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Ventral hippocampal cholecystokinin
interneurons gate contextual reward memory

Robin Nguyen,1,6,* Sanghavy Sivakumaran,3 Evelyn K. Lambe,3,4,5 and Jun Chul Kim1,2,7,*
SUMMARY

Associating contexts with rewards depends on hippocampal circuits, with local inhibitory interneurons
positioned to play an important role in shaping activity. Here, we demonstrate that the encoding of
context-reward memory requires a ventral hippocampus (vHPC) to nucleus accumbens (NAc) circuit
that is gated by cholecystokinin (CCK) interneurons. In a sucrose conditioned place preference (CPP)
task, optogenetically inhibiting vHPC-NAc terminals impaired the acquisition of place preference. Trans-
synaptic rabies tracing revealed vHPC-NAc neurons were monosynaptically innervated by CCK interneu-
rons. Using intersectional genetic targeting of CCK interneurons, ex vivo optogenetic activation of CCK
interneurons increased GABAergic transmission onto vHPC-NAc neurons, while in vivo optogenetic inhi-
bition of CCK interneurons increased cFos in these projection neurons. Notably, CCK interneuron inhibi-
tion during sucrose CPP learning increased time spent in the sucrose-associated location, suggesting
enhanced place-reward memory. Our findings reveal a previously unknown hippocampal microcircuit
crucial for modulating the strength of contextual reward learning.

INTRODUCTION

Animal survival depends on accurately remembering rewarding environments. These contextualmemories emerge from the hippocampus,1,2

yet the neuronal mechanisms underlying their formation remain enigmatic.

GABAergic interneurons and pyramidal neurons are the two primary neuronal classes in the hippocampus.3 While inhibitory GABAergic

interneurons represent a relatively small population,4 they play an essential role in circuit function and memory.5 Hippocampal GABAergic

interneurons are classified into distinct cell types based on their unique combination of molecular markers, electrophysiological properties,

morphology, and connectivity.6–9 It has been suggested that the varied features among these cell types enable circuit and behavioral special-

ization.10–16 Specific classes of GABAergic interneurons may interact with ensembles of hippocampal pyramidal cells to facilitate finely tuned

representations underlying memory.13,17–19 However, the contributions of GABAergic interneuron cell types to different forms of hippocam-

pal memory, such as contextual reward, contextual fear, or social memories remains unclear.

Memory of contexts where emotionally salient events have occurred relies on the ventral hippocampus (vHPC).20–22 The spatial firing fields

of neurons in the vHPC are typically broad,23,24 effectively mapping entire contexts.25–27 Additionally, vHPC neurons display selective firing

patterns in situations that are associated with emotional valence and that elicit affect-driven behaviors, including behaviors associated with

rewards,25–29 and avoidance and defensive behaviors.21,25,30–32 Although there have been several studies that show how neuronal activity is

related to reward-associated contexts in the vHPC, the specific circuit mechanisms that are responsible for contextual memory of rewards

remain poorly understood.

The activation of neurons in the vHPC region varies across different emotional contexts. Specifically, the involvement of pyramidal neurons

may be influenced by their projection targets,27,33 which are highly heterogeneous.27,34,35 These projection-defined pyramidal neurons in the

vHPC may represent distinct functional populations that are recruited based on task demands.27,30 Notably, outputs of the vHPC to the nu-

cleus accumbens (NAc) have been found to mediate reward-related goal-directed behaviors.27,35–39 However, the upstream selection factors

allowing for their recruitment during behavior have not been clearly elucidated.

CCK interneurons are highly abundant throughout the septotemporal axis of the hippocampus40 and are likely relevant for spatial mem-

ory.41–44 Furthermore, work from our lab and others have implicated CCK interneurons in dopamine-dependent and reward-related
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Figure 1. Optogenetic inhibition of vHPC terminals in the NAc during sucrose CPP training impairs memory at test

(A) Left, schematic of vHPC-NAc optogenetic circuit targeting strategy. Right, coronal slices of vHPC and NAc expressing eArchT3.0-EYFP (green).

(B) Behavioral paradigm for closed-loop optogenetic light delivery during sucrose conditioned place preference. Light and sucrose were presented during

training sessions only.

(C) Volume of sucrose solution consumed across training sessions. Mixed ANOVA, no main effect of group F(1, 15) = 0.501, p = 0.486, no group3 day interaction,

F(2, 30) = 0.24, p = 0.786.

(D) Percentage of time spent in the light/sucrose-paired context across training sessions. No main effect of group, F(1, 15) = 0.14, p = 0.714; no group 3 day

interaction, F(2, 30) = 1.77, p = 0.188.

(E) Percentage of time spent in the reward-context during Pre-train and Post-train preference tests. Mixed ANOVA, group 3 test interaction, F(1, 15) = 19.41,

p = 0.005. Sidak test for multiple comparisons, Post-train: t(30) = 5.19, p < 0.0001; Pre-train: t(30) = 0.5, p = 0.855; EYFP: t(15) = 3.86, p = 0.003; ArchT:

t(15) = 2.33, p = 0.068.

(F) Discrimination index of time spent in the reward-context. Unpaired t-test, t(15) = 3.74, p = 0.002. EYFP: N = 8 mice, ArchT: N = 9 mice. Data are presented as

mean G SEM.
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behaviors.10,43,45 Yet the challenge of selectively targeting these cells has left hippocampal CCK interneurons understudied relative to other

interneuron cell types, such as parvalbumin or somatostatin interneurons.5,46

We hypothesize that the vHPCmicrocircuit involvingCCK interneurons and nucleus accumbens-projecting pyramidal neurons (vHPC-NAc)

contributes to the formation of contextual rewardmemory.We used a combination of dual-recombinase intersectional genetics, rabies-medi-

ated monosynaptic tracing, ex vivo electrophysiological recordings, and optogenetic inhibition to target, record, and manipulate the activity

of CCK interneurons and vHPC-NAcpyramidal neurons.Our findings demonstrate that local CCK interneurons directly inhibit vHPC-NAc neu-

rons and regulate learning of context-reward associations.
RESULTS

vHPC-NAc circuit is required for contextual reward memory

The vHPCmay participate in contextual rewardmemory by associating specific spatial contexts with rewarding stimuli. This function has been

attributed particularly to pyramidal neurons which project to theNAc.27,38 To test whether the vHPC-NAc circuit is involved in the formation of

contextual reward memory, we optogenetically inhibited vHPC terminals in the NAc as mice performed a sucrose conditioned place prefer-

ence task (CPP). AAV containing archaerhodopsin (ArchT) or a reporter (EYFP) driven by the CaMKIIa promoter (AAV2/5-CaMKIIa-eArchT3.0-

EYFP or AAV2/5-CAMKIIa-EYFP) was infused bilaterally into the vHPC and optic fibers were implanted above theNAc shell where the densest

vHPC projections were observed (Figure 1A).

These mice were then tested in a modified sucrose CPP paradigm,38,47 conducted in an apparatus with two compartments (contexts)

defined by unique visual and tactile cues. One day prior to the beginning of training, baseline exploration preference was determined in

a 5-min test (Pre-train test). Subsequently, on three daily training sessions, sucrose solution (10%) was placed in the context for which mice

showed lower baseline preference and water was placed in the opposing context (Figure 1B). Mice freely traversed between the reward-

and neutral-contexts for 15 min, and light was delivered through the implanted optic fibers in a closed-loop manner exclusively during oc-

cupancy of the reward-context (15 mW of 532 nm continuous laser light measured from the fiber tip).
2 iScience 27, 108824, February 16, 2024
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Wedid not observe any differences between ArchT and EYFPmice in the amount of sucrose consumed (Figure 1C), or in the percentage of

time spent in the reward-context throughout training days (Figure 1D). These results indicate that the vHPC-NAc circuit does not contribute to

the intrinsic motivational properties of sucrose reward. Following the final training session 3, we tested preference for the reward-context in

the absence of sucrose and light delivery as a measure of memory for the context-reward association (Post-train test). While no group differ-

ences were observed during the Pre-train test, during the Post-train test, ArchTmice spent less time in the reward-context compared to EYFP

mice (Figures 1E and 1F). Furthermore, whereas EYFP mice spent more time in the reward-context during the Post-relative to the Pre-train

test, this was not observed among ArchT mice (Figure 1E). These results suggest that vHPC-NAc terminal inhibition during learning impaired

memory encoding of the reward-context, revealing the necessity of activity in the vHPC-NAc circuit for associating rewards with the concur-

rent spatial context.

vHPC-NAc projecting neurons are innervated by local CCK interneurons

Since we found that inhibiting the activity of vHPC-NAc pyramidal neurons disrupted the formation of contextual rewardmemory, we hypoth-

esized that endogenous activity suppression by local GABAergic interneurons regulates learning.48,49 Neural representations in the

hippocampus rely on balanced microcircuit interactions between excitatory pyramidal neurons and inhibitory GABAergic interneurons.13

In particular, we tested the impact of CCK interneurons since they provide strong feedforward inhibition onto pyramidal neurons,50–53 and

have been implicated in dopamine-dependent behaviors,10 and contextual memory.41,54

To investigate whether CCK interneurons monosynaptically innervate vHPC-NAc projecting cells, we used trans-synaptic pseudotyped

rabies tracing55 (Figures 2A and 2B). The retrograde virus CAV-2 containing Cre (CAV2-Cre) was infused into the NAc while a cre-dependent

AAV vector containing the TVA receptor and optimized glycoprotein (oG) (AAV2/8-hsyn-DIO-TVA-2A-EGFP-2A-oG) were infused into the

vHPC. After 2 weeks, G-deleted envelope-A pseudotyped rabies (EnvA-RVdG-mCherry) was infused into the vHPC, and mice were sacrificed

6 days later. In the vHPC, we observed cells positive for both EGFP and mCherry in the ventral CA1 (vCA1) and subiculum (vSub) which

constituted the vHPC-NAc ‘starter’ cell population, and cells singly labeled with mCherry which were the presynaptic input cells (Figure 2A).

Immunostaining for GABA and CCK-8 peptide confirmed that a subset of GABA interneurons express CCK (32G 3%), and that CCK is non-

selectively expressed in vCA1/vSub cells, with only a small fraction being GABA interneurons (5%G 1%). Of the mCherry+ presynaptic cells,

24G 8% were also GABA+ (Figure 2B, middle). Notably, a significant proportion of these presynaptic GABA interneurons in the vCA1/vSub

were revealed to be CCK interneurons (45 G 10%) (Figure 2B, right).

To determine if CCK interneurons form functional connections with vHPC-NAc projecting cells, we performed ex vivo whole cell electro-

physiological recordings from NAc projecting pyramidal neurons in the vCA1 while optogenetically stimulating CCK interneurons. To target

the excitatory opsin channelrhodopsin (ChR2) to CCK interneurons, CCK-Cre mice were infused with an AAV vector containing Cre-depen-

dent ChR2 driven by the GABA-specific Dlx5/6 promoter (AAV2/1-Dlx5/6-DIO-ChR2-EGFP) into the vHPC (Figure 2C).56 To visualize vHPC-

NAc projecting neurons in the samemice, red retrobeads (590 nm) were infused into the NAc. Blue light (470 nm) delivery to vHPC brain slices

directly excited ChR2-EGFP+ CCK interneurons but not EGFP-negative interneurons (Figures 2D–2F). Intrinsic properties of these interneu-

rons did not differ by EGFP status (Table S1), and combined were as follows: input resistance 310 G 38 MU, resting membrane potential

�76G 2 mV, and spike amplitude 73G 2 mV. Stimulation of ChR2-EGFP+ neurons with a short light pulse (1 ms) evoked an action potential

under current clamp (Figure 2F, left), and elicited a large inward current under voltage-clamp near resting membrane potential (Figure 2F,

middle, right).

RetrobeadvHPC/NAc neurons were distributed throughout the ventral CA1 and subiculum and were morphologically characteristic of py-

ramidal neurons (Figure 2D). The intrinsic properties of retrobeadvHPC/NAc vCA1 pyramidal neurons (Figures 2G–2K) were as follows: input

resistance 89G 6MU, restingmembrane potential�78G 4mV, and spike amplitude 82G 3 mV (Table S2). In response to optogenetic stim-

ulation of the local axonal projections of ChR2-EGFP+ CCK interneurons (5 ms pulse), retrobeadvHPC/NAc neurons exhibited a postsynaptic

current which reversed close to the predicted equilibrium potential for a chloride ion current (�75 mV) (Figure 2H). This optogenetically

evoked inhibitory response current perturbed the excitability of postsynaptic retrobeadvHPC/NAc vCA1 pyramidal neurons (Figure 2I). The

postsynaptic outward current in these neurons was strongly suppressed by the competitive GABA-A receptor antagonist bicuculline

(3 mM, 5 min) (Figures 2I–2K), a suppression that partially reversed after a brief washout period (<10 min) (Figures 2I and 2J). In a minority

of neurons (2/7), a bicuculline-resistant outward current was recruited upon repeated stimulation (5 pulses, 10 Hz), which was sensitive to sup-

pression by theGABA-B receptor antagonist CGP 35348 (1 mM) (Figure 2K). Taken together, these findings suggest CCK interneurons provide

functional GABAergic innervation of vHPC pyramidal neurons that project to the NAc.

Intersectional genetic targeting of vHPC CCK interneurons

To evaluate the contribution of CCK interneurons to behavior, we expressed ArchT selectively in CCK interneurons to silence their activity

in vivo. Due to nonspecific CCK neuropeptide expression in both GABA interneurons and pyramidal neurons,57 CCK interneurons cannot

be selectively targeted with conventional single recombinasemethods. Therefore, we applied a dual recombinase intersectional approach,58

using both the Cre/lox and Flpe/FRT systems, to genetically access CCK interneurons.40 ArchT expression was targeted to CCK interneurons

by crossing the CCK-Cre line with Dlx5/6-Flpe, and their double transgenic offspring with the Cre and Flpe-dependent RC::PFArchT-EGFP

line. In the resultingCCK-Dlx5/6-FrePe triple transgenicmice (referred to asCCK-ArchTmice fromhere on), Flpe- andCre-mediated excisions

of the two transcriptional stop cassettes, the first flanked by loxP sites and the second by FRT sites, resulted in ArchT-EGFP expression selec-

tively in CCK interneurons (Figures 3A and 3B). Consistent with previous findings on the distribution of CCK interneurons in the
iScience 27, 108824, February 16, 2024 3



Figure 2. CCK interneurons in vHPC provide monosynaptic GABAergic inhibition of CA1 pyramidal neurons that project to nucleus accumbens (NAc)

(A) Schematic of targeting approach for trans-synaptic pseudotyped rabies tracing from vHPC-NAc projecting neurons. Inset, representative image of starter

cells double-labelled with EGFP and mCherry, and presynaptic input cells singly labeled with mCherry in the vCA1.

(B) Top, representative immunostaining for CCK-8 (cy5,blue) and GABA (405 nm, magenta) against mCherry expression. Bottom left, percentage of vCA1 cells

immunoreactive for CCK-8 and GABA. Bottommiddle, percentage of mCherry+ presynaptic input cells immunoreactive for GABA. Bottom right, percentage of

GABAergic presynaptic input cells (double-labelled with mCherry and GABA) that are immunoreactive for CCK-8. N = 4 mice.

(C) Schematic of experimental strategy to express ChR2 in vHPC CCK interneurons and simultaneous retrograde tracing of vHPC-NAc projecting neurons with

retrobeads.

(D) Top, schematic of ex vivo electrophysiology in vCA1 with blue light illumination to stimulate ChR2-EGFP+ CCK interneurons at the level of either their cell

bodies or their axons in the vCA1 pyramidal cell layer. Recordings were made from either ChR2-EGFP+ CCK interneurons or retrobead+vHPC/NAc pyramidal

neurons. Bottom, representative merged fluorescence and brightfield images of vCA1 (scale bar, 100 mm). Top right, ChR2-EGFP+ CCK interneuron (green,

scale bar, 5 mm). Bottom right, merged fluorescence and IR-DIC images of a recording pipette patching a retrobeadvHPC/NAc pyramidal neuron (red, scale

bar, 5 mm).

(E) Electrophysiological response of a ChR2-EGFP+ CCK interneuron to a step of depolarizing current.

(F) Brief optogenetic stimulation (1 ms pulse, vertical blue line) excites a ChR2-EGFP+ CCK interneuron, in current-clamp from rest (left), and in voltage-clamp at

�75 mV (middle, right). Recordings in interneurons by EGFP status shows selective excitation as measured by inward currents in voltage-clamp (unpaired t test:

t(7) = 7.2, p = 0.0002; N = 4 mice).

(G) Electrophysiological response of a retrobeadvHPC/NAc vCA1 pyramidal neuron to a step pulse of depolarizing current.

(H) The optogenetically evoked postsynaptic response reverses near the predicted equilibrium potential for a chloride ion current; N = 4 mice. Inset, example

voltage-clamp traces across a range of pyramidal cell holding potentials.

(I) Optogenetically evoked responses perturb the excitability of a postsynaptic retrobeadvHPC/NAc vCA1 pyramidal neuron. Lighter trace shows excitability

without optogenetic stimulation.

(J) Pharmacological characterization confirms that optogenetically-elicited outward currents (Vh = �60 mV) are suppressed by the competitive antagonist of

GABA-A receptors (bicuculline: BCC, 3 mM). One-way repeated measures ANOVA, main effect of treatment, F(1.445, 6.502) = 15.83; p = 0.004. Tukey’s tests:

baseline vs. bicuculline: p = 0.01; bicuculline vs. washout: p = 0.02; N = 4 mice.

(K) Examples from two retrobead-positive vCA1 pyramidal neurons illustrating currents elicited by brief trains of optogenetic stimulation at baseline and upon

blockade of GABA receptors. Data are presented as mean G SEM.
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hippocampus,59–61 the labeled ArchT-EGFP+ neurons were observed across all layers of the ventral CA1 but were most abundant in the stra-

tum pyramidale (Figure 3C). A largemajority of these neurons were immunoreactive for CCK-8 andGABA, while only a small percentagewere

immunoreactive for PV, SOM, or VIP (Figure 3D), indicating high selectivity of the targeting approach for CCK interneurons.

vHPC CCK interneurons regulate activity of vHPC-NAc projecting neurons in vivo

We observed that wildtype C57BL6/J mice that had been exposed to a context containing sucrose reward displayed increased cFos expres-

sion in the vHPC relative to mice exposed to sucrose in their home-cage, to a neutral context containing water, or to mice that had simply

remained in the home-cage (Figures 4A and 4B). This finding indicates that vHPC neurons are strongly recruited by rewarding contexts, which
4 iScience 27, 108824, February 16, 2024



Figure 3. Intersectional genetic expression of ArchT in vHPC CCK interneurons

(A) Dual recombinase-responsive reporter allele, RC::PFArchT-EGFP, contains two transcriptional stop cassettes flanked by loxP and FRT sites. Cre- and Flpe-

mediated excisions result in ArchT-EGFP expression in CCK interneurons.

(B) Right, representative ArchT-EGFP expression (green) in vCA1 (boxed area in schematic) of a CCK-ArchT mouse.

(C) Top, representative ArchT-EGFP expression across vCA1 strata. Middle, normalized fluorescence intensity (Z score) of ArchT-EGFP expression as a function of

distance from the alveus. Bottom, percentage of ArchT-EGFP positive cells in each stratum of vCA1. One-way repeatedmeasures ANOVA, F(1.31, 5.25) = 17.54, p =

0.0063, N = 5 mice. s.o. stratum oriens, s.pyr. stratum pyramidale, s.rad. stratum radiatum, s.l.m. stratum lacunosum-moleculare.

(D) Top, representative immunostaining for GABA interneuron markers (red) against EGFP expression in CCK-ArchT mice. Bottom, percentage of ArchT-EGFP

positive cells immunoreactive for given GABA interneuron marker. One-way ANOVA, F(4, 10) = 932.6, p < 0.0001,N= 3mice. Data are presented asmeanG SEM.
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led us to ask whether local CCK interneurons may regulate the neuronal recruitment, including of vHPC-NAc projecting pyramidal neurons.

We therefore employed the above intersectional optogenetic strategy to evaluate the effect of inhibiting vHPC CCK interneurons on the ac-

tivity of vHPC-NAc projecting pyramidal neurons as mice explored a context containing sucrose reward.

In CCK-ArchT mice, the retrograde tracer cholera toxin subunit B (CTB) conjugated to Alexa Fluor 555 was infused into the NAc shell re-

sulting in CTB labeling of cell bodies in the ventral CA1 and subiculum (Figures 4C and 4G). These mice were also implanted with bilateral

optic fibers positioned above the vHPC (vCA1/subiculum regions). First, mice were exposed to a context containing sucrose solution for

10min during which light was delivered to inhibit vHPCCCK interneurons (Figure 4D). Since we hypothesized that silencing CCK interneurons

would disinhibit vHPC-NAc projecting neurons recruited by reward, a low concentration of sucrose solution (1%) was provided.62 After

context-reward exposure, mice were placed in their home cage for 60 min to allow cFos protein expression to accumulate and were then

sacrificed.63 Inhibiting CCK interneurons in a reward-containing context significantly increased the density of cFos-positive neurons in the

vHPC (Figure 4F). Quantification of neurons that were double-labeled for CTBvHPC/NAc and cFos revealed an increase in the percentage

of CTBvHPC/NAc neurons expressing cFos in CCK-ArchT + compared to CCK-ArchT-mice (Figure 4H). Therefore, inhibiting CCK interneurons

in a context containing sucrose reward increased cFos expression in vHPC neurons that project to the NAc.
CCK interneuron inhibition enhances contextual reward memory

Since CCK interneurons were found to influence the activity of vHPC-NAc projecting neurons, we asked whether CCK interneurons may also

be involved in the acquisition of contextual rewardmemory.Weperformed the sucroseCPP task as described in the previous section using 1%

sucrose solution. Light was delivered to the vHPC of CCK-ArchTmice throughout the three training days exclusively during occupancy of the

sucrose-containing context (Figures 5A–5C). During training, we did not observe any differences between CCK-ArchT+ and CCK-ArchT-mice

in the amount of sucrose consumed (Figure 5B), or in the percentage of time spent in the reward-context (Figure 5C). In the place preference

test, both groups spent a higher percentage of time in the reward-context during the Post-train test relative to the Pre-train test (Figure 5D).

However, CCK-ArchT +mice exhibited significantly greater preference for the reward-context compared to CCK-ArchT-mice (Figures 5D and
iScience 27, 108824, February 16, 2024 5



Figure 4. vHPC cFos expression following CCK interneuron inhibition during exposure to a context containing reward

(A) Time course for cFos labeling experiment following exposure to sucrose solution in the home-cage, to a neutral water-containing context, to the context with

sucrose reward present, or remaining in the home-cage.

(B) Density of cFos-immunoreactive cells in the vHPC. One-way ANOVA, F(3,16) = 54.68, p < 0.0001; Tukey’s multiple comparisons test, Home-cage vs. Reward-

Alone: p = 0.0065, Home-cage vs. Neutral Context: p < 0.0001, Home-cage vs. Context+Reward: p < 0.0001, Reward-Alone vs. Neutral Context: p = 0.038,

Reward-Alone vs. Context+Reward: p < 0.0001, Neutral Context vs. Context+Reward: p = 0.0002. N = 5 mice in each condition.

(C) Left, schematic of CTB-mediated retrograde tracing from nucleus accumbens combined with optogenetic inhibition of CCK interneurons in vHPC. Right,

representative image of CTB-Alexa-Fluor-555 infusion in NAc shell, and of CTB vHPC/NAc retrogradely labeled cell bodies and optic fiber in vHPC.

(D) Time course for optogenetic cFos experiment. Light was delivered during exposure to a context containing sucrose.

(E) Representative images of cFos-immunoreactivity in the vHPC from CCK-ArchT- (left) and CCK-ArchT+ (right) mice.

(F) Density of cFos-immunoreactive cells in the vHPC. Unpaired t-test, t(9) = 4.28, p = 0.002; CCK-ArchT-: N = 6, CCK-ArchT+: N = 5.

(G) Representative overlap between cFos-immunoreactivity and CTBvHPC/NAc labeling in the vHPC of CCK-ArchT- (left) and CCK-ArchT+ (right) mice.

(H) Percentage of CTBvHPC/NAc cells in the vHPC immunoreactive for cFos. Unpaired t-test, t(8) = 3.03, p= 0.016; CCK-ArchT-:N= 5, CCK-ArchT+:N= 5. Data are

presented as mean G SEM.
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5E). To determine the specificity of this enhanced place preferencememory, we subdivided the reward-context into quadrants andmeasured

the time spent in each zone (Figures 5F and 5G). Notably, CCK-ArchT + mice spent a significantly greater percentage of time in the zone

where the sucrose dish was previously located compared to CCK-ArchT-mice (Figures 5G and 5H). These findings indicate that CCK inter-

neuron inhibition strengthened learning of the context-reward association, resulting in enhanced memory of the location where reward

was previously encountered.

Alternatively, silencing CCK interneurons may have influenced preference behavior during the Post-train test session by altering the re-

inforcing properties of the context itself,36 although, no direct effects of light delivery on preference were observed during sucrose CPP

training. Another possibility is that micemay be detecting amismatch in light-delivery during training and test that drives context exploration.

We addressed these possibilities by inhibitingCCK interneurons in the samemanner as the previous experiment but in the absence of sucrose

during training. No significant differences were observed between CCK-ArchT+ and CCK-ArchT-mice in the percentage of time spent in the

light-paired context during training (Figures 6A and 6B), or during the Pre- and Post-train preference tests (Figure 6C). Thus, CCK interneurons

do not contribute to intrinsic preference behaviors in neutral contexts, and rather, influences memory-guided preference of contexts asso-

ciated with reward.
CCK interneuron inhibition does not alter contextual fear or social memory

To test whether CCK interneuron inhibition of vHPC-NAc projecting neurons is specific for context-reward memory, we additionally investi-

gated two other forms of memory. The vHPC has also been implicated in fear memory and social memory.21,30,37,64 We evaluated whether

vHPC CCK interneurons may be involved in the formation of contextual fear memory by optogenetically inhibiting CCK interneurons during

contextual fear conditioning. No significant differences in freezing levels were found between CCK-ArchT+ and CCK-ArchT-mice during the

test sessions in the fear conditioned context (Context A) or in a novel context (Context B) (Figure 6D), indicating CCK interneuron inhibition

did not affect contextual fear memory learning or specificity. Furthermore, we tested the role of CCK interneurons in the acquisition of social

memory in a three-chamber social recognition memory task.65 Light was delivered during the encoding phase only when mice occupied the

chamber containing a social conspecific stimulus. CCK interneuron inhibition did not affect social interaction during the encoding phase (Fig-

ure 6E), or during the social recognition memory test (Figure 6F). Together, these experiments demonstrate that CCK interneuron mediated

inhibition of vHPC-NAc projecting neurons selectively controls context-reward memory.
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Figure 5. vHPC CCK interneuron inhibition during sucrose conditioned place preference training enhances memory at test

(A) Left, schematic of optogenetic targeting strategy of vHPC CCK interneurons. Right, magnified coronal image of vCA1 CCK interneurons expressing ArchT-

EGFP.

(B) Volumeof sucrose solution consumed across training sessions. Mixed ANOVA, nomain effect of group F(1, 15) = 0.03, p= 0.875, no group3 day interaction, F(2,

30) = 0.01, p = 0.991.

(C) Percentage of time spent in the light/sucrose-paired context across training sessions. No main effect of group, F(1, 15) = 0.84, p = 0.374; no group 3 day

interaction, F(2, 30) = 0.68, p = 0.517.

(D) Percentage of time spent in the reward-context during the Pre-train and Post-train preference tests. Mixed ANOVA, main effect of test, F(1, 15) = 46.05,

p < 0.0001; group 3 test interaction, F(1, 15) = 10.34, p = 0.006. Sidak test, Post-train: t(30) = 3.59, p = 0.002, Pre-train: t(30) = 0.91, p = 0.6.

(E) Discrimination index of time spent in the reward-context. Unpaired t-test, t(15) = 2.88, p = 0.011.

(F) Group averaged heat maps of occupation time in the CPP apparatus during the Post-train test.

(G) Percentage of time spent in individual zones of the reward-context during the Pre- and Post-train tests. Mixed ANOVA, group3 context3 zone interaction,

F(3, 48) = 2.90, p = 0.044. Post-train: Sidak test, t(14.95) = 2.97, p = 0.038.

(H) Discrimination index of time spent in the reward zone. Unpaired t-test, t(15) = 3.45, p = 0.004. CCK-ArchT-, N = 8; CCK-ArchT+, N = 9. Data are presented as

mean G SEM.
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DISCUSSION

To successfully predict the availability of future rewards, animals must rapidly form and store internal representations of rewarding environ-

ments. Yet, adaptive behavior requires learning to be proportional to the probability and motivational value of rewards,66 with maladaptive

learning associated with conditions such as addiction and depression.67,68

Our study demonstrates that context-reward memory encoding is governed by a ventral hippocampal circuit in which CCK interneurons

regulate CA1 pyramidal neurons projecting to theNAc. This work demonstrates that the strength of learning can be controlled by the balance

of excitation in this circuit. Specifically, we found that, within the vHPC, inhibitory CCK interneuronsmonosynaptically innervate andmodulate

the excitability of pyramidal neurons projecting to the NAc. In reward-containing environments, inhibiting CCK interneuron activity increased

the number of activated vHPC-NAc neurons and enhanced contextual reward learning. Meanwhile, inhibiting activity in the vHPC-NAc

pathway had the opposite effect of impairing learning.
Context-reward circuit in perspective

Pyramidal neurons in the vCA1 are heterogeneous in that they express unique genetic markers,69,70 and send outputs to a diverse array of

downstream targets.34 Projection-defined pyramidal neurons may represent functional populations and have been reported to exhibit

task-selective recruitment.27,30,35,39 In the present study, we found that inhibiting vHPC terminals in the NAc as mice were in a context con-

taining sucrose reward, decreased subsequent preference for that context. Previous findings suggest that this outcome is unlikely to be due to

alterations in innate preference or aversion to the light-paired context.36 Instead, vHPC projections to the NAc may be essential for associ-

ating a natural food rewardwith spatial contextual information. This finding aligns with previous studies demonstrating the involvement of this

pathway in conditioned place preference for social reward,38 and drug reward.39 During reward learning, environmental cues gain incentive

salience and come to elicit goal-directed behaviors.71 The ability of spatial cues to drive reward seeking relies on coordinated activity between

the hippocampus and NAc.72–74 Both the dorsal and vHPC exhibit reward context-specific firing patterns following conditioning with re-

wards,26,27,75–77 which in turn likely drives the context selectivity of NAc medium spiny neurons.76,78,79
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Figure 6. vHPC CCK interneuron silencing does not affect encoding of alternate forms of memory

(A) Behavioral paradigm for repeated real-time place preference with closed-loop optogenetic inhibition during training.

(B) Percentage of time spent in the light-paired side across training sessions. Mixed ANOVA, nomain effect of group, F(1,11) = 0.04, p = 0.842; no group3 training

day interaction, F(2,22) = 0.49, p = 0.62; CCK-ArchT-: N = 8 mice, CCK-ArchT+: N = 5 mice.

(C) Percentage of time spent in the light paired side during the pre-training and post-training preference tests. Mixed ANOVA, no main effect of group,

F(1,22) = 3.07, p = 0.094; no group 3 test day interaction, F(1,22) = 0.77, p = 0.391.

(D) Behavioral paradigm for contextual fear conditioning with optogenetic inhibition during fear training (Top). Percentage of freezing in contexts A and B at test.

Unpaired t-test, Context A: t(15) = 0.97, p = 0.346; Context B: t-test, t(15) = 0.70, p = 0.496. CCK-ArchT-: N = 8 mice, CCK-ArchT+: N = 9 mice.

(E) Schematic of the encoding phase of social recognition memory with closed-loop optogenetic inhibition in the compartment containing the novel conspecific

(Top). Percentage of time spent interacting with the empty cage or novel conspecific (Bottom). Mixed ANOVA, no main effect of group, F(1,16) = 0, p > 0.999; no

group 3 stimulus interaction, F(1,16) = 0.802, p = 0.384; CCK-ArchT-: N = 6 mice, CCK-ArchT+: N = 4 mice.

(F) Schematic of the social recognition memory test phase (Top). Percentage of time spent interacting with the familiar or novel conspecific (Bottom). Mixed

ANOVA, no main effect of group, F(1,16) = 0, p > 0.999; no group 3 stimulus interaction, F(1,16) = 0.019, p = 0.893. Data are presented as mean G SEM.
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Importantly, our finding of enhanced memory for contexts associated with reward resulted from inhibiting vHPC CCK interneurons exclu-

sively in the reward-paired context. A potential mechanism explaining this finding relates to the context specificity of vHPC pyramidal neu-

rons. CCK interneuron inhibition may have promoted the reward-context specific activity of NAc-projecting pyramidal neurons in the vHPC,

leading to improved context encoding and discrimination. Future studies could evaluate this hypothesis by simultaneously inhibiting CCK

interneurons and recording the activity of vHPC-NAc neurons in a contextual reward learning task. Another potential approach would be

to assess the impact of optogenetically stimulating CCK interneurons on vHPC-NAc neuronal activity during context-reward learning and

its subsequent effects on memory formation. We postulate that stimulating CCK interneurons in the rewarding context could diminish the

activity of vHPC-NAc neurons selectively in that context leading to impaired context-reward memory. However, the spatially unrestricted in-

hibition associated with optogenetic stimulation of GABA interneurons,80 coupled with variable behavioral outcomes dependent on stimu-

lation parameters and opsin variants,81–84 could complicate the interpretation of results.
Clinical relevance of mechanism, caveats, and future directions

We optogenetically inhibited vHPC CCK interneurons during memory tests that were previously shown to be dependent on the

vHPC.30,37–39,64 Inhibiting CCK interneurons enhanced the formation of contextual reward memory. In contrast, the same manipulation did

not affect the formation of contextual fear memory or social memory, indicating CCK interneurons do not strongly regulate the circuits medi-

ating these behaviors. Specifically, the vHPC sends prominent projections to the basolateral amygdala to support contextual fear mem-

ory,21,30 and to the medial prefrontal cortex for social memory.64 Outputs of the vHPC to the NAc have also been reported to contribute

to the retrieval of social memory,37 but this was observed in a social recognition memory task that differed from the one used in the current

study.64 The selective involvement of CCK interneurons in contextual reward memory may indicate a biased functional connectivity with

vHPC-NAc pyramidal neurons.12,85 This possibility would need to be examined by comparing the inhibitory impact of CCK interneurons

on multiple circuit-defined pyramidal neurons in vivo. Alternatively, vHPC CCK interneurons may play a more essential role in memories

that are acquired gradually across repeated experiences as opposed to rapidly formed associative or incidental memories.
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How would the unique properties of CCK interneurons allow for this population to act as a flexible gate in selecting pyramidal cell ensem-

bles underlying context-reward memory? As we observed in the current study, CCK interneurons are distributed across layers in the CA1 and

according to their axon localization are primarily dendrite-targeting or basket cells.59–61,86 While CCK interneurons express several neuromo-

dulatory receptors that would maintain their activity during wakefulness,87,88 most intriguingly, they possess a unique ’off’ switch, expressing

high amounts of the CB1 receptor relative to other GABA interneuron subtypes and pyramidal neurons.87,89,90 Stimulation of this receptor by

endocannabinoids permits suppression of inhibition and long-term depression.41,91–94 This mechanism would aid the encoding of context-

reward associations in the hippocampus by amplifying the gain of spatial representations coinciding with reward.95 Accordingly, we observed

that inhibiting CCK interneurons both increased the number of activated NAc-projecting cells and improved contextual reward memory,

consistent with an active role for this inhibitory circuit in regulating recruitment of pyramidal neurons to memory ensembles. Our preclinical

work underscores the likely importance of CCK interneurons in optimizing context-reward memories, raising questions about the neuropath-

ological consequences of damage or disrupted signaling to these neurons.96–99

Conclusions

In summary, we identified a local inhibitory microcircuit in the vHPC in which CCK interneurons modulate the excitability of nucleus accum-

bens projecting pyramidal neurons to specifically control the strength of contextual reward learning. Thus, CCK interneurons may play a crit-

ical role for ensuring that contextual reward learning accumulates with experience over time, allowing for flexible reward-seeking behavior in

dynamic and unpredictable environments.

Limitations of the study

For the optogenetic behavioral experiments, ArchT was broadly expressed in forebrain CCK interneurons. CCK interneuron silencing was

then restricted to the ventral CA1/subiculum by placing the optic fiber above this region and carefully controlling laser light power. However,

it cannot be ruled out that CCK interneurons in adjacent areas were affected. Furthermore, this study found that a significant proportion (26%)

of CCK-ArchT cells were immunopositive for PV. Since we did not perform experiments to inhibit PV interneurons, it is unknown whether the

effects of inhibiting CCK interneurons may be partially accounted for by the disruption of PV interneurons.
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94. Losonczy, A., Biró, A.A., and Nusser, Z. (2004).
Persistently active cannabinoid receptors
mute a subpopulation of hippocampal
interneurons. Proc. Natl. Acad. Sci. USA 101,
1362–1367.

95. Carter, E., and Wang, X.J. (2007).
Cannabinoid-mediated disinhibition and
working memory: dynamical interplay of
multiple feedback mechanisms in a
continuous attractor model of prefrontal
cortex. Cerebr. Cortex 17, i16–i26.

96. Medrihan, L., Sagi, Y., Inde, Z., Krupa, O.,
Daniels, C., Peyrache, A., and Greengard, P.
(2017). Initiation of Behavioral Response to
Antidepressants by Cholecystokinin Neurons
of the Dentate Gyrus. Neuron 95, 564–576.e4.

97. James, T.A., Weiss-Cowie, S., Hopton, Z.,
Verhaeghen, P., Dotson, V.M., and Duarte, A.
(2021). Depression and episodic memory
across the adult lifespan: A meta-analytic
review. Psychol. Bull. 147, 1184–1214.

98. Torregrossa, M.M., Corlett, P.R., and Taylor,
J.R. (2011). Aberrant learning and memory in
addiction. Neurobiol. Learn. Mem. 96,
609–623.

99. Herbener, E.S. (2008). Emotional memory in
schizophrenia. Schizophr. Bull. 34, 875–887.

http://refhub.elsevier.com/S2589-0042(24)00045-2/sref77
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref77
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref78
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref78
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref78
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref78
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref79
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref80
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref80
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref80
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref80
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref80
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref81
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref81
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref81
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref81
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref81
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref82
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref82
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref82
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref82
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref83
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref83
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref83
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref83
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref84
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref84
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref84
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref84
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref84
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref85
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref85
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref85
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref85
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref86
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref86
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref86
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref86
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref87
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref88
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref88
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref88
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref89
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref89
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref89
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref89
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref89
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref89
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref90
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref90
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref90
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref90
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref91
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref91
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref91
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref91
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref91
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref91
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref92
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref92
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref92
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref92
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref92
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref93
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref93
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref93
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref93
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref94
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref94
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref94
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref94
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref94
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref95
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref95
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref95
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref95
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref95
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref95
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref96
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref96
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref96
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref96
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref96
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref97
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref97
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref97
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref97
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref97
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref98
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref98
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref98
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref98
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref99
http://refhub.elsevier.com/S2589-0042(24)00045-2/sref99


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-CCK Sigma-Aldrich Cat# C2581; RRID: AB_258806

Rabbit polyclonal anti-GABA Sigma-Aldrich Cat # A2052; RRID: AB_477652

Rabbit polyclonal anti-PV Abcam Cat# ab11427; RRID: AB_298032

Rabbit polyclonal anti-vasoactive

intestinal peptide

Immunostar Cat# 20077; RRID: AB_572270

Rat monoclonal anti-somatostatin Millipore Cat# MAB354; RRID: AB_2255365

Rabbit polyclonal anti-cFos Santa Cruz Biotechnology N/A

Chicken polyclonal anti-GFP Abcam Cat# ab13970; RRID: AB_300798

Goat polyclonal anti-mCherry Sicgen Cat# AB0040-200; RRID: AB_2333093

AlexaFluor-488-conjugated donkey anti-rabbit Jackson ImmunoResearch Laboratories Cat# 711545152; RRID: AB_2313584

AlexaFluor-594-conjugated donkey anti-rabbit Jackson ImmunoResearch Laboratories Cat# 711585152; RRID: AB_2340621

Cy5-conjugated donkey anti-rabbit Jackson ImmunoResearch Laboratories Cat# 711175152; RRID: AB_2340607

DyLight-405-conjugated donkey anti-rabbit Jackson ImmunoResearch Laboratories Cat# 711475152; RRID: AB_2340616

AlexaFluor-488-conjugated donkey anti-chicken Jackson ImmunoResearch Laboratories Cat# 703545155; RRID: AB_2340375

AlexaFluor-594-conjugated donkey anti-goat Jackson ImmunoResearch Laboratories Cat# 705585003; RRID: AB_2340432

Bacterial and virus strains

AAV2/5-CaMKIIa-eArchT3.0-EYFP UNC Vector Core N/A

AAV2/5-CAMKIIa-EYFP UNC Vector Core N/A

CAV2-cre Plateforme de Vectorologie de Montpellier N/A

AAV2/8-EF1a-DIO-TC66T-2A-EGFP-2A-oG GT3 Viral Core Facility of the Salk Institute N/A

EnvA-RVdG-mCherry GT3 Viral Core Facility of the Salk Institute N/A

AAV2/1-Dlx5/6-DIO-ChR2-EGFP Vigene Biosciences N/A

Chemicals, peptides, and recombinant proteins

Cholera toxin subunit B

conjugated to Alexfluor-555

Invitrogen C34776

Red retrobeads Lumafluor Inc. N/A

Experimental models: Organisms/strains

CCK-ires-Cre (Ccktm1.1(cre)Zjh/J) The Jackson Laboratory 012706

Dlx5/6-Flpe (Tg(mI56i-flpe)39Fsh/J) The Jackson Laboratory 010815

C57BL/6-Tg(Gt(ROSA)26Sor-ArchT/EGFP) Donated by Dr. Itaru Imayoshi https://knowledge.brc.riken.jp/resource/

animal/card?__lang__=en&brc_no=RBRC06585

Software and algorithms

ImageJ2 Fiji 2.3.0 NIH https://fiji.sc/

GraphPad Prism 9.5.1 Dotmatics https://www.graphpad.com/

ANY-maze Stoelting Co. https://www.any-maze.com/

FreezeFrame 4 ActiMetrics https://actimetrics.com/products/freezeframe/

Clampfit 10.7 Molecular Devices, LLC https://www.moleculardevices.com/

products/axon-patch-clamp-system/

acquisition-and-analysis-software/

pclamp-software-suite
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jun Chul Kim

(junchul.kim@utoronto.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Triple transgenicCCK-Cre;Dlx5/6-Flpe;RC::PFArchT-EGFPmice (termedCCK-ArchTmice) were generated as follows:Dlx5/6-FLPemicewere

crossed with homozygous CCK-ires-Cre mice to generate double transgenic Dlx5/6-Flpe;CCK-Cre mice, which were then crossed with

RC::PFArchT-EGFP mice (obtained from the laboratory of Dr. Itaru Imayoshi). C57BL/6J mice (Charles River Laboratories) were used as sub-

jects for optogenetic pathway targeting, rabies tracing, and cFos experiments. Mice were group-housed in a temperature- and humidity-

controlled environment, and a 12-hour light/dark cycle. They had ad libitum access to food and water unless otherwise specified. Surgery

was performed on 4-month-old male mice, and behavioural tests were conducted up to the age of 6 months. All experimental procedures

were conducted in accordance with the guidelines of the Canadian Council on Animal Care (CCAC) and approved by the Local Animal Care

Committees of the University of Toronto (Toronto, Ontario, Canada).

METHOD DETAILS

Stereotaxic surgery

Mice were anaesthetized with isoflurane and mounted onto a stereotaxic frame. For optogenetic inhibition of ventral CA1 terminals in the

nucleus accumbens, AAV2/5-CaMKIIa-eArchT3.0-EYFP or AAV2/5-CAMKIIa-EYFP (0.3 mL, UNC Vector Core) was bilaterally infused into

the ventral hippocampus (AP: -2.90 mm, DV: -4.90, ML:G 3.30mm), and optic fibres were implanted bilaterally above the nucleus accumbens

shell AP: 1.60 mm, DV: -4.00, ML:G0.60 mm). For transsynaptic rabies tracing experiments, wildtype C57BL6/J mice were unilaterally infused

with CAV2-cre (0.5 mL, Plateforme de Vectorologie de Montpellier) into the NAc (AP: 1.60 mm, DV: -4.75, ML:G0.60 mm), and with AAV2/8-

EF1a-DIO-TC66T-2A-EGFP-2A-oG (0.3 mL, GT3 Viral Core Facility of the Salk Institute) into the left or right ventral CA1/subiculum. Two weeks

later, EnvA-RVdG-mCherry (0.7 mL, GT3 Viral Core Facility of the Salk Institute) was infused into the same hemisphere of the ventral CA1/sub-

iculum. For ex vivo electrophysiology experiments, CCK-Cre mice were bilaterally infused with AAV2/1-Dlx5/6-DIO-ChR2-EGFP (0.3 mL, Vig-

ene Biosciences, custom production) into the ventral CA1/subiculum and with rhodamine retrobeads (590 nm, 1 mL, Lumafluor Inc.) into the

nucleus accumbens. For optogenetic experiments with CCK-Cre/DLX5/6-Flp/PFArchTmice, optic fibres were implanted bilaterally above the

ventral CA1/subiculum region (AP: -2.90 mm, DV: -4.10, ML:G 3.30 mm). For retrograde tracing experiments in combination with cFos label-

ing, cholera toxin subunit B conjugated to Alexfluor-555 (CTB-555, 0.7 mL, Invitrogen) was infused unilaterally into theNAc of CCK-ArchTmice.

Infusions were made via an internal cannula (31 gauge) in the target region connected by tubing to a 10 uL Hamilton syringe. The internal

cannula was left in place for 10 minutes after infusion to prevent solution backflow. Optic fibres were secured to the skull using dental cement

(RelyX Unicem; 3M). After surgery, mice were individually housed and allowed a minimum of 1 week to recover before behavioural experi-

ments. The brain coordinates described are in reference to Paxinos and Franklin (2007).

Behavioural Apparatuses and testing procedures

Experimental Timeline

For optogenetic inhibition of vHPC-NAc terminals, C57BL/6J littermate mice were randomly assigned to the EYFP (N = 8) and ArchT (N = 9)

group and solely underwent sucrose conditioned place preference (procedures described subsequently). For the cFos experiment without

optogenetic manipulation, C57BL/6J littermate mice were randomly assigned to each of the following conditions: home-cage (N = 5),

Reward-Alone (N= 5), Neutral Context (N = 5), Context + Reward (N = 5). For the cFos experiment with CCK interneuron inhibition, littermate

CCK-ArchT- (N = 6) and CCK-ArchT+ (N = 5) were injected with CTB-555 in the NAc and implanted with an optic fibre in the ipsilateral vCA1.

One CCK-ArchT- subject was excluded from CTB-555/cFos cell quantification due to mistargeting of the CTB-555 injection. For CCK inter-

neuron inhibition with behavioural testing, 2 experimental cohorts of CCK-ArchT- and CCK-ArchT+ littermates were prepared. The first

cohort of CCK-ArchT- (N= 8) and CCK-ArchT+ (N= 9) underwent sucrose conditioned place preference, followed 1month later by contextual

fear conditioning which was conducted in a separate testing room and apparatus. The second cohort of CCK-ArchT- (N= 8) and CCK-ArchT+

(N = 5) mice underwent repeated real-time place preference. Onemonth later, intact healthy mice were tested for social recognition memory

(CCK-ArchT-, N = 6) and CCK-ArchT+, N = 4).
14 iScience 27, 108824, February 16, 2024
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General procedures

One week after recovery from stereotaxic surgery, mice who underwent optogenetic behavioural testing were individually handled for 5 mi-

nutes on 3 consecutive days. On the last day of handling, mice were acclimated to being tethered to the optical patch cords for 5 minutes in

the behavioural testing room. Behavioural tests were conducted during the light phase of the cycle, under room lighting (100 lux), and tracked

and scored using ANY-maze� (Stoelting Co.) or FreezeFrame 4 (Coulbourne Instruments) for freezing behaviour. Apparatuses were cleaned

with 70% ethanol before the introduction of each individualmouse unless otherwise specified. For optogenetic inhibition, 532 nmof laser light

was set to a power of 15 mW from the fibre tip and delivered continuously, either throughout the apparatus or in a particular compartment as

described in the specific behavioural methods below.

Sucrose conditioned place preference

To test for changes in learning of context-reward associations, sucrose conditioned place preference was performed. Conditioned place

preference for sucrose solution (1% or 10% in water) was tested in a rectangular chamber comprised of two contexts (each 25 cm

L x 20 cmW x 30 cm H) with mice having free access to both contexts. The walls of each context had a pattern that was either black and white

horizontal stripes or black spots, and the floor was one of two metal textures. One day prior to training, mice were tested for their baseline

preference of the two contexts in a 5-minute session (Pre-Train Test). During training, the less preferred context contained sucrose solution

and the preferred side contained water. A petri dish (6 cm diameter) was filled with each solution (10 ml) and placed into either context at the

far opposing walls. Mice were placed into the light-unpaired side facing the wall and allowed to explore for 15 minutes. Light was delivered

upon entry into the sucrose-paired context as measured from the body’s centre point. Solutions were weighed before and after training to

measure the amount of consumption during training. Mice were trained over 3 consecutive sessions. Forty-eight hours after the last session, a

5 minute preference test was conducted (Post-Train Test). For this test, mice were first food and water deprived for 16 hours.

Contextual fear conditioning

The contextual fear task was conducted in arenas placed inside of sound-attenuating boxes (Med Associates Inc.). Two unique arenas (con-

texts) were usedwhich differed in their visual, tactile, and olfactory cues. The fear conditioning context (context A) was a square arena (30 cm L

x 24 cmWx 21 cmH) that hadwalls constructed ofmetal and clear plastic, ametal grid floor (19 stainless steel rods), and a house light, andwas

cleaned with 70% ethanol. The neutral context (context B) was semicircular in shape and was made of smooth white plastic (30 cm wide) and

was cleanedwith 4% acetic acid. During conditioning on day 1, mice were placed into context A for a total of 300 seconds during which 2 foot-

shocks (2 s, 0.7 mA) were delivered at timepoints 180 and 240 seconds into the session. The next day, mice were returned to context A for 300

seconds during which freezing was measured as an index of contextual fear memory. On day 3, mice were placed into the novel context B

for 300 seconds during which freezing was measured as index of contextual fear memory generalization. Freezing (minimum bout duration of

0.5 s) was automatically scored using tracking software (FreezeFrame 4, ActiMetrics).

Social recognition memory

Social memory was tested in a three-chamber social recognition memory test.65 The apparatus was made of clear Plexiglas and consisted of

three chambers, each measuring 40 cm L3 20 cmW3 40 cm H. The two side chambers contained a cylindrical wire cage (10.5 cm D3 11 cm

H, 1 cm bar spacing). Subjects were able to freely move between chambers through an opening (5 cm3 40 cm) in the partitioning walls. Sub-

ject mice were placed into the centre chamber and allowed to acclimate to the entire apparatus for 10 minutes. Following acclimation, a

4-week old adolescent male C57BL/6 mouse, unfamiliar to the subject, was placed into a cage in one of the side chambers and interaction

was permitted for 5 minutes. Immediately following this phase, the subject was confined to the centre while a second unfamiliar mouse was

placed in the previously empty cage. Interaction was again permitted for 5 minutes to test for social recognition memory. Interaction was

manually scored by key presses as any directed nose contact with the target mouse or cage. The initial unfamiliar mouse and chamber

side were counterbalanced within control and CCK-ArchT groups.
cFos behavioural procedures

To examine vHPC neural activation associated with context-reward learning, we measured cFos expression after mice were exposed to spe-

cific events. In the first experiment, mice were either exposed to sucrose solution (1%, Reward-Alone) in their home-cage, to a familiarized

context containing water (Neutral Context), or to the same context containing sucrose solution (1%, Context + Reward), or were gently

and briefly handled in the home-cage (Home-Cage). Prior to the day of exposure, mice underwent 4 consecutive habituation days during

which they were individually handled for 5 minutes and acclimated to the testing room in their home-cages for 2 hours. During the fourth

day, mice in the Neutral Context and Context + Reward conditions were habituated to the experimental arena context (25 cm L x 20 cm

W x 30 cm H) without water or sucrose for 5 minutes. On the fifth day, mice were first acclimated to the testing room for 2 hours in their

home-cages and were then exposed to their respective conditions for 10 minutes. They were then returned to their home-cages for 60 mi-

nutes, after which they were immediately sacrificed. In the second experiment, to determine whether CCK interneuron inhibition during

context-reward association learning affects vHPC neural activity, we analyzed cFos expression following exposure to a rewarding context

with optogenetic inhibition of CCK interneurons. On the fourth day of handling and room habituation, mice were also connected to the op-

tical patch cords and allowed to acclimate for 5 minutes in the home-cage. While tethered, they were habituated to the arena without reward
iScience 27, 108824, February 16, 2024 15
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for 5 minutes, were untethered and returned to the home-cage in the testing room for another 2-hour period. On the fifth day, mice were

habituated to the testing room for 2 hours and were then placed into the context with 1% sucrose solution and light delivery for 10 minutes.

After testing, mice were returned to their home-cage and sacrificed 60 minutes later.

Ex vivo electrophysiology

Slice preparation

Mice were sacrificed at postnatal day 90-120 and 1-2 weeks after the final stereotaxic surgery in order to prepare acute brain slices for opto-

physiological recording. We injected chloral hydrate solution (400 mg/kg) interperitoneally before decapitation. The brain was extracted into

ice-cold oxygenated ACSF-sucrose solution (254mM sucrose, 10mMD-glucose, 24mMNaHCO3, 2mMCaCl2, 2 mMMgSO4, 3 mMKCl, and

1.25 mMNaH2PO4, pH 7.4). A Dosaka Linear slicer was used to prepare ventrohippocampal coronal slices (�400 mm thick, Bregma -2.9mm to

-3.8mm); each slice was transferred to a chilled ACSF-sucrose solution filled petri dish and halved at the midline. Slices were then transferred

to an oxygenated recovery chamber filled with 30�C ACSF solution (128 mM NaCl, 10 mM D-glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM

MgSO4, 3 mM KCl, and 1.25 mM NaH2PO4, pH 7.4). After >1 hour of post-slicing recovery, slices were placed on to a slice chamber and

perfused with 30�C ACSF for optophysiological recordings.

Electrophysiological recordings

EGFP-positive CCK interneurons and retrobead-positive CA1 pyramidal cells in ventrohippocampal brain slices were identified respectively

using awhite-light collimated LED and FITC and TRITC filter cubes. Labelled neuronswere targeted for patching using IR-DIC via 60x lens on a

BX51WI microscope (Olympus). Pipettes (�2-4 MU) contained potassium gluconate (120 mM K-gluconate, 5 mM KCl, 2 mMMgCl2, 4 mM K2-

ATP, 0.4 mMNa2-GTP, 10 mMNa2-phosphocreatine, and 10 mMHEPES buffer; pH 7.3). Whole cell patch clamp recordings were conducted

using a HEKA EPC10 amplifier and Patchmaster software and were analyzed using Clampfit-10.7 (Molecular Devices, LLC). Channelrhodopsin

was stimulated with light via a 445/45 nm excitation filter, delivered in 1 ms pulses to stimulate the somata of ChR2-EGFP+ CCK interneurons

or 5 ms pulses to excite their axons terminating on retrobeadvHPC/NAc vCA1 pyramidal neurons.

Pharmacology

Drug manipulations to the slice during optophysiological experiments were administered via ACSF perfusion. Antagonists included the

GABA-A blocker bicucullinemethiodide (BCC, 3 mM, Tocris) by itself or, in a subset of neurons, BCC in combination with the GABA-B blocker

CGP 35348 (CGP, 1 mM; Tocris). Antagonist was pre-applied for 5 minutes before and co-applied during the relevant optophysiological

recording. To examine the recovery of the optophysiological effect upon partial washout, additional recordings were performed in a subset

of neurons �5-10 mins after BCC application ended.

Histology

Mice were transcardially perfused with PBS, pH 7.4, followed by 4% PFA. Brains were extracted and postfixed overnight in 4% PFA at 4�C and

then cryoprotectedwith PBS containing 30% sucrose. Brains were sectioned coronally at 40 mm thickness using a cryostat (LeicaMicrosystems,

CM 1520). For immunostaining, free-floating brain sections were blockedwith 5% normal donkey serum in 0.1% Triton X-100 in PBS (PBS-T) for

2 h. Sections were then incubated for 48–72 h at 4�C with PBS-T containing a combination of the following primary antibodies: rabbit poly-

clonal anti-CCK-8 (1:1000, Sigma Millipore, C2581, rabbit anti-proCCK (Frontier Institute, Af350), rabbit polyclonal anti-GABA (1:1000, Sigma

Millipore, A2052), rabbit polyclonal anti-PV antibody (1:1000, Abcam, ab11427), rabbit polyclonal anti-vasoactive intestinal peptide (VIP)

(1:500, Immunostar, 20077), rat polyclonal anti-somatostatin (1:500, Millipore, MAB354), rabbit polyclonal anti-cFos (1:1000, Santa Cruz

Biotechnology), chicken polyclonal anti-GFP (1:1000, Abcam, ab13970), and goat polyclonal anti-mCherry (1:1000, Sicgen, AB0040-200). Pri-

mary antibody incubation was followed by incubation for 2 h at room temperature with PBS-T containing the following secondary antibodies:

AlexaFluor-488-conjugated donkey anti-rabbit (1:1000, Jackson ImmunoResearch Laboratories, 711545152), AlexaFluor-594-conjugated

donkey anti-rabbit (1:1000, Jackson ImmunoResearch Laboratories, 715515152), Cy5-conjugated donkey anti-rabbit (1:1000, Jackson

ImmunoResearch Laboratories, 711175152), DyLight-405-conjugated donkey anti-rabbit (1:500, Jackson ImmunoResearch Laboratories,

711475152), AlexaFluor-488-conjugated donkey anti-chicken (1:1000, Jackson ImmunoResearch Laboratories, 703545145), and AlexaFluor-

594-conjugated donkey anti-goat (1:1000, Jackson ImmunoResearch Laboratories, 705515147). For cell counting experiments, every fourth

section of the vHPC was collected and immunostained. The sections were mounted and imaged on a confocal laser scanning microscope

with a 203 objective (Leica LSM 800). Fluorescent cells were counted in the ventral CA1 and subiculum (bregma -3.30 mm to -3.8 mm) in

a 300 3 700 mM area using ImageJ2 Fiji.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using One-way ANOVA, repeated measures ANOVA, Mixed ANOVA, and paired and unpaired Student’s t-tests. Where

appropriate, ANOVAs were followed by post-hoc tests. Statistical analyses were performed using GraphPad Prism 9.5.1. Statistical details of

experiments can be found in the figure legends.
16 iScience 27, 108824, February 16, 2024
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