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Dopamine is a key neurotransmitter involved in physiological processes, such as
learning and memory, motor control and reward, as well as, pathological conditions,
such as Parkinson’s disease and drug abuse. In contrast to the extensive studies on
neurons, the role of astrocytes in dopaminergic signaling remains largely unknown.
Using transgenic mice, optogenetics and pharmacogenetics, we studied the role of
astrocytes on the dopaminergic system. We show that in freely-behaving mice,
astrocytes in the nucleus accumbens (NAc), a key reward center in the brain, respond
with Ca2+ elevations to synaptically-released dopamine, a phenomenon that is
enhanced by amphetamine, a psychostimulant drug that acts via increasing dopamine
levels. In brain slices, synaptically-released dopamine increases astrocyte Ca2+ and
stimulates the release of ATP/adenosine, which leads to excitatory synaptic depression
through activation of presynaptic adenosine A1 receptors. Amphetamine depresses
neurotransmission through stimulation of astrocytes and the consequent activation of
presynaptic A1 receptors. Furthermore, astrocytes modulate the acute behavioral
psychomotor effects of amphetamine. Therefore, astrocytes mediate the synaptic
regulation induced by dopamine and amphetamine, revealing a novel cellular pathway
in the brain reward system.
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SUMMARY

Dopamine is a key neurotransmitter involved in physiological processes, such as learning
and memory, motor control and reward, as well as, pathological conditions, such as Parkinson’s
disease and drug abuse. In contrast to the extensive studies on neurons, the role of astrocytes in
dopaminergic signaling remains largely unknown. Using transgenic mice, optogenetics and
pharmacogenetics, we studied the role of astrocytes on the dopaminergic system. We show that
in freely-behaving mice, astrocytes in the nucleus accumbens (NAc), a key reward center in the
brain, respond with Ca?* elevations to synaptically-released dopamine, a phenomenon that is
enhanced by amphetamine, a psychostimulant drug that acts via increasing dopamine levels. In
brain slices, synaptically-released dopamine increases astrocyte Ca®* and stimulates the release
of ATP/adenosine, which leads to excitatory synaptic depression through activation of
presynaptic adenosine Az receptors. Amphetamine depresses neurotransmission through
stimulation of astrocytes and the consequent activation of presynaptic Ax receptors. Furthermore,
astrocytes modulate the acute behavioral psychomotor effects of amphetamine. Therefore,
astrocytes mediate the synaptic regulation induced by dopamine and amphetamine, revealing a

novel cellular pathway in the brain reward system.

INTRODUCTION

Dopaminergic signaling plays fundamental roles in both physiologic and pathologic brain
states. Dopamine is essential for movement, reward, learning and memory, and is implicated in
brain disorders such as Parkinson’s disease and drug addiction. The nucleus accumbens (NAc) is
a key brain region in reward and addiction that receives extensive dopaminergic input from the
ventral tegmental area (VTA) (Luscher, 2016; Luscher and Malenka, 2011). Dopamine depresses
glutamatergic neurotransmission in the NAc (Bamford et al., 2008; Kalivas and Volkow, 2005)
but the underlying mechanism remains unclear. While some reports indicate that dopamine acts
on presynaptic D1 receptors to directly depress excitatory transmission (Harvey and Lacey, 1996;
Nicola et al., 1996), adenosine signaling has also been implicated in dopamine-evoked excitatory
depression (Harvey and Lacey, 1997; Kombian et al., 2003; Wang et al., 2012). In contrast to the
extensive studies on the function of neurons in dopaminergic signaling in the NAc, the effects of

dopamine on astrocyte activity and the consequences on neurotransmission are largely unknown.
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Astrocytes have traditionally been considered support cells of the brain aiding in ion
homeostasis, maintaining the blood-brain barrier and providing trophic support to neurons.
Accumulating data shows that astrocytes also play active roles in brain physiology being key
players in the tripartite synapse (Araque et al., 1999). Astrocytes exhibit increases in intracellular
Ca?" in response to neurotransmitters (Araque et al., 2001; Araque et al., 2014; Di Castro et al.,
2011; Haydon and Carmignoto, 2006; Navarrete and Araque, 2010; Panatier et al., 2011; Perea et
al., 2016; Perea et al., 2009; Volterra et al., 2014; Volterra and Meldolesi, 2005) and, in turn,
they release neuroactive substances termed gliotransmitters (Volterra and Meldolesi, 2005), that
regulate synaptic transmission and plasticity (Araque et al., 2014; Bezzi et al., 2004; Covelo and
Araque, 2016, 2018; Di Castro et al., 2011; Halassa and Haydon, 2010; Henneberger et al., 2010;
Martin-Fernandez et al., 2017; Martin et al., 2015; Min and Nevian, 2012; Min et al., 2012;
Navarrete and Araque, 2010; Panatier et al., 2011; Parri et al., 2001; Perea and Araque, 2007;
Perea et al., 2016; Volterra and Meldolesi, 2005). The bidirectional signaling between neurons
and astrocytes has been shown in many brain areas (Araque et al., 2014), however, the specific
role of astrocytes in NAc dopamine signaling remains unknown.

Here we show that optogenetic stimulation of dopaminergic axons in freely moving
animals evoke Ca?* elevations in NAc astrocytes, and that these responses are altered by
amphetamine. Using brain slices to identify the cellular signaling and physiological
consequences, we show that astrocyte Ca?* elevations evoked by synaptically-released dopamine
stimulates the release of ATP/adenosine, which mediates dopamine- and amphetamine-evoked
depression of excitatory transmission through activation of A; receptors. We also found that
selective pharmacogenetic activation of astrocytes mimics the dopamine-evoked synaptic
regulation. Additionally, attenuation of astrocyte Ca?* signaling decreases the acute psychomotor
behavioral effects of amphetamine, indicating that astrocytes are actively involved in the

dopaminergic system.

RESULTS
Dopamine activates astrocyte Ca?* signaling in the NAc.
Astrocytes in the globus pallidus and hippocampus (Cui et al., 2016; Jennings et al.,
2017) have been shown to respond to dopamine, but whether astrocytes respond in vivo to

synaptically-released dopamine in reward centers such as the NAc remains unknown. We



93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

monitored astrocyte Ca?* levels in the NAc using a fiber-photometry system in freely behaving
mice (Lerner et al., 2015; Saunders et al., 2018) and specifically stimulated dopaminergic
afferents to the NAc using optogenetics (Figures 1A and 1B). Mice expressing Cre under the
dopamine transporter (DAT) promoter (DAT-IRES-Cre mice) were injected with AAV5-hSyn-
FLEX-ChrimsonR-tdTomato into the VTA, to selectively express ChrimsonR (a red-shifted
channelrhodopsin (Klapoetke et al., 2014)) in dopaminergic neurons projecting to the NAc
(Figure 1A and Figures S1A and S1B). Mice were also injected in the NAc with AAV5-
GfaABC1D-cytoGCaMP6f-SV40 to express the Ca?* indicator GCaMP6f selectively in
astrocytes (Figure 1A and Figure S2C). Opto-stimulation of dopaminergic axons (5ms pulses for
5 s) reliably evoked Ca?* elevations in NAc astrocytes in a frequency-dependent manner (Figure
1C). These responses were absent in DAT-Cre mice injected with AAV5-GfaABC1D-GFP in the
NAc (i.e., lacking GCamp6f) and in DAT-Cre WT (Cre -negative mice) injected with a hSyn-
FLEX-ChrimsonR-TdTomato in the VTA (Figure 1D), indicating that they were not artifacts due
to optogenetic stimulation, and they were abolished by flupenthixol (5mg/kg), confirming that
the recorded signal was evoked by dopamine (Figure 1D). Moreover, the amplitude, rise time
and width of the dopamine-evoked astrocyte Ca?* responses were augmented by amphetamine
(2.5 mg/kg) (n = 19 responses in control and n = 19 responses in amphetamine fromn =5
animals; Figures 1E and 1F), which is consistent with its known mode of action to increase
synaptic dopamine (Calipari and Ferris, 2013). Taken together, these in vivo results indicate that
NAC astrocytes respond with Ca* elevations to dopamine released by synaptic terminals from
the VTA, and that these responses are regulated by amphetamine.

Ultrastructural results from electron microscopy experiments indicate that D1 receptors
(D1Rs) localize not only at the axon terminals and in the postsynaptic terminals, but also in
astrocytes (Figure 1G), suggesting that astrocytes are able to sense dopamine and that the
recorded responses could result from direct activation of astrocytes by dopamine.

To test this idea, we used brain slices to examine astrocyte responsiveness to dopamine.
Local application of dopamine from a micropipette (500 uM, 5 s, 0.5 bar) in the presence of
TTX (1 uM) elevated Ca?* in 47 out of 75 astrocytes (n = 7). Dopamine stimulation of
astrocytes, manifested as increased Ca?* activity, quantified as Ca?* event probability (Covelo
and Araque, 2018; Gomez-Gonzalo et al., 2015; Martin-Fernandez et al., 2017; Martin et al.,
2015; Navarrete and Araque, 2010; Perea et al., 2016), occurred in both somas (from 0.14 £+ 0.05
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to 0.63 £ 0.07, n = 7 slices, Figure 2A and 2B) and processes (from 0.19 + 0.04 to 0.54 £ 0.07, n
=7 slices, Figure 2A and 2B). Astrocyte responsiveness to dopamine remained in the presence of
a cocktail of neurotransmitter receptor antagonists (CNQX 20 uM, AP5 50 uM, MPEP 50 pM,
LY367385 100 uM, picrotoxin 50 uM, CGP5462 1 uM, atropine 50 uM, CPT 10 uM, and
suramin 100 uM) that also contained TTX (1 uM; Figure 2B), suggesting that dopamine acts on
NAC astrocytes to elevate Ca* levels. While these results suggest that the dopamine-evoked Ca?*
responses were mediated by direct activation of astrocytes, an indirect effect mediated by a
neuronal signal cannot be totally ruled out. However, a more specific approach of deleting D
receptors only in astrocytes using the GFAP-D1”- mice further indicates that dopamine-evoked
Ca?" responses were mediated by direct activation of astrocytic D1 receptors (see below, Figure
4C and 4D). We then investigated astrocyte responsiveness to synaptically released dopamine
using the optogenetic approach described above in the presence of the cocktail of
neurotransmitter receptor antagonists without TTX. Optogenetic stimulation of dopaminergic
axons (5 ms pulses for 5 s at 30 Hz) elevated astrocyte Ca®* in 39 out of 110 astrocytes, in both
somas (from 0.11 £ 0.04 to 0.37 + 0.06, n = 14 slices) and processes (from 0.19 + 0.03 to 0.40 +
0.03, n = 6 slices) in mice expressing ChrimsonR (Figures 2C and 2D), but not in control mice
(Cre negative, i.e., wild-type DAT littermate mice lacking Cre injected with AAV5-hSyn-FLEX-
ChrimsonR-tdTomato; n = 5; Figure 2D). Consistent with results found in vivo, astrocyte
responses to opto-stimulation was frequency-dependent (Figure S1C).

The astrocyte Ca?* responses to dopamine were abolished by the broad dopamine
receptor antagonist flupenthixol (30 uM; n = 125 astrocytes from n = 11 slices for applied
dopamine; n = 143 astrocytes from n = 12 slices for opto-stimulation; Figures 2B and 2D), and
by the D1 receptor antagonist SCH 23390 (5 uM; n = 62 astrocytes from n = 4 slices for applied
dopamine; n = 121 astrocytes from n = 6 slices for opto-stimulation; Figures 2B and 2D), but
unaffected by the D> receptor antagonist sulpiride (10 uM; n = 189 astrocytes from n = 14 slices
for applied dopamine; n = 222 astrocytes from n = 13 slices for opto-stimulation; Figures 2B and
2D). Taken together and consistent with ultrastructural evidence, these results indicate that NAc
astrocytes express D1 receptors and respond with Ca?* elevations to synaptically-released
dopamine through activation of D1Rs.

Dopamine-evoked excitatory synaptic regulation is mediated by astrocytes
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We next investigated the consequences of the dopamine-induced astrocyte Ca?*
elevations on excitatory synaptic transmission in the NAc. We recorded excitatory postsynaptic
currents (EPSCs) from medium spiny neurons (MSNs) before, during and after local application
of dopamine while monitoring astrocyte Ca?* levels (Figure 3A). Local application of dopamine,
which increased astrocytic Ca?*, transiently depressed EPSC amplitude (from 97.6 + 2.3 to 74.6
+ 6.2%, n = 9; Figures 3A and 3C and Figures S3A-S3D) (Harvey and Lacey, 1996; Nicola et
al., 1996). Likewise, synaptically-released dopamine increased astrocytic Ca®* and depressed
EPSCs in mice that expressed ChrimsonR (from 98.3 + 2.6 to 75.6 + 2%, n = 13; Figures 3B and
3E and Figures S3E-S3H) but not in Cre negative mice (n = 6; Figure S3H). The dopamine-
induced EPSC depression was associated with an enhancement of the paired pulse ratio (PPR)
(from 1.1 £ 0.05to0 1.4 £ 0.07, n = 15, for applied dopamine; from 1.04 + 0.08 to 1.32 £ 0.14, n =
11; for opto-stimulation Figures S3C and S3G), suggesting a presynaptic mechanism. For both
applied and synaptic dopamine there was a correlation between astrocyte Ca?* elevation changes
and percentage of EPSC depression (r? = 0. 361, n = 19 and r> = 0.6214, n = 11 for applied
dopamine and opto-stimulation, respectively; Figures 3D and 3F). Consistent with the effects on
astrocyte Ca2", the synaptic effects were abolished by flupenthixol (n = 6 and n = 4 for applied
dopamine and opto-stimulation, respectively; Figures S3D and S3H) and by SCH 23390 (n =9
and n = 6 for applied dopamine and opto-stimulation, respectively; Figures S3D and S3H), but
unaffected by sulpiride (n = 8 and n = 6 for applied dopamine and opto-stimulation, respectively;
Figures S3D and S3H). These results indicate that dopamine acts via D;-like receptors to
presynaptically depress excitatory synaptic transmission (Harvey and Lacey, 1996; Nicola et al.,
1996), and that this synaptic regulation is associated with astrocyte Ca?* elevations.

Next, we tested whether the astrocyte activity was necessary for the dopaminergic
modulation of excitatory synaptic transmission. We used IPsR2”7- mice (Li et al., 2005), in which
G protein-mediated Ca?* elevations are largely impaired in astrocytes (Gomez-Gonzalo et al.,
2017; Gomez-Gonzalo et al., 2015; Martin et al., 2015; Petravicz et al., 2008). In slices from
these mice, astrocyte Ca?* levels and synaptic transmission were both unaffected by dopamine
(Ca?": n = 135 astrocytes from n = 15 slices; EPSC: n = 8; Figure 4B), suggesting that the
dopamine-evoked synaptic regulation requires astrocyte activation manifested by the Ca?*
signaling. To further test this hypothesis, we selectively ablated G protein signaling in astrocytes

by injecting astrocytes through a whole-cell recording pipette with GDPRS (10 mM) (Navarrete
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and Araque, 2010; Navarrete et al., 2012), a GDP analog that competitively inhibits GTP binding
to G proteins and prevents the activation of G protein signaling cascades. In MSNs located
within the region of the GDP3S-loaded astrocyte network (Figure 4A), dopamine did not affect
astrocyte Ca2* levels (n = 45 astrocytes from n = 4 slices; Figure 4B) or EPSCs (n = 6; Figure
4B). Taken together, these results indicate that activation of G protein signaling in astrocytes is
necessary for dopaminergic depression of EPSCs in the NAc.

D1 receptors specifically expressed in astrocytes mediate dopamine-evoked depression of
synaptic transmission

To specifically examine the contribution of astrocyte D, receptors in the NAc, we
selectively deleted astroglial D1 receptors in the NAc, by injecting mice containing the D1
receptor gene floxed (DRD1 flox/flox mice) with AAV8-GFAP-mCherry-Cre into the NAc
(GFAP-D1™" mice; Figure 4C and Figures S4A and S4B). As controls, virus-injected wild-type
littermate mice (i.e., non-floxed DRD1mice; GFAP-D:1"T) were used. To test the cell specificity
of our approach, we examined neuronal sensitivity to D1 signaling. Cd?*-sensitive neuronal
voltage-gated Ca?* currents were depressed by the D1 agonist SKF 38393 (Surmeier et al., 1995)
in both GFAP-D1"YT mice and GFAP-D:”- mice (Figures S4C-S4F), indicating that neuronal
sensitivity to D1 signaling remained intact in GFAP-D17 mice.

We next investigated astrocyte responsiveness to dopamine and dopamine-evoked
synaptic regulation in GFAP-D;” mice. Dopamine elevated Ca?* in astrocytes from GFAP-D;WT
mice (n = 136 astrocytes, n = 5 slices; Figure 4D) but not from GFAP-D1” mice (n = 88
astrocytes, n = 9 slices; Figure 4D). In contrast, astrocytes from both GFAP-D:'VT (n = 133
astrocytes, n = 10 slices; Figure 4D) and GFAP-D;”" mice responded to ATP (n = 222 astrocytes
from n = 6; Figure 4D), indicating that the astrocyte Ca?* machinery was preserved. We
observed an elevated basal Ca?* event probability in GFAP-D17- mice when compared to GFAP-
D:"T mice (p=0.006; Table S3) suggesting that tonic D1 receptor activation regulate basal Ca?*
signaling in astrocytes. In addition, the dopamine-evoked synaptic regulation was also absent in
GFAP-D: " mice (n = 8; Figure 4E), while remaining present in GFAP-D1WT mice (n = 8; Figure
4E). These results indicate that D receptors specifically expressed in astrocytes mediate the
dopamine-evoked depression of EPSCs in the NAc.

Astrocytes mediate synaptic depression via ATP/Adenosine signaling
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Adenosine has been proposed to mediate the dopamine-induced synaptic depression in
the NAc (Harvey and Lacey, 1997; Kombian et al., 2003; Wang et al., 2012), but the source of
adenosine remains unknown. Astrocytes can release different gliotransmitters (Araque et al.,
2014), including ATP and its metabolic product adenosine, that regulate synaptic transmission in
several brain areas (Martin et al., 2007; Panatier et al., 2011; Pascual et al., 2005; Serrano et al.,
2006; Zhang et al., 2003). Therefore, we hypothesized that ATP/adenosine is the gliotransmitter
that mediates the dopamine-induced synaptic regulation. Dopamine-evoked synaptic depression
was prevented by the adenosine Az receptor antagonist CPT (2 uM; n =7 and n = 7 for applied
dopamine and opto-stimulation, respectively; Figures 5A and 5B), without affecting the astrocyte
Ca?" (n = 85 astrocytes from n = 6 slices and n = 60 astrocytes from n = 5 slices for applied
dopamine and opto-stimulation, respectively; Figures 5A and 5B). Moreover, exogenous
adenosine application (250 uM, 5's, 0.5 bar) evoked a similar neurotransmission depression as
dopamine (n = 6 and n = 6, respectively; Figures 5D and 5E), confirming that Az receptors
mediate depression of EPSCs. Notably in GDPRS-loaded astrocyte network and in IPsR27" mice,
although dopamine was unable to depress excitatory transmission, adenosine depressed the
neurotransmission (Figures 5C-5E), indicating that adenosine acts downstream of the astrocyte
Ca?" signal. Taken together, these results indicate that dopamine-evoked synaptic depression is
mediated by activation of astrocytes, and suggest sequential mechanisms that involve astrocytic
D1R activation, astrocyte Ca?* elevations, ATP/adenosine release and activation of presynaptic
A receptors (Figure 5F).

Astrocyte Ca?* elevations are sufficient to depress excitatory transmission in the NAc

To further test the involvement of astrocytes in synaptic depression regulation, we
investigated if activation of G protein-mediated signaling in astrocytes was sufficient to depress
excitatory transmission in the NAc by directly and selectively activating astrocytes using
designer receptors exclusively activated by designer drugs (DREADDSs). We targeted astrocytes
in the NAc with AAV8-GFAP-Gg-DREADD-mCherry (Figure 6A and Figures S5A-S5C).
Activation of Gg-DREADD expressing astrocytes with clozapine-N-oxide (CNO) induced both
astrocyte Ca?* elevations (n = 43 astrocytes from n = 8 slices; Figures 6B) and EPSC depression
(n = 10; Figures 6C), resulting in an increase in PPR (n = 10; Figure S5D), indicating a
presynaptic mechanism. Furthermore, the DREADD-mediated synaptic regulation was prevented

by CPT (n = 7; Figure 6C), while the astrocyte Ca?* elevations remained unaffected (n = 32
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astrocytes from n = 5 slices; Figure 6B). No changes in astrocytic Ca®* (n = 46 astrocytes from n
= 6 slices) or synaptic transmission (n = 6) were observed in response to CNO in slices from
control AAV8-GFAP-mCherry injected animals (Figure 6B and 6C). Taken together, these
results indicate that astrocyte activation depresses excitatory transmission in the NAc via Ay
receptor signaling.

The psychostimulant amphetamine modulates excitatory synaptic transmission through
activation of astrocytes

The results above indicate that astrocytes are key elements in dopaminergic signaling in
the NAc. We then investigated the effects of amphetamine on astrocyte Ca®* signaling and
synaptic transmission. Amphetamine (10 uM) increased the Ca?*-oscillation frequency in
astrocytes (n = 32 astrocytes from n = 6 slices; Figures 7A-7D) and depressed EPSCs (n = 5;
Figures 7E-7G). Both effects were blocked by flupenthixol (for Ca*: n = 34 astrocytes from n =
5 slices, Figure 7D; for EPSCs: n =5, Figure 7G), indicating the involvement of dopamine
receptors. We then tested whether astrocyte activation was necessary for amphetamine actions on
EPSCs. We utilized three complementary approaches and found that in slices with GDPRS-
loaded astrocytes, and in slices from IPsR27- mice and from GFAP-D1”- mice, amphetamine-
induced astrocyte Ca?* elevations were absent (n = 66 astrocytes, n = 5 slices; n = 96 astrocytes,
n =9 slices; n = 119 astrocytes, n = 11 slices, respectively; Figure 7D) and amphetamine-evoked
depression of EPSCs was no longer present (n = 6, n =6, and n =5, respectively; Figure 7G).
Moreover, amphetamine-induced synaptic depression was abolished by the adenosine A
receptor antagonist CPT (n = 7; Figure 7G), without affecting Ca?* elevations in astrocytes (n =
109 astrocytes from n = 9, Figure 7D). Taken together, these results indicate that amphetamine
acts via the activation of astrocyte D1Rs and G protein signaling, and the subsequent release of
ATP/adenosine to depress excitatory synaptic transmission.

Next, we investigated the role of astrocytes on the acute behavioral psychomotor effects
of amphetamine. We found that the locomotion enhancement evoked by amphetamine was
significantly reduced in IP3sR27- mice and GFAP-D:” mice when compared to wild-type controls
(Figures 7H and 71). These results indicate that mice with astrocytes with impaired responses to
dopamine also have decreased sensitivity to amphetamine, suggesting that astrocytes contribute

to the acute psychomotor behavioral effects of amphetamine.
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DISCUSSION

Present results show that astrocytes in the NAc core, a key brain region involved in
reward and addiction, respond to synaptically-released dopamine in vivo and in slices with Ca?*
increases mediated by activation of D1 receptors, which are expressed by astrocytes as evidenced
by electronmicroscopy. Furthermore, dopamine, amphetamine and DREADD activation of
astrocytes stimulate the release of ATP/adenosine, which activates neuronal presynaptic Az
receptors and depresses excitatory synaptic transmission. These results indicate that NAc
astrocytes are key elements of the dopaminergic system in a brain reward circuit.

In addition to passive support roles, astrocytes have been shown to play crucial roles in
mediating synaptic transmission and plasticity in various brain regions such as hippocampus,
cortex, amygdala and dorsal striatum (Covelo and Araque, 2018; Martin-Fernandez et al., 2017;
Martin et al., 2007; Panatier et al., 2011; Pascual et al., 2005). Present findings reveal a key role
of astrocytes in the NAc. The astrocyte responsiveness to dopamine through activation of D1
receptors agrees with previous reports showing that astrocytes respond to dopamine with Ca?*
increases in the hippocampus and globus pallidus (Cui et al., 2016; Jennings et al., 2017), and
contrasts with a report that failed to detect Ca?* changes in response to the D; receptor agonist
SKF 38393 in the NAc (D'Ascenzo et al., 2007).

Astrocytes in the basal ganglia have been suggested to be able to express a variety of
dopamine receptors, including Ds receptors (Brito et al., 2004; Miyazaki et al., 2004). Our results
obtained with a genetic approach indicate that the dopamine-evoked astrocyte Ca2* responses are
selectively mediated by D1 receptors. Nevertheless, a potential partial involvement of Ds
receptors, undetected in our experimental conditions, cannot be totally excluded. Likewise, D,-
like receptors in astrocytes have been shown to regulate basal intracellular Ca?* levels in
astrocytes in hippocampus and globus pallidus (Cui et al., 2016; Jennings et al., 2017). However,
our results indicate that D»-like receptors do not contribute to the dopamine- or amphetamine-
evoked astrocyte Ca?* responses and synaptic regulation in the NAc. Perhaps, astrocytes in
different brain regions may express different dopamine receptors in different brain regions, or
different dopamine receptors serve distinct brain area-specific signaling.

Present results indicate that Di-evoked Ca?* increases in astrocytes were mediated by IP3
signaling, which contrasts with the classical view that Di-like receptors are coupled to Gs

proteins and cCAMP production (Beaulieu and Gainetdinov, 2011), but which is consistent with
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studies showing that D:-like receptors can also lead to phospholipase C (PLC) activation and
intracellular Ca?* increases in an IPs-dependent manner in cultured neurons (Jin et al., 2003;
Lezcano and Bergson, 2002; Tang and Bezprozvanny, 2004) and astrocytes (Zhang et al., 2009),
as well as in brain slices (Medvedev et al., 2013). Present results also show that this IP3-
dependent signaling cascade is involved in ATP/adenosine release from astrocytes and mediates
both the dopamine synaptic regulation, a phenomenon independent of cCAMP levels (Harvey and
Lacey, 1997; Nicola et al., 1996), and the amphetamine effects on synaptic transmission and
locomotion. Moreover, these results are also consistent with previous reports showing that Dy
receptors activation stimulates PLC and IP3 production in the striatum in response to
amphetamine, cocaine or apomorphine (Medvedev et al., 2013).

Interestingly, our data shows differences in the effectiveness to induce astrocyte
responses by exogenously applied or synaptically-released dopamine (63% and 35% of
responding astrocytes, respectively). These differences could be accounted for by the different
experimental approaches; indeed, exogenous DA application may be more effective in targeting
more astrocytes than optogenetic stimulation of dopaminergic afferents. An alternative
explanation for this observation could be that different subpopulations of astrocytes with
different ability to respond to dopamine may exist in the NAc. Further studies, out of the scope
of the present work, are required to investigate this exciting question.

Dopamine is known to depress excitatory transmission in the NAc (Bamford et al., 2008;
Kalivas and VVolkow, 2005), however, the exact mechanism of dopamine-evoked depression was
unclear. While some studies proposed a direct activation of D1 receptors located in excitatory
presynaptic terminals (Harvey and Lacey, 1996; Nicola et al., 1996); (Nicola and Malenka,
1997), other studies suggested the intermediate signaling molecule ATP/adenosine to mediate
dopamine effects in the NAc (Harvey and Lacey, 1997; Kombian et al., 2003; Wang et al.,
2012), although the exact source of ATP/adenosine remained unknown. The present results show
that dopamine-evoked depression of excitatory synaptic transmission in the NAc is mainly
mediated by astrocytic D1 receptors. This is based on the following observations: i) astrocytes
express D1 receptors; ii) astrocytes respond in vivo and in slices to synaptically-released
dopamine with Ca?* elevations mediated by activation of D1 receptors; iii) dopamine-evoked
synaptic depression was absent when astrocyte activation was blocked by GDPBS-loading and in

IPsR27 mice; iii) dopamine-evoked synaptic depression was absent in the GFAP-D1”- mice that
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lacked Ds receptors specifically in astrocytes. In addition, the present results show that selective
activation of DREADD-expressing astrocytes depresses synaptic transmission through an A
receptor-mediated mechanism. Taken together these results indicate that astrocytes release
ATP/adenosine downstream of the Ca?* signal. Based on these findings, and reconciling previous
apparent contradictory reports, we propose the following mechanistic interpretation of the
results: synaptically-released dopamine activates D1 receptors in astrocytes, increasing their
intracellular Ca%* and stimulating the release of ATP/adenosine, which acting on presynaptic A;
receptors depress excitatory synaptic transmission.

Dopamine regulates excitatory and inhibitory synaptic transmission, plasticity and
neuronal excitability through an extensive number of cellular mechanisms that may not be
mutually exclusive (Nicola and Malenka, 1997; Nicola et al., 2000; Tritsch and Sabatini, 2012).
Present study reveals a novel mechanism on synaptic regulation by dopamine and amphetamine
in which astrocytes and gliotransmission play a critical role. This novel mechanism does not
necessarily exclude the existence of other mechanisms underlying synaptic effects of dopamine
and amphetamine, such as the regulation of presynaptic conductance (Nicola and Malenka,
1997), modulation of postsynaptic firing (Nicola et al., 2000), or NMDA-dependent long-term
synaptic depression (Luscher and Malenka, 2011). The additional mechanism provided by
astrocytes adds further complexity to the diverse synaptic regulatory phenomena underlying
reward and addiction

Astrocytes in the NAc have been proposed to regulate neuronal excitability and addiction
through the astrocytic release of glutamate in response to mGIuR5 stimulation or to acute
activation with DREADDs (D'Ascenzo et al., 2007; Scofield et al., 2015). While in brain areas
such as cortex, hippocampus or dorsal striatum, astrocytic glutamate has been shown to regulate
neurotransmission (see Araque et al., 2014), our results indicate that the regulation of synaptic
transmission in the NAc evoked by dopamine and acute activation with DREADDs is mediated
by astrocytic ATP/adenosine signaling, which has also been shown to modulate
neurotransmission in other brain regions such as retina, cortex, hippocampal CA1, dentate gyrus
and amygdala (Newman, 2003; Martin et al., 2007; Halassa et al., 2009; Di Castro et al., 2011;
Panatier et al., 2011; Martin-Fernandez et al., 2017). Although our proposed mechanism for
dopamine-evoked synaptic depression involves ATP/adenosine released from astrocytes, it does

not necessarily exclude the existence of other gliotransmitters, such as glutamate, which has been
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shown to be released by NAc astrocytes (Scofield et al., 2015). We have recently reported that
single hippocampal astrocytes can release distinct gliotransmitters in response to different
neuronal stimuli (Covelo and Araque, 2018). Hence, it is possible that NAc astrocytes may
release both gliotransmitters depending on the input signal received and with different regulatory
consequences. Further studies are required to test the possible interaction between glutamate and
adenosine release from astrocytes and its physiological consequences in the NAc.

Astrocytes have been proposed to be involved in drug seeking behavior (Scofield et al.,
2015), but the synaptic mechanism of action has not been completely elucidated. Present results
show that astrocytes respond to synaptically-released dopamine and consequently regulate
excitatory neurotransmission through the release of ATP/adenosine and activation of neuronal A;
adenosine receptors. In addition, they also show that astrocytes are in part responsible for the
synaptic effects of the psychostimulant amphetamine. Additionally, the present study shows the
first evidence of astrocyte responsiveness to dopamine and amphetamine in freely behaving
mice. Our results show that astrocytes are key elements in dopaminergic signaling in the NAc,
are modulated by amphetamine and mediate its actions, indicating that they play critical roles in
the synaptic regulation in the reward system. Elucidating the cellular mechanisms involved in
dopamine neuromodulation is essential for developing efficacious therapies for diseases
involving disrupted dopaminergic transmission such as Parkinson’s disease and drug addiction.
Hence, astrocytes may be potential novel cellular targets for treatment of neuropsychiatric
disorders associated with disrupted dopaminergic signaling, such as motivation disorders and
drug addiction.
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STAR METHODS

Ethics Statement: All animal care and sacrifice procedures were approved by the
University of Minnesota Institutional Animal Care and Use Committee (IACUC) with compliance
to the National Institutes of Health guidelines for the care and use of laboratory animals.

Animals: Mice were housed under 12/12-h light/dark cycle and up to five animals per
cage. The following animals (males and females) were used for the present study C57BL/6J,
IPsR27" (generously donated by Dr. J. Chen), DrD1 flox/flox (Drd1tm2.1Stl; JAX #025700), DAT-
IRES-Cre, GLAST-GCaMP3 (generously donated by Dr. D. Bergles and Dr A. Agarwal). Young
(p15-p21) and adult (> 4 weeks) mice were used. GLAST-GCaMP3 mice were generated by
crossing R26-IsI-GCaMP3 mice (JAX #014538) (Paukert et al., 2014) with the GLAST-CreERT2
mice (MGI:3830051)(Mori et al., 2006). As CreERT2 protein is inactive in the absence of
tamoxifen treatment, expression of GCaMP3 was obtained in adult mice (8 weeks) by 8 daily
injections of tamoxifen (1 mg, i.p.), dissolved in 90% sunflower oil, 10% ethanol to a final
concentration of 10 mg/ml. The animals were used > 2 weeks after tamoxifen treatment.

Slice Preparation: Animals were rapidly decapitated and the brain was placed in ice-cold
artificial cerebral spinal fluid (ACSF). ACSF contained (in mM): NaCl 124, KCI 2.69, KH2PO4
1.25, MgS04 2, NaHCO3 26, CaCl, 2, and glucose 10, and was oxygenated with 95% O> / 5% CO»
(pH = 7.3-7.4). 350 um thick coronal slices containing the Nucleus Accumbens (NAc) core were
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made with a vibratome (Leica VT 1200S) and incubated in oxygenated ACSF at room temperature
for > 30 min. Slices were placed in an immersion recording chamber and superfused (2 ml/min)
with oxygenated ACSF and visualized with an Olympus BX50WI microscope (Olympus Optical,
Japan) or an Olympus BX61W!I confocal microscope (Olympus Optical, Japan).

Electrophysiology: The whole-cell patch clamp technique was used to make
electrophysiological recordings of NAc core neurons. When filled with an internal solution
containing (in mM): KMeSO4 135, KCI 10, HEPES 10, NaCl 5, ATP-Mg*? 2.5, and GTP-Na* 0.3
(pH = 7.3), patch electrodes exhibited a resistance of 3-10 MQ. The membrane potential of neurons
was held at -70 mV. Series and input resistances were monitored throughout the experiment using
a -5 mV pulse. For some experiments, astrocytes were patched with 4-9 MQ electrodes filled with
an internal solution containing (in mM): KMeSO. 100, KCI 50, HEPES-K 10, and ATP-Na*? 4
(pH=7.3). Astrocytes membrane potential was held at -80 mV. GDPRS (10 mM) and 0.5% biocytin
were included in the astrocyte patch pipette. GDPRS was included to prevent G protein-mediated
intracellular signaling in astrocytes. Astrocyte whole-cell recordings lasted at least 15-25 min to
allow the dialysis of GDPRS throughout the gap-junction connected astrocyte network. Then, a
relatively distant neuron (> 60 um away from the recorded astrocyte) within the same field of view
was patch-clamp recorded to monitor EPSCs (Navarrete and Araque, 2010). Signals were recorded
with PC-ONE amplifiers (Dagan Instruments, MN, US) and fed to a Pentium-based PC through a
DigiData 1440A interface board. Signals were filtered at 1 KHz and acquired at 10 KHz sampling
rate. The pPCLAMP 10.4 (Axon instruments) software was used for stimulus generation, data
display, acquisition and storage.

Synaptic stimulation and drug application: Synaptic currents were evoked using bipolar
theta capillaries filled with ACSF placed in the brain region of study (NAc core). Paired pulses (2
ms duration with 50 ms interval) were continuously delivered at 0.33 Hz using a stimulator S-910
through an isolation unit. Excitatory post-synaptic currents (EPSCs) were isolated using picrotoxin
(50 uM) and CGP5462 (1 uM) to block GABAAR and GABABgR, respectively. The measures
analyzed were mean amplitude of EPSC response and paired pulse ratio (PPR=2" EPSC/1%
EPSC). For exogenous dopamine (500 puM), adenosine (250 uM) and CNO (1 mM) application, a
borosilicate glass pipette containing the drug was placed over the NAc core and it was applied
with a pressure pulse (0.5 bar, 5 s). For SKF 38393 application a borosilicate glass pipette
containing SKF 38393 (500 uM) was placed over the NAc core and it was applied with a pressure
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pulse (0.5 bar, 60 s). For optical stimulation of dopamine axons, an optic fiber connected to an
LED (620 nm) was placed over the NAc core and a light train (5ms pulses for 5 s) of 0.1, 1, 10,
20, 30 or 50 Hz was applied. EPSC amplitudes were grouped in 15 s time bins, baseline mean
EPSC amplitude was obtained by averaging mean values obtained within 2 min of baseline
recordings and mean EPSC amplitudes were normalized to baseline. Stimulus (dopamine, CNO or
optostimulation) effects were statistically tested comparing the normalized EPSCs recorded 15 s
before and after the stimulus to assess changes in EPSC amplitude and PPR. For amphetamine
experiments, EPSC amplitudes were grouped in 1 minute time bins and EPSC obtained 1 minute
before and 20 minutes after amphetamine were compared to assess changes in EPSC amplitude.
The effects of the pharmacological compounds on dopamine, CNO or optostimulation application
were tested after having performed the stimulation in control conditions (dopamine, CNO or
optostimulation without the pharmacological compound).

In vitro Ca2?* imaging: Cytoplasmic Ca?* levels in astrocytes in the NAc core were
monitored using epifluorescence and confocal microscopy. Epifluorescence imaging utilized a
CCD camera (Hammamatsu, Japan). Cells were illuminated during 100-200 ms with an LED at
490 nm (Prior Scientifics, MA, US) and images were acquired every 1-2 s. The LED and the CCD
camera were controlled and synchronized by the MetaMorph software (Molecular devices).
Confocal imaging utilized an Olympus BX61W!I confocal microscope (Olympus Optical, Japan)
controlled by the Fluoview software or a Leica SP5 multi-photon microscope (Leica
Microsystems, USA) controlled by the Leica LAS software. For control and pharmacology
experiments Ca®* was monitored using the genetically encoded Ca?* indicator dye GCaMP3 under
the glutamate aspartate transporter (GLAST) promoter (Figure S2A and S2B). For transgenic
mice, that did not constitutively express GCaMP3, we used GCaMP6 under the GfaABC1D
promoter to specifically target astrocytes (Figure S2C) or Fluo4. For experiments using fluo-4,
slices were incubated with fluo-4-AM (2 uM and 0.01 % of pluronic) for 60 min at room
temperature. Where noted, Ca®* experiments were performed in the presence of TTX (1 uM) and
a cocktail of neurotransmitter receptor antagonists containing: CNQX (20 uM), AP5 (50 uM),
MPEP (50 uM), LY 367385 (100 uM), picrotoxin (50 uM), CGP5462 (1 uM), atropine (50 uM),
CPT (10 uM), and suramin (100 pM). TTX (1 uM) was always present in Ca?* imaging
experiments testing exogenous dopamine or amphetamine application, but not in experiments

using optogenetic stimulation or assessing synaptic transmission.
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ImageJ software (NIH) was used to quantify fluorescence level measurements in
astrocytes. Ca?* variations recorded at the soma and processes of the cells were estimated as
changes of the fluorescence signal over baseline (AF/Fo), and cells were considered to show a Ca2*
event when the AF/Fo increase was at least two times the standard deviation of the baseline and the
astrocyte was considered to respond to the stimulus if the Ca?* event occurred within 10 s after the
stimulation. The astrocyte Ca?* signal was quantified from the Ca?* event probability, which was
calculated from the number of Ca?* elevations grouped in 10 s bins recorded from 2-50 astrocytes
per field of view. The time of occurrence was considered at the onset of the Ca?* event. For each
astrocyte analyzed, values of 0 and 1 were assigned for bins showing either no response or a Ca?*
event, respectively, and the Ca?" event probability was obtained by dividing the number of
astrocytes showing an event at each time bin by the total number of monitored astrocytes. To
examine the difference in Ca®* event probability in distinct conditions, the basal Ca?* event
probability (10 seconds before a stimulus) was averaged and compared to the average Ca?* event
probability (10 seconds after a stimulus). The Ca?* oscillation frequency was used for
amphetamine experiments due to the mechanism of action of amphetamine and the evaluation of
Ca?" oscillations over a minute-timescale. In slice experiments using amphetamine (10 uM), the
astrocyte Ca?* signal was quantified from the Ca?* oscillation frequency, which was obtained from
the number of Ca2* events occurring in 2-50 astrocytes per the field of view during 1 min periods.
To establish magnitude correlations in Figure 3D and 3F, we examined the maximum values of
the Ca?* event probability and EPSC depression occurring within 15 s after the stimulation.

Stereotaxic Surgery: Adult mice were anesthetized with a ketamine (100 mg/kg)/
xylazine (10mg/kg) cocktail. Viral vectors (0.5ul-1ul) were injected bilaterally using a Hamilton
syringe attached to a 29-gauge needle at a rate of 0.8-1.25 pl/min. The viral constructs AAV8-
GFAP-hM3D(Gqg)-mCherry (UNC vector core), AAV8-GFAP-mCherry (UMN vector core),
AAV5-GfaABC1D-PI-LckGCaMP6.SV40 (Penn Vector Core), or AAV5-GfaABC1D-
cytoGCaMP6f-SV40 (Penn Vector Core) were targeted to NAc core astrocytes (anterior-
posterior[AP]: +1.50 mm; medial-lateral [ML]: +/- 0.75 mm; dorsal-ventral [DV]: -4.50 mm) of
C57BL/6J. The AAV8-GFAP-mCherry-Cre viral vector (UNC vector core) was targeted to NAc
core astrocytes of DrD1 flox/flox mice (homozygous and wild-type littermate mice). The AAV5-
hSyn-FLEX-ChrimsonR-tdT (UNC vector core) was targeted to dopaminergic neurons in the
VTA of DAT-IRES-Cre mice and wild-type litter-mate mice (anterior-posterior [AP]: -3 mm;
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medial-lateral [ML]: +/- 0.5 mm; dorsal-ventral [DV]: - 4.3 mm). For some experiments, AAV5-
GfaABC1D-PI-LckGCaMP6.S5V40 (Penn Vector Core) or AAV5-GfaABC1D-cytoGCaMP6f-
SV40 (Penn Vector Core) was also injected in the NAc core of DAT-IRES-Cre mice to monitor
astrocyte Ca2* signals. Mice were used > 2 weeks after stereotaxic surgeries.

Fiber Photometry: We utilized fiber photometry to assess astrocyte Ca?* activity and
responsiveness to dopamine and amphetamine in freely behaving mice. In DAT-IRES-Cre mice,
AAV5-hSyn-FLEX-ChrimsonR-tdT (0.5 ul; UNC vector core) was targeted to dopaminergic
neurons in the VTA (anterior-posterior [AP]: -3 mm; medial-lateral [ML]: +/- 0.5 mm; dorsal-
ventral [DV]: - 4.3 mm) and AAV5-GfaABC1D-cytoGCaMP6f-SV40 (1 ul; Penn Vector Core)
or AAV5-GfaABC1D-PI-Lck-GFP-SV40 (1 ul; addgene) was targeted to NAC core astrocytes
(anterior-posterior[AP]: +1.50 mm; medial-lateral [ML]: +/- 0.75 mm; dorsal-ventral [DV]: -4.50
mm) and the optic fiber (400um, Doric Lenses: MFC_400/430-0.48_6mm_MF2.5 FLT) was
placed 0.02 mm dorsal to NAc core viral infusion. The implant was attached to the skull with a
dual-cure resin-ionomer (DenMat). Experiments were performed > 3 weeks after surgery.

For data acquisition, the RZ5P processor (Tucker Davis Technologies) was utilized. A
fluorescence mini-cube (Doric Lenses) was coupled to a 470 nm LED (Thorlabs M470F3;
modulated at 211 Hz), a 405 nm LED (Thorlabs M405F1; modulated at 531 Hz) and a 595 nm
LED (Thorlabs M595F2; for optogenetic stimulation of dopaminergic terminals expressing
ChrimsonR). The fluorescence mini-cube was coupled to a patch cable and the opposite end was
connected to the implanted optic fiber on the mice. GCaMP6f fluorescence from astrocytes was
transmitted back through the cable to the mini-cube and focused onto the photoreceiver
(Newport Model 2151, FC adapter). The sampling rate for the signals was 6.1 kHz. For each
stimulation parameter (5 ms pulses for 5 s at 5, 10, 20, 30 or 50 Hz) mice were stimulated 3-5
times with a 2 minute inter-stimulation interval. For analysis, individual stimulations from
control and pharmacological conditions (flupenthixol or amphetamine) were averaged and
compared.

For data analysis, active (470 nm) and reference (405 nm) photometry signals were
corrected for bleaching by fitting to an exponential function. The normalized signal was created
via examining change in fluorescence ([470nm signal — fitted 405nm signal]/[fitted 405nm

signal]). Custom MATLAB code was utilized to analyze the normalized data.
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Brains from all mice used in fiber photometry experiments were analyzed to check
adequate fiber location and proper and selective viral expression. Animals that did not meet the
criteria for proper fiber location and virus expression were discarded.

Acute amphetamine locomotor-sensitivity: Male and female IPsR27 mice (n = 18; n =
8 males and n = 10 females), IPsR27" control wild-type background mice (Black Swiss; n = 16; n
=5 males and n = 11 females), GFAP-D:” mice (n = 6; n = 3 males and n = 3 females;) and
GFAP-D:"T (n = 6; n = 3 males and n = 3 females) were used for behavioral experiments. Mice
were > 5 weeks of age. Mice were handled by experimenter for at least two days before
behavioral testing commenced. To habituate animals to i.p. injections and experimental
conditions, mice were injected with saline for two consecutive days. On experimental day, mice
were injected with amphetamine (2.5 mg/kg, i.p. for IPsR27- mice and 5 mg/kg for GFAP-D17
mice experiments). On test days, mice were placed in locomotor chambers for 30 minutes to
habituate to the environment, followed by drug administration (saline or amphetamine) and 60
minutes of locomotor tracking post-injection. Locomotor activity was tracked automatically
using a camera tracking system and ANY-maze software (Stoelting Co.). A two-way repeated
measures ANOVA was used to analyze the data.

Immunohistochemistry: The animals were anesthetized with Avertin (2,2,2
tribromoethanol, 240 mg/kg, i.p.) and intracardially perfused with ice cold phosphate buffered
saline (PBS) and subsequently with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered
saline (pH 7.4). The brain was removed and 40 um coronal sections were made using a Leica
VT1000S vibratome. Vibratome sections were incubated for one hour in blocking buffer (0.1%
Triton X-100, 10% Donkey or Goat serum in PBS) at room temperature. The primary antibodies
were diluted in the blocking solution and the sections were incubated overnight at 4°C. The
following primary antibodies were used: Sheep anti-TH (Pel-Freez, 1:500), Mouse anti-NeuN
(Millipore, 1:500), Rabbit anti-NeuN (Millipore; 1:500), Rabbit anti-GFAP (Sigma, 1:500),
Mouse anti-NG2 (Millipore; 1:500), Rabbit anti-1bal (Dako; 1:500). The slices were washed
three times for ten minutes each in 0.1M PBS. The secondary antibodies were diluted in the
secondary antibody buffer (0.1% Triton X-100, 5% Donkey or Goat serum in PBS) and
incubated for 2 hours at room temperature. The following secondary antibodies were used: 488
donkey anti-sheep (Invitrogen, 1:500), 405 goat anti-mouse (Invitrogen, 1:500) 488 goat anti-
rabbit (Invitrogen, 1:1000). The sections were then washed 3 times with 1xPBS for 10 minutes
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each and mounted using Vectashield Mounting media (Vector laboratories). Mounted slices were
imaged using a Leica SP5 multi-photon microscope.

The cellular specificity of GCaMP3, GCaMP6, DREADD and Cre viral vectors was
tested by immohistochemical analysis of randomly selected areas of the NAc. Out of the 511
cells expressing GCaMP3 from GLAST-GCaMP3 mice, 99% were astrocytes (identified by
GFAP), 0.6% were neurons (identified by NeuN), 0% were oligodendrocytes (identified by
NG2) and 0.4% were microglia (identified by Ibal) (Figure S2A and S2B). Out of the 192 cells
expressing GCaMP6 from the AAV5-GfaABC1D-cytoGCaMP6f-SV40 viral vector, 99% were
astrocytes (identified by GFAP), 0% were neurons (identified by NeuN), 0% were
oligodendrocytes (identified by NG2) and 1% were microglia (identified by Ibal) (Figure S2C).
Out of the 408 cells expressing mCherry from the AAV8-GFAP-hM3D(Gq)-mCherry viral
vector, 99.01% were astrocytes (identified by GFAP), 0.25% were neurons (identified by NeuN),
0% were oligodendrocytes (identified by NG2) and 0.74% were microglia (identified by Ibal)
(Figure S5A-C). Out of the 985 cells expressing mCherry from the AAV8-GFAP-mCherry-Cre
viral vector, 87.6% were astrocytes (identified by GFAP), 11.9% were neurons (identified by
NeuN), 0% were oligodendrocytes (identified by NG2) and 0.5% were microglia (identified by
Ibal) (Figure S4A and S4B).

For biocytin labeling single astrocytes were recorded with patch pipettes and filled with
internal solution containing 0.5% biocytin. Slices were fixed in 4% PFA in 0.1 PBS (pH 7.4) at
4°C. Slices were washed three times in 1xPBS (10 minutes each). To visualize biocytin slices
were incubated with Alexa488-Streptavidin (RRID:AB 2315383; 1:500) for 48 hours at 4°C.
Slices were then washed for 3 times with 1xPBS (10 minutes each) and mounted with
Vectashield mounting media (Vector laboratories). All mounted slices were imaged using a
Leica SP5 multi-photon microscope. The cellular specificity of biocytin labeling was assessed by
immohistochemical analysis of randomly selected areas of the NAc. Out of 127 cells expressing
biocytin, 5% were oligodendrocytes (identified by NG2).

Tissue preparation for electron microscopy: Three mice, obtained from the Animal
House Facility (School of Medicine, University of Castilla-La Mancha), were used in this study
for pre-embedding immunohistochemical analyses. The care and handling of animals prior to

and during the experimental procedures were in accordance with Spanish (RD 1201/2005) and
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European Union (86/609/EC) regulations, and the protocols were approved by the University’s
Animal Care and Use Committee.

Animals were anaesthetized by intraperitoneal injection of ketamine /xylazine 1:1 (0.1 mL
/kg b.w.) and transcardially perfused with ice-cold fixative containing 4% paraformaldehyde,
with 0.05% glutaraldehyde and 15% (v/v) saturated picric acid made up in 0.1 M phosphate
buffer (PB, pH 7.4). After perfusion, brains were removed and immersed in the same fixative for
2 hours or overnight at 4°C. Tissue blocks were washed thoroughly in 0.1 M PB. Coronal 60 pm
thick sections were cut on a Vibratome (Leica VV1000).

Antibodies and chemicals for electron microscopy: The following primary antibodies
were used: guinea pig anti-D1R polyclonal (GP-Af500; C-terminus 45 aa. of mouse D1R,
NMO010076; Frontier Institute co., Japan). The characteristics and specificity of the antibody
targeting D1R has been described elsewhere (Narushima et al., 2006; Uchigashima et al., 2007).
The secondary antibodies used were goat anti-guinea pig IgG coupled to 1.4 nm gold (1:100;
Nanoprobes Inc., Stony Brook, NY, USA).

Immunohistochemistry for electron microscopy: Immunohistochemical reactions for
electron microscopy were carried out using the pre-embedding immunogold method described
previously (Lujan et al., 1996). Briefly, free-floating sections were incubated in 10% (v/v) NGS
diluted in TBS. Sections were then incubated in anti-D1R antibodies [3-5 ug/mL diluted in TBS
containing 1% (v/v) NGS], followed by incubation in goat anti-guinea pig 1gG coupled to 1.4
nm gold (Nanoprobes Inc., Stony Brook, NY, USA), respectively. Sections were postfixed in 1%
(v/v) glutaraldehyde and washed in double-distilled water, followed by silver enhancement of
the gold particles with an HQ Silver kit (Nanoprobes Inc.). Sections were then treated with
osmium tetraoxide (1% in 0.1 m phosphate buffer), block-stained with uranyl acetate, dehydrated
in graded series of ethanol and flat-embedded on glass slides in Durcupan (Fluka) resin. Regions
of interest were cut at 70-90 nm on an ultramicrotome (Reichert Ultracut E, Leica, Austria) and
collected on single slot pioloform-coated copper grids. Staining was performed on drops of 1%
aqueous uranyl acetate followed by Reynolds’s lead citrate. Ultrastructural analyses were
performed in a Jeol-1010 electron microscope.

Statistics: Data are expressed as mean * standard error of the mean (SEM). For
electrophysiology comparisons number of neurons was used as the sample size; for in vitro Ca®*

signal comparisons the number of slices was used as the sample size; for fiber photometry and
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behavior comparisons the number of mice was used as the sample size. At least 3 mice per
experimental group were used. Data normality was tested using a Kolmogorov-Smirnov test.
Results were compared using a two-tailed Student’s t-test or ANOVA (a = 0.05). One way
ANOVA with a Fisher LSD method post hoc was used for normal distributed data and Kruskal-
Wallis One Way ANOV A with Dunn’s method post hoc was used for non-normal distributed
data. A full report of the statistics used in every case is detailed in Extended data Tables 1-3.
Statistical differences were established with p < 0.05 (*), p <0.01 (**) and p < 0.001 (***).
Drugs: 4-[3-[2-(Trifluoromethyl)-9H-thioxanthen-9-ylidene]propyl]-1-piperazineethanol
dihydrochloride (flupenthixol dihydrochloride), [S-(R*,R*)]-[3-[[1-(3,4-
Dichlorophenyl)ethyllamino]-2-hydroxypropyl](cyclohexylmethyl) phosphinic acid (CGP 54626
hydrochloride), 8,8'-[Carbonylbis[imino-3,1-phenylenecarbonylimino(4-methyl-3,1-
phenylene)carbonylimino]]bis-1,3,5-naphthalenetrisulfonic acid hexasodium salt (suramin
hexasodium salt), N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide (AM 251), D-(-)-2-Amino-5-phosphonopentanoic acid (D-AP5), 6-
Cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX disodium salt), (S)-(+)-a-Amino-4-
carboxy-2-methylbenzeneacetic acid (LY367385), and 2-Methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP hydrochloride), Octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-
dimethano-10aH-[1,3]dioxocino[6,5-d]pyrimidine-4,7,10,11,12-pentol (Tetrodotoxin: TTX)
were purchased from Tocris Bioscience. Picrotoxin from Indofine Chemical Company
(Hillsborough, NJ). Fluo-4-AM from Molecular Probes (Eugene, OR). All other drugs were

purchased from Sigma.
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FIGURE LEGENDS
Figure 1. Astrocytes respond to dopamine in vivo.
(A) Viral vectors used and image from DAT-cre mice showing expression of ChrimsonR in the VTA and
expression of GCaMP6f and the optic fiber track (dotted line) in the NAc. NAc: nucleus accumbens,
VTA: ventral tegmental area. (B) Scheme showing the fiber photometry system (left) and astrocyte
responses to ChrimsonR activation (5 s, 30 Hz) in the NAc (right). (C) Mean astrocyte responses to
distinct stimulation frequencies. (D) Mean fluorescence amplitude in response to ChrimsonR activation in
the different experimental conditions (n = 19 stimuli from 5 animals for control, n = 14 stimuli from 2
animals for flupenthixol, n = 6 stimuli from 2 animals for GFP and n = 23 stimuli from 4 animals for Cre
negative). Kruskal-Wallis One Way ANOVA. (E) Mean astrocyte responses to ChrimsonR activation
before and after amphetamine administration. (F) Mean fluorescence amplitude, response rise time and
width before and after amphetamine administration (n = 19 responses from 5 animals). Two-tailed
student’s unpaired t-test. (G) Electron microscopy images showing D: receptors in astrocytes (green
arrows), spines (brown arrows) axon terminals (blue arrows). ast: astrocyte, s: spine, at: axon terminal.
Data are expressed as mean + s.e.m., *p<0.05, **p<0.01.
Figure 2. Astrocytes respond to dopamine through D1 receptors.
(A) Pseudocolor images showing the fluorescence intensities of a GCaMP3-expressing
astrocytes before and after DA application (top), representative Ca2* traces of astrocytes (bottom
left; arrow indicates DA application) and raster plot showing the Ca?* events recorded from all
ROIs including astrocyte somas and processes (bottom right). (B) Ca?* event probability over
time in somas and processes (left) and Ca®* event probability before (basal) and after DA
application in different experimental conditions (right); All experimental conditions were
performed in TTX (1 uM). Cocktail of neurotransmitter receptor antagonists contained: CNQX
20 uM, AP5 50 uM, MPEP 50 uM, LY 367385 100 uM, picrotoxin 50 uM, CGP5462 1 uM,
atropine 50 uM, CPT 10 puM, and suramin 100 pM). One way ANOVA and two-tailed student’s
paired t-test. (C and D) Same as A and B but using optostimulation of dopaminergic axons
instead of DA application. Experiments were performed in CNQX 20 uM, AP5 50 uM, MPEP
50 uM, LY367385 100 uM, picrotoxin 50 uM, CGP5462 1 uM, atropine 50 uM, CPT 10 uM,
and suramin 100 uM. One way ANOVA and two-tailed student’s paired t-test. Blue and red
shadows indicate DA application and optical stimulation, respectively. Data are expressed as
mean * s.e.m., *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Dopamine stimulates astrocyte Ca?* increases and neuronal excitatory
transmission depression.

(A) Scheme of the experimental approach (left) and representative EPSC traces before (basal)
and after DA application (right). (B) like A but for optical stimulation. (C) Ca?* event
probability and relative EPSC amplitude over time. (D) Relationship between Ca?* event
probability and change in EPSC amplitude after DA application. (E and F) The same as C and D
but for optical stimulation. Blue and red shadows indicate DA application and optical
stimulation, respectively. Data are expressed as mean £ s.e.m.

Figure 4. Astrocyte Ca?* is necessary for DA-evoked synaptic depression.

(A) Scheme of the experimental approach (top) and fluorescence image of an astrocyte network
loaded with biocytin through a patched astrocyte (bottom). (B) Ca?* event probability and
relative EPSC amplitude before (basal) and after DA application. Two-tailed student’s paired t-
test. (C) Viral vector injected into the NAc of D1-flox mice and fluorescence image showing
mCherry-Cre expression in the NAc (top), and immunohistochemistry images showing co-
localization between mCherry-cre and GFAP (bottom). (D) Ca2* event probability over time
(left) and Ca?" event probability before (basal) and after DA or ATP application (right). Blue
shadow indicates DA application. Two-tailed student’s paired t-test. (E) Relative EPSC
amplitude before (basal) and after DA application. Two-tailed student’s paired t-test. Data are
expressed as mean + s.e.m., *p<0.05, ***p<0.001.

Figure 5. Astrocytes mediate DA-evoked synaptic depression via adenosine signaling.

(A) Ca?* event probability before (basal) and after DA application or optogenetic stimulation.
Two-tailed student’s paired t-test. (B) Relative EPSC amplitude before (basal) and after DA
application or optogenetic stimulation. Two-tailed student’s paired t-test. (C) Scheme of
experimental approach. (D) Relative EPSC amplitude over time. Blue and orange shadows
indicate DA application and adenosine application, respectively. (E) Relative EPSC amplitude
before (basal) and after DA application or adenosine application. Two-tailed student’s paired t-
test. (F) Schematic summary depicting the signaling pathways involved in DA-evoked synaptic
depression. Data are expressed as mean * s.e.m., **p<0.01, ***p<0.001.

Figure 6. Astrocyte Ca?" is sufficient for excitatory synaptic depression.

(A) Viral vector injected into the NAc and fluorescence image showing DREADD-mCherry
expression in the NAc (top). Scheme of the experimental approach (bottom). (B) Pseudocolor
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images showing the fluorescence intensities of a GCaMP6f-expressing astrocytes before and
after CNO application (top) and Ca?* event probability before (basal) and after CNO application
(bottom). Two-tailed student’s paired t-test. (C) Representative EPSC traces before (basal) and
after CNO application (top) and relative EPSC amplitude before (basal) and after CNO
application (bottom). Two-tailed student’s paired t-test. Data are expressed as mean * s.e.m.,
*p<0.05, **p<0.01.

Figure 7. Astrocytes are involved in amphetamine synaptic effects.

(A) Representative Ca?* traces of astrocytes in control (basal) and the presence of amphetamine.
(B) Raster plots showing the Ca?* events recorded from all ROIs including astrocyte somas and
processes in control (basal) and the presence of amphetamine. (C) Ca?* oscillation frequency
over time. (D) Ca?* oscillation frequency in control (basal) and in the presence of amphetamine.
Two-tailed student’s paired t-test. (E) Representative EPSC traces before (basal) and after
amphetamine application. (F) Relative EPSC amplitude over time. (G) Relative EPSC amplitude
before (basal) and in the presence of amphetamine. Two-tailed student’s paired t-test. (H)
Representative traces of locomotor activity of mice injected with saline or amphetamine. (1)
Distance traveled of different mice injected with saline or amphetamine (for IPsR27- mice: n =
18; n = 8 males and n = 10 females; for IPsR2”- control wild-type mice: n = 16; n = 5 males and
n = 11 females; for GFAP-D:1”" mice: n = 6; n = 3 males and n = 3 females; for GFAP-D,'VT
mice: n = 6; n =3 males and n = 3 females). Two-tailed student’s unpaired t-test. Green shadow
indicates amphetamine application. Data are expressed as mean + s.e.m., *p<0.05, **p<0.01,
***n<0.001.
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Key Resource Table

KEY RESOURCES TABLE

REAGENT or RESOURCE \ SOURCE IDENTIFIER
Antibodies
Mouse anti-NeuN Millipore Cat#: MAB377
Rabbit anti-GFAP Sigma Cat#: G9269
Sheep anti-TH Pel-Freez P60101-0
Mouse anti-NG2 Millipore Cat # AB5320.
Rabbit anti-lbal Wako Cat # 019-19741
Guinea pig anti-D1R polyclonal Frontier Institute co., GP-Af500; C-
Japan terminus 45 aa. of
mouse D1R,
NM010076
488 donkey anti-sheep Invitrogen Ref: A11015
405 goat anti-mouse Invitrogen Ref: A31553
488 goat anti-rabbit Invitrogen Ref: A11034

Goat anti-guinea pig 1gG coupled to 1.4 nm gold

Nanoprobes Inc.

http://www.nanopr

obes.com/products/
FluoroNanogold.htm
I

Bacterial and Virus Strains

AAV8-GFAP-hM3D(Gq)-mCherry

UNC vector core

https://www.med.u
nc.edu/genetherapy

vectorcore/in-

stock-aav-vectors/

AAV8-GFAP-mCherry

UMN vector core

http://vvcc.umn.edu

L

AAV5-GfaABC1D-PI-LckGCaMP6.SV40

Penn Vector Core

https://gtp.med.upe
nn.edu/core-

laboratories-
public/vector-core

AAV5-GfaABC1D-cytoGCaMP6f-SV40

Penn Vector Core

https://gtp.med.upe
nn.edu/core-

laboratories-
public/vector-core

AAV8-GFAP-mCherry-CRE

UNC vector core

https://www.med.u
nc.edu/genetherapy

/vectorcore/in-

stock-aav-vectors/

AAV5-hSyn-FLEX-ChrimsonR-tdT

UNC vector core

https://www.med.u
nc.edu/genetherapy

/vectorcore/in-

stock-aav-vectors/

Biological Samples
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https://www.med.unc.edu/genetherapy/vectorcore/in-stock-aav-vectors/
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Chemicals, Peptides, and Recombinant Proteins

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

C57BL/6J

The Jackson
Laboratory

JAX #000664

IPsR27"

Li, X., Zima, A.V.,
Sheikh, F., Blatter,
L.A., and Chen, J.
(2005). Endothelin-1-
induced
arrhythmogenic Ca2+
signaling is abolished
in atrial myocytes of
inositol-1,4,5-
trisphosphate(IP3)-
receptor type 2-
deficient mice.
Circulation research

96, 1274-1281.

n/a

DrD1 flox/flox

The Jackson
Laboratory

JAX #025700

DAT-IRES-CRE

The Jackson
Laboratory

JAX #006660




R26-Isl-GCaMP3 mice The Jackson JAX #014538
Laboratory

GLAST-CreERT2 The Jackson JAX #012586
Laboratory

Oligonucleotides

Recombinant DNA

Software and Algorithms

Clampfit 10.4

Molecular Devices

https://www.molec
ulardevices.com/

MetaMorph 7.8.8.0

Molecular Devices

https://www.molec
ulardevices.com/

Fluoview Olympus https://www.olymp
us-
lifescience.com/en/

LAS AF Lite Leica https://www.leica-

microsvstems.com/

RZ5P processor

Tucker Davis
Technologies

https://www.tdt.co
m/component/fiber-
photometry-rz5p/

ANY-maze

Stoelting Co.

https://www.stoelti

ngco.com/anymaze.

html?gclid=EAlalQob
ChMI8avNgv7p5AlVi
LzACh1YBgfLEAAYAS
AAEgI30fD BwE

SigmaPlot 12.5

Systat Software Inc.

https://systatsoftwa
re.com/products/sig
maplot/sigmaplot-
product-updates/

Image J NIH https://imagej.nih.g
ov/ij/
MATLAB MathWorks https://www.mathw

orks.com/products/
matlab.html



https://www.moleculardevices.com/
https://www.moleculardevices.com/
https://www.moleculardevices.com/
https://www.moleculardevices.com/
https://www.olympus-lifescience.com/en/
https://www.olympus-lifescience.com/en/
https://www.olympus-lifescience.com/en/
https://www.leica-microsystems.com/
https://www.leica-microsystems.com/
https://www.tdt.com/component/fiber-photometry-rz5p/
https://www.tdt.com/component/fiber-photometry-rz5p/
https://www.tdt.com/component/fiber-photometry-rz5p/
https://www.stoeltingco.com/anymaze.html?gclid=EAIaIQobChMI8avNqv7p5AIViLzACh1YBgfLEAAYASAAEgI3OfD_BwE
https://www.stoeltingco.com/anymaze.html?gclid=EAIaIQobChMI8avNqv7p5AIViLzACh1YBgfLEAAYASAAEgI3OfD_BwE
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Supplemental Text and Figures
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Figure S1. ChrimsonR expression in dopaminergic neurons.

(A) Viral vector injected into the VTA of DAT-cre mice. (B) Immunohistochemical
images showing expression of AAV5-hSyn-ChrimsonR-TdTomato in neuronal
somas in the VTA and axon terminals in the NAc. (C) Normalized mean astrocyte
responses to different stimulation frequencies.
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Figure S2. GCaMP expression in astrocytes.

(A) Immunohistochemical images showing expression of GCaMP3 in NAc
astrocytes and co-stained with GFAP or NeuN. From left to right: cell marker,
GCaMP3 and merge. (B) Percent distribution of GCaMP3* cells (n = 511 cells).
(C) Percent distribution of GCaMP6f* cells (n = 192 cells).
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Figure S3. Dopamine depresses excitatory transmission.

(A) Experimental scheme (right) and image of a nucleus accumbens medium spiny neuron
filled with biocytin through a patch pipette (/eft). (B) Representative EPSC traces before (basal)
and after DA application (right) and relative EPSC amplitude over time. (C) Paired pulse ratio
(PPR) before (basal) and after dopamine application. Two-tailed student’s paired t-test. (D)
Relative EPSC amplitude. Two-tailed student’s paired t-test. (E-H) as a-d, but for optical
stimulation. Two-tailed student’s paired t-test. Blue and red shadows indicate DA application
and optical stimulation, respectively. Data are expressed as mean * s.e.m., ¥p<0.05, **p<0.01,
***p<0.001.
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Figure S4. AAV8-GFAP-mCherry-Cre targets astrocytes.

(A) Experimental scheme (top) and percent distribution of mCherry* cells (bottom). (B)
Immunohistochemistry images of mCherry* cells co-stained with GFAP, NeuN, Ibal or
NG2 (n =935 cells). From left to right: cell marker, mCherry, and merge. (C)
Representative Cd* sensitive currents. (D) Cd* sensitive current before (basal) and after
SKF 38393 application. (E) Relative change in amplitude of Cd* sensitive current in SKF
38393 only conditions (SKF) or in SKF 38393 and SCH 23390 conditions (SKF + SCH). Two-
tailed student’s unpaired t-test. (F) Relative change in amplitude of Cd* sensitive current
in response to SKF 38393. Data are expressed as mean * s.e.m., ***p<0.001.
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Figure S5: AAV8-GFAP-hM3D(Gq)-mCherry is specifically expressed in astrocytes.

(A) Scheme of experimental approach. (B) Percent distribution of mCherry* cells (n = 408 cells). (C)
Immunohistochemistry images of mCherry* cells co-stained with GFAP, NeuN, Ibal or NG2. From
left to right: cell marker, mCherry, and merge. (D) Experimental scheme (top) and paired pulse
ratio (PPR) before (basal) and after CNO application (bottom) (n = 10). Two-tailed student’s paired
t-test. Data are expressed as mean + s.e.m., **p<0.01.



Kruskal-Wallis One Way ANOVA values

H value DF P value  Post hoc g and p values
Control vs Flupenthixol: q=5. 428, p<0.001; Control
Dunn's VS GFP: q=3.502, p<0.001; Control vs Cre negative:
Fig. 1D 38.085 3 <0.001 Method g=4.949, p=0.003; Flupenthixol vs GFP: q=0.557,

p=1; Flupenthixol vs Cre negative: q=1.114, p=1;
GFP vs Cre negative: g=0.23, p=1

Extended data table 1. Full report of Kruskal-Wallis One Way ANOVA values. Full report of H values,
degrees of freedom (DF) and p value for the Kruskal-Wallis One Way ANOVA tests performed on non-
parametric data and the post hoc analysis q and p values.

One way ANOVA values
F value DF p value Post hoc p values

Fisher LSD Control vs Flupenthixol: p=0.008; Control vs

Fig. 2B 4.539 4 0.004 Method SCH23390: p=0.03; Control vs Sulpiride:

p=0.833; Control vs Cocktail: p=0.941

Fisher LSD Control vs Flupenthixol: p<0.001; Control vs

Fig. 2D 10.724 4 <0.001 Method SCH23390: p=0.003; Control vs Sulpiride:
p=0.858; Control vs Cre Negative: p=0.005

Extended data table 2. Full report of One way ANOVA values. Full report of F values, degrees of
freedom (DF) and p value for the One way ANOVA tests performed and the post hoc analysis p values.

Student’s t test

Comparison

Condition

Test

tand p values

Fluorescence

Two-tailed Student’s

Fig. 1F Control vs amphetamine amplitude (AU) unpaired t-test t=-2.48, p=0.017
Fig. 1F Control vs amphetamine Rise time (s) Twﬁgggﬁdedsﬁggpts t=-3.19, p=0.002
Fig. 1F Control vs amphetamine Response width (s) Twﬁgggﬁdedsﬁggpts t=-3.19, p=0.026
Fig. 2B Basal vs DA Control TWO;:;'rig ts_:ggf”t s t=-4.32, p=0.007
Fig. 2B Basal vs DA Flupenthixol T""c’;:i"rig ts_iggf”t s t=-0.81, p=0.811
Fig. 2B Basal vs DA SCH23390 TWO;:;'reeg ts_iggf”t s t=-0.88, p=0.428
Fig. 2B Basal vs DA Sulpiride TWO;Z;L‘Z?]I ts_iggf”t s t=-7.4, p<0.001

Fig. 2B Basal vs DA Cocktail TWO;Z;LZ? ts_iggtem s t=-5.577, p<0.001
Fig. 2D Basal vs Optostim. Control TWO;Z;LZ? ts_iggtem s =-6.22, p<0.001
Fig. 2D Basal vs Optostim. Flupenthixol TWO;:;:,Z(; ts_iggtem s t=0.139, p=0.892
Fig. 2D Basal vs Optostim. SCH23390 Two-tailed Student's t=-0.337, p=0.75

paired t-test




Two-tailed Student’s

Fig. 2D Basal vs Optostim. Sulpiride paired t-test t=-7.587, p<0.001
Fig. 2D Basal vs Optostim. Cre negative Two-ta_l led Student's t=0.645, p=0.554
paired t-test
. Calcium event Two-tailed Student’s _
Fig. 4B Basal vs DA probability: Control paired t-test t=-8.836, p<0.001
. Calcium event Two-tailed Student’s _ _
Fig. 4B Basal vs DA probility: GDPES paired t-test t=-0.397, p=0.718
. Calcium event Two-tailed Student’s _ _
Fig. 4B Basal vs DA probility: IPsR2 paired t-test t=-0.312, p=0.76
. EPSC amplitude Two-tailed Student’s _ _
Fig. 4B Basal vs DA (%): Control paired t-test t=3.731, p=0.007
. EPSC amplitude Two-tailed Student’s _ _
Fig. 4B Basal vs DA (%): GDPBS paired t-test t=0.152, p=0.885
. EPSC amplitude Two-tailed Student’s _ _
Fig. 4B Basal vs DA (%): IPsR2" paired t-test t=0.188, p=0.856
Fig. 4D GFAP-D:"T vs GFAP-D- Baseline Two-tailed Student's t=3.239, p=0.006
unpaired t-test
Fig. 4D Basal vs DA GFAP-DWT Two-tailed Student's t=-8.725, p<0.001
paired t-test
. Two-tailed Student’s
D =- =
Fig. 4D Basal vs DA GFAP-D1 paired t-test t=-1.335, p=0.219
. Two-tailed Student’s
D WT =
Fig. 4D Basal vs ATP GFAP-D1 paired t-test t=-13.502, p<0.001
. Two-tailed Student’s
D =
Fig. 4D Basal vs ATP GFAP-D1 paired t-test 21.548, p<0.001
. Two-tailed Student’s
_DWT -
Fig. 4E Basal vs DA GFAP-D1 paired t-test t=10.203, p<0.001
Fig. 4E Basal vs DA GFAP-D:™- Two-tailed Student's t=1.867, p=0.104
paired t-test
Fig. 5A Basal vs DA Control Two-tailed Student's t=-5.679, p=0.002
paired t-test
Fig. 5A Basal vs DA CPT Two-tailed Student's t=-4.74, p=0.005
paired t-test
Fig. 5A Basal vs Optostim. Control Two-tailed Student's t=-5.425, p<0.001
paired t-test
Fig. 5A Basal vs Optostim. CPT Two-tailed Student's t=-7.752, p=0.001
paired t-test
Fig. 5B Basal vs DA Control Two-tailed Student's £=10.279, p<0.001
paired t-test
Fig. 5B Basal vs DA CPT Two-tailed Student's . _ ) 5938 1-0.929
paired t-test
Fig. 5B Basal vs Optostim. Control Two-ta_l led Student's t=5.474, p=0.002
paired t-test
Fig. 5B Basal vs Optostim. CPT Two-tailed Student's t=-1.451, p=0.197
paired t-test
Fig. 5E Basal vs DA Control Two-tailed Student's t=6.607, p=0.001

paired t-test




Two-tailed Student’s

Fig. 5E Basal vs DA GDPBS paired t-test t=0.26, p=0.802
Fig. 5E Basal vs DA IPsR2- Two-tailed Student's t=1.804, p=0.121
paired t-test
Fig. 5E Basal vs Ado Control Two-tailed Student's t=4.282, p=0.008
paired t-test
Fig. 5E Basal vs Ado GDPBS Two-tailed Student's t=3.804, p=0.007
paired t-test
Fig. 5E Basal vs Ado IPsR2- Two-tailed Student’s t=6.753, p<0.001
paired t-test
Fig. 6B Basal vs CNO Control Two-tailed Student’s t=-2.965, p=0.041
paired t-test
Fig. 6B Basal vs CNO CPT Two-tailed Student's t=-3.355, p=0.028
paired t-test
Fig. 6B Basal vs CNO mCherry Two-tailed Student's t=-0.474, p=0.656
paired t-test
Fig. 6C Basal vs CNO Control Two-tailed Student's t=3.468, p=0.007
paired t-test
. Two-tailed Student’s _ _
Fig. 6C Basal vs CNO CPT paired t-test t=-1.244, p=0.260
Fig. 6C Basal vs CNO mCherry Two-tailed Student's t=0.326, p=0.757
paired t-test
Fig. 7D Basal vs Amphetamine Control Two-tailed Student's t=-4.752, p=0.005
paired t-test
. . . Two-tailed Student’s _ _
Fig. 7D Basal vs Amphetamine Flupenthixol paired t-test t=-0.242, p=0.821
. . Two-tailed Student’s
-/- = =
Fig. 7D Basal vs Amphetamine IPsR2 paired t-test t=-1.484, p=0.176
Fig. 7D Basal vs Amphetamine CPT Two-tailed Student's t=-3.187 , p=0.013
paired t-test
Fig. 7D Basal vs Amphetamine GDPgS Two-ta_lled Student's t=-0.0473, p=0.962
paired t-test
Fig. 7D Basal vs Amphetamine GFAP-DWT Two-tailed Student's {=-2.68, p=0.044
paired t-test
Fig. 7D Basal vs Amphetamine GFAP-D:™- Two-tailed Student's t=-1.581, p=0.145
paired t-test
Fig. 7G Basal vs Amphetamine Control Two-ta_lled Student's t=5.444, p=0.006
paired t-test
Fig. 7G Basal vs Amphetamine Flupenthixol Two-ta_lled Student's t=0.228, p=0.831
paired t-test
Fig. 7G Basal vs Amphetamine IPsR2*- Two-tailed Student's t=1.509, p=0.192
paired t-test
Fig. 7G Basal vs Amphetamine CPT Two-tailed Student's t=1.036, p=0.34
paired t-test
Fig. 7G Basal vs Amphetamine GDPBS Two-ta_lled Student's t=0.08, p=0.939
paired t-test
Fig. 7G Basal vs Amphetamine GFAP-DWT Two-tailed Student's {=2.824, p=0.022
paired t-test
Fig. 7G Basal vs Amphetamine GFAP-D1™- Two-tailed Student's t=-0.031, p=0.977

paired t-test




Two-tailed Student’s

. n . _ -
Fig. 71 WT vs IPsR2 Saline unpaired t-test t=-0.796, p=0.432
Fig. 71 WT vs IPsR2* Amphetamine 1 Wo-tailed Student's t=4.604, p<0.001
unpaired t-test
Fig. 7| GFAP-D{"T vs GFAP-Dy Saline Two-tailed Student's t=0.051, p=0.96
unpaired t-test
Fig. 7! GFAP-D1"T vs GFAP-Dy* Amphetamine Two-tailed Student's t=2.395, p=0.038
unpaired t-test
Fig. S3C Basal vs DA PPR Two-tailed Student's t=-4.98, p<0.001
paired t-test
Fig. S3D Basal vs DA Control Two-tailed Student's t=5.23, p=0.003
paired t-test
. . Two-tailed Student’s _ _
Fig. S3D Basal vs DA Flupenthixol paired t-test t=1.348, p=0.249
Fig. S3D Basal vs DA Control Two-tailed Student's t=3.808, p=0.005
paired t-test
Fig. S3D Basal vs DA SCH23390 Two-tailed Student's t=0.72, p=0.498
paired t-test
. Two-tailed Student’s _ _
Fig. S3D Basal vs DA Control paired t-test t=2.743, p=0.029
Fig. S3D Basal vs DA Sulpiride Two-tailed Student's —\_, 178 p-0.004
paired t-test
. . Two-tailed Student’s _
Fig. S3G Basal vs Optostim. PPR paired t-test t=-4.321, p<0.001
. . Two-tailed Student’s _ _
Fig. S3H Basal vs Optostim. Control paired t-test t=4.081, p=0.027
Fig. S3H Basal vs Optostim. Flupenthixol Two-tailed Student's t=0.599, p=0.591
paired t-test
Fig. S3H Basal vs Optostim. Control Two-ta_lled Student's t=3.692, p=0.021
paired t-test
Fig. S3H Basal vs Optostim. SCH23390 Two-tailed Student's t=0.46, p=0.665
paired t-test
Fig. S3H Basal vs Optostim. Control Two-ta_lled Student's t=4.44, p=0.007
paired t-test
Fig. S3H Basal vs Optostim. Sulpiride Two-ta_lled Student's t=2.943, p=0.032
paired t-test
Fig. S3H Basal vs Optostim. Cre negative Two-ta_lled Student's t=-0.441, p=0.667
paired t-test
. . Two-tailed Student’s
0, =-
Fig. S4E SKF vs SKF+SCH A amplitude (%) unpaired t-test t=-8.209, p<0.001
. . Two-tailed Student’s
_DWT D 0, —_ —
Fig. S4F GFAP-D1"" vs GFAP-D1 A amplitude (%) unpaired t-test t=-0.046, p=0.964
Fig. S5D Basal vs CNO PPR Two-tailed Student's t=-3.264, p=0.009

paired t-test

Extended data table 3. Full report of Student’s t-tests t and p values. Full report of all the Student’s t-

tests t and p values from main and supplementary figures.




Transgenic mice generation using viral vectors

Mouse genotype Viral vector
Mice Fig. 1A-F; Fig. | Control mice: DAT wild-type littermate AAV5-hSyn-FLEX-ChrimsonR-
expressing | 2C-D; Fig. 3B, | “Cre negative” mice lacking CRE tdTomato
ChrimsonR in | Fig. 3E-F; Fig.
dopaminergic | 5A-B; Fig. S1; - - -Chri -
neurons Fig. S3E-H; Transgenic mice DAT-IRES-CRE AAVS hSy?dilc_)lrEnétghnmsonR
Control mice: DRD1 wild-type littermate
Fig. 4C-E; Fig. | “GFAP-D/VT” mice lacking flox AAVB-GFAP-mCherry-CRE
GFAP-D: line | 6D, 6G-I; Fig.
S4 Transgenic mice:
“GEAP-D1 7 DRD1 flox/flox AAV8-GFAP-mCherry-CRE
Mice Control mice: C57BL/6J AAV8-GFAP -mCherry
expressing | Fig. 6A-C; Fig. | “mCherry”
DREADDs in S5
astrocytes Transgenic mice C57BL/6J AAVB-GFAP-Gg-DREADD-mCherry

Extended data table 4. Report of mice genotype and viral vectors used for generating transgenic
mice. Report of the mice genotype and the viral vectors used to generate experimental transgenic mice

and their respective control mice in main figures and supplementary figures.




