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Abstract
Background—When nicotine-dependent human subjects abstain from cigarette smoking, they
exhibit deficits in working memory. An understanding of the neural substrates of such impairments
may help to understand how nicotine affects cognition. Our aim, therefore, was to identify
abnormalities in the circuitry that mediates working memory in nicotine-dependent subjects after
they initiate abstinence from smoking.

Methods—We used blood oxygen level-dependent (BOLD) functional magnetic resonance
imaging (fMRI) to study eight smokers while they performed a letter version of the N-Back working
memory task under satiety (≤1.5 hours abstinence) and abstinence (≥14 hours abstinence) conditions.

Results—Task-related activity in the left dorsal lateral prefrontal cortex (DLPFC) showed a
significant interaction between test session (satiety, abstinence) and task load (1-back, 2-back, and
3-back). This interaction reflected the fact that task-related activity in the satiety condition was
relatively low during performance of the 1-back task but greater at the more difficult task levels,
whereas task-related activity in the abstinence condition was relatively high at the 1-back level and
did not increase at the more difficult task levels.

Conclusions—We conclude that neural processing related to working memory in the left DLPFC
is less efficient during acute abstinence from smoking than at smoking satiety.
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Functional magnetic resonance imaging; tobacco; nicotine; withdrawal; brain imaging; prefrontal
cortex

Working memory is a limited-capacity system, responsible for the maintenance and
manipulation of online information, that contributes to a wide range of cognitive operations
(Baddeley and Della Salla 1996; Ragland et al 2002). Acute abstinence from smoking has
deleterious effects on working memory in nicotine-dependent subjects, and smoking reverses
these effects (e.g., Snyder and Henningfield 1989; Blake and Smith 1997). In an investigation
of how working memory load interacts with smoking abstinence, we used a parametric letter
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version of the N-back task to test a group of smokers (n = 15) that included the subjects studied
here with functional magnetic resonance imaging (fMRI). They showed significantly longer
response latencies when abstinent (13–16 hours) than when at smoking satiety (Mendrek et al,
unpublished data), and mean response latency increased with memory load up to the 3-back
level. In the abstinence condition, however, peak latency was observed at the 2-back level and
dropped (though not significantly) at the 3-back level. This result, in conjunction with the fact
that error rates were especially high at the 3-back level during abstinence (26% during
abstinence vs. 18% during satiety), suggested that smokers reach maximum memory load
capacity (and put forth maximum effort) at lower levels of task difficulty while in abstinence.
Because of the fundamental role of working memory in cognition, impairments in this function
can contribute to the symptoms that follow abrupt cessation of cigarette smoking.

Neuroimaging techniques, such as fMRI and positron emission tomography (PET), have been
used to assess the neural substrates associated with the cognitive effects of nicotine and
abstinence from nicotine in dependent subjects. A general conclusion from studies of smokers
and nonsmokers is that nicotine, administered by various routes, can increase task-related
activity in the prefrontal, parietal, and occipital cortices, as well as in the caudate nucleus and
thalamus, and decrease task-related activity in the anterior cingulate gyrus and cerebellum
while subjects perform a variety of cognitive tasks (Ghatan et al 1998; Ernst et al 2001;
Lawrence et al 2002; Kumari et al 2003). Two neuroimaging studies have tested the effects of
nicotine on working memory in overnight-abstinent smokers (Ernst et al 2001; Jacobsen et al
2004). A reason to test beyond the initial 2 hours of abstinence is that some cognitive deficits
emerge at 4 hours of abstinence or later (Hatsukami et al 1989; Snyder et al 1989).
Administration of nicotine gum to smokers who were abstinent ≥12 hours improved accuracy
on a letter version of the N-back task (2-back) and reduced task-related activity compared with
levels after placebo (Ernst et al 2001). Whereas the left prefrontal cortex (Brodmann area [BA]
8, 9), right anterior cingulate cortex (BA 32), and right inferior parietal cortex (BA 40) showed
task-related activity after placebo administration, activation was restricted mainly to the
inferior frontal gyrus (BA 44) after nicotine gum administration. The findings suggest that
abstinence per se increases task-related activity in those areas (i.e., anterior cingulate and
parietal areas), whereas nicotine normalizes it (Ernst et al 2001). Another study, which used
an auditory N-back task to assess the effects of transdermal nicotine in abstinent (≥15 hours)
smokers, presented an opposite view (Jacobsen et al 2004). In the most difficult task condition
(dichotic 2-back), nicotine increased task-related activity in the anterior cingulate cortex and
thalamus while it impaired performance.

Neuroimaging techniques have also been used to assess brain activity associated with working
memory tasks in healthy subjects and patients, such as those with schizophrenia (Schumacher
et al 1996; Braver et al 1997; Carlson et al 1998; Cohen et al 1997; D'Esposito et al 1998;
LaBar et al 1999; Nystrom et al 2000; Pochon et al 2002; Veltman et al 2003; Kondo et al
2004). Studies using parametric versions of working memory tasks, such as the N-back task,
have demonstrated load-sensitive fMRI signal changes in lateral prefrontal, parietal, and medial
supplemental motor cortices in healthy subjects and schizophrenic patients (Callicott et al
1999, 2003; Perlstein et al 2001, 2003; Manoach 2003; Jansma et al 2004). In both populations,
the relation between working memory load and task-related activity in dorsolateral prefrontal
cortex (DLPFC) takes the form of an inverted U-shaped curve. At low task load (1-back), the
patients exhibited higher activity in the DLPFC than the healthy subjects, and at high task load
(e.g., 3-back), the patients showed decreased activity (from their peak activity) in the DLPFC,
while the healthy subjects showed a continued increase or a leveling off of activity in the
DLPFC. The patients also showed poorer behavioral performance than the healthy subjects
and therefore apparently had less efficient and lower capacity working memory processing in
the DLPFC than the healthy subjects (Callicott et al 1999, 2003; Perlstein et al 2001, 2003;
Manoach 2003; Jansma et al 2004).
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While previous studies have demonstrated the central effects of nicotine, they have not directly
addressed the question of how acute abstinence from cigarette smoking affects the neural
substrates of working memory in nicotine-dependent subjects using a separate test session in
which subjects were not deprived. We now present findings from an fMRI study of smokers
performing the N-back task on a day when they had free access to cigarettes (satiety session)
and on another day after overnight abstinence from smoking (abstinence session) to delineate
the anatomical substrates of abstinence-related deficits in working memory.

Based on findings that patients with schizophrenia performed more poorly and had higher
activity than healthy control subjects in the DLPFC at low working memory load, we
hypothesized that smokers tested in abstinence would show higher activity in the DLPFC at
low working memory load (i.e., 1-back level) and less activity in the DLPFC at higher working
memory load (i.e., 2-back, 3-back levels) than they would when tested in satiety. Dopamine
in the prefrontal cortex and striatum contributes to working memory processes (Brozoski et al
1979; Tanila et al 1998; Williams and Goldman-Rakic 1998; Ellis and Nathan 2001; Jahanshahi
et al 2002), and impaired working memory in schizophrenic patients is related to prefrontal
cortical dopaminergic dysfunction (Goldman-Rakic and Selemon 1990; Abi-Dargham et al
2002; Abi-Dargham 2004). Animal studies also found that in rats treated chronically with
nicotine, acute abstinence from nicotine disrupts dopaminergic function in the prefrontal cortex
(Carboni et al 2000) and striatum (Fung et al 1996) and impairs working memory (Levin et al
1994). Therefore, it is possible that abstinence from smoking in otherwise healthy human
subjects may produce working memory deficits through a mechanism involving dopaminergic
dysfunction.

Methods and Materials
Experimental Subjects

We recruited potential research participants through flyers and newspaper advertisements.
Those that passed an initial telephone screening were invited for a baseline session, in which
they provided written informed consent, as approved by the Institutional Review Board at
University of California Los Angeles. They later completed questionnaires covering medical
and smoking histories, including the Fagerström Test for Nicotine Dependence (Heatherton et
al 1991), childhood attention-deficit/hyperactivity disorder (ADHD) (Wender Utah Rating
Scale [WURS]) (Ward et al 1993), and depressive symptoms (Beck Depression Inventory
[BDI]) (Beck and Beamesderfer 1974). We excluded individuals who were younger than 18
or older than 55 years, reported a debilitating medical condition, or had a score of ≥46 on the
WURS. Another exclusion factor was illicit substance abuse, as indicated by self-reports and
results on urine drug screens for cocaine, methamphetamine, opiates, cannabinoids, and
benzodiazepines at the time of enrollment and at all test sessions. Consumption of ≤10 standard
drinks of alcohol per week (one standard drink = 12 ounces of beer, 6 ounces of wine, or a 1.5-
ounce shot of 80-proof hard liquor), as indicated by self-report, was allowed. In addition,
marijuana use of ≤1 joint per week was allowed, but urine was required to test negative for
cannabinoids at each session and the participants were instructed to refrain from using
marijuana for the 72 hours prior to each test session. English language fluency, right-
handedness (as indicated by a self-report of using the right hand to perform at least six out of
seven tasks on the Edinburgh Handedness Questionnaire [Oldfield 1971]), and a self-report of
smoking at least 10 cigarettes a day for the 2 years prior to enrollment were inclusion
requirements.

Nine smokers met the criteria and participated in this study, but one of them reported to our
laboratory only for the satiety session. We therefore report the data from eight participants who
participated in fMRI during both satiety and abstinence sessions. The ages of the eight subjects
ranged from 20 to 54 years (mean = 35 years), and three of them were women. Individuals
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smoked 13 to 30 cigarettes per day (mean = 19) and had smoked regularly for 2 to 42 years
(mean = 16 years). Their scores on the Fagerström Test for Nicotine Dependence, a 10-point
scale (Heatherton et al 1991), ranged from 3 to 7 (mean = 4.1), indicating a moderate degree
of dependence. Three subjects completed the satiety session first, and five subjects completed
the abstinence session first. Smoking abstinence was confirmed by expired carbon monoxide
(CO) values of 2 to 7 parts per million (ppm) in expired air (mean = 3.25 ppm).

Experimental Design
The subjects participated in scanning sessions on each of 2 days. Testing began between 2:00
PM and 4:00 PM, when the normal daily smoking behavior produces a relatively stable plateau of
nicotine blood level (Benowitz et al 1983). One session was conducted on a day when the
participant was allowed to smoke ad libitum prior to testing. We refer to this session throughout
as satiety session. The time between his or her last cigarette and the end of fMRI image
acquisition was <1.5 hours. The other session, to which we refer as the abstinence session, was
conducted after the participants were required to abstain from smoking for 14 to 16 hours. We
selected this duration of abstinence, in part, on the observation that 16 hours of abstinence
reliably induces cigarette craving (Jarvik et al 1998). Before each scanning session, smokers
were evaluated for cigarette withdrawal using the 25-item Shiffman/Jarvik Withdrawal Scale
(Jarvik et al 2000) and for subjective craving using a 10-item Likert Urge To Smoke scale
(UTS) (Jarvik et al 2000) and a 7-item Likert craving subscale taken from the Shiffman/Jarvik
Withdrawal Scale. We measured expired CO to verify abstinence.

Task Design
A four-step letter version of the N-back task was employed. During fMRI, stimuli were
displayed through video goggles (Resonance Technology Corporation, Northridge,
California). The test stimuli were individual letters, presented one at a time. Each letter
appeared for 400 milliseconds, and the interstimulus interval (ISI) was 1600 milliseconds.
Participants were instructed to press the first key of a four-key button-box with the right index
finger when they saw a target letter and the second key with their right middle finger when
they saw a nontarget letter. At the onset of the 0-back condition, in which the task was primarily
vigilance, participants saw the instruction “Find X.” In this case, they were required to press
the “target key” when the letter “X” appeared and the “nontarget key” when any other letter
appeared. At the onset of the 1-back condition, which required monitoring for change but
imposed little memory load, participants saw the instruction “Find 1-back.” In this case, they
were required to press the target key when the letter presented was identical to the one
immediately preceding it and the nontarget key whenever any other letter appeared. The same
procedure was followed for the 2-back and 3-back conditions, which required both effortful
attention and substantive working memory load. During the 2-back condition, the target was
the letter that was displayed two letters prior; during the 3-back condition, the target letter was
the one presented 3 letters before.

The N-back conditions were presented individually in 42-second blocks. In each block, 21
trials were presented that contained 7 (33%) targets and 14 nontargets. There was a 3-second
instruction screen before each task block and a 15-second block of rest after each task block.
During rest, subjects fixed their eyes on a cross that was displayed at the center of the screen.
The task blocks were programmed into four scripts. In each script, each of the four N-back
conditions was presented twice in one of four pseudorandom orders, resulting in an 8-minute
run of the entire task. Each subject completed two test blocks on each day, with two 8-minute
runs in each block. The sequence of presentation of the scripts was counterbalanced.

The behavioral data from the scanner were not acquired due to a program error. To assess
participants’ performance, we tested the participants using the same N-back task outside the
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magnetic resonance imaging (MRI) scanner on another 2 days, one time in the satiety condition
and the other time in the abstinence condition.

Scanning Parameters
Functional images were acquired on a 3T MRI scanner (GE, Signa with the echoplanar imaging
[EPI] upgrade from Advanced NMR Systems; GE Medical Systems, Milwaukee, Wisconsin),
using T2* weighted gradient-recalled EPI with blood oxygen level-dependent (BOLD) contrast
(repetition time [TR] = 3000 milliseconds, echo time [TE] = 42 milliseconds, flip angle = 80°,
slice thickness = 4 mm with a 1-mm interslice interval, matrix of 64 × 64, in-plane resolution
= 3.12 mm2). One hundred sixty images were acquired for each of 16 axial slices through the
brain. High-resolution T2-weighted EPI anatomical images of the whole brain (23–25 slices,
4-mm thick) were acquired in each scanning session to help define the locations of the BOLD
signals.

Statistical Analysis
Behavioral Data—To assess whether smoking abstinence resulted in working memory
impairments, a set of repeated measures analyses of variance (ANOVA) was conducted in
which N-back performance was compared between abstinence and satiety sessions. In this
analysis, N-back condition (0-back, 1-back, 2-back, and 3-back) was used as a within-subject
variable, and separate analyses were conducted for errors and response times (RTs).

Imaging Data—We analyzed the data using a two-stage, random effects procedure. First, we
created an average brain of all subjects included in the study, based on the high-resolution
coplanar images, using Automatic Image Registration (AIR) software (Woods et al 1998). This
average brain was used as a template for co-registration and spatial normalization. We used
Statistical Parametric Mapping (SPM2, Wellcome Department of Cognitive Neurology,
London, United Kingdom) for motion correction, spatial normalization, smoothing, and
statistical analysis. For each subject, the anatomical image was spatially normalized with the
study-specific template with 12-parameter affine transformations. The functional scans were
aligned to the first functional image and corrected for motion, co-registered with the anatomical
image, spatially normalized using the same transformations as the anatomical image, and then
smoothed with a 10-mm full width at half maximum (FWHM) Gaussian filter. Subsequently,
the functional data were filtered with a 128-second high-pass temporal filter. We constructed
model time courses for each N-back task level by convolving a boxcar waveform representing
the times of administration of each task level with the canonical hemodynamic response
function. We then analyzed the data in comparison with these model time courses using the
general linear model.

Our statistical tests involved within-condition comparisons between data obtained at the
different N-back levels, as well as between-condition evaluations of the effect of abstinence.
The SPM{T} maps for within-condition contrasts (e.g., 1-back minus 0-back, 2-back minus
0-back, 3-back minus 0-back, 3-back minus 1-back, contrast [–2 –1 1 2] for parametric test),
or between-condition contrasts (e.g., abstinence [1-back minus 0-back] minus satiety [1-back
minus 0-back], satiety [3-back minus 1-back] minus abstinence [3-back minus 1-back]) were
created to assess task-related BOLD signal changes in each subject. To study group effects,
we carried the contrast images from each subject into a second-level random effects analysis
(one-sample t test) to study the effects of task load in both the satiety and the abstinence
conditions. A voxel-level threshold of p < .001 (uncorrected) and a cluster level extent threshold
of p < .05 (corrected for multiple comparisons) were used to identify significant task-related
activity within the whole brain. We performed both whole brain analysis and region of interest
(ROI) analysis.
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The whole brain analysis (searching for voxel-level differences) compared brain activity at
each task level (i.e., 1-back, 2-back, 3-back) and the interaction of activity changes as task load
increased from 0-back or 1-back to 3-back between the abstinence and satiety sessions. Only
the voxels that exhibited significant effects from this analysis and that were contained within
predefined ROIs were further analyzed with ROI analysis. To define ROIs, we combined the
imaging data from the two test sessions together to minimize bias in ROI definition toward
either test session. We first used a parametric test for significant linear increase in BOLD signal
with increasing task load (e.g., –2 –1 1 2). Then, we used the SPM2-compatible ROI analysis
tool Marsbar (Brett et al 2002) to define the activity in the SPM{T} map as functional ROIs.
The signal changes of voxels within ROIs were extracted with Marsbar and were input to SPSS
for further statistical analysis.

The Pearson correlations between the percent signal change of each functional ROI (six ROIs)
from the 0-back to the 3-back level and scores on the UTS craving scale and Shiffman/Jarvik
Withdrawal Scale in the abstinence sessions were assessed with SPSS. To facilitate
comparisons with the literature, the study-specific template and contrast images obtained with
SPM were normalized into Talairach space. Then, the Talairach coordinates of the center of
each significant cluster were determined by overlaying the corresponding contrast images in
Talairach space using mri3dX software
(http://www.aston.ac.uk/lhs/staff/sing-hkd/mri3dX/index.shtml).

Results
Subjective Craving and Withdrawal Measures

Comparisons between sessions showed higher self-reporting of craving for cigarettes and
negative psychological and physical symptoms of withdrawal in the abstinence session than
in the satiety session (Table 1). The expired CO level, which was significantly lower in the
abstinence session than in the satiety session, confirmed compliance with the instruction to
refrain from smoking.

Behavioral Data
The behavioral data acquired outside of the MRI scanner indicated that the participants tended
toward longer overall latencies when tested in abstinence session than they did when tested in
satiety [F (1,7) = 5.28, p = .055] (Figure 1). They also showed higher mean error rates when
tested during the abstinence session than they did when tested during satiety (Figure 1),
although this also was not a statistically significant difference.

Task-Related Brain Activity
Whole brain (voxel-wise) analysis found no significant difference between the two sessions in
task-related activity at 1-back, 2-back, or 3-back levels. Also, no significant interaction was
found between sessions and task loads as task loads increased from 0-back to 3-back. When
data from the two sessions were combined, a parametric test showed statistically significant
task-related activity increases in the left lateral prefrontal cortex (LPFC), dorsal prefrontal
cortex, and bilateral medial supplementary motor cortex and parietal cortex (Figure 2, Table
2). The clusters of super-threshold voxels in the five brain regions were defined as ROIs for
further analysis. Whole brain, voxel-wise analysis showed a cluster in the left DLPFC (29
voxels, Talairach coordinate: × = –50, y = 7, z = 32) in which there was a significant interaction
between satiety and abstinence sessions as task load was increased from 1-back to 3-back. This
cluster was within the ROI in the left LPFC defined in analysis of the combined data from two
test sessions. Region of interest analysis showed that it survived the statistical correction for
multiple comparisons within the ROI (extent corrected p = .012, SPM2 small volume
correction). Analysis of signal changes found that this cluster had higher activity at the 1-back
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level when participants were tested in the abstinence session than in the satiety session (paired
t test, p = .027, t = –2.78, df =7). This cluster showed no significant activity changes as task
load was increased from 1-back to 2-back and from 2-back to 3-back levels when the
participants were tested in the abstinence session (Figure 3). In the satiety condition, it showed
significant increases in activity as task load was increased from 1-back to 2-back (paired t test,
p = .008, t = –3.69, df = 7) and no further significant changes as task load was increased from
2-back to 3-back (Figure 3). No interactions were found in other brain areas between satiety
and abstinence sessions as task load was increased from 1-back to 3-back level. No significant
correlations were found between self-reports of craving and withdrawal during the abstinence
session and signal change in any ROIs.

Discussion
Task-related activity can be categorized as “load-sensitive” or “load-insensitive” (Jansma et
al 2000), purportedly reflecting working memory processes (load-sensitive) and supporting
processes, such as response selection and perception (load-insensitive), respectively (Jansma
et al 2000). Smokers exhibited load-sensitive task-related activity in the left lateral and dorsal
prefrontal cortices and bilaterally in the medial supplementary motor cortex and parietal cortex
while they performed the N-back working memory task. This finding is generally consistent
with prior observations on healthy subjects performing a similar version of the N-back task,
except that healthy subjects usually showed activity in bilateral lateral prefrontal cortex (Braver
et al 1997; Carlson et al 1998; Callicott et al 1999; Jansma et al 2000). A review of
neuroimaging studies of working memory (D'Esposito et al 1998) found that most studies
(20/36 studies) reported bilateral activation in lateral prefrontal cortex, and studies using spatial
working memory tasks usually found greater activation in the right than in the left hemisphere,
while studies using nonspatial working memory tasks usually found greater activation on the
left (D'Esposito et al 1998). In our study, smokers showed load-sensitive, task-related activity
in the right lateral prefrontal cortex, but this effect did not survive the correction for multiple
comparisons. As we used a letter version N-back task, our findings are consistent with previous
work with nonspatial working memory tasks, showing a greater effect in the left than the right
lateral prefrontal cortex.

The left DLPFC showed an interaction between smoking condition and working memory load.
This interaction reflected a higher level of task-related activity at the 1-back task level in the
abstinence session than in the satiety session and smaller increases of activity in the abstinence
session than in the satiety session when working memory load was increased (1-back to 2-
back, and 2-back to 3-back). Moreover, when the subjects were tested in the abstinence session,
they tended to exhibit longer latency to respond and less accuracy than they did in the satiety
session. Higher activity in the left DLPFC paired with poorer performance, as observed before
in schizophrenic patients (Callicott et al 1999, 2003; Perlstein et al 2001, 2003; Jansma et al
2004; for review, see Manoach 2003), suggests that working memory processing in the left
DLPFC was less efficient in the abstinence session than in the satiety session. This conclusion
is consistent with the findings of fMRI working memory studies from healthy subjects (Rypma
et al 2002). Rypma et al (2002) separated participants in a verbal working memory study into
higher performers and lower performers. The lower performers exhibited higher task-related
activity in the DLPFC than the higher performers at low working memory load, but they showed
smaller increases in activation than the higher performers did when working memory load was
increased (Rypma et al 2002). In this study, all subjects were right-handed. The language
function in right-handed subjects is lateralized to the left hemisphere, while it may be
distributed bilaterally or lateralized to the right hemisphere in left-handed subjects (Tzourio et
al 1998; Hund-Georgiadis et al 2002). It is possible that left-handed smokers may show
interaction between smoking condition and working memory load at different brain regions
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than the right-handed smokers, e.g., the right DLPFC. This issue can be addressed by testing
left-handed smokers with a similar N-back task.

The observed relationship between task-related activity and cognitive load is also consistent
with findings in healthy subjects as well as schizophrenic patients. In both populations, the
relation between working memory load and activity in DLPFC takes the form of an inverted
U-shaped curve (Callicott et al 1999, 2003; Perlstein et al 2001, 2003; Manoach 2003; Jansma
et al 2004). Compared with the curve observed in healthy subjects, however, the curve observed
in patients is shifted, with peak task-related signal occurring at lower load. At low working
memory load (i.e., 1-back), the patients showed higher activity in the DLPFC but poorer
performance than healthy subjects (Callicott et al 1999, 2003; Perlstein et al 2003; Jansma et
al 2004). This finding was regarded as evidence that the schizophrenic patients had lower
efficiency of working memory processes in the DLPFC than healthy subjects (Callicott et al
1999, 2003; Perlstein et al 2001, 2003). Smokers did not show significant decreases in activity
in the left DLPFC at the highest task load during either test session, and their performance at
the highest load was still above chance. Our data, therefore, do not support the hypothesis that
maximal neural recruitment in smokers tested in abstinence would be lower than the maximum
during the satiety session. As the participants exhibited significant differences in self-reports
of psychological symptoms and sedation, it is possible these conditions affected motivation
and that this effect, in turn, impaired performance and task-related activation of the left DLPFC
associated with the 2-back and 3-back tasks during the abstinence (compared with the satiety
session). Nonetheless, the observation that subjects showed higher task-related activity in the
left DLPFC while they performed the 1-back task in abstinence session than when at satiety
suggests an impairment of processing efficiency in the left DLPFC.

Some investigators suggest that the abnormal activity associated with working memory in the
DLPFC of schizophrenic patients indicates impairment of working memory processes in this
region (Callicott et al 1999, 2003; Perlstein et al 2001, 2003), while others suggest that the
abnormality in the DLPFC may reflect impairment in other brain regions in the working
memory network (Jansma et al 2004). It is possible that the abnormal activity in the DLPFC
reflects impairment in other parts of the working memory network. Findings from a structural
imaging study, that smokers had smaller gray matter volumes and lower gray matter densities
than nonsmokers in the DLPFC and ventrolateral prefrontal cortex bilaterally (Brody et al
2004), suggest that at least part of the problem relates to a deficit in the DLPFC.

Further studies may address the mechanism by which acute abstinence from cigarette smoking
impairs working memory. Dopamine in the prefrontal cortex and striatum is critical for working
memory processes (Brozoski et al 1979; Williams and Goldman-Rakic 1998; Tanila et al
1998; Ellis and Nathan 2001; Jahanshahi et al 2002), and evidence suggests that dopaminergic
dysfunction in these regions contributes to the working memory impairment in schizophrenic
patients (Goldman-Rakic and Selemon 1990; Abi-Dargham et al 2002; Abi-Dargham 2004).
In rats, removal of nicotine after chronic nicotine treatment produces decreases in dopamine
levels in the striatum (Fung et al 1996), increases in the medial prefrontal cortical dopamine
(Carboni et al 2000), and impairment of working memory performance (Levin et al 1994). It
is reasonable to postulate, therefore, that acute abstinence from cigarette smoking may alter
dopaminergic transmission in the striatum and the prefrontal cortex of nicotine-dependent
human subjects. Such changes may contribute to the impairment of working memory observed
in acutely abstinent chronic cigarette smokers.

One limitation of this study is the fact that task performance was not recorded during the fMRI
acquisition. Nonetheless, we did test and record performance of a larger sample of subjects
(including those tested here) on the same N-back task in both abstinence and satiety conditions
outside the scanning environment and found that subjects responded more slowly and tended
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to have more errors when tested in abstinence than when tested at satiety (Mendrek et al,
unpublished data). The smaller subset of those who participated in the present study provided
qualitatively similar results, although they were not statistically significant.

Another consideration is the fact that carbon dioxide (CO2) and nicotine have complex effects
on cerebral perfusion (Ghatan et al 1998; Rose et al 2003; Domino et al 2004), which is an
essential feature of the BOLD method. Significant differences in task-related activity between
the two test sessions, however, were observed only in the left DLPFC, which is critical for
working memory processing, and not in other brain areas, indicating that nonspecific effects
of CO2 on cerebral perfusion could not easily explain our findings. In addition, nicotine
apparently does not alter the coupling between the BOLD signal and activity of the visual
cortex in response to photic stimulation (Jacobsen et al 2002).

Other limitations relate to the small sample size, which indicate that replication is warranted,
and the fact that the subjects varied widely in age and smoking history; however, the same
subjects were tested in the two different conditions, controlling these potentially confounding
effects. In addition, light use of marijuana (<1 joint/week) was not exclusionary. Some evidence
indicates that the heavy (>5 joints/week) marijuana users have cognitive impairment (Block
and Ghoneim et al 1993; Fletcher et al 1996; Bolla et al 2002), may experience withdrawal
after initiating abrupt abstinence from marijuana (Wiesbeck et al 1996; Budney et al 2004),
and show abnormal brain activation during cognitive testing (Kanayama et al 2004; Eldreth et
al 2004; Jacobsen et al 2004). Nonetheless, there is no evidence that light users suffer cognitive
impairment (Fletcher et al 1996; Pope et al 2001; Lyketsos et al 1999; Block and Ghoneim et
al 1993) or withdrawal signs induced by abstinence from marijuana (Wiesbeck et al 1996).

Consistent with our hypotheses, the findings from this study support the conclusion that in
smokers, the left DLPFC has less efficient processing associated with working memory in the
abstinence condition than in the satiety condition. Relevant evidence includes high task-related
activity at low working memory load and failure to increase activity as task load increases in
the abstinence condition..
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Figure 1.
N-back performance of smokers in abstinence and satiety sessions. Lines indicate mean RTs
and bars indicate mean percent of errors, both at each N-back level. In the abstinence session,
smokers tended to respond more slowly and tended to make more errors compared with the
satiety session. RT, response time.
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Figure 2.
Brain regions showed activity changes as task load increased from 0-back to 3-back when
imaging data from the two test sessions were combined. Colors superimposed on the gray scale
image, from the study-specific structural brain template, indicate values of t according to the
color bar. Significant effects are shown in the left lateral prefrontal cortex (LPFC) and dorsal
frontal cortex (PFC), bilateral supplementary motor cortex (SMC), and parietal cortex (PC).
L, left, R, right.
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Figure 3.
A cluster in left dorsal lateral prefrontal cortex (DLPFC) showed interactions of activity
changes between the two test sessions as task load increased from 1-back to 3-back. Colors
superimposed on the gray scale image, from the study-specific structural brain template,
indicate values of t according to the color bar. The line graph indicates the mean percent signal
changes and standard errors as task load increased from 1-back to 3-back exhibited in satiety
and abstinence sessions. L, left, R, right.
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Table 1

Withdrawal, Craving, and CO Measures

Satiety Abstinence

Subscales of Shiffman/Jarvik Withdrawal Scalea
    Craving 3.70 (.15) 6.05 (.44)c
    Psychological Symptoms 3.16 (.24) 4.15 (.39)b
    Physical Symptoms 1.50 (.21) 2.56 (.36)b
    Sedation 2.88 (.42) 3.39 (.13)
    Appetite 4.00 (.09) 4.38 (.63)
    Total Score 15.2 (.65) 20.5 (1.10)c
Urge to Smoke Scale 24.1 (2.57) 62.9 (2.23)c
Expired CO (ppm) 22.5 (4.66) 3.25 (.60)c

Values shown are the means (standard errors of the means).

CO, carbon monoxide; ppm, parts per million.

a
Values listed reflect data obtained on the five subscales (and the total) of the 25-item scale.

b
p < .05 for difference between satiety and abstinence session by Student t test.

c
p < .001 for difference between satiety and abstinence session by Student t test.
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