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Abstract

BACKGROUND: Neuropeptides are contained in nearly every neuron in the central nervous
system and can be released not only from nerve terminals but also from somatodendritic sites.
Cholecystokinin (CCK), among the most abundant neuropeptides in the brain, is expressed in the
majority of midbrain dopamine neurons. Despite this high expression, CCK function within the
ventral tegmental area (VTA) is not well understood.

METHODS: We confirmed CCK expression in VTA dopamine neurons through
immunohistochemistry and in situ hybridization and detected optogenetically induced CCK
release using an enzyme-linked immunosorbent assay. To investigate whether CCK modulates
VTA circuit activity, we used whole-cell patch clamp recordings in mouse brain slices. We infused
CCK locally in vivo and tested food intake and locomotion in fasted mice. We also used in vivo
fiber photometry to measure Ca2* transients in dopamine neurons during feeding.

RESULTS: Here we report that VTA dopamine neurons release CCK from somatodendritic
regions, where it triggers long-term potentiation of GABAergic (gamma-aminobutyric acidergic)
synapses. The somatodendritic release occurs during trains of optogenetic stimuli or prolonged
but modest depolarization and is dependent on synaptotagmin-7 and T-type CaZ* channels.
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Depolarization-induced long-term potentiation is blocked by a CCK5 receptor antagonist and
mimicked by exogenous CCK. Local infusion of CCK in vivo inhibits food consumption and
decreases distance traveled in an open field test. Furthermore, intra-VTA-infused CCK reduced
dopamine cell Ca2* signals during food consumption after an overnight fast and was correlated
with reduced food intake.

CONCLUSIONS: Our experiments introduce somatodendritic neuropeptide release as a
previously unknown feedback regulator of VTA dopamine cell excitability and dopamine-related
behaviors.

Nearly every neuron in the brain contains neuropeptides (1). Acting at G protein—

coupled receptors, they can regulate neuronal excitability by modulating voltage-gated ion
channels and modify synaptic transmission mediated by classical neurotransmitters (1,2).
Neuropeptides are synthesized in somata and dendrites and are then cleaved and stored in
large dense core vesicles, which are axonally transported and released from nerve terminals.
However, neuropeptides are also released at somatodendritic sites (2—10). The best-studied
examples of somatodendritic peptide release are oxytocin and vasopressin, which serve
autocrine and paracrine roles in regulating hypothalamic neuron excitability (7,11). Large
dense core vesicles that contain peptides are found in similar numbers in axons and dendrites
(12-14), indicating that somatodendritic peptide release may serve a functional role as
important as neuropeptide release from nerve terminals.

The first example of somatodendritic neurotransmitter release was dopamine release from
ventral tegmental area (VTA) and substantia nigra neurons (15). Although dopamine cells
express several neuropeptides, somatodendritic neuropeptide release from these neurons has
not been described. Originally identified in the gut as a modulator of digestive function,
cholecystokinin (CCK) is one of the most highly expressed neuropeptides in the brain
(16,17). CCK is coex-pressed with dopamine in most VTA neurons in rats, monkeys, mice,
and humans (18-24).

Controlling the excitability of midbrain dopamine neurons is critical because changes in
dopamine release shape multiple physiological phenomena ranging from motor function to
motivation and learning (25-31). Both local and extrinsic GABAergic (gamma-aminobutyric
acidergic) afferents control the firing of dopamine neurons, and thus plasticity of inhibitory
synapses has a major influence on these circuits (32-35). We previously reported that
inhibitory GABAergic synapses in the VTA undergo long-term potentiation (LTP) following
afferent stimulation paired with depolarization (36,37). These studies indicated an NMDA
receptor—independent mechanism for LTP that requires depolarization of the postsynaptic
dopamine cell and is blocked by postsynaptic chelation of Ca2*, which are features
consistent with somatodendritic release of a neuro-modulator mediating LTP induction.
Here we report that somatodendritic release of CCK underlies LTP of specific GABAergic
synapses onto VTA dopamine neurons. We also demonstrate that CCK depresses VTA
dopamine cell activity, feeding, and locomotion. Our work suggests that CCK released
somatodendritically from dopamine neurons exerts potent behavioral effects.
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METHODS AND MATERIALS

All procedures were carried out in accordance with the guidelines of the National Institutes
of Health for animal care and use and were approved by the Administrative Panel on
Laboratory Animal Care from Stanford University. Pitx3-GFP, DAT-IRES-Cre, Ai32, syt7
knockout (KO), Ail4, and C57BL/6 male and female mice were bred in-house.

Electrophysiology

VTA-containing horizontal slices were cut in a choline-based solution at a thickness of 220
pum and submerged in artificial cerebrospinal fluid until being transferred to the recording
chamber. Slices were perfused at 28 °C to 32 °C in artificial cerebrospinal fluid containing
DNQX, APV (2-amino-5-phos-phonopentanoic acid), and strychnine. Whole-cell patch
clamp recordings were made from VTA neurons.

Enzyme-Linked Immunosorbent Assay

DAT-IRES-Cre mice were injected with AAV-DJ-EF1a-DIO-hChR2(H134R)-EYFP into the
VTA. One week later, horizontal slices from 5 mice were cut and a supernatant sample

was collected; 2 seconds of 20-Hz blue light pulses were delivered (6 minutes) and the
supernatant was again collected. CCK concentrations were measured using an enzyme-
linked immunosorbent assay Kkit.

Behavioral Tests

Mice had intra-VTA saline or CCK (1000 pmol/0.5 pL) administered in a counterbalanced,
crossover design, with at least 5 days between infusions. Mice were fasted overnight and
then received local bilateral intra-VTA infusions. Immediately after drug infusions, mice
were given access to a preweighed food pellet and food intake was assessed at 1 hour.

For open field locomotion, after intra-VTA infusions, distance traveled and velocity were
measured using video-tracking software.

Fiber Photometry

Statistics

Fiber photometry was performed as previously described (38,39). DAT-IRES-Cre mice

were unilaterally injected with AAV9-hSyn-FLEX-jGCaMP8m into the VTA and implanted
with dual optical fiber/multiple fluid injection cannulas that allow microinjections into the
recording site. After 3 weeks, mice were habituated to palatable fruit loops in the home

cage for 1 week and to microinjection and photometry procedures. On recording days,
immediately after microinjections, mice were connected to patch cables. After a 5-minute
baseline, fruit loops were placed in the cage and mice were allowed to consume freely for 30
minutes.

Sample sizes were determined from our previous experiments and from related literature

for electrophysiology experiments (40,41), behavior (42-52), and fiber photometry
(38,39,51,53-58). All data are presented as mean + standard error. Differences were deemed
significant with p < .05. Data were first tested using the Shapiro-Wilk test for assessing
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normality. Data that passed this test were tested using a parametric test, while data that did
not display a normal distribution were tested using a nonparametric test for significance
(Table S1). We did not observe sex-specific trends in any of our experiments with CCK,
although brain punches from the VTA of male rats have been reported to have more CCK
than that of females (59); no differences were noted across the estrus cycle (not measured in
our experiments) (60). In brain punches, differences in CCK concentrations may result from
nerve terminals or cell bodies other than dopamine neurons.

RESULTS

Depolarization of a Postsynaptic Dopamine Neuron Potentiates GABA, Inhibitory
Postsynaptic Currents

We previously found that low-frequency stimulation (LFS) paired with sustained modest
depolarization induces LTP at GABA synapses in the VTA, but the mechanisms

were unclear (36) (Figure 1A-C). We hypothesized that even in the absence of LFS,
depolarization could release a signaling molecule from the recorded dopamine neuron that in
turn elicits LTP. To test whether depolarization alone could potentiate GABAergic synapses,
we recorded GABA, receptor inhibitory postsynaptic currents (IPSCs) evoked using a
stimulating electrode placed caudal to the VTA. Depolarization (—-40 mV for 6 minutes)
caused LTP of a magnitude similar to that triggered by LFS plus depolarization (Figure 1D-
F), with a relatively slow onset. Thus, LFS is not required, but instead depolarization alone
is sufficient to initiate LTP. We measured paired-pulse ratios and coefficient of variance
(1/CV?2) before and after depolarization but observed no differences either in paired-pulse
ratios (0.93 + 0.06 vs. 0.86 + 0.06; p = .34) or 1/CVZ2 (19.6 = 7.3 vs. 26.5 = 9.9; p> .9999).
To further test whether depolarization of dopamine cells is sufficient to induce LTP, we
expressed ChR2 (channelrhodopsin-2) in the VTA of DAT-IRES-Cre mice and stimulated
dopamine cells with blue light. Optogenetic stimulation trains also triggered LTP of evoked
GABAergic IPSCs (Figure 1G-I).

Dopamine has long been known to be released somatodendritically from midbrain dopamine
neurons and is therefore an obvious candidate to mediate LTP. Blocking both D1 and

D, receptor classes did not prevent depolarization-induced LTP, indicating that dopamine
release is not necessary for this form of LTP (Figure 2A-C). Instead some other signaling
molecule released upon depolarization may be required.

Dopamine Neurons Contain CCK and Release It With Optogenetic Stimulation

GFP-positive cells from Pitx3-GFP mice are concordant with tyrosine hydroxylase—
expressing neurons in the lateral VTA (40). Using these mice, we confirmed that CCK

is highly expressed in VTA dopamine cells (Figure SLA-C) (75.3 + 1.8% GFP-positive
neurons were also CCK-positive), as shown previously. Consistent with this finding, we
found a 77.5 + 1.6% overlap of messenger RNA for DAT and CCK using fluorescence in
situ hybridization (22) (Figure S1D-F).

It was previously found that in rat midbrain slices, high K* depolarization evoked CCK
release that was measured using radioimmunoassay. However, this protocol is expected to
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release CCK from both somatodendritic and axon terminal sites (41). In a more targeted
approach, we used DAT-IRES-Cre mice selectively expressing ChR2 in dopamine cells

and measured CCK through an enzyme-linked immunosorbent assay. After optogenetic
stimulation, the CCK concentration in the supernatant increased (Figure 3C), demonstrating
that CCK release observed was from dopamine neurons.

LTP Is Blocked by a CCK, Receptor Antagonist

Might CCK release occurring during depolarization cause LTP? CCK acts via 2 G protein—
coupled receptors, CCK1R and CCK2R (61,62); CCK2R is predominant in the brain (63—
66). We therefore bath applied the CCK2R antagonist, LY225910, and tested whether
depolarization was still capable of inducing LTP. Neither depolarization paired with LFS
(Figure 3D-F) nor depolarization alone (Figure 3G-I) potentiated IPSCs in the presence

of the CCK2R antagonist. Using fluorescence in situ hybridization, we did not detect
expression of CCK1R (data not shown) or CCK2R messenger RNA within the VTA (Figure
3J), indicating that these receptors are not likely to be found in somata or glial cells within
the VTA. These results suggest that CCK acting via the CCK2R is necessary for LTP and
that CCK2Rs are likely to be localized on afferent nerve terminals rather than in any VTA
cell population.

CCK Occludes LTP of IPSCs and Acts in a Synapse-Specific Manner

If depolarization-induced CCK release from a single recorded dopamine neuron is sufficient
to trigger LTP (Figure 1D-F), then application of exogenous CCK should mimic this. As
expected, bath application of CCK elicited LTP with a time course and of a magnitude
similar to LTP evoked with depolarization (Figure 4A-C). If CCK release is part of

the mechanism underlying depolarization-induced LTP, bath application of CCK would

be expected to prevent further potentiation by depolarization. After CCK application,
depolarization did not elicit further LTP, arguing for a shared mechanism (Figure 4D-F).

In the experiments above, we used a stimulating electrode positioned caudal to the VTA.
We next asked whether CCK-induced potentiation exhibits synapse specificity. In contrast
to CCK-induced LTP of caudally evoked IPSCs, IPSCs evoked with a rostrally placed
stimulating electrode were unaffected by CCK (Figure 4G-I), consistent with previous
results (36,67). All our recordings to this point were localized to the lateral VTA region

in I,* neurons. We also tested for CCK-induced LTP in GFP*, 1;,~ dopamine neurons in

the medial VTA and found that CCK does not potentiate synapses on these cells (Figure
S2). CCK also failed to potentiate caudally evoked IPSCs from identified VTA GABAergic
neurons. Together our data demonstrate that CCK is necessary and sufficient for selective
potentiation of caudally evoked IPSCs onto specific VTA cell populations.

CCK Does Not Modulate D2-IPSCs

Coexpression of CCK and dopamine and their shared ability to undergo somatodendritic
release from dopamine neurons prompted us to investigate their interplay. Train-evoked
postsynaptic currents mediated by release of dopamine acting at D, autoreceptors are

a convenient readout of somatodendritic dopamine release (D2-1PSCs) (68). To test the
possibility that CCK modifies somatodendritic dopamine release, we simultaneously evoked
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D2-1PSCs and GABA IPSCs in the same cells and bath-applied CCK (Figure 5A, B).
While CCK potentiated GABAergic IPSCs as expected, it had no effect on D2-IPSCs
(Figure 5C, D). Thus, CCK does not appear to influence somatodendritic release of
dopamine.

CCK Release Requires T-Type Calcium Channels and Synaptotagmin-7

Avrise in intracellular calcium is generally required for somatodendritic release of peptides,
but the calcium sources can be diverse (38). Consistent with a critical role for intracellular
Ca?*, inclusion of the calcium chelator BAPTA in the recording pipette prevented
depolarization-induced LTP (Figure 6A—C). Our setup precluded contributions from NMDA
receptors and/or AMPA receptors, while the prolonged depolarization protocol (6 minutes)
limited the possible contributions of most voltage-gated calcium channels (VGCCs) because
they are rapidly inactivated. However, tonic influx of calcium through T-type VGCCs can
occur at membrane potentials close to rest (39,42—-44). Therefore, we next tested NiCl, at a
concentration (50 pM) that primarily blocks T-type VGCCs (39,45,46). Depolarization did
not potentiate IPSCs, indicating that T-type channels may be required for CCK release. In
contrast, D2-1PSCs could still be evoked (4/4 cells) (Figure 6D-F).

The release machinery required for somatodendritic release differs from that at nerve
terminal active zones (38,47). Synaptotagmins-4 and —7 have been implicated in
somatodendritic release of neuropeptides as well as dopamine (48-50). In syt7 KO mice,

we found that depolarization-induced LTP was strongly attenuated (Figure 6G-I). D2-IPSCs
in slices from these mice were also markedly reduced (6/7 cells). Our results suggest that
both somatodendritic dopamine and CCK release require synaptotagmin-7.

Intra-VTA Delivery of CCK Reduces Food Intake, Locomotion, and Dopamine Neuron Firing

Rate

What physiological processes might be controlled by the local release of CCK within

the VTA? CCK-expressing VTA neurons project most strongly to the nucleus accumbens
shell (24,51) and contribute to the regulation of reward behaviors (24). We therefore asked
whether CCK infused into the VTA modulates consummatory behavior. After overnight food
deprivation, wild-type mice received either CCK or saline microinjections locally into the
VTA. Consumption of standard chow was measured over a 1-hour period. In a crossover
design, intra-VTA delivery of CCK reduced food intake when compared with intra-VTA
delivery of saline in the same animals (Figure 7B). Because midbrain dopamine neurons
modulate motor behaviors, we also assessed the impact of intra-VTA CCK delivery on
locomotor behavior in the open field and found that both total distance traveled and velocity
were reduced after treatment with CCK (Figure 7C, D). Together, these behavioral data
indicate that when released in the VTA, CCK inhibits both feeding and locomotor activity.

CCK behavioral effects might result from a decrease in dopamine cell activity. We tested
whether in vivo intra-VTA CCK infusion modulates dopamine neuron firing rate in slices
(Figure 7E, F; Figure S3). After infusion of CCK, GFP+ neurons from Pitx3-GFP mice
displayed reduced firing rates compared with cells from vehicle-treated mice.
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CCK may inhibit feeding behavior by decreasing dopamine cell excitability. We measured
Ca?* transients while mice engaged in home cage feeding after infusion of saline or

CCK in a crossover design (Figure 8A). DAT-IRES-Cre mice were injected with AAV-
FLEX-GCaMP8m and implanted with a cannula/optic fiber in the VTA. Fasted mice

were microinjected with CCK or saline into the VTA and imaging was started. With

saline infusion, dopamine cells displayed transient increases in activity time-locked to
food consumption. However, after CCK, dopamine cell activity upon food consumption
was significantly dampened (Figure 8C, D, F). The amount of food consumed was also
significantly reduced with CCK infusion compared with saline infusion (Figure 8E).
Moreover, the degree of CCK-induced dopamine cell inhibition and food intake reduction
(compared with those measured after saline) were highly correlated (Figure 8G). Together,
these data suggest that CCK signaling in the VTA reduces dopamine cell activity to suppress
food intake and indicate a likely role for somatodendritically released CCK.

DISCUSSION

The central nervous system signaling roles of neuropeptides are not well understood despite
their broad distribution (1). For example, the expression of CCK in dopamine neurons

was identified over 40 years ago (18), but even the deployment of modern tools has

focused on CCK as a useful marker of cell groups rather than elucidating the functions

of CCK itself (24,51). Here we report that CCK is released somatodendritically when
dopamine cells are depolarized, and in turn it potentiates inhibitory synapses. Our results
support the idea that locally released CCK is part of an inhibitory feedback mechanism,
acting synergistically with somatodendritic dopamine release to inhibit dopamine neuron
excitability and modulate dopamine-dependent behaviors. Given the widespread expression
of CCK in other brain areas, this may be a general mechanism to regulate synaptic strength.

CCK Is Somatodendritically Released From Dopamine Cells

The CCK release we observe is likely predominantly of somatodendritic origin rather

than from nerve terminals. First, only a small subset of dopaminergic nerve terminals in

the VTA originate from VVTA/substantia nigra pars compacta (52,53). Second, blocking
T-type VGCCs with Ni2* blocks the CCK-induced LTP, but is not expected to affect nerve
terminal release of neurotransmitter (54). Finally, we evoked CCK release with subthreshold
depolarization of a single dopamine cell, a stimulus unlikely to trigger nerve terminal
release.

Optogenetic depolarization of dopamine neurons in the VTA triggers somatodendritic CCK
release, which has not been accounted for in optogenetic studies to date. Moreover, other
neuropeptides are expressed in dopamine neurons, and depolarization may trigger their
release as well (55,56). Somatodendritic peptide release may be a common result of
depolarizing stimuli and will need to be considered in studies using optogenetic activation of
cell body and dendritic sites.

Biol Psychiatry. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinez Damonte et al. Page 8

Somatodendritic CCK Release Requires T-Type Ca?* Channels and Synaptotagmin-7

CCK release is blocked by chelation of calcium in the dopamine cell, consistent with

the reported requirement for extracellular Ca%* in high K*-induced CCK release from
midbrain slices (41). Among VGCCs, T-type channels are likely candidates to contribute
to depolarization-induced CCK release based on their voltage dependence (42,44), and our
data with NiCl, support this hypothesis (57). It is somewhat surprising that a 6-minute
depolarization to —40 mV releases CCK because dopamine neurons exhibit relatively
depolarized membrane potentials, firing spontaneously in vivo and in vitro. Trains of
optogenetic depolarizing pulses that may mimic more physiologically relevant stimuli also
release CCK, triggering LTP (Figure 1G, H) and allowing biochemical detection of CCK
release (Figure 3A-C).

Synaptotagmin-1 is likely to account entirely for fast dopamine release from striatal nerve
terminals (48,58,69). However, even in dopamine axon fields in the striatum, in sytl KO
mice, high K*-dependent and action potential-dependent dopamine release still occur.
This finding indicates that another Ca2* sensor, hypothesized to be synaptotagmin-7, is
responsible for an additional slower form of release (58,70). Synaptotagmin-7 is found

in somatodendritic compartments (48), and knockdown of synaptotagmin-7 was also
reported to decrease somatodendritic dopamine release from cultured neurons (48). In our
experiments, both CCK release (using depolarization-induced LTP as a proxy for CCK
release) and the D2-1PSC (a readout of somatodendritic dopamine release) were absent

in the syt7 KO mice. Our data support a model in which Ca2* entry through T-type

Ca?* channels, perhaps augmented by store-operated Ca2* release (71,72), promotes the
movement and fusion of CCK-containing vesicles to the plasma membrane through a
synaptotagmin-7—dependent mechanism (73).

Somatodendritic Release of Dopamine and CCK May Occur Independently

Theoretically, vesicles that contain dopamine could also contain CCK, analogously with
adrenal chromaffin cells that contain both catecholamines and peptides (74,75). CCK
release clearly potentiates inhibitory synapses after a single dopamine neuron is voltage-
clamped to —40 mV (without evoking action potentials) (Figure 1A-F), while D2-IPSCs

are tetrodotoxin sensitive (68). The Ca2* chelator, BAPTA (10 mM), in the intracellular
solution does not block the D2-IPSC (32), but in our experiments 30 mM BAPTA does
prevent depolarization-induced LTP (Figure 5A-C) (37). Furthermore, our data suggest

that CCK release is blocked by 50 uM Ni2*, while somatodendritic dopamine release

was relatively unaffected by T-type channel block (76,77). Finally, if the trains we used

to evoke D2-IPSCs had caused significant release of CCK, GABAA IPSCs should have
undergone LTP, preventing further potentiation upon CCK application (Figure 5C, D).
Together, the evidence suggests that somatodendritic release of dopamine and CCK can
occur independently. However, because we only tested a few release protocols, simultaneous
release remains a possibility, and genetically encoded sensors may be useful tools to test this
idea.
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Somatodendritic Release of Dopamine and CCK Act Synergistically Over Different

Timescales

Somatodendritically released dopamine hyperpolarizes dopamine cells and is thought to
provide feedback inhibition after a burst of action potentials, on a timescale of milliseconds
to seconds (70,78). In contrast, CCK initiates a gradual, far slower—onset LTP of GABAergic
afferents over many minutes, and the potentiation lasts for at least an hour. Because
neuropeptides can diffuse relatively long distances before being degraded, modulation by
CCK may not be localized, unlike somatodendritically released dopamine, which undergoes
rapid reuptake. The timescales of neuromodulation of dopamine neuron excitability by
dopamine and CCK may be analogous to the separate roles of endocannabinoid modulation:
local and brief in the case of depolarization-induced suppression of inhibition and excitation
(79) and longer-lasting in the case of endocannabinoid LTD (80).

CCK Modulates Local Circuit Function

Rather than upregulating all inhibitory synapses, CCK acts on a specific afferent population
or subcircuit. Exogenous CCK or depolarization that releases CCK selectively potentiates
only caudally evoked but not rostrally evoked IPSCs (Figure 4) (67). CCK also has no
effect on IPSCs recorded in VTA GABAergic neurons, nor on dopamine cells in the medial
VTA, even though medial dopamine cells appear to contain CCK (Figures S1 and S2).
Furthermore, depolarization potentiates synapses from periaqueductal gray (37) but not
those from the rostromedial tegmental nucleus (81,82). The simplest model to explain these
features is that CCK does not exert autocrine effects on dopamine cells but instead acts on
specific susceptible GABAergic terminals that express the CCK2R. Our fluorescence in situ
hybridization data support this idea, indicating very low levels of CCK2Rs on somata or
astrocytes in the VTA (Figure 3J). However, we did not detect changes in paired-pulse ratio
and 1/CV2 that often accompany presynaptically maintained LTP. Additional work is needed
to further explore this novel neuropeptide-dependent LTP mechanism.

Other than the periaqueductal gray (37), known GABAergic populations that target the
mouse VTA include the bed nucleus of the stria terminalis, VTA, dorsal raphe, ventral
pallidum, lateral hypothalamus, and nucleus accumbens (83-88). Among these regions,
CCKZ2R binding in rat was reported in the bed nucleus of the stria terminalis, nucleus
accumbens, and lateral hypothalamus, suggesting that afferents from one or more of these
populations may be potentiated by CCK.

CCK Infused Into the VTA Decreases Food Consumption and Dopamine Cell Activity

Early studies in rats reported that CCK can transiently excite VTA dopamine cells (89-91),
but other studies found that CCK potentiates dopamine-induced inhibition of dopamine cell
firing in vitro and in vivo (90,92). This inhibition is consistent with our recordings showing
that CCK infusion in vivo reduces dopamine cell firing rate (Figure 7E, F). These effects
were seen minutes to hours after CCK exposure, leaving open the possibility that CCK may
induce transient excitation followed by persistent inhibition. Our Ca2* imaging data also
support a critical role for CCK in inhibiting dopamine cell activity in vivo, consistent with
LTP of inhibitory synaptic transmission.
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Dopamine neurons fire during consumption of food and water and are essential for
motivation for food rewards (93,94), although they may not be necessary for feeding per

se (26,95-97). We find that bilateral intra-VTA CCK infusion in mice inhibits feeding after
an overnight fast, as previously reported in rats 2 hours postinfusion (98). In addition to
blunting food-evoked Ca?* activity in dopamine cells, CCK microinfusions concomitantly
reduced food intake. Furthermore, the magnitudes of these reductions were significantly
correlated, perhaps indicating a causal role for CCK-induced dopamine neuron inhibition in
feeding suppression.

What Is the Role of CCK in the VTA?

VTA dopamine neurons may release CCK as a negative feedback modulator to tune down
their own activity. This mechanism might be critical for the calibration of food intake,
preventing animals from consuming more than necessary, independent of peripheral CCK
(99). Previous work has shown that insulin, which is elevated in plasma after feeding,
depresses excitatory synapses on dopamine neurons after feeding (100,101), and similarly,
leptin reduces dopamine cell firing rates and suppresses food intake (102). If CCK is
released upon feeding, it may act synergistically with insulin and leptin to inhibit dopamine
cells and suppress the motivation to continue feeding.

We observed a modest decrease in locomotion after CCK microinfusions. Our intra-VTA
CCK infusions may have reached the substantia nigra, which modulates motor behavior
where dopamine neurons also colocalize CCK (18,103). VTA projections to substantia
reticulata could also be influenced by local CCK release (104). We previously found

that optogenetically driving periaqueductal gray—to-VTA afferents promoted an immobility
phenotype in mice (37); because these synapses are potentiated by depolarization, they could
contribute to CCK-mediated reduction in locomotion.

Dopaminergic projections from the VTA are required for motivated and natural reinforcing
behaviors. Feeding and drugs of abuse increase dopamine release (105). Local CCK
potentiates inhibitory synapses and depresses dopamine cell firing in the lateral VTA,
suggesting that somatodendritic CCK release may exert an inhibitory influence on
reinforcement.

Somatodendritic Release May Be a Common Feature of Neuropeptide Signaling

Our data show that a neuropeptide can be released somatodendritically with modest stimuli
and exert persistent effects on synaptic strength. Beyond the well-established examples of
vasopressin and oxytocin release from supraoptic nucleus (2), somatodendritic release of
galanin is hypothesized to exert feedback inhibition on locus coeruleus noradrenergic cells
(8,9,106), and neuropeptide Y may also provide autocrine modulation via dendritic release
from reticular thalamic neurons (107). Intriguingly, CCK is also required for glutamatergic
LTP in auditory neocortex (10). Although this could result from axon terminal release,
somatodendritically released CCK may also have a role. Reminiscent of what we report in
the VTA, CCK is released in the dorsomedial hypothalamus by repetitive depolarization of
postsynaptic cells and acts on CCK2R to transiently potentiate GABAergic synapses (5,6).
Peptide signaling adds complexity and richness to neural circuits.
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Figure 1.
Depolarization alone potentiates IPSCs in the VTA dopamine cells. Left-hand diagrams in

this and all figures illustrate the experimental design. (A) Representative time course and
example IPSCs (inset) before and after a 6-minute depolarization of the recorded dopamine
neuron from =70 to —40 mV with simultaneous afferent LFS (1 Hz) (DEP+LFS). (B)
Averaged IPSC amplitudes before and after DEP+LFS (n7= 8 cells/8 mice). (C) IPSC
amplitudes before and after DEP+LFS (/7= 8 cells/8 mice, 5 cells from male mice, 3 from
female mice). Paired ftest, p= .02, df= 7. For this and all figures, colored symbols/lines
represent the mean. Error bars represent SEM. (D) Representative time course and example
IPSCs before and after a 6-minute depolarization of the recorded neuron from —70 to —40
mV (DEP). Data for (A—C) are from wild-type mice. (E) Averaged IPSC amplitudes before
and after DEP (n7= 10 cells/8 mice). (F) IPSC amplitudes before and after DEP (7= 10
cells/8 mice; 7 cells from male mice, 3 from female mice). Paired ftest, p= .01, df=9. (G)
Representative time course and example IPSCs from a VTA dopamine neuron expressing

Biol Psychiatry. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Martinez Damonte et al. Page 18

channelrhodopsin-2 (Ai32:DAT-IRES-Cre mouse) before and after optical stimulation using
trains of light (20 Hz, 1000 ms) delivered for 6 minutes in current clamp. (H) Time course
of averaged IPSC amplitudes before and after optical stimulation (n7=5 cells/3 mice). (1)
IPSC amplitudes before and after optical stimulation (r7=>5 cells/3 mice, 2 cells from male
mice, 3 from female mice). Paired ftest, p=.03, df= 4. Scale bars = 100 pA, 10 ms. DEP,
depolarization; GFP, green fluorescent protein; IPSC, inhibitory postsynaptic current; LFS,
low-frequency stimulation; norm., normalized; opto, optogenetic stimulation; VTA, ventral
tegmental area.
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Figure 2.
Depolarization-induced long-term potentiation is not blocked by dopamine receptor

antagonists. (A) Representative time course and example IPSCs before and after DEP+LFS
in the presence of sulpiride (150 nM) and SCH 23390 (10 uM). (B) Time course of averaged
IPSC amplitudes before and after DEP+LFS (7= 8 cells/4 mice). (C) IPSC amplitudes
before and after DEP+LFS (n7= 8 cells/4 mice, 8 cells from female mice). Paired ftest, p=
.02, df=1. Scale bars = 100 pA, 10 ms. D1R, dopamine D receptor; D2R, dopamine Dy

1duosnuepy Joyiny 1duosnuely Joyiny
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receptor; DEP, depolarization; GFP, green fluorescent protein; IPSC, inhibitory postsynaptic
current; LFS, low-frequency stimulation; norm., normalized; VTA, ventral tegmental area.
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Figure 3.
Depolarization of dopamine neurons releases CCK and triggers long-term potentiation

acting on CCK2R receptors. (A) Diagram of experimental design for ELISA. (B)
Representative calibration curve from 1 experiment. (C) CCK concentration before and after
optogenetic stimulation of the VTA dopamine neurons (6 experiments, 5 mice/experiment,
19 male and 11 female mice). Wilcoxon paired test, p = .03. (D) Representative time

course and example IPSCs before and after a 6-minute depolarization of the recorded
neuron from —70 to —40 mV with simultaneous afferent LFS (1 Hz) (DEP+LFS) in the
presence of LY225910 (1 uM). (E) Time course of averaged IPSC amplitudes before and
after DEP+LFS (n=7 cells/4 mice). Colored symbols/lines represent the mean response
across all cells; error bars represent SEM. (F) IPSC amplitudes before and after DEP+LFS
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in the presence of LY225910 (n = 7 cells/4 mice, 6 cells from male mice, 1 cell from a
female mouse). Wilcoxon paired test, p=.58. (G) Representative time course and example
IPSCs before and after a 6-minute depolarization of the recorded dopamine neuron from
—70 to —40 mV (DEP) in the presence of LY225910 (1 pM). (H) Averaged IPSC amplitudes
before and after DEP (7= 6 cells/3 mice). (1) IPSC amplitudes before and after DEP in

the presence of LY225910 (n7= 6 cells/3 mice, 4 cells from male mice, 2 from female
mice). Paired ttest, p=.51, df=5. Scale bars = 100 pA, 10 ms. (J) Representative
confocal images of fluorescent in situ hybridization on a coronal slice through the VTA.
Dat (green), Cck (red), Cck2r (magenta), and merge: overlay of all 3 signals. Scale bar at
high magnification = 20 pm. CCK, cholecystokinin; CCK2R, cholecystokinin 2 receptor;
DEP, depolarization; ELISA, enzyme-linked immunosorbent assay; GFP, green fluorescent
protein; IPSC, inhibitory postsynaptic current; LFS, low-frequency stimulation; norm.,
normalized; opto, optogenetic; VTA, ventral tegmental area.
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Figure 4.
CCK is necessary and sufficient to potentiate caudally evoked but not rostrally evoked

IPSCs. (A) Representative time course and example IPSCs evoked in a dopamine neuron
with a stimulating electrode placed caudal to the VTA (diagram) before and during bath
application of CCK (0.1 uM). (B) Averaged caudally evoked IPSC amplitudes before and
during the presence of CCK (n7= 8 cells/7 mice). (C) Caudally evoked IPSC amplitudes
before and after application of CCK (n7= 8 cells/7 mice, 3 cells from male mice, 5 from
female mice). Paired ftest, p= .04, df=7. (D) Representative time course and example
IPSCs before and after DEP+LFS in the presence of CCK. CCK (1 uM) was present for at
least 20 minutes before DEP+LFS. (E) Time course of averaged IPSC amplitudes before and
after DEP+LFS (n=7 cells/5 mice). (F) IPSC amplitudes before and after DEP+LFS (n=
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7 cells/5 mice, 2 cells from male mice, 5 cells from female mice). Wilcoxon paired test, p
>.999. (G) Representative time course and example IPSCs evoked in a dopamine neuron
with a stimulating electrode placed rostrally within the VTA (diagram) before and after bath
application of CCK (0.1 uM). (H) Averaged rostrally evoked IPSC amplitudes before and
after CCK application (n7=7 cells/5 mice). (1) Rostrally evoked IPSC amplitudes before

and after CCK application (n7=7 cells/5 mice, 5 cells from male mice, 2 cells from female
mice). Paired ttest, p= .86, df= 6. Scale bars = 100 pA, 10 ms. CCK, cholecystokinin; DEP,
depolarization; GFP, green fluorescent protein; IPSC, inhibitory postsynaptic current; LFS,
low-frequency stimulation; LTP, long-term potentiation; norm., normalized; VTA, ventral
tegmental area.
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CCK potentiates GABAa synapses but does not affect D2-1PSCs. (A) Representative
examples of (a) composite IPSCs (scale bar = 100 pA, 1s); (b) D2-IPSCs (scale bar = 10 pA,
10 ms); and (c) GABA IPSCs (scale bar = 100 pA, 10 ms) recorded simultaneously from a
single dopamine neuron before and after CCK (0.1 uM) bath application. (B) Representative
example time course of simultaneously recorded D2-1PSCs (green) and GABAp IPSCs
(purple). (C) Averaged IPSC amplitudes before and after CCK bath application (n7=

10 cells/9 mice; 6 cells from male mice, 4 from female mice). (D) D2-1PSC (left)

and GABAp (right) IPSC amplitudes before and after the application of CCK (n=10

cells/9 mice). Wilcoxon paired test; D2-1PSCs, p>.99; GABAA IPSCs, p=.04. CCK,
cholecystokinin; GABA, gamma-aminobutyric acid; IPSC, inhibitory postsynaptic current;

norm., normalized.
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Figure 6.

Mechanisms underlying somatodendritic depolarization—-induced CCK release. (A)
Representative time course and example IPSCs before and after a 6-minute DEP of the
recorded neuron from —70 to —40 mV with BAPTA (30 mM) included in the patch pipette.
To allow the BAPTA to diffuse into the cell, DEP was initiated at least 20 minutes after

the start of whole-cell recording. (B) Time course of averaged IPSC amplitudes in BAPTA-
loaded cells before and after DEP (n= 7 cells/4 mice). (C) IPSC amplitudes in BAPTA-
loaded cells before and after DEP (7= 7 cells/4 mice, 2 cells from male mice, 5 cells from
female mice). Paired ftest, p= .54, df= 6. (D) Representative time course and example

IPSCs before and after DEP in the presence of NiCl, (50 uM). (E) Time course of averaged
IPSC amplitudes before and after DEP (7= 6 cells/3 mice). (F) IPSC amplitudes before and
after DEP in the presence of NiCl, (1= 6 cells/3 mice, 5 cells from male mice, 1 cell from
a female mouse). Paired ftest, p=.29, df= 5. Pie chart indicates that in 4 of 4 neurons,
D2-IPSCs could be evoked in the presence of NiCl,. (G) Representative time course and
example IPSCs before and after DEP in a VTA dopamine neuron from a syt7 KO mouse.
(H) Time course of averaged IPSC amplitudes before and after DEP in dopamine neurons
from syt7 KO mice (n7= 6 cells/3 mice). (1) IPSC amplitudes before and after DEP in cells
from syt7 KO mice (n7= 6 cells/3 mice, 4 cells from male mice, 2 cells from female mice).
Pie chart indicates that in 6 of 7 syt7 KO neurons from syt7 KO mice, D2-IPSCs could not
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be evoked. Paired ftest, p= .25, df=5. Scale bars = 100 pA, 10 ms. D2, dopamine D,
receptor; DEP, depolarization; GFP, green fluorescent protein; IPSC, inhibitory postsynaptic
current; KO, knockout; norm., normalized; VGCC, voltage-gated calcium channel; VTA,
ventral tegmental area.
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Figure 7.

Intra-VTA CCK infusion reduces food intake and dopamine cell firing rate in vitro. (A)
Diagram of the experimental design for food intake or open field locomotion. (B) Food
intake over the 1-hour period after bilateral intra-VTA infusion of either CCK or veh (n=
13, 11 male mice, 3 female mice). Cannula placement in the VTA was confirmed post hoc.
Paired ftest, p=.02, df= 13. (C) Total distance traveled in the open field apparatus over

a 30-minute period after bilateral intra-VTA infusion of CCK or veh (7= 8 mice, 5 male
mice, 3 female mice). Paired ftest, p=.008, df= 7. (D) Velocity in the open field apparatus
over a 30-minute period after bilateral intra-VTA infusion of CCK or veh (7= 8 mice, 5
male mice, 3 female mice). Wilcoxon paired test, p=.008. (E) Diagram of the experimental
design for measuring cell attached firing rate. CCK or veh was infused bilaterally into the
VTA of fasted mice, and at least 10 minutes later, slices were prepared and stored in aCSF
without added CCK. (F) On-cell firing rate of GFP+ VVTA neurons in slices from mice that
received either saline or CCK in vivo (total 7= 141 cells, 7 mice; veh/aCSF n=77, 24
cells from male mice, 53 cells from female mice; CCK/aCSF n = 64, 14 cells from male
mice, 50 cells from female mice). Mann-Whitney test, p=.02. Scale bar =50 pA, 5s.
aCSF, artificial cerebrospinal fluid; CCK, cholecystokinin; GFP, green fluorescent protein;
veh, vehicle; VTA, ventral tegmental area.
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Figure 8.

Intra-VTA CCK infusion reduces dopamine cell calcium transients in vivo. (A) Schematic
of fiber photometry configuration and experimental timeline. (B) Representative image

of GCaMP8m in the VTA dopamine neurons, coronal slice. Dotted lines indicate dual
cannula position. (C) Peristimulus histogram of time course of averaged GCaMP8m
transient zscores event-locked to food consumption (7= 8 mice, 5 females, 3 males). (D)
Quantification of peak zscores during food consumption after either saline or CCK infusion
(n=8 mice, 5 females, 3 males). Paired ¢test, p=.0006, df= 7. (E) Quantification of food
intake during recording sessions over a 30-minute period (7= 8 mice, 5 females, 3 males).
Paired ftest, p=.004, df="7. (F) Representative heat map of zscore changes over all trials
from individual mice; 0 time is the onset of food consumption. (G) CCK-induced dopamine
cell inhibition and food intake are significantly correlated (7= 8 mice, 5 females, 3 males).
Pearson’s r=0.84. Paired ttest, p=.009. Bold symbols/lines represent the mean response
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across all animals; error bars represent SEM. CCK, cholecystokinin; DA, dopamine; LED,
light-emitting diode; veh, vehicle; VTA, ventral tegmental area.
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