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ARTICLE OPEN

Protracted abstinence in males with an opioid use disorder:
partial recovery of nucleus accumbens function
Serenella Tolomeo 1✉, Alex Baldacchino2, Nora D. Volkow 3 and J. Douglas Steele4

© The Author(s) 2022

Opioid use disorder (OUD) affects more than 27 million people globally accounting for more than 300,000 deaths annually.
Protracted abstinence among individuals with OUD is rare due to a high relapse rate among those not receiving medications for
OUD. Extensive preclinical studies form the basis of the allostasis theory, which proposes long-lasting functional brain abnormalities
that persist after opioid withdrawal and contribute to relapse. Few studies have tested the allostasis theory in humans using
neuroimaging. Here, we used fMRI and an instrumental learning task to test allostasis theory predictions (ATP) of functional
abnormalities in both positive valence (PVS) and negative valence (NVS) accumbens systems in OUD patients with protracted
abstinence (n= 15), comparing them with OUD patients receiving methadone treatment (MT) (n= 33), and with healthy controls
(n= 23). As hypothesized, protracted abstinence OUD patients showed incomplete recovery of nucleus accumbens function, as
evidenced by the blunted response to aversive events (NVS) during negative reinforcement, as observed in MT patients. In contrast,
their accumbens response to rewarding events (PVS) during positive reinforcement was similar to that of controls and different
from that in MT patients whose response was blunted. Protracted abstinence OUD patients also showed improvements in
depression symptoms compared to MT patients. Residual depressive symptoms and pre-MT intravenous drug measures were
associated with worse accumbens function in protracted abstinence. These results support the ATP of long-lasting dysfunction of
NVS after withdrawal and show preliminary evidence of recovery of PVS function with protracted withdrawal. Therapeutic strategies
that target NVS may facilitate recovery.
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INTRODUCTION
Opioid use disorder (OUD) affects ~27 million people globally with
more than 300,000 deaths annually [1]. The COVID-19 pandemic,
alongside a rise in misuse of synthetic opioids, has worsened the
situation, with the US Centre for Disease Control estimating an
increase of ~50% in opioid overdoses deaths during the pandemic
in the United Sates [2]. A better understanding of the mechanisms,
which underlie the development, maintenance, and recovery from
OUD, could help improve the treatments of OUD worldwide [1].
The Research Domain Criteria (RDoC), which were developed by

the National Institute of Mental Health (NIMH), link subjective
symptoms to the relevant brain systems [3]. Central to OUD is the
positive valence system (PVS), which processes rewarding
information, and the Negative Valence System (NVS), which
processes information about aversive events (e.g., loss and pain)
[4]. We recently reported a study [5] on binge alcohol drinking that
used RDoC to test the allostasis theory [6], which proposes that
increased chronic negative reinforcement drives drug-taking and
relapse [7]. Here, we applied the same approach to investigate
OUD patients who were in protracted abstinence. Notably, the
investigation of OUD patients in protracted abstinence is crucial
because of their high relapse rates [1] and high overdoses risks [8].
However, very few studies have examined brain function in OUD

patients during protracted abstinence as such patients, because of
their rarity, are challenging to recruit. Identifying characteristics
associated with treatment success among abstinent previously
opioid-dependent individuals is currently a priority to help guide
personalized interventions for OUD.
The allostasis theory [6] proposes a balance of opponent

processes in response to natural (i.e., non-drug stimuli such as
social events) and drug-induced changes in effect [7]. As
illustrated in Fig. 1A, an initial stimulus (e.g., first exposure to
heroin) transiently increases positive mood (“a process”), then is
followed by a period of negative mood (“b process”). With
repeated drug exposure, the positive “a process” diminishes and
the “b process” is enhanced. Additionally, as shown in Fig. 1B, if
there is insufficient time for mood to return to homeostatic
baseline between episodes of drug use, baseline mood shifts
downwards; “allostasis” [6]. In drug dependence (Fig. 1B), reward
function (PVS) is blunted and the stress response (NVS)
sensitized, impacting responses to both drug and non-drug
(e.g., social) stimuli. In opioid dependence, the enhanced “b
process” mostly reflects acute drug withdrawal, which depend-
ing on the severity lasts 3–10 days in humans [9]. In preclinical
models of human addiction, protracted abstinence has also been
linked to increased brain reward thresholds and increases in
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anxiety-like behavior persisting long after acute withdrawal [10],
with negative effect particularly important in protracted absti-
nence [11]. Lower pain tolerance exacerbated by negative
emotional states has been reported in OUD individuals during
acute (24–72 h) and protracted abstinence (average 30 months)
[12]. Repeated and intermittent activation of brain reward
circuits by opioids engages ‘anti-reward’ circuits that drive
aversive negative emotional states [1]. In turn, the enhancement
of negative reinforcement (e.g., avoidance of anxiety or pain)
contributes to relapse and the persistence of OUD [13].
Previously we reported PVS blunting and abnormal NVS

responses in methadone-treated (MT) patients with a heroin use
disorder [14]. It is unclear whether prolonged abstinence in
humans results in full or partial recovery from OUD-associated
brain changes. Building on pre-clinical studies of protracted
abstinence in animals [15], here we used functional magnetic
resonance imaging (fMRI) to test the allostasis theory hypotheses
that protracted abstinence in OUD patients results in (i) partial
recovery of nucleus accumbens and other brain function, (ii)
improvements in symptoms of depression and anxiety, and (iii)
that persisting brain functional abnormalities in protracted
abstinence patients correlate with clinical measures of negative
affect and severity of drug use history.

MATERIALS AND METHODS
Participants
The study was approved by the East of Scotland Research Ethics
Committee, reference number 06/S1401/32, and written informed consent
was obtained from all participants. Thirty-three OUD male patients
receiving MT were recruited from NHS Tayside Addiction Services. MT
patients received regular urine tests for illicit drug use and all recruited

patients had testing-confirmed abstinence of illicit drug use for six months
prior to recruitment. Fifteen abstinent OUD patients (ABS group) were
recruited from the Lothian and Edinburgh Abstinence Program (LEAP) and
Phoenix Futures Scottish Residential Service Glasgow. These patients also
received regular testing for covert drug use and had been abstinent for at
least 6 weeks (range 6 weeks to 7 months). None of the methadone-
maintained patients had previously lived in a residential abstinence unit.
As patients were either stably maintained on methadone or were stably
abstinent, no acute intoxication or withdrawal symptoms were observed.
Both MT and ABS groups had been taking between 30 and 120mg of
methadone daily and had initially presented with more than 3 years of
continuous daily illicit heroin use. The two groups were matched by
lifetime drug use and methadone doses: initial titration of methadone dose
(ITMD), current methadone treatment dose (CMTD), and/or last stable
methadone dose (LSMD). The ITMD was the methadone dose required to
abolish heroin withdrawal symptoms when initiating MT, which was
between 10 and 30mg daily identified using objective evidence of opioid
withdrawal symptoms [16], reflecting the magnitude of physical depen-
dence at the onset of MT. Twenty-three healthy age-matched males were
recruited as controls.
Diagnoses were confirmed using the Mini International Neuropsychiatric

Interview (MINI Plus, version 5.0) [17]. The MT group had an ICD10 304.01
diagnosis of Opioid type dependence, continuous, which corresponds to
the current diagnosis of OUD in DSM 5. Mood and anxiety symptoms were
assessed using the Hospital Anxiety and Depression Symptom (HADS)
rating scale [18], cigarette use with the Fagerstrom scale [19], and IQ using
the National Adult Reading Test (NART) [20]. Exclusion criteria were past or
current histories of psychotic disorder, post-traumatic stress disorder,
neurological and neurodevelopmental disorders, head injury, history of
non-fatal overdose episodes, benzodiazepine, stimulant or alcohol
dependence, and personality disorder (summary of screening and
diagnostic clinical instruments in Supplemental Table 1). Ongoing
abstinence from illicit drug use was confirmed prior to scanning using a
multidrug urine test [21]. Details of participants are summarized in Table 1
and our previous publications [14, 22–25] (summary of cohort recruitment,
treatment, and testing is provided in Supplemental Table 2). ABS patient
data has not been reported previously.

Paradigm
Figure 2 shows the reward-gain and loss-avoidance instrumental learning
task used during fMRI. We have previously used this task in fMRI studies of
MT OUD patients [14], in binge drinkers with depression symptoms [5], and
in patients with the treatment-resistant major depressive disorder [26]. The
RDoC matrix includes ‘loss’ as an NVS construct and reward learning as a
PVS construct [27]. Therefore, as with our prior study on binge drinking [5],
brain responses to loss were considered measures of NVS and responses to
reward the PVS.
Before scanning, all participants had a brief training session on the task

on a PC, which used different stimuli than those used in the scanner. The
task has three possible outcomes: rewarding (“win’), aversive (“lose”), and
neither win nor lose (“nothing”) neutral. Volunteers were told that the aim
of the task was to maximize winning and to avoid losing points
(“vouchers”) as much as possible, and they had to learn to do this by
trial and error. “Win trials” had two possible outcomes: “You Win” or
“Nothing”. “Lose trials” had two possible outcomes: “You Lost” or
“Nothing”. One pair of fractal images were associated with each type of
outcome, and the association between a given pair of fractal images and
win or lose outcomes were randomized across participants. The probability
of win/loss fractal pairs had a fixed high probability (70%) and a fixed low
probability (30%). Each session had 90 trials with each session lasting
13min in total and 4 sessions per subject. The reward-gain and loss-
avoidance trials were presented in a pseudo-random order.

Image acquisition, pre-processing, and analyses
For each participant, functional whole-brain images were acquired using a
3 T Siemens Tim Trio scanner. A total of 37 slices were obtained per
volume, with an echo planar imaging sequence comprising a repetition
time (TR) of 2.5 s, echo time (TE) of 30 ms, flip angle 90°, the field of view
22.4 cm, matrix 64 × 64, with a voxel size of 3.5 × 3.5 × 3.5 mm.
Images were visually inspected for artifacts and pre-processed using

Statistical Parametric Mapping (SPM) (http://www.fil.ion.ucl.ac.uk/spm/).
First, images were realigned and co-registered to the SPM Montreal
Neurological Institute echo-planar template. The average realigned co-
registered image for each subject was then used to spatially normalize

Fig. 1 Allostasis theory predictions for opioid dependence and
abstinence. A First episode of heroin use with positive (+) mood (“a
process”=PVS) followed by post-intoxication negative (−) mood (“b
process”=NVS). B With repeated episodic use of heroin followed by
methadone treatment, positive mood change diminishes, and the
depth of negative mood increases. The allostatic downward shift in
baseline mood is shown by the dashed line. C With abstinence
following dependence there is slow post-withdrawal partial
recovery from the allostatic change that occurred during opioid
dependence. The allostatic change is shown by the dashed line [7].
DA dopamine.
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each realigned co-registered volume and smoothed with an 8mm full
width half maximum kernel. For a random-effects analysis, data from each
subject were analyzed separately (first-level analyses) before summary
statistical “beta” images were tested at the group level (second-level
analyses). For testing NVS and PVS hypotheses, a first-level analysis was
done comparing event-related activity at the outcome time for “loss” vs.
“nothing” and “win” vs. “nothing” binary feedback events. For second-level
random-effects analyses, summary statistical images from the first-level
analyses for each subject were separately entered into second-level
analyses to test for within-group activations/deactivations (one-group
t-test) and between-group differences (ABS vs. controls; two group t-test).
Significance was defined as p < 0.05 whole-brain, Family-wise error-
corrected level, comprising a simultaneous requirement for a voxel
threshold (p < 0.05) and a minimum cluster extent (120 voxels) identified
using a commonly used Monte–Carlo method [28]. Region of interest
analyses used SPM to extract the principal eigenvariate as the summary
measure of brain response in 10mm diameter spheres.

RESULTS
Participants
HADS-A and HADS-D scores for the ABS group were 6.21 ± 3.56
and 3.00 ± 2.25 and for the control group 3.73 ± 3.83 and 1.65 ±
2.52, respectively. The ABS group was more anxious but not more

depressed compared to healthy controls (Table 1). In the MT
group the HADS-A and HADS-D scores, which were 6.00 ± 4.40 and
4.18 ± 3.38, respectively, were significantly higher than in the
control group. No subjects met ICD10 criteria for mood or anxiety
disorders.

Behavioral analyses
Using a two-group t-test there were no significant differences
between ABS and control groups for a total number of win events
(p= 0.23) or a total number of loss events (p= 0.68).

Negative valence system
During loss events controls deactivated the nucleus accumbens
(−12,10,−10) t= 3.81 and (12,8,−12) t= 3.71 and the caudate
(−20,4,26) t= 4.57 and (22,4,24) t= 5.23 (Fig. 3A). ABS patients
exhibited significantly less deactivation than controls in nucleus
accumbens (12,8,−6) t= 3.00 and (−12,10,−4) t= 2.50 (Fig. 3B)
and left insula (−32,14,−14) t= 3.58 (Fig. S1A, see Supplemental
Table 3). Previously we reported significant failure of accumbens
deactivation in MT OUD patients compared to controls [14] similar
to ABS patients (Fig. 3C, D). Accumbens activation in ABS patients
correlated positively with HADS-D ratings (Fig. 3E, F), such patients
with more symptoms of depression had more activations, so were
less like controls who strongly deactivated the accumbens and
had minimal depressive symptoms. During loss events the ABS
but not the control group strongly activated the anterior
midcingulate cortex (aMCC)/dorsomedial prefrontal cortex
(dmPFC) (−4,30,30) t= 7.42 (Fig. 4A). In ABS patients, years of
intravenous (IV) drug use correlated with aMCC loss event
activation (Fig. 4B, C). In summary, ABS patients showed blunted
accumbens deactivation to loss event compared to controls
similar to MT patients and an aMCC correlation with IV drug use.

Positive valence system
During win events controls strongly activated the accumbens
(−16,10,−10) t= 7.02; (16,10,−12) t= 6.94 (see Supplemental
Table 4 and Supplemental Fig. 2A) and other regions including the
amygdala-hippocampal complex (−30,−10,−22) t= 6.90; (20,−10,
−22) t= 4.53) and posterior cingulate (4,−46,38) t= 4.73. Win
event accumbens activations in ABS patients did not differ from
controls (Fig. S2B) whereas it was significantly reduced in the MT
group (−13,12,−12) t= 3.11 [14]. In ABS patients, accumbens win
event activations correlated negatively with total days of

Fig. 2 Behavioral paradigm. A Reward-gain (positive valence
system) and B loss-avoidance (negative valence system) instru-
mental learning task.

Table 1. Demographic and clinical characteristics.

MT ABS HC Significance*

N 33 15 23

Age1 33.9 (4.2) 37 (3.7) 30.8 (7.0) ns

HADS-A 6.0 (4.4) 6.2 3.56 3.73 (3.8) MT > HC p= 0.04
ABS > HC p= 0.05

HADS-D 4.2 (3.4) 3.0 (2.3) 1.65 (2.5) MT > HC p= 0.002
ABS > HC ns (p= 0.1)

ITMD2 50 (19.0) 49.2 (40.3)

SMD2 74.7 (18.8) 79 (36.0) – ns

Age1st injecting opioids1 16.1 (3.5) 14.1 (3.6) – ns

Yrs of opioid use 9.1 (19.6) 3.8 (11.2) – ns

Age injecting opiods1 18.1 (8.0) 22.3 (7.0) – ns

Fagerström tot score 3.8 (1.9) 8.1 (13.0) – ns

Duration abstinence (days) – Between 6 and 7 months – –

Values are mean (SD). ABS abstinent group, HADS-A HADS Anxiety, HADS-D HADS Depression, HC healthy control group, ITMD initial methadone titration dose,
MTmethadone-treated group, N total number, NART National Adult Reading Test, ns not significant, SMD stable methadone dose, 1= yrs=years; 2= (mg/day); *
p-values calculated for abstinent vs. control groups only, mg milligrams.
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methadone exposure, such that longer pre-abstinence exposure
to methadone was associated with more blunting of accumbens
activation (Fig. S2C, D). In summary, ABS patients showed
accumbens win event activation similar to controls and unlike
MT patients in whom reward activation was blunted.

DISCUSSION
Long-term abstinence is the desired goal for many OUD patients
who have been stabilized on MT but one that is rarely achieved

due to a very high relapse rate [1]. In the UK only 6–9% of OUD
patients who had used heroin were abstinent at 33 months follow
up with many of them having accessed residential rehabilitation
programs [29], which is where we recruited the ABS patients for
this study. Moreover, relapse following abstinence is associated
with high overdose risks due to the loss of opioid tolerance [30].
This risk has been further exacerbated in the United States and
Canada where potent synthetic opioids such as fentanyl have taken
over the illicit drug market and been linked with high mortality
rates [31]. As such, opioid detoxification as a strategy for the

Fig. 3 Negative valence system: brain responses to the feedback of unsuccessful loss-avoidance. A Deactivation of the nucleus accumbens
in the control group and B significantly less bilateral nucleus accumbens deactivation in the abstinent group compared to controls. Previously
we also reported significantly less accumbens deactivation in opioid-dependent patients receiving MT [14]. Region of interest centered at the
maximally significant accumbens voxels in (B) illustrates accumbens deactivation in the three groups (C, D). Accumbens deactivation
correlated significantly with increased HADS-D depression scores in the abstinent group (E) also illustrated using a region of interest (F)
centered at the maximally significant accumbens voxel in (E). All brain regions significant at p < 0.05 whole-brain corrected.
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treatment of OUD is currently not recommended [2]. On the other
hand, identifying characteristics associated with treatment success
among abstinent previously opioid-dependent individuals could
help guide personalized interventions for the treatment of OUDs.

Studies on protracted abstinence in animals with a history of
dependence have emphasized blunted reward responses and
increases in anxiety-like behavior persisting long after acute
withdrawal, similar to but not as severe as during the dependent
state [10]. Previously, we reported blunted PVS reward-linked
accumbens activation and NVS loss-linked failure of accumbens
deactivation in OUD patients receiving MT [14]. Here we recruited
OUD patients previously treated with methadone who were stably
abstinent for at least 6 weeks to test whether there was
normalization of brain function and reductions in symptoms of
depression and anxiety. Consistent with our hypotheses, we found
accumbens reward-linked activation (PVS) was not blunted in ABS
patients compared to controls, unlike MT patients [14]; ABS
patients also reported fewer depressive symptoms than MT
patients. However, ABS patients’ accumbens loss-linked deactiva-
tions (NVS) were blunted compared to controls, similar to MT
patients [14]. Additionally, ABS patients, like MT patients, had
significantly higher anxiety symptoms than controls. Our data
showing partial recovery of nucleus accumbens function and
reduction in depressive symptoms with protracted abstinence is
consistent with predictions from the allostasis theory [6, 10, 32].
Here, we used fMRI to assess striatal function during stable

abstinence in OUD. Previously with positron emission tomogra-
phy (PET), we had consistently reported reduced striatal
dopamine D2/D3 receptor availability in a variety of drug users
compared to controls including individuals with heroin use
disorder, alcohol dependency and cocaine and methampheta-
mine use disorders [33, 34]. A dopamine transporter (DAT) ligand
PET study was used to measure pre-synaptic dopamine terminal
function and reported reduced binding in MT OUD patients,
which correlated with symptoms of anxiety and reduced striatal
DAT binding, in protracted abstinence (6 months) OUD patients
[35]. Similar reductions in DAT binding have been reported in a
variety of other drug addictions [36]. Our instrumental fMRI task is
a modified version of the Pessiglione task in which brain activity
reflects, in part, dopamine function [37]. Blunted reward gain
(PVS) accumbens activation in MT patients (but not ABS patients)
measured using fMRI, which we use as an indirect measure of
striatal dopamine function [14], might therefore be accounted for
by blunted dopamine release [35]. This suggests MT maintains a
state of decreased reward sensitivity in OUD patients whereas
protracted abstinence might facilitate recovery of reward
sensitivity and reduce depression. However, the directionality of
the association cannot be discerned in our study for it is also
possible that OUD patients who had less PVS disruption were
those who were able to maintain abstinence. Thus, longitudinal
studies of protracted abstinent patients are needed to establish
whether reward sensitivity recovers, or to determine whether
recovery of PVS function might serve as a potential biomarker of
when OUD patients may be able to discontinue medication for
OUD. For such studies and in general, a strategy to reduce the risk
of overdoses in OUD patients who seek detoxification from
methadone or buprenorphine is to consider treatment with the
opioid receptor antagonist naltrexone (extended-release Naltrex-
one or Vivitrol) [38].
Two parallel routes through the basal ganglia, the direct and

indirect pathways, have long been recognized [39]. Preclinical
studies have shown that positive reinforcement is linked to
accumbens dopamine D1 receptor activation of the direct
pathway; negative reinforcement to deactivation of accumbens
D2 receptors in the indirect pathway [40]. Here we found
abnormally blunted accumbens deactivation during negative
reinforcement (loss avoidance) in ABS patients similar to our
previous findings in MT OUD patients [14], which could reflect
reduced striatal D2 receptor availability [33, 34] and be
associated with increased vulnerability to relapse [41]. However,
studies that concomitantly measure fMRI and PET are required
to test this hypothesis and the link between abnormal

Fig. 4 Negative valence system: brain responses to feedback to
unsuccessful loss avoidance in abstinent patients. A The anterior
mid-cingulate cortex activated in abstinent patients during unsuccess-
ful loss avoidance, B this activation in patients positively correlated
with years of intravenous (IV) drug use, also illustrated C with a region
of interest centered on the maximally significant voxel in (B). All brain
regions significant at p < 0.05 whole-brain corrected.
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accumbens deactivation and depression symptoms is unclear.
Notably, though, we found anterior insula activation with loss
events in abstinent patients and there is preclinical evidence
that the insula may drive hyperkatifeia via the amygdala in
alcohol dependence [42].
Using the same fMRI task in binge drinkers, we reported aMCC/

dmPFC activation during loss events, which correlated with years
of alcohol use [5]. In the present study, we also report loss event
aMCC/dmPFC activation that correlated with years of pre-
abstinence IV heroin use, and striatal deactivation in ABS OUD
patients. Interestingly, the aMCC/dmPFC is strongly implicated in
negative affect, cognitive control, and experience of pain [43, 44]
(part of the NVS) and heightened evoked pain responses might be
compensatory responses during an aversive state [45]. Therapeu-
tic lesions in the aMCC (anterior cingulotomy) have been used to
treat OUD [46] and alcohol dependence [47]. Connectivity studies
of this region are indicated.
Hyperkatifeia, which is defined as a negative emotional state that

includes increased anxiety and stress vulnerability, depressive
symptoms, the elevation of reward thresholds, and lower pain
thresholds is associated with OUD [9]. This aversive experience is
represented by an enhancement of the “b process” and a
downward shift in baseline mood (Fig. 1B) [9]. In our study, we
also found that the anterior insula, which is involved with
interoception [48] activated with loss events in ABS patients. This
suggests that enhanced awareness of the aversive effects of loss
might contribute to hyperkatifeia. Indeed insular activation
correlated positively with the initial titration dose of methadone
(Fig. S1), which we had previously reported predicted whether an
MT OUD patient achieved abstinence [22]. Further, the somatic
marker theory of addiction proposed that the insula is involved in
drug withdrawal/deprivation [49] and insula stroke eliminated
cigarette craving [49]. The anterior insula is strongly interconnected
with the aMCC/dmPFC with these locations tending to co-activate
with aversive events [50]. Thus, the results from our present study
suggest that OUD may have long-term effects on insula stress
responses that persist even after protracted abstinence.
Limitations of this study include a small sample size, which

reflects the difficulties in recruiting OUD patients who have been
able to successfully discontinue MT, due to the high relapse rate
associated with MT discontinuation. Other limitations are that we
only recruited males and thus these findings may not generalize
to ABS and MT female populations. We used a cross-sectional
design so we cannot disentangle pre-drug use vulnerability factors
from the effects of OUD, although our results are consistent with
predictions from pre-clinical animal studies, which do not have
this limitation. Notably, we cannot rule out the possibility that
individuals who are less able to deactivate nucleus accumbens
with negative reinforcers (e.g., loss of money) are more vulnerable
to drug use and subsequent OUD. Nor can we rule out
the possibility that recovery of PVS accumbens activation might
have allowed OUD patients to successfully discontinue metha-
done treatment. Also, our ABS OUD patients have been abstinent
for a period that ranged between six weeks to seven months so it
is unclear if longer abstinence might have led to the recovery of
NVS processes. Future larger studies on protracted abstinence
patients using a longitudinal design are indicated.
In summary, consistent with allostasis theory predictions from

preclinical and human brain imaging studies, we found evidence
for abnormal striatal brain responses in protracted abstinence
OUD patients. Our findings show preliminary evidence of
recovery of the PVS in OUD patients whereas this was not the
case in OUD patients on MT. Abstinence in individuals with OUD
presents serious risks of fatal overdose on relapse, due to the
rapid loss of tolerance that occurs during even brief periods of
abstinence. This risk is particularly acute in countries where
fentanyl is readily available: e.g., drug deaths have recently
exceeded 100,000/year in the USA being further exacerbated by

the COVID-19 pandemic [51, 52]. Our findings also highlight the
importance of the NVS as a target for new OUD treatments (e.g.,
partial MOR1 agonism, k-type opioid receptor antagonism, and α-
2A adrenergic receptor agonism) [53, 54].

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author, upon reasonable request.

REFERENCES
1. Strang J, Volkow ND, Degenhardt L, Hickman M, Johnson K, Koob GF, et al. Opioid

use disorder. Nat Rev Dis Prim. 2020;6:1–28.
2. MM, Leshner AI. Medications for Opioid Use Disorder Save Lives—National

Academies of Sciences, Engineering, and Medicine, Health and Medicine Division,
Board on Health Sciences Policy, Committee on Medication-Assisted Treatment
for Opioid Use Disorder. 2019. https://www.ncbi.nlm.nih.gov/books/NBK538936/
(accessed 25 Mar2021).

3. Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, et al. Research
Domain Criteria (RDoC): toward a new classification framework for research on
mental disorders. Am J Psychiatry. 2010;167:748–51.

4. NIMH. (RDoC). National Institute of Mental Health. Behavioral Assessment
Methods for RDoC Constructs: A Report by the National Advisory Mental Health
Council Workgroup on Tasks and Measures for Research Domain Criteria. 2016.
https://www.nimh.nih.gov/about/advisory-boards-and-groups/namhc/reports/
rdoc_council_workgroup_report_153440.pdf.

5. Tolomeo S, McFarlane JA, Baldacchino A, Koob GF, Steele JD. Alcohol binge
drinking: negative and positive valence system abnormalitier. Biol Psychiatry
Cogn Neurosci Neuroimaging. 2020. https://doi.org/10.1016/j.bpsc.2020.09.010.

6. Koob G, Le Moal M. Drug addiction, dysregulation of reward, and allostasis.
Neuropsychopharmacology. 2001;24:97–129.

7. Solomon RL, Corbit JD. An opponent-process theory of motivation. I. Temporal
dynamics of affect. Psychol Rev. 1974;81:119–45.

8. Wines JD, Saitz R, Horton NJ, Lloyd-Travaglini C, Samet JH. Overdose after
detoxification: a prospective study. Drug Alcohol Depend. 2007;89:161–9.

9. Koob GF. Neurobiology of opioid addiction: opponent process, hyperkatifeia, and
negative reinforcement. Biol Psychiatry 2020;87:44–53.

10. Koob GF, Le Moal M. Addiction and the brain antireward system. Annu Rev
Psychol. 2008;59:29–53.

11. Welsch L, Bailly J, Darcq E, Kieffer BL. The negative affect of protracted opioid
abstinence: progress and perspectives from rodent models. Biol Psychiatry
2020;87:54–63.

12. Carcoba LM, Contreras AE, Cepeda-Benito A, Meagher MW. Negative affect
heightens opiate withdrawal-induced hyperalgesia in heroin dependent indivi-
duals. J Addict Dis. 2011;30:258–70.

13. Stewart JL, May AC, Aupperle RL, Bodurka J. Forging neuroimaging targets for
recovery in opioid use disorder. Front Psychiatry 2019;10:117.

14. Gradin VB, Baldacchino A, Balfour D, Matthews K, Steele JD. Abnormal brain
activity during a reward and loss task in opiate-dependent patients receiving
methadone maintenance therapy. Neuropsychopharmacology. 2014;39:885–94.

15. Schulteis G, Markou A, Gold LH, Stinus L, Koob GF. Relative sensitivity to naloxone
of multiple indices of opiate withdrawal: a quantitative dose-response analysis. J
Pharmacol Exp Ther. 1994;271:1391–98.

16. Wesson DR, Ling W. The clinical opiate withdrawal scale (COWS). J Psychoact
Drugs. 2003;35:253–9.

17. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. The
Mini-International Neuropsychiatric Interview (M.I.N.I.): the development and
validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10.
J Clin Psychiatry. 1998;59:22–33. Suppl 2, quiz 34–57

18. Zigmond AS, Snaith RP. The Hospital Anxiety and Depression Scale. Acta Psy-
chiatr Scand. 1983;67:361–70.

19. Fagerstrom KO, Schneider NG. Measuring nicotine dependence: a review of the
Fagerstrom Tolerance Questionnaire. J Behav Med. 1989;12:159–82.

20. Nelson H, Willison J. The revised national adult reading test–test manual. Wind
NFER-Nelson. 1991.

21. Armbruster DA, Krolak JM. Screening for drugs of abuse with the Roche ONTRAK
assays. J Anal Toxicol. 1992;16:172–5.

22. Tolomeo S, Gray S, Matthews K, Steele JD, Baldacchino A. Multifaceted impair-
ments in impulsivity and brain structural abnormalities in opioid dependence
and abstinence. Psychol Med. 2016;46:2841–53.

23. Tolomeo S, Matthews K, Steele D, Baldacchino A Compulsivity in opioid depen-
dence. Prog Neuropsychopharmacol Biol Psychiatry 2018; 81. https://doi.org/
10.1016/j.pnpbp.2017.09.007.

S. Tolomeo et al.

6

Translational Psychiatry           (2022) 12:81 

https://www.ncbi.nlm.nih.gov/books/NBK538936/
https://www.nimh.nih.gov/about/advisory-boards-and-groups/namhc/reports/rdoc_council_workgroup_report_153440.pdf
https://www.nimh.nih.gov/about/advisory-boards-and-groups/namhc/reports/rdoc_council_workgroup_report_153440.pdf
https://doi.org/10.1016/j.bpsc.2020.09.010
https://doi.org/10.1016/j.pnpbp.2017.09.007
https://doi.org/10.1016/j.pnpbp.2017.09.007


24. Tolomeo S, Davey F, Steele JD, Baldacchino AM. Effects of opioid dependence on
visuospatial memory and its associations with depression and anxiety. Front
Psychiatry 2019; 10. https://doi.org/10.3389/fpsyt.2019.00743.

25. Baldacchino A, Tolomeo S, Balfour DJ, Matthews K. Profiles of visuospatial
memory dysfunction in opioid-exposed and dependent populations. Psychol
Med. 2019;49:1174–84.

26. Johnston BA, Tolomeo S, Gradin V, Christmas D, Matthews K, Douglas Steele J.
Failure of hippocampal deactivation during loss events in treatment-resistant
depression. Brain. 2015;138:2766–76.

27. NIMH. RDoC Matrix. 2020.https://www.nimh.nih.gov/research/research-funded-
by-nimh/rdoc/constructs/rdoc-matrix (accessed 29 May 2021).

28. Slotnick SD, Moo LR, Segal JB, Hart J. Distinct prefrontal cortex activity associated
with item memory and source memory for visual shapes. Brain Res.
2003;17:75–82.

29. Kalk NJ, Robertson JR, Kidd B, Day E, Kelleher MJ, Gilvarry E, et al. Treatment and
intervention for opiate dependence in the United Kingdom: lessons from tri-
umph and failure. Eur J Crim Policy Res. 2018;24:183–200.

30. Strang J, McCambridge J, Best D, Beswick T, Bearn J, Rees S, et al. Loss of tol-
erance and overdose mortality after inpatient opiate detoxification: follow up
study. Br Med J. 2003;326:959–60.

31. O’Donnell J, Gladden RM, Mattson CL, Hunter CT, Davis NL. Vital signs: char-
acteristics of drug overdose deaths involving opioids and stimulants—24 States
and the District of Columbia, January–June 2019. MMWR Morb Mortal Wkly Rep.
2020;69:1189–97.

32. Koob GF, Schulkin J. Addiction and stress: an allostatic view. Neurosci Biobehav
Rev. 2018. https://doi.org/10.1016/J.NEUBIOREV.2018.09.008.

33. Volkow ND, Fowler JS, Wang GJ, Goldstein RZ. Role of dopamine, the frontal
cortex and memory circuits in drug addiction: insight from imaging studies.
Neurobiol Learn Mem. 2002;78:610–24.

34. Wang GJ, Volkow ND, Fowler JS, Logan J, Abumrad NN, Hitzemann RJ, et al.
Dopamine D2 receptor availability in opiate-dependent subjects before
and after naloxone-precipitated withdrawal. Neuropsychopharmacology.
1997;16:174–82.

35. Shi J, Zhao LY, Copersino ML, Fang YX, Chen Y, Tian J, et al. PET imaging of
dopamine transporter and drug craving during methadone maintenance treat-
ment and after prolonged abstinence in heroin users. Eur J Pharm.
2008;579:160–6.

36. Volkow ND, Fowler JS, Wang GJ, Baler R, Telang F. Imaging dopamine’s role in
drug abuse and addiction. Neuropharmacology. 2009;56:3–8.

37. Pessiglione M, Seymour B, Flandin G, Dolan RJ, Frith CD. Dopamine-dependent
prediction errors underpin reward-seeking behaviour in humans. Nature.
2006;442:1042–5.

38. Syed YY, Keating GM. Extended-release intramuscular naltrexone (VIVITROL Ò): a
review of its use in the prevention of relapse to opioid dependence in detoxified
patients. 2013. https://doi.org/10.1007/s40263-013-0110-x.

39. Alexander GE, Crutcher MD, Delong MR. Chapter 6 basal ganglia-thalamocortical
circuits: parallel substrates for motor, oculomotor, “prefrontal” and “limbic”
functions. Prog Brain Res. 1991;85:119–46.

40. Nakanishi S, Hikida T, Yawata S. Distinct dopaminergic control of the direct and
indirect pathways in reward-based and avoidance learning behaviors. Neu-
roscience 2014;282:49–59.

41. Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F, Baler R. Addiction: decreased
reward sensitivity and increased expectation sensitivity conspire to overwhelm
the brain’s control circuit. BioEssays 2010;32:748–55.

42. McGinnis MM, Parrish BC, McCool BA. Withdrawal from chronic ethanol exposure
increases postsynaptic glutamate function of insular cortex projections to the rat
basolateral amygdala. Neuropharmacology. 2020;172:108129.

43. Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson RJ. The
integration of negative affect, pain and cognitive control in the cingulate cortex.
Nat Rev Neurosci. 2011;12:154–67.

44. Tolomeo S, Christmas D, Jentzsch I, Johnston B, Sprengelmeyer R, Matthews K,
et al. A causal role for the anterior mid-cingulate cortex in negative affect and
cognitive control. Brain. 2016;139:1844–54.

45. Bruins Slot LA, Pauwels PJ, Colpaert FC. Sign-reversal during persistent activation
in μ-opioid signal transduction. J Theor Biol. 2002;215:169–82.

46. Zhou H, Xu J, Jiang J. Deep brain stimulation of nucleus accumbens on heroin-
seeking behaviors: a case report. Biol Psychiatry 2011;69:e41–e42.

47. De Ridder D, Manning P, Glue P, Cape G, Langguth B, Vanneste S. Anterior
cingulate implant for alcohol dependence. Neurosurgery. 2016;78:E883–E893.

48. Craig AD. How do you feel−now? The anterior insula and human awareness. Nat
Rev Neurosci. 2009;10:59–70.

49. Verdejo-García A, Bechara A. A somatic marker theory of addiction. Neuro-
pharmacology 2009;56:48–62.

50. Lindquist KA, Wager TD, Kober H, Bliss-Moreau E, Barrett LF. The brain basis of
emotion: a meta-analytic review. Behav Brain Sci 2012;35:121–43.

51. Rubin R. Illicit fentanyl driving opioid overdose deaths. J Am Med Assoc.
2017;318:2174.

52. Volkow ND. The epidemic of fentanyl misuse and overdoses: challenges and
strategies. World Psychiatry. 2021;20:195–6.

53. Valentino RJ, Koroshetz W, Volkow ND. Translating opioid pharmacology from
bench to bedside, and back. Biol Psychiatry 2020;87:4–5.

54. Upadhyay J, Verrico CD, Cay M, Kodele S, Yammine L, Koob GF et al. Neuro-
circuitry basis of the opioid use disorder–post-traumatic stress disorder comorbid
state: conceptual analyses using a dimensional framework. The Lancet Psychiatry
2021. https://doi.org/10.1016/S2215-0366(21)00008-0.

ACKNOWLEDGEMENTS
We thank the NHS Fife Research and Development Department and NHS Fife
Addiction Services for their support. We are grateful to Dr. Victoria Gradin who
implemented the first version of the behavioral task in the Presentation, Mairi Stirling
and Sarah Gray for help with recruitment, and Christine Matthews for data
management.

AUTHOR CONTRIBUTIONS
Design of study (ST and JDS), data acquisition (ST and AB), analysis (ST and JDS),
interpretation of the work (ST, NV, and JDS), drafting of the paper (ST, NV, and JDS),
critical revision (ST, NV, and JDS). All authors approved the version to be published.

COMPETING INTERESTS
The funding sources played no part in the design of the study, analyses, and
interpretation of the data, nor paper preparation. The authors declare no competing
interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-022-01813-4.

Correspondence and requests for materials should be addressed to Serenella
Tolomeo.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

S. Tolomeo et al.

7

Translational Psychiatry           (2022) 12:81 

https://doi.org/10.3389/fpsyt.2019.00743
https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/constructs/rdoc-matrix
https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/constructs/rdoc-matrix
https://doi.org/10.1016/J.NEUBIOREV.2018.09.008
https://doi.org/10.1007/s40263-013-0110-x
https://doi.org/10.1016/S2215-0366(21)00008-0
https://doi.org/10.1038/s41398-022-01813-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Protracted abstinence in males with an opioid use disorder: partial recovery of nucleus accumbens function
	Introduction
	Materials and methods
	Participants
	Paradigm
	Image acquisition, pre-processing, and analyses

	Results
	Participants
	Behavioral analyses
	Negative valence system
	Positive valence system

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




