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Abstract

Attention-Deficit/Hyperactivity Disorder (ADHD) is a common, chronic neurobehavioral disorder
related to clinically significant levels of inattention, hyperactivity and/or impulsivity. ADHD
begins in childhood and symptoms persist into adulthood for the majority of those with the
disorder. Associated features of ADHD include emotion dysregulation and cognitive impairments
which contribute to the considerable functional impairments in this disorder. Current approved
treatments are reasonably effective however a significant need remains for new
pharmacotherapies, both for individuals who do not achieve a full therapeutic response and for
symptoms that are under-treated including cognition and emotion regulation. The striking
relationship between ADHD and cigarette smoking and the known effects of nicotine on cognition
has spurred research into the therapeutic potential of nicotinic agents for ADHD. Although there
are no approved medications for ADHD that target nicotinic acetylcholine receptor (nAChR)
function, results from many trials of nicotinic drugs are available and reviewed in this article.
ADHD symptoms were reduced in the majority of published studies of nicotine and novel a432
nicotinic agonists in adult ADHD. The drugs were generally well tolerated, with mild to moderate
side effects reported, which were largely consistent with cholinergic stimulation and included
nausea, dizziness, and gastrointestinal distress. Within-subject crossover study designs were used
in the majority of positive studies. This design may be particularly useful in ADHD trials because
it minimizes variability in this notoriously heterogeneous diagnostic group. In addition, many
studies found evidence for a beneficial effect of nicotinic stimulation on cognitive and emotional
domains. Thus, targeting nAChRs in ADHD appears to have modest clinical benefit in adult
ADHD. Continued refinement of NAChR agonists with greater specificity and fewer side effects
may lead to even more effective nAChR agonists for ADHD. Future clinical trials in ADHD
should include direct measures of neuropsychological performance and emotion regulation.

1. Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is a common, chronic neurobehavioral
disorder affecting 5% of children and adolescents worldwide [1]. Up to 65% of diagnosed
children continue to experience significant symptoms in adulthood [2]. Symptoms of ADHD

" Corresponding Author Alexandra S Potter, Ph.D. Clinical Neuroscience Research Unit University of Vermont 1 South Prospect
Street Burlington, VT 05401 Alexandra.Potter@uvm.edu.

Dr. Potter, Mr. Schaubhut and Ms. Shipman have no financial conflicts of interest to disclose.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potter et al.

Page 2

include developmentally inappropriate levels of inattention, hyperactivity and impulsivity
that result in clinically significant impairments across multiple settings. Difficulties
functioning in academic, occupational and recreational activities and conflict in personal
relationships are typical of ADHD, and in 2007 the cost (i.e. healthcare, education, and
juvenile justice) of ADHD was estimated to be $42 million dollars in the United States alone

3.

The syndrome of disordered attention, hyperactivity, and impulsivity has been noted
throughout history beginning in 1798 with a chapter titled On Attention and its Diseases by
Sir Alexander Crichton [4]. The Diagnostic and Statistical Manual of Mental Disorders
(DSM) has classified syndromes including Hyperkinetic Reaction of Childhood in DSM-II
[5]; Attention Deficit Disorder with or without hyperactivity in DSM-II1 [6]; and Attention-
Deficit/Hyperactivity Disorder in DSMIII-R; DSM-IV and DSM-5 [7-9]. In 2013, the 51
edition of the DSM was released [9], and while the DSM-5 ADHD workgroup suggested
modifications to increase the diagnostic weight of impulsivity/impulsive decision making,
particularly in adults, no changes were made to the symptoms used to diagnose ADHD [10].
However, other changes suggested by the workgroup have been incorporated in DSM-5
including a lower symptom threshold for those 18 and older — 5 instead of 6 of the 9
symptoms in one or both clusters — the replacement of subtypes with presentation specifiers
(predominantly inattentive, predominantly hyperactive/impulsive and combined), increased
age of onset (now 12 years), and the inclusion of level of severity (from mild to severe)
representing the number of symptoms and amount of impairment [9]. These changes were
driven by research identifying weaknesses in previous diagnostic criteria [11, 12]. For
example, a recent review concluded that while DSM-1V ADHD subtypes were a convenient
way for clinicians to describe the behaviors associated with ADHD, the subtypes did not
empirically identify stable and discrete subgroups of patients [11]. The heterogeneity within
ADHD is further complicated by changes in symptom presentation within individuals over
time, such as the finding that while hyperactivity symptoms tend to decline with age,
impairments related to impulsivity and impulsive decisions tend to increase in adolescence
and adulthood [10].

In addition to the diagnostic criteria, several associated features of ADHD impact
functioning and add to the complexity of this neurobehavioral syndrome. These include
disordered emotion regulation and impaired cognitive function [9]. Emotion regulation can
be defined as the ability to flexibly modulate emotional states in response to the
environment to enhance performance [13]. Emotion dysregulation is not specific to ADHD,
but cuts across many psychiatric disorders including both internalizing and externalizing
disorders [14]. Difficulty with emotion regulation was a primary symptom in the DSM-II
syndrome but moved to an associated feature beginning in DSM-I1I1. In ADHD, emotion
dysregulation is often experienced as irritability, temper outbursts, and mood lability
[14-16]. Large epidemiological studies report that 38% of children with ADHD have high
mood lability [17] and these rates are estimated to be higher (34-70%) in adults [14]. The
importance of emotional symptoms on overall function in ADHD has been demonstrated.
For example, emotional problems have larger negative effects on well-being and self-esteem
than do hyperactivity and/or inattention [18], and difficulties with emotion regulation make
a unique contribution to functional impairment in ADHD [19]. Current pharmacotherapies,
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both stimulant and non-stimulant, may increase emotional problems including emotional
lability, irritability and sadness [20-23], although studies designed to rigorously examine
emotional effects of ADHD treatments are rare. It has recently been suggested that a two-
pronged pharmacological approach may be useful to treat both ADHD symptoms and
emotion dysregulation [14] — making emotion regulation an important pharmacological
target for drug development in ADHD.

Cognitive performance deficits, particularly in executive functions (EF) have been reported
in ADHD for decades (for review see [24-26]) but do not occur in all individuals with the
disorder. The most consistent cognitive deficits are seen in response inhibition and variable
speed of responding, with deficits in broad cognitive control and arousal noted as well [27].
Recent work has begun to explore how executive dysfunction may relate to ADHD
symptoms, for example it has been shown that inattentive but not hyperactive/impulsive
symptoms are related to deficits in EF [28, 29]. However, more recent work has
demonstrated that cognitive weaknesses are not specific to ADHD subtype, but rather vary
with overall illness severity [27], suggesting that symptoms may not map directly onto
neuropsychological deficits. Studies in both children and adults have demonstrated that
among individuals with ADHD greater cognitive impairment is associated with greater
functional impairment [30, 31]. Cognitive symptoms are difficult to treat in ADHD and
often remain even when behavior improves [30, 32, 33]. Thus, treating cognitive
dysfunction in ADHD is an important goal of novel treatments.

Current approved treatments for children and adults with ADHD include psychostimulant
formulations and the non-stimulants atomoxetine, clonidine and guanfacine, with
psychostimulants being the current first line treatment option [29, 30]. The approved
medications are effective in treating the core symptoms of inattention, impulsivity and
hyperactivity in many patients [34]. However, approximately 25-30% of adults with ADHD
do not have an adequate response to current approved treatments [35]. In addition, several
trials of psychostimulants have reported symptom improvement but no change in
neuropsychological function (reviewed in [36]) and other studies have found an increase in
emotional difficulties for some patients receiving current ADHD medications [20, 21, 23].
Taken together, while current pharmacological treatments control behavioral symptoms for
many individuals, there remains a significant need for new treatment strategies in ADHD,
including treatments aimed at cognitive dysfunction and emotion dysregulation as these are
not adequately treated with existing pharmacotherapies.

The proposal that alterations in nicotinic acetylcholine receptor (nAChR) function may
contribute to symptoms in ADHD, and that stimulation of these receptors may relieve
symptoms has been explored for over two decades [37-40], however there are no approved
nAChR medications for ADHD. Clinical studies, both initial treatment trials and acute
laboratory studies, suggest that stimulating nAChRs can alleviate symptoms and improve
executive function in ADHD [36, 38, 41-48]. Below we review clinical trials in ADHD of
drugs that modulate nAChR function including trials of nicotine, novel nicotinic agonists,
and cholinesterase inhibitors. Studies were included in this review if they administered a
treatment for at least 24 hours, and measured ADHD symptoms as a primary outcome. Thus
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several laboratory studies of the acute effects of nicotine and nicotinic agonists are not
reviewed.

Table 1 includes randomized placebo-controlled trials (RPCT) of nicotinic agonists that used
a clinician rating of ADHD symptoms as a primary outcome. Table 2 includes additional
clinical trials of nicotinic agents administered for at least 24 hours.

2. Trials of Nicotine

2.1 RPCTs of Nicotine

While multiple studies of transdermal nicotine in ADHD show short-term (proof of concept)
improvements in ADHD symptoms [38, 41, 44, 45, 49, 50], only two RPCTs using a
clinician rated outcome (as opposed to self report) have been reported; one in adults and one
in children with ADHD. Levin and colleagues [51] examined the effects of 4 weeks of
double blind treatment with placebo, transdermal nicotine, methylphenidate, or transdermal
nicotine plus methylphenidate on adult ADHD symptoms assessed by the Clinical Global
Impression scale. This was a between groups study with forty subjects enrolled (10 per drug
treatment group) and 34 subjects included in the analysis of the primary outcome variable.
Results found initial (day 1) improvements in clinical global impression associated with
nicotine alone, however this effect did not persist across the four week trial. Neither
methlyphenidate alone nor nictoine plus methylphenidate improved clinical global
impression over placebo at any time point. The authors suggest that the lack of efficacy of
methylphenidate may indicate that the study was underpowered. Cognitive function
(variability in response time) was improved with nicotine alone and nicotine in combination
with methylphenidate during both acute and chronic phases of this study. A reduction in
subject rated depressive symptoms was seen on day 15 in the nicotine and nicotine plus
methylphenidate groups; and on day 21 in the methylphendiate alone group. Side effects of
transdermal nicotine in the non—-smoking subjects included transient dizziness,
lightheadedness and nausea, which resolved within 1 hour of patch administration.

A small randomized placebo controlled between groups study of 10 (5 per group) children
(ages 8-13) examined the effects of transdermal nicotine (7 mg) on ADHD symptoms
assessed using the Connors Parent Rating Scale (CPRS; [52]) and the Clinical Global
Impressions [46]. In this study 7 days of transdermal nicotine improved the Learning
Problems subscale of the CPRS, which measures inattention and academic problems. The
hyperactivity, conduct problems, psychosomatic, impulsive and anxiety subscales did not
show improvement, nor did the clinical global impressions. There was no
neuropsychological testing or mood ratings, and daytime side effects (nausea, dizziness,
itching under the patch) led to dose reduction in most of the subjects [46].

2.2 Other Trials of Nicotine

Gehricke and colleagues [53] examined the effects of 2 days of transdermal nicotine or
placebo treatment both with and without psychostimulants in 10 (abstinent) cigarette
smokers with ADHD. Subjects reported on their mood and symptoms using an e-diary and
these ratings were the primary endpoint of the study. Results inidcated that nicotine alone,
psychostimulants alone, and nicotine plus psychostimulants signficinatly improved self-
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reported ADHD symptoms including difficulty concentrating, and daydreaming/zoning out
compared to placebo. Subject rated impatience was reduced in the combined nicotine plus
psychostimulant treatment compared to placebo, and no change in depression ratings were
found. This study did not measure neuropsychological performance, and side effects were
not reported. The results of this study should be interpreted cautiously due to limitations
including open label dosing and the manipulation inducing acute nicotine withdrawal prior
to dosing. Thus it is unknown if the effects are related to alleviation of nicotine withdrawal
or improvement in ADHD symptoms.

Gehricke and colleagues [42] conducted a larger study in smokers (n=52) and non-smokers
(n=27) with ADHD using an e-diary to collect self-ratings of ADHD symptoms. Subjects
were treated for two days with double-blind 7 mg nicotine/placebo patch. Side effects
including nausea and dizziness were seen, with greater side effects in the non-smokers.
Significant reductions in ADHD symptoms were seen in the nicotine compared to placebo
condition. Mood rating showed improvement (decreased anger, nervousness and stress)
associated with nicotine administration in both smokers and non-smokers with ADHD.
Neuropsychological tests were not administered in this study.

2.3 Summary

Taken together, initial studies of transdermal nicotine with and without psychostimulants
provide mixed support for the hypothesis that nicotinic stimulation alleviates ADHD
symptoms. Several experimental studies show “proof of concept” symptom reduction using
acute dose schedules while the one RPCT in adults using a clinician rating as a primary
outcome saw initial but not sustained improvement. This raises the possibility that tolerance
may develop to the clinical effects of nicotine. This could occur due to receptor
desensitization which occurs particularly at low concentrations of nicotine [54]. However, in
a large trial of transdermal nicotine in mild cognitive impairment (6 months) there was no
evidnece of tolerance to the beneficial effects of nicotine [55] suggesting that tolerance to
the cognitive effects of nicotine does not develop. Further, the Levin and colleagues study
[51] which found initial but not sustained effects of nicotine failed to find sustained benefit
of methylphenidate raising the possibility that the study design was insufficient to see
sustained benefit of either drug. Trials of longer duration are needed in adult ADHD to
determine if clinical benefits can be sustained with repeated drug administration, and studies
are needed in children to determine if there is a tolerable dosing schedule for children.

It is interesting that in the RPCT where there was not a sustained clinical benefit of nicotine
on ADHD symptoms, there were long-lasting positive effects on mood and cognition.
Decreases in depressive symptoms, impatience and negative mood were seen both acutely
and chronically as were improvements in sustained attention. This raises the possibility that
nAChR stimulation may improve the dysregulations of mood and cognitive deficits that are
frequently features of ADHD.
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3. Trials of Cholinesterase Inhibitors

3.1 RPCTs of Cholinesterase Inhibitors

There has been one RPCT of galantamine in adult ADHD [56]. This study was a 12 week,
parallel group trial in adults with ADHD (24 per group) using Clinical Global Impressions
as the primary indicator of clinical efficacy. This study found galanatime to be well
tolerated; however there was no reduction of ADHD symptoms seen with this drug. No
measures of mood or cognition were included in this study [56].

3.2 Other Trials of Cholinesterase Inhibitors

The anti-cholinesterase drug donepezil has been reported in a case series [57] of children,
and an open label trial of children and adults [58] to reduce ADHD symptoms when used as
an adjunctive treatment to psychostimulants. In a retrospective case series of children who
did not achieve satisfactory clinical benefit from psychostimulants, in all cases there was a
reduction in CGl illness severity ratings [57]. This was followed by an open label trial of
donepezil as an adjunct to psychostimulant treatment in 7 children and 6 adults with ADHD
[58]. This trial failed to replicate the initial positive report and concluded that adding
donepezil to psychostimulant treatment is not well tolerated with side effects including
gastrointestinal distress and irritability. Neuropsychological testing was not done and mood
was not measured in this study [58].

3.3 Summary

These studies suggest that anti-cholinesterase drugs, while efficacious in treating other
disorders, are unlikely to be a useful treatment for ADHD. This may be due to the non-
specificity of these drugs, leading investigators to examine sub-type specific agonists of
adf2nicotinic receptors for treatment of ADHD.

4. Trials of a4p2 Agonists
4.1 RPCTs of a4p2 Agonists

Several specific agonists at a4p2 nicotinic receptors have been developed and tested as
primary treatments for ADHD. These include ABT-089, ABT-418, ABT-894, AZD1446
and AZD3480. Results from five RPCTs of ABT-089 in ADHD (3 in adults and 2 in
children) are available. A small within subjects crossover study in adult ADHD (n=11)
found significantly improved symptoms measured by the Conner's Adult ADHD Rating
Scale — Investigator (CAARS-INV), the primary clinical endpoint of this study [48]. This
study additionally found improved CGI and improvement on neuropsychological tests of
two domains of executive function (working memory and impulsive responding) compared
to placebo. Ratings of anxiety and depression were low at baseline and were unchanged by
the drug. ABT-089 was well tolerated with only mild/moderate side effects reported that
were not dose limiting [48]. A large (n=171) multi-center crossover trial of ABT-089 in
adults [59] found a reduction on the primary endpoint, the CAARS-INV total score.
Neuropsychological testing was not included in this study. Although independent measures
of emotion regulation/mood were not included in this trial, subject ratings were significantly
lower on the impulsive/emotional lability and self-concept problems scales of the Conner's
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Adult ADHD Rating Scale — Self (CAARS-S) during ABT-089 treatment periods compared
to placebo. ABT-089 was well tolerated with the incidence of adverse events similar
between ABT-089 and placebo [59]. A parallel group study of ABT-089 compared to
placebo in 137 (of 159) complete subjects did not find any evidence of efficacy measured by
the CAARS-INV total score or CGI although as a pilot study, the trial was not statistically
powered to detect such an effect [60]. Neuropsychological testing was not completed, and
mood was not assessed. This study reported that the total score on the CAARS-S was not
changed, however it did not report individual CAARS-S subscales (including those
measuring impulsive/emotional lability and self-concept). Adverse event rates were similar
between the two doses of ABT-089 and placebo in this study [60]. Two multicenter between
groups studies have been conducted in children with ADHD [61]. The first study (total
n=274; with n=271 in the primary outcome analysis) tested 4 doses of ABT-089,
atomoxetine, and placebo during 8 weeks of treatment; and used the ADHD-RS-1V (HV) as
the primary outcome measure. There was no significant effect of ABT-089 compared to
placebo on ADHD symptoms, while there was a significant reduction in symptoms seen in
the atomoxetine treatment group compared to placebo. In the second study, 119 subjects
(n=115 in the efficacy analysis) were randomized to receive one of two doses of ABT-089
or placebo for a 6 week treatment period and the ADHD Rating Scale -1V Home Version
(ADHD-RS-1V (HV)) was the specified primary outcome measure. In this study there was
no significant effect of either dose of ABT-089 compared to placebo on ADHD symptoms
[61]. Neither study included neuropsychological testing or measures of mood. Across both
studies there were no side effects of ABT-089 seen with greater frequency than placebo
[61]. Thus, in studies of ABT-089, two of the three trials in adults with ADHD showed
significant clinical benefit, while neither study in children found evidence of efficacy.

Four other a4p2 nicotinic agonists have been examined in RPCTs for treating ADHD. The
clinical effects of ABT-418 were examined in a pilot (n=32) crossover trial of three weeks
of treatment, in adults with ADHD, using improvement in either CGI or ARS as pre-
specified clinical endpoints [47]. The study met both endpoints with significantly reduced
symptoms and improved CGI ratings compared to placebo. Symptoms of anxiety and
depression were not significantly affected by the drug, and neuropsychological performance
was not examined in this study. Side effects of ABT-418 included dizziness, nausea and skin
irritation, with 6 of 29 subjects having a dose adjustment to manage side effects [47]. A
multi-center trial of ABT-894used a mixed design with subject assigned to one of four doses
of ABT-894 or atomoxetine (as an active comparator) and placebo during two randomly
assigned 4 week treatment periods [62]. Two hundred and two adults with ADHD
completed the trial, with 196 included in the efficacy analysis, where the CAARS-INV Total
Score was the pre-specified primary endpoint. Statistically significant improvements were
found on the CAARS-INV total ADHD symptoms subscale and CGl related to the highest
dose of ABT-894 (4 mg twice daily [BID]) and atomoxetine. All of the CAARS-S subscales
(including problems with self-concept and impulsivity/emotion lability) were improved with
ABT-894 treatment. Neuropsychological performance was not examined in this study.
ABT-894 was well tolerated with no dose-limiting side effects seen. Nausea was seen in
12.1% of subjects across all doses of ABT-894 compared to 2.2% with placebo and 20.0%
with atomoxetine [62]. The authors noted reduced frequency of side effects with BID dosing

CNSDrugs. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potter et al.

Page 8

of ABT-894 and suggested that BID dosing or an extended release formulation may improve
the side effect profile without compromising therapeutic dosing [62]. A third novel nicotinic
agonist, AZD1446 was tested in 79 adults with ADHD in a multi-center mixed design with
each subject receiving two doses of AZD1446 and placebo during a two week treatment
period in a random order [63]. This study did not find significant improvement on the
CAARS-INV Total ADHD Symptoms score (the primary clinical endpoint) or CGI [63].
The highest dose of AZD1446 was associated with significant improvement on a test of
executive function (Groton maze learning) in non-smoking subjects. There were no
significant drug related effects on the CAARS-S sub-scales that measure impulsivity/
emotion lability or self-concept. Side effects associated with AZD1446 included nausea and
headache, however most side effects were mild/moderate and did not require intervention
[63]. Finally, two weeks of treatment with AZD3480 and placebo was tested in a crossover
trial of 30 (24 complete) adults with ADHD using the CAARS-INV total ADHD symptoms
subscale as a primary endpoint [64]. This study found significant improvements on the
CAARS-INV with the highest dose of AZD3480 (50 mg) tested. Neuropsychological
improvements were seen in response inhibition on the Stop Signal Task, and the impulsivity/
emotional lability subscale of the CAARS-S was improved with both doses of AZD3480
tested. Side effects of AZD3480 were mild/moderate and similar in type and number to
those seen with placebo [64].

In summary, four different a4f32 nicotinic agonists have shown efficacy in the majority (5 of
7) of RPCTs in adult ADHD, with tolerable side effect profiles. Several of these agonists
have shown evidence of improved neuropsychological performance and self-reported mood,
areas of impairment in ADHD that are not well treated with existing pharmacotherapies.
However, many studies do not systematically measure neuropsychological performance or
mood directly thus our understanding of the clinical benefit of NAChR agonists in these
domains is limited. Trials in children (ABT-089 in two separate studies) showed no clinical
benefit although the drug was well tolerated at the doses tested.

5. Discussion

Overall there are 13 studies of nicotine and/or a.4f32 agonists of at least 24 hour duration that
measured ADHD symptoms as an outcome. Of these studies 9 reported statistically
significant reduction in symptoms, and 4 trials were negative. Generally, studies that used a
within-subjects design were more successful than studies using between group comparisons
(7 of 8 crossover studies and 2 of 5 between group studies met the primary endpoint). It
should also be noted that 3 of the between group studies were in children (1 positive and 2
negative). The simplest explanation for this would be that the effect sizes related to nicotinic
agonists are small, and are not detectable in crossover studies limiting the clinical utility of
nicotinic agonists. While only four studies reported effect sizes, the range of effect sizes (.
29, .45, .76, .74) are comparable to the effect sizes reported in a meta-analysis of ADHD
treatments [65]. That study found the average effect size for efficacy measured by the
CAARS-INV for non-stimulant medications was .39, and for stimulant formulations was .
76. Thus it is unlikely that the effects of nicotinic agonists are not clinically meaningful. An
alternate explanation for the difference in findings in crossover and parallel group designs
may relate to the heterogeneity within the categorical diagnosis of ADHD. DSM-IV
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diagnostic criteria (used by all of the reviewed studies) require 6 of 9 clinically significant
symptoms in at least one ADHD domain (inattentive and hyperactive/impulsive) resulting in
over 3000 different potential symptom combinations within the diagnosis of ADHD [66].
Given this, it may be that nicotinic agonists are effective for a subgroup of individuals,
perhaps with a specific symptoms profile, however detecting these effects may be
particularly difficult in between group studies. The simplest way to examine this would be to
look at diagnostic subtype, however studies of psychostimulant and non-stimulant
treatments for ADHD do not show differential efficacy by ADHD subtype [67-70]. This is
not surprising given the considerable overlap of symptoms within each diagnostic subtype.
Thus, examining individual differences in response to medications using a more objective
measure, such as cognitive performance may improve detection of clinically significant
effects. Indeed, in a recent study of AZD3480 [64], the authors found that baseline cognitive
performance and not baseline symptoms were related to treatment response (improved
symptoms).

The available literature suggests that stimulating a4f32 nicotinic receptors has benefits to
core aspects of cognition affecting many individuals with ADHD. Improvement in cognition
with stimulation of a4p2 nAChRs has been seen across many different cognitive outcome
measures including response inhibition, variability in reaction time, and executive function.
Additionally, multiple studies have noted acute effects of nicotine on cognition in ADHD
[38, 44, 45, 49], strengthening the findings of improved cognition in clinical trials with
multiple outcome measures. Review of these clinical trials also suggests that cognitive
function may be more sensitive than global symptom measures at detecting effects of
nicotinic agents. It has been proposed [64] that integrating clinical and cognitive models of
ADHD may be useful in designing clinical trials to understand both the therapeutic potential
of an agent and the neurobiological mechanism by which the symptoms of ADHD improve.

Nicotine has an inverted U dose-response curve [71] and thus it is possible that some drugs
with significant therapeutic potential may produce negative results by testing doses that are
both too high and too low to detect clinical effects. This highlights the importance of early
stage dose ranging studies prior to large clinical trials. In addition to the inverted U dose-
response curve, stimulating nAChRs produces well known rate dependent effects on
behavior [72]. This, along with the heterogeneity within the ADHD diagnosis makes it
challenging to effectively test NAChR agonists in ADHD. Future studies that characterize
the relationship between cognitive, emotional, and behavioral symptoms of ADHD, and
describe how these contribute to functional impairments are needed to understand the
individual variability in treatment response to nAChR agents. The rate dependency of
nicotinic agents is markedly different from the psychostimulants which have more consistent
effects across subject groups [73, 74]. Thus, using trial designs and measures developed in
trials of psychostimulants may not be appropriate.

The side effect profile of nicotinic agonists is generally favorable with side effects related to
cholinergic stimulation most common (nausea, dizziness, stomach upset). Most studies
reported mild/moderate side effects that were manageable with the exception of studies in
children in which side effects were dose limiting. The study of ABT-894 [62], found
reduced frequency of side effects and higher plasma drug levels using BID dosing. While
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BID dosing may raise compliance problems in patients with ADHD [75, 76] there is
evidence that compliance is greater with extended release formulations of medications for
ADHD [76]. Thus, developing an extended release nicotinic agonist may allow greater
therapeutic benefit with fewer side effects

Literature indicating that cigarette smokers are more impulsive than non-smokers [77-81],
raises the concern that nicotinic treatments for ADHD may have deleterious behavioral
effects in those with milder forms of ADHD. This is particularly relevant as the diagnostic
threshold for adults diagnosed with ADHD has been lowered in DSM-5. Within the smoking
literature, it has been suggested that increased impulsivity is a pre-existing vulnerability to
smoking and not a consequence of nicotine administration [79, 82, 83]. The literature on
nicotine administration in healthy volunteers demonstrates mixed results with reports of
improved, impaired and no change in various types of performance [42, 84-89]. For
example, in separate studies, nicotine has been shown to decrease and increase reward
responsiveness in non-smokers [86, 89]. Similarly nicotine has been shown to have no effect
on risk taking in healthy subjects [89], and to reduce risk taking in those with high baseline
risk taking [90]. This is consistent with the rate-dependent effects of nicotine across
cognitive and emotional domains [72]. For example, Wignall & de Wit found beneficial
effects of nicotine on interference control in underperforming participants [89]. There is
little evidence for significant behavioral or cognitive impairments following nicotine
administration in control subjects, suggesting that the likelihood of causing behavioral/
cognitive dysfunction in sub-threshold ADHD is not high.

6. Conclusion

Behavioral targets for novel ADHD treatments include core symptoms of inattention,
hyperactivity and impulsivity as well as emotion regulation and cognitive function. Trials of
nicotine and novel nicotinic agonists show evidence for symptom improvement in adult
ADHD. In addition improvements in cognitive function, emotion lability, self-esteem,
irritability, and depressive symptoms have been reported. These promising results suggest
that future studies should capture changes in neuropsychological performance and mood
associated with new treatments. However, understanding how these improvements relate to
ADHD symptoms is lacking.
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