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Abstract

Autism Spectrum Disorders (ASD) are neurodevelopmental disorders whose diagnosis
relies on deficient social interaction and communication together with repetitive
behavior. To date, no pharmacological treatment has been approved that ameliorates
social behavior in patients with ASD. Based on the excitation/inhibition imbalance
theory of autism, we hypothesized that bromide ions, long used as an antiepileptic
medication, could relieve core symptoms of ASD. We evaluated the effects of chronic
sodium bromide (NaBr) administration on autistic-like symptoms in three genetic
mouse models of autism: Oprm1--, Fmrl”- and Shank34ex73-16/- mice. We showed that
chronic NaBr treatment relieved autistic-like behaviors in these three models. In
Oprm1-” mice, these beneficial effects were superior to those of chronic bumetanide
administration. At transcriptional level, chronic NaBr in Oprml null mice was
associated with increased expression of genes coding for chloride ions transporters,
GABAAa receptor subunits, oxytocin and mGlu4 receptor. Lastly, we uncovered
synergistic alleviating effects of chronic NaBr and a positive allosteric modulator (PAM)
of mGlu4 receptor on autistic-like behavior in Oprml”/ mice. We evidenced in
heterologous cells that bromide ions behave as PAMs of mGlu4, providing a molecular
mechanism for such synergy. Our data reveal the therapeutic potential of bromide ions,

alone or in combination with a PAM of mGlu4 receptor, for the treatment of ASDs.
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INTRODUCTION

Autism Spectrum Disorders (ASD) are neurodevelopmental diseases with high
heterogeneity and heritability. Their diagnostic is reached in presence of impaired
social communication and interaction together with a restricted, repetitive repertoire of
behaviors, interests and activities (1). Alongside core symptoms, ASD are often
associated with neurobehavioral comorbidities, such as high anxiety, cognitive and
motor deficits or epilepsy (2-5). Despite the identification of vulnerability genes and
environmental risk factors (6-8), the etiology of ASD remains essentially unknown,
making the development of pharmacological treatments for these pathologies a true
challenge.

Excitation/inhibition (E/l) imbalance appears as a common mechanistic feature in
ASD (9, 10). The heuristic hypothesis of excessive E/l ratio in ASD was initially
formulated by Rubenstein and Merzenich (11) and raised significant interest as
accounting well for reduced GABAergic signaling (12, 13) and high prevalence of
epilepsy (10-30%) (3) in these pathologies. Indeed, epilepsy is one of the most frequent
comorbid medical condition in autism (5, 14) and the prevalence of epileptiform EEG
or altered resting-state is even higher (15, 16), suggesting shared risk factors and/or
pathophysiological mechanisms (17, 18). However, the excessive E/lI hypothesis in
ASD has been challenged by studies in animal models showing instead decreased
excitation, which led to a more general concept of altered E/I homeostasis (10, 19).

Compromised E/I balance in ASD may result from several neuropathological
mechanisms. On the excitation side, glutamatergic transmission was found altered
both in patients and animal models, although in different directions depending on

genetic mutations/models (9, 20, 21). On the inhibition side, and consistent with
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80 impaired GABAergic signaling, decreased levels of GABA (22) and expression of
81 GABAa and GABAs (23, 24) receptors as well as genetic polymorphisms in GABAAa
82  receptor subunits (25, 26) have been detected in patients with autism. Accordingly,
83 decreased GABAergic neurotransmission has been reported in several ASD models
84  (27-31). Moreover, preclinical studies showed that low doses of benzodiazepines,
85 behaving as positive allosteric modulators (PAMs) of the GABAA receptor (31, 32), or
86 the GABAs receptor agonist arbaclofen improve autistic-like behaviors in animal
87 models (33, 34). Disappointingly, these results failed to translate to Fragile X syndrome
88 in clinical trials (35, 36). Alternatively, it was proposed that GABA neurons remain
89 immature in ASD, failing to shift from high to low intracellular concentrations of chloride
90 ion (CI), resulting in maintained depolarizing Cl- efflux through activated GABAa
91  receptor (37). Intracellular Cl- concentration is under the control of the main CI- importer
92 NKCC1 (Na*-K*-2Cl cotransporter) and the main chloride exporter KCC2. Therefore
93  blocking NKCC1 using the loop diuretic and antiepileptic drug (38, 39) bumetanide
94 appeared a promising therapeutic approach in ASD. Accordingly, bumetanide
95 improved autistic-like phenotype in rodent models of ASD (40) and relieved autistic
96 behavior in small cohorts of patients (41, 42) but failed to demonstrate clinical benefit
97 in alarger clinical trial, except for a reduction of repetitive behavior (43).

98 Bromide ion (Br) was the first effective treatment identified for epilepsy (44), long
99 used also as an anxiolytic and hypnotic medication (45). With the advent of novel
100 antiepileptic and anxiolytic drugs, the use of Br was progressively dropped down,
101  although it remains a valuable tool to treat refractory seizures (46, 47). As regards its
102  mechanism of action, Br- shares similar chemical and physical properties with CI,
103  allowing it substituting CI- in multiple cellular mechanisms. These include anion efflux

104  through activated GABAA receptor, with higher permeability to Br compared to CI-
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105  resulting in neuronal hyperpolarization (48), and transport through the NKCC and KCC
106  cotransporters (49, 50). In view of the E/I imbalance theory, these properties point to
107  Br as an interesting candidate for ASD treatment.

108 In the present study, we assessed the effects of chronic sodium bromide
109 administration on core autistic-like symptoms: social deficit and stereotypies, as well
110 ason afrequent comorbid symptom: anxiety, in three genetic mouse models of autism:
111 Oprml”’- , Fmrl’ and Shank34ex'3-16/- mice, by means of thorough behavioral
112 assessment. Altered E/I balance and/or modified expression of genes involved in this
113  balance have been reported for these three models (30, 51-55); the Oprm1 knockout
114  model presents the advantage of limited impact on learning performance (52), allowing
115  better disentangling autistic features from cognitive deficit. We evidenced that Br
116  treatment alleviates most of the behavioral deficits observed in these mice, and
117  increases expression of various genes within the social brain circuit. We unraveled that
118  Br- not only increases mGlu4 receptor gene expression but also potentiates the effects
119  of the mGlu4 PAM VU0155041 as well as its agonist glutamate, in Oprm1-- mice and
120 in heterologous cells. Our data reveal the therapeutic potential of Br- administration
121 and its combination with a positive allosteric modulator (PAM) of mGlu4 receptor for

122  the treatment of ASD.

123

124 RESULTS

125 Chronic sodium bromide was more efficient than bumetanide to relieve social

126  behavior deficits in Oprm1’ mice

127  We first assessed the effects of NaBr administration over a wide range of doses (10 to

128 500 mg/kg) in Oprml” mice and their WT counterparts, and compared with
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129  bumetanide administration (0.5 and 2 mg/kg) (Fig. 1A). Treatment was given
130  chronically to mimic clinical conditions.

131 Social interaction was evaluated after 9 days of chronic NaBr treatment (Fig. 1B,
132 more parameters in Fig. S2A). Oprm1”/- mice exhibited a severe decrease in social
133 interaction; chronic NaBr administration from the dose of 125 mg/kg dose-dependently
134  relieved this deficit in mutant mice, as evidenced by restored number (genotype x
135 treatment: Fe163=13.2, p<0.0001) and mean duration (genotype X treatment:
136  Fs,163=31.6, p<0.0001) of nose contacts and normalized number (genotype x
137 treatment: Fe163=14.7, p<0.0001) and mean duration (genotype X treatment:
138  Fs,163=14.5, p<0.0001) of paw contacts. Chronic NaBr also increased the number of
139  following episodes in both mouse lines (treatment: Fe163=5.6, p<0.0001) and
140 normalized the frequency of grooming after social contact in mutants, since the dose
141 of 70 mg/kg (genotype x treatment: Fe 163=32.2, p<0.0001). In contrast, a single acute
142 injection of NaBr (250 mg/kg) had little effect on social interaction parameters (Fig.
143  S2B). When given chronically, NaBr (over 70 mg/kg) produced relieving effects that
144  were still detectable one week after cessation of treatment, as evidenced by preserved
145  restoration of the duration of nose contacts (genotype x treatment: Fe134=53.3,
146  p<0.0001) and maintained suppression of grooming after social contact (genotype x
147  treatment: Fe 134=30.4, p<0.0001) for the highest doses (Fig. 1C and S3). These effects

148  had mostly vanished after two weeks (Fig. S3).
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Fig 1. Chronic sodium bromide dose-dependently relieved social behavior deficits in Oprm1-
mice, demonstrating superior effects to chronic bumetanide. (A) Oprm1** and Oprm17 mice were
treated either with NaBr (0, 125-500 mg/kg: n=14-20 mice per genotype and dose; 10-70 mg/kg: n=8
mice per genotype and dose) or with bumetanide (0, 0.5 and 2 mg/kg: n=8-10 mice per genotype and

dose) once daily for 18 days. Behavioral testing started on D8; social interaction was retested 1 week
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155 and 2 weeks after cessation of chronic administration. (B) In the direct social interaction test (D9),
156 chronic NaBr administration relieved social deficits of Oprm1 null mice in a dose-dependent manner for
157 doses over 125 mg/kg; it had no detectable effect in Oprm1*+ mice. Bumetanide had only partial effects,
158 increasing the number of nose contacts (low dose) and suppressing grooming after social contact; at
159 the highest dose, it impaired social interaction in wild-type controls. (C) One week after cessation of
160 treatment, beneficial effects of bromide administration were preserved for doses over 125 mg/kg; effects
161 of bumetanide one duration of nose contacts and grooming after social contact were still detectable. (D)
162 In the three-chamber test, NaBr treatment rescued social preference in Oprm1 mutants since the dose
163 of 10 mg/kg, while bumetanide increased their interest for the mouse without reducing their abnormal
164 interest for the object. Results are shown as scatter plots and mean £ sem. Daggers: genotype effect,
165 asterisks: treatment effect, solid stars: genotype x treatment interaction (comparison to wild-type vehicle
166 condition), open stars: genotype x treatment x stimulus interaction (mouse versus object comparison),
167 (a) genotype x treatment interaction (comparison with knockout vehicle condition, p<0.001) (two-way
168  ANOVA or three-way ANOVA with stimulus as repeated measure, followed by Newman-Keuls post-hoc
169  test). One symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001. More behavioral parameters
170 in Fig. S2. 3-Ch: 3-chamber test, M: mouse, MB: marble burying, MS: motor stereotypies, NSF: novelty-

171 suppressed feeding, Sl: social interaction, T: toy, Y-M: Y-maze.

172

173 Compared with chronic NaBr, chronic bumetanide increased the number of nose
174  contacts (genotype x treatment: F24,=22.6, p<0.0001) and following episodes at low
175 dose (genotype x treatment: F242=12.9, p<0.0001) but failed to increase significantly
176  the duration of nose contacts (genotype x treatment: F242=22.6, p<0.0001) or the
177 number (genotype x treatment: F242=14.9, p<0.0001) and duration (genotype x
178 treatment: F242=7.3, p<0.0001) of paw contacts. Finally, bumetanide suppressed
179  grooming episodes, notably those occurring after social contact, since the lowest dose
180 tested (genotype x treatment: F242=80.7, p<0.0001). Of note, chronic bumetanide
181 treatment showed deleterious effects on social interaction parameters in WT controls.

182 One week after cessation of treatment, beneficial effects of bumetanide were still


https://doi.org/10.1101/2021.09.14.460257

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460257; this version posted September 16, 2021. 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.

Derieux et al.

183  detectable notably on the duration of nose contacts (genotype x treatment: F242=9.3,
184 p<0.0001) and grooming episodes after social contact (genotype x treatment:
185  F242=16.4, p<0.0001), depending on the dose (Fig.1 C and S3).

186 In the 3-chamber test (Fig. 1D, more parameters in Fig. S2C), Oprm1-- mice showed
187  a severe impairment in social preference, as evidenced by equivalent number of nose
188  contacts made with the mouse and the toy, and even longer nose contacts made with
189  the toy over the mouse. Chronic NaBr completely restored social preference in mutant
190 mice, which displayed more frequent (genotype x treatment x stimulus: Fe 160= 3.5,
191 p<0.001) and longer (genotype x treatment x stimulus: Fs160= 8.9, p<0.0001) nose
192  contacts with the mouse since the lowest dose of bromide administered. This resulted
193 in a normalization of their preference ratio from 10 mg/kg NaBr and over (genotype x
194  treatment: Fe 160=11.9, p<0.0001). In this test, chronic bumetanide at the lowest dose
195 restored a preference for making more frequent nose contacts with the mouse over the
196 toy (genotype x treatment x stimulus: F24,=17.7, p<0.0001). Bumetanide treatment in
197 mutant mice dose-dependently increased the duration of nose contacts with the
198 mouse, but failed to reduce the duration of nose contacts with the toy (genotype x
199 treatment x stimulus: F242=32.5, p<0.0001) leading to significant but partial recovery
200 of social preference ratio in Oprml”- mice (genotype X treatment: Fzs= 38.4,
201  p<0.0001).

202 In conclusion, chronic but not acute NaBr treatment restored social behavior in
203  Oprml” mice in a dose-dependent manner, and these beneficial effects were superior
204  to those of chronic bumetanide treatment.

205

206 Sodium bromide reduced stereotypic behaviors and anxiety in Oprm1”/ mice
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207  We next assessed the effects of chronic bromide on non-social behaviors in the same
208  cohorts of Oprm1”- mice (timeline in Fig. 1A, more parameters in Fig. S4).

209 Regarding stereotypic behavior, Oprm1- mice displayed spontaneous stereotypic
210 circling and head shakes (Fig. 2A) that were decreased under NaBr treatment since
211 the lowest dose, more consistently for the former (genotype x treatment: Fs161=4.6,
212 p<0.001) than for the latter (genotype x treatment: Fg161=7.0, p<0.0001). In Oprm1+*
213 control mice, NaBr dose-dependently increased the number of grooming episodes
214 (genotype x treatment: Fe 161=4.5, p<0.001) and head shakes (genotype x treatment:
215 Fe,161=7.0, p<0.0001); in both mouse lines, NaBr increased the number of rearing
216 episodes in a dose-dependent manner (treatment: Fe 161=13.2, p<0.0001). Under the
217  same conditions, bumetanide suppressed circling and head shakes in mutant mice,
218  and reduced the number of rearing episodes in both mouse lines. In the marble burying
219 test (Fig. 2B), NaBr treatment did not suppressed excessive burying in mutant mice
220 (genotype: Fs,163=13.6, p<0.001) and globally increased burying (treatment: Fs 163=2.4,
221 p<0.05). Similarly, chronic bumetanide failed to suppress excessive marble burying in
222 Oprml’ mice (genotype: F246=14.7, p<0.001). In the Y-maze exploration test (Fig.
223 2C), bromide decreased the number of perseverative same arm returns in Oprm1 null
224  mice to wild-type levels since the dose of 30 mg/kg (genotype x treatment: Fs,161=6.7,
225  p<0.0001) while bumetanide globally failed to suppress those (genotype: F246=19.7,
226  p<0.001), despite a tendency for a decrease observed for the dose of 0.5 mg/kg.

227

10
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228
229 Fig. 2. Chronic sodium bromide treatment reduced stereotypic behaviors and anxiety in Oprm1-
230 " mice. See timeline of experiments and animal numbers in Fig. 1A. (A) Chronic NaBr administration
231 suppressed stereotypic circling episodes in Oprml1” mice since the dose of 10 mg/kg and less
232 consistently reduced the number of head shakes (doses over 125 mg/kg). In wild-type controls, NaBr at
233 500 mg/kg increased the frequency of grooming episodes and head shakes. Bumetanide suppressed
234  stereotypic circling and head shakes. (B) In the marble burying test, chronic bromide globally increased
235 the number of buried marbles in both mouse lines; bumetanide failed to demonstrate significant effects.
236 (C) In the Y-maze, NaBr suppressed perseverative same arm returns from the dose of 70 mg/kg;
237 bumetanide had not significant effect despite an obvious tendency for the dose of 0.5 mg/kg to relieve
238 perseveration. (D) In the novelty-suppressed feeding test, sodium bromide normalized the latency to

239  feed in Oprm1 null mice to wild-type levels since the lowest dose tested and increased food intake in all

11
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240 mice; bumetanide had no significant effect in this test. Results are shown as scatter plots and mean +
241 sem. Daggers: genotype effect, asterisks: treatment effect, solid stars: genotype x treatment interaction
242 (comparison with wild-type vehicle condition) (two-way ANOVA followed by Newman-Keuls post-hoc
243 test). One symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001. More behavioral parameters
244 in Fig. S4.

245

246 We assessed anxiety levels in Oprm1-- mice and their WT counterparts using the
247  novelty suppressed feeding test (Fig. 2D). Mutant mice displayed exaggerated anxiety
248 in this test, with increased latency to eat and reduced food intake once back in their
249 home cage. Chronic bromide normalized eating latency (genotype x treatment:
250  Fe,160=6.7, p<0.0001) to wild-type levels in Oprm1 knockout mice and increased food
251 intake in both mouse lines (treatment: Fs160=7.0, p<0.0001) since the lowest dose
252  tested. Chronic bumetanide had no detectable effect on either latency to eat (genotype:
253 F2,40=27.1, p<0.0001) or food intake (genotype: F242=5.6, p<0.05) in this test.

254 Together, these results indicate that chronic bromide and bumetanide treatments
255 both reduced stereotypic behavior in Oprml1’/ mice but only bromide treatment
256  demonstrated anxiolytic effects.

257 In a next series of experiments, we verified that NaBr administered via oral route
258  (oral gavage 4-5 days, 250 mg/kg once per day) relieved autistic-like deficits and motor
259  stereotypies in Oprm1” mice in a similar way as it did after intra-peritoneal injection
260 (Figure S5). Also, we assessed the behavioral effects of chronic administration of
261  another bromide salt, KBr. A dose of KBr equivalent to 250 mg/kg NaBr being toxic in
262  pilot experiments, we thus lowered the dose to 145 mg/kg KBr, equivalent to 125 mg/kg
263  NaBr. Beneficial effects of NaBr treatment in Oprm1-- mice were fully replicated, if not

264 exceeded, by KBr in tests assessing social, repetitive and anxious behavior (Figure
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265 S6). Thus, therapeutic effects of NaBr or KBr in Oprm1/ mice were attributable to
266  bromide ions.

267

268 Chronic sodium bromide relieved social behavior deficits, stereotypies and

269  excessive anxiety in Fmrl” and Shank34¢x13-16/- mice

270  We then questioned whether beneficial effects of NaBr on autistic-like symptoms may
271 generalize to other mouse models of ASD, here the Fmrl null and Shank34ex13-16
272 knockout mouse lines. To this purpose, we evaluated the effects of chronic NaBr
273  administration at the dose of 250 mg/kg on autism-sensitive behaviors in these lines
274  (Fig. 3A, more parameters in Fig. S7 and S8).

275

276 As concerns social behavior, during a direct social interaction test (Fig. 3B), chronic
277  bromide in Fmrl”’ as well as Shank32ex13-16- mice restored the duration of nose
278  (genotype x treatment — Fmrl: F130=49.5, p<0.0001; Shank32ex13-16: [, 56=73.0,
279 p<0.0001) and paw contacts (genotype x treatment- Fmrl: F130=17.7, p<0.0001;
280  Shank32ex13-16; |, ,=23.2, p<0.0001), normalized the number of following episodes
281 (genotype x treatment - Fmrl: F130=13.7, p<0.0001; Shank32ex13-16: [F;56=11.8,
282  p<0.0001) and suppressed grooming after social contact (genotype x treatment- Fmr1:
283 F130=30.1, p<0.0001; Shank32ex13-16: [F;,5=25.0, p<0.0001). One week after
284 interruption of NaBr treatment (Fig. 3C), significant beneficial effects were still detected
285 on the duration of paw contacts (genotype x treatment: F130=132.7, p<0.0001) and
286  number of grooming episodes after a social contact (genotype x treatment: F1,30=87.0,
287 p<0.0001) in Fmrl null mice. In Shank34ex13-16 mjce, no effect of previous bromide

288 treatment was longer detected on the duration of paw contacts (genotype: F1,28=388.2,

13
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289  p<0.0001), whereas grooming after social contact remained efficiently suppressed
290 (genotype x treatment: F128=55.3, p<0.0001).

291 We further assessed social behavior under chronic bromide exposure using the 3-
292  chamber test (Fig. 3D). Although Fmrl knockout mice made more frequent nose
293  contacts with the mouse versus the object in this test, they spent as much time in
294  contact with the living mouse as with the object and made longer nose contacts with
295 the object, which demonstrates disrupted social preference. Chronic NaBr treatment
296 restored a preference for spending more time exploring the mouse (genotype x
297 treatment x stimulus: F120= 4.5, p<0.05) and making longer nose contacts with the
298  mouse versus the object (genotype x treatment x stimulus: Fi129= 18.4, p<0.001) in
299  Fmrl mutants, which normalized their preference ratio (genotype x treatment:
300 F1,20=5.2, p<0.05) without modifying the number of nose contacts they made with either
301  stimulus (stimulus: F1,29=21.4, p<0.0001). Likewise, Shank324ex13-16-- mice treated with
302 vehicle failed to spend more time with the mouse over the toy in this test; they made
303 more frequent nose contacts with the mouse but of equivalent duration with both
304 stimuli. In contrast, mutants treated with NaBr spent more time in contact with the
305 mouse (genotype x treatment x stimulus: Fi28= 4.5, p<0.05) and made longer nose
306 contacts with their congener versus the toy (genotype x treatment x stimulus: F1 8=
307 26.9, p<0.0001), resulting in increased preference ratio (genotype x treatment:
308  F1,28=5.9, p<0.05) with no change in the number of nose contacts (stimulus: F1,28=37.4,
309 p<0.0001). Thus, chronic NaBr administration rescued social behavior deficits in Fmrl
310  null and Shank34ex13-16 knockout mice.

311
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313 Fig. 3. Chronic sodium bromide administration relieved social behavior deficits, stereotypies
314  and exacerbated anxiety in Fmrl” and Shank32¢x13-16"- mjce. (A) Fmrl" or Shank32ex13-16- gand their
315 respective wild-type counterparts were treated with NaBr (0O or 250 mg/kg; n=8 mice per genotype and
316 treatment) once daily for 18 days. Behavioral testing started on D8; social interaction was retested 1
317  week (D25) after cessation of chronic administration. (B) In the direct social interaction test, chronic
318 NaBr treatment normalized interaction parameters to wild-type levels in both Fmrl and Shank3 mutant
319 lines. (C) One week after cessation of treatment, these beneficial effects were fully maintained in Fmr1-
320

- mice while they were detected for some parameters only in Shank32ex13-16/- mjce. (D) In the 3-chamber
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321 test, chronic NaBr administration rescued preference for making longer nose contacts with the mouse
322 in Shank34ex13-16-- mijce, resulting in increased preference ratio. (E) Chronic sodium bromide treatment
323  suppressed stereotypic circling and head shakes in Fmrl- and Shank34ex13-16/- mice and normalized
324  grooming in the latter. (F) NaBr reduced marble burying in Fmrl”and Fmr1** while it had no effect on
325 reduced burying in Shank34ex13-16/- mjce. (G) During Y-maze exploration, chronic NaBr suppressed
326 perseverative same arm returns in both Fmrl and Shank3 mutant lines. (H) Finally, in the novelty-
327  suppressed feeding test, sodium bromide-treated Fmrl-/- or Shank32ex13-16/- mice displayed reduced or
328 normalized latency to feed, respectively, but no modification in their food intake. Results are shown as
329 scatter plots and mean + sem. Daggers: genotype effect, solid stars: genotype x treatment interaction
330 (comparison to wild-type vehicle condition), open stars: genotype x treatment x stimulus interaction
331 (mouse versus object comparison), (a) genotype x treatment interaction (comparison with knockout
332 vehicle condition, p<0.001), (c) genotype x treatment interaction (comparison to knockout vehicle
333 condition, p<0.05) (two-way ANOVA or three-way ANOVA with stimulus as repeated measure, followed
334 by Newman-Keuls post-hoc test). One symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001.
335 More behavioral parameters in Fig. S7 and S8. 3-Ch: 3-chamber test, AAR: alternate arm returns, M:
336 mouse, MB: marble burying, MS: motor stereotypies, NSF: novelty-suppressed feeding, SAR: same arm

337 returns, SPA: spontaneous alternation, Sl: social interaction, T: toy, Y-M: Y-maze.

338

339 As regards stereotypic behavior, Fmrl’- and Shank34ex13-16-- mjce displayed more
340 frequent spontaneous grooming (significant in the latter only), circling episodes and
341 head shakes than WT controls (Fig. 3E). Chronic NaBr treatment normalized all these
342 parameters to WT levels (Fmrl — circling, genotype x treatment: F1,30=11.9, p<0.01,;
343  head shakes, genotype x treatment: F130=68.0, p<0.001; Shank34ex13-16 — grooming,
344 genotype x treatment: F128=10.2, p<0.01, circling, genotype x treatment: F18=48.4,
345 p<0.0001; head shakes, genotype x treatment:. F128=5.3, p<0.05). In the marble
346  buryingtest (Fig. 3F), chronic NaBr reduced the number of buried marbles in both Fmrl
347 ** and Fmrl’ mice (treatment effect: Fi130=7.3, p<0.05); Shank34ex13-16-- mijce

348 displayed a severe deficit in marble burying (genotype effect: F1,26=198.7, p<0.0001)

16
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349 and bromide treatment decreased burying in both mutant and WT mice (treatment
350 effect: F128=4.8, p<0.05). In the Y-maze (Fig. 3G), Fmrl null and Shank3Aex13-16
351  knockout mice displayed more frequent perseverative same arm returns that were
352 suppressed under chronic bromide (Fmrl - genotype x treatment: F1,30=61.9,
353  p<0.0001; Shank34ex13-16 - genotype x treatment: F128=47.5, p<0.0001). Thus, chronic
354 NaBr treatment reduced stereotypic and perseverative behaviors in Fmrl’
355 andShank32ex13-16/- mjce,

356 As regards anxiety, a tendency for Fmrl null mice for increased latency to eat in the
357 novelty-suppressed feeding test (Fig. 3H) did not reach significance; however chronic
358  bromide reduced this latency (genotype x treatment: F1,30=6.7, p<0.05). Shank34ex13-
359 16/ mice took significantly longer to eat in the center of the arena and NaBr
360 administration normalized this latency to WT levels (genotype x treatment: F1,28=35.0,
361 p<0.0001). Bromide treatment had no effect on food intake, reduced in Shank34ex13-16
362 knockout mice (genotype: Fi128=15.6, p<0.001). Therefore, chronic NaBr
363 administration demonstrated anxiolytic properties in Fmrl”- and Shank34ex13-16/- mijce.
364

365 Chronic sodium bromide modulates transcription in the reward circuit of Oprm1-

366 "mice

367 To shed light on the molecular mechanism involved in beneficial effects of chronic
368  sodium bromide administration, we assessed the effects of a 2-week NaBr treatment
369 on gene expression in Oprm1 null mice across five regions of the brain reward/social
370 circuit: NAc, CPu, VP/Tu, MeA and VTA/SNc. Mice underwent a first session of social
371 interaction after one week under treatment and a second 45 min before sacrifice for
372 gRT-PCR experiment (Fig. 4A). We focused primarily on genes coding for chloride

373  transporters (Slcl12a2 [NKCC1], Slcl12a4,5,6,7 [KCC1,2,3,4, respectively], ClCal),
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374 GABAa receptor subunits (Gabral,2,3,4,5, Gabrbl,2) and glutamate receptors
375 (Grm2,4,5) and subunits (Grin2a,2b). In addition, we evaluated the expression of
376  marker genes of neuronal expression and plasticity (Fos, Bdnf), social behavior (Oxt)
377 and striatal projection neurons (SPNs; Crh, Drd1la, Drd2, Htr6, Pdyn, Penk).

378 We performed hierarchical clustering analysis of gRT-PCR data for each brain
379  region to visualize the influence of NaBr treatment on gene expression (Fig. 4B, Table
380  S2). Overall, transcriptional profiles in Oprm17- mice under vehicle and NaBr treatment
381 differed the most, while mRNA levels correlated poorly with social interaction
382 parameters (Fig. S9). These results indicate that bromide induced transcriptional
383 changes on its own rather than it normalized gene expression in Oprm1 knockouts (as
384 observed for behavioral parameters). This was particularly true in the CPu, where
385 Oprml’ mice under bromide treatment displayed predominant up-regulated gene
386  expression (clusters a and c).

387 This overall profile was confirmed when focusing on candidate genes (Fig. 4C). We
388 ought to acknowledge here that the sample number of mice allocated to each
389  experimental condition was low to address the complex influences of genotype and
390 pharmacological treatment, which may have limited the statistical power. For this
391 reason, we focused our attention on gene expression regulations affecting either
392 several brain regions for the same gene, or several genes of the same family.
393  Strikingly, chronic NaBr administration increased the expression of all tested chloride
394 transporters in Oprm1”- mice. Indeed, the expression of Slc12a2 was decreased in all
395 brain regions but the VP/Tu of mutant mice, and normalized under bromide treatment.
396 Chronic NaBr up-regulated the expression of Slcl12a5 and Slcl2a7 in the NAc, CPu
397 and MeA of Oprm1 null mice for the former, together with the VP/Tu for the latter. In

398 mutant mice, ClICal mRNA levels were increased in the NAc, MeA and VTA/SNc while
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399 reduced in the VP/Tu; they were normalized by NaBr treatment in the NAc, increased
400 in the VP/Tu and maintained high in the MeA and VTA/SNc. In the CPu, bromide
401  increased CICal transcription in mice of both genotypes. As regards the GABAergic
402  system, chronic NaBr in Oprm1-- mice stimulated the expression of Gabra2, coding for
403  the a2 subunit of the GABAA receptor, in the NAc and CPu and left this expression
404 high in the VP/TU and MeA. Remarkably, bromide consistently upregulated the
405  expression of Gabra3, Gabra4, Gabra5, Gabrgl and Gabrb2 in the CPu of mutant mice
406 (Table S2). Bromide treatment down-regulated the expression of the early gene Fos in
407 the NAc and VP/Tu and maintained it low in the CPu of Oprm1 knockouts. Oxt (coding
408  for oxytocin) mRNA levels were decreased in the NAc and VP/Tu of Oprm1-- mice and
409 normalized by NaBr in the former and partially in the latter; bromide induced Oxt
410 expression in the MeA and VTA/SNc. Finally, chronic NaBr upregulated the expression
411  of Grm4, coding for the metabolic glutamate receptor mGlu4, in all brain regions but
412 the VTA/SNc of mutant mice, and in the NAc of wild-type controls. Transcriptional
413  results thus indicate that bromide administration had a major impact on the expression
414  of CI transporters; meanwhile it also regulated the expression of several key players
415  of the GABA system, marker genes of neuronal activity and plasticity, and genes more
416  specifically involved in the control of social behavior.

417
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419 Fig. 4. Chronic sodium bromide treatment induced transcriptional modifications in the reward
420 circuit of Oprm1” mice. (A) Oprm1** and Oprm1-’ mice were treated for 2 weeks with either vehicle
421  or NaBr (250 mg/kg, i.p. once a day). They undergone two sessions of direct social interaction, at D8
422 and D15, the latter 45 min before sacrifice for gRT-PCR experiment. We evaluated the expression of 27
423 genes of interest in 5 regions of the reward/social circuit: the NAc, CPu, VP/Tu, MeA and VTA/SNc. (B)
424  Clustering analysis revealed that the most contrasted transcriptional profiles were observed in Oprm1-
425 mice under NaBr versus vehicle treatment; mRNA levels, however, were poorly correlated with
426  behavioral parameters (red characters, GASC: grooming after social contact, TINC: time in nose
427 contact). Bromide treatment induced rather than normalized gene expression in Oprm1 null mice, most
428 remarkably in the CPu. (C) Focusing on candidate genes, we unraveled a global upregulation of chloride
429 transporters, notably Slc12a2, Slc12a5 and Slcl12a7, coding respectively for NKCC1, KCC2 and KCC4,
430 and Clcal, coding for the calcium-activated chloride channel regulator 1 (CLCA1) and GABA-related
431 genes, among which Gabra2, coding for the a2 subunit of the GABAAa receptor, in mutant mice under
432 NaBr treatment. In contrast, Fos expression was reduced in the basal ganglia of NaBr-treated Oprm1--
433 mice while Bdnf expression was up-regulated in the CPu and MeA. Finally, chronic NaBr in mutant mice
434 increased the levels of Oxt and Grm4, coding respectively for oxytocin and mGlu4 receptor, across brain
435 regions. Gene (n=8 per group) expression data are expressed as fold change versus Oprm1** - vehicle
436 group (scatter plots and mean + SEM). Comparison to Oprm1** - vehicle group (two-tailed t-test): One
437 star p<0.05, two stars p<0.01, three stars p<0.001. gRT-PCR data used for clustering are displayed in

438  Table S2.

439
440  Synergistic effects of chronic bromide and mGlu4 receptor facilitation in Oprm1

441  null mice

442 Intrigued by the increase in Grm4 transcription in Oprml1”- mice under bromide
443  treatment, whose autistic-like symptoms were relieved when stimulating mGlu4 activity
444  (51), we then addressed the question of a potential shared mechanism of action

445  between these treatments. To this aim, we studied the effects of combined
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446  administration of chronic liminal doses of NaBr (70 mg/kg) and VU0155041 (1 mg/kg)
447  in Oprm1” and Oprm1** mice (Fig. 5A, more parameters in Fig. S10).

448
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450 Fig. 5. Beneficial effects of sodium bromide and VU0155041, a positive allosteric modulator of
451 mGlu4 receptors, were synergistic in Oprm1” mice. (A) Oprm1** and Oprm1” mice were treated
452  either with vehicle, NaBr (70 mg/kg), VU0155041 (1 mg/kg) or NaBr and YU0155041 (70 and 1 mg/k,
453 respectively; 8 mice per genotype and dose) once daily for 18 days. Behavioral testing started on D8;
454  social interaction was retested 1 week and 2 weeks after cessation of chronic administration. (B) In the
455 direct social interaction test, NaBr and VU0155041 treatments demonstrated synergistic effects in
456 restoring the duration of nose and paw contacts in Oprm1- mice. VU0155041 at 1 mg/kg, however, was
457  sufficient to suppress grooming after social contact. Beneficial effects of combined NaBr/VU0155041
458  were fully maintained one and two weeks after cessation of treatment. (C) In the 3-chamber test,
459 VUO0155041 at 1 mg/kg increased the duration of nose contacts with the mouse to that of the toy in
460 Oprm1” mice; NaBr at 70 mg/kg and combined NaBr/VU0155041 treatment fully restored longer nose
461 contacts with the mouse. (D) Combined NaBr/VU0155041 administration reduced head shakes in
462 Oprm17- and Oprm1** mice and (E) normalized marble burying in Oprm1 null mice only. (F) VU0155041
463  treatment was sufficient to suppress perseverative same arm returns in Oprm1+ mice exploring the Y-
464 maze and (G) NaBr administration was sufficient to normalize their latency to feed in novelty-suppressed
465 feeding test. (H) In the tail immersion test at 50°C, only combined NaBr/VU0155041 treatment restored
466 flicking latency of Oprm1-- mice to wild-type levels. Results are shown as scatter plots and mean + sem.
467 Solid stars: genotype x NaBr x VU0155041 interaction (comparison to wild-type vehicle condition), open
468  stars: genotype x stimulus x NaBr x VU0155041 interaction (mouse versus object comparison), (a)
469 genotype x NaBr x VU0155041 interaction (comparison with knockout vehicle condition, p<0.001),
470 double dagger: NaBr x VU0155041 interaction, ampersand: genotype x VU0155041 interaction, section:
471 genotype x NaBr interaction (three-way or four-way ANOVA followed by Newman-Keuls post-hoc test).
472 One symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001. 3-Ch: 3-chamber test, M: mouse,
473 MB: marble burying, MS: motor stereotypies, NSF: novelty-suppressed feeding, Sl: social interaction,
474  T:toy, TI: tail immersion, Y-M: Y-maze. More behavioral parameters in Fig. S10 and S11.

475

476 In the direct social interaction test (Fig. 5B), NaBr at 70 mg/kg had no detectable
477  effects on behavioral parameters in Oprm17- mice (see Fig. 1B); VU0155041 partially
478  rescued the duration of their nose contacts and suppressed grooming episodes after
479 a social contact. When the two treatments were combined, social interactions
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480 parameters in mutant mice were normalized to wild-type levels, as illustrated by
481 rescued duration of nose contacts (genotype x bromide x VU0155041: F156=31.1,
482  p<0.0001) or paw contacts (genotype x bromide x VU0155041: F1,56=140.3, p<0.0001)
483  and normalized number of grooming episodes after social contact (genotype x bromide
484  x VU0155041: F156=5.8, p<0.05). Restoration of the mean duration of nose contacts
485  was fully preserved one (genotype x bromide x VU0155041: F156=40.9, p<0.0001) and
486  two (genotype x bromide x VU0155041: F156=57.3, p<0.0001) weeks after cessation
487  of treatment. In the 3-chamber test, NaBr at 70 mg/kg was sufficient to restore longer
488 nose contacts with the mouse versus the toy in Oprm1” mice (genotype x NaBr x
489  stimulus: F155=61.6, p<0.0001) (Fig. 5C).

490 As regards stereotypic behavior, combined NaBr and VU0155041 treatments
491 reduced the number of head shakes in Oprml” and Oprml** mice (bromide x
492  VU0155041: F156=4.1, p<0.05) (Fig. 5D) and normalized marble burying in mutants
493  (genotype x NaBr x VU0155041: F1,56=9.5, p<0.001) (Fig. 5E). Chronic VU0155041
494  was sufficient to suppress perseverative same arm returns during Y-maze exploration
495 in Oprml null mice (genotype x VU0155041: F15=11.3, p<0.01) (Fig. 5F). In the
496 novelty-suppressed feeding test, chronic NaBr was similarly sufficient to normalize
497 latency to feed (genotype x VU0155041: F156=11.3, p<0.01) (Fig. 5G). Finally, having
498 in mind that nociceptive thresholds are lowered in Oprm1 null mice, we tested the
499 effects of bromide and VU0155041 on this parameter. At 50°C, combined NaBr and
500 VUO0155041 treatment normalized flicking latency, while each compound given alone
501 was ineffective (genotype x NaBr x VU0155041: F156=20.5, p<0.0001) (Fig. 5H).
502 Together, these results indicate that bromide administration and facilitation of mGlu4
503  activity exert synergistic beneficial effects on autistic-like behavior in Oprm1-- mice.

504
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505 Bromide ions behave as positive allosteric modulators of the mGlu4 glutamate
506 receptor

507 Chloride ions have been shown to facilitate mGlu4 signaling (56). Here we assessed
508 whether synergistic in vivo effects of bromide treatment and VU0155041 administration
509 may result from a modulation of mGlu4 activity by bromide ions, in addition to their
510 ability to trigger an upregulation of Grm4 expression (see Fig. 4).

511 We measured mGlu4 signaling under glutamate stimulation in HEK293T cells
512  transiently expressing mGlu4 receptors and Gagio, a Gi/Gq chimeric G-protein (57) that
513  allows mGlu4 to activate the phosphoinositide pathway. Receptor activation was then
514 evaluated by measuring intracellular Ca?* release or inositol monophosphate (IP1, Fig.
515 6A). The experiments were performed in buffers containing either a physiological
516 concentration of chloride ions (100 mM, supplemented with 50 mM gluconate to
517 maintain equivalent osmolarity between mediums), 150 mM of chloride ions (classical
518  buffer for cell culture studies) or 100 mM of chloride ions and 50 mM of bromide ions,
519 to compare the effects of modulating chloride and bromide concentrations within a
520 physiological range on mGlu4 activity.

521 Compared with physiological concentration of chloride (100 mM CI- + 50 mM
522 gluconate), addition of 50 nM bromide significantly improved glutamate potency,
523 showing a 0.73 = 0.05 log increase in pECso (left panel; ion concentration: F2,6=104.2,
524 p<0.0001) in the Ca?* assay (Fig. 6B). Compared with an equivalent concentration of
525  chloride (+ 50 mM CI), bromide showed a higher efficacy (ApECso: 0.27+0.04) (right
526  panel; ion concentration: F2,6=66.7, p<0.0001). Further, bromide increased glutamate
527  efficacy, with a 65 = 9% rise in maximal mGlu4-triggered calcium release (Emax, left

528  panel; ion concentration: F2,21=56.2, p<0.0001).
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529 When measuring IP1 production (Fig. 6C), bromide increased glutamate efficacy
530 (Emax, maximal IP1 production) within a similar range (60 + 10%) as observed when
531 measuring Ca®* release (left panel; ion concentration: F224=22.1, p<0.0001). Despite
532 technical limitations (less amplification at this step of the signaling cascade), pECso
533  was consistently increased in presence of bromide ions (left panel; ion concentration:
534 F26=104.2, p<0.0001; ApECso0 between physiological Cl- concentration and after
535 addition of 50 nM Br: 0.42 £ 0.03) though to a lower extend as those measured in the
536 Ca?* assay. When 5uM of VU0155041 were added, bromide significantly increased
537 glutamate potency compared with physiological concentration of chloride (ApECso:
538 0.72 = 0.03). Bromide and VU0155041 combination was also more effective in
539 increasing glutamate potency than VU0155041 (ApECso: 0.39 £ 0.03) or bromide
540 (ApECs0: 0.30 + 0.03) alone (ion concentration and VU0155041: Fs1.=49.4, p<0.0001).
541 In conclusion, bromide ions behaved as PAMs of the mGlu4 receptor in
542  heterologous cells. These PAM effects were superior to those of chloride ions, and
543  synergized with those of VU0155041. Together, these results provide a molecular
544  mechanism for synergistic effects of bromide and VU0155041 in Oprm1 null mice, and
545  suggest that benefits of bromide treatment in mouse models of ASD involved, at least
546 in part, a facilitation of mGlu4 activity.

547
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Fig. 6. Bromide ions behave as PAMs of the mGlu4 receptor and shows synergistic effects with
the mGlu4 PAM VU0155041. (A) Signaling cascade of mGlu4 receptor when coupled with the chimeric
G-protein Gagio (to allow the recruitment of the phosphoinositide pathway) and experimental principles
of the calcium mobilization (Panel B) and IP1 accumulation assays (Panel C). (B) In the calcium
mobilization assay, bromide ions behave as PAM of mGlu4, demonstrating broader effects than chloride
ions on both pECso and Emax. (C) In the IP1 accumulation assay, bromide confirmed its PAM effects;
when supplemented with VU0155041, facilitation of mGlu4 signaling was even increased, as seen by a
further rise in ApEC50. Results are shown as mean = SEM of three independent experiments realized
in triplicates. Solid stars: effect of ion concentration on Emax; asterisks: effect of ion concentration on

ApECso, comparison with physiological conditions (100 mM CI- + 50 mM gluconate); (a): comparison with
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560 high chloride condition (150 mM CI-, p<0.0001); hashtags: effect of ion concentration and YU0155041
561 on ApECso, comparison with physiological conditions (100 mM CI- + 50 mM gluconate); (b) and (c):
562 comparison with bromide conditions (100 mM CI- + 50 mM Br-) with or without VU0155041 (p<0.0001)
563 (One-way ANOVA, followed by Tukey’s post-hoc test). Two symbols: p<0.001, three symbols: p<0.0001.
564 DAG: diacylglycerol; ER: endoplasmic reticulum; F4: Fluo4 calcium probe; FRET: fluorescence

565 resonance energy transfer; PLC: phospholipase C; IP123: inositol mono/di/triphosphate.

566
567 DISCUSSION

568

569 In the current study, we tested whether bromide ions would relieve autistic-like
570 symptoms in mouse models of ASD. We first assessed bromide effects in the Oprm1-
571 - mouse model of ASD, which recapitulates a wide range of autistic-like core and
572  secondary symptoms, including severe deficits in social interaction and communication
573 (51, 58-61), stereotypic behavior, exacerbated anxiety (51, 60) and increased
574  susceptibility to seizures (51, 62) but displays preserved cognitive performance (52).
575 In this model, chronic bromide dose-dependently rescued social behavior. NaBr
576  treatment improved direct social interaction from the dose of 125 mg/kg, with complete
577 rescue at 250 mg/kg. These doses are in the lower range of acute anticonvulsant of
578 bromide in rodents (0.2 to 2 g/kg) (63, 64) and slightly superior to chronic KBr
579  antiepileptic doses in dogs (20-100 mg/kg/day; initial dose up to 500 mg/kg) (65, 66)
580 and humans (30-100 mg/kg/day) (67, 68). In the 3-chamber test, beneficial effects of
581 chronic NaBr were detected since the dose of 10 mg/kg. In this test, however, social
582 interactions occur only when the experimental mouse investigates its congener, with
583 limited reciprocity. In contrast, social contacts during dyadic interaction are reciprocal,

584 which can be stressful for each protagonist, justifying the long use of this test to
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585 measure anxiety levels (69). Yet, these data suggest that beneficial effects of NaBr on
586  social behavior can be reached since the dose of 10 mg/kg.

587 Compared with chronic treatment, acute administration of NaBr had only minor
588 effects on social interaction in Oprm1 null mice, showing that bromide needed to
589 accumulate to reach therapeutic efficacy, as observed in the clinics (68). Consistent
590 with this, blood concentrations of bromide ions are known to progressively increase
591  upon chronic treatment (70, 71). As its clearance is slow, bromide has a rather long
592 half-life, about 8-14 days in human adults (68, 72). This pharmacokinetic profile may
593  account for the carry-over effects of NaBr treatment detected in Oprm1-- mice. NaBr
594  also reduced stereotypic and perseverative behaviors in Oprm1 knockouts, since the
595 dose of 10-30 mg/kg, indicating benefit on the second diagnostic criteria for ASD. To
596 date, no approved treatment ameliorates both diagnostic dimensions of autism.
597 Behavioral improvements were replicated after repeated oral administration of NaBr,
598 in agreement with previous reports of oral bioavailability (72). Further, bromide
599  treatment, known as anxiolytic (45), consistently decreased anxiety levels in Oprm1-
600 mice, a significant advantage as anxiety disorders are among the most frequent
601  comorbidities in ASD (3, 5). Finally, beneficial effects of chronic NaBr administration in
602  Oprml’ mice were replicated using KBr, long used as an antiepileptic drug in human
603 (47) and veterinary (65) medicine, despite its narrow therapeutic window due to
604  cardiotoxicity of potassium ions (K*) (73). Convergent effects of NaBr and KBr salts
605 demonstrate that bromide ions are indeed the active compound to relieve ASD-like
606  symptoms.

607 Effects of chronic NaBr administration were compared to those of the NKCC1
608 inhibitor bumetanide. Although the most promising drug developed based on the E/I

609 balance hypothesis, bumetanide has been scarcely tested in animal models of ASD.
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610 We observed partial beneficial effects of chronic bumetanide on autistic-like behavior
611 in Oprml1” mice. In contrast, previous studies have reported a complete rescue of
612  autistic-like social deficits following bumetanide treatment in animal models of ASD,
613  but under conditions where bumetanide was administered preventively rather than
614  curatively. Indeed, bumetanide restored social communication in two rodent models of
615  ASD, rats exposed to valproate in utero and Fmrl knockout mice, when their mothers
616  were treated with bumetanide during pregnancy (40). Similarly, repeated bumetanide
617 administration rescued social preference when used to prevent early-life seizures in
618 rats (74). In the present study, bumetanide was given in adult Oprm1”- mice, when
619 neurodevelopmental deficits were fully installed, which may account for partial
620 improvements. These effects were consistent with clinical reports of beneficial effects
621  of the NKCC1 antagonist on social abilities in children and adults with ASD diagnosis
622 (41, 42), maybe too subtle however to be confirmed in larger cohorts (43), whilst this
623  treatment efficiently reduced stereotypic behavior (43). Importantly, such consistency
624  confers predictive value to the Oprml null mouse model, boding well for clinical
625 translation of bromide effects.

626 After comprehensive testing in Oprm1 null mice, we extended our observation of
627 beneficial effects of bromide administration to two additional mouse models, Fmrl--
628 and Shank34ex73-16-/- mice, with longer-lasting effects in the former. Interestingly, the
629 three models of ASD used in this study differed in their genetic cause and E/I profile.
630 As regards excitatory neurotransmission, Fmrl mutants display more frequent
631 miniature excitatory postsynaptic currents (mMEPSCs) in the hippocampus (40),
632  persistent activity states in the somatosensory cortex (75) and excessive mGIuR1/5-
633 dependent signaling (75, 76), suggesting a global facilitation of glutamatergic

634  transmission. Mutations in Shank3 lead to reduced frequency and amplitude of
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635 mMEPSCs in the striatum (55, 77) and hippocampus (78) and reduced long-term
636  potentiation (LTP) in these two structures (79, 80); in Oprm1” mice, hippocampal LTP
637 is decreased (52) and the morphology of asymmetrical synapses is altered in the
638  striatum while the expression of key glutamate-related genes is reduced (51). These
639 data point to impaired glutamatergic neurotransmission in the latter models. On the
640 inhibition side, multiple alterations of the GABAergic system have been documented
641 in Fmrl null mice (81, 82), with reduced expression of GABAAa receptor subunits (27,
642 30, 82) and consistent impairment in GABAergic transmission (30, 83). Such deficit,
643  however, is not observed in the striatum, where GABA release is increased (84),
644  possibly a consequence of impaired endocannabinoid-mediated long-term depression
645 (LTD)that represses the activity of D2 dopamine receptor-expressing striatal projection
646 neurons (D2-SPNs) (53). Remarkably, endocannabinoid-mediated LTD is also
647 deficient in Shank32ex13-16 mice, and consequent excessive D2-SPN tone has been
648 linked to stereotyped behavior (85). In Oprm1” mice, facilitating the activity of mGlu4
649  receptor, which is known to repress D2-SPN activity (86), relieved autistic-like behavior
650 (51). Together, these data designate GABAergic D2-SPNs as a potential common
651  target for bromide effects on the E/I balance across mouse models.

652 Transcriptional effects of chronic bromide treatment in Oprm1” versus Oprm1+*+
653 mice are consistent with an influence on the E/I balance. In the absence of NaBr
654  treatment, Oprml null mice displayed low levels of Slcl2a2 transcripts (NKCC1),
655  suggesting that Cl- gradient was altered. Strikingly, NaBr administration restored or
656 increased the expression of all genes coding for ClI- co-transporters tested in these
657  mice, the importer NKCC1 as well as the exporters KCC2-4 and CLCA1 (a modulator
658 of the calcium-activated CI- channel Anoctamine-1/TMEM16A (87)). All these

659 transporters have been related to autistic-like features in mouse models (40, 88, 89),
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660  putting a spell on chloride homeostasis as a core neurobiological mechanism in ASD.
661 Increased expression of Cl- transporters under chronic NaBr treatment may have been
662 a regulatory response triggered by Br accumulation, to maintain the
663  extracellular/intracellular gradient of anion concentrations. Cl- and Br- sharing similar
664  physicochemical properties, this increase likely favored a high turnover of both anion
665 species and, thus, depolarizing effects of GABA (90). Moreover, chronic bromide
666 increased the transcription of genes coding for several GABAa receptor subunits.
667 Previous studies in the field of epilepsy have evidenced a facilitating influence of
668 bromide on GABAergic inhibition (48, 91). Together, these data suggest that NaBr
669 treatment increased GABA-mediated inhibition. Accordingly, Fos expression was
670 decreased in the basal ganglia of Orpm1 null mice following social interaction, a likely
671  consequence of facilitated GABAergic inhibition.

672 Besides effects on E/I balance, bromide treatment in Oprm1-- mice stimulated the
673  expression of Oxt, coding for the social neuropeptide oxytocin, notably in the NAc,
674 where it plays a key role in modulating social reward (92). We observed similar
675  restoration in Oprm1”- mice after that they undergone an appetitive social conditioning
676  (60). Moreover, oxytocin administration rescued social ultrasonic vocalizations in
677 Oprml null mice (93). Thus, restored Oxt mRNA levels in mutants may have
678 contributed to behavioral improvements under bromide administration. Finally,
679 although Grm4 mRNA levels were not low in the striatum of Oprm1” mice as in
680 previous studies (51, 60), maybe due to different experimental conditions, chronic
681  NaBr increased its expression in most brain regions studied. By facilitating mGlu4
682  expression, bromide may thus have relieved autistic-like symptoms, as observed under
683  facilitation of mGlu4 activity by VU0155041 treatment (51, 94). We challenged this

684 hypothesis by co-administering liminal doses of bromide and VU0155041 to Oprm1--
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685 mice, and revealed a major synergistic effect. Moreover, we evidenced that, in
686  heterologous cells, bromide ions behave as better mGlu4 PAMs than it was previously
687  shown for chloride ions (56). This finding suggests that beneficial effects of Br- in ASD
688  models involve a facilitation of mGlu4 signaling. Moreover, the PAM effect of bromide
689  synergizes with that of VU0155041, providing a molecular mechanism for synergy in
690 vivo. Yet, this mechanism may not have been the only one. At cellular level,
691 VUO0155041 represses the activity of D2-SPNs (86), found disinhibited in Fmr1” and
692  Shank34ex73-16-- mice, while bromide promotes GABAergic transmission. Thus,
693  synergistic action of bromide and mGlu4 PAM may also lie in their common inhibition
694  of a neuronal population, D2-SPNs, a hypothesis that will deserve further investigation.
695 Hence, bromide ions act at multiple levels, on chloride gradient, GABA-mediated
696  neurotransmission and mGlu4 signaling, which all converge towards neuronal
697 inhibition, and this may account for its large spectrum of beneficial effects in mouse

698  models of ASD (Figure 7).
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699
700 Fig. 7. Different cellular mechanisms by which bromide ions may modulate E/I balance and

701 neurotransmission in the autistic brain. At transcriptional level, chronic bromide treatment up-
702 regulated the expression of genes coding for ClI- extruders KCCs and the secreted activator of
703 TMEM16A, CICAL, in Oprm1” mice. By such mechanism, bromide ions may have increased CI- efflux
704  (dark red), making CI- more available within the extracellular compartment. In parallel, bromide was
705 found to induce the expression of genes coding for NKCC1, GABAa and the mGlu4 receptor in Oprm1
706  mutants. Interestingly, increased extracellular Cl- concentrations facilitate the activation of these three
707 molecular actors, which converges towards decreased neuronal excitability. All previous mechanisms
708 would thus concur to increase neuronal inhibition. Intriguingly, due to its physicochemical properties, Br-
709 can substitute to CI- at all levels; by binding to mGlu4, it behaves as a positive allosteric modulator of
710 this receptor, even more potent than Cl-. ClCal and TMEM16A representations were adapted from (87)

711 and CI- location on mGlu4 from (56).

712 We ought to consider here some limitations of this study. The low sample number
713  of mice from both sexes allocated to each genotype and treatment group resulted in

714 low statistical power to examine the complex interactions between genotype and
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715  bromide effects in our transcriptional study. Further investigations will be required to
716  explore the molecular mechanisms underlying beneficial effects of bromide in mouse
717  models of ASD. Also, we tested the effects of bromide treatment in adult mice whilst
718 autism is diagnosed early in life and early behavioral/cognitive interventions have
719  proven to be more efficient in relieving autistic features (95, 96). In future studies, we
720  will administer bromide at young age in mouse models of ASD to delineate the optimal
721 developmental window for its therapeutic action. Whether it would not be verified in
722 youngsters, though, therapeutic benefit of bromide treatment would remain a major
723 breakthrough in the field of autism, which affects a large and highly vulnerable
724  population of adults worldwide (97).

725 In conclusion, the present study reports the therapeutic potential of chronic bromide
726  treatment, alone or in combination with a PAM of mGlu4 receptor, to relieve core
727  symptoms of ASD. Beneficial effects of bromide were observed in three mouse models
728 of ASD with different genetic causes, supporting high translational value. Moreover,
729  bromide has a long history of medical use, meaning that its pharmacodynamics and
730 toxicity are well known, which, combined with long lasting effects as well as excellent

731  oral bioavailability and brain penetrance, are strong advantages for repurposing.

732
733
734
735
736
737
738

739
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740 MATERIALS AND METHODS

741

742  Key resources table

compound, drug

Fallavier, France

Reagent type
(species) or
Designation Source or reference Identifiers Additional
resource
information
Sigma-Aldrich,
Chemical
NaBr Saint-Quentin Cat# 310506
compound, drug
Fallavier, France
Sigma-Aldrich,
Chemical
KBr Saint-Quentin Cat# 243418
compound, drug
Fallavier, France
Chemical R&D systems,
Bumetanide Cat# 3108
compound, drug Minneapolis, USA
Chemical Cayman Chemical,
vU0155041 Cat# 21775
compound, drug Ann Arbor, USA
Sigma-Aldrich,
Chemical
L-glutamic acid Saint-Quentin Cat# G1251

Chemical

compound, drug

Fluo-4 AM

Invitrogen, Life
Technologies,

Thermo Fisher
Scientific, Carlsbad,

CA, US

#Cat F14201

Material

CFX384 Touch Real-Time

PCR Detection System

Biorad, Marnes-la-

Coquette, France
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Hamamatsu
Material pCell FDSS Photonics, Massy,
France
BMG Labtech,
Material Pherastar FS Champigny
s/Marne, France
Videotrack;  View
Material Infra-red floor
Point, Lyon, France
Imetronic, Pessac,
Material Y-maze
France
ThermoFisher
Scientific Inc,
Cell line HEK 293FT cell line Waltham, Cat# R70007
Massachusetts,
USA
Commercial Zymo research,
Direct-Zol RNA MiniPrep kit Cat# ZR2052
assay or kit Irvine, USA
New England
Commercial ProtoScript 1] Reverse | BiolLabs, Evry-
Cat# M0368X
assay or kit Transcriptase kit Courcouronnes,
France
) ) Cat#
Commercial Bio-Rad, Marnes-
iQ-SYBR Green supermix 1725006CUST
assay or kit la-Coquette, France
CisBio,
Commercial
IP-One Gq Kit PerkinElmer, Cat# 62IPAPEB
assay or kit
Codolet, France
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Strain, strain | Oprm1** and Oprm1-, Jackson
B6.129S2-
background (mus | 50% 129SVPas - 50% | Laboratories,
Oprm1tmiKif/j
musculus) C57BL/6J Farmington, USA
Strain, strain | Shank34ex13-16+/+ and | Jackson
B6.129-
background (mus | Shank34ex13-16-- 50% | Laboratories,
Shankgthang/J
musculus) 129SVPas - 50% C57BL/6J | Farmington, USA
Strain, strain
Fmrl++ and Fmrl’, | R. Willemsen,
background (mus KO(2)
C57BL/6J Mientjes et al. 2006
musculus)

743
744  Animals, breeding procedures and housing conditions

745 The Oprml’ (B6.129S2-Oprm1™mKfi/3) (98) and Shank34ex13-16/- (B6.129-
746  Shank3m2Gigl so called Shank3B, lacking the PDZ domain) (55) mouse lines were
747 acquired from Jackson Laboratories (Farmington, USA) and bred on a hybrid
748  background: 50% 129SVPas - 50% C57BL/6J. Fmr1-KO(2) mice (99) were generously
749  provided by R. Willemsen (Erasmus University Medical Center, Rotterdam, The
750  Netherlands) and bred on a C57BL/6J background. Equivalent numbers of male and
751 female mice were generated in-house from homozygous parents, bred from
752  heterozygous animals, to prevent genetic derivation. This breeding scheme favored
753  social deficits in mutant mice by maintaining them together during early post-natal
754  development. Except otherwise stated, animals were group-housed and maintained
755 on a 12hr light/dark cycle (lights on at 7:00 AM) at controlled temperature (21+1°C);
756 food and water were available ad libitum. Experiments were analyzed blind to
757 genotypes and experimental condition. All experimental procedures were conducted

758 in accordance with the European Communities Council Directive 2010/63/EU and
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759  approved by the Comité d’Ethique en Expérimentation animale Val de Loire (C2EA-

760  19).
761
762  Drugs

763  Mice were treated with vehicle (NaCl 0.9%; ip, 10 or 20 ml/kg), NaBr (Sigma-Aldrich,
764  Saint-Quentin Fallavier, France) administered either chronically (once a day, 10, 30,
765 70, 125, 250 and 500 mg/kg; i.p. or per os, in a volume of 20 ml/kg — except for
766  combination with VU0155041: 10 mg/kg) or acutely (250 mg/kg, 20 ml/kg), KBr
767  (Sigma-Aldrich, Saint-Quentin Fallavier, France; 145 mg/kg; i.p., 20 ml/kg),
768  bumetanide (R&D systems, Minneapolis, USA, 0.5 and 2 mg/kg; i.p., 20 ml/kg) or
769  VUO0155041 (Cayman Chemical, Ann Arbor, USA, once a day, i.p., 1 mg/kg, 10 ml/kg).
770  Doses of bumetanide were chosen based on previous studies in rodent models of ASD
771 (40, 74); liminal dose of VU0155041 was set based on our previous studies (51, 100)
772 and a pilot experiment showing no detectable effect in the social interaction test. When
773  treatment was given chronically, behavioral testing started 8 days after beginning of
774  daily administration. Treatment was maintained for 8 to 18 consecutive days (see
775 timelines in Fig. 1, 4 and 5), allowing thorough behavioral phenotyping. On testing
776  days, or when treatment was given acutely, drugs (or vehicle) were administered 30
777  min before behavioral assays.

778

779 Behavioral experiments

780 When assessing effects of chronic administration, experiments were performed
781  successively (timelines in Fig. 1, 4 and 5) (51, 100). Testing order was chosen to
782  minimize the incidence of anxiety on later assays. Direct social interaction and novelty

783  suppressed feeding were performed in 4 equal square arenas (open fields, 50 x 50
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784 cm) separated by 35cm-high opaque grey Plexiglas walls over a white Plexiglas
785  platform (View Point, Lyon, France). Stimulus mice used for the three-chamber test
786  were 8-14-week-old grouped-housed male or female wild-type mice, socially naive to

787  the experimental animals.

788  Social abilities

789  Direct social interaction test. On testing day, a pair of unfamiliar mice (not cage
790 mates, age-, sex- and treatment-matched) was introduced in each arena for 10 min
791 (15 Ix). Each arena received a black plastic floor (transparent to infrared). The total
792 amount of time spent in nose contact (nose-to-nose, nose-to-body or nose-to-
793  anogenital region), the number of these contacts, the time spent in paw contact and
794 the number of these contacts, grooming episodes (allogrooming), notably ones
795  occurring immediately (<5s) after a social contact, as well as the number of following
796  episodes were scored a posteriori on video recordings (infrared light-sensitive video
797 camera) using an ethological keyboard (Labwatcher®, View Point, Lyon, France) by
798 trained experimenters and individually for each animal (51, 100). The mean duration
799  of nose and paw contacts was calculated from previous data (101-103).

800 Three-chamber social preference test. The test apparatus consisted of a transparent
801 acrylic box (exterior walls blinded with black plastic film); partitions divided the box into
802 three equal chambers (40 x 20 x 22.5 cm). Two sliding doors (8 x 5 cm) allowed
803 transitions between chambers. Cylindrical wire cages (18 x 9 cm, 0.5 cm diameter-
804 rods spaced 1 cm apart) were used to contain the mouse interactor and object (soft-
805 toy mouse). The test was performed in low-light conditions (15 Ix) to minor anxiety.
806  Stimulus wild-type mice were habituated to confinement in wire cages for 2 days before
807 the test (20 min/day). On testing day, the experimental animal was introduced to the

808 middle chamber and allowed to explore the whole apparatus for a 10-min habituation
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809 phase (wire cages empty) after the sliding doors were raised. The experimental mouse
810 was then confined back in the middle-chamber while the experimenter introduced an
811 unfamiliar wild type age and sex-matched animal into a wire cage in one of the side-
812 chambers and a soft toy mouse (8 x 10 cm) in the second wire cage as a control for
813 novelty. Then the experimental mouse was allowed to explore the apparatus for a 10-
814  min interaction phase. The time spent in each chamber, the time spent in nose contact
815  with each wire cage (empty: habituation; containing a mouse or a toy: interaction), as
816  well as the number of these nose contacts were scored a posteriori on video recordings
817 using an ethological keyboard (Labwatcher®, View Point, Lyon, France) by trained
818 experimenters. The mean duration of nose contacts was calculated from these data
819  (101-103). The relative position of stimulus mice (versus toy) was counterbalanced

820  between groups.

821  Stereotyped behaviors

822  Motor stereotypies. To detect motor stereotypies in mutant versus wild-type animals,
823  mice were individually placed in clear standard home cages (21x11x17 cm) filled with
824  3-cm deep fresh sawdust for 10 min (104). Light intensity was set at 30 lux. Trained
825 experimenters scored numbers of head shakes, as well as rearing, burying, grooming,
826  circling episodes and total time spent burying by direct observation.

827 Y-maze exploration. Spontaneous alternation behavior was used to assess
828  perseverative behavior (105-107). Each Y-maze (Imetronic, Pessac, France) consisted
829  of three connected Plexiglas arms (15x15x17 cm) covered with distinct wall patterns
830 (15 Ix). Floors were covered with lightly sprayed fresh sawdust to limit anxiety. Each
831 mouse was placed at the center of a maze and allowed to freely explore this
832 environment for 5 min. The pattern of entries into each arm was quoted on video-

833 recordings. Spontaneous alternations (SPA), i.e. successive entries into each arm
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834  forming overlapping triplet sets, alternate arm returns (AAR) and same arm returns
835 (SAR) were scored, and the percentage of SPA, AAR and SAR was calculated as
836 following: total / (total arm entries -2) * 100.

837 Marble-burying. Marble burying was used as a measure of perseverative behavior
838 (108). Mice were introduced individually in transparent cages (21x11x17 cm)
839 containing 20 glass marbles (diameter: 1.5 cm) evenly spaced on 4-cm deep fresh
840 sawdust. To prevent escapes, each cage was covered with a filtering lid. Light intensity
841 inthe room was set at 40 lux. The animals were removed from the cages after 15 min,

842  and the number of marbles buried more than half in sawdust was quoted.

843  Anxiety-like behavior

844  Novelty-suppressed feeding. Novelty-suppressed feeding (NSF) was measured in
845  24-hr food-deprived mice, isolated in a standard housing cage for 30 min before
846 individual testing. Three pellets of ordinary lab chow were placed on a white tissue in
847  the center of each arena, lit at 60 Ix. Each mouse was placed in a corner of an arena
848 and allowed to explore for a maximum of 15 min. Latency to feed was measured as
849  the time necessary to bite a food pellet. Imnmediately after an eating event, the mouse
850 was transferred back to home cage (free from cage-mates) and allowed to feed on lab
851 chow for 5 min. Food consumption in the home cage was measured.

852

853  Nociceptive thresholds

854  Tail-immersion test. Nociceptive thresholds were assessed by immersing the tail of the
855 mice (5 cm from the tip) successively into water baths at 48°C, 50°C and 52°C. The
856 latency to withdraw the tail was measured at each temperature, with a cutoff of 10 s.
857

858 Real-time quantitative PCR analysis
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859  Brains were removed and placed into a brain matrix (ASI Instruments, Warren, M,
860 USA). Nucleus accumbens (NAc), caudate putamen (CPu), ventral pallidum/olfactory
861 tubercle (VP/Tu), medial nucleus of the amygdala (MeA) and ventral tegmental
862  area/substancia nigra pars compacta (VTA/SNc) were punched out/dissected from
863  1mme-thick slices (see Fig. S1). Tissues were immediately frozen on dry ice and kept
864  at-80°C until use. For each structure of interest, genotype and condition, samples were
865  processed individually (n=8). RNA was extracted and purified using the Direct-Zol RNA
866 MiniPrep kit (Zymo research, Irvine, USA). cDNA was synthetized using the
867  ProtoScript Il Reverse Transcriptase kit (New England BioLabs, Evry-Courcouronnes,
868  France). gRT-PCR was performed in quadruplets on a CFX384 Touch Real-Time PCR
869 Detection System (Biorad, Marnes-la-Coquette, France) using iQ-SYBR Green
870  supermix (Bio-Rad) kit with 0.25 pl cDNA in a 12 pl final volume in Hard-Shell Thin-
871  Wall 384-Well Skirted PCR Plates (Bio-rad). Gene-specific primers were designed
872  using Primer3 software to obtain a 100- to 150-bp product; sequences are displayed
873 in Table S1. Relative expression ratios were normalized to the level of actin and the
874  27AACt method was applied to evaluate differential expression level. Gene expression
875  values differing of the mean by more than two standard deviations were considered as
876  outliers and excluded from further calculations.

877

878 Cell culture and transfection

879  Human embryonic kidney (HEK) 293 cells were transiently transfected with rat mGlu4
880 receptor by electroporation together with a chimeric Gi/Gq protein to allow
881 phospholipase activation and EAAC1, a glutamate transporter, to avoid influence of
882 extracellular glutamate. For calcium mobilization, cells were seeded in a PLO-coated,

883  black-walled, clear-bottomed, 96-well plate (Greiner Bio-One) at the density of 100,000
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884  cells per well and for IPOne assay in a PLO-coated black 96-well plate (Greiner Bio-
885 One) at the density of 50,000 cells per well. Cells were cultured in DMEM (Gibco™,
886 Life Technologies), supplemented with 10% fetal bovine serum. Medium was changed
887 by GlutaMAX (Gibco™, Life Technologies) to reduce extracellular glutamate
888 concentration 3 h before experiment.

889

890 Chloride and bromide buffers for in vitro assays

891 Chloride and bromide ion concentrations in the buffers used for in vitro experiments
892  were chosen for best matching physiological conditions. It was previously shown that
893 the total amount of halogen (chloride and bromide ions) in the cerebrospinal fluid and
894  serum can reach 120-130 mM (109, 110) and that bromide is able to substitute up to
895 30% of chloride concentration (111), leading to a theoretical concentration of 91 mM
896 chloride and 36 mM bromide. We thus chose the dose of 100 mM chloride as
897  physiological control (complemented with gluconate NaCsH1107 to maintain equivalent
898 osmolarity between buffers (56)), and added or not 50 mM chloride or bromide to
899  assess their effects in vitro. Chemicals were purchased from Sigma-Aldrich (Merck,
900 L'lsle D'Abeau Chesnes, France). The pH of all buffers was adjusted to 7.4 before
901 experiments.

902 For calcium mobilization assay, buffers with 100 mM NaCl, 2.6 mM KCI, 1.18 mM
903 MgSOg4, 10 mM D-glucose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
904 (HEPES), 1mM CaCl. and 0.5% (w/v) bovine serum albumin were used and
905 supplemented with 50 mM of either NaCl, NaBr or NaCeH1107 to reach 154.6 mM total
906  anion concentration.

907 For IP1 accumulation assay, buffers with 46 mM NacCl, 4.2 mM KCI, 0.5 mM MgClz, 10

908 MM HEPES, 1mM CaClz, 50 mM NaCesH1107 and 50 mM LiCl (to avoid IP1 degradation)
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909 were used and supplemented with 50 mM of either NaCl, NaBr or NaCeH1107 to reach
910 203.2 mM total anion concentration.
911

912  Calcium mobilization and IP1 accumulation assays

913  Calcium mobilization assay: 24 h after transfection, cells were loaded with 1 uM
914 calcium-sensitive fluorescent dye (Fluo-4 AM; Invitrogen, Life Technologies) diluted in
915 fresh CI buffer (154.6 mM) for 1 h at 37°C and 5% CO:2. Then, cells were washed and
916 maintained in appropriate buffer supplemented with 4 mM probenecid. Agonists were
917 also diluted in appropriate buffers. Ca?* release was determined using puCell FDSS
918 (Hamamatsu Photonics). Fluoresence was recorded for 60s at 480 nm excitation and
919 540 nm emission after 20 s record of baseline.

920 IP1 accumulation assay: Inositol monophosphate accumulation was determined using
921 the IP-One HTRF (Homogenous Time Resolved Fluorescence) kit (Cisbio Bioassays,
922  Perkin Elmer, Codolet, France) according to the manufacturer's recommendations
923  (112). Briefly, cells were stimulated to induce IP1 accumulation while being treated with
924  test compounds in appropriate buffer for 30 min, at 37 °C and 5% CO2 before d2-
925 labeled IP1 and Th-labeled anti-IP1 antibody addition. After 1h incubation at RT,
926 Pherastar FS (BMG Labtech) was used to record 620 nm and 665 nm emission after
927 337 nm excitation.

928

929 Data analysis and statistics

930 Invivo experiments
931  Statistical analyses were performed using Statistica 9.0 software (StatSoft, Maisons-
932  Alfort, France). For all comparisons, values of p<0.05 were considered as significant.

933  Statistical significance in behavioral experiments was assessed using one or two-way

45


https://doi.org/10.1101/2021.09.14.460257

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460257; this version posted September 16, 2021. 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.

Derieux et al.

934  analysis of variance (drug, stimulus and treatment effects) followed by Newman-Keuls
935 post-hoc test. Significance of quantitative real-time PCR (QRT-PCR) results was
936 assessed after transformation using a two-tailed t-test, as previously described (100).
937  Unsupervised clustering analysis was performed on transformed gRT-PCR data using
938 complete linkage with correlation distance (Pearson correlation) for genotype and
939 treatment (Cluster 3.0 and Treeview software) (51, 100). When used for clustering
940 analysis (Figure 7B), behavioral data were normalized to vehicle-vehicle condition and
941 transformed using the same formula as gRT-PCR data.

942

943  In vitro experiments

944 Data were analyzed using Prism 6 software (GraphPad Software, San Diego, CA,
945 USA). For IP1 accumulation assay, each HTRF-ratio was transformed in IP1
946  concentration using calibration curves for each buffer and then normalized against
947  Mock-transfected cells to avoid buffer composition effect on HTRF signal. In all
948  experiments, a 4-parameter concentration-response curve equation was used to fit
949  data, and potency (ECso) was estimated as logarithms (log ECso). For clarity purpose,
950 absolute (positive) logarithms (pECso) were used. Emax represents the maximum
951 response obtained at saturating agonist concentration. Data shown in the figures
952  represent the means £ SEM of at least 3 experiments realized in triplicates. Statistical
953 differences between pECso, APECso and Emax were determined using a one-way
954  analysis of variance followed by Tukey’s post-test.

955

956 Data availability

957 All data that support the findings of this study are available from the corresponding

958  author upon request.
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Supplementary Figures

NAc VP/Tu
1.10 mm 0.62 mm -1.46 mm -3.40 mm

VTA/SNc

Figure S1. Schematic representations depict brain regions dissected for gene
expression study and western blot experiments. CPu, NAc, VP/Tu and VTA/SNc
were punched on 1-mm thick brain slices (CPu: one punch/side, & 2 mm; NAc, VP and
VTA/SNc: one punch/side, & 1.25 mm). MeA was dissected out bilaterally. Coordinates
refer to bregma. CPu: Caudate Putamen; NAc: Nucleus Accumbens; MeA: Medial
Amygdala; SNc: Substancia Nigra, pars compacta; VP/Tu: ventral pallidum/olfactory
tubercle; VTA/SNc: Ventral Tegmental Area/Substantia Nigra pars compacta.
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Figure S2. Chronic, and not acute, sodium bromide relieved social behavior
deficits in Oprm1’ mice, demonstrating superior effects to chronic bumetanide.
See time line of experiments and animal numbers in Figure 1A, except for (B). (A) In
the direct social interaction test (D9), chronic NaBr administration improved social
interaction parameters in Oprm1’/ mice from the dose of 70 mg/kg but had no
detectable effect in wild-type controls. Bumetanide effectively suppressed excessive
grooming in these animals but demonstrated deleterious effects on social parameters
in Oprm1** mice. (B) Acute administration of NaBr (250 mg/kg) in Oprm1”- mice
(versus Oprm1** mice, n=8 mice per genotype and treatment) partially increased the
number of nose contacts and suppressed excessive grooming during direct social
interaction but had no detectable effect on other parameters. (C) In the 3-chamber test,
all mice spent globally more time in the chamber with the mouse versus the toy. NaBr
treatment rescued social preference in Oprml mutants since the dose of 10 mg/kg;
bumetanide restored a preference for making more nose contacts with the mouse at
the 0.5 mg/kg dose only. Results are shown as scatter plots and mean £ sem. Daggers:
genotype effect, asterisks: treatment effect, solid stars: genotype x treatment
interaction (comparison with wild-type vehicle condition), hashtag: stimulus effect (two-
way ANOVA or three-way ANOVA with stimulus as repeated measure, followed by
Newman-Keuls post-hoc test). One symbol: p<0.05, two symbols: p<0.01; three
symbols: p<0.001.
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Figure S3. Chronic sodium bromide long-lastingly alleviated social interaction
deficit in Oprm1” mice. See time line of experiments and animal numbers in Figure
1A. (A) One week after cessation of chronic treatment, beneficial effects of NaBr on
social interaction parameters in Oprm1-7- mice were fully maintained for doses over 125
mg/kg. No significant effect was detected for bumetanide, except a reduction of
grooming for the dose of 0.5 mg/kg. (B) Two weeks after cessation of NaBr treatment,
an increase in the number and time spent in nose contacts was still detectable for the
dose of 500 mg/kg in Oprm1-- mice; grooming after social contact remained normalized
from the dose of 250 mg/kg. Results are shown as scatter plots and mean + sem.

Daggers: genotype effect, asterisks: treatment effect, solid stars: genotype x treatment
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interaction (comparison with wild-type vehicle condition), (a) genotype x treatment
interaction (comparison with knockout vehicle condition, p<0.001), (b) genotype x
treatment interaction (comparison with knockout vehicle condition, p<0.01) (two-way
ANOVA followed by Newman-Keuls post-hoc test). One symbol: p<0.05, two symbols:
p<0.01; three symbols: p<0.001.
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Figure S4. Chronic sodium bromide treatment reduced stereotypic behaviors
and anxiety in Oprm1’ mice. See time line of experiments and animal numbers in
Figure 1A. (A) Oprm1”- mice made more frequent and longer-lasting burying episodes
than wild-type counterparts; bromide treatment increased these two behavioral outputs
in both mouse lines. Chronic bromide and bumetanide increased the mean duration of
burying episodes. (B) In the Y-maze, NaBr suppressed perseverative same arm

returns in Oprm1 null mice from the dose of 70 mg/kg without modifying spontaneous
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alternation or alternate arm returns; bumetanide had no significant effect in this test.
Results are shown as scatter plots and mean + sem. Daggers: genotype effect,
asterisks: treatment effect, solid stars: genotype x treatment interaction (comparison
with wild-type vehicle condition) (two-way ANOVA followed by Newman-Keuls post-
hoc test). One symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001. AAR:

alternate arm returns, SAR: same arm returns, SPA: spontaneous alternation.

A NaBrvs 1 oral gavage per day

vehicle NaBr: 250 mg/kg, vehicle: NaCl 0.9%
vyvyvyysey

D1 D4 D5
i i i i i NaBr (mgrkg)
—
2 - 0 250
w
[ 23 oprm1++
B ’Zl Motor stereotypies (D4) ) "9 "1 opmt*
T )
0 T I
L 120 8 300 6 ”
=] 2 - —_ Q
2 3 w = ° = L ) @
2 o 5 <
o |, =26 -3 £ c? =B 5
2 80 oz ° 3 £ 200 N 234 c2 o
= 00 o Q g a B © o o a 3
I Q54 o = Sa ‘g o =
g Es Ep g leals i e Eg 5
G 40 ZE zZ= 3 1004|° 52’2 z s 5
2 g? 3 2 o | L] 22 5 E
o .
E = . a 3
Z o 0 0 0
-
C o Social interaction (D5)
) = 2
£ 100 * 5 120 X 20 o 12 =12 15 g
& * = . w 2 8 a 0g .8
Z g0l HE . = 2 z ) a
8%, 8 58 15(s 8 4 8 o/ HE )
0 ool o @ @ 80 58 S8 = 8 B0 g2
s o S c © eo : Y S c =
2 ol * c ° T8 10 : a B I Q T g 5
5 40de * £ = ‘5 S £ c °
2 * = a0’ 32 ¥ 5 4 ! g2 05 5
2 > 7] =< 05 a o . 2 =o * =
204 =3 p c * @ 5 @
g - « © = ° * © © * Q
@ ol % * £
Z 9 E o 00 <0 E 0.0 5
i = z
5 5,
*
(44 o * %
§ 4 = 8 4 .
N @ o (=
s g 3 £ 8 5
a2 Ew
Ec,] o8,
= E (O
3 [}
g 14k % 14 .
04 0-

Figure S5. Subchronic oral administration of NaBr relieved autistic-like
symptoms in Oprm1’ mice. (A) Oprm1** and Oprml1’ mice received either with
NaBr (250 mg/kg) or vehicle (NaCl, 0.9%) via oral gavage once daily for 5 days (n=8
mice per genotype and treatment). Behavioral testing was performed on D4 and D5.
(B) Oral subchronic NaBr administration suppressed stereotypic circling behavior in
Oprm1-- mice; it had opposite effects on the frequency of head shakes depending on
mouse genotype, increasing this frequency in controls and decreasing it in mutant

mice. (C) In the social interaction test, repeated oral NaBr treatment normalized
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behavioral parameters of Oprm1 null mice to wild-type levels. Results are shown as
scatter plots and mean + sem. Daggers: genotype effect, double daggers: genotype x
treatment interaction (post-hoc comparisons insignificant), solid stars: genotype x
treatment interaction (comparison with wild-type vehicle condition) (two-way ANOVA
followed by Newman-Keuls post-hoc test). One symbol: p<0.05, two symbols: p<0.01;

three symbols: p<0.001. MS: motor stereotypies, Sl: social interaction.
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(A) Oprm1** and Oprm1-- mice were treated either with KBr (0 or 145 mg/kg: n=8-10
mice per genotype and treatment) once daily for 18 days. Behavioral testing started on
D8; social interaction was retested 1 week (D25) after cessation of chronic
administration. (B) In the direct social interaction test (D9), chronic KBr relieved social
deficits in Oprm1 null mice without any detectable effect in Oprm1+** controls. (C) This
effect was maintained 1 week after cessation of chronic treatment. (D) In the 3-
chamber test, KBr rescued preference for exploring a living congener over a toy in
Oprm1 mutants. As regards repetitive behaviors, KBr treatment (E) failed to reduce
marble burying, (F) suppressed stereotypic circling and head shakes and (G) reduced
perseverative same arm returns during Y-maze exploration in Oprm1-7- mice. (H) In the
novelty-suppressed feeding test, potassium bromide normalized the latency to feed in
Oprm1 null mice without modifying food intake. Results are shown as scatter plots and
mean * sem. Daggers: genotype effect, asterisks: treatment effect, solid stars:
genotype X treatment interaction (comparison with wild-type vehicle condition) (two-
way ANOVA or three-way ANOVA with stimulus as repeated measure, followed by
Newman-Keuls post-hoc test). One symbol: p<0.05, two symbols: p<0.01; three
symbols: p<0.001. 3-Ch: 3-chamber test, AAR: alternate arm returns, M: mouse, MB:
marble burying, MS: motor stereotypies, NSF: novelty-suppressed feeding, SAR: same

arm returns, SPA: spontaneous alternation, Sl: social interaction, T: toy, Y-M: Y-maze.
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Figure S7. Figure 5. Chronic sodium bromide administration relieved social
behavior deficits in Fmrl” and Shank32¢x13-16- mice. See animal numbers and time
line of experiments in Figure 5. (A) Chronic NaBr treatment rescued direct social
interaction (D9) in both Fmrl and Shank3 mutant mouse lines. (B) Beneficial effects of
NaBr treatment on social interaction parameters were fully maintained one week after
cessation of treatment (D25) in in Fmr1-/- mice while only a restoration of the time spent
in nose contact was detected in Shank34ex13-16-- mijce. (C) In the 3-chamber test, all
mice spent globally more time in the chamber with the mouse versus the toy. Results
are shown as scatter plots and mean + sem. Daggers: genotype effect, hashtag:
stimulus effect, solid stars: genotype x treatment interaction (comparison to wild-type
vehicle condition), open stars: genotype x treatment x stimulus interaction (mouse
versus object comparison), (b) genotype x treatment interaction (comparison with
knockout vehicle condition, p<0.01) (two-way ANOVA or three-way ANOVA with
stimulus as repeated measure, followed by Newman-Keuls post-hoc test). One

symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001. M: mouse, T: toy.
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Figure S8. Chronic sodium bromide exposure relieved stereotypic behaviors and
reduced anxiety levels in Fmrl” and Shank32ex13-16/- mice. See animal numbers
and time line of experiments in Figure 5. (A) Chronic NaBr treatment decreased the
time spent burying and mean duration of burying episodes in Fmr1-- mice while it had
no effect on deficient number of burying episodes and time spent burying in
Shank34ex13-16-/- mijce. (B) In the Y-maze, chronic NaBr treatment normalized the
percentage of preservative same arm returns in both mutant lines and restored
spontaneous alteration rates in Shank34ex13-16/- mice. Results are shown as scatter
plots and mean £+ sem. Daggers: genotype effect, asterisk: treatment effect, solid stars:
genotype X treatment interaction (comparison with wild-type vehicle condition) (two-
way ANOVA followed by Newman-Keuls post-hoc test). One symbol: p<0.05, two
symbols: p<0.01; three symbols: p<0.001.

12


https://doi.org/10.1101/2021.09.14.460257

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460257; this version posted September 16, 2021. 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.

Derieux et al.

1 injection/day, IP,

A NaBrvs vehicle &t 250 mgikg, vehicle: NaCl 0.9%

vVVYy VvV VY VY VYVY VY VvV YVvYy VY VY VYYVYY

Days D1 D8 D15
I I ) (N NN I O N B N |
117 1T 17T 1T 17T 17 17T 17T 1T 1T T TT1
- o Sacrifice 45 min after the beginning of
*® #  social interaction test #2,
@ “»  gRT-PCR
NaBr (mg/kg)
f—/‘%
B sl 0 250
- Social interaction #2 (D15) [ E23 oprm1+
= [l [t Oprm 1+ &
f"; 80 7 100 2.0 2 8 58 3 2.0
S g - ® & v
S & 80 oL = c . %
o s} SU’1'50°°° o 86 <] 86000 " 261.5000 -
Q (o = © ; ° * = o O O o
3 g 6o s& |, Z Z Es |3
2 c S €10 * Q410 Qg T g 1.04°
u— c © 8 .= c cC
° = 40 c I ° = © =
g g 8805 . g, 5 =205
e @ o 0. kel * 32 .
§ & 20 =c g © : $ 00l : S I
[} * *
z E 0 0.0 Zo Eo 0.0
= =
(2]
8
o 8 & *
£ » * B * *
o) 5 6 ** a .
2 53 28 4 -
8 82 Es
o Ec <]
y— > @
— Zz € Q 2
o o ‘G-.)
> o E=
g o] © @ .
g 0
Z

Figure S9. Effects of chronic NaBr treatment on social interaction and gene
expression in Oprm1” mice. (A) Oprm1*+ and Oprm1-- mice received either with
vehicle or NaBr (250 mg/kg, i.p.) once daily for 15 days (n=8 mice per genotype and
treatment). Mice were experienced social interaction on D8 and D15. Mice were
sacrificed 45 min after the beginning of the second social interaction test. Behavioral
parameters were assessed on D15, to allow correlations with gene expression data.
(B) After two weeks of chronic treatment, NaBr at 250 mg/kg normalized social
interaction parameters in Oprml1” mice to wild-type levels. Results are shown as
scatter plots and mean + sem. Solid stars: genotype X treatment interaction
(comparison with wild-type vehicle condition) (two-way ANOVA followed by Newman-

Keuls post-hoc test). Two symbols: p<0.01; three symbols: p<0.001.
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Figure S10. Long-lasting synergistic beneficial effects of sodium bromide and

VUO0155041 on social interaction in Oprm1’ mice. See animal numbers and time

line of experiments in Figure 8. (A) In the social interaction test (D9), synergistic

beneficial effects of NaBr/\VU0155041 combination treatment were observed in Oprm1-

I~ 'mice for all behavioral parameters, except for reducing grooming after social contact,
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for which VU0155041 (1 mg/kg) was sufficient to normalize behavior. These synergistic
effects were fully maintained one week (B) and two weeks (C) after cessation of
treatment. Results are shown as scatter plots and mean + sem. Solid stars: genotype
x NaBr x VUO0155041 interaction (comparison to wild-type vehicle condition),
ampersand: genotype x VU0155041 interaction, section: genotype x NaBr interaction
(three-way or four-way ANOVA followed by Newman-Keuls post-hoc test). One

symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001.
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Figure S11. Synergistic beneficial effects of sodium bromide and VU0155041 on
social preference and nonsocial behaviors in Oprm1”- mice. See animal numbers
and time line of experiments in Figure 8. (A) In the 3-chamber test, NaBr/\VU0155041
combination had no effects on the time spent in chambers; NaBr (70 mg/kg) or
VU0155041 (1 mg/kg) alone were able to fully restore other social preference

parameters and preference ratio. (B) NaBr and VU0155041 treatments interacted to
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modulate time spent burying, duration of burying episodes and frequency of circling
episodes independently from genotype. (C) In the Y-maze, NaBr and VU0155041
interacted to modulate the number of alternate arm returns while VU0155041 treatment
was sufficient to suppress perseverative same arm returns in Oprm1-- mice. (D) In the
novelty-suppressed feeding test, NaBr administration was sufficient to restore food
intake when the mice were back in their home cage. (E) In the tail immersion test,
VU0155041 treatment on its own or in combination increased nociceptive thresholds
in Oprm1+ mice at 48°C while only combined NaBr/VU0155041 treatment restored
these levels in mutants at 50°C. Results are shown as scatter plots and mean + sem.
Solid stars: genotype x NaBr x VU0155041 interaction (comparison to wild-type vehicle
condition), open stars: genotype x stimulus x NaBr x VU0155041 interaction (mouse
versus object comparison), double dagger: NaBr x VU0155041 interaction,
ampersand: genotype x VU0155041 interaction, section: genotype x NaBr interaction
(three-way or four-way ANOVA followed by Newman-Keuls post-hoc test). One
symbol: p<0.05, two symbols: p<0.01; three symbols: p<0.001. AAR: alternate arm

returns, M: mouse, SAR: same arm returns, SPA: spontaneous alternation, T: toy.

Legends to Supplementary Tables

Table S1. List of primers used for gRT-PCR.

Table S2. Transcription levels of a set of 27 genes in the CPu, NAc, VP/Tu, MeA
and VTA/SNc in Oprm1** or Oprm1”- mice treated chronically with NaBr versus
vehicle.

Data are expressed as fold change versus the vehicle - Oprm1*+group (mean + SEM).
Two tailed t-tests were performed on transformed data (see Material and Methods).
Significant regulations of gene expression are highlighted in bold and filled in red for

significant up-regulation or in blue for significant down-regulation.
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Table S1. List of primers used for gRT-PCR

RefSeq Gene name Gene title | Forward oligonucleotide Reverse oligonucleotide
NM_007393 actin, beta Actb GTATGCCTCGGTCGTACCA CTTCTGCATCCTGTCAGCAA
NM_007540 brain derived neurotrophic factor Bdnf GTGACTGAAAAAGTTCCACC GACGTTTACTTCTTTCATGGG
NM_017474 chloride channel accessory 1 Clcal ACGGGTGTCTGTGTTCATCC GTGTCACCTGCATTTCCCCT
NM_205769 corticotropin releasing hormone Crh AGGAGGCATCCTGAGAGAAGT ATGTTAGGGGCGCTCTCTTC
NM_010076 dopamine receptor D1A Drdla AGATCGGGCATTTGGAGAG GGATGCTGCCTCTTCTTCTG
NM_010077 dopamine receptor D2 Drd2 TGCCATTGTTCTTGGTGTGT GTGAAGGCGCTGTAGAGGAC
NM_010234 FBJ osteosarcoma oncogene Fos GAAGGGAACGGAATAAGATG CATCTTCAAGTTGATCTGTCTC
NM_010250 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 1 |Gabral GCCTTTCATTATTGCCCAGA CATGATCCGTGGATTCTGAAC
NM_008066 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 2 |Gabra2 GGGATCCCATGTCACACTTT CTAAAGCAACCAGGCCAGAG
NM_008067 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 3 |Gabra3 AGATTCTTCCTGCCCACTCA ATGGGACTGGCATGCATTAT
NM_010251 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 4 |Gabra4 TGTGTTCTGGGTTTGTCGAG AAATCTCATGGGCAACCATC
NM_176942 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 5 |Gabra5 CCCAACACCTCAACAACCTT GCGTCCAGAAACAATGTTCA
NM_008069 gamma-aminobutyric acid (GABA) A receptor, subunit beta 1 [Gabrbl ATTCCCAACAGCGGTAACTG TTGCCGTTGTTGTTGTTGTT
NM_008070 gamma-aminobutyric acid (GABA) A receptor, subunit beta 2 |Gabrb2 TCTCACGAGGGAGAGGAATG GCGAGGATAGCTGGAGTCTG
NM_008170 glutamate receptor, ionotropic, NMDA2A (epsilon 1) Grin2a GTCTGGAGGACAGCAAGAGG CGAGGGACATCTCCCAATAA
NM_008171 glutamate receptor, ionotropic, NMDA2B (epsilon 2) Grin2b AACGAAGCTGCCATGTCTCT AGCAGTCGAGTATGGGGATG
NM_001160353 |glutamate receptor, metabotropic 2 Grm2 CTTGTAGCTATGCCCCGTGT GACTGGAAGCACCTTTGCAT
NM_001013385 |glutamate receptor, metabotropic 4 Grm4 CTTCCTTAGCCAGGGTCTCC CATCCCTTCGGACACAGTTT
NM_001143834 |glutamate receptor, metabotropic 5 Grm5 CCACTGACGACTTGACAGGTT CAGTAACGAAGAGGGTGGCTA
NM_001377096 |5 hydroxytryptamine (serotonin) receptor 6 Htré GTCTGACCACCAAGCATAGCA AGTCACATACGGCCTGAGC
NM_011025 oxytocin Oxt CTGCTTGGCTTACTGGCTCT GGGAGACACTTGCGCATATC
NM_018863 prodynorphin Pdyn TTTGGCAACGGAAAAGAATC TAGCGTTTGGCCTGTTTTCT
NM_001002927 |preproenkephalin Penk ATGCAGATGAGGGAGACACC GCTTCTGCAGCTCTTTTGCT
NM_009194 solute carrier family 12, member 2 Slc12a2  |ACAGGGAGGGAGGGTGATAC GACCAGGCAGCCAGTGTTAG
NM_009195 solute carrier family 12, member 4 Slcl2a4  |GAGCTATGGTGAAGCCCAGG GTCCCTCTCGAACCTTGCTG
NM_020333 solute carrier family 12, member 5 Slc12a5 AGGAGAGGTTGCAAGCCAAA CCGAGTCGGGATGCGAAATA
NM_133649 solute carrier family 12, member 6 Slc12a6  |[TGTTGCTTATGTTGTCTGTCTGC |CCCTTCCCCTAAGGTGCATT
NM_011390 solute carrier family 12, member 7 Slc12a7 |TTCTATGTGGATGGCCCGTG ACGTGGCCTCTACCCTAACT
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