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SUMMARY

Subtypes of nucleus accumbens medium spiny neurons (MSNs) promote dichotomous outcomes
in motivated behaviors. However, recent reports indicate enhancing activity of either nucleus
accumbens (NAc) core MSN subtype augments reward, suggesting coincident MSN activity may
underlie this outcome. Here, we report a collateral excitation mechanism in which high-frequency,
NAc core dopamine 1 (D1)-MSN activation causes long-lasting potentiation of excitatory
transmission (LLP) on dopamine receptor 2 (D2)-MSNs. Our mechanistic investigation
demonstrates that this form of plasticity requires release of the excitatory peptide substance P from
D1-MSNs and robust cholinergic interneuron activation through neurokinin receptor stimulation.
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We also reveal that D2-MSN LLP requires muscarinic 1 receptor activation, intracellular calcium
signaling, and GluR2-lacking AMPAR insertion. This study uncovers a mechanism for shaping
NAC core activity through the transfer of excitatory information from D1-MSNs to D2-MSNs and
may provide a means for altering goal-directed behavior through coordinated MSN activity.

In Brief

Reward outcomes depend on the stimulation protocol used to activate nucleus accumbens medium
spiny neuron (MSN) subtypes. In this issue of Meuron, Francis et al. demonstrate rebalanced MSN
subtype excitation driven by high-frequency stimulation and substance P release.
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INTRODUCTION

The nucleus accumbens (NAc) is a central locus for reward-related behaviors. The major
projection neurons that regulate these behaviors, medium spiny neurons (MSNs), are
gamma-aminobutyric acid (GABA)ergic neurons that are distinguished by their dopamine
receptor expression (expressing either dopamine 1 [D1] or dopamine 2 [D2] receptors), their
projections (Albin et al., 1989; Gerfen, 1992; Gerfen et al., 1990; Kupchik et al., 2015;
Smith et al., 2013), and their peptide expression (Steiner and Gerfen, 1998; Surmeier et al.,
1996). These MSN subtypes differ in their behavioral roles along a ventromedial to
dorsolateral gradient (Voorn et al., 2004). More specifically, NAc shell (NAcS) neurons
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govern motivational value and NAc core (NAcC) neurons underlie goal-directed behavior
(West and Carelli, 2016). A wealth of data indicate that the activity of different NAcC MSN
subtypes play distinct and often opposing roles in context-dependent reward and aversion
(Bariselli et al., 2019; Calipari et al., 2016; Francis and Lobo, 2017; Kravitz et al., 2012;
Lobo and Nestler, 2011; Macpherson et al., 2014), where activating D1-MSNs promotes
reward-related outcomes and activating D2-MSNs promotes aversive outcomes or blunt
reward. However, recent studies have indicated cell-type-specific activation of D2-MSNs,
using a stimulation paradigm with prolonged optogenetic depolarization and/or high-
frequency stimulation, enhances motivation to obtain food rewards or promotes self-
stimulation (Cole et al., 2018; Soares-Cunha et al., 2016, 2018). Additionally, high-
frequency (=50 Hz), but not low-frequency, stimulation of all NAc neurons or NAc D1-
MSNs specifically reverses anhedonic outcomes, increasing preference for rewarding
stimuli, such as sucrose or social interaction in the absence of stimulation (Francis et al.,
2015). Therefore, divergent behavioral outcomes may depend on activation strength.

MSN activity is coordinated on a short timescale by local GABAergic collaterals that allow
active MSNs or local GABAergic interneurons that suppress the activity of adjacent MSNs
(Dobbs et al., 2016; Taverna et al., 2008; Tepper et al., 2004) or long-range outputs
(Edwards et al., 2017; Freeze et al., 2013; Lee et al., 2016), thereby altering the balance
between and output from MSN subtypes. Locally, MSNs can modulate activity on a longer
timescale by releasing peptides that exert their actions through the control of excitatory
input. Local release of dynorphin or enkephalin causes excitatory depression on MSNs
(Atwood et al., 2014; Dacher and Nugent, 2011; Tejeda et al., 2017), and substance P can
drive potentiation of excitatory transmission (Blomeley and Bracci, 2008; Blomeley et al.,
2009). High-frequency stimulation (Bicknell, 1988; Hokfelt, 1991; Qiu et al., 2016; Whim
and Lloyd, 1989) or prolonged depolarization (Al-Hasani et al., 2015, 2018) is necessary for
peptide release (Hokfelt, 1991; Hokfelt et al., 2000) and is required for fusion of peptide-
containing, large dense core vesicles (Cifuentes et al., 2008). Therefore, we predict using
high-frequency stimulation paradigms releases peptides and causes lasting functional
plasticity changes that work in conjunction with or supersede fast-acting, inhibitory
collateral effects, thereby controlling behavior.

In this study, we aimed to assess the consequences of varied D1-MSN stimulation on
excitatory transmission on NAc MSN subtypes. We demonstrate strong, high-frequency, but
not low-frequency, stimulation of D1-MSNs can indirectly enhance excitatory input on D2-
MSNs through the release of substance P from D1-MSNSs. This lasting potentiation of
excitatory input is post-synaptically expressed, sub-compartment specific, and driven by
cholinergic neurons through muscarinic receptor signaling and a.-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAR) insertion.

NAc Core D1-MSN High-Frequency Stimulation Promotes Excitatory Potentiation on D2-

MSNs

AAV-DIO-ChR2 was injected and expressed in the NAcC or NAcS of dynorphin (Dyn)-Cre
mice (Figure 1A). Using cell-attached recordings, we found that D1-MSNs displayed high-
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fidelity action potential firing in response to increasing stimulation frequencies (Figure 1B).
To determine the effects of high-frequency stimulation on excitatory transmission, excitatory
post-synaptic currents (EPSCs) were evoked with electrical stimulation in the presence of
picrotoxin (100 uM) to block GABA receptor transmission. D1-MSNs were stim ulated
with 50-Hz, 473-nm blue light for varying durations. Surprisingly, it was found, 50-Hz trains
of NAcC D1-MSN stimulation (10-ms light pulse duration) for either 5 min (5 s light on, 5's
light off) or 15 min promoted a long-lasting excitatory potentiation (LLP) on D2-MSNs
(mean £ SE %baseline: 5 min: 141.1% + 10.55%; 15 min: 158.2% + 20.19%) but produced
excitatory depression on D1-MSNs (5 min:75.10% + 12.45%; 15 min: 75.86% + 10.53%;
Figures S1A and S1B). These stimulation parameters have been used previously to promote
sucrose preference and reverse stress-induced aversion in mice (Francis et al., 2015). To
determine the duration of stimulation necessary for the effect, we decreased the stimulation
to a single 5-s train of 50-Hz stimulation, which produced the same LLP as 5-min and 15-
min stimulation on NAcC D2-MSNs (139.9% + 6.03%), but had no observable effect on
NAcC D1-MSNs (88.58% +11.08%; Figures 1C, 1E, and 1F). A 50-Hz light train of 1 s was
not capable of promoting D2-MSN LLP (92.03% +13.51%; Figure S1C). Additionally, a 5-
s, 50-Hz train with a shortened light pulse duration of 1 ms was not capable of producing
D2-MSN LLP (74.81% + 9.43%; Figure S1D) or high-fidelity D1-MSN firing (Figure S1E).
The NAcC D2-MSN LLP was not dependent on potassium channels (Figure S1F) or
dependent on GABA, receptor or GABAg receptor transmission (152.8% + 10.00%; Figure
S1G). In contrast to the NAcC, EPSCs in both NAcS MSN subtypes were depressed
(Figures 1D and 1E), which was not blocked by norbinaltorphimine (400 nM), a kappa
opioid receptor antagonist, in D2-MSNs (61.56% + 10.78%; Figure S1H). Lower frequency
NAcC D1-MSN stimulation at 10 Hz or 20 Hz was not capable of producing LLP on NAcC
D2-MSNs (10 Hz: 78.97% +13.21%; 20 Hz: 77.81% + 10.60%; Figure 1G), suggesting that
high-frequency stimulation is necessary for the local stimulation-induced D2-MSN LLP.

Substance P Release and Neurokinin 1 Receptors Drive the D2-MSN Synaptic Effects of
High-Frequency Stimulation

Peptides require high-frequency stimulation for their release (Hokfelt, 1991). The principle
excitatory peptide in the striatum, substance P, is exclusively expressed in D1-MSNs and
excites about half of the dorsal striatal MSNs (Blomeley and Bracci, 2008; Blomeley et al.,
2009). Therefore, we predicted substance P is responsible for the effects of D1-MSN high-
frequency stimulation in the NAcC. Indeed, similar to 50-Hz stimulation, substance P (1
UM) produced LLP on NAcC D2-MSNs (131.2% + 9.15%) but had no effect on NAcC D1-
MSNSs (106.4% £7.85%; Figures 2A, 2E, and 2F). Similar to NAcS D1-MSN high-
frequency stimulation, substance P (1 uM) depressed excitatory transmission on the NAcS
D2-MSNs (82.43% * 6.67%) and, in contrast to D1-MSN 50 Hz repeated stimulation, had
no significant effects on excitatory transmission to NAcS D1-MSNs (109.0% =+ 6.20%;
Figures 2E, 2F, and S2A). Substance P primarily binds to and activates the neurokinin 1
receptor (NK1R) (Regoli et al., 1987). Therefore, we predicted the NAcC D2-MSN LLP is
dependent on the NK1R. Using the NK1R selective antagonist L-733,060 (10 uM), we were
able to block the LLP on NAcC D2-MSN caused by substance P bath application (101.1%
+7.07%; Figure 2B). Peptides can act on their receptors at low concentrations (Hokfelt et al.,
2000). Additionally, higher concentrations of substance P may have affinity for other NK1Rs
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at 1 uM. Therefore, we tested the ability of substance P to activate the NK1R at varying
concentrations using a bioluminescence resonance energy transfer (BRET) assay. The
effective concentration, where the receptor displayed 50% activation (ECsgg), was 27.9 nM
(Figure 2C). Based on these results, we utilized a low concentration of substance P (50 nM)
and found this concentration replicated D2-MSN NAcC LLP caused by 1 uM substance P
(Figures 2D and 2E). To determine whether high-frequency-driven potentiation on NAcC
D2-MSNs is NK1R dependent, we utilized two different selective NK1R antagonists:
L-733,060 or the US Food and Drug Administration (FDA)-approved antagonist aprepitant.
NK1R antagonism with aprepitant (1 pM) blocked NAcC D2-MSN LLP caused by a single
5-s, 50-Hz train of D1-MSN stimulation (98.02% + 10.73%; Figure 2G). Additionally, 5 min
of NAcC D1-MSN 50-Hz-stimulation-induced potentiation on D2-MSNs was blocked by
L-733,060 and produced a transient excitatory depression (79.52% * 8.22%; Figure S2B). It
is possible NK1R could cause excitatory depression by dampening a tonic NK1R tone.
However, we found neither L-733,060 nor aprepitant altered synaptic properties in the
absence of other stimuli (Figures S2C-S2F). Substance P was able to prevent further
potentiation caused by 50-Hz D1-MSN stimulation (2: 140.9% + 15.02%; 3: 152.5%

+ 14.73%; Figure 2H), indicating that substance P and D1-MSN 50-Hz stimulation act
through the same mechanism to produce potentiation. Therefore, we conclude high-
frequency activation of D1-MSNs drives LLP on NAcC D2-MSNs via a substance P
mechanism.

LLP on NAcC D2-MSNs Is Post-synaptic

The locus of potentiation (pre- versus post-synaptic) is important in understanding the
underlying mechanism of substance-P-induced changes in excitatory transmission in the
NAc. We first analyzed paired pulse ratios (PPRs) to examine for a functional change in the
probability of release, comparing values before and after 50-Hz stimulation or substance P
bath application. PPRs were not different in NAcC MSNs after 50-Hz D1-MSN stimulation
or substance P (50 nM; Figures 3A and 3B). Interestingly, using a shorter pulse duration (1
ms), which unmasked a D1-MSN stimulation-induced excitatory depression in NAcC D2-
MSNs caused an increase in PPRs (Figure S3A), as was the case with all NAcS MSNs
(Figure S3B). These findings indicate NAcC D2-MSNs express potentiation at a post-
synaptic locus, which is dependent on stimulation duty cycle, and all NAcS MSNs express
pre-synaptic depression. To verify this finding, we examined the amplitude and frequency
spontaneous excitatory post-synaptic currents (SEPSCs) to probe for quantal changes that
may underlie this specificity. The amplitude of SEPSCs was significantly enhanced on NAcC
D2-MSNs (Figures 3C and 3E), but not NAcC D1-MSNs (Figures 3D and 3F), and the
frequency remained unchanged in both cell types across conditions, except for a surprising
increase in SEPSC frequency in NAcC D1-MSNs after substance P. In agreement with the
PPR data, the frequency, but not the amplitude, of SEPSCs was decreased on NAcC D2-
MSNSs in the short pulse duration condition (Figure S3C) as well as on all NAcS MSNs in
the long pulse duration condition (Figures S3D and S3E). Taken together, these results
suggest a post-synaptic mechanism drives substance-P-induced LLP on NAcC D2-MSNs,
and substance-P-induced excitatory depression on NACS neurons is pre-synaptic.
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Neurokinin Receptor 1 Activation Enhances Activity of NAcC Cholinergic Interneurons

NK1Rs are found on medium and large aspiny neurons within the striatum (Pickel et al.,
2000). Using RNAscope /n situ hybridization, we found very few NK1R (7ac1r) RNA
transcripts coex-pressed with D1 receptor (DrdZ) and D2 receptor (Drd2) RNA transcripts in
the NAcC (Figure 4A). Because the 7aclrexpression was sparse (<2% of cells), we
predicted interneurons likely accounted for the expression of the receptor. Choline
acetyltransferase (ChAT, Chal)-positive, cholinergic interneurons also express D2 receptors
(Le Moine et al., 1990) and may account for a portion of the DrdZl Tac1r RNA coexpression.
In accordance with these findings and similar to previous findings (Chen et al., 2001; Pickel
et al., 2000), nearly all Chat-expressing neurons in the NAcC and NAcS displayed Chatand
Tac1rcoexpression across all striatal compartments and bregma locations (Figures 4B and
S4A). Somatostatin (Ssf) neuron coexpression with 7acZrcomprised the residual 7acir
expression not explained by coexpression with Chat (Figure S4B). Additionally, the number
of Chatexpressing cells did not differ across all striatal compartments (Figure S4C). These
results indicate it is unlikely D1-MSNs cause NK1R-dependent LLP on D2-MSNs via direct
collaterals. Rather, D1-MSNs may drive LLP on D2-MSNs through an interneuron-mediated
disynaptic mechanism.

ChAT neurons show enhanced firing rates in the dorsal striatum (Aosaki and Kawaguchi,
1996; Govindaiah et al., 2010), and levels of acetylcholine are increased within the striatum
by substance P in a NK1R-dependent manner (Anderson et al., 1993; Guzman et al., 1993).
Moreover, SST is known to be inhibitory (Grilli et al., 2004; Hou and Yu, 2013; Pittman and
Siggins, 1981). Therefore, we decided to explore the effects of substance P on NAcC ChAT
neuron firing to assess whether ChAT neurons are involved in driving D2-MSN LLP. We
performed cell-attached recordings of NAcC ChAT neurons and, similar to the dorsal
striatum, found substance P (1 uM) significantly enhanced firing rates of ChAT neurons in
cell-attached (Figure 4C) and whole-cell (Figure S4D) configurations. Although all ChAT
cells displayed enhanced firing to 1 uM substance P, a subset exhibited a strong
enhancement in firing followed by depolarization block (Figure S4E). To determine the
concentration most effective at enhancing ChAT firing rates, without producing
depolarization block, we bath-applied substance P at varying concentrations and found the
ECg for substance P was about 43 nM (Figure 4D), which is similar to the ECsg determined
by BRET (Figure 2C). Indeed, 50 nM of substance P was able to significantly enhance the
firing rate of ChAT neurons, without producing depolarization block (Figure S4F).

We next tested the efficacy of the NK1R antagonist L-733,060 in suppressing enhanced
firing at the lowest concentration of substance P (100 nM) capable of producing a near
maximal response. L-733,060 displayed an 1Csq at about 1.5 UM and a maximal inhibition at
10 uM (Figure 4E): the concentration used to block the substance-P-induced D2-MSN
synaptic effect (Figure 2B). Similarly, maximal inhibition of receptor activity in a BRET
assay was also observed to be near 10 pM for the NK1R antagonists L-733,060 and
aprepitant (Figure S4G). At a low substance P concentration (100 nM), we found the
enhanced ChAT firing rate was suppressed by 10 uM L-733,060 (Figures 4F and 4G) or 1
UM aprepitant (Figure S4H), which did not have effects on spontaneous ChAT firing rate in
the absence of substance P (Figure S41). Additionally, baseline firing was not restored until
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12 min following the initial application of low concentrations of substance P (11 min:
173.7% + 20.27%, p < 0.05; 12 min: 147.0% + 15.22%, p > 0.05; Figure 4F). These results
suggest substance P drives a lasting enhancement in spontaneous ChAT firing through
NK1Rs. Due to the lack of total suppression by both NK1R antagonists, it is possible
another tachykinin receptor could mediate the residual effect. Substance P has lower affinity
for the striatal expressing tachykinin receptor neurokinin 3 (NK3R) (Regoli et al., 1987).
The enhanced firing rate was not blocked any further by the addition of 1 uM of the NK3R
antagonist SB-2220 (Figure S4J), suggesting that NK3Rs do not play a role in the substance-
P-induced ChAT excitation. Additionally, inhibition of glutamatergic receptors did not
explain the residual effect (Figure S4K). Together, these results demonstrate that low
concentrations of substance P cause a long-lasting enhancement in ChAT firing rate via a
NK1R mechanism.

D1-MSN High-Frequency Stimulation Drives Neurokinin-Receptor-Dependent Activation of
Cholinergic Interneurons

Because substance P can mimic the stimulation-induced LLP on D2-MSNs, we predicted
D1-MSNs would enhance NAcC ChAT neuron firing through the same mechanism as
substance P. To determine the synaptic connectivity of D1-MSNs to ChAT neurons, we
voltage-clamped ChAT neurons (0 mV) in slices expressing ChR2 in D1-MSNs and in the
presence of AMPAR and N-methyl-D-aspartate receptor (NMDAR) blockers DNQX and
APV, respectively, isolating monosynaptic GABAergic currents from D1-MSNs. D1-MSNs
displayed strong synaptic inhibitory post-synaptic currents on ChAT neurons, and these
responses were blocked by picrotoxin, demonstrating a robust synaptic D1-MSN to ChAT
neuron connection (Figures 5A and S5A). A single 5-s or repeated high-frequency 50 Hz
D1-MSN train was sufficient to enhance ChAT firing rate for up to 12 min (11 min: 136.6%
+10.23%, p < 0.05; 12 min 121.8% +8.28%, p > 0.05) following optical stimulation, and the
lasting effect on firing rate was blocked by aprepitant (1 uM; Figure 5B) or L-733,060 (10
UM; Figure S5C), suggesting the enhanced and lasting spontaneous firing rate is dependent
on NK1Rs. Additionally, 5 min of repeated 5-s, 50-Hz trains significantly enhanced firing
rate to a similar degree as a single acute train (Figures S5D and S5E), the same as substance
P bath application (Figure 4F). Together, these results suggest D1-MSN stimulation drives
enhanced ChAT spontaneous firing through activation of NK1Rs.

We next sought to determine parameters necessary for the lasting enhancement in ChAT
firing. A 5-s train or repeated 5-s trains were necessary to significantly enhance firing rates
of ChAT neurons (Figure 5C). Additionally, 50 Hz, but not 10 Hz or 20 Hz, was necessary
for an enhanced firing rate (Figure 5D). To rule out the necessity of GABA disinhibition in
causing an enhanced ChAT firing rate, we examined the effect of blocking all GABA
transmission on ChAT firing rates. The GABA receptor antagonist picrotoxin mildly
enhanced baseline firing frequency by 1.37 + 0.66 Hz on average (Figure S5F). However,
both GABA receptor or GABA and GABAGR receptor blockade had no effect on
stimulation-induced enhancement in firing rates (Figure S5G), suggesting disinhibition of
ChAT neurons is not causing the enhanced firing rate.
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Despite the NK1R dependence in ChAT firing, it was unclear whether high-frequency
stimulation was sufficient to directly cause release of substance P. We injected the NAcC of
Dyn-Cre mice with DIO-ChR2, stimulated acutely prepared NAc slices at varying
stimulation frequencies, and collected the artificial cerebrospinal fluid (ACSF) supernatant
for ELISA analysis. The concentration of substance P was significantly enhanced by 50-Hz
stimulation, but not 10-Hz or 20-Hz stimulation, relative to control slices (Figure 5E).
Together, these results demonstrate high-frequency D1-MSN stimulation is sufficient to
drive NAcC ChAT excitation through the release of substance P and activation of NK1Rs.

Substance-P-Induced Potentiation on D2-MSNs Requires Muscarinic 1-like Receptor
Activation and GluR2-Lacking Receptor Insertion

If ChAT neurons are involved in the potentiation of excitatory transmission on D2-MSNs,
we would predict activation of an acetylcholine receptor on MSNs would be responsible for
this effect. ChAT neurons make monosynaptic connections with MSNs (Mamaligas and
Ford, 2016). Post-synaptically, MSNs express a variety of muscarinic receptors (Goldberg et
al., 2012), which are positioned to receive direct acetylcholine input. To determine whether
cholinergic interneurons are acting through muscarinic receptor signaling on D2-MSNs, we
bath applied substance P (1 uM) in the presence of the broad muscarinic antagonist atropine
(1 uM). Atropine blocked excitatory potentiation on D2-MSNSs caused by substance P
(Figure S6A). Most notably, MSNs express the excitatory muscarinic-1 receptor (M1R)
(Bernard et al., 1992; Goldberg et al., 2012; Yan et al., 2001), which is known to be involved
in promoting long-term potentiation in the brain (Dennis et al., 2016; Zhao et al., 2018) and
is required for long-term potentiation in the striatum (Calabresi et al., 1999). We recorded
evoked EPSCs on D2-MSNs before and after bath application of substance P or high-
frequency D1-MSN stimulation in the presence of pirenzepine (1 uM), a M1R-like
antagonist. Pirenzepine blocked excitatory potentiation on D2-MSNs normally caused by
substance P (100 nM or 1 uM) bath application (100 nM: 103.1% + 12.95%; 1 uM: 89.88%
+ 9.14%) or 50-Hz D1-MSN stimulation (107.1% = 6.541%; Figures 6A, 6B, and S6B),
suggesting that activation of these receptors is necessary for excitatory potentiation on D2-
MSNSs. As a control, we tested whether pirenzepine had a baseline effect on ChAT activity or
synaptic properties. Pirenzepine neither affected ChAT firing rate at baseline nor the
enhancement in firing frequency due to substance P (Figures S6C and S6D). Additionally,
pirenzepine did not affect synaptic properties in D2-MSNs (Figure S6E).
Acetylcholinesterase is the primary enzyme responsible for the breakdown of acetylcholine.
Because it is predicted that acetylcholine release is enhanced following D1-MSN 50-Hz
stimulation and acetylcholinesterase is found in a larger number of cells within the NAcS
(Figure S6F), we examined whether we could reverse stimulation-induced depression or
cause LLP in the NACcS by elevating acetylcholine levels through blockade of
acetylcholinesterase. Blocking acetylcholinesterase with ambenonium (40 nM) did not
alleviate the depression on NAcS D2-MSNs caused by D1-MSN 50-Hz stimulation (Figure
S6G). The difference in plasticity across the NAcC and NAcS may also be explained by the
amount of M1R expression (ChrmI). Using RNAscope, we found no difference in Chrm1
RNA expression in Dra2-positive cells across all striatal compartments (Figure S6H),
suggesting differences in M1R expression in D2-MSNs also do not explain the difference
between NAcC and NACcS plasticity. These results suggest pirenzepine acts at NAcC D2-
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MSNs to block potentiation caused by D1-MSN substance P release, and thus, activation of
the M1R is required for NAcC D2-MSN LLP.

To determine how D2-MSN LLP is expressed, AMPAR and NMDAR current-voltage
relationships were assessed. It was found substance P or 50 Hz stimulation caused
significant inward rectification in AMPAR responses at +40 mV, and pirenze-pine treatment
prevented this rectification (Figures 6C and 6D). Current-voltage relationships of NMDAR
currents were not different between cells across all conditions (Figures S61 and S6J). These
results imply that an insertion of GluR2-lacking AMPARS caused the potentiation observed
in response to substance P or D1-MSN 50-Hz stimulation conditions. To verify the
rectification observed was due to insertion of GluR2-lacking AMPARs, we utilized the
inhibitor 1-naphthyl acetyl spermine trihydrochloride (NASPM) (100 uM), which blocks
GluR2-lacking AMPARs. D2-MSN EPSCs with substance P treatment (2: 134.0%

+ 15.84%; 3: 103.8% + 9.90%) or D1-MSN 50-Hz stimulation (2: 133.1% + 11.15%; 3:
87.98% + 2.67%) displayed a strong sensitivity to NASPM, which caused a de-potentiation
of EPSCs to control levels (Figures 6E and 6F). Overall, these results suggest activation of
muscarinic receptors, via substance-P-induced ChAT firing, drive GluR2-lacking AMPAR
insertion and LLP on NAcC D2-MSNs.

To determine the intracellular signaling mechanism that causes AMPAR insertion, we
examined a primary signaling pathway for M1R signaling pathway: G-protein-mediated
phospholipase C (PLC) activation and internal calcium release. To broadly block G-protein
signaling, we utilized an internal solution containing a non-hydrolyzable guanosine
diphosphate (GDP), GDPBS (1 uM), in place of guanosine triphosphate (GTP). Blocking G-
protein signaling prevented D1-MSN 50-Hz stimulation-mediated D2-MSN LLP and
unmasked a pre-synaptic excitatory depression on D2-MSNs (64.90% + 8.38%; Figure 7A),
as evidenced by an increased PPR (Figure S7A). Additionally, in a separate set of cells,
GDPBS prevented inward rectification of AMPAR currents at +40 mV caused by stimulation
that remained intact in cell pairs (cells within the stimulation region and <150 mm from the
first recorded cell; Figure 7B). Inhibition of PLC with U-73122 (3 uM) produced a similar
depression to blocking G-protein signaling (66.06% + 8.70%; Figure 7C) and prevented
inward rectification (Figure 7D). Next, we used 1,2-bis(o-aminophenoxy)ethane-N,N,N",N’-
tetra-acetic acid (BAPTA) in the internal solution to chelate calcium and prevent calcium
signaling. At a 10-mM concentration, BAPTA blocked the LLP on average (92.94%

+ 17.84%) but failed to block LLP in all cells (3/9 cells potentiated; Figure 7E), suggesting a
localized synaptic effect may be responsible for the LLP. Relative to paired cells recorded
without BAPTA internal solution, BAPTA prevented inward rectification on average (Figure
7F). Depletion of calcium stores with cyclopiazonic acid (CPA) blocked LLP on D2-MSNs
(80.18% + 7.07%; Figure 7G) and prevented inward rectification (Figure 7H). Interestingly,
in the presence of GDPBS, U-73122, and CPA, but not BAPTA, PPR was significantly
increased (Figures S7TA-S7D), suggesting blocking this pathway converts the LLP to a pre-
synaptic form of excitatory depression. The lack of ability to detect a change in PPR in the
BAPTA condition was likely due to the subset of cells that potentiated. Taken together, these
results suggest M1R signaling drives D2-MSN LLP through PLC activation by G-protein
signaling and subsequent internal calcium release.
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DISCUSSION

Differential behavioral outcomes to MSN subtype stimulation is thought to drive balanced
collateral inhibition, where enhancing activity of one MSN subtype suppresses activity of
opposing MSN subtypes. In this study, we report a mechanism in which strong activation of
one MSN subtype, D1-MSNs, drives indirect lateral excitation of the opposing subtype, D2-
MSNSs, in the NAcC (Figure 8). This high-frequency, high-duty cycle D1-MSN stimulation
drives release of substance P and activation of the NK1R, which robustly enhances ChAT
neuron firing for tens of minutes. This activity putatively enhances acetylcholine release and,
via M1Rs, promotes a long-lasting, post-synaptic enhancement of excitatory synaptic input
on D2-MSNs. The potentiation is dependent on neither a previously described disinhibition
through GABA receptor signaling (Govindaiah et al., 2010; Tejeda et al., 2017) nor a
reduced potassium channel function (Day et al., 2008; Shen et al., 2007) but rather due to
enhanced AMPAR insertion. This study reveals a mechanism in which local circuits
rebalance excitation between MSN subtypes in a long-lasting manner. These findings have
compelling implications for the interpretation of frequency-dependent, MSN-specific
activation in the context of reward and aversion.

Substance P promotes distinct excitatory effects on various medial-lateral and dorsal-ventral
sub-compartments within the striatum. Substance P drives post-synaptic LLP of D2-MSNs
in the NACC, pre-synaptic depression of excitatory transmission in the NAcS, and pre-
synaptic potentiation of excitatory input in the dorsal striatum (Blomeley and Bracci, 2008).
Despite these differences, ChAT neuron firing rates increase in both dorsal striatal (Aosaki
and Kawaguchi, 1996; Govindaiah et al., 2010) and NAcC compartments of the striatum in
response to substance P. Moreover, 7acZrand Chat coexpression is equivalent across NAc
sub-compartments, indicating differential signaling at D2-MSN synapses may play a vital
part in determining the location (i.e., pre-synaptic versus post-synaptic) and direction (i.e.,
potentiation or depression) of plasticity. Additionally, the stimulation, release, and overall
effects of peptides may differ across the NAcC and NAcS. For instance, NAcS D1-MSN
stimulation drives excitatory synaptic depression on both MSN sub-types that are pre-
synaptic. D1-MSNs also express and release dynorphin, which acts pre-synaptically to
depress excitatory transmission (Tejeda et al., 2017). Despite the nature of dynorphin action
within the shell, the excitatory depression due to high-frequency NAcS D1-MSN stimulation
does not rely on kappa receptor activation, is likely due to substance P, and may act through
a distinct multi-synaptic, pre-synaptic mechanism. The NAcS results may point to sub-
compartment-specific peptide release mechanisms or differences in responsivity by various
excitatory inputs onto MSNs (Tejeda et al., 2017; Voorn et al., 2004). Retrograde tracing
studies (Li et al., 2018; Voorn et al., 2004) and terminal expression (Britt et al., 2012; Stuber
etal., 2011; Tejeda et al., 2017) demonstrate differential innervation of excitatory inputs to
NACcC and NACS regions, and expression at these terminals may be more or less sensitive to
substance P, acetylcholine, or other modulators, like dopamine (see below). For instance,
NACS nicotinic receptor expression may cause depression instead of potentiation, and this
pre-synaptic depression could be unmasked following blockade of post-synaptic
mechanisms, which contribute to synaptic depression in the NAcC.
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ChAT neuron activity and release of acetylcholine plays a critical role in behavior by acting
through pre-synaptic and post-synaptic mechanisms (Lim et al., 2014). Pre-synaptically,
acetylcholine can act through nicotinic receptors. Direct alteration of nicotinic receptor
function is not likely the cause of D2-MSN long-lasting excitatory potentiation, as
muscarinic antagonists can completely block substance-P-induced potentiation. However,
pre-synaptic expression of nicotinic receptors and ChAT activation can cause dopamine
release (Cachope et al., 2012; Threlfell et al., 2012), in addition to the release of other
neurotransmitters (MacDermott et al., 1999), and pre-synaptic NK1R alone can enhance
dopamine release (Guzman et al., 1993). Although we cannot completely rule out a role for
dopamine in modulating the plasticity seen here, it is unlikely that post-synaptic dopamine
receptors on D2-MSNs are involved in the long-term plasticity observed. D2 receptors are
inhibitory G-protein coupled receptors (GPCRs) that reduce excitability of D2-MSNs
(Hernandez-Lopez et al., 2000) and coordinated activation of nicotinic receptors, and release
of dopamine promotes long-term depression in the striatum (Partridge et al., 2002; Wang et
al., 2006). Additionally, post-synaptic excitatory D1 receptors are not likely to be involved,
as LLP is observed in D2-MSNs and low overlap in D1 and D2 receptor expression is
observed in the NAc (Kupchik et al., 2015).

However, excitatory muscarinic receptors, which are expressed post-synaptically on MSNs
(Yan et al., 2001), are necessary for LLP on NAcC D2-MSNs. Despite the ability of
acetylcholine to affect both MSN subtypes, the effects of low concentrations of substance P
are specific to D2-MSNs through M1R activation. M1Rs are expressed in both MSN
subtypes. Activity of M1Rs has been shown to facilitate long-term potentiation in the
hippocampus (Dennis et al., 2016) via the insertion of AMPARS (Zhao et al., 2018) and is
required for long-term potentiation in the striatum through canonical long-term potentiation
mechanisms (Calabresi et al., 1999). Though the lack of effect on D1-MSNs is curious, we
predict that the differential expression of muscarinic receptors in MSNs is governed by the
expression of the inhibitory muscarinic receptor M4 in D1-MSNs (Yan et al., 2001), which
opposes activation of M1Rs and suppresses glutamatergic excitation (Pancani et al., 2014),
thereby negating downstream effects of excitatory M1R-mediated calcium signaling.
Although it is hypothesized M1Rs act through mechanisms related to long-term potentiation,
additional studies examining specific intracellular mechanisms linking M1R signaling to
AMPAR insertion remain to be conducted.

In this study, we have demonstrated that only high-frequency (50-Hz), but not low-frequency
(<20-Hz), stimulation is capable of releasing substance P from D1-MSNSs. Peptide release
requires higher frequency stimulation (Hokfelt et al., 2000), and peptides are differentially
released by varying stimulation protocols (Bick-nell, 1988; Qiu et al., 2016), suggesting that
cells tightly regulate mechanisms of peptide release to control neuronal activity. Previous
studies have demonstrated NAcS D1-MSNs can release dynorphin with 10-Hz stimulation
and longer depolarization times (10 ms; Al-Hasani et al., 2015), and we reveal here
substance P can be released from D1-MSNs by 50-Hz stimulation and longer depolarization
times (10 ms). Interestingly, lower pulse width light (1 ms) is not capable of producing this
effect and biases excitatory changes to pre-synaptic depression. This study may help inform
mechanistic underpinnings of NAc deep brain stimulation, which utilizes high-frequency
electrical stimulation protocols (using 130-Hz stimulation) to alleviate depression symptoms
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in humans (Bewernick et al., 2010; Schlaepfer et al., 2013). Optogenetic high-frequency
stimulation of all NAc neuronal subtypes or D1-MSNs promotes similar outcomes to human
deep brain stimulation in mice (Francis et al., 2015). Moreover, high-frequency (40-Hz) D2-
MSN activation or long light pulse stimulation (1 s) is rewarding (Cole et al., 2018; Soares-
Cunha et al., 2016, 2018), suggesting strong activity of any MSN subtype within striatum
may produce coordinated rewarding effects. Although we observed high-fidelity firing rates
of MSNss at higher frequencies, in vivo, MSN firing rates are thought to be substantially
lower (Mahon et al., 2003). It is possible these stimulation parameters may induce artificial
upstates, which naturalistically are driven by distinct excitatory inputs (Gruber and
O’Donnell, 2009; O’Donnell and Grace, 1995) and may allow for coincident activity and
synaptic plasticity. In terms of anti-depressant deep brain stimulation, it is conceivable these
protocols release peptides or, in the case of repeated, long-lasting stimulation, deplete
peptides (Weldon et al., 1990) within various striatal subregions to rebalance excitation,
thereby altering reward circuits and behavior. /n vivo studies will be necessary to determine
how these ex vivo results translate behaviorally.

The transfer of excitation to NAcC D2-MSNs from D1-MSNs may play a strong role in
governing learned responses to salient rewarding and aversive signals. Substance P is
released in the striatum by a variety of behavioral stimuli, including stressful events and
drugs of abuse (Commons, 2010; Sandweiss and Vanderah, 2015), stimuli which are thought
to enhance D1-MSN activity (Calipari et al., 2016). Enhancing activity of D1-MSNs would
likely increase the probability of strong excitatory stimuli promoting the release of substance
P and subsequent D2-MSN excitatory plasticity. The activity of both MSNs is required for
goal-directed behavior (Gruber et al., 2009). Although NAc D1-MSN activity is required for
driving conditioning of reward (Francis and Lobo, 2017) or aversion-related outcomes
(Carlezon and Thomas, 2009) and direct activation of D1-MSN activity can modulate
aversive or anhedonic outcomes to repeated stress (Francis et al., 2015), suppression of D2-
MSN activity impairs behavioral flexibility (Macpherson et al., 2016), enhances responses to
stressful stimuli (Francis and Lobo, 2017; Francis et al., 2015), and can promote aversion
(Kravitz et al., 2012). Thus, the lasting excitation on D2-MSN may promote attention to
behaviorally salient information. Although, additional studies parsing out the role of
substance P release in various goal-directed behaviors are necessary for a more precise
interpretation of how these electrophysiological results translate to behavioral outcomes.
Overall, we demonstrate differential stimulation parameters of MSN subtypes produce
previously unexplored and lasting plasticity effects, which have strong relevance for
interpreting stimulus-driven, reward-related behavioral outcomes.

STARXMETHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Co-corresponding authors, Antonello Bonci (Antonello.Bonci@nih.gov) or
T. Chase Francis (chase.francis@nih.gov).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult male and female (3—-6 months) Dyn-Cre-Tdtomato and A2a-Cre-Tdtomato mice on a
C57wt/BI6J were used for all experiments. Mice were bred in house and Dyn-Cre-Tdtomato
mice were generated by crossing Ai9-Tdtomato mice with Dyn-Cre mice. Similarly, A2a-
Cre-Tdtomato mice were generated by crossing Ai9-Tdtomato with A2a-Cre mice. Mice
were group housed, fed ad /ibidum, and were on a reversed 12hr light/dark cycle. All studies
were approved by NIDA ACUC and conducted in accordance with the NIDA ACUC and
NIH guidelines.

METHOD DETAILS

Surgical Methods—Miice used in optogenetic stimulation experiments were anesthetized
with ketamine/xylazine and scalps were cleaned with alternating ethanol and betadine
application. Scalps were locally anesthetized with lidocaine and mice were stereotactically
injected bilaterally with 0.5 pL AAV5-DIO-ChR2(H134)-eYFP (UNC Vector Core, Chapel
Hill, NC) using Hamilton Neurosyringes 2—4 weeks prior to slice preparation and recording.
The NAcC (A/P: +1.6, Lat: +1.5, D/V: —4.4, 10° angle) and the NAcS (A/P: +1.3; Lat:
+1.65; D/V: —-4.5; 12° angle) were targeted. Mice were injected with warm saline (0.25 mL)
to replenish fluids and carprofen (5 mg/kg) for pain relief during recovery.

Electrophysiology—Coronal NAc slices (300 um) were prepared in ice cold N-Methyl
D-Glucamine (NMDG) artificial cerebrospinal fluid (ACSF) containing (in mM): 92
NMDG, 20 HEPES, 25 glucose, 30 sodium bicarbonate, 1.2 sodium phosphate, 2.5
potassium chloride, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 10 magnesium, 0.5
calcium chloride, osmolarity 305-310 mOsm, pH 7.34. Immediately following slicing, slices
were transferred to 32°C NMDG solution for 2-3 min. Slices were then transferred to
HEPES holding solution for 1hr before recording. HEPES holding solution was the same as
NMDG solution but replaced NMDG with 92 mM sodium chloride and contained 1 pM
magnesium chloride and 2 mM calcium chloride. Recording was performed at 33°C and
slices were perfused with ACSF (2.5 mL/min) containing (in mM): 125 sodium chloride, 26
sodium bicarbonate, and 11 glucose, 2.5 potassium chloride,1.25 sodium phosphate, 2.4
calcium chloride, 1 magnesium chloride, osomolarity 305-310 mOsm, pH 7.34. For
synaptic recordings, picrotoxin (100 uM) was added to the ACSF and a cesium
methanesulfonate internal solution was used containing (in mM): 117 cesium
methanesulfanate, 20 HEPES, 2.8 sodium chloride, 4 magnesium ATP, 0.3 sodium GTP, 0.4
EGTA, pH 7.30, osmolarity 280-287 mOsm. For IV curves, spermine (100 uM) was added
to the pipette solution. In some cases, as specified in the text, potassium gluconate internal
solution was used containing (in mM): 135 potassium gluconate, 10 HEPES, 4 potassium
chloride, 4 magnesium ATP,0.3 sodium GTP, pH 7.30, osmolarity 285-287 mOsm.

Whole-cell voltage clamp of MSNs (=70 mV holding) was performed under differential
interference contrast visual guidance on a BX61 Olympus microscope using 1.8-3.0 MU
resistance borosilicate glass pipettes. Signals were amplified and digitized using a
Mulitclamp 700B amplifier (4 kHz low-pass Bessel filter) and Digidata 1322 digitizer (10
kHz), respectively (Molecular Devices, Sunnyvale, CA USA). For SEPSCs, traces were
filtered offline at 1 kHz. For representative traces, signals were filtered offline at 1 kHz and
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averaged across 7-10 sweeps. MSNs were identified as Tdtomato positive or negative using
a mercury arc lamp and RFP filter. Cell-attached recordings were performed with 3-4 MU
resistance pipettes and signals were filtered at 1 kHz. Cholinergic interneurons were
identified by cell size (40-60 pm soma diameter) and high baseline firing rates (Bennett et
al., 2000). For electrical stimulation, a concentric bipolar stimulating electrode (FHC,
Bowdoin, ME) was used. Evoked currents were stabilized for 5-10 min prior to data
acquisition. For optical stimulation, a fiber attached to a DPSS 473 nm, 100 mW laser
(OptoEngine LLC, Midvale, UT) was affixed to the stimulating electrode to stimulate the
region at the tip of the electrode. Stimulation was performed at frequencies described in the
text at intensities of 0.3-1.0 mW. Stimulation at varying frequencies was performed at a
50% duty cycle. Repeated stimulation was performed with 5 s of stimulation (light on)
followed by 5 s of no stimulation (light off) for the time specified. Unique antagonists used
are specified in the Key Resources Table. Aprepitant was dissolved in 100% DMSO and
DMSO vehicle was used for all experiments used for direct comparison to the antagonists
effects. All other drugs were dissolved in water or ACSF.

Bioluminescence Resonance Energy Transfer Assay—Gq protein engagement
assay uses Renilla luciferase-fused NK1R and mVenus-fused Gaq for the resonance energy
transfer (RET) pair. As previously reported (Yano et al., 2017), cells were harvested,
washed, and resuspended in phosphate-buffered saline (PBS). Approximately 200,000 cells/
well were distributed in 96-well plates, and 5 uM coelenterazine H (substrate for
Bioluminescence RET (BRET)) was added to each well. One minute after addition of
coelenterazine H, substance P was added to each well. In antagonist mode, L-733,060 or
aprepitant was added 15 min before the addition of 100 nM substance P. The BRET signal
from the same batch of cells was determined as the ratio of the light emitted by mVenus
(510-540 nm) over RLuc (485 nm) in Mithras LB940 (Berthold Technologies, Bad Wildbad,
Germany). Results are calculated for the BRET change (BRET ratio for the corresponding
drug minus BRET ratio in the absence of the drug). In parallel, the fluorescence of the
acceptor was quantified with excitation at 500 nm and emission at 540 nm for 1 s recording
to confirm the constant expression levels across experiments.

RNAscope in situ hybridization—Brains were dissected rapidly, flash frozen, and
stored at —80°C. Small brain slices (16 mm) of the striatum were prepared on a Leica
CM3050S cryostat at —20°C and mounted directly on microscope slides. RNAscope
(multiplex fluorescent manual assay) was run according to manufacturer’s specifications
(ACD Bio, Newark, CA). Briefly, slices were dehydrated with ethanol and fixed in 4%
formalin. Slices were washed and treated with a protease solution. Probes were incubated for
2 hr at 40°C. Commercially available probes from ACD Bio were used (see Key Resources
Table). Signals were amplified, washed, and DAPI solution was applied for < 20 s. Slides
were coverslipped and imaged on a confocal microscope (Olympus). Counts were made
using ImageJ software (NIH, Bethesda, MD). Cells displaying fluorescent signal within two
standard deviations of the mean fluorescence of the probe within perinuclear coexpression
regions of the other probes were determined to be positive for RNA expression. For
quantification of Chrm1 RNA in Drd2+ cells, 25 cells from a 40x image were randomly
chosen from 40-100 Dra2+ cells within each image and traces were drawn perisomatically
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to quantify density of RNA expression. Density for each cell was subtracted from
background density. For each animal, 6 slices (2 hemispheres for each Bregma location:
anterior +1.70, intermediate +1.42, and posterior +0.98) were used for cell counting or
quantification. Counts and quantified RNA expression were averaged across hemispheres
then averaged across Bregma regions for each animal. Individual points in figures are
representative of one animal.

Substance P ELISA—Coronal NAc slices (150 mm) expressing ChR2 in D1-MSNs were
prepared in the same solutions as slice preparation for electrophysiology. After slicing and a
1-2 hr incubation in a HEPES holding solution, slices were transferred to individual wells in
a 36-well culture plate and 300 uL of oxygenated normal ACSF was added to each chamber.
Each stimulation condition (no stimulation, 10 Hz, 20 Hz, or 50 Hz) was performed in its
own plate, in parallel to other conditions, to prevent effects due to light contamination and
each slice was placed in a new well. Slice without ChR2-eYFP expression were not used.
Stimulation was delivered with an optic fiber placed above slices and 473 nm blue light
stimulation (1-3 mW) or no stimulation was performed for 15 min. Supernatant was
collected in 100 pL aliquots and frozen at —20°C. For quantification of Substance P release
was quantified using a substance P standard curve from a commercial ELISA kit following
manufacturer guidelines (R and D Systems, Cat: KGE007). A blank control consisting of 1:1
ELISA diluent: ACSF was run with each assay to account for any potential background
absorbance due to ACSF alone.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data and statistical analysis were performed with Prism 6 or 8 (GraphPad Software).
Electrophysiological, RNAscope, and ELISA experiments utilized mice, slices, or samples
from different litters. The sample size used in each experiment was based on previous
electrophysiological and RNAscope experiments (Tejeda et al., 2017), BRET experiments
(YYano et al., 2017), or ELISA experiments (Al-Hasani et al., 2015). For time course data,
repeated-measure ANOVAS were performed followed by multiple comparison post hoc tests.
For most time course experiments, the more rigorous Geisser-Greenhouse’s correction was
performed to avoid the assumption of sphericity. Unless otherwise specified, values reported
in the text are expressed as a percent of baseline, and are the mean change 15 min after the
start of substance P bath application or stimulation (20 min from the start of the experiment).
For two sample data, paired or unpaired t tests were performed. For one sample data, one
sample t tests were performed and the experimental values and actual means were reported.
For bar graph data with more than 2 groups, one-way ANOVAs were used. All n reported for
electrophysiological experiments are cells and 3-8 mice were used per experimental
condition, with no more than 3 cells per experimental condition per animal. In
electrophysiology experiments, cells were only excluded if they were deemed to be a
statistical outlier as determined by a Grubbs outlier test. No more than 1 cell was excluded
in each group. Recordings that did not survive at least 5 min after stimulation or bath
application of a drug were not included in the analysis. In RNAscope data, each point
represents a single animal which was derived from an average across three Bregma locations
averaged bilaterally, 3—4 animals were used for each experiment, the experimenter was
uninformed about the predicted results, and no slices were excluded. For ELISA
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quantification, the experimenter was blind to all conditions, results were replicated in three
independent assays, and samples were only excluded if they fell outside of the range of the
standard curve. In all graphs, means are reported as mean = SEM and p values reported in
figures and legends are from post hoc tests. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. For exact statistics see Table S1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
High-frequency activation of NAc D1-MSNs causes release of substance P

D1-MSN high-frequency activation potentiates excitatory transmission on
D2-MSNs

D1-MSN high-frequency activation drives enhanced cholinergic interneuron
firing

D2-MSN AMPA receptor insertion by substance P requires M1 receptor
signaling

Neuron. Author manuscript; available in PMC 2020 August 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Francis et al.

Page 22

473nm

= /ﬁ 10Hz,
2 e T

AAV-DIO-ChR2-eYFP
Dyn Cre-tdtomato

o
o o
/‘2
8
N
S
T
N

N b O ®
S o

=}

Spike Fidelity (%)

0.1mW
l-e-1.0mw H0Hz
0 20 40 60

Frequency e
50% duty cycle, 1mW 1sec

e\ecmcak
DI-MSN. D

200 50Hz )/ .

fib

/\ D2-MSN
150 ’ #*”‘% ‘ﬁ# R u ;:;:5::“ im
00 a2 Mb ., D2-MSNs
A\, % \_b
N | DI-MSNs 0

T T T T T 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Time (min) Time (min)

NAcC NAcS

2004 90Hz

D2-MSNs ~ D1-MSNs
L] L]

[Tcl

a
S

1=}
S
I

53
k=)
o
S
I

EPSC amplitude (%baseline) (9]

EPSC amplitude (%baseline)

0

_NAcC  _ NAcS G

)
1)
5]
3

D1-MSN

%ﬁ//

D2-MSN

" i

& &
‘\ t\a @%®6$ 0 5 10 15 20 25 30 35 40
Time (min)

wnx
[

o
S

=1
S

Simmes——
7 =
1D
1
i i

& /
i L

e

3

EPSC amplitude (%baseline)
=)
1S3

EPSC amplitude (%baseline) ~
8
|
o
. L m
EPSC amplitude (%baseline
o o
3 3
_".J‘

0

o

[I—
i<} ‘. 5
=
3
2

NV

Figure 1. High-Frequency D1-MSN Stimulation Potentiates Excitatory Transmission on D2-
MSNs
(A) Representative expression in the NAc core (NAcC) or shell (NAcS). Red, Dyn-Cre-

Tdtomato; green, ChR2-eYFP. AC, anterior commissure. Scale bars: 100 um.

(B) Cell-attached recordings of D1-MSNs (blue) expressing ChR2 was stimulated with 473-
nm blue laser light. Fidelity of D1-MSN firing in cell attached mode is lower at 0.1 mW
than 1.0 mW blue light (p < 0.01; n =5 and 9). Representative traces at 10-, 20-, or 50-Hz
stimulation are shown.

(C) NAcC D2-MSNs (gray) were potentiated by a single train of 50-Hz D1-MSN
stimulation (p < 0.05; n = 14), and there was no effect on D1-MSNs (blue; p > 0.05; n =9).
Representative paired-pulse excitatory traces pre-stimulation (black) and post-stimulation
(red) are shown. Scale bars for synaptic recordings: 100 pA, 25 ms.(D) NAcS D1-MSNs (p
< 0.05; n = 8) and D2-MSNs (p < 0.05; n = 9) EPSCs were depressed by D1-MSN 50-Hz
stimulation.

(E) Coronal map of EPSC potentiation (green) or depression (red) of MSN subtypes
following D1-MSN 50-Hz stimulation.

(F) Potentiation of EPSCs is observed in NAcC D2-MSNs (p < 0.001; n =9 and 14) and
depression of EPSCs in all NAcS MSNs at 20 min from baseline (D1-MSN and D2-MSN; p
<0.01; n=9and 8).

(G) 10-Hz (p > 0.05; n = 5) and 20-Hz (p > 0.05; n = 5) stimulation does not alter D2-MSN
excitatory transmission.

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S1.
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Figure 2. Substance P and 50-Hz D1-MSN Stimulation Drives Excitatory Potentiation through
NK1Rs

(A) EPSCs are enhanced on D2-MSNs after bath application of substance P (p < 0.001; n =
8), but not on D1-MSNs (p > 0.05; n = 5). Representative EPSCs: baseline (black),
substance P wash out (red); scale bars for synaptic recordings: 100 pA, 25 ms.

(B) NK1R antagonist L-733,060 blocks substance-P-induced potentiation (p > 0.05; n = 9).
(C) BRET signal in response to different concentrations of substance P.

(D) D2-MSN (p < 0.05; n = 14), but not D1-MSN (p > 0.05; n = 6), EPSCs potentiate in
response to substance P bath application.

(E) Coronal map of EPSC potentiation (green) or depression (red) of MSN subtypes
following bath application of substance P.

(F) D2-MSN (p < 0.01; n = 24), but not D1-MSN (p > 0.05; n = 8), EPSCs are potentiated at
after substance P bath application.

(G) NK1R antagonist aprepitant blocks D1-MSN stimulation-induced potentiation (p > 0.05;
n=8).

(H) Substance P bath application occludes potentiation of D1-MSN 50-Hz stimulation on
NAcC D2-MSNs (1t02,p<0.05,n=7;2t03,p>0.05,n=7).

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S2.
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Figure 3. D2-MSN Excitatory Potentiation by 50-Hz D1-MSN Stimulation or Substance P Is
Post-synaptic

(A) NAcC D1-MSN 50-Hz stimulation does not alter paired pulse ratios (D2-MSNs, p >
0.05, n = 15; D1-MSNs, p > 0.05, n = 11).

(B) NACcC substance P does not alter paired pulse ratios (D2-MSNs, p > 0.05, n = 22; D1-
MSNs, p > 0.05, n = 8).

(C) sEPSC frequency is unchanged by D1-MSN 50-Hz stimulation (p > 0.05; n = 12), but
amplitude is significantly enhanced (p < 0.001; n = 12). Pre-stim (black) and post-stim (red)
are shown; scale bars: 25 pA, 1s.

(D) Frequency (p > 0.05; n = 11) and amplitude (p > 0.05; n = 11) are unchanged by D1-
MSN 50-Hz stimulation.

(E) Frequency is unchanged by substance P (p > 0.05; n = 17), but amplitude is significantly
enhanced (p < 0.001; n = 17). Baseline (black) and substance P wash out (red) are shown.
(F) Amplitude is unchanged by substance P (p > 0.05; n = 8), but frequency is significantly
increased (p < 0.05; n = 8).

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S3.
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Figure 4. ChAT Neuron Activity Is Enhanced by Substance P in a NK1R-Dependent Manner
(A) Representative RNAscope images of D1 receptor (DrdZ, green), D2 receptor (Drad2,

red), and neurokinin 1 receptor ( 7acr, gray) RNA transcript merged with DAPI (blue) at
203 and 403 magnification in the NAcC. Few cells display DrdZ and Dra?2 coexpression
with 7aclr.

(B) Representative RNAscope images at 20x magnification of choline acetyltransferase
(Chat, green) and 7acIr(gray) transcript merged with DAPI (blue) in the NAcC, NAcS, and
dorsal striatum (DSt). 7acZrexpression is coexpressed in nearly all Chatexpressing cells
and does not differ across region (p > 0.05; n =6, 6, and 7).

(C) Substance P enhances firing of ChAT neurons (p < 0.0001; n = 6).

(D) Proportional enhancement in firing rate of ChAT neurons in response to varying
substance P concentration.

(E) Proportional change in firing rate of ChAT neurons in response to 100 nM substance P in
the presence of varying concentrations of L-733,060.

(F) Substance P causes a lasting increase in ChAT neuron firing rates which is suppressed by
L-733,060.

(G) On average, substance P significantly enhances firing rate of ChAT neurons (p < 0.05; n
=7) and the enhancement is blocked by L-733,060 (p > 0.05; n = 7). Representative traces
of substance P (black) and substance P+L-733,060 (gray) are shown.

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S4.
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Figure 5. D1-MSN 50-Hz Stimulation Enhances ChAT Activity by Release of Substance P
(A) Maximal optogenetically evoked IPSCs from D1-MSNs to ChAT neurons are blocked

by picrotoxin.

(B) 50-Hz D1-MSN stimulation enhances ChAT activity (p < 0.0001; n = 6) and is
suppressed, but not completely blocked, by aprepitant (p > 0.05; n = 13). Representative
traces: vehicle (black) and aprepitant (gray).

(C) 50-Hz D1-MSN stimulation enhanced ChAT firing rate with train durations of 5s (p <
0.05; n =10) or 5 s repeated over 5 min (p < 0.05; n = 11).

(D) ChAT firing increased after 50-Hz D1-MSN stimulation (p < 0.01; n = 10), but not 10
Hz (p > 0.05; n =8) or 20 Hz (p > 0.05; n = 9).

(E) Increased substance P release was measured with an ELISA after 50-Hz stimulation of
D1-MSNs in comparison to no stimulation (p < 0.0001; n=16 and 6), 10 Hz (p <0.01; n =
7 and 6), and 20 Hz stimulation (p < 0.0001; n =7 and 6).

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S5.
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Figure 6. D2-MSN AMPAR Insertion by Substance P or D1-MSN 50-Hz Stimulation Is M1R
Dependent

(A) D2-MSN excitatory potentiation by substance P is blocked by pirenzepine (p > 0.05; n =
9).

(B) D2-MSN excitatory potentiation by D1-MSN 50-Hz stimulation is blocked by
pirenzepine (p > 0.05; n = 9).

(C) AMPAR-evoked current-voltage relationship indicates inward rectification is enhanced
at +40 mV by substance P (p < 0.05; n = 7 and 10) and the rectification index is significantly
decreased (p < 0.05; n = 7 and 10). Representative traces of substance P (gray) and
substance P in the presence of pirenzepine (black) are shown. Scale bars: 100 pA, 25 ms.
(D) Inward rectification of AMPAR currents is enhanced at +40 mV by D1-MSN 50-Hz
stimulation (p < 0.05; n = 10 and 12), and the rectification index is significantly decreased (p
< 0.05; n =10 and 12). Representative traces of D1-MSN 50-Hz stimulation (gray) and 50
Hz stimulation in the presence of pirenzepine (black) are shown.

(E) NASPM suppresses substance-P-potentiated EPSCs to control levels. Representative
traces: baseline (black); substance P wash out (red); and NASPM (blue; p < 0.05; n =5 and
4).

(F) NASPM suppresses stimulation-potentiated EPSCs to control levels. Representative
traces: pre-stimulation (black); post-stimulation (red); and NASPM (blue; p<0.05;n=7
and 7).

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S6.
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Figure 7. D1-MSN-Stimulation-Induced D2-MSN LLP Requires M1R Signaling
(A) GDPBS-mediated block of G-protein signaling prevents LLP of NAcC D2-MSNs

following D1-MSN 50-Hz stimulation (p < 0.05; n = 8).

(B) Inward rectification of AMPAR currents at +40 mV is blocked by GDPBS compared to
D2-MSN pairs (+40 mV: p < 0.01; rectification index p < 0.05; n = 6 and 6).

(C and D) Internal solution with the PLC antagonist U-73122 (C) promotes stimulation-
induced depression on D2-MSNs (p < 0.05; n = 9) and (D) prevents inward rectification (p >
0.05;n=9).

(E and F) Calcium chelation with BAPTA prevents (E) LLP (p > 0.05; n = 9) and (F) inward
rectification compared to D2-MSN pairs (+40 mV: p < 0.0001; rectification index p < 0.05;
n=7and7).

(G and H) CPA application to deplete internal calcium stores blocks (G) LLP (p > 0.05; n =
8) and (H) inward rectification (p > 0.05; n = 8).

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For exact
statistics, see Table S1. See also Figure S7.
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Figure 8. Model of Disynaptic Substance P Action in the NAcC
High-frequency activation with sustained depolarization of NAcC D1-MSNs causes release

of substance P, activation of NK1Rs on ChAT neurons, and increased ChAT activity.
Acetylcholine release is enhanced by increased ChAT activity activating M1Rs and a Gg-
protein signaling cascade. G-protein activation of PLC putatively activates PIP,-1P3-1P3
receptor signaling, releasing calcium from internal stores promoting calcium-mediated
insertion of calcium-permeable, GluR2-lacking AMPARSs.
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