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Alzheimer’s disease (AD) is reported to affect at least
19% of individuals75–84 years old, and 47% of individuals
over the age of 84 (Alzheimer’s Association, 1996). Given
the severe nature of the disease, the burden placed on care-
givers, and the financial demands of the care of AD pa-
tients, there is growing interest in developing agents that
not only reverse the cognitivedeficits associated with AD,
but also slow AD’s progression. To date, however, there is
only limited information about the aetiology and patho-
genesis of AD (for a review, see Small, 1998), and this per-
haps explains why only two drugs have been approved for
the treatment of it.

AD can be definitely diagnosed only by means of histo-
pathological examination of brain tissue following a pa-
tient’s death (Small, 1998). In the early stages of the dis-
ease, impairment in short-term memory is apparent.As the
disease progresses, patients are unable to perform many
basic activities needed for everyday living. They may show
decreased knowledge of current and recent events, im-
paired concentration, and decreased ability to travel, han-
dle finances, or perform complex tasks. Pathologically, the
classical hallmarks of AD includeneuritic plaques, neuro-
fibrillary tangles, and significant neuronal loss in the basal
forebrain area (Bowen & Davison, 1986). Various neuro-
transmitter systems may be affected, including the nora-
drenergic and serotonergic systems, but the involvement
of the cholinergic system in AD has received the most at-
tention. This is not surprising, given the marked impair-
ment in memory performance following cholinergic sys-
tem dysfunction.Over the last two decades, the hypothesis
that the cholinergic system is the major neurotransmitter

system involved in memory and learning has gained gen-
eral acceptance (Bartus, 1978; Blokland, 1996; Everitt &
Robbins,1997). The evidence reviewed here reinforces the
suggestion that AD is related to cholinergic system dys-
function.

A recent comprehensive review by McDonald and Over-
mier (1998) describes a wide range of “animal models”
for AD. Such models examine the effects of drugs such as
scopolamine, of lesions (to the basal nucleus, medial sep-
tal area, fimbra/fornix, and hippocampus), and of beta-
amyloid administration, on performance in various de-
layed conditional-discrimination tasks in which subjects
must rely on memory. The rationale for the “animal mod-
els” is that the effects of the drugs and lesions on task per-
formance should resemble the deficits seen in AD pa-
tients. McDonald and Overmier suggest that for patients in
the early stages of AD, the deficit is manifest primarily as
an increase in the rate of forgetting, whereas for patients
in the late stages of the disease, the deficit is attentional in
nature, and that deficits in encoding ability may be related
to poor cognitive function. Below we question the evi-
dence for this distinction,and suggest that the overall per-
formance deficit shown by AD patients (at any stage) is
best characterized as an encoding deficit, with little effect
on rate of forgetting.

In the present brief review, we examine performance in
the delayed matching-to-sample task, which includes a
delay or retention interval between learning and remem-
bering. As McDonald and Overmier (1998) suggest, tasks
that include variation of the retention interval allow dif-
ferentiation of the performance of AD patients from that
of patients with other disorders, and, more importantly
from our point of view, allow differentiationof the encod-
ing and memorial componentsof performance. McDonald
and Overmier emphasize the importanceof distinguishing
delay-dependent from delay-independent effects in de-
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layed conditional discrimination tasks and review evi-
dence from animal models of AD in terms of that distinc-
tion. Here we emphasize the same distinction, but in ad-
dition show how a higherorder analysisyields quantitative
measures of theattentionalor encoding(delay-independent)
versus memorial (delay-dependent) components of per-
formance. First, we briefly describe the background to the
cholinergichypothesisand discuss the preclinical signs of
AD as manifested in memory performance. Second, we
describe the delayed matching-to-sample task and how
higherorder performance measures may be derived.Third,
we show that the performance of AD patients in this pro-
cedure is best described in terms of an encoding deficit.
Fourth, we review the results of previous studies, in which
the delayed matching-to-sample performance of various
species is influenced by drugs related to the cholinergic
system in ways that resemble the deficits shown by AD
patients.

The Cholinergic Hypothesis
The cholinergicsystem. The cholinergicsystem ismade

up of neurons that release the neurotransmitter acetyl-
choline (ACh). ACh receptors are found throughout the
central nervous system and in high concentrations in the
cerebral cortex, thalamus, and various nuclei in the basal
forebrain. There are two main types of ACh receptors,
muscarinic and nicotinic, so called because of their abil-
ity to bind muscarine and nicotine respectively.Five types
of muscarinic receptors have been cloned to date, labeled
M1–M5. The M1 receptor is found in abundance in the
brain and has been associated with memory function be-
cause of the marked impairments in performance exhib-
ited by laboratory animals when action at this receptor site
is inhibited (Mash, Flynn, & Potter, 1985; Perry, 1986;
Whitehouse, 1986).

There are two principle components of the cholinergic
hypothesis(Bartus, Dean, Beer, & Lippa,1982) . First, fore-
brain cholinergic systems are vital for a variety of cogni-
tive processes. Second, learning and memory deficits as-
sociated with aging may, in part, be attributed to a decline
in performance of these forebrain cholinergic systems
(Dunnett & Fibiger, 1993). Earlier studies have shown that
disruption to cholinergic function produced memory
deficits which paralleled those seen in aged humans (Bar-
tus, 1978; Drachman & Leavitt, 1974).

Alzheimer’s disease and brain function. The cholin-
ergic hypothesis was later extended to include AD be-
cause of the declineof basal forebrain cholinergicneurons
in the brains of AD sufferers (Coyle, Price, & DeLong,
1983). Postmortem results show decreased cholineacetyl-
transferase (ChAT) activity in the cerebral cortex and hip-
pocampus of AD patients (Bartus et al., 1982; Volger,
1991). Further, the amount of ChAT decline has a reliable
association with the severity of cognitive deficits seen in
AD patients (Perry et al., 1978; Volger, 1991).

Pathological evidence from postmortem studies in AD
patients suggests that the entorhinal cortex is one of the

early sites of degeneration (Braak & Braak, 1991, 1995;
Mufsson et al., 1999). The entorhinal cortex connects the
hippocampal formation with the neocortex, allowing the
transfer of multimodal sensory information to the neo-
cortex. Although hippocampal degeneration is seen in
AD, it is now believed that the entorhinal cortex is one of
the sites first affected by the onset of AD. Magnetic reso-
nance imaging (MRI) protocols also suggest that the ento-
rhinal cortex is damaged early on in the course of AD. For
example, de Toledo-Morrell, Goncharova, Dickerson,
Wilson, and Bennett (2000) used quantitative structural
MRI protocols to examine the effects of age on changes in
entorhinal cortex volume. They compared entorhinal cor-
tex and hippocampal volume in healthy elderly controls,
patientswith very mild AD, and elderly patientswho were
evaluated for cognitive complaints but did not meet crite-
ria for dementia.The volumesof bothentorhinalcortex and
hippocampus in very mild AD and elderly patients with
cognitive complaints were significantly less than in the
control group. There was significantly more atrophy of
the hippocampus in patients with mild AD. Interestingly,
follow-ups of the elderly patients with cognitive com-
plaints revealed that 12 of the 23 patients had developed
AD and showed a further reduction in entorhinal volume.

Corkin (1998) used MRI scans to measure hippocam-
pal volumes while subjects were performing a picture en-
coding and recognition task. Corkin was able to detect
changes in the brain during the encoding and retrieval
stages of the task in three groups of subjects: young nor-
mal subjects, older normal subjects, and subjects with AD.
When all subjects performed a correct response, two
changes were identified. First, the hippocampuswas acti-
vated during the encoding of the picture, and second, the
frontal lobe was activated during the recognition phase.
Advanced age in the older normal and AD groups was as-
sociated with diminished activation in the hippocampus,
consistent with the possibility of an impairment in their
ability to encode information in comparison with their
younger counterparts.

Preclinical diagnosis of AD. Recent reports have in-
dicated the possibilityof discriminatingbetween presymp-
tomatic AD and nondementedelderly patientson the basis
of cognitiveperformance. Bäckman,Small, and Fratiglioni
(2001) claimed that there is a long preclinical period (up
to 6 years before diagnosis) during which episodic mem-
ory deficits are detectable. They reported an impairment
in free recall and recognition performance in a group di-
agnosed as AD 6 years later, in comparison with normal
aged matched controls. When these groups were retested
3 years after the first test, no further deterioration in recall
or recognition was evident. Similarly, Chen et al. (2000)
reported that delayed recall tests best discriminated be-
tween patients who would develop AD 1.5 years later and
those who would remain nondemented.

These f indings are important for two reasons. First,
they indicate that early detection of AD is possible, al-
lowing prevention and early intervention. Second, they
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show that the neurological changes present in the clinical
diagnosis of AD (e.g., amyloid plaques and neurofibril-
lary tangles) accumulateat a relatively slow rate. They also
support suggestions that early stages of the disease in-
volve changes to the hippocampal and medial temporal
lobe structures. This raises the question of the similarity
between AD and medial temporal lobe amnesia.

Temporal lobe amnesia. Medial temporal lobe amne-
sia results from bilateral damage to the hippocampus and
adjacentstructures—in particular, the entorhinal,perirhinal,
and parahippocampal cortex (Squire & Zola-Morgan,
1991). The most studied patient with medial temporal
lobe amnesia is H.M. Although initial studies suggested
that the main deficit seen in H.M. was an abnormally fast
rate of memory decay, it is now believed that that finding
may have been an artifact of the procedure used to test
memory performance (McKee & Squire, 1992). The ear-
lier studies (Huppert & Piercy, 1978, 1979) had required
H.M. to make a forced-choiceyes/no recognition response
for pictures shown during the sample phase. Whereas re-
tention was normal for a short 10-min retention interval,
H.M. performed more poorly than normal subjects on the
longerretentionintervalsof 1 and 7 days. Freed, Corkin, and
Cohen (1987) used a procedure very similar to that used
by Huppert and Piercy. But by allowing H.M. to see old
and new items side by side, H.M. performed normally at
1 and 7 days. Further, Freed and Corkin (1988) found that
H.M. could retain visual information at a level similar to
that of a normal subject, for up to 6 months. McKee and
Squire (1992) have also found that amnesic subjects with
temporal lobe damage can perform similarly to normal
subjects on memory tasks with delays of about 30 h.

In the studies above, amnesic patients were given con-
siderably more time to study each item to be remembered,
ranging from 8 to 20 sec per item, whereas the normal
subjects were given 1 sec. That is, more time was needed
for amnesic subjects to encode information. The perfor-
mance of amnesic subjects on memory tasks seems to
mimic the performance of patients in the early stages of
AD. The behavioral and functional similarities between
AD and amnesia are consistent with the involvement of
the entorhinal cortex and hippocampus in the encoding
process (de Toledo-Morrell et al., 2000).

Delayed Matching to Sample
Of the different behavioral procedures that have been

employed to investigate cognitivedeficits associated with
cholinergic system dysfunction, one procedure that has
beenvery popular is delayedmatching-to-sample(DMTS).
First, it allows direct comparison of different techniques
used for manipulating cholinergic function, and compari-
son of the behavioral effects of these manipulationsacross
species, including humans. Second, the data generate for-
getting functions that can be described very well by neg-
ative exponential equations (White, 1985, 2001) or other
negatively accelerated functions (White & Harper, 1996;
Wixted& Ebbesen,1991).The advantageof such equations

is that the two parameters provide higher order indices of
remembering. Thus, factors that affect the encoding of in-
formation, such as attentionor perception,can be assessed
independentlyof changes that affect the retrieval of infor-
mation. This will be discussed more fully below.

The DMTS procedure is a type of discrete-trials condi-
tional discrimination (White & Alsop, 1993). It involves
the presentation of a sample stimulus on each trial (e.g., a
red or a green hue) which is withdrawn after a fixed num-
ber of observing responses or after a fixed time. The off-
set of the sample stimulus is immediately followed by a re-
tention interval with a duration typically varying between
0 and 30 sec. When animals are used as subjects, there is
no opportunityto respond during the retention interval.At
the completion of the retention interval, the choice stim-
uli (e.g., red and green) are presented and the subject is re-
warded for correctly choosing the stimulus presented dur-
ing the sample phase. There are several variations of the
standardDMTS procedure,includingdelayednonmatching-
to-sample, where the correct choice is the stimulus that
does not match the sample; delayed symbolic matching-
to-sample, where the sample and choice stimuli are not
identical; and delayed matching-to-position, where the
sample stimuli are locations.

Procedures in which the four or five retention interval
durations are varied within a session have several advan-
tages over procedures in which the retention interval is held
constant (White & Bunnell-McKenzie, 1985). First, the
short intervals help to maintain attention to the task and
minimize response bias. Second, when a major indepen-
dent variable other than retention interval duration is in-
troduced (e.g., the administrationof drugs), there are none
of the order effects that would otherwise occur when dif-
ferent retention intervals were varied over conditions.
Third, the data can be plotted as a forgetting function that
is amenable to a quantitative analysis.

The typical measure of performance in DMTS is the
proportion of correct matching responses at each reten-
tion interval. When proportion correct is plotted against
retention interval duration, the negatively accelerated
curve describes a forgetting function. Although propor-
tion correct is easily interpreted and is traditionally used,
it has two problems. The first is that it is confounded with
response bias and therefore does not provide a true mea-
sure of memorability (McCarthy & White, 1987). The sec-
ond is that it is bounded at chance (.5 in a two-choice ex-
periment) and 1.0. That is, if performance is high overall,
a general ceilingeffect will mask the possible influenceof
an independent variable (such as drug administration).
Similarly, inaccurate performangce near chance level will
be insensitive to the influence of an independentvariable.
In effect, these ceilingand floor effects are the result of the
unequal-interval scale for proportion correct. These ef-
fects are precluded by a ratio-based measure of discrim-
inability that varies on an equal-intervalscale, assuming a
linear relation between the discriminability measure and
the underlying theoretical process (Loftus, 1978). One fa-
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miliar measure is discriminability, d9, derived from signal
detectiontheory. Anothermeasure of discriminabilityis ln a,
from choice theory (Luce, 1963) or log d of behavioralde-
tection theory (Davison & Tustin, 1978). These measures
are the same, except for the base for the logarithm(natural
vs. base 10). They are linearly related to d9. The discrim-
inability measures assume that true memorability is as-
sessed independentlyof response bias.

The decrement in performance with increasingretention-
interval duration is clearer for discriminability measures,
owing to the absence of ceiling and floor effects. The mea-
sure from choice theory or behavioral detection theory is
easily calculated (Macmillan& Creelman, 1991). For cor-
rect and error responses following Sample 1 (c1 and e1 )
and for correct and error responses following Sample 2
(c2 and e2), discriminability is

log d 5 0.5 log[(c1/ e1)(c2/e2)].

If at least four retention intervals are used, it is possible to
fit a function to the data by using a nonlinear least squares
method. White (1985) found that a simple negative expo-
nential function, y 5 a × exp(2b ? t ), provides a satisfac-
tory fit to a wide range of data from DMTS procedures.
Forgetting functions from this and other procedures tend
to be better fit by the power function or an exponential
function with time scaled as Ït (White, 2001; White &
Harper, 1996; Wixted & Ebbesen, 1991). The function fit-
ted to data reanalyzed in the present paper is y 5 a ?
exp(2b ? Ït), which is among the best-fitting functions
for a wide range of data (Rubin & Wenzel, 1996).

The y-intercept, a, describes performance in the ab-
sence of a memory requirement and can be defined as ini-
tial discriminability. The parameter b describes the rate of
decrement in matching accuracy or discriminability with
increasing retention interval duration and can be defined
as rate of forgetting. Figure 1 illustrates how forgetting
functions can differ in their intercept or initial discrim-
inability, or in their rate of forgetting. Because forgetting
functions vary over a wide range of procedures, in both
the overall level of performance and the way that perfor-
mance changes with increasing retention interval duration
(White, 1985), it is useful to summarize the whole func-
tion in terms of the parameters of a fitted function, espe-
cially when one is attempting to determine the effects of
drugs on overall performance.

Most importantly, the slope parameter of the f itted
function allows comparison of different rates of forget-
ting. In many cases, differences in rates of forgetting are
evaluated in terms of interactions between condition and
delay in analysis of variance. This treatment is associated
with a number of problems (Loftus, 1978, 1985), one of
which concerns the nature of the scale that is used. The
best method is to compare the slope parameter of fitted
functions (White, 1985; Wixted, 1990), especially when
performance measures vary on scales that are theoreti-
cally equal-interval, such as d9 or log d.

When the exponential function is fitted to data from
DMTS procedures in which the various independentvari-
ables described above have been manipulated, values for
the parameters of the fitted functions vary systematically
(White, 1991, 2001). Generally, changes in a are associ-
ated with encoding operations and are influenced by fac-
tors expected to alter attention to the sample stimulus
(White, 1985).For example, in delayedmatching-to-sample
in humans, increasing the sample set size decreases initial
discriminability, a, without affecting rate of forgetting
(Adamson, Foster, & McEwan, 2000). Increasing the
number of observing responses to the sample in pigeons
increases initial discriminability without affecting rate of
forgetting (White, 1985). Rate of forgetting, described by
parameter b, is influencedby factors expected to be related
to retrieval. For example, if the conditions for retrieval are
rendered more difficult, such as the introduction of retro-
active interference, the rate of forgetting increases (Harper
& White, 1997). Similarly, proactive interference from
having to remember a different item on the prior trial re-
sults in an increase in the rate of forgetting on the current
trial (Edhouse & White, 1988). Because the memorial as-
pects of the task are associated with rate of forgetting, it is
of interest to ask whether the parameter b changes with
drugs that are meant to influence memory systems.

DMTS Performance of AD Patients
Money, Kirk, and McNaughton (1992) compared pa-

tients clinically diagnosed with AD with a group of age-
matched control subjects in a DMTS procedure. With de-
lays ranging from 0 to 32 sec, participants were required

Figure 1. Negative exponential forgetting functions with time
scaled as Ït which differ in rate of forgetting (slope, parameter b)
but not initial discriminability (intercept, parameter a), or initial
discriminability but not rate of forgetting.
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to match circle diameter sizes presented during the sam-
ple phase. AD patients performed less accurately overall
than the age-matchedcontrol subjects.When we fitted ex-
ponential functions with time scaled as Ït to their data,
the intercept parameter a was lower for the AD patients

than for the controls, whereas there was no difference in
the value of the b parameter. That is, encoding processes
were impaired in the AD patients, but not rate of forget-
ting. Money et al. arrived at the same conclusion on the
basis of fitting simple exponential functions to their data,
taking into account the longer response latencies of the
AD patients. Figure 2 shows the results of our reanalysis,
along with the reanalysis of results reported by Sahgal
et al. (1992) and Kopelman (1985). All three studies show
a similar pattern, with the forgetting functions for AD pa-
tients having lower initial discriminability than those for
controls, but with no differences in the rate of forgetting.

Sahgal et al. (1992) compared the matching ability of
patients diagnosedwith senile dementia of the Alzheimer’s
type and senile dementia of the Lewy Body type (SDLT)
and that of age-matched control subjects in computer-
generated simultaneousmatching-to-sample (SMTS) and
DMTS procedures. They found that both senile dementia
groups performed significantly less accurately in the
DMTS task than did the control subjects. Similarly, both
dementia groupswere significantlyless accurate in SMTS,
althoughsubjects suffering from SDLT performed less ac-
curately than AD patients. Because performance was low
overall, even at the shortest retention interval of 0 sec, and
also in SMTS, the authors suggested that encoding mech-
anisms were affected. In this and in other studies de-
scribed below where proportion correct was used as the
dependent measure, we reanalyzed the data, by trans-
forming proportion correct ( p) to logit ( p) 5 log(p/1 2
p) in order to plot the data on a scale that has properties
similar to those of the scale for d9 and log d. When there
is no response bias, a safe assumption for group data, logit
p 5 log d, the discriminability measure used in our own
studies. When we fitted negativeexponentialfunctions for
Ït to the logit p transforms of the data reported by Sah-
gal et al., we confirmed that the performance of the SDLT
and AD groups was characterized by a reduction in initial
discriminability (a), without a change in the rate of for-
getting (b).

Kopelman (1985) compared the ability of subjects di-
agnosed with AD and that of age-matched control sub-
jects in a procedure in which subjects recalled words after
delays ranging from 0 to 20 sec. AD patients performed
less accurately than control subjects at all delays. Re-
analysis of their data was not straightforward, however,
becausea discriminabilitymeasure could not be calculated
and the control subjectswere at ceilingat zero delay. In their
second experiment, Kopelman used Huppert and Piercy’s
(1978, 1979) picture recognition task and reported d9 dis-
criminabilitymeasures. When we reanalyzed their data by
fitting negative exponential functions with time scaled as
Ït to the data points, an encoding deficit was evident, as
is shown by a reduction in the initial discriminability pa-
rameter (Figure 2). Kopelman concludedthat the deficit in
AD patients is “primarily an acquisition or learning
deficit, [and that] once information is learned to a crite-
rion, it is forgotten at a normal rate” (p. 635).

Figure 2. Forgetting functions from delayed matching-to-sample
procedures for control subjects and AD patients from three stud-
ies. Best-fitting functions for y 5 a exp(2b Ït) and their para-
meter values (a, b) are shown. In most cases, the best-fitting func-
tions accounted for about 99% of the variance in the data.
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The studiesabove includedAD patients in the later stages
of the disease. McDonald and Overmier (1998) have also
concluded that “Alzheimer patients in the more advanced
stages of the disease . . . show equal impairments at all de-
lays [of a delayedconditionaldiscrimination task], i.e., the
slope is equal to that of controls, but the y-intercept drops
considerably. This situation may be indicative of a per-
ceptual, encoding, or attentional deficit” (p. 105). Mc-
Donald and Overmier, however, concluded that patients in
the early stages of AD show faster rates of forgetting rel-
ative to controls.

We were unable to confirm the latter conclusion on the
basis of the studies that were said to support it. For exam-
ple, in the studies by Flicker and others with patients in
early stages of AD (Flicker, Ferris, Kalkstein, & Serby,
1994; Flicker, Ferris, & Reisberg, 1991), there was not al-
ways an appropriate control group and delays were not
varied in such a way as to distinguish between initial dis-
criminabilityand rate of forgetting.The results of one study
appear to allow the appropriate analyses (Sahakian et al.,
1988). This study included a DMTS test with early-stage
AD patients and controls.Our reanalysis of the proportion
correct data presented in their Figure 3 gave initial dis-
criminabilityvalues of .63 and .96 for the AD patients and
controls, respectively, and rates of forgetting of 0.18 and
0.01. The initial discriminability value was clearly lower
for the AD patients, but the difference in rate of forgetting
is difficult to interpret because the retention intervals em-
ployed (ranging from 0 to 16 sec) were confounded with
the order of their presentation in the test. A further prob-
lem was that the variance in the data, especially for the
control group, was sufficiently large that the rate of for-
getting would not be significantly different from the rate
of forgetting for the SDLT patients.When we transformed
percent correct to logit p to produce an equal-interval
scale, the large variance in the control group precluded
satisfactory f its of the exponential function. The only
clear conclusion that can be drawn from the study by Sa-
hakian et al., therefore, is that AD patients in the early
stages of the disease show a deficit in encoding processes
in the same way that patients in the later stages do. Evi-
dence for differences in rate of forgetting is equivocal.

One further study that claimed an increased rate of for-
getting in early-stage AD patients was reported by Hart,
Kwentus, Harkins, and Taylor (1988). Several procedural
problems, however, compromise the conclusion from this
study. As it happens,AD patients and controls showed the
same rate of forgetting from 10 min to 2 h in a picture
recognitiontest. At the third interval studied, 48 h, the AD
patients improved their performance and the controls
worsened. The recognition tests, however, were repeti-
tions, and additionally, the AD patients clearly had diffi-
culty learning the material at the outset.

Recognition versus recall. The DMTS procedure is a
recognitionprocedure, in that the comparison that matches
the sample stimulus is chosen at the time of retrieval. Sev-
eral studies indicate that, at least for amnesics, there is no
difference in the rate of forgetting relative to that of con-
trols for both recognition and recall procedures. Perhaps

the most convincing evidence was reported by Haist, Shi-
mamura, and Squire (1992). Haist et al. tested amnesic pa-
tients at retention intervals ranging from 15 sec to 1 day
for recall and 15 sec to 2 weeks for recognition. Control
subjects were tested at retention intervals ranging from
15 sec to 8 weeks for both recall and recognition. When
the forgetting functions for recall and recognition were
plotted on axes that allowed them to overlap, the data
clearly showed no difference in rate of forgetting for both
recall and recognition.

More recently, Isaac and Mayes (1999) claimed that
rate of forgetting is greater for amnesic patients than for
controls when these subjects are tested for recall of se-
mantically organized word lists. In contrast, rate of for-
getting for free recall of unrelated words, and for recogni-
tion, did not differ for amnesics and controls. Their result
for recall of organized lists depended on the significant
interaction resulting from the reduction in recall scores
from 20-sec to 3-min retention intervals of 6.6 to 2.8 items
for amnesics, in comparison with the increase from 8.9
items to 9.5 items for controls. A major difficulty of inter-
pretation of this interaction concerns the issue of scaling,
raised by Loftus (1978). Specifically, control performance
was at a high level overall, allowing little opportunity for
retention-interval duration to influence performance.
Isaac and Mayes dealt with this problem in their second
experiment by arranging similar performance levels for
amnesics and controls. For recall of organized lists, recall
scores at 20-sec and 3-min retention intervalswere 6.9 and
2.3 for amnesics, and 6.0 and 4.2 for controls. A “close to
significance”interactionof group, delay, and condition(in-
cluding unrelated word lists) justified a two-way analysis
of variance on the data for organized lists. This showed a
significant group 3 delay interaction, thus providing evi-
dence for the possibility of faster rate of forgetting of se-
mantically organized lists in amnesics. For all other cued-
recall and recognition conditions reported by Isaac and
Mayes, there was no evidence for differences in rate of
forgetting for amnesics versus controls. It is therefore dif-
ficult to concludewith any confidence that amnesicsmight
show greater rate of forgetting than controls on recall but
not on recognition tasks. A further difficulty is that Isaac
and Mayes used only two retention intervals (unlike the
research of Squire and his colleagues, where many in-
tervals are studied). As emphasized by Wixted (1990),
the appropriate way of estimating rate of forgetting is
not through interactionswith delay in analysis of variance,
but from the rate parameter of fitted functions. With only
two retention intervals, fitting functions is precluded. Be-
fore it can be concluded with any confidence that am-
nesics show a greater rate of forgetting in their recall of se-
mantically related word lists, the study by Isaac and
Mayes should be replicated with a wide range of retention
intervals.

Cholinergic System Function and DMTS
The present selective review summarizes some of the

studies using the DMTS procedure to examine the effects
of drugs that are presumed to inhibit or enhance choliner-
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gic function. We include studies in which the retention in-
terval was varied over several values, thus allowing a
quantitativeanalysis.Table 1 lists studies that examined the
effects of cholinergicantagonists,each of which is assumed
to affect the action of a particular receptor, and Table 2
lists studies that examined the effects of cholinergic ago-
nists. The main species used in the various studies in-
cludedpigeons, rats, and monkeys. If DMTS performance
is to be influenced by drug administrationin a way that re-
sembles the performance impairment shown by AD pa-
tients, we would expect to see changes in initial discrim-
inability but not rate of forgetting. For the reanalyses
reported below, the equation y 5 a ? exp(2b ? Ït) was fit-
ted to discriminabilitymeasures or to the logit transforms
of the percent correct measures reported in the original pa-
pers in order to achieve equal interval scales. In most cases,
variance accounted for by the best-fitting function was
better than 90%. Becauseof the large number of conditions
reported, parameter values are not given in Tables 1 and 2,
but the pattern of results was very similar across all stud-
ies. Figure 3 shows examples in which the frequently used
cholinergic antagonist scopolamine reduces initial dis-
criminability without affecting rate of forgetting, as well
as examples in which cholinergicagonists reversed the ef-
fect of scopolamine by increasing initial discriminability.

Pigeons. The cholinergic system in the pigeon brain
appears to be similar to that in mammals (Medina &

Reiner, 1994). Teal and Evans (1982) investigated the ef-
fects of three doses of scopolamine (0.01–0.1 mg/kg) on
matchingperformance in pigeons.Scopolamine produced
a dose-related decrease in performance. Our reanalysis
(White, Ruske, & Colombo,1996) showed that this deficit
was due to a decrease in the encoding component of per-
formance. A similar effect on pigeons’ performance fol-
lowing scopolamine administration observed by Ruske,
Fisher, and White (1997) is replotted in the left middle
panel of Figure 3 (also see Ruske & White, 1999). Fig-
ure 3 shows a marked decrease in discriminability(log d )
following the administration of 0.03 mg/kg of scopo-
lamine. The parameter values of the fitted exponential
functionsdemonstrated that this change occurred in initial
discriminability and not in rate of forgetting. In the same
study (Ruske et al., 1997), we administered AF150(s), a
novel agonist that has been shown to affect the action of
the M1 muscarinic receptor in the cholinergicsystem. Fig-
ure 3 shows the results of administration of 4 mg/kg
AF150(s) with continued administration of scopolamine.
The agonist partially reversed the encoding deficit asso-
ciated with scopolamine administration. Again, this
change was reflected in an increase in initial discrim-
inability of the forgetting functions, without any signifi-
cant change in rate of forgetting.

Parkes and White (2000) reported the same reduction in
initial discriminability with scopolamine administration

Table 1
Summary of Studies Using DMTS Procedures That Show Deficits

in Initial Discriminability Following Cholinergic System Dysfunction

Author Species Manipulation

Bartus (1978) Monkeys Scopolamine
Bartus & Johnson (1976) Monkeys Scopolamine
Dawson & Iversen (1993) Rats Scopolamine
Dunnett (1985) Rats Scopolamine
Dunnett, Rogers, & Jones (1989) Rats IBO lesions
Kirk, White, & McNaughton (1988) Rats Scopolamine
Kopelman (1985) Humans AD patients
Miyamoto et al. (1996) Rats Scopolamine
Money, Kirk, & McNaughton (1992) Humans AD patients
Penetar & McDonough (1983) Monkeys Atropine
Robinson, Wenk, Wiley, Lappi, & Crawley (1996) Rats SAP-192, IBO lesions
Ruske, Fisher, & White (1997) Pigeons Scopolamine
Ruske & White (1999) Pigeons Scopolamine
Safer & Allen (1971) Humans Scopolamine
Sahgal et al. (1992) Humans AD patients
Savage & Parsons (1997) Rats Scopolamine
Teal & Evans (1982) Pigeons Scopolamine

Table 2
Summary of Studies Using DMTS Procedures

That Showed Improvements in Initial Discriminability
Following the Administration of Procholinergic Agents

Author Species Drug Name Receptor Type

Dawson et al. (1991) Rats Physostigmine ACh Inhibitor
Dawson & Iversen (1993) Rats Eptastigmine ACh Inhibitor
Dawson & Iversen (1993) Rats E2020 ACh Inhibitor
Dunnett (1985) Rats Physostigmine ACh Inhibitor
Miyamoto et al. (1996) Rats TAK-147 ACh Inhibitor
Ruske, Fisher, & White (1997) Pigeons AF150(s) M1 agonist
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Figure 3. Forgetting functions for monkeys (top left), pigeons (top right and middle) and rats (bot-
tom) in delayed matching-to-sample procedures. In each study, administration of the cholinergic an-
tagonist scopolamine produced a reduction in the intercept a of the best-fitting negative exponential
function. In the studies by Ruske, Fisher, and White (1997) and by Dawson and Iversen (1993), the
cholinergic agonists (acting on the muscarinic receptors) AF150(s) and L-687, 306 in part reversed the
scopolamine deficit by increasing initial discriminability (a).
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for DMTS performance in pigeons as that shown in the
previous studies. Parkes and White demonstrated that the
scopolamine-induced deficit could be reversed by admin-
istration of glucose, which facilitates release of acetyl-
choline. A novel aspect of their study was the glucose-
induced reversal of a performance deficit in initial dis-
criminability, created by reducing the observing-response
requirement to the sample. This manipulation validated
the claim that initial discriminability reflects the encod-
ing component of memory performance (White, 1985).

Rats. Dunnett (1985) administered four dose levels of
scopolamine to rats performing a delayed matching-to-
position task. The dose-related decrease in matchingaccu-
racy was obvious at short retention intervals. Similar en-
codingdeficits were also observed following ibotenicacid
(IBO) lesions of the nucleus basalis. Physostigmine, an
AChE inhibitor, significantly improved performance at all
delays. Our reanalysis of their data showed that the physo-
stigmine improvement was reflected in an increase in ini-
tial discriminability. Kirk, White, and McNaughton(1988)
administered five dose levels of scopolamine (ranging
from 0.005 to 0.375 mg/kg) to rats performing a delayed
conditionaldiscrimination task. They reported significant
changes in initial discriminabilityparameters of the fitted
exponential functions, suggesting attentional or encoding
deficits, without significant changes in rate of forgetting.

Dawson and Iversen (1993) compared the ability of five
procholinergic drugs (L-689, 660; AF102B; L-687, 306;
E2020; and eptastigmine)to reverse scopolamine-induced
deficits in rats under a variety of different behavioral pro-
cedures, including delayed matching-to-position. Consis-
tent with earlier research, scopolamine significantly re-
duced accuracy across all retention intervals. By fitting
the simple exponential equation to logit p transformations
of their data, we confirmed an encoding deficit. Interest-
ingly, only the two AChE inhibitors (E2020 and eptastig-
mine) were capable of partially reversing the scopolamine-
induced deficit, an improvement that appeared to be due
to an increase in the encoding componentof performance.
Figure 3 (left bottom panel) shows the results of adding
the muscarinic agonist L-687, 306 to scopolamine (Daw-
son & Iverson, 1993). As for the result of addingAF150(s)
to scopolamine (Figure 3, left middle panel), L-687, 306
partly reversed the scopolamine deficit by increasing ini-
tial discriminability.

Robinson, Wenk, Wiley, Lappi, and Crawley (1996)
compared the effects of IBO lesions to the nucleus basalis
and medial septum with the selective cholinergic neuro-
toxin 192IgG-Saporin (192-SAP) in rats. They reported
delay-independent changes in delayed nonmatching-to-
position following both 192-SAP administrationand IBO
lesions. Our reanalysis showed a reduction in initial dis-
criminability following both lesion types.

Miyamoto et al. (1996) compared the ability of two
AChE inhibitors,TAK-147 and tacrine, to reverse DMTP
deficits in rats following scopolamine administration.
They noted that the primary symptom associated with

scopolamine administration was an attentional deficit.
Our reanalysis confirmed this. They found that TAK-147
was capable of partially ameliorating the deficit associ-
ated with scopolamineadministration,but were not able to
detect any improvement in performance following tacrine
administration.Our reanalysis showed that improved per-
formance was due to an increase in initial discriminabil-
ity, with no apparent change in rate of forgetting.

More recently, Savage and Parsons (1997) compared
the effects of scopolamine and the NMDA receptor an-
tagonist MK-801 on delayed matching-to-position in rats.
Despite claims of delay-dependent changes following the
administration of both of these drugs, impaired perfor-
mance across all delays was evident, particularly at the
0.5-mg/kg dose level of scopolamine. Our reanalysis
again showed a change in initial discriminability but not
rate of forgetting, indicative of an effect on the encoding
component of performance.

Monkeys. The results of some of the earlier studies of
scopolamine administration in monkeys were interpreted
as memorial effects. However, our reanalyses challenge
this claim. For example, Bartus (1978) administered dose
levels of scopolamine ranging from 0.015 to 0.02 mg/kg
to monkeys in a computerized DMTS procedure. Even at
the short retention interval of 0 sec, there was some evi-
dence of impaired matching accuracy. Consistent with
other studies, our reanalysis suggested that initial dis-
criminability and not rate of forgetting was affected by
scopolamine administration (Figure 3, left top panel). In-
terestingly, low dose levels had been selected to avoid the
more general, nonmnemoniceffects thought to occur with
higher dose levels. But even very low doses of scopo-
lamine reduce initial discriminability without affecting
rate of forgetting (Kirk et al., 1988).

Bartus and Johnson (1976) tested the effects of two
dose levels of scopolamine (0.015 and 0.03 mg/kg) in
monkeys in a DMTS task. In comparison with controls,
all 3 monkeys performed poorly at all retention intervals
(ranging from 0 to 10 sec). Despite suggestions that the
impairment in performance was most likelydue to memory-
related deficits, our reanalysis suggests that an encoding
deficit was apparent. Interestingly, 2 of the 3 monkeys
performed below 100% in a simultaneous matching-to-
sample procedure, where the sample stimulus remained
on during the choice phase. This perhaps also suggests
that the monkeys’ ability to attend to or encode the infor-
mation was somewhat impaired by scopolamine.

Penetar and McDonough (1983) administered two anti-
cholinergic agents, atropine and benactyzine, as well as
the AChE inhibitor physostigmine, to monkeys perform-
ing a DMTS task.Consistentwith the other studies reviewed
in this paper, both anticholinergic agents resulted in dis-
rupted accuracy across all retention intervals tested (0–
16 sec). Impaired accuracy was apparent at the 0-sec re-
tention interval at 0.14- and 0.44-mg/kg dose levels of at-
ropine, and 0.182- and 1.82-mg/kg dose levels of benac-
tyzine. The higher order parameters derived from our
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exponential fits to logit p transforms of their data suggest
the occurrence of encoding rather than retrieval deficits.
Physostigmine administered on its own did not signifi-
cantly alter performance at any dose level tested.

Humans. The disruption in the attentionalor encoding
component of memory performance has also been found
in humans when cholinergic function has been impaired
by drug administration. For example, Safer and Allen
(1971) administered scopolamine to young healthy adults
and tested their ability to recall digits over retention inter-
vals ranging from 0 to 20 sec. Our reanalysis revealed that
scopolamine administration markedly decreased initial
discriminability in comparison with baseline control lev-
els. There was no change in rate of forgetting.

Conclusion
The primary advantage in generating a forgetting func-

tion across a range of different retention intervals is that
delay-dependent effects can be distinguished from delay-
independent effects. By fitting a function to the data such
as the negative exponential, one can estimate values for
two parameters. One of them describes the intercept or ini-
tial discriminability; the other, the rate of forgetting. The
two parameters of forgetting functions capture the impor-
tant processes of memory performance: encoding and re-
trieval. Forgetting functions for AD patients indicate that
they differ from those for normal controls in terms of the
initial discriminabilityparameter. For patients in both the
early and late stages of the disease, it therefore seems that
the main contribution to their memory deficit is an im-
pairment in the attentionalor encoding componentof per-
formance.

Several factors may contribute to the level of initial dis-
criminability in working memory procedures. If, for AD
patients, the rules of the task are incompletely learned, the
overall level of performance will be low, reflected in a low
value of initial discriminability. Although AD patients
may have initialdifficulty in learning the task, typicallythey
remember the rules or procedural requirements (McDon-
ald & Overmier, 1998). Instead, their difficulty stems
from aspects of the task that change from trial to trial. Per-
ceptual disparity of the stimuli to be remembered influ-
ences the level of initial discriminability, but this is as-
sumed to be the same for AD patients and controls.
Successful encoding requires attention to the stimuli to be
remembered on a given trial. Although AD patients may
be capable of attendingto the stimuli, occasional lapses of
attentionare sufficient to disrupt encoding and reduce ini-
tial discriminability. The attentional component therefore
seems the most likely candidate to explain the encoding
difficulty experienced by AD patients. This conclusion is
consistent with conclusions from previous research that
the primary symptom associated with AD is due to atten-
tional deficits (Grady et al., 1989; Money et al., 1992;
Parasuraman & Martin, 1994; Scinto et al., 1994). How-
ever, this conclusion requires verification from studies in
which resource allocation is manipulated in the context of

dual-task procedures. Further evidencewould be provided
by systematically manipulating sample-stimulus charac-
teristics such as presentation frequency and duration in
comparisons of AD patients’ performance and normal
performance, and in animal studies of cholinergic drugs
(Parkes & White, 2000).

Our reanalyses clearly indicate that rate of forgetting is
not affected in AD patients in the later stages of the dis-
ease (Figure 2). Previous reviews have suggested that pa-
tients in the early stage of AD show faster rates of forget-
ting than do controls (McDonald & Overmier, 1998). Our
reanalyses of studies said to support this conclusion indi-
cate, however, that there is no convincingevidence for dif-
ferences in rate of forgetting. Apart from problems of ex-
perimental design, prior studies have been limited by
measurement difficulties. First, in order to compare rates
of forgetting, it is important that performance measures
vary on a scale that is theoreticallyequal-interval (Loftus,
1978; Wixted, 1990). Second, rates of forgetting should
be assessed in terms of the rate parameter of a fitted func-
tion instead of the interaction term in analysis of variance
(White, 1985;Wixted, 1990). That is, forgetting functions
with several retention intervals should be generated in
order for one to be able to examine rate of forgetting.

Research with nonhuman animals provides strong evi-
dence that the cholinergic system plays a role in the en-
coding of information (Blokland, 1996; Everitt & Rob-
bins, 1997;Fibiger, 1991). Further, the studies reviewed in
this paper clearly suggest that cholinergic antagonists re-
duce initial discriminability, and that cholinergic agonists
increase it, or at least reverse the effect of an antagonist
such as scopolamine (Parkes & White, 2000). This effect
on attentional or encoding processes is apparent across a
variety of different species, including humans. Encoding
difficulty, as reflected in changes in initial discriminabil-
ity, is also apparent for a variety of different manipula-
tions, including pharmacological blockade, lesions to
basal forebrain structures, and naturally occurring cholin-
ergic degeneration in patients clinically diagnosed with
AD. Further, the same psychological disruption has oc-
curred for a variety of matching-to-sample procedures.

Consistent with conclusions from recent views (Blok-
land, 1996; Everitt & Robbins, 1997), there is compelling
evidence to suggest that at least one of the roles of the
cholinergicsystem is the encodingof information.It is now
becoming more appreciated, however, that the involve-
ment of the cholinergic system in cognitivefunction is not
as simple as was first believed. Other neurotransmitter
systems may interact with the cholinergic system. It is
therefore not surprising that there has been limited success
in the developmentof drugs for the treatment of AD. From
a behavioral perspective, improved experimental design
that allows specific psychological processes to be identi-
fied, and clear interpretationsof the processes affected by
drug administration, may provide greater insight into the
role of different neurotransmitter systems in cognitive
function.
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