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Abstract

Schizophrenia (SZ) is associated with high rates of smoking. We previously found that dorsal
anterior cingulate (dAACC) — striatum resting state functional connectivity (rsFC) is independently
associated with nicotine addiction and psychiatric illness. Since the insula is implicated in nicotine
dependence, we hypothesized that SZ smokers will have greater dysfunction in smoking-related
insular and dACC circuits than normal control smokers (NC) independent of smoking severity,
consistent with an inherent disease-related weakening of smoking-related circuits. Nicotine
challenge was used to demonstrate that decreased rsFC in identified circuits reflects addiction trait
and is not affected by pharmacological state. Twenty-four NC smokers and 20 smokers with SZ
matched on nicotine addiction severity participated in a resting state fMRI study and were scanned
during two separate sessions while receiving a placebo or nicotine patch, in a randomized, cross-
over design. Using individualized, anatomically defined anterior and posterior insula and dACC as
regions of interest (ROI), whole brain rsFC was performed using each ROI as a seed. Significant
negative correlations between smoking severity and rsFC between insula, dACC and striatum
were found for both groups. Furthermore, smokers with SZ demonstrated additive reductions in
circuit strength between the dACC and insula compared to NC smokers independent of smoking
severity. Nicotine challenge did not significantly alter rsFC in insula-dACC-striatal circuits.
Reduced rsFC strength between the insula, JACC and striatum is associated with nicotine
addiction severity in both non-psychiatrically ill and in SZ smokers. Decreased insula-dACC rsFC
may index overlapping circuitry associated with smoking and SZ.
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1. Introduction

The prevalence of smoking in schizophrenia (SZ) is over 60% (Chapman et al., 2009), three-
fold higher than the general population (Grant et al., 2004). Patients with SZ extract more
nicotine per cigarette (Williams et al., 2010) and have lower quit rates (de Leon and Diaz,
2005). Explanations for increased smoking in SZ include self-medication to improve
cognitive function (Jacobsen et al., 2004), reduce antipsychotic medication side effects
(Levin et al., 1996), or decrease negative symptoms (Freedman et al., 2008). Other
hypotheses include shared neurobiology at the genetic or receptor level (Breese et al., 2000;
Hong et al., 2011) or to improve decreased reward responsivity associated with anhedonia
(Ahnallen et al., 2012).

These “self-medication” theories have supportive evidence, but do not easily explain other
aspects of smoking in SZ. Increased smoking rates are noted years before psychosis onset
(Diaz et al., 2008) and in non-psychatic relatives (Lyons et al., 2002). This study tests an
alternative hypothesis that abnormalities in insular and dorsal anterior cingulate (d/ACC)
circuits contribute to schizophrenia-smoking comorbidity.

Damage to the insula disrupts nicotine dependence (Nagvi et al., 2007). Both the ACC and
insula are consistently activated in imaging studies of craving (Garavan et al., 2000; Janes et
al., 2010). We previously described decreased resting state functional connectivity (rsFC)
strength in circuits between dACC and ventral striatum (VS) in control smokers that
correlated with nicotine addiction severity and were not affected by acute nicotine
administration, suggesting that these circuits signify the trait of nicotine addiction rather
than the state of acute nicotine exposure (Hong et al., 2009). Both the insula and dACC are
strongly associated with SZ (Chan et al., 2011; Honey et al., 2005; Kerns et al., 2005;
Minzenberg et al., 2009; White et al., 2010). The overlap of neuroanatomical areas related to
SZ and to smoking led to the hypothesis that shared insular and/or dACC circuit
abnormalities may contribute to smoking in SZ.

We chose rsFC fMRI as a means to study proposed functional “circuit” alterations in
smoking and SZ. This tool employs task-independent functional connectivity between brain
regions, as measured by temporally correlated, low frequency fluctuations in the blood
oxygenation level-dependent (BOLD) signal (Raichle et al., 2001). We compared rsFC in
normal control (NC) and SZ smokers matched on measures of nicotine addiction severity in
the context of nicotine administration. Functional circuits significantly associated with
nicotine addiction severity were extracted to test the hypotheses that (1) smoking in SZ is
driven by a similar pattern of insular/dACC brain circuits that control smoking in NC, (2)
SZ smokers will have greater impairment in rsFC in such circuits compared to NC smokers
at all levels of smoking severity, and (3) these circuits reflect the trait of nicotine
dependence regardless of pharmacological state (i.e., nicotine challenge).

2. Materials and methods

2.1 Subjects

Written informed consents approved by local IRBs were obtained from twenty smokers with
SZ and 24 NC. Subjects were right-handed, 18 to 50 years of age, and had no major medical
illnesses. They were recruited through media advertisements or from local outpatient clinics.
Clinically stable subjects with SZ, all on antipsychotic medications (Supplementary Table
1), were diagnosed by the Structured Clinical Interview for DSM-IV. Chlorpromazine
equivalent dose (CED) was calculated (Woods, 2003). Psychiatric symptoms were assessed
by the Brief Psychiatric Rating Scale (BPRS). NC participants had no Axis I diagnoses
(except nicotine dependence). Nicotine addiction severity was measured by the Fagerstrom
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Test for Nicotine Dependence (FTND) (Heatherton et al., 1991). Lifetime smoking was
calculated as #packs per day x years of smoking.

2.2 Study Design

Subjects underwent two fMRI sessions approximately one week apart, in the presence of
nicotine or placebo patch, in a randomized, double-blind cross-over design. Patch dose was
35 mg for those smoking = 15, or 21 mg for 10 — 15 cigarettes per day. Subjects maintained
usual smoking patterns until patch administration and then abstained for 4.5 hours (2.5 hours
before + 2 hours during imaging). This time window should avoid peak withdrawal
symptoms, which occur ~6 — 12 hours after smoking cessation (Hughes et al., 1994). Carbon
monoxide (CO) was measured prior to patch administration to assess recency of smoking.
Nicotine blood levels were obtained post-scan. Withdrawal symptoms were assessed by a
self-report symptom checklist before and after scanning. One session was excluded from
analysis for two subjects due to unexplained signal interference (1 SZ and 1 NC, both
placebo). Another four subjects (1 SZ and 3 NC, all nicotine) only completed one scan
session (data included in group analyses). Some results from 19/24 NC were previously
reported (Hong et al., 2009).

2.3 Region of Interest (ROI)

The anterior insula (alns), posterior insula (pIns) and dACC were manually partitioned
bilaterally for each subject. The central sulcus of the insula separates the alns and plns and is
visible on anatomical MRI scans (Naidich et al., 2004). To parse the insula, the sagittal slice
where the central sulcus was most prominent was first identified. The alns and plIns were
segregated and drawn on subsequent sagittal slices. The dACC was drawn on the coronal
plane one slice anterior to the disappearance of the corpus callosum until the slice posterior
to the anterior commissure (Hong et al., 2009).

2.4 MRI Data Acquisition

Scanning was performed on a 3-T MR Siemens Allegra scanner equipped with a quadrature
volume head coil. Subjects were instructed to rest quietly (eyes open). Resting fMRI EPI
scans were acquired in 39 axial, interleaved, 4-mm sections (150 volumes; echo time/
repetition time 27/2000 milliseconds; flip angle 80°; field of view 220 x 220 mm?; image
matrix 64 x 64). High resolution (1x1x1 mm3) T1-weighted MPRAGE images were
acquired.

2.5 Statistical Analysis

Volumes were slice-timing aligned, motion corrected, spatially normalized and resampled to
Talairach space at 3x3x3 mm3, spatially smoothed (full-width half maximum 6 mm) and
temporally low-pass filtered (foutoff = 0.1 Hz) using AFNI (Biswal et al., 1995; Cordes et al.,
2001; Lowe et al., 1998; Oakes et al., 2005). Correlation coefficients between the average
time course from each seed ROI and each voxel in the brain were calculated and Fisher-
transformed to z-scores. White matter and cerebrospinal fluid ROI time courses and 6 rigid
head-motion parameters were included as nuisance covariates to regress out activity unlikely
related to neuronal activity.

To identify insula and dACC rsFC circuits associated with nicotine addiction severity
(FTND), acute nicotine response (DRUG: nicotine vs. placebo) or both, we first assessed the
FTND x DRUG interaction by regression analysis of the rsFC maps in all subjects. In the
event of no FTND x DRUG interaction, each subject’s nicotine and placebo connectivity
maps were averaged and regression analysis for FTND performed on averaged connectivity
maps to identify circuits associated with nicotine addiction severity.
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We next extracted mean rsFC for each subject’s session from these addiction-related circuits
and entered them into a repeated measures linear mixed effects (LME) model with diagnosis
as the GROUP factor, DRUG as repeated measure, FTND as a covariate, and rsFC as the
dependent variable. Main effects of GROUP, DRUG, FTND and their interactions were
included in the initial model; non-significant interactions were removed. We also performed
a supportive analysis where we first identified rsFC circuits that differed significantly
between SZ smokers and NC smokers for each seed ROl while controlling for FTND to
isolate GROUP differences independent of nicotine addiction severity. Next, we overlapped
these disease-related maps on to nicotine addiction severity maps obtained from FTND
regression analysis. Candidate circuit(s) identified by overlapping disease and FTND maps
supports our hypothesis of overlapping functional connectivity deficits in nicotine addiction
and schizophrenia.

Paired t-tests identified circuits associated with acute nicotine versus placebo challenge. For
all imaging analyses, lifetime cigarette use, nicotine plasma level and CO were included as
additional covariates to investigate whether effects were secondary to chronic and/or acute
nicotine exposure. Partial correlations controlled for gender, age, education, heart rate, blood
pressure and withdrawal symptoms on rsFC. Control for multiple comparisons was
performed by Monte Carlo simulations at pyncorrecteg<0.001, requiring a minimal cluster size
of 405 mm3 to obtain Peorrected<0.008 (corresponding to Peorrected<0.05 with Bonferroni
correction for 6 seed regions: left and right alns, pIns, and dACC).

Clinical characteristics associated with DRUG condition were compared using repeated
measures ANOVA. Pearson correlations measured the relationship between FTND and
BPRS scores/CED and between rsFC and these SZ-related variables.

3.1 Clinical Characteristics

SZ and NC subjects did not significantly differ in age, gender or smoking parameters (Table
1). There was no significant correlation between FTND and BPRS total score (r=0.03,
p=0.89) or CED (r=-0.28, p=0.24). Nicotine patch administration increased systolic blood
pressure in both NC and SZ subjects (Table 2: t=-2.1, p=0.04). We found a significant group
difference in post-scan HR (Table 2: t=-3.8, p<0.001), attributable to a trend towards
decreased HR in NC subjects during the nicotine condition (t=-1.8, p=0.09).

There was a significant GROUP x DRUG interaction in which SZ patients had a greater
increase in withdrawal symptoms on placebo (Kruskal-Wallis H=6.1, p=0.01). Post-hoc
analyses revealed that 80% of SZ subjects during the nicotine condition and 66.7% during
the placebo condition (DRUG effect, X2 =0.87, p=0.35) had identical withdrawal scores vs.
77.3% of the NC during nicotine condition and 81.0% during the placebo condition (DRUG
effect, X2:0.09, p=0.77), suggesting no change in withdrawal across DRUG or GROUP for
most subjects. Further exploration revealed that 6 SZ subjects (33.3%) reported an increase
in withdrawal symptoms after the placebo scan compared with 2 NC (9.5%).

3.2 Nicotine Addiction Severity and rsFC

There were no FTND x DRUG interactions for any seed. Therefore, each subject’s rsFC z-
maps from nicotine and placebo conditions were averaged. Regression analysis with FTND
identified 13 circuits significantly associated with nicotine addiction. All remained
significant after controlling for lifetime use, ruling out chronic nicotine exposure as a
primary contributor. Two circuits were no longer significant after controlling for age and
education (left dACC-premotor and right pIns-somatosensory/precuneus) and were excluded
from further analysis. Controlling for age, gender, education, CO, nicotine plasma level,
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vital signs or withdrawal symptoms did not alter the significance of FTND-rsFC
relationships in the remaining 11 circuits (Table 3).

Circuits identified using right and left pins seeds targeted the caudate/nucleus accumbens
(NA; Figure 1A-B). The right pIns seed identified a circuit that involved bilateral dACC/
middle cingulate cortex (Figure 1B). We also identified a circuit between left dACC (seed)
and left alns (Figure 1C). Both dACC seeds revealed decreased rsFC with the putamen that
negatively correlated with nicotine addiction severity in SZ patients, and as previously
reported (Hong et al., 2009), in NC subjects (Figure 1C-D). Importantly, all circuits
demonstrated reduced rsFC as a function of nicotine addiction severity. These rsFC-FTND
relationships did not significantly differ between SZ and NC (i.e., no significant FTND x
GROUP interactions, p=0.23-0.97).

Therefore, the most consistent ‘targets’ detected by plns and dACC seeds anatomically
converged onto striatal destinations, suggesting that functional circuits between these three
areas are critically linked to nicotine addiction severity. Furthermore, the similarity of slopes
(i.e., no FTND x GROUP interaction) between NC and SZ groups for rsFC-FTND
relationships suggests that the neural substrates of nicotine addiction are similar in NC and
SZ smokers. Exploratory stepwise linear regression revealed that 2 circuits combined, left
pins — left caudate/NA and right dACC - right putamen explained 50.0% of the variance in
nicotine addiction severity (F(2,41)=22.5, p<0.001). There was no significant correlation
between rsFC and clinical symptoms, not surprising given the near zero correlation between
FTND and BPRS (R?=0.001).

3.3 Disease-related alterations of rsFC

Two of 11 rsFC circuits that predicted nicotine addiction severity were also associated with
reduced rsFC in SZ compared with NC: right pIns-bilateral JACC (GROUP main effect,
t=-3.86, p<0.001), and left dACC- left alns (t=-3.57, p<0.001) (Figure 1E-G, Table 3).

Neuroleptic medication exposure may have contributed to decreased rsFC in SZ. However,
we found positive correlations between CED and rsFC in several circuits: right pIns-left
caudate/NA (r= 0.74, p<0.001); right pIns-left premotor (r=0.69, p=0.002); left pIns-
caudate/NA (r=0.62, p=0.007), left pIns-left inferior frontal gyrus (r=0.53, p=0.02), and left
pins-right parietal (r=0.58, p=0.01). This finding suggests that antipsychotic medication is
not driving the strong regative rsFC-nicotine addiction correlations, and may have
ameliorated some SZ-rsFC relationships.

Because SZ subjects had a greater increase in withdrawal during the placebo condition, we
performed Spearman’s correlations between withdrawal symptoms and rsFC. There was a
significant negative correlation between withdrawal symptoms and rsFC in the left JACC —
left alns circuit in the SZ group during placebo (p=-0.59, p=0.01), suggesting that
withdrawal symptoms may have contributed to decreased circuit strength. Therefore, we
repeated the analysis on the subgroup of subjects with no increase in withdrawal symptoms
after scanning (n= 14 Sz, n=20 NC) and still found significant FTND (t=-5.2, p<0.001) and
GROUP main effects (t=-3.2, p=0.003).

As an alternate approach to test the hypothesis that SZ-related and nicotine addiction-related
circuits overlap, we identified rsFC circuits that differed between SZ and NC while
controlling for nicotine addiction severity to isolate group effects. Multiple circuits with
decreased rsFC were identified in SZ smokers (Figure 2). We overlapped these SZ-specific
circuits with nicotine addiction severity circuits and identified one circuit between right pIns
and dACC (cluster size 459 mm?3) (Figure 3). The significant GROUP difference in rsFC for
this circuit remained significant after controlling for potential confounding variables (i.e.,
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age, gender, education, withdrawal symptoms, CO, nicotine level, vital signs, pack year).
Therefore, reduced plns-dACC rsFC is associated with nicotine addiction and is further
weakened in smokers with SZ at all levels of addiction severity. This was reciprocally
demonstrated using either FTND or diagnosis while controlling for FTND as a regressor in
whole brain analyses, suggesting that nicotine addiction severity and disease have a shared
circuit in smokers with SZ captured by the reduced pIns-dACC rsFC fMRI assay.

3.4 Acute Nicotine Effects

There was no significant DRUG main effect on any circuit identified above using either
FTND regressions or SZ vs. NC contrast (Table 3). However, nicotine administration was
associated with 7ncreased rsFC in circuits between dACC seeds and somatosensory-parietal
regions (Supplemental Fig. 1 A-B, DRUG main effect, all p<0.001) and between left alns
and occipital cortex (Suppl. Fig. 1 C: DRUG main effect, t=5.6, p<0.001) in both SZ and
NC (Suppl. Fig. 1D-E).

3.5 “Reversed” Analysis — Striatal Seeds

Using manually partitioned dorsal (DS) and ventral (VS) striatal seeds (Hong et al., 2010),
we identified reduced rsFC in VS-ACC and VS-plns circuits associated with increasing
FTND, providing further confirmation of our findings (Supplemental Table 2, Suppl. Fig. 2).

4. Discussion

We report evidence that functional connectivity between the insula, dACC and striatum is
associated with nicotine addiction (FTND) in a cohort of SZ and NC smokers. Indeed, pins -
striatum and dACC - striatum circuits combined explained half of the variance in nicotine
addiction severity. Thus, low frequency synchronization among these three critical regions is
robustly associated with nicotine addiction regardless of diagnosis, suggesting that neural
correlates of nicotine dependence are fundamentally similar in SZ and non-SZ smokers.
Nicotine challenge did not significantly alter the relationship between addiction severity and
rsFC, confirming the hypothesis that these circuits reflect addiction trait and not
pharmacological state.

Our hypothesis that SZ smokers have additive weakening in smoking-related circuits was
supported by reduced insular-dACC rsFC associated with both nicotine addiction and SZ.
Because nicotine addiction severity was matched in SZ and NC subjects, and higher
addiction severity was associated with lower rsFC in these circuits, the additively reduced
circuit strength in SZ at all levels of smoking and while controlling for smoking severity is
consistent with an inherent reduction of resting coherence in smokers with SZ.

Our finding of decreased rsFC strength between dACC and insula associated with addiction
severity parallels results from a study where smoking cue-induced reactivity was associated
with decreased functional connectivity in a network that included dACC and insula, and
which also predicted relapse (Janes et al., 2010). Network models of brain function support
the existence of a “salience network” that involves dACC, insula and VS and modulates
processing between large-scale brain networks based on the current homeostatic salience of
external or internal stimuli (Seeley et al., 2007). Thus, circuits identified in this study may
be related to enhanced salience attributed to external drug-related stimuli or internal
physiological states (e.g., withdrawal) by addicted individuals (Robinson and Berridge,
1993). In addition, the critical role of both DS and VS is supported by preclinical models
and imaging studies that implicate VS in reward learning and DS in compulsive drug-
seeking behavior (Koob and VVolkow, 2010).
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We found positive correlations between antipsychotic medications and rsFC in two circuits
between plns and caudate/nucleus accumbens. Studies to date are inconsistent with some
suggesting that acute administration of antipsychotics leads to widespread decreases in rsFC
(Lui et al., 2010) while others show focal increases in functional connectivity (Honey et al.,
2003). Consistent with our findings, one study found robust increases in functional
connectivity in circuits involving the caudate with antipsychotic medication (Honey et al.,
2003), suggesting that alterations in dopaminergic neurotransmission can lead to changes in
functional connectivity.

There are several potential limitations of this study. We did not include non-smokers
because our primary goal was to identify circuits associated with nicotine addiction severity.
Therefore, our results are specific to smokers with SZ and do not generalize to non-smoking
individuals with SZ. Group differences in rsFC could be due to factors other than disease
such as increased smoking severity in SZ and/or chronic exposure to neuroleptics. However,
SZ and NC subjects were matched on addiction severity, and medication dose positively
correlated with rsFC, suggesting a partial amelioration of circuit impairments. SZ-related
reductions in rsFC in the left dACC — left alns circuit may have been due to increased
withdrawal symptoms in SZ subjects on placebo. However, controlling for withdrawal
symptoms or removing subjects who experienced any withdrawal from the analysis did not
alter the significance of disease-related reduction of rsFC. Reproducing findings of reduced
strength of insular-dACC circuits in SZ non-smokers is required to investigate whether there
is an inherent circuit deficit in non-smokers as well or whether this finding is specific to SZ
smokers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Decreased resting state functional connectivity (rsFC) in insular and dorsal anterior
cingulate (dACC) circuits across all subjects associated with more severe nicotine addiction.
Significant correlations with FTND were found between both right and left posterior insula
(pIns) regions and caudate/nucleus accumbens (A-B). Right plns seed also targets dACC
and frontal/parietal sites (B). Left (C) and right (D) dACC seeds target putamen. Left JACC
circuit with anterior insula also identified (C). In addition, the rsFC of two circuits (blue
circles), right pIns — bilateral dACC (E) and left dACC - left anterior insula (alns) (F),
inversely correlated with nicotine addiction severity and had significant decreases in rsFC in
schizophrenia patients at all levels of smoking severity compared with control smokers;

mean + SE rsFC shown in G.
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Figure2.

Avreas of decreased resting state functional connectivity (rsFC) in schizophrenia (SZ)
compared to control smokers (NC) while controlling for nicotine addiction severity
(GROUP effect, p<0.001, results from right hemisphere seeds are depicted above). Manual
parcellation of seeds depicted in red on sagittal sections: right anterior insula (R alns),
posterior insula (R pIns) and dorsal anterior cingulate (R dACC). Blue clusters represent
diagnosis effect.
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Figure 3.

Using right posterior insula (pIns) as seed region, decreased resting state functional
connectivity (rsFC) between right pins and dorsal anterior cingulate (dACC) was associated
with nicotine addiction severity (yellow: FTND) and with schizophrenia (blue: GROUP
effect, control vs schizophrenia while controlling for FTND). Area of overlap (green)
indicates right pIns — dACC circuit common to schizophrenia and nicotine addiction
severity.
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