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Short-term nicotine deprivation alters dorsal anterior cingulate
glutamate concentration and concomitant cingulate-cortical
functional connectivity
Osama A. Abulseoud1, Thomas J. Ross 1, Hyung Wook Nam2, Elisabeth C. Caparelli1, Michael Tennekoon1, Brooke Schleyer1,
Juan Castillo 1, John Fedota1, Hong Gu1, Yihong Yang1 and Elliot Stein 1

Most cigarette smokers who wish to quit too often relapse within the first few days of abstinence, primarily due to the aversive
aspects of the nicotine withdrawal syndrome (NWS), which remains poorly understood. Considerable research has suggested that
the dorsal anterior cingulate cortex (dACC) plays a key role in nicotine dependence, with its functional connections between other
brain regions altered as a function of trait addiction and state withdrawal. The flow of information between dACC and fronto-striatal
regions is secured through different pathways, the vast majority of which are glutamatergic. As such, we investigated dACC activity
using resting state functional connectivity (rsFC) with functional magnetic resonance imaging (fMRI) and glutamate (Glu)
concentration with magnetic resonance spectroscopy (MRS). We also investigated the changes in adenosine levels in plasma during
withdrawal as a surrogate for brain adenosine, which plays a role in fine-tuning synaptic glutamate transmission. Using a double-
blind, placebo-controlled, randomized crossover design, nontreatment seeking smoking participants (N= 30) completed two
imaging sessions, one while nicotine sated and another after 36 h nicotine abstinence. We observed reduced dACC Glu (P= 0.029)
along with a significant reduction in plasma adenosine (P= 0.03) and adenosine monophosphate (AMP; P < 0.0001) concentrations
during nicotine withdrawal in comparison with nicotine sated state. This withdrawal state manipulation also led to an increase in
rsFC strength (P < 0.05) between dACC and several frontal cortical regions, including left superior frontal gyrus (LSFG), and right
middle frontal gyrus (RMFG). Moreover, the state-trait changes in dACC Glu and rsFC strength between the dACC and both SFG and
MFG were positively correlated (P= 0.012, and P= 0.007, respectively). Finally, the change in circuit strength between dACC and
LSFG was negatively correlated with the change in withdrawal symptom manifestations as measured by the Wisconsin Smoking
Withdrawal Scale (P= 0.04) and Tobacco Craving Questionnaire (P= 0.014). These multimodal imaging-behavioral findings reveal
the complex cascade of changes induced by acute nicotine deprivation and call for further investigation into the potential utility of
adenosine- and glutamate-signaling as novel therapeutic targets to treat the NWS.
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INTRODUCTION
Acute smoking abstinence induces a rapid nicotine craving state
characterized by increased irritability, sadness, and reduced ability
to focus, concentrate and get refreshing sleep that peaks about
24–48 h following nicotine abstinence. These symptoms are
known collectively as the nicotine withdrawal syndrome (NWS)
[1, 2]. Because of the intensity of symptoms, most quit attempts
fail within days of smoking cessation, even with the best available
pharmacological and behavioral treatment options, making it a
priority to identify novel therapeutic targets to attenuate the NWS
severity [3]. As such, new insights into how the brain signals the
nicotine deprivation state and in turn, the NWS at the circuit and
neurochemical levels are needed to inform novel treatment
interventions to improve long-term abstinence rates.
Several lines of evidence suggest that the anterior cingulate

cortex (ACC) is a key brain region that influences and is, in turn,
influenced by different stages of nicotinic addiction [4–15]. As a
central hub integrating the flow of information between various

limbic and cortical networks, the ACC is strategically positioned to
regulate emotions and monitor performance errors and behavioral
conflict and plays a major role in reward-based decision-making,
all of which are dysregulated during acute nicotine abstinence
[16, 17]. Functionally, the ACC can be parsed mainly into an
‘affective’ rostral-ventral (rACC), and a ‘cognitive’ dorsal (dACC)
subregion [18–20]. The dACC plays an important role in cognitive
self-control processes critical for initiating and maintaining
abstinence. Indeed, high levels of cognitive control contribute to
smoking resistance [21], while higher impulsivity and lower
cognitive control predicts a higher likelihood of taking up smoking
in adolescence and a lower likelihood of quitting in adulthood
[22]. Similarly, adult smokers with poor cognitive control are more
likely to relapse in the short term [23]. Moreover, during smoking
abstinence (vs satiety), smoking cue reactivity engenders
increased ACC activity [24–27], while the degree of cue-induced
activation in ACC predicts abstinence duration [26, 28]. The
vast majority of ACC neurons are glutamatergic and dACC
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glutamatergic alterations across different stages of addiction have
been well documented (Reviewed in [17, 29–31]).
Hence, there is a growing interest in integrating glutamatergic

neurotransmission within the dACC and its network functional
connectivity to better understand the mechanistic underpinnings
of NWS. Specifically, abstinence induced changes in these metrics
linked to alterations in withdrawal symptom may serve as a
potential marker for severity of the nicotine deprivation state and
subsequent relapse risk. However, measuring subtle changes in
dACC Glu in humans and then linking such changes to behavioral
symptoms tends to be challenging.
Proton magnetic resonance spectroscopy (1H-MRS) is a non-

invasive tool that can quantify Glu and other brain metabolites
[32], with the caveat that MRS reflects total Glu concentration and
not specifically synaptic Glu neurotransmitter levels. At magnetic
field strengths of 3 T or above, the spectra for structurally similar
Glu and glutamine (Gln) can be separately resolved [33, 34]. Using
this modality, smokers who relapsed while undergoing nicotine
replacement therapy (NRT, aka, the patch) were found to have
lower baseline dACC Glu concentration compared to those who
remained abstinent for 8 weeks [7]. However, other research has
found no difference in Glu concentration based on smoking status
[35].
Several factors may be responsible for the inconsistency in

these studies, including the acute state of the individual during
measurement (i.e., nicotine sated or withdrawn). For example, our
group has previously reported increased rsFC strength between
dACC and posterior insula during abstinence versus smoking
satiety [13] that correlated with withdrawal symptom severity. In
contrast, dACC connectivity strength with the ventral striatum
correlates with the degree of nicotine dependence (trait), but is
not modified with NRT after abstinence (i.e., state), which we thus
termed an addiction trait circuit [11, 14, 36]. These state- and trait-
based changes in FC suggest a mechanistic role for Glu in
modulating network connectivity under different homeostatic
conditions.
Moreover, quantifying Glu in isolation may not provide

adequate information of dACC functionality. Glu concentration
levels, which have previously been associated with task-induced
BOLD signal change [37, 38], have been simultaneously measured
in abstinent smokers seeking treatment during cognitive task
performance [39] and in sated and experimentally stressed
smokers [40, 41]. Collectively, these studies show that in nicotine
dependent subjects, changes in Glu concentrations are associated
with fMRI measures of task activation and behavior. Specifically,
one study reported a significant decrease in dACC Glx (Glutamate
+ Glutamine) associated with reduction in rACC BOLD activation
induced by the Stroop color-naming task before and after
smoking cessation with varenicline [39]. Janes et al. showed
significant positive association between dACC Glu and Default
Mode Network (DMN) reactivity to smoking cues relative to
neutral cues in nicotine-dependent participants [40], while
Woodcock et al. reported that pharmacologically induced stress
attenuated the increase in dlPFC Glu during a working memory
task [41].
Taken together, these studies attempt to resolve the relation-

ship between relatively static Glu measures that require several
minutes to acquire and the more dynamic (seconds) cognitive
task-based changes in the BOLD signal. In an effort to combat this
challenge, we acquired both MRS glutamate (Glu) and resting
state BOLD signal (averaged over many minutes and more similar
to the time for MRS acquisition) instead of task-related activation
in smokers during both smoking satiety and acute nicotine
withdrawal. We hypothesized that acute withdrawal will be
associated with altered dACC Glu concentration and dACC-
based rsFC circuit strength and that these changes will correlate
with specific clinical manifestations of nicotine use (trait) and NWS
(state).

METHODS
Participants
Thirty healthy nicotine cigarette smokers (18 M/12 F) completed
all experimental procedures. Participants were right-handed,
18–60 years of age, free of current alcohol or drug use disorders
except for nicotine, reported no lifetime psychiatric diagnoses
(DSM-5) or neurological disorders and had no contraindications
for MRI. Written informed consent was obtained in accordance
with the National Institute on Drug Abuse-Intramural Research
Program Institutional Review Board. Detailed history, physical
examination, laboratory assessments (complete blood count,
thyroid, liver and kidney functions), drug use history, IQ (Wechsler
Adult Intelligence Scale; WAIS; Wechsler 1958), depressive (Beck
Depression Inventory; BDI) [42], and anxiety symptoms (Beck
Anxiety Inventory; BAI) [43] were obtained from each participant.
See consort flow diagram (Supplementary Fig. 1) for detailed
description of enrollment, randomization, and excluded subjects.

Experimental design
Each participant completed two MR scanning sessions, one during
nicotine-withdrawal and one during nicotine satiety. To achieve
these two states in a double-blind, cross-over design, participants
were required to abstain from smoking for 36 h prior to scanning
and were given a smoking dose-matched nicotine (satiety) or
placebo (nicotine-withdrawal) patch after 12 h of abstinence and a
second patch 1–2 h prior to the scan session. Nicotine abstinence
was biochemically verified by urine nicotine, cotinine, and exhaled
carbon monoxide concentrations (Vitalograph, Lexington, KS) at
time of scanning. The mean (±SEM) interval between the two
scans was 47 days (±15) with the order of nicotine-satiety and
withdrawal days counterbalanced across subjects. Participants
were required to refrain from drinking caffeinated beverages for
12 h and from the use of alcohol or other drugs for at least 24 h
before sessions, which was confirmed by a urine drug screen and
a breath alcohol test. Each imaging day consisted of two scan
sessions. Resting state fMRI and EEG data were collected during
the morning session, while several fMRI tasks were performed on
both morning and afternoon sessions (data not reported here).
Blood for genetic testing, nicotine, cotinine, and adenosine assay
was collected in the afternoon scan session prior to an
unpredictable shock task [44] 1H-MRS was acquired about 30
min after the shock task at the end of the afternoon session.

Biological and subjective withdrawal measures
Prior to each scanning session, participants completed a detailed
assessment battery of withdrawal related symptoms including: the
Wisconsin Smoking Withdrawal Scale (WSWS), a 28-item self-
report test comprising of seven subscales (anger, anxiety,
concentration, craving, hunger, sadness, sleep) [45]; State-Trait
Anxiety Inventory-State (STAI-S) consisting of 20 items designed to
quantify temporary anxiety conditions such as feelings of
apprehension, tension, nervousness, and worry [46]; Tobacco
Craving Questionnaire (TCQ) short (12 item) version to assess
current feelings related to smoking and craving and which loads
on four factors: (1) emotionality: smoking in anticipation of relief
from withdrawal or negative mood; (2) expectancy: anticipation of
positive outcomes from smoking; (3) compulsivity: an inability to
control tobacco use; and (4) purposefulness: intention and
planning to smoke for positive outcome [47, 48]; Tobacco Craving
Scale (TCS) consists of 5 self-report items that are rated on a 10-
point scales. These item pertain to desire and urge for a cigarette
(1) how strong is your desire for a cigarette right now, (2) how
strong was your desire for a cigarette during the last 24 h, (3) how
often you had the urge to smoke during the past 24 h, (4) how
strong your urges have been for a cigarette when something in
the environment reminded you of it over the past 24 h, and (5)
imagine yourself in the environment in which you previously used
drugs and/or alcohol. If you were in this environment right now,
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what is the likelihood that you would smoke? Participants’
affective state was rated using the Positive And Negative Affective
State (PANAS), a 20-item scale composed of 10 items describing
negative affect and 10 items describing positive affect [49]; the
Perceived Stress Scale, a brief 10-item instrument measures the
degree of perceived stress during the past month [50] and the
Snaith Hamilton Anhedonia Scale (SHAPS) designed to measure
hedonic tone [51].

Plasma assays
Liquid chromatography/atmospheric pressure chemical
ionization-tandem mass spectrometry was used to assay plasma
levels of nicotine, cotinine, adenosine, adenosine monophosphate
(AMP), and adenosine triphosphate (ATP) according to previously
published methods [52, 53].

Resting state fMRI
Resting-state BOLD images were acquired (eyes open with
participants asked to focus on a fixation cross) on a Siemens
Tim Trio 3T MRI scanner (Erlangen, Germany) using a single shot
echo planer imaging sequence (TE/TR= 27/2000 ms, image
resolution: 3.4 × 3.4 × 4.0 mm3, 39 oblique-axial slices, 30° to AC-
PC, 300 volumes, total resting-state acquisition time= 8min). T1-
weighted anatomical scans were collected using magnetization-
prepared rapid gradient echo (MPRAGE) sequence (TE/TR= 3.51/
1900ms, image resolution: 1 mm3, oblique-axial), which covered
the whole brain.

1H-MRS
High resolution T1-weighted anatomical images were used to
position two MRS voxels (15 × 20 × 30mm3) that encompassed
the dACC and posterior cingulate cortex (PCC) (shown in
Supplementary Fig. 2B). The PCC voxel served as a negative
control region, with no expected changes in metabolites between
satiety and withdrawal. Shimming of the magnetic field within the
voxels was performed using an automated shimming routine. MRS
was acquired using a point-resolved spectroscopy sequence, TE/
TR= 30/3000 ms, and 128 averages.
MRS data were quantified using LCModel version 6.3 [54]. The

basis set included the following metabolites: alanine (Ala),
aspartate (Asp), creatine (Cre), γ-aminobutyric acid (GABA), Gln,
Glu, glycerophosphocholine (GPC), phosphocholine (PCh), myo-
inositol (mI), and N-acetylaspartate (NAA). A subset of this basis set
of macromolecules (MM) and lipids was incorporated into the
LCModel analysis to take into account the impact of MM/lipids on
spectral fitting.
LCModel reported both estimated metabolite concentrations in

institutional units (i.u.), using the unsuppressed water signal as the
scaling reference, and the ratio of metabolite concentration to the
concentration of creatine+ Phosphocreatine (Cr+ PCr). We used
metabolites as ratioed to Cr+ PCr to correct for partial volume
effects assuming the stability of creatine [32, 55]. Only metabolite
concentration estimations with a Cramer-Rao Lower Bound (CRLB)
of less than 20% were included in the final data analysis. These
metabolites and their CRLB values for dACC voxel were as follows:
Gln: 9–20%, Glu: 5–10%, GPC: 2–5%, mI: 3–6%, NAA: 2–4%, GPC+
PCh: 2–5%, NAA+ NAAG: 2–4%, Cr+ PCr: 2–4%, Glu+ Gln: 4–6%
and for the PCC voxel: Gln: 10–20%, Glu: 4–7%, GPC: 3–5%, mI:
3–6%, NAA: 2–4%, GPC+ PCh: 3–5%, NAA+ NAAG: 2–4%, Cr+PCr:
2–3%, Glu+Gln: 4–7%. The volume fractions of different tissue
types were calculated from segmented T1 images (SPM 12.0,
http://www.fil.ion.ucl.ac.uk/spm). Tissue-corrected metabolite con-
centrations were then calculated by dividing metabolite concen-
trations by the total fraction of GM and WM in that voxel [56]. A
representative spectrum for dACC is shown in Supplementary
Fig. 2A and for PCC in Supplementary Fig. 2C.

Statistical analysis
Clinical plasma markers and MRS data are presented as mean
(±SEM). The differences in mean scores of biological and clinical
withdrawal manifestations and in Glu/Cr+ PCr ratios between
nicotine satiety and nicotine withdrawal states were compared
with paired t tests. Pearson correlation analyses were performed
to evaluate associations between dACC Glu/Cr+ PCr, rsFC, and
clinical variables. Analyses were performed using GraphPad Prism
V7 software (La Jolla, CA). Results are considered significant at P <
0.05.
Resting BOLD data were analyzed using the AFNI software

package [57] and SPM12. Data were slice-time and motion-
corrected, quadratically detrended, and spatially normalized to
MNI space via non-linear registration. Following motion correction,
motion censoring was performed on any two consecutive time
points with Euclidean distance derivative values >0.35 mm.
Individual white matter (WM), and cerebrospinal fluid (CSF) masks
were obtained by anatomical image segmentation in SPM and
were used to extract signals from non-neuronal sources. Nuisance
covariates, including six-motion parameters and signals in the first
four principal components of WM/CSF were regressed out [58],
followed by temporal band-pass filtering (0.01–0.1 Hz) and
Gaussian spatial smoothing (full-width at half-maximum= 8
mm). Functional connectivity maps were created for the with-
drawal (placebo patch) and satiety (nicotine patch) conditions
using the merged dACC MRS voxels (with at least 80% overlap) as
a seed in 22 participants, whose MRS data survived data quality
criteria (Fig. 2, top panel). The correlation coefficients were
converted to z-scores using the Fisher’s r-to-z transformation.
Differences between abstinent vs. sated rsFC-maps [ΔFC-maps]
were calculated within participants and a one-sample t-test was
carried out for group analysis. Results from group analysis were
corrected for multiple comparisons using 3dClustSim, based on
Monte Carlo simulations [59] using the non-Gaussian spatial
autocorrelation function [60]; statistical significance was set to
Puncorrected < 0.001 and Pcorrected < 0.05. Finally, we performed a
regression analysis for the significant Δ(withdrawal (-) satiety) rsFC,
ΔGlu/Cr+PCr and Δwithdrawal manifestations that showed
significant smoking state related changes (ΔWSWS, ΔTCQ,
ΔPANAS positive subscale, ΔSTAI-S, and ΔTCS). Results of the
regression analyses were Bonferroni corrected for multiple
comparisons.

RESULTS
Clinical characterization
Participants started smoking at about age 16 (±0.7) and smoked
17.7(±1.4) cigarettes/day for 19.8 (±1.9) years. The severity of
nicotine addiction averaged 5.3 ± 0.3 and ranged between low
and severe (Fagerstrom Test for Nicotine Dependence: 2–8).
Participants scored moderately high in impulsivity [BIS; 62(±1.7)]
and alexithymia [TAS-20; subscales: difficulty identifying feelings
10 (±0.8), difficulty describing feelings 7.8(±0.7) and externally
oriented thinking 18.2(±0.7)]. A total of 29/30 participants
completed both scanning sessions (see Table 1).

Biological and clinical manifestations of acute nicotine withdrawal
Abstinence from smoking prior to each imaging session was
verified by measuring expired air CO, plasma nicotine, and
cotinine concentrations (Table 2). The change (Δ) in plasma
nicotine concentrations (withdrawal-satiety) showed significant
positive correlations with ΔPANAS positive subscale (r= 0.393,
P= 0.03, Fig. 1a) and ΔSATI-S (r=−0.506, P= 0.019, Fig. 1b).
Paired t-tests revealed significant reductions between satiety and
withdrawal in plasma adenosine [0.114(±0.04) vs. 0.019(±0.00),
P= 0.03] and AMP [0.146(±0.02) vs. 0.013(±0.00), P < 0.0001], but
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not ATP [0.013(±0.00) vs. 0.008(±0.0), P= 0.3] concentrations.
Moreover, these physiological measures were consistent with
clinical assessments of withdrawal: WSWS total score, anxiety,
concentration, and sadness subscales all were significantly
elevated in abstinence compared to satiety. Similarly, during the
withdrawal state, participants reported heightened anxiety (STAI-
S) and tobacco cravings (TCS and TCQ total score, factor 1
(emotionality) and factor 3 (compulsivity)) and a significant drop
in positive affect (PANAS positive subscale). However, the changes
observed in negative affective state, perceived stress, and
anhedonia scales (PANAS negative subscale, PSS, and SHAPS)
did not reach significance.

The effect of acute nicotine withdrawal on dACC glutamate and
functional connectivity
There was a significant reduction in dACC Glu/Cr+ PCr ratio during
withdrawal vs. satiety: 1.54(±0.029) vs. 1.50(±0.03), P= 0.029,
(Supplementary Fig. 3, and Supplementary Table 1). We next

investigated whether this reduction in dACC glutamate was related
to dACC rsFC. We used the merged dACC MRS voxels with ≥80%
overlap between subjects and scans as the seed in a whole brain
connectivity analysis (Fig. 2a, b) contrasting rsFC strength (z-values)
between satiety and withdrawal scans and identified significant
(Pcorrected < 0.05) clusters in the left superior frontal gyrus (LSFG,
Fig. 2c; z-values are shown in Fig. 2d) and right middle frontal gyrus
(RMFG, Fig. 2f; z-values are shown in Figure 4G). PCC Glu, on the
other hand, did not significantly change between withdrawal and
satiety: 1.31(±0.016) vs. 1.37(±0.046), P= 0.4.
We also found that the ΔdACC Glu/Cr+ PCr was significantly

correlated with both the ΔrsFC between dACC and LIFG (Pcorrected=
0.024, Fig. 3e) and between dACC and RMFG (Pcorrected =0.014; Fig.
3h). Finally, there was a significant association between ΔdACC-
LSFG rsFC and ΔWSWS total score (P= 0.04, Fig. 3a) and ΔTCQ
total score (P= 0.014, Fig. 3b). However, as we also tested for
relationships between dACC Glu, PANAS and STAI-S, neither
connectivity relationship survived Bonferroni correction.

Exploratory analyses
We examined whether dACC Cr impacts dACC Glu concentration
or rsFC and found no significant effects. Furthermore, there were
no significant effects of dACC Cr, age, sex or smoking history on
ΔdACC Glu and Δplasma adenosine concentration (See Supple-
mentary material for additional details).

DISCUSSION
To the best of our knowledge, this is the first study that combines
resting state fMRI with 1H-MRS along with plasma adenosine to
investigate neurobiological mechanisms of short-term nicotine
withdrawal. Our results show that acute nicotine abstinence is
associated with a significant reduction in dACC Glu that is linked
with a marked increase in FC strength between the same dACC
region and two specific subregions of the frontal cortex (LSFG and
RMFG). Moreover, the changes in Glu and functional connectivity
between nicotine satiety and abstinence state (ΔdACC Glu and
ΔrsFC dACC-LSFG and ΔdACC-RMFG) were significantly positively
correlated.
We focused our investigation on the dACC as it is a key

component of the Salience Network (SN) [61] and has previously
been linked with nicotine dependence [62]. Moreover, the
tripartite network hypothesis of neuropsychiatric diseases [63],
and more specifically as it applies to drug addiction [64], links the
dACC (along with the anterior insula), a key component of the SN
[65], with the medial frontal cortex, part of the DMN [61, 66] and
the dorsolateral prefrontal cortex and posterior parietal cortex,
which are key components of the Executive Control Network
(ECN). It has been hypothesized that homeostatically relevant
information is constantly exchanged between these three net-
works in order to switch attention and cognitive resources (via SN)
between externally salient stimuli (ECN) and internal, mind-
wandering/ruminations, (processed within the DMN) [67]. More-
over, this important communication is secured through anatomi-
cal glutamatergic projections [61, 68] that are likely functionally
synchronized between the networks [69, 70]. It has been shown
that perturbations in Glu (e.g., following ketamine infusion)
negatively impact the efficiency of rsFC in healthy subjects
[71, 72] and in patients with depression [71]. Furthermore, a recent
study showed that baseline dACC Glu concentration was
associated with nicotine cue-induced activation in the frontal
lobe [40].
Our results strengthen such current evidence and reveal a

strong dynamic association between ΔdACC Glu and ΔrsFC when
a smoker transitions from nicotine satiety to abstinence. Interest-
ingly, the reduction in dACC Glu was associated with an increase
in dACC rsFC strength with distal frontal cortical regions. Here we
speculate that the increase in connectivity strength is related to

Table 1. Demographics, nicotine smoking history, and psychiatric
assessment.

Demographics

Age (years) at start of study 38.3 ± 1.9 (22–56)

Males 18 (60%)

African American Race 19 (63%)

Years of education 13.0 ± 0.4 (8–24)

Full scale IQ (WASI) 96 ± 2.2 (78–123)

Currently employed 20 (66%)

Reports current legal issues 6 (20%)

History of direct exposure to assault 13 (43%)

BMI 27.4 ± 1 (19.5–43)

Plasma TSH (µU/mL) 1.05 ± 0.1 (0.39–3.16)

Age (years) of first alcohol drink 16.2 ± 0.8 (7–30)

Average number of drinks/ day 1.8 ± 0.3 (0–9)

Total duration (years) of alcohol drinking 9.0 ± 1.8 (0–39)

Nicotine smoking history

Age (years) of first smoking 16 ± 0.7 (8–30)

Number of cigarettes/days 17.7 ± 1.4 (7–40)

Total duration (years) of smoking 19.8 ± 1.9 (4–37)

Number of quit attempts 7.1 ± 1.7 (0–30)

Cumulative total duration (days) of abstinence 204 ± 101 (0–2920)

Reported withdrawal manifestations upon
stopping

28 (93%)

Fagerstrom score 5.3 ± 0.3 (2–8)

Psychiatric assessments

Beck Depression Inventory 3.1 ± 0.6 (0–11)

Revised Social Anhedonia Scale 11.2 ± 1.3 (3–28)

Physical Anhedonia Scale 12.1 ± 1.5 (1–32)

Beck Anxiety Inventory 2.2 ± 0.6 (0–11)

Barratt Impulsiveness Scale 62 ± 1.7 (45–77)

Adult ADHD Self Report Scale

Part A: Inattention 7.8 ± 0.9 (1–15)

Part B: Hyperactivity 8 ± 0.8 (1–17)

Toronto Alexithymia Scale (TAS-20)

Subscale 1: Difficulty identifying feelings 10 ± 0.8 (7–19)

Subscale 2: Difficulty describing feelings 7.8 ± 0.7 (5–18)

Subscale 3: Externally oriented thinking 18.2 ± 0.7 (10–24)

Data are presented as mean ± SEM (range) or number (%).
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increased subjective withdrawal (ΔWSWS) and craving (ΔTCS)
symptoms, i.e., as the connectivity strength decreased, withdrawal
symptoms increased. We speculate that acute nicotine abstinence
caused the reduction in dACC Glu, which in turn increased FC
strength. However, the flow of information is hampered, as
evident by the increase in withdrawal symptoms. During nicotine
deprivation, Glu is reduced across certain brain regions such as
dACC, which allows only limited dynamic changes at rest and
hence more synchronization, which is reflected as greater rsFC
strength and manifests clinically as nicotine withdrawal and
craving. This presumptive model, albeit simplistic, is in agreement
with a recent model proposed by Moeller et al. where the authors
argue that corticolimbic rsFC can provide an intermediate
phenotype to explain associations between addiction-relevant
glutamatergic alterations and addiction symptomatology (e.g.,
craving, drug-seeking, engagement with treatment) [31]. This
schema is also consistent with previous reports showing a
reduction in dACC Glx in smokers after 48 h of nicotine
deprivation [73] and significant reduction after 12 weeks of
abstinence on varenicline treatment [39]. Of course, the data
presented here are correlational and interventional studies are
required to demonstrate causation.
The roles that the two frontal subregions (SFG and MFG)

identified as part of our functional circuits play in nicotine
withdrawal remains under investigation. The SFG is involved in a
variety of functions ranging from cognitive control [74] and

switching between distinct cognitive tasks [67], to working memory
[75], humor appreciation [76], and overall cognitive wellbeing [77]. In
contrast, the MFG is strategically positioned in the junction between
top-down, goal-directed and bottom-up, stimulus-driven visual
attention control streams [78]. With this unique nodal location, the
MFG integrates and computes “on-line” storage and processing of
spatial information [79] to reorient attention from exogenous to
endogenous attentional control [78]. These cognitive processes are
modulated by nicotine. Specifically, nicotine enhances reorienting of
attention in visuospatial tasks [80–84] while nicotine withdrawal
disrupts spatial memory in preclinical model [85].
Given that smokers experience decrements in cognitive

performance during withdrawal [13, 36, 86–88], it is plausible
that information processing in this frontal subregion is compro-
mised and may in turn contribute to processing of smoking-
associated stimuli. In support of this conjuncture, McClernon et al.
reported greater SFG and MFG activation to smoking cues in
dependent smokers following overnight abstinence with
abstinence-induced changes in craving positively correlated with
changes in bilateral MFG amplitude [25]. Similarly, Due et al.
observed smoking cue-activation in MFG [89]. We found herein
significant correlation between changes in withdrawal and craving
(ΔWSWS and ΔTCQ total scores) and rsFC between dACC and
LSFG. Further studies are needed to explore the specific role of
these frontal subregions in mediating cognitive domains asso-
ciated with the NWS and whether, e.g., non-invasive brain

Table 2. Biological and clinical manifestations of acute nicotine withdrawal.

Nicotine satiety state Nicotine withdrawal state Paired t-test

Exhaled carbon monoxide (CO PPM) 4.767 ± 0.52 4.86 ± 0.37 t= 0.148, P= 0.8

Nicotine (µg/mL) 11.29 ± 0.91 0.3 ± 0.05 t= 11.96, P < 0.0001

Cotinine (µg/mL) 97.51 ± 5.84 30.92 ± 3.72 t= 10.41, P < 0.0001

Total adenosine (µM/mL) 114.0 ± 43.5 19.4 ± 3.8 t= 2.18, P= 0.03

Adenosine Mono-Phosphate (AMP, µM/mL) 146.5 ± 25.3 13.6 ± 2.1 t= 5.366, P < 0.0001

Adenosine Tri-Phosphate (ATP, µM/mL) 13.3 ± 4.5 8.2 ± 1.5 t= 1.038, P= 0.3

Wisconsin Smoking Withdrawal Scale (WSWS)

Total score 43.5 ± 2.6 50.8 ± 3.1 t= 3.005, P= 0.005

Anger 3.2 ± 0.5 4.3 ± 0.7 t= 1.967, P= 0.059

Anxiety 5.1 ± 0.5 6.2 ± 0.6 t= 2.703, P= 0.011

Concentration 3.7 ± 0.4 4.5 ± 0.4 t= 2.693, P= 0.011

Craving 10.2 ± 0.8 10.9 ± 0.8 t= 0.8616, P= 0.3

Hunger 9.5 ± 0.7 10.6 ± 0.6 t= 1.588, P= 0.1

Sadness 3.7 ± 0.3 5.2 ± 0.5 t= 3.453, P= 0.001

Sleep 7.9 ± 0.7 8.9 ± 0.8 t= 1.742, P= 0.09

Tobacco Craving Questionnaire (TCQ)

TCQ Total score 46.7 ± 2.9 51.9 ± 3.6 t= 2.661, P= 0.013

TCQ Factor 1 (Emotionality) 8.5 ± 0.9 11.4 ± 1.1 t= 4.667, P < 0.0001

TCQ Factor 2 (Expectancy) 16.0 ± 0.9 16.07 ± 0.9 t= 0.1153, P= 0.9

TCQ Factor 3 (Compulsivity) 8.8 ± 1.0 10.1 ± 1.1 t= 2.282, P= 0.03

TCQ Factor 4 (Purposefulness) 13.4 ± 0.7 14.3 ± 0.8 t= 1.47, P= 0.1

Positive and Negative Affective State (PANAS)

PANAS Positive Subscale 34.8 ± 1.4 31.2 ± 1.3 t= 3.062, P= 0.004

PANAS Negative subscale 11.7 ± 0.4 13.3 ± 1.0 t= 1.995, P= 0.055

Other scales

State Trait Anxiety Inventory-State (STAI-S) 18.2 ± 0.9 22.1 ± 1.3 t= 3.777, P= 0.001

Tobacco Craving Scale (TCS) 32.5 ± 2.4 36.7 ± 2.6 t= 2.151, P= 0.040

Perceived Stress Scale (PSS) 13.7 ± 1.3 14 ± 1.3 t= 0.6272, P= 0.5

Snaith Hamilton Anhedonia scale (SHAPS) 1.16 ± 0.2 1.89 ± 0.4 t= 1.603, P= 0.1

Data are presented as mean ± SEM.
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stimulation (i.e. TMS, tDCS, etc.) could be utilized to enhance
cognitive function during early abstinence.
The effect of nicotine withdrawal on glutamatergic signaling

seems to depend on several factors. For instance, in preclinical
models nicotine withdrawal leads to downregulation of metabo-
tropic glutamatergic 2/3 receptors (mGluR2/3) [90] and astrocytic
glutamate transporter (GLT1) expression in limbic regions [91].

Since mGluR2/3 are presynaptic and function to inhibit glutamate
release, its downregulation is expected to cause an increase in
synaptic glutamate. Similarly, as GLT1 removes glutamate from
the synaptic region, its inhibition also could lead to an increase in
synaptic glutamate concentration. However, without quick replen-
ishment, increased release and reduced uptake of synaptic
glutamate eventually reduces the astrocytic glutamate–glutamine

Fig. 1 Relationship between changes in plasma nicotine and clinical manifestations of withdrawal. Correlation analysis between the
change (Δ) in plasma nicotine concentrations (Withdrawal-satiety) and a ΔPANAS positive subscale; r= 0.393, P= 0.03), and b with ΔSATI-S,
r=−0.506m P= 0.019).

Fig. 2 dACC rsFC and Glu changes between nicotine satiety and withdrawal. a Merged dACC MRS voxel in the sagittal, axial and coronal
planes. Color spectrum from green to red denotes the degree of overlap. b The ≥80% voxel overlap used as seed for whole brain resting state
functional connectivity analysis. c Voxel-wise resting state one-sample T-test analysis when contrasting withdrawal and satiety conditions.
Significant cluster (Pcorrected < 0.05) at the left superior frontal gyrus (LSFG) shown in the three planes. d rsFC z-values in both satiety and
withdrawal conditions and e shows the correlation between Δ-dACC Glu and Δ-rsFC (dACC-LSFG) F(1,20)= 7.497, P= 0.012 by linear
regression. f Voxel-wise resting state one-sample T-test analysis when contrasting withdrawal and satiety conditions. Significant cluster
(Pcorrected < 0.05) at the right middle frontal gyrus (RMFG) in the three planes. g rsFC z-values in both satiety and withdrawal and h the
correlation between Δ-dACC Glu and Δ-rsFC (dACC-RMFG) F(1,20)= 8.864, P= 0.007 by linear regression.

Short-term nicotine deprivation alters dorsal anterior cingulate. . .
OA Abulseoud et al.

1925

Neuropsychopharmacology (2020) 45:1920 – 1930



shuttle and leads to reduced glutamate concentration [92].
Furthermore, glutamatergic signaling is involved in mediating
different aspects of nicotine use disorder, including the motivation
to smoke [93]. Mechanistically, presynaptic nAChRs positively
regulate the release of various neurotransmitters, including
glutamate [94, 95]. As most cortical projecting efferent fibers
utilize glutamate as their transmitter, enhanced glutamate release
modifies the motivation to self-administer nicotine in preclinical
models [96]. Taken together, it is possible that glutamate
concentration changes over the course of withdrawal, with initial
increases followed by normalization and then an overall reduction.
However, this explanation remains speculative and requires
further testing in preclinical models.
We investigated the changes in adenosine levels during

withdrawal because of its important role in fine-tuning synaptic
transmission [97]. It is well accepted that to ensure maintenance of
synaptic transmission, adenosine can inhibit [98–100] or increase
[101, 102] glutamate release and uptake [103] in specific brain
regions depending on the state of neuronal activity. We observed
marked reduction in plasma adenosine and AMP concentrations
(Table 2) while ATP remained unchanged during withdrawal.
Adenosine is synthesized in neuronal and glial cells mostly

through the hydrolysis of ATP [104] and is then released into the
synaptic space through equilibrative nucleoside transporter (ENT)
to exert its action by activating multiple G-protein coupled
adenosine receptor subtypes, i.e., A1, A2A, A2B, and A3 [104].
ENT also transports adenosine back into astrocytes where it
undergoes rapid degradation into AMP by adenosine kinase or into
inosine by adenosine deaminase [104, 105]. Brain-synthesized
adenosine is transported across the blood brain barrier [106], while
plasma adenosine is sequestered by the brain microvasculature
after transport and is rapidly converted to adenosine metabolites
[106]. Nicotine increases the activity of ATPase [107, 108] and the
concentration of extracellular adenosine [109] and cyclic AMP
[110]. As such, our results suggest that during nicotine deprivation,
the synthesis of ATP is not affected, while the conversion of ATP
into adenosine and then into AMP is inhibited, leading to reduced
adenosine and AMP levels. It is important here to note that we
measured peripheral and not brain adenosine and it is not entirely
clear whether changes in plasma adenosine reflect corresponding
changes in brain adenosine. However, one study showed rapid rise
in plasma adenosine levels following acute brain insults such as
transient ischemic attacks and strokes [111]. Taking this into
consideration, it is plausible to suggest that acute nicotine
withdrawal caused reduction in brain adenosine concentration
that is reflected in low plasma adenosine levels. This hypothesis
requires testing in preclinical models. Given the well documented
influence of adenosine on glutamatergic terminals, if nicotine
withdrawal state indeed reduces brain adenosine concentration,
this could bring new insight into the mechanisms through which
nicotine modulates glutamatergic neurotransmission.

Interestingly, we did not find any correlation between levels of
adenosine, ATP or AMP and clinical NWS manifestations. These
negative results are in line with a previous report that showed that
the severity of mecamylamine-induced nicotine withdrawal was
not different between wild-type and A2AR knockout mice, which
suggest that A2AR do not participate in the expression of the
somatic component of nicotine withdrawal [112, 113]. However, a
second study reported that either increasing or decreasing the
activity at A2AR was found to prevent the aversive motivational
response to withdrawal from chronic, but not acute nicotine
administration [114]. It is relevant here to note that A1 receptors
are widely distributed in the cortex, hippocampus, and cerebel-
lum, while A2A receptors are localized mainly in the striatum and
olfactory bulb (A2B and A3 receptors are found at low levels of
expression) [115]. A2A receptors are found in receptor clusters
with dopamine and glutamate receptors [116] and A2A-D2-mGlu5
receptor mosaics have been discovered [117]. Striatal A2A
receptors colocalize with dopamine D2 receptor to form A2A-D2
heteromers, which modulate dopamine-dependent striatal func-
tions such as reward-oriented behavior and learning of stimulus-
reward and reward-response associations [118, 119]. In addition,
there is a high density of A2A receptors that regulate cortico-
accumbens glutamatergic transmission, among the main circuits
involved in compulsive drug seeking and relapse [120]. As such,
adenosine is a major modulator for dopaminergic and glutama-
tergic neurotransmitter systems involved in nicotine reward and
withdrawal [112]. Moreover, adenosine enhances nicotine-induced
locomotor sensitization possibly through functional interaction
between nicotinic and adenosine A2A receptors in striatal
dopaminergic terminals [121]. Potential therapeutic benefits of
A2A receptor agonists or antagonists is still a matter of debate.
While nicotine-induced conditioned place preference was sup-
pressed in A2A knockout mice [113], treatment with A2A receptor
agonists reduced locomotor sensitization and conditioned loco-
motion to nicotine, which can help counteract the abuse actions
of nicotine [122].
In contrast, caffeine, a non-selective A2AR antagonist [123] has

been reported to produce an anxiolytic effect in nicotine-
dependent rats, and enhance sensitivity to nicotine during
nicotine withdrawal [124]. However, whether drinking caffeinated
beverages during smoking cessation would help smokers stay
abstinent remains largely unknown. These mixed results, along
with ours and recent data showing a pivotal role of adenosine in
mediating nicotine-induced upregulation of α7 nAChRs without
affecting α4β2 receptor upregulation [125], reflect the complex
relationship between nicotine and adenosine and call for further
studies to examine the potential utility of adenosine signaling
pathway (and potentially its relationship with dACC Glu) as a novel
therapeutic target to attenuate withdrawal manifestations.
Surprisingly, our results did not show any effect for age, sex,

duration of smoking or cigarette packs smoked over lifetime on

Fig. 3 The relationship between changes in resting state functional connectivity strength and clinical manifestations of nicotine
withdrawal. The change (withdrawal-satiety) in rsFC between dACC and LSFG correlates with a change in WSWS total score F(1,20)= 4.824,
P= 0.04 and b with the change in total TCS: F(1,20)= 7.231, P= 0.014 by linear regression.
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ΔdACC Glu or Δadenosine concentrations (See Supplementary
materials). Durazzo et al. reported negative correlation between
ACC Glu and age among sated smokers (n= 35) but not among
non-smokers (n= 30) [4]. Others have reported age-related
differences in glutamate concentration in other brain regions in
healthy controls [126]. We did not find significant correlation
between age and sated dACC Glu or between age and ΔdACC Glu.
This discrepancy could be related to subtle differences in voxel
placement (i.e., perigenual ACC in Durazzo et al. and dACC in this
study), sample size, or in subjects sex distribution. Durazzo’s
cohort consisted predominantly of males (31/4) while our sample
consisted of both males and females (18/12).
The results of this study should be viewed in light of its strength

and limitations. First, we compared nicotine satiety to deprivation
by using a nicotine and matching placebo patch to ensure blinding
of nicotine status. Nicotine delivery through the patch has different
pharmacokinetics from smoking, so our results may differ in
deprived vs. active smoking individuals. Second, we chose to use a
cross-over study design where every participant acts as his or her
own control to nullify variations between groups, control for scan
order and to enhance statistical power compared to cross-sectional
designs [127]. In addition, we did not include a non-smoking
control group, so our study does not provide insights related to the
impact of smoking per se on dACC Glu levels and rsFC. Third,
participants in this study were non-treatment seeking smokers
who had only to consent to two acute abstinent days prior to
scanning. The study was not designed to understand smoking
cessation or test for an intervention. As smokers often take brief
smoking holidays due to travel, illness, or other factors, we do not
believe that motivation to quit interacted with this short-term
experimental induced abstinence. They did report on average
7.1 ± 1.7 quit attempts during their lifetime. Fourth, our estimates
of Glu may not be completely resolved from Gln as the presence of
macromolecular resonances complicate quantification given the
current acquisition parameters. That said, the changes we
observed in the Glx peak region is most likely attributed to Glu.
It should also be noted that Glu measured by 1H-MRS reflects total
intracellular and extracellular glutamatergic pools and is not
specific for synaptic glutamate [128]. However, given that the
concentration of Glu is 20-fold higher in synaptic vesicles than in
the cytoplasm [129] and assuming the stability of the TCA cycle
rate, observed changes in measured Glu can likely be attributed to
changes in synaptic glutamate concentration. This assumption
requires further testing through 13C-spectroscopy studies [130].
Finally, we used spectroscopy metabolites expressed as ratios to

creatine to correct for partial volume effects assuming the stability
of creatine. This method is widely accepted by many [32, 55], but
not all [131] spectroscopy researchers.
Despite these limitations, the results of this study improve our

understanding of the complex brain changes underlying the NWS
and the intriguing role of glutamatergic signaling in initiating the
cascade of events that translate into clinical manifestations and
highlight several potential novel therapeutic targets for further
investigation. Equally important, our results highlight the associa-
tion between glutamatergic neurotransmitter on network func-
tional connectivity strength and raise an important point that
increased connectivity strength does not necessarily mean better
functionality.
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