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Abstract

Among a range of cognitive deficits, human cocaine addicts display increased impulsivity and
decreased performance monitoring. In order to establish an animal model that can be used to study
the underlying neurobiology of these deficits associated with addiction, we have developed a touch
screen based Stop Signal Response Task for rhesus monkeys. This task is essentially identical to the
clinically used Stop Signal Task employed for diagnostic and research purposes. In this task,
impulsivity is reflected in the amount of time needed to inhibit a response after it has been initiated,
the Stop Signal Response Time (SSRT). Performance monitoring is reflected by the slowing of
response times following Stop trials (Post-Stop Slowing, PSS). Herein we report on the task structure,
the staged methods for training animals to perform the task, and a comparison of performance values
for control and cocaine experienced animals. Relative to controls, monkeys that had self-administered
cocaine, followed by 18 months abstinence, displayed increased impulsivity (increased SSRT
values), and decreased performance monitoring (decreased PSS values). Our results are consistent
with human data, and thereby establish an ideal animal model for studying the etiology and
underlying neurobiology of cocaine-induced impulse control and performance monitoring deficits.
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1. Introduction

Elevated impulsivity (Fillmore and Rush, 2002; Jentsch and Taylor, 1999; Li et al., 2006;
Moeller et al., 2002) and other cognitive control deficits (Aron and Paulus, 2007; Li et al.,
2006) accompany cocaine dependence, as well as other types of addictions. Because
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impulsivity is a predictor of negative treatment outcome (Patkar et al., 2004), understanding
its underlying neurobiology and etiology is critically important for advancing treatment. It
continues to be emphasized in the clinical literature that the role of preexisting traits of cognitive
and behavioral control deficits, versus consequence of drug exposure, is unclear (Aron and
Paulus, 2007). Therefore an animal model that can be used in longitudinal studies of the
consequences of cocaine self-administration would be of significant value. Motoric impulsivity
and other cognitive deficits linked to addiction are intimately associated with cortical
dysfunction (Aron and Paulus, 2007; Jentsch and Taylor, 1999). Monkeys are an ideal animal
model for studying cortical dysfunction because of their phylogenetic proximity to humans,
resulting in highly concordant cortical development and neuroanatomical circuitry (Croxson
et al., 2005). Also, the acute effects of cocaine on cerebral metabolism and chronic effects of
cocaine on dopaminergic systems in monkeys and humans are similar, whereas both differ
substantially from the rat (Bradberry, 2007). Monkeys are also better able to learn complex
cognitive tasks that closely parallel those used clinically. Because of these characteristics, it is
important to develop procedures for use in a non-human primate model to examine the critically
important question of whether cocaine self-administration by itself results in elevated motoric
impulsivity. To do this, we developed a touch screen-based Stop Signal Task in rhesus monkeys
and evaluated performance differences between monkeys with a cocaine self-administration
history and controls.

The Stop Signal Task is a clinically employed tool for diagnosis of impulse control disorders
(Aron and Poldrack, 2005). This task measures motoric impulsivity by evaluating the time
required to inhibit a response after it has been intiated, the Stop Signal Response Time (SSRT),
which is elevated in cocaine users (Fillmore and Rush, 2002; Li et al., 2006). Performance
monitoring is reflected behaviorally by an increase in response time (RT) on trials following
conflict trials (Li et al., 2006; Ridderinkhof et al., 2004). The parameter that reflects this in the
Stop Signal Task is the difference in RT before and after a Stop trial (Post-Stop trial Slowing,
PSS). Performance monitoring deficits are reflected in cocaine users by decreased PSS values
(Li et al., 2006), which is consistent with an extensive literature suggesting impaired function
of prefrontal regions such as the anterior cingulate cortex (Garavan and Stout, 2005; Hester et
al., 2007; Li et al., 2008) believed to help mediate performance monitoring (Emeric et al.,
2007).

2. Materials and Methods
2.1. Subjects

Six adult Rhesus macaques (three male, three female) that were obtained as a single cohort
were used in the present study. All procedures were in accord with the Principles of Laboratory
Animal Care (NIH publication no. 86-23, revised 1996). For all behavioral procedures, animals
were placed in a behavioral chair (Primate Products, Redwood City, CA) using standard pole
and collar methods. All animals were initially trained to lever press for food pellets under an
FR1 lever response schedule of reinforcement using a visual discriminative stimulus (a light
on the panel) as previously described (Bradberry et al., 2000). After establishment of food self-
administration, the two animals (one male, one female) that went on to chronically self-
administer cocaine had a vascular access port placed mid-scapula from which a catheter
extended subcutaneously to either a femoral or internal jugular vein (Wojnicki et al., 1994).
Two of the control animals (13, 16, one male and one female) also had vascular access ports
placed, providing a control for non-specific effects of the surgery. The cocaine animals
underwent 24 months of progressive ratio self-administration studies designed to compare the
reinforcer efficacy of cocaine and cocaethylene, a cocaine metabolite with equivalent
dopaminergic properties as cocaine as well as local anesthetic effects (Tokuno et al., 2004),
but with decreased potency at the noradrenergic and serotonergic transporters (Bradberry et
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al., 1993; Elsworth et al., 1993; lyer et al., 1995). Mean total cumulative intake was 360 mg/
kg cocaine, and 52 mg/kg cocaethylene (mass of the molar equivalent of cocaine
hydrochloride). Individual values: Animal 15: 362 mg/kg cocaine; 90 mg/kg cocaethylene;
Animal 19: 359 mg/kg cocaine; 13 mg/kg cocaethylene. Control animal 16 had originally been
slated for cocaine self-administration, and had several initial training sessions at a unit dose of
0.1 mg/kg, with a total cumulative consumption of 7 mg/kg cocaine, prior to surgical removal
of the vascular access port due to complications. This took place approx. four and one half
years prior to Stop Task testing. Because of the very low cumulative exposure to cocaine
relative to animals 15 and 19 (7 versus 360 mg/kg), and the evidence that cognitive deficits
are linked to cumulative exposure (Bolla et al., 1999; Di Sclafani et al., 2002), we believe it is
appropriate to place animal 16 in the control group. Both of the chronic cocaine animals had
not received cocaine for 18 months prior to Stop Task testing.

Initial touch screen training has been described in a publication available online (Liu et al., in
press). That report detailed evidence of temporal cortical dysfunction (poor stimulus
discrimination learning) also displayed by the two chronic cocaine animals used in the present
report, compared to 3 of the 4 control animals used in the present report. It also detailed the
complete drug and behavioral histories of those five animals. Animal 16 was not a part of that
study. Her behavioral history is one of not being used for any behavioral procedures except
occasional chairing and target training from the time of catheter removal, until touch screen
training began six months prior to completing the Stop Task.

2.2. Apparatus

Animals were trained to use a touch screen and tested on the Stop Task in a sound-attenuated
chamber (Eckel Industries, Ontario, Canada, model AB4240, custom manufactured with
integral mounting plates in the rear wall) fitted with a 40 W house light and white noise
generator. A 15 inch touch screen (30.0 cm wide X 22.5 cm high, Elo systems CarrollTouch,
Menlo Park, CA) that utilizes a grid of infrared sensors just off the surface was used to monitor
touches. The touch screen was rear mounted to a % inch (0.6 cm) aluminum panel attached to
the mounting plates with 3/8 inch (1.0 cm) X 16 bolts inside 4 inch (10.1 cm) lengths of %2 inch
(1.3 cm) copper pipe to offset the panel from the rear wall. A Crist Liquid Reward System
(Crist Instrument Co, Hagerstown, MD, Model 5-RLD-E1v) was used to deliver water reward.
E-prime (Psychology Software Tools, Pittsburgh, PA) was used for all schedules of stimulus
presentation and response recording, with a dedicated Windows based PC for each testing
chamber.

2.3. Staged training for Stop Task

Animals were trained 5 days a week and were water regulated (from midday Sunday to Friday
afternoon) with ad lib water over the weekend. They were supplemented with water in the
afternoons to maintain adequate physiological needs (25 ml/kg/day). Training for the Stop Task
took placed in a series of stages. Throughout training and testing, monkeys performed one
session per day with 200 trials, five days per week.

Stage 1—Here, the monkeys were taught to touch a solid green circle to get a reward and to
withhold their response when a solid red circle was on the screen. This was accomplished using
alternating 10 trial blocks of Go and Stop trials. For the Go trials, a green circle (5.6 cm
diameter) was presented at the center of the touch screen, and the animal was rewarded for
accurately touching it (correct trial). The green circle stayed on the screen until the animal
touched the screen. But the reward was only given if the touch was accurately placed on the
circle. On Stop trials, the red circle (5.6 cm diameter) was presented at the center of the
touchscreen for 1.5 sec, and withholding the response was counted as a correct response. On
both trial types, monkeys got a reward (0.07 ml/kg of water) for a correct response and no
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reward plus a 5 sec timeout for an incorrect response. The normal inter-trial interval was 2 s.
When accuracy for both the Go trials and the Stop trials was > 0.8 for 3 continuous sessions,
the monkeys were moved to the next stage. The mean number of sessions to accomplish stage
1 for the control animals was 12.0 = 2 (SEM); for the cocaine animals it was 9 + 1.

Stage 2—This stage was same as Stage 1 except that Go and Stop trials were randomly
intermixed. When monkeys met the criteria that accuracies for both go trials and stop trials
were >=0.8 for continuous 3 sessions, they were moved the next stage. The mean number of
sessions to accomplish stage 2 for the controls was 5. + 1.4; for the cocaine animals it was 5.5
+1.5.

Stage 3—Here, the monkeys were introduced to larger rewards for faster responses. This is
important because the Stop Signal Task is dependent on the prepotent nature of a rapid
response. In order to bias for fast responding, a quicker response led to more water reward by
manipulating the reward solenoid valve open time as follows: Water amount (ml) = -0.08299
+1.8347 * body mass (kg) — (0.083) / (1 + 0.04 * Go RT (msec)). The reward amount for
withholding response on stop trials remained 0.07 ml/kg water. Touching the area outside the
green circle on Go trials or touching the screen on Stop trials led to no reward and a 5 s timeout.
The inter-trial interval was 2 s. When monkeys met the criterion of success indicated in stage
1, they progressed to the next stage. The mean number of sessions to accomplish stage 3 for
the controls was 4.8 * 1.4; for the cocaine animals it was 16.5 + 13.5.

Stage 4—For additional biasing toward quick response on Go trials, a limited hold of 1.5 s
was introduced for Go trials. The criteria to move to the next stage for this program were
accuracies for both Go and Stop trials > 0.8 for 3 successive sessions and mean Go RT for
these 3 sessions was < 600 ms. One animal (cocaine treated subject 15) failed to reach this
criteria but achieved a stable RT of 657 msec. The mean number of sessions to accomplish
stage 4 for the controls was 16.0 + 2; the cocaine animal that reached criterion took 16 sessions.

Stage 5—At this point, a “hold stimulus” was introduced to begin each trial. This is important
in that it defines a fixed hand position for each trial, and indicates the animal is attending to
the screen. Pressing and holding a blue rectangle for a defined time (the “hold” time) initiated
a Go or Stop trial, randomly distributed at 50% each. The hold time started at 200 ms and
gradually increased to a random 400, 800, 1200, 1600, or 2000 ms. If the accuracies for both
the Go and Stop trials at the random 400 — 2000 ms hold time were > 0.8 for 3 continuous
sessions and the mean Go RT for these 3 sessions was < 600 ms, the monkeys were moved to
the Stop Signal Task testing. The mean number of sessions to accomplish stage 5 for the
controls was 16 + 2.1; for the cocaine animals it was 27 + 12.

2.4. Stop Signal Task structure

For the Stop Signal Task, we used a staircase procedure and formulation of parameters
developed by Logan and colleagues (Logan, 1994), and used by others for clinical (Aron and
Poldrack, 2005; Fillmore and Rush, 2002; Li et al., 2008; Li et al., 2006) and rodent preclinical
studies (Feola et al., 2000). Each session of the stop task consisted of 200 trials: 150 Go trials
and 50 Stop trials, randomly interposed. A diagram of each trial type is presented in Fig 1.
Both trial types started with a blue rectangle (5.0 cm wide X 3.8 cm high; centered horizontally,
with midpoint 7.0 cm from the bottom of the touch screen) which the animal had to touch and
hold to initiate a trial. After a touch to the blue rectangle was maintained for a time randomly
chosen from 400, 800, 1200, 1600, or 2000 ms, the hold stimulus was offset, and the Go
stimulus (green circle) was presented. On the Go trials, the animal had 1.5 sec to touch the Go
stimulus, with reward amount determined as indicated in Stage 3 above.

J Neurosci Methods. Author manuscript; available in PMC 2010 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 5

On Stop trials, the green circle changed color to red after a certain time (Stop Signal Delay,
SSD). The SSD started at zero on the first session, and then afterwards at the mean SSD from
the previous session. Trial to trial, the SSD increased 20 ms on the next stop trial after a correct
response on a Stop trial and decreased 20 ms on the next Stop trial after an incorrect response.
This staircase procedure results in a mean SSD from the session that corresponds to the average
time at which an individual would fail half the stop trials. A 50% error rate was consistently
obtained for all individuals after the performance was stabilized as shown in Fig 2A.

The primary measure of impulsivity is the SSRT. This was determined for each session as:
SSRT = mean Go RT — mean SSD, as shown on Fig 1. The primary measure of performance
monitoring is the Post-Stop trial Slowing (PSS). This was determined as a mean of the
individual values of: PSS = Go RT of the first Go trial following a stop trial - Go RT of the
last Go trial prior to that stop trial.

2.5. Data analysis

3. Results

For evaluating general performance on the Stop Signal Task, the mean accuracies of Go trials
(Go accuracy) and Stop trials (Stop accuracy) and the mean Go RT for correct Go trials for
session 1-5, session 6-10 and session 11-15 were calculated. A two-way repeated measure
ANOVA was used to evaluate effects of session block (session 1-5, 6-10, or 11-15), treatment
(cocaine or control) and session*treatment interaction on mean Go accuracy, mean Stop
accuracy and mean Go RT. A Multiple Comparison Procedures (Tukey Test) was used to
compare group differences in the event of a significant main effect. Because Stop accuracy
took several sessions to stabilize at 50%, we calculated the mean SSRT and PSS of each subjects
for session 6-15 and compared these values between control and cocaine groups using a t test.

During data analysis, a session was not used if an animal did not finish all 200 trials of a session
in 90 minutes, or if Go trial accuracy was below 80%. Both of those conditions would indicate
the animal was not engaged sufficiently with the task on that day. In the cocaine group, one
session from animal 19 and one from animal 15 were eliminated because they were not
completed, and one from animal 15 was eliminated because Go accuracy was less than 80%.
In the control group, two sessions were eliminated because of a failure to finish from animal
16, and one from animal 14. The subsequent session was substituted in the event a session was
eliminated based on the above criteria.

3.1. Stop Signal Task general performance

For Stop accuracy (Fig. 2A), there were a main effect of session block (F(2,8) =15.1, p =
0.002), no main effect of treatment (P(y 4) = 5.00, p = 0.089) and no significant
session*treatment interaction (F(2,8) = 0.612, p = 0.566). Pairwise Multiple Comparison
Procedures (Tukey Test) showed that the Stop accuracy for session 1-5 were significantly
higher than that for session 6-10 and session 11-15 with both cocaine group and control group.
The higher Stop accuracy for the first block resulted from an initial setting of zero for SSD,
which then adjusted by only 20 msec with each successful Stop trial. For Go accuracy (Fig.
2B), there was a main effect of session block (F,g) = 9.739, p = 0.007, no main effect of
treatment (F(1,4) = 2.721, p = 0.174) and no significant session*treatment interaction (F(2,8)
=3.44, p=0.083). Pairwise Multiple Comparison Procedures (Tukey Test) showed that within
monkeys with cocaine use history, the go accuracy for session 1-5 was significantly lower than
that for session 6-10. Go accuracies for session 6-10 and for session 11-15 were not
significantly different for both groups.

J Neurosci Methods. Author manuscript; available in PMC 2010 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Page 6

For Go RT (Fig.2C), there was no main effect of session (F(2,8) = 3.289, p =0.091) or treatment
(F(1,4) = 0.495, p = 0.520) and no significant session*treatment interaction (F(2,8) = 3.406, p
=0.085).

3.2. Motoric impulsivity and Performance monitoring

Because performance for both cocaine and control groups was stable from session 6-15, we
calculated the mean SSRT and PSS values for sessions 6-15 for treatment group comparison.
The mean SSRT of session 6-15 for the monkeys with cocaine use history was significantly
higher than that for the control monkeys (p < 0.05, Fig. 3). The mean PSS of session 6-15 for
the monkeys with cocaine use history was significantly smaller than that for the control
monkeys (p < 0.05, Fig. 6).

3.2. Comparison of monkey performance with clinical measures

Table 1 demonstrates that there is good agreement between performance values obtained with
control and cocaine exposed groups of monkeys and humans on the Stop Task. (The version
of the Stop Task used by Fillmore and Rush differed slightly in that it used several fixed stop
signal delays as opposed to a tracking procedure used in the present report and in both Li et al.
studies.) The comparison indicates increased impulsivity and decreased performance
monitoring in both species following long term cocaine use, and thus provides support for the
use of this task for translational studies of these phenomena.

4. Discussion

This report establishes a procedure for a touch screen-based Stop Signal Task for use in rhesus
monkeys. Using this task, we also demonstrate in preliminary studies that animals that
chronically self-administered cocaine (and to a much lesser extent cocaethylene) displayed
elevated SSRT and decreased PSS values.

The Stop Signal Task in the present study used a staircase procedure to continuously adjust
the SSD. As expected, the stop accuracy of monkeys was close to 0.5 and was not significantly
different across sessions after the monkey's performance was stabilized (session 6-15). The
mean Go accuracy and RT were also stable over session 6-15.

We observed that monkeys with cocaine use history displayed higher SSRT and lower PSS
values than control monkeys while there were no significant differences in Stop accuracy, Go
accuracy or Go RT between the two groups. Overall, these results obtained with monkeys agree
well with clinical studies of cocaine users employing the Stop Task (Fillmore and Rush,
2002; Li et al., 2006), with significant differences seen between control and cocaine
experienced monkeys and humans on SSRT and PSS, and no differences in Go RT, or accuracy
on either Go or Stop trials.

Clinical studies of drug users reveal a pattern of cognitive deficits manifested at the levels of
inhibitory control, executive functioning and decision-making (Aron and Paulus, 2007; Bolla
etal., 1998; Garavan and Stout, 2005; Goldstein and Volkow, 2002). Similar to our findings,
clinical patterns of other types of cognitive deficits in drug users are evident even after years
of abstinence (Ersche et al., 2006). The Stop Task is well suited to study this pattern of deficits.
Elevated SSRT values reflect increased motoric impulsivity. SSRT values also correlate
significantly with trait impulsivity (Cools et al., 2005) which is higher in cocaine (Moeller et
al., 2002) and amphetamine users (Clark et al., 2006). Importantly, poorer cognitive
performance and impulsivity are predictors of poorer clinical outcome (Aharonovich et al.,
2006; Aharonovich et al., 2003; Patkar et al., 2004). Thus, an increased understanding of how
cognitive deficits arise has potential clinical benefit. It continues to be emphasized in the
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clinical literature that the role of preexisting traits of cognitive and behavioral control deficits,
versus consequence of drug exposure, is unclear (Aron and Paulus, 2007). Our findings are
consistent with an effect of chronic cocaine use per se to increase impulsivity and decrease
performance monitoring, frequent features of psychostimulant addiction (Aron and Paulus,
2007). They also validate an animal model for understanding the underlying neurobiology of
a characteristic associated with addiction. It is a limitation of the current study that only two
animals that had chronically self-administered cocaine were available for comparison with the
four animal control group. However, group differences were statistically significant, and the
unique nature of the long term exposure to cocaine, coupled with the duration of abstinence
(18 months) prior to characterization on the Stop Task makes this a uniquely relevant
comparison between groups for evaluating the potential of the Task for translational research.
The promise of the current studies is that given the high concordance between the monkey and
human effects of cocaine exposure, invasive studies in monkeys may better reveal the
neurobiology of impulsivity in addiction, and hence, potential clinical targets.
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Fig 1.

Sequence of events in Stop Signal Task. All trials began with a hold rectangle on the screen
for a variable duration, after which the rectangle was offset and the Go Stimulus (Green circle)
appeared. A) On Go trials, the Go stimulus remained unchanged, and had to be touched quickly
for maximal reward. B) On Stop trials, the circle changed to red (Stop stimulus) after a variable
delay (SSD) and the response had to be withheld to receive reward. A successful stop caused
the SSD to increase by 20 msec on the next stop trial; a failed stop caused the SSD to decrease
by 20 msec on the next stop trial.

J Neurosci Methods. Author manuscript; available in PMC 2010 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liuetal.

Stop Accuracy

1.0

o
®

o
o

o
N

o
N

o
o

Page 10
A 1071 B . - . 10007 C
== Control (n = 4)
=mmm Cocaine (n = 2) 0.8 800
- s xoa £ 06 £ 600
i g =
o 04 o 400
O O
0.2 200
0.0 0
1-5 6-10 11-15 1-5 6-10 11-15 1-5 6-10 11-15
Session Block Session Block Session Block
Fig 2.

Stop Task performance across session block. A) Stop accuracy over sessions. The staircase
procedure for adjusting the SSD resulted in consistent performance of 50 % correct on stop
trials in all animals in session 6-15 and there was no significant difference in Stop accuracy
between treatment groups. Shown are group means = SEM. * p <0.05, vs session 1-5 of control;
" p < 0.05, vs session 1-5 of cocaine. B) Go accuracy over sessions. There was no significant
difference in Go accuracy between session 6-10 and session 11-15, or between cocaine and
control groups over sessions 6-15. C) Go RT over sessions. There was no significant difference
in Go RT between cocaine and control groups and no significant difference in Go RT between
session 6-10 and session 11-15.
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Fig 3.

Comparison of motoric impulsivity (SSRT) values from chronic cocaine and control monkeys.
A) Group means were compared using an unpaired t test, t(4) = 3.63, p = 0.022. B) Values from
individual animals. All indications of variance are SEM. Error bars for individual animals
correspond to variance of the ten session mean for that individual.
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Fig 4.

Comparison of performance monitoring (Post Stop trial Slowing, PSS) values from chronic
cocaine and control monkeys. A) Group means were compared using an unpaired t test, t(4) =
3.44, p = 0.026. B) Values from the individual animals.
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