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Neuronal Effects of Nicotine During Auditory
Selective Attention in Schizophrenia

Jason Smucny,'** Ann Olincy,>® Donald C. Rojas,’ and Jason R. Tregellas'?*?

"Neuroscience Program, University of Colorado Anschutz Medical Campus, Aurora, Colorado
*Department of Psychiatry, University of Colorado Anschutz Medical Campus, Aurora, Colorado
3Research Service, Denver VA Medical Center, Denver, Colorado
*Department of Psychology, Colorado State University, Fort Collins, Colorado

* *

Abstract: Although nicotine has been shown to improve attention deficits in schizophrenia, the neurobio-
logical mechanisms underlying this effect are poorly understood. We hypothesized that nicotine would
modulate attention-associated neuronal response in schizophrenia patients in the ventral parietal cortex
(VPC), hippocampus, and anterior cingulate based on previous findings in control subjects. To test this
hypothesis, the present study examined response in these regions in a cohort of nonsmoking patients and
healthy control subjects using an auditory selective attention task with environmental noise distractors dur-
ing placebo and nicotine administration. In agreement with our hypothesis, significant diagnosis (Control
vs. Patient) X drug (Placebo vs. Nicotine) interactions were observed in the VPC and hippocampus. The
interaction was driven by task-associated hyperactivity in patients (relative to healthy controls) during pla-
cebo administration, and decreased hyperactivity in patients after nicotine administration (relative to pla-
cebo). No significant interaction was observed in the anterior cingulate. Task-associated hyperactivity of
the VPC predicted poor task performance in patients during placebo. Poor task performance also predicted
symptoms in patients as measured by the Brief Psychiatric Rating Scale. These results are the first to sug-
gest that nicotine may modulate brain activity in a selective attention-dependent manner in schizophrenia.
Hum Brain Mapp 37:410-421, 2016.  © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Although pervasive positive symptoms (such as hallucina-
tions) are necessary and sufficient to meet DSM-5 criteria for
schizophrenia [American Psychiatric Association, 2013], cog-
nitive symptoms of the illness confer the heaviest burden on
quality of life [Green, 1996]. Due in large part to significant
cognitive impairment, patients suffer high rates of unemploy-
ment, homelessness, and poor everyday functioning [Torrey,
2006]. Unfortunately, no treatment has yet earned a federal
indication for cognitive symptoms in schizophrenia.

One of the more striking cognitive deficits in schizophre-
nia is poor attention, particularly in the presence of distrac-
tion. As documented by McGhie and Chapman [1961] and
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later Venables [1964], patients commonly report being
unable to ignore distracting noises in the environment, such
as a fan whirring, clocking ticking, or traffic on a busy
street. Although the neurobiological mechanisms are
unclear, one hypothesis postulates that a reduction in inhib-
itory neuronal tone driven by the loss of nicotinic receptors
on interneurons in schizophrenia patients impairs the abil-
ity of the brain to attenuate (or “gate”) response to repeated
stimuli, thereby increasing distractibility [Miwa et al., 2011].
Evidence for a key role for the loss of these receptors in gat-
ing deficits in schizophrenia includes reduced expression of
the o7 receptor subtype in the hippocampus and thalamus
postmortem in patients [Court et al.,, 1999; Freedman et al.,
1995], associations between the gating deficit, schizophrenia,
and polymorphisms in the a7 receptor gene [Leonard et al.,
2002], and high rates of smoking in the illness as a potential
form of “self-medication” [Winterer, 2010]. Mechanisms by
which to restore normal function of the nicotinic system
(e.g. o7 agonists) is a primary motivating factor behind the
development of nicotinic potentiating agents designed to
restore normal levels of nicotinic signaling and improve
cognition in schizophrenia [Freedman, 2014].

Human functional magnetic resonance imaging (fMRI)
studies have supported the hypothesis that hyperactivity
(relative to healthy subjects), particularly of the hippocam-
pus, may contribute to sensory flooding in schizophrenia.
Hippocampal hyperactivity is often observed during sim-
ple sensory processing tasks, such as smooth pursuit eye
movement (SPEM) [Tregellas et al., 2004], fixating on a
point [Malaspina et al., 1999], watching faces [Holt et al.,
2005], listening to repeated clicks [Tregellas et al., 2007],
and listening to environmental noise [Tregellas et al.,
2009]. Resting hippocampal hyperactivity also predicts
cognitive deficits in schizophrenia, including attention def-
icits [Tregellas et al., 2014]. Interestingly, both nicotine and
a nicotinic o7 receptor partial agonist reduce hippocampal
hyperactivity in schizophrenia patients during SPEM
[Tanabe et al., 2006; Tregellas et al., 2010; Tregellas et al.,
2005] well as improve performance during sustained atten-
tion [Freedman et al., 2008; Harris et al., 2004]. The hippo-
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MRI Magnetic resonance imaging
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NOS not otherwise specified

PET positron emission tomography

ROI region-of-interest

SART sustained attention to response task

SANS Scale for the Assessment of Negative Symptoms
SPEM smooth pursuit eye movement

VPC Ventral parietal cortex

campus is also hypothesized to be involved in attentional
selection of memory encoding, and attention-dependent
engagement of the region may explain why important
(novel, salient, and/or arousing) stimuli are better remem-
bered than unimportant (redundant, distracting, and/or
not arousing) stimuli [Chun and Turk-Browne, 2007; San-
tangelo, 2015; Uncapher and Rugg, 2009].

Although nicotine has demonstrated efficacy as an atten-
tion enhancer in schizophrenia, the underlying neurobio-
logical mechanisms remain poorly understood. Indeed, to
our knowledge only one previous functional imaging
study has examined the effects of nicotine during attention
in schizophrenia patients. In that study, Hong et al. [2011]
observed no significant task-specific functional effects after
acute administration of 21-35 mg of nicotine in smoking
patients during a sustained attention task. No study, how-
ever, has yet examined the neuronal effects of nicotine
during an attention task that uses distracting stimuli in
schizophrenia. Filling in this knowledge gap is particularly
important given that distractibility is a characteristic fea-
ture of attentional dysfunction in schizophrenia.

Our laboratory has previously developed an auditory
attention task that requires subjects to respond (button press)
to target auditory stimuli in the presence of distracting envi-
ronmental noise [Smucny et al., 2013a, 2015]. We have exam-
ined the task-associated effects of nicotine on this task in
nonsmoking healthy subjects [Smucny et al., 2015], and found
task-dependent effects of nicotine in the ventral parietal cor-
tex (VPC), hippocampus, and ventral anterior cingulate.
Attention task-associated nicotinic modulation of the VPC
and ventral anterior cingulate is consistent with previous
studies suggesting these regions are important for stimulus-
driven, “bottom up” processing and ignoring distraction,
respectively [Corbetta and Shulman, 2002; Weissman et al.,
2005; Weissman et al., 2004]. Functional modulation of the
hippocampus were also not surprising based on its respon-
siveness to auditory stimuli [Kumar et al., 2014), role in audi-
tory gating/filtering [Grunwald et al., 2003], and ability to
undergo adapt different functional states in an attention-
dependent manner [Aly and Turk-Browne, in press; Colgin
et al., 2009; Klyachko and Stevens, 2006].

Based on these findings, we hypothesized that nicotine
would alter response in these regions during our attention
task in schizophrenia. We were particularly interested in
nicotinic modulation of the hippocampus due to recent stud-
ies and reviews suggesting that pathology and hyperactivity
of the area may be a key biological target for therapeutic
intervention in schizophrenia [Heckers and Konradi, 2015;
Schobel et al., 2013; Schobel et al., 2009; Tamminga et al., 2012;
Tamminga et al., 2010; Tregellas, 2014; Tregellas et al., 2014].
The goal of this study, therefore, was to compare nicotine (vs.
placebo) effects during an attention task in control subjects
and schizophrenia patients. Only nonsmoking patients were
recruited in order to maximize non-psychopathological
between-group homogeneity. We also examined behavioral
and clinical correlates as exploratory outcome measures.
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TABLE I. Demographic and clinical data of participants

Controls Schizophrenia
Age 38.4 (12) 44 (12)
Gender (M/F) 11/9 12/5
Smoking (never/ 15/5 10/7
former smokers)

Average total BPRS 36.6 (7.7)
Average total SANS 42 (29)
Meds: Typ/ATyp/ 1/15/0/1

Both/None

Parentheses contain the standard deviation.

Abbreviations: BPRS, brief psychiatric rating scale; SANS; scale
for the assessment of negative symptoms; Typ, # treated with typ-
ical antipsychotic medications; ATyp, # treated with atypical anti-
psychotic medications.

MATERIALS AND METHODS
Subjects

Thirty-seven subjects participated in this study—17 sta-
ble outpatients who had a primary diagnosis of schizo-
phrenia and 20 healthy comparison subjects. Demographic
and clinical information for participants was assessed by
interview and is shown in Table I. No significant group
differences in age, gender, handedness, or ratio of never
smokers/former smokers (> 3 months from last cigarette)
were observed. No subjects were taking smoking cessation
medication (e.g. varenicline) at the time of the study.
Patients were recruited by referral from a University of Col-
orado psychiatrist. Patients were excluded for a diagnosis
of neurological illness, head trauma, current smoking (< 3
months from last cigarette) or substance abuse, poor (inabil-
ity to hear 60 dB sound pressure level 1000 and 1500 Hz
tones in either ear) or unbalanced (> 10 dB threshold differ-
ence between each ear) hearing, failure to pass a physical
examination, and magnetic resonance imaging (MRI) exclu-
sion criteria (claustrophobia, weight > 250 lbs, metal in the
body). Control subjects were excluded for all of the above
as well as a diagnosis of Axis I mental illness or first-
degree family history of Axis I mental illness. Patients were
medication stable (> 3 mo. with no change in medication).
Schizophrenia patient comorbidities included six subjects
with depression not otherwise specified (NOS), three with
bipolar NOS, one with posttraumatic stress disorder, four
with panic disorder, one with social phobia, two with gen-
eralized anxiety disorder, and one with obsessive compul-
sive disorder. Three patients had a history of alcohol abuse,
one of cannabis dependence, and one of cocaine depend-
ence. None of these patients, however, were substance
dependent during or for at least 6 months prior to begin-
ning the study (confirmed by urinalysis). All subjects were
required to pass a nicotine tolerance test, in which the nico-
tine dose used for the experiment (7 mg) was administered
> 3 d prior to the first fMRI scan. Criteria for passing the
tolerance test were 1) less than a 20% change in heart rate or

blood pressure (BP) for up to 90 minutes (m) post patch-
application, 2) no side effects other than mild/minor nausea,
headache, lightheadness, buzz, clouded thinking, anxiety, or
mouth tingling. All participants provided written informed
consent in accordance with the principles of the Declaration
of Helsinki and could withdraw from the study at any time.
Subjects were compensated for participation. The Colorado
Multiple Institutional Review Board approved the study.

Study Design

This was a single-blind, pseudo-randomized, placebo-
controlled, crossover study. On each of two study visits, sub-
jects were administered a 7 mg nicotine patch (Nicoderm) or
a placebo patch (made in-house) 70 m prior to MRI scanning.
The order of study visits (placebo or nicotine) was counter-
balanced across subjects. Subjects wore patches throughout
scanning. Total time of patch application was approximately
120 m (70 m before scanning, 60 m during scanning). The
attention task was performed approximately 10 m after the
subject was placed in the scanner (~80 m after patch applica-
tion); the delay was because of localizer, high-order shim-
ming, and anatomical scans that preceded the functional
scan. The 80 m latent period was used such that the attention
task occurred during a time window corresponding to the
peak plasma concentration of nicotine [Dempsey et al., 2013].
Based on previous work, the expected nicotine concentration
during this period is expected to be approximately 4 ng/ml
[Dempsey et al., 2013]. The placebo patch was tactilely similar
to the nicotine patch and was affixed to the skin (upper arm)
in the same manner as the nicotine patch. Subjects were asked
to refrain from examining either patch during or after appli-
cation as the placebo and drug patches were not visually
identical. Furthermore, clothing covered patches such that
they could not be readily observed after affixation. Patches
were removed immediately after scanning. Visits were sched-
uled > 3 d apart. Heart rate and BP were monitored immedi-
ately prior to patch application, 30 and 60 m after patch
application, and up to 60 m after patch removal. Physiologi-
cal effects of nicotine were analyzed using a mixed-effects
model analysis of variance (ANOVA) in SPSS22, with time
(pretreatment vs. posttreatment) and drug (placebo vs. nico-
tine) as within-subjects factors and diagnosis (control vs.
patient) as a between-subjects factor.

Auditory Stimuli

For the attention task (see “Task Description”), synthetic
audio recordings for the numbers 1-9 were downloaded
from www.modeltalker.com. Number stimuli were adjusted
to have the same onset with Adobe Audition.

For task-overlaid noise distraction, environmental, “urban”
noise stimuli were mixed as described previously [Tregellas
et al.,, 2009]. Briefly, clips included segments from two talk
radio shows, two classical musical pieces, sounds from
a neighborhood block party, which included multiple
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background conversations and sounds from children playing,
traffic sounds, a refrigerator motor cycling on and off, and fre-
quent knocking sounds from glasses being set on countertops.
Volumes of all of these elements were mixed so that no one
element was readily identifiable. The subjective experience of
the sound mixture was that of standing in a busy crowd of
people, in which multiple conversations were occurring, with
a low level of indistinguishable background music and other
sounds. Urban noise distraction was presented at 80dB in the
ear opposite the task-relevant stimuli with MR-compatible
headphones (Resonance Technologies, Inc.).

Task Description

Subjects performed an auditory version of the Sustained
Attention to Response Task (SART) [Seli et al., 2012]. For the
SART, single-digit numbers were aurally presented one at a
time, and the subject was asked to respond (with a button
press) (Lumina Response Pad, Cedrus Corp.) after each
auditory stimulus (70 dB, presented in either the right or left
ear), except for the number ‘3,” in which case the subject was
asked to withhold from responding. Subjects used their
dominant hand for motor responses. The ear (right or left)
in which the numbers were presented was pseudo-
randomized between subjects. Stimulus duration was 250 ms
and interstimulus interval was 900 ms. Subjects performed
two variations of the SART, the Ordered SART, and the Ran-
dom SART. In the Ordered SART, the numbers were pre-
sented in order; in the Random SART, the numbers were
presented pseudo-randomly. Due to the predictability of
Ordered SART, subjects may be able to correctly respond or
withhold responding reflexively to the presence of any audi-
tory stimulus. The unpredictability of Random SART, how-
ever, requires subjects to focus on specific stimulus features
before making the appropriate response, increasing attentional
demands [Smucny et al., 2013b]. The current SART variation
(Ordered or Random) was highlighted and visually presented
through MR-compatible goggles (Resonance Technologies,
Inc.) throughout the experiment. The identifier cue was pre-
sented 2.3 s before the first set of stimuli, as well 2.3 s before
each time the condition switched from Ordered to Random (or
vice-versa). The subject was asked to respond as quickly and
accurately as possible to help induce attentiveness.

The SART was presented as a block design, with four
pseudo-randomly dispersed conditions: Ordered-Silent
(ordered numbers with no noise distraction), Ordered-
Noisy (ordered numbers with noise distraction), Random-
Silent (random numbers with no noise distraction), and
Random-Noisy (random numbers with noise distraction).
Seventy-two blocks of 12.65 s each were administered,
with 18 blocks per condition. Each block consisted of 9-11
trials. Baseline data was collected from six 37.95 s fixation
periods interspersed at regular intervals throughout the
experiment. Total task duration was 18 m.

Recorded performance measures on the SART were 1)
errors of commission, or incorrect button presses on ‘3’, 2)

errors of omission, or failure to button press on the numbers 1,
2, and 4-9, and 3) reaction time. Percent correct responses were
calculated as 100 — (percent errors commission + percent errors
of omission). As a combination of all these measures provides a
more accurate assessment of performance than each individual
measure [Seli et al., 2013], they were combined into a single
measure, “efficiency,” based on a previous SART study in
schizophrenia [Chan et al., 2009]. Specifically, efficiency was
defined as arcsin (| (Percent Correct Responses/Reaction Time
for Correct Responses)). Efficiency data were analyzed by
mixed-effects ANOVA in SPSS22 with drug (placebo vs. nico-
tine), SART difficulty (Ordered vs. Random) and distraction
level (Silent vs. Noisy) as within-subjects factors and diagnosis
(Control vs. Patient) as a between-subjects factor.

fMRI Scanning Parameters

Functional scans were collected using a clustered vol-
ume approach as described previously [Smucny et al.,
2013b,c]. Use of the clustered volume approach allowed
stimuli to be presented while minimizing scanner noise.
This technique has been shown to substantially improve
signal detection in fMRI experiments using auditory stim-
uli, despite reducing the overall number of scans collected
per experimental condition [Edmister et al., 1999]. We
have previously used clustered volume acquisition in a
number of auditory tasks in schizophrenia, including the
SART [Smucny et al., 2013b,c,2015; Tregellas et al., 2007;
Tregellas et al., 2009; Tregellas et al., 2012].

Studies were performed with at 3T GE Signa MR system
using a standard quadrature head coil. Functional images were
acquired with a gradient-echo T2* Blood Oxygenation Level
Dependent (BOLD) contrast technique, with TR = 12650 ms (as
a clustered volume acquisition of 2000 ms, plus an additional
10650 ms silence interval), TE =30 ms, FOV =220 mm?, 64°
matrix, 38 slices, 3.5 mm thick, 0.5 mm gap, angled parallel to
the planum sphenoidale. Additionally, one inversion recovery
echo planar image (IR-EPI) (TI = 505 ms) volume was acquired
to improve spatial normalization (see “fMRI Preprocessing”).

fMRI Preprocessing

Data were preprocessed using SPM8 (Wellcome Dept. of
Imaging Neuroscience, London). Data from each subject
were realigned to the first volume, normalized to the Mon-
treal Neurological Institute template using the IR-EPI as
an intermediate to improve coregistration between images,
and smoothed with an 8 mm FWHM Gaussian kernel.

Region-of-Interest (ROI) Analysis
of BOLD Response

To account for both within-group and within-subject var-
iance, a mixed effects analysis was implemented. Parameter
estimates were generated for each individual in a first-level
analysis. First-level effects were modeled with a double-
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TABLE Il. Physiological effects of nicotine and placebo patch

Tx Placebo Nicotine
Group Measure Pretreatment 60 m posttreatment A Pretreatment 60 m posttreatment A
Controls Systolic BP (mmHg) 128 (4) 121 3) -7 3) 127 (3) 125 (2) -2(2)
Diastolic BP (mmHg) 79 (2) 77 () -2(2) 79 (2) 79 (2) 0 ()
Heart Rate (bpm) 75 (3) 73 (3) -2 (2) 76 (3) 77 (3) 1(2)
Schizophrenia  Systolic BP (mmHg) 135 (4) 130 (4) =5 (5) 128 (4) 125 (3) -3 (2)
patients Diastolic BP (mmHg) 79 (2) 79 (3) 0(2) 80 (2) 78 (2) —-2(2)
Heart Rate (bpm) 81 (4) 81 (4) 02 84 (4) 87 (4) 3(2)
Parentheses contain the standard error.
Abbreviations: BP, blood pressure; mmHg, mm of mercury; bpm, beats per minute
gamma function, without temporal derivatives, using the RESULTS

general linear model in SPM8. A 196 s high pass filter was
applied to remove low-frequency fluctuation in the BOLD
signal. Rigid-body movement parameters (up/down, left/
right, forward /back, roll, pitch, yaw) were entered into the
SPMS8 design matrix as covariates of no interest. No signifi-
cant effect of diagnosis, drug treatment, or drug X diagnosis
interaction was observed for overall movement. “Task-
associated” contrast images were generated for each drug
treatment condition (placebo and nicotine). “Task-associated”
response was defined as ((Random Noisy > Random Silent) >
(Ordered Noisy >Ordered Silent)). Fixation periods were
used as an implicit baseline.

A priori hypotheses were tested for response in three
ROIs, the VPC, hippocampus, and anterior cingulate. The
VPC, hippocampal, and anterior cingulate ROIs consisted
of the supramarginal gyrus, hippocampus, and anterior
cingulate AAL delineations in WFU Pickatlas [Maldjian
et al, 2003] respectively. Mean task-associated signal
within each ROI was extracted for each subject using the
Marsbar toolbox [Brett et al., 2002] and entered into SPS22
for ANOVA analysis. The primary contrast of interest, the
drug (placebo vs. nicotine) X diagnosis (patient vs. control)
interaction, was evaluated separately for each ROI, with
drug as a within-subjects factor and diagnosis as a
between-subjects factor. Significant interaction effects
(omnibus F contrasts) were followed up by post-hoc one-
tailed t-tests in order to describe the directionality of
effects.

Physiological Effects of Nicotine

Physiological effects of placebo vs. nicotine treatment
are presented in Table II. Physiological data were not
available from one control subject due to an equipment
malfunction. No significant time X drug X diagnosis inter-
actions were observed on systolic BP (F(1,34)=0.60,
P =0.44), diastolic BP (F(1,34)=1.58, P=0.22), or heart
rate (F(1,34) =0.063, P =0.80). Across all subjects, no sig-
nificant time (pretreatment vs. 60 m post-treatment) X
drug interactions were observed for systolic BP (F(1,34) =
2.84, P=0.10), diastolic BP (F(1,34) =0.070, P =0.79), or
heart rate F(1,34) =4.07, P =0.052).

Behavioral Data

The primary behavioral measure of interest in this study
was performance efficiency, a single metric that combines
accuracy and reaction time (see Methods). Efficiency data
for each SART condition (Ordered Silent, Ordered Noisy,
Random Silent, Random Noisy) is presented in Table IIL
Using this measure, significant main effects of difficulty
(Ordered vs. Random; F(1,35) =46.4, P<0.001) and dis-
traction level (Silent vs. Noisy; F(1,35)=17.2, P <0.001)
were observed, indicative of decreased efficiency during
the Random condition and Noisy condition relative to the
Ordered and Silent conditions, respectively. No significant

TABLE Ill. Performance efficiency for each SART condition

Controls Schizophrenia patients
Condition Placebo Nicotine Placebo Nicotine
Ordered Silent 0.51 (0.018) 0.52 (0.020) 0.51 (0.025) 0.51 (0.027)
Ordered Noisy 0.50 (0.017) 0.50 (0.021) 0.48 (0.033) 0.50 (0.026)
Random Silent 0.44 (0.0076) 0.44 (0.0080) 0.43 (0.012) 0.44 (0.015)
Random Noisy 0.43 (0.0089) 0.42 (0.010) 0.39 (0.022) 0.42 (0.016)

Parentheses contain the standard error. Significant main effects of noise (Noisy > Silent) and difficulty (Random > Ordered) were
observed (see Results), suggesting that these manipulations decrease behavioral performance.
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Figure 1.

Effects of nicotine on task-associated (see Methods for task defi-
nition) neuronal response in the left VPC. A significant drug X
diagnosis interaction was observed. For visualization, statistical
parametric maps are displayed in the neurologic convention (R
on R) and thresholded at P<0.01, cluster extent (k) >50 vox-

interactions were observed between SART condition and
diagnosis (Control vs. Patient) or drug (Placebo vs. Nicotine).

Base behavioral measures (errors of commission, omis-
sion, and reaction times) are presented in Supporting
Information Table 1.

ROI Analysis of BOLD Response

The observed behavioral results suggest that attentional
load is greater when number stimuli are random (relative to
ordered) as well as during distracting noise (relative to

els. Error bars represent the standard error. **Significant diagno-
sis X treatment interaction. Hum Brain Mapp 00:000-000,
2014. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

silence). Therefore, we defined task-associated BOLD signal
effects as the signal resulting from the contrast ((Random
Noisy > Random Silent) > (Ordered Noisy > Ordered Silent)).

Using mean task-associated BOLD signal within ana-
tomically defined ROIs as the primary measures of interest
(see Methods), significant diagnosis X drug interactions
were observed in the left VPC (F(1,35) =6.98, P =0.012)
(Fig. 1) and left hippocampus (F(1,35) =4.70, P =0.037)
(Fig. 2) but not the right VPC (F(1,35) =2.17, P =0.15),
right hippocampus (F(1,35) =0.31, P=0.58), or anterior
cingulate (F(1,35) = 0.050, P = 0.82).

* 415 o



¢ Smucny et al. ¢

F 4 .

F value

p <0.01, k > 50 voxels

Effect of Task Effect of Nicotine on Task
0.3 Placebo Nicotine 041
%0,2 * %
% g 0.2
5 0.1 6
2 E
5 9 | o 0
»n 7]
€-0.1 =
S S 02
©-0.24 [}
o 0
0.3 o4 ke
i Controls & Schizophrenia

Figure 2.

Effects of nicotine on task-associated (see Methods for task defini-
tion) neuronal response in the left hippocampus. A significant drug
X diagnosis interaction was observed. For visualization, statistical
parametric maps are displayed in the neurologic convention (R on
R) and thresholded at P <0.0l, cluster extent (k) > 50 voxels.

In the left VPC (Fig. 1), post-hoc tests revealed increased
response in controls after nicotine administration (relative
to placebo) (P=0.015) and a trend towards decreased
response in patients after nicotine administration (relative to
placebo) (P = 0.073). Between-group comparisons also iden-
tified a trend towards greater response in patients (relative
to controls) under placebo (P = 0.058) and reduced response
in patients (relative to controls) under nicotine (P = 0.036).

In the left hippocampus (Fig. 2), post-hoc tests revealed
a trend towards increased response in controls after nico-
tine administration (relative to placebo) (P =0.084) and a
trend towards decreased response in patients after nicotine
administration (relative to placebo) (P =0.053). Between-
group comparisons showed greater response in patients

Error bars represent the standard error. *Significantly increased
response in patients relative to controls under placebo conditions.
*Significant diagnosis X treatment interaction. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(relative to controls) under placebo (P = 0.044) and no dif-
ference in response in patients (relative to controls) under
nicotine (P = 0.12).

No significant correlations were observed between nicotinic
effects on blood pressure or heart rate and effects on response
in any ROI. Task associated-response during placebo did not
predict the magnitude of nicotinic effects for either group.

Behavioral Correlates

We examined correlations between task-associated change in
efficiency (AEff) and BOLD response in each ROL AEff was cal-
culated based on the efficiencies for each SART condition
using the contrast ((Random > Ordered) > (Noisy > Silent)),
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Figure 3.
Negative correlation between task-associated VPC response and
task-associated change in performance efficiency (see Results) in
patients. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

consistent with the previously defined measure for task-
associated BOLD response. AEff therefore represents the
change in performance due to increasing the task difficulty
(from Ordered to Random) and distraction level (from Silent to
Noisy).

In patients, AEff was negatively correlated with task-
associated left VPC response (r = —0.54, P =0.026) (Fig. 3)
as well as task-associated anterior cingulate response
(r=-0.59, P=0.013).

Clinical Correlates

In patients, AEff during placebo administration was sig-
nificantly associated with total Brief Psychiatric Rating
Scale (BPRS) score (r =0.54, P = 0.027) (Fig. 4).

DISCUSSION

The primary finding of this study was that significant
diagnosis X drug interactions were observed on task-
associated response in the VPC and hippocampus. These
effects were driven by (1) relative hyperactivity of these
regions in patients during the placebo condition, and (2)
decreased response in patients after nicotine administra-
tion. Poor task-associated performance was also associated
with VPC hyperactivity and overall symptomatology in
the patient group.

Attention task-associated nicotinic modulation of the
VPC is in agreement with its demonstrated role in
stimulus-driven attention (“bottom-up” attention) [Cor-
betta and Shulman, 2002]. The region is prominently
recruited during attention tasks in which stimuli occur
unexpectedly, i.e. interpreted as novel [Vossel et al., 2014].
In the context of the present study, hyperactivity in this
region in patients under placebo conditions may represent

increased noise-associated processing and/or attentional
load due to the noise being neurobiologically “interpreted”
as “novel” throughout the task. Indeed, we have previ-
ously reported that patients who listen to the noise may
find the voices within the recordings continuously bother-
some [Tregellas et al., 2009]. A second possibility is that
VPC activity is a reflection of task difficulty. The finding
that hyperactivity predicted poor task-associated perform-
ance in patients supports this hypothesis, although it is
incongruent with the observation that nicotine increased
VPC activity in controls without affecting performance.
The observed correlation between VPC activity and per-
formance also suggests that patients that show VPC hyper-
activity may be particularly behaviorally sensitive to
distraction.

The second region that showed significant task-associated
effects of nicotine was the hippocampus. Although classi-
cally defined as a region important for learning and mem-
ory, previous neuroimaging studies have demonstrated
attention-dependent modulation of the region [Aly and
Turk-Browne, in press; Uncapher and Rugg, 2009]. Patterns
of hippocampal activity may thereby be a reflection of atten-
tion level [Aly and Turk-Browne, in press], and help explain
why attended stimuli are better remembered than unat-
tended stimuli [Chun and Turk-Browne, 2007]. In the con-
text of the present study, one interpretation of the present
findings is that in schizophrenia, the hippocampus is less
able to alter its overall pattern of response (e.g. response
amplitude) in order to filter out the distracting noise, induc-
ing hyperactivity. Whether hippocampal hyperactivity is
the result of poor stimulus filtering within the region itself
and/or the consequence of an abnormal attentional process
occurring elsewhere in the brain (e.g. in the VPC) is unclear.
Regardless of the underlying causes of hippocampal hyper-
activity, the present findings also suggest that nicotine may

0.057 . r=0.54

p=0.027

0.034

0.01

AEff

-0.01+
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Total BPRS Score
Figure 4.
Positive correlation between total BPRS score and task-associated
change in performance efficiency (see Results) in patients. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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be able to normalize this phenotype, restoring task-
associated activity to levels in controls during placebo
administration (Fig. 2). Nicotinic reduction of hippocampal
hyperactivity may be due in part to the ability of the drug to
activate nicotinic receptors on inhibitory interneurons in the
region [Frazier et al., 1998].

One of the more striking features of schizophrenia is the
high rate of smoking (70% or more) in the illness [Win-
terer, 2010]. Patients also consume more nicotine per ciga-
rette and smoke more cigarettes per day than healthy
smokers [Olincy et al., 1997; Williams et al., 2010].
Although patients smoke for many possible reasons [Win-
terer, 2010], an important contributing factor may be the
ability of nicotine and other nicotinic agonists to restore
sensory gating (e.g. P50 gating) deficits [Adler et al., 1993;
Adler et al., 1992; Olincy et al., 2006; Zhang et al., 2012].
P50 gating is measured electrophysiologically as the differ-
ence (or ratio) of the 50 ms post-stimulus neuronal
response to the second of a pair of repeated identical click
sounds, and is postulated to be an index of neuronal sen-
sory inhibition [Miwa et al., 2011]. Loss of inhibition may
in turn cause patients to be flooded with sensory informa-
tion, leading to distractibility and predicting poor perform-
ance on attention tasks [Cullum et al., 1993; Smucny et al.,
2013a]. Importantly, these deficits have been mapped to
the hippocampus (among other areas) [Bak et al., 2014;
Grunwald et al., 2003]. It is possible that the observed
reduction in task-associated response is related to the abil-
ity of nicotine to improve P50 gating. The nature of this
association may be examined in future studies.

Interestingly, nicotine induced largely opposite task-
associated neuronal effects in control subjects compared to
patients. Specifically, nicotine increased response of the
VPC and hippocampus in controls, while decreasing
response in patients. These results are similar to the direc-
tion of findings in P50 gating (paired-click) studies, which
show that nicotine decreases response to the second stimu-
lus and improves gating in patients [Adler et al., 1993],
and increases overall response to stimuli in healthy sub-
jects that gate normally [Knott et al., 2010]. Pharmacologi-
cally, nicotine may be expected to have both excitatory
and inhibitory effects. For example, in the hippocampus
nicotine binds to both high-affinity «4B2 receptors on exci-
tatory pyramidal neurons as well as low-affinity o7 recep-
tors on inhibitory interneurons [Frazier et al., 1998; Papke,
2014]. The result that nicotine primarily has an inhibitory
task-associated effect in schizophrenia could be because of
several factors, including (1) high activity at baseline in
patients, (2) antipsychotic blockade of dopaminergic sig-
naling occluding [Baskys et al., 1993] or otherwise reduc-
ing the excitatory effects [Medoff et al., 2001] of nicotine,
and (3) differential expression of nicotinic receptor sub-
types in nonsmoking patients vs. control subjects [Freed-
man et al., 1995; Mexal et al., 2010]. The first possibility is
less likely as no correlations were observed between
hyperactivity at baseline and the magnitude of nicotinic

effects on task-associated response. The second possibility
may be examined in future studies that compare the
effects of nicotine in unmedicated patients or at-risk popu-
lations. Finally, positron emission tomography (PET) stud-
ies that examine nicotinic receptor availability may be
used to determine the relationship between expression
level and nicotinic effects on attention-related processing.

Surprisingly, no drug X diagnosis interaction was
observed in the anterior cingulate. As a highly significant
correlation was observed between task performance and
anterior cingulate response, however, this negative result
may be because of the fact that patients and controls per-
formed similarly during all task conditions (Table III).

Our laboratory has recently published results from a
study in which we examined neuronal response in schizo-
phrenia during the SART using visual number stimuli
with auditory noise distractors [Smucny et al.,, 2013b].
Interestingly, the nature response differences between
patients and controls differed between the 2013 study and
the present experiment. Specifically, in the previous study
patients showed task-associated hypoactivity of the VPC
and hippocampus compared with hyperactivity in the
present study. The discrepancy between these findings is
not unexpected considering the fact that both decreased
response [Carter et al., 2010; Tregellas et al., 2012; Weiss
et al.,, 2007] and increased response [Carter et al., 2010;
Weiss et al., 2003] have been previously observed during
attention tasks in schizophrenia. One possible explanation
for the observed discrepancy is that healthy subjects and
schizophrenia patients may differ in how the brain adjusts
its activity in response to attentional load. Specifically, a
linear, positive relationship has been observed between
load and activity in controls, whereas an inverted U-
shaped relationship has been observed in patients [Blasi
et al., 2010]. It is possible that the use of cross-modal vs.
unimodal distractors represents a difference in task load
that is reflected as relative hypoactivation and hyperactiva-
tion (respectively) in schizophrenia.

Some limitations of the present study should be noted.
A single-blind design was used as the nicotine and pla-
cebo patches were not visually identical and therefore it
was impractical to blind the experimenter to the treatment.
For this reason, subjects were instructed to refrain from
examining the patches during the study. Furthermore, nic-
otine has known physiological effects (including those not
measured in this study) that may reduce the effectiveness
of the blind [Benowitz, 1998]. Patients were frequently
comorbid for other psychiatric disorders, although high
rates of comorbidity in schizophrenia [Buckley et al., 2009]
suggests that our study remains “representative” of the
nonsmoking patient population. Finally, the sample size
was relatively small (n =20 controls, 17 patients). Future
studies may also examine the differential effects of nico-
tine in smokers vs. nonsmokers and/or former smokers.

Although the nicotinic receptor is one of the most prom-
ising therapeutic targets in schizophrenia, clinical trials
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using nicotinic agonists have shown mixed results in the
illness [Deutsch et al., 2013; Freedman, 2014]. A potential
method for improving the probability of success of these
and other agents is to examine their effects on brain func-
tion using techniques such as fMRI in order to verify that
a drug is having its intended biological effect [Tregellas,
2014]. Furthermore, fMRI-based measures are often more
sensitive than behavioral performance in measuring drug
effects [Newhouse et al., 2011]. Therefore, fMRI validation
of drug targeting is unlikely to require the large sample
sizes necessary in late-phase clinical trials. Our lab has
previously reported that an «7 nicotinic receptor partial
agonist may target localized functional abnormalities
related to tasks such as SPEM (Tregellas et al., 2010) as
well as in task-nonspecific resting networks in schizophre-
nia [Tregellas et al., 2011]. Other nicotinic receptor signal-
promoting agents have also been shown to modulate brain
activity on a network level [Smucny and Tregellas, 2013].
This study expands upon these findings by showing that
regions involved in attention may be pharmacologically
targeted in a task-dependent manner and supports further
investigation into the functional neurocognitive effects of
other nicotinic-based compounds in schizophrenia.
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