s delay showed that, com-
pared to a perceptuomotor control task, DMTS task perfor-
mance was associated with activations in regions of the pos-

terior perceptual cortex, thalamus, anterior cingulate, and
cerebellum. There were also significant deactivations in the
temporal lobes bilaterally, confirming an important role for
these structures. This brief discussion of findings from a num-
ber of studies using a variety of complementary approaches
shows how a single task has been used to characterize normal
and abnormal visual short-term memory, significantly advanc-
ing our understanding of this process.

 

CONCLUSION

 

Delayed matching-to-sample procedures provide robust
behavioral measures thought to provide insight into aspects of
processes associated with short-term memory and attention.
They can be easily automated, circumventing the need for—
and, thus, the problems associated with—tester–testee inter-
action. They are readily applicable in a variety of species al-
lowing for direct interspecies comparisons. Performance of
them by humans is associated with other important measures
of brain function such as IQ. Subjects can perform these tasks
repeatedly, allowing for the conduct of important longitudinal
studies. Although they are noninvasive, they provide impor-
tant insight into the workings of the central nervous system.
Coupled with powerful brain imaging techniques, it is not
beyond comprehension that someday we will come to know
which brain structures subserve the varied aspects of behavior
knowable through the use of DMTS procedures.
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