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Abstract
Introduction The cognitive effects of nicotine in humans re-
main a topic of great interest, due to the continued prevalence
of cigarette smoking in society as well as the hypothesis that
cognitively impaired populations such as schizophrenia pa-
tients use nicotine as a means of self-medicating against
deficits of sensory gating. However, chronic smoking can
predispose individuals to robust monoamine oxidase (MAO)
inhibition, and thus far, the effect of MAO inhibition on
human sensory gating is unknown.
Methods In this study, we investigated the effects of both
nicotine (6-mg gum) and pharmacologically induced MAO-
A inhibition via moclobemide (75 mg) on P50 event-related
potential-indexed sensory gating in a sample of 24 healthy
non-smoking males.
Results Ratio score (rP50) measured gating revealed signifi-
cant improvement in auditory stimulus suppression after com-
bined nicotine and MAO-A inhibition compared to placebo
and to the nicotine-alone condition. This nicotine + MAO-A
inhibition-induced efficient gating was consistent regardless
of participants’ baseline (placebo) gating efficiency, despite
the observation that nicotine in the absence of MAO-A

inhibition exhibited a detrimental effect on gating in partici-
pants with high baseline suppression ratios.
Conclusion Nicotine and monoamine oxidase-inhibiting
agents in tobacco smoke appear to exert a synergistic effect
on sensory gating, which may contribute to the elevated
dependence rates seen in populations with cognitive deficits
such as schizophrenia.
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Introduction

While a large volume of research has focused on nicotine’s
effects on cognition in schizophrenia (Hashimoto et al. 2005),
evidence suggests that the neuropsychopharmacological ef-
fects of tobacco smoke are not a result of nicotine’s actions
alone. A number of studies have demonstrated an inhibition of
the enzyme monoamine oxidase (MAO) via tobacco smoke
(Berlin et al. 1995a, b; Fowler et al. 2003; Oreland et al. 1981),
and moreover, this inhibition is likely not a result of nicotine
(Castagnoli and Murugesan 2004). MAO activity has been
negatively correlated with smoking behavior, and low base-
line MAO significantly predicted the intensity of withdrawal
symptoms after smoking cessation (Rose et al. 2001). It is thus
probable that MAO inhibition plays a significant role in the
reinforcing effects of smoking behavior. Interestingly, phar-
macologically inhibited MAO has been shown to antagonize
the cognitive deficits associated with cholinergic blockade
(Wesnes et al. 1988). As such, an understanding of the rela-
tionship between cognition, MAO activity, and nicotine is a
necessary step on the path to understanding smoking behavior
as well as achieving practical treatment of low-cognition,
high-smoking populations.
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Smoking rates among individuals with mental illness
(40.1 %) are double the rate reported in individuals with no
psychiatric diagnosis (21.3 %) (Lawrence et al. 2009).
Schizophrenia patients, in particular, exhibit the highest rates
of smoking, estimated to be as high as 80 % (Dalack et al.
1999). This elevated smoking rate, combined with observed
deficits in nicotinic receptors (nAChRs) in patients (Dalack
et al. 1998), has led to the hypothesis that schizophrenia
patients utilize smoking as a form of self-medication against
cognitive deficits that characterize the disease (Kumari and
Postma 2005). Specifically, smoking has been shown to nor-
malize auditory event-related potential (P50)-indexed sensory
gating deficits in schizophrenia and first-degree relatives
(Adler et al. 1992, 1993). However, the extent to which this
effect results from nicotine, MAO inhibition, or the combina-
tion thereof is not known.

Two isoforms of MAO exist in humans: MAO-A, which
preferentiallymetabolizes serotonin and norepinephrine and is
preferentially inhibited by clorgyline and moclobemide, and
MAO-B, which catabolizes phenylethylamine and
benzylamine and is preferentially inhibited by L-deprenyl
(selegiline). Dopamine, tyramine, and tryptamine are metab-
olized by both MAO-A and MAO-B (Weyler et al. 1976;
Johnston 1968; Lewis et al. 2007; Yamada and Yasuhara
2004). It has been suggested that MAO may act to maintain
a low concentration of monoamine neurotransmitters within
the neuron, thus facilitating the uptake of neurotransmitters
from the synaptic cleft. MAO may also protect the neuron
from accidental stimulation by extraneous amines (Saura et al.
1996), though it has been shown that the MAO-A inhibitor
clorgyline inhibits serotonin degradation (Blier et al. 1986;
Twist et al. 1990), suggesting MAO-A may oxidize serotonin
exterior to the neuron (Shih et al. 1999).

In clinical settings, pharmacological MAO inhibition is
typically used as treatment for depression, though it has also
proven effective in Parkinson’s and Alzheimer’s diseases
(Youdim et al. 2006). The potentially lethal side effects of
early irreversible MAO inhibitors earned these drugs a dan-
gerous reputation, only to be used as a last resort (Youdim and
Bakhle 2006). The development of reversible MAO inhibi-
tors, such as moclobemide, allowed for safe and effective
clinical use of these medications, aided in part by the obser-
vation that selective inhibition of either MAO-A or B in-
creases dopamine release in striatum (Haefely et al. 1992).
Moclobemide has been proposed as an effective aid for
smoking cessation, possibly by counteracting the state of
dopamine depletion experienced by ex-smokers as a result
of normalizing MAO activity 3–4 weeks after quitting
(Berlin et al. 1995a, b; Watkins et al. 2000).

To our knowledge, the contribution of MAO inhibition to
the cognitive effects of cigarette smoking, and specifically
sensory gating, has not been studied. However, there is evi-
dence that both dopaminergic and cholinergic mechanisms are

simultaneously at play. Gating, typically measured electroen-
cephalographically by comparing the P50 amplitude differ-
ence (dP50) or ratio (rP50) of two identical auditory stimuli
(“clicks”) presented 500 ms apart, was differentially improved
by nicotine depending on dopamine transporter 1 (Millar et al.
2011) and D2 receptor (Knott et al. 2010a, b) gene polymor-
phisms in healthy controls. Moreover, nicotine was shown to
improve gating in subjects with both low baseline gating and
catechol-O-methyltransferase (COMT) polymorphisms asso-
ciated with reduced synaptic dopamine and reduced gating in
individuals with high baseline gating and COMT polymor-
phisms associated with higher synaptic dopamine (de la Salle
et al. 2013). Dextroamphetamine reduced gating in healthy
subjects (Light et al. 1999). The dopamine D2 receptor antag-
onist haloperidol also increases gating in individuals
exhibiting low baseline gating and similarly disrupts gating
in subjects with normal baseline gating (Csomor et al. 2008),
and this same “inverted U” pattern of effect is observed with
nicotine administration in the absence of other drugs (Knott
et al. 2013).

A number of studies have found evidence that the modu-
lation of serotonin and noradrenaline also affect P50 gating in
healthy individuals. Mann et al. (2007) observed a disruption
of P50 gating after simultaneously depleting serotonin and
dopamine, but not after selective depletion of either serotonin
or dopamine individually. Interestingly, selective reuptake
inhibition of serotonin via a 10-mg escitalopram had no effect
on gating (Jensen et al. 2008) while a dose of 15-mg
escitalopram significantly reduced gating (Oranje et al.
2011). Imipramine, which has anticholinergic properties at
muscarinic receptors and which inhibits reuptake of serotonin,
noradrenaline, and, to a much lesser extent, dopamine, was
found to decrease P50 suppression (Hammer et al. 2007).
Ayahuasca, an herbal concoction which combines the psyche-
delic N,N-dimethyltryptamine (DMT) as well as MAO
inhibiting agents, was shown to disrupt P50 gating in a
dose-dependant manner (Riba et al. 2002). Increased norad-
renergic transmission via yohimbine reduced gating, albeit in
a small sample (Adler et al. 1994). In schizophrenia, selective
antagonism of serotonin at the 5-HT3 receptor improved P50
gating in medicated patients (Adler et al. 2005), and increased
noradrenaline via clonidine normalized gating in schizophre-
nia except at a high dose (Oranje and Glenthøj 2014). While
few of these studies are directly comparable, overall it appears
that P50 gating can be modulated differentially depending on
the affected combination of monoamines as well as the degree
(dose) to which these monoamines are increased or decreased.

We hypothesized that inhibition of MAO-A via
moclobemidewould yield similar effects to the above described
monoaminergic modulation in a sample of healthy individuals,
i.e., the disruption of P50 gating in individuals with normal
baseline gating and improvement of P50 gating in individuals
with low baseline gating. Animal models have associated
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gating ability with the presence and function of hippocampal
low-affinity nicotinic acetylcholine receptors (α7 nAChRs)
(Luntz-Leybman et al. 1992; Stevens et al. 1996). In a compu-
tational model of hippocampal P50 gating, it was shown that
dopamine may modulate the synchrony of gating response in
nicotinic-dependant GABAergic microcircuits in an inverted U
fashion, wherein optimal levels of dopamine yielded the most
efficient gating and too much or too little dopamine resulted in
disrupted gating via reduction in neuronal signal-to-noise ratio
(Moxon et al. 2003). We thus further hypothesized that the
combined nicotinic stimulation of inhibitory GABAergic inter-
neurons and moclobemide-enhanced dopaminergic release
would further improve P50 gating in healthy individuals
exhibiting low baseline gating. In individuals with normal
baseline gating, we hypothesized that this combination would
rescue gating deficiencies seen with separate administration of
moclobemide or nicotine, by returning hippocampal microcir-
cuit signal-to-noise ratios to normal.

Materials and methods

Subjects

This studywas approved by and carried out in compliancewith
the Research Ethics Board of the Royal Ottawa Health Care
Group as well as the University of Ottawa Research Ethics
Board. Twenty-four healthy male volunteers were recruited by
local advertisement. In order to avoid potential gender differ-
ences in gating (Hetrick et al. 1996), as well as possible
menstrual cycle-related variation in serotonin levels
(Hindberg and Naesh 1992), only male participants were in-
cluded. All participants were non-smokers, defined as having
smoked less than 100 total lifetime cigarettes and none in the
past year, as well as exhibiting expired carbon monoxide (CO)
levels less than 3 ppm. Prior to the first test session, participants
underwent a medical evaluation as well as psychiatric inter-
view using the structured clinical interview for DSM-IV-R
Non-Patient Edition (SCID-NP) (First et al. 1995) and the
Family Interview for Genetic Studies (FIGS) (Maxwell
1992). Volunteers were screened via self-report for current/
past personal or family psychiatric (including alcohol/drug
abuse/dependence) or neurologic (including seizures, head
trauma with loss of consciousness <1 h within the past 2 years)
disorder, current use of medication (including over the counter
medications and herbal medications), excessive caffeine use
(>4 cups of coffee/day or equivalent), body mass index (BMI)
20–30 kg/m2, and audiometrically assessed normal hearing.

Experimental design

Participants attended the laboratory on four test days (separat-
ed by a minimum of 48 h) in a randomized, double-blind,

placebo-controlled crossover design, where counterbalanced
drug combinations included placebo/placebo (PP),
moclobemide/placebo (MP), placebo/nicotine (PNic), or
moclobemide/nicotine (MNic).

Moclobemide administration

Moclobemide 75 mg (Manerix®, Hoffman-La Roche) was
used to pharmacologically inhibit MAO-A. Moclobemide,
having a mean Tmax of 49 min and elimination half-life of
1.5 h, decreases plasma 3,5-dihydroxyphenylglycine (DHPG)
by ~55 % at 120 min (Hoffman-La Roche Ltd 2009). As such,
this study used a single dose of 75mg in order to achieve ~30–
40 % plasma DHPG reductions. To maintain a double-blind,
the dose of moclobemide and the placebo (cellulose) were
each placed in opaque capsules.

Nicotine administration

Nicotine was administered in the form of two pieces (4 mg+
2 mg) of cinnamon-flavored Nicorette® gum (Johnson &
Johnson Inc., Markham, Ontario, Canada). The total (6 mg)
dose was used to achieve a similar blood nicotine level to that
of an average smoker after smoking a single cigarette of
average nicotine yield, i.e., 15–30 ng/ml (Hukkanen et al.
2005). Peak blood nicotine levels using this method and dose
arise at approximately 30 min following the start of chewing.
The elimination half-life of nicotine is ~120 min. Gum was
chewed in accordance with manufacturer’s guidelines, i.e., a
chewing time of 25min, biting twice every minute (as cued by
audio recording), and “parking” gum between the teeth and
cheeks between bites. Placebo gum was similar in size, color,
texture, and taste. In addition, participants wore nose plugs
throughout the chewing process in order to reduce any sensory
differences between the nicotine gum and placebo.

A physical symptom checklist (Harkrider and Hedrick
2005) was used to measure the severity of nicotine-related
adverse symptoms as reported by each participant on each
session. Symptoms (such as heart pounding, headache, dizzi-
ness, and nausea) were quantified on a five-point scale where
1=“no symptoms,” 2=“mild symptoms,” 3=moderate symp-
toms,” 4=“strong symptoms,” and 5=“extreme symptoms.”

Procedure

Prior to any testing session, participants were interviewed by
the study psychiatrist to screen for any contraindications as-
sociated with the use of moclobemide. Participants attended
four test sessions after 8 h of abstinence from food, medicines,
alcohol, and caffeine. Upon arrival, CO levels were assessed
in order to ensure CO levels below 3 ppm. Participants were
then given a capsule containing either 75-mg moclobemide or
placebo, after which they engaged in light reading during a
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90-min rest period in order to ensure Tmax activity during
recording. Electrodes were attached after this rest period,
while the participant was given either nicotine or placebo
gum. After hookup/gum chewing, the P50 paradigm was
administered.

P50 ERP acquisition

During the P50 paradigm, participants sat in a dimly lit, sound
attenuated chamber and were instructed to keep their eyes
open as they watched a silent nature movie and to ignore the
auditory stimuli presented binaurally through headphones.
Sixty-four 85-dB (SPL) stimulus (click) pairs (S1–S2) were
presented, all with 1-ms stimulus durations and inter-stimulus
intervals (between S1 and S2) of 500 ms and inter-pair inter-
vals (between S2 and S1) of 10 s. EEG was recorded from
eight scalp sites (FZ, F3, F4, CZ, C3, C4, PZ, OZ) using a nose
reference and a ground electrode positioned between FPz and
Fz sites. Vertical (VEOG) and horizontal (HEOG) electro-
oculographic activity was measured using additional elec-
trodes above and below the right eye as well as on the external
canthus of both eyes, respectively. Electrode impedances were
maintained below 5 kΩ, and electrical activity was recorded
using a Brain Vision V-8 Amplifier® (Brain Products,
Germany) with bandpass filters set at 0.1–120 Hz, digitized
continuously at 500 Hz by Brain Vision Recorder Software
(Brain Products, Germany).

P50 ERP processing

Offline analysis was performed using Brain Vision Analyzer®
(Brain Products, Germany). Data was filtered (10–50 Hz) and
segmented into 250-ms (50-ms pre-stim) epochs. Epochs were
then corrected for eye movement and blink activity (Gratton
et al. 1983), and artifacts (voltages exceeding ±75 μV) were
excluded from the analysis. When either an S1 or S2 segment
was rejected, the corresponding, paired segment (S1 or S2)
was also excluded from analysis. Remaining epochs were
baseline corrected (to 50-ms pre-stim) and averaged separate-
ly for S1 and S2.

Peak amplitudes for S1 and S2 were measured at the Cz
site, with the stipulation that a P50 must be identifiable in at
least one additional central site (i.e., C3/C4). Semi-automatic
identification of P50 proceeded as described by Boutros et al.
(2004). P50 was chosen as the second of two positive peaks,
appearing as the largest positivity between 40 and 80 ms
relative to pre-stimulus baseline and following an earlier pos-
itive peak (Pa) at 15–40ms. The peak for S1 was used to guide
the identification of the relative onset of S2. In addition to
peak amplitude and latency, both the ratio index (S2 P50
amplitude divided by S1 P50 amplitude) and difference score
(S1 P50 amplitude minus S2 P50 amplitude) were derived as
measures of sensory gating.

Statistical analysis

Data was analyzed using IBM SPSS software. Amplitudes,
latencies, and gating measures (rP50/dP50) were subjected to
separate repeated measures analyses of variance (ANOVA)
with drug and stimulus (S1/S2) as within-group factors.
Significant effects and a priori hypotheses were followed up
with pairwise comparisons. To test whether drug conditions
differentially affected subjects with high (HG) or low (LG)
baseline P50 gating as measured by the placebo (PP) condi-
tion, subjects were grouped via median split into low (N=12)
and high (N=12) gaters, as has been employed by previous
studies (Csomor et al. 2008; Knott et al. 2010a, b; de la Salle
et al. 2013). In order tomaintain consistencywith the literature
in using both rP50 and dP50 measures, separate repeated
measures ANOVAs were performed after grouping subjects
by placebo rP50 (rHG vs. rLG) and after grouping subjects by
placebo dP50 measures (dHG vs. dLG), with drug conditions
as within-subject factors and gating group (HG vs. LG) as
between-subject factors. Groups created using rP50 baselines
differed from groups created using dP50 baselines by two
participants. The Shapiro-Wilk test of normality was used
for all datasets prior to analysis. Datasets that were not nor-
mally distributed were compared using the Wilcoxon signed-
rank test; all other data were compared with paired sample t
tests.

Results

Tests of normality

For all subjects (N=24), it was found that amplitude data for
both S1 and S2 were not normally distributed, with the ex-
ception of S1 amplitude in the MP group. While dP50 scores
were normally distributed, rP50 scores in the MP, PNic, and
MNic conditions were not normally distributed. After segre-
gating data into groups based on baseline rP50 scores, rLG
amplitudes for S1 and S2 were not normally distributed with
the exception of S1 amplitude in the MP group. rLG rP50
scores were not normally distributed in the PP andMP groups.
rHG S1 amplitudes in the PP and MP groups as well as rHG
S2 amplitude in the MNic group were not normally distribut-
ed. rHG rP50 data was not normally distributed in the MNic
group.

After segregating data into groups based on baseline dP50
scores, dLG S1 and S2 amplitudes were normally distributed
while dHG S1 amplitudes were not normally distributed with
the exception of the MP group, and dHG S2 amplitudes were
not normally distributed in all groups. Both dLG and dHG
dP50 scores were normally distributed. Amplitudes, latencies,
and gating measures are summarized in Table 1.

1914 Psychopharmacology (2015) 232:1911–1920



P50 amplitudes

Grand-averaged waveforms for S1 vs. S2 in each drug condi-
tion are shown in Fig. 1. Analysis of P50 amplitudes resulted
in a significant main effect of stimulus, F(1,23)=61.275
p<0.000, due to larger overall amplitudes of S1 (M=
4.556 μV, SE=0.67) compared to S2 (M=2.450 μV, SE=
0.63), t(23)=7.83. There was no significant stimulus by drug
interaction. Follow-up comparisons confirmed there were no
significant differences between drug conditions for either S1
or S2 amplitudes.

After segregation of low and high baseline gating based on
rP50, no significant stimulus × group, drug × group, or stim-
ulus × group × drug interactions were observed. However,
planned comparisons revealed larger rLG S2 amplitudes in the
PP condition (M=4.093, SE=1.54) compared to the MNic
condition (M=2.995, SE=1.00) Z=1.96, p=0.05.

Segregating groups based on dP50 revealed a significant
drug × stimulus × group interaction F(3,66)=3.143, p=0.045,
due to larger dHG S1 amplitudes in the PP condition (M=
6.359 μV, SE=1.88) compared to both the PNic condition
(M=5.160 μV, SE=1.92) Z=−2.35, p=0.019. The low gating
group showed lower dLG S1 amplitudes in the PP condition
(M=3.085 μV, SE=0.35) compared to the MP condition (M=
4.038 μV, SE=0.52) t(11)=2.285, p=0.043, as well as com-
pared to the PNic condition (M=4.212 μV, SE=1.44) t(11)=
2.084, p=0.061 and to the MNic condition (M=4.134 μV,
SE=0.49) t(11)=3.106, p=0.010.

P50 latencies

Analysis of P50 latencies showed a significant main effect of
stimulus, F(1,23)=6.080, p=0.022, due to longer overall la-
tencies for S1 (M=61.417ms, SE=2.01) compared to S2 (M=
57.083 ms, SE=1.45), t(23)=2.47. Pairwise comparisons re-
vealed that only the PNic condition yielded significant differ-
ences in latency between S1 (M=60.417 ms, SE=1.99) and
S2 (M=55.083 ms, SE=1.67) t(23)=2.43. There was no sig-
nificant stimulus by drug interaction. Follow-up analysis con-
firmed there were no significant differences between drug
conditions for either S1 or S2 latencies.

After segregation of low and high baseline rP50 gating, no
significant stimulus × group, drug × group, or stimulus ×
group × drug interactions were observed. Segregating groups
based on dP50 revealed a significant stimulus × group inter-
action, F(1,22)=5.738, p=0.026, due to longer dHG S1 la-
tencies (M=62.917 ms, SE=2.87) compared to S2 latencies
(M=54.750 ms, SE=1.97) t(11)=3.61, p=0.002.

P50 gating measures

Overall analysis of rP50 and dP50 gating measures yielded no
significant main effects. Planned comparisons revealedT
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significantly lower rP50 scores in the MNic session (M=
0.405, SE=0.08) compared to the PP session (M=0.574,
SE=0.06) Z=2.34, p=0.019 (Fig. 2). The MNic group also
exhibited significantly lower rP50 scores compared to the
PNic session (M=0.684, SE=0.10) Z=2.00, p=0.046.

After grouping participants based on low and high baseline
rP50 gating, no significant drug × group interactions were
found. Planned comparisons revealed a significant difference
between rLG rP50 scores in the PP condition (M=0.817, SE=
0.07) and rLG rP50 scores in the MNic condition (M=0.537,
SE=0.07) Z=2.35, p=0.019 as well as significantly reduced
rHG rP50 gating in the PNic condition (M=0.734, SE=0.14)
compared to both the PP condition (M=0.331, SE=0.05)
t(11)=2.99, p=0.012 and the MNic condition (M=0.274,
SE=0.13) Z=2.43, p=0.006 (Fig. 3).

After grouping participants based on low and high baseline
dP50 gating, there was a significant group × drug interaction
F(1,22)=3.143, p=0.045, due to significantly lower dLG
dP50 scores in the PP condition (M=0.775 μV, SE=0.20)
compared to the MNic condition (M=2.144 μV, SE=0.52)
t(11)=2.73, p=0.020 as well as significantly reduced dHG
dP50 scores in the PNic condition (M=1.644 μV, SE=0.53)

compared to the PP condition (M=3.214 μV, SE=0.42)
t(11)=2.79, p=0.018.

Adverse events

There was a significant effect of drug F(1,23)=1.643, p=
0.033, due to higher severity ratings for symptoms in the
PNic session (M=1.33, SE=0.00) compared to the PP session
(M=1.00, SE=0.00) t(23)=0.23, p=0.029 as well as com-
pared to the MNic session (M=1.00, SE=0.00) t(23)=0.23,
p=0.029.

Discussion

The present study was designed to investigate the separate and
combined effects of acute nicotine administration and MAO-
A inhibition via moclobemide on gating of the P50 auditory
event-related potential. Though there was no main effect
overall, planned comparisons revealed significantly reduced
rP50 gating ratios after the combination of moclobemide and
nicotine compared to placebo and to nicotine alone.
Importantly, while nicotine generally improves rP50-
measured gating in low baseline gating individuals (Knott
et al. 2013), improvement by nicotine in our low baseline
gating sample did not reach significance. The combination
of moclobemide and nicotine did significantly improve gating
in low baseline gating individuals, suggesting that the inter-
action of nicotine and monoamine oxidase A inhibition yields
a more robust effect on the neural systems underlying gating
than does nicotine alone.

Moreover, our high baseline gating sample exhibited re-
sults similar to those seen in previous studies (Knott et al.
2010a, b, 2013) with nicotine significantly attenuating gating
in these individuals. Interestingly, the combination of

Fig. 1 Grand averaged (N=24)
waveforms and amplitude
suppression ratio scores for each
treatment (PP, MP, PNic, and
MNic) condition. Average S1
shown in black (dark) and
average S2 shown in red (light)

Fig. 2 rP50 scores (higher score = decreased gating) for each treatment
condition for all (N=24) participants. PP = placebo,MP = moclobemide,
PNic = nicotine, andMNic = moclobemide + nicotine
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moclobemide and nicotine did not attenuate gating in the high
baseline gating group; participants in this condition exhibited
gating measures similar to baseline. It seems possible that the
previously observed “inverted U” relationship between cog-
nitive function and nicotine (Newhouse et al. 2004), with
nicotine ameliorating cognition in low-functioning individ-
uals but inhibiting performance in optimally performing indi-
viduals, may be overridden by enhanced monoamine avail-
ability achieved through MAO-A inhibition, though whether
this effect extends beyond P50 gating remains to be seen.

While dP50 did not show a significant overall (un-
segregated) effect, the general direction across drug conditions
was similar to our rP50 results, with the lack of dP50 signif-
icance possibly due to this measures’ higher sensitivity to
S1P50 amplitude (Fuerst et al. 2007; Lu et al. 2007). This
same phenomenon might also have contributed to our finding
no interaction between drug, baseline group, and amplitude
using rP50 baseline segregation, compared to dP50 segrega-
tion where the interaction was significant, and larger baseline
S1P50 amplitudes were observed in the high gating group
compared to the nicotine and moclobemide condition.
However, the finding that rP50 segregation elucidated larger
placebo S2P50 amplitudes in the low gating group compared
to the nicotine and moclobemide condition suggests that these
results are not simply a consequence of S1P50 modulation
alone. This supports the interpretation that these are indeed
sensory gating effects, as opposed to a modulation of S1-
dependant sensory registration. The differences in S1P50 vs.
S2P50 latencies were also specific to dP50 segregation and
were significant only in the high baseline gating group, a
finding not reported in previous studies and which may be
specific to our sample.

Moclobemide in the absence of nicotine did not affect
gating overall or after segregation compared to both placebo
or to the moclobemide-with-nicotine condition. However, the
direction of our results suggests that moclobemide-induced
monoamine oxidase inhibition trended in a direction similar to
nicotine’s effects, in that mean gating values were improved,

albeit non-significantly, compared to baseline in the low base-
line group and diminished in the high baseline group. It is
possible that either a higher dose or a larger sample size may
have yielded significant differences between moclobemide
and placebo gating scores, similar to previous studies that
have shown baseline-dependant differences following mono-
aminergic modulation via haloperidol (Csomor et al. 2008)
and sertindole (Holstein et al. 2011).

Inconsistent with previous studies, nicotine in the absence
of moclobemide did not significantly improve gating in the
low-baseline group. Although similar to moclobemide, mean
ratios trended in a direction of improvement compared to
placebo. It is possible that this trend did not reach significance
due to the fact that no “mid range” gating group was stratified
in the current study due to a smaller sample size than was used
in Knott et al. (2013), which would eliminate the possibility of
relatively high gating individuals being stratified into the low
group after median split. Another possibility is the gene-
specific differential effects of nicotine observed by de la
Salle et al. (2013), in that nicotine’s improvement in low
baseline suppressors is more evident in carriers of the homo-
zygous valine (Val/Val) variant of the COMT polymorphism
compared to that of homozygous methionine (Met/Met) var-
iant carriers. A disproportionate number of Met/Met allele
carriers in the current low group could have prevented
nicotine-driven improvements from reaching significance.
Future studies may benefit from grouping subject based on
genotype in addition to baseline gating.

As in Moxon et al. (2003)’s simulation, the most robust
improvement of gating in this experiment occurred with the
simultaneous promotion of monoaminergic release and nico-
tinic activation. Our results support findings where atypical
antipsychotic drugs differentially improve gating depending
on their ability to target multiple neurotransmitter systems
(e.g., cholinergic, serotonergic, dopaminergic) simultaneously
(Adler et al. 2004). In healthy individuals, it has been shown
that normal gating is only diminished following the simulta-
neous depletion of dopamine and serotonin, but not when

Fig. 3 Left rP50 scores in each treatment condition for participants stratified for low baseline gating (N=12). Right rP50 scores in each treatment session
for participants stratified for high baseline gating (N=12). PP = placebo, MP = moclobemide, PNic = nicotine, and MNic = moclobemide + nicotine
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either monoamine is depleted individually (Mann et al. 2007).
Thus, it would seem that optimal availability of dopamine and
serotonin are necessary for efficient gating and that choliner-
gic activation contributes to the normalization of this avail-
ability, as was seen in our high baseline gating group in the
MNic condition.

This study is limited to event-related potential data, and as
such, we can only assume that the monoamine-modulating
properties of moclobemide are responsible for the reported
effects. Although subjects were asked to abstain from food
prior to each test session, we did not control for day-to-day
consumption of dietary choline or for foods with monoamine
oxidase inhibitory properties. Although subjects reported
greater adverse symptoms during the PNic condition com-
pared to the PP and MNic condition, mean symptoms were
very low, with the PNic group exhibiting a mean score of 1.33
where a score of 1 indicates no adverse symptoms at all. Thus
it is not likely that physical symptoms contributed to event-
related potential (ERP) results, though they cannot be ruled
out entirely.

Care should be taken when interpreting the high vs. low
baseline (placebo) comparisons in this study, as the use of the
median split has been shown to decrease effect size and may
produce misleading results (MacCallum et al. 2002), though
we deemed this method appropriate for the current study due
to the previously observed differential effects of nicotine in
high vs. low gating individuals (Knott et al. 2010a, b) as well
as the importance of utilizing our low gating group to serve as
a model of gating deficits in schizophrenia. In our low group,
mean ratio scores were 0.82, comparable to Patterson et al.
(2008)’s meta-analysis which found mean schizophrenia ratio
scores to be 0.80. Although we did control for family history
of psychosis in our healthy control sample, we cannot deter-
mine if deficient gating in our low gating group was due to
common mechanisms. One possibility is that our low-gaters
share common nicotinic receptor polymorphisms (Houy et al.
2004); however, we lack the genetic data necessary to confirm
this hypothesis. Finally, due to the relatively low number of
electrodes (eight scalp sites), we cannot reliably report differ-
ences in brain region activation. Follow-up experiments are
necessary to investigate the effects of MAO-B inhibition as
well as combined MAO-A and MAO-B inhibition on gating
with and without nicotine. A sample of non-smoking schizo-
phrenia patients will also be necessary to confirm whether the
gating improvements in our low gating group translate to the
patient population, though the effects of treatment/medication
would have to be taken into account.

Conclusion

This study supports the hypothesis that the ratio index of P50-
measured sensory gating can be improved under conditions of

acute nicotine and MAO-A inhibition in healthy individuals
and, specifically, in individuals with low baseline gating. The
improvement in P50 ratio in the current sample seems to be a
result of true gating and not simply auditory registration. As
this effect was seen in individuals with low baseline gating, a
group that has been used as a healthy control model of
schizophrenia (Light and Braff 2003; Csomor et al. 2008),
the current study provides corroborating evidence that the
theor ized sel f -medica t ing smoking behavior of
neuropsychologically impaired populations (e.g., schizophre-
nia) is not solely driven by activation of nicotinic receptors
and instead may be due to a more complex MAO/nicotine
interaction. Furthermore, MAO inhibition eliminates the det-
rimental effects of nicotine on high baseline gating individ-
uals. Future studies on smoking and cognition should take into
account the neuromodulating properties of non-nicotinic
agents in tobacco in order to more accurately model smoking
in laboratory paradigms. Clinicians may benefit from consid-
ering the smoking status of patients when determining treat-
ment, particularly for heavy smokers who may exhibit robust
MAO inhibition, due to the potential interaction of smoking
with monoaminergic- or cholinergic-based medication.
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