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Abstract

Rationale The beneficial effects of nicotinic acetylcholine re-
ceptor (nAChR) agonists on cognitive performance have been
widely shown. Paradoxically, recent preclinical studies
employing extremely low doses of nAChR antagonists have
also found cognitive enhancement, perhaps pointing to a nov-
el treatment mechanism for cognitive deficits.

Objectives The aim was to test whether low doses of the
nAChR antagonist mecamylamine would benefit performance
in human volunteers.

Methods The study employed a double-blind within-subject
design. Over four separate days, healthy adult non-smokers
(n = 23) were tested with placebo and three trace doses of
mecamylamine (0.25-1 mg, p.o.), adjusted for body weight.
Participants performed three computerized tasks: a task of
spatial selective attention and stimulus detection, the rapid
visual information processing task (RVIPT) taxing sustained
attention and working memory, and a change detection short-
term memory task. Subjective state and vital signs were
assessed repeatedly.

Results Mecamylamine did not improve performance in any
of the tasks. Any trends that were observed instead pointed
toward performance impairment. Mecamylamine also had no
effects on subjective state or vital signs.

Conclusions The present results do not support the hypothe-
sized cognitive-enhancing potential of low doses of
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mecamylamine. Contrary to preclinical reports, these findings
speak against low-dose nAChR antagonism as a novel avenue
for treating cognitive deficits.
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Introduction

The cognitive benefits of nicotinic acetylcholine receptor
(nAChR) agonists are well established, with the majority of
data derived from the prototypical nAChR agonist nicotine.
These effects are not restricted to deprived smokers and are
reported most consistently in tests of attention (Stolerman
et al. 1995; Newhouse et al. 2004; Heishman et al. 2010).
Several disease states marked by cognitive deficits, most
prominently Alzheimer’s disease and schizophrenia, involve
nAChR hypofunction (Perry et al. 2000; Pimlott et al. 2004;
Martin et al. 2004; Adams and Stevens 2007; Petrovsky et al.
2010; Kendziorra et al. 2011; Wing et al. 2012) and may
benefit from nAChR agonist treatment (Levin and Rezvani
2002; Singh et al. 2004). Over the last two decades, drug
development efforts have invested into novel nAChR ago-
nists, aiming for more pronounced benefits with reduced side
effects. Effects have generally been in the expected direction,
but most compounds failed clinical trials due to limited effi-
cacy or side effects (Haydar and Dunlop 2010; Radek et al.
2010; Wallace et al. 2011; Hurst et al., 2013).

Antagonists of the nAChR generally produce effects
opposite to agonists. In healthy volunteers, the nAChR
antagonist mecamylamine at doses larger than 5 mg has
been reported to impair learning and memory performance
and slow performance on several tasks (Stolerman et al.
1973; Newhouse et al. 1992; Gitelman and Prohovnik
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1992; Pickworth et al. 1997; Little et al. 1998; Hahn et al.
2014). However, in recent years, reports of paradoxical
performance improvements emerged from the animal lit-
erature when mecamylamine was given at doses more
than an order of magnitude lower than those typically
causing impairment (Levin et al. 1987; Nagahara and
Handa 1999; Grottick and Higgins 2000). At this low-
dose range, mecamylamine improved working memory
in rats and monkeys (Terry et al. 1999) and learning in
rats with a U-shaped dose-response relationship (Levin
and Caldwell 2006). Small doses of methyllycaconitine
(MLA), an nAChR antagonist largely selective for the
«7 subtype of nAChRs, improved accuracy in a rat para-
digm of attention (Hahn et al. 2011), and the x4f32,
o4p4, o332, and «232 nAChR antagonist dihydro-f3-
erythroidine (DHBE), although at larger doses, was re-
ported to improve signal detection in another rat paradigm
of attention (Levin et al. 2013).

The mechanism mediating such paradoxical improve-
ments is unknown. A possible explanation is that the
cognitive-enhancing effects of nAChR agonists may not
be mediated by receptor activation per se, but by nAChR
desensitization, i.e., the decline in response amplitude
with prolonged agonist exposure until the receptor re-
mains refractory to activation (Quick and Lester 2002).
Indeed, nAChR desensitization has been suggested to me-
diate some behavioral effects of nAChR agonists
(Picciotto et al. 2008; Buccafusco et al. 2009).
Whichever the mechanism, if the cognitive benefits of
low-dose nAChR antagonism were found to be a reliable
phenomenon in humans, this may represent a novel
nAChR-based treatment strategy with potentially fewer
adverse effects.

One previous study tested low oral doses of meca-
mylamine (0.2, 0.5, 1 mg) in 15 adult human non-
smokers with attention-deficit/hyperactivity disorder
(ADHD; Potter et al. 2009). Mecamylamine slowed re-
action time in the stop signal and stroop tasks and de-
creased delay tolerance, but it improved word recogni-
tion memory at the middle dose under some task
conditions.

The aim of the present study was to systematically
evaluate the cognitive-enhancing potential of low doses
of mecamylamine in a larger sample of healthy human
non-smokers. By choosing a within-subject repeated
measures design and cognitive tasks with large trial
numbers, pre-training participants extensively to mini-
mize practice effects, and adjusting mecamylamine
doses by body weight, we sought to increase signal to
noise and enable the detection of potentially small per-
formance effects. The cognitive tasks assessed visuospa-
tial selective attention, rapid information processing and
working memory, and short-term memory.
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Methods
Participants

Twenty-four healthy non-smokers participated in the study.
One participant was excluded because she had difficulty
staying awake during cognitive testing. The remaining 23 par-
ticipants (12 female; 7 African American, 13 Caucasian, 2
Hispanic, 1 Asian) were 24-53 years of age (mean + stdev,
35.9 £ 10.1) with 12-22 years of education (16.0 £+ 2.5).
Participants were recruited from the local community through
internet advertising, flyers, and referrals and gave written in-
formed consent for a protocol approved by the University of
Maryland Baltimore Institutional Review Board. All partici-
pants were non-smokers, with no more than 40 cigarettes in
their lifetime and no nicotine exposure in the last year. Use of
centrally active medications, pregnancy, history of neurologi-
cal or psychiatric disorders including drug abuse, significant
liver or kidney impairment, heart problems, hyper- and hypo-
tension, and learning disability were exclusionary.
Participants were paid for their time. Reimbursement did not
depend on task performance.

Drugs

Mecamylamine is FDA-approved for treating hypertension;
however, the FDA-approved product (Inversine®) is no lon-
ger commercially available. GMP-grade mecamylamine hy-
drochloride powder was obtained from Euticals SpA (Milan,
Italy) and packaged into capsules by an in-house
compounding pharmacist, who also produced matching pla-
cebo capsules. Microcrystalline cellulose was used as inactive
filler.

Study procedures

The study adopted a double-blind within-subject design. Each
participant was tested with three low doses of mecamylamine
and placebo over the course of four identical test sessions. The
sequence of drug conditions was counterbalanced between
participants. Doses of mecamylamine were chosen to be at
least one order of magnitude lower than those observed to
impair performance, and were adjusted for body weight:

<160 1b =0.2, 0.4, and 0.8 mg

160-200 Ib = 0.25, 0.5, and 1 mg

>2001b =0.3, 0.6, and 1.2 mg

The study involved six total visits: one consent and screen-
ing visit, one training visit, and four test sessions scheduled
with at least two intervening days. Screening included a med-
ical history and physical exam, an EKG, blood and urine labs,
a vision test and tests for drug use, smoking, and pregnancy.
During the training visit, participants were given task instruc-
tions and performed a full-length version of each of the
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cognitive tasks described below, to minimize practice effects
between test sessions.

The four test sessions each took approximately 5.5 h.
Participants arrived in the morning, with efforts made to main-
tain consistent start times for each participant once chosen.
Upon arrival, participants were tested for fever and recent
alcohol use, and a urine sample was tested for pregnancy
and drug use, all of which had to be negative for the session
to proceed. A resting blood pressure and heart rate measure-
ment was taken, and participants completed a side effects
checklist, rating their current weakness/fatigue, dizziness,
dry mouth, palpitations, and sleepiness as none (1), mild (2),
moderate (3), or severe (4). They then completed the Profile of
Mood States (POMS), an adjective rating questionnaire con-
sidered to be a standardized subjective mood state inventory
(McNair et al. 1971). The study capsule was then adminis-
tered. Vital signs were taken and the side effects checklist was
completed hourly thereafter. During the drug-absorption peri-
od, participants were permitted to read, watch TV, or surf the
internet. Three hours after capsule administration, at which
time mecamylamine blood concentrations were expected to
have reached a plateau (Young et al. 2001, Singh et al.
2006), the POMS was again completed and cognitive testing
began. The order of the tasks always remained the same: first
the spatial attentional resource allocation task, then the rapid
visual information processing task, and lastly the change de-
tection task. Testing took approximately 1.5 h in total. Vital
signs were measured after the first task. Following cognitive
testing, the POMS and side effects checklist were completed
and vital signs were taken one last time.

Equipment

All tasks were performed on a 19-in. 5:4 IPS LCD monitor
with a screen resolution of 1280 x 1024 and a refresh rate of
60 Hz. Responses were recorded using a Logitech F310
gamepad controller. Only the left and right bumper buttons
were used. All tasks were created and run in E-Prime version
2.0.

Task paradigms
Spatial attentional resource allocation task

The spatial attentional resource allocation task (SARAT) is a
visuospatial stimulus detection paradigm (Hahn et al. 20006),
shown to be sensitive to the performance-enhancing effects of
nicotine (Hahn et al. 2007, 2013, 2014). Participants fixated
on a quartered circle in the center of the screen (diameter
approximately 2.6° of visual angle), black against a light gray
(10 % contrast; 130 cd/m?) background. They were instructed
to respond as quickly as possible when detecting a 500-ms
target stimulus appearing in one of four locations in the

corners of the screen, marked by circular place holders (diam-
eter 1.3° of visual angle), positioned at 10° of visual angle
(Fig. 1a).

A cue in the central circle preceded the target signal by 400,
700, 1000, or 1300 ms, chosen randomly to make target onset
temporally unpredictable and discourage anticipatory
responding to the cue. Either one quarter turned black to indi-
cate the location of the upcoming target (predictive cue) or all
four quarters turned black (nonpredictive cue). Predictive cue
trials allowed for a narrow attentional focus, while
nonpredictive cue trials required attention to be spread widely
to encompass the entire display. Participants were asked to
press a button with their dominant index finger upon detecting
a target. Targets were presented in the continued presence of
the cue. Targets consisted of peripheral placeholders filling
with a gray (40 % contrast) and white checkerboard pattern
of 3 x 3 pixels each. The cue persisted for S00 ms after target
offset. Only task background was then displayed for an inter-
trial interval (ITT) of 400, 700, 1000, or 1300 ms.

The task was presented in eight 5-min blocks of 60 trials
each: 30 predictive cue trials, of which six had no target to
discourage anticipatory responding to the cue, and 30
nonpredictive cue trials, of which six had no target. To in-
crease the temporal jitter of the task and augment stimulus
detection demands, 30 additional 2.7-s periods during which
only task background was presented were interspersed be-
tween trials. The entire task took approximately 45 min to
complete.

S

400, 700, 1000,
@ or 1300 ms

e 500 ms

500 ms

400, 700, 1000, or 1300 ms

b

- 1100 ms

1000 ms

2000 ms

220 ms

Fig. 1 a Components of a trial in the spatial attentional resource
allocation task. b Components of a trial in the change detection task
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Rapid visual information processing task

The rapid visual information processing task (RVIPT) requires
the maintenance of intense rapid information processing and
working memory demands over time. Performance therefore
reflects processing speed, sustained attention, and working
memory.

The RVIPT has been used extensively to evaluate the
cognitive effects of cholinergic agents and is sensitive
to the performance-enhancing effects of nicotine (e.g.,
Wesnes and Warburton 1984; Foulds et al. 1996;
Warburton and Mancuso 1998). The task consists of a
string of digits (1 through 9), presented one at a time at
a rate of 100/min. Each digit was presented for 600 ms,
with no ITI. Participants were instructed to respond by
button press when they identified three consecutive odd
or three consecutive even digits. Responses within an
1800-ms time window following the onset of the last
digit of a target sequence were considered hits, all other
responses were considered false alarms. On average, 8
target sequences were presented per minute. The number
of digits separating targets ranged from 4 to 29. The
task was performed in two blocks of 15 min each, with
a break between to ensure feasibility.

Change detection task

The change detection task (CDT) is a visual short-term
memory task and was included as a probe for potential
mnemonic effects of mecamylamine. The task was cho-
sen because it enables the presentation of a large num-
ber of trials with different set sizes in a short period of
time, thus yielding reliable measurements of varying
memory load conditions. It is relatively unconducive to
verbal rehearsal, thus narrowing down possible interpre-
tations of potential drug effects. A 220-ms encoding
array of either one or five colored squares was present-
ed (Fig. 1b). Possible colors were red, magenta, purple,
yellow, white, blue, cyan, green, olive, and teal. Half of
the trials showed five colored squares and the other half
showed one colored square. After a 1100-ms retention
interval, one square reappeared for 2000 ms and partic-
ipants determined whether this square was of the same
or a different color than the square previously displayed
at this location. On half the trials, the color was the
same, on the other half, the color changed. Participants
responded “same” with a right button press and
“different” with a left button press. Trials were separat-
ed by a 1000-ms intertrial interval. The task consisted
of 180 total trials, presented over 5 blocks of 36 trials
separated by short breaks, and took approximately
13 min to complete.
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Data analysis

SARAT Reaction time (RT) was expressed as the average
over trials, and omission errors were expressed as the percent-
age of trials in which no response was recorded. Each variable
was analyzed by two-factor ANOVA with cue condition (pre-
dictive vs. nonpredictive cue) and mecamylamine dose (pla-
cebo, low, medium, high) as within-subject factors.

RVIPT RT was expressed as the average over responses
reflecting correctly identified target sequences (hits).
Hits and false alarms were expressed as a percentage
and combined into the sensitivity index A' according
to the following formula (Grier 1971):

A' =0.5+ ((%hits - % false alarms) + ((%hits - % false
alarms) " 2))/(4 * % hits * (1 — % false alarms))

This non-parametric signal detection index was chosen be-
cause the assumption of normal distribution and equal vari-
ances of signal and non-signal events are often violated in
vigilance situations (Loeb and Alluisi 1984). RT and A" were
analyzed by one-factor ANOVAs with mecamylamine dose as
within-subject factor.

CDT Response accuracy was expressed as the percent-
age of correct responses across trials in which the color
of the probed item had or had not changed. Reaction
time was expressed as the average over all correct and
incorrect response trials. Each variable was analyzed by
two-factor ANOVA with set size (1 vs. 5) and mecamyl-
amine dose as within-subject factors.

Note that SEMs plotted in all graphs were adjusted to
remove between-subject variability in the average perfor-
mance across dose levels (Cousineau 2007; Morey
2008). This method essentially yields a variability index
reflective specifically of interindividual differences in
drug effect, the focus of this study. Supplementary
Table 1 lists data for all conditions, independent of sig-
nificance, with unadjusted SEM.

Results
SARAT

RT (Fig. 2a) was significantly slower in nonpredictive than in
predictive cue trials (main effect of cue condition:
F(1,22) =49.3, P < 0.001), consistent with previous findings
(Hahn et al. 2006, 2011). Mecamylamine had no effect on RT
under either cue condition (main effect of dose:
F(3,66) = 0.545, P > 0.6; cue x dose interaction:
F(3,66) = 0.236, P > 0.8).

Omission errors (Fig. 2b) did not differ between cue con-
ditions (P > 0.4). Mecamylamine appeared to subtly increase
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Fig.2 Effects of mecamylamine on reaction time (a) and omission errors
(b) in the spatial attentional resource allocation task. Bars reflect the mean
performance in each dose condition. Error bars reflect SEMs, adjusted to
remove between-subject variability in the average performance across
dose levels (Cousineau 2007; Morey 2008) to yield variability related
to interindividual differences in drug effect. Doses Small, Medium

omission errors. However, the main effect of dose in ANOVA
was not significant (P = 0.18), and neither was the cue x dose
interaction (P = 0.15).

RVIPT

Stimulus detection sensitivity A" appeared to be reduced by
mecamylamine (Fig. 3a), but the main effect of dose in
ANOVA was only a trend (F(3,66) = 2.16, P =0.10).

Fig. 3 Effects of mecamylamine
on signal detection sensitivity (a) 0.86 ;
and reaction time (b) in the rapid
visual information processing
task. Bars reflect the mean
performance in each dose 0.85 - i
condition. Error bars reflect
SEMs, adjusted to remove
between-subject variability in the
average performance across dose
levels (Cousineau 2007; Morey
2008). Doses Small, Medium
(Med), and Large refer to 0.2, 0.4,
and 0.8 mg for participants
weighing <160 Ib; to 0.25, 0.5, 083 1
and 1 mg for 160-200 1b; and to
0.3, 0.6, and 1.2 mg for >200 lb.
#P <0.05, %P =0.057 in paired ¢
tests comparing performance after

)

0.84 1

Sensitivity (A')

Pla Small Med Large

Mecamylamine dose

(Med), and Large refer to 0.2, 0.4, and 0.8 mg of mecamylamine for
participants weighing <160 Ib; to 0.25, 0.5, and 1 mg for 160-200 Ib;
and to 0.3, 0.6, and 1.2 mg for >200 Ib. Pla Placebo. *P < 0.05 in paired ¢
test comparing performance after mecamylamine to performance after
vehicle

RT appeared to be slowed by mecamylamine (Fig. 3b).
Again, the main effect of dose in ANOVA was not significant
(P =0.15).

CDT

Response accuracy was significantly lower with set size 5 as
compared with set size 1 (F(1,22) = 155, P <0.001), but there
was no effect of mecamylamine dose (P = 0.4) and no set

b
560 1
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520 1 l
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Reaction time (ms)
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mecamylamine to performance
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size x dose interaction (P > 0.4). RT was slower with set size 5
than with set size 1 (P < 0.001), but was not affected by
mecamylamine dose (main effect: P > 0.3; set size x dose:
P> 0.5). Data are presented in Supplementary Table 1.

Vital signs

When including all six time points (pre-drug and hourly
thereafter) into two-factor ANOVA, there were no significant
main effects of mecamylamine dose on systolic or diastolic
blood pressure, or on heart rate, and no dose x time interac-
tions. When averaging ratings over the measurements before,
during, and after cognitive testing (3, 3:45, and 4:30 h after
capsule administration), the time points at which mecamyl-
amine blood concentrations can be assumed to be highest,
there were still no significant effects of dose in one-factor
ANOVA, an expectable result given that the doses tested were
over ten times lower than those used to treat hypertension.

Subjective state measures

Side effects checklist Weakness/fatigue, dizziness, dry
mouth, palpitations, and sleepiness were analyzed separately.
In two-factor ANOVA (dose x time), there were no main
effects of mecamylamine dose and no interactions of dose
with time (six measurement time points).

The POMS ratings were combined into subscale vigor,
fatigue, depression, tension, confusion, anger, and total mood
disturbance (McNair et al. 1971). Two-factor ANOVA
(dose x time) yielded no main effects of mecamylamine dose
and no interactions of dose with time point (pre-drug, pre-
testing, post-testing) on any subscale.

Discussion

The aim of the present study was to test the cognitive-
enhancing potential of very low doses of mecamylamine.
Preclinical studies reported improvements in attention and
learning and memory with low doses of mecamylamine and
other nAChR antagonists (Terry et al. 1999; Levin and
Caldwell 2006; Hahn et al. 2011; Levin et al. 2013). The only
study previously conducted in human volunteers, specifically
in adults diagnosed with ADHD, yielded mixed results, with
slowed RT on some measures and improved recognition mem-
ory at one dose under specific task conditions (Potter et al.
2009).

The present study did not confirm the hypothesized perfor-
mance benefits. Trends were observed on three out of six
performance measures analyzed (omission errors in the
SARAT and signal detection sensitivity and RT in the
RVIPT), which were in part dose related. However, all trends
reflected impaired, not improved performance. Thus, while
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the cognitive probes appeared sensitive to effects of mecamyl-
amine even at the low-dose range tested (past studies reported
impairments at doses larger than 5 mg), the results clearly do
not support the hypothesized cognitive-enhancing potential of
low doses of mecamylamine.

The doses of mecamylamine tested in the present study were
chosen to be at least one order of magnitude lower than those
previously reported to induce impaired cognitive performance
(Stolerman et al. 1973; Newhouse et al. 1992; Gitelman and
Prohovnik 1992; Pickworth et al. 1997; Little et al. 1998; Hahn
et al. 2014), in line with preclinical findings. The doses were
identical to those used by Potter et al. (2009), with the exception
that we administered slightly lower doses to participants under
160 b and slightly larger doses to those over 200 Ib, in an effort
to reduce interindividual variation in mecamylamine blood
concentration. The present trends align with Potter et al.’s re-
sults with regard to slowed RT. Potter et al. (2009) additionally
identified decreased delay tolerance, and our results were also
suggestive of additional impairment. Considering that the
improvement in word recognition memory reported by Potter
et al. (2009) was not dose related (seen at only the middle dose)
and was observed only under specific task conditions, we con-
clude that the cognitive effect profile of low doses of mecamyl-
amine is overall negative.

A limitation to the above conclusion is that cognitive do-
mains not covered by the present study may have shown im-
provement with low doses of mecamylamine. We chose par-
adigms testing different attentional functions, rapid informa-
tion processing, working and short-term memory. Rather than
increasing the number of paradigms, we opted for a larger
number of trials per task to ensure conclusive findings for
the domains tested. The possibility remains that long-term
memory processes may be positively affected by low-dose
nAChR antagonism, and Potter et al.’s word recognition par-
adigm may have tapped such processes. However, overall,
impairments suggested by our and Potter et al.’s study would
appear to outweigh any but very substantial benefits in
circumscribed cognitive domains. Another limitation is that
the present study only tested healthy volunteers, and benefi-
cial effects may still be seen in specific clinical populations.

The question remains whether antagonists selective for
specific nAChR subtypes may have cognitive-enhancing po-
tential. Mecamylamine is an antagonist at all nAChR sub-
types, but given its relatively weak potency at the o7 subtype
(Meyer et al. 1997), it may have spared «7 nAChRs at the
very low-dose range tested here. Low doses of the «7 nAChR
antagonist MLA have been reported to improve stimulus de-
tection in a rat model of attention with an inversely U-shaped
dose-response function (maximum effect at 0.4 mg/kg; Hahn
etal. 2011). Thus, the possibility that low doses of «7 nAChR
antagonists have cognitive benefits deserves additional study.

The finding that both RVIPT performance indices showed
trends suggesting mecamylamine-induced impairment may be



Psychopharmacology (2017) 234:109-116

115

reflective of the fact that the RVIPT is the most challenging
task. Beyond rapidly processing the digits, the task requires an
odd/even decision and working memory update every 600 ms,
without pause, for 15 min at a time. The average hit rate was
below 50 % for this task, and no participant approached ceil-
ing. This may suggest that cognitive task performance is most
sensitive to impairment by nAChR antagonism when process-
ing capacity is taxed to the limit. Previous results with a larger
dose of mecamylamine (7.5 mg), reported in abstract form
(Hahn et al. 2014), were consistent with larger effects under
more taxing task conditions. In that study, mecamylamine
slowed N-back RT particularly in the hardest (2-back) condi-
tion, and slowed SARAT RT in nonpredictive cue trials only
in a task block that was twice as long as other blocks, presum-
ably challenging sustained attention processes.

In summary, the present study did not support the hypoth-
esized cognitive-enhancing potential of low doses of meca-
mylamine. Contrary to preclinical reports, the present findings
speak against low-dose nAChR antagonism as a novel avenue
for treating cognitive deficits.
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