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Abstract

Rationale Evidence for a relationship between cigarette
smoking and attention-deficit/hyperactivity disorder
(ADHD) has prompted investigations into nicotinic treat-
ments for this disorder. Impulsivity is a hallmark of ADHD
and is measured in the laboratory as behavioral inhibition
(BI) using the stop signal task (SST). Acute nicotine
improves SST performance in adolescents and young adults
who have both ADHD and impaired baseline SST
performance, raising questions about the role of nicotinic
acetylcholine receptor function in BI. The specificity of this
effect to those with ADHD, the component processes of the
SST affected by nicotine, and the effects of nicotinic
antagonism are yet unknown.

Objectives This study investigated the effects of both a
nicotinic receptor agonist and antagonist on the SST and
choice reaction time task (CRT) in highly impulsive (HI)
and control (CTRL) subjects.

Methods This was a within-subjects, double-blind study of:
7 mg transdermal nicotine, 20 mg oral mecamylamine, and
placebo. Subjects were recruited into HI (n=11) and CTRL
(n=14) groups based on both SST and clinical criteria.
Results Bl was significantly improved by nicotine com-
pared with placebo in the HI group and impaired by
mecamylamine in the CTRL group. Go signal reaction time
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on the SST was improved by nicotine compared with
placebo in the CTRL group and was unchanged in both
groups on the CRT.

Conclusions These findings demonstrate nicotinic modula-
tion of BI in subjects with both normal and disordered
baseline performance. The effects on BI are consistent with
cholinergic enhancement of signal detection processes and/
or modulation of noradrenaline by nicotine.
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Introduction

Interest in the role of nicotinic cholinergic receptor function
in attention-deficit/hyperactivity disorder (ADHD) has
arisen from converging evidence of a relationship between
smoking and ADHD (Lambert et al. 1987; Mick et al.
2002; Milberger et al. 1998; Pomerleau et al. 1995; Schmitz
et al. 2006; Kollins et al. 2005) leading to the proposal that
persons with ADHD may use cigarette smoking as self-
medication (Conners et al. 1996; Gehricke et al. 2007;
Potter et al. 20006).

It is well known that nicotine improves cognition,
including attention, in psychiatric and healthy volunteer
populations (Levin et al. 2006; Singh et al. 2004). Clinical
trials have shown reduced ADHD symptoms following
administration of nicotine (Conners et al. 1996; Gehricke et
al. 2009; Levin et al. 1996; Shytle et al. 2002) or novel
nicotinic agonists (Biederman et al. 2006; Wilens et al.
1999). Specific studies of nicotinic effects on cognition in
ADHD are limited but indicate that nicotine reduces
variability in reaction time (Conners et al. 1996; Levin et
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al. 1996) and behavioral inhibition (Potter and Newhouse
2004; 2008) in young adults with ADHD.

Behavioral inhibition (BI), defined as the ability to delay
or withhold a pre-potent response (Barkley 1997), is a
widely used behavioral characteristic in studies of ADHD
(Willcutt et al. 2005), as well as other psychiatric and
substance use disorders. The time to inhibit a pre-potent
response, the stop signal reaction time (SSRT), can be
measured using the stop signal task (SST; Logan 1994). In
this task, subjects perform a primary choice reaction task
while withholding their response when an infrequent
auditory tone, the “stop” signal, occurs (see Logan 1994
for details). This task has advantages over traditional Go/
No-Go tasks, including that automatic inhibition is unlikely
to occur (Verbruggen and Logan 2008) and that the speed
of inhibition is estimated. Impaired SST performance
(abnormally long SSRT) is seen in many clinical
populations including ADHD and substance use disor-
ders (Barkley 1997; Fillmore and Rush 2002; Monterosso
et al. 2005; Oosterlaan and Sergeant 1998; Tannock 1998).
It has been hypothesized that impaired BI underlies broad
deficits in executive function (Barkley 1997; Fillmore and
Rush 2002; Oosterlaan and Sergeant 1998; Vogel-Sprott et
al. 2001), contributing to clinical impairments in these
disorders.

While the beneficial effect of nicotine on BI has
important treatment implications, our understanding of
nicotinic receptor function and BI is still preliminary. First,
it is unknown if the effect of nicotine is specific to response
inhibition or improves performance more generally on the
SST. The reaction time to the go signal (Go-RT) and SSRT
have been shown to be stochastically independent (Aron et
al. 2007; Band et al. 2003; Bedard et al. 2002; Logan 1994)
and are hypothesized to be modulated by distinct mono-
amine systems (Bari et al. 2009). Our previous work with
nicotine has found positive effects on SSRT without
changes in Go-RT (Potter and Newhouse 2004, 2008).
However, these were small studies of subjects with
impaired SSRT at baseline. Thus, greater clarification of
the effects of nicotine on SST performance is warranted.
Second, nicotine has baseline dependent effects on many
cognitive functions (Perkins 1999), and the presence of
these effects on the SST is unexplored. Finally, there has
been no work done to examine the effects of nicotinic
antagonism on SST performance. Knowing the effect of
cholinergic system disruptions will advance our under-
standing of the role of nicotinic cholinergic receptor system
function in BI in both impaired and healthy populations.

To address these questions, the present study examined
the effects of acute nicotinic stimulation and blockade on
SST performance in two groups of non-smokers, highly
impulsive (HI) young adults with ADHD and impaired
baseline SST, and healthy controls (CTRL) with normal
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SST performance. This approach allowed us to use a
clinically relevant yet precisely defined behavioral pheno-
type to assess the effects of both agonism and antagonism
of nicotinic cholinergic receptors. We hypothesized that
nicotine would improve SSRT in the HI group, consistent
with our past research, and that mecamylamine would
impair SSRT in both groups. We further hypothesized that
nicotine would improve Go-RT in the CTRL group, a
finding consistent with many years of research on the
effects of nicotine on reaction time in healthy volunteers
(Bates et al. 1994; Kerr et al. 1991; Levin et al. 1998;
Mancuso et al. 2001; Sherwood et al. 1992), but not in the
HI group, as we have seen in our previous work (Potter and
Newhouse 2004; 2008). This study also included a choice
reaction time (CRT) task to dissociate drug effects on
simple reaction time from those on the process of
behavioral inhibition. We hypothesized that NIC would
improve the recognition component of reaction time in both
subject groups reflecting enhanced attention.

Methods and materials

Design overview This was an acute, single dose, within-
subjects, double-blind study with the following drug
conditions: (1) 7 mg transdermal nicotine (NIC) adminis-
tered for 45 min, (2) 20 mg oral mecamylamine (MEC),
and (3) placebo (PLC). Each drug was administered on a
separate study day (randomly assigned), and study days
occurred at least 48 h and no more than 10 days apart. This
study was approved by the institutional review board at the
University of Vermont and conducted in accordance with
all relevant regulations. The primary outcome measure was
performance on the SST.

Subjects Twelve highly impulsive (HI) and 15 control
(CTRL) young adults (age 1824 years) completed this
study. A total of 59 subjects were recruited by flyers and
provided written informed consent prior to screening.
Thirty-two screen fails were due to: personal/scheduling
conflicts (n=12), SST performance criteria (n=7), medical
contraindication (n=5), psychiatric co-morbidity (n=4), use
of nicotine (n=2), co-morbid learning disability (n=1),
recreational use of psychostimulants (z=1), or did not meet
ADHD diagnostic criteria (n=1). Two subjects were
missing SST data due to computer malfunction and were
excluded from all cognitive analyses, leaving 11 in the HI
and 14 in the CTRL groups.

HI subjects met full DSM-IV-TR criteria for ADHD-
combined type (with no co-morbid disorders) and per-
formed at least 1.5 standard deviations (SD) above the
mean norm SSRT in the reference age range (Williams et al.
1999). CTRL subjects had no DSM-IV-TR Axis I diagnoses
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and performed within 1 SD of the mean norm SSRT.
Psychiatric disorders were assessed using the Structured
Clinical Interviews for DSM Disorders (SCID) (First et al.
1996) and the behavior disorder supplement for the K-
SADS-PL (Kaufman et al. 1997), with all interviews
conducted by trained clinicians (MS or PhD). Subjects
were all non-smokers defined by no current smoking (last
3 months) and never a period of daily smoking. No subjects
met criteria for current alcohol or drug dependence. Four
subjects (one HI, three CTRL) met criteria for alcohol
abuse in the past 12 months. The Wechsler Abbreviated
Scales of Intelligence (Wechsler 1999) was administered to
estimate 1Q. Demographic characteristics of the participants
who completed the study are presented in Table 1.

The status of medication treatment for ADHD was
assessed at screening. Eight subjects were taking psychos-
timulants, and one was taking atomoxetine. Psychostimu-
lants were washed out for 48 h (at least 12 half lives) and
atomoxetine for 7 days before each study day. This length
of washout is consistent with previous studies of the effects
of acute drug administration on cognition in ADHD (Aron
et al. 2003; DeVito et al. 2009; Potter and Newhouse 2008).

Drug administration Drugs were administered using a
double-blind, double-placebo procedure in which subjects
were administered both transdermal and oral medication/
placebo on each study day. A transdermal nicotine patch
(7 mg Nicoderm CQ) or matching placebo (obtained from
1-800-PATCHES) was placed on the subject’s upper back.
Oral mecamylamine (Inversine, purchased from Targacept
Inc.) or placebo (lactose) was administered in blinded
capsules. Dose selection and timing were determined by
prior studies showing that 45 min of a 7mg transdermal

Table 1 Subject demographics at the time of screening

HI (n=11) CTRL (n=14)
n (%) or mean+SD
Female 8 (73) 7 (50)
Age, years 19.7+02.1 20.1+01.6
FSIQ 115.8+£08.3 114.0+07.0
Stop signal task, ms
ACC (%) 96.7+2.8 97.9+4.0
Go-RT 493.5+89.1 493.7+116.3
SD* 124.7£47.7 91.1£31.6
SSD* 185.2+110.4 294.8+125.1
SSRT* 308.2+84.4 198.9+49.0

CTRL control group, HI high impulsive group, FSIQ full scale
intelligence quotient, ACC accuracy, Go-RT go reaction time, SD
standard deviation of go reaction time, SSD stop signal delay, SSRT
stop signal reaction time

*p<0.05 different between HI and CTRL by 7 test

nicotine patch produces reliable cognitive effects with-
out intolerable side effects in non-smokers (Potter and
Newhouse 2004, 2008) and that 20 mg of mecamylamine
produces cognitive deficits with acceptable side effects at
150 min (Newhouse et al. 1994; Dumas et al. 2008).

Study day procedures Subjects fasted after midnight before
each study day. Confirmation of non-smoking status
(expired CO<10 ppm) and a negative urine pregnancy test
were required prior to drug administration. Oral capsules
were administered at approximately 08:30AM. The trans-
dermal patch was applied 105 min later and was removed
after 45 min. The SST and CRT were administered as part
of a cognitive battery (including assessment of delay
aversion, working memory, and risk-taking; results not
reported here). Following cognitive testing, participants
completed behavior ratings.

Stop signal task This is a computer-administered test of
behavioral inhibition (see Logan et al. 1984 for full task
details). Participants respond to two equally probable “go”
signals (the letters X and O) on a computer screen and are
instructed not to respond if an auditory signal (the “stop”
signal) is present. Subjects completed four blocks of 64
trials each, 25% of which were stop trials. The task began
with a 250 ms delay between the go and stop signals (stop
signal delay (SSD)), which was dynamically adjusted by
50 ms after every stop trial to approximate a 0.5 probability
of successful inhibition (Logan et al. 1984). SSRT was
calculated by subtracting the average SSD from the mean
Go-RT (Logan et al. 1984). Subjects completed a training
session between screening and the first drug challenge day
to stabilize task performance.

Choice reaction time task The CRT from the Milford Test
Battery (Hindmarch 1984) was administered. This simple
reaction time task has an array of LED lights, each
associated with a light-sensitive diode (LSD) used for
response keys. Subjects place their index finger on the
“home” LSD and respond to one of six “target” LSDs in the
array by moving their index finger to the LSD associated
with the target light. This allows total reaction time to be
broken into a recognition component (time to remove index
finger from home LSD) and a motor component (time from
removing finger from home LSD to covering the target
LSD). This task has been used in many studies of nicotinic
drugs (i.e., Dumas et al. 2008).

Behavioral ratings In the Physical Symptom Checklist
(PSCL) (Van Kammen and Murphy 1975), subjects rate
22 symptoms (nausea, headache, itchiness, etc.) on a four-
point scale in reference to their experiences that morning.
This measure has been used extensively to assess physical
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symptoms in response to acute drug challenges (McNair et
al. 1971; Potter and Newhouse 2008; Van Kammen and
Murphy 1975). In the Profile of Mood States (POMS)
(McNair et al. 1971) participants rate a list of 65 adjectives
of mood and/or physical well being on a five-point scale.
The POMS vyields cluster scores for vigor, tension,
depression, anger, fatigue, and difficulty concentrating as
well as a composite total mood disturbance score which is
calculated by summing the six factor scores with the vigor
score negatively weighted.

Data processing and analysis SST data was excluded for
any block (64 trials) where the probability of responding to
the stop signal was <0.32 or >0.68, per previous methods
(Potter and Newhouse 2008). From the total data set (n=
300 blocks), two blocks were excluded from CTRL and
three blocks from HI subjects. On the CRT, median reaction
times were analyzed to minimize the effect of rare extreme
values within a subject. The group level distribution of the
CRT data was normal and did not necessitate transformation.
Behavior ratings were analyzed to include all 27 subjects who
received drug challenge days.

Repeated-measures mixed-model analyses of variance
(ANOVAs) were used to determine differences related to
drug and group on the dependent variables. An a priori
alpha level of .05 was used. Significant interactions were
explored using ¢ tests with a Tukey—Kramer adjustment to
correct for multiple comparisons where appropriate. Effect
size (Cohen’s d; Cohen 1977) was calculated for contrasts
of interest using the (Morris and DeShon 2002) equation to
account for within-subjects correlation.

Results
Stop signal task

Group differences and task variable intercorrelations At
screening, expected group differences were seen including
significantly higher SSRT [/(23)=9.18, p<0.001], lower
SSD [#23)=-2.97, p=0.007], and larger SD [#(23)=4.75,
»<0.001] in the HI group (Table 1). Go-RT and SSRT
were not significantly correlated across four task blocks in
either the CTRL [#(192)=0.06, p=0.391] or HI [#(157)=
0.13, p=0.110] group supporting independent consider-
ation of Go-RT and SSRT.

Training effects Examination of performance differences at
screening compared with the PLC study day (the training
effect) was carried out using mixed-model ANOVAs. Since
the order of drug administration was randomized and counter-
balanced, the length of time reflected in this comparison varies
between subjects. A significant main effect of training on
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SSRT was found, with all subjects improving during the
training period. The groupxtraining interaction was
significant for SSRT [F(1,23)=18.12, p<0.001] with the
HI group showing greater change [#(23)=-8.95, p<0.001,
67.09+£11.1 ms] than the CTRL group [#(23)=-3.98, p<
0.001, 25.29+5.4 ms] (see Table 1). There were no
significant training effects on Go-RT or accuracy.

Stop signal task

Drug effects Both groups of subjects had high (>95%)
accuracy at all drug conditions; however, there was a
significant [F(2,23)=26.97, p<0.001] drug x group inter-
action with post hoc contrasts indicating that HI subjects
had significantly [#(23)=-3.21, p=0.004] lower accuracy
(96.5%) compared with CTRL subjects (98.9%) on the
PLC day.

A significant drug x group interaction was found [F
(2,23)=13.07, p<0.001] on SSRT. In the HI group, NIC
improved inhibition compared with PLC (205.2 and
251.2 ms, respectively) [#(23)=—-6.90, p<0.001, d=0.93,
95%CI[-30.9, 36.8]] and MEC produced no change
(243.2 ms). In the CTRL group, NIC did not significantly
[#23)=-0.40, p=0.695] affect SSRT (193.3 ms) and MEC
impaired inhibition compared with PLC (214.2 and
195.6 ms, respectively) [#(23)=3.09, p=0.005, d=—1.39,
95%CI[-21.3, 23.2]] (Fig. 1).

Go-RT changes were seen in a significant drug x group
interaction [F(2,23)=3.80, p=0.037] with NIC shortening Go-
RT compared with PLC in the CTRL group [#23)=-3.50,
p=0.002, d=0.62, 95%CI[-47.0, 41.4]] and having no effect
in the HI group [#23)=0.34, p=0.737], Table 2. MEC was
not significantly different from PLC in either group.

There was a significant drug X group interaction [F
(2,23)=16.98, p<0.001] on SSD. In the HI group, both
NIC [#23)=5.65, p<0.001] and MEC [#(23)=5.18, p<
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Fig. 1 Stop signal reaction time (SSRT) in milliseconds by group and
drug (LS means): PLC placebo; NIC nicotine (7 mg); MEC
mecamylamine (20 mg); CTRL control group; HI high impulsive
group; **p<0.01 different from PLC of same group; error bars are
standard error around the mean
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Table 2 Stop signal task performance (milliseconds) across drug conditions by group

HI (n=11) CTRL (n=14)

PLC NIC MEC PLC NIC MEC
Go-RT 454.6+20.1 458.5+19.3 471.8+£19.5 444.0+17.9 406.8+17.4% 451.2+17.4
SD 85.5+5.0 82.3+5.9 96.2+5.7* 54.5+4.5 52.6+5.0 81.4+5.4%
SSD 200.6+12.5 269.7+10.2% 262.2+10.7* 249.3+10.9 233.1+9.6* 260.1+9.4
ACC 96.5+£0.6 98.1+0.6* 97.4+0.6* 98.9+0.5 97.5+£0.5% 98.1+0.5*

Values are LS means+SE

PLC placebo, NIC nicotine (7 mg), MEC mecamylamine (20 mg), CTRL control group, HI high impulsive group, Go-RT go reaction time, SD
standard deviation of go reaction time, SSD stop signal delay, ACC accuracy

*p<0.05 different from PLC of same group

0.001] resulted in longer SSD than PLC. In the CTRL
group, NIC [#(23)=-2.40, p=0.025] was associated with a
shorter SSD compared with PLC and MEC did not
significantly [#(23)=1.0, p=0.329] affect SSD (Table 2).
On the standard deviation (SD) of Go-RT, there was a
main effect [F(2,23)=23.12, p<0.001] of drug. MEC was
associated with a larger SD than either PLC [#(23)=5.85,
»<0.001] or NIC [#23)=5.98, p<0.001] (Table 2).

Choice reaction time task

There were no significant drug- or group-related effects on
overall reaction time or on the motor component of reaction
time on this task (Table 3). Analysis of recognition reaction
time (median) showed a significant [F(2,39)=4.57, p=
0.017] main effect of drug with NIC producing shorter
recognition reaction times than PLC (Fig. 2). The drug x
group interaction for recognition reaction time was not
significant [F(2,39)=0.43, p=0.650] (Table 3).

Behavior ratings

There were no significant drug-related effects on the total
score on the PSCL. Examination of individual items using
Tukey—Kramer adjustment for multiple comparisons found
significant drugx group interactions for tired [F(2,25)=9.24,
p=0.001] and heart pounding [F(2,25)=4.07, p=0.030].

Both effects were driven by changes in the HI group with
significant decreases in tired rating [#(25)=—4.72, adjusted
p=0.001] associated with NIC and lower rating of heart
pounding [#25)=—4.00, adjusted p=0.008] associated with
MEC compared with PLC. Main effects of drug were seen
for headache [F(2,25)=3.88, p=0.034], itching [F(2,25)=
5.21, p<0.001] and nausea [F(2,25)=3.94, p=0.033]. MEC
was associated with increased headache [#25)=0.77, adjust-
ed p=0.04], and NIC was associated with increased itching
[#(25)=5.21, adjusted p<0.001] and nausea [#(25)=2.80,
adjusted p=0.03] compared with PLC.

There were no significant drug-related differences from
PLC on the tension, anger, confusion, or total mood
disturbance cluster scores of the POMS. A significant drug x
group interaction was seen on fatigue [F(2,25)=5.28, p=
0.012] with NIC significantly [#(25)=—-3.25, adjusted p=
0.0343] decreasing fatigue in the HI group (Fig. 3a) and a
trend [#25)=2.94, adjusted p=0.07] for MEC increasing
fatigue compared with PLC in the CTRL group. There was
a significant main effect [F(2,25)=25.01, p<0.001] of
drug on vigor. NIC was associated with increased vigor in
both the HI [#25)=4.92, adjusted p<0.001] and CTRL [¢
(25)=1.99, adjusted p=0.003] groups compared with PLC
(Fig. 3b). An ANCOVA to determine the effect of the drug
conditions on SSRT after accounting for changes in
fatigue ratings was carried out. Fatigue did not signifi-
cantly (»p>0.95) contribute to the model or alter the pattern
of the drug effects.

Table 3 Choice reaction time task performance (milliseconds) across drug conditions by group

HI (n=11) CTRL (n=14)

PLC NIC MEC PLC NIC MEC
Recognition 369.1+12.4 352.08+12.8 367.1+12.8 343.6+11.1 334.0+11.1 341.1+11.1
Motor 275.6+18.7 275.0+19.7 281.6+19.7 250.4+16.8 259.4+16.9 253.4+17.2
Total 657.8+28.3 635.3+29.4 662.3+29.4 601.4+25.4 602.2425.5 599.9+25.5

Values are median + SE

PLC placebo, NIC nicotine (7 mg), MEC mecamylamine (20 mg), CTRL control group, HI highly impulsive group
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Fig. 2 Median recognition reaction time in milliseconds by drug (LS
Means): PLC placebo; NIC nicotine (7 mg); MEC mecamylamine
(20 mg); *p<0.05 different from PLC; error bars are standard error
around the median

Discussion

This study found clear effects of nicotinic system manip-
ulations on the SST in both groups of subjects, supporting
the hypothesis that nicotinic acetylcholine receptor function
modulates BI in both impaired and healthy populations.
Important group differences were found with the HI
subjects showing improved SSRT without changes in Go-
RT following NIC, a finding that is consistent with our
prior work in ADHD (Potter and Newhouse 2004) and with
the finding of no significant change in overall median
reaction time in either group on the CRT task. The CTRL
group showed impaired SSRT following MEC without
impaired Go-RT, a novel finding. Both drugs were well
tolerated, and there is no evidence that physical or
behavioral side effects contributed to the pattern of results.

Although the mechanism for these findings cannot be
definitively determined from this investigation, our findings
fit well into existing theories of basal forebrain cholinergic
system function and cognition. It has been proposed that
rapid cholinergic transients occur in the presence of
infrequent but salient environmental cues and serve to
interrupt ongoing neural activity to improve signal detec-
tion (Sarter et al. 2009a, b). This mechanism fits with our
findings on both the SST and the recognition component of
the CRT and is additionally consistent with a robust
literature (Bucci et al. 1998; Chiba et al. 1995; Sarter et

Fig. 3 Profile of mood states a

(POMYS) cluster scores by group 14
and drug (LS means): a Fatigue
and b Vigor; PLC placebo; NIC

@ PLC BNIC OMEC

12 4

nicotine (7 mg); MEC mecamyl- 2 104 .
amine (20 mg); CTRL control ® 8-

group (n=15); HI high impulsive % 64

group (n=12); **p<0.01 different E .

from PLC of same group,
p<0.05 different from PLC of 2
same group; error bars are

standard error around the mean

04
CTRL
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al. 2003; Sarter et al. 2005) demonstrating that cholinergic
stimulation improves detection and attention to salient
environmental stimuli.

It is well known that nicotine modulates the function of
other neurotransmitter systems including both dopamine
and norepinephrine (see Mansvelder and McGehee 2002;
Picciotto 2003 for review). Behavioral studies have found
that psychostimulants improve SST performance in both
humans and rodents (de Wit et al. 2000; Boonstra et al.
2005; see Winstanley et al. 2006 for review) with impaired
baseline performance. In addition, studies have revealed
that psychostimulant effects are not specific to the stopping
process. For example, it has been reported that amphet-
amine administration improves reaction time to the “go”
signal in humans (Bedard et al. 2003; Eagle et al. 2009) and
blockade of dopamine re-uptake with GBR-12909 produces
faster Go-RT but does not affect SSRT in rodents (Eagle et
al. 2009; Overtoom et al. 2003) leading to the proposal that
dopaminergic effects on the SST are primarily related to
changes in the go process (Bari et al. 2009). The results of
our study are not consistent with the notion of nicotinic
modulation of dopamine as the primary mechanism, as
there were no consistent effects on Go-RT with either MEC
or NIC in the SST and no overall effects on the CRT.
However, NIC did improve Go-RT in the CTRL group
which is consistent with past literature suggesting dopami-
nergic modulation by nicotinic stimulation as a mechanism
for the changes in reaction time (Quik and Jeyarasasingam
2000; Wonnacott 1997).

Few literatures exist demonstrating noradrenergic con-
tributions to inhibition, and our findings are consistent with
these studies. Atomoxetine has been associated with
improvements in SSRT in humans (Chamberlain et al.
2009; 2006) and rodents (Robinson et al. 2008) that are not
rate-dependent. Atomoxetine increases levels of catechol-
amines (Bymaster et al. 2002) as well as acetylcholine and
histamine (Horner et al. 2007; Tzavara et al. 2006). These
complex neurochemical effects limit the specificity of these
findings. However, results of the current study are
consistent with atomoxetine studies, suggesting nicotinic
modulation of noradrenaline as a possible mechanism for
the effects on SSRT.

b OPLC BNIC OMEC
14 7 "
12 *
2 10
3
» 8
*ok H
§ o1
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The dissociable effects of nicotinic manipulations on the
stop versus go processes are of particular interest. The
separability of these processes in the SST was proposed by
Logan and colleagues (Logan et al. 1984) and is supported
by empirical research (Logan et al. 1984; De Jong et al.
1995; 1990), functional brain imaging (Aron and Poldrack
2006), neurochemical investigations (Bari et al. 2009), and
by the results presented here.

It is evident that the reciprocal neurochemical
manipulations used in this study (agonism and antago-
nism) have differing effects in the two subject groups.
One appealing explanation for this is the known rate-
dependent effects of nicotine across many cognitive
domains (Dews 1977). Principles of rate dependency
would predict that, for SSRT, HI subjects would show
larger response to NIC and CTRL subjects would show
larger response to MEC due to differing baselines. The
findings on SSRT are consistent with this explanation,
although the absence of an improvement in SSRT
following NIC in the CTRL group may simply reflect a
measurement issue (“floor” effect) as HI subjects were
unimpaired at baseline.

Extending the principles of rate dependency to Go-RT,
similar results for both subject groups would be expected
given their statistically equivalent baseline reaction time on
the SST and CRT. Interestingly, in the SST, the CTRL
subjects, but not the HI subjects, had shorter Go-RTs in
response to nicotine. Building from the hypothesis that
changes in Go-RT are related to dopaminergic function in
this task (Bari et al. 2009), it may be that the HI subjects
experience dopaminergic inefficiency related to ADHD
such that the modulation of dopamine produced by NIC is
not sufficient to improve Go-RT in these subjects. Alter-
nately, increased variability in performance may interfere
with the ability to accurately measure changes in simple
reaction time in HI subjects.

Limitations Issues of generalizability are inherent to our
highly specific phenotype; however, they do not diminish
the relevance of these results to the neurochemical
modulation of BI through nicotinic receptors, and the
findings remain relevant to clinical disorders characterized
by impulsivity. This study had subjects with above average
1Q, and the HI subjects were young adults with ADHD who
are known to minimize their symptoms (Fischer et al.
2007). In addition, there was a large sex imbalance (only
three males in the HI group). A recent meta-analysis (Balint
et al. 2009) concluded that there is generally greater
cognitive impairment in males than females with ADHD.
The underrepresentation of males in the HI group may
underestimate the size of the effects seen in this study. It
remains undetermined if there are sex differences in
nicotinic modulation of inhibition.

Another factor is the history of stimulant medication use
in the HI group. There is little literature addressing
differences in the effects of drugs between chronically
medicated and medication naive ADHD subjects. However,
it has been suggested that, in ADHD, abnormal brain
activity during BI is due to the disorder and not related to
history of stimulant pharmacotherapy (Rubia et al. 2005).

Finally, this study found a training effect on SSRT
between screening and PLC. Although the effect was
greater in the HI group, their performance remained
significantly impaired relative to the CTRL group, making
regression to the mean an unlikely explanation for these
findings. We are therefore confident in the effects of
nicotine on SSRT in the HI group. Given the training effect
in the HI subjects, it is possible that their performance
stabilized such that it was resistant to declines associated
with MEC.

Conclusions

The results of this study support the hypothesis that
nicotinic acetylcholine receptor function modulates BI in
subjects with normal and impaired baseline performance
and/or psychopathology. The strategy of using both a
nicotinic agonist and antagonist allowed for the measure-
ment of changes in BI in both groups of subjects. These
data further support the proposed separability of neuro-
transmitter effects on the go and stop processes. Nicotinic
effects were seen primarily on the stop process which may
be related to cholinergic transients improving signal
detection on the SST and reflected in improved recognition
reaction time on the CRT. Future studies using functional
brain imaging may help to understand the mechanisms by
which nicotine modulates BI. These findings have implica-
tions for the development of novel pharmacotherapies
targeting nicotinic acetylcholine receptors for ADHD and
other disorders characterized by impulsive behavior.
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