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NEUROSCIENCE

Coordinated activity of a central pathway drives
associative opioid analgesic tolerance

Yiwen Hou't, Guichang Zou'2t, Xianglian Wang’, Hui Guo', Xiao Ma, Xingyu Cheng3,
Zhiyong Xie3, Xin Zuo', Jing Xia', Huanhuan Mao', Man Yuan', Qi Chen’, Peng Cao3,
Yupeng Yang', Li Zhang*, Wei Xiong"%>*

Opioid analgesic tolerance, a root cause of opioid overdose and misuse, can develop through an associative
learning. Despite intensive research, the locus and central pathway subserving the associative opioid analgesic
tolerance (AOAT) remains unclear. Using a combination of chemo/optogenetic manipulation with calcium
imaging and slice physiology, here we identify neuronal ensembles in a hierarchically organized pathway essen-
tial for AOAT. The association of morphine-induced analgesia with an environmental condition drives glutama-
tergic signaling from ventral hippocampus (vHPC) to dorsomedial prefrontal cortex (dmPFC)
cholecystokininergic (CCKergic) neurons. Excitation of CCKergic neurons, which project and release CCK to baso-
lateral amygdala (BLA) glutamatergic neurons, relays AOAT signal through inhibition of BLA y-opioid receptor
function, thereby leading to further loss of morphine analgesic efficacy. This work provides evidence for a circuit
across different brain regions distinct for opioid analgesic tolerance. The components of this pathway are po-
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tential targets to treat opioid overdose and abuse.

INTRODUCTION

Opioids are not only the most effective analgesics to relieve pain but
also among the most abusive substances to cause social and eco-
nomic crisis (1-3). Opioid tolerance is one primary root cause of
physical dependence, withdrawal, and overdoses (4). Tolerance de-
velops to the analgesic effects of opioid agonists such as morphine
and fentanyl in the treatment of human chronic pain. Escalating
opioid use up to more than 10-fold dose is a common practice to
resist against tolerance and achieve the desired effect (5-7). A
major interest of opioid research in the past several decades is to
develop ideal agonists that target p-opioid receptors (MORs) with
a high analgesic efficacy and a delayed development of tolerance (7
10). Despite intensive research, the attempt in this research direc-
tion has been substantially hindered because the neurological
mechanisms underlying opioid analgesic tolerance in the brain
remain unclear. Research on this topic has been carried out
mainly in vitro and focused on posttranslational modification of
opioid receptors and their signaling cascades at the cellular level
(11-13). However, there is a serious lack of experimental data un-
covering the central pathways that specifically regulate the develop-
ment of tolerance to the analgesic effect of opioids.

Accumulating evidence has emerged to suggest that learning
processes play an essential role in the development of tolerance to
the analgesic effect of opioids. For instance, a large amount of
animal studies show that rodents administered with morphine in
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a distinctive context displayed a higher degree of morphine toler-
ance than the animals given morphine in a home cage (14-20).
This associative opioid analgesic tolerance (AOAT) can also make
a clinical impact on the analgesic efficacy in the treatment of pa-
tients with chronic pain (21). Opioid users developed with AOAT
became supersensitive and even life-threatened to nonlethal doses
of morphine in the absence of experienced context (22-24).

Previous studies have demonstrated that cholecystokinin (CCK),
the most effective endogenous anti-opioid peptide (25), is colocal-
ized with endogenous opioids and opioid receptors in various pain-
processing brain regions (26, 27). Although CCK does not bind to
opioid receptors (28), its binding to CCK receptors reduces the
binding affinity of opioids to opioid receptors (28, 29). Considerable
experimental evidence also show that CCK diminished the analge-
sic effect of opioids such as morphine, heroin, and beta-endorphin
(25, 30-32). Systemic or intracerebral administration of CCK recep-
tor antagonists proglumide and 1365260, as well as CCK8 antise-
rum, potentiated the analgesic effects of opioids and impeded the
development of opioid analgesic tolerance (33—41). Furthermore,
an early investigation suggests that associative morphine tolerance
is mediated in a CCK-2 receptor (CCK2R)—-dependent mechanism
in amygdala (16). Until recently, little is known about the neuronal
circuit in the brain that underlies opioid analgesic tolerance. To
address this question, we implemented in vivo techniques involving
optogenetic and chemogenetic manipulations, neuronal calcium
imaging, and electrophysiological recording to explore a brain
pathway and its functional and structural elements for regulation
of AOAT. We have provided evidence for a distinct neuronal circuit-
ry and its hierarchical control of the development of tolerance to the
analgesic effect of opioids in the brain. We have further dissected
the functional elements that sequentially relay the signals across
the Glu""P€— CCKI™PFC— GluPM* pathway. This neuronal circuit
is the target in the brain to drive AOAT.
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RESULTS

Identification of discrete brain regions involving AOAT

To generate AOAT model (16), morphine at different doses was
given to mice via intraperitoneal injection for consecutive days.
Mice receiving morphine were subgrouped into two, noncondi-
tioned home-caged mice (HC-mice) and contextual conditioned
caged mice (CC-mice) (Fig. 1A). The contextual cues alone did
not change the acute morphine analgesic effects (1 to 5 mg/kg)
(fig. S1) or basal nociceptive sensitivity (fig. S2). Chronic systemic
morphine treatments of HC-mice and CC-mice both resulted in the
development of intrinsic morphine analgesic tolerance in the hot-
plate tests (Fig. 1B). The tolerance development in the HC-mice is

independent of context, as the development of tolerance both in
mice with constantly shifted morphine injection context and in pre-
viously reported context-independent mice from a 2 x 2 crossover
design (16) is similar with that in the HC-mice (fig. S3). However,
when compared to HC-mice, CC-mice exhibited significantly accel-
erated morphine analgesic tolerance after repeated administration
of morphine at various doses (1 to 5 mg/kg per day) (Fig. 1B and
fig. S4), indicating that the AOAT model was successfully estab-
lished in the CC-mice. This AOAT behavior showed no differences
between male and female mice (fig. S5), suggesting that there is no
sexual dimorphism of AOAT. We next examined whether this
AOAT behavior also occurs in the treatment of chronic
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Fig. 1. Identification of brain regions critical for AOAT. (A) Schematic of the AOAT experimental procedure. The HC-mice received intraperitoneal (i.p.) injection of
morphine in their home cage (HC), while the CC-mice received intraperitoneal injection of morphine in the context cage (CC). Hot-plate tests (within 30 s) were performed
before and 15 min after morphine injection. (B) Morphine analgesic tolerance in the HC-mice and CC-mice. The antinociception was calculated to maximum possible
effect (MPE) according to the equation: MPE = [Post-drug PWL (s) — Pre-drug PWL (s)]/[Cutoff time (s) — Pre-drug PWL (s)]. (C) Quantitative paw withdrawal latency (PWL)
of mice in hot-plate tests before and after CFA (20 ul, 50%) or vehicle bilateral intraplantar injection. (D) Morphine analgesic tolerance in the CFA-treated HC-mice and CC-
mice. (E and F) Morphine analgesic tolerance in the HC-mice and CC-mice receiving intracerebroventricular (i.c.v.) (E; 3 pg per mice) or intrathecal (i.t.) (F; 0.3 pg per mice)
morphine delivery. (G) Representative images of c-Fos immunofluorescence staining in BLA, dmPFC, and vHPC of HC-mice and CC-mice. DAPI, 4', 6-diamidino-2-phenyl-
indole. Scale bars, 100 um. (H) Quantification of the number of c-Fos* neurons in the HC group and the CC group (n = 6 mice per group). (I) The number of c-Fos* neurons
in the CC group was normalized to the HC group in each nucleus. OFC, orbitofrontal cortex; dmPFC, dorsomedial prefrontal cortex; ACC, anterior cingulate cortex; IC,
insular cortex; Pir, piriform cortex; BLA, basolateral amygdala; CeA, central amygdala; dHPC, dorsal hippocampus; vHPC, ventral hippocampus; LHA, lateral hypothalamic
area; PAG, periaqueductal gray; RVM, rostral ventromedial medulla; VC, visual cortex; Au, auditory cortex; SC, somatosensory cortex; MC, motor cortex; NAc, nucleus
accumbens. Data are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA with Bonferroni post hoc test; ns, not significant (P > 0.05).
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inflammatory pain. The mice received bilateral intraplantar injec-
tion of complete Freund's adjuvant (CFA) (42) and exhibited pro-
gressive thermal hyperalgesia over the next 7 days (Fig. 1C). AOAT
also developed during the treatment of CFA-induced chronic pain
in CC-mice, but not HC-mice (Fig. 1D and fig. S6). This AOAT be-
havior was also produced by repeated exposure to systemic sufenta-
nil (intraperitoneally, 35 ug/kg per day for 5 days), a currently
widely used synthetic opioid analgesic in clinic (fig. S7).

We next asked whether AOAT is formed at the spinal or supra-
spinal level since both areas can mediate opioid analgesia and anal-
gesic tolerance (43). We observed that CC-mice receiving
intracerebroventricular, but not intrathecal, microinjection of mor-
phine exhibited AOAT, favoring a supraspinal pathway involving
AOAT (Fig. 1, E and F, and fig. S8). To further identify the discrete
brain regions responding to AOAT, we then examined the expres-
sion of the immediate early gene c-Fos (a marker of recent neuronal
activity) in 16 different brain subregions in HC-mice and CC-mice
after 5 days of repeated morphine injections. There was a substantial
increase in c-Fos expression in three brain regions including baso-
lateral amygdala (BLA), dorsomedial prefrontal cortex (dmPFC),
and ventral hippocampus (VHPC) in CC-mice as compared to
HC-mice (Fig. 1, G to I, and fig. S9).

Development of AOAT requires coordinated neuronal
activity of a vHPC—dmPFC—BLA pathway

To explore the interrelationship between AOAT behavior and en-
hanced neuronal activity observed in different brain regions, we
ablated neurons in vivo through caspase3-mediated induction of
apoptosis. We selectively ablated neurons in BLA, dmPFC, and
vHPC with intracranial injection of an AAV-flex-taCasp3-TEVp
virus with an AAV-Cre virus in mice (fig. S10A). Four weeks after
the injection, we tested whether AOAT phenotype depends on en-
hanced c-Fos expression. Ablation of BLA neurons completely abol-
ished morphine analgesia without significantly altering AOAT-
induced enhancement of c-Fos level in vHPC and dmPFC (Fig. 2,
A and B, and fig. S10B). Selective ablation of dmPFC or vHPC
neurons inhibited AOAT without significantly altering acute mor-
phine analgesia (Fig. 2, D and G, and fig. S10, C and D). This sug-
gests that AOAT develops in the upstream regions of BLA, possibly
dmPFC and vHPC. We observed that ablation of dmPFC neurons
inhibited AOAT enhancement of BLA c-Fos, but not vHPC c-Fos
(Fig. 2E), whereas ablation of vHPC neurons blocked AOAT en-
hancement of c-Fos level in both dmPFC and BLA regions
(Fig. 2H). Collectively, these findings suggest that AOAT develops
via a hierarchical pathway, vHPC—dmPFC—BLA (Fig. 2, C, F,
and I).

AOAT requires excitation of GluvHP¢—=dmPFC nayrons

Previous reports indicate that vHPC projections to dmPFC (44-46)
regulate contextual coding (47). In view of our above observation,
we proposed that the signal of AOAT circuitry should start from
vHPC and end at BLA. To test this hypothesis, we first transfected
vHPC with AAV-based channelrhodopsin2 (ChR2) (Fig. 3A). The
ChR2-enhanced yellow fluorescent protein—positive (EYFP*)
signal was substantially observed in the vHPC neuron axon termi-
nals in dmPFC (Fig. 3B). Whole-cell recordings showed that light
pulses (473 nm, 15 mW/mm?, 5 ms) illuminating vHPC ChR2-
EYFP* axon terminals evoked robust excitatory postsynaptic cur-
rents (EPSCs) in dmPFC neurons (Fig. 3C). The optically evoked
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EPSCs (0EPSCs) could be blocked by AMPA/kainite antagonist
NBQX [2,3-dioxo-6-nitro-7-sulfamoyl-benzo(F)quinoxaline] with
N-methyl-p-aspartate NMDA receptor antagonist MK801 [(+)-5-
methyl-10,11-dihydroxy-5H-dibenzo(a,d )cyclohepten-5,10-imine]
(Fig. 3C), indicating that dmPFC neurons receive an excitatory glu-
tamatergic input from vHPC.

To explore AOAT glutamatergic signaling from vHPC to
dmPFC, we retrograde-labeled the Glu'HP¢=dmPFC pneyrons to
examine the neuronal activity of these neurons. AAV2-retro-
DIO—-enhanced green fluorescent protein (EGFP) was injected
into dmPFC of vGluT2-Cre mice (Fig. 3D). Whole-cell recordings
of the vHPC EGFP* neurons revealed significantly enhanced intrin-
sic excitability, manifested by increased action potential (AP) firing
rates and a reduced current threshold (i.e., minimal injected current
required to evoke AP), in CC-mice as compared to HC-mice after 3
days of repeated injections of morphine rather than saline (Fig. 3, E
and F). This suggests that AOAT starts and develops with increasing
GluvHPC=dmPFC neyronal activity.

To explore AOAT glutamatergic signaling from vHPC to
dmPFC, we then performed chemogenetic manipulation of the
Glu"HPC—dmPEC projections using DREADDs (designer receptors
exclusively activated by designer drugs) approach in vGluT2-Cre
mice. Briefly, the vGluT2-Cre mice were given with bilateral
intra-vHPC injection of AAV-DIO-hM4Di-mCherry, AAV-DIO-
hM3Dg-mCherry, or AAV-DIO-mCherry (control). Two cannulas
were bilaterally implanted onto the dmPFC area of the mice 3 weeks
after the virus injection. Clozapine-N-oxide (CNO) was delivered
via the cannulas to activate or inactivate the Glu"P€ terminals in
dmPFC before AOAT training and tests (Fig. 3G). The hM4Di/
hM3Dq-mCherry signals were strictly distributed in vHPC (fig.
S11, A and D). In fresh vHPC brain slices, bath application of
CNO (5 uM) significantly reduced the AP firing rates and increased
the spike threshold of hM4Di-mCherry™ neurons (fig. S11, B and
C), while the CNO had an opposite effect on hM3Dq-mCherry*
neurons (fig. SI1E). In dmPFC brain slices, CNO (5 uM) treatment
considerably decreased or increased the frequency of spontaneous
EPSCs (sEPSCs) of dmPFC neurons from the mice with vHPC in-
fection of hM4Di or hM3Dq separately (Fig. 3, H and I). Chemo-
genetic inactivation of hM4Di* Glu"HPC—dmPEC terminals after
intra-dmPFC injection of CNO markedly suppressed AOAT. On
the contrary, chemogenetic activation of hM3Dq* Glu"HPC—dmPFC
terminals significantly aggravated morphine analgesic tolerance in
HC-mice (Fig. 3J). Neither activation nor inactivation of
GluVHPC—dmPEC terminals affected the acute analgesic effects of
morphine (fig. S11F). CNO has no direct effect on morphine anal-
gesic tolerance and AOAT in normal mice (fig. S12).

We next examined whether the Glu"HPC=4mPFC pathyway medi-
ates the tolerance on opioid analgesic effects to other types of pain,
such as neuropathic pain. Mice were treated with ablation of S1/52
corticospinal neurons to induce the spared nerve injury (SNI)
model and exhibited progressive cold hyperalgesia over the next
10 days (fig. S13, A and B). AOAT also developed in the SNI-CC-
mice but not in the SNI-HC-mice (fig. S13C). Chemogenetic inac-
tivation of the Glu"HPC=dmPFC terminals significantly suppressed
AOAT development in the SNI-CC-hM4Di mice (fig. S13C)
without affecting acute morphine analgesia (fig. S13D).

Previous reports have shown that some opioid addicts died fol-
lowing drug administered in an unusual context, although postmor-
tem examination revealed that blood levels of opioids in these
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Fig. 2. Possibilities of relationships between vHPC, dmPFC, and BLA. (A) BLA NeuN staining (left) and development of morphine analgesic tolerance (right) in the CC-
mice with or without Casp3-based ablation of BLA neurons and in the HC-mice. Scale bars, 100 pm. (B) Representative images (left) and quantification of the number
(right) of c-Fos* neurons in vHPC and dmPFC of HC-mice and CC-mice with BLA ablation (n = 6 brain slices from three mice per group). Scale bars, 100 um. (C) Possibilities
of upstream and downstream relationships between vHPC, dmPFC, and BLA based on (A) and (B). (D) dmPFC NeuN staining (left) and development of morphine analgesic
tolerance (right) in the CC-mice with or without Casp3-based ablation of dmPFC neurons and in the HC-mice. Scale bars, 100 um. (E) Representative images (left) and
quantification of the number (right) of c-Fos* neurons in vHPC and BLA of HC-mice and CC-mice with dmPFC ablation (n = 6 brain slices from three mice per group). Scale
bars, 100 um. (F) Possibilities of upstream and downstream relationships between vHPC, dmPFC, and BLA based on (A) to (E). (G) vHPC NeuN staining (left) and devel-
opment of morphine analgesic tolerance (right) in the CC-mice with or without Casp3-based ablation of vVHPC neurons and in the HC-mice. Scale bars, 100 um. (H)
Representative images (left) and quantification of the number (right) of c-Fos* neurons in dmPFC and BLA of HC-mice and CC-mice with vHPC ablation (n = 6 brain

slices from three mice per group). Scale bars, 100 um. (I) Possibilities of upstream and downstream relationships between vHPC, dmPFC, and BLA based on (A) to

(H). Data

are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA with Bonferroni post hoc test; ns, not significant (P > 0.05).

addicts were not fatal (48). They typically died of respiratory depres-
sion because the opioids induced greater respiratory depression
than expected (18, 49). On the basis of these, we examined
whether the morphine-induced respiratory depression could
develop with associative tolerance. Briefly, mice exhibited a signifi-
cantly slower respiratory rate 30 min after systemic morphine injec-
tion (10 mg/kg, intraperitoneally) (fig. S13E). Mice with or without
hM4Di infection of the Glu"**C neurons received morphine (10
mg/kg, intraperitoneally) administration in HC and CC for five
consecutive days. The CC-mice exhibited significantly enhanced
tolerance to morphine-induced respiratory depression as compared
to the HC-mice. However, the chemogenetic inactivation of the
Glu"HPC—=dmPEC terminals did not affect this enhancement of toler-
ance in the CC-mice (fig. S13, F and G). These findings suggest that

Hou et al., Sci. Adv. 9, eabo5627 (2023) 8 February 2023

the GluHPC—dmPEC projection selectively modulates the tolerance

on opioid analgesic effects to various forms of pain.

A very recent study has provided evidence for a direct neuronal
input from vHPC to BLA that contributes to generalized fear (50).
We therefore examined whether such a vHPC—BLA pathway also
regulates AOAT. We first injected AAV2-retro-mCherry into BLA
to identify an anatomical connection from vHPC to BLA. In line
with the previous observation, mCherry" signals were detected in
vHPC 3 weeks after the viral injection (Fig. 3K). We next injected
AAV2-retro-Cre into BLA and AAV-DIO-hM4Di-mCherry into
vHPC to chemogenetic inactivation of the BLA-projecting vHPC
neurons (Fig. 3L). However, chemogenetic inactivation of the
BLA-projecting vHPC neurons induced by CNO injection (1 mg/
kg, intraperitoneally) did not significantly affect AOAT and acute
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Fig. 3. Identification of the Glu"HP¢—d9mPFC pathway mediating AOAT. (A) Schematic of electrophysiological recording paradigm. (B) Representative images showing
the virus injection site (left) and labeled axon terminals (right). Scale bars, 500 and 10 um (inset). (C) Representative traces (left) and average amplitudes (right) of oEPSCs
in dmPFC neurons before and after NBQX plus MK801 application. (D) Left: Schematic of electrophysiological recording of EGFP* Glu"HP¢—dmPFC heyrons. Right: Repre-
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patterns (E) and spike numbers and thresholds (F) for AP firing of the Glu'HP<—9mPFC neyrons of HC-mice and CC-mice receiving saline or morphine injection, respectively.
(G) Schematic of chemogenetics. (H and 1) Top: Representative trances of sEPSCs of the dmPFC neurons following bath application of ACSF and then CNO. Bottom:
Cumulative fraction plots and quantification (inset) of sEPSC frequency. (J) Morphine analgesic tolerance in HC-mice and CC-mice with or without chemogenetic acti-
vation or inactivation of Glu"HP¢=dmPFC terminals via bilateral intra-dmPFC injection of CNO (1 ug per mice). (K) Schematic showing retrograde tracing from BLA to vHPC
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repeated in three mice with similar results. (L) Schematic of chemogenetics. (M) Morphine analgesic tolerance in the CC-mice with or without the chemogenetic inac-
tivation of the BLA-projecting vHPC neurons and in the HC-mice. Data are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by paired t test (C, H,and I) and
one- and two-way ANOVA with Bonferroni post hoc test (F, J, and M); ns, not significant (P > 0.05).
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analgesic effect induced by morphine (Fig. 3M and fig. S14), indi-
cating that the vVHPC—BLA projection is not involved in the mech-
anism of action for AOAT.

AOAT requires promotion of dmPFC inputs to BLA

We further explored the role of dmPFC—BLA circuitry in the de-
velopment of AOAT based on our observations from c-Fos and neu-
ronal ablation experiments. In line with previous studies (51-53),
the projection from dmPFC neurons to BLA neurons was con-
firmed by retrograde viral tracing following microinjection of
AAV2-retro-mCherry into BLA (Fig. 4A). We next used
DREADDs approach to selectively manipulate the BLA-projecting
dmPFC neurons (Fig. 4B). We injected AAV2-retro-Cre into BLA
and AAV-DIO-hM4Di/hM3Dq-mCherry into dmPFC in an
attempt to retroactively express hM4Di/hM3Dq-mCherry in the
BLA-projecting dmPFC neurons (fig. S15, A and E). The functional
expression of hM4Di/hM3Dq-mCherry in dmPFC was character-
ized by electrophysiological slice recording (fig. S15, B, C, F, and

A B

AAV2-retro-hSyn-mCherry

AAV-DIO-4Di/3Dg-mCherry

G). HM4Di-based chemogenetic inactivation of the BLA-projecting
dmPFC neurons induced by CNO (1 mg/kg, intraperitoneally) sup-
pressed the development of AOAT in CC-mice without significantly
altering morphine-induced acute analgesic effect (Fig. 4C and fig.
S15D). Conversely, hM3Dq-based chemogenetic activation of
these BLA-projecting dmPFC neurons significantly accelerated
the development of morphine analgesic tolerance (Fig. 4D)
without affecting acute morphine analgesia in HC-mice (fig. SI5H).

We next performed calcium imaging to examine in vivo neuro-
nal activity during AOAT in the BLA-projecting dmPFC neurons in
freely moving mice as previously described (54). Briefly, GCaMPéf,
a genetically encoded Ca** indicator, was expressed in the BLA-pro-
jecting dmPFC neurons via intra-dmPFC injection of AAV-DIO-
GCaMPé6f and intra-BLA injection of AAV2-retro-Cre (Fig. 4E).
A gradient refractive index lens was then implanted into the
mouse dmPFC region to record transient Ca** events in individual
neurons in the same field of view, while mice freely explored the
morphine-conditioned context (Fig. 4, F and G, and movie S1).
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Fig. 4. Role of the BLA-projecting dmPFC neurons in AOAT. (A) Schematic showing retrograde tracing from BLA to dmPFC (upper left). Representative images showing
the virus injection site in the BLA (lower left) and retrograde-labeled mCherry* neurons in dmPFC (right). Scale bars, 200 and 10 um (inset). The experiment was repeated
in three mice with similar results. (B) Schematic showing chemogenetic manipulation of the BLA-projecting dmPFC neurons. (C) Morphine analgesic tolerance in the CC-
mice with or without chemogenetic inactivation of the BLA-projecting dmPFC neurons and in the HC-mice. (D) Morphine analgesic tolerance in the HC-mice with or
without chemogenetic activation of the BLA-projecting dmPFC neurons. (E) Schematic showing the procedure for expressing GCaMP6f in the BLA-projecting dmPFC
neurons and in vivo microendoscopic imaging of calcium signals in these neurons in freely moving mice. (F) Left: Example frame from a raw calcium imaging video. Right:
Extracted region of interest (ROI) footprints superimposed on the maximum intensity projection. FOV, field of view. Scale bars, 100 um. (G) Representative calcium signal
traces of the BLA-projecting dmPFC neurons of mice during exploration of the HC and CC after AOAT training. (H and I) Heatmap of calcium responses (H) and frequency
of calcium events (I) for all the recorded BLA-projecting dmPFC neurons when AOAT-trained mice were stationed in HC and CC (n = 123 neurons from three mice). (J)
Proportions of the BLA-projecting dmPFC neurons with an increased or nonincreased frequency of calcium events when AOAT-trained mice were exploring CC as com-
pared to HC. Data are presented as means + SEM. *P < 0.05 and ***P < 0.001 by unpaired t test (I) or two-way ANOVA with Bonferroni post hoc test (C and D); ns, not
significant (P > 0.05).
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The BLA-projecting dmPFC neurons exhibited a significant in-
crease in the frequency of calcium events in the AOAT-trained
mice, when they were stationed in CC as compared to HC (Fig. 4,
H and I). Nearly 55.3% (68 of 123) of the BLA-projecting dmPFC
neurons in AOAT-trained mice exhibited significantly increased ac-
tivity during CC exploration (Fig. 4]), suggesting that half of the
dmPFC—BLA projections are involved in the development of
AOAT. Notably, neither the context (CC) alone nor the HC associ-
ated with morphine usage could affect the neuronal activity of the
BLA-projecting dmPFC neurons (fig. S16). Thus, these results indi-
cate that the increase in BLA-projecting dmPFC neuronal activity is
due to the context paired with morphine rather than the feature of
context alone.

AOAT requires activation of CCKImPFC—BLA hayrons
Our discovery that dmPFC mediates AOAT motivated us to
examine whether the dmPFC neurons express any distinct genes as-
sociated with opioids. To determine molecular targets in dmPFC
that contribute to AOAT, we conducted RNA-sequencing (RNA-
seq) analysis to examine the expression profiles of 16 common
opioid-related genes in dmPFC. We observed a robust expression
of CCK mRNA in dmPFC, although the CCK mRNA level was
not changed during the development of morphine analgesic toler-
ance (Fig. 5A and fig. S17). CCK is a well-characterized anti-opioid
peptide in the central nervous system (CNS) (25), and this peptide
was found to play a role in the development of AOAT in an animal
study (16). To verify the existence of the dmPFC CCKergic
(CCK9I™PEC) peurons, we crossed a mouse line expressing Cre
under the control of the CCK promoter (CCK-CreER) with Ai3
(a Cre-dependent EYFP reporter line) mice, and we detected a sub-
stantial population of CCK* neurons in dmPFC of CCK-CreER::Ai3
mice (Fig. 5B).

We next examined whether the BLA-projecting dmPFC neurons
are also CCKergic by injecting AAV2-retro-DIO-EGFP into BLA of
CCK-CreER mice (Fig. 5C). Retrograde tracing specifically revealed
a large number of EGFP* neurons in dmPFC, but not in vHPC
(Fig. 5C and fig. S18). The EGFP™ signals were colocalized with
CCKS8s immunoreactivity in dmPFC (Fig. 5C). On the other
hand, anterograde tracing revealed a CCKergic projection to BLA
from dmPFC because a strong signal of CCK™"*C axon terminals
was detected in BLA of the CCK-CreER mice receiving intra-
dmPFC injection of AAV-DIO-EGFP (Fig. 5, D and E).

BLA has been found to have a cortex-like brain region composed
mainly of glutamatergic neurons (55, 56). Using primary antibodies
to highlight CaMKI], a specific marker of glutamatergic neurons,
we found that the EGFP* axon terminals from the CCKImPFC
neurons were close to the CaMKII" neurons within BLA
(Fig. 5F). We next used rabies virus (RV)-based retrograde mono-
synaptic tracing approach to determine the synaptic connection
between the CCKY™*C neurons and the Glu®™* neurons. Specifi-
cally, a mixture of Cre-dependent helper viruses (AAV-DIO-RVG
to reinstate the trans-synaptic property of RV and AAV-DIO-TVA-
GFP to facilitate selective infection) was injected into BLA of
vGluT2-Cre mice. A modified RV (EnvA-pseudotyped RV-AG-
DsRed) was injected into the same brain region 3 weeks after the
helper virus injection (Fig. 5G). A large number of monosynaptic
retrograde-labeled DsRed™ neurons were observed in dmPFC and
several other brain regions (Fig. 5H and fig. S19), and 79% of
these neurons were CCK-immunopositive (Fig. 5I). Together,

Hou et al., Sci. Adv. 9, eabo5627 (2023) 8 February 2023

these results indicate that CCK™PFC neurons form direct synaptic
contacts with GluP™* neurons.

Next, we investigated the in vivo impact of the CCKImPFC—~BLA
projections on AOAT behavior. To examine whether these CCKer-
gic projections are activated during AOAT, we first targeted the
CCKImPFC=BLA peyrons by injecting AAV2-retro-DIO-EGFP into
BLA of CCK-CreER mice (Fig. 5]J). Whole-cell recordings of the
dmPFC EGFP* neurons showed significantly enhanced intrinsic ex-
citability, evidenced by an increase in AP firing rates and a reduc-
tion in current threshold (i.e., minimal injected current required to
evoke AP), in CC-mice as compared to HC-mice (Fig. 5, K and L).
To examine whether the enhanced intrinsic excitability requires
vHPC input, we then injected AAV-CaMKII-hM4Di-mCherry
into vHPC and AAV2-retro-DIO-EGFP into BLA of CCK-CreER
mice (fig. S20A). After the full virus expression, these mice received
CNO (1 mg/kg, intraperitoneally) injections followed by morphine
treatments in CC each day for three consecutive days. The chemo-
genetic inhibition of Glu""C neurons significantly suppressed the
increased intrinsic excitability of the EGFP* CCKd{mPFC—BLA
neurons (fig. S20, B to D).

We next performed chemogenetic manipulation of the
CCKImPFC=BLA projection in CCK-CreER mice after intra-
dmPFC injection of AAV-DIO-hM4Di-mCherry, AAV-DIO-
hM3Dg-mCherry, or AAV-DIO-mCherry (Fig. 5M). The physical
and functional expression of hM4Di/hM3Dq-mCherry in dmPFC
was confirmed by both histological mapping and electrophysiolog-
ical slice recording (fig. S21, A, B, K, and L). Chemogenetic inhibi-
tion of the hM4Di* CCKIMPFC—BLA terminals selectively inhibited
AOAT development in the CC-mice without significantly altering
acute analgesic effects of morphine (Fig. 5N and fig. S21C). This
chemogenetic inhibition of the hM4Di* CCK4mPFC=BLA terminals
did not affect the development of morphine analgesic tolerance and
acute morphine analgesia in the HC-mice (fig. S21, D to F). To
further examine the role of this pathway in AOAT, we transferred
the mice to a novel environment (NE) on day 5 after 4-day mor-
phine injections in HC or CC (fig. S21, G and I). On day 5, for
the HC-mice, morphine was ineffective in both HC and NE. For
the CC-mice, morphine became effective in NE, but not in CC,
and chemogenetic inhibition of the CCK4mPFE=BLA terminals sig-
nificantly inhibited morphine tolerance in CC, but not in NE (fig.
S21, H and J), indicating that the CC, but not the HC, serves as an
associative context. Furthermore, chemogenetic activation of the
hM3Dq" CCKIMPFC=BLA terminals significantly exacerbated the
development of morphine analgesic tolerance in the HC-mice
without affecting the acute analgesic effects of morphine and
basal pain threshold (Fig. 50 and fig. S21, M and N). These findings
indicate that activation of the CCK4™PFC—BLA projection is essential
for the development of AOAT.

In view of the critical role of the CCKY™PF€ neurons in the de-
velopment of AOAT, we further characterized the connectivity of
the Glu"™P€ neurons and CCK4™PF€ neurons using an RV-mediat-
ed retrograde trans-monosynaptic tracing system (Fig. 6A). The
monosynaptic input neurons were detected in vHPC, and 71.9%
of these neurons were CaMKII immunopositive (Fig. 6, B and C),
supporting the idea that the CCK™PF€ neurons receive monosyn-
aptic projections from the Glu*"'"“ neurons.

Next, to assess the functional tandem synaptic connectivity of
the Glu"HP€— CCKI™PFC GluPLA pathway, we infected vHPC
with AAV-ChR2-EYFP and BLA with AAV2-retro-DIO-mCherry
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in CCK-CreER mice. These viral injections should allow us to spe-
cifically label the CCK4™mPFE=BLA heyrons and to record the re-
sponses of the infected neurons to optogenetic activation of the
vHPC axon terminals in dmPFC brain slices (Fig. 6, D and E). Pho-
tostimulation of vHPC fibers in dmPFC elicited robust oEPSCs in
the mCherry" CCKI™PFC=BLA neyrons. These oEPSCs were
significantly blocked by bath application of NBQX and MK801
(Fig. 6F). These observations add further evidence suggesting a
Glu"HPC— CCK4™PFC GluBMA neuronal pathway responsible for
AOAT (Fig. 6G).

CCK2 receptors in BLA mediate AOAT through MOR
inhibition

The data presented above suggest that BLA neurons are the down-
stream target of AOAT signaling pathway. It is widely accepted that
there are three major types of opioid receptors—the MOR, the §-
opioid receptor (DOR), and the k-opioid receptor (KOR), which are
involved in opioid analgesia in the CNS (43). We performed the fol-
lowing experiments to determine which subtype of opioid receptors
in BLA could mediate morphine analgesia (Fig. 7A). Intra-BLA in-
jection of nonselective antagonist naloxone and selective MOR an-
tagonist CTOP both dose-dependently inhibited the analgesic effect
of systemic morphine (Fig. 7, B and C) without altering the basal
pain threshold (fig. $22). In contrast, morphine analgesia was not
altered in mice receiving intra-BLA injection of DOR antagonist
naltrindole or KOR antagonist norbinaltorphimine (nor-BNI)

Hou et al., Sci. Adv. 9, eabo5627 (2023) 8 February 2023

(Fig. 7, D and E). To further validate the role of BLA MORs in
acute morphine analgesia and morphine analgesic tolerance, we
specifically knocked out the MORs in BLA using Oprm1%® mice
(57) with bilateral intra-BLA injection of AAV-Cre-EGFP
(Fig. 7F). Immunohistochemistry and quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) analysis confirmed
the efficiency of the conditional knockout (fig. $23, A and B). De-
pletion of MOR from BLA neurons significantly suppressed the an-
algesic effect of systemic morphine (Fig. 7F), accelerated the
development of morphine analgesic tolerance in the HC-mice,
and slightly enhanced the AOAT development in the CC-mice
(fig. S23, C and D).

To further investigate whether the BLA MOR is involved in
AOAT, we injected DAMGO, an MOR-selective agonist, into BLA
of mice 4 days after repeated morphine treatments (Fig. 7, G and H).
On day 5, we observed that intra-BLA administration of DAMGO
induced remarkable analgesic effects in the naive mice and weak
antinociception in the HC-mice. However, this DAMGO-induced
analgesic effect was completely lost in the CC-mice (Fig. 7I). These
results suggest that BLA MORs mediate a direct opioid analgesia,
and the further dysfunction of the BLA MORs caused by context-
associated morphine may act as a downstream effect of activation of
the neuronal circuit underlying AOAT.

There are two main subtypes of CCK receptors, CCKIR and
CCK2R (58). In view of the structural evidence of the
CCK4mPFC=BLA projections, we asked which type of CCK receptors
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MOR~") or without (BLA-MOR*/*) knockout of BLA MORs. (G) Schematic of 4-day AOAT development and intra-BLA infusion of DAMGO on day 5. (H) Morphine analgesic
tolerance in HC-mice and CC-mice. (I) Quantitative PWL of mice before and after intra-BLA infusion of DAMGO (100 ng per mice) on day 5. (J) Schematic of BLA infusion of
CCK receptor agonists or antagonists. (K to M) Dose-dependent effects of intra-BLA injection of CCK8s (K), L365260 (L), and MK329 (M) on the development of morphine
analgesic tolerance. (N and O) Representative images (N) and percentage analysis (O) of MOR* neurons and CCK2R* neurons in BLA. The experiment was repeated with
similar results in five mice. Scale bars, 10 um. (P to U) Schematic of electrophysiological recording paradigm (P and S). AP spiking patterns (Q and T) and spike numbers
and thresholds (R and U) for AP firing of the BLA neurons of C57BL/6J mice (P to R) and CCK-CreER mice (S to U). (V) Left: Schematic of chemogenetics. Right: Morphine
analgesic tolerance in HC-mice with or without chemogenetic activation of the CCKIMPFC—BLA tarminals and the effect of L365260 (30 ng per mice). Data are presented as

Injected current (pA)

means = SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 by one- and two-way ANOVA with Bonferroni post hoc test; ns, not significant (P > 0.05).
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in BLA mediates AOAT. To answer this question, we performed
pharmacological experiments using intra-BLA injection of CCK re-
ceptor agonists and antagonists (Fig. 7]). Intra-BLA infusion of sul-
fated CCK octapeptide (CCK8s), a major form of endogenous CCK
in the CNS (59), significantly accelerated the development of mor-
phine tolerance in a dose-dependent manner (Fig. 7K). CCK8s did
not significantly alter the basal pain threshold (fig. S24, A and B).
Both systemic and intra-BLA infusion of L365260, a specific
CCK2R antagonist, dose-dependently suppressed the development
of AOAT (Fig. 7L and fig. S24C) without altering the acute analgesic
effect of morphine, the basal pain threshold, and the nonassociative
morphine analgesic tolerance (fig. S24, D to H). However, intra-
BLA injection of the CCKI1R antagonist MK329 failed to affect
AOAT and acute morphine analgesia (Fig. 7M and fig. S24I).
These results indicate the dominant role of CCK2R in mediating
the effect of exogenous or endogenous CCK in BLA.

Furthermore, double-labeling immunofluorescence experi-
ments showed that 49.12% of BLA cells coexpressed CCK2Rs and
MORs, indicating a possibility of a CCK2R-MOR interaction
(Fig. 7, N and O). Whole-cell patch clamp recordings of BLA
brain slices demonstrated that bath application of DAMGO signifi-
cantly decreased the rate of AP firing in BLA neurons. This decrease
was completely blocked by addition of CCK8s, and this inhibitory
effect induced by CCK8s was also prevented by L365260 (Fig. 7, P
to R).

Next, we performed electrophysiological experiments to
examine whether the endogenous CCK released from the
CCKImPFC=BLA terminals could antagonize the function of
opioids in BLA. For this purpose, we infected the CCK4mPFC
neurons in CCK-CreER mice with AAV-DIO-hM3Dq-mCherry
and then conducted whole-cell patch-clamp recordings in BLA
brain slices (Fig. 7S). Bath application of DAMGO markedly
reduced the excitability of BLA neurons, which was restored by
the CNO-induced chemogenetic activation of the CCKImPFC—ELA
terminals. The effect of CNO was significantly suppressed by bath
application of L365260 (Fig. 7, T and U), suggesting an endogenous
CCK-mediated effect. Furthermore, intra-BLA injection of L365260
significantly blocked the exacerbation of morphine analgesic toler-
ance caused by the chemogenetic activation of the CCK4mPFE—~BLA
terminals in HC-mice (Fig. 7V and fig. S24]). Together, all these
results demonstrate that endogenous CCK released from dmPFC
neurons may mediate AOAT by activating CCK2Rs and subse-
quently antagonizing MORs in BLA neurons.

DISCUSSION

We have used a series of viral tracing and chemo/optogenetic strat-
egies in vitro and in vivo to identify a neuronal circuit in the brain
specialized for the control of AOAT. Activation of this circuit by
drug-associated context selectively accelerates the development of
tolerance of the analgesic effect of morphine and fentanyl. Clinical-
ly, the analgesic treatment for chronic pain starts from low-dose
opioid agonists (60-62). Several physiological and pathological pro-
cesses are involved in the development of analgesic tolerance
induced by opioid drugs, especially low-dose opioids. In the
present study, we observed that AOAT did occur when a low-to-
moderate dose range of morphine was used in treating acute pain,
chronic inflammatory pain, and neuropathic pain and even in
causing side effects such as respiratory depression. However, the
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GluvHPC=dmPFC yathway specifically mediates the context-associat-

ed tolerance on opioid analgesic effects to various forms of pain, but
not the tolerance to other opioid effects such as the respiratory de-
pression. This is a fantastic characteristic since intervention in this
circuit will enhance the opioid analgesic effects during repeated
opioid use in the same clinical setting and mitigate the respiratory
suppressive effects of opioids by maintaining its tolerance. This sug-
gests that the AOAT circuit may serve as a potential target to treat
analgesic tolerance at the early stage of the therapy using opioid
agonists.

Numerous studies have indicated that dmPFC, vHPC, and their
connections are crucial for context-associated behaviors (63). For
instance, inactivation of dmPFC by the sodium channel blocker te-
trodotoxin decreases the expression of contextual fear (64). Another
study using calcium imaging and optogenetic methods showed that
vHPC neurons respond to anxiety-associated contexts, and that in-
activation of these vVHPC neurons reduces avoidance of anxiogenic
environments (65). Functional connectivity studies have demon-
strated that environmental information is sent from the hippocam-
pus to dmPFC in rats during spatial context-guided memory tasks
(63, 66). Consistently, this study has revealed a hierarchical organi-
zation by which the brain regions including vHPC, dmPFC, and
BLA mediate AOAT, a clinical typical context-conditioned behav-
ior, but has not been given sufficient attention. This hypothesis is
based on the following observations. While distinguishable expres-
sion of c-Fos was observed in all three areas of vHPC, dmPFC, and
BLA during the development of AOAT, only ablation of vHPC in-
hibited both AOAT and enhancement of c-Fos signal in dmPFC and
BLA neurons. Ablation of BLA neurons directly disrupted opioid
analgesia as expected but did not affect the context-induced en-
hancement of c-Fos signal in dmPFC and BLA neurons. This sug-
gests that AOAT develops via hierarchical pathway starting from
enhancement of vHPC neuronal activity and taking BLA as the
downstream output. We further dissected subpopulation of
neurons and molecular components involved in AOAT in the de-
scending projections from vVHPC to dmPFC and downstream
BLA using retrograde/anterograde tracing and chemogenetic/opto-
genetic manipulation. We observed that AOAT promoted the activ-
ity of Glu"HPC-dmPFC projection. We also identified a pathway of
CCK4mPFC-BLA projection that disrupted MOR function by activa-
tion of CCK2Rs on GluP'* neurons.

Emerging evidence suggests that opioid system plays a crucial
role in context- and cognition-associated behaviors (67). For in-
stance, placebo analgesia, one of the most striking cases of cognitive
and contextual modulation of pain perception, can be antagonized
by the nonselective opioid receptor antagonist naloxone (68). Al-
though the context- and cognition-associated opioid tolerance has
been well established (16, 18, 69), the underlying neurological
mechanism is still at large. Consistent with previous observations
(70-72), we find that BLA is a critical locus for mediating morphine
analgesia, since antagonism and genetic ablation of MORs in BLA
significantly suppressed the analgesic effects of systemic morphine.
Thus, endogenous CCK in BLA, released from the CCK4mPFE—BLA
terminals, is a major factor enhancing opioid tolerance, possibly
due to the high-efficiency anti-opioid characteristics of CCK (25,
38, 73). It should be mentioned that although we demonstrate
that the CCK4mPFE=BLA heyrons specifically mediate AOAT by re-
leasing CCK, these neurons may also coexpress glutamate, y-amino-
butyric acid (GABA), or other neurotransmitters (74, 75). Whether
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the coexpressed neurotransmitters can also modulate AOAT
remains unknown and requires further investigation.

Our results establish a Glu""*P€—CCKI™PFC— GluBL circuitry
mechanism specific to the development of tolerance to the analgesic
effect of opioids. This neuronal ensemble orchestrates BLA MOR
activity, rendering them a dynamic control of opioid analgesic tol-
erance. The decisive elements of this pathway are promising targets
for therapeutic strategies to intervene in the development of toler-
ance to the opioid analgesia at the early stage.

MATERIALS AND METHODS

Mice

All procedures and husbandry conditions followed the standard
animal care. Biosafety guidelines were approved by the Institutional
Animal Use and Care Committee of the University of Science and
Technology of China (agreement number: USCTACUC1901009).
C57BL/6], CCK-CreER [STOCK Cck/! (cre/ERT2) Zjhy] - Aj3
[B6.Cg-Gt (ROSA) 26Sor'™3 (CAG-EYFP) Hze/T] - yGluT2-ires-Cre
[STOCK Slc17a6'™? (cre) Lowljy referred to as vGluT2-Cre], and
OprmI1"% mice were used for experiments. Oprm 1% mice, allowing
for conditional deletion of MORs in neurons with Cre recombinase
by using the Cre/loxP strategy, were obtained from Y. Sun (Institute
of Neuroscience, Chinese Academy of Sciences). All mice were
group-housed with three to five per cage unless a cannula was im-
planted. All mice were maintained at 18° to 23°C with 40 to 60%
humidity in a 12-hour light/12-hour dark cycle with ad libitum
access to food and water. All behavioral experiments were per-
formed on adult male or female mice (8 to 12 weeks old).

Stereotaxic injection and cannula implantation

Mice were deeply anesthetized with an intraperitoneal injection of
pentobarbital sodium (80 mg/kg) and then fixed on a stereotactic
frame (RWD Life Science, Shenzhen, China). Chlortetracycline hy-
drochloride (Beijing Shuangji Pharmaceutical Co. Ltd) was applied
to keep the eyes moist. An incision along the brain raphe was made
to expose the skull, and then a stereotaxic drill was used to perforate
at the target brain area. Virus injections were applied through a glass
micropipette fixed on a microsyringe pump (Legato 130, KD Scien-
tific) at a rate of 60 nl/min. The micropipette was slowly pulled out
10 min after virus infusion to allow diffusion of the virus.

For brain cannula implantation, two guide cannulas (RWD Life
Science, Shenzhen, China) were bilaterally implanted above the
nuclei (BLA, vHPC, or dmPFC). For lateral ventricle (LV)
cannula implantation, a guide cannula was unilaterally implanted
into the LV. The cannula was stabilized to the skull with dental
cement, and a cap was inserted into each cannula to prevent block-
age. The animals were allowed to recuperate for at least one week
before behavioral experiments. Cannula placements were verified
by injection of Nissl dye after behavioral experiments. The data
from mice with inaccurate cannula placement were discarded.

The stereotaxic coordinates, defined as anterior-posterior (AP)
and medial-lateral (ML) from bregma and dorsal-ventral (DV) on
the brain surface at target coordinate, were as follows: LV (AP, —0.20
mm; ML, +1.00 mm; DV, —2.00 mm), dmPFC (AP, +2.34 mm; ML,
+0.20 mm; DV, —0.85 mm), BLA (AP, —1.20 mm; ML, +3.20 mm;
DV, —4.54 mm), vHPC (AP, —3.16 mm; ML, +3.50 mm; DV, —3.80
mm and AP, —3.16 mm; ML, +2.75 mm; DV, —2.44 mm). The co-
ordinates would be adjusted appropriately according to the weight
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and age of mice and verified in several mice that were initially op-
erated on.

Virus injections

Neuronal ablation

For dmPFC, BLA, and vHPC neuron ablation, AAV2/9-Efla-flex-
taCasp3-TEVp (titer: 1.15 x 10" genome copies/ml) and AAV2/9-
hSyn-Cre (titer: 2.25 x 10'? genome copies/ml) were bilaterally co-
injected (1:1) into dmPFC (400 nl per side), BLA (400 nl per side),
or vHPC (600 nl per side) of C57BL/6] mice. AAV2/9-Efla-DIO-
EGFP (titer: 5.26 x 10'? genome copies/ml) was used as a control.
Behavioral testing was performed four weeks after virus injection.
MOR conditional knockout

For conditional deletion of MORs in BLA neurons, AAV2/9-hSyn-
Cre-EGFP (titer: 3.21 x 10'2 genome copies/ml, 400 nl per side) was
bilaterally injected into BLA of the Oprm1% mice. AAV2/9-hSyn-
EGFP (titer: 2.05 x 10'* genome copies/ml, 400 nl per side) was
used as a control. Behavioral testing and immunohistochemistry ex-
periments were performed four weeks after virus injection.
Neuronal tracing

For retrograde tracing, AAV2/2-retro-hSyn-mCherry (titer:
5.27 x 10'? genome copies/ml, 300 nl per side) was unilaterally in-
jected into BLA of C57BL/6] mice to label neurons projecting to
BLA. AAV2/2-retro-Efla-DIO-EGFP (titer: 5.26 x 10'? genome
copies/ml, 300 nl per side) was unilaterally injected into BLA of
CCK-CreER mice to label the BLA-projecting CCKergic neurons
or unilaterally injected into dmPFC of vGluT2-Cre mice to label
the dmPFC-projecting glutamatergic neurons. Four weeks later, ex-
pression of mCherry or EGFP was examined in the whole brain, or
electrophysiological experiments were performed.

For retrograde monosynaptic tracing, helper viruses including
AAV2/9-Ef1a-DIO-RVG (titer: 2.25 x 10'! genome copies/ml)
and AAV2/9-Efla-DIO-TVA-GFP (titer: 2.78 x 10'' genome
copies/ml) were unilaterally coinjected (1:1 ratio in 350 nl) into
BLA of vGluT2-Cre mice or dmPFC of CCK-CreER mice. Three
weeks later, the AG-RV that encoded DsRed (RV-EnvA-AG-
DsRed, titer: 4.50 x 10° genome copies/ml, 200 nl per side) was uni-
laterally injected into the same brain region. Ten days after the last
injection, the mice were perfused and the brain slices were collected
for detecting the DsRed signals and immunostaining with CCK8s-
or CaMKII-specific antibodies.

For anterograde tracing, AAV2/9-Efla-DIO-EGFP (titer:
5.26 x 10'? genome copies/ml, 300 nl per side) was unilaterally in-
jected into dmPFC of CCK-CreER mice. Four weeks later, the mice
were perfused and the brain was sectioned for confocal imaging.
Neuronal circuit manipulation
For chemogenetically inactivating the dmPFC—BLA or
vHPC—BLA  projection, AAV2/2-retro-hSyn-Cre (titer:
5.51 x 10'? genome copies/ml, 400 nl per side) was bilaterally inject-
ed into BLA of C57BL/6] mice, and AAV2/9-Efla-DIO-hM4Di-
mCherry (titer: 5.55 x 10'? genome copies/ml) was bilaterally in-
jected into dmPFC (400 nl per side) or vHPC (600 nl per side).
For chemogenetically activating the dmPFC—BLA projection,
AAV2/2-retro-hSyn-Cre (titer: 5.51 x 10'? genome copies/ml,
400 nl per side) was bilaterally injected into BLA of C57BL/6]
mice, and AAV2/9-Efla-DIO-hM3Dg-mCherry (titer: 2.70 x 102
genome copies/ml, 400 nl per side) was bilaterally injected into
dmPFC. Four weeks later, mice received daily CNO (1 mg/kg,
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intraperitoneally) injection in the HC 10 min before morphine in-
jection (5 mg/kg, intraperitoneally) during the AOAT training.

For chemogenetic manipulation of the CCK4mPFC—BLA projec-
tion, AAV2/9-Efla-DIO-hM3Dq-mCherry (titer: 2.70 x 10'?
genome copies/ml, 400 nl per side) or AAV2/9-Efla-DIO-
hM4Di-mCherry (titer: 5.55 x 10'* genome copies/ml, 400 nl per
side) was bilaterally injected into dmPFC of CCK-CreER mice.
For chemogenetic manipulation of the Glu"HFP¢=dmPEC projection,
AAV2/9-Efla-DIO-hM3Dq-mCherry (titer: 2.70 x 10'? genome
copies/ml, 600 nl per side) or AAV2/9-Efla-DIO-hM4Di-
mCherry (titer: 5.55 x 10'? genome copies/ml, 600 nl per side)
was bilaterally injected into VHPC of vGluT2-Cre mice. Guide can-
nulas for CNO administration were bilaterally implanted above
BLA or dmPFC three weeks after virus injection. After one-week
recovery, CNO (1 pg/ul, 0.5 pl per side) was daily microinjected
into the bilateral BLA or dmPFC 10 min before morphine injection
(5 mg/kg, intraperitoneally) in the HC, and the behavioral experi-
ments were performed 15 min after morphine injection.

For optogenetic activation of the vHPC—dmPFC projection,
AAV2/9-Efla-hChR2 (H134R)-EYFP (titer: 2.00 x 10'? genome
copies/ml, 400 nl per side) was unilaterally injected into vHPC of
C57BL/6] mice. Four weeks later, the electrophysiological record-
ings were performed.

For assessing the nature of the Glu"""C—CCKIMPFC GluBLA
pathway, AAV2/2-retro-Efla-DIO-mCherry (titer: 5.18 x 10'?
genome copies/ml, 300 nl per side) was unilaterally injected into
BLA of CCK-CreER mice, which had already received intra-
vHPC injection of AAV2/9-Efla-hChR2 (H134R)-EYFP (titer:
2.00 x 10'? genome copies/ml, 600 nl per side). Four weeks later,
the electrophysiological recordings were performed.

For assessing the role of vHPC input in the increased excitability
in CCK4mPFE=BLA peyrons during AOAT development, AAV2/2-
retro-Ef1a-DIO-EGFP (titer: 5.26 x 10'? genome copies/ml,
300 nl per side) was unilaterally injected into BLA of CCK-CreER
mice, which had already received intra-vHPC injection of AAV2/9-
CaMKII-hM4Di-mCherry (titer: 5.0 x 10'* genome copies/ml,
600 nl per side). Four weeks later, the behavioral experiments and
electrophysiological recordings were performed.

Injection sites of the virus were confirmed by observing the sites
with fluorescence optics. The data from mice with inaccurate injec-
tion sites were discarded. The above viruses were purchased from
BrainVTA, Wuhan, China.

Brain slice electrophysiological recording

Brain slice preparation

Mice were anesthetized with an intraperitoneal injection of pento-
barbital sodium (80 mg/kg). After deep anesthesia, the mice were
transcardially perfused by the ice-cold cutting solution with
oxygen saturated (95% O,/5% CO,, pH 7.4, 300 to 310 mOsm), con-
taining 30 mM NaCl, 26 mM NaHCO3, 10 mM glucose, 194 mM
sucrose, 4.5 mM KCl, 1.2 mM NaH,PO,, and 1 mM MgCl,. The
whole process of perfusion lasted approximately 2 min, with a
total volume of 10 to 20 ml. After perfusion, the mouse coronal
brain slices (300 pm) were collected using the vibrating microtome
(Leica VT1200S) in ice-cold cutting solution with oxygen satura-
tion. The brain slices were then transferred into the carbonated ar-
tificial cerebrospinal fluid (ACSF) containing 124 mM NaCl, 4.5
mM KCl, 1 mM MgCl,, 2 mM CaCl,, 1.2 mM NaH,PO,, and 26
mM NaHCO; (95% O,/5% CO,, pH 7.4, 300 to 310 mOsm) and
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incubated for at least 30 min at 32°C. After incubation with ACSF
at room temperature for another 30 min, slices were transferred into
a recording chamber and were continuously perfused with oxygen-
ated ACSF. Recordings were performed using glass pipettes (5 to 8
megohms) filled with internal solution containing 145 mM K-glu-
conate, 4 mM MgCl,, 10 mM EGTA, 5 mM Hepes, 0.2 mM Na—gua-
nosine triphosphate (GTP), and 5 mM Mg-adenosine 5'-
triphosphate (pH 7.2, ~280 mOsm). Neurons in the target area
were visualized by infrared-differential interference contrast
camera and fluorescent microscope (BX51WI, Olympus). Multi-
Clamp 700B amplifier (Molecular Devices, Sunnyvale, CA) was
used to amplify recorded signals. Digidata 1550A (National Instru-
ments) was used to digitize analog signals at 3 kHz. Data analysis
was performed by pClamp 10.4 software (Molecular Devices, Sun-
nyvale, CA).

AP recording

A step current (0 to 200 pA with 10-pA increment) was injected to
trigger AP in a current-clamp mode after whole-cell configuration.
To assess the CCKIMPFC=BLA apd GluvHPC—~dmPFC heyronal intrin-
sic excitability, AAV2/2-retro-Efla-DIO-EGFP (titer: 5.26 x 10'2
genome copies/ml, 300 nl per side) was unilaterally injected into
BLA of CCK-CreER mice or dmPFC of vGluT2-Cre mice. Four
weeks after virus injection, the mice were injected with morphine
(5 mg/kg, intraperitoneally) or saline in HC or CC for 3 days.
Then, brain slices were obtained 30 min after the last injection
and electrophysiological recordings were performed on visually
identified EGFP" neurons in dmPFC or vHPC under a fluorescent
microscope. To verify the function of chemogenetic virus, electro-
physiological recordings were performed on visually identified
mCherry* neurons in the injection site with a fluorescent micro-
scope followed by bath application of vehicle (ACSF) or CNO (5
uM) 4 weeks after virus injection. To assess whether vHPC input
is required for the increased excitability in CCKdImPFC—BLA
neurons during AOAT development, CCK-CreER mice received
intra-BLA injection of AAV2/2-retro-Efla-DIO-EGFP (titer:
5.26 x 10'? genome copies/ml, 300 nl per side) and intra-vHPC in-
jection of AAV2/9-CaMKII-hM4Di-mCherry (titer: 5.0 x 10'?
genome copies/ml, 600 nl per side). Four weeks later, mice received
daily CNO (1 mg/kg, intraperitoneally) injection in HC 10 min
before morphine (5 mg/kg, intraperitoneally) injection for 3 days.
Brain slices were obtained 30 min after the last morphine injection,
and electrophysiological recordings were performed on visually
identified EGFP* neurons in dmPFC. To assess interactions
between MORs and CCK2Rs in BLA, electrophysiological record-
ings were obtained from visually identified BLA neurons in C57BL/
6] mice following bath application of DAMGO (1 uM), CCK8s (1
uM) and L365260 (1 uM) as described in Fig. 7. To examine whether
the endogenous CCK released from the CCKImPFC=BLA terminals
can antagonize the function of BLA MORs, four weeks after AAV-
DIO-Efla-hM3Dgq-mCherry (titer: 2.70 x 10'> genome copies/ml,
400 nl per side) unilateral injection, electrophysiological recordings
were performed on visually identified BLA neurons in CCK-CreER
mice followed by bath application of vehicle (ACSF), DAMGO (1
uM), CNO (5 uM), and L365260 (1 uM) as described in Fig. 7.
Recording of oEPSCs

For oEPSCs recordings, 473-nm blue laser light (15 mW/mm?, 5-
ms pulses, 20 Hz) was delivered by an optical fiber directly, and
postsynaptic recording in voltage-clamp mode (holding potential,
—70 mV) was performed in dmPFC with ChR2 terminal infection.
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For electrophysiological recording of vHPC—dmPFC synaptic
transmission, blue light was delivered to the dmPFC brain slices
from C57BL/6] mice that received AAV2/9-Efla-hChR2
(H134R)-EYFP (titer: 2.00 x 10'* genome copies/ml, 400 nl per
side) unilateral injection in VHPC. To study the
vHPC—dmPFC—BLA projection, blue light was delivered to
dmPFC mCherry* neurons from CCK-CreER mice in which
vHPC had been unilaterally injected with AAV2/9-Efla-hChR2
(H134R)-EYFP (titer: 2.00 x 10'* genome copies/ml, 400 nl per
side) and BLA had been unilaterally injected with AAV2/2-retro-
Efla-DIO-mCherry (titer: 5.18 x 10'* genome copies/ml, 400 nl
per side). NBQX (10 uM) and MK801 (10 uM) were used to
examine whether the optically evoked postsynaptic currents are
excitatory.

Recording of sEPSCs

SEPSCs were recorded under the voltage-clamp mode (holding po-
tential, —70 mV) in the presence of 0.5 uM tetrodotoxin and 10 mM
picrotoxin. To evaluate the effects of CNO on excitatory synaptic
transmission, SEPSCs were recorded in dmPFC neurons from
vGluT2-Cre mice in which vHPC had been injected with AAV2/
9-Efla-DIO-hM3Dgq-mCherry (titer: 2.70 x 10'? genome copies/
ml, 600 nl per side) or AAV2/9-Efla-DIO-hM4Di-mCherry (titer:
5.55 x 10'? genome copies/ml, 600 nl per side) following bath ap-
plication of vehicle (ACSF) and CNO (5 uM) four weeks after virus
injection.

Drug administration and behavioral protocol
Intraperitoneal injection

For morphine or sufentanil intraperitoneal injection, all mice re-
ceived intraperitoneal injection of morphine (1, 2.5, 5, and 10
mg/kg) or sufentanil (35 pg/kg) in HC or CC once daily for five con-
secutive days. For L365260 intraperitoneal injection, mice received
intraperitoneal injection of L365260 (0.2 mg/kg) in HC 10 min
before morphine injection once daily for four consecutive days.
For CNO intraperitoneal injection, mice received intraperitoneal
injection of CNO (1 mg/kg) in HC 10 min before morphine (5
mg/kg) injection once daily for five consecutive days. The hot-
plate test was performed 15 min after morphine injection.
Intrathecal injection

For morphine intrathecal injection, awake mice were gently immo-
bilized and dorsally shaved around the L4 and L5 vertebral segment
area. Morphine (0.3 pug per mice) was subcutaneously injected into
the L4-5 intervertebral space with a 20-gauge needle. Reflexive tail
flick or “S” shape of the tail is a sign to identify successful intrathecal
injection. After the injection, mice were placed in either HC or CC
for 15 min followed by the hot-plate tests.

Intracranial drug infusion

Mice were handled for 5 to 10 min before experiments. A stainless
steel injector attached to a 10-ul syringe (Hamilton) was inserted
into the guide cannula after removing the cap. Drugs or vehicle
(saline) were then infused (0.5 ul per side within 1 min) into the
target brain area in the freely moving mice. The injector was
slowly withdrawn 1 min after the infusion to allow the drug to
diffuse, and the behavioral tests were performed roughly 25 min
after the infusion. After the behavioral tests, the injection sites
were confirmed by microinjection of Nissl dye. The data from
mice with inaccurate injection sites were discarded.
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Tamoxifen treatment

To induce the expression of Cre recombinase in CCK-CreER mice,
tamoxifen (20 mg/ml; Sigma-Aldrich, T5648) was intraperitoneally
injected daily at 100 pul/day for five consecutive days before any ex-
periments. Tamoxifen was dissolved in sterile corn oil at room tem-
perature and stored at 4°C.

Hot-plate and cold-plate tests

Before the experiment, mice were acclimatized to the hot/cold-plate
test apparatus (Ugo Basile, Varese, Italy) for 3 days by placing them
on plate at 22.5° + 1°C for 5 min X 4 times daily. The plate surface
was cleaned with 75% ethanol after each experiment. In the hot-
plate test, mice were placed on the hot-plate at 52.5°C. The experi-
ment was stopped as soon as the first observation of nocifensive be-
haviors, such as hind paw withdrawal or licking, stamping, and
jumping. The time is recorded as paw withdrawal latency (PWL).
All mice were tested, and the time was considered as pre-drug
PWL. The cutoff time was 30 s to prevent tissue damage. After
pre-drug PWL determination, the drugs were administered. Then,
the pain threshold in the hot-plate tests after drug injection was
measured as post-drug PWL. In the cold-plate test, mice were
placed on the cold plate at 1°C, the experiment was stopped imme-
diately when the ipsilateral hind paw of SNI-treated was first ob-
served to brisk lift or stamp, and the cutoff time was 50 s. Then,
pre-drug PWL and post-drug PWL were recorded. If the post-
drug PWL reaches the cutoff time, it would be considered as
maximum analgesic response. To analyze the analgesic efficacy,
PWL was converted to the maximum possible effect (MPE). MPE
was calculated using the following formula: MPE = [Post-drug PWL
(s) — Pre-drug PWL (s)]/[Cutoff time (s) — Pre-drug PWL (s)]. To
visualize the difference between groups, the MPE values were nor-
malized to the day 1 values in each group, shown as normalized
MPE. The raw PWL data for all experiments are presented in
fig. S25.

AOAT test

Apparatus

AOAT was trained in HC and CC with a unique visual and tactile
environment. The HC is a standard polycarbonate cage with wood-
chip bedding where mice were housed for at least two weeks. The
CC is a rectangular chamber (19 cm X 19 cm x 24 c¢cm) with
black-and-white vertical stripe walls and smooth white plastic
floor. After each experiment, the walls and floor of the CC were
thoroughly cleaned with 75% ethanol.

Habituation period

Mice were handled once daily for 5 days before testing.
Experimental phase

The AOAT experiment lasted for 5 days. Mice were randomly
divided into two groups: the HC group and the CC group. The
HC-mice and the CC-mice were placed on a hot plate (52.5°C) to
measure their basal pain threshold. After baseline measurements,
the HC-mice received intraperitoneal injections of morphine (1,
2.5, and 5 mg/kg) and then immediately placed back to their
home cages. Fifteen minutes later, the post-drug PWL was mea-
sured by hot-plate tests (the pain measurement takes no more
than 30 s), after which the HC-mice were returned to their home
cages. After the baseline measurements, the CC-mice received in-
traperitoneal injections of morphine and were then immediately
placed into the context chamber for 15 min, followed by the hot-
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plate test. After the test, the CC-mice were immediately placed back
into the CC for another 75 min and then returned to their
home cage.

Chronic inflammatory pain

In the CFA-induced inflammatory pain model, 20 ul of 50% CFA
was subcutaneously injected into the plantar surface of the mouse
hind paws after the baseline measurements. Hot-plate tests were re-
peated daily after CFA injection for 7 days (days 1 to 7). CFA-treated
mice developed significantly reduced PWL, and the mice with no
reduced PWL were discarded. The AOAT training started from
day 3.

SNI surgery

After the baseline measurement, mice were deeply anesthetized with
an intraperitoneal injection of pentobarbital sodium (80 mg/kg),
and the left sciatic nerves (including tibial nerves, common perone-
al nerves, and sural nerves) were exposed in the mid-thigh. The
tibial and common peroneal nerves were tightly ligated with a 5.0
silk and transected distally, whereas the sural nerve was kept intact.
After surgery, the muscle and skin were closed in two layers and
mice were returned to HC. Cold-plate tests (1°C) were performed
4 days postoperatively, and AOAT training was started.

Morphine-induced respiratory depression

Respiratory measurement

By using the MouseOx Plus System (STARR Life Science, USA), we
measured the respiratory rate of anesthetized mice. Briefly, mice
were shaved the necks and the CollarClip sensor was applied
from the back of the neck of the mice, and the respiratory rate
was collected via MouseOx Plus software. Respiratory rates were re-
ported on the software screen and calculated in 1-min bins to obtain
the average respiratory rate. To quantify the morphine-induced re-
spiratory depression, two time periods, 5 min before morphine in-
jection and 30 to 40 min after morphine injection, were analyzed.
Morphine-induced respiratory depression was calculated using the
following formula: [respiratory rate after morphine injection
(breaths per minute, bpm) — respiratory rate of baseline (bpm)]/[re-
spiratory rate of baseline (bpm)].

One day before the experiment, mice were lightly anesthetized by
isoflurane and the neck hair was shaved. Mice were then acclima-
tized to the CollarClip sensors and maintained a stable respiratory
rate of 100 to 150 bpm for 1 hour. During the experiment, mice were
kept under isoflurane anesthesia until the respiratory rate stabilized
and the respiratory rates were recorded for 5 min. Twenty minutes
after the baseline measurement, mice were systemically injected
with morphine (10 mg/kg, intraperitoneally) in HC and CC.
Thirty minutes later, mice were anesthetized and respiratory rates
were recorded for 10 min in HC and CC, after which the CC-
mice stayed at CC for another 60 min before returning to their
home cage.

Tissue staining

Tissue preparation

Mice were deeply anesthetized with an intraperitoneal injection of
pentobarbital sodium (80 mg/kg) and perfused transcardially with
ice-cold phosphate-buffered saline (PBS; pH 7.4) followed by 4%
paraformaldehyde solution (PFA; dissolved in PBS, pH 7.4). After
perfusion, brains were extracted and postfixed overnight in 4% PFA
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at 4°C with cryoprotection in 30% sucrose. Coronal slices (40 pm)
were prepared using a freezing microtome (Leica CM 1860).
Immunofluorescent staining

Tissue sections were incubated in 0.3% Triton X-100 for 20 min and
then blocked with 10% goat serum for 45 min at room temperature
(20° to 23°C). The sections were incubated with primary antibodies,
including anti—c-Fos (1:1000; Abcam, ab190289), anti-MOR (1:300;
EMD Millipore, AB5509), anti-CCK2R (1:500; Alomone Labs,
ACR-042), anti-CCK8s (1:300; IMMUNOSTAR, 20078), anti-
NeuN (1:1000; Sigma-Aldrich, MAB377), and anti-CaMKII
(1:250; Abcam, ab22609) at 4°C for 24 hours. After the incubation
with primary antibodies, sections were washed with PBS (5 x 8 min)
and then incubated with corresponding fluorophore-conjugated
secondary antibodies, including Alexa Fluor 594 goat anti-rabbit
(1:500; Cell Signaling Technology, 8889S), Alexa Fluor 594 goat
anti-pig (1:300; Invitrogen, A11075), Alexa Fluor 488 goat anti-
mouse (1:500; Cell Signaling Technology, 4880S), Alexa Fluor 488
goat anti-rabbit (1:500; Cell Signaling Technology, 4412S), and
Alexa Fluor 594 goat anti-mouse (1:500; Cell Signaling Technology,
8890S) for 2 hours at room temperature. For c-Fos immunostaining,
HC-mice and CC-mice were anesthetized in the HC and CC 90 min
after the last morphine injection on day 5, respectively, followed by
transcardially perfusion. Brian slices were examined and photo-
graphed using an LSM 880 (Zeiss, Germany) confocal microscope.
3,3'-Diaminobenzidine staining

The sections were blocked with 0.3% H,O, (in methanol) for 30
min, incubated in 0.3% Triton X-100 for 15 min, and blocked
with 10% goat serum for 1 hour at room temperature. Next, sections
were incubated with primary antibody of anti-MOR (1:100; Abcam,
ab10275) for 48 hours at 4°C, followed by second antibody of bio-
tinylated goat anti-rabbit immunoglobulin G (1:200; Vector, PK-
6101) for 2 hours at room temperature. After incubation with
avidin-biotin complex (Vector, PK-6101) for 30 min at 37°C, sec-
tions were incubated in DAB (3,3'-diaminobenzidine)-ammonium
nickel sulfate developing solution (Vector, SK-4100). Last, ethyl
ethanol and xylene were used for decoloration and mounted with
Neutral Balsam (Sangon Biotech, E675007).

Quantitative real-time PCR assay

For the Oprml mRNA assay, the BLA region in the brain of
Oprm1™™ mice was harvested four weeks after AAV2/9-hSyn-Cre-
EGFP (titer: 3.21 x 10'? genome copies/ml, 400 nl per side) or
AAV2/9-hSyn-EGFP (titer: 2.05 x 10'> genome copies/ml, 400 nl
per side) bilateral injection. For the CCK mRNA assay, the
dmPFC region in the brain of C57BL/6] mice was harvested 4
hours after morphine injections. Total RNA was extracted using
TRIzol (Life Technologies). RNA purity, integrity, and concentra-
tion were determined, and 100 to 200 ng of total RNA were reversely
transcribed to complementary DNA (cDNA) using the HiScript II
Strand cDNA Synthesis Kit (Vazyme). qRT-PCR was performed on
the LightCycler 96 Instrument System using AceQ qPCR SYBR
Green Master Mix (Vazyme). Melt curves were analyzed to verify
the amplicon specificity. All qRT-PCRs were conducted in technical
triplicates, and the results were averaged for each sample, normal-
ized to the mean housekeeping messenger RNA expression levels,
and analyzed using the method of 272", The sequences of the
PCR primers were as follows: for GAPDH, 5'-AGGTCGGTGT-
GAACGGATTTG-3' and 5'-TGTAGACCATGTAGTTGAGGT-
CA-3'; for Oprm1, 5'-ATCCTCTCTTCTGCCATTGGT-3" and 5'-
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TGAAGGCGAAGATGAAGACA-3'; for CCK, 5'-GCACTGC-
TAGCGCGATACATC-3" and 5'-CCAGGCTCTGCAGGTTCT-
TAAG-3'.

Transcriptome and gene expression analyses

Total RNA was extracted from frozen dmPFC brain tissue of C57/
BL6] mice after 5 days of repeated morphine injections using TRIzol
(Invitrogen) according to manual instructions. The cDNA libraries
were prepared and sequenced on the BGIseq500 platform (Beijing
Genomic Institute in Shenzhen). The total number of reads that
were obtained for each sample was approximately 6 gb. The se-
quence data were processed and mapped to the Mus musculus ref-
erence genome using Bowtie2 (v2.2.5) (76). Gene expression was
quantified to the fragments per kilobase million (FPKM) using
RNA-seq by expectation-maximization (RSEM).

Calcium imaging studies

Virus injection

For imaging in vivo calcium transients of the BLA-projecting
dmPFC neurons, AAV2/2-retro-hSyn-Cre (titer: 5.51 x 10'?
genome copies/ml, 400 nl per side) was unilaterally injected into
BLA, and AAV2/9-Efla-DIO-GCaMPé6f-tdTomato (titer:
6.46 x 10'? genome copies/ml, 400 nl per side) or AAV2/9-Efla-
DIO-GCaMP7{-tdTomato (titer: 3.36 x 10'* genome copies/ml,
400 nl per side) was unilaterally injected into dmPFC. Three
weeks later, mice were implanted with a microendoscope lens
(AP, +2.10 mm; ML, +0.30 mm; DV, —0.75 mm). AAV-Efla-
DIO-GCaMP6f-tdTomato and AAV2/9-Efla-DIO-GCaMP7{-
tdTomato were obtained from OBiO Technology, Shanghai, China.
GRIN lens implantation

At three weeks following virus injection, a 1-mm-diameter gradient
refractive index (GRIN) lens was implanted to the injection site in
dmPFC based on the protocols of the previous study (77). The
mouse was anesthetized and mounted on the stereotaxic apparatus.
A 1.1-mm-diameter circular craniotomy was centered at the follow-
ing coordinates: AP: +2.10 mm; ML: +0.3 mm relative to bregma.
ACSF was repeatedly applied to the brain to avoid drying, and the
brain cortex above dmPFC was slowly aspirated using a 30-gauge
blunted needle attached to accustom-constructed three-axis motor-
ized robotic arm controlled by MATLAB-based software (https://
github.com/liang-bo/AutoStereota). The GRIN lens was slowly
lowered to dmPFC to a depth of —0.75 mm relative to the brain
surface and then was secured to the skull using dental cement.
Meanwhile, the miniscope base was fixed to the mouse head
using dental cement. During recovery, the exposed lens was protect-
ed by a protective cap.

Calcium signal acquisition

Four weeks after virus injection, a miniscope (78) with a blue light-
emitting diode power (0.1 to 0.3 mW, 465 nm) was mounted onto
the mouse head and adjusted to obtain the best position to visualize
the GCaMP calcium indicator. All calcium recordings were ac-
quired at 10-Hz frame rate. Before the behavioral experiments,
mice were habituated to the miniscope attachment procedure and
experimenter for 2 to 3 days. To avoid the acute effect of the
calcium imaging recording process, the miniscope was always at-
tached to the mice during the 5-day behavioral training. On day
6, mice were hooked up to the miniscope and placed in the HC
and CC for 10 min sequentially. The dmPFC calcium signal was re-
corded during the total 20 min.
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Imaging data analysis

Calcium imaging data were analyzed in MATLAB (MathWorks,
USA). Calcium imaging data of individual sessions were concate-
nated and spatially downsampled by a custom software (Neu
View) that was developed in C++ to communicate with the data ac-
quisition controller (77). To correct the artifacts caused by move-
ment, we performed a motion correction by an open-source
script described in a previous study (79). Then, we cropped black
borders around regions of interest (ROIs) to avoid error detection
by high-contrast borders. We applied the extended constrained
nonnegative matrix factorization (80) to detect neurons, extract
calcium signal traces (AF/F), and ROIs. Calcium traces were nor-
malized to z score (x-meanapg)/stdapF) for further analysis. For
Ca®* heatmaps by time, calcium traces were binarized by its
average individually. Calcium events were marked by the peak z
score values using a customized MATLAB script.

Drugs

Most chemicals such as NBQX and MK801 were achieved from
Sigma-Aldrich. Morphine hydrochloride was achieved from Shen-
yang Pharmaceutical Co. Ltd. under surveillance of Chinese Food
and Drug Administration; sufentanil citrate was achieved from
Renfu Pharmaceutical Co. Ltd. under surveillance of Chinese
Food and Drug Administration; naloxone hydrochloride was
achieved from Chongqing Lummy Pharmaceutical Co. Ltd,;
CTOP was achieved from Abcam; naltrindole, nor-BNI, CCK8s,
1365260, MK329, DAMGO, and CNO were achieved from
Tocris. All drugs were first dissolved to a maximum concentration
according to the manufacturer’s instructions, and the final solutions
were prepared immediately before experiments.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad Software). Statistical differences of data were deter-
mined using paired or unpaired Student's ¢ test for two-group com-
parisons, and one-way or two-way analysis of variance (ANOVA)
followed by Bonferroni post hoc test for multiple comparisons as
indicated in all figure legends. No statistical methods were used to
predetermine sample size, but our sample sizes were similar to those
reported by previous reporters. All data are presented as the means
+ SEM, and significance levels are indicated as *P < 0.05, **P < 0.01,
and **P < 0.001.

Supplementary Materials
This PDF file includes:
Figs. S1 to S25

Other Supplementary Material for this
manuscript includes the following:
Movie S1
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