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SUMMARY

The balance of dopamine and acetylcholine in the dorsal striatum is critical for motor and learning
functions. Midbrain dopamine cells and local cholinergic interneurons (Chls) densely innervate
the striatum and have strong reciprocal actions on each other. Although dopamine inputs regulate
Chls, the functional consequences of dopamine neuron activity across dorsal striatal regions is
poorly understood. Here, we find that midbrain dopamine neurons drive pauses in the firing of
dorsomedial Chls but robust bursts in dorsolateral Chls. Pauses are mediated by dopamine D2
receptors, while bursts are driven by glutamate corelease and activation of a mGluR-mediated
excitatory conductance. We find the frequency of muscarinic cholinergic transmission to medium
spiny neurons is greater in the dorsomedial striatum. This regional variation in transmission is
moderated by the different actions of dopamine and glutamate corelease. These results delineate a
mechanism by which dopamine inputs maintain consistent levels of cholinergic activity across the
dorsal striatum.

Graphical Abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

"Correspondence: christopher.ford@ucdenver.edu.

AUTHOR CONTRIBUTIONS

Y.C. and C.P.F. designed and performed experiments, analyzed the data, and wrote the manuscript.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures and can be found with this article online at https://doi.org/10.1016/j.celrep.
2018.11.053.

DECLARATION OF INTERESTS
The authors declare no competing interests.


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.celrep.2018.11.053
https://doi.org/10.1016/j.celrep.2018.11.053

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cai and Ford

In Brief

Page 2

DMS DLS
ACh M4~
@sy i @Sy
DMS DLS

.. o
5} =
o (]
o
o
i)
3
3
@
.. w
[} =
© (9]
c
i)
=
o
@

' mGIuR

b4
B4

Cai and Ford identify regional differences in the extent of ACh transmission onto direct pathway
medium spiny neurons between the dorsomedial and the dorsolateral striatum. These differences
were normalized by SNc inputs, which had opposing actions on the firing of cholinergic
interneurons in each region.

INTRODUCTION

The dorsal striatum integrates excitatory inputs from various brain regions with modulatory
inputs from dopamine neurons in the substantia nigra pars compacta (SNc), as well as
cholinergic interneurons (Chls) within the striatum (Bolam et al., 2000; Calabresi et al.,
2000; Gerfen and Wilson, 1996; Kreitzer, 2009). It is widely recognized that dopaminergic
and cholinergic neurons functionally cooperate with each other, and their interactions are
critical for motivated behaviors and locomotion (Aosaki et al., 2010; Pisani et al., 2007).
Synchronous firing of Chls drives dopamine release from dopamine terminals via
presynaptic nicotinic receptors (Cachope et al., 2012; Threlfell et al., 2012), whereas
dopamine cells primarily inhibit Chls via dopamine D2 receptors (Aosaki et al., 1994a;
Chuhma et al., 2014; Gerfen and Surmeier, 2011; Graybiel et al., 1994; Morris et al., 2004).
Studies have found that optogenetic activation of dopamine inputs mainly inhibits dorsal
striatal cholinergic activity through dopamine D2 receptors but can also lead to a transient
excitation in a subset of cells (Chuhma et al., 2014; Straub et al., 2014). However, the
mechanisms and functional consequences of this modulation remain unclear.

The dorsal striatum can be anatomically and functionally separated into the dorsomedial
striatum (DMS) and the dorsolateral striatum (DLS) (Gremel and Costa, 2013;
Kupferschmidt et al., 2017; McGeorge and Faull, 1989; Yin and Knowlton, 2006). Each
region receives largely different dopamine inputs (Lerner et al., 2015), and past work has
shown that the DMS is associated with goal-directed behaviors (Devan et al., 1999; Yin et
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al., 2005), while the DLS is responsible for habit formation and locomotion (West et al.,
1990; Yin and Knowlton, 2006; Yin et al., 2004). Although Chls are thought to be a
relatively homogeneous population of cells, it is unclear whether cholinergic transmission
differs across the DMS and the DLS and whether transmission is modulated differently by
dopamine across regions. Here we compared cholinergic transmission between the DMS and
the DLS and examined effects of dopamine inputs across these two regions in striatal slices.
We found that basal cholinergic transmission during tonic Chl activity is higher in the DMS
than the DLS. Optogenetic activation of dopamine inputs differentially altered cholinergic
transmission across these regions via anatomically distinct patterns of dopamine-glutamate
cotransmission. The net effect was an inhibition of cholinergic transmission in the DMS but
a facilitation in the DLS. These findings highlight the regional specificity of dopamine-
acetylcholine interaction in the dorsal striatum, which might contribute to distinct behavioral
outcomes when sub-striatal regions are separately recruited.

Dopamine Inputs Differentially Modulate Cholinergic Activity in the DMS and DLS

To examine how dopamine inputs modulate striatal Chl firing, an adeno-associated virus
(AAV) encoding double-floxed channelr-hodopsin 2 (ChR2) and enhanced yellow
fluorescent protein (EYFP) was injected into the midbrain of mice expressing Cre
recombinase under the dopamine transporter (DAT) promoter (Figure 1A). After allowing
three weeks for viral expression, we observed broad expression of EYFP in the substantia
nigra pars compacta (SNc), as well as in the striatum (Figure 1B). We performed cell-
attached recordings of Chls in coronal striatal slices. Chls were initially targeted using their
large soma size, and the identity of Chls was confirmed by the presence of tonic pacemaker
firing and by re-patching cells in whole-cell configuration at the end of the experiment to
verify the presence of a hyperpolarization-evoked inward current (I;,) (Kawaguchi, 1993). In
half of Chls, optogenetic stimulation of dopaminergic inputs (5 pulses at 20 Hz, 2 ms each)
led to a pause in spontaneous firing, which was eliminated following application of the D2
receptor antagonist sulpiride (500 nM) (average firing frequency 1 s following flash: control,
0.3 £ 0.1 Hz; sulpiride, 1.5 + 0.5 Hz; n = 10/20, p < 0.01, Wilcoxon test) (Figure 1C, left).
This is consistent with the previous findings that dopamine inhibits cholinergic activity
through D2 receptors (Aosaki et al., 1994a; Chuhma et al., 2014). In the other half of Chls,
we found that instead of evoking a pause in firing, photoactivation of dopaminergic inputs
drove a brief pause (average firing frequency: baseline, 1.5 £ 0.5 Hz; 200 ms following
flash, 0 Hz; n = 10/20, p < 0.01, Wilcoxon test) (Figure S1) that was followed by a burst of
action potentials (n = 10), which lasted approximately 1 s (Figure 1C, right). The short pause
was diminished by the D2 receptor antagonist sulpiride (500 nM) (average firing frequency:
baseline, 1.5 = 0.5 Hz; 200 ms following flash in sulpiride, 1.9 £ 1.8 Hz; n =10, p > 0.05,
Wilcoxon test) (Figure S1), but the burst was unaffected (average firing frequency 1 s
following flash: control, 8.1 £1.9 Hz; sulpiride, 6.9 £ 1.4 Hz; n = 10, p > 0.05, Wilcoxon
test) (Figure 1C, right). The lag until onset of bursting varied between 240 and 649 ms
(average, 443 £+ 52 ms) following the flash, and the extent of the burst firing was graded with
the intensity of photostimulation (Figure S1).
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In the presence of sulpiride (500 nM), we found that Chls could be classified into three types
based on their response to activation of dopaminergic inputs, with a third failing to respond
(type 1; n =40, p > 0.05, Wilcoxon test), a third showing a slight increase in firing (type 2,
3.5-fold increase; n = 36, p < 0.0001, Wilcoxon test), and a third exhibiting a robust burst of
action potentials (type 3, 16-fold increase; n = 44, p < 0.0001, Wilcoxon test) (Figure 1D).

In the absence of sulpiride, we confirmed that type 1 Chls exhibited a pause in firing
following the dopamine terminal stimulation (Figure S1). Cluster analysis revealed that
although type 2 and type 3 Chls had similar spontaneous baseline firing frequencies, they
could be segregated based on the extent of burst firing (Figure 1E). To test whether the
different burst responses resulted from differences in their intrinsic excitabilities, we used
whole-cell current-clamp recordings to examine the number of action potentials in each Chl
type following current injection (100-400 pA, 500 ms). We found that the excitability of
type 2 Chls was greater than that of type 1 Chls but was similar to that of type 3 Chls (type
1: 5.2 £ 0.5 action potentials [APs], n=8; type 2: 7.3+ 0.6 APs,n=9; type 3: 6.8 £ 0.5
APs, n=5; p <0.05 type 1 versus types 2 and 3, one-way ANOVA Kruskal-Wallis; 300 pA),
and there was no difference in input resistance among types (Figures 1F and S1). The
similarity between type 2 and type 3 Chls suggests that intrinsic excitability may not
account for the observed differences in Chl responses.

Overlapping populations of dopamine neurons with different properties and encoding
different motivational stimuli project to the DMS and DLS (Lerner et al., 2015). To examine
how dopamine inputs modulate cholinergic activity in the DMS and DLS, we examined the
responses of Chls in each region. In the presence of sulpiride (500 nM), some Chls showed a
slight increase in firing, but most did not. This resulted in no change in the overall firing rate
of DMS Chls following dopamine terminal stimulation (p > 0.05, n = 28, Wilcoxon test). In
contrast, Chls in the DLS exhibited a strong burst of action potentials (15.8-+ 3.3-fold
increase; p < 0.0001 versus baseline, n = 51, Wilcoxon test). Classification of Chls
according to their location revealed that 65% of Chls in the DMS did not respond to
dopamine terminal stimulation (type 1, n = 19/29), while 35% showed a slight increase (type
2, n =10/29) (Figure 1G). This differed from the DLS, in which 62% of Chls exhibited a
burst (type 3, n = 36/58), while only 14% failed to respond (type 1, n = 8/58) (Figure 1G).
Altogether, this suggests that dopamine inputs differentially regulate cholinergic activity
across the striatum by driving pauses in DMS Chls but bursts in DLS Chls.

Corelease of Glutamate from Dopamine Cells Activates an Excitatory mGluR-Mediated
Excitatory Conductance in DLS Chls

Previous work has found that dopamine inputs to the dorsal striatum evoke a D2 receptor-
mediated pause in most Chls and a 1.5- to 3-fold increase in firing rate in a subset of Chls
(Chuhma et al., 2014; Straub et al., 2014). However, the mechanisms underlying the increase
in dorsal striatum Chl activity are not known (Straub et al., 2014). One possibility is the
activation of excitatory D1-like dopaminergic receptors on Chls. Chls express D5 dopamine
receptors (Bergson et al., 1995; Yan and Surmeier, 1997), which are members of the D1-like
receptor family. Stimulation of these receptors increases Chl activity in striatal slices
(Aosaki et al., 1998). However, inhibition of D1/D5 receptors with SCH23390 (1 uM) did
not alter SNc-driven Chl bursting in type 2 or type 3 Chls (Figures 2A and 2B). Work has
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determined that dopamine neurons corelease multiple neurotransmitters, including -y-
aminobutyric acid (GABA) and glutamate (Hnasko et al., 2010; Nelson et al., 2014; Stuber
et al., 2010; Tritsch et al., 2012). Dopamine neuron cotransmission varies across striatal
subregions, and in the nucleus accumbens, the corelease of glutamate evokes AMPA and
NMDA synaptic events in both medium spiny neurons (MSNs) and Chls (Chuhma et al.,
2014, 2017; Stuber et al., 2010). To test whether coreleased GABA or glutamate drives DLS
Chl bursting, we blocked AMPA, NMDA, or GABA receptors. However, application of
DNQX (10 uM), AP5 (10 uM), picrotoxin (100 uM), or CGP55845 (300 nM) did not alter
the burst response of DLS Chls (control, 13.1 £ 2.7 Hz; picrotoxin and CGP, 13.3 + 3.9 Hz;
DNQX and AP5, 11.8 + 2.6 Hz; p > 0.05, Kruskal-Wallis test) (Figures 2A and 2B).

In addition to ligand-gated glutamatergic receptors, Chls express Gg-coupled group 1
metabotropic glutamate receptors (mGIluRs) (Lim et al., 2014; Tallaksen-Greene et al.,
1998), and agonists of these receptors depolarize striatal Chls (Bonsi et al., 2005; Pisani et
al., 2001). Thus, it is possible that corelease of glutamate from dopamine terminals might be
able to act on mGIuRs to drive Chl facilitation. Application of group | mGIuR antagonists
MPEP (100 uM) and CPCCOEt (100 uM) did not alter the baseline firing of Chls (control,
0.9 + 0.3 Hz; antagonists, 0.6 £ 0.2 Hz; n = 8, p > 0.05, Wilcoxon test), but it eliminated
DLS Chl bursting induced by activation of dopaminergic inputs (control, 14.2 + 3 Hz;
antagonists, 1.4 + 0.7 Hz; n = 8, p < 0.01, Wilcoxon test) (Figure 2C). These findings
suggest that glutamate released from dopamine terminals drives firing in DLS Chls by
activating group | mGIuRs.

We next examined the signaling cascade downstream of mGIuRs that underlies Chl bursting.
We performed cell-attached and whole-cell voltage-clamp recordings sequentially in the
same Chl while activating dopamine terminals (Figure 3A). Similar to previous studies
(Straub et al., 2014), we found that photoactivation of dopamine terminals evoked an inward
current in Chls (Figure 3B). The amplitude of the inward current correlated with the extent
of bursting in Chls across the dorsal striatum (r = 0.72, p < 0.001, Pearson’s correlation)
(Figure 3C). Then we focused on type 3 Chls in the DLS with the aim of understanding this
depolarizing conductance. The group | mGIluR1 antagonists MPEP (100 uM) and CPCCOEt
(100 uM) eliminated the inward current (control, 72.2 + 15.2 pA; antagonists, 8.9 £ 3.9 pA;
n=7,p <0.05, Wilcoxon test) (Figures 3D and 3E), confirming that it was driven by
glutamate transmission. The inward current was also blocked by TTX (200 nM) (control,
38.0 + 7.1 pA,; antagonists, 2.9 £ 0.7 pA; n =7, p < 0.05, Wilcoxon test) (Figure 3F).
Dialysis of Chls with either intracellular GDPS (0.6 mM), a non-hydrolysable analog of
guanosine diphosphate (GDP) that inhibits G-protein signaling (control, 25.7 £ 6.9 pA, n =
7, GDPBS, 5.2 £ 1 pA, n = 14; p < 0.001, Mann-Whitney test) (Figures 3G and 3H) or
intracellular BAPTA (10 mM) (control, 23.6 £ 5.5 pA, n = 10; GDPBS, 8.3 £ 2.8 pA, n = 5;
p < 0.05, Mann-Whitney test) (Figure 3I) decreased the inward current, indicating that the
excitatory current in DLS Chls is the result of G-protein-driven intracellular calcium
signaling. Current-voltage analysis showed that the inward current had a reversal potential
near +10 mV, suggestive of a non-selective cation ion conductance (Figure 3J). Striatal Chls
express various types of transient receptor potential C (TrpC) channels, which are non-
selective ion channels commonly activated downstream of group | mGIuRs (Berg et al.,
2007; El-Hassar et al., 2011). We found that dopamine neuron-induced bursts in Chls were
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eliminated by application of clemizole (10 uM) (control, 12.5 + 1.8 Hz; clemizole, 1.2 + 0.4
Hz; n =7, p < 0.05, Wilcoxon test) (Figure 3K) or M 084 (100 uM) (control, 12.4 + 2 Hz; M
084, 2.6 + 1 Hz; n = 10, p < 0.01, Wilcoxon test) (Figure 3L), compounds known to block
TrpC channels. Altogether, this suggests that the corelease of glutamate evokes bursts in a
subset of Chls through the activation of a mGluR-mediated excitatory conductance likely
mediated by Trp channels.

Differences in Glutamate Corelease and D2 Receptor Signaling across Chls

Our results suggest that activation of SNc dopamine terminals primarily drives pauses in
DMS Chls but bursts in DLS Chls. This could be due to either postsynaptic differences in
D2 or mGIuR signaling among Chls or presynaptic differences in the extent of dopamine-
glutamate corelease from midbrain dopamine terminals innervating each region. To address
this, we directly applied either dopamine (1 M) or L-aspartate (200 mM, in the presence of
AMPA and NMDA blockers) to Chls via iontophoresis. We found that application of
dopamine (1 M, 50 ms) robustly drove pauses in Chl firing in DMS Chls (baseline, 1.4 + 0.2
Hz; dopamine [DA], 0.1 £ 0.1 Hz; n = 10, p < 0. 01, Wilcoxon test) but was more variable
and less robust in DLS Chls (baseline, 1.3 £ 0.2 Hz; DA, 0.8 £ 0.3 Hz; n = 10, p < 0.05,
Wilcoxon test) (Figures 4A and 4B). In both cases, the effect of dopamine was blocked by
the D2-antagonist sulpiride (500 nM) (Figure 4A). Thus, dopamine is less effective in
driving D2 receptor-mediated pauses in DLS Chls. This result suggests that the difference in
dopamine responses of DMS and DLS Chls is due to post-synaptic differences in the extent
of D2 receptor-mediated inhibition.

In contrast, application of L-aspartate (200 mM, 50 ms) drove bursting equally effectively in
both type 1 DMS Chls (baseline, 1.2 + 0.3 Hz; aspartate [Asp], 3.2+ 0.8 Hz; n=9, p < 0.01,
Wilcoxon test) and type 3 DLS Chls (baseline, 1.1 + 0.3 Hz; Asp, 4.3+ 1.5Hz;n=9,p<
0.01, Wilcoxon test) (Figures 4C and 4D). The effect of L-aspartate in both regions was
blocked by the group | mGIuR antagonists MPEP (100 uM) and CPCCOEt (100 uM)
(Figure 4C). This suggests that mGIuRs couple equally effectively to their excitatory
channels across both DMS and DLS Chls. Because direct activation mGIuRs drives bursting
in all Chls, but activation of SNc axons in the DMS does so only weakly in some Chls, our
results suggest that the extent of glutamate corelease onto Chls from SNc terminals in the
DMS is weaker than in the DLS.

Regional Differences in Cholinergic Connectivity and Transmission at Muscarinic
Synapses across the Striatum

The release of acetylcholine (ACh) from Chls regulates striatal activity by presynaptic
modulation of dopamine and GABA inputs to MSNSs via nicotinic ACh receptors (nAChRS)
and muscarinic receptors (Cachope et al., 2012; English et al., 2011; Mamaligas et al., 2016;
Threlfell et al., 2012), as well as the activity of MSNs directly via muscarinic receptors
(Goldberg et al., 2012). We next examined how dopamine SNc¢ input-driven changes in Chl
firing regulate cholinergic transmission across the dorsal striatum. While Gg-coupled M1
MAChRs are expressed in all MSNs, Gj/o-coupled M4 mAChRs are expressed
predominantly in direct pathway MSNs (dMSNs) (Bernard et al., 1992; Goldberg et al.,
2012; Lim et al., 2014; Yan et al., 2001). Chls make monosynaptic connections with dMSNs
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at muscarinic M4 receptor-containing synapses (Mamaligas and Ford, 2016). To measure the
synaptic activation of M4 receptors on dMSNs, we virally overexpressed a G protein-
coupled inwardly rectifying potassium channel (GIRK2, Kirs ») in MSNs. These channels
couple to endogenous M4 receptors allowing for an electrophysiological readout of synaptic
muscarinic receptor activation (Mamaligas and Ford, 2016). An AAV encoding both GIRK2
and a soluble tdTomato fluorophore under a synapsin promoter was injected into the DMS
and the DLS (Figure 5A). The synapsin promoter allows for robust expression in MSNs but
restricts expression from Chls (Mamaligas and Ford, 2016). As such, we found that the
properties and excitability of Chls were similar in AAV-GIRK2-injected animals and
uninjected controls (Figure S2).

Chl pacemaker firing drives the release of ACh, which evokes spontaneous muscarinic M4
inhibitory post-synaptic currents (M4-1PSCs) in GIRK2-expressing dMSNs (Mamaligas and
Ford, 2016). We recorded spontaneous M4-IPSCs in dMSNs in both the DMS and the DLS
(Figure 5B). In both regions, spontaneous M4-IPSCs were blocked by the muscarinic
antagonist scopolamine (500 nM) (Figure 5B). The amplitude of spontaneous M4-IPSCs in
each region was identical (DMS: 38.9 £ 3.5 pA,n=14; DLS: 351+ 4.1 pA,n=13;p>
0.05, Mann-Whitney test), indicating that the level of GIRK expressed in DMS and DLS
dMSNSs as a result of AAV-mediated expression was the same (Marcott et al., 2014).
However, the frequency of events was higher in DMS dMSNs than DLS dMSNs (DMS: 2.8
+0.2 Hz, n=15; DLS: 1.5 £ 0.2 Hz, n = 14; p < 0.001, Mann-Whitney test) (Figure 5C). We
also analyzed the area under the curve (AUC) of M4-1PSCs for each trace, and the averaged
AUC of a cell was greater in DMS dMSNSs than DLS dMSNs (average AUC™S) (DMS: 15.1
+ 1.6 pA*s, n=15; DLS: 6.8 + 1.1 pA*s, n = 14; p < 0.001, Mann-Whitney test) (data not
shown). The density of Chls was the same across the dorsal striatum (DMS: 56.9 + 18.5
Chls/mm2, n = 3 mice; DLS: 54.8 + 13.5 Chls/mm?, n = 3 mice; widefield fluorescence, p >
0.05, Wilcoxon test) (Figures 5D and 5E), suggesting that the higher frequency of IPSCs in
the DMS was not due to a greater number of Chls. We next tested whether the connectivity
between Chls and dMSNs was different across these two regions. We made paired
recordings from Chls (cell attached) and synaptically coupled dMSNs (voltage clamp). In
this configuration, both unitary M4-1PSCs that are time locked to the firing of a given Chl
(paired IPSCs) and unpaired M4-1PSCs resulting from the firing of other Chls (unpaired
IPSCs) can be observed (Mamaligas and Ford, 2016). In the DMS, we found that of the total
M4-1PSCs, 33% were paired while 67% were unpaired (n = 7) (Figure 5G). Because roughly
one-third of spontaneous inhibitory postsynaptic currents (SIPSCs) recorded could be
attributed to the paired Chl (Figure 5C), it suggests that possibly three Chls were
synaptically coupled to that MSN. This differed from the DLS, in which half of all
spontaneous M4-1PSCs were paired (n = 7 pairs, p < 0.05, Mann-Whitney test) (Figure 5G).
We calculated the connectivity of Chls to each dMSN by taking the ratio of the total number
of spontaneous M4-IPSCs over the number of paired M4-1PSCs. The ratio was greater in the
DMS (DMS: 3.6 £0.5,n =8; DLS: 2.1 £ 0.2, n = 7 pairs; p < 0.05, Mann-Whitney test)
(Figure 5H) and suggests that between three and four Chls are coupled to a given dMSN in
the DMS, while only two Chls may be coupled to dMSN in the DLS. Thus, DMS MSNs
have more Chls coupled to them than do DLS MSNSs. In addition, we found that the
spontaneous firing rate in DMS Chls was slightly higher than in DLS Chls (DMS: 1.5+ 0.1
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Hz,n=48; DLS: 1.1 £ 0.1 Hz, n = 109; p < 0.05, Mann-Whitney test) (data not shown).
Altogether, these results show that as a result of higher Chl firing rates and synaptic
convergence, the basal level of cholinergic transmission onto dMSNSs is higher in the DMS
than the DLS.

Midbrain Dopamine Inputs Use Corelease to Differently Regulate Cholinergic Transmission
across Striatal Regions

To examine how midbrain dopamine neuron inputs regulate cholinergic transmission across
the DMS and DLS, we next expressed ChR2 in SNc¢ dopamine cells in AAV-GIRK-injected
mice and recorded from GIRK2* dMSNs in each region. Because overlapping spontaneous
IPSCs are difficult to identify when the frequency of events is high, we analyzed the AUC of
M4-1PSCs for each cell. Photostimulation of dopamine terminals led to a pause in
spontaneous M4-IPSCs in DMS dMSNs (average AUC™S 1 s following flash, 52.9% + 16%
of the baseline; p < 0.05, n = 8, Wilcoxon test) but evoked a burst of M4-1PSCs in dMSNs in
the DLS (average AUC™S 1 s following flash, 938.0% + 240% of the baseline; p <0.01, n =
10, Wilcoxon test) (Figure 6A). Thus, like the firing of Chls, the predominant effect of
midbrain dopamine terminal inputs on cholinergic transmission across the striatum is
inhibitory in the DMS but excitatory in the DLS. This suggests that nigrostriatal inputs
diminish the regional imbalance in basal cholinergic transmission across the dorsal striatum
through different combinations of neuromodulation.

To determine the role of dopamine and glutamate in driving these changes in cholinergic
transmission, we first applied the D2 receptor antagonist sulpiride. Sulpiride (500 nM)
eliminated the pause in M4-IPSCs in the DMS to reveal an underlying potentiation (AUC™S
post-flash: control, 52.9% * 15.9% of baseline; sulpiride [sulp.], 543.7% * 114.8%; p <
0.01, n = 8, Wilcoxon test). In the DLS, sulpiride (500 nM) induced only a slight
potentiation of muscarinic M4-1PSCs (AUC™S post-flash: control, 938.0% * 240.0% of
baseline; sulp., 1367.0% + 344.1%; p < 0.05, n = 10, Wilcoxon test) (Figures 6B and 6C,
red). This confirms the stronger effect of dopamine D2 receptor-mediated inhibition in the
DMS. Furthermore, the results indicate that, likely as a result of convergence of both type 1
and type 2 Chls onto dMSNs in the DMS (Figures 1G and 5H), the corelease of glutamate
from dopamine terminals can facilitate cholinergic transmission in the DMS, but the effect is
normally negated by the stronger inhibitory effect of D2 receptors in this region. Blocking
group I mGluRs with MPEP (100 uM) and CPCCOEt (100 uM) had no effect on M4-1PSCs
in DMS dMSNs (AUC™S post-flash: control, 38.7% + 7.8% of baseline; antagonists, 45.0%
+ 18.4%; p > 0.05, n = 5, Wilcoxon test). However, it eliminated the potentiation of M4-
IPSCs in dMSNs in the DLS (AUC™S post-flash: control, 678.3% * 260.1% of baseline;
antagonists, 129.6% + 21.9%; p < 0.05, n = 6, Wilcoxon test) (Figures 6D and 6E). This
suggests that glutamate corelease strongly drives cholinergic transmission in the DLS but
has limited effect in the DMS when D2 receptors are not blocked.

Anatomical evidence suggests that dopaminergic terminals form axon-axonal connections
with Chls in the striatum (Chang, 1988). Lastly, to test whether dopamine transmission
directly modulates the release of ACh from cholinergic terminals, we performed paired
recordings from synaptically connected Chl-dMSN pairs. GIRK2* dMSNs were recorded in
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voltage clamp while Chls were current-clamped and hyperpolarized to prevent spontaneous
firing. Current injections to the Chl with a 750 ms inter-pulse interval triggered two action
potentials and drove paired M4-IPSCs in the dMSN. Due to the high probability of ACh
release from Chls onto dMSNSs at muscarinic synapses (Mamaligas and Ford, 2016), the
second M4-IPSC was depressed relative to the first. The paired-pulse ratio (PPR) of M4-
IPSCs was similar between the DMS and the DLS (PPR: DMS, 0.58 + 0.06, n = 5; 0.56
+0.03, n = 6; p > 0.05, Mann-Whitney test) (Figure 7, black), suggesting that the probability
of ACh release is similar across regions. To examine how the release of dopamine from SNc
terminals regulates the release of ACh, dopamine terminals were optogenetically stimulated
1-1.5 s before triggering action potentials in Chls. In the DMS, this led to an inhibition in
the amplitude of the 15t IPSC and an increase in the PPR (Figures 7A and 7B, blue). The
inhibition of ACh release was mediated by activation of D2 receptors, because it was
eliminated by sulpiride (500 nM) (PPR: control, 0.58 £ 0.06, n = 5; flash, 0.98 + 0.07, n = 5;
flash + sulpiride, 0.56 = 0.04, n = 6; control versus flash, p < 0.05; flash versus flash +
sulpiride, p < 0.01; control versus flash + sulpiride, p > 0.05; Kruskal-Wallis test)
(normalized amplitude of the 15t IPSC: flash, 68.1% + 10.0%; flash + sulpiride, 106.1%

+ 9.4%; n = 9; control versus flash, p <0.05; flash versus flash + sulpiride, p < 0.01;
Friedman test) (Figures 7A and 7B, purple). In contrast, in the DLS, the amplitude of the 15t
IPSC (normalized amplitude: flash, 82.0% + 14.8%; flash + sulpiride, 78.3% * 7.5%; n = 6;
p > 0.05, Friedman test) (Figures 7C and 7D) and PPR of M4-IPSCs was unaffected
following the activation of dopamine inputs in either the presence or the absence of sulpiride
(PPR: control, 0.56 £ 0.03, n = 6; flash, 0.60 £ 0.11, n = 6; flash + sulpiride, 0.54 £ 0.07, n =
3; p > 0.05; Kruskal-Wallis test) (Figures 7C and 7D). This suggests that phasic activation of
dopaminergic inputs inhibits ACh release from Chl terminals through D2 receptors in the
DMS, but not in the DLS.

Altogether, these findings revealed that midbrain SNc inputs predominantly inhibit ACh
transmission in the DMS via the actions of dopamine but drive ACh transmission in the DLS
via the corelease of glutamate.

DISCUSSION

The medial and lateral dorsal striatal sub-regions have differing roles in striatal-dependent
associative behaviors, consolidating goal-directed and habitual behaviors, respectively.
Dopamine regulates striatal activity throughout dorsal striatal compartments by modulating
multiple classes of striatal neurons, including MSNs, GABAergic interneurons, and Chls
(Gerfen and Surmeier, 2011; Kreitzer, 2009). Dopamine input to the DMS and DLS
originate from different subsets of SNc neurons that differ functionally and in the
motivational signals they encode (Chuhma et al., 2017; Lerner et al., 2015). However, it
remains unclear whether this medial-lateral divide also occurs for other striatal
neuromodulators and how they may be modulated by dopamine inputs across regions. Here,
we found that like dopamine, ACh transmission exhibits regional differences across the
dorsal striatum. As a result of increased connectivity and higher basal firing rates, we found
that the frequency of cholinergic transmission is higher onto dMSNs in the DMS than the
DLS at muscarinic synapses. The long-standing hypothesis of dopamine- ACh balance has
depended on the finding that dorsal striatal dopamine inputs inhibit Chl firing through D2
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receptor activity (Aosaki et al., 1994b; Chuhma et al., 2014; Maurice et al., 2004; Morris et
al., 2004; Schulz and Reynolds, 2013). However, we found that dopamine D2 receptor-
mediated inhibition of Chl activity was largely specific to the medial regions of the dorsal
striatum. Due to the weaker signaling by D2 receptors in DLS Chls, the release of dopamine
induced only a brief transient inhibition of DLS Chl firing that was rapidly overwhelmed by
an mGIuR-mediated increase in burst firing as a result of glutamate corelease. Because we
found that the level of cholinergic transmission was higher in the DMS than the DLS, our
results show that SNc inputs help to partially restore the imbalance of cholinergic
transmission across striatal regions by using dopamine to dampen the higher levels in the
DMS but glutamate corelease to boost the lower levels in the DLS.

Dopamine neuron-evoked AMPA and NMDA excitatory synaptic events are observed in
both MSNs and Chls of the nucleus accumbens (NAc), but not in the dorsal striatum,
indicating that release of glutamate from dopamine neuron terminals occurs primarily in the
NAc (Chuhma et al., 2014; Hnasko et al., 2010; Stuber et al., 2010). While activation of
dopamine terminals has been found to evoke a depolarizing conductance in Chls sufficient to
transiently increase the baseline firing rate in the dorsal striatum, the underlying mechanisms
remained unclear, because it was not blocked by ligand-gated glutamate receptor antagonists
(Straub et al., 2014). Here, our data show that glutamate coreleased from dopamine cells
directly regulates DLS Chls via the activation of a group | mGluR-mediated excitatory
conductance. Because we found that the resulting inward current was sensitive to chelating
intracellular Ca?* with BAPTA, the signaling cascade may involve the activation of
phospholipase C (PLC) via Gq4-coupled group | mGluRs and the resulting release of
Ca2*from intracellular stores. This metabotropic glutamate input was sufficient to drive
robust bursts in Chls (>15-fold increase in frequency) in the DLS. Because application of L-
aspartate could equally drive bursting across all Chls, the weak excitatory effect in the DMS
is likely due to limited presynaptic corelease of glutamate in this region. While the
application of sulpiride revealed an underlying excitatory mGIuR component in the DMS,
the excitatory actions of glutamate corelease appear to be limited under basal conditions
when D2 receptors are not blocked. Thus, while glutamate corelease can drive cholinergic
transmission across the entire dorsal striatum, the effect is greater in the DLS as a result of
stronger corelease and limited dopamine D2 receptor-mediated inhibition. However, the
molecular mechanisms underlying weaker dopamine D2 signaling lateral Chls remains
unclear and could result from decreased expression of D2 receptors and/or weaker signaling
to downstream signaling cascades.

The excitatory input arising from midbrain dopamine neurons differs from the other
excitatory inputs from the parafascicular thalamus and motor cortex (Doig et al., 2014;
Gerfen, 1992; Matsumoto et al., 2001), because these inputs make excitatory synaptic
connections to Chls at AMPA and NMDA receptor synapses (Ding et al., 2008, 2010;
Lapper and Bolam, 1992). Like others (Straub et al., 2014) we found little role for ligand-
gated ion channel glutamate receptors in regulating cholinergic excitability. Whether this
mGIuR-specific input from dopamine cells is a dedicated metabotropic synapse or results
from spillover of glutamate from other synapses is not known.
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In addition to input activity from dopamine neuron firing, ACh can locally drive
dopaminergic transmission in the dorsal striatum and NAc via presynaptic NAChRs on
dopamine terminals (Zhou et al., 2001). The synchronous firing of Chls evokes the release
of dopamine directly from dopamine terminals (Cachope et al., 2012; Kress et al., 2014;
Mamaligas et al., 2016; Threlfell et al., 2012). Here we found that in the medial region of the
striatum, phasic stimulation of dopamine terminals drove a robust inhibition of Chl firing
and ACh release. This inhibition of Ach transmission in the DMS could therefore serve as a
negative feedback mechanism to restrain subsequent dopamine release driven by presynaptic
nicotinic receptors. In contrast, in the DLS, the transient bursts of Chls by the corelease of
glutamate from dopamine terminals may function as a feedforward mechanism to further
potentiate dopamine release through these nicotinic receptors. This suggests that striatal
Chis located in different sub-regions can differentially shape the extent of dopaminergic
signaling occurring across the dorsal striatum.

ACh provides a powerful influence over striatal output by modulating synaptic inputs to
medium spiny neurons though nAChRs, as well as directly regulating their activity and
output via muscarinic receptors (Cachope et al., 2012; English et al., 2011; Goldberg et al.,
2012; Higley et al., 2009; Mamaligas et al., 2016; Nelson et al., 2014; Threlfell et al., 2012).
Through reciprocal interactions with dopamine inputs, Chls coordinate a balance of
dopamine and ACh levels in the striatum. Imbalances in these transmitters are thought to
contribute to several striatal-based movement disorders (Aosaki et al., 2010). The regional
difference in basal cholinergic transmission across the dorsal striatum and normalization by
midbrain inputs may be critical to the balance of these transmitters. This normalizing
influence of dopamine neurons may be lost in neurological conditions in which these inputs
degenerate, such as Parkinson’s disease (PD). The hypercholinergic state that occurs in the
striatum of PD patients and animal models could be a consequence of this imbalance. Future
work will be needed to see how loss of dopamine neurons drives imbalances in ACh release
across striatal regions.

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Christopher P. Ford (christopher.ford@ucdenver.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Models—All experiments were approved by and performed in agreement
with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at
University of Colorado School of Medicine. 6 - 8 week-old mice used in experiments were:
DAT!RES-Cre heterozygote mice, ChATIRES-Cre heterozygote mice, Ail4 tdTomato reporter
mice and wild-type C57BL/6J mice. Both male and female mice were used for all
experiments.
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Subject Details

Stereotaxic injection: Mice were injected at postnatal day 21. For dorsal striatal injections,
350 nL AAV9.hSynapsin.tdTomato. T2A.mGIRK2-1-A22A WPRE.bGH (University of
Pennsylvania Viral Core) was injected into one hemisphere with the following coordinates
(relative to bregma): AP +1.15 mm, ML +1.825 mm, DV -3.325 mm. For SNc injections,
500 nL AAV5.EF1a.D10.hChR2 (H134R)-EYFP.WPRE.hGH (University of Pennsylvania
Viral Core) was injected into the following coordinates (relative to bregma): AP —2.3 mm,
ML -1.0 mm, DV -4.7 mm. Virus was injected using a pulled pipette using a Nanoject 11
(Drummond Scientific). Mice were allowed to recover for at least 3 weeks.

METHOD DETAILS

Slice preparation—Coronal slices (240 pm) containing the dorsal striatum were cut in the
ice-cold high sucrose cutting solution containing (in mM): 75 NaCl, 2.5 KCI, 6 MgCl,, 0.1
CaCly, 1.2 NaH,PQy, 25 NaHCOg3, 2.5 D-glucose, 50 sucrose and bubbled with 95% O, and
5% COs. Slices were incubated for 1 h at 32°C in ACSF containing (in mM): 126 NaCl, 2.5
KCI, 1.2 MgCly, 2.5 CaCl,, 1.2 NaH,POy4, 21.4 NaHCO3, 11.1 D-glucose and 10 uM
MK-801, and bubbled with 95% O, and 5% CO,. For the experiments examining the effect
of NMDA receptors, 1 mM kynurenic acid were added to the cutting solution and slices
were incubated in ACSF with no MK-801. Slices were then transferred into a recording
chamber and perfused with ACSF (33 £ 2°C) at a rate of 2 mL/min. Neurons were
visualized using a BX51WI microscope (Olympus) with an infrared LED (Thorlabs).
TdTomato expressing MSNs were visualized with a green LED.

Electrophysiology—All experiments were done in the dorsal striatum. Recordings were
made in the striatum using Axopatch 200B amplifiers (Molecular Devices) and acquired
using Axograph X (Version 1.6.9) at 10 kHz and filtered to 2 kHz. Glass pipettes were made
using a pipette puller (Narishige, PC-10). Pipettes for cell-attached recordings from Chls
contained glucose-free ACSF. Pipettes (~2MQ) for whole-cell recordings from Chls
contained (in mM): 135 D-gluconic acid (K), 10 HEPES(K), 0.1 CaCls,, 2 MgCl,, 0.1
EGTA. Pipettes (~2MQ) for MSNs contained (in mM): 115 K-methylsulphate, 20 NaCl, 1.5
MgCl,,10 HEPES(K), 10 BAPTA-tetrapotassium. All internal solution also contained 0.1
mg/mL GTP, 1 mg/mL ATP, and 1.5 mg/mL phosphocreatine (pH 7.35, 275 mOsm). In all
whole-cell recordings, cells were held at =60 mV. No series resistance compensation was
applied and cells were discarded if series resistance was over 15 MQ. Optogenetic
stimulation was applied with wide-field blue illumination (2 ms) using a blue LED (470
nm). Dopamine and L-aspartate were iontophoresed using an iontophoresis generator
(Dagan). Athin-walled iontophoretic pipette containing dopamine (1M) or L-aspartate (200
mM) was positioned 15~20 um from the cell. Dopamine was ejected as a cation. A negative
15-20 nA retention current was applied to prevent dopamine leakage in between each pulse.
L-aspartate was ejected as an anion and a positive 15-20 nA retention current was applied to
prevent leakage.

Evaluation of the firing in Chis and IPSCs in dMSNs—In cell-attached recordings
of Chls, to describe the average rate of spiking over time, peri-stimulus time histograms of
Chis were generated with 200 ms bin size in MATLAB. To evaluate the extent of bursts in

Cell Rep. Author manuscript; available in PMC 2019 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cai and Ford

Page 13

firing, a “burst frequency” was defined as the average firing frequency 0 - 0.5 s post to the
first spike after photostimulation. For cluster analysis, Model-based clustering was
performed in R using MCLUST (version 5.4, https://cran.r-project.org/web/packages/mclust/
index.html). The best model (Gaussian finite mixture model fitted by EM algorithm) for type
2 and 3 Chls two-dimensional (baseline frequency-burst frequency) clustering was a VVI
(diagonal, varying volume and shape) model with 2 clusters, which clearly segregated these
two sub-types.

In whole-cell recordings from GIRK* MSNs, optogenetic stimulation of dopamine terminals
also evoked a residual IPSC, which was not fully blocked by D1-receptor antagonists. The
average residual IPSC from 15 MSNs, were used to generate a template which was then
subtracted from all voltage clamp traces from D1-MSNs to digitally subtract the small
residual component. Peri-stimulus time histograms of AUCs were generated with 200 ms bin
size in MATLAB.

Connectivity measurments—For calculating the connectivity between Chls and MSNs,
cell-attached recordings were made from Chls and simultaneous whole-cell recordings were
made from synaptically connected GIRK+ MSNSs. Recordings (20 s) were acquired and the
number of total spontaneous IPSCs and paired spontaneous IPSCs (triggered by APs from
the recorded Chls) were counted. The connectivity was calculated by taking the ratio total
IPSCs over the paired IPSCs.

Fluorescence imaging and cell counting—ChAT x Ail4 tdTomato or AAV-ChR2-
eYFP-injected DAT!RES-Cre mice were anesthetized with isoflurane and transcardially
perfused with 4% paraformaldehyde in PBS containing (in mM): 137 NaCl, 1.5 KH,POy, 8
NaH,POy4, and 2.7 KCI (pH = 7.4). Brains were post-fixed in 4% PFA for 2 hours and then
dehydrated with 30% sucrose in PBS at 4°C overnight. Serial coronal slices (30 pm in
thickness) containing the dorsal striatum or the substantia nigra pars compacta were
obtained using a cryostat. Fluorescent images were obtained using an Olympus Slide
Scanner VVS120. Chl counting and image processing were performed in Fiji (ImageJ). For
cell counting, the dorsal striatum was hemisected to divide the medial and lateral areas. Chls
were then counted in two ellipses (semi-major axis: 0.5 mm, semi-minor axis: 0.4 mm, close
to the dorsal edge) on each side. Since images were obtained using widefield fluorescence
through the 30 um slice tissue, the density of Chls (/mm?) may be an overestimate.
However, cell counts were done in a similar manner for both the DMS and the DLS in all
slices.

Chemicals—Picrotoxin and MK-801 were from Abcam. Sulpiride, SCH23390,
CGP55845, DNQX, APV, MPEP, CPCCOEt, clemizole and M 084 were obtained from
Tocris Bioscience. K-methylsulfate was obtained from Acros Organic. BAPTA was obtained
from Invitrogen. All the other chemicals were from Sigma-Aldrich.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are shown as mean = SEM. Statistical tests used for comparisons were non-
parametric Mann-Whitney test, Wilcoxon matched-pairs signed rank test, Kruskal-Wallis
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test, Friedman test and Pearson’s correlations (Prism 7). All the bar graphs and scatterplots
represent results from non-parametric statistical tests. The statistical significance was
considered as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.001 (****).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The frequency of cholinergic transmission onto dMSNs is higher in the DMS
than the DLS

SNc inputs drive pauses in DMS cholinergic interneurons via D2 receptors
SNc inputs drive bursts in DLS cholinergic interneurons via mGIuR receptors

DA cells differentially modulate Chls to maintain constant ACh release across
areas
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Figure 1. Midbrain Dopamine Inputs Differentially Regulate DMS and DLS Chls
(A) Schematic of AAV injection and recording condition.

(B) Widefield images showing the fluorescence of EYFP. (i) Image of coronal striatal
section from a DAT-Cre mouse injected with AAV-ChR2-EYFP in the midbrain. (ii) Image
showing the SNc and ventral tegmental area (VTA) from a DAT-Cre mouse injected with
AAV-ChR2-EYFP in the midbrain.

(C) Example traces of cell-attached recordings from control cholinergic interneurons (Chls)
(top, black) in the presence of sulpiride (middle, red) and the population peristimulus
histograms. Bin size: 200 ms.
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(D) Representative traces of Chl types (top) and population peristimulus histograms. Bin
size: 200 ms.

(E) Correlation of burst frequency against baseline frequency of all type 2 (blue circles) and
3 (orange circles) Chls.

(F) Example traces and summary of evoked action potentials from type 1, type 2, and type 3
Chls.

(G) Proportion of type 1, type 2, and type 3 Chls in the dorsomedial striatum (DMS) or
dorsolateral striatum (DLS).

Summary data are mean £ SEM. *p < 0.05.
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Figure 2. Striatal Dopamine Inputs Drive Chl Burst Firing through mGIuRs
(A) Representative traces from Chls showing optogenetically evoked burst response in

control, presence of picrotoxin (100 uM) + CGP55845 (300 nM), DNQX (10 uM) + AP5
(20 pM), or SCH23390 (1 uM).

(B) Summary of pharmacological data.

(C) Group 1 mGIuR antagonists MPEP (100 uM) and CPCCOEt (100 uM) block dopamine
neuron-induced Chl burst firing.

Error bars represent SEM. *p < 0.05, **p < 0.01.
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Figure 3. mGluR-Mediated Excitatory Conductance Drives Burst Firing in Chls
(A) Schematic of the recording condition. Cell-attached and whole-cell voltage-clamp

recordings were sequentially made from the same Chl.

(B) Representative traces from the same Chl under cell-attached mode (top) and voltage-
clamp mode (bottom) following dopamine photoactivation.

(C) Linear regression between fold change of firing (burst frequency divided by baseline
frequency) and inward current amplitude.
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(D) Representative traces with mGIluR1 antagonist MPEP (100 uM) and CPCCOEt (100
UM).

(E) Summary of inward current amplitudes with MPEP and CPCCOEt.

(F) Summary of the effect of TTX (200 nM) on inward current amplitudes in Chls.

(G) Representative traces of dopamine input-driven inward currents in Chl with intracellular
guanosine triphosphate (GTP) or GDPS.

(H) Summary of the inward current amplitudes with GTP or GDP@S.

(DSummary of inward current amplitudes with 0.1 mM EGTA and 10 mM BAPTA.

(J) Current-voltage (I-V) relationship of the dopamine-induced inward current.

(K) Representative traces and summary data in the presence of clemizole (10 uM).

(L) Summary of burst frequencies in M 084 (100 uM).

Error bars represent SEM. *p < 0.05, **p < 0.01.
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Figure 4. Post-synaptic Responses of DMS and DLS Chls in Response to lontophoretic
Application of Dopamine or L-aspartate

(A) Sample traces of cell-attached recordings from DMS and DLS Chls in response to
iontophoretic application of dopamine (1 M, 50 ms).

(B) Quantification of the dopamine-induced decrease in firing in DMS and DLS Chls.

(C) Sample traces of cell-attached recordings from a type 1 DMS Chl and a type 3 DLS Chl
in response to iontophoretic application of L-aspartate (200 mM, 50 ms).

(D) Quantification of the L-aspartate-induced increase in firing in DMS and DLS Chls.
Error bars represent SEM. *p < 0.05, **p < 0.01.
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Figure 5. Regional Differences in Cholinergic Transmission and Connectivity between Chls and
dMSNs at Muscarinic Synapses

(A) Schematic of injection of AAV-GIRK2-tdTomato to the dorsal striatum and AAV-DIO-
ChR2 to the midbrain of DAT-Cre mice.

(B) M4-sIPSCs from GIRK2* (Kir3 *) dMSNs in the DMS and DLS in the control
condition (black) and in scopolamine (500 nM, red).

(C) Summary M4-sIPSC frequencies in DMS and DLS dMSNSs.

(D) Left: widefield image of the coronal striatal section from Chat-tdTomato mice showing
tdTomato fluorescence. Right: zoomed in view of the inset for DMS and DLS.

(E) Chl densities (number of Chls per square millimeter) in the DMS or DLS as counted by
widefield fluorescence.

(F) Representative traces of paired recordings showing APs in the Chl trigger time-locked
(paired) IPSCs in the paired MSN.

(G) Averaged percentage of paired and unpaired IPSCs in one Chl-MSN pair in the DMS or
DLS.
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(H) Connectivity of Chls to MSNs, illustrating the number of Chls connected to one dMSN
in the DMS or DLS.
Error bars represent SEM. *p < 0.05, ***p < 0.001.
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Figure 6. Dopamine Inputs Balance Cholinergic Transmission across the Striatum
(A) Whole-cell recordings from GIRK* dMSNs in the DMS (left) or in the DLS (right)

following photostimulation of dopamine inputs.

(B) Example traces of showing the effect of sulpiride (500 nM) on evoked M4-IPSCs in the
DMS or DLS dMSNs. Black, in control condition; red, in sulpiride.

(C) Top: peristimulustime histograms (bin size: 200 ms) quantifying the AUCs for M4-
sIPSC. Bottom: Summary of the AUCs of M4-sIPSCs 2 s following stimulation of dopamine
terminals in the DMS and DLS. Black, control; red, sulpiride.
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(D) Whole-cell recordings from GIRK* dMSNs in the DMS (left) or in the DLS (right)
following photostimulation of dopamine inputs in control (black) or MPEP and CPCCOEt
(orange).

(E) Top: peristimulus time histograms (bin size: 200 ms) quantifying the AUCs for M4-
sIPSC. Bottom: summary of the AUCs of M4-sIPSCs 2 s following stimulation of dopamine
terminals in the DMS and DLS. Black, control; orange, MPEP and CPCCOEt.

Summary data are mean £ SEM. *p < 0.05, **p < 0.01.
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Figure 7. Dopamine Inputs Inhibit Acetylcholine Release at Muscarinic Synapses Only in the
DMS

(A) Paired recordings made from Chl-dMSN pairs in the DMS. A pair of evoked action
potentials in control condition (black) and paired IPSCs evoked 1.5 s after photostimulation
of dopamine terminals (flash, blue) and in the presence of sulpiride (500 nM, flash +
sulpiride, purple). Chls hyperpolarized to prevent firing except when triggered. Inter-pulse
interval P1 to P2 is 750 ms.

(B) Left: quantification of paired-pulse ratios of paired IPSCs for the paired recordings
represented in (A). Right: normalized amplitude of paired M4-1PSCs under control
conditions (black), following photoactivation of SNc dopamine terminals (flash, blue) or
following photoactivation of SNc dopamine terminals in the presence of sulpiride (500 nM)
(flash + sulpiride, purple) from the DMS.

(C) Left: paired recordings are made from Chl-dMSN pairs in the DLS.

(D) Quantification of paired-pulse ratios of paired IPSCs for the paired recordings
represented in (C). Right: normalized amplitude of paired M4-1PSCs under control
conditions (black), following photoactivation of SNc dopamine terminals (flash, blue) or
following photoactivation of SNc dopamine terminals in the presence of sulpiride (500 nM)
(flash + sulpiride, purple) from the DLS.

Error bars represent SEM. *p < 0.05, **p < 0.01.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

AAV9.hSynapsin.tdTomato. T2A.mGIRK2-1-A22A.WPRE  University of Pennsylvania Viral Core  V3992MI-R
AAV5.EFla. DIO.hChR2(H134R)-EYFP.WPRE.hGH University of Pennsylvania Viral Core  AV-5-20298P
Chemicals, Peptides, and Recombinant Proteins

D-Aspartic acid Tocris Cat #0213
D-AP5 Tocris Cat #0106
CGP55845 Tocris Cat# 1248
Clemizole hydrochloride Tocris Cat #5371
CPCCOEt Tocris Cat# 1028
DNQX Tocris Cat #0189
Dopamine hydrochloride Sigma-Aldrich Cat # H8502

M 084 hydrochloride Tocris Cat # 5807
MK-801 Tocris Cat # 0924
MPEP hydrochloride Tocris Cat# 1212
Picrotoxin Tocris Cat# 1128
SCH23390 Tocris Cat # 0925
Scopolamine hydrobromide Tocris Cat# 1414
Tetrodotoxin Tocris Cat# 1078
Experimental Models: Organisms/Strains

C57BL/6J Jackson Labs Stock # 000664
B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J Jackson Labs Stock # 007908
DAT-IRES-cre B6.SJL-slc6a3tm1.1(cre)bkmn/J Jackson Labs Stock # 006660
B6;129S6-Chattm2(cre)Lowl/J Jackson Labs Stock # 006410

Software and Algorithms

Axograph X Axograph Scientific https://axograph.com
MATLAB_R2017b MathWorks https://www.mathworks.com
Prism 7 Graphpad Software https://www.graphpad.com/
R studio RStudio, Inc. https://www.rstudio.com/
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