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Intrinsic differences in insular circuits moderate the negative
association between nicotine dependence and cingulate-striatal
connectivity strength
Robin J. Keeley 1, Li-Ming Hsu 1,2, Julia K. Brynildsen1,3, Hanbing Lu1, Yihong Yang1 and Elliot A. Stein1

The development of brain-based biomarkers to assess nicotine dependence severity and treatment efficacy are essential to
improve the current marginally effective treatment outcomes. Cross-sectional resting state functional connectivity (rsFC) studies in
humans identified a circuit between the dorsal anterior cingulate cortex and the ventral striatum that negatively correlated with
increased nicotine dependence severity but was unaffected by acute nicotine administration, suggesting a trait marker of addiction.
However, whether this trait circuit dysregulation is predispositional to or resultant from nicotine dependence is unclear. Using a rat
model of nicotine dependence with longitudinal fMRI measurements, we assessed the relationship between ACC-striatal rsFC and
nicotine dependence severity. Data-driven modularity-based parcellation of the rat medial prefrontal cortex (mPFC) combined with
seed-based connectivity analysis with the striatum recapitulated the cingulate-striatum relationship observed in humans.
Furthermore, the relationship between cingulate-striatal brain circuits and nicotine dependence severity as indexed by the intensity
of precipitated withdrawal, was fully statistically moderated by a predispositional insular-frontal cortical functional circuit. These
data suggest that the identified trans-species ACC-striatal circuit relationship with nicotine dependence severity is dysregulated
following chronic nicotine administration-induced dependence and may be biased by individual differences in predispositional
insula-based striatal-frontal circuits, highlighting the circuit’s potential as a biomarker of dependence severity.
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INTRODUCTION
Smoking is the leading cause of preventable death in the US [1].
Current behavioral and pharmacological treatment strategies are
only marginally effective, with 75–95% of smokers relapsing
within 6 months of a quit attempt [2]. Incomplete understanding
of nicotine addiction as a system level brain disease necessitates
the establishment of brain-based biomarkers of disease severity,
which would permit the assessment of novel, individually targeted
treatment strategies and more efficacious treatments for smoking
and resultant nicotine addiction [3]. Cross-sectional studies in
smokers using functional magnetic resonance imaging (fMRI)
resting state functional connectivity (rsFC) have identified that
connectivity between the dorsal anterior cingulate cortex (dACC)
and the ventral striatum (VS) is negatively associated with nicotine
dependence severity [4]. The strength of this functional circuit,
which is modulated by genetic polymorphisms in the α5 nicotinic
receptor [5] and the nicotine metabolism enzyme CYP2A6 [6], is
unchanged following acute nicotine patch administration, sug-
gesting its utility as a putative biomarker of trait nicotine
addiction. Although these regions and circuits were recapitulated
in these three studies from independent cohorts of smokers using
distinct analytical strategies, it remains unknown whether they

were predispositional and contributed to the development of
dependence or were resultant from long-term smoking.
fMRI provides unique translational and reverse translational

systems level insight, since measures obtained across species are
based on a common signal from the same biophysical principles
[7]. Preclinical fMRI is uniquely suited to query the resultant and/or
predispositional nature of brain circuits, and consistent homo-
logies in brain function and organization have been identified
[8, 9]. Using this approach, we have recently identified insular
centric circuits in a rat model of nicotine dependence that
predisposed to subsequent nicotine dependence severity [10].
Thus, to mechanistically explain the relationship between ACC-
striatal rsFC circuit alterations and nicotine dependence severity
observed in humans, we combined longitudinal fMRI and
behavioral pharmacology in drug naive and nicotine-dependent
rats to expand upon our previous predispositional circuit findings
[10] and uncover the relationship between predispositional
circuits and those that change as a function of nicotine
dependence.
Although there is general agreement as to the anatomical

constituents of the rat medial prefrontal cortex (mPFC), which
includes the infralimbic (IL), prelimbic (PrL) and cingulate cortices
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[11–13], there is little consensus on the functional and/or
anatomical homology to the human ACC [14, 15]. We thus first
applied data driven, graph theory based modularity analysis [16]
to segment the rat mPFC into modules or regions with similar
functional connectivity patterns. Rodent models of nicotine
dependence [17] show dose- and duration-dependent withdrawal
signs [18] similar to that observed in humans [19]. As withdrawal
severity in humans predicts smoking relapse [20, 21], we
administered mecamylamine, a nonspecific nicotinic receptor
antagonist, to precipitate somatic withdrawal and used a
quantitative measure of behavioral signs as a marker of nicotine
dependence severity [22]. We next quantified functional circuits
between these mPFC modules and the striatum and assessed the
relationship of identified circuits with nicotine dependence
severity. We predicted that a similar negative association between
cingulate-striatal connectivity and nicotine dependence severity
would be observed, paralleling that observed in humans. Finally,
we performed moderation analyses to determine the role of
individual differences in pre-drug insular-based circuits [10] on the
relationship between nicotine-induced brain circuit changes and
nicotine dependence. Using this exploratory model, we further
predicted that pre-drug baseline connectivity would moderate the
observed connectivity-dependence relationship.

MATERIALS AND METHODS
Subjects and general experimental design
Groups of male Sprague-Dawley rats (275–300 g; n= 12/group)
were administered saline, low (1.2 mg/kg/d) or high dose nicotine
(4.8 mg/kg/d) with nicotine doses calculated as free base, using an
implanted osmotic minipump that passively delivered intermittent
(1 h ON–1 h OFF) nicotine for ~14 days [17]. The experimental
design was based on a previous behavioral study [17]; imaging
results from the current cohort of rats, which addressed a different
but complementary question, have been published previously
[10]. Only male rats were used in this study given the known sex
differences in response to nicotine, particularly in relation to
nicotine withdrawal [for review, see 23]. Somatic signs of
precipitated nicotine withdrawal, used as an index of nicotine
dependence severity, were induced via s.c. injection of 1.5 mg/kg
mecamylamine [22] and were assessed one day before each MRI
scan: Day 0 (pre-drug baseline); Day 15 (peak dependence) and
Day 29 (after 14 days of abstinence). MRI scanning was performed
before pump implantation on Day 1 (pre-drug baseline), 16 (peak
dependence) and 30 (abstinence). See Fig. 1a for experimental
timeline. Imaging was conducted on separate days from
precipitated withdrawal testing to ensure rats were not in acute,
precipitated withdrawal during scanning. Investigators were blind
to group during behavioral testing and MRI acquisition. Data from
a subset of rats (pre-drug: n= 4; peak dependence: n= 1;
abstinence: n= 3) were not analyzed due to insufficient anesthe-
sia plane, with the final N’s for each day as follows: pre-drug: SAL:
n= 11, LN: n= 11, HN: n= 10; peak dependence: SAL: n= 11, LN:
n= 12, HN: n= 12; abstinence: SAL: n= 12, LN: n= 11, HN: n=
10). All study procedures were approved by the Animal Care and
Use Committee of the National Institute on Drug Abuse,
Intramural Research Program.

Intermittent nicotine administration
An intermittent, passive nicotine administration approach, devel-
oped by our group [17], used a modified osmotic minipump
(model 2ML4; Alzet) in combination with a Lynch coil (PE60
tubing) to deliver i.p. saline or nicotine (nicotine hydrogen tartrate
salt, dissolved in 0.9% sodium chloride and pH adjusted to 7.2+
0.5) in a fixed interval 1 h-ON-1 h-OFF pattern for ~14 days,
starting on Day 1. This method of intermittent nicotine delivery
produces consistent and precise phasic delivery of nicotine and
induces heightened and persistent dose-dependent precipitated

withdrawal behaviors as compared to continuous minipump
delivery [17]. Nicotine doses of 1.2 and 4.8 mg/kg/d were chosen
based upon previous studies of nicotine dependence [22, 24–26].
Pumps were implanted under isoflurane (2–3%) anesthesia.

MRI acquisition and preprocessing
Rats were anesthetized using a combination of low-dose isoflurane
(0.25–0.5%) and dexmedetomidine (s.c., 0.015mg/kg/h) during MRI
scanning using a Bruker Biospin 9.4 T/30 cm scanner, as previously
described [27]. BOLD acquisition began at least 1 h after anesthesia
induction to allow monitored physiology (heart rate, blood
pressure, respiration and body temperature) to stabilize [27, 28].
Physiological parameters did not vary as a function of nicotine
dose nor was there a dose × day interaction on any monitored
physiological measure (Fig. S1). At the beginning of each scan
session, a RARE sequence was used to acquire high-resolution, T2-
weighted anatomical images, which were subsequently used for
regional anatomical localization. A gradient-echo EPI sequence
(FOV= 32mm, matrix size = 64 × 64, repetition time= 1 s, echo
time= 15ms, 15 slices of 1mm thickness) was used to acquire an
fMRI dataset of 900 volumes.
Using AFNI [29], preprocessing steps included discarding the first

10 volumes to allow the MRI signal to reach steady state, slice
timing correction, motion correction and spatial smoothing (0.6mm
full-width at half-maximum). The fMRI images were aligned to their
corresponding T2-weighted images and then normalized to a
common 3D space aligned with a rat stereotaxic atlas [30]. To
improve the accuracy of spatial normalization, fMRI data from each
rat were aligned to the group averaged images. Finally, the
normalized images were linearly detrended and band-pass filtered
(0.01 < f < 0.5 Hz). This band-pass filter was chosen to retain high
frequency power (i.e., >0.1 Hz) and to remove noise generated from
respiration and heart rate without significant loss of purported
neuronal-based signal [9, 31]. Independent component analysis
(ICA) was used to identify and remove physiological, movement
and thermal (machine) noise components [32, 33], and the six head
movement parameters were regressed from the signal.

rsFC and modularity analysis
To functionally parcellate the rat mPFC, assumed to comprise
homologous brain regions to the human ACC [14, 15], we
selected voxels that overlapped with IL, PrL, and cingulate
cortices, based on a stereotaxic atlas [34], and conducted a
graph-theory based parcellation within this mask. We extracted
the time course from each voxel, computed the Pearson
correlation between every pair of voxels within the mPFC mask,
and correlation coefficients were converted to Fisher’s Z-values
before applying algebraic and statistical operations. Modularity
analysis was conducted using Newman’s spectral algorithm for
modular detection [35].
To evaluate the FC between the resultant mPFC modules and

the striatum in order to recapitulate circuit-nicotine dependence
severity relationships observed in human smokers [4–6], the
average time course of all voxels within each of the 5 module
masks were used as seeds in a subsequent rsFC analysis with the
anatomically defined striatum [34] (see Fig. S2). Given the high
connectivity between these brain modules (see Fig. S3), we used
partial correlations in order to understand the distinct con-
nectivity patterns of our identified functional mPFC modules
with the striatum that changed with nicotine dependence
severity. The spatial autocorrelation function (ACF), indicating
smoothness, was estimated using the 3dFWHMx function in AFNI
for each rat’s fMRI image. The ACF computes the spatial
autocorrelation of the data. A smoothing parameter which
consisted of the averaged ACF across rats was used with the
3dClustSim function in AFNI to estimate the probability of false
positive cluster. The significance threshold was set to p < 0.05
(puncorrected < 0.01, cluster size > 0.75 mm3).
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Statistics and moderation analysis
A generalized linear mixed-effects (LME) model in MATLAB
(MathWorks, Inc.) was used to model the dependence score (the
frequency of precipitated somatic withdrawal signs), including
fixed effects of nicotine dose and experimental day and their
interaction. A second, generalized LME design modeled the effect
of FC and nicotine dose on dependence in low and high dose
nicotine groups while including the fixed effects of nicotine dose.
To assess the association between FC and dependence score, the
imaging data on Day 16 (peak nicotine dependence) were used in
the model. As a post hoc control, we verified whether the circuits
identified at peak dependence, when measured at baseline, were
related to dependence behavior at Day 15 (peak dependence) to
determine if they were predispositional as well as consequent to
nicotine exposure. Separate LME models were used in saline
treated rats on all days and in nicotine-exposed rats at pre-drug
baseline and post abstinence as a control.
Previous work from our group using the same rat cohorts

identified that rsFC between an insular submodule and a striatal
module and an insular submodule and a frontal-executive module
prior to nicotine administration predicted the subsequent severity
of withdrawal signs following chronic nicotine administration [10].
We thus conducted an exploratory moderation analysis to
determine whether the relationship between peak withdrawal

behavior (our measure of dependence) and FC strength between
ACCm-striatum, ILm-NAc and PrLm-NAc was moderated by the FC
of these previously determined [10] baseline predictive circuits. A
moderation analysis model [36, 37] was constructed using the
structural equation modeling method [38] in AMOS 17.0. We first
identified significant relationships between FC after chronic
nicotine administration and nicotine dependence severity. Then,
using this moderation model and nicotine-exposed rats (N= 22),
the FC of both the striatal and frontal-executive submodules at
baseline were selected as two moderators of the association
between peak dependence FC and withdrawal behavior. In this
context, full moderation occurs when the relationship between
the independent variable and the dependent variable is no longer
significant with the inclusion of a moderator variable [36]. The
moderation model was estimated using the maximum likelihood
algorithm and statistically tested using a Chi-square test. The
moderation effect of each moderator for each brain-behavior
relationship was evaluated in the interaction between indepen-
dent and moderator variables. For significance testing in each
path, we utilized permutation testing which randomly resampled
the data 100,000 time and estimated the LME model for each
permutation. The distribution of t-statistic values was obtained,
and the significance level was set at p < 0.05 against the
randomized distribution.

Fig. 1 Intermittent nicotine's effects on dependence behavior and the modular definition of the rat mPFC. a Experimental timeline.
b Mecamylamine administration (1.5 mg/kg s.c.) induced dose-dependent increase in somatic withdrawal signs (Dependence Score; DS), a
marker of nicotine dependence severity, following two weeks of nicotine administration. Exposure to 4.8 mg/kg/d of nicotine increased DS
compared to baseline and following two weeks abstinence (p < 0.01), as well as compared to saline (p < 0.001) and 1.2 mg/kg/d of nicotine
(p < 0.05) treated groups. c Modularity analysis of the rat mPFC identified five modules illustrated in 3D color coded composite images. Line
graphs depict mean and SEM. *p < 0.05, **p < 0.01, ***p < 0.001. a, b Adapted from Hsu & Keeley et al. [10].
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Fig. 2 Anatomical representation of rsFC seeds from three frontal cortical modules (a, b, c; color-coded) to the masked striatum (pink).
a The circuit strength between the ILm seed and the right NAc (right panel) was positively correlated (F(1,21)= 12.69, pcorrected < 0.05) with
dependence severity. b The circuit strength between the PrLm seed and the left NAc (right panel) was positively associated with increased
dependence severity (F(1,21)= 15.82, pcorrected < 0.05). c Connectivity strength between the ACCm seed and the left posterior striatum (right
panel) was negatively associated with increased nicotine dependence (F(1,21)= 13.30, pcorrected < 0.05). d Circuit exemplars from three human
nicotine dependence studies illustrates a negative association between dACC seed and VS (left: top) connectivity and functional connectivity
strength (FCS) of dACC and VS (bottom panel) with nicotine dependence severity, as measured with the Fagerstrom Test of Nicotine
Dependence (FTND). Each study used different analytical strategies and independent cohorts of smokers and are consistent with the
homologous rodent data. Panels adapted from Hong et al. [4], Hong et al. [5], and Li et al. [6]. Note that data from saline-exposed rats (in gray)
in panels a–c are graphically represented but were not included in the regression analyses. Numbers under coronal brain sections indicate
approximate position from Bregma.

Intrinsic differences in insular circuits moderate the negative. . .
RJ Keeley et al.

1045

Neuropsychopharmacology (2020) 45:1042 – 1049



RESULTS
When challenged with an acute injection of mecamylamine
(1.5 mg/kg s.c.), rats implanted with a modified osmotic minipump
(Fig. 1a) demonstrated nicotine dose-dependent increases in
dependence severity (Fig. 1b). As reported previously [10], a
two-way ANOVA revealed a main effect of Dose (F(2,29)= 11.42,
p < 0.001) and a Dose × Day interaction (F(4,45)= 8.4, p < 0.001).
Peak behavioral withdrawal signs measured at Day 15 returned to
baseline levels following 14 days of forced abstinence. Treatment
with 4.8 mg/kg/d of nicotine increased behavioral withdrawal
signs compared to baseline (p < 0.01) and following two weeks of
abstinence (p < 0.01), as well as during peak dependence as
compared to treatment with saline (p < 0.001) and 1.2 mg/kg/d of
nicotine (p < 0.05).
Modularity analysis of the mPFC resting state BOLD signal

collected at peak dependence functionally defined five cortical
modules, named here based on their spatial overlap with known
neuroanatomical definitions [23]: infralimbic (ILm), prelimbic
(PrLm), anterior cingulate (ACCm), middle cingulate and posterior
cingulate (Fig. 1c; see Fig. S4 for spatial overlap of modules and
neuroanatomy). Using each module as a seed resulted in distinct
functional circuit patterns with discrete portions of the striatum
(Fig. 1c) that recapitulated known dorsal-ventral and anterior-
posterior functional distinctions of the rat mPFC [11–14]. For
example, the PrLm connectivity paralleled known anatomical
projections to the striatum [11].
We next correlated the strength of the functional circuits at peak

dependence between the five prefrontal cortical modules and the
striatum (see Fig. S2 for striatal mask) with dependence severity
scores at peak dependence to replicate circuit differences that scale
with severity of dependence. For this analysis, we used partial
correlations in order to understand the distinct connectivity patterns
of our identified functional mPFC modules with the striatum that
change with nicotine dependence severity, given high connectivity
between these modules (see Fig. S3). FC between three of the five
modules (PrLm, ILm, and ACCm) and the striatum were significantly
related to nicotine dependence severity; no FC-dependence severity
relationship was observed for the middle cingulate and posterior
cingulate modules, and they were thus not included in any
subsequent analyses. Specifically, increased connectivity strength
between the ILm and right nucleus accumbens (NAc; F(1,21)= 12.69,
pcorrected < 0.05; Fig. 2a) and between the PrLm and the left NAc
(F(1,21)= 15.82, pcorrected < 0.05; Fig. 2b), both of which parallel
known anatomical projections from IL and PrL to the NAc
[11, 39, 40], were positively associated with dependence severity.
There was a significant negative correlation between ACCm and left
posterior caudate putamen rsFC and nicotine dependence severity
(F(1,21)= 13.30, pcorrected < 0.05; Fig. 2c; referred to ACCm-striatum
rsFC for brevity), replicating cross-sectional findings in human
smokers (Fig. 2d) [4–6]. Critically, no significant associations between
ILm-, PrLm- and ACCm-striatal rsFC and dependence behavior were
observed at baseline, post-abstinence (Fig. S5) or at any timepoint
among saline-exposed rats (all pcorrected > 0.05).There was no
significant relationship between any circuits at baseline and nicotine
dependence severity at peak dependence (all pcorrected > 0.05;
Fig. S6). We also observed significant differences between baseline,
peak dependence and post abstinence brain-behavior association
for the three identified circuits (see Supplemental Results). We
conducted simple correlations between the functional modules and
the striatum, which revealed the shared variance in connectivity
between mPFC modules and the striatum that changed as a
function of nicotine dependence severity. Notably, simple correla-
tions revealed similar significance maps between all of the identified
mPFC modules and the striatum, with the exception of the posterior
cingulate seed (see Fig. S7). All p-values were Bonferroni corrected
across 3 seeds, 3 days and 2 treatment conditions (saline vs
nicotine). It is important to note that the rsFC of these circuits did
not change as a function of nicotine exposure (Fig. S8). These results

suggest that the relationships between frontal cortico-striatal
connectivity and nicotine dependence are consequent to chronic
nicotine exposure.
We next sought to determine whether these nicotine depen-

dent mPFC-striatal circuit changes were influenced by circuits that
predispose an animal to dependence [10]. Path analysis, using
nicotine-exposed rats (N= 22), identified a significant relationship
between nicotine dependent-changes in mPFC-striatal circuits at
peak dependence (Chi-square= 7.9, df= 3, p= 0.048). With the
inclusion of pre-drug insular-striatal and insular-frontal-executive
connectivity strength as moderators, a significant moderation
model was identified (Chi-square= 133.756, df= 27, p ≤ 0.001).
Path analysis demonstrated a significant impact of two circuits:
ILm-NAc FC (path coefficient= 0.514, p < 0.05) and PrLm-NAc FC
(path coefficient= 0.78, p < 0.01) on nicotine dependence severity
at peak dependence. Both the relationship between ILm-
(interaction coefficient= 0.822, p < 0.05) and PrLm-NAc rsFC
(interaction coefficient=−0.856, p < 0.01) and nicotine depen-
dence severity were partially moderated by pre-drug, baseline
insular-frontal-executive rsFC. Notably, the relationship between
ACCm-striatal rsFC and dependence severity at peak dependence
(path coefficient= 0.108, n.s.) was fully moderated by pre-drug,
baseline insular-frontal/executive rsFC (interaction effect= 0.827,
p < 0.05) and baseline insular-striatal rsFC (interaction effect=
−0.706, p < 0.05; Fig. 3). Importantly, full moderation was unique
to this circuit (Fig. S9). In sum, changes in ACCm-striatal circuit
strength, which tracks nicotine-induced dependence, are moder-
ated by individual differences in predispositional insular-frontal/
executive circuit and insular-striatal circuit strength.

DISCUSSION
Convergent with extant literature using independent smoking
cohorts and distinct analytic strategies [4–6], we observed a
decrease in ACC-striatal FC with increasing nicotine-induced
dependence severity. Using data-driven modularity to parse the
rat prefrontal cortex into functional units, we identified a circuit
between the ACCm (comprising portions of PrL and Cg1 [34]) and
the left posterior caudate, that negatively scaled with dependence
severity; this effect was not observed for FC between other mPFC
modules (discussed below) and was not observed as a predictor
circuit at baseline. The striatum and ACC, which are activated by
nicotine in humans and rodents [41, 42], are integral nodes in
circuits implicated in substance use disorders [43]. Allelic variation
in nicotine metabolism in humans, resulting in a presumptive
increase in brain nicotine concentration [44], is associated with
decreased network hub connectivity strength in both dACC and
VS and, in turn, with increased nicotine dependence [6],
supporting the idea that changes in ACC-striatal connectivity are
consequential to chronic, dependence producing nicotine expo-
sure. Our data are convergent with known changes in BOLD signal
response and rsFC between prefrontal and striatal circuits in rats
with intermittent and repeated doses of nicotine [45–47]. Taken
together with other preclinical and human research, the present
longitudinal data suggest that the ACC-striatal circuit identified
herein, which parallel cross-sectional findings in human smo-
kers [4–6], is not predispositional [10], but rather is a nicotine-
induced trait marker of nicotine dependence [3]. Finally, this work
provides evidence that the rat ACCm is a/the putative functional
homologue of human dACC, as it follows a consistent directional
change in connectivity with the development of nicotine
dependence.
The identified functional ACCm-striatal circuit relationship with

nicotine dependence severity critically builds upon our recently
identified pre-drug exposure insular-frontal circuit as a predictor of
subsequent nicotine dependence severity [10]. Convergent with
the role of the insula, our previous cross-sectional human smoker
studies identified the insula as critical for the interaction between
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nicotine metabolism-induced dACC and ventral striatal connectiv-
ity hub strength [6]. The insula and ACC are key nodes in the
Salience Network (SN) [48], and the balance between the SN and
networks driving self-referential thought and executive control are
hypothesized as key to allocating cognitive resources in health
and neuropsychiatric disease [49, 50], including nicotine depen-
dence [51]. Herein, using an exploratory moderation analysis, we
demonstrate that the relationship between dependence severity
and ACCm-striatal FC strength is statistically moderated by
predispositional individual differences in connectivity between
insular and both frontal-executive regions, which overlap with
the identified ACCm, and the striatum. Thus, changes in the
association between ACC-striatal connectivity and nicotine
dependence behavior following nicotine administration predomi-
nantly occurs in those individuals with increased baseline insular-
frontal and insular-striatal circuit connectivity. In other words, we
provide evidence that insular-ACC and insular-striatal connectivity
strength may bias downstream ACC-striatal connectivity and its
relationship to severity of dependence following exposure to
nicotine, and this effect is observed particularly within this
apparent homologous circuit in rodents and humans.
These findings provide evidence for the rat ACCm as a/the

putative functional homologue of human dACC, in agreement
with anatomical and structural connectivity analyses across
species [11, 40, 52], since its connectivity with the striatum is
also negatively associated with nicotine dependence severity.
Here, ACCm-left posterior caudate connectivity was associated

with nicotine dependence severity as measured with somatic
signs of withdrawal whereas in our previous human studies, ACC-
ventral striatum connectivity was associated with the severity of
nicotine dependence as indexed by the behavioral scores on the
Fagerstrom Test for Nicotine Dependence [4–6]. In those studies,
while the cluster identified in the striatum was named ‘ventral
striatum,’ this statistically significant group of voxels, across these
three studies, included other regions which overlapped with
portions of the dorsal striatum (see Fig. 2d), as observed herein.
Any regions that fall outside of this overlap may be a result of
species differences across humans and rodents and/or the
different measures of dependence estimation. Furthermore, the
observed negative association between ACCm-striatum and
nicotine dependence severity was observed using partial correla-
tions, which can identify the unique contributions of each module
to the relationship between striatal connectivity and nicotine
dependence severity. Notably, simple correlation analysis revealed
overlap in the pattern of connectivity with the striatum that varied
as a function of nicotine dependence, further supporting the use
of partial correlations to reveal distinct functional connectivity
patterns that can parallel known anatomical connections [53].
Given the known functional parcellations of the rat mPFC [11] and
their separate roles in substance use disorders [43], the identifica-
tion of unique (using partial correlations) as compared to common
(using simple correlations) mPFC module-striatal connectivity best
addressed the question of recapitulating, in rodents, a circuit first
described in human smokers.

Fig. 3 Graphic illustration of the moderation analysis. Results depict the relationship between nicotine dependence severity (dependent
variable) and mPFC- (ILm, PrLm and ACCm) striatal circuits from Fig. 2 (independent variables) with the influence (moderation) of pre-
drug insular-striatal and insular -frontal-executive circuits (moderators). The baseline moderators were derived from previously published
findings (Hsu et al. [10]). Path analysis using only nicotine-exposed rats (N= 22) identified a significant relationship between nicotine
dependent-changes in mPFC-striatal circuits at peak dependence. The association between PrLm- and ILm-NAc rsFC and dependence severity
were partially moderated whereas the association between ACCm-striatal rsFC and baseline dependence severity was fully moderated by
baseline insular-frontal-executive rsFC and baseline insular-striatal rsFC. Dotted lines between brain ROIs represent rsFC. Solid lines indicate
significant moderation, dashed lines represent non-significant moderation effects and dotted lines represent rsFC. Arrowheads of dotted lines
(i.e. rsFC) do not denote directionality and only indicate the seed and consequent rsFC results. n.s. p > 0.05, *p < 0.05, **p < 0.01.
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We also demonstrated functional distinctions between PrL, IL,
and the Cg1/2 subregions [11, 14, 54]. PrLm-NAc and ILm-NAc
connectivity shared consistent positive relationships with depen-
dence, although both were only partially moderated by baseline
insular connectivity. PrL and IL share extensive reciprocal
connectivity [54], both project to the NAc [11, 39, 40] and are
implicated in the etiology of substance use disorders [43]. The
positive association between ILm- and PrLm-NAc connectivity and
dependence severity may reflect the role of these circuits in
aspects of nicotine dependence outside of the currently measured
somatic signs of dependence severity, which represents only one
facet of the complex, multi-dimensional nicotine withdrawal
syndrome [55–58]. For example, that smokers show enhanced
striatal-PFC FC strength following smoking cue presentation [59]
and IL and PrL connectivity with the striatum increases following
acute and chronic administration of nicotine [45–47] may help
explain the greater connectivity strength between frontal-striatal
regions observed here. Future work should seek to identify the
relationship between the IL- and PrL-striatal connectivity with
nicotine dependence and nicotine withdrawal syndrome, includ-
ing changes in affective and executive functions [60].
Despite the strengths of the current study, several limitations

remain. Notably, these data were previously analyzed to identify
circuits that predict nicotine dependence severity [10]. Replicating
these findings and those observed here in an independent sample
would further strengthen and support these observations.
Furthermore, MRI data acquisition during peak dependence could
have been influenced by acute, spontaneous withdrawal, given
that the modified osmotic minipumps were formulated to last
for 14 days of nicotine administration. Although there was no
change in anesthesia plane or any physiological measure
reflective of withdrawal as a function of nicotine administration
and scanning days (see Fig. S1), this does not necessarily preclude
an interaction between nicotine withdrawal and anesthesia that
might have contributed to these correlations. Finally, although
statistically significant, our moderation analysis should be
considered exploratory as we had available a relatively small
sample size (N= 22) which may have led to an underpowered
analysis model.
These limitations notwithstanding, we interpret our findings

that a pre-drug administration insular-ACC functional circuit within
a rodent homologue of the human SN, first observed cross-
sectionally in humans and recapitulated herein, may drive
nicotine-induced changes in ACC-striatal connectivity and its
relationship with nicotine dependence severity. Our findings
describe the intersection between predispositional individual
differences and drug-induced causation. Since decreased con-
nectivity between ACC and the striatum has also been associated
with predicting relapse following a quit attempt [61], this circuit
may serve as a novel treatment target. Directly targeting this
cingulate-striatal circuit, whether with optogenetic, chemogenetic
or noninvasive brain stimulation, may help determine whether
such a circuit-based approach is a clinically useful treatment
biomarker that could increase the probability to successfully quit
smoking and thus reduce disease burden.
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