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Abstract
Background—In schizophrenia, neurocognitive deficits associated with the illness are modulated
by tobacco smoking. However, little is known about how smoking status modulates the relationships
between neurocognitive measures in schizophrenia and healthy control subjects.

Objective—The goal of this study was to evaluate the relationship between sensorimotor gating
assessed by prepulse inhibition (PPI) and executive cognitive function using the Wisconsin Card
Sorting Test (WCST) in schizophrenia and controls as a function of smoking status.

Method—We studied PPI and neuropsychological function in four groups (N=50); smokers with
schizophrenia (SS; n=15), control smokers (CS; n=13), non-smokers with schizophrenia (SNS; n=11)
and control non-smokers (CNS; n=11).

Results—SNS demonstrated the poorest PPI, while SS showed comparably high levels of PPI to
CNS. Non-psychiatric controls outperformed patients on WCST outcomes irrespective of smoking
status. Several prefrontal outcome measures on the WCST (categories completed, percentage
perseverative and non-perseverative errors) correlated significantly with PPI at the 60 and 120 msec
prepulse intervals. In contrast, there were no significant correlations between PPI and any WCST
outcomes in SNS, CS or CNS, and few significant correlations between PPI and other
neuropsychological measures.

Discussion—Our preliminary data suggests that the correlation between sensorimotor gating (PPI)
and prefrontal executive cognitive functioning (WCST) is enhanced by acute cigarette smoking in
schizophrenia.
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INTRODUCTION
It is increasingly appreciated that among cigarette smokers, those with schizophrenia have
elevated rates of smoking (58–88%) compared to the general population (~20%) (de Leon and
Diaz 2005; Kalman et al., 2005). There is evidence that nicotine, the reinforcing agent in
tobacco smoke, may ameliorate cognitive and information processing deficits associated with
schizophrenia (Sacco et al., 2005; George, 2007), which may explain these high co-morbid
rates tobacco smoking in this disorder. Many cognitive deficits are present in patients with
schizophrenia, including deficits in attention (Park and Holzman 1992), executive function
(Morice and Delahunty, 1996) verbal memory (Wexler et al. 1998) and spatial working
memory (Keefe et al., 1995; Sacco et al., 2006). Prepulse inhibition (PPI), an operationalized
measure of sensorimotor gating (Braff and Geyer, 1990), is also deficient in schizophrenia,
and thought to be associated with dysfunction in the dopamine projections from the ventral
tegmental area to the PFC (Knable and Weinberger, 1997).

Given that nicotine administration enhances dopamine release in cortical regions through
nAChR modulation (George et al. 2000), cigarette smoking in schizophrenia may reflect an
attempt to counteract cognitive performance and information processing deficits (George,
2007). Accordingly, nicotine’s psychopharmacological effects have been most appreciably
observed on measures of attention (Levin et al., 1996; Depatie et al., 2002; Sacco et al.,
2005), working memory (George et al., 2002; Smith et al., 2002; Sacco et al., 2005; Smith et
al., 2006) and executive function (George et al., 2002). Preliminary data suggests that cigarette
smoking preferentially improves PPI deficits in patients with schizophrenia while acute
nicotine abstinence impairs PPI in smokers with schizophrenia, but not in non-psychiatric
controls (Kumari et al., 2001; George et al., 2006). Such pro-cognitive effects of nicotine may
be indicative of a vulnerability factor predisposing these individuals to the initiation,
maintenance and high cessation failure rates of cigarette smoking (Sacco et al., 2004; Kumari
and Postma, 2005; George, 2007).

PPI and WCST performance deficits are core endophenotypic features of schizophrenia, and
both have been implicated with prefrontal cortical dysfunction. While PPI is distinctly different
from performance tasks measuring neurocognition, there is evidence to suggest that both are
mediated by common brain pathways (Braff et al., 2001; George, 2007). Correlations between
these measures might suggest whether these distinct tasks are influenced by common biological
mechanisms. We sought to evaluate the relationship between PPI and neuropsychological
functioning in smokers and non-smokers with schizophrenia and non-psychiatric controls. To
date, these associations have received little empirical attention, and thus there is limited insight
into how PPI deficits relate to cognitive impairment identified in schizophrenia.

Accordingly, we examined the correlations between PPI and executive function as assessed
by the Wisconsin Card Sorting Test (WCST) and other neuropsychological measures known
to be deficient in schizophrenia, by determining whether cigarette smoking modifies the
strength of this relationship in patients with schizophrenia in comparison to non-psychiatric
controls. This report extends our recent findings on the effects of smoking status on prepulse
inhibition in schizophrenia (Woznica et al., 2009) to correlations of PPI with
neuropsychological outcomes assessed concurrently in patients with schizophrenia and non-
psychiatric controls as modified by smoking status, controlling for the time of last cigarette.
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Specifically, we predicted that there would be a positive correlation between PPI [particularly
at the 60 and 120 msec prepulse intervals where PPI is most robust; (Braff et al., 1992; George
et al., 2006)] and prefrontal outcomes as assessed by the WCST.

METHODS
Subjects

The majority of the data from subjects with schizophrenia, and non-psychiatric controls were
derived from a study of the effects cigarette smoking on cognitive function in schizophrenia,
and the role of the nicotinic acetylcholine receptors (nAChRs) in smoking-related cognitive
enhancement using the nAChR antagonist mecamylamine hydrochloride (Sacco et al., 2005;
George et al., 2006; Woznica et al., 2009). Additional data was obtained from baseline
neurocognitive assessments of smokers and non-smokers with schizophrenia and control
smokers and non-smokers participating in other neurocognitive studies (Sacco et al., 2008;
Sacco et al., 2009) in the Program for Research in Smokers with Mental Illness (PRISM) at
the Connecticut Mental Health Center (CMHC) in New Haven, Connecticut.

Patients were recruited from CMHC, and controls were recruited from the Greater New Haven
(Conn.) community using newspaper advertisements. Written informed consent was obtained
from all subjects seeking participation as approved by the Human Investigation Committee at
Yale University School of Medicine. All subjects were screened by trained clinicians using the
Structured Clinical Interview for DSM-IV (SCID-V) for Axis I disorders (First et al., 1994).
Subjects with schizophrenia or schizoaffective disorder were outpatients at the time of
interview, judged to be psychiatrically stable, and on a stable dose of antipsychotic medication
for at least three months prior to the study start date. Non-psychiatric control subjects did not
meet criteria for any current Axis I disorder on the SCID. Subjects were divided into four
groups (N=50); smokers with schizophrenia (SS; n=15), control smokers (CS; n=13), non-
smokers with schizophrenia (SNS; n=11) and control non-smokers (CNS; n=11).

Smokers reported consumption of at least 10 cigarettes per day, had an expired breath carbon
monoxide (CO level) ≥10 ppm, a plasma cotinine level of ≥150 ng/ml and a Fagerstrom nicotine
dependence test (FTND) score of ≥ 5 to be eligible for the study. Non-smoking status was
established by self-report, and verified biochemically with expired breath carbon monoxide
readings of < 10 ppm, and plasma cotinine levels <15 ng/ml (Benowitz et al., 2002).

Study Design
Data from psychiatric and control participants were derived from a single session. To minimize
tobacco deprivation, all smoking subjects were studied on the neuropsychological testing
battery while being given frequent smoking breaks, to ensure that deprivation from cigarette
smoking did not exceed 30 minutes (Sacco et al., 2005).

Neuropsychological Battery
Details of the neuropsychological test battery have been previously detailed (Sacco et al.,
2005). The VSWM was administered using PsyScope v 1.2 using a Macintosh G4 computer
while WCST and CPT-X were administered on a Pentium IV chip PC computer using PAR
software. The battery of neuropsychological tasks took approximately 2.5 hours to complete,
and procedures were supervised by the study neuropsychologist (K.A.S.). All subjects received
a brief training session in the Yale PRISM neurocognitive laboratory to ensure their familiarity
with neuropsychological tasks. Intelligence quotient (IQ) was evaluated by the Shipley IQ
Screening Test (Shipley and Burlington, 1941).
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Wisconsin Card Sorting Test (WCST)—The WCST (Heaton et al., 1993) assesses
executive functions including cognitive flexibility in response to feedback, and performance
on this task is known to be impaired in schizophrenia and thought to relate to dorsolateral
prefrontal cortex function (Goldberg et al., 1988). A total of 128 cards are presented and the
test requires participants to sort the cards on the basis of color, shape, or number of figures.
The only feedback provided to the subject is whether responses are correct or incorrect.
Common outcomes are categories completed, % total errors, % perseverative errors and %
non-perseverative errors.

Connors’ Continuous Performance Test – Second Edition (CPT-II)—The CPT-II
(Connors, 1995) is an assessment of sustained attention, concentration, response inhibition and
impulsivity.

Visuospatial Working Memory (VSWM)—The VSWM task (George et al., 2002) is a
delayed-response spatial working memory task, which assesses working memory for nonverbal
(object) visuospatial stimuli.

PPI Procedures—The procedures for assessment of prepulse inhibition (PPI) of the acoustic
startle response have been described previously (George et al., 2006), and are an adaptation of
published procedures (Braff et al., 1992). PPI was recorded at the end of a series of cognitive
testing procedures which included assessments of psychotic and affective symptoms and
neuropsychological tests of working and verbal memory, attention, executive function, and
intellectual function. In smokers, PPI was recorded under satiated conditions such that smokers
received a 15 minute ad lib smoking break just prior to recording of PPI and acoustic startle
during a 20 minute session. After this smoking break, the recording of PPI and startle responses
occurred within 5 minutes of the last cigarette smoked.

All subjects screened for PPI procedures (N=75, across the four groups) underwent audiometry
to ensure intact auditory thresholds to tones ≤35 dB at 250, 500, 750, 1000, 1500, 2000, 3000,
4000, and 6000 Hz. Subjects were classified as acoustic startlers if they had acoustic startle
responses which displayed ≥20 machine unit (≥25 μV, where 1 machine unit = 1.22 μV)
increases in the first block of startle stimuli over baseline amplitudes (Braff 1992). Of the total
of 75 subjects screened for the PPI testing procedures (George et al., 2006), 15/23 (65.2%) SS,
11/19 (57.9%) CS, 13/19 (68.4%) SNS and 11/14 (78.6%) CNS were classified as acoustic
startlers, and also contributed neuropsychological data from the WCST.

The eyeblink component of the acoustic startle reflex was measured using electromyography
of the obicularis oculi muscle. Acoustic stimuli were produced on a computerized startle
response system (Windows-based SR-LAB; San Diego Instruments) and presented binaurally
through headphones. The system was programmed to record for 250 msec after the onset of
the startle stimulus. EMG data were collected and stored for off-line analysis.

Test sessions began with a 1-minute acclimation period of 70-dB white noise that continued
during the testing session. The test paradigm consisted of 9 blocks of 4 acoustic startle trials
per block (36 trials per session). In each block the 0 msec (pulse alone) condition was presented
first, followed by the three prepulse intervals (30, 60 and 120 msec) presented in a random
order. Startle stimuli consisted of 40 msec, 115.5-dB bursts of white noise with near
instantaneous rise time. Pre-pulse trials consisted of a 20-millisecond, 85-dB burst of white
noise that was presented 30, 60 or 120msec before the startle pulse. Inter-trial intervals ranged
from 14–17 seconds (Mean = 15.7±1.3). PPI sessions lasted 10 minutes, 40 seconds.

Criteria for inclusion of startle trials were described previously (Braff et al., 1992). Using these
criteria, 11.3% of trials in schizophrenia and 14.7% of trials in controls were discarded using

Rabin et al. Page 4

Schizophr Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



these parameters (from 36 trials per session). PPI was defined as the percentage difference in
startle magnitude with and without prepulse [1-(pre-pulse to pulse interval startle magnitude/
pulse alone startle magnitude) × 100%].

Determination of Plasma Cotinine Levels
Venous plasma for nicotine and its proximal metabolite cotinine was obtained at the time of
neuropsychological testing. Nicotine and cotinine concentrations (ng/ml) were determined by
reversed-phase HPLC based on established methods (Hariharan et al., 1988), as described in
our previous studies (Sacco et al., 2005).

Statistical Analysis
Demographic and clinical characteristics were compared across the four groups using a one-
way analysis of variance (ANOVA) for continuous measures and Chi square for categorical
measures. Baseline differences in percentage PPI at the 30, 60 and 120 msec prepulse intervals
and baseline differences on neuropsychological test performance were analyzed using one-
and two-way ANOVAs across the four groups. ANOVAs were followed by Bonferroni post-
hoc comparisons for multiple comparisons. Pearson product moment correlation coefficients
were used to examine relationships between percentage PPI and neuropsychological test
battery performance outcomes.

All calculations were done using Statistical Package for Social Sciences (SPSS) version 17.0
for PC. Statistical testes were considered significant when p<0.05.

RESULTS
Demographic and Clinical Characteristics

The demographic and clinical characteristics of the four groups: smokers with schizophrenia
(n=15), control smokers (n=13), non-smokers with schizophrenia (n=11) and control non-
smokers (n=11) are presented in Table 1. The four groups were comparable on age, sex, and
race. There were no differences in PANSS total or subscores between smokers and non-
smokers with schizophrenia. Significant differences in education, IQ, and BDI scores were
found across diagnostic groups. Smokers with schizophrenia and control smokers had no
differences in the number of daily cigarettes smoked, their plasma cotinine levels or their level
of dependence as measured by the FTND. However, expired carbon monoxide (CO) breath
levels were higher in schizophrenia versus control smokers (p=0.02), consistent with previous
studies (Williams et al., 2007). Amongst the non-smokers, the proportion of former versus
never smokers was significantly different (p<0.05) in the schizophrenia and control non-
smoker groups (Table 1).

Using one-way ANOVAs, we found main effects of diagnosis on PPI at the 30 ms prepulse
intervals, [F=5.77, df=1,44, p<0.02]. A main effect of smoking status was observed at 120
msec [F=7.04, df=1,44, p=0.01]. Significant Diagnosis x Smoking Status interactions were
observed at 30 msec [F=3.75, df=3,42, p<0.02], and 120 msec [F=8.78, df=3,42, p<0.01]
prepulse intervals. Bonferroni-corrected post-hoc differences at 30 msec prepulse interval
revealed differences between SNS and CNS (p=0.01). Significant differences were also found
at the 120 ms prepulse interval between SNS and SS (p<0.01), CS (p<0.03) and CNS (p<0.01).

Furthermore, significant Diagnosis × Smoking Status interactions were observed on WCST
(trials completed [F=4.70, df=3,46, p<0.01], percentage errors [F=3.67, df=3,46, p<0.02]
perseverative response [F=2.88, df=3,46, p<0.05] and categories completed [F=3.29, df=3,44,
p<0.03]. Bonferroni post hoc tests demonstrated differences between CS and SNS on WCST
trials completed (p=0.01) and percentage errors (p<0.05). Post-hoc differences also existed
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between SNS and CNS on WCST trials completed (p=0.01), percentage errors (p<0.04) and
categories completed (p=0.04). In all cases non-psychiatric controls outperformed the non-
smokers with schizophrenia.

The correlation between PPI at 30, 60 and 120 msec prepulse to pulse interval and WCST was
examined in patients with schizophrenia and controls, collapsed across smoking status (Table
2). Correlation analyses in the psychiatric group revealed significant associations between PPI
at 30, 60 and 120 msec prepulse to pulse interval and trials completed (r=−0.45, p<0.05; r=
−0.58, p<0.05; r=−0.50, p=<0.05) respectively; increased PPI was associated with fewer
completed trials of the WCST. Furthermore, PPI at the 60 msec prepulse to pulse interval
negatively correlated with non-perseverative responses (r=−0.43, p<0.05). No significant
correlations for WCST and PPI were found at any of the intervals in the control group (Table
2).

Correlations were then examined in patient and control groups as a function of smoking status
(Table 3) at 30, 60 and 120 msec prepulse intervals. At 30 msec, no significant relationships
existed between PPI and any WCST performance measure in any of the four groups. Significant
correlations emerged in smokers with the schizophrenia at 60 msec between PPI and categories
completed (r=0.58, p<0.05), percentage errors (r= −0.64, p<0.05), trials completed (r= −0.75,
p<0.05), and percentage of non-perseverative responses (r= −0.68, p<0.05), and at 120 msec
for categories completed (r=0.61, p=0.02), percent errors (r=−0.52, p=0.04), and trends for
trials completed (r=−0.48, p=0.07), perseverative responses (r=−.48, p=0.07) and perseverative
errors (r=−0.50, p=0.06). Patients who had greater PPI performed better on the WCST. No
significant associations were present in control smokers or non-smokers, or non-smokers with
schizophrenia (Table 3). Adjustment for gender differences between the four groups (Table 1)
using partial correlations did not alter the pattern of results.

Only one significant correlation emerged between PPI and the other neuropsychological
measures (e.g. CPT-II, VSWM-30 second delay) in patients with schizophrenia or controls as
a function of smoking status. PPI at 120 msec prepulse interval was negatively associated with
CPT Variability Index (r=−0.39, p = 0.02) in non-smoking patients with schizophrenia (data
not shown).

DISCUSSION
This is the first study to examine the effects of smoking status on the association between
sensorimotor gating and executive cognitive functioning in patients with schizophrenia versus
controls. Using a cross-sectional design, smokers with schizophrenia had comparable levels
of PPI to control smokers and control nonsmokers, and significantly higher levels of PPI than
non-smokers with schizophrenia (Woznica et al., 2009). Impairments in WCST performance
were associated with a diagnosis of schizophrenia as non-psychiatric controls outperformed
those with schizophrenia irrespective of their smoking status. Selected executive function
outcomes such as categories completed, percentage errors, trials completed, perseverative
responses, and perseverative errors on the WCST were significantly correlated with PPI in
smokers with schizophrenia. Importantly, no significant associations were present in non-
smoking patients, or in controls, suggest a specificity of these correlations to smokers with
schizophrenia. Our results suggest that acute cigarette smoking enhances the relationship
between sensorimotor gating and prefrontal executive functioning in schizophrenia. Smoking
did not affect the correlations between sensorimotor gating and any of the other cognitive
measures (e.g. CPT-II, VSWM) in patients with schizophrenia. This is not surprising, as the
effects of nicotine in schizophrenia do not extend to all areas of cognition (Harris et al.,
2004; Sacco et al., 2005; Smith et al., 2006).
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The robust correlations between PPI and WCST outcomes in smokers with schizophrenia
support observations from past studies that have identified overlapping areas of the brain that
facilitate prefrontal executive functioning and sensorimotor gating. Kumari et al. suggested
that PPI in schizophrenia is facilitated by the availability of neural resources in the frontal
cortex (Kumari et al., 2001; Kumari and Postma, 2005). PPI levels predict gray matter
availability in frontal cortical areas in patients with schizophrenia, which extends to the
hippocampal, striatal, thalamic, and temporal regions in healthy subjects (Kumari et al.
2005). Cortico-striatal-pallido-thalamic neurocircuitry is thought to be primarily responsible
for the genesis of PPI in rats (Swerdlow et al. 2001), and more recent neuroimaging studies
support the role of this common neurocircuitry in the pathophysiology of schizophrenia
(Kumari et al., 2003). Additionally, functional neuroimaging studies have found that the WCST
activates the dorsolateral prefrontal cortex (DLPFC). Cortico-subcortical projections which
connect the DLPFC, the basal ganglia and the cerebellum via the thalamus are believed to serve
as the neuroanatomical substrates of executive processing (Heyder et al. 2004). It has been
argued that disrupted interactions between the striatum and the PFC may underlie set shifting
deficits (Rogers et al. 2000) commonly seen in patients with schizophrenia and their unaffected
first-degree relatives (El Hamaoui et al., 2006).

PPI and WCST performance are also both sensitive to hypofrontality and excessive subcortical
dopamine (DA) activity. Our data is consistent with the tenet that nicotine enhances DA release
(Vezina et al. 1992) and improves dysregulation of the mesocortical dopamine projections from
the ventral tegmental area (VTA) to the PFC (George et al. 2000). Smoking may selectively
enhance PPI deficits and neurocognitive performance in schizophrenia through pre-synaptic
nAChR activation on mesocortical dopamine neurons (George et al., 2000; George et al.,
2006).

Elucidating the complex circuitry underlying prefrontal pathways and their neurobehavioral
correlates (e.g. PPI and PFC-related cognition) may prove useful in investigating the effects
of pharmacological agents in overcoming these cognitive and physiological impairments in
schizophrenia. We suggest that interventions aimed at remedying PFC-related deficits such as
nicotine receptor-stimulating drugs are a promising alternative to cigarettes, as they may target
executive cognitive dysfunction and PPI deficits (George, 2007), without the adverse health
consequences associated with tobacco use.

Limitations of the current study include relatively small sample sizes in the four study groups,
and a small proportion of females in the control non-smoker group. Furthermore, several
correlations between PPI and WCST outcomes were at a borderline level of statistical
significance. Future studies with a larger number of participants in each of the four groups
would provide more definitive data about the relationship between PPI and executive function.

Taken together, the present findings have implications for understanding the effects of cigarette
smoking and nicotinic receptor activation on psychophysiological and neurocognitive
functioning. Cigarette smoking may have strengthened the relationship between sensorimotor
gating and executive functioning in smokers with schizophrenia, correlations which were not
observed in non-smokers with schizophrenia or non-psychiatric controls. These preliminary
findings may contribute to better understanding the vulnerability of patients with schizophrenia
to nicotine dependence, and may lead to the development of targeted treatments for this co-
morbidity.
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