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13  ABSTRACT

14 The insular cortex, or insula, is a large brain region involved in the detection of thirst
15  and the control of water intake. However our understanding of the topographical, circuit
16 and molecular mechanisms the controlling water intake within the insula remains
17  parcellated. We found that type-1 cannabinoid receptors (CB1) within the insular cortex
18  participate to the regulation of water intake, and deconstructed circuit mechanisms of
19  this control. Topographically, we revealed that the activity of excitatory neurons in both
20 anterior (alC) and posterior (pIC) insula increases in response to water intake, yet
21 removal of CB1 receptors only in the plC decreases water intake. Interestingly, we
22  found that CB1 receptors are highly expressed in insula projections to the basolateral
23  amygdala (BLA), while undetectable in the neighboring central part of the amygdala.
24  Thus, we imaged the neurons of the anterior or posterior insula targeting the BLA
25 (alC-BLA and pIC-BLA), and found they oppositely respond to water intake,
26  respectively decreasing and increasing their activity upon water drinking. Consistently,
27  chemogenetic activation of plC-BLA neurons decreased water intake. Finally, we
28 uncovered CB1-dependent short term synaptic plasticity (depolarization-induced
29 suppression of excitation, DSE) selectively in plC-BLA, compared to alC-BLA
30 synapses. Altogether, our results support a model where CB1 signaling in the pIC-BLA
31 pathway exerts a positive control on water intake.

32
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35 INTRODUCTION

36

37  The brain perceives internal thirst states and subsequently drives drinking behavior to
38 maintain bodily fluid homeostasis [1-6]. Imaging studies in humans and rodents
39  suggest that the insular cortex (IC) responds to thirst-linked states by increasing its
40 global neural activity [7-9]. However, IC neurons display heterogeneous responses
41  upon thirst, suggesting that subpopulations of IC neurons differently encode body
42  liquid states [10, 11]. Divergent coding of thirst states within the IC has been supported
43 by the observation that optogenetic activation of IC projections to different amygdala
44  nuclei lead to facilitation or suppression of licking behavior [12, 13], although
45  optogenetic activation or inhibition of all excitatory neurons of the anterior insular cortex
46  did not affect drinking behavior [14].

47

48 Possibly by regulating presynaptic activity, type-1 cannabinoid receptors (CB1)
49 participate in the control of water intake [15-20]. In this study, we show that CB;
50 receptors expressed in IC neurons selectively modulate output pathways, which we
51  found to differentially control water intake. Using in vivo calcium imaging, we revealed
52  that the activity of excitatory neurons in both anterior (alC) and posterior (pIC) insula
53 increases in response to water intake, yet removal of CB1 receptors expressed only in
54  the plC decreases water intake. Interestingly, CB+ receptors are highly expressed in
55 insula projections to the basolateral amygdala (BLA), and in vivo calcium imaging
56  revealed that the activity of alC and pIC neurons targeting the BLA (alC-BLA and pIC-
57  BLA) respectively decreased and increased upon water drinking. Consistently,
58 chemogenetic activation of plC-BLA neurons decreased water intake after thirst
59 induction. Finally, ex vivo whole-cell patch-clamp recordings uncovered CBs-
60 dependent depolarization-induced suppression of excitation (DSE) selectively in
61 pIC-BLA, compared to alC-BLA synapses. Altogether, our data support a model where
62  CBj signaling in the pIC-BLA pathway exerts a negative control on water intake.

63

64 RESULTS

65

66  Neural activity in both anterior and posterior insular cortices (IC) increases in
67 response to water drinking

68  To monitor the responses of topographically distinct neuronal populations of the IC to
69  water intake, we used fiber photometry in freely moving mice in combination with
70  precise recording of water licking behavior. We analyzed calcium signals in excitatory
71 neurons of the anterior or posterior IC (alC or pIC, respectively) of mice previously
72  locally injected with an adeno-associated virus (AAV) carrying the gene coding for the
73 calcium indicator GCaMP6f under the control of the CaMKIl promoter (See Methods
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74  and Figures 1A, S1A, and S1B). Mice could freely access water in the center of an
75  open field apparatus while calcium signal and licking behavior were recorded (Figures
76 1B and 1C). Experiments were conducted under dim red light conditions, decreasing
77  anxiety-related effect of the open field. Remarkably, the activity of glutamatergic
78 neurons of both alC and plIC increased during licking behavior (Figures 1C-1G).
79 Interestingly, the calcium signals at the end of each drinking bout (late licks phase) did
80 not change after drinking (postlicking phase, Figures S1C-1F), suggesting that after
81  drinking the activity of alC and plC glutamatergic neurons remains higher than before
82  water consumption.
83
84  CBjreceptors in posterior insula neurons regulate water intake
85  CBj receptors have been involved in the control of water consumption [15-20], and
86  systemic genetic removal or pharmacological blockade of CB+ receptors decreases
87  water intake [15, 16]. As we observed increased activity in IC excitatory neurons when
88  mice are drinking water, we hypothesized that selective deletion of CB+ receptors in
89 the entire IC, the alC or the plC would differentially alter water consumption. To
90 achieve conditional deletion of CB1 receptors in specific regions of the IC, an AAV
91  coding for the Cre recombinase or the fluorescent reporter EGFP under the synthetic
92 CAG promoter (AAV-CAG-Cre or AAV-CAG-EGFP), was injected into the entire IC,
93  thealC, or the pIC of CB+-Flox mice (Figures 1H, S1G-S1I) as reported previously [21,
94  22]. Fluorescent CBy mRNAs in situ hybridization (FISH) [16, 23-25] revealed that the
95 transcript was strongly expressed in the IC of control mice (Figure 11), and absent in
96  mice expressing Cre in the IC (Figure 1J). Removal of CB4 receptors from the entire
97  IC or from the pIC, but not from the alC, decreased water intake induced by a systemic
98  hypertonic administration of NaCl (Figure 1K). Thus, CB+ receptors in the plC appear
99 to play a specific role in the control of water intake.
100
101 CB1 receptors of insular neurons are specifically present at basolateral
102 amygdala (BLA) terminals
103  Since CB1 receptors are mainly located at the presynaptic terminals [26-29] and IC
104  sends intense projections to BLA and CeA [12, 13, 30-32], we next examined the
105 distribution of insula CB+ receptors on axonal terminals in the amygdala including the
106 BLA and CeA. To observe CB1 receptors of IC neurons specifically, we took advantage
107  of a rescue approach to selectively re-express CB+ receptors in IC cells in Stop-CB;
108 mutant mice, where CB1 receptor expression is prevented by a “floxed-stop” cassette,
109  exceptin the presence of the Cre recombinase [16, 33, 34] (Figure 2A). CB1 receptors
110  were re-expressed in both alC and pIC in the mutant mice through injections of the
111 AAV-CAG-Cre virus into IC (IC-CBs-Rescue, Figures 2B and 2C), but not in the
112 control mice (Figures S2A-S2F). We then quantified CB; receptors in IC axonal
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113 terminals within the amygdala and found that the receptors are abundantly present in
114  the BLA and virtually absent in the CeA of IC-CB+-Rescue mice (Figures 2D and 2E).
115  Importantly, there was no expression of CB1 receptors in the control mice (Figures
116 S2B-S2F). These data reveal that CB1 receptors on axonal terminals of IC neurons
117  are highly expressed in the BLA, but not in the CeA, although IC neurons intensively
118  project to both BLA and CeA [12, 13, 30-32].

119

120  As we found that CB1 receptors in plC cells regulate drinking behavior and insula CB;
121  receptors are selectively located on insula axon terminals in the BLA, we then
122  quantified the number of plC-BLA projection neurons expressing CB1 mRNAs. To
123  identify IC-BLA projection neurons, a retrograde AAV coding for the blue fluorescent
124  protein (BFP) was injected into the BLA. After viral expression, double staining of CB;
125 mRNA by FISH and of BFP by immunostaining was performed [16, 23-25] (Figure 2F).
126  Here, BFP signals are shown with pseudo cyan and were found to selectively
127  colocalize with CB1 mRNAs in the plIC (Figure 2G). As high intensity CB1-positive cells
128  (high-CBs) are putative inhibitory interneurons and low intensity CBi-positive cells
129  (low-CB+) can be either inhibitory or excitatory neurons [25], we quantified high and
130 low intensity CBs-positive cells in the plC from 5 mice. We found an average of
131 328 CBs-positive cells in the pIC per section (Figure 2H). The average number of high
132  and low CBj cells were 51 and 277 in the pIC per section (15% and 85%, Figures 2H
133  and 2I). We then computed the number of pIC-BLA projection neurons in plIC sections
134  and found an average of 97 pIC-BLA neurons per section. Low-CB; cells colocalized
135  with retrograde staining in 28 pIC-BLA neurons per section (Figures 2J and 2K). The
136  fraction of low-CB+-pIC-BLA neurons represents 10% of all low-CB1 cells, 29% of all
137  pIC-BLA neurons, and 8% of all low-CB1 cells and all pIC-BLA projection neurons
138 together (Figure 2K). These results reveal that the plC contains CB1-positive cells, 1C-
139  BLA projection neurons, as well as low-CB1-IC-BLA neurons.

140

141 Insula neurons targeting the BLA respond to water drinking behavior

142  The BLA is one of the main targets of IC projection neurons [13, 30, 31], although their
143  role in the control of water intake remains unclear. As we found that pIC excitatory
144  neurons are active during water licking, that CB1 receptors in plIC cells regulate drinking
145 behavior and that CBs mRNA is expressed in plC-BLA projection neurons, we
146  hypothesized that pIC-BLA projection neurons selectively respond to water
147  consumption and control water intake. To address this question, we first investigated
148  how IC-BLA projections neurons respond to drinking behavior. We applied a double
149  viral approach injecting a retrograde virus carrying the gene coding for the Cre
150 recombinase (CAV2-Cre) into BLA and a Cre-dependent AAV including the gene
151  coding for the calcium indicator GCaMP6m, in the alC or pIC [12, 30, 35] (Figure 3A).
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152  Optic fibers were then implanted in the alC or pIC (Figures 3A, S3A, and S3B) to
153  record calcium signal in alC-BLA or pIC-BLA projection neurons (Figures 3B, S3A,
154  and S3B), respectively. Interestingly, alC-BLA neurons displayed a decrease in neural
155  activity at the onset of a licking event that lasted for several seconds (Figures 3C-3E),
156  whereas plIC-BLA neurons showed an increase in activity at the onset of licking that
157  persisted for the entire duration of licking bouts (Figures 3C, 3F, and 3G). Activity
158  during late licks was similar to postlicking in mice recorded in both alC-BLA and
159  plIC-BLA projection neurons (Figures S3C-S3F). These results indicate that alC-BLA
160 and plC-BLA neurons differentially respond to water intake, suggesting the two
161 populations of neurons might have antagonistic control over drinking behavior.

162

163  Posterior insula neurons targeting the BLA (pIC-BLA) negatively regulate water
164  intake

165 To investigate the causal relationship between the neural activity of IC-BLA projection
166  neurons and drinking behavior, we used a chemogenetic approach, expressing
167  excitatory or inhibitory designer receptors exclusively activated by designer drugs
168 (DREADDs) to manipulate neural activity [36-38]. The impact of chemogenetic
169  manipulations was observed on water intake triggered by a systemic hypertonic NaCl
170  administration as well as on basal levels of water intake (Figures 3H and 3l). To
171  express DREADDs (Gq or Gi) in alC-BLA or pIC-BLA projection neurons, we injected
172  a retrograde AAV expressing the Cre recombinase into BLA, in combination with the
173  injection of an AAV virus carrying Cre-dependent expression of the excitatory or
174  inhibitory DREADDs in the alC or pIC [36, 38] (Figure 3J-K, S4A-B). Interestingly,
175  activation of pIC-BLA, but not alC-BLA, projection neurons strongly decreased water
176  intake induced by hypertonic NaCl treatment and basal drinking, in comparison to the
177  control group (Figures 3L and S4C-G). However, inhibition of alC-BLA or pIC-BLA
178  projection neurons did not alter water consumption (Figures 3L and S4C-G). Taken
179  together, these experiments reveal that pIC-BLA neurons play an inhibitory role on
180  water intake.

181

182  Selective depolarization-induced suppression of excitation (DSE) at pIC-BLA
183  terminals

184  The data obtained so far show that lack of CB1 expression in plC neurons, as well as
185  hyperactivation of pIC-BLA projections containing CB1 receptors, both reduce water
186 intake. This suggests that CB+ receptors might negatively control pIC-BLA synaptic
187  transmission. Stimulation of presynaptic CB1 receptors by endocannabinoids (eCB)
188 retrogradely released from a depolarized postsynaptic neuron, suppresses neural
189 transmission [26-29]. Thus, we hypothesized that CB1 receptors on axonal terminals
190 of IC neurons in the BLA could express endocannabinoid-dependent depolarization-
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191  induced suppression of excitation (DSE). To test this idea, we used ex vivo
192  optogenetically assisted circuit mapping combined with whole-cell patch clamp
193 recordings in the BLA [39, 40]. We injected AAV carrying the gene coding for
194  Channelrhodopsin-2 fused to the fluorescent protein mCherry under the control of the
195  CaMKIl promoter (AAV-CaMKII-ChR2-mCh) into the alC or pIC of wild type mice
196  (Figures 4A-4C). Four weeks later, we recorded optically-evoked monosynaptic
197  excitatory postsynaptic currents (0EPSCs) in BLA neurons induced by blue light
198  photostimulation of IC-BLA axon terminals. Remarkably, 5 seconds depolarization of
199  the postsynaptic BLA neurons induced DSE of pIC-BLA photocurrents in 8 out of 15
200 neurons recorded in wild type animals (Figures 4D, 4F, and S4H). Interestingly, only
201 1 out of 10 cells expressed DSE in global CB+-KO mice. The proportion of cells
202  expressing DSE is more than five times higher in wild type mice compared to CB;-KO
203  mice (Figures 4F and S4l), suggesting that CB+ receptors in pIC-BLA axon terminals
204  contribute to the regulation of these synapses through DSE. Interestingly, no DSE was
205 observed when oEPSCs were obtained from alC-BLA axon terminals (Figure 4G). In
206  addition, stimulation of cannabinoid receptors by a synthetic agonist, WIN 55,212-2
207  (WIN), produced a reduction of oEPSCs in wild type mice but not CB+-KO controls
208 (Figure S4J). Therefore, these data reveal that CB+ receptors on plC-BLA, but not
209 alC-BLA, axon terminals are stimulated by endocannabinoids to inhibit transient
210  excitatory neurotransmission.

211

212  DISCUSSION

213  This study shows that both activation of pIC-BLA projection neurons, and removal of
214  CB;j receptor in the plC, negatively regulate water intake. As we found that pIC-BLA
215  synapses express CBi-dependent synaptic plasticity, our findings suggest that CB;
216 receptors within the plIC-BLA pathway control water intake.

217  After observing that neural activity of excitatory neurons in both alC and pIC increases
218  inresponse to water consumption in freely moving mice, we found that removal of CB;
219  receptors, only in pIC cells, suppresses water intake. We then found that plC outputs
220 in the BLA, but not the CeA, express CB1 receptors, and that pIC-BLA synapses
221  selectively express CB1-dependent depolarized suppression of excitation (DSE). Thus,
222  we hypothesized that the behavioral impact of insular CB1 knock-out is due to the loss
223  of inhibition of excitatory neurotransmission from plC axonal terminals to BLA neurons.
224  Consistently, we identified that the activity of pIC-BLA projection neurons is selectively
225 increased in response to water licking and that chemogenetic stimulation of pIC-BLA
226  projection neurons inhibits water intake. Altogether, our results support a model where
227  plC-BLA activation encodes water satiety and CB1 receptors located on plC axonal
228 terminals in the BLA positively control water intake through inhibition of pIC-BLA
229  neurotransmission.
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230 Coding and control of water licking in projection neurons of the anterior and
231  posterior insula

232  Thirst has been positively correlated with IC neural activity in both humans and rodents
233  [7-9]. However, a recent study reported that part of the insula neurons increase while
234  others decrease their firing rate when physiological state transfers from thirst to sated
235  state, suggesting that subpopulations of IC neurons oppositely encode internal water
236  balance conditions [11]. Here, we found that at a neural population level, in freely
237  moving mice, the activity of excitatory neurons of both alC and pIC increases in
238 response to water drinking. Interestingly, a previous study showed that optogenetic
239  stimulation of alC and plIC projection neurons during water consumption respectively
240 increases and decreases lick numbers [41]. Together with our results, these data show
241  that alC and plC projection neurons are both activated in response to licking water but
242  oppositely control water consumption, and suggest that plC glutamatergic neurons
243  encode a water satiety signal.

244

245  Differential role of CB1 receptors in different cortical areas in the control of water
246  intake

247  Previous studies have reported that global deletion or blockade of CB1 receptors
248  impairs drinking behavior induced by hypertonic NaCl treatment [15, 16]. Indeed, mice
249  without expression of CB+ receptors (Stop-CB+ mice) drink less water than mice with
250 global re-expression of CB+ receptors (CB+-RS mice) in response to hypertonic NaCl
251  treatment [16]. In this study, deletion of CB+ receptors in cells of the entire IC, or the
252  plC, but not alC, reduced water intake, suggesting that CB1 receptors in plC cells are
253  necessary to guarantee a physiological amount of water intake. However, selective re-
254  expression of CB4 receptors in IC cells of Stop-CB; mice did not affect drinking
255  behavior compared to control mice [16]. Thus, CB1 receptors in the IC are necessary
256  to allow physiological amounts of water intake, but are not sufficient to rescue alteration
257  of water intake induced by global deletion of CB+ receptor expression. Conversely, re-
258  expression of CB1 in the anterior cingulate cortex (ACC) neurons in Stop-CB; mice
259  rescued physiological water intake [16]. Altogether these results suggest that CB;
260  receptors in the plIC and ACC are both involved but play different roles in the control
261  of water intake.

262

263 Dichotomy of insula CB; receptors expression on IC inputs to amygdala
264  territories

265  Both alC and pIC neurons send projections to the BLA [30-32]. A recent study reported
266 that CB1 receptors are expressed in IC glutamatergic neurons [42], but the distribution
267  of CB1receptors in axonal terminals of IC neurons is unclear. Interestingly, our targeted
268 histological analyses revealed that CB+ receptors of IC neurons are intensively located
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269 on BLA but not CeA axon terminals. In the BLA, CB+ receptors were shown to be
270 located at both excitatory and inhibitory synapses, and activation of those receptors
271  decreased glutamatergic and GABAergic synaptic transmission [43-45]. CB1 mRNAs
272 colocalize with cholecystokinin (CCK) mRNAs in the BLA [25], and CB1receptors/CCK
273  form symmetrical synapses in the BLA, suggesting that CB1 receptors are present in
274  CCK interneurons and locally form inhibitory synapses [43, 46]. However, a recent
275  study also reported that most CCK neurons in the BLA are glutamatergic neurons, with
276  only a small fraction of CCK-positive cells being GABAeric neurons [47]. Despite the
277  knowledge of CB1 receptors in the BLA, little was known on the potential source of CB;
278  receptors from long-range glutamatergic inputs. This study is the first to show that CB;
279  receptors are located on pIC-BLA synapses, while our previous study showed they are
280  also present on ACC-BLA terminals [16].

281

282  Antagonistic activity of alC-BLA and pIC-BLA projection neurons during water
283 intake

284  We revealed that the global activity of alC-BLA projection neurons decreases in
285 response to water licking, whereas the activity of plC-BLA projection neurons
286 increases. This suggests that these two neuronal populations oppositely code drinking
287  behavior. A recent study reported that alC-BLA projection neurons decrease activity
288  when mice lick sucrose, whereas aversive stimuli including mild foot shock and tail
289  suspension produce an increase in activity of these neurons [30]. This suggests that
290 alC-BLA projection neurons code for negative valence, which in the context of water
291 intake could be associated with thirst. As pIC-BLA neurons have an opposite role, we
292  suggest that they might likely participate in the encoding of water satiety.

293

294  State and environment dependent roles of alC-BLA projection neurons in water
295 drinking

296  Chemogenetic manipulation of alC-BLA projection neuron did not alter water intake,
297  which was consistent with previous findings [14], but also unexpected in light of a
298  previous study showing that optogenetic stimulation of alC-BLA axon terminals could
299 increase water licking [13]. These apparently discrepant results are possibly due to
300 differences in the experimental approaches. For instance, whereas Wang et al.
301 measured conditioned responses in head-restrained mice, where water was
302 announced by a light cue, and available for only 5 seconds following the cue, in the
303 present study water intake was triggered by a hypertonic injection of NaCl, and mice
304  were freely moving in their home cage [13]. Moreover, the stimulation approaches are
305 also different, as Wang et al., employed optogenetics, with a behavioral closed-loop
306  stimulation protocol initiated by licking. Instead, we used Gq-DREADD expression to
307 produce longer activation over the entire drinking test. Thus, the difference in
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308 environmental and sensory factors, as well as duration of manipulation might produce
309 brain states driving different behaviors.

310

311 Negative control of pIC-BLA projection neurons on water drinking

312  Using chemogenetic manipulation, we identified that activation of plC-BLA, but not
313 alC-BLA, projection neurons reduces drinking induced by hypertonic NaCl treatment.
314  This is consistent with the hypothesis that activity in this neural population encodes
315  water satiety. However, inhibition of these neurons did not promote water intake,
316  potentially due to a ceiling effect. To test this possibility, we investigated how pIC-BLA
317 neurons regulate basal drinking. In this experiment, mice did not receive any
318 treatments and had ad libitum water access. In these conditions, activation of pIC-BLA
319  projection neurons also inhibited drinking, however, inhibition of these neurons still did
320 not alter water drinking. A recent study showed that stimulation of pIC excitatory
321 neurons promotes context-induced feeding [48], suggesting that the stimulation of
322 these neurons does not induce malaise and suppresses general intake behavior.
323  Altogether, these data indicate that pIC-BLA projection neurons exert a negative, but
324  not positive, control on water intake, compatible with the encoding of a water satiety
325 signal.

326

327  Selective CB1-dependent DSE in pIC-BLA pathway

328  Previous studies showed that depolarization-initiated cannabinoid release suppresses
329  synaptic transmission through stimulation of CB1 receptors in the BLA [33, 34, 49].
330 However, the cell types expressing the CB receptors and mediating DSE remained
331 unknown. In this study we identified for the first time that CB+ receptors specifically in
332 the pIC-BLA pathway mediate DSE. Indeed, we found that CBi-dependent DSE is
333 present in the pIC-BLA pathway, but almost absent in the alC-BLA pathway, which
334  confirms that CB1 receptors at glutamatergic pIC-BLA synapses are functional.

335

336 Conclusions

337  This study dissects the role of subpopulations of insula neurons in the control and
338 coding of water intake. The data reveal that the activity of pIC and pIC-BLA projection
339 neurons increases in response to water intake, and that chemogenetic stimulation of
340 plC-BLA neurons negatively regulates drinking behavior, and potentially encodes a
341  water satiety signal. At the molecular level, CB1 receptors in the pIC also control water
342 intake, and can regulate synaptic transmission from the plC to the BLA, through
343 retrograde endocannabinoids-induced inhibition of excitatory neurotransmission.
344  Altogether, this work provides a mechanistic model of insular cortex control of water
345 intake to maintain physiological homeostasis.
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346  MAIN FIGURE TITLES AND LEGENDS

347
A B Cc

AAVO- L . )
CaMKII- Drinking behavior during alc
GCaMPé6f in vivo calcium imaging
®
o " o @) .
°® : p

|
=

Baseline
Early licks
Baseline
Early licks

Baseline Early licks (n=9 mice) “ Baséline Early licks n=5 mice
10 5 0 5 10 -10 5 0 5 10
Time (s) Time (s)
H Transgenic @ﬁ Control:  AAV-CAG-GFP (1)
mouse line ~ IC-CB1-KO: AAV-CAG-Cre-GFP (J-K)

e b

° ° o I
@ 0® ® (GRe O GRe0 o
009 (o o0
Cre-dependent insular cortex anterior IC posterior IC
CB1 deletion (IC) (alC) (pIC)

;
u

‘E15 15 15
*% *

o
I 1.0 ]
o %
g g g
E | 0-5
0 0

A Control CB+-KO Control CB+-KO Control CB+-KO

348 Figure 1. Neural activity of alC and pIC excitatory neurons increases during
349 drinking behavior and CB; receptors in pIC cells controls water intake.
350 (A) Diagram of the stereotaxic surgery for viral expression of the calcium indicator
351 GCaMP6f in alC or plC excitatory neurons, and for in vivo fiber photometry.
352  (B) Diagram of in vivo calcium imaging during water consumption. (C) Representative
353 GCaMP6f signal recorded in the alC (top, blue trace) or pIC (bottom, green trace),
354  overlaid on water licking behavior (grey vertical lines). (D) Lick raster during drinking
355  bouts above the averaged calcium signal of alC glutamatergic neurons during those
356  drinking bouts and aligned to the first lick of each bout. The signal from -10 to -5 s and
357 from 0 to 5s is considered as baseline and ‘early lick’ signals respectively. dF/F
358 represents the fluorescent changes from the mean level of the entire recording time
359  series. Dashed lines represent mean £ SEM. (E) The average calcium signal in alC
360 glutamatergic neurons is higher during ‘early licks’ compared to baseline, (two-tailed
361 paired t-test, n=9, *p=0.0152). (F) Raster of water licking behaviors above the average
362 calcium signal in glutamatergic pIC neurons, aligned to the first lick of the bout. (G)
363  Average neural activity during ‘early licks’ in pIC glutamatergic neurons is higher than
364  during baseline (two-tailed paired t-test, n=5, *p=0.0212). (H) Experimental strategy to
365  knock out CB1 receptors in the cells of the entire IC, the alC, or the pIC. (I) CB1mRNAs
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366 ininsular neurons of a control mouse (injected with the control virus). (J) Knock out of
367 CB1 mRNAs in insular neurons after expressing the Cre recombinase. Note the
368 absence of red CB1 mRNA signal (red) in presence of the Cre-GFP (green). (K)
369  Drinking behavior induced by hypertonic NaCl i.p. injection is decreased after CB+-KO
370 inthe entire IC (n=11 control, n=13 CB+-KO, two-tailed unpaired t-test, **p=0.001) and
371 CB+KO in the pIC (n=13 control, n=16 CBs-KO, two-tailed unpaired t-test, **p=0.04).
372  Drinking remained unchanged after CBs-KO in the alC. Data in (E, G, and K) are
373  shown as the mean + SEM. For histological verifications, see Figure $1.
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377  Figure 2. CB1 receptors of insula neurons are located on presynaptic terminals
378 in the basolateral amygdala. (A) CB+-rescue experimental design to express CB;
379  receptors selectively in IC cells of Stop-CBs mice. (B-C) Expression of CB+ receptors
380 in the alC (B) and pIC (C) after Cre recombinase expression. (D-E) CB1 receptors of
381 IC neurons are presynaptically present in the BLA but not the CeA. n=6 CeA-Control,
382 n=6 BLA-Control, n=13 CeA-Rescue, n=13 BLA-Rescue, one-way ANOVA,
383  F(334=32.98, ****p<0.0001; CeA-Rescue vs. BLA-Rescue Tukey’'s post-hoc test
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384  ****p<0.0001. (F) Diagram of the approach to identify IC-BLA projection neurons by
385 injecting retroAAV-BFP into the BLA. (G) CB1 mRNAs (red) in IC-BLA projection
386 neurons (cyan) revealed by CB+ fluorescent in situ hybridization (FISH) coupled with
387  BFP immunostaining. White and yellow arrows respectively indicate cells with low and
388  high intensity of red fluorescence which are named low-CB+1 and high-CB; positive cells.
389 (H) Quantification of CBs-positive cell number in the plC. High-CB; cells are largely
390 more numerous than low-CB1 cells in the pIC. n=6 in each group, one-way ANOVA,
391 F(2,15=57.09, ****p<0.0001; low-CB1 vs. high-CB1 cell number in plC Tukey’s post-hoc
392  test ****p<0.0001. (I) High-CB1 and low-CB; cells represent 15% and 85% of the CB:-
393  positive neurons, respectively. n=6 in each group, two-tailed paired t-test, ****p<0.0001.
394  (J) Quantification of pIC-BLA projection neurons, along with CBs-positive plC-BLA
395  projection neurons. n=6 in each group, two-tailed paired t-test, ****p<0.0001. (K) Venn
396 diagram of low-CB1 positive cell number (grey) and IC-BLA projection cell number
397 (cyan). The overlap of grey and cyan circles represents the number of CB+-positive IC-
398 BLA projection neurons. The average of the amount of low CB1+ cells plus plC-BLA
399  projection neurons per section is 346. The percentage of CBs-positive cells colocalized
400  with IC-BLA projection neurons among these cells in both alC and pIC is 8%. Data in
401  (E) and (H) are shown as the mean + SEM, and were analyzed by one-way ANOVA
402 test. For more relevant information, see Figure S2 and Table S1.
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405 Figure 3. alC-BLA and pIC-BLA neurons differentially respond to water
406 consumption and pIC-BLA activation decreases water intake. (A) Combinatorial
407  viral approach to express GCaMP6m in alC-BLA or plC-BLA projection neurons and
408 fiber implantation alC or pIC. (B) Traces of GCaMP6m signal of alC-BLA projection
409 neurons recorded in the alC (blue trace) or plIC-BLA projection neurons recorded in
410 the plIC (turquoise trace) overlaid on water licking events (grey vertical lines). (C)
411 Confocal images of alC-BLA projection neurons expressing GCaMP6m and track of
412  the optical fiber implant at the alC. (D) Licking raster during drinking bouts above the
413  average calcium signal of alC-BLA neurons. Each bout is aligned to the first lick, and
414  the signals from -10 to -5 s and from O to 5 s are considered as baseline and ‘early lick’
415  signals respectively. dF/F represents the fluorescent changes from the mean level of
416  the entire recording time series. Dashed lines are mean + SEM. (E) The average
417  calcium signal of alC-BLA projection neurons is lower during early licks compared to
418 baseline (two-tailed paired t-test, n=7 mice, *p=0.0156). (F) Licking raster above
419  calcium signal of pIC-BLA projection neurons. (G) The signal is higher during the ‘early
420 licks’ period compared to baseline (two-tailed paired f-test, n=6 mice *p=0.0459).
421  (H) Experimental timeline of chemogenetic manipulations of alC-BLA and pIC-BLA
422  neurons. (I) Protocol to test the role of alC-BLA and plC-BLA neurons on NaCl-induced
423  water intake. (J) Dual viral approach to express Gq or Gi DREADDs fused to mCherry
424  (hM4Dg-mCh or hM3Di-mCh), or mCherry alone, in alC-BLA or plC-BLA projection
425  neurons. (K) Fluorescence image of alC-BLA projection neurons expressing mCherry
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426  (control virus). (L) Chemogenetic manipulations of alC-BLA neuron do not alter NaCl-
427  induced water intake (n=17 mCh, n=13 Gq, n=18 Gi, one-way ANOVA F.45=0.8775,
428 p=0.4228) while activation of pIC-BLA neurons strongly reduces NaCl-induced water
429 intake (n=9 mCh, n=11 Gq, n=8 Gi, one-way ANOVA, F225=24.36, ****p<0.0001; Gq
430 vs Gi Tukey’s post-hoc test ****p<0.0001). Data in (D-G) and (L) are shown as the
431 mean + SEM. For more relevant information, see Figures S3, S4, and Table S1.
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435 Figure 4. Selective depolarization-induced suppression of excitation (DSE) at
436  plC-BLA terminals. (A) ChR2 was selectively expressed in plC or alC neurons. (B)
437  Diagram of ex vivo whole-cell patch-clamp recording of BLA principal neurons coupled
438  with optogenetic stimulation of insular inputs. (C) Confocal image of a representative
439  neuron recorded in the BLA. (D) Representative monosynaptic currents recorded in a
440  BLA neuron during optogenetic stimulation of pIC axons (473 nm, 5 ms), before and
441  after DSE induction (induction protocol: 0 mV, 5s). Monosynaptic currents were
442  isolated thanks to the presence of 1 uM TTX and 100 uM 4AP. (E) Time course of pIC
443  to BLA current amplitude, average over neurons that exhibit DSE (two-tailed paired t-
444  test, n=8/15 cells from 4 mice; ***p=0.0007). (F) The proportion of cells expressing
445  DSE is higher in WT compared to CB;-KO mice (chi-square, *p=0.04). (G) Time course
446  of alC to BLA monosynaptic currents (two-tailed paired t-test, n=8/8 from 4 mice;
447  p=0.396). Data in (E) and (G) are shown as the mean + SEM. For more relevant
448 information, see Figure S3.
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Figure S$1. Histological verification of GCaMP6f expression and location of fiber
implantation in alC or pIC, and Cre recombinase or GFP expression in IC of CB;-
flox mice. (A and B) Location of viral injection sites and fiber implants in the alC (A)
or plC (B). (C) Top, licking raster of drinking bouts. Bottom, an average of alC calcium
signal of drinking bouts. Signal of each bout is aligned to last lick, the traces from -10
to -5 s and from 0 to 5 s are considered as late licks and postlicking signals respectively.
dF/F represents the fluorescent changes from the mean level of the entire recording
time series. Dashed lines are mean = SEM. (D) Mean of calcium signal in alC during
Late licks and Postlicking phases. Neural activity during Late licks phase in alC is
similar with the activity during Postlicking phase (two-tailed paired t-test, n=9, p=0.7,).
(E and F) Same as (C) and (D). Neural activity during Late licks phase in pIC is similar
with the activity during Postlicking phase (Two-tailed paired t-test, n=5, p=0.9). (G) Top,
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464  location of viral injection sites of Cre-expressing virus (AAV-CAG-Cre-GFP) in the alC
465 and plC of CB1-flox mice (IC-CB+-KO mice); one mouse was excluded because of no
466  Cre expression. Bottom, location of viral injection sites of GFP-expressing virus (AAV-
467 CAG-GFP) in alC and plIC of CBflox mice (control mice). (H) Top, location of viral
468 injection sites of Cre recombinase in alC of CBs-KO mice; 5 mice were excluded
469 because of wrong targets or no Cre expression. Bottom, location of viral injection sites
470 of GFPin alC of control mice. (I) Top, location of viral injection sites of Cre recombinase
471  in pIC of CB+KO mice; one mouse was excluded because of no Cre expression.
472  Bottom, location of viral injection sites of GFP in pIC of control mice.

473

A B alC of a Stop-CB1 mouse injected with AAV-CAG-GFP in IC

C pIC of a Stop-CB1 mouse injected with AAV-CAG-GFP in IC
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474  Figure S2. CB+ receptors are absent in the IC and amygdala of Stop-CB; control
475 mice. (A) Schematic presentation of viral expression of GFP in IC of Stop-CB+ mice.
476  (B-F) CBs receptors are absent in alC (B), pIC (C), aBLA (D), intermBLA (E), pBLA
477  (F) in Stop-CBy control mice. Scale bar, 1 mm.


https://doi.org/10.1101/2022.03.18.484736

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.18.484736; this version posted March 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A AAV9-EF1a-DIO-GCaMP6m injection and fiber implant in alC BAAVs-EF1a-DIO-GCaMP6m injection and fiber implant in pIC
Injection sites of CAV2-Cre in the BLA Injection sites of CAV2-Cre in the BLA
C Licking offset D E Licking offset F
p=0.1 p=0.2
oo P i
0.5
14
15 ;\? 0.6 ;\? 1
310 w O w 0-—'ij'
S L r L
L 05 L o - |
i 0 7 TN 1 -
R ST A AN : 0.5
05 g
10 Late licks Postlicking (n=7 mice) _2;\6}? \&\g 04 Late licks Postlicking (n=6 mice) _\\q‘,\‘e "§‘Q’
T f T 1 @ & T T T T 1 @
-10 5 Timeo(s) 5 10 & o -10 5 Timg s) 5 10 B o

478

479  Figure S3. Histology and licking offset responses for IC-BLA fiber photometry
480 recordings (alC-BLA or plC-BLA). (A) Location of the anterograde viral vector
481  injection, and fiber implant in the alC (top), and of the retrograde virus injection in the
482 BLA (bottom) in mice expressing GCaMP6m in alC-BLA projection neurons. (B)
483  Location of the injection of the anterograde viral vector and fiber implant in the plIC
484  (top), and of the retrograde vector injection in the BLA (bottom) in mice expressing
485 GCaMP6m in pIC-BLA neurons. (C) Lick raster of drinking bouts above the average
486  calcium signal of alC-BLA neurons recorded during 36 drinking bouts. The signal of
487  each bout is aligned to the last lick of each bout. The activity from -10 to -5 s and from
488 0 to 5s is considered as Late licks and Postlicking signals respectively. dF/F
489  represents the fluorescent changes from the mean level of the entire recording time
490 series. Dashed lines represent mean + SEM. (D) Neural activity of alC-BLA projection
491 neurons tends to be higher in the ‘Postlicking phase’ compared to the ‘Late licks phase’
492  (two-tailed paired t-test, n=7, p=0.1094). (E) Lick raster of drinking bouts above the
493  average calcium signal of plIC-BLA neurons recorded during 21 drinking bouts. The
494  signal of each bout is aligned to the last lick of each bout. Dashed lines represent mean
495 + SEM. (F) In pIC-BLA neurons, the calcium signal is similar in the Late licks and
496  Postlicking phases (two-tailed paired t-test, n=6, p=0.2390).
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499  Figure S4. Histology and drinking behavior in DREADDs or mCherry expression
500 in IC-BLA neurons (alC-BLA or plC-BLA), and averaged monosynaptic pIC-BLA
501 current time course recorded in BLA neurons. (A-B) Hostological verification (A)
502  Location of viral injection sites in the alC (top) and BLA (bottom) of mice expressing
503 the Gg-DREADD (aquamarine circle), Gi -DREADD (yellow circle) and mCherry (grey
504 circle) in alC-BLA projection neurons. (B) Location of viral injection sites in the plIC (top)
505 and BLA (bottom) for mice expressing the Gq-DREADD (aquamarine circle), Gi-
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506 DREADD (yellow circle) and mCherry (grey circle) in pIC-BLA neurons. 5 alC-BLA-Gg-
507 DREADD mice were excluded because of wrong targets or no DREADD-Gq
508 expression. (C-G) Changes in_drinking behaviors induced by CNO injections
509 (C) Experimental design of the chemogenetic experiment and basal water intake
510 measurements. (D) Change of drinking behavior induced by CNO injection relative to
511  saline injection in each mouse. plC-BLA-Gq mice drink less after CNO injection than
512  after saline injection, compared to pIC-BLA-control mice (n=11 plC-BLA-Gqg mice, n=9
513  plC-BLA-control mice, one-way ANOVA, ****p<0.0001). (E-G) Basal water intake
514  during 0-30, 30-60, and 60-120 minutes after CNO injection. (E) Basal water intake in
515  the first 30 minutes of the test (0-30 minutes) after CNO injection. (F) pIC-BLA-Gq mice
516  drink less water between 30 and 60 minutes compared to plC-BLA-control mice (n=10
517  plC-BLA-Gqg mice, n=8 plC-BL-Gi mice, n=9 plC-BLA control mice, one-way ANOVA
518  test, F(224=8.859, **p=0.0013, Gq vs control Tukey’s post-hoc test *p=0.02). (G) Basal
519  water intake between 60 to 120 minutes of the test (60-120 minutes) after CNO
520 injection. For more relevant information, see Table S1. (H-J) pIC to BLA inputs
521  responsiveness to endogenous and exogenous cannabinoids. (H) Time course of pIC
522  to BLA inputs recorded from neurons that underwent DSE (two-tailed paired t-test,
523  n=8/15 cells from 4 mice, ***p=0.0007) and no DSE (two-tailed paired t-test, n=7/15
524  cells from 4 mice, p=0.125) in WT mice. (I) Time course of pIC to BLA inputs recorded
525  from neurons that displayed DSE (n=1/10 cells from 2 mice) and no DSE (two-tailed
526  paired t-test, n=9/10 cells from 2 mice, p=0.161) in CB+-KO mice. (J) pIC to BLA inputs
527  responsiveness to 5 uM WIN 55,212-2 recorded from WT (two-tailed paired t-test, n=4
528  cells from 2 mice, p=0.016) and CB-KO mice (two-tailed paired t-test, n=3 cells from
529 2 mice, p=0.885).
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530 STAR % METHODS

531 RESOURCE AVAILABILITY

532 Lead Contact

533  Further information and requests should be directed to and will be fulfilled by the

534 Lead Contact (Anna Beyeler; anna.beyeler@inserm.fr).

535 Materials Availability

536  This study did not generate new unique reagents. Materials used here are available
537  from the Lead Contact upon reasonable request.

538 Data and Code Availability

539 Raw data and code supporting the current study (Figures 1-4 and S1-S4) have been
540 deposited to Mendeley Data: doi: 10.17632/v3b2fbrd24.1

541

542 EXPERIMENTAL MODEL AND SUBJECT DETAILS

543  All experiments were approved by the ethical Committee on Animal Health and Care
544  of INSERM and the University of Bordeaux, and by the French Ministry of Agriculture
545  and Forestry (authorization numbers 15493 and 12411). Maximal efforts were made
546  to reduce the suffering and the number of mice used. Drinking behavior triggered by
547  systemic hypertonic NaCl treatment was performed during the light phase, fiber
548  photometry recordings and basal drinking measurements were done in dark phase.
549  Animals were kept in individual cages under standard conditions in a day/night cycle
550  of 12/12 hours (lights on at 7 am) for drinking behavioral test. For the fiber photometry
551  recordings, mice were grouped-housed (3-6 mice) and kept in a reversed light-dark
552  cycle. Male wild-type C57BL/6 mice were purchased from Janvier (France). All mutant
553  mice were generated and identified in previous studies, e.g. CB+-Flox mice; the Stop-
554  CBs mice (lack of CB+); global CB1 knockout (CB+-KO) mice [22, 33, 50]. All the mice
555  used in this study were 7-10 weeks old at the beginning of the experiments and all the
556  data was obtained by experimenters blind to viral expression or genetic conditions.
557

558 METHOD DETAILS

559

560  Surgery and viral administration

561  Mice were anesthetized by isoflurane (5% for the induction and 2% during the surgery)
562  and placed on a stereotaxic apparatus (Model 900, KOPF instruments, CA, USA) with
563 a mouse adaptor and lateral ear bars. For viral vectors delivery, AAV vectors were
564 loaded in a glass pipette and infused by a pump (UMP3-1, World Precision Instruments,
565 FL, USA). The injection coordinates in anteroposterior (AP) / mediolateral (ML) /
566  dorsoventral (DV) from Bregma, were in mm: for the alC +1.7/+3.0/-3.5, for the pIC -
567  0.3/£3.7~4.0/-4.0 (200~300 nL per injection site, 100 nL/min), for the BLA -1.6/+3.3/-
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568 4.9 (150 nL, 100 nL/min). The coordinates used were decided according to the mouse
569  brain atlas [51].

570 For_fiber photometry experiments targeting all excitatory neurons, 300 nL of
571  AAV9-CaMKlla-GCaMP6f (Addgene 100834, >1x10" vg/mL) was injected into the
572  right alC or right pIC, and an optical fiber (400 um diameter, 0.39 numerical aperture

573  (NA)) was implanted 50 ym above the viral injection site. To express GCaMP6m in
574  alC-BLA or plC-BLA projection neurons, 300 nL of CAV2-Cre vector (IGMM, 1.12x10"
575  pp/mL) was injected into the right BLA, in combination with an injection of 300 nL of
576  AAV9/2-EF1a-DIO-GCaMP6m vector (Stanford University, GVVC-AAV-92, >1x10"
577  GC/mL) into the right alC or pIC. Directly after viral injections, an optical fiber (400 um
578  diameter, 0.39 NA) was implanted 50 um above the viral injection site in the alC or pIC.
579  For deletion of CB1receptors in the IC, 200 nL of AAV1/2-CAG-GFP (custom made,
580  5.18x10' vg/mL) or AAV1/2-CAG-Cre-GFP (custom made, 4.2x10'° vg/mL; for control
581  mice) were injected into the alC, the pIC, or both (entire IC) at 100 nL/min in CBs-Flox
582  mice.

583  For re-expression of CB receptors in IC, 200 nL of AAV1/2-CAG-Cre-GFP (custom
584  made, 4.2x10" vg/ml) was injected into the entire insula (IC) including both alC and
585 plC at 100 nL/min in Stop-CB; mice.

586 To map CBi;_mRNA in IC-BLA neurons, 150 nL of retroAAV2-hSyn1-chl-EBFP
587  produced by the Zurich Neuroscience Center (ZNZ) Viral Vector Facility (VVF) was
588 injected in the BLA (ZNZ-VVF v140-retro, 4.1x10'? vg/ml).

589  For manipulating the activity of IC-BLA neurons with DREADDs, 200 nL of AAV8-hSyn-
590 DIO-hM3D(Gq)-mCherry (Addgene 443618, 2.2x10"® GC/mL), AAV8-hSyn-DIO-
591  hM4D(Gi)-mCherry (Addgene 50475, 2.1x10" GC/mL), or AAV8-hSyn-DIO-mCherry
592  (Addgene 50459, 2.3x10" GC/mL) was injected bilateraly into the alC or pIC, in
593  combination with the injection of 150 nL of retroAAV2-hSyn1-chl-iCre-EBFP (Addgene
594  #25493, ZNZ VVF v148, 6.7x10"2 vg/mL) into the BLA.

595 For ex vivo whole-cell patch-clamp recording experiments, 200 nL of
596  AAV2/2-hSyn1-hChR2(H134R)-mCherry (Addgene #58880, ZNZ-VVF v124, 3.3x10"?
597  vg/ml) was injected into the alC or pIC of WT or CB;-KO mice.

598

599  In vivo calcium imaging by fiber photometry system

600  Fiber photometry was performed as in previous studies [30, 52, 53]. A 470 nm LED
601  was used to excite GCaMP&6 in a calcium-dependent manner and a 405 nm LED was
602 used as an isosbestic wavelength to excite GCaMP in a calcium-independent manner
603  (LEDs from Thorlabs). Acquired photometry data were processed with custom-written
604 codes in MATLAB. To calculate AF/F time series, a linear fit was applied to the 405 nm
605 signals and aligned to the 470 nm signals. The fitted 405 nm signal was subtracted
606 from the 470 channel, and then divided by the fitted 470 nm signal to obtain AF/F
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607  values. Photometry signals were then extracted from 10 seconds before to 10 seconds
608  after each licking bout of continuous licks of 5 seconds or more and averaged across
609 licking bouts of different animals.

610

611  Water intake assays

612  For the experiments with CB1 receptors deletion in the insula, the amount of water
613  intake was measured 30, 60, and 120 minutes after the intraperitoneal (i.p.) injection
614 of 1.0 M sodium chloride (NaCl, VWRV0241, 10 mL/kg of body weight). For the
615 DREADD experiments, the amount of water intake was measured 30, 60, and 120
616  minutes after the i.p. injection of 1.5 M sodium chloride (NaCl, VWRV0241, 10 mL/kg
617  of body weight), and Clozapine-N-oxide (CNO, 2 mg/kg, Tocris Bioscience) or the
618  control saline were injected 30 minutes before the water intake test (Figure 3l). To
619  control that mice were drinking normally before the manipulations, the daily water
620 intake and body weight of each mouse was monitored daily during the whole period of
621 experiments.

622

623 Immunohistochemistry (IHC)

624  After the behavioral experiments, mice were anesthetized with pentobarbital (Exagon,
625 400 mg/kg body weight), transcardially perfused first with the phosphate-buffered
626  solution (PBS, 0.1M, pH 7.4) and then fixed by 4% formaldehyde (Sigma-Aldrich,
627 HT501128, [21, 23]. Serial brain coronal sections were cut at 40 um and collected in
628 PBS at room temperature (RT). Sections were permeabilized in a blocking solution of
629 4% donkey serum, 0.3% Triton X-100 and 0.02% sodium azide prepared in PBS for 1
630 hour at RT. For the CB1immunohistochemistry, free-floating sections were incubated
631  with goat CBj receptors polyclonal primary antibodies (CB1-Go-Af450-1; 1:2000,
632 Frontier Science Co. ShinKO-nishi, Ishikari, Hokkaido, Japan) for 48 hours at 4°C. The
633  antibody was prepared in the blocking solution. After three washes, the sections were
634  incubated with a secondary antibody anti-goat Alexa Fluor 555 (A21432, 1:500, Fisher
635  Scientific) for 2 hours at RT and then washed in PBS at RT. Images of these sections
636 were taken by a Nanozoomer microscope (Hamamatsu, Japan) and Leica SP8
637  confocal microscope (Leica, Germany) and processed using Fiji (Image J,NIH).

638

639  Fluorescent in situ hybridization (FISH) coupled with immunohistochemistry
640  The detailed procedure referred to previous publications [23-25]. Mice were sacrificed
641 by cervical dislocation, then their brains were rapidly extracted and placed on dry ice.
642  The frozen brains were stored at 80°C for sections by a cryostat (40 um, CM1950,
643 Leica). Coordinates of selected plC sections were taken from Bregman +0.2 to -0.8
644 mm. For the probes, fluorescein (FITC)-labeled riboprobes against mouse CBj
645 receptor was made by our lab [25]. After hybridization overnight at 60°C with the
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646  mixture of probes, the slides were washed with different stringency wash buffers at
647  65°C. Then, the slides were blocked with a blocking buffer prepared according to the
648  manufacturer’s protocol. Anti-FITC antibodies conjugated to horseradish peroxidase
649 (HRP) (Roche; 1:2000) were applied 2 hours at RT or overnight at 4°C to detect
650 respectively CB+-FITC probes. Probes hybridization was revealed by a tyramide signal
651  amplification (TSA) reaction using Cyanine 3-labeled tyramide (Perkin Elmer; 1:100 for
652 10 minutes) to detect FITC-conjugated tyramide (Perkin Elmer; 1:80 for 12 minutes) to
653  amplify the signal of CB1as red color. For the amplification of blue fluorescent protein
654  signals, immunohistochemistry (IHC) was applied by using rabbit anti-green
655 fluorescent protein (GFP) antibody (A11122, 1:1000, Fisher Scientific) here. After
656  incubation overnight in the primary antibody at 4°C, the sections were incubated with
657  asecondary antibody anti-rabbit Alexa Fluor 488 (A11034, 1:500, Fisher Scientific) for
658 2 hours at RT and then washed in PBS at RT. After FISH and IHC, the slides were
659 incubated in 4’,6-diamidino-2-phenylindole (DAPI; 1:20,000; Fisher Scientific) for 5
660 minutes. Then, slides were mounted with coverslips, visualized by Leica SP8 confocal
661  microscope (Leica, Germany), and images were processed with Image J (NIH, see
662  quantification and statistical analysis section).

663

664  Depolarization-induced suppression of excitation (DSE)

665 Brain tissue preparation: About 12-14 weeks after viral injection in the insular cortex,

666  mice were anesthetized with 40 mg/kg pentobarbital and perfused transcardially, after
667 clamping the abdominal aorta, with 20 mL of modified artificial cerebrospinal fluid
668 (ACSF, at ~4°C) containing (in mM): 75 sucrose, 87 NaCl, 2.5 KCI, 1.3 NaH2PO4, 7
669 MgCl2, 0.5 CaCl2, 25 NaHCO3 and 5 ascorbic acid. The brain was then extracted and
670 glued on the platform of a semiautomatic vibrating blade microtome (VT1200; Leica).
671  The platform was then placed in the slicing chamber containing modified ACSF at 4°C.
672 Coronal sections of 300 um containing the insula or containing BLA/CeA were
673  collected in a holding chamber filled with ACSF saturated with 95% O2 and 5% CO2,
674  containing (in mM): 126 NaCl, 2.5 KCI, 1.25 NaH2PO4, 1.0 MgCI2, 2.4 CaCl2, 26
675 NaHCO3, 10 glucose. Recordings were started one hour after slicing and the
676 temperature was maintained between 31-33°C both in the holding chamber and during
677  the recordings. All viral injection sites in the IC were checked and imaged with the
678  microscope (BX51, Olympus).

679  Whole-cell patch-clamp recording: Recordings were made from visually identified

680  neuronsin the BLA (BX51, Olympus, infrared illumination). Whole-cell recordings were
681  acquired using glass microelectrodes (7-9 MQ) filled with a solution containing (in mM):
682 120 cesium methansulphonate, 20 HEPES, 04 EGTA, 28 NaCl, 5
683  tetraethylammonium chloride, 2.5 MgATP, 0.25 NaGTP, 8 biocytin and 2 Alexa Fluor-
684 350 (pH 7.25-7.4, 280-290 milliosmol). All recordings were made using a Multiclamp
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685  700B amplifier (Molecular Devices). Analog signals were low-pass filtered at 1 kHz and
686  digitized at 10 kHz using a Digidata 1550B and pClamp10 software (Molecular
687  Devices). ACSF and drugs were applied to the slice via a peristaltic pump (Minipuls3,
688  Gilson) at 2 mL/min.

689 ChR2 was activated using a LED light source (470 nm, CoolLED p4000) and the
690 average power to trigger a light response in the patched neurons was 0.17+0.06
691 mW/mm?2 To test if the response of ChR2 terminals activation was monosynaptic
692  sodium channel blocker tetrodotoxin (TTX, 1 yuM) was perfused in combination with the
693  potassium channel blocker 4-aminopyridine (4AP, 100 uM) applied to facilitate
694  glutamate release from synaptic terminals [39, 40].

695  The location of all recorded neurons was checked after the recording and only the cells
696 located in the BLA were kept for further analysis. Amongst the 52 recorded neurons,
697 none was expressing ChR2 (checked with a 1s light pulse), and 76.92% of them
698 responded to the light stimulation protocol, meaning they were receiving monosynaptic
699  excitation from alC or pIC terminals.

700

701 QUANTIFICATION AND STATISTICAL ANALYSIS

702  Data collection and statistical analysis were performed using Matlab, Microsoft Excel,
703  and GraphPad Prism 6 software. We used one-way ANOVA test and Tukey’s post-hoc
704  tests, two-tailed Student’s t-fest, and chi-square test. P values of <0.05 were
705  considered statistically significant at a confidence interval of 95%. We used Fiji (Image
706 J, NIH) to analyze fluorescent area and cell number. For measurements of CB1-
707  fluorescent area in the amygdala, we first change the image to 8-bit and adjust the
708 threshold with a range from 40 to 80. Then, we selected CeA or BLA and measured
709 the fraction of CBi-fluorescent area. For counting number of CB+-positive cells or IC-
710  BLA projection cells, we selected the IC area and counted cells by using Maxma.
711 Prominences are higher than 40 and 80 for quantification of Low and High CB; cells,
712 respectively. For quantification of colocalization of CB1 positive cells and IC-BLA
713  projection neurons, we identified the colocalization by eyes and used Point Tool in Fiji
714  to count cells. For detailed statistical analysis, see statistical tables (Table S1).

715

716 SUPPLEMENTAL INFORMATION

717  Table S1. Statistical details relate to Figures 1-4, S1, and S3-S4.

718  Video S1. Calcium levels in alC-BLA projection neurons decrease in response to
719  water licking, related to Figure 3.

720 Video S2. Calcium levels in pIC-BLA projection neurons increases in response
721  to water licking, related to Figure 3. Water licking is indicated by the blinking LED
722 on the bottom left of the box.

723
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