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Cholecystokinin neurons in the spinal
trigeminal nucleus interpolaris regulate
mechanically evoked predatory hunting in
male mice

Dandan Geng1,2,5, Yaning Li1,2,5, Bo Yang1,2,5, Li Zhang3, Huating Gu3,
Tianyun Zhang1,2, Zijie Zhao1,2, Hui Liu1,2, Qingzhuo Cui1,2, Rong Zheng1,2,
Peng Cao 3,4 & Fan Zhang 1,2

Predatory hunting plays a critical role in animal survival. Motion-related
vibrissal somatosensory signaling is essential for prey detection and hunting in
mice. However, little is known about the neural circuits that convert vibrissal
somatosensory cues to trigger predatory hunting. Here, we report that
mechanical force onto the vibrissal area of the male mice is a key stimulus for
predatory hunting. Mechanically evoked predatory hunting was abrogated by
the chemogenetic inactivation of cholecystokinin-positive (Cck+) neurons in
the spinal trigeminal nucleus interpolaris (Sp5I). The Cck+ Sp5I neurons
responded to the intensity of mechanical stimulus and sent neural signals to
the superior colliculus that were relevant to stereotypical predatory hunting
motor actions. Synaptic inactivation of the projections fromCck+ Sp5I neurons
to the superior colliculus impaired mechanically evoked predatory attacks.
Together, these data reveal a spinal trigeminal nucleus neural circuit that is
specifically engaged in translating vibrissal somatosensory cues to provoke
predatory hunting.

Predatory hunting is an important type of evolutionarily conserved
innate behavior that is crucial for animal survival1–6. Notably, vibrissal
tactile cues detected by the whiskers play a primary and critical role in
predatory hunting7. Rodents use the whiskers to perceive objects,
vibrations, and directions in the surrounding environment, helping
them successfully capture prey. The sensitive perception abilities of
the whiskers assist these predators in better locating and catching
prey8,9. However, the mechanisms of the neural circuits for exclusively
vibrissal somatosensory-triggered prey-capture behavior have not yet
been explored.

When prey moves, the whiskers of the predator are deflected,
which in turn generates tactile cues that activate neurons responsible
for detecting mechanical stimuli in the trigeminal ganglia10. Primary
sensory neurons in the trigeminal ganglion represent the first pro-
cessing stage of vibrissal information in rodents, projecting to the
brainstem trigeminal complex via ascending and descending central
axonal branches11–13. The trigeminal complex, including the principal
sensory trigeminal nucleus (Pr5) and the spinal trigeminal nucleus
(Sp5), which is further divided into the pars oralis, pars interpolaris,
and pars caudalis (Sp5O, Sp5I, and Sp5C, respectively), features
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neurons that respond monotonically to tactile or painful stimuli
applied to the orofacial area14–19.

The superior colliculus (SC), highly conserved across evolution,
can be divided into multiple layers with different functions in sensory
processing and sensorimotor transformation, particularly in predatory
behavior20. SCneurons exhibit specific visual responseproperties,with
wide-field (WF) neurons detecting small moving objects and narrow-
field (NF) neurons pinpointing precise prey location21. In addition to
visual cues, SC neurons also respond to sensory input from vibrissal
(whisker) touch, aiding in prey location and tracking22. Furthermore,
SC neurons project to multiple motor-related regions, potentially
serving as a neuronal substrate for integrating the diverse motor
actions involved in predatory hunting23. Moreover, SC neurons project
to the zona incerta (ZI), a brain region involved in motivating and
initiating predatory attacks7,24.

The SC is categorized into distinct regional zones: SC medial
(SC.m), centromedial (SC.cm), centrolateral (SC.cl), and lateral SC
(SC.l)25. Notably, the lateral SC neurons are highly sensitive to whisker
stimulation26. The lateral SC is distinguished from the other three
zones by receiving dense inputs from the primary somatosensory
nuclei Sp5I, Sp5O and Pr5, transmitting whisker-sensed tactile signals
and facilitating the processing of sensory input, while it does not
receive any inputs from the visual cortices25,27,28. The lateral SC neurons
also receivedirect and abundant inputs from layer 5 (L5) neurons in the
barrel andmotor cortices, thereby serving asa keynode for integrating
somatosensory and motor cortical signals26. However, it remains lar-
gely unknown whether trigeminal complex subregions have a critical
role in integrating prey-derived vibrissal somatosensory information
to drive active hunting.

In the present study, by combining genetically encoded circuit
analysis tools, we identified a subset of Sp5I neurons that is critical for
predatory hunting in mice. These neurons responded to mechanical
stimulus and sent motor signals to the SC to drive predatory attacks.
Our data reveal the ways in which the brain transforms prey-derived
somatosensory cues into predatory attacks during prey-capture
behavior.

Results
Mechanically evoked predatory hunting behavioral paradigm
We began this study by setting up a behavioral paradigm to analyze
vibrissal somatosensory-triggered predatory hunting in mice. The
hunting test began with the introduction of a cockroach (prey) to a
mouse (predator) in different-sized arenas with lights on or off
(Fig. 1A, B). Darkness (approximately 0.002 lux) largely deprived visual
input but did not change the hunting efficiency in the small arenas
(12 × 12 cm or 25 × 25 cm), whereas hunting efficiency was significantly
reduced in the large arenas (35 × 35 cm or 45 × 45 cm), with an
increased time to capture, greater latency to hunt, and decreased
attack frequency (Fig. 1C–E). Next, we revealed that darkness did not
affect predatory hunting with or without vibrissae trimming in the
small arena (25 × 25 cm); however, vibrissae trimming significantly
blocked predatory hunting with the lights on or off (Fig. 1F–I). These
results suggest that predatory hunting depends on motion-related
somatosensory cues from prey in narrow spaces.

We then explored the mechanisms underlying vibrissal
somatosensory-triggered predatory hunting in the small arena with
lights on (25 × 25 cm). We bilaterally injected AAV-DIO-EGFP-2A-TeNT
into the trigeminal ganglia of Advillin-Cre mice to silence somatosen-
sory neurons29,30. This markedly inhibited hunting efficiency, as evi-
denced by an increased time to capture, greater latency to hunt, and
decreased attack frequency (Fig. 1J, K, L, P). Mechanosensory neurons
in the trigeminal ganglia include Mas-related G protein-coupled
receptor (MrgprD)+neurons, as high-threshold mechanoreceptors
(HTMR) for noxious mechanical stimuli31,32, and tropomyosin receptor
kinase B (TrkB)+ and Mrgprb4+ neurons, as low-threshold

mechanoreceptors (LTMR) for non-noxiousmechanical stimuli33–35. To
explore whether prey-related vibrissal mechanical stimulus is the key
to triggering predatory hunting, we genetically silenced the output of
MrgprD+, TrkB+, and Mrgprb4+ sensory neurons in the trigeminal
gangliawith TeNT (Fig. 1J,M–O; sFig. 1),which blocks neurotransmitter
release through the proteolytic cleavage of Syb236. Synaptic inactiva-
tion ofMrgprD+ neurons produced a slightly increased time to capture
and a greater latency to hunt but did not alter the attack frequency
(Fig. 1Q). However, synaptic inactivation of LTMR neurons expressing
Mrgprb4 but not TrkB significantly impaired hunting efficiency
(Fig. 1R, S). These data suggest that non-noxious mechanical force
might be a key stimulus for evoking predatory hunting in mice,
whereas noxious mechanical force might play an ancillary role in
predatory hunting.

Cholecystokinin-positive (Cck+) Sp5I neurons are required for
mechanically evoked predatory hunting
To explore the role of the trigeminal complex in predatory hunting in
mice, we injected AAV-hM4Di-mCherry into wild-type mice to inacti-
vate Pr5, Sp5O, Sp5I, or Sp5C neurons during hunting tasks, respec-
tively (Fig. 2A, B). The chemogenetic inactivation of Sp5I neurons
(Fig. 2I–K), but not Pr5 (Fig. 2C–E), Sp5O (Fig. 2F–H), or Sp5C
(Fig. 2L–N) neurons, significantly decreased hunting efficiency with
increased time to capture, greater latency to hunt, and decreased
attack frequency. These findings suggest that Sp5I is the primary brain
area that mediates this mechanically evoked predatory hunting
behavior.

Sp5I neurons can be subdivided into two types: multi-vibrissa-
responsive glutamatergic excitatory neurons in the rostral area that
project to the thalamus or cerebellum, and mono-vibrissa-responsive
GABAergic inhibitory interneurons in the caudal sector that project to
other divisions of the trigeminal column37,38. However, the subtype
diversity of Sp5I neurons has not yet been investigated. Using fluor-
escent in situ hybridization, we demonstrated that several marker
genes (cerebellin-2 [Cbln2], parvalbumin [Pvalb], and cholecystokinin
[Cck]) were robustly expressed in Sp5I (sFig. 2A). By crossing Cck-IRES-
Cre mice with Ai9 mice, we validated the specificity and efficiency of
tdTomato for labeling Cck+ neuron in Sp5I (sFig. 2B, C).

To identify the key neuronal subtypes in Sp5I that mediate
mechanically evoked predatory hunting, we injected AAV-DIO-hM4Di-
mCherry into Sp5I of Cck-IRES-Cre (Fig. 3A), Cbln2-IRES-Cre (sFig. 2F),
and Pvalb-IRES-Cre (sFig. 2G)mice, respectively. First, we validated the
cell-type specificity of hM4Di-mCherry expression and the effective-
ness of clozapine-N-oxide to chemogenetically suppress action
potential firing in Cck+ Sp5I neurons (Fig. 3B–E). The chemogenetic
inactivation of Cck+ Sp5I neurons (Fig. 3F, G and Supplementary
Movie 1), but not Cbln2+ (Fig. 3H, I) or Pvalb+ (Fig. 3J, K) Sp5I neurons,
significantly impaired hunting efficiency, with increased time to cap-
ture, greater latency to hunt, and decreased attack frequency. To
confirm that CNO itself has no impact on hunting behavior, AAV-DIO-
mCherry was locally injected into the Sp5I of Cck-IRES-Cre mice,
resulting in localized expression of mCherry in the Cck+ Sp5I neurons
(sFig. 2D). Following an intraperitoneal injection of CNO (1mg/kg), we
observed no significant differences in capture time, latency to attack,
or attack frequency compared to the saline group (sFig. 2E).These
findings suggest that Cck+ Sp5I neurons may be an important com-
ponent in the central circuit module of predatory hunting in mice.

Cck+ Sp5I neurons respond to mechanical stimuli
Next, we systematically characterized the physiological properties of
Cck+ Sp5I neurons. To assess the response properties of these neurons
duringhunting,we recordedGCaMPsignals in Cck+ Sp5I neurons using
fiber photometry. AAV-DIO-GCaMP7swas injected into the Sp5I of Cck-
IRES-Cre mice, followed by implantation of an optical fiber above the
Cck+ Sp5I neurons (Fig. 4A). This strategy resulted in the expression of
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GCaMP7s specifically in Cck+ Sp5I neurons (Fig. 4B, C). The GCaMP
fluorescence of Cck+ Sp5I neurons increased during vibrissa stimula-
tion induced by moving the cockroach fixed on a track along the
ipsilateral orofacial area (Fig. 4D–F and Supplementary Movie 2). To
mimic somatosensory cues of moving prey, we delivered graded
intensities of air puffs (40, 20, and 2 psi) using a Picospritzer to the
vibrissa field of head-fixed awake mice7. The GCaMP fluorescence of
Cck+ Sp5I neurons increased with higher intensity air puffs (Fig. 4G–I
and Supplementary Movie 3). Moreover, GCaMP fluorescence oscilla-
tion did not significantly change when we applied serial mechanical

stimuli at frequencies of 0.25Hz, 1.0 Hz, or 2.0Hz with the air puff
(Fig. 4J, K). A large portion of the mouse facial representation is
devoted to themystacial vibrissae (whiskers), which are organized into
five rows of follicles on the snout39,40. Single mystacial vibrissae
deflections were used to explore the whisker response properties of
Cck+ Sp5I neurons (Fig. 4L). The GCaMP fluorescence of Cck+ Sp5I
neurons increased during the stimulation of A2, B2, C2, D2, and E2
mystacial vibrissae; however, the increase in amplitude was not sig-
nificantly different (Fig. 4M, N). We also found that the response of
GCaMP fluorescenceof Cck+ Sp5I neurons gradually increased fromA4
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to A1, B5 to B1, C5 to C1, D5 to D1, and E5 to E1 vibrissae stimulation
(Fig. 4M, O and sFig. 3). Overall, these data suggest that Cck+ Sp5I
neurons are selectively responsive to non-noxious mechanical stimuli
in the ipsilateral orofacial area.

Mapping the input and output connectivity of Cck+ Sp5I
neurons
Using recombinant rabies virus, we next performed monosynaptic
retrograde tracing41 to examine how Cck+ Sp5I neurons are connected
to peripheral sensory nerves associated with mechanical stimuli
(Fig. 5A–C). As expected, Cck+ Sp5I neurons received afferent projec-
tions from trigeminal ganglion neurons (Fig. 5D–F). Next, we explored
the efferent projections of Cck+ Sp5I neurons by injecting AAV-DIO-
EGFP into the Sp5I of Cck-IRES-Cre mice to examine how Cck+ Sp5I
neurons are connected to brain areas associated with mechanically
evoked predatory hunting behavior (Fig. 5G, H). A brain-wide survey
revealed that Cck+ Sp5I neurons generated a series of axonal projec-
tions to several brain areas. First, Cck+ Sp5I neurons divergently pro-
jected to Sp5O (Fig. 5I, N), Pr5 (Fig. 5J, N), and ventral posteromedial
nucleus (VPM) (Fig. 5M, N) regions. Vibrissa-related Pr5 and Sp5O
neurons also projected to the contralateral dorsomedial part of the
VPM in the thalamus, and then conveyed whisker patterning to the
somatosensory cortex11,14,15. Second, Cck+ Sp5I neurons projected to
the deep mesencephalic nucleus (DpMe) (Fig. 5K, N) and posterior
intralaminar thalamic nucleus (PIL) (Fig. 5L, N), both of which are
related to the processing of pain signals42–44, this indicates that noxious
mechanical stimulation might participate in predatory hunting. Third,
previous studies shown that the SC neurons are required for inte-
grating prey-related vibrissal tactile signals into prey detection and
attack during hunting7,45. Here we found that Cck+ Sp5I neurons pro-
jected to the SC (Fig. 5K, N). This finding indicates that the Cck+

Sp5I–SC pathway might participate in mechanically evoked predatory
hunting.

Cck+ Sp5I–SC pathway is required for mechanically evoked
predatory hunting
We injected AAV-DIO-ChR2-mCherry into the Sp5I of Cck-IRES-Cre
mice (Fig. 6A; sFig. 4A). The majority of ChR2-mCherry-labeled Cck+

Sp5I neuronswere positive for Slc17a6mRNA (95.0%± 1.9%, n = 3mice)
(Fig. 6B) whereas only a small fraction were positive for Slc32a1mRNA
(6.5% ± 2.3%, n = 3 mice) (Fig. 6C). Next, whole-cell recordings were
performed in acute brain slices of the SC (Fig. 6D). Light pulses
(473 nm, 2ms, 20mW) illuminating ChR2-mCherry+ axon terminals
evoked robust postsynaptic currents (PSCs) from Cck+ Sp5I neurons
(50.3 ± 7.8 pA, n = 5 neurons), whichwere inhibited by the perfusion of
glutamate receptor antagonists D-AP5 and CNQX (Fig. 6E, F).

To examinewhether Cck+ Sp5I-projecting SC neurons constitute a
crucial circuitmodule inmechanically evoked predatory hunting, AAV-
DIO-ChR2-mCherry was injected into the Sp5I of Cck-IRES-Cre mice;
this was followed by bilateral optical fiber implantation above the SC
(Fig. 6G; sFig. 4B). Photostimulation of ChR2-mCherry+ axon terminals

in the SC effectively promoted the efficiency of predatory hunting
(Fig. 6H, I and Supplementary Movie 4). We then bilaterally silenced
the Cck+ Sp5I-projecting SC neurons synaptically using tetanus neu-
rotoxin (TeNT). Using a dual-AAV strategy, AAV2-retro-DIO-Flp was
injected into the SC and AAV-fDIO-mCherry-2A-TeNT into the Sp5I of
Cck-IRES-Cre mice (Fig. 6J; sFig. 4C, D). TeNT-mediated inactivation of
the Cck+ Sp5I–SC pathway significantly impaired predatory hunting
(Fig. 6K, L and Supplementary Movie 5). eOPN3 is a mosquito-derived
rhodopsin that can be used to selectively inhibit neurotransmitter
release at presynaptic terminals46. AAV-DIO-eOPN3-mScarlet was
injected into the Sp5I of Cck-IRES-Cre mice, and the cell-type specifi-
city of eOPN3-mScarlet expression were validated; this was followed
by optical fiber implantation above the SC (Fig. 6M; sFig. 4E–H).
Similarly, photoinhibition of eOPN3- mScarlet+ axon terminals in the
SCeffectively inhibited the efficiencyof predatory hunting (Fig. 6N,O).

As shown in Fig. 5, Cck+ Sp5I neurons project to VPM nucleus. To
investigate whether Cck+ Sp5I-projecting VPM neurons serve as an
essential circuit module in mechanically evoked predatory hunting,
AAV-DIO-eOPN3-mScarlet was injected into the Sp5I of Cck-IRES-Cre
mice, followed by the implantation of optical fibers above the VPM
(sFig. 4I, K). Notably, photoinhibition of eOPN3-mScarlet+ axon term-
inals in the VPM had no effect on the efficiency of predatory hunting
(sFig. 4J, L). Together, these data suggest that the Cck+ Sp5I–SC path-
way is required for mechanically evoked predatory hunting.

Discussion
In vertebratemodels, predatory hunting is an evolutionarily conserved
behavior triggered by prey-derived multiple sensory modalities,
including prey-derived visual47,48, vibrissal somatosensory49,50,
auditory51–54, and olfactory55–57 cues. However, the specific circuits
converting prey-derived vibrissal somatosensory cues into prey cap-
ture behavior have not been comprehensively investigated in the
mouse model58–62. In the present study, we identified that Cck+ Sp5I
neurons are both sufficient and necessary for vibrissal somatosensory-
related predatory hunting in mice. These neurons responded to
mechanical stimulation of the orofacial area and to motion-related
somatosensory cues from prey, sending signals to the SC to trigger
predatory attacks. Together, these data elucidate how the brain reg-
ulates somatosensory-triggered predatory hunting in mice.

Prey-induced mechanical force on the orofacial area is a key sti-
mulus evoking predatory hunting. First, we established a
somatosensory-dependent predatory hunting behavioral paradigm by
conducting hunting tests with mice in relatively narrow spaces
(25 × 25 cm arena) to minimize motion-related visual cues from prey.
Second, we investigated the pivotal role of non-noxious mechanical
force in predatory hunting, supported by a significant reduction in
hunting efficiency in mice with silence of Mrgprb4+ sensory neurons;
these neurons are involved in behavioral responses to non-noxious
mechanical stimuli35,63. Third, while vibrissal tactile cues are known to
play a role in hunting, the contribution of orofacial painful cues to
predation has not been previously evaluated58. Our data revealed that

Fig. 1 |Mechanically evokedpredatory hunting behavioral paradigm.A Scheme
of the behavioral paradigm for monitoring predatory hunting. B Scheme of the
hunting behavior test with or without light in arenas of different sizes.
C–E Quantitative analyses of time to capture (C), latency to attack (D), and attack
frequency (E) during predatory hunting. F Scheme of the hunting behavior test
after sequential deprivation of visual or vibrissal somatosensory inputs in the
25 × 25 cm arena.G–IQuantitative analyses of time to capture (G), latency to attack
(H), and attack frequency (I) of mice subjected to sequential visual or vibrissal
sensory deprivation. J Schematic diagram showing bilateral adeno-associated virus
(AAV) injections into the trigeminal ganglia (TG). Divisions of the trigeminal
ganglion: ophthalmic (V1),maxillary (V2), andmandibular (V3).K–ORepresentative
micrographs showing the colocalization of enhanced green fluorescent protein
(EGFP, green) with NeuN (K, L), Mas-related G-protein coupled receptor (MrgprD,

red) (M), Mrgprb4 (N, red), and tropomyosin receptor kinase B (TrkB, red) (O)
markers in coronal TG sections. P–S Quantitative analyses of time to capture,
latency to attack, and attack frequency inmice without (Ctrl, grey) and with (TeNT,
green) synaptic inactivation of Advillin+ (P), MrgprD+ (Q), TrkB+ (S), and Mrgprb4+

(R) neurons in the TG. Numbers of mice are indicated in the graphs. The data in
(C–E, G–I, P–R, S) are presented as mean values ± SEM. Statistical significance was
analyzed by two-sided paired t-test (45 × 45 cm arena in (C, D), 45 × 45 cm and
35 × 35 cm and 25 × 25 cm arena in (E), two-sided Wilcoxon matched-pairs signed
rank test (35 × 35 cm, 25 × 25 cm, 12 × 12 cm arena in (C, D), 12 × 12 cm arena in (E),
Kruskal-Wallis Test (G, H), one-way analysis of variance (ANOVA) (I), two-sided
Student t-test (latency to attack and attack frequency in (P,Q), latency to attack and
attack frequency in (R, S), or two-sided Mann-Whitney test (time to capture in
(P, R)). Source data are provided as a Source Data file.
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the silence of MrgprD+ neurons in the trigeminal ganglia slightly
impaired hunting efficiency, suggesting that noxious mechanical sti-
muli also contribute to the regulation of predatory hunting.

The trigeminal complex has been proposed to play a critical role
in response to vibrissal somatosensory information64, thus prompting
us to look for neural mechanisms underlying mechanically evoked
predatory hunting in this brain area. Cck+ Sp5I neurons might be a

critical center for translating vibrissal somatosensory signals to ste-
reotypical predatory huntingmotor actions. The activities of Cck+ Sp5I
neurons in the trigeminal complex were selectively required for
mechanically evoked predatory hunting, whereas Pr5, Sp5O, and Sp5C
neurons hadnoeffectonpredatoryhunting (Figs. 2, 3), suggesting that
the Sp5I contains hunting-related motor control neurons. Next, pre-
datory hunting consists of a chain of stere otypicalmotor actions, such
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as prey detection, chase, attack, and consumption65. Inactivation of
Cck+ Sp5I neurons substantially prolonged the entire time taken to
capture prey, including the time it took to detect prey and the number
of chases. This was observed through a prolonged latency to attack
and a reduced frequency of attacks. Additionally, the Cck+ Sp5I neu-
rons showed a preference for responding to mechanical stimuli
applied to the ipsilateral orofacial area, such as those produced by a
moving cockroach, air puffs or whisker deflection (Fig. 4). These
results suggest that Cck+ Sp5I neurons mediate the processes of
somatosensory–motor transformation in predatory hunting.

Predatory hunting in mammals uniquely relies on multiple sen-
sory modalities66. Studies have shown that efficiency can be reduced
by trimming whiskers and leaving mice in darkness, compared to
simply depriving them of visual or vibrissal somatosensory inputs,
suggesting that predatory hunting distinctly benefits from the inte-
gration of various sensory modalities67. In the context of hunting,
visual cues have been extensively studied using the mouse model.
Retinal ganglion cells (RGCs) are responsive to object movement and
can detect a range of visual characteristics of prey68, establishing
connections with a wide range of downstream visual centers including
the SC. SC neurons integrate motion-related visual and vibrissal
somatosensory signals and induce a positive motivation for predatory
hunting7,45. Notably, some glutamatergic SC neurons in the deep layers
project to the ZI, a brain area capable of integrating auditory, visual
and vibrissal somatosensory signals to promote hunting7,49,69–71. ZI
neurons then integrate sensory signals to the PAG to induce prey
detection and appetitive motivational drive45. Furthermore, SC gluta-
mate neurons provide locomotion-speed signals to substantia nigra
pars compacta dopamine neurons to boost appetitive locomotion in
hunting72. Our findings revealed that Cck+ Sp5I neurons mono-
synaptically projected to the SC, and activation of the Cck+ Sp5I–SC
pathway was sufficient to trigger predatory hunting behavior. TeNT-
mediated synaptic inactivation of the Cck+ Sp5I–SC pathway impaired
the processing of mechanical stimulus information, thereby prevent-
ing predatory hunting in mice (Figs. 5, 6). Collectively, these findings
demonstrate the critical role of the Cck+ Sp5I–SC pathway in proces-
sing prey-related somatosensory stimuli, guiding prey detection, and
facilitating the hunting attack process.

Methods
Animals
Each individual experimental procedure using male mice in this study
was approved by the Administrative Panel on Laboratory Animal Care
(NIBS2022M0028) at the National Institute of Biological Sciences
(NIBS) in Beijing, China. The Advillin-IRES-cre, TrkB-CreER, MrgprD-
CreER::Ai9, Mrgprb4-tdTomato-2A-Cre, Cck-IRES-Cre, Pvalb-IRES-Cre
and TH-2A-CreER mouse lines were imported from the Jackson
Laboratory (JAX Mice and Services). Cbln2-IRES-Cre were produced in
NIBS. Mice were maintained on a circadian 12 h light/12 h dark cycle
with food and water available ad libitum. Mice were housed in groups
(3–5 animals per cage) before they were separated 3 days before virus
injection. After virus injection, eachmouse was housed in one cage for
3 weeks before subsequent experiments.

AAV vectors
Two AAV serotypes (AAV-DJ and AAV2-retro) were used. The AAVs are
listed in Supplementary Table 1. Viral particles were purchased from
Shanghai Taitool Bioscience Inc. The produced viral vector titers
before dilutionwere in the range of 0.8–1.5 × 1013 viral particles permL.
Thefinal titer used for AAV injectionswas 5 × 1012 viral particles permL.

Stereotaxic injection
Mice were anesthetized with an intraperitoneal injection of tri-
bromoethanol (125–250mg/Kg). Standard surgery was performed to
expose the brain surface above the TG, Pr5, Sp5 and SC. Coordinates
used to injectposterior TGwere as follows: bregma−2.20mm, lateral ±
1.90mm and dura −6.40mm.Coordinates used to inject anterior TG
were as follows: bregma −0.80mm, lateral ±1.70mm and dura
−6.35mm. Coordinates used for Pr5 injection were as follows: bregma
−5.40mm, lateral ±1.80mm and dura −4.50mm. Coordinates used for
Sp5O injection were as follows: bregma −5.80mm, lateral ±1.85mm
and dura −5.00mm. Coordinates used for Sp5I injection were as fol-
lows: bregma −6.84mm, lateral ±1.89mm and dura −5.00mm. Coor-
dinates used for Sp5C injection were as follows: bregma −8.10mm,
lateral ±1.75mm and dura −4.50mm. Coordinates used to inject SC
were: bregma −3.80mm, lateral ± 1.20mm, and dura −1.75mm. The
AAVs and CTB-555 were stereotaxically injected using a glass pipette
connected to a Nanoliter-Injector 201 (World Precision Instruments) at
a slow flow rate of 0.15μL/min to avoid potential damage to local brain
tissue. The pipette was withdrawn at least 20min after viral injection.

For optogenetic stimulation experiment, AAV injections were
bilateral. For synaptic inactivation and chemogenetic activation/inac-
tivation, injections were bilateral. Behavioral tests were conducted
3 weeks after viral injection. Slice physiology and histology were con-
ducted at least 3 weeks after AAV injection.

Three days after AAV injection into the TG, TrkB-CreER, MrgprD-
CreER:: Ai9 mice (~8 weeks old) were intraperitoneally treated with
Tamoxifen (50mg/Kg) for seven consecutive days to induce Cre
recombination. Such strategy resulted in genetic labeling of TrkB+ and
MrgprD+ neuron with robust specificity and efficiency.

Optical fiber implantation
Thirty minutes after AAV injection, the ceramic ferrule with an optical
fiber (for optogenetics: 200 µm in diameter, numerical aperture (NA)
of 0.35; for fiber photometry: 200 µm in diameter, NA of 0.35) was
bilaterally implanted with the fiber tip on top of the Sp5I (bregma
−6.84mm, lateral ±1.89mm and dura −4.50mm), SC (bregma
−3.80mm, lateral ±1.20mm and dura −1.55mm), and VPM (bregma
−2.06mm, lateral ±1.50mm and dura −3.10mm). The ferrule was then
secured onto the skull with dental cement. After implantation, the skin
was sutured, and antibiotics were applied to the surgical wound. The
optogenetic and fiber photometry experiments were conducted
3 weeks after the optical fiber implantation.

Preparation of behavioral tests
After AAV injection and fiber implantation, the mice were housed
individually for 3 weeks before the behavioral tests. Before the

Fig. 3 | Cholecystokinin (Cck)-expressing Sp5I neurons are essential for pre-
datory hunting. A Representative coronal brain sections showing AAV-DIO-
hM4Di-mCherry expression in the Sp5I of adult Cck-IRES-Cre mice.
B Representative micrograph showing the colocalization of mCherry (red) with
endogenous Cck mRNA (green) in neurons in the Sp5I of adult Cck-IRES-Cre mice.
C Quantitative analyses of the specificity and efficiency of mCherry to label Cck+

Sp5I neurons in adult Cck-IRES-Cre mice. Cck+/ hM4Di-mCherry+ was 93.5% ± 1.9%.
hM4Di-mCherry+/Cck+ was 86.3% ± 2.2%. D, E Representative trace of action
potential firing (D) and quantitative analysis of the firing rate (E) showing the
effectiveness of CNO for chemogenetically silencing hM4Di-expressing Sp5I neu-
rons in acute brain slices. The CNO was dissolved in artificial cerebrospinal fluid

(ACSF) (10μM) and perfused into the brain slices. F–K Representative behavioral
ethograms of predatory hunting with the time course of PPD (top) in parallel with
markings of jaw attacks (bottom, yellow), and quantitative analyses of latency to
attack, time to capture, and attack frequency of mice with (red) or without (grey)
CNO in Cck-IRES-Cre adult mice (F, G), Cbln2-IRES-Cre adult mice (H, I), and Pvalb-
IRES-Cre adult mice (J,K) injected with AAV-hM4Di-mCherry. Numbers of mice are
indicated in the graphs. The data in (E,G, I,K) are presented asmean values ± SEM.
Statistical significance was analyzed by two-sided Wilcoxon matched-pairs signed
rank test (E, attack frequency in I), or two-sided paired t-test (G, latency to attack
and time to capture in I, K). Source data are provided as a Source Data file.
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behavioral tests, they were handled daily by the experimenters for at
least 3 days. On the day of the behavioral test, the mice were trans-
ferred to the testing roomandwerehabituated to the roomconditions
for 3 h before the experiments started. The apparatuswas cleanedwith
20% ethanol, to eliminate odor cues from other mice. All behavioral
tests were conducted during the same circadian period (13:00–19:00).

All behaviors were scored by the experimenters, who were blinded to
the animal treatments.

Measurement of predatory hunting
The procedure of predatory hunting experiment followed a published
work7. Before the predatory hunting test, the mice went through a
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9-day habituation procedure (days H1–H9). On each of the first three
habituation days (days H1, H2, andH3), three cockroaches were placed
in the home cage (with standard chow) of mice at 14:00. The mice
readily consumed the cockroaches within 3 h after cockroach
appearance. On days H3, H5, H7, and H9, we initiated 24 h food
deprivation at 19:00 by removing chow from the home cage. On days
H4, H6, and H8, at 17:00, we let the mice freely explore the arena for
10min, followed by three trials of hunting practice for the cockroach.
After hunting practice, we put the mice back in their home cages and
returned the chow at 19:00. On the test day, we let the mice freely
explore the arena for 10min, followed by three trials of predatory
hunting. After the tests, the mice were put back in their home cage
followed by the return of chow. Cockroaches were purchased from a
merchant at Tao-Bao Online Stores (www.taobao.com).

In the predatory hunting paradigm,mouse behaviorwas recorded
in the arena using three orthogonally positioned cameras (50 frames/s;
Point Grey Research, Canada). The movie taken by the overhead
camerawas analyzed to determine the instantaneous head orientation
of predator relative to prey (azimuth angle) and predator-prey dis-
tance (PPD) using Software EthoVision XT 14 (Noldus Information
Technology). We measured three parameters of predatory hunting,
suchas time toprey capture, latency to attack, and frequencyof attack.
Time to prey capture was defined as the time between the first jaw
attack and the last jaw attack. Latency to jaw attack was defined as the
timebetween the introduction of the prey and the first jaw attack from
thepredator. Frequencyof jawattackwasdefined as the number of jaw
attacks divided by time to prey capture. Data for three trials were
averaged.

Optogenetic stimulation
For optogenetic stimulation, the output of the laser wasmeasured and
adjusted to 10mWbefore each experiment. The pulse onset, duration,
and frequency of light stimulation were controlled by a programmable
pulse generator attached to the laser system.

In the optogenetic activation experiment, the mice had not
received any predation training. Each trial beganwith the introduction
of prey to the arena and the laser turned off. Then a new prey was
introduced to the arena and the laser turned on. The trial ended when
the predator finished ingesting the captured prey. A continuous light
pulse train (473 nm, 20Hz, 10mW) deliveredwas used for optogenetic
stimulation of the Sp5I–SC pathway.

In the optogenetic inhibition experiment, the mice had received
full predation training and possess the ability to catch prey within
1min. Since eOPN3 has a relatively long and potentially variable time
constant for inactivation, predatory hunting began with the intro-
duction of prey to the arena and the laser turned off. Then the mice
returned to its home cage for 1 h. After the waiting period, the mouse
was returned to explore the arena for 10minutes and then a new prey
was introduced to the arena with the laser turned on. During the
photostimulation, light from a green LED was triggered with a 500-ms
light pulse train (550nm, 1 Hz, 10mW) delivered in a 500ms on /

500ms off pattern was used for optogenetic inhibition of the Sp5I–SC
and Sp5C–VPM pathway.

Procedure for sensory deprivation
Visual and vibrissal somatosensory deprivation were produced by
darkness and whisker trimming, respectively. Eye-lid suturing was not
used because this invasive procedure caused stress that disturbed
predatory hunting in the mice. The illuminance in the ‘dark’ arena was
0.002 lux, which was measured with an illuminance meter (RTR
Optoelectronics Technology). Whisker trimming was performed after
mice were anesthetized with an intraperitoneal injection of tri-
bromoethanol (125–250mg/Kg). When mice were hunting for prey in
the dark arena (0.002 lux), infrared light was used for behavioral
analyses.

Vibrissal stimulation and fixed cockroach
To mimic the somatosensory cues of moving prey, brief air puffs
(200ms) with different strengths (2, 20, or 40 psi) were delivered
through ametal tube (diameter: 1.5mm) connected to a Picospritzer III
(Parker Hannifin Corp., Cleveland, OH, USA). The output of the
Picospritzer III was controlled by a programmable pulse generator.
When delivering air puffs as vibrissal somatosensory stimuli, the tube
was oriented from the temporal to the nasal side of the mouse. The
distance between the tube nozzle and the whiskers was approximately
30mm.When presenting repetitive air-puff stimuli, the frequency was
0.25Hz, 1 Hz, or 2Hz. For each unit, five trials were repeatedly pre-
sented to the whiskers, and the average response was obtained.

To simulate the irritation of moving prey scraping the whiskers,
mice were head-fixed to a treadmill and a self-regulating metal track
was fixed onto the side of the whiskers. A cockroach was glued to a
magnet and attached to the metal track. Whisker stimulation was then
provided by sweeping the cockroach from an anterior to posterior
direction.

To stimulate single whiskers,micewere head-fixed on a treadmill,
and all whiskers were kept intact. A single whisker (A1-E1 and C1-C5)
was deflected at 10Hz for 1 s using a glass tube (diameter: 1.14mm)
connected to a Micro Servo (DIUSTOU, MG90s), which was controlled
by a microcontroller (ARDUINO, UNO R3).

Fiber photometry recording
A fiber photometry system (ThinkerTech) was used for recording
GCaMP signals from genetically identified neurons. To induce fluor-
escence signals, a laser beam from a laser tube (488 nm) was reflected
by a dichroicmirror, focused by a 10 × (NA of 0.35) lens and coupled to
an optical commutator. A 2-m optical fiber (200μm in diameter, NA of
0.35) guided the light between the commutator and the implanted
optical fiber. To minimize photobleaching, the power intensity at the
fiber tip was adjusted to 0.02mW. The GCaMP7s fluorescence was
band-pass filtered (MF525-39, Thorlabs) and collected by a photo-
multiplier tube (R3896, Hamamatsu). An amplifier (C7319, Hama-
matsu)was used to convert the photomultiplier tube current output to

Fig. 4 | Cck-expressing Sp5I neurons respond to mechanical stimulation.
A Representative micrographs showing the optical fiber track above the Sp5I
neurons that expressed GCaMP7s (green) in adult Cck-IRES-Cre mice.
B, C Representative micrographs from the Sp5I showing the colocalization of
GCaMP7s with CckmRNA (red) (B), and quantitative analyses of the specificity and
efficiency of GCaMP7s for labeling Cck+ Sp5I neurons (C). Cck+/GCaMP7s+ was
91.4%± 3.7%. GCaMP7s+ / Cck+ was 97.6% ± 1.5%. D, G Scheme of vibrissal somato-
sensory stimulation toward the ipsilateral or contralateral whiskers of mice by a
fixed cockroach (D) or air puffs (G). E,H GCaMP signals with mechanical stimuli to
the ipsilateral or contralateral whiskers by a fixed cockroach (E) or air puffs (2, 20
and40psi)(H).F, IQuantitative analyses of averageGCaMP signals with stimulation
to the ipsilateral (red) or contralateral (grey)whiskers by afixed cockroach (F) or air

puffs (I). J,K GCaMP signals (J) and quantitative analyses of average GcaMP signals
(K) with mechanical stimuli to the ipsilateral whiskers using air puffs with 0.25Hz
(black), 1.0Hz (red) and 2.0Hz (blue). L Scheme of vibrissal somatosensory sti-
mulation toward the single whiskers of mice by a glass tube (red). Side view of the
mystacial whisker fields, five rows of whiskers (A–E) are indicated.M–O GCaMP
signals (M) and quantitative analyses of average GCaMP signal with mechanical
stimuli to thewhiskers A2-E2 (N) and C1-C5 (O). Schemes in (E,G, L) were created in
BioRender. Cao, P. (2025) https://BioRender.com/g11g225. Scale bars and numbers
ofmice are indicated in the graphs. The data in (F, I,K,N,O) are presented asmean
values ± SEM. Statistical significancewas analyzed by two-sided Student t-test (F, I),
Kruskal-Wallis Test (N), orone-way analysisof variance (ANOVA) (K,O). Sourcedata
are provided as a Source Data file.
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voltage signals, which were further filtered through a low-pass filter
(40Hz cut-off; Brownlee 440). The analog voltage signals were digi-
tized at 100Hz and recorded by a Power 1401 digitizer and Spike2
(CED). Two weeks after AAV injection, fiber photometry was used to
recordGCaMP signals. A flashing light-emitting diode triggered by a 1 s

square-wave pulse was simultaneously recorded to synchronize the
movie and GCaMP signals.

AAV-DIO-GCaMP7s was stereotacically injected into the Sp5I of
Cck-IRES-Cre mice followed by the implantation of an optical fiber
above the Cck+ Sp5I neurons. Three weeks after AAV injection, fiber
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photometrywas used to recordGCaMPsignals fromCck+ Sp5I neurons
of head-fixed mice standing on a treadmill in respond to air-puff sti-
muli and fixed-cockroach. A flasing LED triggered by 1 s square-wave
pluse was simultaneously recorded to synchronize the movie and
GCaMP signals. After the experiments, the optical fiber tip sites in the
Sp5I were histologically examined in each mouse.

Cell-type-specific anterograde tracing
For cell-type-specific anterograde tracing of Cck+ Sp5I neurons, AAV-
DIO-EYFP (300 nL) was stereotaxically injected into the Sp5I of Cck-
IRES-Cre mice. The mice were then maintained in a cage individually.
Three weeks after viral injection, mice were perfused with saline

followed by 4% PFA in PBS. The brains were post-fixed in 4% PFA for
8 hours and then incubated in PBS containing 30% sucrose until they
sank to the bottom. Coronal brain sections at 40 μm in thickness were
prepared using a cryostat (Leica CM1900). All coronal sections were
collected and stainedwithprimary antibody against GFPandDAPI. The
coronal brain sections were imaged with an Olympus VS120 epi-
fluorescence microscope (10 × objective lens). The fractional dis-
tribution of axonal terminal labeled with EGFP was selectively
analyzed. For quantifications of fluorescence intensity of downstream
targets, the mean gray value of each brain region was analyzed using
ImageJ. The terminal flurescence intensity was normalized as themean
gray value of each brain region devided by that of the Sp5I. All data
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came from at least three different mice. The imaged boundaries were
based on the Allen Institute’s reference atlas.

Cell-type-specific RV tracing
The modified rabies virus based three-virus system was used for
mapping the TG inputs to Cck+ Sp5I neurons. All the viruses included
rAAV-Ef1α-DIO-EGFP-2A-TVA (5×1012 viral particles per mL), rAAV-Ef1α-
DIO-oRVG (5 × 1012 viral particles per mL), and EnvA-pseudotyped,
glycoprotein(RVG)-deleted and DsRed-expressing rabies virus (RV-
EvnA-DsRed, RV) (5.0 × 108 viral particles per mL), which were pack-
aged and provided by BrainVTA Inc. (Wuhan, China). A mixture of
rAAV-Ef1α-DIO-EGFP-2A-TVA and rAAV-Ef1α-DIO-oRVG (1:1, 200 nL)
was stereotaxically injected into the Sp5I of Cck-IRES-Cre mice uni-
laterally. Two weeks after AAV helper injection, RV-EvnA-DsRed (300
nL) was injected into the same location in the Sp5I of Cck-IRES-Cre
mice in a biosafety level-2 lab facility. Starter neurons were char-
acterized by the coexpression of DsRed and EGFP, which were
restricted in the Sp5I. One week after injection of rabies virus, mice
were perfused with saline followed by 4% paraformaldehyde (PFA) in
PBS. The TGwere post-fixed in 4% PFA for 8 hours and then incubated
in PBS containing 30% sucrose until they sank to the bottom. Coronal
TG sections at 40 μm in thickness were prepared using a cryostat
(LeicaCM1900). All sectionswere collected and stainedwithDAPI. The
sections were imaged with an Olympus VS120 epifluorescence micro-
scope (10× objective lens).

Slice physiological recording
Slice physiological recording was performed according to a pre-
viously published protocol. Brain slices containing the SC were pre-
pared from adult mice anesthetized with isoflurane before
decapitation. Brains were rapidly removed and placed in ice-cold
oxygenated (95% O2 and 5% CO2) cutting solution (in mM:
228 sucrose, 11 glucose, 26 NaHCO3, 1 NaH2PO4, 2.5 KCl, 7 MgSO4 and
0.5 CaCl2). Coronal brain slices (400μm) were cut using a vibratome
(VT 1200S, LeicaMicrosystems). The slices were incubated at 28 °C in
oxygenated artificial cerebrospinal fluid (ACSF containing in mM: 119
NaCl, 2.5 KCl, 1 NaH2PO4, 1.3 MgSO4, 26 NaHCO3, 10 glucose and 2.5
CaCl2) for 30min, and then kept at room temperature under the
same conditions for 1 h before transfer to the recording chamber.
The ACSF was perfused at 1mL per min. The acute brain slices were
visualized using a ×40 Olympus water immersion lens, differential
interference contrast (DIC) optics (Olympus) and a CCD camera.
Patch pipettes were pulled from borosilicate glass capillary tubes
(Warner Instruments, no. 64-0793) using a PC-10 pipette puller
(Narishige). For recording of action potentials (current clamp), pip-
ettes were filled with a solution (in mM: 135 K-methanesulfonate, 10
HEPES buffer, 1 EGTA (ethylene glycol tetraacetic acid), 1 Na-GTP, 4
Mg-ATP and 2% neurobiotin (pH7.4)). For recording of PSCs (voltage
clamp), pipettes were filled with solution (in mM: 135 CsCl, 10 HEPES,

1 EGTA, 1 Na-GTP, 4 Mg-ATP (pH 7.4)). The resistance of pipettes
varied between 3.0 and 3.5MΩ. The current and voltage signals were
recorded using MultiClamp 700B and Clampex 10 data acquisition
software (Molecular Devices). After establishment of the whole-cell
configuration and equilibration of the intracellular pipette solution
with the cytoplasm, series resistance was compensated to 10–15MΩ.
An optical fiber (200μm in diameter) was used to deliver light pulses,
with the fiber tip positioned 500 μm above the brain slices. Light-
evoked PSCs from ChR2-mCherry–SC were triggered by single light
pulses (473 nm, 2ms, 20mW) in the presence of 4-aminopyridine (4-
AP, 20μM) and tetrodotoxin (TTX, 1 μM). D-AP5 (50 μM) and 6-
cyano-7-nitroquinoxaline-2,3- dione (CNQX, 20μM) or picrotoxin
(50μM) were perfused with ACSF to examine the neurotransmitter
type used by ChR2-mCherry expressing neurons.

Immunohistochemistry
Mice were anesthetized with isoflurane and sequentially perfused with
saline and PBS containing 4% PFA. Post-fixation of the brain was avoi-
ded to optimize immunohistochemistry. Brains were incubated in PBS
containing 30% sucrose until they sank to the bottom. Cryostat sec-
tions (40 μm) were collected, incubated overnight with blocking
solution (PBS containing 10% goat or donkey serum and 0.7% Triton X-
100), and then treated with primary antibodies diluted with blocking
solution for 3–4 h at room temperature. Primary antibodies used for
immunohistochemistry are listed in the Key resources table. Primary
antibodies were washed three times with washing buffer (PBS con-
taining 0.7% Triton X-100) before incubation with secondary anti-
bodies (tagged with Alexa Fluor 488 and Cy3 dilution 1:500; Life
Technologies Inc., USA and Jackson ImmunoResearch Inc., USA) for 1 h
at room temperature. Sections were then washed three times with
washing buffer, stained with DAPI, and washed with PBS, transferred
onto Super Frost slides, and mounted under glass coverslips with
mounting media.

Sections were imaged with an Olympus VS120 epifluorescence
microscope (10 × objective lens) or a Zeiss LSM 800 confocal micro-
scope (20 × and 63 × oil-immersion objective lens). Samples were
excited by 405, 488 and 561 nm lasers in sequential acquisition mode
to avoid signal leakage. Saturation was avoided by monitoring pixel
intensity with Hi-Lomode. Confocal images were analyzedwith ImageJ
software.

RNA in situ hybridization (FISH)
Mice were perfused with PBS treated with 0.1% DEPC (Sigma, D5758),
followed by DEPC-treated PBS containing 4% PFA (PBS-PFA). Brains
were post-fixed in DEPC-treated PBS-PFA solution overnight and then
placed in DEPC-treated 30% sucrose solution at 4 °C for 30 h. Brain
sections to a thickness of 30 μmwere prepared using a cryostat (Leica,
CM3050S) and collected in DPEC-treated PBS. Brain sections were
rinsed with DPEC-treated PBS, permeabilized with DPEC-treated 0.1%

Fig. 6 | Cck+ Sp5I–SC pathway involvement in mechanically evoked predatory
hunting.A Schematic diagramshowing the viral injection strategy for labelingCck+

Sp5I neurons in adult Cck-IRES-Cremice.B,CRepresentativemicrographs from the
Sp5I showing the colocalization of mCherry with Slc17a6 (B, green) and Slc32a1
(C, green) mRNA. Slc17a6+ / ChR2-mCherry+ was 95.0% ± 1.9%. Slc32a1-/ChR2-
mCherry+ was 93.5% ± 2.3%.D Schematic diagram showing the whole-cell recording
of light-evoked postsynaptic currents from neurons in the SC. E, F Representative
traces and quantitative analyses showing the effects of antagonists of GABAa
receptors (picrotoxin [PTX]) and glutamate receptors (D-2-amino−5-phosphono-
pentanoate [D-AP5]/cyan-quixaline [CNQX]) on the amplitude of light-evoked
postsynaptic currents (PSCs) recorded from neurons in the SC. G, J, M Schematic
diagram showing the viral injection and optical fiber implantation for optogenetic
activation (G) or silence (J) or optogenetic inactivation (M) of the Cck+ Sp5I–SC
pathway. H, I Representative behavioral ethograms of predatory hunting with
(blue) or without optogenetic activation of the Cck+ Sp5I–SC pathway (H), and

quantitative analyses of latency to attack, time to capture, and attack frequency of
mice (I).K, L Representative behavioral ethograms of predatory hunting with (red)
or without TeNT silence of the Cck+ Sp5I–SCpathway (K), and quantitative analyses
of latency to attack, time to capture, and attack frequency of mice (L). (N, O)
Representative behavioral ethograms of predatory hunting with (green) or without
optogenetic activation of the Cck+ Sp5I–SC pathway (N), and quantitative analyses
of latency to attack, time to capture, and attack frequency of mice (O). Scale bars
and numbers of mice are indicated in the graphs. The data in (F, I, L, O) are
presented as mean values ± SEM. Statistical significance was analyzed by one-way
analysis of variance (ANOVA) (F), two-sided paired t-test (latency to attack and
attack frequency in I,O), two-sidedWilcoxonmatched-pairs signed rank test (time
to capture in I), two-sided Student t-test (time to capture in L), or two-sided Mann-
Whitney test (latency to attack and attack frequency in (L). Source data are pro-
vided as a Source Data file.
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Tween 20 solution (in PBS) and DPEC-treated 2 × SSC containing 0.5%
Triton. Brain sections were then treated with H2O2 solution and acetic
anhydride solution to reduce nonspecific FISH signals. After 2 h incu-
bation in prehybridization buffer (50% formamide, 5 × SSC, 0.1%
Tween20, 0.1% CHAPS, 5mM EDTA in DEPC-treated water) at 65 °C,
brain sections were then hybridized with the hybridization solution
containing mouse anti-sense cRNA probes (digoxigenin labeling) for
Cck, Pvalb, Cbln2, Slc17a6 and Slc32a1 at 65 °C for 20h. The sequences
of cDNA primers for cRNA probes were the same as those in the ISH
DATAof the Allen brain atlas (https://mouse.brain-map.org/). They are
listed in the Key resources table. After washing, brain sections were
incubated with Anti-Digoxigenin-POD, Fab fragments (1:400, Roche,
11207733910) at 4 °C for 30 h, and FISH signals were detected using a
TSA Plus Cyanine 3 kit (NEL744001KT, PerkinElmer). To visualize the
tdTomato or mCherry signals, brain sections were incubated with a
primary antibody against mCherry at 4 °C for 24 h and then with an
Alexa Fluor® 488-conjugated goat anti-rabbit secondary antibody
(1:500, A11034, Invitrogen) at room temperature for 2 h. Brain sections
weremounted and imaged using a Zeiss LSM800 confocalmicroscope
or the Olympus VS120 Slide Scanning System.

Cell counting strategies
For counting cells in the Sp5I, we collected 40μM coronal sections
from bregma −7.48 to bregma −6.48 for each mouse. Five sections,
evenly spaced by 200μM, were sampled for RNA in situ hybridization
to label cells positive for Cck mRNA. We acquired confocal images
using a ×60 objective on a Zeiss LSM 800 microscope and performed
cell counting with ImageJ. We calculated the percentages of Cck+

neurons within the hM4Di-mCherry+ population and the percentages
of hM4Di-mCherry+ neurons within the Cck+ population in the Fig. 3C.
The percentages of Cck+ neurons within the GCaMP7s+ population and
the percentages of GCaMP7s+ neurons within the Cck+ population in
the Fig. 4C. The percentages of Slc17a6+ and Slc32a1- neurons within
the ChR2-mCherry+ population were calculated in the Fig. 6B, C.
Additionally, we calculated the percentages of Cck+ neuronswithin the
tdT+ population and the percentages of tdT+ neurons within the Cck+

population in the sFig. 2C. The percentages of Cck+ neurons within the
mScarlet+ population and the percentages ofmScarlet+ neurons within
the Cck+ population were calculated in the sFig. 4H.

Data quantification and statistical analyses
Data collection and analyses were performed blinded to the condi-
tions of the experiments. For statistical analyses of the experimental
data, normality test was performed before using Student t-test or
one-way ANOVA analysis. If the data passed the normality assump-
tion test, the paired t-test test was conducted for two paired groups,
the Student t-test was performed for two unpaired groups, and one-
way ANOVA was conducted for three or more groups. If the nor-
mality assumption was not satisfied, the Wilcoxon matched-pairs
signed rank test was conducted for two paired groups, the Mann-
Whitney test was conducted for two unpaired groups, and the
Kruskal-Wallis test was conducted for three or more groups. The n
used for these analyses represents the number of mice or cells.
Detailed information on statistical analyses were provided in the
figure legends and Supplementary Table 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are provided within the
paper and its supplementary information. All additional information
will be made available upon request to the authors. Source data are
provided with this paper.

Code availability
The MATLAB code for data analyses is available from the corre-
sponding author upon request.
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