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Abstract
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Chair of the Supervisory Committee:
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Department of Psychiatry and Behavioral Sciences

Ventral tegmental area (VTA) dopamine (DA) neurons integrate neurotransmitter and
neuropeptide signals to encode reward-related information. Extensive work from our laboratory
and others has shown how specific subpopulations of VTA-DA neurons, defined by the expression
of neuropeptide G-protein coupled receptors (GPCRs), regulate motivated behavior. These
neuropeptide GPCRs activate signaling pathways that lead to increases in intracellular calcium
ions, affecting cellular function and ultimately behavior. However, the mechanisms of these
increases in intracellular calcium ions remain largely unexplored.

Transient receptor potential canonical (TRPC) channels are a class of calcium-permeable

ion channels, and our laboratory has identified TRPC type 6 (TRPC6) channels as the most



abundantly expressed TRPC channel in VTA-DA neurons. Given strong evidence linking TRPC
channel activation with neuropeptide receptor signaling, neuropeptidergic modulation of calcium
signaling dynamics in VTA-DA neurons, and the widely established role of DA neurons encoding
reward-related information, we hypothesized that TRPC6 channels are critical regulators of
neuropeptidergic signaling pathways in VTA-DA neurons.

To explore this, we disrupted TRPC6 channel function in DA neurons of the adult mouse
VTA and performed ex vivo calcium imaging, whole-cell patch-clamp electrophysiology and in
vivo fiber photometry during consummatory tasks. We demonstrate a novel mechanism by which
TRPC6 channels regulate distinct aspects of neuropeptide receptor-activated calcium signals in
VTA-DA neurons but make little contribution to the calcium dynamics associated with
metabotropic neurotransmitter receptor signaling. Additionally, we show that TRPC6 channels
regulate scalable reward valuation and consummatory behavior in a homeostatic state-dependent
manner. Future studies will explore the single-cell calcium dynamics of TRPC6 channel-mediated
signaling in vivo, the signaling complexes involved in the control of TRPC6 channel activation by
neuropeptide receptors, and the role of other neuropeptidergic inputs to VTA-DA neurons that

influence TRPC6 channel recruitment under varying homeostatic states.
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CHAPTER 1: INTRODUCTION

Midbrain dopamine (DA)-producing neurons of the ventral tegmental area (VTA) play a
critical role in regulating reward-seeking behavior (Wise, 2004). In addition to producing DA,
VTA-DA neurons are also enriched in neuropeptides and neuropeptide receptors (Heymann et al.,
2020). Neuropeptide receptors are G-protein coupled receptors (GPCRs) and neuropeptidergic
signaling potently modulates VTA-DA neuron activity to rewarding stimuli (Soden et al., 2023;
Elum et al., 2024). However, the specific mechanisms that control intracellular calcium signaling
pathways downstream of neuropeptide receptor activation in VTA-DA neurons remain unknown.

Transient receptor potential canonical (TRPC) channels are a class of calcium-permeable
ion channels activated by downstream signaling molecules generated by GPCR activation (Zhang
etal., 2023; Wang et al., 2020) but have not been thoroughly explored in the context of modulating
VTA-DA neuron activity. Our laboratory has identified TRPC type 6 (TRPC6) channels as the
most abundantly expressed TRPC channel in VTA-DA neurons. Given strong evidence linking
TRPC channel activation with neuropeptide receptor signaling (Stuhrman et al., 2015; Kelly et al.,
2018; Qiu et al., 2021), neuropeptidergic modulation of calcium signaling dynamics in VTA-DA
neurons (Soden et al., 2023), and the widely established role of DA neurons in encoding reward-
related information (Wise et al., 2004), we hypothesized that TRPC6 channels are critical
regulators of VTA-DA neuron calcium signaling dynamics and reward learning.
1.1 Neuropeptidergic signaling in VTA-DA neurons

VTA-DA neurons, which comprise approximately two thirds of VTA cells, regulate many
aspects of motivated behavior: scaling responses to rewards of different sizes and value, signaling
reward prediction errors when rewards are unexpectedly omitted, and regulating reward-seeking

behavior (Wise et al., 2004). VTA-DA neurons can also be genetically defined by the
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neuropeptides and neuropeptide receptors that they express, in addition to dopamine (Heymann et
al., 2020; Simon et al., 2024). Two large populations of interest for our laboratory are the
neurotensin receptor 1 (Ntsrl)-expressing population and the tachykinin receptor 3 (7acr3)-
expressing population. We have shown that neuropeptidergic inputs to these subpopulations
differentially modulate VT A-DA neuron activity to rewards through the coordination of opposing
neuropeptide and neurotransmitter signals (Soden et al., 2023). Specifically, the inputs of
inhibitory neurotransmitter GABA and stimulatory neuropeptide (e.g. neurotensin) onto VTA-DA
neurons leads to neuropeptide receptor activation, resulting in an increase in intracellular calcium
ions (Ca?") (Soden et al., 2023). While neuropeptide receptor activation in the context of reward
learning leads to distinct calcium dynamics and dysregulation of calcium signaling in DA neurons
has been shown to severely disrupt cell excitability and reward learning (Zweifel et al., 2009), the
specific ion channels downstream of neuropeptide receptor activation that regulate intracellular
Ca®* flux in DA neurons are still under investigation.
1.2 A note on calcium signaling

Calcium ions are key second messenger molecules involved in numerous signaling
cascades, including synaptic plasticity, neuronal excitability, synaptic transmission and
transcription (Clapham, 2007). Ca?* flux is tightly controlled by multiple types of ion channels
embedded within the plasma membrane and endoplasmic reticulum (Clapham, 2007). Voltage-
gated calcium channels (VGCC) are activated by changes in membrane potential and are the
primary pathway for extracellular Ca?" entry into the cytoplasm (Catterall, 2011; Simms &
Zamponi, 2014). VGCCs are well-characterized in DA neurons (Liu et al., 2014; Tracy et al.,

2018). but do not fully explain the intricate dynamics of intracellular Ca** flux.
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1.3 GPCR (Gag11) signaling pathways

Neuropeptide receptors are a class of G-protein coupled receptors (GPCRs) that, once
activated, initiate multiple signaling cascades resulting in increases in intracellular Ca?* (Clapham,
2007). Ntsrl and Tacr3 signal through stimulatory Gogi1 G proteins (Torruella-Sudrez &
McElligott, 2020; Zhang et al., 2020). Upon binding of a ligand, phospholipase C (PLC) is
activated, which cleaves PIP> into IP; and diacylglycerol (DAG). DAG in turn activates protein
kinase C (PKC), which then phosphorylates other proteins, leading to multiple cellular responses.
The canonical view of the downstream effects of Ca?* influx initiated by neuropeptide receptor
activation involves the PKC signaling cascade. However, recent evidence suggests that transient
potential receptor canonical (TRPC) channel-mediated signaling is a large driver of Ca?" influx
induced by neuropeptide receptor activation (Stuhrman et al., 2015; Kelly et al., 2018; Qiu et al.,
2021).
1.4 A brief introduction to TRPC channels

TRPC channels are a class of calcium-permeable ion channels embedded in the plasma
membrane (Wang et al., 2020). They are a part of the TRP superfamily, first discovered in
Drosophila and best known for the TRPV heat sensitive subtype. There are seven mammalian
types (1-7) of the TRPC family, which are further subdivided into three subtypes (TRPC1/4/5,
TRPC2, and TRPC3/6/7) based on their sequence homology and functional similarities (Wang et
al., 2020; Zhang et al., 2023), and the mode of activation differs for each subtype. For example,
TRPCS channels operate as both receptor-operated and store-operated channels. In a receptor-
operated role, TRPCS channels are activated by Gg/11 stimulation, leading to PKC phosphorylation
and direct binding of DAG to the channel, which allows Ca?" to flow into the cell (Ningoo et al.,

2021; Kelly & Wagner, 2024). In a store-operated role, TRPCS5 channels couple to the STIM/Orai
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complex at the endoplasmic reticulum (ER)-plasma membrane (PM) junction upon IP3;R-mediated
depletion of Ca®' stores from the ER. Here, TRPC5 channels allow Ca?*" to flow from the
extracellular space directly into the ER to refill ER Ca®* stores (Qiu et al., 2021). In contrast,
TRPC6 channels only have one mode of activation, which is direct binding of DAG to the channel
(Wang et al., 2020).

1.5 TRPC channels as downstream effectors of GPCR signaling pathways

TRPC channels are downstream effectors of GPCR signaling. For example, TRPC1/4/5
channels are linked to metabotropic glutamate receptor (a type of GPCR) signaling in hippocampal
CA1 neurons (El-Hassar et al., 2011). In this context, TRPC1/4/5 channels regulate a second wave
of increase in Ca?" that is independent of the first wave of Ca** from VGCCs (El-Hassar et al.,
2011).

Recent work has focused on the role of TRPCS channels in regulating neuronal excitability
and calcium signaling dynamics in Kisspeptin (KissI)-expressing neurons in the arcuate nucleus
(ARH). Qiu et al. (2016) demonstrated that both Trpc5 and Tacr3 mRNA are highly enriched in
ARH-KissI neurons and that activation of Tacr3 in ARH-Kiss/ neurons leads to the opening of
TRPCS channels, causing a robust depolarization. This signaling pathway, along with co-release
of dynorphin, coordinates the synchronous firing of ARH-Kiss/ neurons (Kelly & Wagner, 2024).
To investigate the role of TRPC5 channels as store-operated channels through coupling to the
STIM/Orai complex (that senses depletion of intracellular Ca?" and refills ER intracellular Ca?*
stores), Qiu et al. (2021) selectively deleted Stim! in ARH-Kiss/ neurons. Deletion of Stim! in
ARH-Kiss I neurons significantly increased the amplitude and duration of the slow depolarization,
as well as augmented senktide-induced synchronous calcium oscillations (Qiu et al., 2021).

Together, these results demonstrate that TRPCS channels play a critical role in regulating
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excitability and synchronous activity of ARH-Kiss/ neurons through their dual roles as receptor-
operated channels (via Tacr3 activation) and store-operated channels (via STIM/Orai activation)
(Wagner & Kelly, 2024).

1.6 TRPC channels in VTA-DA neurons: what’s known?

We analyzed our laboratory’s previously published dataset (Chung et al., 2017) and
identified Trpc6 mRNA as the most abundantly expressed TRPC channel mRNA in VTA-DA
neurons (Fig. iA). This finding is consistent with in situ data from the Allen Institute brain atlas
showing an enrichment of 7rpc6 mRNA in the VTA (Lein et al., 2007). Given the functional
significance of neuropeptidergic signaling in the VTA and high enrichment of TRPC6 channels in
VTA-DA neurons, we hypothesized that TRPC6 channels are downstream of neuropeptide

receptors in VTA-DA neurons (Fig. iB).
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Figure i. TRPC6 channels in the VTA. (A) mRNA expression of TRPC channel encoding genes
in the VTA of adult mice (Two-way RM ANOVA followed by Bonferroni post hoc comparison.
N=7 mice for both groups, ****p<0.0001). (B) Hypothesized signaling pathway: GPCR activation
initiates a signaling cascade resulting in an increase in intracellular Ca** through TRPC6 channels
and IP;3Rs.
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Indirect evidence supports the functional role of TRPC channels in VTA-DA neurons.
Using a nonspecific TRPC channel blocker, Stuhrman et al. (2015) demonstrated that neurotensin-
activated inward current is partially mediated by general TRPC channel activation in VTA-DA
neurons. Another study found that 7rpc4 was most abundantly expressed in VTA neurons in rats
(Kilpec et al., 2016). Using a brain wide knock out of 77pc4, the authors found reduced cocaine
self-administration and reduced spontaneous VTA-DA neuron activity, without deficits in learning
for natural rewards (Kilpec et al., 2016). More recently, Wang et al. (2024) confirmed high
expression of 7rpc6 in VTA-DA neurons in mice using single-cell RNA-sequencing. Using a
scrambled short hairpin RNA knockdown approach, they found that downregulation of TRPC6
channels induces a profound decrease in spontaneous firing of VTA-DA neurons (Wang et al.,
2024). Despite all of this evidence, the role of TRPC6 channels in regulating neuropeptidergic
signaling, calcium dynamics, and reward-related behavior in VTA-DA neurons remains
unexplored.
1.7 TRPC6 channels more broadly

TRPC6 channels have been investigated in the context of other disorders and model
systems; these findings highlight important considerations that have implications for our
hypothesis. Two studies report opposing effects to Wang et al. (2024)’s findings of decreased
mobility and cell excitability and after TRPC6 channel knockdown. Mutations in #py, the
homologue of TRPC6 autism candidate gene, causes autism-like behavioral deficits in Drosophila,
including hyperactivity (Palacios-Muiioz et al., 2022). Another study found that TRPC6 knockout
induces hyperexcitability in cortical neurons derived from human pluripotent stem cells (Shin et

al., 2023).
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TRPC6 channels have also been studied in the context of depression_(Hamdaoui et al.,

2022: Wang et al., 2024), memory (Zernov & Popugaeva, 2023). and locomotion (Yeon et al.,

2018). Brain-wide TRPC6 channel knockout mice exhibit anxious and depressive behavior
compared to wild-type mice (Hamdaoui et al., 2022; Wang et al., 2024), as well as reduced
hippocampal excitability in CA1 neurons (Hamdaoui et al., 2022). Interestingly, hyperforin, the
active ingredient in St. John’s wort that has mild antidepressant action, has also been shown to
activate TRPC6 channels (Hamdaoui et al., 2022). While beyond the scope of this work, these
findings suggest a role for TRPC6 channels as a potential therapeutic candidate for treatment of
autism, anxiety, and depressive disorders.
1.8 Hypothesis and approach

In sum, the literature suggests an important role for TRPC6 channels in VTA-DA neuron
physiology and function, but also raises questions due to conflicting evidence, specifically in terms
of TRPC6 channels’ role in neuronal excitability. Additionally, these studies did not examine the
specific and/or selective coupling of different types of GPCRs and TRPC6 channels. This is
surprising given that TRPC6 channels are known to be activated by DAG, a direct product of
GPCR activation. Therefore, my dissertation aims to evaluate whether TRPC6 channels affect
neuropeptide receptor-mediated modulation of neuronal excitability, calcium signaling dynamics,

and reward-related behavior in VTA-DA neurons.
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CHAPTER 2: A NEUROPEPTIDE-SPECIFIC SIGNALING PATHWAY FOR STATE-

DEPENDENT REGULATION OF THE MESOLIMBIC DOPAMINE SYSTEM

This chapter is available as a preprint on bioRxiv and will be submitted for publication.

Mollie X. Bernstein, Omar Koita, Marta Trzeciak, Andrew Fan, Daniel T. McAuley, Seung-Woo

Jin and Larry S. Zweifel

Dopamine (DA)-producing neurons of the ventral tegmental area (VTA) regulate consummatory
behavior in a state-dependent manner (e.g. when hungry or thirsty). The mechanisms by which
and extent to which DA neurons are regulated by these interoceptive signals are poorly understood.
Here, we identify transient receptor potential canonical type 6 (TRPC6) channels as selective
mediators of neuropeptide receptor-induced calcium signaling in VTA-DA neurons. These
channels regulate DA neuron activity and consummatory behavior in a state-dependent manner.
We find that TRPC6 channels regulate distinct aspects of neuropeptide-induced calcium signals in
DA neurons but make little contribution to calcium dynamics associated with metabotropic
neurotransmitter receptor signaling. We further show that TRPC6 channels regulate scalable
reward valuation and consummatory behavior in hungry but not thirsty mice. These findings
demonstrate that neuropeptide- and neurotransmitter-activated G-protein coupled receptors
(GPCRs) regulate cellular calcium dynamics through distinct mechanisms, and that TRPC6

channels are important determinants of how animals respond to different homeostatic demands.
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2.1 Introduction

Midbrain dopamine (DA)-producing neurons of the ventral tegmental area (VTA) play a
critical role in scaling responses to rewards and regulating reward-seeking behavior (Wise, 2004),
as well as in homeostatically driven fluid and food consumption (Mietlicki-Baase et al., 2021;
Palmiter, 2007). Numerous neuropeptides that regulate energy balance and homeostatic fluid and
food consumption modulate the activity of VT A DA neurons (Khan et al., 2024; Naef et al., 2015;
Palmiter, 2007), and several of these have been shown to increase DA neuron activity and
dopamine release (Cone et al., 2014; Nalivaiko et al., 1997; Seutin et al., 1989). These stimulatory
neuropeptides typically signal through GPCRs that are coupled to Ggii-mediated signaling
cascades to increase intracellular calcium, but the mechanisms through which they modulate VTA-
DA neurons are largely unknown.

The two most abundantly enriched stimulatory neuropeptide receptors in VTA-DA neurons
are the neurotensin receptor (Ntsrl) and the neurokinin B (also known as tachykinin 2) receptor
(Tacr3) (Chung et al., 2017). Ntsrl and Tacr3 are stimulatory Gog11-protein coupled receptors
(GPCRs) and upon ligand binding, phospholipase C (PLC) is activated, which cleaves PIP; into
IP; and diacylglycerol (DAG). Generation of IP; activates IP3 receptors on the endoplasmic
reticulum to induce intracellular calcium release (Clapham, 1995). DAG, in turn, activates protein
kinase C (PKC), which then phosphorylates other proteins, leading to multiple cellular responses,
including the phosphorylation of ion channels to regulate neuronal excitability (Kaczmarek, 1987).
PIP; is a critical co-factor for the Kv7 family of voltage-gated potassium channels; thus, PIP;
hydrolysis also results in membrane depolarization (Suh & Hille, 2002) which can, in turn, activate

voltage-gated calcium channels (VGCCs) (Mathes and Thompson, 1994).
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An additional mechanism for the regulation of extracellular calcium influx and the
modulation of neuronal excitability through neuropeptide signaling is the transient receptor
potential canonical (TRPC) channels (Kelly et al., 2018; Qiu et al., 2021; Stuhrman and Roseberry,
2015). TRPC channels are a class of calcium-permeable ion channels (Wang et al., 2020),
subdivided into 3 subtypes (TRPC1/4/5, TRPC2, and TRPC3/6/7) based on their sequence
homology and functional similarities (Wang et al., 2020; Zhang et al., 2023). In Kisspeptin (Kiss1)-
expressing neurons in the arcuate nucleus (ARH), activation of the Tac2/NkB receptor Tacr3
results in a TRPC5-dependent membrane depolarization (Qiu et al., 2016). Tac2/NkB along with
the co-release of dynorphin, coordinates the synchronous firing of ARH-Kiss/ neurons (Kelly and
Wagner, 2024).

Given the high expression of 7acr3 in VTA-DA neurons, we hypothesized that Tacr3-
dependent activation of a TRPC channel is an important regulatory pathway for neuropeptide
modulation of VTA-DA neurons. Of the TRPC channels, the receptor operated channel TRPC6 is
highly enriched in DA neurons (Chung et al., 2017) and is the most abundantly expressed TRPC
channel in these cells (Wang et al., 2024). Using a cell-type-specific CRISPR/Cas9 mutagenesis
approach, we demonstrate that TRPC6 channels are selectively involved in rapid neuropeptide
receptor-induced calcium influx, but not neurotransmitter receptor-induced calcium increases. We
further find that TRPC6 channels regulate neuropeptide-induced synchronous calcium increases
and calcium oscillations in VTA dopamine neurons. During liquid sucrose consumption in thirsty
or hungry mice, we find that genetic inactivation of 77pc6 impairs scalar consummatory responses
to increasing sucrose concentrations and scalar increases in calcium signals in VTA-DA neurons

in hungry but not thirsty mice. These findings demonstrate that TRPC6 channels act downstream
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of stimulatory neuropeptide receptor signaling and modulate consummatory responses in a state-
dependent manner.
2.2 Results

2.2.1 CRISPR/SaCas9 mutagenesis of 7rpc6 in VT A-DA neurons.

To confirm that 77pc6 is the predominant TRPC channel expressed in DA neurons, we
analyzed our previously published dataset of actively translated mRNA from VTA-DA neurons
(Chung et al., 2017). Among the seven TRPC channel genes, 7Trpc6 is the most abundantly
expressed and is highly enriched in VTA-DA neurons relative to other VTA cell types (Fig. 1A),
consistent with previous reports (Wang et al., 2024). RNAscope in situ hybridization analysis
further demonstrated that 7rpc6 expression is localized to a large proportion of 7h-positive cells
(a marker for DA cells) and is relatively restricted to expression in VTA-DA neurons (Fig. 1B).

To investigate the function of TRPC6 channels in VTA-DA neurons, we selectively
mutated the 7rpc6 gene using viral-mediated cell-type-specific CRISPR/Cas9 mutagenesis
(Hunker et al., 2020). We designed two separate sgRNAs targeting different exons in the Trpc6
gene, to generate two viral constructs: AAV1-CMV-FLEX-SaCas9-U6-sgTrpc6(1) and AAVI1-
CMV-FLEX-SaCas9-U6-sgTrpc6(2) (Fig. 1C). Deep sequencing of PCR amplicons containing
the sgRNA targeted regions revealed a high degree of insertion and deletion mutations (indels)
(Fig. 1D-E).

To confirm loss of TRPC6 channel function, we co-injected DAT-Cre mice with either
AAV1-FLEX-sgRosa26 or a mixture of AAV1-FLEX-sgTrpc6(1) and AAV1-FLEX-sgTrpc6(2),
along with the genetically encoded calcium indicator GCaMP8f into the VTA. We assessed
calcium influx in VTA-DA neurons in acute brain slices following a brief (50 ms) focal application

(puff) (Forman et al., 2017) of the TRPC6 channel agonist GSK1702934A.
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A 50 ms puff resulted in large increases in calcium fluorescence in sgRosa26 control cells
at a high (1 pM GSK1702934A) (Fig. 1F-G) and intermediate (0.3 uM GSK1702934A)
concentration (Fig. 11-J). These responses were significantly attenuated in sg7rpc6 cells for both
concentrations of GSK1702934A (Fig. 1F-G, I-J). VTA-DA neurons in the sg7rpc6 group also
displayed a significant reduction in the proportion of responsive and nonresponsive cells for both
1 uM GSK1702934A (Fig. 1H) and 0.3 uM GSK1702934A (Fig. 1K). Together, these data
confirm the high functional efficiency of 7rpc6 mutagenesis in VTA-DA neurons.

2.2.2 TRPC6 channels are selectively coupled to neuropeptide receptor activation.

Based on the evidence linking TRPCS channels to Tacr3 signaling (Kelly and Wagner,
2024) and the high expression of Tacr3 in VTA-DA neurons (Chen et al., 1998; Chung et al.,
2017), we first performed ex vivo calcium imaging of VTA-DA neurons using the Tacr3 agonist
senktide. As above, DAT-Cre mice were bilaterally injected with either AAV1-FLEX-sgRosa26
or a combination of AAVI-FLEX-sgTrpc6(1) and AAV1-FLEX-sgTrpc6(2) along with AAV1-
FLEX-GCaMPS8f into the VTA. We observed a large increase in calcium fluorescence in response
to a puff of 0.5 uM senktide, which was significantly reduced in the sg7rpc6 group quantified as
both AUC and peak amplitude (Fig. 2A). There was no significant difference in the proportion of
responsive versus nonresponsive cells (Fig. 2A).

In ARH-KissI neurons, bath application of senktide results in a TRPCS5-dependent,
STIM/ORAI-independent, augmentation of the synchronous calcium rise in these cells (Qiu et al.,
2021). To assess whether TRPC6 mediates a similar function in VTA-DA neurons, we bath applied
senktide (500 nM) to acute brain slices from DAT-Cre mice injected with either AAV1-FLEX-
sgRosa26 or AAV1-FLEX-sgTrpc6(1) and AAVI1-FLEX-sgTrpc6(2) along with AAV1-FLEX-

GCaMP8f into the VTA. Both groups exhibited large increases in calcium fluorescence following
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senktide application (Fig. 2B). Consistent with TRPC6-dependent rapid calcium increases
associated with brief, focal senktide application (Fig. 1A), the initial rate of rise (1/s) was
significantly slower in sg77pc6 cells compared to control sgRosa26 cells (Fig. 2B). To determine
whether TRPC6 channels facilitate the synchronous rise in calcium following Tacr3 activation, we
assessed the variance (percent coefficient of variation around the mean rise at Ti) of calcium
increases within a slice. The variance in sg7rpc6 cells was significantly increased compared to
sgRosa26 cells (Fig. 2C).

During our analysis, we observed three distinct responses in calcium signals in VTA-DA
neurons to senktide application. The largest number of cells (Type I) displayed a sustained increase
in calcium, followed by cells with a sustained increase coupled with oscillatory calcium signals
(Type II), and a rarer group of cells (~1%) which showed intrinsic calcium oscillations enhanced
by senktide (Type III) (Fig. 2D). Mutagenesis of Trpc6 resulted in a significant reduction in the
number of oscillating cells induced by senktide compared to controls (Fig. 2D). Of the cells in
which senktide-induced oscillations were observed, the frequency of oscillations was significantly
reduced in sg7rpc6 cells compared to sgRosa26 cells (Fig. 2E); however, the amplitude of the
oscillation was unaffected (Fig. 2E).

In addition to Tacr3, the NTS receptor NTSR1 (Ntsrl) is highly expressed in VTA-DA
neurons and facilitates a robust increase in intracellular calcium in vivo (Soden et al., 2023).
Application of a non-selective TRPC channel blocker also attenuates the neurotensin-mediated
inward current in VTA-DA neurons (Stuhrman and Roseberry, 2015). To assess whether TRPC6
acts downstream of NTSR1 activation, we focally applied NTS (1 uM) as above (50 ms puff).
NTS-evoked calcium was significantly reduced in sg7rpc6 cells as quantified by AUC and peak

amplitude compared to sgRosa26 cells (Fig. 2F).
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In other cell types, TRPC6 channels are downstream of other types of GPCRs that cause
production of DAG, such as metabotropic glutamate receptors (mGluR) (Wang et al., 2019) and
muscarinic acetylcholine receptors (mAChR) (Zhang et al., 2006). To determine whether TRPC6
channels are general downstream effectors of Gg11-coupled receptors, we focally applied the
mGluR agonist (S)-3,5-Dihydroxyphenylglycine (DHPG) and the mAChR agonist carbachol to
VTA-DA neurons. Both DHPG (30 pM) and carbachol (10 uM) induced rapid and robust increases
in intracellular calcium (Fig. 2G-H). Trpc6 mutagenesis did not affect DHPG-evoked calcium
signals in VTA-DA neurons (Fig. 2G) and had only a modest but significant effect on the peak
carbachol-evoked calcium signal, without affecting the overall calcium signal (Fig. 2H). These
results suggest that TRPC6 channels act predominantly downstream of neuropeptide receptor
activation (Fig. 2I).

2.2.3 Trpc6 mutagenesis does not alter spontaneous or evoked action potential firing

in VTA-DA neurons.

Previous findings have shown that 7rpc6 knockdown in VTA-DA neurons leads to reduced
neuronal intrinsic excitability and resting membrane potential (Wang et al., 2024). However,
others have shown that mutagenesis of TRPC6 in human induced pluripotent stem cell-derived
pyramidal neurons causes an increase in neuronal excitability (Shin et al., 2023). To determine
whether CRISPR/SaCas9 mutagenesis of Trpc6 in adult VTA-DA neurons alters neuronal
excitability in the absence of neuromodulators, we performed whole-cell patch-clamp recordings
in acute brain slices from DAT-Cre mice injected with either AAV1-FLEX-sgRosa26 or AAV1-
FLEX-sgTrpc6(1) and AAV1-FLEX-sgTrpc6(2) along with AAV1-FLEX-GcaMP8f (Fig. 3A).
We did not observe any significant differences in the proportion of spontaneous versus inactive

cells, firing rate, or CV-ISI of spontaneously active cells (Fig. 3B-D). Additionally, we did not
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observe any differences in resting membrane potential or evoked excitability, as measured by a
ramp protocol and current injection (Fig. 3E-H). These results indicate that 7rpc6 loss of function
in VTA-DA neurons does not result in an overt change in the intrinsic electrophysiological
properties of these cells in the absence of targeted neuropeptide stimulation.

2.2.4 TRPC6 channels regulate consummatory behavior and DA neuron activity in a

homeostatic state-dependent manner.

The neuropeptides NTS, Tac2, ghrelin, and angiotensin II are associated with energy
balance and fluid/food consumption, and they signal through Gy11-coupled receptors. All of these
neuropeptides have been shown to modulate DA neuron activity (Cone et al., 2014; Hsu et al.,
2020; Naef et al., 2015; Palmiter, 2007), and NTS has been shown to regulate food reward-
associated increase in calcium in VTA-DA neurons in vivo in hungry mice (Soden et al., 2023).
Our ex vivo analysis of calcium signaling dynamics in VTA-DA neurons indicates that TRPC6
channels act directly downstream of stimulatory neuropeptide receptor signaling. Therefore, we
asked whether TRPC6 channels influence in vivo calcium signaling dynamics of VTA-DA neurons
during consummatory behavior in hungry or thirsty mice. To address this, we performed fiber
photometry recordings in DAT-Cre mice injected with either AAV1-FLEX-sgRosa26 or AAV1-
FLEX-sgTrpc6(1) and AAV1-FLEX-sgTrpc6(2), along with AAV1-FLEX-GCaMP6m into the
VTA. An optic fiber was implanted over the injection site (Fig. 4A; Supplementary Fig. 1).

Consummatory licking behavior and photometry recordings were performed in head-
restrained mice. Sucrose solutions of varying concentrations were delivered to water- or calorie-
restricted mice using a multi-spout system previously described (Gordon-Fennell et al., 2023) (Fig.
4B). Briefly, mice were water restricted to 90% of baseline weight, head restrained and trained to

lick five spouts for different concentrations of sucrose (water, 5%, 10%, 20%, and 30% sucrose)
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across five days. The spout identity was changed daily, and each spout was presented twelve times
in a pseudorandom order within a daily session. The trial structure included a three second access
period where mice could freely lick for liquid delivery (Fig. 4B). Following water restriction (WR),
mice were given ad libitum access to water and then calorie restricted to 85% baseline body weight,
and the multi-spout experiment was repeated as above.

Under WR, both groups exhibited similar licking behavior for all five solutions (Fig. 4C-
D). Linear regression analysis of licks versus spout identity was not significantly different between
groups (Fig. 4E). In contrast, under food restriction (FR), sg7rpc6 mice reached maximal licking
at 20% sucrose, whereas sgRosa26 mice showed maximal licking at 30% sucrose (Fig. 4F-G).
Linear regression analysis under FR revealed a significantly stronger relationship between licks
and spout identity in sgRosa26 control mice relative to sg7rpc6 mice (Fig. 4H). Both groups
showed significantly more licking to water, 5%, and 10% sucrose under WR compared to FR and
the effect of spout identity for WR versus FR was significantly greater in both groups
(Supplementary Fig. 2C).

Analysis of calcium signals in VTA-DA neurons during the solution access period in the
multi-spout assay under WR revealed nearly identical responses in sgRosa26 and sgTrp6 mice
(Fig. 5A-B) and the linear relationship between spout identity and calcium signals was similar
(Fig. 5C). Under FR, however, sgRosa26 mice showed significantly higher calcium signals to 30%
sucrose than sg7rpc6 mice (Fig. 5D-E). While the linear regression analysis of area under the curve
(AUC) during the solution access period versus spout identity was not significant between groups
(Fig. 5F), within group comparisons revealed higher calcium signals to 30% sucrose compared to

20% sucrose in sgRosa26 mice that was not observed in sg7rpc6 mice (Fig. SE). These data
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suggest that 7rpc6 mutagenesis does not impair overall scaling of the VTA-DA neuron signal, but
only affects scaling to highly valued rewards (e.g. 20% and 30% sucrose).

Based on the differential effects of 7rpc6 mutagenesis on lick rates and calcium signals
between WR and FR, we asked whether these effects were reflected as differences in the calcium
signals within groups under these conditions. Comparison of calcium signals in sgRosa26 mice
revealed significantly reduced responses to water, 5%, and 10% sucrose under WR compared to
FR, and significantly greater responses to 30% sucrose under FR (Fig. 5G). Interestingly,
sgRosa26 mice showed a dip in the calcium signal below baseline during the solution access period
under FR, indicative of a reward prediction error (RPE)-like signal (Schultz et al., 1997). In
contrast, sg7rpc6 mice showed only modest but significantly greater calcium signals to 5% sucrose
under WR compared to FR, and no difference under other conditions (Fig. SH). Moreover, these
animals did not show the same RPE-like signal under FR that we observed in sgRosa26 mice.

VTA-DA neurons have been shown to differentially encode homeostatic states under WR
or FR, with cells showing increased activity in the post-consummatory phase following water
consumption in thirsty mice (Grove et al., 2022). To address whether TRPC6 channels in VTA-
DA neurons influence calcium signals post-consumption, we analyzed the AUC during the post-
solution access period. We observed differential responses in sgRosa26 mice with higher post-
consummatory activity at 10% sucrose with WR greater than FR and at 30% sucrose with FR
greater than WR (Supplementary Fig. 3A). In sg7rpc6 mice, we did observe a significant
difference at 20% sucrose with FR greater than WR (Supplementary Fig. 3B). Additionally, similar
to consummatory responses and calcium signals during the access period under FR, we observed
significant differences between 20% and 30% sucrose in sgRosa26 mice during the post-

consummatory period that was not significant in sg77pc6 mice (Supplementary Fig. 3A-B). We
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observed no differences between the groups in the linear relationship between post-consummatory
calcium signals and spout identity (Supplementary Fig. 3C). Together, these findings demonstrate
that TRPC6 channel signaling in DA neurons plays an important role in regulating consummatory
responses and the differential encoding of solution content under varying homeostatic states,
particularly during the solution access period.
2.3 Discussion

Our findings provide substantial evidence for the specific coupling of TRPC6 channels to
neuropeptide receptor signaling pathways in VTA-DA neurons. We demonstrate selective
modulation of calcium dynamics following neuropeptide receptor activation of Ntsrl and Tacr3,
whereas activation of other GPCRs (e.g. mGluR, mAChR) that also couple to Gg11 signaling do
not show the same level of engagement of TRPC6 channels. These GPCR signaling pathways
involve PLC-mediated cleavage of PIP> into IP; and DAG. Despite the high likelihood that the
same signaling cascade is utilized by both neuropeptide and metabotropic neurotransmitter
receptors, we observed highly selective coupling of TRPC6 channels to neuropeptide receptors.
The robust calcium responses to DHPG and carbachol are consistent with previous reports of
expression of mGIluR5 and m5AchR in VTA-DA neurons (Merrill et al., 2015; Yeomans et al.,
2001). This receptor-channel specificity may be attributed to the spatial proximity of TRPC
channels relative to their activating GPCRs (Luo et al., 2025). Alternatively, the level of Gg/11
signaling and regulation could vary with different GPCRs leading to differential effects of TRPC6
channels.

Indeed, scaffolding proteins like A-kinase anchoring proteins (AKAPs) spatially constrain
GPCR and ion channel signaling (Wong and Scott, 2004). The proximity between mAChRs and

TRPV4 channels in endothelial cells is regulated by AKAP79/150, and the interaction between
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TRPV4 and AKAP79/150 is critical for carbachol-induced activation of the channel (Sonkusare et
al., 2014). Little is known about interactions between AKAPs and TRPC6 channels; however,
AKAP79/150 protein has been detected in VTA-DA neurons (Dacher et al., 2013). Future
experiments to determine the signaling complexes involved in the control of TRPC6 activation by
neuropeptide receptors will be highly informative.

The functional implications of neuropeptide receptor-TRPC6 channel selective coupling
are supported by our in vivo data. Our results demonstrate that 7rpc6 mutagenesis directly impacts
VTA-DA neuron calcium signaling dynamics associated with consummatory behavior and caloric
content. Specifically, we show that TRPC6 channels play an important role in encoding sucrose
concentration in a manner that is consistent with reward value encoding and modulating
consummatory behavior in response to specific homeostatic demands (hunger versus thirst).
Between group comparisons of calcium signals during the multi-sucrose task under food restriction
reveal that mutagenesis of 7rpc6 impairs the scaling of VTA-DA neuron calcium signals and
subsequent behavioral responses to high-value sucrose rewards.

Within-group comparisons reveal a more complex relationship between TRPC6 channel
signaling and scalar encoding of value. Both sgRosa26 control and sg77pc6 mutants showed
increased calcium signals in DA neurons to increasing sucrose concentrations under both WR and
FR. However, the dynamics of these signals across sucrose concentrations differed markedly
between WR and FR in sgRosa26 control mice but were largely similar in sg7rpc6 mutant mice.
Results observed in sgRosa26 control mice are consistent with findings that DA neurons
differentially encode information relating to hydration and caloric intake under thirst and hunger
conditions (Grove et al., 2022). These results suggest that TRPC6 channel activation, likely

downstream of specific neuropeptide receptors, functions in a state-dependent manner.
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Our in vivo results also demonstrate a broader range of value encoding in sgRosa26 control
mice—but not sg7rpc6 mice—under FR compared to WR, suggesting differential activation of
neuropeptide receptors that are coupled to TRPC6 channels. The neuropeptides that recruit
activation of TRPC6 channels in hungry mice are not yet known, but candidates include NTS,
which has been shown to regulate feeding (Gazit Shimoni et al., 2025; Ramirez-Virella &
Leinninger, 2021), and the gut-derived peptide ghrelin that is also Gg11 coupled and enhances
dopamine neuron activity (Abizaid et al., 2006). In contrast, DA responses to thirst are regulated
by renin/angiotensin signaling, but this effect is thought to be mediated by angiotensin II receptor
signaling outside the VTA (Hsu et al., 2020). Future studies will explore the mechanisms by which
neuropeptide inputs to VTA-DA neurons modulate TRPC6 channel activation in a homeostatic
state-dependent manner.

In conclusion, our findings support previous work illustrating how neuropeptide receptor
activation of TRPC channels tightly regulates neuronal excitability and synchronized activity
(Kelly and Wagner, 2024). We demonstrate a novel mechanism by which TRPC6 channels are
coupled to neuropeptidergic signaling pathways to regulate VTA-DA neuron activity and behavior
under specific homeostatic demands. Current studies are characterizing TRPC6 channel-dependent
synchronized calcium dynamics in VTA-DA neurons at single-cell resolution in vivo.

Importantly, our electrophysiological data confirm that the differences we observe in
calcium signaling after 7rpc6 mutagenesis are not due to changes in intrinsic or evoked
excitability. The lack of effect on baseline neuronal properties underscores the therapeutic
potential of TRPC6 channels, as interventions targeting these channels could modulate

pathological signaling without disrupting essential neuronal function. These results provide
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evidence for TRPC6 channels as a potential therapeutic target for a variety of disorders related to
imbalances in consummatory and reward-related behaviors.
2.4 Methods

Male and female mice, housed on a 12-h light/dark cycle, were used in all experiments
performed during the light phase. All procedures were approved and performed under the
guidelines of the Institutional Animal Care and Use Committee at the University of Washington
(PROTO201600703 — 4249-01). Mice between the ages of 2—6 months were used for all
experiments. DAT-Cre mice (B6.SJIL-Slc6a3™!-1(cr9)Bkmn/]) were purchased from The Jackson
Laboratory and bred in-house.
Viruses

All AAV 1 viruses were produced in-house with titers of 1x10'2 to 3x10!2 particles per mL
as described (Gore et al., 2013).
Design of CRISPR Constructs

Primers used for cloning sg7rpc6(1) into AAVI1-FLEX-SaCas9-U6 were: forward
CACCGAGCCTTTAGAGAGCCGCCCCT and reverse
AAACAGGGGCGGCTCTCTAAAGGCTC. Primers used for cloning sg7rpc6(2) into AAV1-
FLEX-SaCas9-U6 were: forward CACCGTCCTACTACATTGGCGCAAAA and reverse
AAACTTTTGCGCCAATGTAGTAGGAC. The control CRISPR virus used was AAV1-FLEX-
SaCas9-U6-sgRosa26, and single-guide RNAs targeting Trpc6 were designed as previously
published (Hunker et al., 2020; Hunker and Zweifel, 2020). All CRISPR viruses contained a

hemagglutinin (HA) tag used to confirm virus expression using immunohistochemistry.
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Validation of Mutagenesis

Validation of mutagenesis was performed using fluorescence-activated cell sorting, whole-
genome amplification and sequencing as described (Hunker et al., 2020; Hunker & Zweifel, 2020).
In brief, three DAT-Cre mice were injected in the VTA with AAV1-FLEX-SaCas9-U6-sgTrpc6(1)
and AAV1-FLEX-SaCas9-U6-sgTrpc6(2) along with AAV-FLEX-EGFP-KASH to label nuclei
for sorting. Four weeks following injection tissue punches of the VTA were collected and GFP-
positive nuclei were isolated using fluorescence-activated cell sorting. Whole-genome
amplification (REPLI-g, Qiagen) was performed according to the manufacturer’s instructions,
followed by targeted sequencing of a 200-300 bp region surrounding the intended cut site.
Tracking of indels by decomposition (TIDE) analysis (Brinkman et al., 2014) was performed to
compare sequence chromatograms from GFP-negative and GFP-positive samples to estimate
mutation frequency.
Surgery

Mice were anesthetized with isoflurane (1.5-4%) before and during viral injections and
fiber implantations. Mice recovered for at least 4 weeks prior to experimentation. For slice
electrophysiology, mice were injected at approximately 5-6 weeks of age. For all other
experiments, mice were injected at 8—12 weeks of age. VTA coordinates were M—L: +0.5, A-P:
—3.25, D-V: —4.4. Values are in mm, relative to bregma. A—P values were adjusted for bregma—
lambda distance using a correction factor of 4.21 mm. For z-values the syringe was lowered
0.5 mm past the indicated depth and raised up at the start of the injection. Injection volume was
500 nL at a rate of 250 nL/min. All injections were bilateral.

For electrophysiology and ex vivo calcium imaging experiments, all mice were injected

with AAV1-FLEX-GCaMPS&f at a 1:4 dilution. The diluent was the CRISPR virus: AAV1-FLEX-
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sgRosa26 (control) or AAVI-FLEX-sgTrpc6(1) and AAVI1-FLEX-sgTrpc6(2) (experimental
group). For fiber photometry experiments, all mice were injected with AAV1-FLEX-GCaMP6m
at a 1:6 dilution. The diluent was the CRISPR virus: AAV1-FLEX-sgRosa26 (control) or AAV1-
FLEX-sgTrpc6(1) and AAV1-FLEX-sgTrpc6(2) (experimental group).

Fiber-optic cannulas for photometry (400 um fiber, 0.66 NA, 1.25 mm ferrule) were
purchased from Doric and implanted in the VTA at a depth of —4.2mm from bregma.
Implantations were unilateral and implanted in the left hemisphere.

Ex Vivo Slice Physiology

Horizontal brain slices (200 um) were prepared in artificial cerebrospinal fluid (ACSF)
solution 32 °C containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl,, 2.4 CaCl,, 1.2 NaH>PO4, 21.4
NaHCOs, 11.1 D-glucose and 10 uM MK-801 (to prevent NMDA-mediated excitotoxicity). Slices
recovered in ACSF (in mM: 126 NaCl, 2.5 KCl, 1.2 NaH,PO4, 1.2 MgCl, 11 d-glucose, 18
NaHCOs, 2.4 CaCly) at 32°C containing 10 pM MK-801 for > 30 minutes. All solutions were
continually bubbled with Oz and COx.

Slices were hemisected along the midline, and one half was transferred to a recording
chamber under continuous perfusion (~2 ml min™!) of oxygenated ACSF at 32 °C while the other
was placed back into recovery. Recordings began in a whole-cell voltage clamp configuration with
glass microelectrodes (World Precision Instruments) with a resistance of 2-3 MQ. All
electrophysiology experiments used an internal solution containing (in mM): 130 K-gluconate, 10
HEPES, 5 NaCl, 1 EGTA, 5 Mg-ATP, 0.5 Na-GTP, pH 7.3, 280 mOsm. Once a stable recording
was achieved at -60 mV, cells were switched to current clamp and the spontaneous activity that
followed for the next 70 seconds was recorded. Cells were then given escalating current steps (A

=+10 pA) from -60 pA to +230 pA. Finally, cells were given a ramp protocol from 0 to 200 pA
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over 2 seconds. Basal electrical properties were measured and monitored following break-in using
the average of eight 5 mV pulses (10 ms pulse, sampled at 10 kHz). Cells with a series resistance
>16 MQ, or with a change in series resistance >50% during the recording period were excluded
from analysis. Whole-cell recordings were made using an Axonpatch 700B amplifier (Molecular
Devices) and Clampex software.

Electrophysiology Data Analysis

Electrophysiological data were acquired using Clampex software and analyzed post hoc
with custom Python scripts. Recordings consisted of single or multiple sweeps loaded with the
Neo library and AxonlO module. Spontaneous action potentials were detected by calculating the
first derivative of voltage (dV/dt) and applying a threshold of >15 mV/ms. To quantify
spontaneous firing rates, a sliding window analysis (10-second duration) was performed to identify
the highest frequency of spontaneous action potentials within a 70-second recording period.

Resting membrane potential was estimated by identifying interspike intervals of at least
200 ms and calculating the average voltage over a 50-point window within these quiescent periods.
This approach ensured that measurements reflected the membrane's most hyperpolarized state and
were not influenced by pre-spike depolarizations or post-spike afterpotentials.

Spike width was determined by identifying action potential boundaries: the spike onset was
defined as the first point before the detected peak where dV/dt < 0, and repolarization was
identified as the point following the peak where dV/dt returned to > 0. Spike width was
subsequently measured between these two boundary points. The coefficient of variability (CV) of
inter-spike intervals (IST) was calculated to assess firing regularity.

Additionally, rheobase currents were determined from ramp current injections by

calculating the minimum current required to elicit an action potential using robust spike validation
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criteria. Spikes during ramp protocols were validated based on sustained threshold crossing of
dV/dt (= 0.1x peak dV/dt for > 0.5 ms) and confirmed depolarization above 0 mV. The spike
threshold voltage was defined as the membrane potential at the first point of dV/dt threshold
crossing that led to a full action potential and was used to quantify the voltage level at which each
neuron initiated firing.

Ex Vivo Slice Calcium Imaging

Horizontal brain slices (200 um) were prepared in an ice slush solution containing (in mM):
92 N-methyl-d-glucamine, 2.5 KCI, 1.25 NaH,PO4, 30 NaHCOs, 20 HEPES, 25 glucose, 2
thiourea, 5 sodium ascorbate, 3 sodium pyruvate, 0.5 CaCl,, 10 MgSOs, pH 7.3—7.4 (Ting, 2014).
Slices recovered for 12 minutes in the same solution at 32 °C and then were transferred to a room
temperature solution including (in mM): 92 NaCl, 2.5 KCI, 1.25 NaH>PO4, 30 NaHCO;3, 20
HEPES, 25 glucose, 2 thiourea, 5 sodium ascorbate, 3 sodium pyruvate, 2 CaCl,, 2 MgSOs. Slices
recovered for an additional 45 minutes before recordings were made in ACSF at 32 °C that was
continually perfused over slices at a rate of ~2 ml min™! and contained (in mM): 126 NaCl, 2.5
KCIL, 1.2 NaH2PO4, 1.2 MgCLl 11 d-glucose, 18 NaHCO;, 2.4 CaCl,. All solutions were
continually bubbled with Oz and COx.

For bath application experiments, a 3-minute baseline period was recorded. Senktide (500
nM) was applied for two minutes, then a 10-minute washout period followed. For puffing
experiments, ~10 MQ electrodes were filled with either GSK 1702934A (1 uM and 300 nM), (S)-
3,5-Dihydroxyphenylglycine (30 uM), neurotensin (1 pM), senktide (500 nM), or carbachol (30
uM) diluted with an internal solution (in mM): 126 NaCl, 2.5 KCI, 1.2 NaH>POg4, 1.2 MgCl, 11 d-

glucose, 18 NaHCO3, 2.4 CaCl.
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The puffing pipette was situated adjacent to the cell of interest, and only one cell was
analyzed per puff. Only cells that exhibited a visual mechanical deflection in response to the puff
were subsequently analyzed. Importantly, while this deflection was reflected by a sharp negative
trough in the calcium signal, the calcium signal immediately rebounded. Cells that exhibited a
deflection and an increase in calcium signal were classified as responders; cells that exhibited the
deflection without increase in calcium fluorescence were categorized as nonresponders (see Fig.
IH inset for an example). Images were acquired using a high-speed camera (Hamamatsu
OrcaFlash 4.0LT) and Metafluor software.

Ex Vivo Slice Calcium Imaging Data Analysis

AF/F was calculated from the 3-minute baseline period using Image] and Inscopix
software. Peak fluorescence and area under the curve were compared between the two groups using
a Student’s t-test.

Fiber Photometry

Mice were connected to an imaging patch cord (Doric Lenses) and head-fixed in the multi-
spout apparatus. The imaging patch cord was photobleached for 10 minutes prior to recording.
Recordings were made using an RZ5 BioAmp Processor and Synapse software (Tucker Davis
Technologies). A 465 nm LED (531-Hz, sinusoidal, Doric Lenses) was used to excite GCaMP6m.
LED intensity was measured at the tip of the optic fiber prior to each recording session and set to
3040 pW. GCaMP6m fluorescence (525+ 25 nm) was returned through the same patch cord,
bandpass filtered, and recorded by the RZ5 at a sampling rate of 1,017.25 Hz. Spout extension
events were synced to the photometry recording via TTL delivery for offline analysis.

Fiber Photometry Data Analysis
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The 465 nm signal was preprocessed as previously described (Simpson et al., 2024). In
brief, the signal was down sampled 100x using a moving window mean and corrected for
photobleaching using a double exponential curve fit and subtraction (Simpson et al., 2024). A
custom Python package adapted from the Tucker Davis code was used to extract and analyze the
GCaMP signal surrounding each event. A 30-second window was extracted surrounding each
spout extension (10 seconds prior and 20 seconds following). Five seconds to one second prior to
spout extension was used as a baseline to calculate the z-score. Z-scores for each unique spout
identity were averaged for each mouse.

Multi-spout Apparatus

Mice were head-fixed in an OHRBETS (Open-Source Head-fixed Rodent Behavioral
Experimental Training System) as described (Gordon-Fennell et al., 2023). Briefly, OHRBETS
was constructed from 3D printed components and Arduino hardware. Mice were trained to lick for
solutions from multiple rotating and retracting spouts. Under water restriction, mouse weights
were held consistent at 90% baseline. Under food restriction, mouse weights were held consistent
at 85% of baseline weight. Multi-spout experiments were completed in four cohorts of mice.
Habituation to Head Fixation and Free-access Lick Training

Mice were water restricted to 90% baseline weight. Mice were habituated to head fixation
and trained to lick for 10% sucrose in a single 10-minute session. Mice were scruffed and gently
had their rear end and hind paws placed in a 50 mL conical during head fixation. During this
session, mice were given free access to 10% sucrose. Free access was approximated using closed-
loop delivery of a pulse of fluid (~1.5 pL) each time the mouse licked the spout. The spout was
positioned ~2—3 mm in front of the mouse’s mouth where it remained throughout the session

(Gordon-Fennell et al., 2023).
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Retractable Spout Training

Mice were water restricted to 90% of baseline weight. Retractable spout training consisted
of two daily sessions of 60 trials using one spout. The trial structure was as follows: spout
extension, one second delay with no liquid available, 3 seconds of free access of 10% sucrose as
described above, a one second delay with no liquid delivery, spout retraction. The inter-trial
interval was a variable 15-20 seconds.
Multi-spout Brief Access Sucrose Experiment

Mice were either food-restricted or water-restricted. Mice underwent five consecutive days
of multi-spout brief access for five concentrations of sucrose (0%, 5%, 10%, 20%, 30%) across 60
trials. The trial structure was as follows: spout extension, one second delay with no liquid available,
3 seconds of free access of 10% sucrose, a one second delay with no liquid delivery, spout
retraction. The inter-trial interval was a variable 15-20 seconds. Each spout contained a different
concentration of sucrose that remained the same throughout the daily session. The solutions in the
spouts, as well as the order of the spout presentations, were pseudorandomly assigned each day.
Fiber photometry signals were recorded during the third, fourth and fifth days of the experiment.
Licking and photometry data are presented as the average of these three days for each mouse.
Immunohistochemistry

Mice were deeply anesthetized using Beuthanasia and transcardially perfused with
phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (PFA) in PBS. Brains were
placed in 4% PFA overnight, then transferred to 30% sucrose in PBS solution at 4°C for at least
48 hours. Brains were then sectioned into 45um sections using a cryostat and placed in PBS at
4°C. Brain sections were then stained to validate virus expression. Free-floating sections were

placed in a blocking buffer (3% normal donkey serum and 0.3% Triton X-100 in PBS) for 30
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minutes. For enhancement of GCaMP6m and HA tag, sections were incubated in primary
antibodies (Chicken-GFP, 1:6000 dilution, ABCAM, Rabbit-HA, 1:1000) overnight at 4°C.
Sections were then placed in PBS for three 10-minute washes and incubated in secondary antibody
(1:250 dilution Alexa Fluor 488 AffiniPure Donkey Anti-Chicken or Cy3 Donkey Anti-Rabbit,
Jackson ImmunoResearch) for 45 minutes at room temperature. Then, following three 10-minute
PBS washes, sections were mounted using a mounting medium (DAPI Fluoromount-G, Southern
Biotech) and cover-slipped. Images were collected using a Keyence BZ-X710 fluorescent
microscope and analyzed using ImagelJ software.
Statistics and Reproducibility

All data were analyzed for statistical significance using Prism software (GraphPad Prism
9). No statistical methods were used to predetermine sample sizes. All behavioral assays were
repeated in a minimum of two cohorts with similar replication of results. Littermates were
randomly assigned to experimental groups and mice were tested in random order. Mice with
missed viral injections or significant viral spread outside the targeted region were excluded from
analyses. A complete list of statistical tests can be found in Extended Data Table 1.
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Figure 1. Validation of 7rpc6 mutagenesis approach. (A) mRNA expression of TRPC channel-
encoding genes in the VTA of adult mice adapted from Chung et al. (2017) (N=7 mice; Two-way
repeated measures ANOVA followed by Bonferroni post hoc comparison, ****P<(0.0001). (B) In
situ hybridization experiment showing localization of 7h, Trpc6, and co-localization of Th and
Trpc6 (N=3 mice, n=3 hemi sections/mouse). (C) Schematic showing the CRISPR constructs
injected into the sgRosa26 (control) and sg7rpc6 (experimental) groups. (D, E) Quantification of
mutagenesis in the 7rpc6 gene in VTA-DA GFP- and GFP+ cells in AAVI1-FLEX-SaCas9-
sgTrpco(l) injected mice (N=3 mice) (D) and AAV1-FLEX-SaCas9-sgTrpc6(2) injected mice
(N=3 mice) (E). Dashed lines indicate nucleotide deletions; lowercase letters indicate nucleotide
insertions. (F-K) Ex vivo slice calcium imaging experiment of VTA-DA cells with a 50 ms puff
application of TRPC6 channel direct agonist GSK1702934A at 1 uM (F-H) and 0.3 uM (I-K).
Mean =+ S.E.M. z-score traces (F, I), AUC and peak analyses for 1 uM (G) and 0.3 uM (J). (H, K)
Responder classification analysis for both concentrations; example trace of both types are shown
in the top panel of (H). (G-H) (N= 4 sgRosa26 mice, n=31 cells and N= 3 sgTrpc6 mice, n=46
cells; D’Agostino & Pearson Test, Mann Whitney, Chi-squared test, **P<0.01, ***P<(0.001). (J-
K) (N= 3 sgRosa26 mice, n=36 cells and N= 3 sg7rpc6 mice, n=47 cells; D’ Agostino & Pearson
Test, Mann Whitney, Chi-squared test, *P<0.05, **P<0.01, ****P<0.0001). See Extended Data

Table 1 for details on statistical tests.
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Figure 2. TRPC6 channels are coupled to neuropeptide receptor signaling pathways. (A) Ex vivo
slice calcium imaging experiment of VT A-DA cells following a 50 ms puff application of senktide
(0.5 uM) with mean + S.E.M. z-score traces, AUC, peak, and responder classification analyses

(N=4 sgRosa26 mice, n=34 cells and N=4 sgTrpc6 mice, n=33 cells; D’Agostino & Pearson Test,
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Mann Whitney, Chi-squared test, **P<0.01, ***P<0.0001). (B-E) Ex vivo slice calcium imaging
experiment of VTA-DA cells following a 5 min bath application of senktide (0.5 uM). (B) Average
rise (left panel), initial rise (middle panel) and rate constant analysis (right panel) for the initial
rise time of calcium fluorescence (N=3 sgRosa26 mice, n=290 cells and N=3 sg7rpc6 mice, n=512
cells; Independent t-test, ****P<0.0001). (C) Data from one slice per group from (B) where the
solid line is the average trace (left panel); coefficient of variation (CV), expressed as a percentage,
taken at T12 per slice (right panel) (N=3 sgRosa26 mice, n=10 slices and N=3 sg7rpc6 mice, n=9
slices; Independent t-test, **P<0.01). (D) Example traces for Type I, II, and III responsive cells
(left panel) and proportion analysis (right panel) (Fisher’s exact test, ***P<(0.001). (E) Frequency
of oscillations for Type II and III cells (left panel) and AUC analysis (right panel) (N=3 sgRosa26
mice, n=84 cells and N=3 sg7rpc6 mice, n=52 cells; D’ Agostino & Pearson Test, Mann Whitney,
*#%P<0.001). (F) Ex vivo slice calcium imaging experiment of VTA-DA cells with a 50 ms puff
application of neurotensin (NTS) (1 uM) with mean + S.E.M. z-score traces, AUC, peak, and
responder classification analyses (N= 3 sgRosa26 mice, n=40 cells and N= 3 sg7rpc6 mice, n=30
cells; D’Agostino & Pearson Test, Mann Whitney, Chi-squared test, *P<0.05, **P<0.01). (G) Ex
vivo slice calcium imaging experiment of VTA-DA cells with a 50 ms puff application of (S)-3,5-
Dihydroxyphenylglycine (DHPG) (30 uM) with mean + S.E.M. z-score traces, AUC, peak, and
responder classification analyses (N= 3 sgRosa26 mice, n=27 cells and N=3 sg7rpc6 mice, n=32
cells; D’Agostino & Pearson Test, Mann Whitney, Chi-squared test). (H) Ex vivo slice calcium
imaging experiment of VTA-DA cells with a 50 ms puff application of carbachol (10 uM) with
mean + S.E.M. z-score traces, AUC, peak, and responder classification analyses (N=3 sgRosa26
mice, n=20 cells and N=4 sgTrpc6 mice, n=37 cells; D’Agostino & Pearson Test, Mann Whitney,

Chi-squared test, *P<0.05). (I) A model by which activation of neurotensin receptor 1 (Ntsrl) and
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tachykinin receptor 3 (Tacr3) initiates a signaling cascade resulting in extracellular (EC) Ca** ions
flowing into the cell through TRPC6 channels contributing to a fast rise in [Ca*"] and Ca?*
oscillations. Ca®" ions exit the endoplasmic reticulum (ER) via IP3 receptors giving rise to a slow
rise in [Ca?']. TIP3 = inositol trisphosphate, PLC-B = phospholipase C beta, PIP, =
phosphatidylinositol bisphosphate, DAG = diacylglycerol. See Extended Data Table 1 for details

on statistical tests.
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Figure 3. Trpc6 mutagenesis does not alter spontaneous or evoked action potential firing in
dopamine neurons. (A) Schematic illustrating viral injection into the VTA of DAT-Cre mice. (B)
Representative traces of spontaneous action potential firing in sgRosa26 and sgTrpc6 injected
mice. The proportion of spontaneously active versus inactive cells did not differ significantly (N=5
sgRosa26 mice, n=76 cells and N=6 sgTrpc6 mice, n=66 cells, Fisher’s exact test, P=ns). (C)
Spontaneous firing frequency in sgRosa26 and sg7rpc6 injected mice did not differ significantly
(N=5 sgRosa26 mice, n=65 cells and N=6 sgTrpc6 mice, n=80 cells; D’ Agostino & Pearson Test,
Mann Whitney, P=ns). (D) Coefficient of variation in the interspike interval (CV-ISI) in sgRosa26
and sg7rpc6 injected mice did not differ significantly (N=5 sgRosa26 mice, n=51 cells and N=6
sgTrpc6 mice, n=56 cells; D’Agostino & Pearson Test, Mann Whitney, P=ns). (E) Resting
membrane potential (RMP) in sgRosa26 and sgTrpc6 injected mice did not differ significantly
(N=5 sgRosa26 mice, n=65 cells and N=6 sgTrpc6 mice, n=67 cells; D’ Agostino & Pearson Test,

Mann Whitney, P=ns). (F) Threshold to fire action potential during ramp current injection in
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sgRosa26 and sgTrpc6 injected mice did not differ significantly (N=8 sgRosa26 mice, n=28 cells
and N=3 sgTrpc6 mice, n=36 cells; D’Agostino & Pearson Test, Mann Whitney, P=ns). (G)
Example traces following current injection in sgRosa26 and sg7rpc6 injected mice. (H) Spikes
fired following current injection did not differ between sgRosa26 and sgTrpc6 injected mice (N=13
sgRosa26 mice, n=15 cells and N=9 sgTrpc6 mice, n=26 cells; Two-way repeated measures

ANOVA, Bonferroni’s multiple comparisons, P=ns). Data are presented as the mean + S.E.M.
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Figure 4. TRPC6 channels modulate licking behavior in a multi-sucrose consumption task under
food restriction but not water restriction. (A) Schematic illustrating viral injections and optic fiber
implants in the VTA of DAT-Cre mice. Inset is a representative histology image from
immunohistochemistry validation of targeting. (B) Schematic of the OHRBETS system and trial
structure that consists of a rotating and retracting five-spout apparatus. Head-restrained mice are
presented with one spout at a time. Spout extension is followed by a 1 sec delay, 3 sec free access
delivery of liquid, 1 sec delay, spout retraction, then a variable 15-20 sec inter-trial interval (ITI).
(C-E) Multi-sucrose experiment under 90% water restriction. Lick rate graphs (C) and

quantification of total licks per trial (D) for each spout identity (N=12 mice for both groups; Two-
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way repeated measures ANOVA, Tukey’s multiple comparisons, *P<0.05, **P<0.01,
*#xPp<0.001, ****P<0.0001). (E) Regression coefficient analysis per animal (N=12 mice for both
groups; Independent t-test, P=ns). (F-H) Multi-sucrose experiment under 85% food restriction.
Lick rate graphs (F) and quantification of total licks per trial (G) for each spout identity (N=12
mice for both groups; Two-way repeated measures ANOVA, Tukey’s multiple comparisons,
*P<0.05, ****P<0.0001). (H) Regression coefficient analysis per animal (N=12 mice for both
groups; Independent t-test, **P<0.01). See Extended Data Table 1 for details on statistical tests.

Data are presented as the mean = S.E.M. averaged across three days of the experiment for C-H.
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Figure 5. TRPC6 channels regulate in vivo VTA-DA calcium signals during a multi-sucrose
consumption task under food restriction but not water restriction. (A-C) Multi-sucrose experiment

under 90% water restriction. Z-scored fiber photometry signals aligned to spout extension (A) and
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AUC quantified during the 3 sec free access period (B) for each spout identity (N=12 mice for
both groups; Two-way repeated measures ANOVA, Tukey’s multiple comparisons, **P<0.01,
*#x4p<0.0001). (C) Regression coefficient analysis per animal (N=12 mice for both groups;
Independent t-test, P=ns). (D-F) Multi-sucrose experiment under 85% food restriction. Z-scored
fiber photometry signals aligned to spout extension (D) and AUC quantified during the 3 sec free
access period (E) for each spout identity (N=12 mice for both groups; Two-way repeated measures
ANOVA, Tukey’s multiple comparisons, *P<0.05, ***P<0.001, ****P<(0.0001). (F) Regression
coefficient analysis per animal (N=12 mice for both groups; Independent t-test, P=ns).
Comparisons of z-scored fiber photometry signals and AUC quantifications from A, B, D, E
between water restriction and food restriction experiments for each spout identity for sgRosa26
mice (G) and sg7rpc6 mice (H) (N=12 mice for both groups; Paired samples t-test, *P<0.05,
**#P<0.01, ***P<0.001). See Extended Data Table 1 for details on statistical tests. Data are

presented as the mean = S.E.M. averaged across three days of the experiment for A-H.
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Supplemental Figure 1. Histological validation for fiber photometry mice. Optic fiber placements
in the VTA for sgRosa26 mice (A) and sgTrpc6 mice (B) (N=12 mice for both groups). (C)
Representative immunohistochemistry images showing co-expression of GCaMP and
hemagglutinin (HA) (CRISPR virus expression). (D) Cell counts for GCaMP positive cells from

fiber photometry mice in A and B (N=12 mice for both groups; Independent t-test, P=ns).
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Supplemental Figure 2. Water restriction elicits higher licking responses at lower but not higher

sucrose concentrations than food restriction in both sgRosa26 and sg7rpc6 mice. (A-B) Licking

responses for water and increasing sucrose in sgRosa26 (A) and sg7rpc6 (B) mice. Two-way

repeated measures ANOVA within subject comparison (*P<0.05, **P<0.01, ***P<0.001, and

*#%%P<0.0001, Sidak post hoc comparison). (C) Linear regression analysis for individual mice

reveals significant differences within sgRosa26 under food restriction (FR) versus water restriction

(WR) and within sg7rpc6 mice under FR versus WR (Two-way repeated measures ANOVA;

**#P<0.01, ***P<0.001, and ****P<0.0001, Sidak post hoc comparison). Data are presented as

mean £ S.E.M.
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Supplemental Figure 3. Differential calcium responses following the solution access period in
sgRosa26 and sgTrpc6 mice. (A-B) GCaMP6m signal AUC of 10s post access period in response
to water and increasing sucrose in sgRosa26 (A) and sg7rpc6 (B) mice. In sgRosa26 mice (A),
there are significantly larger responses to 10% sucrose under WR compared to FR and significantly
larger responses to 30% sucrose in FR compared to WR. Like the AUC for the access period, the
AUC for the post access period is larger at 30% compared to 20% under FR. In sg77pc6 mice (B)
there are significantly larger responses to 20% sucrose FR compared to WR. However, unlike
sgRosa26 mice, there is no significant difference in the AUC for the post access period at 30%
compared to 20% under FR. (A-B) Two-way repeated measures ANOVA within subject
comparison (*P<0.05, **P<0.01, and ****P<0.0001, Sidak post hoc comparison). (C) Linear
regression analysis for individual mice reveals no significant differences between sgRosa26 and

sgTrpc6 mice under FR versus WR. Data are presented as mean = S.E.M.
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Extended Data Table 1.

Figure | Test | N | Statistics P Posttest | p (post)
Main Figure Statistics
1 A | Two-way N=7 mice Interaction: P<0.0001, Bonferroni *HE*p<0.0001
RM F(6,72)=9.203; | P<0.0001, multiple
ANOVA Effect of P=0.0006 comparisons
channel type:
F(6,72)=15.20;
Effect of group:
F(1,12)=20.86
G | AUC Nisgrosa26=4 mice, KsR05a26=6.614 | P sgrosa26<0.05,
D’Agostin | nsgrosa26=31 cells; , P sgmpe6<0.01
o& Nsgrpes=3 mice, K2eripec=13.71
Pearson Nsgrpec=46 cells
Test
AUC Nsgrosa26=4 mice, U=412 P<0.01
Mann— Nsgrosa26=31 cells;
Whitney Nsgrpes=3 mice,
Nsgrpes=46 cells
Peak Nisgrosa26=4 mice, Ksgrosa26=11.78 | P sgrosa26<0.01,
D’Agostin | nsgrosa26=31 cells; , P sgmpe6<0.0001
o0& Nsgripes=3 mice, KZseripe6=33.68
Pearson Nsgrpe=46 cells
Test
Peak Nisgrosa26=4 mice, U=378 P<0.001
Mann— Nsgrosa26=31 cells;
Whitney Nsgrpes=3 mice,
Nsgrpe=46 cells
H | Proportion | Nonrespondersgrosa2s | %*=9.059, df=1, | P<0.01
Chi-square | =4 cells, N=77
Respondersgrosa26=27
cells;
Nonrespondersgripes=
21 cells,
Respondersgripes=25
cells
J | AUC Nisgrosa26=3 mice, Ksgrosa26=13.52 | P sgrosa26<0.01,
D’Agostin | nsgrosa26=36 cells; , P sgmpe6<0.0001
0& Nsgripes=3 mice, Kseripes=53.47
Pearson nsgrpec=47 cells
Test
AUC Nisgrosa26=3 mice, U=598 P<0.05
Mann— NsgRosa26=36 cells;
Whitney Nsgrpes=3 mice,
NsgTipe—47 cells
Peak Nisgrosa26=3 mice, Ksr05a26=6.847 | P sgrosa26<0.05,
D’Agostin | nsgrosa26=36 cells; , P sgmpe6<0.0001
o0& Nsgripes=3 mice, KZse1pc6=55.97
Pearson nsgrpes=47 cells
Test
Peak Nisgrosa26=3 mice, U=523 P<0.01
Mann— NsgRosa26=36 cells;
Whitney
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ngTrpc6:3 mice,
nngrp56:47 cells

Proportion | Nonrespondersgrosazs | ¥>=14.70, df=1, | P<0.0001
Chi-square | =10 cells, N=83

Respondersgrosa26=26

cells;

Nonrespondersgripes=

33 cells,

Respondersgrpcs—=14

cells
AUC ngRoxa26:4 mice, Kzngosa26:12.94 P ngo,v026<0.01,
D’Agostin l'lngosa26:34 CGHS; , P ngrpcﬁ<0.001
o& ngTrpc6:4 mice, Kzngipc6:15.96
Pearson Nsgrpes=33 cells
Test
AUC ngRoxa26:4 mice, U=289 P<0.001
Mann— Nsgrosa26=34 cells;
Whltney ngTrpc6:4 mice,

l'lngrp56:33 cells
Peak ngRoxa26:4 mice, Kzngosa26:2.6 10 P sgRosa26—1S,
D’Agostin | nsgrosa26=34 cells; , P sgrrpes=ns
o0& ngTrpc6:4 mice, Kzngl‘p66:3.77O
Pearson Nsgrpes=33 cells
Test
Peak Nisgrosa26=4 mice, t=2.722, df=65 | P<0.01
Independe | nsgrosa26=34 cells;
nt t-test Nsgrpes=4 mice,

l'lngrp56:33 cells
Proportion | Nonrespondersgrosazs | ¥>=1.476, df=1, | P=ns
Chi-square | =6 cells, N=67

Respondersgrosa26=28

cells;

Nonrespondersgripes=

10 cells,

Respondersgrpes=23

cells
Independe | Nsgrosa26=3 mice, t=4.959, df=800 | P<0.0001
nt t-test Nsgrosa26=290 cells;

ngTrpc6:3 mice,

l'lngrpcﬁZS 12 cells
Independe | Nsgrosa26=3 mice, t=3.153,df=17 | P<0.01
nt t-test Nsgrosa26=10 slices;

ngTrpc6:3 mice,

l'lngerﬁzg slices
Proportion | Type Isgrosa26=66 P<0.001
Fisher’s cells,
exact test Type IIngosa26:33

cells,
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Type IIIngosa26:1 5
Type Ingrpcﬁzgg
cells,

Type IIngrpcﬁZ 10
cells,

Type IIIngrpm: 1
cells

Frequency ngRom26:3 mice, Kzngosa26: 14.42 P ngo,v026<0.00 1 .
D’Agostin l'lngosa26:84 CGHS; , P ngrpcﬁ<0.0 1
o& ngTrpc6:3 mice, Kzngrpm: 10.16
Pearson Nsgrpes=52 cells
Test
Frequency | Nsgrosa26=3 mice, U=1452 P<0.001
Mann— Nsgrosa26=84 cells;
Whltl’ley ngTrpc6:3 mice,

l'lnger§:52 cells
AUC ngRom26:3 mice, Kzngosa26:2 8.22 P
D’Agostin l'lngosa26:84 CGHS; 5 ngo,vaZ6<0.000 1 .
o& ngTrpc6:3 mice, Kzngl‘p66:14.62 P ngrpcﬁ<0.001
Pearson Nsgrpes=52 cells
Test
AUC Nisgrosa26=3 mice, U=2174 P=ns
Mann— Nsgrosa26=84 cells;
Whltl’ley ngTrpc6:3 mice,

l'lnger§:52 cells
AUC ngRom26:3 mice, Kzngosa26:3 3.54 P
D’Agostin l'lngosa26:40 CGHS; 5 ngo,vaZ6<0.000 1 .
o& ngTrpc6:3 mice, Kzngipc6:50.69 P ngrpcﬁ<0.000 1
Pearson nsgrpes=30 cells
Test
AUC ngRoxa26:3 mice, U=349 P<0.01
Mann— Nsgrosa26=40 cells;
Whltl’ley ngTrpc6:3 mice,

l'lnger§:30 cells
Peak ngRom26:3 mice, Kzngosa26:6.054 P ngosa26<0.05,
D’Agostin l'lngosa26:40 CGHS; , P ngrpcﬁ<0.000 1
o& ngTrpc6:3 mice, Kzngl‘p66:39.26
Pearson nsgrpes=30 cells
Test
Peak Nisgrosa26=3 mice, U=369 P<0.01
Mann— Nsgrosa26=40 cells;
Whltl’ley ngTrpc6:3 mice,

l'lnger§:30 cells
Proportion | Nonrespondersgrosazs | ¥>=3.717, df=1, | P<0.05
Chi-square | =11 cells, N=70

Respondersgrosa26=29

cells;

Nonrespondersgripes=

15 cells,

Respondersgrpes=15
cells
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AUC ngRom26:3 mice, Kzngosa26:29.76 P
D’Agostin l'lngosa26:27 CGHS; 5 ngo,vaZ6<0.000 1 .
o& ngTrpc6:3 mice, Kzngipc6:20.39 P ngrpcﬁ<0.000 1
Pearson Nsgrpes=32 cells
Test
AUC ngRoxa26:3 mice, U=393 P=ns
Mann— Nsgrosa26=27 cells;
Whltl’ley ngTrpc6:3 mice,
l'lnger§:32 cells
Peak ngRom26:3 mice, Kzngosa26:32.50 P
D’Agostin l'lngosa26:27 CGHS; 5 ngo,vaZ6<0.000 1 .
o& ngTrpc6:3 mice, Kzngl‘p66:14.76 P ngrpcﬁ<0.001
Pearson Nsgrpes=32 cells
Test
Peak Nisgrosa26=3 mice, U=398 P=ns
Mann— Nsgrosa26=27 cells;
Whltl’ley ngTrpc6:3 mice,
l'lnger§:32 cells
Proportion | Nonrespondersgrosazs | ¥>=0.9376, P=ns
Chi-square | =4 cells, df=1, N=59
Respondersgrosa26=23
cells;
Nonrespondersgripes=
8 cells,
Respondersgripcs=24
cells
AUC ngRom26:3 mice, Kzngosa26: 13.89 P ngo,vz126<0.0 1 .
D’Agostin l'lngosa26:20 CGHS; , P ngrpcﬁ<0.000 1
o& ngTrpc6:4 mice, Kzngl‘p66:46. 10
Pearson Nsgrpes=37 cells
Test
AUC ngRoxa26:3 mice, U=313 P=ns
Mann— Nsgrosa26=20 cells;
Whltl’ley ngTrpc6:4 mice,
l'lngrpc§:3 7 cells
Peak ngRom26:3 mice, Kzngosa26:6.594 P ngosa26<0.05,
D’Agostin l'lngosa26:20 CGHS; , P ngrpcﬁ<0.000 1
o& ngTrpc6:4 mice, Kzngl‘p66:30.73
Pearson Nsgrpes=37 cells
Test
Peak Nisgrosa26=3 mice, U=251.5 P<0.05
Mann— Nsgrosa26=20 cells;
Whltl’ley ngTrpc6:4 mice,

l'lnger§:37 cells
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Proportion | Nonrespondersgrosazs | ¥>=0.3655, P=ns
Chi-square | =3 cells, df=1, N=57

Respondersgrosa26=17

cells;

Nonrespondersgripes=

8 cells,

Respondersgripes=29

cells
Proportion | Spontaneoussgrosa26= P=ns
Fisher’s 42 cells,
exact test Inactivesgrosa26=34

cells;

Spontaneoussgrpes=3

9 cells,

InaCtiVengrpc6:27

cells
D’Agostin ngRomZﬁ:S mice, Kzngosa26:42.53 P
o& l'lngosa26:65 CGHS; 5 ngo,vaZ6<0.0001,
Pearson ngTrpc6:6 mice, Kzngl‘p66:39.38 P ngrpcﬁ<0.0001
Test nngrpcﬁzgo cells
Mann— ngRovaﬁZS mice, U=2445 P=ns
Whitney Nsgrosa26=05 cells;

ngTrpc6:6 mice,

l'lngerﬁzgo cells
D’Agostin ngRomZﬁ:S mice, Kzngosa26:46.3l P
o& l'lngosa26:51 CGHS; 5 ngo,vaZ6<0.000 1 .
Pearson ngTrpc6:6 mice, Kzngrpm:gS 21 P ngrpc6<0.000 1
Test nngrp56:56 cells
Mann— ngRovaﬁZS mice, U=1377 P=ns
Whitney Nsgrosa26=51 cells;

ngTrpc6:6 mice,

l'lngrpcﬁZS 6 cells
D’Agostin ngRomZﬁ:S mice, Kzngosa26:7.325 P ngo,v026<0.05,
o& l'lngosa26:65 CGHS; , P ngrpcﬁ<0.05
Pearson NsgTrpes=6 mice, | KZgipes=6.143
Test nngrp56:67 cells
Mann— Nisgrosa26=5 mice, U=2134 P=ns
Whitney Nsgrosa26=05 cells;

ngTrpc6:6 mice,

l'lnger§:67 cells
D’Agostin ngRomZﬁ:g mice, Kzngosa26: 10.16 P ngo,vz126<0.0 1 .
o0& l'lngosa26:28 CGHS; , P sgTrpec6—NS
Pearson Nsgripes=3 mice, | KZgripes=1.330
Test nngrp56:36 cells
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Mann— Nisgrosa26=8 mice, U=473 P=ns
Whitney Nsgrosa26=28 cells;
Nsgrrpes=3 mice,
Nsgrpes=36 cells
Two-way Nisgrosa26=13 mice, Effect of step: Effect of step: Bonferroni’s | p=ns
RM Nsgrosa26=15 cells; F(1.893, 73.83); | P<0.0001; multiple
ANOVA Nsgripes=9 mice, | Effect of Effect of comparisons
NsgTrpes=26 cells subject: F(39, subject:
897) =49.89 P<0.0001
Two-way Nisgrosa26=12 mice, Effect of spout | Effect of spout | Tukey’s *p<0.05,
RM Nisgripes=12 mice ID: ID: multiple **p<0.01,
ANOVA F(4,88) =43.02; | P<0.0001; comparisons | ***p<0.001,
Effect of Effect of *HE%p<0.0001
subject: subject:
F(22,88) = P<0.0001
7.247
Independe | Nsgrosa26=12 mice, t=0.9955, df=22 | P=ns
nt t-test Nsgrpes=12 mice
Two-way Nisgrosa26=12 mice, Interaction: Interaction: Tukey’s *p<0.05,
RM Nisgripes=12 mice F(4,88) =3.413; | P=0.0121 multiple **p<0.01,
ANOVA Effect of spout | Effect of spout | comparisons | ***p<0.001,
ID: ID: *HEXP<0.0001
F(4,88) = 174.2; | P<0.0001;
Effect of Effect of
subject: subject:
F(22,88) = P<0.0001
7.311
Independe | Nsgrosa26=12 mice, t=2.823,df=22 | P<0.01
nt t-test Nsgrpes=12 mice
Two-way Nisgrosa26=12 mice, Effect of spout | Effect of spout | Tukey’s *p<0.05,
RM Nisgripes=12 mice ID: ID: multiple **p<0.01,
ANOVA F(4,88) =41.87; | P<0.0001; comparisons | ***p<0.001,
Effect of Effect of *HE*p<0.0001
subject: subject:
F(22,88) = P<0.0001
4.052
Independe | Nsgrosa26=12 mice, t=0.8182, df=22 | P=ns
nt t-test Nsgrpes=12 mice
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Two-way Nisgrosa26=12 mice, Effect of spout | Effect of spout | Tukey’s *p=0.0505,

RM Nsgrpes=12 mice ID: ID: multiple **p<0.01,

ANOVA F(4,88) =49.11; | P<0.0001; comparisons | ***p<0.001,
Effect of Effect of *HE*p<0.0001
subject: subject:
F(22,88) = P<0.0001
3.362

Independe | Nsgrosa26=12 mice, t=1.284, df=22 | P=ns

nt t-test Nsgrpes=12 mice

Water Nwr=12 mice; t=3.647, df = P<0.01

Paired t- Nrr=12 mice 11

test

5% sucrose | Nwr=12 mice; t=5.608, df = P<0.001

Paired t- Nrr=12 mice 11

test

10% Nwr=12 mice; t=4.546, df = P<0.001

sucrose Nrr=12 mice 11

Paired t-

test

20% Nwr=12 mice; t=0.6625, df= | P=ns

sucrose Nrr=12 mice 11

Paired t-

test

30% Nwr=12 mice; t=2.439,df= P<0.05

sucrose Nrr=12 mice 11

Paired t-

test

Water Nwr=12 mice; t=0.5427, df = | P=ns

Paired t- Nrr=12 mice 11

test

5% sucrose | Nwr=12 mice; t=2.206, df = P<0.05

Paired t- Nrr=12 mice 11

test
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10% Nwr=12 mice; t=1.955,df = P=ns
sucrose Nrr=12 mice 11
Paired t-
test
20% Nwr=12 mice; t=1.681,df = P=ns
sucrose Nrr=12 mice 11
Paired t-
test
30% Nwr=12 mice; t=0.01657,df | P=ns
sucrose Nrr=12 mice =11
Paired t-
test

Supplementary Data Statistics
Independe | Nsgrosa26=12 mice, t=1.113,df=22 | P=ns
nt t-test Nsgrpes=12 mice
sgRosa26 | Nwr=12 mice; Interaction: F(4, | Interaction: Sidak’s *p<0.05,
Two-way Nrr=12 mice 44)=6.388; P=0.0004; multiple **p<0.01,
RM Effect of spout | Effect of spout | comparisons | ***p<0.001,
ANOVA, ID: F(4, 44) = ID: P<0.0001; ***%p<0.0001
within 96.08; Effect of | Effect of
group restriction: F(1, | restriction:
compariso 11)=24.25 P=0.0005
ns
sgTrpc6 Nwr=12 mice; Interaction: F(4, | Interaction: Sidak’s *p<0.05,
Two-way Nrr=12 mice 44)=19.65; P<0.0001; multiple **p<0.01,
RM Effect of spout | Effect of spout | comparisons | ***p<0.001,
ANOVA, ID: F(4, 44) = ID: P<0.0001 ***%p<0.0001
within 75.86
group
compariso
ns
Regression | Nsgrosa2e=12 mice, Effect of P=0.0001 Uncorrected | **p<0.01
Coefficient | Nsgripes=12 mice restriction: Fisher’s
Two-way F(1,22) =21.36 LSD
RM
ANOVA
sgRosa26 | Nwr=12 mice; Interaction: F(4, | Interaction: Sidak’s *p<0.05,
Two-way Nrr=12 mice 44)=9.717; P<0.0001; multiple **p<0.01,
RM Effect of spout | Effect of spout | comparisons | ***p<0.001,
ANOVA, ID: F(4, 44) = ID: P<0.0001 ***%p<0.0001
within 23.36
group
compariso
ns
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sgTrpc6 Nwr=12 mice; Interaction: F(4, | Interaction: Sidak’s *p<0.05,
Two-way Nrr=12 mice 44)=3.110; P=0.0244; multiple **p<0.01,
RM Effect of spout | Effect of spout | comparisons | ***p<0.001,
ANOVA, ID: F(4, 44) = ID: P<0.0001 ***%p<0.0001
within 12.77

group

compariso

ns

Regression | Nsgrosa26=12 mice, P=ns Sidak’s P=ns
Coefficient | Nsgrpes=12 mice multiple

Two-way comparisons

RM

ANOVA
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CHAPTER 3: OTHER TRPC6 CHANNEL INVESTIGATIONS
3.1 Trpcé6 in situ hybridization experiment

Although the FACS data for our sg7rpc6(1) and sg7rpc(2) CRISPR viruses confirmed
~70-80% mutagenesis efficiency (Fig. 1D, E — pie charts), we also wanted to confirm a reduction
in Trpc6 mRNA. I bilaterally injected AAV1-FLEX-sgRosa26 (control group) or AAV1-FLEX-
sgTrpc6(1) and AAVI-FLEX-sgTrpc(2) (experimental group) into the VTA of DAT-Cre mice.
Four weeks later, Sage Cho, a post baccalaureate student in the lab, performed in situ hybridization
(ISH) with probes for Trpc6 and Th. After several rounds of ISH across two cohorts of mice, we
saw a modest, but significant, reduction in 7rpc6 mRNA in the experimental group (Fig. 6B).
However, we expected this reduction to be greater based on previous ISH CRISPR validation
experiments that have been performed in the lab. Some experimental slices had a very visible
reduction in 7rpc6 mRNA (Fig. 6A), but some slices appeared to have no reduction.

To confirm that all slices had CRISPR virus expression, Sage performed another round of
ISH with probes for 7/ and Cas9. We saw abundant Cas9 expression, confirming that the virus
had been injected in the VTA. Thus, it was strange that we only saw a ~30% reduction in 7rpc6
mRNA (Fig. 6B); we focused our work on other experiments for the time being.

Additionally, we wanted to confirm that there was no overcompensation of other TRPC
channels after the mutagenesis of 7rpc6. In a different cohort of mice, I bilaterally injected AAV1-
FLEX-sgRosa26 (control group) or AAVI1-FLEX-sg7rpc6(1) and AAVI1-FLEX-sgTrpc(2)
(experimental group) into the VTA of DAT-Cre mice. Four weeks later, Sage performed one round
of hybridization chain reaction (HCR) with a probe for 7/, imaged the sections, stripped the probe,
and then performed one round of ISH with probes for Trpc3, Trpc4, and Trpc6. We chose Trpc3

because TRPC3 channels are in the same subfamily as TRPC6 and can form heteromers with
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TRPC6. We chose Trpc4 because it has the second highest enrichment (after 7rpc6) in VTA-DA
neurons compared to non DA cells (Fig. iA).

Due to multiple technical issues such as unusually high background fluorescence, slice
degradation, and misaligned tiling, it was difficult to quantify the signal using automated software
(QuPath). Both Sage and I independently tried to analyze the data using QuPath, but did not get
meaningful results. Furthermore, we did not see a reduction in 77pc6 mRNA in the experimental
group that would confirm our findings from our first ISH experiment (Fig. 6), which made these
results even more suspicious. Either there was a technical problem during the HCR/ISH process
or the probes weren’t working as expected. Taken together with our initial (very modest) reduction
in Trpc6 mRNA (Fig. 6), we were not able to conclusively demonstrate that there was a reduction
in 7rpc6 mRNA after injection of the sg7rpc6 CRISPR viruses.

However, ISH as a measurement of mRNA knockdown via CRISPR/Cas9 also has caveats.
CRISPR/Cas9 technology causes gene knockdown by creating indel mutations at the targeted cut
site, which most commonly result in premature termination codons (PTCs). These PTCs lead to
the termination of protein synthesis, resulting in truncated and often non-functional proteins that
are degraded during translation (Brogna & Wen, 2009). The presence of PTCs is detected by the
RNA exon junction complex that canonically senses PTCs associated with aberrant splicing,
mistranslation, or mutation to facilitate the de-capping or de-polyadenylation of mRNA promoting
decay (Brogna & Wen, 2009). Although this mechanism provides a readout for indels associated
CRISPR mutagenesis, there is a high degree of variability amongst transcripts that are sensitive to
nonsense mediated decay (NMD), as well as other determinants such as the proximity of the
mutation to the start codon and exon-exon junctions (Sato & Singer, 2021). Additional

considerations include the rate of NMD and the ability of the probe used during ISH to still bind
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to mRNA sequences that are downstream or upstream of the CRISPR cut site. Given the general
long length of in situ probes, the probe may still bind even if there is a point mutation or an in-
frame indel (multiples of 3 base pairs) that can produce altered proteins without degrading mRNA.
Therefore, in some cases, ISH may underestimate the amount of NMD due to CRISPR/Cas9
mutagenesis. Although our ISH data is inconclusive, we are still confident that our CRISPR/Cas9
mutagenesis strategy is causing a loss TRPC6 channel function based on our FACS data showing
~80% mutagenesis and our functional assay using calcium imaging with the TRPC6 channel direct
agonist showing a significant loss of TRPC6 channel function after 7rpc6 mutagenesis (Fig. 1).
3.2 Tacr3-expressing subpopulation

Based on the extensive evidence presented in 1.5 linking TRPCS5 channels to the Tacr3
signaling pathway in hypothalamic neurons, I initially started my TRPC6 channel investigation
focusing on the Tacr3 subpopulation of VTA-DA neurons. Tacr3-expressing VTA neurons
represent a subpopulation of DA neurons that project to both regions of the nucleus accumbens
(NAc) and comprise approximately one-third of the DA population in this region (Heymann et al.,
2020). Although these cells represent a subset of VT A-DA neurons, mice will perform intracranial
optical self-stimulation of specifically VT A-Tacr3 cell bodies significantly more than controls and
exhibit a real-time place preference for VT A-Tacr3 stimulation (Heymann et al., 2020). This effect
is not observed in larger DA subpopulations that project more exclusively to the NAc core and
shell, respectively (Heymann et al., 2020). Thus, VTA-Tacr3 neurons appear to represent a
minimally sufficient population of DA neurons that promote reward reinforcement behavior.

To selectively target Tacr3-expressing cells, I injected AAV1-FLEX-sgRosa26 (control
group) or AAVI-FLEX-sgTrpc6(1) (experimental group) and Cre-dependent GCaMP6m (both

groups) into the VTA of Tacr3-Cre mice. The OHRBETS system was not implemented in our lab
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at the time so I used an operant box to assess reward reinforcement behavior. Food restricted mice
were trained on a fixed-ratio 1 (FR1) schedule of reinforcement to press a level for a three second
cue, followed by delivery of a 20-mg sucrose pellet. After five days of acquisition of the task, the
lever pressing behavior was extinguished over five days and then reinstated for one day. Both
groups acquired the task equally and I did not observe any significant differences in learning or
calcium signals.

Differences started to emerge however during the reward omission task. During this task,
mice were retrained on an FR1 to press an active lever for a sucrose pellet. After mice had
sufficiently learned the task, 25%, 50%, or 75% of rewards were omitted during subsequent test
sessions (Fig. 7). While the number of lever presses did not differ between groups, sg77pc6 mice
showed significantly reduced calcium signals compared to controls when a reward was highly
unexpected during 75% reward omission (Fig. 7C). Because the majority of Tacr3 neurons are
dopaminergic, these results suggested that mice lacking TRPC6 channels in VTA-Tacr3 neurons
exhibited less DA neuron excitation to a highly unexpected reward. It is well-established that DA
signaling encodes the value of reward-predictive stimuli and influences both learning and decision-
making (Wise, 2004). Thus, based on these data, I hypothesized that TRPC6 channels may play a
role in regulating VTA-Tacr3 calcium signals during reward uncertainty.

To further investigate the role of TRPC6 channels in reward uncertainty, I recorded the
calcium dynamics of VTA-Tacr3 neurons with and without TRPC6 channels during a probabilistic
discounting task (Parker et al., 2011). Probabilistic discounting is the observation that an uncertain
reward is generally considered to be worth less compared to the same reward available for certain

(Shead & Hodgkins, 2009). The probabilistic discounting task gives mice the ability to choose
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between a small, certain reward and a large, uncertain reward. This task tested value discrimination
in the context of uncertainty and also assessed risk preference behavior.

Parker et al. (2011) reported that control mice choose the high-reward lever 85% of the
time when it is reinforced in 100% of trials. As the probability of reinforcement for the high-reward
lever decreases to 25%, control mice switch preferences to the low-reward lever because they
prefer a smaller but certain reward over a larger unexpected reward (Parker et al., 2011). Because
my preliminary operant data indicated that sg7rpc6 mice have reduced calcium activity for
unexpected rewards and potentially a reduced capability to scale their DA signals in general, I
hypothesized that sg7rpc6 mice would exhibit an impaired ability to develop a preference for the
high-reward lever and/or a delayed switch from the high-reward lever to the low-reward lever
during probabilistic discounting.

Mice completed a modified version of the probabilistic discounting task as described by
Parker et al. (2011). A flashing house light signaled the beginning of each trial. Once the mouse
made a nose poke into the food receptacle, one of two levers was extended in the chamber. Each
lever press was reinforced on an FR1 schedule of reinforcement with a sucrose pellet and followed
by a 10s intertrial interval (ITI). The ITI was progressively extended to 60s and the time limit for
initiating a trial and executing the lever press was reduced to 20s. Failure to initiate or failure to
press the lever in 20s resulted in a missed trial and a 60s timeout. Once animals successfully
completed 20 or more of the 24 trials, one lever was randomly assigned to deliver two sucrose
pellets (high-reward) and one lever to continue delivering a single sucrose pellet (low-reward).
Mice received two training sessions per day: The morning session consisted of 24 forced trials (12
high-reward and 12 low-reward lever presentations) where only one lever was presented. The

afternoon session consisted of 24 choice trials where both levers were presented. Once the mice
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established a preference for the high-reward lever, the probability of reinforcement for the high-
reward lever varied across days. The probability of reinforcement was the same in the forced trial
and choice trial sessions on a given day so that the mouse experienced the contingencies of each
lever in the first session and then decided which lever to press in the second session based on
experience.

The major hurdle I encountered when performing the probabilistic discounting task was
the amount of time that it took to train the animals on the task. Due to the task structure, mice had
to complete a trial in a short amount of time or else they faced a timeout period, which happened
often. The frequent timeout periods confused the mice, and thus their learning rate suffered. Mice
could only move onto the next phase of the task if they could complete trials with 80% accuracy,
which meant that it took them multiple months to complete the entirety of the probabilistic
discounting task. After I ran the first cohort of mice, I observed a trend towards impaired
discrimination for the high- vs. low- reward levers in the sg77pc6 group. However, I repeated the
experiment in a second cohort of mice and the effect disappeared.

One of the reasons why I did not observe significant results with mutagenesis of 7rpc6 in
Tacr3-expressing cells may be because of a small population of Tacr3-expressing cells that does
not express DA and thus have very little to no TRPC6 channels. Thus, injection of the sg7rpc6
CRISPR viruses would have no effect on these cells but they would still express GCaMP6m. This
means that this population would be included in both the sgRosa26 and sgTrpc6 groups, potentially
occluding a subtle yet significant difference in calcium signaling between groups. In retrospect,
considering the senktide bath calcium imaging experiment (Chapter 2, Fig. 2E) showing no

significant differences in AUC between the sgRosa26 and sgTrpc6 groups and the fact that fiber
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photometry is a measure of bulk population activity, including this 7acr3 non-DA population
could be the reason why I wasn’t seeing significant results.

Single cell RNA-sequencing data from Simon et al. (2024) (that was published after I
completed these experiments) confirms that this non-dopaminergic 7acr3 population is nonzero
(Fig. 8), likely reflecting Tacr3 expression in the underlying interpeduncular nucleus (Lein et al.,
2007). The lab has also previously reported that ~15% of neurons virally labeled in the VTA of
Tacr3-Cre mice are not Th-positive (Heymann et al., 2020). Thus, the contribution of non-
dopaminergic Tacr3- expressing neurons to fiber photometry signals cannot be discounted.

After many months of struggling with the probabilistic discounting task, I changed
experimental strategies. Based on the Tacr3 evidence I gathered, we decided it would be best to
expand the scope of the TRPC6 channel project to the entire VTA-DA population instead of only
the Tacr3 subpopulation. For all the experiments I performed onwards, I used DAT-Cre mice
instead of Tacr3-Cre mice. This pivot ultimately ended generating significant and interesting

results as outlined in Chapter 2.
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3.3 Figures and legends for Chapter 3
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Figure 6. Trpc6 in situ hybridization experiment. (A) Example images from sgRosa26 (control)
and sg7rpc6 (experimental) slices with probes for 7rpc6 and Th. (B) Quantification of 7rpc6 mean

intensity in 7h+ cells only (N=5 mice (sgRosa26); N=6 mice (sg7rpc6); Independent t-test,

P<0.05).
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Figure 7. TRPC6 channels contribute to reward encoding during a reward omission task in a
subpopulation of DA neurons. Average z-score (+SEM) of the z-scored fiber photometry signals
from Tacr3-Cre mice aligned to the first head entry (HE) into the food hopper following reward
delivery during 25% (A), 50% (B), and 75% (C) reward omission (left). Area under the curve
(AUC) of the z-score for the 10 seconds following HE (right) (N=8 sgRosa26 mice; N=6 sgTrpc6

mice; Independent t-test, P<0.05).
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Figure 8. Single cell RNA-sequencing data adapted from Simon et al. (2024). There is a population

of Tacr3-expressing cells that is non-dopaminergic (the non-overlapping yellow portion).
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CHAPTER 4: OTHER PROJECTS
4.1 Spout Mouse hardware construction
The original Zweifel lab OHRBETS design consisted of a single apparatus such that only
one mouse could be run at a time (Fig. 9A). Additionally, we were using the NAPE Center’s fiber
photometry cart to record photometry signals. Each time I wanted to record fiber photometry data,
I would have to reserve the cart, collect it from the 1st floor J-wing, transport it across the building
to the 6th floor C-wing, record, and then return it back when I was finished. This arrangement was
less than ideal for numerous reasons:
1. Running one mouse at a time greatly limited the number of mice per cohort.
2. The OHRBETS system was not built in a sturdy manner - connections would become loose
or come apart mid-session.
3. The system consisted of many wires that were unsecured, unlabeled and unorganized,
which made debugging issues practically impossible or very time consuming.
4. The NAPE cart was heavily used by other labs so I had to plan out my experiments in
advance, but no more than one month in advance.
5. T'was limited to six half day NAPE cart reservations every two weeks.
6. Transporting the cart back and forth was cumbersome and detrimental for the health of the
equipment, as it was always rattling around during transport.
For these reasons, we decided the Zweifel/Soden labs needed an upgraded OHRBETS system.
I took on the daunting task of building new multi-spout apparatuses. While Dr. Gordon-
Fennell had written extremely detailed instructions on how to build the OHRBETS system, I had
no experience in 3D printing, soldering or electrical engineering. However, with the help of Mary

Loveless (Zweifel/Soden lab research technician) and Dr. Seung-Woo Jin (Zweifel lab post-doc
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with electrical engineering experience), I was able to successfully build four new multi-spout
apparatuses and integrate them with our own new fiber photometry cart (Fig. 9B-D). By the end
of this multi-month process, I could run sixteen animals in one cohort (versus six previously) and
did not have to rely on the NAPE fiber photometry cart.

4.2 Spout Mouse Python Package

When I first started gathering data from the OHRBETS system, I was using Python scripts
that had been written by Joshua Yee (Zweifel/Soden labs research technician) in combination with
a GUI written many years ago by Dr. Scott Ng-Evans. Unfortunately, I could not change the way
the GUI preprocessed and extracted the signal because the code was “running under the hood” and
the Python scripts calculated only surface level parameters. Thus began my journey into the world
of coding. Learning how to code also fulfilled a goal of mine which was to fully understand the
analysis scripts [ had been using to process fiber photometry data instead of blindly running scripts
written by other people without knowing what they were doing.

Who better to ask for help than my husband, Daniel McAuley, whose job it is to analyze
large data sets for a living? Because I had two different formats of data being stored — data from
the Arduino that stored licking behavior and data from the photometry cart that stored calcium
signals — integrating the datasets was challenging. One of the main hurdles was that while the lick
data stored data about which spout was presented, the fiber photometry data did not have any spout
information. Thus, I needed to combine the two datasets in parallel to make sure that correct spout
identities were mapped to the photometry signals. Dr. Gordon-Fennell had written R scripts for his
paper, but I wanted to learn Python, and therefore Daniel and I decided it would be best if I wrote

the scripts from scratch.
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Daniel taught me about efficient data storage, organization, and best coding practices. With
his (and ChatGPT’s) help, I was able to combine the datasets in an organized way, with variables
and functions that allowed the user to change analysis parameters depending on his/her needs. At
the time, the lab had ongoing discussions about the correct way to process and z-score the
photometry signals, and the way we were doing these processes was constantly changing. The
code that I wrote allowed the user to make changes, which was something that the previous GUI
did not allow, to the preprocessing and z-scoring steps depending on the experimental parameters
and/or preferences of the user. In this way, if the user decided he/she wanted to tweak an analysis
parameter, he/she could easily rerun the code and reprocess all data from all cohorts at the same
time.

Another key feature of the code is the Google Sheets integration. Google Sheets stored the
experimental metadata: name of the experiment, cohort number, spout identity (Fig. 10A). One
cohort of mice that completed the multi-sucrose experiment was assigned five spout identities
across five days. Additionally, the spout identities changed every day and across cohorts. Thus, it
was critical that the correct spout identity was mapped to the corresponding lick data and
photometry data. In the “old” scripts, the user would manually type in the spout identity (e.g. spout
1: water, spout 2: 5% sucrose, spout 3: 10% sucrose, etc.). Not only was this an error prone and
tedious way to assign spout identities, but also didn’t allow for processing of multiple days of data
at the same time (because there was nowhere to specify cohort and day, and each cohort and day
had different spout assignments). Google Sheets integration solved this problem because the user
would specify the experiment name, cohort, and day, and the code would automatically pull the

corresponding spout identities from the Google sheet (Fig. 10B).
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Daniel and I also put my analysis scripts into a Python package that is published on GitHub
(Fig. 11), which streamlined the amount of code that I ran daily and was an introduction to software
development. Additionally, I held a coding workshop for the lab to share all that I had learned in
this process. While programming was not something I envisioned myself doing prior to starting
graduate school, I am very happy that I was able to not only write my own analysis scripts, but
also help others with their scripts as well.

4.3 Other collaborations

4.3.1 Lateral septum Pdyn-expressing cells are inhibited during reward retrieval

I took part in a collaboration with a postdoctoral fellow, Dr. Travis Goode, in the Sahay
lab at the Center for Regenerative Medicine at Massachusetts General Hospital investigating the
role of prodynorphin (Pdyn)-expressing inhibitory neurons of the dorsal lateral septum (DLS) in
contextual feeding. Using optogenetics and food consumption behavior tasks, Dr. Goode had
already shown that optogenetic activation of DLS-Pdyn cells reduces feeding and increases
avoidance. He now wanted to use fiber photometry to record DLS-Pdyn cells in different contexts
during consumption. Because the Sahay lab did not have fiber photometry capability, Dr. Goode
came to UW for these experiments.

I helped him strategize coordinates for GCaMP injections and optic fiber implantations,
showed him how to do the surgeries, discussed experimental design, taught him how to run fiber
photometry experiments in our operant boxes, and performed histological validation. We injected
a Cre-dependent GCaMP6m virus into the DLS of Pdyn-Cre mice and implanted an optic fiber
over these cells (Fig. 12A-B). During the operant behavior task (Fig. 12C), we found a consistent
decrease in activity in DLS-Pdyn cells as animals made head entries to consume food that was

attenuated in a novel context (Fig. 12F). We also observed an increase in calcium fluorescence
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that preceded the active lever press, as well as during the conditioned stimulus (Fig. 12F, H). These
increases disappeared when animals experienced a context change, highlighting the anticipatory
and contextual signals encoded by DLS-Pdyn cells. This fiber photometry experiment
strengthened the main findings in his paper, which is currently under revision at Neuron (Goode
et al., 2025).

4.3.2 The manganese transporter SLC30a10 is necessary for dopamine release in the

striatum during stimulation of dopamine cell bodies in the SN¢

Collaborators at the University of Texas at Austin were investigating the mechanisms of
manganese (Mn)-induced motor disease. They generated a mouse strain with knockout of the Mn
efflux transporter Slc30a 0 in dopaminergic neurons by crossing a Slc30al0 flox/flox mouse with
a Th-Cre mouse. This genetic strategy ensured that Slc30al0 was only knocked out in dopamine
cells (i.e. cells expressing 7/). While this mouse strain exhibited motor deficits, in vivo
microdialysis of dopamine release in the striatum revealed no differences between the knockouts
and control mice. To further investigate the cause of the motor deficits, I performed an in vivo
optogenetics experiment for them.

In contrast to the in vivo microdialysis experiment where dopamine release was triggered
at dopamine neuron terminals in the dorsal striatum, in the optogenetics experiment, dopamine
release in the dorsal striatum was evoked by optogenetically stimulating dopaminergic cell bodies
in the substantia nigra pars compacta (SNc). I injected an AAV containing a Cre-dependent
expression cassette for the red light-sensitive ion channel, Chrimson (AAV1-CAG-FLEX-
Chrimson-tdTomato) into the SNc¢ and an AAV containing the non-conditional expression cassette
for the dopamine sensor GRAB-DA (AAV1-hSyn-GRAB-gDA3m) into the dorsal striatum of

experimental mice (Slc30al0 fl/fl:: Th-Cre) and what I thought were control mice (i.e. mice that
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did not have the Slc30al0 knock out) (Fig. 13a). In reality, the collaborators had misunderstood
the experimental parameters and had sent us Cre-negative mice as controls because this was the
control group they used in their other experiments. Because the Chrimson virus was Cre-
dependent, it was not expressed in Cre-negative mice. Therefore, I redid the experiment in a new
cohort with the proper control mice (74-Cre mice). Lesson learned: triple check the experimental
parameters with collaborators who are not familiar with the type of experiment that is being
performed

Optogenetic stimulation of SNc cell bodies evoked dopamine release in the dorsal striatum
that increased with stimulus duration and stimulation frequency in control mice, but that was not
observed in dopaminergic-specific Slc30al0 knockout mice (Fig. 13c-f). Thus, the microdialysis
and optogenetics assays implied that striatal dopamine release in dopaminergic-specific Slc30al0
knockouts is significantly compromised when dopamine release is evoked through cell body
stimulation but not through direct terminal stimulation. Taken together with the rest of the work
by the Mukhopadhyay lab, these results suggest that a deficit in evoked dopamine release through
cell body stimulation may explain the underlying motor phenotype in Slc30al0 knockout mice.
This work resulted in co-authorship of a manuscript that is under review at PNAS (Grant et al.,

2025).
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4.4 Figures and legends for Chapter 4

| Old OHRBETS System || New OHRBETS System

Figure 9. Upgraded Zweifel/Soden labs OHRBETS system. (A) The old set up only allowed one
mouse to be run at a time. (B) One (out of four) new apparatuses. (C) Organized and labeled cables.
(D) A mouse completing an operant behavior task. A quarter turn of the wheel results in spout

extension and delivery of a 10% sucrose solution.
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A date experiment cohort day spout_id spout_name solution_text notes
2/26/24 multi-sucrose 1 1 0 05% sucrose  05% sucrose
2/26/24 multi-sucrose 1 1 1 10% sucrose 10% sucrose
2/26/24 multi-sucrose 1 1 2 20% sucrose  20% sucrose
2/26/24 multi-sucrose 1 1 3 30% sucrose  30% sucrose
2/26/24 multi-sucrose 1 1 4 water water
2/27/24 multi-sucrose 1 2 0 water water
2/27/24 multi-sucrose 1 2 1 30% sucrose  30% sucrose
2/27/24 multi-sucrose 1 2 2 10% sucrose 10% sucrose
2/27/24 multi-sucrose 1 2 3 20% sucrose  20% sucrose
2/27/24 multi-sucrose 1 2 4 05% sucrose  05% sucrose

spout_names = spout_mouse.load_experiment_metadata(experiment_df, 'multi-sucrose', [1, 2, 3, 4], [3, 4, 5])
experiment cohort day

Figure 10. Google Sheets integration with the Spout Mouse code. (A) Experimental metadata is
stored in a Google sheet. (B) To grab all of the spout identities for one experiment, the user runs
one line of code specifying the name of the experiment, cohort(s), and day(s) of the experiment to

be analyzed.

81



I Spout Mouse Python Package

Visualization)

authorize_google_sheets - Lick Data data_loading.load_experiment_metadata process_lick_data (lick data) compute_lick_rate
- TDT Fiber Photometry Blocks data_loading.extract_zip_files compute_lick_rate calculate_mean_zscore
data_loading.get_experiment_data process_all_blocks (FP data)  calculate_mean_sem_zscores
prepare_fp_dataframe calculate_AUC, z-scores
clean_fp_trials

truncate_zscore_arrays

merge_fp_with_lick_data

_ Da%aR:‘;qFlillles;t)lon — > (DataLoading] —— (Data Processing] — (Data Analysis] —

plot_lick_rate
plot_total_licks

plot_zscore_traces

Figure 11. Workflow for Spout Mouse Python Package. Grabs experimental data from Google

Sheets, integrates and processes lick data and fiber photometry data, performs simple analysis

calculations (e.g. z-score, AUC), and plots data.
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Figure 12. Context-dependent responses of DLS-Pdyn neurons during conditioned food reward-
seeking (adapted from Goode et al., 2025). (A) Pdyn-Cre mice were injected with Cre-dependent
GCaMP6m-expressing virus in the dorsal lateral septum (DLS), and an optic fiber was placed
above the DLS. (B) Representative coronal image to confirm viral expression and fiber placement.
(C) Behavioral design for FR1 2-lever discrimination for a food reward in a familiar vs. novel
context. (D) The total number of lever presses, activated CS presentations, and the number of food
rewards consumed for each training session. (E) Comparisons of the total number of lever presses,
activated CS presentations, and number of food rewards consumed for the final training day vs. in
the novel context. (F) Average z- score of the AF/F of the GCaMP6m signal aligned to CS onset
for all trials from all mice, shown for each session. (G) Area under the curve (AUC) of the z-score
of the GCaMP6m signal for specific trial periods during training, including the 3 sec period prior

to an active lever press, the 3 sec period during the CS, the 12 sec period following delivery of the
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food reward, and the 3 sec period surrounding the midpoint of the post-food reward period. (H)
AUC of the z-score of the GCaMP6m signal for specific trial periods during the final day of
training vs. in the novel context, including the 3 sec period prior to an active lever press, the 3 sec
period during the CS, the 12 sec period following delivery of the food, and the 3 sec period
surrounding the midpoint of the post-food reward period. Data are presented as means +SEM; for

all statistics: *p<0.05; **p<0.005, ***p<0.0005; ****p<0.00005.
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Figure 13. Evoked dopamine release is reduced in Slc30al0 KO mice (adapted from Grant et al.,
2025). (a) Schematic of viral injections and fiber placements for AAV1-GRAB-DA and AAV1-
FLEX-Chrimson-tdTomato in Slc30al0 fl/fl::Th-Cre and Th-Cre control mice. (b) Example
histology for Chrimson expression in the SNc and GRAB-DA expression in the DS of control and
KO mice. Dashed lines represent fiber placements. Scale bar = 100 pm. (c-d) GRAB-DA
fluorescence following Chrimson stimulation of SNc¢ dopamine neurons for 1s (c) or 3s (d) with
increasing stimulation frequency and corresponding AUC calculation (e-f). (N=4 control; N=5
Slc30al0 f1/fl mice). () Two-way repeated measures ANOVA; stimulus x genotype interaction
F(3,21)=4.003, P=0.0212; Bonferroni post-hoc, **P=0.0098. (f) Two-way repeated measures
ANOVA; stimulus x genotype interaction F(3,21)=12.17, P<0.0001; Bonferroni post-hoc,

*#%%P<0.0001. Data are presented as the mean = S.E.M.
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