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Abstract

Background and Objectives—Opioid use disorder (OUD) is a chronic disorder with relapse
based on both desire for reinforcement (craving) and avoidance of withdrawal. The aversive aspect
of dependence and relapse has been associated with a small brain structure called the habenula,
which expresses large numbers of both opioid and nicotinic receptors. Additionally, opioid
withdrawal symptoms can be induced in opioid-treated rodents by blocking not only opioid, but
also nicotinic receptors. This receptor co-localization and cross-induction of withdrawal therefore
might lead to genetic variation in the nicotinic receptor influencing development of human opioid
dependence through its impact on the aversive components of opioid dependence.

Methods—We studied habenular resting state functional connectivity with related brain
structures, specifically the striatum. We compared abstinent psychiatric patients who use opioids
(N=51) to psychiatric patients who don’t (N=254) to identify an endophenotype of opioid use that
focused on withdrawal avoidance and aversion rather than the more commonly examined craving
aspects of relapse.

Results—We found that habenula — striatal connectivity was stronger in opioid-using patients.
Increased habenula-striatum connectivity was observed in opioid-using patients with the low risk
rs16969968 GG genotype, but not in patients carrying the high risk AG or AA genotypes.
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Conclusions—We propose that increased habenula — striatum functional connectivity may be
modulated by the nicotinic receptor variant rs16969968 and may lead to increased opioid use.

Scientific Significance—Our data uncovered a promising brain target for development of
novel anti-addiction therapies and may help the development of personalized therapies against
opioid abuse.

Introduction

Abuse of both prescription opioids and heroin has increased over the last several years,
leading to more reported cases of Opioid Use Disorder (OUD). Between 2000 and 2014,
annual deaths from abuse of prescription opioids increased from 4,400 to 18,900, while the
number of deaths due to heroin overdose increased from 1,800 to 10,600 in the USAL
Motivational drivers for continued opioid use include first, seeking the rewards and positive
reinforcement of acute opioid use and second, avoiding withdrawal and its negative
reinforcement after dependence has developed. The second component, withdrawal
avoidance, can include both acute opioid withdrawal syndrome (1-2 weeks) and protracted
withdrawal that can persist for months after discontinuation?.

While there are no good animal models of protracted withdrawal and negative
reinforcement, precipitated opioid withdrawal in rodents serves as an animal model of acute
withdrawal. In this model, a mouse or rat is semi-chronically treated with morphine,
followed by precipitated withdrawal using an opioid receptor antagonist, such as naloxone.
A rodent model of withdrawal also has been successfully used for nicotine, precipitating
withdrawal following semi-chronic nicotine treatment with the nicotinic receptor blocker
mecamylamine3. Interestingly, in rodents nicotine withdrawal can be precipitated with
naloxone?, while morphine withdrawal can be modified by mecamylamine®. This opioid/
nicotine cross-talk is likely to occur within a brain region expressing high numbers of
receptors responsive to both drugs, such as the habenula.

The habenula is a small brain region activated by negative reinforcers, such as lack of
expected reward. The habenula has substantial concentrations of both p-opioid and a5 and
B4 subunits of the nicotinic receptors (Allen Brain Atlas, www.brain-map.org®). We
previously showed that blocking nicotinic receptors with mecamylamine in the habenula
precipitates nicotine withdrawal, and that the a5 and 4 nicotinic receptor subunits are both
expressed in the habenula and necessary to observe nicotine withdrawal. One of the
habenula’s main downstream targets, the interpeduncular nucleus, also expresses the a.2
nicotinic receptor subunit, which may also be important for nicotine withdrawal”:8. Thus, we
hypothesize that cross-talk between the nicotinic and the opioid systems may occur within
the habenula. Three of the nicotinic receptor subunits necessary for mouse nicotine
withdrawal and other nicotine-induced behaviors (a3, a5, p4)"~11 were later shown to be
important for tobacco abuse and related diseases in humans. The genes coding for the a.3,
a5, and B4 nicotinic receptors are clustered on the human chromosome 15g25.1, where a
large number of single nucleotide polymorphisms (SNPs) in high linkage disequilibrium
have been found to be associated with tobacco abuse, terminal lung cancer, and other
tobacco-related phenotypes!?13, The rs16969968 SNP is located in the a5 subunit of the
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nicotinic acetylcholine receptor gene and has been linked not only to tobacco, but also to
opioid, alcohol, and cocaine use disorders. Presence of the rs16969968 A allele increases
risk of use and disease related to tobacco?13 and alcohol* while also increasing risk of
high severity dependence for opioid users!®. A allele carriers, however, have a decreased risk
of abuse of cocainel®.

The habenula indirectly decreases dopamine availability in downstream striatal areas.
Activation of the habenula following negative events results in inhibition of midbrain
dopaminergic cells, ultimately affecting dopamine levels in the striatum’. Given the role
dopamine plays in reward, habenula-striatum connectivity is likely to be a major player in
OUD. The habenula also affects the noradrenergic, serotonergic, and cholinergic systems via
its anatomical connections to the locus coeruleus, raphe nucleus, and interpeduncular
nucleus, respectively18. In addition to modulating the brain’s response to drugs of
abuse819-21 the habenula regulates affect and has been implicated in mood disorders22 and
anxiety-like behaviors?3:24, In addition, the habenula is an important locus for pain signaling
and sensitivity2>, likely due to high p-opioid receptor expression.

To determine the role of the habenula in opioid use and whether the a5 nicotinic
acetylcholine receptor SNP rs16969968 is associated with the possible habenular
mechanisms of opioid use, we studied the resting state functional connectivity (RSFC)
between the habenula and the striatum using functional MRI (fMRI) in psychiatric inpatients
with and without opioid use at The Menninger Clinic, a psychiatric clinic in Houston, TX.

Methods

Participants

Participants were psychiatric inpatients from a larger study at the Menninger Clinic in
Houston, TX, USA (McNair Initiative for Neuroscience Discovery — Menninger/Baylor, or
MIND-MB project26-28, All participation was voluntary with approximately 72% of eligible
patients consenting to participate. Psychiatric disorder diagnoses were assessed using the
research versions of the Structured Clinical Interview for DSM-IV Disorders (SCID-I/11).
The SCID-12% and SCID 1139 were administered by master’s level researchers after reviewing
pertinent psychiatric and psychosocial evaluations as well as consulting with the attending
psychiatrist. Most inpatients showed co-occurring psychiatric illnesses, with the most
common diagnoses being major depressive disorder (MDD), anxiety disorders (ANX),
personality disorders (PD), and substance use disorders (SUD). We used the World Health
Organization ASSIST scale, which contains 10 subscales for specific drugs3! to study opioid
use. We used the ASSIST scale to divide patients into two groups: low versus moderate/high
opioid use (called non-users versus users from now on). From an original group of 316
patients, two were removed for missing ASSIST scale data. Of the remaining 314 patients,
nine patients were removed for missing or low quality MRI data, leaving a final sample of
305 patients (Table 1). Procedures were approved by the Baylor College of Medicine
Institutional Review Board and the Research and Development Committee of the
MEDVAMC. All patients had been drug-free at least since time of admission and were
imaged an average of 4.3 days following clinic admission.
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Informed consent was obtained prior to scanning in a 3T Siemens Trio MR scanner in the
Core for Advanced MR Imaging at Baylor College of Medicine in Houston, TX, USA. A 4.5
min structural MPRAGE sequence (TE = 2.66 ms, TR = 1200 ms, flip angle = 12°, 256 x
256 matrix, 160 one mm axial slices at 1x1x1 mm voxels) was collected, followed by a 5
min resting state scan (RSFC: TE=40 ms, TR =25, flip angle =90, 3.4 x 3.4 x 4 mm
voxels). During the resting state scan, subjects were instructed to relax. A large “X” was
displayed on the screen during the resting state scan.

RSFC data were pre-processed using the CONN Functional Connectivity Toolbox32. The
preprocessing pipeline consisted of realignment to the first time series image, slice-timing
correction, structural segmentation and normalization to the MNI EPI template, functional
normalization, ART-based outlier detection using default settings, and smoothing with an 8
mm full width at high maximum (FWHM) Gaussian smoothing kernel (although
importantly, the habenula ROI was not smoothed).

The main region of interest (ROI) was the striatum, defined as the sum of caudate, putamen,
and globus pallidus. Additional ROIs for exploratory analyses included the inferior, medial,
and superior frontal gyri (iFG, mFG, sFG), insula, nucleus accumbens, septum verum, locus
coeruleus, amygdala, and anterior cingulate cortex (ACC) and were created in AFNI33 using
the MNI atlas Figure 1A and C-E). Those regions were chosen because they are known to
be important for habenular circuits8. Left and right habenula ROIs were generated for each
subject using SPM 8 (http://imaging.mrc-cbu.cam.ac.uk/imaging). Functional images were
downsampled to 3x3x3 to try to mitigate partial volume issues derived from the habenula
size being comparable to voxel size. Each habenula was identified using brain landmarks
and a 3x3x3 mm cube was manually placed for each individual subject (Figure 1B). RSFC
data were then analyzed using the CONN functional connectivity toolbox. White matter,
cerebrospinal fluid, realignment, and scrubbing were considered variables of no interest
confounders.

Fisher’s z-transformed correlation coefficients between the different seeds for each subject
were used in statistical analyses. ANOVA was used to test the primary outcome: RSFC
between the habenula (separated in right and left) and the striatum. Next we subdivided the
striatum into its constituent parts: right and left caudate, globus pallidus, and putamen.
Because gender was found to be different between groups, we then used ANCOVA to
control for the effect of gender after finding initial differences in habenula-whole striatum.
ANCOVA was also used to further explore differences in RSFC activation in striatal sub-
regions.

Since we were interested in the possible relationship between opioid use and habenular
connectivity, the high co-use of different drugs of abuse was dealt with by stepwise
regression. First, we separated patients into users and non-users of each drug. The WHO-
ASSIST questionnaire3! was used to assess drug use. The ASSIST is divided into ten
subcategories (tobacco, alcohol, cannabis, cocaine, amphetamine, inhalants, sedatives,
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hallucinogens, opioids, and other). With the exception of alcohol, each sub-category of drug
was divided into groups of low (scores of 0-3) and pooled moderate to high (4+) use.
Alcohol use was scored as low (0-10) and moderate to high (11+), as defined in the ASSIST
questionnaire. Individual patients could be a “user” of more than one drug. We tested
whether opioid use would predict the habenula-striatum RSFC when the effect of additional
drugs was considered by entering each drug in a stepwise multiple regression analysis.

We then investigated possible genotype differences within the opioid users and non-users on
the Right habenula/Left caudate RSFC. We used ANCOVA to test Right habenula/Left
caudate RSFC after separating participants according to their rs16969968 genotype. We
pooled those with an AG or AA genotype, since the phenotype seems to be dominant for the
A allelel213 |n this case, we used population structure, despite the patients being ethnically
homogenous (97% Caucasian), and sex as covariates. Ten ancestry informative markers
(AIMs) were genotyped and used to calculate population structure. Data from the current
participant sample were compared to the Centre d'Etude du Polymorphisme Humain—Human
Genome Diversity Panel (CEPH-HGDP) samples (1,035 subjects of 51 populations) as
previously described34. It has been shown before that 94.6% of the maximum informativity
value is obtained using these ten AIMs3°.

Finally, in a series of exploratory experiments we studied the connectivity between the
habenula and several brain regions known or hypothesized to be related to habenular activity
(iFG, mFG, sFG, insula, striatum, nucleus accumbens, septum verum, locus coeruleus,
amygdala, and ACC). These data are presented as exploratory since we did not perform any
corrections for multiple comparisons.

Menninger inpatients show strong comorbidity

Figure 2A shows the number of patients who were positive (moderate or high) for use of
each drug (solid bars) and the number of patients who were positive for only one individual
drug (open bars). Eight percent of the patients were exclusively positive for tobacco.
Interestingly, all opioid users also were positive for other drug use. Figure 2B shows the
number of patients who were positive (according to ASSIST) for none, one, or more drugs
of abuse. Figure 2C shows the most common diagnoses (MDD, SUD, ANX, and PD). Solid
bars show the total numbers of patients with each diagnosis, while open bars show the
number of patients with only one diagnosis. Figure 2D shows the number of patients with
none, one, or more of the most common diagnoses (MDD, SUD, ANX, PD). Comorbidities
of two or more diagnoses were present in more than half of patients. Additional diagnoses
included psychotic and bipolar patients who were not diagnosed with MDD, SUD, ANX, or
PD.

The right habenula shows increased striatal connectivity in opioid-dependent patients

In our initial analysis, we found a significant RSFC difference between the Right habenula/
striatumgpioig (0.13 £ 0.03) and Right habenula/striatumnon-opioid (0.06 + 0.01) (F(304,1) =
5.152, p<0.03) (Nopioid = 51, Nnon-opioid = 254) (primary outcome, Figure 3A). After
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controlling for gender, a nearly significant difference between the Right habenula/striatum
remained (F(304),1) = 3.694, p = 0.056). No difference was found for the left habenula. No
other drug showed a difference for the right habenula. For Right habenula/striatum, the
Cohen’s d effect size for users vs. non-users was 0.17.

Given the initial result and strong trend toward significance after controlling for gender, we
divided the striatum into its sub-components: right and left caudate, putamen, and globus
pallidus. When we analyzed the RSFC between the right habenula and striatal sub-regions,
we found that the Right habenula/Left caudate RSFC was significantly higher in those with
opioid use (0.14 + 0.03) than those without (0.06 + 0.01) (F(304,1) = 6.73, p<0.01, Figure
3B). The right caudate showed a similar, but not statistically significant, difference. Both the
putamen and the globus pallidus showed a trend in the same direction as the caudate. Finally,
the Right habenula/Left caudate RSFC difference remained significant when we included the
additional drugs in the ANCOVA models.

The nicotinic acetylcholine receptor variant rs16969968 moderates habenula/caudate
connectivity in opioid users

Given the hypothesis that the CHRNAS nicotinic acetylcholine receptor a5 subunit variant,
rs16969968 may be a risk factor for higher opioid use, the sample was divided according to
genotype into pooled AA or AG genotypes (high risk) and GG genotype (low risk). Figure
3C shows that opioid users carrying the GG genotype have higher Right habenula/Left
caudate RSFC (0.18 + 0.05) compared to non-opioid users carrying the GG genotype (non-
opioid GG) (0.05 + 0.02) (F(288,1) = 3.17, p<0.03). Post-hoc comparisons showed
significant differences (p<0.05 LSD corrected) between both opioid GG vs. non-opioid GG
and opioid GG vs. non-opioid AA/AG. There was no interaction between genotype and
opioid use (F(285,1)=2.034, p=0.16). For Right Hb/Left caudate, the Cohen’s d effect size
for users vs. non-users was 0.26. The effect sizes for GG vs. AG/AA were 0.49 (users) and
0.08 (non-users).

Exploratory analysis shows habenula/amygdala RSFC is possibly involved in opioid
dependence

We studied a number of regions known or hypothesized to be part of the habenular circuit!8:
superior, medial, and inferior frontal gyrus (s, m, iFG); insula; anterior cingulate cortex
(ACC); nucleus accumbens; amygdala (right and left); septum verum; and locus coeruleus.
When opioid users were compared to non-opioid users, significant differences in RSFC were
observed between the following brain regions and habenula (p<0.05, not corrected for
multiple comparisons): Right habenula/Left Insula, Right habenula/Right insula, Right
habenula/Left ACC, and Left habenula/Left sFG. Interestingly, the connectivity between the
right and left habenula was also higher in opioid users than in non-opioid user patients. Both
the habenula/insula and habenula/ACC RSFC data recapitulated the results found in the
caudate, in that among those with a GG genotype, opioid-using participants had higher
RSFC than non-using participants (not shown).

Am J Addict. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Curtis et al. Page 7

Discussion

RSFC between the habenula and sub-regions of the striatum, particularly the caudate, was
greater in opioid-using participants than in non-users in our inpatient psychiatric sample.
This increase was driven by patients with the CHRNA rs16969968 GG genotype, which is
known to confer a lower risk of being a tobacco smoker in humans!2.13, and less severe
opioid dependence®®. Less severe dependence and withdrawal symptoms when stopping
opioids may make using opioids less aversive and consequently more attractive.

We focused on the habenula due to the role this small brain structure plays in negative
reinforcement. Following unexpectedly rewarding events, dopamine release in the striatum is
hypothesized to be an important learning signal. Activation of habenula following negative
prediction errors, however, decreases dopamine release in the striatum7-36, This same
habenular signaling pathway is likely to be modulated by drugs of abuse. We previously
showed that habenular activity is, at least in mice, critical for the appearance of nicotine
withdrawal”8. In nicotine treated mice, both systemic mecamylamine (a non-specific
nicotinic acetylcholine receptor blocker) and systemic naloxone (a p-opioid receptor
competitive antagonist) precipitate withdrawal symptoms3, pointing to cross-talk between
the nicotinic and the opioid systems. Given the high habenular expression of both nicotinic
receptors and p-opioid receptors (Allen Brain Atlas, www.brain-map.org®) and the fact that
nicotine withdrawal can be precipitated by microinjection of mecamylamine in the
habenula8, we hypothesized that the habenula, and specifically nicotinic receptor activity
within the habenula, may be associated with the effects of opioid use.

The A allele of rs16969968 in the CHRNAS gene (nicotinic acetylcholine receptor ab

subunit) confers higher risk of tobacco abusel213, greater opioid dependence severity® and
alcohol use!®. However, this same allele confers lower risk of cocaine abusel®. We therefore
examined if opioid use alters RSFC between the habenula and dopaminergic striatal regions.

Higher habenula/striatum RSFC was observed in opioid-using participants, which could
point to a role for the habenula in OUD. Specifically, the effect was observed mainly
between the right habenula and the caudate. Habenular asymmetry is important for animal
behaviors and has been observed in human healthy controls3”. Although most habenular
fibers are lateralized, as evidenced by diffusion tensor imaging (DT1) measurements38:39, the
habenular commissure, which is very close to the posterior commissure (both are often
observed as a single structure in MRI, see Figure 2E), likely transmits information between
the hemispheres. Indeed, we observed increased RSFC between the right and the left
habenula in opioid users. The RSFC between the habenula and the striatum is not likely to
reflect direct anatomical connections, but be dependent on indirect connectivity (e.g.
habenula — rostromedial tegmental nucleus — ventral tegmental area/substantia nigra
compacta — striatum)38:39,

The increase in Right habenula/Left caudate RSFC was greater in patients with the GG
CHRNAS genotype (lower tobacco, opioid, and alcohol risk), compared to A-allele carriers.
The current study suggests RSFC between habenula and striatal sub-regions is altered in
opioid users, possibly the result of (or resulting from) differences in negative reinforcement
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among those who are dependent versus non-dependent as well as carriers of the GG versus
the AA/AG CHRNAS genotypes. In rodents, habenular expression of a5-containing
nicotinic receptors is necessary for the appearance of nicotine’s negative effects, including
withdrawal symptoms. For example, a5 subunit null mice self-administer enormous
amounts of nicotine because they are sensitive to the positive (reward) but not to the negative
(withdrawal) effects of nicotine usel®. Since the rs16969968 A-allele may decrease nicotinic
receptor activity#?, it is tempting to speculate that the high risk for tobacco and opioid use
associated with this allele may be due to decreased negative drug reinforcement. We
postulate that high-risk opioid users feel less negative reinforcement, which may result in
increased use. The functional significance of the ral16969968 variant is not completely clear
but simplistically, it may work by decreasing the receptor’s response to nicotinel3. In that
sense, humans carrying the rs16969968 A variant may be a mild version of a5 nicotinic
receptor knock-out mice. These animals self-administer enormous amounts of nicotine!® and
show no nicotine withdrawal signs®.

Our data showed a possible significant functional difference between the right and the left
habenula in the context of opioid abuse. Habenular asymmetry has been shown to be
behaviorally important in vertebrates*L. In humans, habenular RSFC has been shown to be
asymmetric4243, However, the functional significance of this asymmetry is not clear. Our
data opens questions about the possibility that habenular functional asymmetry may play a
role in addiction.

The current sample consisted of opioid-using and non-using participants within an inpatient
population at The Menninger Clinic, rather than between opioid-using participants and
healthy controls. By using other patients as controls and including comorbidities as
covariates in the analysis, we attempted to control for the possible confounding effects of
multiple diagnoses. In addition, by studying all consenting patients without excluding
patients because of comorbidities when comparing user versus non-user participants, our
sample arguably has higher ecological validity than the more traditional imaging approach,
where a small sample of narrowly defined patients is compared to healthy controls. Our
sample included comorbid diagnoses and abusers of multiple dugs. Despite this
heterogeneity, opioid use was the one variable that influenced RSFC between habenula and
striatal sub-regions.

Given the small size of the habenula, comparable to the size of the functional voxel we used,
it is difficult to be confident that the observed results are indeed differences in habenular
connectivity. The thalamus is in close proximity and much larger than the habenula, so
thalamic contamination could influence the results. Although this is a possibility, we believe
it is unlikely for a number of reasons. First, the habenula is known to be (indirectly)
connected to the striatum, and habenula/striatum connectivity is known to affect reward
processesl’. Second, the habenula expresses nicotinic receptor alpha 5 subunit mMRNA,
which is absent in the thalamus®1, and mu-opioid receptors®. Third, habenular resting state
connectivity has been studied using a smaller voxel*2, and the results are qualitatively very
similar to ours: Although in this manuscript we focused only on the striatum and areas
known or hypothesized to be important for the habenular reward-related circuit, high
habenular connectivity with thalamus, anterior cingulate, posterior cingulate, superior frontal
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gyrus, and high "negative connectivity" with lingual gyrus and cuneus were observed both in
the Ely manuscript and in our data (not shown). We believe that only a qualitative
comparison between both sets of data should be done, since there are many differences
between both manuscripts, including scanner, imaging parameters, data processing, and
importantly sample characteristics.

A limitation of this work is the fact that we can't separate the medial from the lateral
habenula at the resolution achieved in our MRI. The medial and the lateral habenula are
functionally and transcriptionally very different#4, and both the alpha 5 subunit of the
nicotinic receptor and the mu-opioid receptor are expressed predominantly in the medial
habenulab. Thus, we hypothesize that our results may be associated to medial habenular
connectivity, but major improvements on equipment and/or analysis techniques are
necessary to explore that question.

An additional limitation of this work is the use of a particularly short scan time. We
collected resting state data over only 5 minutes, which may lead to high within-subject
variability in our sample. Previous work has shown that a resting state of at least 7 minutes is
preferable to reduce variability and strengthen the statistical power of our analyses*. A
longer scan time of 7-10 minutes may significantly reduce within-subject variability.

Our initial finding of increased right habenula/striatum RSFC in opioid users compared to
non-users was statistically not very strong. Furthermore, we did not correct for multiple
comparisons of laterality and subregions of the striatum. Additional studies or replications of
the analysis will be needed to strengthen these findings.

As with most human brain imaging studies, our results must be interpreted with care. The
use of a heterogeneous sample of psychiatric inpatients diagnosed with several different
disorders, without the use of a control sample limits this work. Although the study
population provides insight into the role of the habenula in opioid use in a psychiatric
population, it may be difficult to interpret the findings without a healthy sample of controls
with which to compare results. Furthermore, despite the relatively large number of patients
analyzed, false positives and hard to replicate data are common in these types of studies. In
addition, we can only speculate about causality between habenular RSFC and opioid abuse.
However, we believe that the inclusion of genotypic data in imaging research moves us
closer to being able to infer causality in some studies, particularly for brain regions
expressing high levels of particular genes of interest. Finally, all these patients were
medicated at the time of MRI. Since we used controls with roughly the same diagnoses as
the opioid users (see table 1), any effects of medications on imaging parameters are very
likely to cancel each other.

In conclusion, we have shown that RSFC between the habenula and caudate is increased in
opioid users and further mediated by a coding variant in the CHRNA a5 nicotinic
acetylcholine subunit receptor rs16969968 A allele.
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Posterior and
habenl’:llar

Figure 1.
Regions of interest. A) Striatum (Str) (subdivided into caudate (Caud), putamen (Put) and

globus pallidus (GP) on different colors on the left side). B) Habenula region of interest was
one 3x3x3 cube on each side, manually located using the T1 and functional images as guide.
C), D), E) Exploratory ROIs: C) superior, medial, inferior frontal gyri (s, m, i), insula (Ins),
anterior cingulate cortex (ACC); D) nucleus accumbens (nAcc), amygdala (Amy); E)
Septum verum (SV), Locus coeruleus (LC).
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Figure2.
Sample description. A) Number of patients that were positive for moderate/high use for each

drug of abuse according to the ASSIST questionnaire. Both total positives (gray bars) and
unique positives (white bars, patients who were positive for only one drug) are shown. B)
Number of patient positive use of for none, one, or more drugs (according to ASSIST
guestionnaire). C) Number of patients diagnosed for each of the four most common DSM-
IV diagnoses in the sample: Major depressive disorder (MDD), substance use disorder
(SUD), anxiety disorders (ANX), and personality disorders (PD). Both total diagnosed (gray
bars) and unique positives (white bars, patients who had only one diagnosis) are shown. D)
Number of patient with none, one, or more diagnoses (counting only the four most common
diagnoses, therefore zero are patients other than MDD, SUD, ANX or PD).
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Figure 3.
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Habenula/striatum resting state functional connectivity (Hb/Str RSFC) in opioid users and
psychiatric patient controls. A) RSFC between the right and the left habenula (RHb, LHb)
and the whole striatum (composed of caudate, putamen and globus pallidus). B) RSFC
between the right and the left habenula and each sub-region of the striatum. No op: patients
with no opioid use, Op: patients with opioid use. * p<0.05. C) Right habenula/left caudate
connectivity and alpha 5 nicotinic acetylcholine receptor subunit genetic variant rs16969968
genotype. The low risk GG genotype shows increased connectivity in opioid-dependent
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patients compared to those carrying an A-allele and non-opioid users with GG genotype. No
opi: patients with no opioid use, opi, patients with opioid use. * p<0.05 (LSD).
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Demographic characteristics of the sample. No differences were statistically significant between the two

groups (Chi square test).

Opioid Opioid
Non-Users Users
N 254 51
Gender (% male) 53 75
Age (years; SD) 314;124 | 28.1;11.4
MDD Spectrum (%) 64 57
Anxiety Spectrum (%) 56 63
Any PD (%) 34 43
rs16969968 GG (%) 50 51

PD: personality disorders.
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