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Synapse-specific astrocyte gating of amygdala-related

behavior

Mario Martin-Fernandez!, Stephanie Jamison!, Laurie M Robin?3, Zhe Zhao?3, Eduardo D Martin#,
Juan Aguilar®®, Michael A Benneyworth®, Giovanni Marsicano®? & Alfonso Araque!

The amygdala plays key roles in fear and anxiety. Studies of the amygdala have largely focused on neuronal function and
connectivity. Astrocytes functionally interact with neurons, but their role in the amygdala remains largely unknown. We show
that astrocytes in the medial subdivision of the central amygdala (CeM) determine the synaptic and behavioral outputs of
amygdala circuits. To investigate the role of astrocytes in amygdala-related behavior and identify the underlying synaptic
mechanisms, we used exogenous or endogenous signaling to selectively activate CeM astrocytes. Astrocytes depressed excitatory
synapses from basolateral amygdala via A; adenosine receptor activation and enhanced inhibitory synapses from the lateral
subdivision of the central amygdala via A,j receptor activation. Furthermore, astrocytic activation decreased the firing rate

of CeM neurons and reduced fear expression in a fear-conditioning paradigm. Therefore, we conclude that astrocyte activity
determines fear responses by selectively regulating specific synapses, which indicates that animal behavior results from the

coordinated activity of neurons and astrocytes.

The amygdala, which encompasses several anatomical and functional
subnuclei, plays critical roles in a variety of behavioral responses,
including fear and anxiety®. It is constituted primarily by the baso-
lateral amygdala (BLA) and central amygdala (CeA)!-3. The BLA
contains a majority of spiny glutamatergic neurons* and is the main
input structure of the amygdala, receiving multimodal sensory infor-
mation from thalamus® and cortex®. The CeA contains a majority of
GABAergic projecting neurons’ and can be divided into lateral (CeL)
and medial (CeM) nuclei'~37. The CeM, which receives excitatory
and inhibitory inputs from the BLA and CeL, respectively, is the major
output subnucleus projecting to the brainstem and hypothalamus
to control autonomic and motor responses>>$°. Recently, great
progress has been made in elucidating the role of the CeA and its
neuronal populations in processing emotionally relevant infor-
mation!0-16, but the role of glial cells in the CeA remains largely
unknown. Elucidating the role of astrocytes in the amygdala may
provide a deeper understanding of information processing that occurs
in this area.

While they are already recognized for their classical metabolic, pro-
tective and supportive roles, astrocytes are now emerging as key deter-
minants of synaptic function!’-20. They express receptors that are
activated by neurotransmitters?!-23 and release gliotransmitters that
activate neuronal receptors!”-24. Through the release of gliotransmit-
ters, astrocytes are able to regulate synaptic transmission!7222>-27 and
affect animal behavior?8-31. Important progress has been made toward
defining the mechanisms of synaptic regulation by astrocytes!7-20,
and behavioral effects have been observed after the disturbance of

astrocytic molecular events?3-31. Yet it remains unknown how physi-
ological astrocyte activity regulates the synaptic and circuit functions
that underlie specific behaviors. In the present study we aimed to
fill the mechanistic gap between astrocyte-dependent regulation of
synaptic function and behavior. The amygdala is an ideal structure
for such an investigation because it is involved in well-characterized
behaviors such as the expression of conditioned fear responses with a
clear readout. Using endocannabinoids (eCBs) and designer receptors
exclusively activated by designer drugs (DREADD:s) as, respectively,
endogenous and exogenous stimuli to activate astrocytes, we found
that astrocytes regulated neurotransmission in specific synapses of the
CeM through differential mechanisms. Astrocytes depressed excita-
tory synapses from the BLA via A receptor activation, whereas they
enhanced inhibitory synapses from the CeL via A, receptor acti-
vation. Consistent with these results, astrocytes decreased the CeM
neuronal firing rate and influenced fear expression.

RESULTS

CeM astrocytes respond to endogenously mobilized
endocannabinoids

To investigate the effects of astrocyte activation on synaptic trans-
mission in the CeM, we recorded excitatory postsynaptic currents
(EPSCs) and inhibitory postsynaptic currents (IPSCs) evoked by
the stimulation of BLA and CeL, respectively (Supplementary
Fig. 1a,b), and stimulated astrocytes with either eCBs released by neu-
rons, as an endogenous stimulus, or chemogenetic activation of Gq-
protein-coupled DREADDs expressed in astrocytes, as a specific
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stimulus. First, we tested whether CeM astrocytes respond to eCBs32-34
released by CeM neurons during neuronal depolarization (ND; 0 mV,
10 5)3>36 by monitoring calcium levels in astrocytes (Fig. 1a), identified
with SR101 (Supplementary Fig. 1c). ND increased the level of astro-
cytic calcium (Fig. 1b) and increased the calcium event probability (138
astrocytes from n = 10 slices; P < 0.001; Fig. 1¢,d). This effect was abol-
ished by the CBIR antagonist AM251 (2 WM; 127 astrocytes from n =7
slices; P = 0.96); in addition, it was absent in GFAP-CB1R-null mice (175
astrocytes from n = 10 slices; P = 0.63), which lack CB1 receptors specifi-
cally in astrocytes3’; present in wild-type littermates that expressed CB1
receptors (GFAP-CB1WT; 97 astrocytes from n = 9 slices; P = 0.006); and
absent in IP3R2-null mice, in which G-protein-mediated calcium eleva-
tion is selectively impaired in astrocytes®>3” (74 astrocytes from n = 8
slices; P= 0.73; Fig. 1d). Furthermore, our analysis of the ND-evoked cal-
cium event probability in different conditions indicated that the observed
increase in control was abolished in the presence of AM251 and in
GFAP-CBI1R-null and IP3R2-null mice (two-way analysis of variance
(ANOVA) indicated a significant effect of ND (P < 0.001) and an interac-
tion with the ‘experimental condition’ (P < 0.001); Supplementary Table 1;
post hoc Holm-Sidak, P = 0.004, P = 0.003 and P < 0.001, respectively). In
contrast, we did not observe any statistical differences when we compared
the control condition with the GFAP-CB1WT mice (P = 0.421; Fig. 1d).
Taken together, these results indicate that eCBs released from CeM neu-
rons activate astrocytic CB1Rs that increase calcium levels in astrocytes.

CB1R-dependent activation of astrocytes potentiates
CeL-CeM inhibitory synaptic transmission

We then investigated whether astrocytes regulate synaptic transmis-
sion in CeM neurons. We obtained paired recordings®33% of CeM
neurons, depolarized one neuron (homoneuron) to induce the release
of eCBs (which elevated astrocytic calcium), and recorded either
CeL-evoked IPSCs or BLA-evoked EPSCs in the paired neuron (het-
eroneuron) to exclude direct presynaptic effects of eCBs* (Fig. le,i).
We pharmacologically isolated IPSCs and EPSCs (Supplementary
Fig. 1b) and adjusted the stimulus parameters to stimulate single or

a few presynaptic fibers?¢-27-38:39 that induced failures or successes in
synaptic responses. We quantified the probability of release (Pr; i.e.,
the proportion of successful responses) and the synaptic potency (i.e.,
the amplitude of the successful responses). ND induced a transient
increase in the CeL-evoked IPSC Pr (n = 22; P < 0.001) recorded in
the heteroneuron (Fig. 1f,g), with no changes in the synaptic potency
(n =22; P =0.88; Supplementary Fig. 2a,b), suggesting a presynap-
tic mechanism. Consistent with this idea, the increase in the Pr was
associated with a decrease in the paired pulse ratio (PPR; from 1.1
+0.02 to 1.04 £0.2 (mean £ s.e.m.); n = 17; P = 0.007, paired t-test).
The ND-induced increase in the CeL-evoked IPSC Pr was abolished
by AM251 (n=11; P=0.74) and was absent in GFAP-CBI1R-null mice
(n=7;P=0.21) and IP3R2™ mice (n = 10; P = 0.3; Fig. 1h) but present
in GFAP-CB1WT littermates (n = 7; P = 0.008), indicating that the ND-
evoked synaptic regulation was mediated by the activation of astro-
cytic CB1Rs and calcium mobilization. Astrocytic CB1R activation
by eCBs stimulates the release of astrocytic glutamate in other brain
regions, such as hippocampus, cortex and striatum333438, However,
the ND-induced increase in the CeL-evoked Pr of IPSCs was unaf-
fected by treatment with antagonists of group I metabotropic gluta-
mate receptors (mGluRs) MPEP (50 uM) and LY367385 (100 puM;
n=10; P=0.0038; Fig. 1h). Elevated calcium levels in astrocytes have
been shown to trigger the release of ATP, which, after being converted
to adenosine, may regulate synaptic transmission!”-?’. The increase in
the CeL-evoked IPSC Pr was abolished by the antagonist of adenosine
A, receptors SCH 58261 (100 nM; n = 7; P = 0.22), but not by the
antagonist of adenosine A; receptors CPT (5 uM; n = 13; P = 0.006;
Fig. 1h). Furthermore, the analysis of the Pr after ND indicated that
ND-evoked Pr changes were prevented in the presence of AM251 and
SCH, and in GFAP-CB1R-null and IP3R2-null mice (two-way ANOVA
indicated a significant effect of ND (P < 0.001) and an interaction
with the experimental condition (P < 0.001); Supplementary Table 1;
post hoc Holm-Sidak, P < 0.001 for the four conditions), but were
unaffected in the presence of antagonists of mGluRs (MPEP + LY) and A,
receptors (CPT) and in GFAP-CB1WT mice (P = 0.35, P = 0.45 and

>
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Figure 1 Endogenously mobilized eCBs mediate CB1R-dependent increases in astrocytic calcium levels, enhance inhibitory synaptic transmission

in CeL-CeM synapses and depress excitatory synaptic transmission in BLA-CeM synapses. (a) A schematic representation of the experimental

design. (b) Left, pseudocolor images showing fluorescence intensities in CeM astrocytes before and after ND. Scale bar, 10 um. Right, astrocytic
calcium levels before and after ND (black), and an averaged trace of astrocytes in the field of view (red). Scale bars, 50% and 10 s for the individual
traces (black), and 20% and 10 s for the average trace (red). (c) Calcium event probability before and after ND at time O (n = 10). (d) Calcium event
probability before and after ND in control conditions (n=10; P> 0.001); in the presence of AM251 (n=7; P=0.96); and in GFAP-CB1R-null

(n=9; P=0.54), GFAP-CB1RWT (n=10; P=0.006) and IP3R2- (n=8; P=0.73) mice. The increase observed in the control condition was abolished
in the presence of AM251 (P < 0.001) and in GFAP-CB1R-null (P=0.004) and IP3R2- mice (P = 0.003), but not in the GFAP-CB1WT mice
(P=0.421; two-way ANOVA, post hoc Holm-Sidak corrected for four comparisons). (e) Left, an infrared differential interference contrast microscopy
(DIC) image showing the stimulation pipette in the CeL subnucleus and two recording pipettes in the CeM subnucleus. Scale bar, 250 um. Right, a
scheme of the experimental approach for obtaining recordings (rec) in the CeM from the homoneuron (green) and the heteroneuron (yellow) and the
stimulation (stim) of GABAergic inputs from the CeL (blue). (f) IPSCs evoked by Cel stimulation recorded in the CeM heteroneuron, in basal conditions
and after CeM homoneuron ND. Scale bars, 10 pA and 25 ms. (g) CeL-evoked IPSC Pr before and after homoneuron ND (at time O; n = 22). (h) CeL-
evoked IPSC Pr before and after homoneuron ND in control conditions (n = 22; P< 0.001); in the presence of AM251 (n=11; P=0.74); in GFAP-
CB1R-null (n=7; P=0.21), GFAP-CB1RWT (n=7; P=0.008) and IP3R2- (n = 10; P = 0.03) mice; and in the presence of MPEP + LY (n = 10;

P=0.0038), SCH (n=7; P=0.22) and CPT (n=13; P=0.006). The ND-evoked increase in Pr was prevented in the presence of AM251 (P < 0.001)
or SCH (P < 0.001), and in GFAP-CB1R-null (P < 0.001) and IP3R2- (P < 0.001) mice, but was unaffected in the presence of MPEP + LY (P = 0.35)
or CPT (P=0.45) and in GFAP-CB1"T mice (P = 0.18; two-way ANOVA, post hoc Holm-Sidak corrected for seven comparisons). (i) Left, a DIC image
showing the stimulation pipette in the BLA subnucleus and two recording pipettes in the CeM subnucleus. Scale bar, 250 um. Right, a scheme of the
experimental approach for obtaining recordings in CeM from the homoneuron (green) and the heteroneuron (yellow) and the stimulation of excitatory
inputs from BLA (red). (j) EPSCs evoked by BLA stimulation recorded in the CeM heteroneuron, in basal conditions and after homoneuron ND. Scale
bars, 10 pA and 25 ms. (k) BLA-evoked EPSC Pr before and after homoneuron ND (at time O; n = 24). (I) BLA-evoked EPSC Pr before and after
homoneuron ND in control conditions (n = 24; P=0.004); in the presence of AM251 (n=12; P=0.66); in GFAP-CB1R-null (n=9; P=0.25), GFAP-
CB1RWT (n=11; P=0.003) and IP3R2- (n=10; P=0.17) mice; and in the presence of MPEP + LY (n=13; P=0.01), SCH (n=12; P=0.04) and
CPT (n=9; P=0.14). The ND-evoked decrease in Pr was prevented in the presence of AM251 (P < 0.001) or CPT (P< 0.001) and in GFAP-CB1R-null
(P<0.001) and IP3R2- (P < 0.001) mice, but was unaffected in the presence of MPEP + LY (P = 0.46) or SCH (P = 0.96) and in GFAP-CB1WT mice
(P =0.98; two-way ANOVA, post hoc Holm-Sidak corrected for seven comparisons). *P < 0.05, **P < 0.01, ***P < 0.001; Student’s paired t-test.
##P<0.01, ###P < 0.001; two-way ANOVA with post hoc Holm-Sidak; n.s., nonsignificant (P> 0.05). Data in c,d,g,h,k,1 are mean +s.e.m.
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P = 0.18, respectively; Fig. 1h). To test whether Pr changes depend
on the basal synaptic Pr, we compared the absolute basal Pr values
in the different experimental conditions. We did not observe any
significant differences between the basal Pr values of the different
experimental conditions (one-way ANOVA, P = 0.07; Supplementary
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Fig. 3a). Furthermore, we obtained similar results when we analyzed
either absolute or normalized Pr values in the different conditions
(Supplementary Table 2a).

Together, these results suggest that ND-induced astrocyte
activation stimulates the release of ATP/adenosine that acts on
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Figure 2 Astrocytic CB1R regulation of synaptic transmission relays on astrocytic calcium activity. (a) A network of coupled astrocytes after a single
astrocyte was filled with biocytin. Scale bar, 70 um. (b) Left, a schematic representation of the experimental condition: an astrocyte was filled with
BAPTA-containing intracellular solution, and the astrocyte was kept patched long enough to allow the BAPTA to diffuse to neighboring astrocytes. The
traces show the changes in calcium levels in response to ND in this condition. Right, a schematic representation of the control condition: a pipette

with BAPTA-containing intracellular solution was placed in the extracellular space. The traces show changes in calcium levels in response to ND in this
condition. Scale bars, 20 s and 50%. (c) Left, calcium event probability before and after ND at time O in BAPTA (n = 9) and control (n = 7) conditions.
Right, calcium event probability before and after ND in BAPTA (n=9; P=0.16) and control conditions (n=7; P< 0.001). We observed a difference in
the calcium event probability between control and BAPTA conditions both before and after ND (two-way ANOVA indicated a significant effect of ND
(P < 0.001) and an interaction with the experimental condition (P = 0.002); post hoc Holm-Sidak corrected for two comparisons; difference between
control and BAPTA before ND (P = 0.016) and after ND (P < 0.001)). (d) IPSCs evoked by CeL stimulation in the CeM heteroneuron in BAPTA
conditions before and after CeM homoneuron ND. Scale bars, 9 pA and 25 ms. (e) CeL-evoked IPSC Pr before and after homoneuron ND (at time 0)

in BAPTA (n=8; P=0.16) and control conditions (n=9; P=0.003). We observed a difference in the post-ND state between the BAPTA and control
conditions (two-way ANOVA indicated a significant effect of ND (P = 0.003) and an interaction with the experimental condition (P = 0.038); post hoc
Holm-Sidak P = 0.002). (f) EPSCs evoked by BLA stimulation in the CeM heteroneuron in the BAPTA condition before and after homoneuron ND. Scale
bars, 5 pA and 25 ms. (g) BLA-evoked EPSC Pr before and after homoneuron ND (at time 0) in BAPTA (n=8; P=0.63) and control (n=11; P=0.03)
conditions. We observed a difference in the post-ND state between the BAPTA and control conditions (two-way ANOVA indicated a significant effect

of ND (P=0.037) and interaction with the experimental condition (P = 0.106); post hoc Holm-Sidak P = 0.007). *P < 0.05, **P < 0.01; Student’s
paired t-test. #P < 0.05, ##P < 0.01, ###P < 0.001; two-way ANOVA, post hoc Holm-Sidak. Data in c,e,g are mean + s.e.m.

neuronal receptors to regulate inhibitory synaptic transmission. To
test the idea that the adenosine-receptor activation occurs down-
stream from the astrocytic calcium activity, we analyzed the effects
of A, and A receptor antagonists on the ND-evoked astrocyte cal-
cium signal. We observed that ND evoked an increase in the calcium
event probability in the presence of SCH (from 0.25 £ 0.3 to 0.46
0.6; 96 astrocytes from n = 6 slices; paired t-test, P = 0.01) and CPT
(from 0.21£0.1 to 0.47 £ 0.4; 115 astrocytes from »n = 7 slices; paired
t-test, P=0.01).

Taken together, these results indicate that eCBs mobilized by CeM
neurons increase calcium levels in astrocytes through the activation of
CBI1Rs, which leads to the activation of A, receptors, thus increasing
the CeL-evoked IPSC Pr.

Astrocytic CB1R-dependent regulation of BLA-CeM excitatory
synaptic transmission

We next investigated the effects of eCB signaling on the Pr of BLA-
evoked EPSCs in CeM neurons. In a paired-neuronal-recording
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approach, we recorded BLA-evoked EPSCs in the heteroneuron (Fig. 1i).
In contrast to the effects on IPSCs, ND evoked a transient decrease in
the EPSC Pr (n = 24 neurons; P = 0.004; Fig. 1j,k) without modifying the
synaptic potency (n = 24 neurons; P = 0.2; Supplementary Fig. 2¢,d).
The PPR increased from 0.98 £0.03 to 1.12+0.04 (n = 12; P = 0.001,
paired t-test), suggesting a presynaptic mechanism. The ND-evoked
depression of EPSCs was abolished by AM251 (n = 12; P = 0.66) and
absent in GFAP-CB1R-null (n = 11; P = 0.25) and IP3R2-null mice
(n =10; P = 0.17), but present in the presence of mGluR antago-
nists MPEP and LY367385 (100 uM; n = 13; P = 0.01; Fig. 11) and
in GFAP-CBIWT littermates (n = 9; P = 0.003; Fig. 11). Moreover,
the decrease in EPSC Pr was abolished by the A; adenosine-receptor
antagonist CPT (n = 9; P = 0.14), but not by the A,,-receptor antago-
nist SCH 58261 (n = 12; P = 0.04; Fig. 11). CPT is known to enhance
basal synaptic transmission in some brain regions, such as the hip-
pocampal CAl area, which is tonically inhibited by presynaptic
adenosine receptors#?41, However, this does not seem to be the case
in the CeM, as similar Pr values were found in the absence and pres-
ence of CPT (EPSC Pr control, 0.47 £ 0.04 (n = 24); CPT, 0.37 £ 0.07
(n = 9); unpaired t-test, P < 0.24; IPSC Pr, 0.39 * 0.04 and
0.47 *+ 0.02; unpaired t-test, P = 0.21). Furthermore, although we
cannot totally exclude the possibility that BLA stimulation affects
synaptic transmission in the CeM indirectly through the CeL, this is
unlikely, because BLA-evoked EPSCs were assessed in the presence
of GABA-receptor antagonists.

Taken together, these results suggest that eCBs mobilized by ND
increase of astrocyte calcium levels through the activation of CB1
receptors, thus resulting in the activation of A, presynaptic receptors
and decreasing the BLA-evoked EPSC Pr (Fig. 11). Furthermore, the
combined statistical analysis indicated that the ND-evoked response
observed in the control condition was absent in the presence of
AM251 and CPT and in GFAP-CB1R- and IP3R2-null mice (two-way
ANOVA indicated a significant effect of ND (P < 0.001) and an inter-
action with the experimental condition (P < 0.001); Supplementary
Table 1; post hoc Holm-Sidak, P < 0.001; P < 0.001, P < 0.001 and
P =0.002, respectively). We did not note any differences relative to
the control in the presence of MPEP + LY and SCH or in GFAP-
CB1WT mice (P = 0.46, P = 0.96 and P = 0.98, respectively; Fig. 11).
In addition, we did not observe any statistical differences when we
compared the absolute basal Pr values in the different experimental
conditions (one-way ANOVA, P = 0.073; Supplementary Fig. 3b),
which suggests that the effects of ND were independent of the basal
Pr. Furthermore, we obtained similar statistical results when we com-
pared either absolute or basal-normalized Pr values in different condi-
tions (Supplementary Table 2b). Notably, we found similar basal Pr
values in GFAP-CB1RWT and GFAP-CBI1R-null mice (EPSC Pr, 0.5 +
0.07 (n = 11) and 0.39 £ 0.07 (n = 9), respectively; unpaired ¢-test,
P=0.28; IPSCPr,0.55+0.07 (n="7) and 0.47 £ 0.06 (n = 10), respec-
tively; unpaired t-test, P = 0.4), suggesting that eCBs do not toni-
cally activate astrocytes, which are instead acutely activated by eCBs
released on demand under neuronal stimulation.

Besides glutamate and ATP/adenosine, D-serine is another major
gliotransmitter known to regulate synaptic transmission in other brain
areas by acting as co-agonist of NMDA receptors (NMDARs)?>42,
A contribution of p-serine to the astrocyte-mediated regulation of
inhibition here is unlikely because we isolated CeL-evoked IPSCs by
recording in the presence of the NMDAR antagonist D-AP5. To inves-
tigate the involvement of p-serine in the regulation of BLA-evoked
EPSCs, we tested the ND-evoked effects in the presence of D-AP5,
which did not prevent the ND-dependent decrease of BLA-evoked
EPSC Pr (96.9 £2.2 and 75.6 + 5.5 before and after ND, respectively;
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n =10; paired t-test, P = 0.003). Therefore, although different synaptic
regulatory mechanisms may be mediated by p-serine, the present
results suggest that it is not involved in this phenomenon. Taken
together, the present results indicate that eCBs differentially regulate
inhibitory and excitatory synaptic transmission by stimulating astro-
cytes, which in turn leads to the activation of A;, and A; adenosine
receptors (Fig. 1h,1).

We then investigated whether these phenomena were present in
the same CeM neuron (Supplementary Fig. 4a). First, we pharmaco-
logically isolated CeL-evoked IPSCs and monitored the ND-evoked
increase in IPSC Pr (n = 6; P = 0.02; Supplementary Fig. 4b,c); then
we relocated the stimulation pipette in the BLA and, after washing
out inhibitors of excitatory transmission, pharmacologically isolated
EPSCs (Supplementary Fig. 4a,b). In these conditions, ND induced
a decrease in EPSC Pr values recorded in the same neuron (n = 6;
P =0.04; Supplementary Fig. 4b,c), indicating that astrocyte activa-
tion by eCBs in the CeM differentially regulates excitatory and inhibi-
tory synapses in the same neurons, affecting the excitatory/inhibitory
balance of CeM neurons.

Increased astrocyte calcium is necessary for CB1R-dependent
synaptic regulation

The results presented above show that both eCB-mediated excitatory
and inhibitory synaptic regulation were absent in mice that lacked
IP3R2 (Fig. 1h,1), which largely mediates G-protein-mediated cal-
cium elevation in astrocytes, thus suggesting that synaptic regulation
requires the elevation of calcium levels in astrocytes. Because other
types of IP; receptors have recently been shown to contribute to astro-
cyte calcium mobilization*?, we further tested the astrocytic calcium
dependency by loading astrocytes with the calcium chelator BAPTA,
by whole-cell patch-clamping astrocytes with a solution containing
40 mM BAPTA. Astrocytes are known to be gap-junction coupled
in different brain areas, which allows the diffusion of BAPTA in the
astrocytic network from single recorded astrocytes*44>. We confirmed
that astrocytes in the CeM are also gap-junction coupled, as biocytin
included in a single patch-clamped astrocyte diffused to neighboring
astrocytes (Fig. 2a). Then, we either filled astrocytes with BAPTA
or placed a BAPTA-containing pipette in the extracellular space as
the control, to rule out potential effects of BAPTA leakage in the
extracellular space (Fig. 2b). Although ND increased the astrocyte
calcium event probability in the control conditions (i.e., when the
BAPTA-containing pipette was located extracellularly (117 astrocytes
from n = 7 slices; P < 0.001; Fig. 2b,c)), we did not observe any cal-
cium changes in response to ND in astrocytes filled with BAPTA
(131 astrocytes from n = 9 slices; P = 0.16; Fig. 2b,c), which indicated
that loading astrocytes with BAPTA prevented ND-evoked astrocytic
calcium responses.

We then tested the effects of astrocyte BAPTA-loading on CeL-
evoked IPSCs and BLA-evoked EPSCS. In this condition, ND did not
affect the CeL-evoked IPSC Pr (n = 8; P = 0.16; Fig. 2d,e) or the BLA-
evoked EPSC Pr (n = 8; P = 0.6; Fig. 2f,g), whereas an increase in
the CeL-evoked IPSC Pr (n = 9; P = 0.003; Fig. 2e) and a decrease in
the BLA-evoked EPSC Pr (n = 11; P = 0.03; Fig. 2g) were observed
in the control condition. Taken together, these results indicate
that the observed synaptic regulation requires astrocyte calcium eleva-
tions (Fig. 2).

Chemogenetic astrocyte activation regulates CeM synaptic
transmission

If synaptic regulation by astrocytic calcium elevations is a general
phenomenon, astrocyte stimulation should be able to produce

NATURE NEUROSCIENCE ADVANCE ONLINE PUBLICATION



© 2017 Nature America, Inc., part of Springer Nature. All rights reserved.

ARTICLES

b mCherry GFAP NeuN

d ** Basal Post

C  DbREADDs Fluo-4
08

-

Basal CNO

#H#H #H#HH#

°
{ ]
06 ®
®

Calcium event
probability

04 0.5 °/i .

02 /| 4 R
ik e

i

0.0 . . . . 0.0
=20 0 20 40 CNO ACSF CNO
Time (s)
| DREADDS o 5 - |
e CeL-evoked IPSC f Basal m CNO
200 250 . Hik 0
.
150 200 0
E g .é § ;\-O\ 150 /‘/
O = O » /
>0 100 é’.” ..... @ é é Q- Sk
[} (]
49 L3 L ) 28 100
[
oL o
50 50
0 T T T T 0
2 0 2 4 Control SCH AM251
Time (min)
g BLA-evoked EPSC h Basal M CNO
B # .
150 150 T T L
N
-y . ’ <
@ 100 . é ..... e éé *Q 2 100
< L
Sa . QQQ QQ &
23 9
B8 50 ] E 50
0 . . - - 0
—2 0 2 4 Control CPT AM251

Time (min)

Figure 3 Selective expression and activation of astrocytic Gg-DREADDs in the CeM increases astrocytic calcium levels, increases inhibitory synaptic
transmission at CeL-CeM synapses and depresses excitatory synaptic transmission at BLA-CeM synapses. (a) DIC and fluorescence images showing the
localization of DREADDs in the CeM as reported by mCherry expression (red). Scale bar, 500 um. (b) Confocal images of mCherry labeling; astrocytes
are immunohistochemically labeled with the astrocytic marker GFAP, and neurons are labeled with the neuronal marker NeuN. Scale bar, 20 um.

(c) Left, images of CeM astrocytes. Top, C; fluorescence images showing mCherry and Fluo-4. Bottom, C, pseudocolor images of fluorescence
intensities before and after local application of CNO. Scale bar, 5 um. Right, astrocytic calcium levels before and after CNO application (vertical yellow
bar). Scale bars, 50% and 30 s. (d) Left, calcium event probability in basal conditions and after CNO application at time O (n = 7). Right, calcium
event probability before and after CNO application in DREADD-expressing slices (n= 7; P=0.0018), before and after ACSF application in DREADD-
expressing slices (n=8; P=0.17), and before and after CNO application in slices with no DREADD expression (n = 8; P=0.83). The increase in
calcium event probability observed after local application of CNO in DREADD-expressing animals was absent after local application of either ACSF or
CNO in mice without DREADD expression (two-way ANOVA indicated a significant effect of CNO (P < 0.001) and interaction with the experimental
condition (P < 0.001); post hoc Holm-Sidak-corrected for two comparisons; P < 0.001 in both cases). (e) Left, CeL-evoked IPSCs recorded in CeM
neurons before and after CNO application. Scale bars, 10 pA and 25 ms. Right, CeL-evoked IPSC Pr before and after CNO application (time O; n= 7).
(f) CeL-evoked IPSC Pr before and after CNO application in control conditions (n=7; P=0.004) and in the presence of SCH (n=7; P=0.96) and
AM251 (n=8; P=0.003). We observed a difference in the response to CNO between the control condition and the SCH condition (two-way ANOVA
indicated a significant effect of CNO (P < 0.001) and interaction with the experimental condition (P < 0.001); post hoc Holm-Sidak-corrected for two
comparisons (P < 0.001)) but not between control and AM251 conditions (P = 0.12). (g) Left, BLA-evoked EPSCs recorded in CeM neurons before and
after CNO application. Scale bars, 20 pA and 25 ms. Right, BLA-evoked EPSC Pr before and after CNO application (time O; n = 8). (h) BLA-evoked
EPSC Pr before and after CNO application in control conditions (n = 8; P=0.02) and in the presence of CPT (n=7; P=0.3) and AM251 (n = 6;

P =0.02). We observed a difference in the response to CNO between the control condition and the CPT condition (two-way ANOVA indicated a
significant effect of CNO (P < 0.001) and interaction with the experimental condition (P < 0.001); post hoc Holm-Sidak-corrected for two comparisons
(P < 0.001)) but not between control and AM251 conditions (P=0.1). *P < 0.05, **P < 0.01; Student’s paired t-test. ###P < 0.001; two-way ANOVA,
post hoc Holm-Sidak; n.s., nonsignificant (P> 0.05). Data in d-h are mean + s.e.m.
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Figure 4 Selective activation of astrocytic DREADDs in CeM reduces the firing rate and decreases fear expression in a delayed fear conditioning
paradigm. (a) Images showing DREADD expression in the CeM. Scale bar, 500 um. (b) Representative multi-unit activity recordings in the CeM

before and after CNO i.p. injection. Scale bars, 50 uV and 60 s. (c) Left, the mean CeM firing rate before (gray) and after CNO application (red;
application at time 0). Data shown are mean + s.e.m. (red; application at time O, n = 28). Right, the CeM firing rate in basal conditions and after
saline application (n=23; P=0.6) or CNO application (n = 28; P=0.004). (d) A schematic representing the delayed fear conditioning paradigm.
Mice were fear conditioned on the training day in five trials consisting of a 15-s sound cue co-terminating with a 1-s foot shock. Fear retrieval was
measured on test days 1 and 2, with either CNO or saline injected intraperitoneally 30 min before the first cue presentation only in test 1. (e) Left,
fear response measured as the percentage of freezing during the 15-s cue presentation in CeM DREADD-expressing mice during fear conditioning.
Right, fear response measured as the percentage of freezing during the 3 min of continuous cue presentation; data are depicted in 1-min time bins.
One nonreinforced cue was presented in test 1 (P=0.037, P< 0.001, P<0.001) and in test 2 (P=0.23, P=0.24, P=0.066; n = 33 mice injected
with CNO (red) and 30 mice injected with saline (gray)). (f) The percentage of time spent in the open arms in the elevated plus maze test (n = 30 mice
injected with CNO and 33 mice injected with saline). *P < 0.05, **P< 0.01, ***P < 0.001; Student’s paired t-test (b) or unpaired t-test (e,f). In box-
and-whisker plots, center lines indicate medians, box edges represent the interquartile range, and whiskers extend to the 10th and 90th percentiles of

the distribution.

similar effects independent of eCB actions. To test this idea, we
used an artificial but cell-specific stimulus to directly activate astro-
cytes. We injected mCherry-tagged adeno-associated virus (AAV8-
GFAP-hM3D(Gq)-mCherry) into the CeM of mice to induce selec-
tive expression of the stimulatory Gg-DREADD hM3D in astrocytes
(Fig. 3a,b; detailed information is provided in the Online Methods).
Local application of the selective ligand clozapine-N-oxide (CNO;
1 mM) by pressure pulse (2 s) increased calcium levels and the cal-
cium event probability in DREADD-expressing astrocytes (78 astro-
cytes from n = 7 slices; P = 0.0018; Fig. 3¢,d). To confirm that these
effects were selectively mediated by CNO activation of DREADDs,
we locally applied either extracellular solution without CNO to
DREADD-expressing astrocytes (105 astrocytes from # = 8 slices)
or CNO in mice that lacked DREADD expression (109 astrocytes
from n = 8 slices). In both cases, we observed no increases in cal-
cium event probability (P = 0.17 and P = 0.83, respectively; Fig. 3d).
In agreement with the effects produced by eCB-mediated astrocyte
activation (Fig. 1h,1), selective stimulation of DREADD-expressing
astrocytes by CNO increased the Pr of CeL-evoked IPSCs (n = 7;
P =0.004) and decreased the Pr of BLA-evoked EPSCs (n=8; P=0.02;

Fig. 3e-h), with no changes in synaptic potencies (IPSCs, n =7, P=0.83;
EPSCs, n = 8, P = 0.2; Supplementary Fig. 5). Furthermore, the
CNO-evoked increase in IPSC Pr was blocked by the A,4 receptor
antagonist SCH58261 (n = 7; P = 0.96; Fig. 3f), and the CNO-evoked
decrease in EPSC Pr was blocked by the A receptor antagonist CPT
(n =7; P =0.3; Fig. 3h). Therefore, direct activation of DREADD-
expressing astrocytes produced similar synaptic effects as eCB-medi-
ated activation of astrocytes by increasing astrocyte calcium levels and
stimulating gliotransmitter release. To further test this idea, which
suggested that the chemogenetic activation is independent of astro-
cytic CBIR activation, we applied CNO locally in the presence of
the CBIR antagonist AM 251. In this condition, CNO increased the
calcium event probability (from 0.21 £ 0.02 to 0.74 % 0.1; 69 astro-
cytes from n = 6 slices; P = 0.004, paired t-test), increased the Pr of
CeL-evoked IPSCs (n = 8; P = 0.003) and decreased the Pr of BLA-
evoked EPSCs (n = 6; P = 0.02; Fig. 3f,h), with no changes observed
in synaptic potencies (IPSCs, n =8, P = 0.87; EPSCs, n =6, P = 0.77;
Supplementary Fig. 5a,b). These results indicate that selective acti-
vation of DREADD-expressing astrocytes mimics the effects of eCBs
as endogenous stimuli: both induced elevations in astrocyte calcium
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levels that led to an increase in IPSC Pr and a decrease in EPSC Pr.
Thus, astrocyte stimulation by the activation of endogenous receptors
(CBI1Rs stimulated by eCBs mobilized from neurons) or exogenous
but selective receptors (Gq-DREADD:s activated by CNO) differen-
tially regulate inhibitory and excitatory synapses in CeM neurons.
Next, we investigated the effects of sustained application of CNO
(10 uM). Perfusion of the agonist induced a persistent increase in
the calcium oscillation frequency (n = 74 astrocytes, n = 6 slices;
P = 0.009; Supplementary Fig. 6a,b), a tonic increase in the Pr of
CeL-evoked IPSCs (1 = 9; P = 0.001; Supplementary Fig. 6c,d), and
a tonic decrease in the Pr of BLA-evoked EPSCs (n = 6; P = 0.0001;
Supplementary Fig. 6e,f). Consistent with observations after the
acute application of CNO, the effects on IPSCs and EPSCs were not
accompanied by changes in the synaptic potency (IPSCs, n = 9,
P =0.27; EPSCs, n = 6, P = 0.59; Supplementary Fig. 5¢,d) and were
reversed by the A, receptor antagonist SCH58261 (n = 3; P = 0.88;
Supplementary Fig. 6¢,d) and by the A; receptor antagonist CPT
(n = 4; P = 0.23; Supplementary Fig. 6e,f), respectively. Taken
together, these results suggest that persistent application of CNO
induces a tonic activation of astrocytes and a tonic regulation of both
BLA-CeM excitatory and CeL-CeM inhibitory synaptic inputs.

In vivo functional consequences of astrocytic activation

We then asked whether the astrocytic differential synaptic regula-
tion observed in acute brain slices would alter the firing rate of CeM
neurons in vivo. For this purpose, we injected DREADDs into CeM,
which allowed us to locally activate a population of astrocytes (Fig. 4a)
during in vivo electrophysiological recording of a neural population
within the same CeM in anesthetized animals. We obtained basal
electrophysiological recordings of multi-unit activity under control
conditions (over 30 min) and after an intraperitoneal (i.p.) injection
of CNO (2 mg/kg body weight). In mice expressing Gq-DREADDs
in CeM astrocytes after injection with AAV8-GFAP-hM3D(Gq)-
mCherry, CNO decreased the CeM firing rate (n = 28 neurons from
7 mice; P = 0.004; Fig. 4b,c), whereas no changes were observed
after saline injection (n = 23 neurons from 6 mice; P = 0.6; Fig. 4c).
This relative silencing of CeM neural activity is consistent with the
increased inhibitory synaptic rate and decreased rate of excitatory
synaptic inputs (Fig. 3f,h).

Finally, we studied the consequences of selective activation of
CeM astrocytes on amygdala-related behavior by using the delayed
auditory fear conditioning paradigm (Fig. 4a,d). Three weeks after
receiving virus injections to induce DREADD expression in CeM
astrocytes, mice underwent cued fear conditioning. On test day 1,
24 h after training, mice received i.p. injections of either CNO (n = 33)
or saline (1 = 30) 30 min before presentation of the first non-reinforced
cue, at which point the freezing response was recorded (Fig. 4d). In
these conditions, saline-injected mice did not show any reduction of
freezing during the 3 min of cue presentation (i.e., no within-session
extinction), whereas in test 1, animals injected with CNO showed a
clear extinction of the freezing response and a decreased fear response
to the cue compared with saline-injected animals (P = 0.037, P < 0.001,
P <0.001; Fig. 4e). Notably, 24 h after CNO or saline injection, on test
day 2, no differences were observed between the freezing responses
of the two animal cohorts (P = 0.23, P = 0.24, P = 0.066; Fig. 4e),
indicating that CNO produced an acute effect in test 1 that was not
present 24 h after the CNO application, in test 2. We also tested the
effects of astrocytic activation in the elevated plus maze, a behavio-
ral paradigm associated with anxiety behavior. We did not observe
any differences in the percentage of time spent in the open arms of
the maze (P = 0.44; Fig. 4f). Furthermore, CNO did not produce

any behavioral effects in mice that lacked DREADD expression
(Supplementary Fig. 7). These results indicate that selective activa-
tion of astrocytes in the CeM specifically enhances within-session
extinction and reduces the expression of an acquired fear response,
without altering long-term extinction of the same behavior or
anxiety-like behavior. Rather than acting in a broad, unspecific man-
ner, astrocytes influence certain specific behaviors, which is consistent
with specific synaptic regulation.

DISCUSSION

A growing body of evidence suggests that astrocyte-neuron interac-
tions are crucial elements in the control of synaptic physiology?®2”
and neuronal networks3346. Our results show that astrocytes differen-
tially regulate both excitatory and inhibitory synaptic transmission in
the CeM in a synapse-specific manner, thus resulting in the regulation
of neuronal activity and influencing the behavioral output of the brain
region (Supplementary Fig. 8).

The present results indicate that astrocytes in the central amy-
gdala are functional components of the eCB system. In agreement
with reports of other brain areas, eCBs regulate synaptic transmis-
sion through the activation of CB1Rs in astrocytes, calcium mobi-
lization and the stimulation of gliotransmitter release32-343847 In
addition to the well-known regulation of synaptic transmission and
plasticity by eCBs through direct activation of neuronal CB1Rs*84
(Supplementary Fig. 9), the present results add to the accumulating
evidence indicating that eCBs may have additional synaptic regu-
latory effects by activating astrocytes, which can expand the signal
range and regulate synapses relatively distant from the eCB source,
a phenomenon termed lateral regulation of synaptic transmissionC.
These complementary mechanisms of neuron- and astrocyte-driven
signaling provide a high degree of complexity to the functional con-
sequences of eCB signaling.

Astrocytes are able to release different neuroactive substances.
Among them, glutamate ATP/adenosine and D-serine are the major
gliotransmitters identified as regulators of synaptic transmission in
several brain areas!'”. Our results indicate that the synaptic regula-
tion observed in our experimental conditions depends on astrocyte
calcium activity that stimulates the release of ATP/adenosine, which,
acting as a gliotransmitter, activates neuronal adenosine receptors
in CeM synapses. The astrocyte-mediated synaptic regulation of
both CeL-evoked IPSCs and BLA-evoked EPSCs was insensitive to
mGluR antagonists, which suggests that the gliotransmitter gluta-
mate is not involved. Similarly, the insensitivity of the synaptic regu-
lation to D-APS5 suggests that p-serine, which acts as a co-agonist of
NMDARs?>42, is not implicated. Therefore, although these gliotrans-
mitters might have other potential effects, their involvement in the
reported phenomena is unlikely. In contrast, our results show that
synaptic regulation of CeL-evoked IPSCs and BLA-evoked EPSCs
was prevented by A, and A receptor antagonists, respectively, sug-
gesting that ATP/adenosine is the gliotransmitter responsible for the
phenomena (Supplementary Fig. 8).

The selective signaling of astrocytes to specific synapses belonging
to specific pathways has been reported recently in basal ganglia cir-
cuits®3. The synapse specificity of astrocytic signaling is further sup-
ported by the present results, which show that adenosine derived from
astrocytes differentially regulates excitatory and inhibitory synaptic
transmission in the CeM by activating specific adenosine receptors.
Therefore, rather than triggering broad, unspecific effects, astro-
cytes exert their regulatory actions though selective interaction with
specific synapses via the activation of specific signaling pathways.
In addition, here we show that the synapse specificity of synaptic
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regulation by astrocytes has important consequences for network
function and animal behavior.

Our results identify a functional role of astrocytes in the amygdala

and reveal that bidirectional astrocyte-neuron communication is rel-
evant in amygdala physiology, regulating the amygdala’s functional
connectivity and its behavioral outcome. Therefore, these results sug-
gest that brain functions and their behavioral consequences result
from synapse-specific signaling and the coordinated activity of astro-
cytes and neurons.

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Ethics statement. All of the procedures for handling and killing animals were
approved by the University of Minnesota Institutional Animal Care and Use
Committee (IACUC) in compliance with the National Institutes of Health guide-
lines for the care and use of laboratory animals.

Animals. Mice were housed under a 12-h/12-h light/dark cycle with up to five
animals per cage. Male C57BL/6] mice (14-21 d old) were used for slice elec-
trophysiology. For specific experiments, slices were obtained from male GFAP-
CB1R-null and GFAP-CB1RWT mice (12-20 weeks old) and from male IP3R2~
mice (14-21 d old), which were generously donated by Dr. G. Marsicano and
Dr. J. Chen, respectively>>2. For DREADD (AAV8-GFAP-hM3D-mCherry)
activation experiments, 9-20-week-old male C57BL/6] mice were used for
slice electrophysiology and in vivo electrophysiology, and 9-12-week-old male
C57BL/6] mice were used for the delayed fear conditioning and elevated plus
maze experiments.

Mice carrying the ‘floxed” CB1R-expressing gene (Cnr17f) were crossed with
GFAP-CreERT2 mice® via a three-step backcrossing procedure to produce
Cnr1;GFAP-CreERT2 and Cnr17f littermates, referred to here as GFAP-CB1R-
null and GFAP-CB1RWT mice, respectively. CreERT2 protein is inactive in the
absence of tamoxifen treatment; Cnrl was ‘deleted” in adult mice (8 weeks old) by
eight daily injections of tamoxifen (1 mg i.p.) dissolved in 90% sunflower oil, 10%
ethanol to a final concentration of 10 mg/ml (ref. 53). The animals were used at least
4 weeks after tamoxifen treatment.

Amygdala slice preparation. To obtain brain slices containing the amygdaloid
complex, we decapitated animals and then rapidly removed their brains and
placed the brains in ice-cold artificial cerebrospinal fluid (ACSF). Slices (350
wm thick) were incubated for 1 h at room temperature (21-24 °C) in ACSF that
contained 2.69 mM NaCl, 1.25 mM KH,POy, 2 mM MgSOy4, 26 mM NaHCO;3,
2 mM CaCl, and 10 mM glucose and was gassed with 95% O,, 5% CO,, pH 7.3.
Slices were then transferred to an immersion recording chamber and superfused
at 2 ml/min. The chamber volume was replaced in 8-12 min with gassed ACSE
The amygdaloid complex and its different subnuclei were easily identified by
transillumination with a 4x objective and use of the Allen Brain Atlas as a refer-
ence. We confirmed the location of the CeM nucleus on the basis of the neuronal
electrical properties'>°4, observing low-threshold bursting (19 out of 35 recorded
neurons; 54.3%), regular spiking (10 out of 35 neurons; 28.5%), late-firing (5 out
of 35 neurons; 14.3%) and stuttering neurons (1 out of 35 neurons; 2.9%).

Electrophysiology. Neurons were identified by infrared differential interfer-
ence contrast microscopy. Simultaneous electrophysiological recordings from
CeM neurons were obtained via the whole-cell patch-clamp technique. Patch
electrodes had resistances of 3-10 MQ2 when filled with an internal solution that
contained 135 mM KMeSO,4, 10 mM KCI, 10 mM HEPES-K, 5 mM NaCl, 2.5 mM
ATP-Mg*?, and 0.3 mM GTP-Na*, pH 7.3. The BAPTA-containing intracellular
solution contained 40 mM BAPTA-K,, 2 mM ATP-Na,, 10 mM HEPES, 1 mM
MgCl, and 8 mM NaCl, pH 7.3. To reveal the astrocyte network, we also included
biocytin (0.1%) in this solution; slices were fixed and biocytin was revealed by
Alexa Fluor 488-streptavidin. Recordings were obtained with PC-ONE amplifiers
(Dagan Instruments, Minneapolis, MN). Fast and slow whole-cell capacitances
were neutralized and series resistance was compensated (~70%), and the mem-
brane potential was held in a range from =70 mV to —80 mV. Electrophysiological
properties were monitored during the experiments, and recordings were consid-
ered stable when the series and input resistances, resting membrane and stimu-
lus artifact duration did not change by more than 20%. Cells that did not meet
these criteria were discarded. Signals were fed to a Pentium-based PC through a
DigiData 1440A interface board. Signals were filtered at 1 kHz and acquired at
a 10-kHz sampling rate. The pCLAMP 10.2 (Axon Instruments) software was
used for stimulus generation, data display, acquisition and storage. The distance
between the somas of the paired recorded neurons was 70-150 pm.

Synaptic stimulation. Theta capillaries (2-5-um tip) filled with ACSF were used
for bipolar local stimulation. The electrodes were connected to an S-910 stimula-
tor through an isolation unit. GABAergic IPSCs in CeM neurons were evoked by
local electrical stimulation through an extracellular stimulation electrode located
in the CeL, and isolated in the presence of AMPAR and NMDAR antagonists

(CNQX 20 pM and D-AP5 50 uM). Glutamatergic EPSCs in CeM neurons
were evoked by local electrical stimulation through an extracellular stimula-
tion electrode located in the BLA, and isolated in the presence of GABA 4R and
GABAgR blockers (Picrotoxin 0.05 mM and CGP 5 UM, respectively). The synap-
tic responses showed failures and successes in neurotransmitter release?6-38:3%:55,
The stimulus parameters were adjusted to meet the conditions of putative single
or very few presynaptic fibers, and remained unchanged during the experiment.
Synapses that did not meet the criteria were discarded. A response was consid-
ered a success if the amplitude of the current was >3 times the s.d. of the baseline
current and was verified by visual inspection. We quantified the Pr as the ratio
between successes and failures in evoked synaptic transmission, and the synaptic
potency as the amplitude of the successful responses. Paired pulses (250-s dura-
tion and 50-ms interval) were continuously delivered at 0.33 Hz. The paired-pulse
ratio was estimated as PPR = second EPSC/first EPSC or second IPSC/first IPSC.
The average of the successes and failures was used as the amplitude of the EPSC
or IPSC for this calculation.

Basal synaptic parameters were considered to be the parameters during the
5 min before the application of the stimulus. The stimulus to induce eCB release
was a 10-s ND to 0 mV (ref. 35). The ND was applied 2.5 s after the last basal
delivered pulse, and no pulses were presented during the ND. Immediately after
the ND was finished, the 0.33-Hz pulse protocol was started again. For acute
application of CNO, a micropipette was filled with 1 mM CNO solution and
placed 100-150 pm away from the recording neuron, and a pressure pulse was
applied for 2 s. The absence of mechanical movement of the tissue was confirmed
in every case. In the text, data are expressed as a percentage relative to the basal
5 min. Results were compared by two-tailed Student’s paired ¢-test unless oth-
erwise stated.

Ca?* imaging. Ca?* levels in astrocytes located in the CeM were monitored
by fluorescence microscopy with the Ca?* indicator fluo-4 (Molecular Probes,
Eugene, OR). Slices were incubated with fluo-4 AM (2 pl of 2 mM dye were
dropped over the amygdaloid complex, yielding a final concentration of 2 uM
and 0.01% pluronic) for 20-30 min at room temperature. In these conditions,
most of the cells loaded were astrocytes, as confirmed by their electrophysiologi-
cal properties and SR101 staining®>°¢. SR101 was intraperitoneally injected (100
mg/kg) and the animal was left in the cage for ~30-45 min until intense coloration
was observed in paws and ears, as reported®”. With this staining procedure SR101
stains specifically astrocytes®®->8 (but see ref. 59). Astrocytes were imaged either
with a CCD (charge-coupled device) camera (Retiga EX, Qimaging, Canada)
attached to the Olympus microscope or in a multiphoton scope Leica SP5. Cells
were illuminated for 100 ms with an LED at 488 nm, and images were acquired
every 1 s. Intracellular Ca?* signals were monitored from CeM astrocytes, and
Ca?* variations were recorded at the soma and proximal processes. The signal
was measured as fluorescence over baseline (AF/F), and cells were considered to
have displayed a calcium event when the AF/F of the calcium signal increased by
three times the s.d. of the baseline for at least two consecutive images.

The astrocyte Ca?* signal was quantified as the probability of occurrence of a
Ca?* event (calcium event probability). The Ca?* event probability was calculated
as the number of astrocytes starting a calcium event per time bin in a field of view,
divided by the number of astrocytes in that field of view (10-20 astrocytes). The
calcium event probability was calculated in each slice, and for statistical analysis
the sample size corresponded to the number of slices, because different slices were
considered as independent variables. Events were grouped in 10-s time bins. The
time of occurrence of an event was considered to be at the onset of the Ca>* event.
To test the effects of the different stimuli, we compared the respective mean basal
calcium event probability with the calcium event probability in the time bin after
the stimulus. Mean values were obtained from at least four slices in each condi-
tion. For the CNO perfusion, the Ca?* signal was quantified as a calcium event
frequency; thus it was calculated as the number of calcium events each astrocyte
displayed per minute in a field of view. The calcium event frequency was grouped
in time bins of 1 min. To test the effect of CNO perfusion, we compared the basal
calcium event frequency to the calcium event frequency 4 and 5 min after the
initial CNO application.

Virus delivery of DREADDs and confirmation of virus expression location.
AAV8-GFAP-hM3D-mCherry (adenovirus serotype 8, 2 x 10'2 virus molecules
per ml; Gene Therapy Vector Core at University of North Carolina) was used.
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Stereotaxic bilateral injections (300500 nl at 100 nl min~!) were made into
the CeM (anterior—posterior, —1 mm; medial-lateral, 2.75 mm; dorsal-ventral,
5.15 mm; from bregma) of C57BL/6] mice at 6-9 weeks of age. Three weeks
after the virus injection, the location of the virus was confirmed on the basis of
mCherry expression. Only animals in which the expression was located mainly in
the CeM, with no major leak into other subnuclei, were used. Animals in which
the expression did not meet these location criteria were discarded.

Immunohistochemistry. Anesthetized C57BL/6] mice transfected with AAV8-
GFAP-hM3D-mCherry were perfused intracardially with 0.1 M PBS followed
by 4% paraformaldehyde (# = 6 mice). Brains were extracted and post-fixed in
paraformaldehyde overnight. Each brain was sectioned into 50-um slices that
were then blocked in 10% normal goat serum with 0.1% Triton X-100 in PBS
(1 h, room temperature) and stained for rabbit GFAP-specific antibody (1:1,000;
Sigma; G9269), mouse NeuN-specific antibody (1:500; Millipore; MAB377), rab-
bit NeuN-specific antibody®? (1:500; Millipore; MABN140), mouse NG2-specific
antibody®! (1:500; Millipore; AB5320), rabbit Ibal antibody®? (1:500; Dako; 019-
19741), and mouse CCl-specific antibody®® (1:500; Calbiochem; OP80) over-
night (4 °C). This was followed by a 3-h incubation in Alexa Fluor 488 goat
anti-rabbit (1:500; Invitrogen; A11034), Alexa Fluor 405 goat anti-mouse (1:500;
Invitrogen; A31553) and Cy3 goat anti-mouse (1:500) before being mounted on
a glass slide with Vectashield Hardset mounting media (Vector Labs). Detailed
information regarding antibody validation is included in the Life Sciences
Reporting Summary. The slides were imaged with a Leica SP5 multiphoton
confocal microscope. The cellular specificity of DREADD expression was tested
by immunohistochemical analysis of randomly selected areas of CeM. Out of
790 DREADD-expressing cells (assessed by mCherry fluorescence), 785 cells
(99.36%) were identified as astrocytes on the basis of their colocalization with
GFAP, 3 cells (0.37%) were neurons (identified by colocalization with NeuN),
2 cells (0.25%) were oligodendrocytes (identified by colocalization with CC1),
and none (0.0%) were microglia (identified by colocalization with Ibal) or oli-
godendrocyte precursor cells (identified by colocalization with NG2). Moreover,
88.1% of astrocytes identified by GFAP (785 out of 891 astrocytes; 15 slices; 6
mice), 1.1% of oligodendrocytes identified by CC1 (2 out of 173 oligodendro-
cytes; 6 slices; 2 mice), 0.11% of neurons identified by NeuN (3 out of 2,596;
19 slices; 6 mice), 0.0% of microglia identified by Ibal (0 out of 178; 9 slices;
2 mice) and 0.0% oligodendrocyte precursor cells identified by NG2 (0 out of 100;
9 slices; 3 mice) expressed DREADDs (monitored by mCherry expression). These
results indicate that the number of cells other than astrocytes that expressed
DREADDs was negligible (0.6%) and that a vast amount (88.1%) of CeM
astrocytes expressed DREADDs.

The above-described selective GFAP-driven DREADD expression in CeM
astrocytes supports the specific deletion of astrocytic CB1R in GFAP-CB1R-null
mice. To directly test this idea, we analyzed the functional expression of CB1R.
Neuronal expression of CBIR was assessed on the basis of the depolarization-
induced suppression of inhibition (DSI), a well-characterized purely neuronal
phenomenon dependent on presynaptic CB1R3%36:64, and astrocyte expression
of CB1R was assessed on the basis of CB1R-mediated Ca?* elevations evoked by
neuronal depolarization3>38, We found that in wild-type mice neuronal depolari-
zation evoked both DSI and increases in amounts of astrocyte Ca*, whereas in
GFAP-CBI1R-null mice the DSI was still present but the increase in astrocyte Ca?*
was absent (Supplementary Fig. 9). These results show that in GFAP~CB1R~
mice, CB1R-mediated signaling was selectively abolished in astrocytes, whereas
CB1R-mediated signaling was preserved in neurons, indicating the specific dele-
tion of CB1R in astrocytes.

For astrocytic network labeling, after biocytin filling, slices were fixed in 4%
PFA in 0.1 PBS, pH 7.4, at 4 °C. Biocytin was visualized with Alexa Fluor 488-
streptavidin (RRID AB_2315383; 1:500).

In vivo electrophysiological recordings. Mice were anesthetized (urethane,
1.8 g/kgi.p.) and placed in a stereotaxic frame (ASI Instruments). Their body tem-
perature was maintained at 37 + 1 °C with a heating blanket, and breathing rates
were constantly monitored. A tungsten electrode (5-MQ impedance at 1,000 Hz)
for electrophysiological recordings of multi-unit activity was located stereotaxi-
cally in the same coordinates as for virus injection for each animal (anterior—poste-
rior, -1 mm; medial-lateral, +2.75 mm; dorsal-ventral, —5.15 mm; from bregma).
The signal was amplified and filtered (300-3,000 Hz) with a differential amplifier

(Model 3000 AC/DC, AM System). Signals were digitalized at 10 KHz with an
A/D converter (DigiData 1550A, Axons Instruments) and stored in a PC for
posterior analysis with the software pPCLAMP 10.2 (Axon Instruments). Spikes
were detected in offline analysis with the following criteria: a voltage threshold
was located at the level of the average of background noise plus three times the
s.d. (obtained during long silent periods) and verified by visual inspection. In
every mouse, spikes were grouped in clusters on the basis of spike amplitude.
A scalp vein set was filled with either saline or CNO (2 mg/kg) and was placed
intraperitoneally before the recording started. After 30 min of baseline recording,
either CNO or saline was applied.

Delayed fear conditioning. This associative learning task involved measur-
ing a fear response (i.e., time spent freezing) to a conditioned stimulus (cue)
that was predictive of an unconditioned stimulus (mild foot shock) presented
during training trials. Data collection and analysis were semi-automated via a
video-monitoring fear-conditioning apparatus (Med Associates, Inc.). On the
conditioning day (training day), mice were exposed to a series (five pairings; 60-s
intertrial interval) of cue (80-dB white noise tone and light) presentations (15 s
in duration) that co-terminated with a mild foot shock (0.7 mA, 1 s in duration).
Twenty-four hours later mice were injected with either CNO (2 mg/kg i.p.) or
saline 30 min before the first cued fear test (test day 1). Cued fear testing took
place in a test chamber with altered contextual elements (floor, wall and odor)
and consisted of a 3-min baseline (nonspecific freezing behavior) and a 3-min cue
exposure (cued fear) period. This cued fear test was then repeated 24 h later (test
day 2) without any CNO exposure. Freezing response was assessed during the
various procedural components of both the conditioning (conditioned stimulus
and intertrial interval) and testing (baseline and cue) sessions. For the memory
tests, we broke freezing down further into 1-min time bins within each session
to investigate within-session changes.

Elevated plus maze. Subjects were tested on an elevated plus maze (EPM) appa-
ratus (Med Associates, Inc.). Testing was done under dim lighting conditions,
with low-intensity LED lights over the open arms generating ~50 Ix of brightness
at the end of the arms. Tests were 5 min in duration, and movement was tracked
and analyzed with ANY-maze software (Stoelting Co.). Open arm time (as a per-
centage of total arm exploration), open and closed arm entries and total distance
traveled were determined by the software. Mice were injected with either CNO
(2 mg/kg i.p.) or saline 30 min before the test. The same subjects were used in
the EPM testing as were used for fear conditioning. The EPM test was performed
1 week after fear testing, and the CNO/saline treatments were assigned randomly,
irrespective of previous exposure.

Drugs and chemicals. N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251),
2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP), (S)-(+)-0i-amino-
4-carboxy-2-methylbenzeneacetic acid (LY367385 (LY)), and (25)-3-[[(1S)-1-
(3,4-dichlorophenyl)ethylJamino-2-hydroxypropyl](phenylmethyl)phosphonic
acid hydrochloride (CGP 55845) were purchased from Tocris Cookson (Bristol,
UK); Fluo-4 AM (Eugene, OR) and picrotoxin were from Indofine Chemical
Company (Hillsborough, NJ). BAPTA tetrapotassium salt was from Thermo
Fisher Scientific (Waltham, MA). All other drugs were purchased from Sigma.

Statistical analysis. The normality and equal variance tests were performed
before the application of statistical comparisons, which were made by parametric
Student’s ¢-test unless otherwise stated. Data are expressed as mean + s.e.m. unless
otherwise stated. To analyze the effects of the stimulus in the same synapse, we
used paired Student’s t-test to compare values before and after the stimulus. To
analyze the effects of different treatments and conditions, we carried out multiple
comparison testing between the different groups. Therefore, results were com-
pared by either a two-tailed Student’s t-test (0. = 0.05) or a two-way ANOVA using
the ‘basal’ and the ‘post-stimulus’ situations as factor 1 and the different experi-
mental conditions as factor 2. The post hoc test used was Holm-Sidak, versus
control comparisons, corrected for multiple comparisons, always using the ‘basal’
situation and the ‘control’ condition as the controls to compare. Statistical differ-
ences were established with *P < 0.05, **P < 0.01 and ***P < 0.001 for Student’s
t-test or with *P < 0.05, #P < 0.01 and ***P < 0.001 for the post hoc Holm-Sidak
test. For detailed information see Supplementary Tables 1 and 3-5. No animals
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or data points were excluded from the analysis. Data collection and analysis were
not performed with blinding to the condition of the experiments, but the same
criteria were applied to all allocated groups for comparisons. Randomization was
not used. No statistical methods were used to predetermine sample sizes, but our
sample sizes were similar to those generally used in the field26:36:64,

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.
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» Experimental design

1. Sample size

Describe how sample size was determined. No statistical methods were used to pre-determine sample sizes but our sample
sizes are similar to those generally employed in the field.

2. Data exclusions

Describe any data exclusions. No animals or data points were excluded from the analysis.
3. Replication
Describe whether the experimental findings were The experimental findings were reliably reproduced.

reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were Randomization was not employed.
allocated into experimental groups.
5. Blinding
Describe whether the investigators were blinded to Data collection and analysis were nor were performed blind to the condition of the
group allocation during data collection and/or analysis. experiments, but the same criteria was applied to all allocated groups for

comparisons.
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sample was measured repeatedly
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& A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted
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» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this The software used for electrophysiology was Clampfit 10.4. Images were analyzed
study. with Image). Data collected with those softwares was further analyzed with

Microsoft Excell and Sigma Plot.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
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Describe the antibodies used and how they were validated 1. rabbit GFAP-specific antibody: Sigma, cat # G9269, Anti-Glial Fibrillary Acidic

for use in the system under study (i.e. assay and species).  Protein, lot # 083M4830, "Anti-Glial Fibrillary Acidic Protein antibody produced in
rabbit is suitable for immunofluorescence using brain section from mice. The
product reacts specifically with GFAP and labels astrocytes in
immunohistochemical staining."http://www.sigmaaldrich.com/catalog/product/
sigma/g9269?lang=en&region=US.

2. mouse NeuN-specific antibody: Millipore, cat # MAB377, Neuronal Nuclei, lot #
2562102, Anti-NeuN antibody has a species reactivity to mouse and "specifically
recognizes the DNA-binding, neuron-specific protein NeuN, which is present in
most CNS neuronal cell types of all vertebrates tested."http://
www.emdmillipore.com/US/en/product/Anti-NeuN-Antibody%2C-clone-
A60,MM_NF-MAB377.

3. rabbit NeuN-specific antibody: Millipore, cat # MABN140, clone 27-4, lot #
2858898, Anti-NeuN antibody has a species cross-reactivity to mouse and "is found
exclusively in the nuclei of neuronal cells." Ref: Kim, K. K., et al. (2009). J. Biol.
Chem. 284(45):31052-31061.

4. mouse NG2-specific antibody: Millipore, cat # AB5320, Anti-NG2 Chondroitin
Sulfate Proteoglycan, lot # 2834672, Anti-NG2 Chondroitin Sulfate Proteoglycan
antibody has a species cross-reactivity to mouse and "is found on the surfaces of
glial cells within the developing and mature central nervous system that have the
properties of oligodendrocyte precursor cells (i.e., O-2A progenitor cells)." Ref:
Rolls, Asya, et al. (2007). Nat Cell Biol. 9:1081-8.

5. rabbit Ibal antibody: Wako, cat # 019-19741, Anti-lbal, lot # LKR1186, Anti-lbal
is "specific to microglia and macrophage, but not cross-reactive with neuron and
astrocyte. Reactive with mouse Ibal." Ref: Imai, Y., Ibata, I., Ito, D., Ohsawa, K. and
Kohsaka, S.: Biochem. Biophys. Res. Commun., 224, 855 (1996).

6. mouse CC1-specific antibody: Calbiochem, cat # OP80-100UG, Anti-APC, lot #
D00172565, Anti-APC (Ab-7) Mouse mAb (CC-1) has a species reactivity to mouse
and is "well suited for immunohistochemistry and immunofluorescence studies of
oligodendrocytes and optic nerves." Ref: Bhat, R.V., et al. 1996. Glia 17, 169.
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10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used.

b. Describe the method of cell line authentication used.

c. Report whether the cell lines were tested for
mycoplasma contamination.

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used.
No eukaryotic cell lines were used.

No eukaryotic cell lines were used.

No eukaryotic cell lines were used.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived
materials used in the study.

Mice were housed under 12/12-h light/dark cycle and up to five animals per cage.

Male C57BL/6J mice (14-21 days old) were used for slice electrophysiology. For
specific experiments, slices were obtained from male GFAP-CB1R-/- and GFAP-
CB1RWT (12-20 week old) and from male IP3R2-/- (14-21 days old) generously
donated by Dr. G. Marsicano and Dr. J Chen respectively1,2. Regarding DREADDs
(AAV8-GFAP-hM3D-mCherry) activation experiments: 9-20 week old male
C57BL/6J were used for slice electrophysiology as well as for in vivo
electrophysiology and 9-12 week old male C57BL/6J were used for the delay fear
conditioning and the elevated plus maze experiments.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population
characteristics of the human research participants.

Nature Neuroscience: doi:10.1038/nn.4649

The study did not involved human participants.
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