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Abstract
Rationale— Nicotine and other agonists of nicotinic cholinergic receptors (nAChR) have been
shown to improve performance in specific memory domains in rodents and monkeys. Such beneficial
effects are observed in preclinical models of age-related cognitive decline, stimulating interest in
nAChR ligands as possible therapeutics. Prior work has typically focused on assays of spatial working
memory in rodent studies and visual recognition memory in monkey studies.

Objective— The current study was conducted to determine the role nAChRs play in multiple types
of memory in monkeys.

Methods— Rhesus monkeys (N = 6) were trained to perform a battery of 6 behavioral tasks and
then serially challenged with acute doses of nicotine (3.2–56 μg/kg, i.m.) and the nAChR antagonist
mecamylamine (0.32–1.78 mg/kg, i.m).

Results— Nicotine improved performance on tests designed to assay visual recognition memory,
spatial working memory and visuo-spatial associative memory while mecamylamine impaired visuo-
spatial associative memory. Ballistic and fine motor performance was not significantly improved by
nicotine but fine motor performance was impaired by mecamylamine.

Conclusions— Although nicotine may improve performance in multiple domains, effects on
visuo-spatial associative memory is the most specifically attributable to nAChR signaling.
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Introduction
Nicotine, the primary psychoactive ingredient in smoked tobacco, acts as an agonist at nicotinic
subtypes of acetylcholine receptors (nAChRs) which are widely distributed in the central
nervous system (Court et al. 2000a). Cholinergic mechanisms have long been demonstrated to
be crucial for learning and memory, however the majority of research efforts over past decades
has been devoted to investigation of signaling through the muscarinic subtype cholinergic
receptors (see Bartus 2000 for review). Recent attention has been focused on the involvement
of nAChRs in mnemonic functions in part because of observations that nicotinic receptor
binding is reduced in the cortex and hippocampus of Alzheimer’s Disease (AD) patients (Kellar
et al. 1987; Nordberg et al. 1988; Nordberg and Winblad 1986) and in the striatum of
Parkinson's Disease (PD) patients (Aubert et al. 1992; Court et al. 2000b; Perry et al. 1998).
Consistent with the finding for postmortem AD brain tissue, transdermal administration of
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nicotine can improve learning rates and attentional processing in AD patients (Min et al.
2001; White and Levin 1999; Wilson et al. 1995). While intravenous, transdermal or smoked
nicotine may improve symptoms in PD patients (Ishikawa and Miyatake 1993; Kelton et al.
2000), other studies suggest that transdermal, smoked or buccal nicotine does not improve, and
may worsen, PD symptoms (Ebersbach et al. 1999; Vieregge et al. 2001). Additional evidence
suggests that chronic exposure to nicotine may be neuroprotective since the use of tobacco
may reduce the incidence of AD (Brenner et al. 1993; Graves et al. 1991; Lee 1994; van Duijn
et al. 1995; van Duijn and Hofman 1991) and PD (Hernan et al. 2001; Ross and Petrovitch
2001). Finally, nAChR alterations may be involved in cognitive disturbance associated with a
variety of other conditions including Down syndrome, autism, schizophrenia, Tourette
syndrome and Lewy body dementia (see Court et al. 2000a for review). Given the involvement
of nAChRs in a range of cognitive disorders, much effort has been devoted to the development
of nAChR ligands (see Lloyd and Williams 2000; Rezvani and Levin 2001 for review) which
are not limited by the substantial adverse health risks, including addiction, associated with
nicotine. In addition, the nicotinic receptor agonist ABT-418 has been shown to have beneficial
cognitive effects in Alzheimer’s disease patients (Potter et al. 1999), without the adverse health
effects of nicotine. Further exploration of the relationships between nAChR signaling and
aspects of cognitive or behavioral function in preclinical models will therefore contribute
substantially to both understanding of the etiology of cognitive disruption and the development
of potential therapeutics.

Preclinical evidence also confirms that stimulation of nAChRs can improve a range of cognitive
functions both in the intact animal and under conditions of experimental or developmental
brain compromise. For example nicotine reverses attentional and memory impairments in rats
caused by basal forebrain lesions (Grigoryan et al. 1996; Muir et al. 1995) or lesions of the
septohippocampal pathway (Decker et al. 1992; Levin et al. 1993). The nAChR agonist
SIB-1508Y reverses cognitive deficits associated with chronic low dose exposure to 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in monkeys (Schneider et al. 1999) and
acts synergistically with levodopa to improve cognitive and motor performance in monkeys
exposed to higher doses of MPTP (Schneider et al. 1998a; Schneider et al. 1998b). Nicotine
also enhances visual recognition memory as assessed with the delayed match-to-sample (DMS)
task in adult (Buccafusco and Jackson 1991; Elrod et al. 1988; Terry et al. 1993) and aged
(Buccafusco and Jackson 1991; Buccafusco et al. 1999) macaques. Similarly, other nAChR
ligand such as ABT-089, ABT-418, GTS-21 and SIB1553A can also improve monkeys'
performance on DMS (Bontempi et al. 2001; Briggs et al. 1997; Buccafusco et al. 1995; Decker
et al. 1997; Prendergast et al. 1998). Prior studies in the nonhuman primate have frequently
been limited to single behavioral assay (Buccafusco and Jackson 1991; Elrod et al. 1988; Terry
et al. 1993); although see (Schneider et al. 1999), thus the generality or specificity of nicotine-
related cognitive improvement in nonhuman primates is not well established. Given the
diversity of behavioral impairments which have been associated with nAChR signaling
alterations it is of substantial interest to develop nonhuman primate models which can assess
the function of nAChRs in multiple cognitive domains.

Previous preclinical research has focused on the involvement of muscarinic cholinergic
systems in cognitive behavior. The muscarinic cholinergic receptor antagonists (mAChR)
scopolamine and atropine have been used extensively to model age-related cognitive deficits,
particularly in mnemonic domains. Scopolamine has been shown to impair performance on a
wide variety of memory tasks in several species, including rats (Deutsch 1971; Kirk et al.
1988), pigeons (Santi and Weise 1995), nonhuman primates (Aigner and Mishkin 1986; Bartus
and Johnson 1976; Ridley et al. 1984; Rupniak et al. 1991; Taffe et al. 1999) and humans
(Broks et al. 1988; Drachman and Leavitt 1974; Flicker et al. 1990; Ghoneim and Mewaldt
1975; Robbins et al. 1997; Safer and Allen 1971).
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In comparison with such studies of the cognitive effects of mAChR blockade, the effects of
nAChR blockade on cognitive behavior have not been examined as extensively. Nevertheless,
the available data suggest that cholinergic signaling mediated by nAChRs is also important for
memory function. In particular, the noncompetitive nAChR antagonist mecamylamine has
been shown to impair learning and memory processes in rodents, nonhuman primates and
humans. In rodents, mecamylamine has been shown to disrupt the acquisition of spatial
information in the Morris water maze and impair inhibitory avoidance learning (Bammer
1982; Decker and Majchrzak 1992; Dilts and Berry 1967; Riekkinen et al. 1993; Riekkinen et
al. 1992). Mecamylamine also impaired performance in a five-choice serial reaction task in
rats (Grottick and Higgins 2000), a finding in agreement with Jones et al. (Jones et al. 1995)
who reported task-specific disruptive effects of mecamylamine in middle aged rats. However,
Mirza and Stolerman (Mirza and Stolerman 1998) and Ruotsalainen and colleagues
(Ruotsalainen et al. 2000) only reported decrements in reaction time, not accuracy following
mecamylamine administration in the five-choice serial reaction time task. In nonhuman
primates, mecamylamine has been demonstrated to impair delayed matching-to-sample
performance (Elrod et al. 1988). Similarly, mecamylamine has also been found to impair the
acquisition of new information, but not the retrieval of previously learned information in
humans (Newhouse et al. 1992). The cognitive impairing effects of mecamylamine suggest
that tonic nicotinic cholinergic activity is necessary for normal cognitive functioning.

The present investigation was therefore designed to further determine the role nAChR signaling
plays in multiple aspects of cognitive function of rhesus monkeys using a neuropsychological
test battery approach. In this model, monkeys are trained to concurrently perform a number of
behavioral tests including ones designed to assess the mnemonic domains of visual recognition
memory (Delayed Match-to-Sample; DMS), spatial working memory (Self-Ordered Spatial
Search; SOSS) and visuo-spatial associative learning (visuo-spatial Paired Associates
Learning; vsPAL). Additional tests of motor function (Reaction Time, RT; Bimanual Motor
Skill, BMS) and reinforcer efficacy/sustained attention (Progressive Ratio; PR) are also
included. Monkeys' performance on tests from this battery have been shown to be selectively
affected by a number of acute pharmacological challenges in rhesus monkeys (Taffe et al.
2002a; Taffe et al. 2002b; Taffe et al. 2003b; Taffe et al. 1999; Taffe et al. 2002c; Weed and
Gold 1998). One working hypothesis for the current investigation was that nicotine would have
a broad range of beneficial effects including improving performance on all memory tasks and
speeding response latencies in the RT and BMS procedures. Nicotinic agonists can reverse the
cognitive deficits associated with Alzheimer’s disease (Brenner et al. 1993; Ishikawa and
Miyatake 1993; Lee 1994; Newhouse et al. 1997; van Duijn et al. 1994; van Duijn et al.
1995) and mecamylamine impairs DMS performance in nonhuman primates (Elrod et al.
1988) and disrupts the acquisition of spatial information in the Morris water maze in rodents
(Bammer 1982; Decker and Majchrzak 1992; Dilts and Berry 1967; Riekkinen et al. 1993;
Riekkinen et al. 1992). Furthermore, the vsPAL task is particularly sensitive to the cognitive
deficits observed in Alzheimer’s disease patients (Fowler et al. 2002; Swainson et al. 2001).
Therefore, it is hypothesized that blockade of nicotinic cholinergic receptors with
mecamylamine will impair vsPAL, SOSS and DMS performance.

Finally, it should be recognized that a broadly cognitive-enhancing substance (or even one
limited to learning and memory) would be of substantial utility to many individuals in important
vocational and educational settings at the least. As discussed briefly by Heishman (Heishman
1999), this raises the possibility that cognition enhancing effects of nicotine may be partially
responsible for supporting the use of tobacco products, particularly early in an individuals' use
history prior to the development of significant addiction. Thus further study of the manner in
which nAChRs contribute to cognition may result in increased understanding of the public
health concerns related to the compulsive use of tobacco products. In summary, the present
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investigation will further knowledge of the role nAChRs play in cognition which may facilitate
understanding of a range of concerns from neurodegenerative disease to drug abuse.

Materials and methods
Animals

Six male rhesus monkeys (Macaca mulatta) served as subjects. The monkeys were
approximately 6 years of age and weighed 8–12 kg at the beginning of the study. Animals were
individually housed and fed in the home cage after completion of the daily testing session. The
animals' normal diet (Lab Diet 5038, PMI Nutrition International) was supplemented with fruit
or vegetables four days per week and water was available ad libitum in the home cage at all
times. The animals' diet was modestly restricted 5 days per week to ensure consistent behavioral
responding while maintaining adequate growth rates. Laboratory experience with this food
restriction protocol produces a mean growth rate of 0.06 kg/month prior to puberty and 0.14
kg/month thereafter for animals 2–8 years of age. The United States National Institutes of
Health guidelines for laboratory animal care (Clark et al. 1997) were followed, and all protocols
were approved by the Institutional Animal Care and Use Committee of The Scripps Research
Institute. The monkeys had previously been trained on components of a behavioral test battery
and had participated in prior acute drug challenge studies with ketamine (Taffe et al. 2002a;
Taffe et al. 2002c), scopolamine (Taffe et al. 2002c) and Δ9-tetrahydrocannabinol; these drugs
were administered at least 3 months prior to the current study. One monkey (#289) participated
in the nicotine study but not the mecamylamine study. In addition, all animals were
immobilized with ketamine in doses of 5–10 mg/kg (i.m.) no less than semiannually for the
purposes of routine care and health monitoring prior to the present study.

Apparatus
Animals were tested in transport cages modified by the removal of several bar sections to allow
the animal to easily reach out of the cage. The transport cage was placed in front of a computer
monitor fitted with a touch-sensitive screen on which visual stimuli were presented. Animals
were previously trained to reach out of the cage to touch the location on the screen at which
stimuli are presented to obtain a food pellet reward. Stimulus presentation and response
detection were controlled by a microcomputer equipped with a version of the CAmbridge
Neuropsychological Test Automated Battery (CANTAB; Cambridge Cognition, Ltd.)
designed for use with non-human primates. Following correct responses, a dispenser delivered
190 mg flavored pellets (P.J. Noyes Co., Lancaster, NH) to a bin mounted on the front of the
cage. The majority of animals were tested in small experimental rooms where a white-noise
generator remained on and the subject was left alone during each behavioral session. One
animal (#302) was tested using the apparatus described but sessions took place in the colony
room. The training procedures and normative performance for these tasks have been previously
described (Taffe et al. 2004; Weed et al. 1999).

Delayed Match-to-Sample (DMS)—The DMS task is a recognition memory task involving
sequential sets of independent visual discriminations. A sample stimulus is presented in the
center of the screen and the animal must make an observing touch to its location within 30
seconds otherwise the trial is scored as a sample omission error and a 4 sec inter-trial delay is
initiated. After a touch, the screen is blanked and following a variable retention interval (2, 60
or 90 sec) four choice stimuli are presented in the corners of the screen. One stimulus is identical
to the sample stimulus and the others are novel. A touch directed to the choice stimulus that is
identical to the sample is followed by reinforcer delivery and scored as a correct choice. In
addition to the three retention interval conditions, a simultaneous condition is included in which
the sample stimulus remains present after the observing touch and while the choice stimuli are
presented. A session consists of 10 trials at each retention interval (plus 10 simultaneous trials)
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presented in randomly intermixed fashion for a total of 40 trials. Monkeys typically complete
the DMS session within 40 minutes. One animal (#325) was not trained to final testing
contingencies on DMS, thus nicotine challenge was omitted for this task in this monkey and
for the mecamylamine study, this animal was tested on simultaneous, 2 sec and 60 sec trials
only. The software utilizes 469 shapes and 7 colors to ensure that discriminations are unique
for approximately 120,000 trials. Performance accuracy is measured as a proportion of correct
choices to all choices (i.e., both sample and choice omission errors are excluded from the
accuracy calculation).

Self-Ordered Spatial Search (SOSS)—In each trial of the SOSS task, two, four, six or
eight small colored rectangles (boxes) are displayed on the screen in positions randomly
allocated from 16 possible locations. The animal must touch a box within 30 seconds of
stimulus onset. After each successful touch, the color of the touched box is briefly (100 ms)
changed and then the screen is blanked and a reinforcer is delivered. After a 2 second delay,
the boxes are re-displayed and the animal must touch a box which has not previously been
touched in the trial. The trial is completed when the animal has either touched all boxes without
a repetition (correct), touched a box that had previously been selected in that trial (error) or
failed to touch a box within 30 seconds of stimulus presentation (omission). Errors and
omissions are followed by a tone and a 4 second screen blank. After an inter-trial interval of
5 seconds, another trial is presented with stimuli in new (randomly allocated) positions. A
session consisted of 40 trials grouped into 8 blocks by trial type as follows: 5 (2 boxes), 5 (4
boxes), 5 (6 boxes), 5 (8 boxes), 5 (4 boxes), 5 (6 boxes), 5 (8 boxes), 5 (2 boxes). Monkeys
typically complete the SOSS session within 20–30 minutes. Accuracy scores are calculated for
each trial type by dividing the number of correctly completed trials by the number of trials in
which there was at least one response (i.e., errors of omission are excluded from the
calculation). One animal (#333) was not trained on SOSS, thus nicotine challenge was omitted
for this task in this monkey.

Visuo-Spatial Paired Associates Learning (vsPAL)—The vsPAL task involves
learning to associate visual patterns with specific spatial locations on a trial by trial basis. To
begin a trial, one sample stimulus is presented in one of four possible target locations (center
of the left, right, top or bottom edge of the screen) and the animal must make an observing
touch to its location within 30 sec. For the more difficult trials, second, third and/or fourth
sample stimuli are presented (a 0.5 sec screen blank follows each observing response) in unique
locations prior to the choice phase of the trial. After each sample stimulus has been presented,
and following a 1 sec screen blank, one of the sample stimuli (pseudo-randomly selected) is
simultaneously presented in 2–4 target locations (choice presentation).The animal is then
required to touch the target location in which that stimulus was originally presented to obtain
a reinforcer pellet. The next choice is then presented following a 0.5 sec screen blank. Touches
directed to the stimulus in an incorrect location (error) or a failure to touch within 30 sec
(omission) instantiate an additional 4 sec screen blank prior to presentation of the subsequent
choice. A successful trial completion requires the accurate selection of each of the 1–4 stimulus-
location associations presented in the sample phase. If a subject fails to successfully complete
a given trial on the first attempt, the same set of stimulus-location associations are presented
again, in a new sample- and choice-order. Animals are allowed up to 5 additional attempts to
successfully complete the set of stimulus-location associations in a given trial. If the subject
does not succeed after 6 total attempts the trial is terminated and a next trial is initiated, (i.e.,
a new set of stimulus-location associations is presented). Task performance is measured by the
initial-attempt trial completion success (the proportion of trials successfully completed on the
first attempt) and the overall trial completion success (the proportion of trials successfully
completed within 6 attempts). Each session consisted of 35 trials blocked as follows: 5 × 1-
stimulus trials, 10 × 2-, 3- and 4-stimuli trials which monkeys typically complete within 40–
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50 minutes. The number of choice locations was identical to the number of stimuli in each trial
type except for 1-stimulus trials in which 3 choice locations are presented.

Reaction Time (RT)—For the RT task, a response lever (BRS/LVE, Laurel, MD) is mounted
below the monitor and in front of the transport cage. For each trial a grid of five circles, or
target locations, connected by lines is presented in white on the screen. The monkey initiates
the trial by holding down the lever. After a pseudorandomly-variable delay lasting between
0.75 and 2.5 seconds, a yellow circle appears within one of the five target locations and is
removed after 20, 100 or 1000 msec. Touching the appropriate circle within 2 seconds results
in reinforcer delivery. A session consists of 45 trials evenly divided in terms of the 5 target
locations as well as the 3 stimulus durations. Animals typically complete the RT session within
7 minutes. The interval between target onset and the monkey's release of the lever (release
latency) and the interval between target onset and the monkey's touch of the target location
(response latency) is recorded in milliseconds. The interval required to move from lever to the
target location (movement time) is calculated by subtracting the release latency from the
response latency. One animal (#320) was not trained to final testing contingencies on RT for
the nicotine challenge but participated in the mecamylamine study. One animal (#302) failed
to perform RT in a consistent fashion prior to the initiation of the mecamylamine study and
thus this task was not evaluated in this monkey.

Progressive-Ratio (PR) Schedule of Reinforcement—In the PR task a large colored
rectangle is presented in the center of the screen and the animal must touch the rectangle for
reinforcer delivery. The response requirement starts at 1 and increments by arithmetic
progression within blocks of 8 reinforcers and by geometric progression between blocks of 8
(i.e., the first successive 8 ratios increase by 1, the second successive 8 increase by 2, the third
successive 8 increase by 4, etc.) The session is terminated after 10 minutes, or earlier if 3
minutes elapse following a response. The interval between session start and the last response
emitted is recorded as the "time-to-last-response" measure. The last completed response ratio,
the number of reinforcers earned, the total number of responses made and the response rate are
also recorded.

Bimanual Motor Skill Task (BMS)—A transparent polycarbonate board drilled with 15
holes is filled with raisins and mounted perpendicular to the door of the transport cage. The
hole diameter is such that for efficient retrieval of raisins, the animal must push the raisin
partially out of the hole with one finger before retrieving it. With training, animals universally
adopt a strategy of pushing the raisin with one hand while retrieving it with the other hand,
thus entailing bimanual dexterity. The time required to retrieve all 15 raisins is recorded by
stopwatch.

Acute Drug Challenge Procedure
The challenge studies were initiated in monkeys trained to perform the battery tasks in a
standard 3-day alternation in which the following combinations of battery tests were completed
on sequential days: PR/SOSS/BMS one day, DMS/RT/BMS on the following day and either
PR/vsPAL/BMS or vsPAL/RT/BMS on the third day. During the drug challenge studies, non-
injection baseline sessions were administered twice (Mon, Wed), drug sessions were
administered twice (Tue, Fri) and a vehicle (physiological saline) session was administered
once (Thur) per week. The behavioral testing and drug challenge schedule is outlined in Table
1. To summarize, each task was evaluated at least twice under baseline conditions, twice under
drug challenge and once following vehicle administration within each 3 week period. Prior to
initiating a challenge study, vehicle was injected three days per week (Tue, Thur, Fri) for a
minimum of two weeks or until performance following injections was equivalent to non-
injection performance. Doses of nicotine bitartrate (3.2–56 μg/kg, i.m.; 15 min prior to session;
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doses expressed as the salt) or mecamylamine HCl (0.32, 1.0, 1.78 mg/kg, i.m.; 15 min prior
to session; doses expressed as the salt) were evaluated twice for each SOSS, DMS or PAL task
combination in an ascending-descending order per combination (each of the two “vsPAL”
combinations, i.e., PR/vsPAL/BMS and vsPAL/RT/BMS, was evaluated once at each dose).
Each compound was dissolved in physiological saline to obtain a constant injection volume of
0.1 ml/kg. Thus the effect of a given dose was double-determined for the memory tasks, triple
determined for PR and RT and quadruple-determined for BMS. The mean performance of an
individual for all sessions run under a given treatment condition was used for all analyses,
including “best dose”. The nicotine and mecamylamine studies were conducted sequentially
with a minimum inter-study interval of 6 weeks. Some individual monkeys were not trained
to final testing contingencies on all tasks and one animal was not available for the
mecamylamine study (detailed above), thus the number of animals contributing to each analysis
ranges from N = 4 to N = 6.

Data Analysis
Nicotine Challenge—The data for each task were analyzed in two ways. One set of
randomized block analysis of variance (ANOVA) tests were conducted including repeated
measures factors of trial difficulty (DMS, retention interval; SOSS, number of boxes per trial;
vsPAL, number of stimuli per trial), and of treatment condition (baseline, vehicle, nicotine
doses) to determine if any significant group effects were detected at a given dose of nicotine.
A second set of analyses were also conducted which included repeated measures factors of
trial difficulty and a treatment condition factor including only the vehicle condition and an
individually-determined most-efficacious, or "best dose", of nicotine. Similar "best dose"
analyses have been employed previously to demonstrate improved performance on memory,
and other cognitive, tasks in monkeys treated with putative cognitive enhancing compounds
including nAChR ligands (Arnsten and Cai 1993; Arnsten and Contant 1992; Arnsten and
Goldman-Rakic 1990; Buccafusco and Jackson 1991; Elrod et al. 1988; Franowicz and Arnsten
1998; Schneider et al. 1999; Terry et al. 1993). Such analyses are of particular use when
challenge compounds are expected to consistently produce biphasic dose-response functions
(e.g., inverted "U") with significant individual variability in the left-right shift of the curve
relative to the mean. Here, the "best dose" was selected for each task for each individual subject
based on the maximum improvement observed over vehicle in percent correct choices for 60
and 90 sec delay trials (DMS); percent correct trials for 6-box and 8-box trial (SOSS); initial-
attempt trial completion success for 3-stimulus and 4-stimulus trials (vsPAL); release latency
for all trial types (RT); number of reinforcers acquired (PR) and retrieval latency (BMS).
Statistical analysis of the DMS (choice accuracy), SOSS (trial completion) and vsPAL (trial
completion success) data was conducted by randomized block analysis of variance (ANOVA)
with repeated measures factors of drug treatment condition and trial difficulty (DMS, retention
interval; SOSS, number of boxes per trial; vsPAL, number of stimuli per trial). A third repeated
measures factor was included in the vsPAL analysis to compare initial-attempt with overall
trial completion success.

Mecamylamine Challenge—Statistical analysis of the vsPAL (trial completion) data was
conducted by a randomized block three-way analysis of variance (ANOVA) with repeated
measures factors of initial/overall trial completion success, trial difficulty and drug treatment
condition. Statistical analysis of the SOSS (trial completion, response latency and strategy
score) and DMS (choice accuracy and choice latency) data was conducted by randomized block
two-way ANOVA with repeated measures factors of drug treatment condition and trial
difficulty (DMS, retention interval; SOSS, number of boxes). The RT (release latency,
movement time), PR (the number of reinforcers acquired, the time to the last response, total
number of responses, response rate) and BMS (retrieval latency) data were analyzed by
repeated measures ANOVA with the single factor of drug treatment condition
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General—Post-hoc analyses of any significant main effects or interactions found in the
randomized block ANOVAs were conducted with the Tukey-Kramer procedure. The RT
(response latency, movement time; collapsed across trial type), PR (the number of reinforcers
acquired, the time to last response, response rate) and BMS (retrieval latency) data were
analyzed using repeated measures ANOVAs with the single factor of drug treatment condition.
Post-hoc analyses of any significant main effects in these 1-way analyses were conducted using
the Dunnett procedure with vehicle as the control comparison condition. All analyses were
conducted using the GB-STAT statistical software package (v7.0; Dynamic Microsystems,
Silver Spring MD) and in all tests the criterion for significance was p < 0.05.

Results
Nicotine Challenge

DMS / SOSS / vsPAL—As with prior studies, performance on each of the memory tasks
depended on trial difficulty (Figures 1–3, upper panels). Specifically, there was a significant
main effect of retention interval in the DMS task [F3,12 = 30.03, p < 0.05], and of the number
of boxes per trial in the SOSS task [F3,12 = 159.66, p < 0.05]. Similarly, the percent of trials
completed successfully in vsPAL depended on the number of stimuli per trial [F3,15 = 40.06,
p < 0.05] and monkeys exhibited within-trial learning, achieving significantly higher overall-
attempt scores in comparison with performance on the initial attempt at a trial [F1,5 = 449.71,
p < 0.05]. In the overall dose-response analysis, there were no mean effects of drug treatment
condition on DMS, SOSS, or vsPAL performance, as is illustrated in upper panels of Figures
1–3. The monkeys unchallenged performance levels on the remaining tasks (Table 3) were
also consistent with observations from prior studies, however no significant effects of drug
treatment condition were noted.

The "best dose" analyses, in contrast, demonstrated that nicotine administration significantly
improved performance on all three of the memory procedures (Figures 1–3, lower panels); this
improvement was observed at different doses for individual animals (see Table 2).

The most efficacious dose of nicotine significantly improved choice accuracy in the DMS
procedure (Figure 1; lower panel), as confirmed by a significant main effect of drug condition
[F1,4 = 9.36, p < 0.05]. Choice accuracy did not depend on retention interval in this analysis
nor was any significant interaction between the effects of retention interval and drug condition
observed.

The most efficacious dose of nicotine also significantly improved the percent of trials
successfully completed in the SOSS task (Figure 2; lower panel) as confirmed by a main effect
of drug condition [F1,5 = 16.99, p < 0.05]. Performance depended on the number of boxes per
trial (significant main effect of trial difficulty [F3,15 = 131.89, p < 0.05]) and nicotine was more
likely to improve performance on the more-difficult trials (significant interaction between trial
difficulty and drug condition [F3,15 = 5.09, p < 0.05]). Post hoc analysis of this interaction
(including all pairwise comparisons) confirmed a significant nicotine-related improvement
relative to vehicle for performance for 6 box trials; a trend for similar improvement on 8 box
trials failed to reach significance, possibly due to a performance floor effect. Overall however,
this dose × difficulty related effect of the drug suggests a highly specific effect on the spatial
working memory aspects of the task.

Similar to the outcome for the DMS and SOSS procedures, the most efficacious dose of nicotine
significantly improved performance on vsPAL (Figure 3; lower panel) as confirmed by a
significant main effect of drug condition [F1,5 = 9.52, p < 0.05]. Performance on this task
depended on trial difficulty as confirmed by a significant main effect of trial type [F3,15 = 31.76,
p < 0.05] and monkeys were able to improve their performance on a given trial, achieving
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significantly greater overall trial-completion scores in comparison with the initial-attempt
completion scores [F1,5 = 243.62, p < 0.05]. The only significant interaction for this three-way
ANOVA was between trial difficulty and the initial attempt/overall trial-completion factor
[F3,15 = 25.03, p < 0.05]. This interaction reflects the fact that monkeys' initial attempt was
near perfect for 1-stimulus and 2-stimuli trials and thus significant improvements with practice
were only be observed for the more-difficult trials as confirmed by the post hoc analysis. In
summary, nicotine produced improvements in the performance of DMS, SOSS and vsPAL
confirming a general mnemonic enhancement.

RT / PR / BMS—In contrast to the effects on memory task performance, even the most-
efficacious doses of nicotine failed to produce any significant improvement in performance on
the remaining battery tasks. Specifically, the mean release latencies and movement times
generated in the RT procedure were comparable under vehicle and nicotine conditions and the
mean number of reinforcers acquired, time to last response and response rate in the PR task
were unchanged by nicotine. Although the mean latency to retrieve all 15 raisins in the BMS
task was shorter following the most efficacious dose of nicotine (18.6 sec; SEM 2.4) in
comparison with the vehicle condition (20.4 sec; SEM 2.6), this effect was not statistically
reliable [F1,5 = 5.14, p = 0.07]. Thus the beneficial effects of nicotine were limited to the tasks
which are designed to access mnemonic cognitive domains.

Mecamylamine Challenge
vsPAL—The monkeys' performance depended on trial difficulty and improved with repeated
attempts at a given trial (main effects of completion measure, F1,4 =128.29, p < .05; trial type,
F3,12 = 18.60, p < .05), as illustrated in Figure 4. Post-hoc analyses determined that overall
attempt trial success was signifcantly higher than initial-attempt trial success for a given drug
treatment condition for the 3- and 4-stimulus trials (Figures 4A and B). Acute challenge with
mecamylamine interfered with trial completion success (main effect of drug condition;
(F4,16 = 3.36; p < .05) as is illustrated in Figure 4. This detrimental effect of mecamylamine
challenge impacted initial-attempt trial completion success (Figure 4A), while not greatly
affecting overall trial completion success (Figure 4B) (interaction between completion measure
and drug condition; F4,16 = 9.15; p < .05). Post hoc exploration of the main effects confirmed
that for the 3-stimulus trial condition, the 1.78 mg/kg dose of mecamylamine significantly
impaired initial-attempt success compared to the vehicle and all other drug treatments (Figure
4A). Furthermore, the 1.78 mg/kg dose of mecamylamine significantly impaired initial-attempt
success relative to performance after the 0.32 mg/kg dose of mecamylamine for the 2-stimulus
trial condition. The lack of a mecamylamine effect on the initial-attempt success for 4-stimuli
trials is most likely related to a floor effect at this condition. Specifically, the percentage of
correct initial responses for the 4-stimulus baseline condition was 28 ± 7 % and the highest
dose of mecamylmine resulted in values of 18 ± 9 %. In particular, one subject had very few
correct trials on the initial attempt under baseline or vehicle conditions. Thus, under these low
baseline levels of performance it may be difficult to detect differences in performance due to
drug treatment or other insult. This interpretation is supported by the analysis of the percent
of correct choices on the initial attempt (Figure 4C). A two-way ANOVA confirmed a
significant main effect of task difficulty [F3,12 = 34.95; p < .05] and treatment condition
[F4,16 = 4.56; p < .05], as well as the interaction of the two factors [F12,48 = 3.06; p < .05] on
the percent of correct choices on the initial attempt. Post hoc analysis confirmed that the 1.78
mg/kg dose of mecamylamine decreased the percent of correct choices on the initial attempt
compared to the vehicle condition and the 0.32 mg/kg dose of mecamylamine for the 3-stimulus
trial condition, and that each of the 1.0 and 1.78 mg/kg doses of mecamylamine reduced the
percent of correct choices on the intitial attempt compared to the vehicle conditon for the 4-
stimulus trial condition.

Katner et al. Page 9

Psychopharmacology (Berl). Author manuscript; available in PMC 2007 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



There was a significant interaction between task difficulty and mecamylamine on the percent
of task completed (F12,48 = 2.21; p < 0.05), and post hoc analysis confirmed that the 1.78 mg/
kg dose of mecamylamine reduced the percent of task completed compared to the vehicle
condition for the 4-stimulus trial condition (Figure 4D). Furthermore, there was a significant
interaction between task difficulty and mecamylamine on the number of total correct responses
(F12,48 = 2.02; p < .05), and post hoc analysis confirmed that the 1.78 mg/kg dose of
mecamylamine reduced the number of correct responses compared to vehicle for the 4-stimulus
trial condition (Figure 5A). Finally, mecamylamine produced a significant increase in choice
latency [F4,64 = 6.40; p < .05], without an effect on sample latency. Post hoc analysis confirmed
that choice latency was significantly increased by the 1.78 mg/kg dose of mecamylamine
compared to the baseline, vehicle and 0.32 mg/kg drug treatment conditions (Figure 5B).

DMS—No significant effects of treatment condition or retention interval were observed on
choice accuracy in the DMS task (Table 3). There was a significant interaction between drug
dose and retention interval [F12,48 = 2.37; p < 0.05] for choice accuracy for the DMS task,
however, post hoc analysis did not confirm significant differences between relevant
comparisons and no systematic relationships between drug dose and difficulty were apparent.
There was a significant main effect of retention interval [F3,12 = 23.48; p < 0.05], but not of
treatment condition on choice latency (Table 3). Post hoc analysis of the retention interval
effect confirmed that choice latency was greater for the 60 and 90 sec retention intervals
compared to the simultaneous and 2 sec retention intervals.

SOSS—Successful trial completion in the SOSS task depended on task difficulty [F3,9 =
158.59; p < 0.05], but was unimpaired by the administration of mecamylamine (Table 3). Post
hoc analysis of the task difficulty effect confirmed that trial completion success was lower for
the 6 and 8 box conditions compared to either the 2 or 4 box conditions. There were no
significant effects of trial difficulty or treatment condition on latency.

RT—No significant effects of mecamylamine or stimulus duration were observed on reaction
time, however, there was a trend for mecamylamine to increase release latency (Table 3).
Monkeys achieved a mean release latency of 310 milliseconds (SEM = 41 milliseconds) and
movement time of 489 milliseconds (SEM = 94 milliseconds) under baseline conditions.

PR—Mecamylamine had no significant effects on PR performance (Table 3).

BMS—Mecamylamine slowed raisin-retrieval performance as illustrated in Figure 6 [F3,12 =
5.027; p < 0.05]. Post hoc analysis confirmed that the time required to retrieve all 15 raisins
after the 1.0 and 1.78 mg/kg doses of mecamylamine was significantly longer than in the vehicle
condition. This result indicates that mecamylamine interferes with fine motor coordination.

Discussion
The present study demonstrates that nicotine can significantly improve the performance of
young adult monkeys on tasks assessing multiple mnemonic domains including spatial working
memory, visual recognition memory and visuo-spatial associative learning. This confirms and
extends previous observations of improved DMS performance in either young adult or aged
monkeys following nicotine administration (Buccafusco and Jackson 1991; Buccafusco et al.
1999; Elrod et al. 1988; Hironaka et al. 1992). Although perhaps unsurprising given the wide
distribution of nAChRs in the primate brain (see (Court et al. 2000a) for review) the present
results clearly demonstrate that the memory enhancing effects of nicotine extend beyond visual
recognition memory for stimulus hue in the macaque. These data provide support for a
hypothesis that nAChR signaling may be critically involved in lower-level, or general,
mechanisms which support the storage of information. In contrast, mecamylamine impaired
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visuo-spatial associative learning while leaving other memory domains unaffected.
Interestingly, preliminary work with aged rhesus macaques suggests that vsPAL acquisition
is more impaired than SOSS or DMS acquisition in comparison with young monkeys (Taffe
et al. 2003a). In addition, mecamylamine impaired fine motor performance while leaving
ballistic motor performance intact. Thus these data suggest that tonic activity of nAChRs may
be important for some but not all aspects of memory.

Nicotine significantly improved performance on three memory tasks featuring divergent
cognitive demands. Visual recognition memory was affected since choice accuracy in the DMS
task was increased, albeit in a manner independent of retention interval. This pattern of results
is slightly different from prior studies which employed the two-color alternation version of
DMS in which nicotine preferentially improved performance on longer retention intervals
(Buccafusco and Jackson 1991; Elrod et al. 1988); but also see (Buccafusco et al. 1999).
Nevertheless, the present result confirm that nicotine can improve visual recognition memory
in a (nearly) unique-trials version of DMS (presumed to be less subject to proactive
interference) in addition to prior evidence that it can improve performance on a limited-
stimulus-set version of DMS (which features significant proactive interference and working
memory demand). Performance on SOSS was also improved significantly with minimal
evidence for a specific effect on the more-difficult trial types. Finally, nicotine significantly
increased the proportion of successfully completed trials on the vsPAL procedure, however
this effect was not specific for the incremental acquisition aspects of the task (i.e., the overall-
success versus the initial-attempt success differential was not affected by nicotine). The degree
of improvement on vsPAL was modest in comparison with the effects noted for the DMS and
SOSS procedures. Therefore, given evidence that the vsPAL task is the most sensitive of these
three tests in the detection of AD-related cognitive disruption in questionably demented human
populations (Fowler et al. 2002; Swainson et al. 2001), the present findings suggest that nAChR
agonists may not be the best pharmacotherapeutic for cognitive improvement early in disease
course. Such interpretations should be qualified, of course, since the present work was
conducted in young rather than aged animals. Still it should be noted that where behavioral
effects of nicotinic ligands have been evaluated in young and old monkeys in the same assays,
results are qualitatively similar. The present nicotine data do, however, stand somewhat in
contrast to the effects of the nAChR antagonist mecamylamine which significantly impaired
vsPAL performance without affecting DMS and SOSS performance.

The present data may possibly be interpreted in terms of attentional effects. Indeed it may be
impossible to design a memory storage task which does not include an attentional requirement.
In specific terms, Buccafusco and colleagues have shown that nicotine and other nicotinic
agonists make monkeys more resistant to accuracy-decreasing effects of distracting stimuli
presented during the retention interval in the DMS procedure (Prendergast et al. 1998; Terry
et al. 2002) although they have also shown that performance on the standard version of the task
is enhanced. Marrocco and colleagues have shown that nicotine enhances disengagement from
an invalid cue in the Posner task (Witte et al. 1997), whereas scopolamine slows attentional
orientation to valid or invalid spatial cues (Davidson et al. 1999). Similarly, nicotine also
enhances disengagement from invalid cues (Phillips et al. 2000) and enhances sustained
attention (Bizarro and Stolerman 2003; Hahn et al. 2003; Mirza and Stolerman 1998) in the
rat. Sahakian and colleagues have shown that subcutaneous nicotine can improve measures of
attention in Alzheimer’s Disease (AD) patients although unfortunately they do not report other
CANTAB measures in this study (Jones et al. 1992). In related work (Sahakian et al. 1993)
they show that the cholinesterase inhibitor tetrahydroaminoacradine improves AD patients’
release latency and movement time in an analog of our RT procedure without affecting
performance on analogs of our DMS and vsPAL procedures. Interestingly while some studies
in human volunteers report improved sustained attention with nicotine (Mumenthaler et al.
2003), others report improved memory performance in the absence of attentional improvement
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(Howe and Price 2001; Min et al. 2001). Similar to this latter work, nicotine failed to
significantly improve the battery measures which are most consistent with vigilance and
sustained attention, namely release latency in the RT procedure and the time of last response
in the PR procedure. Thus neither a strong hypothesis of non-attentional mnemonic effects,
nor a strong hypothesis of non-mnemonic attentional effects is specifically supported by the
data obtained.

Mecamylamine produced a dose × difficulty dependent impairment of performance as
measured by initial-attempt, but not overall completion success, in the vsPAL task. For example
following the 1.78 mg/kg dose, performance on the 1-stimulus trial was not significantly
decreased, whereas performance on the 2- and 3-stimulus trials was significantly impaired for
initial-attempt success. Mecamylamine also produced a dose × difficulty dependent
impairment of performance as measured by percent correct choices on the initial attempt in the
vsPAL task. The dose × difficulty effect for this measure was more consistent than for initial-
attempt trial success for the vsPAL task, which may have been due to a floor effect for the 4-
stimulus condition for the initial attempt trial success measure. The difficulty-dependent dose-
effect suggests a highly specific effect of mecamylamine on the memory load aspects of the
task. In contrast, overall trial completion success was unaffected by mecamylamine as monkeys
were able to approximate baseline performance following all doses. This suggests that
incremental acquisition, or learning, in this task does not depend on nAChR signaling. These
results demonstrate that mecamylamine interferes with the formation of a stimulus-location
association (initial attempt success) and not the incremental strengthening of that association
(overall success). Mecamylamine also reduced task persistence as measured by percent task
completed, however, a significant impairment was only observed at the highest dose of
mecamylamine for the 4-stimulus condition. Thus nonspecific effects are unlikely to explain
the dose-dependent pattern of effects.

One available study on the mnemonic effects of mecamylamine in young adult monkeys
reported a significant decrement in DMS performance limited to short retention interval trials
(Elrod et al. 1988). In the present study there was a numerical reduction in DMS accuracy
following the highest dose of mecamylamine which was most pronounced for the short-delay
and simultaneous trials (Table 4). Since Elrod and colleagues failed to control for multiple
comparisons in their statistical analysis (Elrod et al. 1988) it is possible that this difference
simply reflects a difference in the selected analysis technique. As with any negative result it is
possible that our finding reflects a Type II error. Thus the possibility that the vsPAL task is
only most-sensitive to, rather than selective for, mecamylamine effects cannot be ruled out.
Additional cautions in interpreting the effects of mecamylamine challenge are warranted.
While the primary mechanism of action in the CNS is a blockade of the open nAChR ionophore,
evidence suggests that mecamylamine can affect activity of a number of other neurotransmitter
systems (see Young et al. 2001 for review). With particular relevance to mnemonic function
mecamylamine may inhibit function of the N-methyl-D-aspartate (NMDA) glutamate receptor.
Thus, although most non-nAChR effects of mecamylamine appear to occur at higher doses
than employed here it is always possible that the observed effects were not a result of nAChR
blockade. Finally, it should be noted that mecamylamine has been shown to improve DMS
performance of aged monkeys (Terry et al. 1999), albeit at doses much lower (i.e., 0.01–0.25
mg/kg) than used here.

Choice latency was affected by mecamylamine in the vsPAL task, however, latencies in the
other memory tasks (SOSS, DMS) and RT were unaffected. These observations suggest that
the increased choice latency observed with mecamylamine in the vsPAL task was not due to
non-specific motor effects, but rather may reflect potential shifts in the speed/accuracy tradeoff
bias (Osman et al. 2000). Specifically, the significant increase in choice latency at the highest
dose of mecamylamine may reflect an attempt to preserve accuracy by slowing the response
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speed. Interestingly, Alzheimer’s disease patients have been found to compensate for
impairments in information processing by slowing down their response time (Koss et al.
1984) and basal forebrain cholinergic lesions in rats have also been shown to decrease
processing capacity and preserve response accuracy at the cost of response latency (Turchi and
Sarter 1997). Thus, nAChR signaling may be mechanistically involved in adjustments of speed/
accuracy tradeoff bias. The slowing of performance in the BMS task associated with
mecamylamine suggests that this compound produces alterations in fine motor coordination.
However, this does not explain the aforementioned effects of mecamylamine on vsPAL
performance, since mecamylamine produced a dose × difficulty effect on vsPAL performance,
no impairment of RT task performance (which is a measure more similar to choice latency for
all tasks) and no impairments on other tasks in the test battery. Interestingly a previous report
found no effect on mecamylamine on force-lever performance in rhesus monkeys (Preston et
al. 1985), also suggesting that the BMS result may illustrate a highly selective motor effect.

The contrast between the relatively specific memory effects of mecamylamine and the general
effects of nicotine observed here may be attributable to differing affinities of the compounds
for various nAChR subtypes with different regional distributions. Alternately it may point to
non-opposing differences between stimulation of a receptor and inhibition of tonic activity.
Theoretically, some of these differences may be attributed to pharmacokinetic effects since the
halflife of both nicotine and mecamylamine are relatively short thus significant differences in
CNS drug levels may have been obtained across the ~60 min testing sessions. This is somewhat
unlikely to explain the present results. First, because of the differing session types and
individual differences there is considerable randomization/overlap in the per-task pre-
treatment interval for both drug challenges. In the case of the mecamylamine challenge the
BMS task run at the end of sessions was significantly affected thus behaviorally active drug
levels persisted. Between the three memory tasks, the vsPAL trials are run in order of difficulty
and lasts the longest and thus might be expected to be most affected by declining CNS drug
levels; here it was the most sensitive. Similar analyses hold true for the nicotine study. In any
case, this comparison of nAChR agonist/antagonist effects cautions that interpretation of the
behavioral effects of systemic administration of compounds is complex, even when compounds
are presumed to affect similar brain circuits. Thus the comprehensive behavioral evaluation of
cognition and the rigorous validation of a given pharmacological model of cognitive disruption
within a common preclinical model are necessary for the development of potential
pharmacotherapies for cognitive enhancement.

Apart from the possible mnemonic benefits of nicotine, the present results also have important
implications for aspects of nicotine which are detrimental to health. Nicotine is the major
psychoactive ingredient in smoked tobacco and is presumed to be a primary reason for the
development of dependence on tobacco. Such dependence remains a significant public health
concern with long-term smokers suffering from a variety of health problems including many
that are terminal (USCDC 1996), leading to substantial societal costs (Keeler et al. 2002;
Schauffler et al. 2001; Stapleton et al. 1999). The observation here that acute doses of nicotine
can improve memory in a number of domains presents the possibility that implicit or explicit
seeking of such beneficial effects may support use of tobacco, particularly early in the use
pattern prior to the development of substantial dependence. Certainly improved memory,
learning, sustained attention (or concentration) and speeded motor performance would appear
to offer benefits to most occupational and educational endeavors. Thus it is possible that the
pan-mnemonic beneficial properties of nicotine (such as were demonstrated here) may help to
drive early exposure to tobacco products. Such a possibility is particularly troubling given
evidence that use of tobacco in the early- to mid-teen years, a time of substantial pressure for
academic success, is associated with increased risk for the development of tobacco dependence
(Everett et al. 1999; Giovino 1999).
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In conclusion this study demonstrates that nicotine is a broadly acting performance enhancer
in monkeys, since it increased accuracy on three separate memory tasks. These tasks span the
mnemonic domains of visual recognition memory, spatial working memory and visuo-spatial
associative memory thus it is likely that nAChR signaling plays a critical role in many, if not
all, types of memory. Since there were no significant effects here on the non-mnemonic tests
it is at least possible that nicotine (and possibly other nAChR ligands) may be titrated to
improve memory selectively while minimizing nonspecific effects, e.g., on motor function.
Thus the present results support the further development of nAChR ligands as broadly acting
memory enhancers.
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Figure 1. Nicotine Effect on Delayed Match-to-Sample
The mean (N = 5; ± SEM) effect of acute doses of nicotine on performance of each trial type
of the DMS task are presented in the upper panel. The lower panel reflects the effect of the
most beneficial dose selected on an individual basis (see text). Nicotine improved overall DMS
choice accuracy as indicated by a significant main effect in the best dose analysis. A complete
description of the statistical analysis is provided in the Methods. Base indicates noninjection
baseline sessions; Veh indicates vehicle injection sessions.
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Figure 2. Nicotine Effect on Self-Ordered Spatial Search
The mean (N = 5; ± SEM) effect of acute doses of nicotine on performance of the SOSS task
are presented in the upper panel. The lower panel reflects the effect of the most beneficial dose
selected on an individual basis. Nicotine improved overall SOSS trial completion success as
indicated by a significant main effect in the best dose analysis. A significant difference between
vehicle and nicotine conditions for a given trial type is indicated by *. A complete description
of the statistical analysis is provided in the Methods. Base indicates noninjection baseline
sessions; Veh indicates vehicle injection sessions.

Katner et al. Page 21

Psychopharmacology (Berl). Author manuscript; available in PMC 2007 December 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Nicotine Effect on visuo-spatial Paired Associates Learning
The mean (N =6; ± SEM) effect of acute doses of nicotine on performance of the vsPAL task
are presented in the upper panels. The lower panels reflect the effect of the most beneficial
dose selected on an individual basis. For each analysis, the trial completion success on the
initial attempt is presented in the left panel and the right panel presents the overall trial
completion success. Nicotine improved vsPAL trial completion success as indicated by a
significant main effect in the best dose analysis. A significant improvement in overall trial
completion success compared with the initial attempt completion success is indicated by *. A
complete description of the statistical analysis is provided in the Methods. Base indicates
noninjection baseline sessions; Veh indicates vehicle injection sessions.
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Figure 4. Mecamylamine Effect on visuo-spatial Paired Associates Learning
The mean (N = 5; ± SEM) proportion of successfully completed trials (A: initial-attempt
success, B: overall trial completion success), the percent of correct choices on the initial attempt
(C), and the percent task completed (D) are presented by trial type (i.e., difficulty) for monkeys
challenged acutely with doses of mecamylamine. In Panel A, the open symbols indicate
significant differences from the 0.32 mg/kg dose for the 2-stimulus trial and from all other drug
treatments for the 3-stimulus trial. In Panel B, * indicates significant differences between
initial-attempt success and overall trial completion success for a given drug treatment for the
3- and 4-stimulus trials. In Panel C, the open symbols indicate significant differences from the
vehicle condition and 0.32 mg/kg dose for the 3-stimuls trial and from the vehicle condition
for the 4-stimulus trial. In Panel D, the open symbol indicates a significant difference from the
vehicle condition for the 4-stimulus trial. A complete description of the statistical analysis is
provided in the Methods. Base indicates noninjection baseline sessions; Veh indicates vehicle
injection sessions.
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Figure 5. Mecamylamine Effect on Ancillary vsPAL Measures
Group means (N = 5; ± SEM) are presented for the total number of correct and incorrect
responses (Panel A) and sample and choice latency (Panel B) collapsed across stimulus trials.
In Panel A, the open symbol indicates a significant difference from the vehicle condition for
total correct responses and in Panel B, the open symbol indicates a significant difference from
the vehicle condition and the 0.32 mg/kg dose for choice latency. A complete description of
the statistical analysis is provided in the Methods. Base indicates noninjection baseline
sessions; Veh indicates vehicle injection sessions.
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Figure 6. Mecamylamine Effect on BMS Performance
The mean (±SEM; N=5) time required to retrieve 15 raisins was significantly slowed by
mecamylamine. * indicates a significant difference from vehicle performance. A complete
description of the statistical analysis is provided in the Methods. Base indicates noninjection
baseline sessions; Veh indicates vehicle injection sessions.
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