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ABSTRACT

The plasticity of glutamatergic transmission in the Ventral Tegmental Area (VTA) represents
a fundamental mechanism in the modulation of dopamine neuron burst firing and the phasic
dopamine release at VTA target regions. These processes encode basic behavioral
responses, including locomotor activity, learning and motivated-behaviors. Here we
describe a hitherto unidentified mechanism of long-lasting potentiation of glutamatergic
synapses on DA neurons. We found that VTA astrocytes respond to dopamine neuron
bursts with Ca?* elevations that require activation of endocannabinoid CB1 and dopamine
D2 receptors colocalized at the same astrocytic process. Astrocytes, in turn, release
glutamate that, through presynaptic metabotropic glutamate receptor activation coupled with
neuronal nitric oxide production, induces long-lasting potentiation of excitatory synapses on
adjacent dopamine neurons. Consistent with this finding, selective activation of VTA
astrocytes increases dopamine neuron bursts in vivo and induces locomotor hyperactivity.

Astrocytes play, therefore, a key role in the modulation of VTA dopamine neuron activity.

INTRODUCTION

Dopamine (DA) neurons in the Ventral Tegmental Area (VTA) regulate a wide array
of physiological functions including locomotor activity, attention, motivation and reward-
based learning'2. A fundamental step in these DA-dependent functions is the transition in
the spiking activity of VTA DA neurons from tonic, low frequency firing at rest, to high
frequency bursts that modulate the action of DA by determining the synaptic phasic release
of DA at VTA target areas such as nucleus accumbens (NAc), medial prefrontal cortex,
hippocampus, and amygdala*’. This transition and the bursting activity of DA neurons are
under crucial control of glutamatergic afferent inputs to the VTA originating from various
brain regions*”8. Importantly, the enduring changes in the strength of these glutamatergic
synapses exert profound effects on DA neurons regulating their burst firing mode and the
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release of dopamine at target regions'®. The plasticity of these glutamatergic synapses
represents, therefore, a key mechanism in the modulation of DA transmission and DA-
dependent behaviors. While extensive studies highlighted the role of neuronal signals in the
synaptic plasticity of VTA circuits’-1°, the role of astrocytes has been poorly investigated.

A recent study reported that optogenetic stimulation of channelrhodopsin-expressing
VTA astrocytes alters glutamate transport, favoring DA neuron inhibition and avoidance
behavior''. However, this type of stimulation depolarizes astrocytes, leading to a significant
increase in extracellular K+ and a subsequent neuronal excitation'2. Whether astrocytes are
functionally recruited to the VTA circuitry by neuronal signals and influence the plasticity of
glutamatergic synaptic transmission to VTA DA neurons remains totally unexplored.

Astrocytes are active components of brain circuits. Besides their support and
metabolic functions, they respond with Ca?* elevations to neurotransmitters and, in turn,
release gliotransmitters that regulate synaptic transmission and plasticity3-'%. Astrocytes
are similarly activated by local signals, such as endocannabinoids (eCBs), released by
neurons at somatodendritic levels. In various brain areas, including the VTA, eCBs act as
retrograde signals that induce depression of synaptic neurotransmitter release upon
presynaptic type-1 cannabinoid receptor (CB1R) activation'®'”. Studies in hippocampus and
dorsal striatum revealed that eCBs also target astrocytic CB1Rs evoking Ca?* elevations
and glutamate release that potentiates distant excitatory synapses'®-20. Whether this lateral
potentiation of synaptic transmission is also operative in the VTA is unknown.

Using ex vivo and in vivo approaches, we investigated whether eCBs released by
bursting discharges of VTA DA neurons?' induce a potentiation of glutamatergic
transmission to nearby DA neurons and whether this action is mediated by astrocytes.
Because VTA DA neurons, beside eCBs, release DA at somatodendritic levels??, we
investigated whether DA is also involved in DA neuron-to-astrocyte signalling. Finally, we

evaluated the functional consequences of a specific activation of astrocytes in vivo at the
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level of both VTA DA neuron firing and locomotor activity. Our results unveil a reciprocal

functional signaling between DA neurons and astrocytes in VTA circuits.

RESULTS

Bursting activity of individual VTA DA neurons induces long-lasting potentiation of
glutamatergic transmission in adjacent DA neurons. We investigated whether the
bursting activity in individual DA neurons evokes lateral potentiation of glutamatergic
synaptic transmission'®. In VTA slices of postnatal day (P)14-17 female mice, we recorded
from pairs of neurons exhibiting the typical features of DA neurons (Fig. 1a and Extended
Data Fig. 1a-d). In one neuron of the pair, we monitored excitatory post-synaptic currents
(EPSCs) evoked by low frequency stimulation of the rostral glutamatergic afferents. To the
second neuron, located 70-120 um apart, we imposed through intracellular current pulses
the burst firing mode that characterizes in vivo DA neuron activity (bursts of five action
potentials at 20 Hz, 2 Hz interburst frequency, 5 min duration; Extended Data Fig. 1e)23-25.
Following this bursting activity, EPSC amplitude from the first DA neuron was significantly
increased and this potentiation was maintained for at least 45 min (Fig. 1b and 1d). The
long-lasting potentiation was not observed in age-matched male mice, in which EPSC
amplitude was only transiently increased 3 min after bursts (Fig. 1b and 1d). We defined
these two forms of lateral synaptic plasticity as burst-induced long- and short-term
potentiation (bLTP and bSTP, respectively). Evaluation of the paired-pulse ratio (PPR) in
female mice revealed a significant PPR reduction at 30 and 45 minutes after bursts,
suggesting a presynaptic mechanism in bLTP generation (Fig. 1c). In contrast, the bSTP in
male mice occurred without PPR changes (Fig. 1c). Importantly, the induction of a tonic-like
discharge that mimics DA neuron activity at resting conditions (2 Hz action potential

frequency for 5 minutes, Extended Data Fig. 1e), failed to modify evoked EPSCs in adjacent
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DA neurons at any time point tested (Fig. 1d), indicating that bLTP and bSTP are strictly

dependent on DA neuron bursting activity.

Generation of bLTP requires Ca?* elevations in astrocytes. We focused our study on
bLTP generation mechanism and asked whether astrocytes are involved. We performed
experiments in type-2 inositol 1,4,5-trisphosphate receptor knock-out (IP3R27) female mice
in which G-protein coupled-mediated astrocyte Ca?* elevations are largely impaired'926:27,
In VTA slices from these mice, DA neuron bursts evoked transient, but not long-lasting
potentiation of synaptic transmission (Fig. 1d), suggesting that bLTP induction depends on
IP3R2-mediated astrocytic Ca?* elevations induced by signals generated by the DA neuron.
This hypothesis was directly tested in VTA slices from wild type (wt) and IP3R27- mice loaded
with the Ca?* fluorescent indicator Fluo-4 and the specific astrocytic marker SR101. To
monitor Ca?* signals from astrocytes in proximity of soma and dendrites, through a patch
pipette we filled DA neurons with the fluorescence tracer neurobiotin (Fig. 1e). We observed
that the sustained bursting activity of the DA neuron evoked in astrocytes of female, but not
male mice, Ca?* elevations that lasted for at least 25 min (Fig. 1f-h). Furthermore, DA neuron
bursts failed to evoke Ca?* elevations in astrocytes of IPsR27 female mice (Fig.1h). Overall,
these data suggest that astrocyte IP3R2-mediated Ca?* elevations are required for bLTP

generation.

Generation of bLTP requires eCB and DA signalling to astrocytes, presynaptic
mGIluR1 activation and nitric oxide release from DA neurons. To gain further insights
into the molecular mechanism of bLTP generation, we investigated whether CB1 and/or DA
receptors (Rs), activated by eCBs and/or DA locally released by VTA DA neurons, are
involved. We found that applications of either the CB1R antagonist AM251 (2 - 4 uM) or the

D2-type receptor antagonist eticlopride (1 uM) prevented bLTP (but not bSTP), whereas the
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D1-type receptor antagonist SCH-23390 hydrochloride (10 uM) was ineffective (Fig. 2a). We
also evaluated the role of the glutamatergic N-methyl-D-Aspartate receptor (NMDAR), which
is a fundamental element in the plasticity of glutamatergic synaptic transmission in different
brain regions?®, including the VTA'®. We found that in the presence of the NMDAR
antagonist D-APS5 (50 uM), bLTP was unchanged (Fig. 2a), indicating that NMDAR is not
involved in bLTP. We then hypothesized an involvement of type 1 metabotropic glutamate
receptor (mGIuR1) activation, as previously observed for astrocyte-mediated synaptic
plasticity in hippocampal'®1® and striatal circuitries?®. We found that bLTP was abolished in
the presence of the mGIuR1 receptor antagonist LY-367385 (100 uM; Fig. 2a). Then, we
investigated whether nitric oxide (NO), which contributes to long-term synaptic plasticity in
other brain circuits'%29, is also involved. We found that blocking NO synthesis in the bursting
DA neuron using an NO synthase inhibitor (L-NAME)-containing patch pipette (100 uM),
abolished bLTP (Fig. 2a). However, a transient EPSC potentiation, that was absent in the
presence of the other antagonists which block bLTP (Extended Data Fig. 2a), was observed
6 min after DA neuron bursts, suggesting that NO release by DA neurons contributes to the
sustained phase of bLTP.

We asked whether CB1 and D2R activation, which is required for bLTP generation,
is also required for DA neuron burst-induced astrocytic Ca?* elevations. We found that the
astrocyte Ca?* response to DA neuron bursts was abolished in the presence of either AM251
or eticlopride (Fig. 2b). We next asked whether mGluR1 activation, which is required for
bLTP generation, is mediated by astrocytic glutamate. In such a case, the mGIuR1
antagonist LY-367385 should not block the astrocyte Ca®* response to DA neuron bursts.
As expected, the Ca?* response of astrocytes was unaffected by LY-367385 (Fig. 2b).
Therefore, mGIuR1 activation plays a crucial role in bLTP generation downstream of
astrocyte Ca?* signals. Finally, we found that after blocking NO synthesis, DA neuron bursts

evoked in astrocytes only a transient Ca?* response (Fig. 2b and Extended Data Fig. 2b),
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indicating that NO release by DA neurons contributes to astrocyte Ca?* signal dynamics, as
previously reported.

In support of the role of astrocytic CB1 and D2-type receptors in bLTP generation,
pre-embedding electron microscope (EM) experiments showed that, besides neurons
(Extended Data Fig. 3a, Table 1), astrocytes express CB1 and D2-type receptors (D2, D3
and D4R, Fig. 2c, Extended Data Fig. 3b, Table 1 and 2). According to our post-embedding
quantitative EM analysis of CB1/D2R immunogold double-labelled astrocytic processes,
CB1 and D2Rs colocalize at perisynaptic processes at variable distances (Fig. 2d, e, mean
distance: 532.2 + 49.7 nm), indicating that the same astrocyte can sense both eCBs and
DA. Pre-embedding EM analysis also revealed that the mGIuR1( isoform is expressed at
axon terminals making asymmetric synaptic contacts (Fig. 2c; Extended Data Fig. 3c, Table
2 and 3), consistent with a presynaptic mechanism of bLTP, as suggested by PPR reduction.

Taking all these results together, we propose that bLTP in the VTA circuitry of female
mice is evoked by the following sequence of events (Fig. 2f). Firstly, DA neuron bursting
activity induces the somatodendritic release of eCBs, DA and NO; secondly, activation of
CB1 and D2Rs in astrocytes triggers IP3sR2-dependent Ca?* elevations, modulated by
neuronal NO, and a subsequent glutamate release; thirdly, presynaptic mGIluR1 activation
by astrocytic glutamate, possibly coupled with NO actions on neurons, induces a sustained
increase in glutamate release probability leading to bLTP of excitatory transmission onto

adjacent DA neurons.

Differential expression of DA, CB1 and mGluR1 receptors in the VTA of young male
and female mice. The bLTP was absent in the VTA of young male mice where astrocytes
failed to response with Ca?* elevations to DA neuron burst. We hypothesized that the lack
of astrocyte Ca?* responses is due to absence or lower levels of CB1 and/or D2Rs in male

with respect to female mice. Our pre-embedding EM experiments showed that astrocytes
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from male mice express CB1, D2, D3 and D4Rs (Fig. 3a and Extended Data Fig. 3a, d).
Quantitative evaluation revealed, however, that the expression of CB1 and D2Rs is higher
in astrocytic processes of female than male mice (P < 0.0001 and P = 0.033, respectively;
Fig. 3a and Table 2), whereas that of D3Rs is higher in male than female mice (P < 0.0001,
Extended Data Fig. 3d and Table 2). Furthermore, the percentage of axon terminals
expressing mGIuR 1 in female mice is twice that observed in male mice (P = 0.016; Fig. 3a,
Extended Data Fig. 3c and Table 2). Therefore, the lack of bLTP in male mice is likely due
to a defective astrocyte Ca?* response to DA neuron signalling caused by reduced
expression of CB1Rs and different pattern and density of D2/D3Rs in the astrocytic
membrane, coupled to mGluR1f reduction which affects the ability of astrocytic glutamate

to regulate release probability at glutamatergic axon terminals.

Selective chemogenetic activation of astrocytes rescues bLTP in young male mice. If
the lack of bLTP in male mice is due, at least in part, to a lack of astrocyte Ca?* responses
to DA neuron bursts, we expect bLTP to be rescued by stimulating astrocyte Ca?* elevations.
As a specific stimulus, we used chemogenetic activation of Gq protein-coupled designer
receptor exclusively activated by designer drugs (DREADDs, hM3D(Gq)) that were
selectively expressed in astrocytes (Fig. 3b, ¢ and Extended Data Fig. 4). In VTA slices from
mice that express both DREADDs and GCaMP&6f in VTA astrocytes, we observed that bath
perfusion with the hM3D(Gq) agonist clozapine N-oxide (CNO, 10 uM) evoked transient
Ca?* elevations in hM3D(Gq)-expressing astrocytes (Fig. 3d). In agreement with this
transient astrocyte response, parallel experiments performed in the presence of the CB1
and D2R antagonists, AM251 and eticlopride, revealed that CNO evoked in male mice
expressing hM3Dq in astrocytes, but not in non-injected control mice, a short-lasting
potentiation of the excitatory transmission (Fig. 3e), which became a bLTP lasting at least
30 min after coupling CNO with DA neuron burst firing (Fig. 3f). These results further suggest
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that NO is required for bLTP generation. Given that these experiments were performed in
the presence of CB1 and D2R antagonists, these results further support that bLTP

generation depends on astrocytic rather than neuronal CB1 and D2Rs.

Astrocytes induce bLTP in the VTA of both female and male adult mice. We next
investigated whether the astrocyte-mediated bLTP observed in young mice is also present
in young adulthood. We found that in VTA slices from adolescent/adult mice (P30-70, to
simplify hereafter adult mice), DA neuron bursts evoked in adjacent DA neurons a bLTP
that was maintained for at least 30 min after bursts (Fig. 4a). In contrast to data obtained
from young mice, the bLTP in adult mice was observed in both female and male (Fig. 4a).
The presence of bLTP in adult male mice could be due to a developmentally regulated
expression of CB1, D2 and/or mGIuR1B receptors. Quantitative analysis from pre-
embedded material of adult male mice showed that the levels of CB1Rs at astrocytic
processes and mGIuR1p at glutamatergic terminals are, indeed, higher in adult compared
to young male mice, while the levels of D2Rs are comparable (Fig. 4b, Table 4). In
agreement with the presence of bLTP in both female and male adult mice, quantitative
evaluation of mGIuR1p3, CB1 and D2 receptor expression revealed comparable levels in
these mice (Fig. 4b, Extended Data Fig. 5, Table 4). Together with data presented in figure
3f, these results suggest that the absence of bLTP in young male mice is mainly due to
CB1R low expression in astrocytic membranes.

The mechanism of bLTP generation in adult mice is similar to that in young female
mice, because it was abolished by specific D2, CB1 or mGluR1 receptor antagonists
(Extended Data Fig. 6). To further confirm the role played by astrocytic D2 and CB1Rs, we
injected the AAV9/2-hGFAP-mCherry_iCre-WPRE-hGHp into the VTA of male mice
carrying a “floxed” version of either the D2 or the CB1R genes, to express the Cre

recombinase in VTA astrocytes (Fig. 4c). Immunohistochemical experiments showed that
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the great majority of mCherry-Cre-immuno positive cells were also GFAP-positive and only
a very few mCherry-Cre-immunopositive cells were NeuN-positive (Fig. 4d, Extended Data
Fig. 7a, b). As a control, we injected the same AAV vector in wt male mice. We found that
bLTP was abolished when the Cre recombinase was expressed in astrocytes containing the
D2 or CB1R floxed gene, whereas it could still be evoked when the recombinase was
expressed in wt astrocytes (Fig. 4e; see also specific comments on Discussion). Finally, as
in young female mice, bLTP in adult male mice was abolished when the NO synthase
inhibitor L-NAME was included in the patch pipette (Extended Data Fig. 6), and only a
reduced transient potentation lasting no more than 6 min (EPSC amplitude (%) temin = 112.7
+4.4,p=0.028, n = 7) was observed. Altogether, these data indicate that the astrocyte-
mediated bLTP observed in young female mice is preserved in older female mice and is

also present in adult male mice with similar cellular and molecular mechanisms.

bLTP is abolished in adult IP3R2” mice expressing a plasmatic Ca?* pump in
astrocytes. To further explore the role of astrocyte Ca?* signals in bLTP during adulthood,
we performed DA neuron-paired recording experiments from VTA slices of adult IPsR27
female and male mice. In both groups, the amplitude of evoked EPSCs showed an increase
at 30 min after DA neuron bursts that was not statistically significant (Extended Data Fig. 8).
However, after pooling results obtained from both female and male IP3R27- mice together,
we observed a statistically significant potentiation of the excitatory transmission at 30 min
(Fig. 49). Consistently, after pooling results obtained from female and male mice together
as wt or IPsR27 groups, the percentage of experiments showing bLTP was different (p <
0.05, Chi square test, 85.7 % female/male wt mice, n = 14, vs 44.4 % female/male IPsR2"
mice, n = 18). These results suggest that the deletion of IPsR2 has a lower impact on
astrocyte Ca?* signal dynamics in adult than young mice and additional experimental tools

affecting Ca?* signalling are needed to impair the Ca?* dependent astrocytic actions in adult
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mice. To validate this idea, we expressed in astrocytes from IP3sR27- mice the plasma
membrane Ca?* pump isoform hPMCA2w/b that significantly reduced Ca?* signals in these
cells®! (Fig. 4f and Extended Data Fig. 7c, d). We found that bLTP generation was fully
impaired both in female and male IP3R27 mice that expressed hPMCA2w/b in VTA
astrocytes (Fig. 4g and Extended Data Fig. 8). Therefore, Ca?* signaling is crucial for bLTP
generation also in adult mice, but the impairment of the IPsR2-mediated signalling in these

mice is not sufficient to block astrocyte Ca?*-dependent actions.

In vivo activation of VTA astrocytes favors DA neuron bursts and induces long-lasting
motor hyperactivity. Glutamatergic synapses in the VTA circuitry modulate the firing
activity of DA neurons and their potentiation, mainly mediated by NMDARSs, enhances the
burst firing in DA neurons thereby playing a key role in DA-dependent function and
dysfunction’-%2, Because astrocytes, as we show here, also induce a potentiation of these
glutamatergic synapses, we next investigated whether in vivo astrocyte activation increases
the burst firing mode of VTA DA neurons and eventually affects behavior. We injected AAV9-
GFAP-hM3D(Gq)-mcherry or AAV5.GfaABC1D.cyto-tdTomato.SV40 in the VTA of adult
male mice (Fig. 5a), specifically targeting astrocytes via the GFAP promoter (Extended Data
Fig. 9). Astrocytes were activated through brief pressure pulses applied to a CNO-containing
glass pipette, while recording the firing activity from individual VTA neurons that exhibit the
typical features of DA neurons (Fig. 5a, b). Consistent with the astrocyte-mediated
enhancement of glutamatergic transmission to DA neurons observed in VTA slices, VTA
astrocyte activation by CNO increased the bursting discharges of all putative DA neurons
that persisted for at least 10 min ( Fig. 5c, e-f) and it also increased the overall firing rate in
5 out of 7 DA neurons (Fig. 5g, h). In contrast, the firing mode of DA neurons in tdTomato-

expressing mice was unaffected by CNO, in terms of percentage of spikes in bursts and
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firing rate (Fig. 5d-h). These in vivo data show that VTA astrocytes exert a direct control on
DA neuron firing activity.

We then asked whether the selective activation of VTA astrocytes, that increases the
burst firing of VTA DA neurons, could influence DA-dependent physiological functions. We
focused on motor activity, which is known to be controlled by DA. Notably, recent studies
revealed that DA neurons of the VTA, and not those of the Substantia Nigra (SN), play a
major role in the induction of motor hyperactivity33334. Locomotion in an open field arena
was tested in male mice given bilateral VTA injections of AAV9-GFAP-hM3D(Gq)-mCherry
(hM3D) or AAV8-GFAP-GFP (GFP) (Fig. 6a, b). Thirty min after intraperitoneal injections,
CNO induced a locomotor hyperactivity in hM3D-injected mice as compared to GFP control
mice (Fig. 6¢c-e). The time spent at the center was similar in the two groups (Fig. 6f),
suggesting no major effects on anxiety-like phenotypes. Interestingly, the sustained
locomotor hyperactivity was still observed in hM3D mice 48 hrs after the CNO treatment
(Fig. 6¢-e). Overall, these in vivo data show that activation of astrocytes in the VTA

enhances DA neuron firing activity and induces long-lasting motor hyperactivity.

DISCUSSION

The present study shows that astrocytes of the VTA, a key area in DA-dependent functions,
respond with Ca?* elevations to eCBs and DA released by DA neurons and, in turn, induce
a long-lasting potentiation of glutamatergic synapses onto adjacent DA neurons. The
induction of this novel form of astrocyte-mediated plasticity is independent on NMDAR
activation and requires astrocytic Ca?* elevations, presynaptic mGluR1 activation and NO
signalling. We also show that astrocyte activation in vivo increases the burst and the overall

firing rate of DA neurons and induces locomotor hyperactivity. These results indicate that
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astrocytes play a key role in the modulation of VTA DA neuron circuits that control DA-
dependent physiological functions.

Astrocytes have been shown to respond with Ca?* elevations to synaptic
neurotransmitters and release gliotransmitters that contribute to sensory information
processing and behavioral responses'®-1%3538  |n different brain regions, including
hippocampus, dorsal striatum and neocortex, eCBs released by neurons at the somato-
dendritic level also recruit astrocytes evoking CB1R-mediated Ca?* elevations and
gliotransmitter release that modulates synaptic transmission'®20-39, The present results
show that in the VTA, activation of both CB1 and D2Rs is required for astrocytic Ca?*
elevations in response to DA neuron bursts and that these Ca?* elevations in astrocytes are
crucial for bLTP generation. This is based on the following observations: 1) CB1 and D2Rs
are expressed and closely localized, in the same astrocyte; 2) astrocyte Ca?* response to
DA neuron bursts and bLTP induction are abolished in the presence of specific antagonists
that block either the CB1 or the D2R; 3) DA neuron bursts fail to evoke bLTP following
deletion in VTA astrocytes of either the CB1 or the D2R; 4) bLTP could not be evoked after
the impairment of astrocytic Ca?* elevations downstream the activation of CB1 and D2Rs;
5) bLTP can be rescued in young male mice upon selective chemogenetic activation of
astrocytes coupled to DA burst firing, even in the presence of the CB1 and D2R antagonists.
Notably, the results reported above in points 3-5, provide evidence that activation of
neuronal CB1 and D2Rs is not required for bLTP induction.

It is worth to further comment on results reported in point 3. In our experiments on
mice carrying the “floxed” CB1 or D2 gene and injected in the VTA with AAV9/2-hGFAP-
mCherry_iCre, we observed that the great majority of Cre-positive cells were astrocytes and
only about 5% were neurons (Extended Data Fig. 7). However, this approach may lead to
undetectable expression levels of the Cre recombinase and result in CB1 or D2R deletion

in a higher percentage of neurons#. It is noteworthy, however, that neuronal CB1 and D2Rs
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in the VTA are inhibitory. Indeed, activation of presynaptic CB1 or D2Rs inhibits excitatory
transmission onto VTA DA neurons®'® and activation of postsynaptic D2Rs induces a
hyperpolarization that reduces VTA DA neuron excitability®. Furthermore, D2R activation in
the VTA favors eCB-induced suppression of excitation'®. These well-established inhibitory
actions of neuronal CB1 and D2Rs in VTA circuitry are not consistent with the CB1 and
D2R-dependent bLTP that we describe here and further support that activation of astrocytic
rather than neuronal CB1 and D2Rs is required for bLTP generation.

Recent studies reported that astrocytes in different brain regions, including the VTA,
express D1 and D2-type receptors and respond to bath applied DA stimuli with complex
Ca?* dynamics including regulation of basal cytosolic Ca?* and repetitive Ca?* transients*!~
44 Most interestingly, astrocytes in the NAc respond to synaptically released DA with D1R-
rather than D2R-mediated Ca?* elevations*4. These data confirm that astrocytes of different
brain regions and synaptic circuitries express different receptors that match the specific
signals generated by distinct neuronal activities'3. Consistent with this view, through the low
affinity D1R, NAc astrocytes can sense the transient, high DA concentrations generated by
synaptic release of DA from VTA DA projections®2. Conversely, through the high affinity
D2R32, VTA astrocytes can sense the lower DA concentrations mainly generated in the VTA
by somatodendritic rather than synaptic release and thus be functional targets of DA volume
transmission*®.

An additional specificity of VTA astrocytes is that a cooperativity between CB1 and
D2Rs is necessary for the Ca?* response to DA neuron bursts, being activation of either
CB1 or D2Rs alone insufficient to induce astrocytic Ca®* elevations. Our EM immunogold
experiments provide an ultrastructural background for this cooperativity revealing that CB1
and D2Rs are expressed in the same astrocytes, closely localized at astrocytic processes.
Quantitative analysis from CB1/D2R double-labelled astrocytic processes also reveals that

a group of couples exhibits an edge-to-edge separation < 50 nm, which suggests physical
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interactions between these two receptors and possible formation of heterodimers. Notably,
previous studies reported that D2 and CB1R coactivation in neurons enhances the formation
of CB1/D2R heterodimers'”-46. Furthermore, we recently showed that coactivation of GABAb
and Somatostatin receptors in neocortical astrocytes confers signalling specificity between
different interneuron subtypes and astrocytes*’. A cooperativity between different G-protein
coupled receptors may, therefore, be a general functional feature in the astrocyte response
to neuronal signals. Overall, CB1/D2R-expressing astrocytes in the VTA are fine-tuned to
sense eCB and dopamine releasing bursting neurons and extent excitation to neighboring
DA neurons through lateral potentiation of glutamatergic transmission. These results provide
further evidence for circuit- and synapse-specificity of neuron-astrocyte reciprocal signalling
in the brain3.

The astrocyte-mediated bLTP is absent in young male mice in which DA neuron
bursts fail to elevate Ca?* in astrocytes. Our data suggest that this failure is mainly due to a
lower expression of astrocytic CB1Rs in young with respect to adult male mice showing
regular bLTP. Importantly, bLTP could be rescued in young male mice by coupling DA
neuron bursts with Ca?* elevations evoked by CNO in hM3D-expressing astrocytes. These
results further support a crucial role of astrocytic Ca2* signals in bLTP induction mechanism.
It is noteworthy that the expression of mGlu1R in excitatory terminals is also significantly
lower in young with respect to adult male mice, suggesting that a defective neuronal
response to astrocytic glutamate may also contribute to the absence of bLTP in young male
mice.

In hippocampus, transient enhancement of excitatory transmission induced by
astrocytic glutamate becomes a long-lasting event when coupled with neuronal NO
release’®. A similar mechanism appears operative in the VTA where in the absence of NO

only a transient (6 min) enhancement of glutamatergic transmission was observed.
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Therefore, NO released by burst firing DA neurons is required for the sustained phase of
bLTP.

Astrocytic Ca?* signalling is required for bLTP generation in both young female and
adult mice. However, while the mechanism downstream the astrocyte Ca?* signaling
remains similar, IPsR2 deletion in adult mice is insufficient to abolish bLTP. This finding
reveals an increased complexity in the regulatory mechanisms of astrocytic Ca* dynamics
during development with contribution of signalling pathways other than the IPsR2-mediated
pathway?”48, From these observations it also follows that negative results on the role of
astrocytic Ca?* signaling in IPsR27- adult mice must be interpreted with caution.

Transient and/or persistent potentiation of glutamatergic synapses, fundamentally
mediated by NMDAR activation, regulate the burst firing mode of VTA DA neurons that plays
a pivotal role in DA-dependent behaviors'32. The novel form of astrocyte-mediated
potentiation described here may integrate with these other forms of NMDAR-dependent
plasticity that favor the burst firing of DA neurons. Consistent with this view, we report that
in vivo astrocyte activation enhances DA neurons bursts and leads to a long-lasting
locomotor hyperactivity that recent studies revealed to depend on VTA rather than SN DA
neuron activity33334, Present results also suggest that activation of astrocytes by burst firing
DA neurons and the consequent lateral potentiation of glutamatergic synapses, may
represent a strategy used by individual DA neurons to expand the burst firing mode to
neighboring DA neurons. Hence, it is possible that, through the fundamental recruitment of
astrocytes, an isolated, high bursting DA neuron favors the formation of spatially defined
clusters of coactive DA neurons that have been proposed to convey essential information
about a specific subset of behavioral variables to target regions*®. Further specifically
designed experiments are necessary to validate this hypothesis.

Present results show that in the VTA circuitry, astrocyte signaling induces a long-

lasting potentiation of glutamatergic synapses to DA neurons, increases the burst firing

16



409

410

411

412

413

414

415

416

417

mode of DA neurons and favors locomotor hyperactivity thereby revealing an astrocyte-
mediated mechanism in the control of DA neuron activity and DA-dependent behaviors. Our
study also paves the way to future investigations examining whether dysregulations of DA
neuron-astrocyte reciprocal communication within the VTA may contribute to the
development of psychiatry disease states including motivation disorders, psychiatric
disorders with a strong motor component, such as attention-deficit/hyperactivity disorder,

and drug addiction.
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METHODS

Animals and brain slice preparation. Animal care, handling and procedures were carried
out in accordance with National (D.L. n.26, March 14, 2014) and European Community
Council (2010/63/UE) laws, policies, and guidelines, and were approved by the local
veterinary service. Horizontal VTA slices (240 um) were obtained from both male and female
C57BL/6J wild type (wt) mice and inositol 1,4,5-triphosphate-type 2 receptor (IP3R2)
knockout mice (IP3sR27)%0, and from male CB1R-5' and D2R-flox5? mice, at P14-17 (young
mice) or P30-70 (adolescent/adult mice, to simplify adult mice). Animals were anesthetized
with isofluorane, the brain removed and transferred into an ice-cold artificial cerebrospinal
fluid (ACSF) containing (in mM): 125 NaCl, 2 KCI, 2 CaClz, 1 MgClz, 25 glucose, 25 NaHCOs,
1.25 NaH2PO4, pH 7.4 with 95% 02-5% COz. Slices were cut with a vibratome (Leica
Vibratome VT1000S Mannhein, Germany) in the ice-cold solution described in Dugue at al.
200552 containing (in mM): 130 KGluconate, 15 KCI, 0.2 EGTA, 20 HEPES, 25 glucose, 2
Kynurenic acid. Slices were then transferred for 1 minute in a room-temperature solution
containing (in mM): 225 D-mannitol, 2.5 KCI, 1.25 NaH2PO4, 26 NaHCOg3, 25 glucose, 0.8
CaClz, 8 MgClz, with 95% 02-5% COs2. Finally, slices were transferred in ACSF at 32°C for

15-20 minutes and then maintained at room temperature for the entire experiment.

Electrophysiological recordings and extracellular stimulation. Brain slices were
continuously perfused in a submerged chamber with recording solution containing (in mM):
NaCl 120; KCI 2; NaH2PO4 1; NaHCO3 26; MgClz 1; CaClz 2; glucose 10; pH 7.4 (with 95%
02-5% COg2). Picrotoxin (50 uM) was added to block GABAa receptor currents. When
indicated, other antagonists were bath applied with the recording solution. Cells were
visualized with an Olympus FV1000 microscope (Olympus Optical, Tokyo, Japan).

Conventional VTA DA neurons were recorded in the lateral part of the region medial to the
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medial terminal nucleus of the accessory optical tract (mt, Fig. 1)>%*. DA neurons from the
lateral VTA were identified on the basis of their distinct morphology characterized by a large
and elongated soma with no particular dendritic orientation and the presence of the following
electrophysiological properties: a low-frequency tonic firing, a large In current elicited by
hyperpolarizing steps'® and a slow depolarizing potential during current step injections®
(Extended Data Fig. 1 b-d). Simultaneous electrophysiological whole-cell patch-clamp
recordings from two DA neurons (distance of the somata, 70-120 um) were made. Patch
electrodes (resistance, 3-4 MQ) were filled with an internal solution containing (in mM): K-
gluconate, 135; KCI, 70; Hepes, 10; MgClz, 1; Na2ATP 2 (pH 7.4 adjusted with KOH, 280-
290 mOsm/L). Recordings were obtained using a multiclamp-700B amplifier (Molecular
Device, Foster City, CA, USA). Signals were filtered at 1 kHz and acquired at 10 KHz
sampling rate with a DigiData 1440A interface board and pClamp 10 software. Series and
input resistances were monitored throughout the experiment using a 5 mV pulse.
Recordings were considered stable when the change of series and input resistances were
below 20%. Cells that do not meet these criteria were discharged. Theta capillaries filled
with recording solution were used for bipolar stimulation. To stimulate glutamatergic
afferents, electrodes were connected to an S-900 stimulator through an isolation unit and
placed 100-200 um rostral to the recording electrode (Extended Data Fig. 1a). Paired pulses
(50 ms intervals) were delivered at 0.33 Hz. Excitatory post-synaptic currents (EPSCs) were
recorded while holding the membrane potential at -70 mV. Stimulus intensity was adjusted
to evoke 30-50 % maximal EPSCs. The EPSC amplitude was measured as the peak current
amplitude (2-9 ms after stimulus) minus the mean baseline current (100 ms before stimulus).
To illustrate the mean EPSCs time course, values were grouped in 3-min bins (i. e. mean
EPSCs from 60 stimuli). Changes in mean EPSCs in the first DA neuron were monitored
after imposing a burst or a tonic firing pattern to the second DA neuron (70-120 mm apart).

Burst firing pattern was imposed in current-clamp mode, through injections of intracellular
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current pulses, with 5-pulse 20 Hz burst, every 500 ms for 5 min (Extended Data Fig. 1e)%3.
Tonic firing was imposed with individual current pulses applied at 2 Hz for 5 minutes??
(Extended Data Fig. 1e). During the burst/tonic firing the extracellular stimulation was
switched off. In electrophysiological experiments, time 0 indicates the end of the burst/tonic
firing. For statistical analysis of short-term effects, mean EPSCs from 120 stimuli applied
before (basal) and mean EPSCs from 60 stimuli applied during the first 3 min after the firing
protocol (burst or tonic firing pattern) were compared. For statistical analysis of long-term
effects, mean EPSCs from 120 stimuli applied before (basal), 24-30 min (indicated as 30
min time point in the bar chart) or 39-45 min (indicated as 45 min time point in the bar chart)
after the firing protocol were compared. In young adult mice only the long-term effect at the
time point of 30 min was analyzed due to the difficulty of obtaining long-lasting recordings
in tissues from these mice. Paired-pulse ratio (PPR) was calculated as 2" EPSC/1st EPSC
and evaluation of the PPR before and after the burst firing protocol was used to identify the

pre- or postsynaptic locus of the bLTP.

Dye loading and Ca2* imaging experiments. Slices were loaded with the astrocyte specific
marker Sulforhodamine 101 (SR101) (0.3 uM, Sigma Aldrich, Milano) in ACSF at 32°C for
15 minutes. Then, slices were loaded for 45 min at room temperature with the Ca?* sensitive
dye Fluo4-AM (7,6 uM, Life Technologies, Monza, IT) in an ACSF solution containing
pluronic F-127 (0.0067%, Sigma Aldrich, Milano, IT) and bubbled with 95% 0O2-5% COa.
Ca?*imaging experiments were conducted with a confocal laser scanning microscope TCS-
SP5-RS (Leica Microsystems, GmbH, Wetzlar, Germany) equipped with two solid state
lasers tuned at 448 nm and 543 nm (to image Fluo-4 and SR101 fluorescence, respectively)
and a 20x objective (NA, 1.0). Images were acquired with a 0.5 Hz frame rate for 90s, with
time intervals of 5 min between recordings. Image sequences were processed with ImagedJ.

Regions of interest (ROIs) were drawn around cellular somata using the red SR101 signal.
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Ca?* events were estimated as changes of the Fluo-4 fluorescence signal over baseline
(AF/Fo = (F(t)-Fo)/Fo). A fluorescence increase was considered a significant event when it
exceeded two times the standard deviation from the baseline. Astrocyte Ca®* responses
were quantified by analyzing the probability of occurrence of Ca?* spike by detecting the
onset of Ca?* elevations (Ca?* spikes) during the recording period. To investigate the
astrocyte response to the burst firing of DA neurons, a DA neuron was patch with an
intracellular solution (see details before) containing the fluorescent tracer Neurobiotin 488
(65 uM, Vector Laboratories, Inc, USA) to visualize neuronal soma and dendrites. To obtain
the time course of the Ca?* spike probability index reported in figures 1 and 2, the number
of astrocytic Ca®* spikes for each recording period was divided by the number of SR101-
positive astrocytes in proximity (around 50 um) to Neurobiotin 488-filled DA neuron soma
and dendrites. After three basal recordings, a burst firing pattern was imposed to the DA
neuron (in current-clamp mode, through injections of intracellular current pulses, with 5-
pulse 20 Hz burst, every 500 ms for 5 min) and the quantification of the Ca?* spike probability
was resumed 4.5 min after the initiation of the burst firing. In Ca2* imaging experiments, time
0 indicates the start of the burst firing. For statistical analysis, a mean value of the Ca?* spike
probability/min per slice was calculated at basal conditions (mean of the three basal
recordings) and after DA neuronal burst firing (mean of 4 consecutive recordings after the
burst firing, the first at a time point of 4.5 min after the burst firing and the last at a time point
of 24 min after the burst firing). When indicated, Ca?* imaging experiments were performed
in slices expressing the genetically encoded Ca?* indicator GCaMP6f and the Gq protein-
coupled designer receptor exclusively activated by designer drugs (DREADDs) hM3D in
astrocytes (for AAVs delivery details see below). In these experiments, Ca?* elevations were
evoked by bath perfusion of the hM3D agonist clozapine N-oxide CNO (10 uM) 2.5 min after

the start of the burst firing. A mean time course of the Ca?* response to CNO was calculated
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by plotting the AF/Fo of a ROI drawn around the entire recording field. Then, plots were

aligned for the Ca?* peak to calculate the mean time course of the Ca?* response to CNO.

AAVs delivery. We bilaterally injected in the VTA of C57BL6J wild-type male mice, at
postnatal days 0-2 or 28-30, the viral vector ssAAV-9/2-hGFAP-hM3D(Gqg)_mCherry-
WPRE-hGHp(A) (VVF-UZH, Zurich, Switzerland, 4.6 x 10E12 viral genomes (vg)/ml), that
contains the astrocytic promoter to selectively express in astrocytes the mCherry-tagged,
Gg-coupled Designer Receptors Activated Only by Designer Drugs (DREADD) hM3D. Two-
three weeks after injection, we performed electrophysiological experiments in brain slices
from juvenile mice (P14-17) and in vivo single unit recordings in adult mice (P45-50). As
control for single unit recording experiments, in the VTA of wild-type male mice we bilaterally
injected the viral vector AAV5.GfaABC1D.cyto-tdTomato.SV40 (Addgene, USA, 2.4x 10E13
vg/ml), that carries the astrocytic promoter GfaABC1D to express selectively in astrocytes
the tdTomato marker. In a group of PO-P2 mice, both ssAAV-9/2-hGFAP-
hM3D(Gqg)_mCherry-WPRE-hGHp(A) and AAV5.GfaABC1D.cytoGCaMP6f.SV40
(Addgene, USA, 1.81 x 10E13 genome copies/ml) viral vectors were injected together to
assess the Ca?* responses evoked in astrocytes after activation of hM3D, using the Ca?*
indicator GCaMP6f. To selectively express the Cre recombinase in astrocytes, injections of
the viral vector ssAAV9/2-hGFAP-mCherry_iCre-WPRE-hGHp(A) (VVF-UZH, Zurich,
Switzerland, 5.2 x 10E12 vector genomes/ml) carrying the astrocytic promoter GfaABC1D
were bilaterally performed in the VTA of P 28-30 male mice containing the D2R or the CB1R
floxed gene. As control mice, the same viral vector was injected in age-matched C57BL6J
wild-type mice. Brain slice electrophysiological experiments were performed 4 weeks after
injection. AAV5.GfaABC1D.mCherry.nPMCA2w/b.SV40 (Penn Vector Core, USA, 1.14 x
10E13 genome copies/ml) was bilaterally injected in the VTA of both female and male IPsR2-

- mice, at postnatal days 28-30, to selectively express in astrocytes the Ca?* pump
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hPMCA2w/b?'. Brain slice electrophysiological experiments were performed 4 weeks after
injection. AAV5.GfaABC1D.mCherry.n PMCA2w/b.SV40 was injected without previous
dilution. The other viral vectors were diluted to 50% in ACSF before injection. When two viral
vectors were injected, both vectors were present at a 1:1 ratio. The coordinates for viral
injections were (in mm): AP 0.1, ML £ 0.15, DV -3.8 from lambda for P0O-2 mice; AP -3.0, ML
+ 0.5, DV -4.4 from Bregma for P28-30 mice. For injections in PO mice, animals were
anesthetized by hypothermia for three minutes and fixed into a modeled platform. Using a
manually graduated pull glassed pipette, connected to a costume-made pressure injection
system, we punch the skull bilaterally and injected a total volume of 350 nl containing the
viral vector. After injection, the skin was sutured and mice were revitalized under a heat
lamp before returning to their cage. For injections in P28-30 mice, animals were
anesthetized with isoflurane (induction 4-5%, maintenance 1-2%). Depth of anesthesia was
assured by monitoring respiration rate, eyelid reflex, vibrissae movements, and reactions to
pinching the tail and toe. After drilling two holes into the skull over the VTA, we injected a
total volume of 500 nl by using a pulled glass pipette connected to a peristaltic pump, at a
rate of 100 nl/min. Pipette was kept for 10 minutes in the tissue before slow withdrawal. After
injections, the skin was sutured and mice were revitalized under a heat lamp and returned

to their cage.

Immuhistochemistry and cell counting. For the evaluation of the number of mCherry
expressing astrocytes and neurons we prepared 70 pm thick brain slices from young and
adult animals injected with ssAAV-9/2-hGFAP-hM3D(Gqg)_mCherry-WPRE-hGHp(A),
ssAAV9/2-hGFAP-mCherry_iCre-WPRE-hGHp(A) or AAV5.GfaABC1D.mCherry.hPMCA2
w/b.SV40. Mice were euthanized with 5% isoflurane and transcardially perfused with PBS
followed by ice-cold 4% PFA in PBS. Brains were removed and postfixed overnight at 4°C

in the same fixative solution. Horizontal brain slices were obtained with a VT1000S
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vibratome (Leica), collected as floating sections and blocked for 1 hr in the Blocking Serum
(BS: 1% BSA, 2% goat serum and 1% horse serum in PBS) and 0,2% TritonX-100. After
blocking, sections were incubated (overnight at 4°C) with the following primary antibodies in
BS plus 0,02% Tx-100: anti-NeuN (RRID:AB_2298772, 1:200 mouse,
Thermofisher_Millipore  MAB377), anti-glial fibrillary  acidic protein  (GFAP,
RRID:AB_10013382, 1:400 rabbit, Dako Agilent , Z0334), anti-S100B (RRID:AB_2315306,
1:400 rabbit, Dako Agilent, Z031129), anti-glutamate transporter 1 (GLT1, RRID:AB_90949,
1:400 guinea pig, Abcam, AB1783); prefixed in 50% methanol in PBS per 15 minutes). After
washing with PBS, slices were incubated for 2 hr at room temperature with secondary
antibodies conjugated with AlexaFluor-488 (1:500; A21202 donkey anti-mouse; A21206
donkey anti-rabbit; A11073 goat anti-guinea pig, Invitrogen Thermo-Scientific). To evaluate
mCherry positive cells, we directly evaluate the red fluorescence of infected slices. Only for
IPsR27- mice injected with AAV5.GfaABC1D.mCherry.nPMCA2w/b.SV40, we performed
double immunofluorescence of NeuN (or GLT1) together with anti-RFP (RRID:AB_2209751,
1:1000 rabbit, Rockland , 600-401-379). In this case, secondary antibodies were anti-mouse
(or anti-guinea pig) AlexaFluor-488 conjugated together the anti-rabbit AlexaFluor-555
conjugated (A21430 donkey anti-rabbit, Invitrogen Thermo-Scientific, 1:500). Slices were
then washed and nuclei were stained with Top-Ro3 (Invitrogen Thermo-Scientific, 1:1000).
Negative controls were performed in the absence of the primary antibodies. We used a TCS-
SP5-RS laser scanning microscope (Leica, Germany; 20x NA1x/W objective) to acquire
sequential three channels, confocal image z-stacks (1 um z-step, 456,33x456,33 um) and
Imaged for double-labeled cell counting. We counted mCherry-positive cells and then we
evaluated the percentage of mCherry-positive cells that were neurons (mCherry+/NeuN+)
or glial cells. VTA from both hemispheres of injected animals was evaluated in at least two

mice for each group.
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Pre- and post-embedding electron microscopy. Animals. Seven P16 and four P50
C57BL/6 mice (3 females, 4 males for P16; 2 females and 2 males for P50) were used. Mice
were anesthetized with an intraperitoneal injection of chloral hydrate (300 mg/kg) and
perfused transcardially with a flush of saline solution followed by 4% freshly depolymerized
paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Brains
were removed, post-fixed in the same fixative (for 48 hrs), and cut on a Vibratome in 50 um
serial horizontal sections from the midbrain which were collected in PB until processing®®.
Horizontal sections were through the dorso-ventral extent of ventral tegmental area (VTA)
resulting in 7-8 sections per series. In order to verify the dorso-ventral extension of VTA, a
pilot series of sections from a male mouse, were immuno-processed for tyrosine-
hydroxylase (primary antibodies from Millipore, AB1542, RRID:AB_90755%; 1:500) and for
Nissl staining. In immunoreacted sections (see data collection and analysis) lateral VTA was
identified as the region medial to the medial terminal nucleus of the accessory optical tract®-%
(MT). Information on antibodies used for electron microscopy are reported in Table 1.
Immunoperoxidase and pre-embedding procedures. Sections were treated with H202
(1% in PB; 30 min) to remove endogenous peroxidase activity, rinsed in PB and pre-
incubated in 10% normal goat serum (NGS, 1 hr; for mGLUR1a, mGlurip, D2, D3, D4) or
in 10 % normal donkey serum (NDS, 1 hr; for CB1). Sections were then incubated in a
solution containing primary antibodies (see Table 1 for dilutions; 2 hrs at room temperature
[RT] and overnight at 4°C). The following day, sections were rinsed 3 times in PB and
incubated first in 10% NGS or 10% NDS (15 min) and then in a solution containing
secondary biotinylated secondary antibodies (see Table 1 for dilutions; 1.5 hr at RT).
Sections were subsequently rinsed in PB, incubated in avidin-biotin peroxidase complex
(ABC Elite PK6100, Vector), washed several times in PB, and incubated in
3,3'diaminobenzidine tetrahydrochloride (DAB; 0.05% in 0.05 M Tris buffer, pH 7.6 with
0.03% H202). Method specificity was verified by substituting primary antibodies with PB or
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NGS. As previously described®® after completion of immunoperoxidase procedures,
sections were post-fixed in 1% osmium tetroxide in PB for 45 m and contrasted with 1%
uranyl acetate in maleate buffer (pH 6.0; 1 h). After dehydration in ethanol and propylene
oxide, sections were embedded in Epon/Spurr resin (Electron Microscopy Sciences,
Hatfield, PA, USA), flattened between Aclar sheets (Electron Microscopy Sciences) and
polymerized at 60°C for (48 hrs). Chips including lateral VTA were selected by light-
microscopic inspection, glued to blank epoxy and sectioned with an ultramicrotome (MTX;
Research and Manufactoring Company Inc., Tucson, AZ, USA). The most superficial
ultrathin sections (~60 nm) were collected and mounted on 300 mesh nickel grids, stained
with Sato’s lead and examined with a Philips EM 208 and CM10 electron microscopes
coupled to a MegaView-II high resolution CCD camera (Soft Imaging System). To minimize
the effects of procedural variables, all material from P16 and P50 females and males was
processed in parallel.

Post-embedding procedures. Sections were processed for an osmium-free
embedding method®8. Dehydrated sections were immersed in propylene oxide, infiltrated
with a mixture of Epon/Spurr resins, sandwiched between Aclar films, and polymerized at
60 °C for 48 h. After polymerization, chips were cut from the wafers, glued to blank resin
blocks and sectioned with an ultramicrotome. Thin sections (60-80 nm) were cut and
mounted on 300 mesh nickel grids and processed for immunogold labeling®®%°. In brief, after
treatment with 4 % para-phenylenediamine in Tris-buffered saline [0.1 M Tris, pH 7.6, with
0.005 %Tergitol NP-10 (TBST)], grids were washed in TBST (pH 7.6), transferred for 15 min
in 0.25% NDS in TBST (pH 7.6) and then incubated overnight (26°C) in a solution of TBST
(pH 7.6) containing a mixture of anti-D2 and anti-CB1 primary antibodies (see Table 1 for
dilutions). Grids were subsequently washed in TBST (pH 8.2), transferred for 10 min in 0.5%
NDS in TBST (pH 8.2), incubated for 2 hrs (26°C) in TBST (pH 8.2) containing secondary

antibodies conjugated to 18 and 12 nm gold particles, washed in distilled water, and then

26



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

stained with uranyl acetate and Sato’s lead. The optimal concentration of antibodies to D2
and CB1Rs was sought by testing several dilutions; the concentration yielding the lowest
level of background labeling and still immunopositive elements was used to perform the final
studies. Gold particles were not detected when primary antiserum was omitted. When
normal serum was substituted for immune serum, sparse and scattered gold particles were
observed, but they did not show any specific relationship to subcellular compartments.

Data collection and analysis. All data were obtained from lateral VTA of
immunoreacted sections®>4.

For pre-embedding electron microscopy, mGluR1a, mGluR13, CB1, D2, D3, D4R
immunoreactive profiles were studied in ultrathin sections from the surface of the embedded
blocks. Quantitative data derived from the analysis of microscopic fields of lateral VTA (10—
12 ultrathin sections/animal) selected and captured at original magnifications of 12,000x-
30,000x. Microscopical fields from females and males containing positive processes were
randomly selected. Acquisition of microscopical fields and analysis of female and male mice
were performed under blinded conditions.

For the analysis of the distribution of mGluR1a, mGluR1p3, CB1, D2, D3, D4R positive
profiles, subcellular compartments were identified according to well-established criteria®®
(Extended Data Figures and Tables 1 and 2). For quantifying mGluR1a or mGIluR1pB in P16
VTA, and mGluR1p in P50 VTA at axon terminals, synapses exclusively characterized by a
presynaptic terminal with clear and round vesicles nearby the presynaptic density, a synaptic
cleft displaying electron dense material, pre- and postsynaptic membranes defining the
active zone and the post-synaptic specialization, and finally by a prominent postsynaptic
density the asymmetric synapses®6! were sampled (axon terminals making asymmetric
synaptic contacts containing one or more dense core vesicles more likely representative of
co-release of glutamate and others neurotransmitters®2-64 were not included in this group;

Tables 2 and 4).
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For quantifying CB1, D2, D3, D4R at astrocytic processes in P16 VTA, and CB1 and
D2R in P50 VTA, astrocytic profiles were identified based on their typical irregular outlines
and the paucity of cytoplasmic components (with the exception of ribosomes, glycogen
granules and various fibrils®°. For post-embedding electron microscopy, ultrathin sections
(20 ultrathin sections/animal) were examined at 50,000-85,000x and fields that included at
least 1 double immunolabeled astrocytic profile were selected. For determining the relative
density of D2 and CB1Rs at the membranes of double labeled astrocytic profiles, pyramidal
cell nuclei were also identified: gold particles within labeled structures were counted and
areas were calculated using ImagedJ (NIH, Bethesda, MD, USA). Background was calculated
by estimating labeling density over pyramidal cell nuclei®®%5. Particle densities were counted
and compared with background labeling. Gold particles were considered associated with
plasma membrane if they were within 20 nm of the extracellular side of the membrane. To
determine the degree of nearness of D2 and CB1R at the membrane of double-labeled
profiles the edge-to-edge distances between immunogold labeled D2 and CB1R were
measured along the membrane using Imaged and the distribution of the separation
distances between D2 and CB1R was determined*”:59.66-69_|n the cases in which multiple
paths connecting particles gave different inter-distance values, the shortest inter-distance
was selected and used for distribution analysis. Given that gold particles with edge-to-edge
separation distance <50 nm are highly suggestive of physical interactions of two detected
proteins (i.e., a physical coupling complex*7:59.66-69) distribution analysis of the interdistance
between particles was based on bin of 50 nm.

For all microscopy data, normality tests and statistical analyses were performed using

GraphPad Prism Software v.7.0a (San Diego, CA, USA).
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Table 1. Primary and Secondary antibodies

Primary

Secondary

Protein Source . Host Characterizedin  Dilution . Source  Dilution
antibody antibody
mGLURle [ romtier  Rb-Af811 gy Ohtani 1:200  Biotinylated Jackson  1:500
Institute ~ (RRID:AB_257179) et al. 2014* ' '
mGLURI  [1OMUer  Rb-Af250 gy Ohtani 1:100 | Biotinylated Jackson  1:500
Institute ~ (RRID: AB_2616586) et al. 2014° ' '
CB1 Frontier GP-Af530 GP Garcia-Ovejero  1:200IP | Biotinylated Jackson 1:500
Institute  (RRID: AB_2571593) et al. 2013°¢ 1:251G 18 nm gold  Jackson 1:20
- AB5084P Stojanovic 1:100IP | Biotinylated Jackson 1:500
D2 Millipore (RRID:AB_2094980) Rb etal. 20174 1:10 IG 12 nm gold  Jackson 1:20
Solis et al. 2017
D3 Alomone ADR-003 Rb Castro-Hernandez  1:100 Biotinylated Jackson 1:500
(RRID:AB_2039830)
et al. 2015°¢
ar AB324405 Barili ) - .
D4 Millipore (RRIDAB. 56550) Rb et al. 2000" 1:1000 | Biotinylated Jackson 1:500

Abbreviations: IP, immunoperoxidase for pre-embedding electron microscopy; IG,
immunogold for post-embedding electron microscopy.

@ Raised against a synthetic peptide corresponding to AA 945-1127 of mouse mGLUR1a.
Immunoreactivity verified in mGIluR1 knock-out mice.

b Raised against a synthetic peptide corresponding to AA 899-906 of mouse mGLUR1p.
Immunoreactivity verified in mGIuR1 knock-out mice?®.

¢ Raised against the C-terminal 31 AA of mouse CB1. Lack of immunoreactivity in CB1
knock-out mice".

d Raised against a peptide corresponding to 28 AA within the third cytoplasmic loop of
human D2 receptor. Lack of immunoreactivity in D2 knock-out mice’2.

¢ Raised against a synthetic peptide corresponding to AA 15-29 within the extracellular N-
terminus sequence of rat D3 receptor. Lack of immunoreactivity in D3 knock-out mice”374.

 Raised against a synthetic peptide corresponding to AA 176-185 of human D4 receptor.
Immunoreactivity totally abolished by preadsorption of D4 antibodies with immunogen
peptide’®.
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In vivo single unit recordings. C57BL/6J wild-type male mice, injected 2-3 weeks before
with ssAAV-9/2-hGFAP-hM3D(Gq)_mCherry-WPRE-hGHp(A) or AAV5.GfaABC1D.cyto-
tdTomato.SV40, were anesthetized using chloral hydrate (400 mg/kg i.p.), supplemented as
required to maintain optimal anesthesia throughout the experiment, and placed in the
stereotaxic apparatus (Kopf, Germany). Their body temperature was maintained at 36 * 1
°C using a feedback-controlled heating pad. For the placement of a recording electrode, the
scalp was retracted and one burr hole was drilled above the parabrachial pigmented nuclei
of the posterior VTA (AP: - 3.0-3.5 mm from bregma; L: 0.4-0.6 mm from midline; V: 4-5 mm
from the cortical surface) according to the Paxinos and Franklin atlas (2004). Extracellular
identification of putative DA neurons was based on their location as well as on the set of
electrophysiological features that characterize these cells in vivo: (1) a typical triphasic
action potential with a marked negative deflection; (2) an action potential width from start to
end > 2.5 ms; (3) a slow firing rate (< 10 Hz). VTA putative DA neurons were selected only
when all the already published criteria were fulfilled”6-7. Single unit activity of putative DA
neurons was recorded extracellularly using glass micropipettes filled with 2% Chicago sky
blue dissolved in 0.5 M sodium acetate (impedance 3-7 MQ). An injection pipette (20-40 pum
in diameter attached ~150-100 um above the recording tip) was used for simultaneous local
microinjection of CNO (1 mM). Signal was pre-amplified, amplified (Neurolog System,
Digitimer, UK), filtered (band-pass 500-5000 Hz), and displayed on a digital storage
oscilloscope. Experiments were sampled on- and off-line by a computer connected to CED
Power 1401 laboratory interface (Cambridge Electronic Design, Cambridge, UK) running
the Spike2 software (Cambridge Electronic Design, Cambridge).

Single units were isolated and the spontaneous activity recorded for a minimum of 3
min before local application of CNO (1 mM). A total volume of 30-100 nl was infused using
brief (10-100 ms) pressure pulses (40 psi, Picospritzer, Narishige, Japan). One injection

maximum per hemisphere was given. For statistical analysis, we calculated the mean firing
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rate (number of spikes/s) and the percentage of spikes in burst (SiB), before and after CNO
application (in 2-min bins or in the 10 min of recording after CNO application). Bursts were
defined as the occurrence of two spikes at an inter-spike interval of <80 ms, and terminated
when the inter-spike interval exceeded 160 ms®. At the end of the experiment, negative
DC (15 mA for 5 minutes) was passed through the recording electrode to eject Pontamine
sky blue, which allowed the anatomical location of the recorded neuron. Mice were then
euthanized and brains were rapidly removed and fixed in 4% paraformaldehyde solution.
The position of the electrodes was identified with a microscope in coronal sections (100 pm).

Only recordings in the correct area were considered for analysis.

Behavioral test. Viral Injection. C57BL/6J mice were naive and two month-old at the time
of surgery. All mice were anesthetized with a mix of isoflurane/oxygen 2%/1% by inhalation
and mounted into a stereotaxic frame (Kopf). Brain coordinates of viral injections in the VTA
were chosen in accordance with the mouse brain atlas: AP: -3 mm; ML: £ 0.50 mm; DV: -
4.7 mm. The volume of AAV injection (AAV9-GFAP-hM3D(Gq)-mcherry or AAV8-GFAP-
GFP) was 100 nl per hemisphere. We infused virus through a glass micropipette connected
to a 10-pyL Hamilton syringe. After infusion, the pipette was kept in place for 6 min and then
slowly withdrawn.

Locomotor Activity. Mice were tested during first two hours of the dark phase in an
experimental apparatus consisting of 4 grey, opaque open field boxes (40x40x40 cm) evenly
illuminated by overhead lighting (5 = 1 lux). Each session was video recorded with ANY-
maze tracking software (Stoelting Co.) for one hour. In the first day of locomotor activity all
animal received an injection of CNO (3mg/kg) 30 minutes before the beginning of the test;
48 hours later, the animals have been tested for a second time in the same apparatus with

a saline injection.
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Drugs. Picrotoxin 50 uM (SIGMA, Aldrich, Milano, IT); AM251 2-4 uM (Abcam, Cambridge,
UK); eticlopride hydrochloride 1 uM (Abcam, Cambridge, UK); SCH-23390 hydrochloride 10
UM (Abcam, Cambridge, UK); D-AP5 50 uM (Abcam, Cambridge, UK); LY-367385 100 pM
(Abcam, Cambridge, UK); clozapine-N-oxide (CNO) 10 uM (MedChemExpress, USA) and
L-741,626 10 uM (Tocris, Bristol, UK) were bath applied. L-NAME 100 uM (SIGMA, Aldrich,

Milano, IT) was included in the patch pipette.

Data analysis. Data analysis was performed with Clampfit 10.5, Origin 8.0 (Microcal
Software), Microsoft Excel 2010, Imaged (NHI), Sigma Plot 11, ANY-maze tracking software

and GraphPad Prism 7.0a.

Statistical analysis. No statistical methods were used to predetermine sample size. Data
are expressed as mean * standard error of the mean (SEM). Normality test (Shaphiro-Wilk
test) was applied to the data before running statistical tests. Based on the normality test
result, data were analyzed using either parametric (two-tailed Student’s t-test) or
nonparametric tests (Wilcoxon signed-rank test) as appropriate. For electron microscopy
data analysis, Mann-Whitney test and contingency Fisher’s test were used. For in vivo single
unit recordings and behavioral tests, two-way RM ANOVA and Bonferroni’s multiple
comparison test was used. Statistical differences were established with p < 0.05 (*), p < 0.01

(**), p < 0.001 (***) and p < 0.0001 (****).
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Figure 1. Astrocyte recruitment by DA neuron burst firing induces LTP of excitatory
synapses onto adjacent DA neurons in young female mice. a) a1, low-magnification
from a horizontal brain slice with a caudal-rostral orientation. Cx, cortex, Hc, hippocampus.
Scale bar, 1 mm. a2, high magnification of the area indicated in al. mt, medial terminal
nucleus of the accessory optical tract; SN, substantia nigra (lateral to mt); VTA, ventral
tegmental area (medial to mt), ¢, caudal; r, rostral. Dashed square, lateral part of the VTA
where conventional DA neurons were recorded. Scale bar, 200 um. a3, schematic of the
experimental design showing a DA neuron pair, two recording pipettes, the burst firing
imposed to a DA neuron (left) and the EPSC evoked on the other DA neuron (right) by
extracellular stimulation of rostral glutamatergic afferents (Stim). b) Left, evoked EPSCs at
basal conditions (bsl) and at different time points after bursts, from slices of female (upper
traces) and male (lower traces) mice. Stimulus artifacts were removed. Scale bars, 50 pA,
20 ms. Right, EPSC amplitude in female (n = 11) and male (n = 6) mice after the burst firing
protocol (arrowhead). In this and the other figures reporting EPSC amplitude vs time, t =0
indicates the end of the burst firing. c) Left, representative pair of evoked EPSCs (time
interval, 50 ms) from a DA neuron of a female mouse, before (bsl, black traces) and after
bursts (red traces). Scale bars, 20 pA, 10 ms. Right, paired-pulse ratio (ppr) values vs time
in female (n = 11) and male (n = 12) mice. d) Left, EPSC amplitude after tonic and burst
firing protocol in wt female mice (n = 8) and IP3sR27 female mice (n = 12), respectively. Right,
EPSC amplitude at time points indicated after burst/tonic firing in the different groups. e)
Schematic and fluorescence image of a neurobiotin-488 filled DA neuron (dotted line, patch
pipette) and SR101-loaded astrocytes (white asterisks). Scale bar, 30 um. See next page.



Figure 1. f) Upper panel, time course of Ca?* levels from astrocytes shown in (e) at basal
conditions, 4.5 min and 24 min after burst firing. Scale bars, 100 %, 20 s. Lower panel, Fluo-
4 fluorescence images of the dashed square shown in e). Arrows, two DA neuron dendrites
at different focal planes; yellow asterisks, astrocytes displaying Ca?* transients (upper
traces) at the time points indicated (dashed lines). Scale bar, 20 um. g) Raster plot reporting
the onset of Ca?* transients from 84 astrocytes, at basal conditions and after DA neuron
burst firing. In this and the other figures reporting the time course of the astrocytic Ca?+ spike
probability/min, t = 0 indicates burst firing onset. h) Left, time course of astrocytic Ca?* spike
probability/min in female, male and IP3sR27- female mice (n = 6), before and after burst firing.
Right, Ca?* spike probability/min in basal conditions and after burst firing. In this and the
other figures, data are represented as mean + SEM; *, < 0.05; **, < 0.01; ***, <0.001; ****, <
0.0001.
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Figure 2. bLTP generation in female mice requires both eCB and DA signaling to
astrocytes, mGluR1 activation and NO signaling. a) Time course and bar chart of EPSC
amplitude in the presence of different antagonists (AM251 (CB1R), n = 7; eticlopride (D2-
type R), n = 10; SCH-23390 (D1-type R), n = 10; D-AP5 (NMDAR), n = 11; LY-367385
(mGlIuR1), n = 12; L-NAME (NO synthase), n = 12). b) Time course and bar chart of
astrocytic Ca?* spike probability/min in the presence of antagonists that impaired bLTP
generation (n = 6). ¢) Pre-embedding electron microscopy images from lateral VTA of a
young female mouse of CB1, D2 and mGIuR1p receptors. Green arrows, immunopositive
products in AsP (AsP+) and AxT (AxT+) forming asymmetric synaptic contacts (arrowheads)
with a dendrite (Den). Scale bar, 300 nm. d) Post-embedding electron microscopy images
of CB1/D2R immunogold double-labelled astrocytic processes (AsP) in lateral VTA (CB1R,
18 nm gold particles; D2R, 12 nm gold particles). Upper panel, a double-labelled AsP
expressing CB1 and D2R (arrows) in close apposition to an asymmetric synapse (AxT, axon
terminal; Den, dendrite; PSD, post-synaptic density). Lower panel, an edge-to-edge
separation distance between these receptors < 50 nm (arrowhead. Scale bar, 300 nm. e)
Upper panel, CB1 and D2R immunogold densities at the membranes of astrocytic processes
(AsP, n = 79 from two P16 females; 30.1 + 2.6 gold particles/um? for D2Rs (D2 mem), and
24.9 + 2.0 particles/um? for CB1Rs (CB1 mem)) and at neuronal nuclei (b, background
values, n = 10; 0.82 + 0.12 for 12 nm gold particles; 0.49 + 0.07 for 18 nm gold particles,
Mann-Whitney test). Lower panel, distribution of the edge-to-edge interdistances (bin, 50
nm) between membrane D2 and CB1R immunogold couples. f) Schematic of the proposed
cellular and molecular mechanism for bLTP generation (see text for details).
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Figure 3. Chemogenetic selective activation of astrocytes rescues bLTP in young
male mice. a) Representative pre-embedding electron microscopy in the lateral VTA from
a young male mouse of CB1 and D2R expression at AsP and mGlurR1p expression at AxT
forming asymmetric synaptic contact (arrowheads) with dendrite (Den). Blue arrows,
immunopositive products in AsP (AsP+) and AxT. AsP-, AsP without immunoreactivity.
Scale bar, 300 nm. Lower panel, quantification and comparison (contingency Fisher’s test)
of CB1, D2 and mGlu1pR expression in female and male mice. b) Schematic of the AAV-
9/2-hGFAP-hM3D(Gq)_mCherry-WPRE-hGHp(A) injection in the VTA of a neonatal male
mouse and fluorescence image of a brain slice two weeks after injection (yellow, mCherry-
hM3D expression). ¢) Confocal images of the VTA from a mouse injected with AAV-9/2-
hGFAP-hM3D(Gq)_mCherry-WPRE-hGHp(A), showing the fluorescence of mCherry-hM3D
(red), the nuclear Top-Ro3 (blue) and the specific green fluorescence for either neurons (a-
NeuN staining) or astrocytes (a-S100p staining). Scale bars, 50 uym. d) GCaMP6f
fluorescence images of astrocytes in basal conditions and after CNO perfusion. Scale bar,
50 um. Lower panels, time course of Ca?* elevations evoked by CNO in these astrocytes
(scale bars, 100%, 30 s) and mean change of total Ca2* levels in slices (n = 9) expressing
GCaMP6f and hM3D in astrocytes in response to CNO (scale bars, 2%, 30 s). e) Upper
panel, schematic of the experimental design. Lower panel, CNO transiently increases EPSC
amplitude of DA neurons in male mice expressing hM3D in astrocytes (n = 9), but not in
non-injected mice (n = 8). These experiments were performed in the presence of AM251
and eticlopride. f) Upper panel, schematic of the experimental design. Lower panel, pairing
of burst firing protocol and CNO application partially rescues bLTP in male mice expressing
hM3D in astrocytes (n = 9), but not in non-injected mice (n = 6). These experiments were
performed in the presence of AM251 and eticlopride.
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Figure 4. Astrocytes induce bLTP in both female and male adult mice and bLTP is
abolished in adult IPsR27- mice expressing a plasmatic Ca?* pump in astrocytes. a)
The bLTP is present in both female (n = 7) and male (n = 7) adult mice. b) Quantification
and comparison (contingency Fisher’s test) of CB1, D2 and mGluR1 receptors expression
in young and adult male mice and in adult female and male mice. ¢) Schematic of the AAV9-
hGFAP-mCherry_iCre-WPRE-hGHp(A) injection in adult male mouse VTA and
fluorescence image of a brain slice four weeks after viral injection (yellow, mCherry-Cre
expression). d) Confocal images of the VTA from an adult male mouse injected with AAV9-
hGFAP-mCherry_iCre-WPRE-hGHp(A), showing the fluorescence of mCherry-Cre (red),
the nuclear Top-Ro3 (blue) and the specific green fluorescence for either neurons (a-NeuN
staining) or astrocytes (a-GFAP staining). Scale bars, 50 um. e) When male mice express
the Cre recombinase in VTA astrocytes, bLTP is preserved in wt mice (n = 13), but abolished
in D2R- (n = 9) or CB1R-Floxed (n = 11) mice. f) Confocal images of the VTA from an adult
IP3R27- mouse injected with AAV5-GfaABC1D-mCherry-hPMCA2w/b.SV40, showing the
expression of the Ca?* pump hPMCA2w/b (a-RFP red staining), the blue nuclear Top-Ro3
staining and specific green staining for either neurons (a-NeuN staining) or astrocytes (a-
GLT1 staining). Scale bars, 50 um. g) In adult mice the bLTP is abolished in IP3R27 mice
expressing the Ca?* pump hPMCA2w/b in astrocytes (n = 14).
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Figure 5. Chemogenetic activation of astrocytes in vivo favors bursting and overall
firing activity in VTA DA neurons. a) Schematic of the experimental design showing the
pipettes for recording (blue) and CNO application (gray). b) Left, representative action
potential (start to end > 2.5 ms) from a putative VTA DA neuron. Right, location of a recorded
putative VTA DA neuron. PSB; pontamine sky blue; SNR, susbtantia nigra pars reticulata;
RPC, red nucleus. c, d) Upper panels, representative firing rate (Spikes/10 s) histograms
and percentage of spikes in burst (SiB/20 s) trends over time of VTA DA neurons from mice
expressing hM3D (c) or tdTomato (d) in VTA astrocytes. Lower panel, examples of raw spike
traces of the same neurons before and after local CNO applications. €) Time course of the
bursting activity (after local CNO applications (hM3D, n = 7; tdTomato n = 10). Two-way RM
ANOVA and Bonferroni’s multiple comparison test: main effects are not indicated; hM3D 2
minutes vs. hM3D basal **p < 0.01; hM3D 4, 6, 8, 10 minutes vs. hM3D basal **** p <
0.0001. f) Percentage of spikes in bursts before and after local CNO applications (n hM3D
= 7; n tdTtomato = 10). Two-way RM ANOVA and Bonferroni’s multiple comparison test:
main effects are not indicated; hM3D after CNO vs. hM3D basal ** p < 0.01. g) Time course
of the firing rate after local CNO applications (hM3D, n = 7; tdTomato, n = 10). Two-way RM
ANOVA and Bonferroni’s multiple comparison test: main effects are not indicated; hM3D 2,
10 minutes vs. hM3D basal ***p < 0.001; hM3D 4, 6, 8 minutes vs. hM3D basal **** p <
0.0001. h) Firing rate before and after local CNO applications. Two-way RM ANOVA and
Bonferroni’s multiple comparison test: main effects are not indicated; hM3D after CNO vs.
hM3D basal ** p < 0.01.
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Figure 6. Chemogenetic activation of astrocytes in vivo induces a long-lasting motor
hyperactivity. a) Schematic of the experimental design for testing locomotion in mice
expressing in VTA astrocytes either GFP or hM3D, 30 min and 48 hrs after the
intraperitoneal CNO application (3mg/kg). b) Fluorescence image of hM3D expression in
VTA,; fr, fasciculus retroflexus. c) Representative examples of locomotion in the open field
test. d, e) Locomotor activity (d) and total distance (e) traveled by GFP- and hM3D-injected
mice 30 min or 48 hrs after the intraperitoneal CNO injection (3 mg/kg, n = 4-6 mice/group).
f) Time spent in the open field center of GFP- and hM3D-injected mice, at different time
points after the intraperitoneal CNO injection.
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Figure 1

Astrocyte recruitment by DA neuron burst firing induces LTP of excitatory synapses onto adjacent DA
neurons in young female mice. a) a1, low-magnification from a horizontal brain slice with a caudal-rostral
orientation. Cx, cortex, Hc, hippocampus. Scale bar, T mm. a2, high magnification of the area indicated in
al. mt, medial terminal nucleus of the accessory optical tract; SN, substantia nigra (lateral to mt); VTA,
ventral tegmental area (medial to mt), ¢, caudal; r, rostral. Dashed square, lateral part of the VTA where
conventional DA neurons were recorded. Scale bar, 200 um. a3, schematic of the experimental design
showing a DA neuron pair, two recording pipettes, the burst firing imposed to a DA neuron (left) and the
EPSC evoked on the other DA neuron (right) by extracellular stimulation of rostral glutamatergic afferents



(Stim). b) Left, evoked EPSCs at basal conditions (bsl) and at different time points after bursts, from
slices of female (upper traces) and male (lower traces) mice. Stimulus artifacts were removed. Scale
bars, 50 pA, 20 ms. Right, EPSC amplitude in female (n = 11) and male (n > 6) mice after the burst firing
protocol (arrowhead). In this and the other figures reporting EPSC amplitude vs time, t = 0 indicates the
end of the burst firing. c) Left, representative pair of evoked EPSCs (time interval, 50 ms) from a DA
neuron of a female mouse, before (bsl, black traces) and after bursts (red traces). Scale bars, 20 pA, 10
ms. Right, paired-pulse ratio (ppr) values vs time in female (n = 11) and male (n = 12) mice. d) Left, EPSC
amplitude after tonic and burst firing protocol in wt female mice (n = 8) and IP3R2-/- female mice (n =
12), respectively. Right, EPSC amplitude at time points indicated after burst/tonic firing in the different
groups. €) Schematic and fluorescence image of a neurobiotin-488 filled DA neuron (dotted line, patch
pipette) and SR101-loaded astrocytes (white asterisks). Scale bar, 30 um. f) Upper panel, time course of
Ca2+ levels from astrocytes shown in (e) at basal conditions, 4.5 min and 24 min after burst firing. Scale
bars, 100 %, 20 s. Lower panel, Fluo- 4 fluorescence images of the dashed square shown in e). Arrows,
two DA neuron dendrites at different focal planes; yellow asterisks, astrocytes displaying Ca2+ transients
(upper traces) at the time points indicated (dashed lines). Scale bar, 20 um. g) Raster plot reporting the
onset of Ca2+ transients from 84 astrocytes, at basal conditions and after DA neuron burst firing. In this
and the other figures reporting the time course of the astrocytic Ca2+ spike probability/min, t = 0
indicates burst firing onset. h) Left, time course of astrocytic Ca2+ spike probability/min in female, male
and IP3R2-/- female mice (n = 6), before and after burst firing. Right, Ca2+ spike probability/min in basal
conditions and after burst firing. In this and the other figures, data are represented as mean + SEM; *, <
0.05; **, < 0.01; ***, <0.001; **** < 0.0001.
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Figure 2

bLTP generation in female mice requires both eCB and DA signaling to astrocytes, mGIluR1 activation and
NO signaling. a) Time course and bar chart of EPSC amplitude in the presence of different antagonists
(AM251 (CB1R), n = 7; eticlopride (D2- type R), n = 10; SCH-23390 (D1-type R), n = 10; D-AP5 (NMDAR), n =
11; LY-367385 (mGIuR1), n = 12; L-NAME (NO synthase), n = 12). b) Time course and bar chart of
astrocytic Ca2+ spike probability/min in the presence of antagonists that impaired bLTP generation (n >
6). c) Pre-embedding electron microscopy images from lateral VTA of a young female mouse of CB1, D2
and mGIuR1p receptors. Green arrows, immunopositive products in AsP (AsP+) and AxT (AxT+) forming
asymmetric synaptic contacts (arrowheads) with a dendrite (Den). Scale bar, 300 nm. d) Post-embedding
electron microscopy images of CB1/D2R immunogold double-labelled astrocytic processes (AsP) in



lateral VTA (CB1R, 18 nm gold particles; D2R, 12 nm gold particles). Upper panel, a double-labelled AsP
expressing CB1 and D2R (arrows) in close apposition to an asymmetric synapse (AxT, axon terminal; Den,
dendrite; PSD, post-synaptic density). Lower panel, an edge-to-edge separation distance between these
receptors < 50 nm (arrowhead. Scale bar, 300 nm. e) Upper panel, CB1 and D2R immunogold densities at
the membranes of astrocytic processes (AsP, n = 79 from two P16 females; 30.1 + 2.6 gold particles/pm2
for D2Rs (D2 mem), and 24.9 + 2.0 particles/um2 for CB1Rs (CB1 mem)) and at neuronal nuclei (b,
background values, n = 10; 0.82 + 0.12 for 12 nm gold particles; 0.49 + 0.07 for 18 nm gold particles,
Mann-Whitney test). Lower panel, distribution of the edge-to-edge interdistances (bin, 50 nm) between
membrane D2 and CB1R immunogold couples. f) Schematic of the proposed cellular and molecular
mechanism for bLTP generation (see text for details).
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Figure 3

Chemogenetic selective activation of astrocytes rescues bLTP in young male mice. a) Representative pre-
embedding electron microscopy in the lateral VTA from a young male mouse of CB1 and D2R expression
at AsP and mGIurR1 expression at AXxT forming asymmetric synaptic contact (arrowheads) with
dendrite (Den). Blue arrows, immunopositive products in AsP (AsP+) and AxT. AsP-, AsP without
immunoreactivity. Scale bar, 300 nm. Lower panel, quantification and comparison (contingency Fisher's



test) of CB1, D2 and mGlu1BR expression in female and male mice. b) Schematic of the AAV- 9/2-hGFAP-
hM3D(Gq)_mCherry-WPRE-hGHp(A) injection in the VTA of a neonatal male mouse and fluorescence
image of a brain slice two weeks after injection (yellow, mCherryhM3D expression). c) Confocal images
of the VTA from a mouse injected with AAV-9/2- hGFAP-hM3D(Gq)_mCherry-WPRE-hGHp(A), showing the
fluorescence of mCherry-hM3D (red), the nuclear Top-Ro3 (blue) and the specific green fluorescence for
either neurons (a- NeuN staining) or astrocytes (a-S100 staining). Scale bars, 50 pm. d) GCaMP6f
fluorescence images of astrocytes in basal conditions and after CNO perfusion. Scale bar, 50 pm. Lower
panels, time course of Ca2+ elevations evoked by CNO in these astrocytes (scale bars, 100%, 30 s) and
mean change of total Ca2+ levels in slices (n = 9) expressing GCaMP6f and hM3D in astrocytes in
response to CNO (scale bars, 2%, 30 s). e) Upper panel, schematic of the experimental design. Lower
panel, CNO transiently increases EPSC amplitude of DA neurons in male mice expressing hM3D in
astrocytes (n = 9), but not in non-injected mice (n = 8). These experiments were performed in the presence
of AM251 and eticlopride. f) Upper panel, schematic of the experimental design. Lower panel, pairing of
burst firing protocol and CNO application partially rescues bLTP in male mice expressing hM3D in
astrocytes (n = 9), but not in non-injected mice (n = 6). These experiments were performed in the presence
of AM251 and eticlopride.
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Astrocytes induce bLTP in both female and male adult mice and bLTP is abolished in adult IP3R2-/- mice
expressing a plasmatic Ca2+ pump in astrocytes. a) The bLTP is present in both female (n = 7) and male
(n = 7) adult mice. b) Quantification and comparison (contingency Fisher's test) of CB1, D2 and mGIuR1B
receptors expression in young and adult male mice and in adult female and male mice. c) Schematic of
the AAV9- hGFAP-mCherry_iCre-WPRE-hGHp(A) injection in adult male mouse VTA and fluorescence
image of a brain slice four weeks after viral injection (yellow, mCherry-Cre expression). d) Confocal
images of the VTA from an adult male mouse injected with AAV9- hGFAP-mCherry_iCre-WPRE-hGHp(A),
showing the fluorescence of mCherry-Cre (red), the nuclear Top-Ro3 (blue) and the specific green
fluorescence for either neurons (a-NeuN staining) or astrocytes (a-GFAP staining). Scale bars, 50 pm. €)
When male mice express the Cre recombinase in VTA astrocytes, bLTP is preserved in wt mice (n = 13),
but abolished in D2R- (n = 9) or CB1R-Floxed (n = 11) mice. f) Confocal images of the VTA from an adult
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IP3R2-/- mouse injected with AAV5-GfaABC1D-mCherry-hPMCA2w/b.SV40, showing the expression of the
Ca2+ pump hPMCA2w/b (a-RFP red staining), the blue nuclear Top-Ro3 staining and specific green
staining for either neurons (a-NeuN staining) or astrocytes (a- GLT1 staining). Scale bars, 50 ym. g) In
adult mice the bLTP is abolished in IP3R2-/- mice expressing the Ca2+ pump hPMCA2w/b in astrocytes
(n=14).
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Figure 5

Chemogenetic activation of astrocytes in vivo favors bursting and overall firing activity in VTA DA
neurons. a) Schematic of the experimental design showing the pipettes for recording (blue) and CNO
application (gray). b) Left, representative action potential (start to end > 2.5 ms) from a putative VTA DA
neuron. Right, location of a recorded putative VTA DA neuron. PSB; pontamine sky blue; SNR, susbtantia
nigra pars reticulata; RPC, red nucleus. c, d) Upper panels, representative firing rate (Spikes/10 s)
histograms and percentage of spikes in burst (SiB/20 s) trends over time of VTA DA neurons from mice
expressing hM3D (c) or tdTomato (d) in VTA astrocytes. Lower panel, examples of raw spike traces of the
same neurons before and after local CNO applications. e) Time course of the bursting activity (after local
CNO applications (hM3D, n = 7; tdTomato n = 10). Two-way RM ANOVA and Bonferroni’s multiple
comparison test: main effects are not indicated; hM3D 2 minutes vs. hM3D basal **p < 0.01; hM3D 4, 6,
8, 10 minutes vs. hM3D basal **** p < 0.0001. f) Percentage of spikes in bursts before and after local
CNO applications (n hM3D = 7; n tdTtomato = 10). Two-way RM ANOVA and Bonferroni’s multiple
comparison test: main effects are not indicated; hM3D after CNO vs. hM3D basal ** p < 0.01. g) Time
course of the firing rate after local CNO applications (hM3D, n = 7; tdTomato, n = 10). Two-way RM
ANOVA and Bonferroni's multiple comparison test: main effects are not indicated; hM3D 2, 10 minutes vs.



hM3D basal ***p < 0.001; hM3D 4, 6, 8 minutes vs. hM3D basal **** p < 0.0001. h) Firing rate before and
after local CNO applications. Two-way RM ANOVA and Bonferroni’s multiple comparison test: main
effects are not indicated; hM3D after CNO vs. hM3D basal ** p < 0.01.
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Figure 6

Chemogenetic activation of astrocytes in vivo induces a long-lasting motor hyperactivity. a) Schematic of
the experimental design for testing locomotion in mice expressing in VTA astrocytes either GFP or hM3D,
30 min and 48 hrs after the intraperitoneal CNO application (3mg/kg). b) Fluorescence image of hM3D
expression in VTA; fr, fasciculus retroflexus. c) Representative examples of locomotion in the open field
test. d, ) Locomotor activity (d) and total distance (e) traveled by GFP- and hM3D-injected mice 30 min
or 48 hrs after the intraperitoneal CNO injection (3 mg/kg, n = 4-6 mice/group). f) Time spent in the open
field center of GFP- and hM3D-injected mice, at different time points after the intraperitoneal CNO
injection.
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