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A novel cholinergic projection from the lateral
parabrachial nucleus and its role in
methamphetamine-primed conditioned place
preference

Teng He,"* Wenwen Chen,"* Yu Fan,"z’* Xing Xu,"* Hao Guo,I Nangin Li,I Xue Lu,I
Feifei Ge' and Xiaowei Guan'

* These authors contributed equally to this work.

Drug relapse is a big clinical challenge in the treatment of addiction, but its neural circuit mechanism is far from being fully under-
stood. Here, we identified a novel cholinergic pathway from choline acetyltransferase-positive neurons in the external lateral parabra-
chial nucleus (eLPB“"T) to the GABAergic neurons in the central nucleus of the amygdala (CeAS*P2) and explored its role in
methamphetamine priming-induced reinstatement of conditioned place preference. The anatomical structure and functional innerv-
ation of the eLPBPAT_CeACABA

raphy, virus-based neural tracing, fibre photometry, patch-clamp and designer receptor exclusively activated by a designer drug. The

pathway were investigated by various methods such as fluorescent micro-optical sectioning tomog-

role of the eLPBPAT_CeAGABA pathway in methamphetamine relapse was assessed using methamphetamine priming-induced re-

BAT heurons mainly projected to

instatement of conditioned place preference behaviours in male mice. We found that the eLP
the central nucleus of the amygdala. A chemogenetic activation of the eLPB™T neurons in vitro or in vivo triggered the excitabilities
of the CeA®AB2 neurons, which is at least in part mediated via the cholinergic receptor system. Most importantly, the chemogenetic
activation of either the eLPB“"T neurons or the eLPB“"*T neurons that project onto the central nucleus of the amygdala decreased the
methamphetamine priming-induced reinstatement of conditioned place preference in mice. Our findings revealed a previously undis-
covered cholinergic pathway of the eLPBMT_CeASAB2 and showed that the activation of this pathway decreased the methampheta-

mine priming-induced reinstatement of conditioned place preference.
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nucleus; DREADD =designer receptor exclusively activated by designer drug; DRN=dorsal raphe; eLPB=external lateral
parabrachial nucleus; fMOST = fluorescent micro-optical sectioning tomography; GLU = glutamate; ICeA = lateral region of CeA;
LPB =lateral parabrachial nucleus; mCeA = medial region of CeA; MEC = mecamylamine; METH = methamphetamine; NAc =
nucleus accumbens; nAChRs = nicotinic acetylcholine receptors; NeulN = neuronal nuclear antigen; PACAP = pituitary adenylate
cyclase-activating polypeptide; PKC3=protein kinase C-8; sAP = spontaneous action potentials; scp = superior cerebellar peduncle;
sEPSC = spontaneous excitatory postsynaptic currents; SOM = somatostatiny; VAChT =vesicular acetylcholine transporter; WT =

eLPB=external lateral parabrachial nucleus
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Introduction

Methamphetamine (METH) is one of the most commonly
abused drugs in the world. Drug relapse is a big clinical chal-
lenge in the treatment of addiction, but its neural circuit
mechanism is far from fully understood. The lateral parabra-
chial nucleus (LPB) is located at the boundary of the pontine
and midbrain, lateral to the superior cerebellar peduncle
(scp). According to the anatomical position, LPB can be fur-
ther subdivided into the dorsal lateral parabrachial nucleus
(dLPB) and external lateral parabrachial nucleus (eLPB).
The LPB neurons that express calcitonin gene-related
peptide-expressing neurons (LPB““R?) or glutamate neurons
(LPBSMY) have been well-studied in the processes of reward,’
food intake,”* emotion and mental disorders including ad-
diction.*” In 1993, Bechara et al.® showed that LPB lesions
blocked conditioned taste aversion (CTA) produced by low
intraperitoneal doses of morphine in rats. Subsequently,
both morphine and cocaine administration in rats,” as well
as naloxone-precipitated withdrawal in morphine rats,” in-
duced significantly increased levels of LPB c-Fos. Recently,

a glutamatergic pathway from the LPB to the dorsal raphe
(DRN), while blocking the LPB neurotransmission ultimately
reduced the morphine-induced conditioned place preference
(CPP) expression in mice, indicating a critical role of the
LPB neurons in addictive behaviours. However, few studies
in the literature have reported the role of LPB in drug relapse.
Noteworthily, a recent study found that choline acetyltrans-
ferase (ChAT)-positive neurons (LPB"T) exist in the LPB,®
yet their projections and functions have not been explored.
The central nucleus of the amygdala (CeA) is one of the
main nuclei that receives projections from the LPB.”'? The
CeA neurons express nicotinic acetylcholine receptors
(nAChRs)''* and receive cholinergic projections.'®*
Functionally, the CeA is considered to be a key region asso-
ciated with drug relapse, including incubation (drug-seeking
progressively increases after prolonged withdrawal from ex-
tended access to METH) of METH-seeking behaviours,'’
cue-induced reinstatement of METH-seeking behaviours'®
and stress-induced reinstatement of cocaine-seeking beha-
viours.'” Optogenetic activation of LPB projections in the
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CeA decreases food intake® as well as CTA.'® A recent re-
view hypothesized that LPB-extended amygdala circuits pro-
cess interoceptive and exteroceptive stimuli, which may in
part contribute to the dysregulated affective state induced
by abstinence from chronic drug use."”

In the present study, we dissected a novel cholinergic path-
way from eLPB"*T neurons and explored its role in METH
priming-induced reinstatement of CPP in male mice.
Reinstatement is a classical extinction-based drug relapse
model®® that refers to the resumption of drug-seeking beha-
viours after extinction following exposure to drugs,
drug-associated cues or contexts, or stressors.”"

Materials and methods

Detailed experimental methods are provided in Supplementary
Materials.

C57BL/6 wild type (WT) and ChAT-Cre male mice weighing
25-35 g were used.

The following primary antibodies were used: goat polyclonal
anti-ChAT (1:200, RRID: AB_2079751, Millipore, USA),
rabbit polyclonal anti-NeuN (1:200, RRID: AB_2651140,
Cell Signaling Technology, USA) and rabbit polyclonal
anti-c-Fos (1:1500, RRID: AB_2247211, Cell Signaling
Technology, USA).

All virus samples in the present study were packaged by
BrainVTA (Wuhan, China). The following virus samples
were used: YAAV2/9-ChAT-EGFP (PT-1722, 2.15E+12 vg/
ml), rAAV2/9-EF14-DIO-EGFP (PT-0795, 2.04E+12 vg/ml),
CTB-555 (CTB-02, 1 pg/ul), 7AAV2/9-VGAT1-CRE (PT-0
346, 3.63E+12 vg/ml, 25 nl), FAAV2/9-DIO-TVA (PT-0021,
5.56E+12vg/ml, 25nl), rAAV2/9-DIO-RVG (PT-0023,
5.29E+12 vg/ml, 50 nl), RV-EnvA-4G-DsRed (R01002, 2.00
E+08 IFU/ml), rAAV2/9-ChAT-hM3Dgq-mCherry (PT-2213,
5.54E+12 vg/ml) and rAAV2/9-VGATI-EGFP (PT-3176,
5.31E+12 vg/ml).

Unless otherwise noted, a volume of 100 nl of virus sam-
ple was injected per side. The following stereotaxic coordi-
nates for the eLPB are used: AP, —5.20 mm; ML,
+1.55 mm and DV, —3.60 mm. The following stereotaxic
coordinates of the CeA are used: AP, —0.90 mm; ML,
+2.70 mm; DV, —4.55 mm.

In fluorescent micro-optical sectioning tomography
(fMOST), the rAAV2/9-ChAT-EGFP (PT-1722, 2.15E
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+12 vg/ml) virus was unilaterally injected into the eLPB of
the WT mice. The intact brains were mapped using
BioMapping S000N (Oebio, Wuhan, China).

Clozapine N-oxide (CNO, 2 mgkg** HY-17366,
MedChemExpress) was used to specifically modulate the
eLPB“"T neurons via interaction with the hM3Dg virus
for 30 min before performing behavioural tests.*?

In the patch-clamp experiment, rAAV2/9-ChAT
-hM3Dg-mCherry (PT-2213, 5.54E+12 vg/ml) was bilat-
erally injected into the eLPBs, followed by rAAV2/9
-VGAT1-EGFP (PT-3176, 5.31E+12 vg/ml) being bilateral-
ly delivered into the CeAs of WT mice.

Preparation of slices was done as previously described.**
The spontaneous action potentials (sAPs) were recorded un-
der the current-clamp mode, while the spontaneous excita-
tory postsynaptic currents (SEPSCs) were recorded under
the voltage-clamp (voltage holding at —70 mV) mode.
10 uM of CNO?? was used to activate the terminals of the
eLPB“"T neurons within the CeA. 50 pM of picrotoxin®’®
was used to block the GABA 4 receptors. 5 uM of mecamyla-
mine (MEC)*® was used to non-specifically inhibit nAChRs
on the CeA“*P# neurons.

The rAAV2/9-VGAT1-GCaMp6m (PT-3317) virus was bi-
laterally injected into the CeAs, and the rAAV2/
9-ChAT-hM3Dq (Gq, PT-2874, 5.54E+12vg/ml) or
rAAV2/9-ChAT (Go, PT-0607, 5.50E+12 vg/ml) virus was
bilaterally injected into the eLPBs of WT mice. The calcium
signals were obtained by stimulating these cells with a
405 nm LED (15-20 pW at the fibre tip). FO is the baseline
fluorescence signal that was recorded for 1 min prior to
CNO treatment. F is the real-time fluorescence signal that
was recorded at 0-50 min. The values of AF/F are calculated
by (F-FO0)/F0. The area under curve (AUC) is the integral un-
der recording duration related to the corresponding baseline
at every trial.

In the CPP experiment, two cohorts of WT mice were ex-
posed to viral injections. In Cohort-1 mice, rAAV2/
9-ChAT-hM3Dg-mCherry (Gq, PT-2213, 5.54E+12 vg/ml)
or rAAV2/9-ChAT (Go, PT-0607, 5.50E+12 vg/ml) was bi-
laterally injected into the eLPBs, forming eLPB-Gq mice
and eLPB-Go mice. In Cohort-2 mice, rAAV2/
9-ChAT-DIO-hM3Dg-mCherry (Gq, PT-2825, 5.08E
12 vg/ml) or rAAV2/9-ChAT (Go, PT-0607, 5.SOE
+12 vg/ml) was bilaterally delivered into the eLPBs, followed
by rAAV2/retro-Cre-EGFP (PT-1168, 5.25E+12 vg/ml,
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150 nl) being bilaterally injected into the CeAs, forming
CeA-Gq mice and CeA-Go mice. Mice received CNO
(2 mg/kg, i.p.) 30 min before each behavioural test.

METH CPP procedures were performed using the
TopScan3D CPP apparatus (CleverSys, VA, USA). A stand-
ard CPP protocol?™*” was applied, including a pre-test, con-
ditioning, a post-conditioning test, extinction training and a
METH challenge-primed reinstatement test. Baseline prefer-
ence (pre-test) was assessed by placing the mice in a random
chamber of the CPP apparatus and allowing them to explore
all two chambers freely. Conditioning was confined to a pre-
ferred chamber paired with a saline (0.2 ml, i.p.) injection in
the morning and to a non-preferred chamber paired with a
METH (3 mg/kg, i.p.) injection in the afternoon for 7 con-
secutive days. During the test and extinction, mice were al-
lowed to freely access the two chambers without any
injections. For the METH-primed reinstatement test, mice
were injected with METH (0.5 mg/kg, i.p.) and then allowed
to freely explore both chambers for 15 min.

The CPP score was calculated by subtracting the duration
spent in the saline-paired chamber from the METH-paired
chamber, and the ACPP score was the reinstatement CPP
score minus the extinction CPP score.

Statistical analysis was carried out using GraphPad Prism 8.0
software. The paired #-tests, unpaired #-tests and repeated
measures of two-way ANOVA with Sidak post hoc tests
were used to analyse data. Statistical significance was set as
P<0.05.

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

Results

First, we dissected the anatomical structure of the potential
cholinergic pathway from the eLPB"AT to the CeACABA,
The neuronal nuclear antigen (NeuN) and ChAT were
used as specific markers for neurons and cholinergic neu-
rons, respectively. As shown in Fig. 1A, ChAT-positive neu-
rons were mainly located in the eLPB. Immunohistochemical
analysis revealed that >50% of the eLPB neurons were
ChAT-positive neurons (eLPB'AT| Fig. 1B). To overview
the whole-brain atlas of direct eLPB“™T projections, whole-
brain precise imaging was performed by fMOST by injecting
rAAV2/9-ChAT-EGFP into the eLPB of WT mice to label
the eLPBMT and the axonal projections (Fig. 1C). As shown
in Fig. 1D, Supplementary Fig. 1A and Video 1, the
eLPB“"AT represented particularly strong inputs to the
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ipsilateral CeA, delineating the previously undiscovered
eLPB“MAT_CeA pathway.

To exclude the possibility that the CeA inadvertently la-
belled eLPB“"T fibres passing through rather than synapsing
on the CeA, and further to determine the monosynaptic in-
puts from the eLPB"AT to the CeA®ABA | anterograde trans-
synaptic rabies tracing was used in combination with
Cre-dependent version (Fig. 1E). The eLPB"T neurons
were infected by a ChAT promoter-driven virus expressing
EGFP, while CeA®*PA neurons as the starter cells
(VGAT1-Cre and two Cre-dependent AAV helper virus re-
combinants in the CeA) were infected by rabies virus expres-
sing DsRed (Fig. 1F). As shown in Fig. 1G, rabies
virus-labelled neurons (DsRed-positive) in the eLPB were co-
expressed with ChAT-transfected eLPB“"™T neurons
(EGFP-positive), indicating a direct pathway from the
eLPBPAT 1o the CeASABA,

To accurately describe and quantify the eLPBMT_CeA
pathway in ChAT-Cre mice, a Cre-dependent anterograde tra-
cing virus labelled with EGFP was injected into the eLPB
(Supplementary Figure 1B). Immunohistochemical analysis re-
vealed that most of the EGFP-labelled eLPB neurons were also
immune-positive for ChAT (Supplementary Fig. 1C), and the
eLPB“™T sent branching axons to the lateral region of the
CeA (ICeA, Supplementary Fig. 1D). In WT mice, retrograde
tracing CTB-555 was injected into the CeA (Supplementary
Fig. 1E, 1F). Immunohistochemical analysis showed that, in
the eLPB, around 27% of the ChAT-positive neurons were co-
labelled with CTB-555 retrograded from the CeA, and 68 % of
CTB-555 were co-expressed with the ChAT-positive neurons
(Supplementary Fig. 1G, H). Together, we found a novel direct
cholinergic pathway from the eLPB“"AT to the CeA“*BA, form-
ing an eLPBMAT_CeASABA pathway.

To characterize the functional innervation of the eLPB*AT—-

CeA“ABA pathway, we combined neuronal activator design-
er receptor exclusively activated by designer drug
(DREADD) hM3D and patch-clamp recording in acutely
prepared slices. ChAT-hM3Dgq (Ggq) virus labelled with
mCherry was injected into the bilateral eLPBs to infect the
eLPB“"T neurons, and VGAT1 promoter-driven virus la-
belled with EGFP was injected into the CeA to transfect
the CeAS*PA neurons (Fig. 2A). CNO (CNO) was used to
chemogenetically activate neurons by interaction with the
hM3Dq (Gg) virus. As shown in Fig. 2B, the frequency of
sAP in the eLPB“"T neurons was significantly increased by
bath application of CNO when compared with its baseline,
indicating the successful Gg virus models (¢=5.088, df =3,
**P=0.0038 versus baseline). Next, Fig. 2C showed that a
stimulation of hM3Dq (Gg)-expressed eLPB"AT terminals
on the CeA slices by CNO increased the frequency of
sEPSCs in the CeAS*BA neurons. In addition, the enhanced
sEPSC frequency disappeared when CNO was washed out
from bath artificial cerebrospinal fluid (ACSF), and the
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Figure | Anatomical structure of the eLPB“"*T-CeAS~BA pathway. (A) Immunohistochemistry for ChAT/NeuN in the eLPB of WT
mice. Scale bar, 400 pm. (B) The percentage of ChAT-positive cells relative to NeuN-labelled cells in the eLPB, n =5 mice. (C) Schematic diagram
of the rAAV2/9-ChAT-EGFP injection in WT mice. (D) The overview of the cholinergic projections from LPB“"T neurons in the brain by fMOST.
Scale bar, 50 pixels. (E) Schematic diagram of viral injection sites in the eLPB and CeA of WT mice. (F) Representative images of rAAV2/
9-ChAT-EGFP injection into the eLPB and RV-EnvA-4G-DsRed injection into the CeA. Scale bar, 400 um. (G) Representative images of EGFP-labelled
and DsRed-labelled viral signals that are co-expressed within the eLPB. Scale bar, 100 pum.

CNO-enhanced sEPSC frequency was blocked by a non-
specific nAChRs antagonist (MEC) (F1 597, 7.986)=6.229,
P=0.0275, *P=0.0464 CNO versus baseline, *P=0.0325
MEC versus CNO). However, both CNO and MEC treat-
ment had no effect on the amplitude of sEPSC (F; 40s,
7039 =0.2703, P=0.6966, N*P=0.9756 CNO versus

baseline, N5P=0.7498 MEC versus CNO). These results in-
dicate that the activation of eLPB“"*T neurons is necessary
and sufficient to excite CeA*PA neurons, and which was
at least in part via nAChRs.

To further confirm the innervation of the eLPB“"T on the
CeA“PA in vivo, real-time calcium signals in free-moving
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Figure 2 Functional role of the eLPB“"*T-CeACABA

pathway. (A) Schematic diagram of the viral transfection in WT mice and the

patch-clamp recording in brain slices. (B) Representative images of current-clamp recording on rAAV2/9-ChAT-hM3Dg-mCherry (Gq) transfected
neurons in the eLPB (left), sample traces and summarized data of sAP in eLPB“"T neurons (right) after CNO treatment. n= 6 cells from six mice.
Scale bar, 400 pm. (C) Representative images of patch-clamp recording on the rAAV2/9-VGAT |-EGFP transfected neurons in the CeA (left), sample
traces and summarized data of frequency (middle, n = 6 cells from six mice, one-way ANOVA with Tukey post-test) and amplitude (right, n = 6 cells
from six mice, one-way RM ANOVA with Tukey post-test) of sEPSC in response to CNO and MEC. Scale bar, 400 um. (D) Schematic diagram of
viral transfection and optical fibre implantation in the eLPB and CeA. (E) Heatmap of GCaMpém fluorescence at 0—50 min after CNO
administration. (F) Quantification of the peak AF/F. (G) Go and Gg-evoked AUC. n =6 mice, two-way ANOVA with Sidak post-test.

mice were recorded in the CeAS*PA neurons by injecting the

VGAT1-GCaMp6m virus into the CeA, and the ChAT
promoter-driven hM3Dq (Ggq) or ChAT alone (Go) virus

was injected into the bilateral eLPB in WT mice (Fig. 2D).
The GCaMp6m-positive virus was expressed restrictedly in
the CeA and was highly overlapping with GAD67
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(Supplementary Fig. 2A,B) (= 0.8530, df =4, ~>P =0.4417
versus Go). As shown in Fig. 2E, F and G, after the chemoge-
netic activation of the eLPB“™T neurons by a systemic ad-
ministration of CNO, sustained increases in calcium
signals at 30, 35, 40, 45 and 50 min were observed in the
GCaMpé6m-transfected CeA“*®* neurons (F4, 40)=9.687,
P< 00001, * ;EP(_?,() min)=0'0004’ * ::'P(35 min) < 00001,
* *P(4() min) < 00001, * ::'P(45 min) < 00001, ~"“"'“""P(s() min) =
<0.0001 versus Go.). In addition, immunohistochemical
analysis revealed that the systemic administration of CNO
significantly evoked c-Fos expression in the CeASABA neu-
rons expressing GCaMpé6m (Supplementary Fig. 2C,D) (¢=
3.441, df=4, *P=0.0263 versus Go). These results con-
firmed the positive innervation of the eLPB“"AT_CeASABA
pathway under physiological conditions.

Taken together, we found that the specific activation of
the eLPB™T neurons in vitro or in wvivo excited the
CeA“ABA neurons. In addition, the nAChRs antagonist ef-
fectively inhibited the CNO-enhanced sEPSC in the
CeASABA neurons with Gg-transfected terminals from the
eLPB“"T neurons.

To investigate the role of eLPB“"™T neurons in METH re-
lapse, the METH priming-induced reinstatement of the
CPP procedure was set up in mice (Fig. 3A). Before METH
CPP training, the ChAT promoter-driven hM3Dq (Gq) or
ChAT alone (Go) virus was injected into the bilateral
eLPBs in WT mice (Fig. 3B, C, eLPB-Gq and eLPB-Go
mice, respectively). The mCherry-positive virus was ex-
pressed restrictedly in the eLPB and was highly overlapping
with ChAT (Supplementary Fig. 3A, B). As shown in
Supplementary Fig. 3C-F, no significant differences can be
found on the METH-induced CPP (Fy, 15=6.234, P=
0.0238. eLPB-Go, baseline versus test: **P=0.0091;
eLPB-Gq, baseline versus test: **P<0.0001) and CPP extinc-
tion training (F(14, 224)=1.473, P=0.1224) between two
groups. During the priming test on D24, a single challenge
of low-dose METH successfully reinstated the
METH-induced CPP in eLPB-Go mice but failed to reinstate
it in eLPB-Gq mice after the systemic administration of CNO
(eLPB-Go: t=10.60, df=7, **P <0.0001 versus extinction;
eLPB-Gq: t=0.4251, df=9, N>P=0.6808 versus extinc-
tion; ACPP scores, t=3.546, df=16, **P=0.0027 versus
Go, Fig. 3D-F). In contrast, the total distance travelled by
the mice between the eLPB-Gq and the eLPB-Go models
was not significantly different (¢=0.3193, df=16, N>P=
0.7536 versus eLPB-Go, Supplementary Fig. 3E). These re-
sults indicated that the activation of the eLPB"T decreased
the METH priming-induced reinstatement of CPP without
changing the locomotive abilities in the mice.
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To evaluate the role of the eLPB"AT_CeASAPA pathway
in the METH priming-induced reinstatement of CPP, we ex-
pressed Cre recombinase in the CeA neurons by injecting
Raav2/Retro-Cre-EGFP into the bilateral CeA and infected
CeA-projecting Elpb“™T neurons bilaterally with AAV2/
9-ChAT-DIO-Hm3Dg-mCherry (Gq) or ChAT alone (Go)
in WT mice (Fig. 3G-I, CeA-Gq and CeA-Go mice, respect-
ively). As shown in Fig. 3]-L, the chemogenetic activation of
the eLPB“™T neurons projecting to the CeA neurons obvi-
ously decreased the METH priming-induced reinstatement
of CPP in CeA-Gq mice, when compared with that in
CeA-Go mice (CeA-Go: t=6.579, df=35, **P=0.0012 ver-
sus extinction; CeA-Gq: t=0.6573, df=5, N>P=0.6573
versus extinction; ACPP scores, t=3.286, df=10, **P=
0.0082 versus Go.). As shown in Supplementary Fig. 3F
and G, no significant differences were observed during the
CPP test (F1, 10)=0.06524, P=0.8036. CeA-Go, Test:
*P=0.0120 versus Baseline; CeA-Gq, **P =0.0066, versus
Baseline) and extinction training (F(14, 140)=0.7511, P=
0.7196) between the two groups. There was no significant
difference in the total distance travelled by the mice between
the CeA-Gq and CeA-Go models (¢=0.6060, df=10,N>P =
0.5580 versus CeA-Go, Supplementary Fig. 3H). These re-
sults indicated that the activation of the eLPBMT_CeA
pathway effectively decreased the METH priming-induced
reinstatement of CPP without changing the locomotive abil-
ities in the mice.

Discussion

The cholinergic neurons play critical roles in processing
reward- and addiction-related information,**>* and cholin-
ergic dysfunction leads to neurological and psychiatric disor-
ders.** Cholinergic neurons in the mammalian brain are
thought to be mainly distributed in five regions, namely the
pedunculopontine, dorsal lateral tegmental nucleus, thalam-
ic nucleus, striatum and basal forebrain nucleus.>*
ChAT-positive neurons can either serve as interneurons lo-
cally or send out long-distance projections to control other
brain regions.”®** For example, regulating cholinergic inter-
neurons in the nucleus accumbens (NAc) suppressed cocaine
CPP, cocaine self-administration, as well as cue-induced re-
instatement of heroin-seeking.*>*** However, a question
arises as to whether the cholinergic system, especially the
cholinergic projecting neuron, contributes to METH addic-
tion. In 1999, Kish et al.>” found that exposure to high doses
of METH caused brain ChAT depletion in autopsied brain of
chronic METH users. Subsequently, they further found that
vesicular acetylcholine transporter (VAChT, a ‘stable’ mark-
er of human cholinergic neurons) levels were selectively ele-
vated by 48% in the METH group.>® Until recently, with the
ChAT-Cre transgenic mice, Nasirova et al.® reported that
ChAT-positive neurons existed in the LPB of mouse embryo.
Consistent with this finding, we found that there existed
abundant LPB“"T neurons in adult mice, which are concen-
trated in the eLPB. Most importantly, the specific activation
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Figure 3 The role of the eLPB“"AT_CeAS~BA pathway in METH priming-induced reinstatement of CPP. (A) Experimental design
and timeline of METH priming-induced reinstatement of CPP. (B) Schematic diagram of the viral transfection in WT mice. (C) Representative
images of rAAV2/9-ChAT-hM3Dg-mCherry (Gq) injection in the eLPB. Scale bar, 400 um. (D and E), The METH priming-induced reinstatement of
CPP after activating eLPB“"T neurons by CNO. eLPB-Go: n =8 mice; eLPB-Gq: n= 10 mice; ACPP scores, n = |8. (F) The heatmap of mice
travelling traces in eLPB-Go and eLPB-Gq mice. (G) Schematic diagram of the viral transfection in the eLPB and CeA of WT mice. (H)
Representative images of rAAV2/9-ChAT-hM3Dg-mCherry (Gq) injection in the eLPB. Scale bar, 400 um. (I) Representative images of rAAV2/
retro-Cre-EGFP within the CeA. Scale bar, 400 um. (J and K) METH priming-induced reinstatement of CPP after activating terminals from
eLPB"T neurons within the CeA. CeA-Go: n = 6 mice; CeA-Gg: n = 6 mice); ACPP scores, n = 12 mice. (L) The heatmap of mice travelling traces

in CeA-Go and CeA-Gq mice.
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of LPB"T decreased METH-primed CPP behaviours, indi-
cating the critical role of the eLPB™T in the METH
priming-induced reinstatement of CPP.

The CeA is one of the major LPB afferent sources and ef-
ferent targets.'” Some studies showed that the CeA mainly
received inputs from CGRP-positive neurons *?** or pitu-
itary adenylate cyclase-activating polypeptide (PACAP) neu-
in the LPB, most of which were glutamatergic
neurons.*>** Do eLPB"AT neurons send cholinergic projec-
tions directly to the CeA? Here, we found that there exists a
direct cholinergic eLPBMAT_CeASAPA pathway, which ex-
tends the knowledge of classic LPB-CeA circuits. It is pos-
sible that some neurons in the LPB co-express the ACh
with glutamate, which is akin to many LPB neurons expres-
sing CGRP with glutamate.® ACh plays a role in the
establishment or refinement of glutamatergic synaptic
connections,*>**® which would allow ACh to act homosy-
naptically in synapse maturation and plasticity. Here, we il-
lustrated that DREADD-mediated activation of eLPB“MAT
neuron projection into the CeA“*® neurons increased the
frequency of SEPSCs in vitro and triggered the calcium signal
in vivo in the CeAS*®* neurons, indicating an exciting in-
nervation effect of the eLPB“™T on the CeA“*®* neurons.
Further, the nAChRs antagonist reversed the increases of
sEPSCs, indicating that the positive innervation of the
eLPB"AT neurons on CeA®*PA was mediated at least in
part via cholinergic projections.

The CeA contains 95% GABAergic medium-sized neu-
rons.*” Studies have shown that the inactivation of the
CeA by GABA agonism Dblocked stress-induced

1000 um

Video | The overview of the cholinergic projections from
LPB"AT neurons within the brain by fMOST. 100 nl of the
rAAV2/9-ChAT-EGFP (PT-1722, 2.15E+12 vg/ml) virus was
unilaterally injected into the eLPB of WT mice to label the
eLPB“MT and the axonal projections. Three weeks later, the intact
brains were mapped using BioMapping 5000N. The eLPB“MAT
represented particularly strong inputs to the ipsilateral CeA,
forming the eLPB""T_CeA pathway. Scale bar, 2000 um.
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reinstatement of cocaine-seeking.'”***’ Moreover, revers-
ible inactivation (lidocaine or GABAA and GABAB receptor
agonists) of the CeA decreased cue-induced reinstatement of
METH-seeking after extinction.'®>® Consistent with previ-
ous studies, we found that the activation of the eLPBMAT
neurons projecting onto the CeA decreased the METH
priming-induced reinstatement of CPP in male mice, sup-
porting the concept that the CeA is critical for drug relapse.
The 1CeA receives abundant LPBMT projections, which ex-
its two types of non-over-lapping but mutually suppresses
GABA neurons, expressed with protein kinase C-8 (PKC3)
or somatostatin (SOM), respectively.’’*> The 1CeAPX®?
and 1CeA>°M neurons have opposite effects on the output
neurons in the medial region of the CeA (mCeA): The
1CeAP®® neurons inhibit these output neurons that promote
aversive behaviour, while 1CeASM
vated behaviour by disinhibiting these output neurons.
Venniro et al.’® demonstrated that METH-forced abstinence
increased Fos expression in both 1CeA™ ® and 1CeAS°M. Tt
is not known whether and how the two types of ICeA neu-
rons contribute to METH priming-induced reinstatement
of CPP. They further identified that social choice-induced
voluntary abstinence decreased METH craving, which was
mediated by the activation of ICeA"™°, In contrast, incuba-
tion after forced abstinence promoted METH craving, which
was mediated by the activation of ICeA*°M.*¢ In the present
study, our data showed that activating LPB"T neurons in
whole or those projecting to the CeAS*PA decreased
METH-primed CPP in mice, suggesting the important role
of the eLPBMAT_CeA“*PA  pathway in METH
priming-induced reinstatement of CPP. A further study
should dissect the roles of the eLPB"T_CeAP*® and/or
the eLPB“"MT_CeAS°M pathway in the process of METH
priming-induced reinstatement of CPP in mice.

There are some limitations in the present study. First, it is
important for reinstatement studies to consider not only
drug priming, but also the extinction response in the absence
of a reinstating stimulus. Also, it needs to be ascertained
whether the manipulation of the eLPBMAT_CeACABA path-
way could induce reinstatement behaviours during the pro-
cess of extinction training. Second, the molecules in the
eLPBMAT_CeACABA  pathway  that  contribute  to
METH-primed reinstatement of CPP are required to be ex-
plored in a future study.

In summary, we identified a novel cholinergic pathway
from the eLPB“MT neurons to the CeA“*®A neurons, form-

ing the eLPBMAT_CeA“BA pathway. Under physiological
BCRAT

neurons promote moti-
53,54

conditions, the activation of the eLP neurons or their

terminals on the CeA“*BA neurons triggered the excitability
of these CeASABA Under the METH
priming-induced reinstatement of CPP, activating either
the eLPB“"T neurons in whole or in the eLPB“MAT-

CeACAPA pathway decreased the METH-primed CPP in
BChAT_CeAGABA

neurons.

mice, indicating that the eLP pathway is
involved in coding the process of METH priming-induced

reinstatement of CPP.



10

| BRAIN COMMUNICATIONS 2022: Page 10 of ||

Acknowledgement

We thank Prof. Minmin Luo, National Institute of Biological
Science, Beijing, China, for arranging for the supply of
ChAT-Cre mice that is used in this study.

Funding

This work is supported by the National Natural Science
Foundation of China (82071495) and the Natural Science
Foundation of Jiangsu Province of China (BK20201398).

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain Communications
online.

References

1.

10.

11.

12.

Hurtado MM, Puerto A. Tolerance to repeated rewarding electrical
stimulation of the parabrachial complex. Behav Brain Res 2016;
312:14-19.

Rodriguez E, Ryu D, Zhao S, Han BX, Wang F. Identifying parabra-
chial neurons selectively regulating satiety for highly palatable food
in mice. eNeuro 2019;6(6):ENEURO.0252-19.2019.

Carter ME, Soden ME, Zweifel LS, Palmiter RD. Genetic identifica-
tion of a neural circuit that suppresses appetite. Nature 2013;503-
(7474):111-114.

Lin R, Liang J, Wang R, et al. The raphe dopamine system controls
the expression of incentive memory. Neuron 2021;109(11):1906.
Grabus SD, Glowa JR, Riley AL. Morphine- and cocaine-induced
c-fos levels in lewis and fischer rat strains. Brain Res 2004;998(1):
20-28.

Bechara A, Martin GM, Pridgar A, van der Kooy D. The parabra-
chial nucleus: A brain stem substrate critical for mediating the aver-
sive motivational effects of morphine. Behav Neurosci 1993;107(1):
147-160.

Hamlin A, Buller KM, Day TA, Osborne PB. Peripheral withdrawal
recruits distinct central nuclei in morphine-dependent rats.
Neuropharmacology 2001;41(5):574-581.

Nasirova N, Quina LA, Agosto-Marlin IM, Ramirez JM, Lambe
EK, Turner EE. Dual recombinase fate mapping reveals a transient
cholinergic phenotype in multiple populations of developing gluta-
matergic neurons. ] Comp Neurol 2020;528(2):283-307.

Ryan PJ, Ross SI, Campos CA, Derkach VA, Palmiter RD.
Oxytocin-receptor-expressing neurons in the parabrachial nucleus
regulate fluid intake. Nat Neurosci. 2017;20(12):1722-1733.

Park S, Williams KW, Liu C, Sohn JW. A neural basis for tonic sup-
pression of sodium appetite. Nat Neurosci 2020;23(3):423-432.
Tirgar F, Rezayof A, Zarrindast MR. Central amygdala nicotinic
and 5-HT1A receptors mediate the reversal effect of nicotine and
MDMA on morphine-induced amnesia. Neuroscience 2014;277:
392-402.

Albuquerque EX, Pereira EFR, Alkondon M, Rogers SW.
Mammalian nicotinic acetylcholine receptors: From structure to
function. Physiol Rev 2009;89(1):73-120.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

T.He et al.

Wang Y, Tan B, Wang Y, Chen Z. Cholinergic signaling, neural ex-
citability, and epilepsy. Molecules 2021;26(8):2258.

Aitta-Aho T, Hay YA, Phillips BU, et al. Basal forebrain and brain-
stem cholinergic neurons differentially impact amygdala circuits
and learning-related behavior. Current biology: CB 2018;28(16):
2557-2569.e4.

Cates HM, Li X, Purushothaman L, et al. Genome-wide transcription-
al profiling of central amygdala and orbitofrontal cortex during incu-
bation of methamphetamine craving. Neuropsychopharmacology
2018;43(12):2426-2434.

Hiranita T, Nawata Y, Sakimura K, Anggadiredja K, Yamamoto T.
Suppression of methamphetamine-seeking behavior by nicotinic
agonists. Proc Natl Acad Sci U S A 2006;103(22):8523-8527.
McFarland K, Davidge SB, Lapish CC, Kalivas PW. Limbic and mo-
tor circuitry underlying footshock-induced reinstatement of
cocaine-seeking behavior. | Neurosci 2004;24(7):1551-1560.
Chen JY, Campos CA, Jarvie BC, Palmiter RD. Parabrachial CGRP
neurons establish and sustain aversive taste memories. Neuron
2018;100(4):891-899.¢5.

Jaramillo AA, Brown JA, Winder DG. Danger and distress:
Parabrachial-extended amygdala circuits. Neuropharmacology
2021;198:108757.

Venniro M, Caprioli D, Shaham Y. Animal models of drug relapse
and craving: From drug priming-induced reinstatement to incuba-
tion of craving after voluntary abstinence. Prog Brain Res 2016;
224:25-52.

Shaham Y, Shalev U, Lu L, de Wit H, Stewart J. The reinstatement
model of drug relapse: History, methodology and major findings.
Psychopharmacology (Berl) 2003;168(1-2):3-20.

Yuan F, Jiang H, Yin H, et al. Activation of GCN2/ATF4 signals in
amygdalar PKC-delta neurons promotes WAT browning under leu-
cine deprivation. Nat Commun 2020;11(1):2847.

Kayyal H, Yiannakas A, Kolatt Chandran S, Khamaisy M, Sharma
V, Rosenblum K. Activity of Insula to basolateral amygdala project-
ing neurons is necessary and sufficient for taste valence representa-
tion. | Neurosci 2019;39(47):9369-9382.

Ge F, Mu P, Guo R, et al. Chronic sleep fragmentation enhances ha-
benula cholinergic neural activity. Mol Psychiatry 2021;26(3):
941-954.

Venniro M, Caprioli D, Zhang M, et al. The anterior insular
Cortex—>central amygdala glutamatergic pathway is critical to re-
lapse after contingency management. Neuron 2017;96(2):
414-427.e8.

Lucas-Meunier E, Monier C, Amar M, Baux G, Fregnac Y, Fossier
P. Involvement of nicotinic and muscarinic receptors in the en-
dogenous cholinergic modulation of the balance between excitation
and inhibition in the young rat visual cortex. Cereb Cortex 2009;19-
(10):2411-2427.

Karimi-Haghighi S, Haghparast A. Cannabidiol inhibits
priming-induced reinstatement of methamphetamine in REM sleep
deprived rats. Prog Neuropsychopharmacol Biol Psychiatry 2018;
82:307-313.

Sofuoglu M, Mooney M. Cholinergic functioning in stimulant ad-
diction: Implications for medications development. CNS Drugs
2009;23(11):939-952.

Lee JH, Ribeiro EA, Kim ], et al. Dopaminergic regulation of nu-
cleus Accumbens cholinergic interneurons demarcates susceptibility
to cocaine addiction. Biol Psychiatry 2020;88(10):746-757.

Steidl S, Wasserman DI, Blaha CD, Yeomans JS. Opioid-induced re-
wards, locomotion, and dopamine activation: A proposed model for
control by mesopontine and rostromedial tegmental neurons.
Neurosci Biobehav Rev 2017;83:72-82.

Liang SH, Yin JB, Sun Y, et al. Collateral projections from the lat-
eral parabrachial nucleus to the paraventricular thalamic nucleus
and the central amygdaloid nucleus in the rat. Newurosci Lett
2016;629:245-250.

Williams M]J, Adinoff B. The role of acetylcholine in cocaine addic-
tion. Neuropsychopharmacology 2008;33(8):1779-1797.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac219#supplementary-data

eLPB"AT_CeASAPA and METH reinstatement

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Maskos U. The cholinergic mesopontine tegmentum is a relatively
neglected nicotinic master modulator of the dopaminergic system:
Relevance to drugs of abuse and pathology. Br | Pharmacol 2008;
153(Suppl 1):5438-5445.

Ballinger EC, Ananth M, Talmage DA, Role LW. Basal forebrain
cholinergic circuits and signaling in cognition and cognitive decline.
Neuron 2016;91(6):1199-1218.

Mu P, Huang YH. Cholinergic system in sleep regulation of emotion
and motivation. Pharmacol Res 2019;143:113-118.

Witten IB, Lin SC, Brodsky M, ef al. Cholinergic interneurons con-
trol local circuit activity and cocaine conditioning. Science 2010;
330(6011):1677-1681.

Kish SJ, Kalasinsky KS, Furukawa Y, et al. Brain choline acetyl-
transferase activity in chronic, human users of cocaine, metham-
phetamine, and heroin. Mol Psychiatry 1999;4(1):26-32.

Siegal D, Erickson ], Varoqui H, et al. Brain vesicular acetylcholine
transporter in human users of drugs of abuse. Synapse 2004;52(4):
223-232.

Qiao Y, Zhang C-K, Li Z-H, Niu Z-H, Li ], Li J-L. Collateral pro-
jections from the lateral parabrachial nucleus to the central amyg-
daloid nucleus and the ventral tegmental area in the rat. Anat Rec
(Hoboken, NJ: 2007) 2019;302(7):1178-1186.

D’Hanis W, Linke R, Yilmazer-Hanke DM. Topography of
thalamic and parabrachial calcitonin gene-related peptide (CGRP)
immunoreactive neurons projecting to subnuclei of the
amygdala and extended amygdala. ] Comp Neurol. 2007;505(3):
268-291.

Missig G, Roman CW, Vizzard MA, Braas KM, Hammack SE, May
V. Parabrachial nucleus (PBn) pituitary adenylate cyclase activating
polypeptide (PACAP) signaling in the amygdala: Implication for the
sensory and behavioral effects of pain. Neuropharmacology 2014;
86:38-48.

Missig G, Mei L, Vizzard MA, et al. Parabrachial pituitary adenyl-
ate cyclase-activating polypeptide activation of amygdala endoso-
mal extracellular signal-regulated kinase signaling regulates the
emotional component of pain. Biol Psychiatry 2017;81(8):
671-682.

Niu JG, Yokota S, Tsumori T, Qin Y, Yasui Y. Glutamatergic lateral
parabrachial neurons innervate orexin-containing hypothalamic
neurons in the rat. Brain Res 2010;1358:110-122.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Sé.

BRAIN COMMUNICATIONS 2022: Page |1 of I| | 11

Kaur S, Pedersen NP, Yokota S, et al. Glutamatergic signaling from
the parabrachial nucleus plays a critical role in hypercapnic arousal.
J Neurosci 2013;33(18):7627-7640.

Gu Z, Lamb PW, Yakel JL. Cholinergic coordination of presynaptic
and postsynaptic activity induces timing-dependent hippocampal
synaptic plasticity. | Neurosci 2012;32(36):12337-12348.

Halff AW, Gémez-Varela D, John D, Berg DK. A novel mechanism
for nicotinic potentiation of glutamatergic synapses. | Neurosci
2014;34(6):2051-2064.

Ahn S, Phillips AG. Modulation by central and basolateral amygda-
lar nuclei of dopaminergic correlates of feeding to satiety in the rat
nucleus accumbens and medial prefrontal cortex. | Neurosci 2002;
22(24):10958-10965.

Xue Y, Steketee JD, Sun W. Inactivation of the central nucleus of the
amygdala reduces the effect of punishment on cocaine self-
administration in rats. Eur | Neurosci 2012;35(5):775-783.

Sun W, Yuill MB. Role of the GABA(a) and GABA(b) receptors of
the central nucleus of the amygdala in compulsive cocaine-seeking
behavior in male rats. Psychopharmacology (Berl) 2020;237(12):
3759-3771.

Li X, Zeric T, Kambhampati S, Bossert JM, Shaham Y. The central
amygdala nucleus is critical for incubation of methamphetamine
craving. Neuropsychopharmacology 2015;40(5):1297-1306.
Haubensak W, Kunwar PS, Cai H, et al. Genetic dissection of an
amygdala microcircuit that gates conditioned fear. Nature 2010;
468(7321):270-276.

Li H, Penzo MA, Taniguchi H, Kopec CD, Huang ZJ, Li B.
Experience-dependent modification of a central amygdala fear cir-
cuit. Nat Neurosci 2013;16(3):332-339.

Tovote P, Esposito MS, Botta P, e al. Midbrain circuits for defen-
sive behaviour. Nature 2016;534(7606):206-212.

Yu K, Ahrens S, Zhang X, et al. The central amygdala controls
learning in the lateral amygdala. Nat Neurosci 2017;20(12):
1680-1685.

Venniro M, Zhang M, Caprioli D, ez al. Volitional social interaction
prevents drug addiction in rat models. Nat Neurosci 2018;21(11):
1520-1529.

Venniro M, Russell TI, Ramsey LA, et al. Abstinence-dependent dis-
sociable central amygdala microcircuits control drug craving. Proc
Natl Acad Sci U S A. 2020;117(14):8126-8134.



	A novel cholinergic projection from the lateral parabrachial nucleus and its role in methamphetamine-primed conditioned place preference
	Introduction
	Materials and methods
	Mice
	Immunofluorescence
	Tracing virus injection
	Fluorescent micro-optical sectioning tomography
	Designer receptor exclusively activated by designer drug
	Patch-clamp
	Fibre photometry
	Conditioned place preference
	Statistical analysis
	Data availability

	Results
	Anatomical dissection of the eLPBChAT–CeAGABA pathway
	Functional investigation of the eLPBChAT–CeAGABA pathway
	Effect of the chemogenetic activating eLPBChAT–CeAGABA pathway on METH priming-induced reinstatement of CPP

	Discussion
	Acknowledgement
	Funding
	Competing interests
	Supplementary material
	References




