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Substance use disorders (SUDs) impose severe negative impacts
upon individuals, their families, and society. Clinical studies dem-
onstrate that some chronic stimulant users are able to curtail their
drug use when faced with adverse consequences while others
continue to compulsively use drugs. The mechanisms underlying
this dichotomy are poorly understood, which hampers the devel-
opment of effective individualized treatments of a disorder that
currently has no Food and Drug Administration-approved pharma-
cological treatments. In the present study, using a rat model of
methamphetamine self-administration (SA) in the presence of con-
comitant foot shocks, thought to parallel compulsive drug taking
by humans, we found that SA behavior correlated with alterations
in the balance between an increased orbitofrontal cortex-dorsomedial
striatal “go” circuit and a decreased prelimbic cortex-ventrolateral stria-
tal “stop” circuit. Critically, this correlation was seen only in rats who
continued to self-administer at a relatively high rate despite receiving
foot shocks of increasing intensity. While the stop circuit functional
connectivity became negative after repeated SA in all rats, “shock-
resistant” rats showed strengthening of this negative connectivity after
shock exposure. In contrast, “shock-sensitive” rats showed a return
toward their baseline levels after shock exposure. These results may
help guide novel noninvasive brain stimulation therapies aimed at re-
storing the physiological balance between stop and go circuits in SUDs.
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Substance use disorder (SUD) is a chronic brain disease
characterized by compulsive drug seeking and taking despite
harmful consequences (1, 2). Numerous findings suggest that
chronic drug administration leads to maladaptive neural plas-
ticity in widespread brain systems modulated by complex inter-
actions between drug, genetics, and environment (1, 3-5). While
dysfunctions in striatal circuits may underlie distinct features of
the addiction phenotype (3-7), both preclinical (8-10) and
clinical models (11-13) point toward dysregulated frontostriatal
circuits contributing to the compulsive behaviors defining the
addiction phenotype. More specifically, exaggerated motivation/
drive for drug use underlain by an enhanced orbitofrontal cortex
(OFC)-striatal circuit and compromised executive/inhibitory
control underpinned by an impaired prefrontal cortex (PFC)-striatal
circuit, along with alterations in limbic- and motor-striatal pathways,
are thought to differentiate the brains of those addicted to drugs
from those who are not (6). Using resting state functional con-
nectivity (rsFC), which characterizes the interregional relationship
between two or more brain regions, circuits, or networks (14, 15),
we previously demonstrated that the balance in the strength be-
tween an OFC-superior ventral striatum (hypothesized “go”) cir-
cuit and a dorsal anterior cingulate cortex (dACC)-inferior ventral
striatum (hypothesized “stop™) circuit correlates positively with those
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DSM-IV (16) diagnostic symptoms concerning loss-of-control
over drug use (12). Taken together with other findings (8, 9,
11), these data suggest that pathological dysregulation of OFC-
and dACC-striatal circuits plays a critical role in the develop-
ment of compulsive addiction behavior.

However, a complete picture of the dynamic circuit plasticity that
occurs across the full trajectory of drug use—initiation, maintenance
and recovery from the disease—has not yet been delineated. Due to
logistical and ethical limitations encountered when studying human
SUD individuals, most of our knowledge comes from cross-sectional
studies between drug-dependent and healthy control individuals
examined at a single time point, generally when the disease is fully
manifest and clinically diagnosed. Therefore, the trajectory of
neural circuit plasticity preceding the disease and following pro-
longed abstinence have rarely been investigated (13, 17).

Importantly, both clinical (18, 19) and preclinical (8-10, 19—
21) studies have clearly demonstrated that only a relatively small
portion of recreational drug users progress to compulsive drug
use. Longitudinal preclinical studies have further demonstrated
that there are no discernable differences in drug self-administration
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(SA) behavior between addictive-like and nonaddictive-like sub-
groups before the introduction of a negative consequence (8-10,
19-21), raising the question of when and how punishment-resistant
individuals develop differential neural processes that support
compulsive drug use despite negative consequences.

To address these questions, we performed a longitudinal fMRI
study (Fig. 14) using a rat model of stimulant SUD (20, 21). Our
goal was to (i) identify and then assess putative go and stop
circuit alterations across the different stages of the addiction
trajectory, and (ii) examine the relationship between these cir-
cuits and the selective development of compulsive SA behavior
for methamphetamine (METH), a widely abused stimulant drug
(22). Based upon previous human and preclinical studies (6, 8—
10, 12), we hypothesized (i) up-regulation of an OFC-striatal circuit
and down-regulation of a prelimbic (PrL) cortex (homolog of hu-
man dACG; ref. 23)-striatal circuit, after the development of METH
SA and subsequent introduction of concomitant punishment, and
(i) that the balance between the OFC-striatal and PrL-striatal
connectivity will be associated with compulsive-like SA behaviors.

Results

Behavioral Results. Groups of rats were trained to press a lever to
obtain saline (SAL, n = 11) or METH (n = 18; 0.1 mg/kg per
infusion) for 20 d (Fig. 14). A 5-s tone-light compound cue was
paired with the active (METH or SAL) lever but not with an
inactive (control) lever. The METH group quickly escalated
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Fig. 1. Experimental design and behavioral results. (A) Two groups of rats

METH (n = 18) and SAL (n = 11) experienced four distinct conditions designed
to model the addiction cycle: baseline, SA training (9 h/d for 20 d, FR-1, 0.1 mg/kg
per infusion of METH/SAL), SA plus foot shock, and withdrawal (cue-re-
activity tests performed on withdrawal days 3 and 30). MRI data were collected
at the end of each phase. (B) The METH SA rats increased lever pressing during
the SA development phase (one-way ANOVA, P < 0.001 for both groups), and
SA behavior decreased when foot shocks were introduced (one-way ANOVA,
P < 0.001 for both groups). Drug intake was computationally modeled, and the
estimated infusion on the last punishment day was normalized to that on the
last SA development day to define a Cl. (C) K-mean clustering on the CI dif-
ferentiated METH rats into SR (n = 7) and SS (n = 11) subgroups. While both
subgroups reduced drug taking after shock imposition, the SR but not the SS
subgroup “recovered” and took more drug after the second shock day. There
was no difference in SA behavior between the two subgroups before shock
imposition. (D) The SR group showed significantly higher Cl than the SS sub-
group. (E) The total number of drug infusions during the SA development
phase did not predict the subsequent categorization of SR and SS rats. (F) The
total number of lever presses normalized by drug infusions (seek/take ratio)
during SA phase did not differ between subgroups. (G) While both SS and SR
rats significantly reduced drug intake at the end of SA+FS phase, the SR group
took more drug than did the SS group, although there was no difference
between them at the end of SA phase. #P < 0.1; *P < 0.05; **P < 0.01; ***P <
0.001; NS, not significant; error bar stands for SEM.
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their drug intake during the SA phase [repeated measure one-
way ANOVA of infusions from SA day 1-20, F4.91,73.67) = 25.34,
P < 0.00001], whereas the SAL group maintained a very low level
of responding on both active and inactive levers (Fig. 1B and SI
Appendix, Fig. S3 A and B). When drug SA was paired with foot
shock (FS) during the subsequent 5-d punishment phase, the
METH rats as a group reduced their SA behavior and drug in-
take [repeated measure one-way ANOVA of infusions from the
last SA day to the last FS day, F(».63, 44.64) = 22.81, P < 0.00001,
Fig. 1B, see SI Appendix, Fig. S3B for lever presses].

The escalation during the SA phase and the decreased SA
during the punishment phase were computationally modeled (S
Appendix, Fig. S2, also see Methods). Model estimate of SA on
the last FS day was normalized to that on the last SA day to
create a “compulsivity index (CI)” (Fig. 1B). To account for the
heterogeneity in individual SA behavior, the METH group was
parsed into shock-resistant (SR) and shock-sensitive (SS) sub-
groups using k-mean clustered CI results, yielding 7 SR and 11
SS rats (Fig. 1 C and D and SI Appendix, Fig. S3C). The SR
group showed a higher CI than the SS group [SR vs. SS, T(;6) =
10.24, P < 0.00001, Fig. 1D]. Critically, the total number of drug
infusions during the 20-d SA phase did not differ significantly
between the two subgroups [SR vs. SS, T(;6) = 0.48, P = 0.64, Fig.
1E], suggesting that the total pharmacological dosage of METH
received during SA acquisition cannot by itself predict future
compulsive drug taking behavior. The two subgroups also did not
differ significantly on the total number of active lever presses
normalized to METH infusions (seek/take ratio) during SA [SS
vs. SR, T(16) = 0.28, P = 0.79, Fig. 1F], once again suggesting that
future compulsive-like drug seeking cannot be predicted by drug-
seeking behavior and drug intake in the absence of punishment.
However, the subgroups did differ after the aversive FS was in-
troduced [repeated measure two-way ANOVA of infusions from
the last SA day to the last FS day, GROUP x DAY interaction,
Fs, 80y = 10.08, P < 0.0001, Fig. 1C]. While both SS and SR rats
continued to SA under punishment and both subgroups signifi-
cantly reduced drug intake from their preshock levels [paired
t tests SR: Ty = —4.61, P = 0.004; SS: T3¢y = —14.67, P < 0.0001,
Fig. 1G], SR rats responded significantly more on the active lever
than the SS group [average infusions of the last two shock days,
SR vs. SS, T16) = 5.32, P = 0.00007, Fig. 1G]. The clear gap
between the lowest CI of the SR subgroup and the highest CI of
the SS subgroup supports the idea that clustering dichotomy
reflects two truly different subgroups.

For the withdrawal phase, a (GROUP: SS, SR) x (LEVER:
active, inactive) x (TIME: day 3, day 30) repeated-measures
ANOVA revealed a significant main effect of LEVER (P < 0.001)
and TIME (P < 0.03), which is consistent with clinical observa-
tions (24, 25) and the well-known incubation of craving phe-
nomenon (26). There were no significant effects for GROUP or
any two-way or three-way interactions (SI Appendix, Fig. S4).

Imaging Results.

Voxel-wise analyses of rsFC. Hypothesis-driven, whole-brain voxel-
wise rsFC using seeds from the OFC (Fig. 24) and PrL (Fig. 34)
was used to assess the strength of and behavioral relationship
with frontostriatal circuits across the drug-dependence cycle (i.e.,
predrug exposure, stable SA, after pairing FS with SA, and after
protracted withdrawal). RsFC was calculated individually for each
seed and each animal and was submitted to a 3 X 4 linear mixed-
effects model ANOVA (27), with GROUP (SR, SS, SAL) and
SESSION (baseline, SA, SA+FS, withdrawal) as factors. GROUP x
SESSION interactions were of primary interest to determine lon-
gitudinal between-group differences across the four phases of the
study. Both main ANOVAs and corresponding follow up analyses
were corrected for whole-brain, voxel-wise multiple comparisons
(Peorr < 0.05, see Methods for details).
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Fig. 2. Changes in the OFC circuit in the SR, SS, and SAL groups, along the
cycle of addiction. (A) OFC seed definition. (B) ANOVAs [(GROUP: SR, SS,
SAL) x (SESSION: baseline, SA, SA+FS, withdrawal)] revealed a significant
GROUP-by-SESSION interaction in rsFC between the OFC and MS (i); the
average rsFC from the MS mask was plotted as a function of addiction cycle
in each group for illustrative purpose (ii). (C) Post hoc one-way ANOVAs
across groups indicated that rsFC in the three groups did not differ at
baseline (i) or following 30-d withdrawal (iv). However, a significant dif-
ference was shown in OFC-MS rsFC after SA phase (ii), which was maintained
after foot shock (iii). Paired t tests demonstrated an increase in OFC-MS rsFC
after SA phase in both SR (v) and SS (vi) rats compared with the SAL control
group. The punishment did not differentiate the two SA subgroups, such
that both the SR and SS rats continued to demonstrate increased OFC-MS
rsFC compared with the SAL group (Lower Right). Results were corrected for
whole-brain multiple comparisons at P < 0.05. Error bar stands for SEM.

There was a significant GROUP x SESSION interaction in
rsFC between the OFC seed and a medial striatum (MS) cluster,
which encompassed the nucleus accumbens (NAc) core extend-
ing caudally and superiorly along the medial wall into the dorsal
striatum (Fig. 2 B, i). The orbitofrontal-medial striatum (OFC-
MS) rsFC strength for each group is shown in Fig. 2 B, ii. Follow-
up one-way ANOVAs across the three groups at each time point
revealed (i) no group difference in the OFC-seeded rsFC at
baseline (Fig. 2 C, i); (ii) emergence of group differences in
OFC-MS rsFC after SA (Fig. 2 C, ii); follow-up ¢ tests indicated
greater rsFC strength in both METH SA subgroups (SS and SR)
vs. the SAL SA group (Fig. 2 C, v and vi); (iii) maintenance of
group differences after 5 d of FS plus SA (Fig. 2 C, iii); follow-up
t tests again indicated that both METH SA subgroups differed
from the SAL group (Fig. 2 C, vii and viii); and (iv) no group
differences after 30-d withdrawal, at which time both SS and SR
subgroups were again similar to the SAL group (Fig. 2 C, iv).
Qualitatively, the difference of OFC rsFC in the caudal MS
seemed to be driven by a SA-induced increase in both SR and SS
subgroups compared with the SAL group, whereas the difference
in the NAc core appeared to be primarily driven by higher 1sFC
in SR rats compared with the SAL group (Fig. 2 C, v-viii).

There was a significant GROUP x SESSION interaction in
rsFC strength between the PrL seed and the ventral striatum
(VS), which included the lateral NAc shell and the ventral tip of
the caudate-putamen (Fig. 3 B, i). The prelimbic-ventral stria-
tum (PrL-VS) rsFC circuit strength trajectory for each group is
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illustrated in Fig. 3 B, ii. Follow-up one-way ANOVAs across
groups at each time point indicated (i) no difference in PrL rsFC
strength between groups at baseline (Fig. 3 C, i); (ii) emergence
of rsFC differences after SA between PrL and NAc core, shell
and ventral caudate-putamen (Fig. 3 C, ii); follow-up ¢ tests in-
dicated lower 1sFC strength in both SS and SR subgroups vs. the
SAL group (Fig. 3 C, v and vi); (iii) maintenance of group dif-
ferences after 5 d of FS plus SA (Fig. 3 C, iii); follow-up ¢ tests
indicated that the PrL-VS circuit strength remained lower in the
SR but not SS subgroup (Fig. 3 C, vii) vs. SAL group (Fig. 3 C,
viii); and (iv) no group difference after 30-d withdrawal, at which
time both SS and SR subgroups were again similar to the SAL
group (Fig. 3 C, iv).

Critically, using the same ANOVA model and correction criteria
for multiple comparisons, there was no significant GROUP x
SESSION interaction in rsFC strength in the STHL negative con-
trol circuits (SI Appendix, Fig. S1 B-E), suggesting region-specific,
drug SA-induced circuit alterations. The low cortical-striatal con-
nectivity strength (around 0.1) observed is consistent with previous
neuroimaging studies (12, 28-30) and in line with the dense striatal
afferent inputs from multiple cortical and midbrain regions (23, 31).
Changes in the [go (-) stop] circuitry balance and circuit-behavioral
relationships. Based upon previous studies (6, 12, 23), we defined
the OFC-MS (the entire cluster showing the GROUP x SESSION
interaction) as the go circuit and the PrL-VS (the entire cluster
showing the GROUP x SESSION interaction) as the stop circuit.
The rsFC strength difference between the OFC-MS and PrL-VS
were defined as the [go (-) stop] circuit balance (Fig. 44). After
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Fig. 3. Changes in the PrL rsFC circuit in the SR, SS, and SAL groups, along
the cycle of addiction. (A) PrL seed definition. (B) ANOVA [(GROUP: SR, SS,
SAL) x (SESSION: baseline, SA, SA+FS, withdrawal)] revealed a significant
GROUP-by-SESSION interaction in rsFC between the PrL and VS. (C) Post hoc
one-way ANOVAs across groups indicated that rsFC in the three groups did
not differ at baseline or following 30-d withdrawal. However, a significant
difference was shown in PrL-VS rsFC after SA development phase, which was
maintained after foot shock (Left). Paired t tests demonstrated a lower
negative PrL-VS rsFC after SA development in both SR and SS rats compared
with SAL control group (Upper Right). The punishment differentiated the
two METH subgroups, such that the SR but not the SS rats continued to
demonstrate lower negative PrL-VS rsFC, significantly different from the SAL
group (Lower Right). Results were corrected for whole-brain multiple com-
parisons at P < 0.05. Error bar stands for SEM.
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the SA phase, we found that the [go (-) stop] rsFC balance was
biased toward the go direction in both the SR [paired ¢ test, SA vs.
baseline, 719y = 7.25, P = 0.0003] and SS [paired ¢ test, SA vs.
baseline, T(19y = 6.74, P = 0.00005] subgroups. This deviation in
circuit balance was reduced following 5 d of SA+FS only in the SS
(paired ¢ test, FS + SA vs. SA T(19) = 2.97, P = 0.014) but not the
SR subgroup (paired ¢ test, FS + SA vs. SA T(5) = —0.056, P =
0.96). After long-term (30-d) withdrawal and two cue-SA extinc-
tion sessions, the [go (-) stop] circuit balance was restored back to
baseline levels in both SR and SS subgroups (paired  test, baseline
vs. withdrawal, P values >0.30; Fig. 4B). Importantly, no differ-
ence in the [go (-) stop] circuit balance was seen in the SAL group
over time (repeated one-way ANOVA F39) = 1.28, P = 0.30).

Next, the relationship between the CI and the [go (-) stop]
balance after FS punishment was examined. We found that CI
was positively correlated with the [go (-) stop] rsFC balance in
the SR subgroup (R = 0.76, P = 0.047; Fig. 54), driven by a
positive correlation in go circuit strength with CI (R = 0.86, P =
0.014; Fig. 54) whereas the stop circuit strength only showed a
weak, trend-level negative correlation (R = —0.57, P = 0.19; Fig.
5A). In addition, we leveraged the longitudinal design to examine
if CI was correlated with circuit strength changes induced by
punishment. We found that FS induced changes in the [go (-)
stop] circuit balance correlated significantly with CI (R = 0.96,
P =0.00078; Fig. 5B) in SR but not SS individuals, with both go
and stop circuits individually contributing to the relationship, but
in opposite directions (go: R = 0.90, P = 0.006; stop: R = —0.84,
P =0.018; Fig. 5B). Further analyses showed that both go and stop
circuits independently explained the variance in CI (SI Appendix,
Tables S3-S5). Notably, there was no significant relationship be-
tween CI and the [go (-) stop] balance in the SS subgroup, either
when circuit measures were taken alone or with changes in these
circuits between the SA and punishment phases (Fig. 5).

Discussion

Using a preclinical model that closely captures the principal human
addiction phenotype of compulsive drug use despite negative con-
sequences, we identified two functional frontostriatal circuits that
are differentially regulated as a function of the drug-dependence
trajectory. The circuit strength of an OFC-dorsal medial striatal
increased, while a PrL-ventral striatal circuit connectivity became
negative following 20 d of METH SA (Figs. 2 and 3). The balance
between the OFC-striatal (go) and PrL-striatal (stop) circuits, [go (-)
stop] deviated toward the go direction in both SS and SR subgroups
by the end of the SA phase; this deviation was significantly reduced
following 5 d of FS punishment only in the SS but not SR subgroup
(Fig. 4B). Importantly, the severity of dependence, as reflected by a
SA Compulsivity Index, was related most closely to the balance of
the two circuits, with the brain-behavior relationship unique
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Fig. 5. The relationship between the [go (-) stop] rsFC balance and the CI (Fig.
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uals (P = 0.0008), with a positive correlation with the go circuit change (P =
0.006) and negative correlation with the stop circuit change (P = 0.018). The Cl
was not correlated with rsFC change of the [go (-) stop] balance, nor any single
circuit in the SS rats. *P < 0.05; **P < 0.01; ***P < 0.001.

to the subset of rats (SR) who exhibit continued drug SA despite
the aversive FS consequence (Fig. 5).

Together, these results suggest that frontostriatal circuits dy-
namically change over the course of addiction, with both simi-
larities and important differences between SS and SR rats. At
the time of disease “diagnoses” (i.e., the punishment phase), we
found higher OFC-striatal rsFC (Fig. 2) and lower PrL-striatal
rsFC (Fig. 3) in those “addictive-like” rats (i.e., SR), with the
difference in the strength of these two circuits significantly cor-
related with compulsive drug taking (Fig. 54). These findings are
highly consistent with existing cross-sectional human studies
contrasting addicts with healthy controls (6, 11, 12). In addition,
findings regarding the balance of frontostriatal circuits and their
relationship to behavior were discovered. First, only the SR
subgroup of rats demonstrated significant correlation between an
index of compulsive behavior (CI) and changes in the [go (-) stop]
circuit balance (Fig. 5B), despite both groups having a similar CI
dynamic range. The absence of a brain circuit-behavior correlation
with CI in the SS subgroup suggests that plasticity in the “vul-
nerable” SR subpopulation supports a neurobiological distinction
between a compulsive vs. recreational drug use phenotype. Sec-
ond, the [go (-) stop] circuit strength returned toward baseline
only in the SS subgroup after FS (Fig. 4), suggesting a selective
ability to reverse SA-evoked neural plasticity in response to pun-
ishment only in rats sensitive to negative consequences. Third,
these brain circuits—behavioral correlations emerged only after FS
exposure, suggesting punishment is critical, even necessary, for the
emergence of compulsive behavior and related neural substrates
to manifest in those individuals vulnerable to addiction.

These longitudinal results provided a unique insight into the
role of frontostriatal circuits in the addiction cycle. While the
stop (PrL-NAc) functional circuit strength was changed in both
SS and SR animals after METH SA, it was partially reversed
only in the SS but not SR rats after the introduction of punish-
ment (Fig. 3B). This systems-level finding is highly consistent
with a previous study demonstrating that, while the SA-induced
abnormal synaptic plasticity progressively recovers in animals
that maintain controlled drug intake, it remains abnormal in those
rats that displayed addiction-like behavior during an extended
punishment phase (32). In addition, our data may link the dACC
hypoactivity seen in drug-dependent humans (33-35) with the
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reduced circuit strength in the putative homologous rodent region,
the PrL (23). Hypoactivation during inhibitory control tasks (33—
37) as well as reduced dACC-striatal connectivity (12, 38) have
been reported across several human SUDs, although frontal
hyperactivation in response to acute drug administration or pre-
sentation of drug-related cues has also been documented (13).
The dACC has long been thought to be a key region exerting top-
down control following error monitoring to promote appropriate
behavioral adaptation (39-41). That punishment induced opposite
changes in the putative stop circuit (Fig. 3 B, ii) herein may sug-
gest difficulty adequately engaging the dACC/PrL region or even
an active suppression of PrL by ventral striatum, resulting in a
failure to adapt behavior properly when faced with negative
consequences in vulnerable subjects. Unfortunately, rsFC by itself
cannot provide information on the direction of influence between
regions. In contrast to PrL hypoactivity, OFC hyperactivity has
been reported after cocaine SA (9, 42-44). Notably, repeated
optogenetic stimulation of OFC as well as its downstream striatal
projection terminals can generate compulsive-like repetitive be-
havior in transgenic mice (45). Moreover, hyperconnectivity be-
tween the VS and OFC has been observed in cocaine-dependent
(12) and OCD (28) individuals, both characterized by compulsive
behaviors. Here, we showed that while OFC-striatal rsFC can be
significantly enhanced by METH SA, only circuit changes that
occurred after the introduction of FS in the susceptible animals
(SR) were related to compulsive drug use.

Combined with previous findings, our results also suggest that
restoring the physiological balance between stop and go circuits
via noninvasive brain stimulation therapies is an emerging and
promising treatment strategy for SUDs. A previous study dem-
onstrated that optogenetically stimulating or inhibiting PrLL
neurons can, respectively, down- or up-regulate the manifesta-
tion of compulsive drug-seeking behaviors (8). Interestingly, both
our previous human data (12) and current preclinical results
demonstrate that circuit strength balance, i.e., [go (-) stop], is a
better predictor of compulsive drug taking than either circuit
alone (SI Appendix, Tables S1-S4), pointing to the benefit of
differentiating individuals based on their circuit endophenotypes
such that some individuals may benefit more from targeting the
OFC-striatal circuit rather than, or in addition to, the dACC/
PrL-striatal circuit. Indeed, inhibition of the OFC has also
been shown to reduce compulsive drug taking in a rat model of
addiction (9). Inhibitory transcranial magnetic stimulation di-
rected at OFC/medial PFC may be beneficial in reducing drug
cue responsivity in cocaine use disorder (46). Here, we propose
that assessing the individual strength of both circuits, and espe-
cially their relative strengths, may assist in individualizing ther-
apeutic options for those who may require either strengthening
of the stop circuit, weakening of the go circuit, or both. Finally,
such pretreatment neuroimaging measures may allow assessment
of clinical responsivity and help determine the adequacy of a
specific course of treatment.

Limitations

Since drug addiction is a complex neuropsychiatric disease in-
volving multiple cognitive and affective constructs, any given
animal model may only capture a limited aspect of the disease. In
this study, we sought to investigate the compulsive nature of drug
self-administration with FS serving as the homolog of negative
consequence associated with human drug use, although the
physical pain of FS might not fully reflect the range of negative
consequences experienced by dependent drug abusers. In addi-
tion, while rsFC of the go and stop circuits returned to baseline
levels after 30-d withdrawal of drug, other addictive behaviors
(i.e., cue reactivity) continued even after a long period of with-
drawal and was not related to the circuits identified in this study.
How the go and stop circuits contribute to or interact with
changes in other neural pathways underlying different aspects of
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addiction warrants further study. Finally, we did not include fe-
male rats and, therefore, cannot rule out gender differences in
these findings.

Materials and Methods

Subjects. All animal procedures were approved by the Animal Care and Use
Committee of the National Institute of Drug Abuse Intramural Research
Program and followed the Guide for the Care and Use of Laboratory Animals
(ISBN 0-309-05377-3). Male Sprague-Dawley rats (Charles River Labs), re-
ceiving at 14-16 wk old and weighing 350-400 g before surgery, were used
in the experiments.

Self-Administration Rat Model.

Surgery. Under ketamine and xylazine (50 and 5 mg/kg, i.p., respectively)
anesthesia, silastic catheters were inserted into the jugular vein, as described
(20, 21). The catheters were attached to a modified 22-gauge cannula
mounted underneath the skin of the back between the shoulder blades;
catheters were flushed every 24-48 h throughout the experiment with
gentamicin (Butler Schein; 5 mg/mL) and sterile saline. Buprenorphine (0.1
mag/kg, s.c.) was administered after surgery to relieve pain; rats were allowed
7 d recovery before METH SA training.

Self-administration training and foot shock punishment. Rats were randomly
assigned to either a METH (n = 18) or SAL (n = 11) SA control group (Fig. 1A).
SA chambers were located inside sound-attenuating cabinets controlled by a
Med Associates system (Med Associates). Each chamber was equipped with
two levers (active and inactive). Presses on the retractable active lever acti-
vated an infusion pump that delivered either METH or saline. Presses on the
inactive lever had no reinforced consequences.

The SA training procedure has also been described (20, 21). Briefly, rats
were trained to self-administer DL-methamphetamine HCl received from the
pharmacy of National Institute on Drug Abuse (0.1 mg/kg per infusion over
3.5 s) or saline during three, 3-h sessions per day (each separated by 30 min)
for 20 d under a fixed-ratio (FR)-1 reinforcement schedule with a 20-s
timeout. A 5-s compound tone-light cue was paired with each infusion.
Rats were trained in four cycles of 5 d on and 2 d off to minimize weight loss.
Following 20 d of SA training, a 5-d punishment phase was initiated with
pseudorandom 0.5-s FS now accompanying METH SA on half of the rein-
forced lever-presses. Foot shock intensity varied over the 5 d in a pre-
determined fixed order (0.18, 0.24, 0.3, 0.3, and 0.3 mA) (20, 21).
Withdrawal and cue-reactive tests. After the 5-d punishment phase, rats un-
derwent forced withdrawal for 30 d. Cue-presentation (extinction) testing
occurred for 30 min on days 3 and 30 of withdrawal (Fig. 1A). On these
occasions, rats were returned to the SA chambers with presses on the for-
mally active lever resulting only in the presentation of the tone-light cue
previously paired with METH/saline infusions.

MRI Experiments.

Animal preparation. For magnetic resonance imaging (MRI) scans, animals were
anesthetized with a combination of isoflurane (Piramal Critical Care Inc.) and
dexmedetomidine hydrochloride (Zoetis Services LLC) using a previously de-
scribed protocol (47). For more details, please see S/ Appendlix.

Image acquisition and preprocessing. MRI data were acquired on a Bruker
Biospin 9.4T scanner (Bruker Medizintechnik). The fMRI data acquisition was
initiated 90 min after anesthesia induction (48) using a T2*-weighted EPI se-
quence (echo time = 13 ms, repetition time = 1,000 ms, field of view = 35 x
35 mm?, matrix size = 64 x 64, slice thickness = 1 mm, slice number = 15). FSL
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) and AFNI (49) were used in fMRI data
preprocessing, which included slice timing correction, motion correction, spa-
tial smoothing, and normalization to a rat stereotaxic atlas (47). Independent
component analysis was applied to eliminate nonneural components in the
fMRI data (50). For data acquisition parameters and more preprocessing de-
tails, please see SI Appendix.

Statistical Analyses.

Behavioral data analyses. The escalation of drug intake during the SA phase and
the reduction of drug intake during the punishment phase were analyzed.
Mixed ANOVAs, independent two-sample t tests, or paired t tests were
employed to examine the behavioral differences between or within groups.
Voxel-wise analyses of rsFC. Based upon our previous human study (12) and the
homology between the primate and rodent brain (23), the bilateral OFC (Fig.
2A) and bilateral PrL (Fig. 3A) were chosen as “seed” regions for rsFC
analyses. Additionally, the primary somatosensory cortex of hind limb (STHL,
SI Appendix, Fig. S1A) was chosen as a control seed region.
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Whole-brain voxel-wise rsFC was calculated individually for each seed and
each animal, and then submitted to a 3 x 4 linear mixed-effects model
ANOVA (27), with GROUP (SR, SS, SAL) and SESSION (baseline, SA, SA+FS,
withdrawal) as factors. GROUP x SESSION interactions were of primary
interest to examine between-group rsFC differences across sessions. Post
hoc one-way (SR, SS, SAL) ANOVAs were used to demonstrate group
differences at each session, while post hoc t tests compared pairs of
groups to examine the source of interaction, both in whole brain voxel-
wise (51). All voxel-wise statistics were corrected for whole-brain multiple
comparisons (corrected P < 0.05, determined with the criteria of voxel-
level P < 0.001 and cluster size >8 voxels based on Monte Carlo simulation
in AFNI; ref. 49).

Changes of the [go (-) stop] circuitry balance and the circuit-behavior relationships.
We defined the OFC-MS (the whole cluster showing the GROUP x SESSION
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interaction) as the go circuit and the PrL-VS (the whole cluster showing the
GROUP x SESSION interaction) as the stop circuit. The rsFC strength difference
between the OFC-MS and PrL-VS were defined as the [go (-) stop] circuit
balance. Changes in the [go (-) stop] circuit balance during the course of four
study phases were examined. Next, relationships between the Cl and the
[go (-) stop] balance were also examined cross-sectionally. In addition, we lev-
eraged our longitudinal design to examine if Cl was correlated with the circuit
strength changes induced by punishment.
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