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Discovery of a β-arrestin-biased CCKBR
agonist that blocks CCKBR-dependent long-
term potentiation

Heng Shi 1,2,7, Mengfan Zhang 1,2,7, Xiaofeng Hu1,2, Jie Zhang2,3, Tao Chen1,
Pingzhou Wu3, Xue Wang1, Shu Wei1, George Choy 1,2,
Stephen Temitayo Bello1,2, Huifeng Chen1,2, Chunhua Liu4, Yiping Guo 5,
Hongyan Sun 3 & Jufang He 1,2,6

The CCKBR agonists induce neocortical long-term potentiation of excitatory
synaptic transmission and enhance memory formation, while its antagonists
weaken the potentiation in the amygdala and alleviate depression-like beha-
viors. However, the mechanism that drives CCKBR dependent long-term
potentiation remains elusive. There is also no signaling pathway-biasedCCKBR
agonist to modulate the potentiation. Here, we discover a β-arrestin biased
CCKBR agonist MF-8 with IC50 = 0.9 nM. The activation of CCKBR with MF-8
fails to induce the potentiation but efficiently induces CCKBR endocytosis.
Multi-Electrode Array results demonstrate that the potentiation is dependent
on Gαq/11-Ca

2+ and Gαs-cAMP signaling pathways. The potentiation is entirely
blocked by MF-8 through β-arrestin signaling. Furthermore, MF-8 effectively
inhibits the formation of cue-to-cue associative fear memory. These results
reveal the signal pathway preference of the CCKBR long-termpotentiation and
identify a blocker of the potentiation, which provides us with broader insights
into developing drugs targeting CCKBR.

Gprotein-coupled receptors (GPCRs) are themost prominent family of
membrane proteins in eukaryotes, with more than 800 members in
this family1. Theseproteins facilitate the transmissionof diverse signals
across the cell membrane, including gas molecules, polypeptides,
photons, and small molecules2. Given their critical roles in mediating
intracellular and extracellular signaling, these membrane proteins
represent optimal targets for drug development. Current statistics
indicate that GPCR-targeted drugs account for nearly 34% of all mar-
keted drugs worldwide1,2.

Signal transduction upon GPCR activation was initially thought to
be only G protein-dependent until arrestins were also found to play a

significant role in GPCR signaling3. Besides, each GPCR was initially
supposed to activate downstream signaling pathways through one
unique G protein4. However, recent findings have shown that the same
GPCR can activate different G proteins5,6, and arrestins can function
either dependently or independently of G proteins7–9. The arrestin
family contains four members, including arrestin1, arrestin2 (β-
arrestin1), arrestin3 (β-arrestin2), and arrestin4. The human G protein
family includes 16Gα, 5 Gβ, and 12 Gγ4,10. There are indications that
GPCR activation is biased towards different subtypes of G proteins and
arrestins4,10. Therefore, even the same GPCR produces different bio-
logical effects due to the different types of G proteins and arrestins it
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activates. Based on this theory, drugs with high selectivity for receptor
types or bias for signaling pathways may be specifically applied in
treating specific diseases while avoiding numerous potential side
effects during disease treatments. Hence, several signaling pathway-
biased agonists and antagonists are being developed to treat specific
diseases. A classic example is oliceridine, a Gαi-biased agonist of μ-
opioid receptor (μ-OR) approvedby the FoodandDrugAdministration
(FDA) in 2020 for treating acute to moderate pain11. Oliceridine
effectively enhances the analgesic effect while minimizing β-arrestin-
mediated side effects such as tolerance, addiction, and respiratory
depression11.

Cholecystokinin (CCK) is one of the most abundant neuropep-
tides in the nervous system and acts in the form of sulfated CCK8s in
the brain12–14. CCKAR, CCKBR, and GPR173 were discovered as recep-
tors of CCK, and they serve important functions in the brain. For
instance, CCKAR is involved in spatialmemory and emotion15,16, CCKBR
in associative memory, spatial learning, motor skill, and
depression17–20, and GPR173 is related to inhibitory plasticity21. Studies
have reported thatCCKARcan activateGαq/11, Gαi/o, Gαs, Gα12/13, andβ-
arrestin1&25,6,21–23. while CCKBR can also activate these signaling
pathways5,6,21,23. Nevertheless, the relationship between these signaling
pathways and CCK receptors’ functions in the brain has not been
thoroughly understood. We recently demonstrated that a CCKBR
agonist, HT-267, could be used to alleviate anterograde amnesia in
CCK-deficient and aged Alzheimer’s disease mice24, and a CCKBR
antagonist YM022 displayed an antidepressant-like effect in a chronic
social defeat stress mouse model19. CCKBR-mediated cognitive func-
tion, emotion, and movement occur through the CCKBR-dependent
long-term potentiation (CCKBR-LTP) of excitatory synaptic transmis-
sion, but the signaling mechanism of this LTP is still unclear17,19,20,24,25.
Hence, revealing the signaling pathway mechanism of the CCKBR-LTP
is crucial for the development of drugs targeting this receptor.

It has been more than 20 years since the cloning and purification
of the CCKBR receptor in 199226, and most previous studies have
focused on its Gαq/11-mediated signaling pathway27–29. CCKBR can also
increase the excitability of small-sized dorsal root ganglion (DRG)
neurons through Gαo-mediated inhibition of A-type K+ channels,
thereby enhancing pain susceptibility30. The development of biased
agonists and antagonists is beneficial not only for studying the
mechanism of action of receptors but also for treating diseases more
precisely and effectively2. Although there aremany signaling pathways
downstream of CCKBR, we found only one report about biased
antagonists of CCKBR, and there is no report about biased CCKBR
agonists. GV150013x is a Gαq/11-biased CCKBR antagonist with no
antagonistic effect on the β-arrestin signaling pathway31. However, no
study has systematically evaluated the bias of this antagonist or other
agonists and antagonists toward individualCCKBR signaling pathways.
Therefore, finding biased agonists and antagonists of CCKBR will
benefit the development of CCKBR drugs and the study of its
mechanism.

In this work, we use a Multielectrode Array (MEA)-based electro-
physiological method to reveal the mechanism of CCKBR-LTP in the
auditory cortex (AC). Meanwhile, we identify a β-arrestin biased
CCKBR agonist MF-8 through fluorescence resonance energy transfer
(FRET)-based binding, bioluminescence resonance energy transfer
(BRET), cyclic AMP (cAMP), calcium, receptor internalization, and
PRESTO-Tango assays. This biased agonist can reduce other CCKBR
signaling pathways, including Gαs-induced cAMP and Gαq/11-induced
calcium signaling, thereby inhibiting the CCKBR-LTP. The blockade of
MF-8 to the LTP is abolished by mutating the key site N3536.55. which
determines the β-arrestin signaling bias induced by MF-8. The β-
arrestin blocker barbadin and knockdownof β-arrestin expression also
alleviate the inhibitory effect of MF-8 on theta burst stimulation (TBS)-
induced CCKBR-LTP, suggesting that the inhibition is mediated by the
β-arrestin signaling pathway. Furthermore, MF-8 effectively inhibits

the formation of cue-to-cue associative fearmemory. In conclusion, we
uncover the mechanism of CCKBR-LTP in the AC and identify a β-
arrestin-biased CCKBR agonist that blocks the LTP and CCKBR-
dependent cue-to-cue associative fear memory via the β-arrestin sig-
naling pathway.

Results
MF-8 binds to CCKBR with high affinity
CCK4 (Supplementary Table. 1) contains four amino acids at the car-
boxyl terminus of CCK8s, and it is considered the shortest CCK frag-
ment that activates CCKBR32. In our previous screening campaign, we
found that a CCK4-modified compound HT-178 (Supplementary
Fig. 1D) exhibited a good activation effect on CCKBR downstream
calcium signaling. However, we found a very interesting phenomenon.
A slight change in the substituent on the amino group in the red box of
HT-178 (Supplementary Fig. 1D) greatly affected the activation of cal-
cium signals downstream of CCKBR. Since the downstream signaling
pathway of CCKBR could be intricate5,6,21,23, we speculated that this
slight change might not change the affinity for CCKBR, but only could
change the bias for the downstream signaling pathway of CCKBR.
Therefore, we selected compounds with different substituents at the
amino position, as well as some other compounds based on CCK4
modification, for systematic biological evaluation (Supplementary
Table. 1). They were first assayed based on established calcium mobi-
lization and PRESTO-Tango assays to differentiate their Gαq/11-Ca

2+

(Table. 1) and β-arrestin2 response (Table. 1). MF-7, MF-8, MF-9, MF-10,
MF-11, MF-12, and MF-13 performed poorly in activating Gαq/11-Ca

2+

signaling but were highly potent in inducing β-arrestin2 signaling
(Table. 1). Both calcium and PRESTO-Tango assays were performed
using CCK8s as a balanced agonist control. This was necessary to
minimize system bias and quantitatively evaluate their bias level.
According to the bias factor β33 (Table 1, Fig. 1A), we demonstrated that
MF-8 is highly β-arrestin biased compared to Gαq/11-Ca

2+ signaling with
β > 2 (Fig. 1A–C).

To further identify these compounds, we constructed a binding
system based on FRET. This system mainly consists of two compo-
nents: a fluorescent probe and a modified CCKBR (Fig. 1D, E). We
attached rhodamine and a HaloTag protein to the amino terminus of
CCK5 and the amino terminus of CCKBR, respectively (Fig. 1D, E). After
transient transfection of HaloTag-tagged CCKBR into 293 T cells, we
labeled CCKBR with Fluo-Halo (Fig. 10, Supplementary Figs. 1C, 3, 4).
Via this binding test, we determined that the binding affinity ofMF-8 to
CCKBR is close to CCK8s (IC50(MF-8) = 0.9 nM, IC50 (CCK8s) = 1.1 nM)
(Fig. 1E). The above PRESTO-Tango andbinding assays prove thatMF-8
is a highly efficient CCKBR agonist.

The CCKBR-LTP in the AC is not dependent on β-arrestin
signaling
Several critical physiological functions, such as mood, memory, and
movement within the nervous system, are dependent on LTP.We have
previously revealed that CCKBR regulates LTP in the AC and facilitates
the formation of associative memory17. For recording CCKBR-LTP,
coronal slices (300μm) containing AC were recovered in artificial
cerebrospinal fluid (aCSF) at 28 °C for 1.5 h, then positioned in a
MED64 probe with continuous aCSF perfusion. Minutely field excita-
tory postsynaptic potentials (fEPSPs) were recorded at 30% maximal
response until stable, then after 10minof drug-treated aCSFperfusion,
low-frequency electrical stimulation (LFS) was applied at 1 Hz for 60
cycles at 70% maximal response. Finally, minutely fEPSPs were re-
recorded for over 60min (Fig. 2A). Consistent with previous results,
LFS along with CCK8s induced LTP in the AC (Fig. 2B, C). Since the
EC50 of MF-8 equals 4.54nM in the PRESTO-Tango assay (Fig. 1C), and
its IC50 is 0.9 nM in the binding assay (Fig. 1E), therefore, 20 nMMF-8
coupledwith LFSwas used for LTP induction (Fig. 2B, C). However, this
condition failed to induce LTP (Fig. 2B, C). We then increased MF-8’s
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concentration to 200nM together with LFS to evaluate whether a
higher concentration of MF-8 can induce LTP. Although a slight LTP
was observed, there was no significant difference in fEPSPs before and
after LFS and MF-8 treatment (Fig. 2B, C). Considering that MF-8 pre-
ferentially activates β-arrestin signaling of CCKBR, the above results
demonstrate that CCKBR-LTP in AC is not dependent on β-arrestin
signaling.

A β-arrestin signaling blocker, barbadin34, was also applied during
LTP recording to further verify whether the CCKBR-LTP depends on
the β-arrestin signaling pathway. We induced the LTP with CCK8s and
LFS after the blocker was incubatedwith the brain slices for 1 h, but the
LTP still maintained the same level as the control group (Fig. 2D, E). In
addition, after β-arrestin1 and β-arrestin2 in the mouse AC were
knocked down by adeno-associated virus (AAV)-mediated shRNA
(Fig. 2F), the CCKBR-LTP could still be induced normally (Fig. 2G, H).
Taken together, these pharmaceutical interventions and gene
expression regulation studies reveal that the CCKBR-LTP is not
dependent on β-arrestin signaling.

CCKBR-LTP in AC is Gαq/11 and Gαs dependent
Previous reports have indicated that CCKBR can activate a series of
Gαi, Gαs, Gαq/11, and β-arrestin signaling pathways5,6,22,23,28, but the
specific signaling pathway that determines CCKBR-dependent LTP
remains unclear. To address this issue, we investigated themechanism
of the CCKBR-LTP formation by using a series of signaling pathway
blockers. As TBS is an alternative method to induce the CCKBR-LTP17,
wefirst induced LTP inACusingTBS (Fig. 3A, I), and confirmed that the
LTP was CCKBR-dependent through treatment with the specific
CCKBR antagonist YF476 (Fig. 3B, I). We then used Gαq/11 signaling
pathway blockers U-73122, 2-APB, and YM254890 to confirm whether
Gαq/11 is involved in the formation of the LTP (Fig. 3C–E, I). We found
that all Gαq/11 inhibitors significantly and almost completely inhibited
the formation of LTP (Fig. 3C–E, I). Also, the antagonist of the Gαs
signaling pathway, H-89, partially inhibited LTP formation (Fig. 3G, I).
However, PTX and barbadin, inhibitors of the Gαi and β-arrestin sig-
naling pathway, respectively, could not inhibit the LTP (Fig. 3F, H, I). In
addition, we used MF-8 to block TBS-induced CCKBR-LTP, and simul-
taneously applied chemogenetic elements hM3d(Gq)35 and rM3D(Gs)36

to activate Gq and Gs, respectively, under the induction of Clozapine

N-oxide (CNO). Although MF-8 could block the LTP, the inhibitory
effect of MF-8 on the LTP could be abolished by both hM3dq(Gq) and
rM3D(Gs) under the activation of CNO (Supplementary Fig. 6A–F).
These results indicate that the CCKBR-LTP in the AC depends onGαq/11

and Gαs signaling pathways, especially the Gαq/11 signaling pathway.

MF-8 is a β-arrestin-biased and CCKBR-selective agonist
To further explore the role of MF-8 in CCKBR-mediated LTP, we
investigated the agonist’s cell signaling pathway bias and CCK receptor
subtype selectivity through diverse cell pathway assays. Regarding the
activation of the Gαi family (Gαi1, Gαi2, Gαi3, Gαoa, Gαob, and Gαz), MF-8
showed a partial activation effect on each of the Gαi subtypes
(Fig. 4A–F). For the Gα12 family, MF-8 induced weak activation on Gα12
under the high concentration condition, and the potency of MF-8 on
Gα13 was about 500 times weaker than CCK8s (Fig. 4G, H). MF-8
showed partial activation effects on Gαq/11 and Gαss, but had no
activity on Gαsl (Fig. 4I–L). However, MF-8 had a higher potency than
CCK8s in the BRET assay for the recruitment of both β-arrestin1 and β-
arrestin2 (Fig. 4M, N). The β-arrestin results were consistent with a
higher affinity of MF-8 than CCK8s (Fig. 1E). We then used the results of
the BRET-based test of G protein (Fig. 4A–L) and β-arrestin (Fig. 4M, N)
subunits to draw a radar graph of MF-8 relative to CCK8s activity
(Fig. 4O). The graph indicates that MF-8 has a clear preference for β-
arrestin1 and β-arrestin2. Besides, the results of cAMP assays suggest
that at a high concentration of 10 µM, the activation rate of CCKBR by
MF-8 was only about 17% of CCK8s’ activation (Supplementary Fig. 7A),
which is consistent with the results of BRET-based Gαss and Gαsl assays
(Fig. 4I, J). We also calculated the activity of MF-8 relative to CCK8s
based on the results of calcium mobilization (Fig. 1B), PRESTO-Tango
(Fig. 1C), and cAMP assays (Supplementary Fig. 7A), and the results
suggest that MF-8 has a higher β-arrestin preference (Supplementary
Fig. 7B).Overall, comparedwith the endogenous agonist CCK8s,MF-8 is
a potent CCKBR agonist with a strong bias for β-arrestin signaling.

Apart fromCCKBR,GPR173 andCCKARareCCK receptors. Hence,
we also investigated MF-8’s activation activity on CCKAR and GPR173.
CCK8s could activate the β-arrestin and Gαq/11 signaling pathways
downstreamofCCKAR (Fig. 5A, B). AlthoughMF-8weakly activated the
β-arrestin signaling at 10 µM, it did not exhibit any agonistic effect on
the Gαq/11 signaling of CCKAR (Fig. 5A, B). We previously found that

Table. 1 | Calcium mobilization and PRESTO-Tango assay screening

Drug Calcium signaling assay PRESTO-Tango assay Biased factor β

EC50(nM) %CCK8smaximal response N EC50(nM) % CCK8smaximal response N

CCK8s 4.08 ± 2.09 100.00 ±0.90 4 4.57 ± 0.46 100.00± 16.27 4 0

CCK8 4.55 ± 0.47 98.52 ± 3.40 4 1.56 ±0.70 98.12 ± 12.11 3 0.51

CCK4 7.68 ± 1.37 101.70 ± 3.90 5 8.13 ± 1.35 112.55 ± 9.78 3 0.07

MF-1 > 20000 83.34 ± 7.25 4 316.40 ± 31.68 76.49 ± 3.01 4 Nil

MF-2 > 20000 34.26 ± 2.05 5 18748± 379.3 38.08 ± 4.28 4 Nil

MF-3 > 20000 55.50 ± 5.41 4 7412.00 ± 234.80 46.09 ± 5.96 3 Nil

MF-4 > 20000 71.63 ± 11.29 3 1209.00 ± 13.88 73.09 ± 5.80 4 Nil

MF-5 7741 ± 977.8 64.92 ± 12.44 4 1074.00 ± 77.41 101.9 ± 4.45 5 Nil

MF-6 Nil Nil 6 Nil Nil 3 Nil

MF-7 476.50 ± 97.50 108.60± 4.55 6 2.61 ± 0.11 102.10 ± 10.00 5 2.20

MF-8 516.00 ± 93.15 66.34 ± 1.91 5 4.54 ±0.71 86.83 ± 5.20 4 2.27

MF-9 3470.00 ± 915.90 120.70 ± 6.83 6 80.35 ± 1.76 110.40 ± 10.48 4 1.84

MF-10 3628.00± 1098.99 81.54 ± 9.13 4 300.20 ± 10.57 95.46 ± 14.19 5 1.20

MF-11 337.70 ± 52.57 109.60 ± 12.42 7 82.83 ± 6.49 99.60 ± 9.04 4 0.77

MF-12 205.10 ± 25.46 108.10 ± 4.70 4 4.28 ±0.02 114.10 ± 13.77 4 1.75

MF-13 124.20± 10.00 98.75 ± 10.50 6 6.84 ± 0.59 98.01 ± 4.46 5 1.30

Calcium mobilization and PRESTO-Tango assay results of CCKBR. β values were calculated based on the EC50 and Emax from PRESTO-Tango and calcium mobilization assays, with CCK8s as
reference. Values of EC50 and CCK8s maximal responses were shown as mean ± s.e.m. N, number of independently repeated experiments. Nil, no response or a biased factor that cannot be
calculated.
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CCK8s could trigger the release of calcium ions in monoclonal CHO
cells overexpressing GPR17321, but MF-8 did not increase intracellular
calcium levels in these cells (Fig. 5C). We also applied a BRET-based
assay to test the activation of MF-8 on β-arrestin1/2 downstream of
GPR173. CCK8s and PNX-14 were positive controls, as PNX is also a
GPR173 ligand37. AlthoughbothPNX-14 andCCK8s couldactivate these
two subtypes downstreamof GPR173, MF-8 had no activating effect on
them, even at 10μM(Fig. 5D, E). The above results indicate thatMF-8 is
a highly selective β-arrestin-biased agonist for CCKBR.

MF-8 is able to induce CCKBR internalization
The canonical β-arrestin signaling pathwaymediates endocytosis after
GPCR activation38,39. Consequently, we hypothesized that MF-8 could
also induce CCKBR’s endocytosis. We designed three assay systems
using β-arrestin1 and β-arrestin2 to detect fluorescence distribution
changes in cells after receptor activation. 1) EYFP was fused to the
N-terminus of truncated β-arrestin1 (1–382aa) (Fig. 6A). 2) Fusion
expression of GFP at the C-terminus of β-arrestin2 (Fig. 6D). 3) Fusion
expression of EYFP at the N-terminus of β-arrestin1 (Supplementary
Fig. 10A). We co-expressed these fused fluorescent protein-expressed
β-arrestins with HaloTag-tagged CCKBR in 293 T cells (Fig. 6A, D,
Supplementary Fig. 10A). We labeled CCKBR with the fluorescent dye
Rho-2CF3 by targeting HaloTag (Fig. 6A, D, Supplementary Fig. 10A)
and then traced the changes in the distribution of β-arrestin and

CCKBR under the stimulation of CCK8s or MF-8. We found that under
control conditions, CCKBRs were mainly distributed on the cell
membrane, while β-arrestin1 and β-arrestin2 were diffusely distributed
within the cells (Fig. 6B, E, Supplementary Figs. 10B, 11). Within the
CCK8s and MF-8 treatment groups, dense co-labeled signals of β-
arrestins and CCKBR were evident in the cells (Fig. 6B, E, Supplemen-
tary Figs. 10B, 11). The results confirm that MF-8 and CCK8s can both
induce receptor endocytosis. To compare the effects of endocytosis,
we quantified the number of co-labeled signals in each group (Fig. 6C,
F, Supplementary Fig. 10C). The number of co-labeling in CCK8s and
MF-8 groups was significantly higher than that of the control group
(Fig. 6C, F, Supplementary Fig. 10C). Meanwhile, the number of co-
labeling in the MF-8-treated group was not significantly different from
that of the CCK8s-treated group (Fig. 6C, F, Supplementary Fig. 10C),
indicating that the level of endocytosis induced by MF-8 was equiva-
lent to that of the endogenous agonist CCK8s. The above results
demonstrate that MF-8 can effectively induce endocytosis of CCKBR.

CCKBR-mediated calcium, cAMP accumulation, and LTP are
blocked by MF-8 with high potency
Based on the results from our previous experiments, we hypothesized
that the key signaling pathways (Gαq/11 and Gαs) mediated by CCKBR
would also be inhibited by MF-8. To confirm that, we applied calcium
mobilization and cAMP assays to examine whether MF-8 could reduce

Fig. 1 | MF-8 binds toCCKBRwith high affinity. A β valuewas calculated based on
the data from PRESTO-Tango and calcium mobilization assays. See also Table 1.
CCK8swas used as the balanced agonist, n = 4.BNormalized dose-response curves
of CCK8s (blue, n = 4) andMF-8 (red,n = 5) to CCKBR in calciummobilization assay.
C Normalized dose-response curves of CCK8s (blue, n = 5) and MF-8 (red, n = 4) in

the PRESTO-Tangoassay.DThe schematic of the FRET-basedbinding system.EThe
dose-dependent response curve ofMF-8 (red, n = 4) andCCK8s (blue, n = 5) at 293T
cells expressing transfected HaloTag-CCKBR in the FRET assay. For (A–C) and (E),
data were presented as means ± s.e.m.
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the intracellular calcium release and cAMP accumulation induced by
CCK8s. We first tested the response of CCK8s and MF-8 using 293 T
cells infectedwith a control virus. The results indicated that CCK8s and
MF-8 had no agonistic effect on these cells (Supplementary Fig. 12). In
the calcium mobilization assay, MF-8 was then incubated with 293T-
CCKBR cells using a series of gradient concentrations for two hours,

we then proceeded to add CCK8s at a final concentration of 15 nM to
detect the increase in intracellular calcium (Fig. 7A).We found thatMF-
8, like YF476, inhibited the increase in calcium flux induced by CCK8s
with IC50= 22.7 nM (Fig. 7A). Simultaneously, we also examined cAMP
accumulation after 2-h incubation of MF-8 with 293T-CCKBR cells
(Fig. 7B). The results showed that MF-8, like YF476, inhibited the

Fig. 2 | The CCKBR-LTP in the AC is not dependent on β-arrestin signaling.
A The flow chart of the whole fEPSP recording with the representative diagram for
the positions of multi-electrode arrays in the mouse AC (close to the microscope)
and the drug-LFS-induced-LTP paradigm above the flow chart (Created in BioR-
ender. Zhang, M. (2025) https:// BioRender.com/s14o899). B Normalized ampli-
tudes of fEPSPs and (C) average change in fEPSP amplitude (%) before and after LFS
with 200nM CCK8s treatment for 10min (light blue, N = 3 mice, 8 slices,
P <0.0001), 20nMMF-8 (light purple,N = 2mice, 6 slices, P =0.7621), 200nMMF-8
(pinkish purple, N = 2 mice, 5 slices, P =0.5561) in C57 mice. D Normalized ampli-
tudes of fEPSPs and (E) average change in fEPSP amplitude (%) before and after LFS
with the 10-min treatment of 200nMCCK8s inACof C57. For (D, E), measurements
were taken following a 1-h preincubation period of 100μM barbadin (purple, N = 3
mice, 8 slices, P <0.0001) or aCSF preincubation (bice, N = 3 mice, 5 slices,

P <0.0001). F The virus expression of AAV2/9-mCaMKIIa-MasterRNAi30e(NC)-
eGFP-WPER(upper panels), AAV2/9-mCaMKIIa -MasterRNAi30e (mArrb2)-eGFP-
WPER(central panels) and AAV2/9-mCaMKIIa-MasterRNAi30e (mArrb1)-eGFP-
WPER (lower panels) in AC. Blue: DAPI, green: virus, red: β-arrestin; Scale bar:
50μm. G Normalized amplitudes of fEPSPs and (H) average change in fEPSP
amplitude (%) before and after LFS with the 10-min treatment of 200 nM CCK8,
whose AC expressed AAV2/9-mCaMKIIa-MasterRNAi30e(NC)-eGFP-WPER
(shRNA(NC), tangerine, N = 3 mice, 6 slices, P <0.0001), AAV2/9-mCaMKIIa-Mas-
terRNAi30e(mArrb2)-eGFP-WPER (shRNA (β-arrestin1), green, N = 3 mice, 8 slices,
P <0.0001) and AAV2/9-mCaMKIIa -MasterRNAi30e(mArrb1)-eGFP-WPER
(shRNA(β-arrestin2), ocean,N = 3mice, 7 slices, P <0.0001). For (C, E,H), data were
means ± s.e.m. values. Two-way ANOVA were used with ***P <0.001, ****P <0.0001;
ns, not significant; Šídák's correction.
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increase of cAMP induced by CCK8s with IC50 = 16 nM (Fig. 7B). Both
calcium and cAMP assays showed thatMF-8 inhibited the key signaling
pathway of CCKBR-mediated LTP with high potency.

Based on the previously mentioned results, we hypothesized that
MF-8 could suppress Gαq/11 and Gαs-mediated CCKBR-LTP in AC. We
incubated 200 nMMF-8with brain slices for 2 h and then examined the
effect of MF-8 on TBS-induced CCKBR-LTP in AC (Fig. 7C). Compared
with the control group,MF-8 significantly and completely inhibited the
CCKBR-LTP (Fig. 7D). These results suggest that the β-arrestin-biased
CCKBR agonist MF-8 can suppress LTP formation by blocking CCKBR-
mediated cAMP and calcium signaling.

MF-8 blocks CCKBR-LTP in a β-arrestin dependent manner
To further verify whether MF-8 inhibits CCKBR-LTP through β-arrestin
signaling, we attempted to discover the key amino acid sites in CCKBR

that are associated with this pathway. Simply relying on molecular
docking, such as autodock, cannot obtain accurate docking postures,
especially for highly flexible polypeptide molecules40. Here, we used
autodock vina to perform molecular docking of CCKBR and MF-8
(Supplementary Data 1), and then we selected the docking results
based on the conformation and orientation of gastrin-17 in the Cyro-
EM gastrin-17-CCKBR complex41. Molecular dynamics simulations with
GROMACSwere used to evaluate the bindingmode of CCKBR andMF-
8 (SupplementaryData 2).Wemonitored interactions formedbetween
the receptor and ligand during the three simulations using multiple
bioinformatics tools (Supplementary Figs. 13–15). Then point muta-
tions in CCKBR combined with a BRET-based β-arrestin assay and
PRESTO-Tango assay were applied to verify hydrogen bond interac-
tions ofMF-8 and CCKBR (Fig. 8A, Supplementary Fig. 16). As shown in
Fig. 8A, CCKBRcould formstable hydrogenbond interactionswithMF-

Fig. 3 | The CCKBR-mediated LTP in the AC is Gαq/11 and Gαs dependent. A–G
Normalized amplitudes of fEPSPs before and after TBS with one-hour preincuba-
tion with aCSF (Steel, N = 5mice, 7 slices), 100nM YF476 (Red,N = 3mice, 7 slices),
10μM U-73122 (Moss, N = 5 mice, 8 slices), 50μM 2-APB (Mocha, N = 6 mice, 12 sli-
ces), 20μM YM254890 (Dark purple, N = 3 mice, 6 slices), 100μM Barbadin (Blue,
N = 3 mice, 6 slices), 10μM H-89 (Ocean, N = 5 mice, 10 slices) in C57 mice with
representative trace of single fEPSP before (translucent color) and after (solid
color) TBS. H Normalized amplitudes of fEPSPs before and after TBS, with 300ng
PTX injected into the AC of C57 24–48h before recording (grape, N = 3 mice,
6 slices) with the representative of a single fEPSP before (translucent color) and

after (solid color) TBS on above. I The average change in fEPSP amplitude (%)
before (circle, translucent color) and after (square, solid color) TBS of groups.
Vehicle: Steel, N = 5 mice, 7 slices, P <0.0001; YF476: Red, N = 3 mice, 7 slices,
P =0.4533; U-73122:Moss,N = 5mice, 8 slices, P =0.4578; 2-APB:Mocha,N = 6mice,
12 slices, P >0.9999; YM254890: Dark purple, N = 3 mice, 6 slices, P =0.901; Bar-
badin: Blue, N = 3 mice, 6 slices, P <0.0001; H-89: Ocean, N = 5 mice, 10 slices,
P =0.105; PTX: grape, N = 3 mice, 6 slices, P <0.0001. Data were presented as
means ± s.e.m. values. Two-way ANOVA: ****P <0.0001; ns, not significant; Šídák's
corrected.
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8 through residues N1152.65, T1112.61, H3767.39, Y3807.43, N3536.55, Y1894.60,
H207ECL2, R3566.58, and H3647.27 (Fig. 8A, B, Supplementary Figs. 13–16),
which was similar to the bonds formed by gastrin-17-CCKBR41. Among
them, N1152.65 and H3647.27 could not form stable hydrogen bond

interactions with the CCK4 part of gastrin-1741, which might explain
why MF-8 could act as a potent agonist of CCKBR.

Considering the drastic effect of N3536.55 on MF-8-mediated β-
arrestin signaling (Fig. 8B, Supplementary Fig. 16) and the weak effect

Fig. 4 | MF-8 is a β-arrestin-biased agonist of CCKBR. A–L TRUPATH profiling in
293T-CCKBR cells. A–F Concentration-response curves for CCK8s (blue) and MF-8
(red) at 293T-CCKBR cells across 6 Gαi proteins. G, H Concentration-response
curves for CCK8s (blue) and MF-8 (red) at 293T-CCKBR cells across two Gα12/13

proteins. I, J Concentration-response curves for CCK8s (blue) and MF-8 (red) at
293T-CCKBR cells across two Gαs proteins.K, L Concentration-response curves for
CCK8s (blue) and MF-8 (red) at 293T-CCKBR cells across two Gαq proteins. M, N

Concentration-response curves for CCK8s (blue) and MF-8 (red) at 293 T cells
transfected with CCKBR across β-arrestins determined by BRET-based assays.
O Relative activities for MF-8 and CCK8s against CCKBR. G-protein and β-arrestin
signaling profiles for MF-8 and CCK8s using the results of Fig. 4A–N. Relative
activities were represented as Δlog (Emax/EC50). All data were presented as
means ± s.e.m. The number of independent repeated trials n is shownon the graph.
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of this site on the Gαq signaling pathway41, we speculated that muta-
tion of this site would not affect TBS-induced CCKBR-LTP, but would
eliminate the blockade of MF-8 on the TBS-induced CCKBR-LTP since
the LTP mainly depends on the CCKBR-Gαq/11-mediated signaling
pathway. We then adopted CCKBR knockout mice to verify the
integrity of TBS-induced CCKBR-LTP in the AC (Fig. 8C). The TBS-
induced LTP was completely abolished in CCKBR knockout mice
(Fig. 8C, F, G). We also overexpressed CCKBR in AC via AAV injection
(Supplementary Fig. 17), and TBS induced CCKBR-LTP formation
regardless of whether we overexpressed the human or mouse CCKBR
(Fig. 8C, F, G, D, H, I). Meanwhile, 200 nM of MF-8 completely abol-
ished TBS-induced CCKBR-LTP in the AC of human CCKBR-
overexpressing CCKBR-KO mice (Fig. 8D, H, I). However, when we
overexpressed the human CCKBR with the N3536.55A mutation, we
found that although TBS induced CCKBR-LTP formation, this LTP was
not blocked by MF-8 (Fig. 8E, J, K). We also used barbadin to inhibit β-
arrestin signaling and then determined whether MF-8 could inhibit
TBS-induced LTP in the presence of barbadin. The results indicated
that barbadin could indeed eliminate the inhibitory effect of MF-8 on
this LTP (Fig. 8L, N, O). Meanwhile, AAV-mediated shRNA was applied
to knock down β-arrestin1 and β-arrestin2 (Fig. 2F). The inhibitory
effect of MF-8 on the LTP was significantly reduced after the two β-
arrestinswere knocked down (Fig. 8M, P,Q). These results suggest that
MF-8 reduces CCKBR-LTP via a β-arrestin-dependent signaling
pathway.

MF-8 treatment inhibits the CCKBR-LTP mediated cue-to-cue
fear memory
Enhanced fear memories are thought to be closely linked to anxiety,
depression, andpost-traumatic stress disorder42–44. Our previous study
found that the CCKBR-LTP inAC can enhance cue-to-cue fearmemory,

whileCCKBRantagonists could inhibit the formation of fearmemory17.
This study found that the CCKBR-LTP in AC is mainly mediated by the
Gαq/11 and Gαs signaling pathways. MF-8, as a β-arrestin biased CCKBR
agonist, can inhibit the CCKBR-LTP. Therefore, MF-8 may also be able
to inhibit the CCKBR-LTP mediated cue-to-cue fear memory. Here, we
used the previous behavioral paradigm and found that MF-8 can
indeed inhibit cue-to-cue fear memory (Fig. 9), which highlights the
translational value of MF-8 in fear memory-related disorders.

Discussion
In this study, we developed a series of CCKBR agonists with β-arrestin
bias using a multidisciplinary approach. Through in vitro electro-
physiology, we demonstrated that CCKBR-LTP formation in AC
depends on both Gαq/11 and Gαs signaling pathways, but more espe-
cially on the Gαq/11 signaling pathway. Meanwhile, MF-8, the agonist
with the strongest β-arrestin bias, shows attenuating effects on both
Gαq/11 and Gαs signaling pathways and can also block CCKBR-LTP. By
analyzing CCKBR and ligand binding modes, we confirmed that
N3536.55 is a key site affectingMF-8’s β-arrestin bias. Aftermutating this
site, the agonist no longer has an antagonistic effect on CCKBR-LTP,
which proves that MF-8 blocks CCKBR-LTP through β-arrestin signal-
ing. In summary, we developed a CCKBR agonist with strong β-arrestin
bias and revealed the signaling pathway mechanism of CCKBR-LTP.
This biased agonist can mediate the blockade of CCKBR-LTP through
β-arrestin signaling pathway.

The bias of signaling pathways is crucial for drug development.
Few studies have focused on medications that bias CCKBR receptor
signaling pathway. However, in our preliminary screening, we dis-
covered that althoughMF-8 responded poorly in calciummobilization
assay, it exhibited comparable potency and efficiency to those of
endogenous CCKBR ligand CCK8s in the PRESTO-Tango assay. To

Fig. 5 | High specificity ofMF-8 to CCKBR.A The concentration-response curve of
CCK8s (red, n = 4) and MF-8 (gray, n = 3) at 293T-CCKAR cells in calcium mobili-
zation assays. B The concentration-response curve of CCK8s (blue, n = 4) andMF-8
(gray, n = 3) at HTLA cells expressing modified CCKAR in PRESTO-Tango assays.
C The concentration-response curve of CCK8s (red, n = 3) and MF-8 (gray, n = 3) at

CHO-GPR173 cells in the calcium mobilization assay. D, E The concentration-
response curve of CCK8s (blue, n = 4), MF-8 (gray, n = 5) and PNX-14 (red, n = 6) at
293T-GPR173 cells in the BRET-based β-arrestin assay ((D) for β-arrestin1; (E) for β-
arrestin2). All data were presented as means ± s.e.m.
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confirm the affinity of this agonist with CCKBR, we designed a FRET
test system and discovered that the compound showed better affinity
thanCCK8s. These results indicate thatMF-8 is a unique typeofCCKBR
agonist.

LTP formation is crucial to the function of the nervous system and
it is important for biological functions such as memory, emotion, and
movement45. Our previous research has demonstrated that CCKBR
regulates associative memory, spatial learning and memory, motor
learning, and emotion by mediating the formation of LTP17–20,24. Other
previous research on the mechanism of LTP mainly emphasized the
roles of NMDA receptors and AMPA receptors46,47. GPCRs play an
important role in synaptic transmission through both presynaptic and
postsynaptic mechanisms. The activation of Gαi/o-coupled GPCRs can
suppress synaptic transmission by inhibiting presynaptic voltage-
gated calcium channels48,49. These GPCRs can also activate post-
synaptic inward rectifying potassium channels (GIRKs) to inhibit neu-
ronal excitability50. Conversely, the inhibition of Gαi/o activity has been
demonstrated to block the formation of LTP in hippocampal CA151.
Group1 metabotropic glutamate receptor mediates LTP via Gαq/11 in
hippocampal area CA152. Furthermore, the activation of the
melanocortin-4 receptor (MC4R) canenhanceLTP inhippocampal CA1

via the Gαs signaling pathway53. 5-HT2A and 5-HT7 receptors can
enhance LTP in the developing prefrontal cortex in a glutamate-
independent manner through Gαs signaling54. β-arrestin2 mediates
opioid-induced LTP, thereby regulatingopioid-mediated analgesia and
allodynia55. Different GPCRs in different brain regions regulate LTP via
different signaling pathways.

Evidence suggests that CCKBR can activate various G protein
signaling pathways5,6,27–29. Moreover, we have also confirmed through
multiple cell-based assays thatCCKBRactivates theseGproteins andβ-
arrestin-mediated signaling pathways. MF-8 has a similar structure to
CCK4 and has potent agonist activity in the PRESTO-Tango assay but
weak activity in the calcium mobilization assay. In addition, endo-
genous CCK can induce the formation of LTP in the auditory cortex17,
and β-arrestin has also been reported to mediate synaptic plasticity55.
Therefore, we initially selected a concentration based on cell test
results that could fully activate β-arrestin signaling pathway to test
whether LTP can be induced. However, neither 20 nM nor 200 nMMF-
8 successfully induced LTP, while CCK8s did. These findings led us to
hypothesize whether other signaling pathways besides β-arrestin sig-
naling pathway mediate the formation of LTP. By using antagonists of
multiple G protein signaling pathways, we found that CCKBR-LTP is

Fig. 6 | MF-8 is able to induce CCKBR internalization at a low concentration. A,
D The test system schematic of (A) β-arrestin1(1-382aa) and (D) β-arrestin2-
mediated CCKBR internalization assays.B, E The representative results correspond
to (A) and (D). Left column: cellswith Rho-2CF3 butwithoutCCKBRagonist.Middle
column: cells treatedwithRho-2CF3 and 100nMCCK8s. Right column: cells treated
with Rho-2CF3 and 100nM MF-8. Scale bar: 5 μm. C Quantification of endocytosis
levels through colocalization analysis of EYFP-β-arrestin1(1-382aa) and HaloTag-

tagged CCKBR. Control: blue, n = 30 cells; MF-8: red, n = 30 cells; CCK8: green,
n = 34 cells. F Quantification of endocytosis levels through colocalization analysis
of β-arrestin2-GFP and HaloTag-tagged CCKBR. Control: blue, n = 30 cells; MF-8:
red, n = 29 cells; CCK8: green, n = 33 cells. For (C, F), all data were presented as
means ± s.e.m., derived from three independent experiments; ordinary one-way
ANOVA with Bonferroni’s multiple comparison was used. ****P <0.0001; ns, not
significant.
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predominately mediated by Gαq/11 and Gαs. The poor potency ofMF-8
in the calcium and cAMP assays also explains the drug’s inability to
induce LTP at both 20 and 200nM.

One may ask why does CCKBR-LTP depend onmultiple G protein
signaling pathways, and what is the potential mechanism behind
CCKBR-LTP formation? 1) CCKBR-mediated LTP may depend on var-
ious G protein and β-arrestin signaling pathways across diverse neu-
ronal circuits. Both excitatory CCK-positive neurons in the entorhinal
cortex (EC) and medial geniculate body (MGB) can project to AC25,30.
However, the EC to AC projection tends to induce heterosynaptic
LTP56, whereas the MGB to AC projection potentiates homosynaptic
LTP25. Different neural circuits may be regulated by different G protein
signaling pathways. 2) Neuron types downstream of each circuit may
be different. CCKBR receptors are expressed in diverse neuronal types
in the cortex, such as pyramidal cells27, astrocytes28,29, PV+ basket
cells27, and DRG neurons30. The downstream signaling pathways of the
same receptor vary in different cell types57. Similarly, the signaling
pathways mediated by CCKBR are potentially different in diverse cell
types. For instance, CCKBR on hippocampal pyramidal cells signals
through the canonical Gαq/11-mediated pathway to trigger
endocannabinoid-mediated signaling events, while CCKBR on neigh-
boring PV+ basket cells couples to the pertussis-toxin-sensitive Gαi/o

pathway27. The current protocol for inducing CCKBR-LTP cannot dis-
tinguish between heterosynaptic and homosynaptic LTP.Mixed neural
circuits and cell types may ultimately lead to the CCKBR-LTP showing
dependence on Gαq/11 and Gαs signaling pathways. 3) CCKBRmay also
potentiate the LTP by increasing the expression and membrane con-
tent of AMPA receptors in the postsynaptic neurons. LTP formation
largely depends on the activation of NMDA and AMPA receptors46,47.
However, our previous research confirmed that CCK induced LTP even

if NMDA receptor was inhibited17, suggesting that CCKBR could not
induce LTP by regulating NMDA receptors. Therefore, CCKBR may
influence LTP formation by regulating the expression of AMPA
receptors on the cell membrane.

Biased drugs are very promising for disease treatments, because
their precise targeting may reduce side effects. Our research team
discovers β-arrestin-biased CCKBR agonist and this agonist has a
weakening effect on Gαq/11 and Gαs signaling pathway-dependent
CCKBR-LTP in AC. It has also been reported that β-arrestin-biased
agonists can block GPCR-coupled downstreampathways. Carvedilol, a
β-arrestin-biased agonist of the β2-adrenergic receptor (β2AR), inhibits
the G protein signaling pathways of this receptor58. Activating the β-
arrestin signaling pathway of the β2AR enhances skeletal muscle
strength and induces hypertrophy, while the activation of its G protein
signaling pathways leads to cardiac arrhythmia58. Therefore,β-arrestin-
biased agonists of β2AR effectively prevent unwanted side effects and
thus enhance skeletal muscle strength. Although the potential ther-
apeutic advantages of β-arrestin-biased CCKBR agonists in treating
neurological diseases and minimizing side effects remain unde-
termined, the discovery of such agonist provides us with a profound
understandingofCCKBR functions in thenervous systemandprovides
more perspectives and strategies for the development of drugs tar-
geting CCKBR and other GPCRs. On the other hand, although we have
proposed a bindingmode of MF-8 and CCKBR through computational
methods coupled with cell-based assays, this might not reveal the
precise activation mechanism of the β-arrestin signaling pathway
downstream of CCKBR. Decoding the structure of the MF-8 and
CCKBR complex using cryo-electron microscopy may reveal the pre-
cise bindingmechanisms andprovide insights into the development of
biased drugs that target specific CCKBR signaling pathways.

Fig. 7 | CCKBR-mediated calcium, cAMP accumulation, and LTP could be
blocked by MF-8 with high potency. A Dose-dependent response of MF-8 (blue,
n = 3) and YF476 (red,n = 3) blocking 15 nMCCK8s-induced calciummobilization in
293T-CCKBR cells. B Dose-dependent response of MF-8 (blue, n = 10) and YF476
(red, n = 10) blocking 200nM CCK8s-induced cAMP accumulation in 293T-CCKBR
cells. C The TBS protocol and the schematic flow chart forMEA recording (Created
in BioRender. Zhang, M. (2025) https://BioRender.com/fmc3p2t). TBS paradigm:

100Hz (x5), 5 Hz (x4), 0.1 Hz (x10). D CCKBR-LTP in the AC was blocked by MF-8.
Left: fEPSPs amplitude traces before and after TBS with Vehicle (gray, 8 brain slices
from 4 mice) and MF-8 (blue, 10 brain slices from 4 mice). Right: The average
change in fEPSPs amplitude (%) before (translucent color) and after (solid color)
TBS of groups. Vehicle: gray, 8 brain slices from 4 mice, P =0.0005; MF-8: blue, 10
brain slices from 4 mice, P =0.0581. Data were presented as means ± s.e.m. Two-
way ANOVA: **P <0.01; ns, not significant; Šídák's corrected.
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Methods
Ethics statement
All animal experimental procedures were reviewed and approved by
the Animal Subjects Ethics Sub-committees of the City University of
Hong Kong. The following mice were used for electrophysiology:
C57BL/6 J (C57) andCCKBR-KOmice with a 129S1 background (Stock #

006369, Jackson Laboratory). All mice were randomly allocated into
the experimental and control groups. Male C57 and CCKBR-KO mice,
with 8–24 weeks, were used for MEA recording. Male C57 with
6–8weekswere used for animalbehavior analysis.Micewerehoused at
20–24 °C with 40–60% humidity under a 12-h light/12-h dark cycle
(dark from 9:00 to 21:00) and given food and water ad libitum.
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Plasmid construction
Tango-CCKBRwas constructed in our previous work21. To examine the
effects of mutations to alanine (A) at Asn115, Gln204, His207, and
Asn353 on β-arrestin signaling, Tango-CCKBR (N115A), Tango-CCKBR
(Q204A), Tango-CCKBR (H207A), and Tango-CCKBR (N353A) were
generated by replacing the CCKBR sequences with point mutations
into Tango-CCKBR. To construct pcDNA3.1(+)-HaloTag-CCKBR, the
full length of Homo sapiens CCKBR (NM_176875.4) complementary
DNA was cloned into the pcDNA3.1(+) vector (Invitrogen) containing
an hGH signal sequence followed by a HaloTag sequence before the
receptor sequence. Full length of Homo sapiens GPR173
(NM_018969.5), CCKAR (NM_000730), and CCKBR ((NM_176875.4))
were cloned into the multiple cloning site (MCS) of pLVX-puro vector
to generate pLVX-puro-GPR173, pLVX-puro-CCKAR, and pLVX-puro-
CCKBR. The coding sequence of β-arrestin2 (NM_004313) with GFP
conjugated to its carboxyl terminus was cloned into pcDNA3.1(+)
vector to generate pcDNA3.1(+)-βarr2-GFP. To construct pcDNA3.1(+)-
YFP-βarr1, the coding sequence of β-arrestin1 (NM_004041.5) with YFP
conjugated to its amino terminus was cloned into pcDNA3.1(+) vector.
pcDNA3.1(+)-YFP-βarr1_1-382aa was constructed by replacing nucleo-
tides GAT encoding Asp-383 with nucleotides TAG encoding a stop
codon of YFP-βarr1 in pcDNA3.1(+)-YFP-βarr1. pcDNA3.1(+)-Flag-
CCKBR, pcDNA3.1(+)-Flag-CCKBR mutants, pcDNA3.1(+)-rGFP-CAAX,
pcDNA3.1(+)-β-arrestin1-RlucII, and pcDNA3.1(+)-β-arrestin2 -RlucII
were obtained from PPL (Public Protein/Plasmid Library, China). All
final recombinant vectors were confirmed by sequencing analysis.

Generation of GPCRs overexpression-cell lines
HEK293T, 293T-puro (HEK293T cells infected with empty lentivirus),
CCKAR-overexpressing HEK293T (293T-CCKAR), CCKBR-
overexpressing HEK293T (293T-CCKBR), and GPR173-overexpressing
HEK293T (293T-GPR173) cells were maintained in DMEM medium
(Thermo Fisher Scientific), supplemented with 10% fetal bovine serum
(Gibco) and 1% Penicillin-Streptomycin-Neomycin (PSN) Antibiotic
Mixture (ThermoFisher Scientific) at 37 °C in a humidified atmosphere
of 5% CO2.

The procedure for generating 293T-puro, 293T-GPR173, 293T-
CCKAR and 293T-CCKBR is outlined as follows. To produce the lenti-
virus required for GPCRs overexpression, HEK293T cells were seeded
for 70%–90% confluency in 6-well tissue culture plates and incubated
for 10–12 h in the mixture of calcium phosphate transfection reagent
(31.25 µl 2M CaCl2 solution, 250 µl 2 × HBS (0.05mol/L HEPES,
0.012mol/L D-(+)-Glucose, 0.28mol/L NaCl, 0.023mol/L KCl,
0.0015mol/L Na2HPO4), 218.75 µl H2O) and 1ml fresh medium, with
4 µg pLVX-puro-GPCR plasmids (Public Protein/Plasmid Library, Nanj-
ing, China) or pLVX-puro, 3 µg pSPAX2 plasmid (Addgene, plasmid
#12260) and 1.2 µg pMD2.G plasmid (Addgene, plasmid #12259). The
cells were cultured for an additional 36 h in their normal medium
before collecting the virus supernatant and infecting HEK293T cells.
Meanwhile, around 1 × 106 HEK293T cells were seeded in 6-well plates,
each well for 12 h, 0.5mL virus supernatant, and 0.1% polybrene
(Sigma) in 1mL fresh normal medium were mixed and added. The
second infection was performed at the interval of 24 h, and the virus

Fig. 8 | MF-8 blocks the CCKBR-mediated LTP in a β-arrestin dependent man-
ner. AThe representative 3D structure of the ligand-receptor complex highlighting
hydrogen bond interactions. The ligand backbone is depicted in light green, and
the receptor and key residues are depicted in orange. Atoms Br, O, N, and H are
coloredmagenta, red, blue, and white, respectively. Hydrogen bonds are indicated
by light blue dashed lines. Residue labels are annotated with Ballesteros-Weinstein
numbering. B Effects of key residue mutations in the MF-8 recognition pocket of
CCKBR in response to the stimulation with MF-8 in BRET-based β-arrestin assays.
The heat map of ΔpEC50 is colored according to the ΔpEC50 where ΔpEC50 =
pEC50 of mutant—pEC50 of wild type. The heat map of Emax (%) is colored
according to the Emax of mutations relative to that of the wild type. C Normalized
amplitudes of fEPSPs and (F) Average change in fEPSPs amplitude (%) before and
after TBS in AC slices of CCKBR-KOmice expressing rAAV-hsyn-mCCKBR-P2A-EGFP
(pink, 9 slices from 6 mice, P <0.0001) and rAAV-hsyn-EGFP (gray, 15 slices from 4
mice, P =0.3543). D Normalized amplitudes of fEPSPs and (H) Average change in
fEPSPs amplitude (%) before and after TBS in AC slices of CCK-BR-KO mice
expressing rAAV-hsyn-hCCKBR-P2A-EGFP. Preincubation of 200 nM MF-8 blocked
the CCKBR-LTP in the AC (red, N = 3 mice, n = 8 slices, P =0.802). TBS induced
CCKBR-LTP in the AC of the Vehicle group (blue, N = 3 mice, n = 6 slices,

P <0.0001). E Normalized amplitudes of fEPSPs and (J) Average change in fEPSPs
amplitude (%) before and after TBS in AC slices of CCK-BR-KO mice expressing
rAAV-hsyn-hCCKBR (Asn353Ala) -P2A-EGFP. Preincubation of 200 nMMF-8 did not
block the CCKBR-LTP (Moss, N = 4 mice, n = 6 slices, P =0.0001). Preincubation of
the vehicle did not influence CCKBR-LTP in the vehicle group (Mocha, N = 3 mice,
n = 7 slices, P =0.0003). L Normalized amplitudes of fEPSPs and (N) Average
change in fEPSPs amplitude (%) before and after TBS following 2-h preincubation of
barbadin (Blue, N = 3 mice, n = 5 slices, P =0.0064), or barbadin + 200 nM MF-8
(Red, N = 3 mice, n = 6 slices, P =0.0059) with AC slices of C57. M Normalized
amplitudes of fEPSPs and (P) Average change in fEPSPs amplitude (%) before and
after TBS following 2-h incubation of 200nMMF-8with AC slices of C57 expressing
AAV2/9-mCaMKIIa-MasterRNAi30e(NC) -eGFP-WPER (Green, N = 3 mice,
n = 8 slices, P >0.9999), AAV2/9-mCaMKIIa -MasterRNAi30e(mArrb1)-eGFP-WPER
(Red, N = 3 mice, n = 5 slices, P <0.0001), and AAV2/9-mCaMKIIa -Mas-
terRNAi30e(mArrb2)-eGFP-WPER (Dark blue,N = 3mice,n = 9 slices, P <0.0001).G,
I, K, O, Q Representative of single fEPSP before (translucent color) and after (solid
color) TBS. Data were means ± s.e.m. For (F, H, J, N, P) Two-way ANOVA Šídák's
multiple comparisons tests were used: ****P <0.0001; ***P <0.001; ns, not
significant.

Fig. 9 |MF-8 blocks CCKBRmediated fearmemory. ADiagramofMF-8 treatment
on the day before tone-to-tone pair training, tone-to-tone pair training (day 1–3,
f1 = 1k Hz, f2 = 4k Hz), baseline tests and conditioning of footshock with f2 (day 4),
and freezing tests (day 5). B Bar charts show freezing percentages of the C57 mice

with saline (gray, N = 12 mice) and MF-8 (red, N = 15 mice) injection. One-way
ANOVA with Tukey’s multiple comparisons tests were used: ****p <0.0001;
**P <0.01; NS, not significant. The exact P-values were shown in the source data.
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supernatant mix was replaced by the fresh normal medium of
HEK293T after 6–8 h of each time infection. After 2 days of the second
infection, puromycin (Invitrogen) was added at the final concentration
of 10 µg/mL for oneweek. The screened cells were going to be used for
subsequent assays. Signaling pathway-based cell assays were used to
validate the 293T-CCKAR (Supplementary Fig. 9) and 293T-CCKBR cell
lines (Supplementary Fig. 8).

Calcium mobilization assays
HEK293T (ATCC, CRL-3216) cells stably expressing GPCRs were plated
at 6 × 104 (1 × 104) cells per well in black and optical-bottom 96/384-
well plates (Corning). The next day, the Ca2+ release response of cells
was measured by a Fluo-8 No Wash Calcium Assay Kit (AAT-Bioquest)
according to the manufacturer’s instructions. All measurements of
calcium mobilization assay were performed by EnVision 2104 Multi-
label Reader (Perkin Elmer) or CLARIOstar® Plus Multi-Mode Plate
Reader (BMG LABTECH). The relative luminescence was exported into
an Excel sheet and processedwith Excel andGraphPad Prism. The cells
were cultured at 37 °C, 5% CO2 in DMEM medium (ThermoFisher Sci-
entific) containing 10% FBS (Natocor-Industria Biológica) and washed
with HHBS once before incubating with Fluo-8.

The procedure for calcium mobilization assay of CHO-GPR17321

was identical to the other GPCR-overexpressing HEK293T cells apart
from the culture medium. CHO-GPR173 were cultured at 37 °C and 5%
CO2 in DMEM/F12 medium (Thermo Fisher Scientific) containing 10%
FBS (Thermo Fisher Scientific).

PRESTO-Tango assays
PRESTO-Tango assays were performed as described in59 with some
modifications. HTLA cells (A gift from the R. Axel’s Laboratory) grown
in 6-well plate were transfected with 1 µg Tango-CCKAR21 or Tango-
CCKBR21 per well according to the instructions of Lipo8000 (Beyo-
time). The transfected cells were seeded in poly-L-lysine-coated 384-
well plates (JingAn Biological) at 10000 to 15000 cells per well in 50 µl
of medium after 24-h culture. The medium was replaced with fresh
medium containing a series concentration of compounds after 24-h
culture in 384-well plate. Medium and drug solutions were removed
from each well after ~18-h incubation with cells, and 20 µl per well of
Bright-Glo solution (Promega) diluted 20-fold in assay buffer (1x HBSS,
2.5mMprobenecid, 20mMHEPES, pH= 7.4) was added into each well.
After ~15min incubation at room temperature, luminescence was
measured in FlexStation 3 (Molecular Devices) or CLARIOstar® Plus
Multi-Mode Plate Reader (BMG LABTECH). The relative luminescence
was exported into an Excel sheet and processed with Excel and
GraphPad Prism.

BRET-based β-arrestin assays
The procedure of BRET-based β-arrestin assays wasmodified based on
a previously reported paper60. HEK293T cells were seeded into 6-well
culture plates and maintained in DMEM supplemented with 10%(v/v)
FBS and 1%(v/v) Penicillin-Streptomycin-Neomycin Antibiotic Mixture
(Gibco) at 37 °C in a humidified incubator with 5% CO₂. Plasmids
encoding CCKBR (pcDNA3.1(+)-ssflag-CCKBR), an effector-RlucII
fusion protein (pCDNA3.1(+)-β-arrestin1/2 -RlucII), and pCDNA3.1(+)-

rGFP-CAAXwere transiently transfected into cells using Lipofectamine
3000 (ThermoFisher Scientific) according to the manufacturer’s pro-
tocol. For BRET-based β-arrestin assays of GPR173, 293T-GPR173 cells
were used and only plasmids containing β-arrestin1/2-RlucII and rGFP-
CAAX were transfected. Twenty-four hours after transfection, cells
were trypsinized, resuspended in DMEM, and seeded into white clear-
bottom 96-well microplates (Greiner Bio-One) at a density of 5 × 10⁴
cells per well. The BRET substrate Coelenterazine 400a (Nanolight
Technologies) was added to eachwell to a final concentration of 5 μM.
BRET signals were acquired using a CLARIOstar microplate reader
(BMG Labtech) equipped with dual emission filters (480 nm for RlucII
and 530 nm for rGFP). Background luminescence was measured using
untransfected cells, and background-subtracted BRET ratios were
calculated as the 530 nm/480nm emission intensity ratio.

Immunofluorescence
For brain slice immunofluorescence inFig. 2D1, SupplementaryFig. 6A,
and 17, mice were anesthetized with pentobarbital sodium and
transcranial-perfused with 30ml cold PBS and 30ml cold 4% (w/v) PFA
in PBS. Brain tissue was removed, postfixed with 4% PFA, and treated
with 30% (w/v) sucrose in PBS at 4 °C for two days. Brain tissue was
sectioned on a cryostat (Leica CM3500) with 30μm thickness and
preserved with antifreeze buffer (20% v/v glycerin and 30% v/v ethy-
lene glycol diluted in PBS) at −20 °C. Brain sections in Supplementary
Figs. 6A and 17 were washed three times with PBS and then incubated
with DAPI for 30min. Next, the sections were washed three times with
PBS and mounted with 70% (v/v) glycerol in PBS on a slide. Brain
sections in Fig. 2D1 were rinsed three times with PBS and blocked with
blocking buffer (10% v/v goat serm in PBS with 0.25% v/v Triton X-100)
for 1 h at room temperature. Sections were incubated with primary
antibodies (1:50 dilution, β-arrestin1/2 antibody, SANTA, Catlog No:
SC-74591) at 4 °C for 36 ~ 48 h. After washing thrice (15min for each) in
PBS, sections were incubated with the corresponding secondary anti-
bodies (1:200 dilution, Goat anti-mouse 594, Jackson ImmunoR-
esearch, Catlog No: 115-585-003) and DAPI for two hours at room
temperature. We mounted all sections with 70% (v/v) glycerol in PBS
on a slide after rinsing them with PBS three times. Images of the sec-
tions were acquired using Nikon Confocal Imaging System AXR and
processed with Nikon NIS element and ImageJ (NIH).

FRET-based binding assays
For FRET-based binding assays using CCKBR N-terminal labeled with
HaloTag, cultivation of 293 T cells was performed in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1% Penicillin-
Streptomycin-Neomycin Antibiotic Mixture at 37 °C in a humidified
5% CO₂ atmosphere. The 293 T cells were transiently transfected with
pcDNA3.1(+)-HaloTag-CCKBR using Lipofectamine™ 3000 Transfec-
tion Reagent (ThermoFisher, Catalog Number: L3000015) according
to the manufacturer’s instructions. The transfected cells were seeded
at 15,000-20,000 cells per well in a black transparent-bottomed 384-
well microplate and allowed to adhere overnight. For fluorescence
resonance energy transfer (FRET) measurements, serial dilutions of
tested compounds were prepared. A dual-labeled detection system
was established using 500nMSRB-CCK5 and 1000nMFluo-Halo. Prior
to assay initiation, growth medium was aspirated from designated
wells. Aliquots of 20μL of the prepared solutionwith compoundswere
dispensed into each well, followed by the addition of 40μL combined
probe solution to achieve final concentrations of 500nM SRB-CCK5
and 1000 nMFluo-Halo in a total reaction volume of 60μL. After 5-min
incubation at room temperature, FRET signals were measured simul-
taneously through dual excitation/emission channels (475 nm/520 nm,
475 nm/586 nm). The final concentration-dependent response curve
was plotted using GraphPad Prism after subtracting the FRET ratio
(F586nm/F520nm) values of the control group.

DIEA,HaloTag(O2)amine

HBTU,dryDMF,rt.48.1%

Fig. 10 | Synthetic route of Fluo-Halo. HaloTag(O2)amine, HBTU, DIEA, dry DMF,
r.t., yield 48.1%.

Article https://doi.org/10.1038/s41467-025-65962-y

Nature Communications |        (2025) 16:10938 13

www.nature.com/naturecommunications


TRUPATH assays (BRET2 assays)
The TRUPATH suite (Kit#1000000163)61, which includes 14 optimized
BRET Gαβγ biosensors, was obtained from Addgene. We used
Lipo8000TM Transfection Reagent (Beyotime Biotechnology) for
plasmid transfection according to themanufacturer’s instructions. The
Gαβγ biosensor’s plasmids with the best single pathway resolution
were transfected into HEK293T cells for 24 h, using a 2:1:1:1 DNA ratio
of receptor: Gα-RLuc8: Gβ: Gγ-GFP2 (1 µg per construct for 6-well
dishes). After 24 h transfection, cells were harvested and incubated in
poly-L-lysine-coated white, clear-bottom 96-well assay plates (Greiner
Bio-One) at a density of 4 × 104–6 × 104 cells per well. The next day, we
inspected the cell density and plastered the white backing (Perki-
nElmer) to the bottom of the plate. After cautiously aspirating the
growth medium, 60μl BRET assay buffer (1× Hank’s balanced salt
solution (HBSS) + 20mM HEPES, pH 7.4) was added to each well, fol-
lowed by the addition of 10μl freshly prepared 50μM coelenterazine
400a (Nanolight Technologies). After 5min, cells were treated with
30ul of gradient concentration drug solution. The plate was read using
a CLARIOstar plate reader (BMG LABTECH Ltd) with 395 nm (RLuc8-
coelenterazine 400a) and 510 nm (GFP2) emission filters, with an
integration time of 1 s per well. Plates were read serially 4 times, and
themeasurements from the last read were used for all analyses. BRET2
ratioswere calculated as the ratio of the 510 nmemission to the395 nm
emission.

CCKBR internalization assays
HEK293T cells were transfected at a 1:1 ratio with pcDNA3.1(+)-
Halotag-CCKBR and β-arrestins subunit (pcDNA3.1( + )-YFP-βarr1,
pcDNA3.1( + )-YFP-βarr1_1-382aa, or pcDNA3.1(+)-βarr2-GFP respec-
tively) by Lipo8000TM (Beyotime Biotechnology). The next day, the
cells were reseeded onto poly-L-lysine-coated coverslips. After 24 h,
the cells were incubated with drugs at specific concentrations and
500 nM Rho-2CF3 for 1 ~ 2 h. The cells were then fixed with 4% PFA in
PBS for 15min at room temperature. Afterward, the cells were
washed thrice for five minutes in PBS. Thereafter, the cells’ attached
coverslips were mounted on glass slides with Anti-Fade Fluorescence
Mounting Medium (Abcam, ab104135) for imaging with Super
Resolution Confocal-Leica Stellaris STED. For culture cell immuno-
fluorescence in Fig. S11, the fixed cells were co-stained with DAPI
(Chem Cruz) for 10min at room temperature. After three washings
with PBS, we mounted them on a microscope slide for imaging. For
the analysis, all detection, colocalization, and quantification were
performed using ComDetv.0.5.5 plugin for ImageJ (https://github.
com/UU-cellbiology/ComDet). The colocalization between β-
arrestin-fused fluorescent proteins and Rho-2CF3-labeled CCKBR
was assessed for statistical differences. A minimum of 30 cells was
utilized in each group for analysis.

GloSensor™ cAMP accumulation assays
The 293T-CCKBR cells were cultured in DMEM (Gibco) with 10% Fetal
Bovine Serum (FBS) and 1% penicillin-streptomycin (P/S) in a humidi-
fied 37 °C incubator with 5% CO2. The cells were transfected by the
transfectionmixture, whichwasdilutedwithOpti-MEMmediumwith a
ratio of 2μl Lipo8000TM (Beyotime Biotechnology) per 1μg pGlo-
Sensor™−22F. On the day after transfection, transfected cells were
transferred and incubated overnight in white, clear-bottom Poly-L-
Lysine-coated 96-wellmicroplateswith approximately 40000 cells per
well. On the following day, the white backing (PerkinElmer) was sealed
to the bottom of the plate before measurement. The medium was
replaced by 50μl D-luciferin drug buffer, which was made with the
Equilibration medium (20mM HEPES pH 7.5, 1 x Hank’s Balanced Salt
Solution (HBSS,Gibco),0.1%w/vBovine SerumAlbumin (BSA))with 2%
GloSensor™ cAMPReagent stock solution. Cells were incubated for 2 h
at room temperature with D-luciferin buffer. After that, the tested
compounds were gradient diluted in HHBS buffer (20mM HEPES, pH

7.5, 1x HBSS) at 2x final concentration. 50μL gradient diluted drugs
were added to each well of the assay plate. The Plate was read using a
CLARIOstar plate reader after 30min. All drugs or compounds used
here were dissolved in dimethyl sulfoxide (DMSO) and diluted to
10mM stocks stored at −20 °C before use.

Chemicals
YF476 (Cat. No. HY-14850) and A-71623 (Cat. No. 2411/1) were pur-
chased from Sigma-Aldrich and Tocris Bioscience, respectively. Bar-
badin (Cat. No. HY-119706) and YM254890 (Cat. No. HY-111557) were
purchased from MCE. CCK4, CCK8, and CCK8s were chemically syn-
thesized by Bankpeptide Biotechnology. PNX-14 was chemically syn-
thesized byHefei ScierBio-TechCo., Ltd.MF-1,MF-2,MF-3,MF-4,MF-5,
MF-6,MF-7, MF-8 (Supplementary Fig. 1), MF-9,MF-10, 5r11, MF-12, and
MF-13 were synthesized by Shanghai Top-peptide Bio Co.,ltd and
NovoPro Bioscience Inc. Rho-2CF3 was synthesized according to our
previous work62. HPLC analysis results ensured that the purity of che-
micals was above 95%. Mass spectrometry further confirmed the
molecular weight. We listed the chemical information in Supplemen-
tary Table. 1.

4(5)-((2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)carbamoyl)−2-(6-
hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (Fluo-Halo).

The route (Fig. 10) describes the synthetic scheme of Fluo-Halo
To a solution of 5(6)-Carboxyfluorescein (50mg, 0.13mmol) in dry
DMF (5ml) was addedHBTU (65.62mg, 0.17mmol). After being stirred
at room temperature for 20min, the mixture was added HaloTag (O2)
amine (59mg, 0.27mmol) and DIEA (46μL, 0.27mmol). After being
stirred at room temperature for 3 h, the reaction was quenched by
NH4Cl (0.5ml). Themixture was extracted by DCM (3 × 20ml), and the
combined organic phase was washed by H2O2 (6 × 20ml), dried over
Na2SO4, filtered and concentrated in vacuo. The solvent was evapo-
rated and the residue was purified by silica gel flash column chroma-
tography using dichloromethane: methanol (30: 1 to 10: 1) to afford
Fluo-Halo (37.2mg, 48.1 % yield) as a yellow solid. 1H NMR (400MHz,
Chloroform-d) δ 8.40 (s, 1 H), 8.14 (d, J = 4.0Hz, 1 H), 8.03 (s, 1 H), 7.96
(s, 0.5H), 7.81 (s, 0.5 H), 7.81 (s, 0.5 H), 7.19 (d, J = 8.0Hz, 0.5H), 6.62 (d,
J = 4.0Hz, 1 H), 6.58 (s, 1 H), 6.52 (dd, J = 16.0, 12.0Hz, 2 H), 6.44 (d,
J = 8.0Hz, 2 H), 3.67-3.60 (m, 4 H), 3.55-3.46 (m, 7 H), 3.38 (t, J = 8.0Hz,
1 H), 1.72–1.67 (m, 2 H), 1.60-1.48 (m, 2 H), 1.38-1.25 (m, 4 H). 13C NMR
(101MHz, DMSO-d6) δ 168.24, 168.11, 164.71, 164.60, 159.68, 159.68,
151.87, 140.61, 136.19, 134.75, 129.30, 128.23, 126.52, 124.31, 123.36,
122.35, 112.77, 112.77, 109.16, 109.16, 109.11, 109.11, 102.29, 102.29,
70.24, 69.67, 69.58, 69.50, 69.37, 68.79, 68.65, 45.40, 32.05, 29.11,
26.16, 24.97. MS (ESI) (m/z): [M +H]+ calcd. for C31H33ClNO8

+, 582.2;
found, 582.2.

N-(9-(4-(N-(4-((1H-indol-3-yl)methyl)−14-amino-13-benzyl-7-
butyl-10-(carboxymethyl)−2,5,8,11,14-pentaoxo-3,6,9,12-tetra-
azatetradecyl)sulfamoyl)−2-sulfophenyl)−6-(diethylamino)−3H-xan-
then-3-ylidene)-N-ethylethanaminium (SRB-CCK5).

Peptide GW(Nle)DF-NH2 (NovoPro, 15mg, 0.025mmol) and Lis-
samine rhodamine B sulfonyl chloride (17.5mg, 0.03mmol) were dis-
solved in 2mL DMF, then the DIEA (9μL, 0.052mmol) was added. The
mixture was stirred at room temperature for 3 h. The product SRB-
CCK5 (12mg, 41%) was purified by HPLC (Fig. S5). MS (ESI) (m/z): [M]+
calcd. for C59H70N9O13S2

+, 1176.5; found, 1176.9 (Supplementary Fig. 5).

Molecular docking and molecular dynamics simulations
The Cryo-EM structure of the CCKBR in complex with gastrin-17 (PDB
ID: 7F8V)41 was obtained from the RCSB Protein Data Bank. Non-
protein components were removed, and themissing intracellular loop
3 (ICL3, residues 250–325)was reconstructed usingMODELER (version
10.6)63, and the model with the lowest zDOPE (normalized Discrete
Optimized Protein Energy) score and without traversing the intracel-
lular gap between TM5 and TM6 was selected for subsequent
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molecular docking. The protonation state of the protein was assigned
by adding hydrogens in UCSF ChimeraX (version 1.9)64 at pH 7.0. MF-8
was protonated at pH 7.0 using MarvinSketch (version 23.4.0, http://
www.chemaxon.com/products/marvin/marvinsketch/), and no tauto-
mers were identified. Three methods were then used to generate
diverse 3D conformers. MarvinSketch provided one low-energy con-
former. Open Babel (version 3.1.1)65 and RDKit (version 2024.09.2)
(https://www.rdkit.org) generated 10 conformers separately, and the
lowest-energy structure from each was selected as the input con-
formation for docking (Supplementary Data 1). The receptor was
prepared using ADFR Suite (version 1.9)66, and ligands were processed
with Meeko (version 0.6.1) (https://github.com/forlilab/Meeko).
Molecular docking was performed using AutoDock Vina (version
1.2.5)67, generating 20binding poses for each input conformer.Docked
poses were visually inspected and those that preserved a backbone
orientation consistent with gastrin-17 and formed multiple similar
conformations across docking runs were considered, the one with the
highest docking score was selected for molecular dynamics (MD)
simulations.

For MD simulations (Supplementary Data 2), the selected
receptor-ligand complex was embedded into a heterogeneous
100 × 100Å lipid bilayer composed of POPC and cholesterol in a 55:45
ratio atpH7,with the receptororientationdeterminedusing PPM2.068.
Protonation states of the receptor and ligand were assigned according
to pH 7. The system was solvated with 22.5 Å of water on both sides of
the membrane, neutralized with 0.15M KCl, and assembled using
Amber force fields (FF19SB69 for protein, Lipid2170 for lipid, GAFF271 for
ligand parameters, andOPCmodel72 for water). The steps were carried
out usingCHARMM-GUI (version 3.7)73. Simulationswere performed in
triplicate using GROMACS (version 2023.3)74, including energy mini-
mization, equilibration under the NPT ensemble at 303.15 K and 1 atm,
and a 200 ns production run.

Binding interactions, including hydrogen bonds, salt bridges, and
hydrophobic interactions, were tracked using GROMACS (version
2023.3), PLIP (version 2.4.0)75, and ProLIF (version 2.0.3)76. The key
binding pose was visualized in ChimeraX.

Local virus injection in the AC
Animals were anesthetized with pentobarbital (100mg/kg) supple-
mented with atropine (0.05mg/kg, Sigma). The anesthetized mice’s
skull was fixed to the stereotaxic device (RWD Life Science). The
auditory cortex (AP: −2.5 to −3.0mm posterior to the bregma, ML: 4.1
to 4.3mm to the middle, DV: −0.600mm from the endocranium) was
labeled. Then, craniotomy was performed on the labeled site. Adeno-
associated viral type 9 (AAV9) vector expressingmouse CCKBR (rAAV-
CaMkIIa-mCCKBR-P2A-EGFP-WPRE-hGH, 5.0E+12vg/ml, BrainVTA) or
human CCKBR (rAAV-hsyn-hCCKBR-P2A-EGFP, 5.00E + 12μg/mL,
BrainVTA) or human CCKBR with the 353 site mutation fused with an
enhanced GFP (rAAV-hsyn-hCCKBR(Asn353AIa) -P2A-EGFP,
5.00E + 12μg/mL, BrainVTA) or AAV2/9-mCaMKIIa-Mas-
terRNAi30e(NC)-eGFP -WPER (Taitool, Shanghai, China, 2E + 12VG/ml,
Cat. No. S1273-9, targeting sequence for: 5’-GCTGAGTACTTC-
GAAATGTCA-3’) or AAV2/9-mCaMKIIa-MasterRNAi30e(mArrb1) (Tai-
tool, Shanghai, China, 2E + 12VG/ml, targeting sequence for mouse β-
arrestin1: 5’-TCCTGGTGGATCCTGAGTATC-3’)-eGFP-WPER or AAV2/9-
mCaMKIIa-MasterRNAi30e -(mArrb2)#1-eGFP-WPER (Taitool, Shang-
hai, China, 2E + 12VG/ml, targeting sequence for mouse β-arrestin2: 5’-
GGCTTGTGGAGTAGACTTTGA-3’) or AAV2/9-mCaMKIIa -Mas-
terRNAi30e(mArrb2)#2-eGFP-WPER (Taitool, Shanghai, China,
2E + 12VG/ml, targeting sequence for mouse β-arrestin2: 5’-GAG-
GAACTCTGTGCGGCTTAT-3’) or rAAV-CaMKIIa -hM3D(Gq)-EGFP-
WPRE (Taitool, Shanghai, China, 1.79E + 13VG/ml, Cat. No. S0140-9-
H20) or AAV2/9-mCaMKIIa-rM3D(Gs)-TS-EGFP-ER2-WPRE (Taitool,
Shanghai, China, 1E + 13VG/ml, Cat. No. S0571-9) or AAV2/9-mCaMKIIa-
EGFP-ER2-WPRE (Taitool, Shanghai, China, 1E + 13VG/ml, Cat. No.

S0241-9) was injected into the two sides of AC of CCK-BR-KOmice. To
knock downβ-arrestin2, #1 and#2 virusesweremixed and injected at a
1:1 ratio. rAAV-hsyn-EGFP (5.0E+12vg/ml, BrainVTA) was injected into
the AC of CCK-BR-KO mice as a negative control. The diluted AAV
vectors with aCSF were injected into 4 selected locations at a speed of
10 nL/min (Nanoliter Injector, Shanghai-GAOGE).

Multielectrode array (MEA) assays
Fresh aCSF was prepared in advance from 119mM NaCl, 2.5mM KCl,
1.25mM NaH2PO4, 24mM NaHCO3, 12.5mM glucose, 2mM
CaCl2·4H2O, and 2mM MgSO4·7H2O, ~25 °C).

The mice were euthanized with gaseous isoflurane, after which
their brainwas extracted and immersed in 95%O2 and 5%CO2 bubbled
cold aCSF for approximately 1min. 300μm coronal brain slices with
auditory cortex were obtained using a vibratome (Leica VT1000S) and
were incubated in a 28 °C, 95% O2 and 5% CO2 bubbled aCSF for at
least 1.5 h.

The target area of the incubated slice was placed on a probe
(MED-PG515A), and an anchor (Warner Instruments, Harvard) over-
layed the slice to stabilize it. We adjusted the position of the slice
through the camera (DP70, Olympus) connected to an inverted
microscope until the region of interest could be recorded. The fresh
gas bubbled aCSF was perfused into the probe, and the temperature
was kept at 32-34 °C throughout the recording period. All the
recordings were carried out using the MED64 system (MED, Pana-
sonic Alpha-Med Sciences). Firstly, the I/O curve was recorded to
obtain the recording voltage (the voltage value that can induce 30%
of maximal response) and stimulation voltage (the voltage value that
can induce 75% of maximal response). Secondly, we recorded the
basal signal of synaptic response with recording voltage until more
than 30min of stable signal was obtained. Afterward, a group of
specific high/low-frequency stimulation with/without drug treat-
ments was applied before re-recording signals under recording vol-
tage for more than an hour. Mean fEPSP amplitude/slope before and
after the stimulation were analyzed using two-way ANOVA. For
comparison of the LTP magnitude between different treatments, the
averaged value of the last 20min of recordings was compared sta-
tistically. The data was exported into an Excel sheet and processed
with Excel and GraphPad Prism.

Cue-to-cue fear memory
This method is similar to the one we reported previously17. A brief
description is given below. Two tones were selected at a frequency of
1 kHz (f1) and 4 kHz (f2) with a duration of 3 s. The tones were set at
70 dB SPL, which could evoke neuronal responses in the auditory
cortex. During the first three days of training (days 1–3), f1 and f2 were
presented in pairs with 0.5 s interval to C57 mice for 25 trials in each
session. We conducted 4 sessions of training for each day, with 5min
interval between each session. On day 4, a baseline test was performed
to calculate the percentage of freezing over a period of 10 s after the f1
and f2 tones were presented separately. The f2 tone was then condi-
tioned for 3 trials with a footshock. A delayed conditioning was
adopted, in which the f2 tone was presented firstly and the footshock
and f2 tonewere terminated simultaneously. On day 5, we performed a
post-conditioning test to f1 and f2 tone, and the percentage of freezing
was calculated.MF-8was intraperitoneally injected at 100μg/kg on the
day before each training session, and the same volume of saline was
injected into the control group mice. Tones were digitally generated
using a Tucker-Davis Technologies (TDT, Alachua, FL) workstation and
delivered by a coupled electrostatic speaker. The electrical stimuli of
the footshock were generated using a TDT workstation and delivered
by an isolator (Isoflex, AMPI, Israel). The current of the electrical sti-
muli of the footshock was set at 50 ~ 200 μA with a duration of 0.5ms.
The freezing percentage of freezing was analyzed with Smart 3.0
video-tracking software.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated and analyzed in this study are provided in this pub-
lished article, the Supplementary Information, and the SourceDatafiles.
All docked models generated with different methods in this study are
provided in the Supplementary Data 1. Input files, initial, final config-
urations, and other necessary parameters for the molecular dynamics
simulations described in this study are provided in the Supplementary
Data 2 and Supplementary Information Table. The MEA recording,
calcium, cAMP, FRET-based binding, Presto-Tango, TRUPATH, BRET-
based β-arrestin, and animal behavioral assay data generated in this
study are provided in the Source Data file. Source data is available as a
Source data file. Source data are provided with this paper.

Code availability
All codes used for molecular dynamics simulation are provided in the
Supplementary Data 2. Please see the MD.sh files in the Supplemen-
tary Data 2.
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