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Experimentally  naïve  monkeys  learned  DNMTS  within  60  training  days.
DNMTS  forgetting  functions  were  stable  over  the  6-month  experimental  period.
Increasing  the  intertrial  interval  enhanced  DNMTS  performance.
�9-THC  significantly  disrupted  DNMTS  performance,  whereas  methylphenidate  did  not  alter  DNMTS  performance.
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a  b  s  t  r  a  c  t

Background:  Working  memory  is  a  domain  of  ‘executive  function.’  Delayed  nonmatching-to-sample
(DNMTS) procedures  are  commonly  used  to examine  working  memory  in  both human  laboratory  and
preclinical  studies.
New method:  The  aim  was  to develop  an  automated  DNMTS  procedure  maintained  by food  pellets  in
rhesus  monkeys  using  a touch-sensitive  screen  attached  to  the  housing  chamber.  Specifically,  the  DNMTS
procedure  was  a 2-stimulus,  2-choice  recognition  memory  task  employing  unidimensional  discriminative
stimuli  and  randomized  delay  interval  presentations.
Results:  DNMTS  maintained  a delay-dependent  decrease  in discriminability  that  was  independent  of  the
retention  interval  distribution.  Eliminating  reinforcer  availability  during  a single  delay  session  or  pro-
viding  food  pellets  before  the session  did  not  systematically  alter  accuracy,  but  did  reduce  total  choices.
Increasing  the intertrial  interval  enhanced  accuracy  at short  delays.  Acute  �9-THC  pretreatment  pro-
duced  delay  interval-dependent  changes  in  the forgetting  function  at doses  that  did  not  alter  total  choices.
Acute  methylphenidate  pretreatment  only  decreased  total  choices.
Comparison  with  existing  methods:  All monkeys  were  trained  to perform  NMTS at  the  1 s training  delay
within  60  days  of  initiating  operant  touch  training.  Furthermore,  forgetting  functions  were  reliably  delay

interval-dependent  and  stable  over  the  experimental  period  (∼6 months).
Conclusions:  Consistent  with  previous  studies,  increasing  the  intertrial  interval  improved  DNMTS  perfor-
mance,  whereas  �9-THC  disrupted  DNMTS  performance  independent  of changes  in  total  choices.  Overall,
the  touchscreen-based  DNMTS  procedure  described  provides  an  efficient  method  for  training  and  testing
experimental  manipulations  on working  memory  in  unrestrained  rhesus  monkeys.

©  2015  Elsevier  B.V.  All  rights  reserved.
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1. Introduction
The neuropsychological construct ‘executive function’ has
been broadly defined as self-directed behavior that alters future
consequences (Barkley, 1997; Bickel et al., 2012). The execu-
tive functions consist of a number of related neurobiological
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nd behavioral processes such as working memory, attention,
ehavioral inhibition/impulsivity and behavioral flexibility closely
ssociated with frontal cortical function (Robbins, 1996). Pre-
linical research stems from interest in treating mental health
isorders and diseases that impact working memory (Buccafusco,
008). Some examples include attention deficit hyperactivity dis-
rder (Alderson et al., 2013), schizophrenia (Lett et al., 2014),
nd Alzheimer’s (Jahn, 2013). In particular, drug addiction has
een suggested to impair working memory in humans (Fernández-
errano et al., 2011; Ornstein et al., 2000; Tramullas et al.,
007) and correlates with both treatment outcomes and treat-
ent retention rates in drug-addicted individuals (Aharonovich

t al., 2006). Moreover, drug addiction is associated with functional
nd neuroanatomical changes in brain areas such as dorsolat-
ral prefrontal cortex (Liu et al., 2005, 2009), a region thought
o be critical for accurate performance in working memory pro-
edures, such as delayed nonmatching-to-sample (DNMTS) (Levy
nd Goldman-Rakic, 1999). Overall, pharmacological or behav-
oral approaches that specifically target executive functions such
s working memory may  therefore provide novel treatment
trategies for the development of medications and behavioral
nterventions for drug addiction (Sofuoglu, 2010; Sofuoglu et al.,
013).

Most preclinical procedures for examining the behavioral and
eurobiological mechanisms of working memory utilize a vari-
nt of the delayed matching-to-sample (DMTS) procedure (e.g.,
lough, 1959; for review, see White, 2013). For example, a sub-

ect is required to choose among two comparison stimuli, one of
hich is physically identical to the sample stimulus presented pre-

iously in the trial. When choice of the comparison that matches
he previously presented sample is reinforced, the procedure is
alled (DMTS); whereas, when choice of the other nonmatching
ample is reinforced, the procedure is called DNMTS. In general,
reference for the reinforced comparison decreases monotonically
s a function of the duration of the retention or delay interval
nterposed between the offset of the sample stimulus and presen-
ation of the comparison stimuli (Rubin and Wenzel, 1996; White,
001).

Training of DMTS or DNMTS procedures in nonhuman pri-
ates has been previously reported to take greater than 12
onths (Weed et al., 1999; Gould et al., 2012, 2013). In addi-

ion to these protracted training periods, baseline accuracy has
een shown to increase over time necessitating individual sub-

ect adjustments of both delays and distractors for the DMTS
rocedure to maintain a delay-dependent decrease in perfor-
ance (Weed et al., 1999; Bain et al., 2003; Gould et al., 2013;
slaner et al., 2013; Kromrey et al., 2015). Thus, the aim of the
resent study was to develop an automated DNMTS procedure

n experimentally naïve rhesus monkeys using a touch-sensitive
creen attached to the home cage. DNMTS was  used to facil-
tate comparison to prior studies in rhesus monkeys (Weed
t al., 1999) and because this task engages brain regions exhibit-
ng abnormal functioning in opioid addicted humans (Levy and
oldman-Rakic, 1999; Liu et al., 2005, 2009). We  hypothe-
ized that the use of two unidimensional stimuli (white and
lack boxes) would facilitate DNMTS training and reliably main-
ain a delay-dependent decrement in accuracy. Additionally, the
ffects of environmental manipulations that consisted of either
anipulating the magnitude of the reinforcer (extinction and

refeeding) or manipulating the intertrial interval, and two phar-
acological manipulations, acute �9-tetrahydrocannabinol and
ethylphenidate, were determined to validate the procedure.
hese environmental (Odum et al., 2005; Taffe, 2004) and pharma-
ological (Aigner, 1988; Schulze et al., 1988) manipulations have
een previously examined on DMTS or DNMTS performance in
reclinical studies.
science Methods 251 (2015) 62–71 63

2. Method

2.1. Subjects

Four adult male rhesus monkeys (Macaca mulatta) served as
subjects. All monkeys were experimentally naïve at the begin-
ning of the study. Monkeys weighed 7–10 kg and were maintained
on a diet of fresh fruit and food biscuits (Lab Diet High Protein
Monkey Biscuits No. 5045; PMI  Nutrition, St. Louis, MO)  provided
following daily experimental sessions. Water was continuously
available in the home cage via an automatic watering system. A 12-
h light–dark cycle was  in effect (lights on from 06:00 to 18:00 h).
Animal research and maintenance were conducted according to the
8th edition of the Guide for the Care and Use of Laboratory Animals
as adopted and promulgated by the National Institutes of Health
(National Academies Press, 2011). Animal facilities were licensed
by the United States Department of Agriculture and accredited by
the Association for Assessment and Accreditation of Laboratory
Animal Care. The Institutional Animal Care and Use Committee
approved the research protocol. Monkeys had visual, auditory,
and olfactory contact with other monkeys throughout the study.
Operant procedures and foraging devices were provided for envi-
ronmental manipulation and enrichment. Videos were played daily
in animal housing rooms to provide additional environmental
enrichment.

2.2. Apparatus

Monkeys were housed individually in well-ventilated, stain-
less steel chambers (66 cm × 76 cm × 94 cm)  that also served as
experimental chambers. Each chamber was equipped with a
custom-made, stainless steel screen enclosure (Lafayette Instru-
ment, Lafayette, USA), which was mounted on the front wall of
the chamber to provide access to a 15′′ touch-sensitive screen
(33.6 cm × 26.4 cm Model 1537L; Elo TouchSystems, Menlo Park,
CA). Each chamber was also equipped with a pellet dispenser
(Model ENV-203-1000; Med  Associates, St Albans, VT) mounted on
a shelf above the chamber. All experimental events and data were
collected using custom programming in ABET II Touch software
(Lafayette Instrument, Lafayette, USA) in tandem with a Whisker
server (Cambridge University, UK) controlled the touch-sensitive
apparatus. Touchscreen stimuli were made in Microsoft Power-
Point for Mac  2011 using the hue-saturation-brightness slider.
Sample and comparison stimuli were different shades of gray con-
structed by adjusting the hue and saturation to 0.0 and varying
brightness/intensity. Brightness was  set at 1.8% (black) and 100.0%
(white) throughout the present study.

2.3. Touch response training

Monkeys were first trained to touch the screen at a central loca-
tion under a fixed-ratio (FR) 1 schedule for 1-g banana-flavored
pellets (5TUR, Test Diets, Richmond, IN). Sessions ended after either
80 pellets were earned or 2 h, whichever occurred first. A cus-
tom grid with dimensions of 800 × 600 pixels, divided into 48,
100 × 100 pixel boxes was  used throughout the present study. Dur-
ing the first training phase, the entire screen was signaled active by
a white display and each touch (FR 1) produced a food pellet and
was followed by a 3 s intertrial interval (ITI) in which the screen
was blank (black). Subsequent training phases consisted of progres-
sively decreasing dimensions of the active response location until
reliable responding (≥60 pellets earned per session) within the final

200 × 200 pixel (9.6 cm × 8.8 cm)  dimensions was  established. This
required one intermediate active location size (500 × 500 pixel) and
no more than 10 sessions for any monkey. After the terminal size
of the active location was  established, the fixed-ratio requirement
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Fig. 1. Schematic of the delayed nonmatching-to-sample (DNMTS) procedure. (A)
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Fig. 2. Touch location training and the effects of increasing FR schedule require-
ments on active touch responses in rhesus monkeys (n = 4). Ordinates: (A) total
responses per session. (B) Number of sessions required to achieve ≥ 0.85-proportion
equence of trial events. (B) The 2 × 2 matrix of events in a DNMTS procedure. C1is
he  number of correct or nonmatching comparison choices, E1is the number of error
r  matching comparison choices.

as increased across sessions to a terminal value of FR 10. Finally,
onkeys were given two training sessions in which the active loca-

ion alternated between left, center, and right.

.4. Delayed nonmatching-to-sample (DNMTS)

Each trial (Fig. 1A) began with a black or white sample stimulus
ppearing at the center location of the screen on a red back-
round. Once the sample stimulus was touched 10 times within
5 s of trial onset (15-s limited hold), the sample stimulus was
emoved. Following a delay, comparison stimuli were presented
n the left and right locations. A single touch of a comparison stim-
lus (5-s limited hold) removed all stimuli from the screen. Correct
esponses (touches to the shade that did not match the sample)
esulted in the presentation of a 1-g pellet, followed by a 3-s ITI.
ncorrect responses (touches to the shade that matched the sam-
le) resulted in a 9-s ITI. Sessions consisted of an equal number of
rials in which each sample was presented on 40 trials (80 trials
otal) and the same sample could not be presented on more than
our consecutive trials. In addition, the identity of the sample stim-
lus and the location of the correct, nonmatching comparison (left
r right), were counterbalanced and programmed to occur an equal
umber of times each session.

Initial training consisted of manipulating the delay between
ample offset and comparison onset (i.e., delay interval). DNMTS

erformance was first established under simultaneous nonmatch-

ng conditions where completion of the response requirement on
he sample stimulus produced the comparison stimuli, but did
ot result in the removal of sample stimulus. Next, the delay was
correct criterion. Abscissae: (A) Fixed-ratio schedule requirement (N). (B) Delay to
comparison presentation. Each symbol represents performance of a different mon-
key.

increased to 0.1 s and then 1 s. Each training delay remained in
effect until a monkey three consecutive sessions at ≥0.85 propor-
tion correct. Once a monkey met  terminal DNMTS training criteria,
delay test sessions were conducted.

Training sessions were conducted every day except for Tuesdays
and Fridays, when test sessions were conducted. Both session types
consisted of 80 trials, but differed in the delay between sample off-
set and comparison onset. Training sessions consisted of a single
delay presented on each trial and testing sessions consisted of four
different delay intervals presented in quasi-random order. DNMTS
performance was assessed under sets of long and short delay dis-
tributions. The long distribution consisted of a 1 s training delay
during training sessions 3.2, 10, 32, or 100 s test delays. The short
distribution consisted of a 0.1 s training delay and 1, 3.2, 10, or 32 s
test delays.

2.5. Environmental manipulations

Once DNMTS performance was  stable, the effects of extinction

and prefeeding were examined under long and short delay inter-
val distributions. Each manipulation was in effect for a single test
session. The extinction test consisted of removing pellets from the
dispenser; in all other respects extinction conditions were identical
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o a standard test session. The prefeeding manipulation consisted of
lacing 80 pellets into the food trough 1 h prior to the test session.
ollowing the final environmental manipulation under the short
elay interval distribution, the ITI was increased to 60 s.

.6. Pharmacological manipulations

The effects of �9-THC and methylphenidate on DNMTS perfor-
ance were determined under the short delay interval distribution

nd a 3 s ITI. Doses of �9-THC (0.032–0.32 mg/kg, i.m.) or vehicle
ere administered 60 min  prior to test sessions. Doses of (±)-
ethylphenidate hydrochloride (0.1–0.56 mg/kg, i.m.) or vehicle
ere administered 15 min  prior to test sessions. The order of

esting with vehicle and drug doses was varied across subjects
sing a Latin-square design. �9-THC was dissolved in a 1:1:10
ixture of ethanol (Pharmaco-AAPER, Belmont, NC), cremophor

Sigma Aldrich, St. Louis, MO)  and sterile water. Methylphenidate
as dissolved in sterile saline. �9-THC and methylphenidate
ydrochloride provided by the National Institute on Drug Abuse
Bethesda, MD)  Drug Supply Program.

.7. Data analysis
The primary dependent measures in preliminary touch train-
ng were the numbers of touches per session from the last two
essions of each ratio requirement. Active touches were within-
rial touches that occurred anywhere within the centrally located

ig. 3. Baseline forgetting functions and proportion trials completed in a DNMTS proc
rdinates: (A, B left) log d and (A, B right) proportion correct (B) proportion of trials comp
science Methods 251 (2015) 62–71 65

stimulus box, inactive touches were within-trial touches outside
the stimulus box, and ITI touches were between-trial touches any-
where on the screen. DNMTS accuracy was displayed as proportion
correct (total correct responses) ÷ (total responses) at each reten-
tion interval (i.e., a forgetting function). In addition, a measure of
discriminability log d (Fig. 1B) derived from a behavioral model of
signal detection (Davison and Tustin, 1978; see also Davison and
Nevin, 1999) was  calculated as

log d = 0.5 · log
(

C1 · C2

E1 · E2

)
(1)

where C1 and C2 are correct (nonmatching) responses and E1 and
E2 are error (matching) responses following each sample stimu-
lus. Discriminability measured as log d is the logarithm (base 10) of
the ratio of correct to error responses averaged across each sam-
ple presentation. Averaging the response ratios across each sample
stimulus produces a measure free of any bias in responding toward
one comparison stimulus. In addition, log d provides an equal inter-
val measure of discrimination. Because log d is undefined when one
response type is 0, a modified correction procedure (Brown and
White, 2005) was  used. The constant added to each response count
was proportional to the number of trials completed at a given delay
and set 2.2 as the maximum log d. A secondary dependent measure

was the total number of choices or proportion of trials completed
(correct and error choices) made at each delay.

Effects of environmental and pharmacological variables were
analyzed in two ways. First, log d, total choices, and the proportion

edure with a long or short delay interval distribution in rhesus monkeys (n = 4).
leted. Abscissa: delay interval in seconds.
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f total trials completed were analyzed with delay and experimen-
al manipulation as a fixed effect and subject as a random effect
n a linear mixed effect (LME; Pinheiro and Bates, 2000; Young
t al., 2009) model conducted in JMP  Pro 11 for Mac  (SAS Institute,
ary, NC). All continuous variables (e.g. time and drug dose) were
reated as such in mixed model analyses and vehicle was  assigned

 numeric value of −1 log unit less than the lowest dose tested. Sec-
nd, model-comparison was used to determine the effects of delay
istribution, ITI, and dose of �9-THC or methylphenidate on the
lope and y-intercept of the forgetting function. A negative expo-
ential function was fit to obtained forgetting functions with the
elay scaled as

√
t

og d = log d0 · e−k
√

t (2)

here log d0 is the y-intercept or the estimated log d at a 0 s reten-
ion interval t and k is the slope of the function which provides
n estimate of the rate of forgetting. Therefore, log d0 provides an
stimate of delay-independent changes in discriminability, while k
stimates delay-dependent changes in discriminability. The expo-
ential function with delay interval scaled as

√
t has previously

een shown to provide an excellent fit to functions obtained with
ifferent species (Rubin and Wenzel, 1996; White, 2001). The free
arameters of Eq. (2) were estimated by least-squares regression

GraphPad Prism version 6.0 for Mac  OS X, San Diego, CA, USA).

odel comparison was used to determine whether manipulations
ad an effect on y-intercept (log d0) or slope (k) values by an extra
um-of-squares F-test (Motulsky and Christopoulos, 2003). This

ig. 4. Baseline within-session forgetting functions and total choices in a DNMTS proc
rdinates: (A,B left) log d (A,B right) proportion correct and (C,D) number of choices. Absc
science Methods 251 (2015) 62–71

test computes an F statistic from a simpler Null hypothesis model
and a more complex Alternative hypothesis model that assumes
some parameters differ across treatments. The Null model fixes
parameter estimates across each level of an independent variable,
while the Alternative model does not constrain the parameter esti-
mates to be equal, and, consequently, contains greater degrees of
freedom. The criterion for statistical significance was set a priori at
the 95% confidence level (P < 0.05).

3. Results

3.1. Touch response and discrimination training

Fig. 2 shows acquisition of touchscreen responding for contin-
gent food presentation as the FR schedule requirement increased
from 1 to 10. Fig. 2A shows that active responses increased as the
FR requirement increased (F(1,7) = 12.26, P = 0.01). The number of
inactive and ITI responses did not systematically change as the
FR requirement increased. Fig. 2B shows the number of sessions
required for each monkey to meet the ≥0.85 proportion correct cri-
terion. There was no statistically significant effect of training delay
on the speed with each monkey met  the performance criterion.

3.2. Baseline DNMTS performance
Fig. 3 shows mean forgetting functions averaged over the final
two testing sessions under each delay distribution (A; long and B;
short). Fig. 3 shows that accurate nonmatching decreased rapidly

edure with a long or short delay interval distribution in rhesus monkeys (n = 4).
issa: delay interval in seconds.
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Fig. 5. Effects of environmental manipulations on DNMTS forgetting delay functions and total choices with either a long (A,C) or short (B,D) delay interval distribution in
r  (C,D) 
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hesus monkeys (n = 4). Ordinates: (A,B left) log d (A,B right) proportion correct and
,D  represent delay intervals at which total choices were statistically different from

s the delay increased and approached 0 discriminability (propor-
ion correct = 0.5) at the 32-s delay. Fits of Eq. (2) accounted for a
arge percent of the variance in the delay functions (VAF = 86.4)
nder both delay distributions. The model comparison analysis
sing Eq. (2) found that neither the y-intercepts nor the slopes of
he functions were different (Table 1). Fig. 4 shows delay functions
Fig. 4A,B) and proportion of trials completed (Fig. 4C,D) within
he experimental test session. There was no statistically significant
ffect of trial block on any dependent measure examined during
he delay function.

.3. Environmental and pharmacological manipulations

During the training days that preceded long or short delay
istribution test days, DNMTS performance was  accurate with

ong (log d = 1.45 ± 0.11; proportion correct = 0.94 ± 0.02) and short
log d = 1.93 ± 0.01; proportion correct = 0.98 ± 0.002) delay distri-
utions and monkeys completed the majority of trials (long:
5.6 ± 1.0; short: 78.8 ± 0.6). Fig. 5 shows the effects of extinction
nd prefeeding manipulations on DNMTS performance. Discrim-

nability decreased as a function of increasing delay interval (Fig. 5,
: F(1,35.4) = 4.38, P = 0.0436 and B: F(1,39) = 15.98, P = 0.0003).
xtinction and prefeeding manipulations did not significantly alter
iscriminability, but did decrease choices at all delay intervals
number of choices completed per delay. Abscissa: delay in seconds. Filled points in
line (p < 0.05).

(Fig. 5, C: F(2,35.1) = 59.57, P < 0.0001 and D: F(2,35.1) = 59.95,
P < 0.0001). Fig. 6 shows that increasing the ITI from 3 to 60 s
increased discriminability (delay interval: F(1,25) = 14.5, P = 0.0008;
ITI: F(1,25) = 10.07, P = 0.004). Model comparison indicated that
the slopes of the forgetting functions were significantly different
(F(2,36) = 10.08, P = 0.0003), suggesting the 60-s ITI produced less
rapid forgetting compared to the 3-s ITI (Table 1).

During the training days that preceded pharmacological
test days, DNMTS performance was accurate (log d = 1.98 ± 0.13;
proportion correct = 0.99 ± 0.005) and monkeys completed the
majority of trials (78.6 ± 0.82). Fig. 7A,C shows the effects of �9-
THC on DNMTS performance. The LME  analysis of the forgetting
functions demonstrated a significant effect of delay inter-
val (F(1,51.5) = 41.19, P < 0.0001), �9-THC dose (F(1,53.5) = 14.11,
P = 0.0004), and the interaction (F(1,51.5) = 6.00, P = 0.0177). �9-
THC dose also produced a significant decrease in total choices
(F(1,57) = 28.2, P < 0.0001). Model comparison indicated that the
forgetting functions (Fig. 7A) were significantly affected by �9-
THC doses compared to vehicle (F(3,55) = 7.39, P = 0.0003). The
best fitting model indicated that �9-THC produced a dose-

dependent increase in the slope of the forgetting function (Table 1).
Fig. 7B,D shows the effects of methylphenidate on the forgetting
function and number of choices. The LME  analysis of the forget-
ting functions demonstrated a significant effect of delay interval
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Table 1
Effects of environmental and pharmacological manipulations on the parameters of
Eq.  (2) based on multi-model comparison. Estimates of log d0 (y-intercept) and k
(slope) and variance accounted for (VAF) for each drug dose. Cells with – indicate
that a parameter estimate did not differ across levels of a manipulation. See text for
further explanation.

log d0 k VAF

Distribution
Long 2.50 −0.65 86.3
Short – – 86.3

ITI
3  s 2.50 −0.63 75.0
60  s – −0.31 76.5

�9-THC
Vehicle 2.50 −0.48 72.7
0.032 – −0.56 52.0
0.1  – −0.76 45.6
0.32  – −1.23 43.7

Methylphenidate
Vehicle 2.38 −0.52 72.3
0.1 – – 37.5
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0.32  – – 43.6
0.56  – – 41.9

F(1,49.3) = 21.93, P < 0.0001), but no effect of methylphenidate
ose nor the interaction. Methylphenidate significantly decreased
otal choices (F(1,57) = 25.8, P < 0.0001). Consistent with the LME
nalysis, model comparison also indicated that methylphenidate
id not systematically alter the forgetting functions (Table 1).

. Discussion

The aims of the present study were to develop and vali-
ate a novel delayed nonmatching-to-sample (DNMTS) procedure
o determine the effects of environmental and pharmacologi-
al manipulations on working memory in unrestrained rhesus
onkeys. There were three main findings. First, the procedure

equired 2.46 ± 0.26 months from initial touch-apparatus train-
ng to the first delay test session. Second, the forgetting functions
or individual monkeys were stable over the course of the entire
xperimental period (∼6 months; cf. Table 1). Lastly, the results
emonstrate the sensitivity of this novel working memory pro-
edure in unrestrained rhesus monkeys to environmental and
harmacological manipulations. Moreover, unique aspects of the
rocedure may  provide increased experimental flexibility for inter-
ogating the neurobiological mechanisms of working memory as
ell as changes in these process produced by drugs of abuse.

The methods in this study are derived from two-alternative
orced-choice and DMTS procedures extensively used human and
onhuman laboratory studies of recognition memory (Jang et al.,
009; see also White and Wixted, 2010). The rapid decline in log d
ver delay intervals lasting several seconds in the present study is
onsistent with numerous DMTS studies in pigeons (for a recent
eview see White, 2013), rats (Harper et al., 2005), nonhuman pri-
ates (Wright et al., 1986), and humans (Williams et al., 2006).

urthermore, log d showed a consistent delay interval-dependent
ecrease across repeated tests and typically decreased to near
hance levels within 10 s. Taken together, these results suggest that
he DNMTS procedure represents a valid assessment of short-term
emembering and forgetting that will permit future examinations
f behavioral and neurobiological mechanisms specific to this
imension of memorial function.
The impact of acutely eliminating food delivery and prefeed-
ng on DNMTS performance were evaluated (1) to determine the
mpact of reinforcer magnitude on DNMTS performance and (2)
o provide a comparison to acute pharmacological treatments.
Fig. 6. Effects of ITI duration on DNMTS performance in rhesus monkeys (n = 4).
Ordinates: (A left) log d (A Right) proportion correct (B) proportion of trials com-
pleted. Abscissa: delay interval in seconds.

Removing food delivery and prefeeding with 80 pellets gener-
ally decreased number of choices, but did not systematically alter
forgetting functions suggesting that these measures of DNMTS
performance are independent. The effects on log d appear to be
consistent with Taffe (2004) where providing rhesus monkeys with
at least 400 g of chow/day was  necessary to decrease DMTS perfor-
mance. Previous studies have also demonstrated that the sensitivity
and time-course of the disruptive effects of environmental and
pharmacological manipulations differ between rate and accuracy
measures of discrimination performance (Katz, 1982, 1983; Nevin
et al., 2003). Following disruptive manipulations, rate-based meas-
ures are generally more sensitive to disruption and are evident
sooner compared to accuracy measures (Nevin, 1967). Finally, in
agreement with previous DMTS studies, the disruptive effects of
the delay interval on log d were consistently greater than extinction
and prefeeding (Odum et al., 2005; Berry and Odum, 2014).

Consistent with previous studies in rhesus monkeys, acute
administration of �9-THC produced a dose-dependent disruption
of DNMTS performance (Aigner, 1988; Schulze et al., 1988). A nega-
tive exponential function was fit to the data to confirm that �9-THC

produced delay-dependent effects (i.e., working memory). Previ-
ous research has shown the negative exponential parameters can
be altered independently by a variety of manipulations and that the
slope parameter represents memorial features of the task (White,
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Fig. 7. Effects of �9-THC (A,C) and methylphenidate (B,D) on DNMTS performance in rhesus monkeys (n = 4). Ordinates: (A,B left) log d (A,B right) proportion correct and
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C,D)  number of choices completed per delay. Abscissa: delay interval. Filled point
ehicle  rates (p < 0.05).

985, 2001). Model comparison showed that �9-THC produced a
ose-dependent increase in the slope of the forgetting function.
his effect is consistent with an increase in the rate of forgetting
eported in DMTS with humans (Lane et al., 2005), DMTS/DNMTS
ith rodents (Hampson and Deadwyler, 1999) and other work-

ng memory procedures with rhesus monkeys (Taffe, 2012). Acute
dministration of methylphenidate failed to systematically alter
he forgetting functions over a range of behaviorally active doses.
he lack of effect of methylphenidate on working memory in the
NMTS procedure in present study is also consistent with a recent

tudy in rhesus monkeys using the CANTAB DMTS procedure (Soto
t al., 2013).

Increasing the ITI to 60 s produced a marked increase in dis-
riminability at all but the 32-s retention interval. This result is in
greement with several prior studies demonstrating that increases
n the ITI produce more accurate matching in DMTS in humans
Mackay and Gould, 1992; Williams et al., 2006) and pigeons
Edhouse and White, 1988; Kraemer and Roberts, 1984). Moreover,

hite (1985) reported that increasing the ITI increased log d0 and

ecreased k parameters of Eq. (2). Model comparison results in the
resent study indicated that increasing the ITI did not alter log d0
ut increased discriminability in a delay-interval dependent man-
er by decreasing the rate of forgetting (k). The lack of effect on
D represent delay intervals at which total choices were statistically different from

log d0 in the present study may  have been due to a ceiling effect
on discriminability at the training delay. Intertrial interval effects
on the forgetting function are understood to result from proactive
interference and the effects of increasing the ITI on the forget-
ting function in the present study are consistent with decreased
interference (Wright et al., 1986).

The DNMTS procedure developed in this study required less
than 3 months of training to produce high levels of nonmatching
accuracy during training sessions and stable, delay interval-
dependent forgetting functions during test sessions. The relatively
brief training period and consistent delay interval-dependent
decreases in discriminability are in contrast to a prior report on
DNMTS acquisition in rhesus monkeys using the Cambridge Neu-
ropsychological Test Automated Battery (CANTAB; Weed et al.,
1999). Weed et al. (1999) reported that accuracy continued to
increase over 26 months of training and that the effects of the delay
interval on accuracy changed over time. The pattern of delay inter-
val effects reported in that study suggests a decrease in the rate
of forgetting with continued training. There are differences in the

implementation of DNMTS between Weed et al. (1999) and the
present study. For example, the CANTAB DNMTS typically employs
daily testing and a minimal (FR1) sample requirement. There is
little reason to suspect that these variables would dramatically
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rolong acquisition, however, as daily testing would be predicted
o facilitate acquisition and sample response requirements are
nown to produce delay-independent effects on accuracy (White,
985).

Perhaps the most significant differences between the CANTAB
nd present versions of the DNMTS procedure are the number of
iscriminative stimuli that serve as sample and comparison stimuli.
hroughout the present study only two discriminative stimuli were
sed, while CANTAB typically includes thousands of unique stimuli.
revious studies have evaluated the effects of stimulus set size
n DMTS performance. Although most studies have not reported
cquisition data, one previous study with pigeons directly assessed
he effects of stimulus set size on MTS  acquisition (Wright et al.,
988). Wright et al. (1988) comparing MTS  acquisition using either

 or 156 trial-unique stimuli demonstrated a greater than 20-fold
ncrease in the number of sessions required to achieve greater than
5% accuracy with the larger stimulus set. Therefore, the much
horter acquisition period in this study were likely due to the num-
er of discriminative stimuli.

Previous studies in rhesus monkeys using touch screen tech-
ology have reported that much longer delay intervals than used

n this study are required to produce large decrements in accu-
acy (e.g., Gould et al., 2012). As discussed above, previous studies
ith humans, nonhuman primates, and pigeons have evaluated

he effects of stimulus set size on working memory. These stud-
es have found that the forgetting function steepens as the number
f discriminative stimuli decreases (Williams et al., 1998, 2006).
otably, Overman and Doty (1980) reported that in DMTS with

rial-unique stimuli, accuracy remains above chance following a
4 h retention interval. The effects of stimulus set size on rate of
orgetting have been attributed to the presence of greater proac-
ive interference with smaller stimulus sets (Wright et al., 1986).
aken together, these studies suggest that larger sets of discrimi-
ative stimuli require more training time and are less susceptible
o the degrading effects of the retention interval on discrimina-
ion.

Because log d declined so rapidly in the DNMTS procedure we
ought to determine whether a shorter distribution of delay inter-
als would yield comparable forgetting functions. The form of the
orgetting functions did not depend on the distribution of delay
ntervals. We  are aware of no DNMTS studies that have directly
ssessed the effects of the range of delay intervals. Sargisson and
hite (2003), however, studied arithmetic and logarithmic delay

nterval distribution progressions by sampling five delays each
ession from a set of 20 delays drawn from an arithmetic or log-
rithmic progression. They reported that delays drawn from a
rogression fell on the same forgetting function. Taken together,
his suggests that under the present DNMTS procedure different
elay intervals were sampling the same underlying forgetting func-
ion. Thus, the delay intervals used in test sessions may  be chosen
n the basis of factors such as overall session time with no loss
f information. For example, shorter delay-interval distributions
ave the advantage of minimizing differences in pharmacological
ime-course effects on working memory.

. Conclusions

The present study established performance of a novel
ouchscreen-based DNMTS procedure in unrestrained rhesus

onkeys to assess working memory. Employing only two  dis-
riminative stimuli appears to be an efficient means of facilitating

cquisition and producing stable, retention interval-dependent for-
etting functions. The acute environmental and pharmacological
anipulations examined here suggest that rate-based measures

an be altered independent of memorial function.
science Methods 251 (2015) 62–71
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