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ABSTRACT  17 

Neuropathic pain is a common health problem, resulting in exacerbated response to noxious 18 

and non noxious stimuli, as well as impaired emotional and cognitive responses. Unfortunately, 19 

neuropathic pain is also one of the most difficult pain syndromes to manage, highlighting the 20 

importance of better understanding of the brain regions and neuromodulatory mechanisms 21 

involved in its regulation. Among the many interconnected brain areas which process pain, the 22 

amygdala is known to play an important role in the integration of sensory and emotional pain 23 

signals. Here, we questioned the ability of a recently identified neuromodulatory mechanisms 24 

associated to the metabotropic glutamate receptors mGlu4 in the amygdala to modulate 25 

neuropathic pain. In a murine model of peripheral mononeuropathy induced by a chronic 26 

constriction of the sciatic nerve, we demonstrate that pharmacological activation of amygdala 27 

mGlu4 receptors efficiently alleviates sensory and depressive-like symptoms in both male and 28 

female mice. Moreover, we reveal a differential modulation of those symptoms, activating 29 

mGlu4 receptors in the controlateral amygdala, relatively to the side of the mononeuropathy, is 30 

necessary and sufficient to relieve both sensory and depressive-like symptoms while ipsilateral 31 

activation solely reduces depressive-like symptoms. Furthermore, using photopharmacology, 32 

a recent strategy allowing a precise spatiotemporal photocontrol of deep brain endogenous 33 

targets, we further demonstrate the rapid and reversible action of mGlu4-mediated 34 

neuromodulation on neuropathic pain symptoms. Finally, coupling photopharmacology and 35 

analgesic conditioned place preference, we show an important pain-reducing effect of mGlu4 36 

activation. Taken together, these data  highlight the analgesic potential of enhancing amygdala 37 

mGlu4 activity to counteract neuropathy in the hope of improving existing treatments. 38 
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INTRODUCTION 39 

Neuropathic pain is caused by a lesion or disease of the somatosensory nervous system. It is 40 

a common and complex health problem, which greatly impairs the quality of life of 7-10% of 41 

the population worlwide (1, 2). Unfortunately, neuropathic pain is one of the most difficult pain 42 

syndromes to manage (3), underlining the importance of understanding the brain circuits and 43 

neuromodulatory mechanisms of pain with the hope to improve treatments. 44 

The processing of pain-related information behind the sensory, cognitive and emotional–45 

affective aspects of pain is very complex and involves many interconnected brain areas 46 

working together (4). Among them, the amygdala is known to be a critical region that integrates 47 

sensory and pain signals (5). The amygdala receives pain-related information mainly from the 48 

thalamus, cortical areas and the parabrachial nucleus (5-7). The amygdala is composed of 49 

multiple interconnected nuclei, comprising the basolateral (BLA) and central (CeA) nuclei and 50 

the intercalated cells (ITC), which have all been linked to pain-related functions. Within 51 

amygdala, various neuromodulatory systems are implicated in the modulation of those 52 

functions, such as opioids (8), cannabinoids (9, 10), neuropeptides (8, 11), as well as 53 

glutamate (12-14).  54 

Glutamate is one of the main neurotransmitters involved in the transmission of pain-related 55 

information throughout the nervous system. It exerts its action via the activation of ionotropic 56 

and metabotropic receptors. Metabotropic glutamate receptors (mGlu) are G protein-coupled 57 

receptors activated by the neurotransmitter glutamate (15) and several studies have 58 

highlighted the analgesic potential of these receptors (14, 16). Recently, another member of 59 

the mGlu receptors family , the mGlu4 subtype, has been identified in the amygdala where it 60 

acts as a neuromodulator of sensory and anxiodepressive symptoms associated to persistent 61 

inflammatory pain (17). These receptors are present mainly in presynaptic elements of both 62 

glutamatergic and GABAergic neurons within the LA and BLA, and they downregulate the 63 

transmission coming from the thalamus (17). mGlu4 receptors could make interesting analgesic 64 

targets against pathological pain because, while leaving acute pain in naïve animals 65 

unchanged, systemic or local administration of mGlu4 agonists in the spinal cord or the 66 

amygdala alleviates pain in animal models of chronic pain (17-21). However, the role of these 67 

receptors in chronic pain from various etiologies remains to be further explored.   68 

In the present study, we questioned the ability of amygdala mGlu4 receptors to modulate 69 

neuropathic pain. To that aim, we combined classical behavioral pharmacology in a mouse 70 

preclinical model of peripheral mononeuropathy and photopharmacology, a recent strategy 71 

allowing a precise spatiotemporal control of deep brain endogenous targets by light-operated 72 

ligands (22, 23).  73 
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MATERIALS AND METHODS 74 

Animals 75 

Experiments were performed on 8- to 12-week-old C57BL/6J male and female mice (Charles 76 

River). Animals were treated in accordance with the European Community Council Directive 77 

2010/63/EU. Experimental protocols were approved by the regional animal welfare committee 78 

(CEEA-LR) with the guidelines of the French Agriculture and Forestry Ministry (D34-172-13). 79 

All efforts were made to minimize animal suffering and to reduce their number according to the 80 

3R principles.  81 

 82 

Stereotaxic implantation of cannulas  83 

Prior to neuropathy induction and behavioral testing, guide cannulas for pharmacology 84 

(PlasticsOne, Roanoke, VA) or hybrid opto/fluidic cannulas for photopharmacology (DORIC 85 

lenses, Quebec, Canada) were implanted unilaterally by stereotaxic surgery on anesthetized 86 

mice. Cannulas were placed over the intermediate capsule of right or left amygdala (-1.34 mm 87 

anteroposterior (AP); ±2.9 mm mediolateral (ML); and -4.25 mm dorsoventral (DV)). After 1 88 

week of recovery from the stereotaxic surgery, animals were first subjected to different 89 

behavioral tests to measure their basal locomotor activity, mechanical or thermal sensitivity 90 

and grooming behavior in order to establish a baseline. At the end of the series of behavioral 91 

experiments, brains were post-fixed to check the cannula locations. 92 

 93 

Peripheral mononeuropathy induction 94 

Induction was performed after 1 week of recovery from stereotaxic implantation and baseline 95 

measurements. We used the “Cuff model” of neuropathic pain, known to induce long-lasting 96 

sensory and anxiodepressive symptoms in mice (24). Peripheral mononeuropathy was 97 

induced by the unilateral implantation of a cuff made of a short polyethylene tube (2 mm) 98 

around the main branch of the sciatic nerve of the right or left hind paw of anesthetized mice 99 

(25).  Sham surgeries followed the same procedure, but without implantation.  100 

 101 

Behavioral experiments 102 

Mechanical sensitivity was evaluated using the von Frey method. The mechanical force 103 

required to elicit a paw withdrawal response in 50% of animals (in grams) was determined 104 

using the simplified “up-down” Von Frey method (26). Heat sensitity was measured using the 105 

Hargreaves test. A radiant infrared heat stimulus was focused on the plantar surface of the 106 

hindpaws of mice to determine the time taken (in seconds) to withdraw from the heat stimulus 107 

(27). Depressive-like behavior was assessed using the splash test (28). The duration that mice 108 

spent pursuing grooming behavior after spraying a 10% sucrose solution on their dorsal coat 109 
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was recorded manually over a total period of 5 min for classical pharmacology and 9 min for 110 

photopharmacology experiments. 111 

These behaviors were tested on healthy mice (baseline, before surgery) and on neuropathic 112 

or sham operated mice (>14 days after the surgery, as indicated in the corresponding figures) 113 

after intra-amygdala injection of drugs or their vehicle. Locomotor activity and additional 114 

behaviors were also recorded (Supplemental Figure 1).  115 

 116 

In vivo photopharmacology  117 

In vivo photopharmacology was applied in experiments measuring mechanical and heat 118 

allodynia, depressive-like behavior and in analgesic conditioned place preference experiments 119 

in mononeuropathic mice. Experiments were performed on mice stereotaxically implanted with 120 

hybrid opto/fluidic cannulas. Mice were connected via a catheter to a minipump and via an 121 

optical fiber to a LED source, allowing the local delivery of drugs and light in the amygdala in 122 

freely moving animals. We used a LED light source (DORIC lenses, Quebec, Canada) 123 

combining two wavelengths (UV: 385nm; Green: 505 nm) which are independently controlled 124 

via the LED driver software (Doric Lenses, Quebec, Canada) and connected through a rotary 125 

joint to an optical fiber (fiber diameter: 200 µm, NA = 0.53). Mice were habituated to be 126 

connected daily during one week before the tests. Tests were performed after intra-amygdala 127 

injection of optogluram or vehicle. Mice received 50 ms light pulses at 10 Hz frequency and a 128 

light power of 8.0 mW for 385 nm wavelength and 2.0 mW for 505 nm wavelength. The duration 129 

of light exposure was adapted for each behavioral test. Typically, light application started 15 130 

minutes following injection, when the ligand reaches its maximal effect (as determined in 131 

absence of light). 132 

 133 

Analgesic conditioned place preference (aCPP) 134 

In order to evaluate the analgesic potential of mGlu4 photocontrol in absence of external 135 

stimuli, we used the aCPP paradigm (29), combined with photopharmacology. The aCPP 136 

apparatus consists in a two-chamber arena presenting different contexts (striped or dotted wall 137 

patterns), which are connected through a central open door. One chamber was defined as the 138 

“violet chamber” and the other one as the “green chamber”. The illumination is automatically 139 

controlled through a video tracking device coupled to the light source controller (EthoVision, 140 

Noldus, Wageningen, Netherlands). When the mouse is detected in the “violet chamber”, it 141 

receives a 385 nm LED illumination in the amygdala through an optic fiber. On the other hand, 142 

when the mouse is in the “green chamber”, it receives a 505 nm LED illumination in the 143 

amygdala. Following a first session of habituation to the arena in absence of treatment, mice 144 

were submitted to 10 conditioning episodes of 5 minutes, twice daily for 5 days. During each 145 
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conditioning episode, neuropathic or sham operated mice were injected with either vehicle 146 

(PBS) or optogluram (30 µM, 500nL in PBS). Fifteen minutes after injection (when drug 147 

reached its maximal effect), mice were placed for 5 minutes in the arena and allowed to move 148 

freely. Mice were first placed alternatively in one or the other chamber. The 6th day, the animals 149 

were placed in the center of the arena, receiving no drug or light treatment, and their real-time 150 

place preference was measured during 5 minutes through a video tracking software.  151 

 152 

Ligands and chemicals 153 

All chemicals were reagent grade (Merck, or Sigma, Germany). Optogluram and LSP4-2022 154 

were synthesized following the experimental procedures previously reported (30, 31). 155 

 156 

Statistics 157 

All data are reported as mean ± standard error of the mean (SEM). Number of mice and 158 

statistical tests that were performed on datasets are indicated in Figure Legends. Data were 159 

analyzed using Prism software (GraphPad, La Jolla, CA, USA) using one-way or two-way 160 

analysis of variance (ANOVA) and the appropriate post-hoc tests for multiple comparisons. 161 

Data were considered significant when p<0.05. 162 

 163 

 164 

RESULTS 165 

Peripheral mononeuropathy induces mechanical and heat allodynia and depressive-like 166 

symptoms in male and female mice 167 

Along this study, we used a preclinical model of peripheral mononeuropathy, named the “cuff 168 

model”, provoked by the unilateral implantation of a tube enclosing the sciatic nerve. In mice, 169 

this model is known to induce long-lasting sensory symptoms, such as mechanical and heat 170 

allodynia, as well as anxiodepressive-like symptoms, such as a defect in grooming behavior 171 

(24). This model reproduces similar symptoms to those of patients with neuropathic pain who 172 

often suffer from allodynia, a pathological state in which an innocuous stimuli, becomes painful 173 

(3) as well as depression which is one of the most common comorbidities of neuropathic pain 174 

(1).  175 

We measured mechanical and thermal sensitivity, as well as grooming behavior before surgery 176 

(Baseline, D0) and two to three weeks after the induction (Figure 1a). After 14 days, we 177 

observed a significant decrease in the paw withdrawal threshold on the side of the lesion, as 178 

measured by the Von Frey technique (Figure 1b, e). We also observed a significant decrease 179 

of the latency to withdraw the paw from heat source, as measured by the Hargreaves test 180 

(Figure 1c, f). This indicates that the chronic constriction of the sciatic nerve provoked by the 181 
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cuff induces both mechanical and heat allodynia. In addition, mice elicit a significantly reduced 182 

duration of grooming behavior when submitted to the splash test, indicative of depressive-like 183 

behavior (Figure 1c).  184 

 185 

Activation of mGlu4 in the amygdala relieves neuropathic pain symptoms in male mice 186 

We then questioned the ability of amygdala mGlu4 to modulate symptoms of 187 

neuropathic pain. To that aim, we first used a selective mGlu4 agonist, LSP4-2022 (31), that 188 

we injected unilaterally (5 µM, 500 nL in PBS) either in the ipsilateral or controlateral amygdala 189 

as compared to the peripheral mononeuropathy on the right or left hind paw.  190 

We first assessed the potential modulation of neuropathic pain symptoms by right or 191 

left amygdala mGlu4 when the peripheral mononeuropathy is on the left hind paw. Interestingly, 192 

we observed that activation of the right amygdala mGlu4 significantly reduces mechanical or 193 

heat allodynia whereas activation of left amygdala mGlu4 does not modify them (Figures 2a 194 

and 2b). On the other hand, activation of mGlu4 in both right or left amygdala significantly 195 

restores grooming behaviour in those mice (Figure 2c). 196 

To verify whether this asymmetrical modulation of allodynia could result from a 197 

specialization of the right amygdala in the modulation of certain pain-related functions as 198 

previously observed (32), we performed a series of mirror experiments in which the peripheral 199 

mononeuropathy is on the right hind paw this time. When the neuropathy is on the right side, 200 

activation of the left amygdala mGlu4 significantly reduces mechanical or heat allodynia 201 

whereas activation of right amygdala mGlu4 does not modify them (Figures 2d and 2e). 202 

Activation of mGlu4 in both right or left amygdala significantly restores grooming behaviour in 203 

those mice (Figure 2f). 204 

This indicates that activation of mGlu4 in the amygdala controlateral to the lesion is 205 

necessary and sufficient to relieve both sensory and depressive symptoms of peripheral 206 

mononeuropathy in male mice, while activation of mGlu4 in the ipsilateral amygdala solely 207 

abolishes depressive-like behavior. 208 

Another interesting observation is that activation of amygdala mGlu4 by local injection 209 

of LSP4-2022 does not significantly modify mechanical or heat sensitivity, as well as grooming 210 

behavior, in Sham operated mice (supplemental figure 2). As previously reported (17, 19-211 

21), it seems that mGlu4 activation solely restores hypersensitivity or abnormal behaviors 212 

associated to pathological states without significantly affecting normal sensitivity or behavior 213 

in healthy mice.   214 

 215 
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Activation of mGlu4 in the amygdala also relieves neuropathic pain symptoms in female 216 

mice 217 

Chronic pain exhibits a higher prevalence in women than in men (1). Over the past years, 218 

preclinical studies have highlighted several sexual dismorphism in pain mechanisms (33-35), 219 

notably at the amygdala level (36).,Thus, we sought to determine whether amygdala mGlu4 220 

activation can also modulate neuropathic pain symptoms in female mice. To that aim, we 221 

assessed the potential modulation of neuropathic pain symptoms following activation of mGlu4 222 

by the agonist LSP4-2022 in the right or left amygdala on female mice suffering from peripheral 223 

mononeuropathy in their left hind paw.  224 

First, as observed in male mice, the chronic constriction of the sciatic nerve provokes 225 

mechanical and thermal allodynia, as well as depressive-like symptoms in female mice. Then, 226 

following local injection of LSP4-2022, we obtained similar results than in males: i) controlateral 227 

activation is required to significantly diminish mechanical or heat allodynia while ipsilateral 228 

activation does not modify these sensory symptoms (Figures 3a and 3b) and ii) either ipsi or 229 

controlateral activation significantly restore grooming behaviour in female mice (Figure 3c).  230 

This series of experiments demonstrates that activation of amygdala mGlu4 relieves 231 

neuropathic pain symptoms in both male and female mice. 232 

 233 

Photocontrolled-activation of amygdala mGlu4 dynamically alleviates neuropathic pain 234 

symptoms 235 

Next, we used photopharmacology, an emerging strategy to control the biological activity of 236 

endogenous proteins by light, to assess whether amygdala mGlu4 can exert a dynamic 237 

modulation of neuropathic pain-related symptoms. This technique allows a precise 238 

spatiotemporal control of deep brain endogenous targets by light-operated ligands (22, 23). 239 

To photocontrol amygdala mGlu4 receptors, we used optogluram, a photoswitchable positive 240 

allosteric modulator (PAM) of mGlu4 receptors (17, 30).  Optogluram posseses an azobenzene 241 

moiety in its scaffold, acting as a chemical switch. Optogluram is active in the dark then, under 242 

illumination with violet light, it isomerizes from its active trans-isomer to its inactive cis-isomer. 243 

Under illumination with green light, it switches back to its trans active isomer (17). Experiments 244 

were performed on mice implanted with hybrid optic-fluidic cannula connected to a minipump 245 

for drug injection and to a LED source through optic fibers for illumination. After a basal 246 

measurement at t0, ligand or vehicle were injected unilaterally either in the ipsilateral or 247 

controlateral amygdala as compared to the peripheral mononeuropathy on the left hind paw. 248 

After 15 minutes, the mechanical and heat sensitivity is measured to determine the effect of 249 
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the treatment on these parameters. Then, from 15 to 45 minutes, we applied 3 successive 250 

cycles of violet/green illumination to deactivate/reactivate optogluram and measured 251 

mechanical or heat sensitivity after each illumination period of 5 minutes.  252 

In the dark, neuropathic-induced mechanical or heat allodynia are abolished 15 minutes after 253 

contralateral intra-amygdala microinjection of optogluram (30µM in 500nL of PBS), but not 254 

following ipsilateral injection. As can be seen in Figure 4a and 4b,.the antiallodynic action of 255 

optogluram is switched off following a 5 minutes illumination with violet light (=385nm, 8.0mW, 256 

10Hz) and recovered after 5 minutes of green illumination (=505nm, 2.0mW, 10Hz).Intra-257 

amygdala injection of optogluram also reduced the depressive-like behavior of neuropathic 258 

mice measured with the splash test. In the dark, 15 minutes after ipsi or contralateral 259 

administration, optogluram (30µM in 500nL of PBS) increased the grooming duration of cuff-260 

mice, whereas 3 minutes of violet light illumination (=385nm, 8.0mW, 10Hz) reduced it to the 261 

levels observed in vehicle-treated cuff mice. Then, the increase of the grooming duration is 262 

restored following 3 minutes of green light illumination (=505nm, 2.0mW, 10Hz) (Figure 4c). 263 

We verified that light by itself doesn’t modify the different symptoms measured in animals 264 

injected with saline solution (500 nL of PBS).  Violet- or green-light illumination in the amygdala 265 

had no effect on the measured parameters in absence of the photoswitchable mGlu4 PAM 266 

(supplemental figure 3). Also, photopharmacological manipulation of amygdala mGlu4 using 267 

optogluram does not modify mechanical sensitivity, thermal sensitivity or grooming in Sham 268 

operated mice (supplementary figure 4), similar to what was observed following mGlu4 269 

activation with the agonist LSP4-2022 (supplemental figure 2). 270 

Taken together, these results demonstrate the dynamic nature of mGlu4 control over 271 

neuropathic pain-related symptoms.   272 

 273 

Amygdala mGlu4 photocontrolled activation promotes analgesic condititioned place 274 

preference 275 

Next, we used the analgesic conditioned place preference paradigm (aCPP)(29) to evaluate 276 

the analgesic potential of amygdala mGlu4 activation in neuropathic mice, without the 277 

involvement of external noxious stimuli. For an enhanced precision, we coupled aCPP with 278 

photopharmacology.  279 

Experiments were performed in right implanted male mice, while the mononeuropathy was on 280 

the left hind paw. Experimental conditions for photopharmacological manipulations were 281 

similar to those described above, except that illumination was automatically controlled through 282 

a videotracking device detecting the location of the mouse.  283 
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Conditioning was performed twice daily for 5 days. During this conditioning period, neuropathic 284 

or sham mice received an intra-amygdala administration of either vehicle (500 nL of PBS) or 285 

optogluram (30µM in 500nL of PBS) and, depending on their position in a two-chamber arena, 286 

they automatically received either a green or violet illumination through an optic fiber (Figure 287 

5a, b). We verified that chronic treatment with optogluram does not lead to tolerance. 288 

Neuropathic mice received an intra-amygdala microinjection of optogluram (30µM in 500nL 289 

PBS) twice daily for 5 days, which corresponds to the conditioning period. We measured the 290 

antiallodynic effect of optogluram on day 6 (supplementary figure 5) and observed no 291 

difference on the peak effect of the drug (15 minutes following intra-amygdala injection of 292 

optogluram) on the paw withdrawal threshold measured by the Von Frey technique that was 293 

measured at D14 post-induction.  294 

On the 6th day, we tested the eventual preference of neuropathic or sham mice for the “green 295 

chamber” (in which optogluram was switched-on through green illumination) over the “violet 296 

chamber” (in which it was switched-off through violet illumination). During this test, mice 297 

received no drug or light treatment. The time spent in each chambers is measured using the 298 

videotracking device. As can be seen in Figure 5c-f, the group of conditioned neuropathic 299 

mice that received the optogluram treatment significantly preferred the green area, contrary to 300 

the conditioned mice that received saline which exhibited no preference. No difference 301 

between the time spent in the violet or green areas was observed in non-conditioned Sham or 302 

neuropathic mice (supplementary figure 6 and 7). 303 

These experiments demonstrate the analgesic potential of amygdala mGlu4 activation in 304 

neuropathic mice.  305 

 306 

 307 

DISCUSSION 308 

In this study, we demonstrate that sensory and depressive symptoms of neuropathic pain are 309 

rapidly relieved under mGlu4 control in male and female mice, and that ipsi or controlateral 310 

amygdala differentially contribute to the modulation of these symptoms. The controlateral 311 

amygdala is necessary and sufficient to alleviate both sensory and depressive-like symptoms 312 

resulting from peripheral mononeuropathy, while mGlu4 activation in the ipsilateral amygdala 313 

is only reducing depressive-like symptoms (Figure 6). Using photopharmacology, we reveal 314 

that amygdala mGlu4 exerts a rapid and dynamic control over neuropathic pain-related 315 

symptoms. The analgesic potential of amygdala mGlu4 activation was further underlined in the 316 

conditioned place preference paradigm. This method has been succesfully used to probe the 317 

efficacy of various analgesics (29, 37). The interest of aCPP is that subject animals determine 318 

by themselves the analgesic efficacy of a given treatment, without the involvement of external 319 
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noxious stimuli. Here, we coupled aCPP with photopharmacology for the first time to our 320 

knowledge. All mice received a similar treatment by a photoswitchable mGlu4 enhancer and, 321 

depending on their position in a two-chamber arena automatically detected by a videotracking 322 

device coupled to the illumination source, the ligand was activated or deactivated by light. After 323 

the conditioning period, mice clearly preferred the context in which the activity of amygdala 324 

mGlu4 receptors was potentiated. Also of interest, we did not observe a decrease efficacy of 325 

antiallodynic action following repeated treatment by optogluram, indicating a lack of tolerance 326 

(supplemental figure 5). Our results extend previous works demonstrating that exogenous 327 

activation of mGlu4 receptors is benificial for chronic pain symptoms. Systemic administration 328 

of the mGlu4 selective agonist LSP4-2022 relieves symptoms of chronic pain from different 329 

etiologies (20). At the spinal cord level, mGlu4 receptors are found in the inner laminae II of the 330 

dorsal horn, a region that receives the afferences from nociceptive Aδ- and C-fibers, where its 331 

activation reduces excitatory neurotransmission through the inhibition of Ca2+ entry via N or 332 

P/Q type voltage-gated calcium channels in the presynaptic terminal (20). Intrathecal injection 333 

of mGlu4 agonists, such as LSP4-2022, or allosteric enhancers, such as PHCCC or 334 

VU0155041, alleviates allodynia and hyperalgesia induced by both inflammatory or 335 

neuropathic pain without altering acute pain perception in naive animals (19-21). At the 336 

supraspinal level, mGlu4 receptors have been identified in important regions for pain 337 

processing, such as the thalamus (38) and the amygdala (17). Bilateral activation of amygdala 338 

mGlu4 alleviates pain symptoms in a mouse model of persistent inflammatory pain (17).  Taken 339 

together, these results demonstrate the ability of mGlu4 to modulate various symptoms of 340 

chronic pain of different etiologies, without modifying acute pain perception, reinforcing its 341 

therapeutic interest for the treatment of pathological pain.  342 

Curiously, we did not observe an asymmetrical lateralization between the right or left 343 

amygdala. Indeed, previous studies have described a hemispheric specialization of pain-344 

related functions in amygdala (see (32) for review). For example, independently of the inflamed 345 

side, the modulation of mechanic allodynia solely occurs following the blockade of right but not 346 

left CeA mGlu5 receptors and ERK pathways (13, 39, 40). Similarly, sensitization is only 347 

observed in the right CeA following right or left monoarthritis (41). In our experiments however, 348 

mGlu4 receptors from both sides can modulate sensory or depressive-like symptoms, 349 

depending on their relative position to the peripheral mononeuropathy, the key for the 350 

modulation of sensory symptoms being the localization on the contralateral side to the 351 

constriction of the sciatic nerve. Noteworthy, studies revealing the specialization of amygdala 352 

function in pain were performed in CeA (32), whereas the amygdalar expression of mGlu4 353 

receptors is mainly restricted to terminals arriving in the BLA and the LA, with only little or no 354 
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expression in the CeA (17). Thus, the absence of specialization of left or right amygdala mGlu4 355 

function could result from the localization of mGlu4 receptors in LA and BLA rather than in CeA.  356 

Interestingly, the fact that amygdala mGlu4 on the ipsi or controlateral side to the nerve 357 

constriction differentially contributes to pain modulation suggests that mGlu4 achieves its 358 

analgesic effects through the neuromodulation of different circuits (Figure 6). Indeed, while 359 

mGlu4 activation in the controlateral amygdala to the mononeuropathy relieves both sensory 360 

and depressive-like symptoms, their activation on the ipsilateral amygdala solely decreases 361 

depressive-like symptoms. This indicates that at least two different circuits are at play, 362 

differentially regulating sensory and anxiodepressive components, and that mGlu4 can 363 

modulate both of them. These circuits remain to be identified.  364 

The necessity to activate mGlu4 on the contralateral side to the mononeuropathy to alleviate 365 

hypersensitivity suggests that the regulation of sensory symptoms may occur through a 366 

modulation of the sensory modalities coming from thalamus nuclei (5). Indeed, in the 367 

spinothalamic tract, most secondary projection neurons of the spinal cord which transmit 368 

nociceptive information received from peripheral sensory neurons decussate and send 369 

ascending information terminating in various thalamic nuclei (4). As a result, activation of the 370 

thalamus is significantly greater in the hemisphere contralateral to the stimulus, consistent with 371 

its involvement in the processing the sensory-discriminative aspects of pain (42). This means 372 

that peripheral nociceptive information from the left side of the body is transmitted to the right 373 

side at the supraspinal level, and conversely. We have previously shown that mGlu4 receptors 374 

are expressed in presynaptic terminals of glutamatergic and GABAergic neurons arriving in 375 

the LA and BLA, where they downregulate the transmission coming from the thalamus (17). 376 

Their activation could in turn normalize the activities of LA and BLA neurons. One of the main 377 

target of those neurons is CeA. Thus, we can speculate that mGlu4 may modulate the activity 378 

within the BLA–CeA circuit, which has been implicated in the generation and modulation of 379 

pain-like behaviors (5, 43). Besides the CeA, several pathways regulating specific aspects of 380 

pain originating from BLA have been identified recenly. For example, the BLA-mPFC-PAG 381 

pathway is crucial for the development of mechanical and thermal hypersensitivity after 382 

peripheral nerve injury (44) and could be another pathway involved in the reduction of 383 

mechanical and thermal hypersensitivity following mGlu4 activation. We can also hypothesized 384 

that mGlu4 activation could modulate the neural ensemble within BLA identified by Corder and 385 

colleagues that mediates chronic pain unpleasantness (45). However, these points remain 386 

largely speculative and further studies will be required in order to identify the input and output 387 

circuits modulated by amygdala mGlu4 receptors.    388 
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In conclusion, this study provides strong evidence for a rapid and reversible regulation of 389 

neuropathic pain following activation of mGlu4 receptors in the amygdala. The data underline 390 

the therapeutic potential of mGlu4 receptors for chronic pain management.  391 
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Figure 1. Cuff-induced mononeuropathic pain model leads to sensory and depressive-561 

like symptoms in male and female mice symptoms.  562 

Peripheral mononeuropathy was induced by positioning a cuff around the sciatic nerve of the 563 

left or right hind paw of male and female mice. a: Experimental design and timeline of 564 

behavioral tests. b, e: Mechanical allodynia was observed both in male or female mice, 14 565 

days after implantation of the Cuff either on the left or right hind paw, as indicated by the 566 

significant reduction of the ipsilateral paw withdrawal thresholds measured using the Von Frey 567 

technique (n=10, D0 vs D14, two-way ANOVA, Sidak’s post-hoc test). c, f: Heat allodynia was 568 

observed both in male or female mice, 14 days after implantation of the Cuff either on the left 569 

or right hind paw, as indicated by the significant reduction of the latency to withdraw the paw 570 

in the Hargreaves test (n=10, D0 vs D14, two-way ANOVA, Sidak’s post-hoc test).  d, g: 571 

Depressive-like behavior assessed in the splash test revealed a significant decrease in 572 

grooming duration in both male and female Cuff mice, 15 days after induction (male n=10, 573 

female n=10, D0 vs D14, two-way ANOVA, Sidak’s post-hoc test). 574 
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 575 

Figure 2: mGlu4 activation in the amygdala differentially inhibits hypersensitivity and 576 

depressive-like behaviour in male neuropathic mice.  577 

Peripheral mononeuropathy was induced by positioning a cuff around the sciatic nerve of the 578 

left or right hind paw of male mice. Beforehand, mice were implanted with a cannula on the 579 

ipsilateral or contralateral amygdala (left cuff for females). On the test day, at t0, mice were 580 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.19.512850doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.19.512850


MS Pereira et al. 

21 / 28 
 

injected with the selective mGlu4 agonist, LSP4-2022 (5 µM, 500 nL in PBS) either on the ipsi 581 

or controlateral amygdala to the mononeuropathy and the subsequent effects on neuropathic 582 

pain symptoms were measured. a, d: Effect on mechanical allodynia of mGlu4 activation on 583 

the ipsilateral or contralateral amygdala on male mice with a mononeuropathy on the left or 584 

right hind paw. Mechanical allodynia as determined by the Von Frey technique. Mean threshold 585 

± SEM (g), tx vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test..b, e: Effect on heat 586 

allodynia of mGlu4 activation on the ipsilateral or contralateral amygdala on male mice with a 587 

mononeuropathy on the right or left hind paw. Thermal allodynia as determined by Hargreaves 588 

method. Mean threshold ± SEM (s), tx vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test 589 

c, f: Effect on depressive-like symptoms of mGlu4 activation on the ipsilateral or contralateral 590 

amygdala on male mice with a mononeuropathy on the right or left hind paw. Depressive-like 591 

symptoms as determined by the Splash Test. Mean grooming time ± SEM; tx vs t0 (0 min), two-592 

way ANOVA, Tukey’s post-hoc test. 593 
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 594 

Figure 3: mGlu4 activation in the amygdala differentially inhibits hypersensitivity and 595 

depressive-like behaviour in female neuropathic mice.  596 

Peripheral mononeuropathy was induced by positioning a cuff around the sciatic nerve of the 597 

left hind paw of female mice. Beforehand, mice were implanted with a cannula on the ipsilateral 598 

or contralateral amygdala. On the test day, at t0, mice were injected with the selective mGlu4 599 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.19.512850doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.19.512850


MS Pereira et al. 

23 / 28 
 

agonist, LSP4-2022 (5 µM, 500 nL in PBS) either on the ipsi or controlateral amygdala to the 600 

mononeuropathy and the subsequent effects on neuropathic pain symptoms were measured. 601 

a: Effect on mechanical allodynia of mGlu4 activation on the ipsilateral or contralateral 602 

amygdala on female mice with a mononeuropathy on the left or right hind paw. Mechanical 603 

allodynia as determined by the Von Frey technique. Mean threshold ± SEM (g), tx vs t0 (0 min), 604 

two-way ANOVA, Dunnett’s post-hoc test..b: Effect on heat allodynia of mGlu4 activation on 605 

the ipsilateral or contralateral amygdala on female mice with a mononeuropathy on the right or 606 

left hind paw. Thermal allodynia as determined by Hargreaves method. Mean threshold ± SEM 607 

(s), tx vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test c: Effect on depressive-like 608 

symptoms of mGlu4 activation on the ipsilateral or contralateral amygdala on female mice with 609 

a mononeuropathy on the right or left hind paw. Depressive-like symptoms as determined by 610 

the Splash Test. Mean grooming time ± SEM; tx vs t0 (0 min), two-way ANOVA, Tukey’s post-611 

hoc test. 612 
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 613 

Figure 4: Photopharmacological manipulation of mGlu4 in the amygdala differentially 614 

inhibits hypersensitivity and depressive-like behaviour of neuropathic mice.  615 

Effects of amygdala mGlu4 photocontrol on neuropathic pain symptoms were measured on 616 

male mice with a cuff implanted around the left hind paw, from 14 to 21 days post induction 617 

Local drug and light delivery was performed through a stereotaxically implanted hybrid 618 

optofluidic cannula. On the test day, at t0, mice were injected with the photoswitchable mGlu4 619 

enhancer, optogluram (30 µM, 500 nL in PBS) either on the ipsi or controlateral amygdala to 620 

the mononeuropathy. Violet (385 nm, 10 Hz, 8 mW) or green light (505 nm, 10Hz, 2 mW) was 621 
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applied by the mean of an optic fiber connected to a LED light source and a controller. a. 622 

Mechanical allodynia as determined by the Von Frey technique. Mean threshold ± SEM (g), tx 623 

vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test. b. Thermal allodynia as determined by 624 

Hargreaves method. Mean threshold ± SEM (s), tx vs t0 (0 min), two-way ANOVA, Dunnett’s 625 

post-hoc test. c. Depressive-like symptoms as determined by the Splash Test. Mean grooming 626 

time ± SEM; tx vs t0 (0 min), two-way ANOVA, Tukey’s post-hoc test. 627 

  628 
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 629 

Figure 5: Photopharmacological manipulation of amygdala mGlu4 promotes analgesic 630 

conditioned place preference (aCPP) of neuropathic mice.  631 

a: Experimental design and timeline of behavioral tests. On these experiments, neuropathy 632 

was induced by application of a cuff on the left hind paw of male mice, beforehand implanted 633 

with a hybrid optofluidic cannula on the contralateral (right) amygdala. The conditioning took 634 
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place between from day 21 to day 25, the test day was day 26 post surgery. Mice were 635 

submitted to 10 conditioning episodes of 5 minutes, twice daily for 5 days. During each 636 

conditioning episode, animals were injected with either vehicle (PBS) or optogluram (xxx µM, 637 

500nL in PBS). Fifteen minutes after injection (when drug reached its maximal effect), mice 638 

were placed for 5 minutes in a two-chambers arena and allowed to move freely. Mice were 639 

first placed alternatively in the one or the other chamber. The 6th day, the animals were placed 640 

in the center of the arena, receiving no drug or light treatment, and their real-time place 641 

preference was measured during 5 minutes through a videotracking software. b:  Schematic 642 

representation of the aCPP setup. The arena consists in two- chambers with different context 643 

(striped or dotted walls) connected through a central open door. The illumination is 644 

automatically controlled through a video tracking device coupled to the light source controller. 645 

When the mouse is detected in the “violet chamber”, it receives a 385 nm LED illumination, 646 

while it receives a 505 nm LED illumination when it is in the green chamber. c, d: Test results: 647 

representative 5-minutes tracks of a neuropathic mouse which received either vehicle (c) or 648 

optogluram (d) during the conditioning period. e, f: Test results: mean percentage ± SEM of 649 

time spent in the “green chamber” or the “violet chamber” of neuropathic mice treated with 650 

Vehicle (n=8) or with Optogluram (n=12) during conditioning (Mean ± SEM, Time in Violet vs 651 

Time in Green area, one-way ANOVA, Tukey’s post-hoc test). 652 

  653 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 21, 2022. ; https://doi.org/10.1101/2022.10.19.512850doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.19.512850


MS Pereira et al. 

28 / 28 
 

 654 

Figure 6: Controlateral amygdala mGlu4 is necessary and sufficient to relieve both 655 

sensory and depressive-like symptoms of peripheral mononeuropathy. Left hindpaw 656 

neuropathic pain sensory and depressive symptoms are relieved by right amygdala mGlu4 657 

activation whereas left amygdala mGlu4 activation solely abolishes depressive-like symptoms. 658 

Conversely, all symptoms resulting from right hindpaw neuropathic pain are relieved by left 659 

amygdala mGlu4 activation whereas right amygdala mGlu4 activation solely abolishes 660 

depressive-like symptoms. Ipso facto, activation of mGlu4 in either ipsilateral or controlateral 661 

amygdala to the mononeuropathy abolishes mice depressive-like behavior. 662 
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SUPPLEMENTAL FIGURES AND LEGENDS 664 

 665 

 666 

Supplemental figure 2: mGlu4 activation in right or left amygdala does not modify 667 

mechanical sensitivity, heat sensitivity or grooming in Sham animals.  668 

a-f: Females, sham left hindpaw, Vehicle (500 nL PBS, blue) or LSP4-2022 (5 µM, 500 nL in 669 

PBS, red) delivered unilaterally in ipsi or controlateral amygdala. a, d. Von Frey. Mean ± SEM, 670 

tx vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test. b, e. Hargreaves. Mean ± SEM, tx 671 

vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test.. c, f. Splash Test. # tx vs t0 (0 min), 672 

two-way ANOVA, Tukey’s post-hoc test. 673 
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 675 

Supplemental Figure 3: Lack of effect of UV/green light illumination in neuropathic mice 676 

injected by vehicle.  677 

Experiments were performed in the same conditions than those reported in Fig. 4, except that 678 

no photoswitchable ligand was injected. Green or violet light was delivered by a LED light 679 

source through an optic fiber connected to an hybrid optic-fluidic cannula implanted 680 

stereotaxically in the right or left amygdala of male mice with a cuff around the sciatic nerve of 681 

the left hind paw. a-c: Males, Cuff left hindpaw, vehicle (500 nL in PBS) delivered unilaterally 682 

in ipsi or controlateral amygdala. a. Von Frey. Mean ± SEM, tx vs t0 (0 min), two-way ANOVA, 683 

Dunnett’s post-hoc test. b. Hargreaves. Mean ± SEM, tx vs t0 (0 min), two-way ANOVA, 684 

Dunnett’s post-hoc test.. c. Splash Test. # tx vs t0 (0 min), two-way ANOVA, Tukey’s post-hoc 685 

test. 686 
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 687 

Supplemental figure 4: Photopharmacological manipulation of mGlu4 in right or left 688 

amygdala does not modify mechanical sensitivity, thermal sensitivity or grooming in 689 

Sham animals.  690 

a-f: Females, sham left hindpaw, Vehicle (500 nL PBS, blue) or LSP4-2022 (5 µM, 500 nL in 691 

PBS, red) delivered unilaterally in ipsi or controlateral amygdala. a, d. Von Frey. Mean ± SEM, 692 

tx vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test. b, e. Hargreaves. Mean ± SEM, tx 693 

vs t0 (0 min), two-way ANOVA, Dunnett’s post-hoc test.. c, f. Splash Test. # tx vs t0 (0 min), 694 

two-way ANOVA, Tukey’s post-hoc test. 695 
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 697 

Supplemental figure 5: No tolerance following 5 days of chronic treatment (twice daily) 698 

of optogluram (30µM) during the conditioning period. Testing of aCPP 15 minutes 699 

following intra-amygdala injection of optogluram on day 6 700 
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 702 

Supplemental figure 6: aCPP: different behavioural parameters on non-conditioned and 703 

conditioned Sham or neuropathic mice  704 
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 706 

Supplemental figure 7: aCPP: Examples of videotracks on non-conditioned and 707 

conditioned Sham or neuropathic mice  708 

 709 

 710 
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