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Abstract 

Recent clinical evidence suggest that pain hypersensitivity develops in subjects with attention 

deficit hyperactivity disorder (ADHD). However, the mechanisms and neural circuits involved in 

these interactions remain unknown because of the paucity of studies in animal models. In our 

previous work, we validated a mouse model obtained by neonatal 6-Hydroxydopamine (6-

OHDA) injection, to mimic ADHD syndrome. Here, we demonstrated that 6-OHDA mice exhibited 

a marked decrease of withdrawal thresholds to thermal and mechanical stimuli, suggesting that 

ADHD conditions increase nociceptive sensitivity. Moreover, sensitization to pathological 

inflammatory pain is amplified in 6-OHDA mice as compared to shams. Conversely, ADHD-related 

hyperactivity and anxiety, but not inattention and impulsivity, are worsened in the inflammatory 

pain model. Our data indicated that ADHD-induced allodynia and hyperalgesia are accompanied 

by neuronal hyperexcitability in the dorsal spinal cord. Next, we tested the hypothesis that 

descending controls are responsible for pain alterations. By combining in vivo electrophysiology, 

optogenetic stimulation and behavioral analyses, we demonstrated that the anterior cingulate 

cortex (ACC) hyperactivity alters the ‘ACC – posterior insula’ circuit, and triggers changes in 
spinal networks that underlie pain sensitization. Altogether, our results point to unprecedented 

mechanisms underlying the comorbidity between ADHD and pain sensitization. They indicate 

that ADHD and pain sensitization are mutually worsening comorbid disorders. The identification 

of shared mechanisms, engaging overlapping neuronal circuits and underlying both disorders, is 

key to better treatments. 

 

Key words: Attention Deficit/Hyperactivity Disorders, Pain sensitization, Comorbidity, Mouse 

model, Anterior cingulate cortex, Spinal cord, Posterior insula. 
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Introduction 

Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental 

associated with cognitive, emotional, and behavioral deficits1. It is one of the most common 

psychiatric pathologies in children with an estimated prevalence of 8-12% worldwide2. 

Hyperactivity, inattention and impulsivity3 are ADHD core symptoms that persist until adulthood 

in up to two-third of cases4. ADHD patients also often coexisting complains such as social 

disabilities and emotional deficits5,6. 

Individuals that retain greater symptomatology are likely to have a greater symptom 

burden, functional impairment and psychiatric co-morbidity7 including anxiety or mood and 

antisocial personality disorders4,8,9. Recent studies indicate association between attention 

deficits and altered sensory processing10,11. Attentional processes have been shown to regulate 

pain transmission through the modulation of brain networks12 and descending pathways13. In 

clinics, ADHD patients report increased pain perception14-17. Clinical studies suggested that adults 

with ADHD have increased risks of pain disorder18,19 and are more likely to have taken pain 

medication in the past years20. Conversely, chronic pain causes cognitive impairments and 

worsens ADHD symptoms in humans21,22,23,24 and animal models25. 

Despite this large body of evidence indicating comorbidity between these pathologies, 

investigations of ADHD and pain are mostly conducted separately. Few studies have been 

performed to investigate the mechanisms underlying interactions between ADHD and pain, and 

the neural systems involved have received little attention so far, especially in animal models26,27. 

More knowledge of the interactions between cognitive, affective and pain neural circuits is key 

to developing better treatments. Therefore, the effects of ADHD on pain transmission need to 

be further clarified and mechanistic insights obtained by elucidating circuits and identity of 

target regions in brain networks. 

Pharmacological, genetic, and imaging studies highlighted the role of dopamine 

dysregulation in the etiology of ADHD, both in human and in animal models of ADHD 28-31. A loss 

of dopaminergic signaling is implicated in the symptoms of ADHD hyperactivity32 and anatomo-

functional changes have been demonstrated in dopamine-related areas, particularly in the 

prefrontal cortex, including the anterior cingulate cortex33-38. Among the treatments used to 

combat ADHD, atomoxetine and methylphenidate block the noradrenalin and dopamine 

transporters, respectively. Dopamine is also involved in the genesis of chronic pain39 and 

substances that increase dopaminergic transmission have analgesic properties. More 

particularly, dopaminergic transmission in the prefrontal cortex is implicated in pain 

chronification40. 

We previously validated an ADHD mouse model generated at P5 by neonatal disruption 

of central dopaminergic pathways with 6-hydroxydopamine (6-OHDA). We demonstrated the 

validity of the model to mimic major and minor symptoms of ADHD41,42. Here, we address the 

interplay between ADHD and nociception. Our data provide clear evidence for the increased 

sensitivity to various pain modalities in 6-OHDA mice, a phenotype also reported in human 

patients with ADHD. The present results point to the hyperexcitability of the anterior cingulate 

cortex (ACC) which mediates alterations of descending pain modulatory pathways, therefore 

increasing the excitability of spinal nociceptive neurons in ADHD-like conditions. Mph treatment 

proved ineffective in normalizing withdrawal threshold and spinal neuron hyperactivity in the 6-

OHDA mouse model. Interestingly, while ADHD conditions enhance pain sensitivity, changes in 
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the pain status have more complex effects on ADHD-related symptoms. Finally, by using viral 

approaches, optogenetics and in vivo electrophysiology, we demonstrated that the excitatory 

projections from the ACC to the posterior insula gate dysfunction of spinal cord nociceptive 

neurons in ADHD conditions.  

Altogether, the present results indicate that ADHD and pain sensitization are mutually 

worsening comorbid disorders. The identification of common mechanisms, engaging 

overlapping neuronal circuits and underlying both disorders, is key to developing new 

therapeutic strategies. 

 

 

Results 

ADHD-like conditions influence pain sensitivity. First, we analysed nociceptive behavioral 

responses to thermal and mechanical stimuli using the hot/cold plate and von Frey tests in the 6-

OHDA mouse model (Fig. 1A-C). The paw licking latency appeared significantly shorter in 6-OHDA 

mice in response to hot and cold stimuli in comparison to sham mice (Fig. 1A-B). In addition, the 

von Frey test showed a significant decrease in pain withdrawal threshold to mechanical stimulus 

in 6-OHDA compared to sham mice (Fig. 1C). This indicated that ADHD conditions increased basal 

pain sensitivity to thermal and mechanical stimuli. 

Then, we determined if ADHD-induced pain sensitization is altered under persistent pain 

conditions, in an inflammatory pain model obtained by CFA injection in the right hind paw of 

sham and 6-OHDA mice (Fig. 1D-E). Intraplantar injection of NaCl in the hind paw has no effect 

on thermal (heat and cold; Fig. 1D1-D2) and mechanical sensitivity (Fig. 1D3) in both groups. Sham 

animals showed a significant decrease in pain thresholds to thermal (heat and cold; Fig. 1D1-D2) 

and mechanical (Fig. 1D3) stimuli at 4 days post-CFA in comparison to the pre-CFA baseline 

conditions. 6-OHDA mice exhibited a further decrease in pain thresholds of thermal (heat and 

cold; Fig. 1D1-D2) and mechanical (Fig. 1D3) sensitivity under inflammatory pain conditions 

compared to the day before (pre-CFA). Importantly, the comparison between sham and 6-OHDA 

mice indicated that ADHD-like conditions amplifies CFA-induced pain sensitization in response to 

thermal (heat and cold; Fig. 1E1-E2) and mechanical (Fig. 1E3) stimuli. This suggested that the 

effects of ADHD-like conditions depend on the pain status and worsen central sensitization 

processes. 

Next, we explored the capacity of ADHD medication to alter nociception in sham and 6-OHDA 

mice by injecting a single dose of methylphenidate (i.p. 3.0 or 5.0mg/kg Mph) (Fig. S1A-C). 

Neither 3.0 mg/kg nor 5.0 mg/kg Mph influenced thermal (heat and cold; Fig. S1A and S1B) or 

mechanical sensitivity (Fig. S1C) of 6-OHDA or sham mice. We also evaluated the effect of Mph 

under inflammatory pain conditions (Fig. S1D-I). Again, no effect of 3.0 mg/kg or 5.0 mg/kg of 

Mph was seen on thermal or mechanical sensitivity in control (NaCl) or inflammatory (CFA) 

conditions in both groups (sham and 6-OHDA). These data suggested that Mph is ineffective on 

6-OHDA-induced thermal and mechanical hyperalgesia/allodynia, regardless the pain status. 

 

ADHD conditions changes sensory integration in the spinal cord. We tested whether changes in 

pain sensitivity of 6-OHDA mice were caused by alterations of the dorsal spinal nociceptive 

network. Thus, we performed single unit in vivo extracellular recording of deep dorsal horn 
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neurons (DHNs) identified as wide dynamic range (WDR) neurons after peripheral electrical 

stimulation (Fig. S2A). First, 6-OHDA mice DHNs responded to innocuous stimuli (1.4g) in 

contrast to sham mice (Fig. 2A and C). Second, 6-OHDA mice DHNs displayed an increased 

discharge in response to noxious stimulus (6.0g) (Fig. 2A and C). Moreover, we evaluated the 

effect of 5.0 mg/kg Mph (i.p) on the electrical activity of DHNs (Fig. 2C; see also Fig. S2B). Mph 

did not influence DHN firing in sham and 6-OHDA mice (Fig. 2C; see also Fig. S2B). In 

inflammatory pain conditions, electrophysiology recordings showed increased spinal neuron 

activity in response to innocuous (1.4g) and noxious stimuli (6.0g) (Fig. 2B-C) in sham mice as 

compared to controls (NaCl injection). CFA injection caused a further amplification of DHN 

activity in 6-OHDA mice, in response to both innocuous (1.4g) (Fig. 2B-C) and noxious stimuli 

(6.0g) (Fig. 2B-C). Again, no effects of Mph were seen on the electrical activity of DHNs in sham 

and 6-OHDA mice in inflammatory pain conditions (Fig. 2C; see also Fig. S2C). 

 

ADHD conditions modify dorsal spinal networks. Given the changes that were observed in spinal 

neuron activity, we investigated possible anatomical and biochemical modifications in the dorsal 

spinal cord (Fig. 3). At first, we characterized the distribution of synaptic markers of inhibitory 

and excitatory active zones. We assessed the intensity of the immunostaining for postsynaptic 

gephyrin (Fig. 3A) and homer 1 (Fig. 3B), respectively, and their colocalization with presynaptic 

synaptophysin. Gephyrin (Fig.3Aa1-f1, a2-f2) and homer 1 (3Ba1-f1, a2-f2) immunostaining 

appeared as punctate labeling in the superficial and deeper laminae of the dorsal spinal cord, 

with the highest density n the lamina II. No changes were observed in the inhibitory synapses 

(Fig. 3A). In contrast, immunostaining for homer 1 was stronger in 6-OHDA mice as compared to 

sham mice (Fig. 3Ba1-f1 and a2-f2). Quantitative assessment confirmed the increased 

immunolabeling intensity for homer 1 and the enhanced colocalization of the excitatory 

postsynaptic marker with synaptophysin (Fig. 3B). Taken together, these data support the 

strengthening of excitatory transmission in the dorsal spinal cord. 

In a second step, we evaluated in adult mice the depletion in catecholamines induced by 6-OHDA 

injection at P5 (Fig. 3C). For this purpose, we performed TH imunodetection in various brain 

areas. As expected, TH immunolabeling decreased in various areas, e.g. striatum (Fig. 3Ca-b). In 

the ACC, 6-OHDA injection only modifies the area labeled for TH (Fig. 3Ce-f) but not the labeling 

intensity. In contrast, no variations of TH immunostaining were detected in hypothalamic nuclei 

including the hypothalamic A11 area projecting to the spinal cord 43 (Fig. 3Cc-d). Accordingly, no 

changes were observed in TH innervation of the dorsal spinal cord (Fig. 3Cg-h).  

Finally, we analysed the ERK1/2 MAP kinase and CaMKII intracellular signalling pathways involved 

in CREB activation44 and spinal cord sensitization to pain45,46 by using western blot (Fig. 3D) and 

immunohistochemistry (Fig. 3E).   blotting of ipsilateral dorsal spinal cord revealed an increased 

expression of the excitatory marker CaMKII in 6-OHDA mice (Fig. 3D). Similarly, the labeling for 

the phosphorylated forms of ERK1/2 MAP kinase and CREB transcription factor (Fig. 3D) was 

significantly stronger in 6-OHDA mice. Immunolabeling for pERK (Fig. 3E) confirmed the 

increased expression of the phosphorylated kinase in the ipsilateral dorsal horn of 6-OHDA mice. 

 

Pain status influences ADHD symptoms. We determined if pain conditions influenced ADHD 

behavioral symptoms by analysing locomotor activity, anxiety, attention and impulsivity in mice 

with increased (CFA injection) (Fig. 4) pain sensitivity. First, we analysed spontaneous locomotor 
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activity of 6-OHDA and sham mice with the open field test (Fig. 4A). CFA injection decreased the 

distance traveled (Fig. 4A1 and A2), mobility mean time (Fig. 4A3) and speed of animal 

movement (Fig. 4A4) in sham and 6-OHDA mice. Notably, CFA amplified hyperactivity symptoms 

of 6-OHDA mice. Indeed, the difference in distance traveled (Fig. 4A5) and velocity (Fig. 4A7) 

between the sham and 6-OHDA groups is higher in CFA conditions than after NaCl paw injection. 

Next, we evaluated anxiety-like-behavior, one of the ADHD comorbid complains (Fig. 4B). In the 

elevated plus maze test (EPM), CFA injection decreased the time spent in open arms (Fig. 4B1-

B2) in sham and 6-OHDA groups. In addition, CFA injection also increased the number of entries 

in open arms (Fig. 4B1 and B3). Therefore, anxiety-like behavior caused by ADHD-like conditions42 

was further worsened by CFA treatment. The ADHD-induced decrease in the time spent in the 

open arms is amplified in CFA conditions as compared to the NaCl paw injection group (Fig. 4B4). 

Finally, we performed the 5-choice serial reaction time task (5-CSRTT) test to analyse inattention 

and impulsivity (Fig. 4C). During the standard sessions of the 5-CSRTT (SD = 1 s, ITI = 5 s), 6-OHDA 

adult mice were less accurate than sham mice (Fig. 4C1), making more omission errors (Fig. 4C2), 

premature responding (Fig. 4C3) and perseverations (Fig. 4C4) than sham mice. Importantly, 

inflammatory pain does not affect accuracy and omissions in both groups (Fig. 4C1-2). Taken 

together, these data suggested that inflammatory pain conditions worsened some of the ADHD-

related symptoms including hyperactivity and anxiety, but not impulsive-like behaviors or 

inattention. 

 

The Anterior Cingulate Cortex (ACC) is at the origin of descending control dysfunctions in 

ADHD conditions. We tested the hypothesis that descending controls are responsible for pain 

alterations through the modulation of spinal circuits in 6-OHDA mice. The ACC is at the cross-

road of pain and ADHD disorders, being involved in inattentiveness, impulsiveness and 

anxiety33,34. Meanwhile, the ACC sends projections to the dorsal horn of spinal cord47. Therefore, 

we explored whether ACC is critically involved in the dysfunction of descending controls that 

were revealed by in vivo electrophysiology in 6-OHDA mice (Fig. 5). For this purpose, we 

recorded ACC spontaneous (Fig. 5A) and evoked (Fig. 5B) activity in urethane-anesthetized 

animals. In vivo single unit extracellular recordings indicated that ACC neurons are hyperactive in 

6-OHDA mice (Fig. 5A1), with higher action potential frequencies (Fig. 5A2). Evoked activity was 

generated by applying mechanical stimuli on the posterior hind paw contralateral to the 

recorded ACC. In these conditions, our data showed that mechanical stimuli caused a 

significantly stronger increase of ACC neuronal activity in 6-OHDA animals as compared to sham 

(Fig. 5B1). The frequency of action in ACC neurons was greater in 6-OHDA mice than in sham mice 

subjected to innocuous stimuli (1.4g) (Fig. 5B2). Moreover, the increase in ACC neuron discharge 

is stronger in 6-OHDA mice than in sham mice, when animals receive noxious peripheral stimuli 

(6.0g) (Fig. 5B2). These observations indicated that ACC hyperactivation seen in 6-OHDA mice 

may contribute to alter sensory processing in the dorsal spinal cord. 

Then, we explored the effects of ACC modulation on the activity of DHNs. First, we analyzed the 

effect of ACC activation on contralateral spinal cord responses evoked by peripheral mechanical 

stimuli (Fig. 5C). In vivo electrophysiology recording showed that the electrical stimulation (100 

Hz) of ACC at different intensity (10, 20, 30 V) increased contralateral DHNs activity in the sham 

group, in response to peripheral innocuous (1.4g) and noxious (6.0g) mechanical stimuli (Fig. 

5C). This effect was significantly higher in 6-OHDA mice (Fig. 5C). Interestingly, spinal neuron 

activity returned to baseline activity within 2 min after the last electrical stimulation in sham mice, 
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whether the stimulus was painful or not, while the potentiation of spinal neuron activity in 6-

OHDA mice was maintained up to 2 minutes (Fig. 5C). Next, we evaluated the effect of 

pharmacological inhibition of ACC by local muscimol injection in order to potentiate GABA-A 

inhibition (Fig. 5D). Our data indicated that muscimol partially blocked electrical activity of 

contralateral DHNs in the sham and 6-OHDA groups, in response to innocuous (1.4g) and noxious 

(6.0g) peripheral mechanical stimuli, at 30 minutes after the drug injection (Fig. 5D). The proper 

location of the stimulation/injection site in ACC was confirmed histologically (Fig. 5E). 

Collectively, these data demonstrated the regulatory role of ACC in the dysfunction of spinal 

sensory integration in ADHD conditions. 

 

ACC excitatory neurons amplify pain sensitization in ADHD conditions. To further explore the 

role of ACC in 6-OHDA mice pain mechanisms, we injected AAV5.CamKII.ChR2 or 

AAV5.CamKII.ArchT3.0, and AAV5.CamkII.eGFP unilaterally in the left ACC (area 24b) (Fig. 6A1). We 

then used optogenetic tools to activate or inhibit excitatory ACC neurons (Fig. 6A). The 

transduction efficiency was checked a posteriori by eGFP visualization (Fig. 6A2 and A3). 

1. Optogenetic activation. At 4 weeks after injection, we tested whether specific activation 

of ACC excitatory neurons was sufficient to modulate nociceptive responses in awake, 

freely moving, animals (Fig. 6B; see also Fig. S3A). ChR2 activation induced a significant 

decrease in withdrawal thresholds to mechanical and thermal stimuli of ipsilateral (left) 

(Fig. S3A1) and contralateral (right) hind paw of sham mice during the light phase (Fig. 

6B1). When the light was turned off, the mechanical and thermal withdrawal thresholds 

of ipsilateral (Fig. S3A1) and contralateral hind paw (Fig. 6B1) returned to their baseline 

values. The overall behavior was similar in 6-OHDA mice although the thresholds were 

lowered as compared to sham mice. The mechanical and thermal pain thresholds of 

ipsilateral (Fig. S3A1) and contralateral hind paw (Fig. 6B1) decreased when the light was 

on and returned to their baseline values when the light was off (Fig. 6B1; see also Fig. 

S3A1). Importantly, the comparison of sham and 6-OHDA mice suggested that ADHD-like 

conditions enhanced behavioral changes induced by optogenetic activation of ACC 

excitatory neurons, in response to mechanical, but not thermal, stimulus to contralateral 

hind paw (Fig. 6B2). By contrast, no significant changes were seen in ipsilateral hind paw 

whether the application of mechanical or thermal stimulus (Fig. S3A2). 

We also evaluated DHN activity using in vivo single unit recording in the dorsal horn of the 

spinal cord, contralateral to the AAV injection site in the ACC (Fig. 6C). The results were 

in line with the behavioral tests. In sham animals, optogenetic activation of the ACC 

increased the activity of DHNs to innocuous (1.4g) and noxious (6.0g) mechanical stimuli 

(Fig. 6C). When the light was off, the electrical activity of nociceptive neurons decreased 

and returned to baseline levels before illumination (Fig. 6C). In 6-OHDA animals, ACC 

optogenetic activation increased the activity of spinal neurons to innocuous (1.4g) and 

noxious (6.0g) mechanical stimuli (Fig. 6C2). By contrast, when the light was off, the 

electrical activity of spinal neurons returned to the baseline levels recorded before 

illumination (Fig. 6C). 

 

2. Optogenetic inhibition. Conversely, we silenced ACC excitatory neurons expressing 

AAV5.CaMKII.ArchT3.0 and determined the withdrawal threshold in sham and 6-OHDA mice 

(Fig. 6D; see also Fig. S3B). Optogenetic inhibition of ACC neurons had no significant 
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effect on pain thresholds to mechanical or thermal stimuli of ipsilateral (Fig. S3B1) and 

contralateral hind paw (Fig. 6D1) of sham animals. By contrast, we found that optogenetic 

inhibition of ACC neuron activity increased mechanical threshold and withdrawal latency 

of ipsilateral (Fig. S3B1) and contralateral hind paw (Fig. 6D1) of 6-OHDA mice. After the 

light was turned off, both mechanical and thermal baseline sensitivity of ipsilateral (Fig. 

S3B1) and contralateral hind paw (Fig. 6D1) were fully restored. The comparison of sham 

and 6-OHDA mice indicated that ADHD-like conditions enhanced the analgesic effects 

induced by optogenetic inhibition of ACC excitatory neurons in response to mechanical 

stimulus of the contralateral hind paw (Fig. 6D2). In contrast, no significant changes were 

seen in ipsilateral hind paw whether the application of thermal or mechanical stimulus 

(Fig. S3B2).   

In line with the behavioral results, in vivo recordings indicated no changes in the electrical 

activity of sham DHNs in response to innocuous (1.4g) or noxious stimuli (6.0g) when light 

was on (Fig. 6E). By contrast, ACC optogenetic inhibition significantly decreased DHN 

electrical activity of in response to innocuous (1.4g) and noxious stimuli (6.0g) in 6-OHDA 

mice (Fig. 6E). When the light was off, the electrical activity of spinal neurons returned to 

the baseline levels recorded before illumination (Fig. 6E). 

 

3. Control experiments. Pain thresholds of ipsilateral (Fig. S4A2) and contralateral hind paws 

(Fig. S4A1) injected with the AAV5.CamKII.eGFP control virus are not affected by the light 

stimulation in sham mice. Similarly, no effects of light stimulation were seen on pain 

sensitivity in 6-OHDA mice, whether for ipsilateral or contralateral paw (Fig. S4A1-2). 

Accordingly, optogenetic modulation did not induce changes in the activity of 

contralateral spinal neurons after transduction of AAV5.CamKII.eGFP in sham or 6-OHDA 

mice (Fig. S4B1-2). 

Taken together, these data confirmed that ACC excitatory neurons regulate pain behavior and 

spinal neuron activity, both in sham and 6-OHDA mice. Notably, these effects are amplified in 

ADHD-like conditions. 

 

The ACC – Posterior Insula (PI) excitatory pathway potentiates pain sensitization in ADHD 

conditions. We then sought to understand the circuit from ACC to spinal cord that is involved in 

ADHD-induced pain sensitization. First, we verified that unilateral viral injection in the left 24b 

area (Fig. 7A2) triggered virus expression in the ipsilateral ACC projection areas of the PI (Fig. 

7A3). To manipulate the ACC–PI pathway, we used the same optogenetic strategy as previously 

described but the optical fiber was placed in the ipsilateral PI (left side) (Fig. 7A). 

1. Optogenetic activation. In the sham group, the activation of ChR2 resulted in a significant 

decrease in withdrawal thresholds for both ipsilateral (Fig. S5A1) and contralateral hind 

paw (Fig. 7B1) in response to mechanical and thermal stimuli. The changes in mechanical 

and thermal pain thresholds of the ipsilateral (Fig. S5A1) and contralateral hind paw (Fig. 

7B1) were maintained until 2 minutes after the optogenetic stimulation was stopped, but 

returned to the pre-illumination baseline levels after 5 minutes (Fig. S5A1 and Fig. 7B1). In 

6-OHDA mice, withdrawal threshold or latency of both ipsilateral (Fig. S5A1) and 

contralateral hind paws (Fig. 7B1) decreased significantly in response to thermal and 

mechanical stimuli, when the light was on. Interestingly, 2 minutes after optogenetic 

stimulation, the modification of mechanical and thermal pain thresholds of the ipsilateral 
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(Fig. S5A1) and controlateral hind paw (Fig. 7B1) was further amplified, in comparison to 

the thresholds measured during optogenetic manipulations. After 5 minutes, thermal 

pain thresholds for the ipsilateral (Fig. S5A1) and contralateral hind paws (Fig.7B1) 

returned to baseline levels, while the mechanical thresholds were not fully restored (Fig. 

S5A1 and Fig.7B1). As compared to sham mice, changes in controlateral and ipsilateral 

paw withdrawal threshold to thermal stimuli were stronger in ADHD-like conditions than 

in sham at 2 minutes recovery (Fig. 7B2 and Fig. S5A2). 

In line with the behavioral data, single unit in vivo recording in sham mice after ACC – PI 

pathway optogenetic activation revealed increased DHN activity after innocuous (1.4g) 

and noxious (6.0g) mechanical stimuli (Fig. 7C). At 2 minutes after the light is turned off, 

DHN activity remained unchanged and returned to the pre-illumination baseline levels 

after 5 minutes (Fig. 7C). In 6-OHDA mice, in vivo recording also indicated that 

optogenetic activation of the ACC – PI excitatory pathway increased the activity of spinal 

neurons to innocuous (1.4g) and noxious (6.0g) mechanical stimuli (Fig. 7C). Contrary to 

the situation in sham mice, the activity of spinal neurons was further amplified at 2 

minutes after the light is turned off (Fig. 7C) and returned to the baseline levels at 5 

minutes after the illumination ended. 

 

2. Optogenetic inhibition. Optogenetic inhibition of the ACC – PI excitatory pathway was 

performed by yellow light illumination of the ArchT3.0 (Fig. 7D; see also Fig. S5B). In the 

sham group, it resulted in a significant increase in pain threshold for both the ipsilateral 

(Fig. S5B1) and contralateral hind paws (Fig. 7D1) in response to mechanical and thermal 

stimuli. At 2 minutes after the light was turned off, the increase of mechanical and thermal 

pain thresholds of both hind paws was maintained (Fig. 7D1 and Fig. S5B1). It returned to 

baseline levels after 5 minutes (Fig. 7D1 and Fig. S5B1). In 6-OHDA mice, mechanical 

threshold and withdrawal latency of both the ipsilateral (Fig. S5B1) and contralateral (Fig. 

7D1) hind paws increased significantly when the light was on. Again, 2 minutes after the 

optogenetic inhibition ended, we found that both mechanical and thermal pain 

thresholds of the ipsilateral (Fig. S5B1) and contralateral (Fig. 7D1) hind paws were further 

increased. After 5 minutes, this increase was fully abolished (Fig. 7D1 and Fig. S5B1). The 

behavioral effects of optogenetic inhibition were amplified in 6-OHDA mice as compared 

to sham mice at 2 minutes recovery in response to both mechanical and thermal stimuli 

(Fig. 7D2) of contralateral hind paw, while only to mechanical stimulus of ipsilateral hind 

paw (Fig. S5B2). 

Single unit in vivo recordings (Fig. 7E) revealed that optogenetic inhibition of the ACC – PI 

excitatory pathway in sham mice partially blocked the electrical activity of spinal neurons 

in response to noxious stimuli (Fig. 7E). No effects were detected upon innocuous 

stimulus (1.4g) (Fig. 7E). Reduced DHN activity upon noxious stimuli was maintained at 2 

minutes after the light was turned off (Fig. 7E) and returned to baseline levels after 5 

minutes (Fig. 7E). In 6-OHDA mice, the optogenetic inhibition of ACC – PI excitatory 

pathway also blocked the activity of spinal neurons in response to noxious (6.0g) but also 

to innocuous (1.4g) mechanical stimuli (Fig. 7E). In contrast to sham mice, spinal neuron 

activity was further decreased at 2 minutes after optogenetic inhibition ended (Fig. 7E) 

but returned to the baseline levels after 5 minutes (Fig. 7E). 
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3. Control experiments. To check for the specificity of the optogenetic modulation on pain 

behavior and spinal neuron activity, we used a control AAV5.CamKII.eGFP. In sham mice 

injected with this control virus, pain thresholds were not affected by light stimulation 

whether for ipsilateral (Fig. S6A2) or contralateral (Fig. S6A1) hind paw. Similarly, light 

stimulation had no effect in both hind paws of 6-OHDA mice (Fig. S6A1-2). In addition, in 

vivo recordings confirmed the absence of light effect on spinal neurons in 

AAV5.CamkII.eGFP-expressing sham or 6-OHDA mice (Fig. S6B1-2). 

Overall, these data indicated that ADHD-like conditions impaired the regulation exerted by the 

ACC–PI excitatory pathway on pain behavior and spinal neuron activity in 6-OHDA mice. 

 

 

Discussion 

The present study reports hypersensitivity to mechanical, heat and cold stimuli in a mouse model 

of ADHD obtained by postnatal disruption of dopaminergic systems. Behavioral testing also 

provides evidence that inflammatory pain-induced sensitization of withdrawal reflexes is further 

amplified in 6-OHDA mice. Behavioral changes are accompanied by increased excitability of 

spinal neurons and changes in spinal networks. The effects of inflammatory pain on ADHD-like 

symptoms are complex, pointing to changes in hyperactivity and anxiety, but not impulsivity or 

attention. Physiological and behavioral alterations are correlated to ACC hyperactivity in 6-OHDA 

mice. Manipulating the ACC or the ACC-PI excitatory pathway has bidirectional effects on spinal 

neuron activity and withdrawal reflexes. These effects are significantly amplified in 6-OHDA mice 

revealing an impaired tuning of pain modulation processes in ADHD-like conditions. 

In clinics, ADHD patients reported impaired perceptual function, and particularly pain14. Studies 

in children and adults with ADHD described both hypo- and hyper-responsiveness to sensory 

stimuli48-50 and point to an increased prevalence of generalized pain in adults with ADHD as 

compared to a control population18. In agreement, experimental studies demonstrate changes 

in pain perception in patients with ADHD15. Reciprocally, chronic pain increases impulsivity32 and 

induces attentional and cognitive deficits in human patients22,23,51 and preclinical animal 

models25,52. Increased pain sensation in ADHD patients is thought to be caused by brain 

mechanisms leading to exacerbated perception. However, data also point to alterations in 

sensory transmission, and recent studies indicate problems modulating sensory inputs11 and 

reciprocal association between altered sensory processing and attention deficits10. 

Strong arguments underline the role of a deregulation of the dopaminergic systems in the 

etiology of ADHD28,29. In addition, a loss of dopaminergic signaling is implicated in the symptoms 

of ADHD hyperactivity32 and the D2 dopamine receptor is frequently associated with neuro-

psychiatric disorders and in particular with ADHD53. Dopamine is also involved in the genesis of 

chronic pain39,54 and many substances that increase dopaminergic transmission have analgesic 

properties55. Furthermore, the painful hypersensitivity observed in the context of various 

pathologies such as Parkinson's disease, fibromyalgia, restless legs syndrome, is likely related to 

dopaminergic system dysfunctions 39. The 6-OHDA mouse model replicate the alterations of 

dopaminergic systems and has been validated by us2,41,42 and others56-61 as a model oh ADHD with 

good face, construct and predictive validity. 

A key finding of the present study is that pain sensitization observed in 6-OHDA mice is 

supported by impairment of sensory integration in the spinal cord. Electrophysiology data in the 
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spinal cord suggest that increased pain sensitivity is caused by DHN hyperexcitability in the 6-

OHDA model. The augmented activity of DHNs is a hallmark of central sensitization leading to 

chronic pain in rat and mouse models of chronic inflammatory62,63 and neuropathic46,64 pain. The 

present study indicates increased immunoreactivity for homer 1 at synaptic sites that has been 

also observed in inflammatory conditions65 and after nerve injury66 in rodents. The long forms of 

homer are located in the post-synaptic density and their up-regulation may result from an 

increase in the number and/or size of glutamatergic synapses since homer immunostaining was 

shown to reliably reveal most of excitatory synapses in the mouse dorsal spinal cord67. In 

addition, the accumulation of homer 1 is in agreement with increased expression of other 

excitatory post-synaptic scaffolding proteins, e.g. shank or PSD95, in chronic pain conditions68,69. 

In conjunction with increased excitability and excitatory synaptic connections, 

immunistochemistry and biochemistry data in 6-OHDA mice reveal the activation of intracellular 

signalling pathways causing spinal sensitization to pain44,70-72. Taken together, these data 

suggest increased excitation that may underlie the development spinal central sensitization 

processes73-75 in the dorsal spinal cord of 6-OHDA mice. 

The primary source of catecholaminergic innervation of the spinal cord is the A11 hypothalamic 

area43,76. However, spinal circuits are not directly affected by the depletion in dopamine induced 

by postnatal 6-OHDA injection since TH immunoreactivity is not modified in the A11 area nor in 

the dorsal spinal cord in 6-OHDA mice. Therefore, the modifications of spinal cord physiology in 

ADHD-like conditions, and their consequences on withdrawal reflexes, are likely caused by 

alterations of brain circuits that engage descending pathways to the spinal cord. Indeed, 

descending facilitation has been recently indicated to play key roles in central sensitization for 

nociceptive inputs and maintenance of chronic pain in different animal models77. 

Following the pioneer work of Reynolds78, both inhibitory and facilitatory descending influences 

on spinal nociceptive processing has been widely studied in rodent models and humans77,79,80. 

However, most of previous studies focused on descending modulation from the brainstem and 

it is only recently that authors considered the role of cortical and subcortical structures in the 

control of spinal neuron activity81,82 and pain behavior in pathological conditions83,84. ACC is an 

important cortical area for pain perception, and the development of pathological pain85-87, and 

has clinical relevance in chronic pain sufferers88. In addition, neuroimaging studies in ADHD 

patients identified structural and functional abnormalities in networks comprising the ACC and 

parietal cortices89,90. Persistent pain in rodents is characterized by the potentiation of synaptic 

responses91, disinhibition92 and increased excitability93 of the ACC. ACC hyperactivity is also 

crucial in bridging pain and its comorbid emotional disorders94,95. The effects on pain 

transmission depend on the ACC areas that are investigated96. Contrary to other studies that 

described a role of rostral ACC in the negative affect and depression-like behavior associated to 

chronic pain but not in mechanical hypersensitivity95,97, our data were obtained in the dorsal part 

of the ACC and indicate that these areas (24a and 24b98,99) actually control sensory transmission 

in the spinal cord. At a mechanistic level, future experiments will be required to determine the 

cellular and molecular mechanisms underpinning ACC dysfunction in ADHD-like conditions. 

Taken together, these data provide a framework that strongly support our findings of a causal 

relationship between ADHD-like conditions and pain. Postnatal injection of 6-OHDA in mice 

results in ACC hyperactivity in adulthood. The up- or down-regulation of ACC activity, and more 

particularly of glutamatergic neurons, can increase or decrease, respectively, spinal neuron 

excitability and withdrawal reflex in agreement with previous studies showing that the 
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persistently activated ACC neurons cause tonic potentiation effect on the spinal sensory 

transmission and contribute to the maintenance of behavioral hyperalgesia100. In addition, we 

established that the ACC-PI excitatory pathway controlling spinal networks and pain behavior84 

is impaired in ADHD-like conditions and underpin changes in pain sensitization. The anterior and 

mid-subdivisions of the cingulate cortex gate sensory hypersensitivity in mouse models of 

inflammatory pain via facilitatory descending projections to the spinal cord84. This effect 

engages an ACC–posterior insula pathway and the downstream recruitment of serotoninergic 

projections, probably from the rostroventral medulla (RVM) to the spinal cord. Interestingly, 

elevated serotonin is also involved in hyperactivity induced by 6-OHDA neonatal injection in 

mouse60. The agranular insula participates in nociceptive processing in rodent and humans101-103. 

Noteworthy are the multiple lines of evidence linking the PI to intensity coding, including pain 

intensity104. Furthermore, it has been proposed that the insula subserves a general function as a 

general magnitude detector105. ADHD patients also displayed structural alterations of the insula 

supporting a role for the insula in modulating attention and inhibitory capacity in ADHD106.  

Our study demonstrates that the ACC-posterior insula excitatory circuit bidirectionally 

modulates spinal neuron activity and withdrawal reflex. However, this does not exclude the 

existence of other, top-down pathways that may also contribute to this modulation. Previous 

studies reported that ACC-mediated descending facilitation of pain behavior requires 

rostroventral medulla (RVM) relay and provokes facilitation of a spinal nociceptive reflex47. 

Moreover, a recent work form the same group demonstrated a direct, RVM-independent, ACC-

spinal cord pathway, that facilitates activity of laminae I–II spinal neurons and potentiates 

withdrawal reflex81. Future studies will be needed to assess the respective contribution of these 

different parallel top-down pathways, arising from the ACC, in the control of spinal networks in 

ADHD-like conditions. 

Mph is effective to relieve ADHD-related symptoms also induced by neonatal dopamine 

depletion in human107 and mouse42. However, administration of Mph does not alleviate allodynia 

and hyperalgesia in 6-OHDA mice. Therefore, pain and ADHD-like symptoms are likely 

underpinned by partially different brain circuits. This is further confirmed by the observation that 

enhancing pain states with CFA has different consequences on the various ADHD-like symptoms. 

CFA-induced inflammatory pain modifies hyperactivity and anxiety behavior of 6-OHDA. 

Surprisingly, modulating pain has no effect on attention. This is in contrast with several studies 

that have demonstrated tight links between pain and attentional states that also involve ACC 

and insular cortex13,108,109. However, in line with our results, some findings point to a lack of pain-

induced effects on a visual search task21, and to the differential effects of pain on various 

attentional tasks22. Importantly, most of the studies to date considered the effect of acute 

painful stimuli on attention and only rare articles reported the consequences of chronic pain 

states23. In patients with fibromyalgia, only selective attentional tasks were impaired thus 

suggesting here again that pain differentially regulates various attentional processes23. Whether 

modulation of the ACC-PI circuit also alters ADHD-like symptoms also remains to be established. 

In a context of high prevalence of chronic pain110 and ADHD2, characterized by the ineffectiveness 

of currently available treatments, the present study provides novel insights in the understanding 

of cross-effects between these pathologies. ADHD and pain may be critically involved in 

regulating specific sub-circuits originating from the ACC and underpinning spinal sensitization to 

nociceptive transmission and ADHD-like symptoms. An increased understanding of mechanisms 



13 

 

that underlie the overlap of psychiatric disorders with pain are key factors in the development 

of new therapies. 

 

 

Methods 

The various work flows are depicted in Fig. S7. 

 

Animals. 

We used male Swiss mice, bred in the conventional animal facility of the University of Bordeaux, 

France. After birth, male pups stayed with their mothers until postnatal day 5 (P5) where they 

underwent a dopaminergic lesion by intra-ventricular injection of 6-hydroxydopamine (6-OHDA) 

(see below). The experimental protocols have been validated by the local ethics committee 

under number 13126C. The animals were kept in the normal dark-light cycle (light from 6 a.m. to 

6 p.m.), with food and water ad libitum. 

 

Neonatal 6-OHDA lesion (ADHD model). 

Intracerebroventricular injection of 6-OHDA was performed at P5 in an adapted platform fixed 

to a stereotaxic instrument (David Kopf instrument, Tujunga, CA, United States) according to 

previously published protocols41,42,111. The animals are randomized into 2 groups, the 6-OHDA and 

sham groups. Briefly, male pups were received an injection of the norepinephrine uptake blocker 

desipramine hydrochloride (20 mg/kg, s.c.; Sigma-Aldrich, Merck, Darmstadt, Germany). After 30 

min, pups were anesthetized by hypothermia induced by placing pups on ice for 1 min. Then, they 

received 25 mg of 6-OHDA hydrobromide (Sigma-Aldrich) dissolved in 3 ml of ascorbic acid 0.1% 

(only vehicle for sham mice) in the right lateral ventricle (0.6 mm lateral to the medial sagittal 

suture, 2 mm rostral to the lambda and 1.3 mm in depth from the skull). Injections were 

performed at 1.5 ml/min using a 30G needle (Carpule, Bayer, Osaka, Japan) connected to a 25 µl 

Hamilton syringe. After the injection, the pups were warmed up at 37°C, and returned to their 

mothers until weaning. 

 

Inflammatory pain. 

Central sensitization to inflammatory pain was carried out at P40, by the injection of 200 μl of 
complete Freund's adjuvant (CFA) in the right posterior hind paw. Freund's adjuvant is a lipid 

mixture that causes an immune response112,113. 

 

Methylphenidate injections. 

Methylphenidate (MpH 3.0 or 5.0 mg/kg) or vehicle was administered intraperitoneally (i.e. 10 

ml/kg in 0.9% NaCl solution) 45 minutes before all behavioral tests. 

 

Behavioral tests. 

Von Frey Test. The von Frey test measures paw withdrawal responses to a range of mechanical 

stimuli112,114. The mice are accustomed to the experimental context (the chamber and the 

experimental device) for three consecutive days before the test, for 15 min / d. The mice are 
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placed individually in a cage (12 x 12 x 10 cm), the floor of which is equipped with a mesh metal 

net (5 x 5 mm squares). A series of Von Frey monofilaments, with increasing bending forces 

ranging from 0.02 to 8.0 g, were used to deliver mechanical pressure to the right hind paw 

according to the ascending method114. Each filament is applied for 2-3 seconds, seven times in a 

row. The pain response is characterized by a sharp withdrawal of the paw. If the animal does not 

respond to at least 4 out of 7 stimulations, the next force filament is tested. 

Hot/Cold plate test. The Hot/cold plate test consists in evaluating the degree of thermal 

sensitivity115. The device (Bioseb, Model LE 7406) consists of a metal heating plate (20 cm in 

diameter) surmounted by a transparent polyester cylinder (20 cm x 25 cm). The mice are placed 

on the plate adjusted to a constant temperature (cold 5 ° C or heat 55 ± 1°C) for a maximum of 30 

seconds. Latency at the first leg withdrawal was recorded as a sign of nociception. 

Hargreaves test. To assess thermal hyperalgesia, the reactivity to brief nociceptive thermal 

stimulation is measured using a plantar test (Plantar Analgesia Meter, Bioseb, France). This 

technique involves applying a beam of radiant heat under the animal paw and measuring the 

time required for removal116. Like for the von Frey test, the animal was placed in the transparent 

box and allowed to explore freely for 10 minutes. The thermal stimulus is applied under the hind 

paw, when the animal stops exploring. The intensity of the stimulus is adjusted to generate 

baseline average latencies of 10 to 12 seconds. If the animal does not respond after 20 seconds 

the heat beam is stopped to avoid damaging the tissue. 

Open field (OF) test. The OF test was used to assess the general locomotor activity. It consisted 

of a square black box made of Plexiglas (50 × 50 × 50 cm high), equipped with the video-based 

Ethovision video tracking System (Noldus Information Technology, Wageningen, The 

Netherlands). Each animal was placed in the box for ten minutes while behavior was recorded 

according to published protocols42. The distance traveled in the box was measured, as well as 

the velocity and the amount of time spent in movement. The box was cleaned with 70% ethanol 

between each test. 

Elevated Plus Maze (EPM) test. The EPM measures the anxiety induced by open spaces and 

height. The apparatus comprised two opposing open arms (50 × 5 cm) and two closed arms (50 

× 5 × 15 cm), which joined at a square central area (5 × 5 cm) to form a plus sign. The entire 

apparatus was elevated to a height of 45 cm above the floor. All mice were placed in the center 

of the maze and were allowed to run freely around the maze for 5 minutes with their behavior 

being recorded using a CCD video tracking system above the maze. After each test, the mice 

were returned to their home cage, and the plus-maze was cleaned with a water-moistened paper 

towel and dried after each mouse. For this test, the time spent and the number of entries into 

each arm were analyzed automatically using EthoVision software (Noldus Information 

Technology). 

Five-Choice Serial Reaction Time Task (5-CSRTT) test. In the beginning, all animals had restricted 

access to food and their body weights were adjusted to 85% of their free-feeding weights. 

Animals had free access to water at all times except during training sessions. Mice were trained 

in operant chamber (24×20×15 cm) placed inside ventilated sound-attenuating cubicles (Med 

Associates Inc., St. Albans, VT, USA). The chamber consisted of a curved wall containing nine 

round apertures equipped with infrared  detectors and bright white led (1.7 W) at the rear. Four 

of the nine apertures were blocked with a metal plate, thus allowing five functioning apertures 

equally spaced 2.5 cm apart. A magazine was located centrally in the opposite wall, equipped 
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with an infrared detector and connected to a pellet dispenser delivering 25 mg food pellets into 

a food tray covered by a hinged door (López Morenas, SL, Spain). Each chamber was 

automatically controlled by Packwin software (Panlab S.P., Cornella, Barcelona, Spain) and data 

were collected via a computer. Pre-training and training procedures were identical to previous 

studies41,117. For the pre-training phase, mice were placed in the chambers for 15 min with the 

house-light off. During this time, the pellet dispenser containing 15 food pellets was open in order 

to habituate mice eating the reinforcer in the magazine. The training consisted of a 20-min daily 

session for 5 days a week over a period of 20 weeks. The behavioral training was carried out 

during the light phase. 

 

In vivo electrophysiology. 

Single unit in vivo recording of spinal nociceptive neurons.  The animal is anesthetized by 

intraperitoneal injection of urethane 20% at 1 g/kg administered in a single intra-peritoneal 

injection. The depth of anesthesia is evaluated by the absence of nociceptive reflexes after 

pinching the paw. The animal vital temperature is kept constant at 37.5˚C ± 0.5 using a 
homeothermic blanket. The animal is placed in a stereotaxic frame (M2e, Montreuil, France) and 

the spine is held stable using forceps on either side of the area of interest. The spinal cord is 

exposed by a laminectomy at the level of the T13 and L1 vertebrae. An 8-10 MΩ tungsten 
electrode, 75 μm in diameter is inserted with a micromanipulator (WPI, Hitchin, UK) into the 
ipsilateral dorsal horn of the right hind paw. Neuron activity is observed by touching the paw. 

After a search for neurons responding to painful (pinching) and non-painful (brush) stimuli 

applied to the receptive field on the ipsilateral hind paw, we assessed the unit activity of wide 

dynamic range (WDR) neurons. The criterion for the selection of a WDR neuron was the presence 

of a A-fiber-evoked response (0–80 ms) followed by a C-fiber-evoked response (80–300 ms) to 

electrical stimulation of the paw with bipolar electrodes connected to a stimulator and placed in 

the center of the WDR receptive field46 (see Fig.S2). 

After the identification of this cell type, a series of von Frey monofilaments with increasing 

bending forces ranging from 0.02 to 8.0 g was used to deliver mechanical pressure to the right 

hind paw. Each filament is applied three times for 5 seconds. The response to each mechanical 

stimulus is measured as the number of action potentials per stimulation118. The recorded signals 

are filtered in bandwidth between 300 and 8000 Hz, and amplified x 10000 (Dam-80, Plexon, 

Dallas, USA). The data is acquired on a computer via a CED 1401 interface and analyzed by Spike 

2 software (Cambridge Electronic Design, Cambridge, UK). Right after we have recorded the 

basal activity of the WDR neuron in the 1st series of Von Frey, MpH (3.0 or 5.0 mg/kg) or vehicle 

(NaCl 0.9%) was injected intraperitoneally, then the mechanical stimulation was applied in the 

receptive field of the right hind paw every 10 min and the recording continues for 90 min. 

Single unit in vivo recording of anterior cingulate cortex (ACC) neurons. At P40, the animal is 

anesthetized by intraperitoneal injection of urethane 20% at 1 g/kg. The depth of anesthesia is 

evaluated and the animal body temperature is maintained as described above. After fixing the 

mouse in the stereotaxic frame, a craniotomy of about 1 mm in diameter is made under the 

binocular magnifier with a pneumatic bur. The skull is exposed, an 8-10 MΩ tungsten electrode, 
75 μm in diameter, is inserted into the left side of the anterior cingulate cortex ([AP] +0.7, [ML] -

0.3 and [DV] -1.5 mm) according to the stereotaxic coordinates of the Paxinos and Franklin Atlas 

(2001). Once the discharge of a neuron is identified, the spontaneous unit activity is recorded for 
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45 min. Next, we record the evoked activity by mechanical stimuli applied to the right hind paw. 

Signal filtering and amplification is performed as described above. 

Single unit in vivo recording of WDR neurons upon ACC manipulation. We stimulated or inhibited 

the activity of the ACC (left side) and assessed the response of spinal WDR neurons to mechanical 

stimulation of the right hind paw.  

Electrical stimulation of ACC. a bipolar stimulation electrode (0.15 mm OD; model MS308/SPC; 

PlasticsOne, Roanoke, USA) is placed in the ACC ([AP] +0.7, [ML] -0.3 and [DV] -1.5 mm). Electrical 

stimulation at ACC is performed with rectangular pulses (pulse duration: 100 μs; frequency: 100 
Hz; intensity: 10, 20 and 30V) of 1s duration. The total stimulation period is 10s. We first assessed 

the basal activity of WDR neurons in response to mechanical stimulation before ACC stimulation, 

just after the end of pulses at the different intensities tested and the recovery time of WDR 

neuron electrical activity. 

Pharmacological inhibition of ACC. For intra-ACC infusion, 1 μl of muscimol (1 μg/μl) or saline 
solution was administered within 90 s using a glass micropipette attached to a pump. We 

evaluated the basal WDR neuron activity of in response to mechanical stimulation before the 

pharmacological injection into the ACC and every 15 min after muscimol injection for 1.5 hours. 

 

Intracerebral micro-injection of virus. 

We injected AAV5.CamkII.ChR2/ArchT3.0.eGFP into the ACC at P21 on sham and 6-OHDA animals. 

The animals were anesthetized by inhalation of isoflurane (3% in an induction chamber then 2% 

under mask). The depth of anesthesia was evaluated by the absence of nociceptive reflexes after 

pinching the paw. Before the surgery and at the end of the procedure, the animals received an 

injection of buprenorphine analgesic at 0.1 mg / kg subcutaneously to avoid post-surgical pain. 

Before and after any surgical procedure, the equipment was cleaned and disinfected. The mice 

received an application of an ophthalmic ointment (Ocry-gel, Laboratoire TVM, Lempdes, 

France) to avoid ocular dehydration. The skin of the skull was shaved and betadine was applied 

to the skin of the skull to prevent wound infections. An injection of 1% lidocaine (100 μl) was made 
under the scalp. The skin was cut with a sterile scalpel. A craniotomy of approximately 1 mm in 

diameter was made under the binocular magnifying glass with a pneumatic bur. A glass capillary 

was then descended into the ACC. The injection was carried out according to the stereotaxic 

coordinates defined by a pilot study (n = 15). Once in the area of interest, the virus was ejected 

from the capillary using a minipump delivering a volume of 50 nl/min. The total volume injected 

was 500 nl of the initial virus solution (AAV5.CamKII.ChR2.eGFP: 1x1013 ng/ml; AAV5.CamKII. 

ArchT3.0.eGFP: 3x1012 ng/ml; AAV5.CamKII.eGFP: 1x1013 ng/ml) in the left ACC ([AP] +1.0 mm 

bregma, [ML] -0.3 mm, [DV] -0.9 mm). After the injection, the needle was held in place for an 

additional 5 min to facilitate the spread of the virus and then the wound was sutured. The animals 

were warmed up by placing the cage on a heating blanket at 37°C until waking up. They were 

kept under surveillance for 2 hours and then brought back to the housing facility. Several groups 

were tested to determine the time-course of the virus expression. For behavioral and 

electrophysiology experiments, the mice were used after four weeks allowing maximum 

expression of the virus.   

 

Implantation of optical fibers. 
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The purpose of this procedure was to implant the optical fibers in the ACC or posterior insula (PI) 

at P50 on sham and 6-OHDA animals. Four weeks after the injection of the virus, the animals 

were anesthetized and fixed in the stereotaxic frame as described above. A craniotomy was 

performed by drilling a hole. Then, the simple fiberglass cannula, 1.7 or 4 mm long and with a 

diameter of 220 mm (MFC_220/250-0.66_1.7 mm_RM3_FLT, doric lenses, Quebec, Canada) was 

implanted in the left ACC or the left PI, respectively. The stereotaxic coordinates of ACC and PI 

were: (ACC/PI: [AP] +0.7/+0.3 mm bregma, [ML] -0.3/-3.8 mm, [DV] -1.7/-4 mm). The cannula was 

implanted in the skull with a layer of cyanoacrylate glue followed by dental cement until 1.5 or 

3.8 mm of optical fiber was inserted into the brain, respectively. The mice were warmed up until 

waking up, and kept under surveillance. After the surgery, the mice benefited from 7 days of 

recovery before starting the experimental protocol. During this period, the animals were daily 

weighed and handled in order to detect any postoperative incident. 

 

Optogenetic manipulations. 

In all optogenetic protocols, the light was delivered for 3 minutes. In the case of activation, there 

were two ‘off’ sessions and one ‘on’ (off-on-off) session. During the ‘on’ session blue light (473 
nm) was emitted at a frequency of 2 Hz (5 ms pulse), with an intensity of 15 mW/mm2 at the tip 

of the optical fiber. In the case of inhibition, there were two ‘off’ sessions and one ‘on’ (off-on-

off) session. During the ‘on’ session, yellow light (575 nm) was emitted continuously with an 
intensity of 10 mW/mm2 according to published protocols96,119,120. The hind paw withdrawal 

threshold was measured four times during the ‘off’ and ‘on’ sessions and averages were 
calculated. 

After the evaluation of nociception by behavioral tests, we recorded the unitary activity of WDR 

spinal neurons upon optogenetic manipulation of the left (contralateral) ACC or PI as described 

above for electrophysiology experiments. After identifying a WDR neuron, we recorded its 

activity in response to mechanical stimulation of the animal hind paw before ('off'), during ('on') 

and after ('off') the optogenetic stimulation of ACC or PI. The recovery was assessed by 

recording WDR activity every 2 min for 15 min after stopping the optogenetic stimulation. We 

limited our recordings to one neuron per animal because the ACCmanipulation can modify the 

basal activity of other spinal neurons. Thus, the number of registered neurons and animals used 

was identical. 

 

Immunohistochemistry. 

Tissue preparation. Mice were anesthetized and perfused through the ascending aorta with cold 

fixative containing 4% paraformaldehyde diluted in phosphate buffer (PB, 0.1 M). The brain and 

spinal cord were rapidly dissected and postfixed in the same fixative for 2 hours. Tissues were 

then incubated in phosphate-buffered saline (PBS, pH 7.4) containing 12% sucrose and sodium 

azide at 4°C overnight. The brains were frozen and cut at 18µm in a cryostat (Leica, Wetzlar, 

Germany). Sections were collected in cell wells and the subsequent steps were carried out on 

free floating sections. Sections were rinsed in PBS, and incubated in PBS containing 1% bovine 

serum albumin (BSA; Sigma-Aldrich) (PBS-BSA) for 30 minutes at room temperature. Sections 

were then incubated with primary antibodies. 

GFP immunostaining. Sections were incubated overnight at 4°C with anti-GFP IgG goat antisera 

(1:500, ab104139, Abcam) in PBS-BSA, washed in 1× PBS and incubated for 2 hours at room 
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temperature with Alexa Fluor 488, anti-goat secondary antibody (1:500; Thermo Fisher Scientific, 

Waltham, USA) in PBS-BSA. 

TH immunostaining. Sections were incubated overnight at 4°C in PBS-BSA with sheep anti-TH 

primary antibody (1/500, RD System [Bio Techne] AF7566-SP). They were then rinsed 3 times 10 

minutes in PBS containing 0.05% Tween 20 (PBT). Alexa 488-conjugated donkey anti-sheep (1:500 

in PBS-BSA; Thermo Fisher Scientific) was then applied for 2 hours at room temperature. 

Co-detection of synaptic markers. Mouse anti-synaptophysin primary antibody (clone SY38; 

1:500; Merck) was diluted together with rabbit anti-homer 1 (1:500; Synaptic System, Göttingen, 

Germany) or rabbit anti-gephyrin (1:200; Thermo Fisher Scientific) in PBS + BSA (1%) + Triton (0.3%) 

(Sigma-Aldrich). Sections were incubated in this solution overnight at 4°C. Sections were then 

washed in 1× PBS and incubated for 2 hours at room temperature with Alexa Fluor 568 and Alexa 

Fluor 488, anti-rabbit secondary antibody (1:500; Thermo Fisher Scientific) in PBS + BSA (1%).  

Microscope observation. For all immunohistochemistry experiments, sections were rinsed in 

PBS, mounted on glass slides, air dried, covered with an anti-fading agent (Fluoroshield. Sigma-

Aldrich). Specificity of the antibodies was determined by the manufacturer and in our hands by 

omitting the primary antibodies. Sections were viewed with a confocal microscope (Leica SPE, 

Mannheim, Germany). 

Quantification. Images to be compared were collected during the same session using identical 

scanning settings. They were then imported into “ImageJ” free software (version 1.42q) (NIH, 
Bethesda, MA) for quantitative analysis mice (4 sections per mouse, 4 mice per condition) 

according to previously published protocols121-123. Background was subtracted by thresholding. 

The mean gray level corresponding to fluorescence intensity, and the immunolabeled area, were 

measured in sham and 6-OHDA123. Results were expressed as a percentage of the intensity, or 

immunolabeled area, in sham animals. The extent of colocalization between synaptoophysin and 

inhibitory (gephyrin) or excitatory (homer 1) post-synaptic markers was quantitatively assessed 

in the entire fields acquired in the dorsal horn of the spinal cord using the JACoP plugin of Image 

J. Results were expressed as a percentage of gephyrin or homer 1 total labeling that is seen in 

the area. Statistical analysis was performed with student t-test. 

 

Western blot 

Spinal cords from sham and 6-OHDA treated mice (n=3 in each group) were homogenized using 

a Teflon-glass homogenizer in ice-cold buffer containing (sucrose 0.32 M, HEPES 10 mM, pH 7.4) 

and a protease inhibitor mixture (1:1,000; Calbiochem). Homogenate was spun at 1,000 × g for 10 

min at 4 °C. The resulting supernatant was centrifuged at 12,000 g for 20 minutes at +4°C. The 

supernatants which are cytoplasmic fractions, were collected and quantified by the Lowry 

method (Bio-Rad DC Protein Assay) and then stored at -80°C their use. 

Twenty five micrograms of the extracted proteins were subjected to SDS-PAGE electrophoresis 

(4–20% Mini-PROTEAN TGX Gel Bio-rad, Marnes-la-Coquette, France). Gels were then transferred 

onto nitrocellulose membrane during 1 hr at 100V. After blocking 1 hr in 5% milk in Tris-saline - 

0.05% tween 20 (TBST), the membranes were incubated overnight at 4°C with different primary 

antibodies, mouse anti-CamK2 antibody (Biotechne; 1/1000) or rabbit anti-ERK antibody 

(Biotechne, 1/10000), rabbit anti-pERK (Biotechne; 1/2000) CREB (Biotechne, 1/1000) or rabbit 

anti-pCREB (Biotechne; 1/2000). Equal loading was confirmed by probing with β-actin (Santa Cruz 

Biotechnology, 1/3000) monoclonal antibody. 
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Immunoreactivity was detected using polyclonal goat anti-mouse or anti rabbit 

immunoglobulins-HRP at 1:1000 in TBST 0.5% milk (DakoCytomation). The density of bands was 

quantitated by densitometry using a Syngene machine (ChemiGenius 2XE model, Synoptics Ltd, 

Cambridge, UK). Immunoblots were semiquantified by normalizing the band density to that of 

actin (CaMKII), or non-phosphorylated protein (pERK and pCREB) bands. The images were 

analysed using image J software. 

 

Statistics. 

Statistical analyzes were performed using SigmaPlot 11.0 software (SigmaStat, Systat Software 

Inc, San Jose, CA, USA). The graphs were made by using GraphPad Software Prism 6. The results 

are expressed as a mean ± SEM, with consideration of p <0.05 as the threshold of statistical 

significance. The t-Student test was used for simple two-sample comparisons (spontaneous ACC 

activity, immunolabeling). ANOVA Two-way repeated measures ANOVA was used for multiple 

comparisons (ACC evoked activity). Two-way ANOVA followed by the post-hoc Tukey test was 

performed to assess ADHD behavior (with CFA) and pain (without CFA). A factor analysis of 

variance ANOVA with two factors with repeated measures, followed by a multiple comparison 

by the post-hoc Tukey test was used to analyze the performances of 5-CSRTT, pain behavior 

(with CFA) and the analyzes of in vivo electrophysiology in the spinal cord. For optogenetic 

manipulations, the t-student paired test is used to analyze pain behavior and two-way repeated 

measures ANOVA for electrophysiological analyzes in the spinal cord. 
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Figure legends 

Fig. 1. Hypersensitivity to pain in ADHD-like conditions.  

A & D1-2. Paw licking latency in hot plate (55°C). B & E1-2. Paw licking latency in cold plate (5°C). 

C & F1-2. Paw withdrawal thresholds using von Frey filaments. 

A-C. A significant decrease was found in the paw licking latency of 6-OHDA mice to hot (A, 10.81 

± 0.89 s vs 16.07 ± 0.90 s; t=4.16, p=0.0006), cold (B, 12.51 ± 0.66 s vs 16.60 ± 0.83 s; t=3.87, 

p=0.002) and mechanical stimuli (C, 1.26 ± 0.10 g vs 1.88 ± 0.08 g; t=4.74, p=0.0002) in comparison 

to sham mice. All data are means ± SEM (10 mice per group), **p<0.01; ***p<0.001 vs Sham. 

D1-3. We evaluated ADHD-induced pain sensitization under inflammatory pain conditions. After 

the pre-test (one day before CFA injection; Pre-CFA), CFA or saline was injected in the sole of the 

right hind paw. The post-test (Post-CFA) was done four days after CFA injection. Two-way 

repeated measures ANOVA showed a significant effect of the lesion (6-OHDA) ([heat]: 

F(3,27)=98.48, p=0.0001; [cold]: F(3,27)=257.0, p=0.0001; [von Frey]: F(3,27)=243.4, p=0.0001), 

inflammation (CFA) ([heat]: F(4,36)=9.69; p=0.0001; [cold]: F(4,36)=14.64, p=0.0001; [von Frey]: 

F(4,36)=20.40, p=0.0001) and interaction 6-OHDA x CFA ([heat]: F(12,108)=3.62, p=0.0001; [cold]: 

F(12,108)=5.47, p=0.0001; [von Frey]: F(12,108)=3.60, p=0.0002) on thermal and mechanical sensitivity. 

There was a significant decrease in pain licking latency to thermal stimuli in sham ([heat]: 9.77 ± 

0.75 s vs 15.11 ± 0.54 s; q=6.87, p=0.0001; [cold]: 11.33 ± 0.41 s vs 15.95 ± 0.29 s; q=7.72, p=0.0001) 

and 6-OHDA mice ([heat]: 3.42 ± 0.75 s vs 9.53 ± 0.72 s; q=7.86, p=0.0001; [cold]: 4.38 ± 0.59 s vs 

10.43 ± 0.13 s; q=10.11, p=0.0001) 4 days post-CFA in comparison to the pre-CFA. CFA injection also 

resulted in a lowering of the mechanical threshold in sham (1.18 ± 0.12 g vs 1.82 ± 0.09 g; q=6.12, 

p=0.0001) and 6-OHDA mice (0.34 ± 0.09 g vs 1.26 ± 0.10 g; q=8.87, p=0.0001) 4 days post-CFA in 

comparison to the pre-CFA. In contrast, intraplantar injection of NaCl in the hind paw had no 

effect on thermal (sham: [heat]: 15.62 ± 0.70 s vs 15.73 ± 0.63 s; q=0.15, p>0.05; [cold]: 17.24 ± 0.64 

s vs 16.89 ± 0.71 s; q=0.59, p>0.05; 6-OHDA: [heat]: 10.80 ± 1.05 s vs 10.31 ± 0.93 s; q=0.63, p>0.05; 

[cold]: 10.81 ± 0.71 s vs 10.90 ± 0.74 s; q=0.16, p>0.05) and mechanical sensitivity (sham: 1.82 ± 

0.09 g vs 1.88 ± 0.08 g; q=0.57, p>0.05; 6-OHDA: 1.26 ± 0.10 g vs 1.30 ± 0.10 g; q=0.38, p>0.05) in 

both groups. All data are means ± SEM (10 mice per group), *p<0.05; **p<0.01; ***p<0.001 vs Pre-

CFA; ##p<0.01; ###p<0.001 vs NaCl; §§p<0.01; §§§p<0.001 vs Sham-CFA. 

E1-3. Amplitude of changes in latency (D2, hot plate; E2, cold plate) or threshold (F2, von Frey). 

ADHD-like conditions increases CFA-induced pain sensitization in response to thermal ([heat]: -

67.01 ± 4.60 % vs -36.20 ± 3.21 %; t=10.44, p=0.0001; [cold]: -58.48 ± 5.22 % vs -29.12 ± 1.49 %; t=6.92, 

p=0.0001) and mechanical (-75.86 ± 4.15 % vs -35.43 ± 5.32 %; t=12.19, p=0.0001) stimuli. All data 

are mean % of Pre-CFA ± SEM (10 mice per group), **p<0.01; ***p<0.001 vs Sham. 

 

Fig. 2. Hyperexcitability of deep dorsal horn neurons (DHNs) in ADHD-like conditions. 

A & B. Single unit in vivo extracellular recordings of deep dorsal horn neurons (DHNs) in response 

to peripheral mechanical stimulation (1.4 to 6.0 g von Frey filament) under control (NaCl) and 

inflammatory pain conditions (CFA). C. Quantification of the number of action potentials 

(number of spikes/5 sec.) after peripheral mechanical stimulation. Two-way repeated measures 

ANOVA showed a significant effect of the group ([1.4g]: F(7,63)=207.7, p=0.0001; [2.0g]: 

F(7,63)=184.3, p=0.0001; [4.0g]: F(7,63)=159.0, p=0.0001; [6.0g]: F(7,63)=108.5, p=0.0001) on DHNs 

electrical discharges. In contrast, Mph treatment (5.0mg/kg Mph) ([1.4g]: F(3,27)=0.13; p=0.094; 

[2.0g]: F(3,27)=0.20, p=0.90; [4.0g]: F(3,27)=0.21; p=0.89; [6.0g]: F(3,27)=0.63, p=0.60) and interaction 
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group x Mph ([1.4g]: F(21,189)=0.85, p=0.66; [2.0g]: F(21,189)=0.34, p=0.99; [4.0g]: F(21,189)= 0.20, 

p=0.99 and [6.0g]: F(21,189)= 0.29, p=0.099) had no effect. There was a significant increase in 

discharge of 6-OHDA mice DHNs in response to innocuous ([1.4g]: 10.25 ± 0.83 vs 1.0 ± 0.73; 

q=12.73, p=0.0001) and noxious stimulus ([6.0g]: 37.63 ± 3.42 vs 16.88 ± 1.57; q=7.77, p=0.0001) in 

comparison to sham mice. In inflammatory pain conditions, there was a significant increase of 

DHNs activity in response to innocuous ([1.4g]: 5.67 ± 0.79 vs 1.00 ± 0.73; q=6.43, p=0.001) and 

noxious stimuli ([6.0g]: 29.02 ± 1.56 vs 16.88 ± 1.57; q=4.54, p<0.05) in sham mice as compared to 

their controls (NaCl-injected sham mice). In contrast, CFA injection caused a further increase of 

DHN activity in 6-OHDA mice in response to both innocuous ([1.4g]: 15.60 ± 1.03 vs 10.25 ± 0.83; 

q=7.36, p=0.0001) and noxious stimuli ([6.0g]: 56.49 ± 3.30 vs 37.63 ± 3.42; q=7.06, p=0.0001) as 

compared to their controls (NaCl-injected 6-OHDA mice). 

After recording the baseline electrical activity of DHNs, Mph or vehicle (0.9% NaCl) was injected 

intraperitoneally and the single unit extracellular recording was done every 20 minutes post-

injection during one hour. There was no significant effect of ADHD medication on electrical DHNs 

activity in both sham and 6-OHDA groups in response to peripheral innocuous and noxious 

mechanical stimulation under control (sham: [1.4g]: 1.41 ± 0.65 vs 1.28 ± 0.57; q=0.18, p>0.05; 

[6.0g]: 15.42 ± 1.77 vs 15.37 ± 1.49; q=0.02, p>0.05; 6-OHDA: [1.4g]: 8.96 ± 0.87 vs 10.38 ± 1.07; 

q=1.95, p>0.05; [6.0g]: 38.84 ± 2.07 vs 41.33 ± 2.55; q=0.93, p>0.05) and inflammatory pain 

conditions (sham: [1.4g]: 4.63 ± 0.76 vs 4.55 ± 0.64; q=0.11, p>0.05; [6.0g]: 28.86 ± 2.80 vs 28.97 ± 

2.07; q=0.04, p>0.05; 6-OHDA: [1.4g]: 28.86 ± 2.81 vs 28.97 ± 2.08; q=0.26, p>0.05; [6.0g]: 54.90 ± 

4.08 vs 57.87 ± 4.07; q=1.11, p>0.05). In addition, vehicle injection had no effect on DHNs discharge 

in response to peripheral innocuous and noxious mechanical stimulation under control and 

inflammatory pain conditions in both sham and 6-OHDA groups. All data are means ± SEM (10 

neurons per group), ap<0.05; bp<0.01; cp<0.001 vs NaCl; dp<0.001 vs Sham. 

 

Fig. 3. ADHD-like conditions modify dorsal spinal networks.  

A-B. Expression of synaptic markers in the dorsal spinal cord. Co-expression of post-synaptic 

gephyrin (A, red; a1, d1, c1, f1) or homer 1 (B, red; a1, d1, c1, f1) and pre-synaptic synaptophysin (A 

and B, green; b1, c1, e1, f1) in the dorsal horn of sham and 6-OHDA mice. 

Frames in Aa1-f1 and Ba1-f1 are displayed at higher magnification in Aa2-f2 and Ba2-f2. Arrowheads 

point to close apposition between markers in Aa2-f2 and Ba2-f2. Quantification of post-synaptic 

immunolabeling intensity (left), and colocalisation with the pre-synaptic marker synaptophysin 

(right), are shown in A and B. Homer 1, but not gephyrin, is overexpressed at synaptic sites in 6-

OHDA mice. (n=7 sections in 4 mice; t-test, A: p>0.05; B: intensity: p=0.0056, colocalization: 

p=0.0019). Bar: 50 µm (a1-f1), 20 µm (a2-f2). Geph: gephyrin, Syn: synaptophysin.  

C. TH immunodetection of fibres (arrowheads) or cell bodies (arrows) in adult sham (a, c, e, g) 

and 6-OHDA (b, d, f, h) mice in the striatum (a, b), the A11 hypothalamic area (c, d), the ACC (e, f) 

and the spinal cord (g, h).  

The quantification shows that TH intensity is lowered in the striatum but not in the other areas, 

while TH immunolabeled area is decreased in striatum and ACC but not affected in the A11 or the 

spinal cord. (n=9 (striatum), 7 (ACC and spinal cord), or 5 (A11) sections in 4 mice; t-test, intensity 

in the striatum: p=0.000028; area in the striatum: p<0.00001; area in the ACC: p=0.0048). Bar: 50 

µm. Str: striatum, ACC: anterior cingulate cortex, SC: spinal cord. **p<0.01, ***p<0.001, NS = non-

significant. 
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D. Western-blot detection of total and phosphorylated forms of activation-dependent 

intracellular kinases (CaMKII, ERK) and transcription factor (CREB).  

Phosphorylated CaMKII, ERK and CREB are overexpressed in 6-OHDA mice. (n=4 mice; t-test, 

CaMKII: p=0.00086; pERK/ERK: p=0.0063; pCREB/CREB: p=0.00072).  

E. Immunodetection of pERK (arrows) in the dorsal horn of sham (a) and 6-OHDA (b) mice. The 

quantification of pERK labeling intensity and area indicates ERK activation in 6-OHDA mice. (n=7 

sections in 4 mice; t-test, intensity: p=0.0057, area: p=0.0069). Bar: 25 µm.  

 

Fig. 4. Pain conditions influences ADHD-like symptoms.  

A. Spontaneous locomotor activity for 10 min. A1. Video-tracking representative of locomotor 

activity in the open field. A2. Distance traveled (cm). A3. Mobility mean time (s). A4. Speed of 

animal movement (cm/s). There was a significant effect of lesion (6-OHDA) (F(1.36)=239.10, 

p=0.0001; F(1.36)=71.50, p=0.0001; F(1.36)=118.30, p=0.0001) and inflammation (CFA) (F(1,36)=28.87, 

p=0.0001; F(1.36)=27.90, p=0.0001; F(1.36)=27.74, p=0.0001) on distance traveled, mobility mean 

time and speed of animals movement. Interaction 6-OHDA x CFA (F(1.36)=0.23, p=0.63; 

F(1.36)=0.024, p=0.88; F(1.36)=0.07, p=0.79) had no effect. CFA injection decreased the distance 

traveled in both groups ([sham]: 231.42 ± 27.79 cm vs 381.41 ± 30.84; q=4.89, p<0.01; [6-OHDA]: 

690.71 ± 31.47 cm vs 870.12 ± 32.33 cm; q=5.85, p<0.01), mobility mean time ([sham]: 69.27 ± 10.18 

s vs 114.93 ± 9.34 s; q=5.44; p<0.01; [6-OHDA]: 141.58 ± 6.47 s vs 184.64 ± 7.03 s; q=5.13, p<0.01) 

and speed of animal movement ([sham]: 2.24 ± 0.30 cm/s vs 4.61 ± 0.36 cm/s; q=5.53, p<0.01; [6-

OHDA]: 7.02 ± 0.40 cm/s vs 9.17 ± 0.60 cm/s; q=5.00, p<0.01). All the data are means ± SEM, n = 

10 mice per group, **p<0.01; ***p<0.001 vs NaCl; ###p<0.001 vs Sham. 

A5-7. Amplitude of changes in distance traveled (A5), mobility mean time (A6), and velocity (A7). 

CFA amplifies the difference in distance traveled (235.94 ± 38.56 % vs 134.60 ± 9.24 %, t=2.56, 

p=0.02) and speed of animal movement (257.68 ± 42.18 % vs 101.26 ± 5.20 %, t=3.68, p=0.02) 

between the sham and 6-OHDA groups with respect to NaCl paw injection. However, no 

significant difference in mobility mean time (160.63 ± 50.24 % vs 66.09 ± 7.78 %, t=1.86, p=0.08). 

All the data are mean% of sham ± SEM, n = 10 mice per group, *p<0.05; **p<0.01 vs NaCl. 

B. Anxiety-like behavior. B1. Video-tracking data representative of the exploration in EPM. B2. 

Time spent in EPM open arms (OA). B3. Number of entries in EPM closed arms (CA). There was a 

a major effect of lesion (6-OHDA) (F(1,36)=70.75, p=0.0001; F(1,36)=18.24, p=0.0001) and 

inflammation (CFA) (F(1,36)=15.35, p=0.0004; F(1,36)=20.98, p=0.0001) on time spent and number of 

entries in OA, while interaction 6-OHDA x CFA (F(1,36)=0.009, p=0.92; F(1,36)=0.006, p=0.94) had no 

effect. CFA injection decreased time spent ([sham]: 59.31 ± 6.31 s vs 77.71 ± 4.41 s; q=4.02, p<0.05; 

[6-OHDA]: 21.22 ± 3.26 s vs 38.72 ± 3.75 s; q=3.82, p<0.05) and number of entries in OA ([sham]: 

8.40 ± 0.75 vs 11.40 ± 0.54; q=4.66, p<0.05; [6-OHDA]: 5.70 ± 0.60 vs 8.60 ± 0.67; q=4.50, p<0.05) 

in both groups. All the data are means ± SEM, n=10 mice per group, *p<0.05 vs NaCl; #p<0.05; 
###p<0.001 vs Sham. 

B4-5. Amplitude of changes in OA duration (B4), and number of entries in OA (B5). CFA conditions 

amplify the difference between sham and 6-OHDA in open arms duration (-64.98 ± 2.34 % vs -

51.24 ± 2.36 %, t=4.14, p=0.0006) as compared to the NaCl paw injection group. There was no 

significant effect in the number of entries in OA (-32.32 ± 2.98 % vs -25.55 ± 2.72 %, t=1.68, p=0.11). 

All the data are mean % of sham ± SEM, n=10 mice per group, ***p<0.001 vs NaCl. 
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C. Mice performance (inter-trial interval [ITI] = 5 sec; stimulus duration [SD] = 1 sec) in 5-CSRTT. 

C1. Percentage of accuracy. C2. Percentage of omissions. C3. Percentage of premature 

responding. C4. Percentage of perseverations. Two-way repeated measures ANOVA showed a 

significant effect on all 5-CSRTT parameters ([accuracy]: F(3,27)=24.68, p=0.0001; [omission]: 

F(3,27)=55.81, p=0.0001; [premature responding]: F(3,27)=118.7, p=0.0001; [perseverations]: 

F(3,27)=43.62, p=0.0001). Inflammation had an effect only on perseverations ([accuracy]: 

F(1,9)=0.017; p=0.90; [omission]: F(1,9)=0.92, p=0.37; [premature responding]: F(1,9)=4.80, p=0.06; 

[perseverations]: F(1,9)=29.04, p=0.0004). In addition, the interaction group x inflammation had 

an effect on premature responding and perseverations (F(3,27)=9.11, p=0.002; F(3,27)=11.43, 

p=0.0001; respectively), but not on accuracy and omissions (F(3,27)=0.66, p=0.58; F(3,27)=0.56, 

p=0.65; respectively). 

6-OHDA adult mice displayed less accuracy than sham mice (68.30 ± 1.54 % vs 78.70 ± 1.83 %; 

q=10.38, p=0.0001), more omission errors (27.90 ± 2.14 % vs 10.00 ± 1.91 %; q=14.68, p=0.0001), 

premature responding (10.10 ± 1.16 % vs 2.70 ± 0.80 %; q=7.50, p=0.0001) and perseverations (14.00 

± 2.16 vs 7.00 ± 1.05; q=4.47, p<0.05) than sham mice. CFA injection did not affect accuracy 

([sham]: 81.20 ± 1.27 % vs 80.00 ± 1.41 %; q=0.85, p>0.05; [6-OHDA]: 68.00 ± 1.58 % vs 69.50 ± 1.14 

%; q=1.06, p>0.05) and omissions ([sham]: 8.80 ± 1.25 % vs 8.80 ± 1.68 %; q=0.00; p>0.05; [6-OHDA]: 

30.10 ± 1.73 % vs 27.30 ± 1.54 %; q=1.62, p>0.05) in both groups. Injection had a significant effect 

per se only in 6-OHDA mice, increasing premature responding ([sham]: 1.40 ± 0.83 % vs 2.00 ± 0.63 

%; q=0.43, p>0.05; [6-OHDA]: 15.80 ± 1.39 % vs 8.90 ± 1.35 %; q=4.95, p=0.001) and perseverations 

([sham]: 5.00 ± 1.30 vs 7.80 ± 1.29; q=1.26, p>0.05; [6-OHDA]: 24.40 ± 1.83 vs 14.70 ± 1.37; q=4.38, 

p=0.001). However, CFA injection had no specific effect on those parameters. All the data are 

means ± SEM from 10 mice per group, *p<0.05; **p<0.01; ***p<0.001 vs Sham; ##p<0.01; ###p<0.001 

vs Pre-CFA. 

 

Fig. 5: Anterior cingulate cortex is the key brain area of descending control dysfunctions in 

ADHD-like conditions.  

A. Representative diagram of the in vivo recording procedure of ACC neuron spontaneous 

activity (left side). A1. Single unit in vivo extracellular recording of spontaneous activity of ACC 

neuron in urethane-anesthetized animals. A2. Quantification of the number of action potential 

measured per second. There was a significant increase of ACC neuron activity in 6-OHDA mice as 

compared to sham (6.00 ± 0.88 vs 2.30 ± 0.74; t=3.70, p=0.002). All data are means ± SEM (10 

neurons per group), **p<0.01 vs Sham. 

B. Representative diagram of the in vivo recording procedure of ACC neuron evoked activity. B1. 

Single unit extracellular recording of evoked activity recording of ACC neuron in urethane-

anesthetized animals. B2. Quantification of the number of action potential measured per 5 

seconds upon peripheral mechanical stimulus of the hind paw, contralateral to the recorded ACC 

(von Frey filament: 1.4g, 2.0g, 4.0g, 6.0g and pressure). Two-way repeated measures ANOVA 

showed a significant effect of lesion (6-OHDA) (F(1,9)=63.70, p=0.0001), peripheral stimulation 

(F(4,36)=58.53; p=0.0001) and interaction 6-OHDA x peripheral stimulation (F(4,36)=10.58, p=0.0001) 

on ACC discharges. There was a significant increase of the ACC neuron discharge in 6-OHDA mice 

in response to innocuous (1.4g: 12.30 ± 2.33 vs 2.20 ± 1.98; q=2.75, p<0.05) and noxious peripheral 

stimuli (pressure: 67.20 ± 4.69 vs 30.40 ± 3.56; q=10.00, p=0.0001) as compared to sham mice. All 
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data are means ± SEM (10 neurons per group), *p<0.05; **p<0.01; ***p<0.001 vs Sham; ##p<0.01; 
###p<0.001 vs 1.4g.  

C. Representative diagram of contralateral DHNs neuron recording upon ACC electrical 

stimulation in response to different peripheral mechanical stimuli. Quantification of the number 

of action potentials per 5 seconds upon peripheral stimulus (von Frey filament: 1.4g, 2.0g, 4.0g, 

6.0g) at different ACC electrical stimulation intensities (100Hz: 10V, 20V, 30V), and after 2 minutes 

of recovery. Two-way repeated measures ANOVA showed a significant effect of electrical 

stimulation intensity (F(4,36)=87.22, p=0.0001), peripheral stimulation (von Frey) (F(2,18)=397.70; 

p=0.0001) and interaction stimulation intensity x peripheral stimulation (F(8,72)=7.56, p=0.0001) 

on DHNs discharges in sham mice. There was a significant increase of contralateral DHNs evoked 

activity in response to peripheral innocuous (1.4g) ([10V]: 6.80 ± 0.83; q=3.01, p>0.05; [20V]: 9.00 

± 0.68; q=4.13, p<0.05; [30V]: 12.20 ± 1.21; q=5.77, p<0.01) and noxious (6.0g) ([10V]: 45.90 ± 2.67; 

q=6.99, p=0.0001; [20V]: 51.30 ± 1.69; q=9.75, p=0.0001; [30V]: 65.70 ± 3.38; q=17.10, p=0.0001) 

mechanical stimuli as compared to their baseline discharges ([1.4g]: 0.90 ± 0.10; [6.0g]: 32.20 ± 

2.49, respectively) in the sham group. In 6-OHDA mice, two-way repeated measures ANOVA 

showed a significant effect of electrical stimulation intensity (F(4,36)=151.20, p=0.0001) and 

peripheral stimulation (von Frey) (F(2,18)=195.60; p=0.0001) on DHNs discharges; whereas the 

interaction electrical stimulation intensity x peripheral stimulation (F(8,72)=1.27, p=0.27) had no 

effect. There was a significant increase of contralateral DHNs evoked activity in response to 

peripheral innocuous (1.4g) ([10V]: 17.60 ± 1.15; q=3.03, p>0.05; [20V]: 32.20 ± 2.49; q=6.49, 

p<0.001; [30V]: 44.30 ± 3.16; q=9.35, p=0.0001) and noxious (6.0g) mechanical stimuli ([10V]: 

70.60 ± 2.38; q=4.85, p<0.01; [20V]: 92.20 ± 3.99; q=4.97, p=0.0001; [30V]: 105.90 ± 6.12; q=13.21, 

p=0.0001) as compared to their baseline discharges ([1.4g]: 4.80 ± 0.66; [6.0g]: 50.10 ± 1.93, 

respectively) in the 6-OHDA group. DHNs activity returned to baseline activity within 2 min after 

the last electrical stimulation in sham mice ([1.4g]: 0.80 ± 0.13; q=0.05, p>0.05; [6.0g]: 34.80 ± 

2.37; q=1.33; p>0.05), regardless the stimulus strength, while the potentiation of DHNS activity in 

6-OHDA mice was maintained up to 2 minutes ([1.4g]: 43.20 ± 2.49; q=9.09, p=0.0001; [6.0g]: 

102.50 ± 6.51; q=12.40; p=0.0001). All data are means ± SEM (10 neurons per group), *p<0.05; 
**p<0.01; ***p<0.001 vs Baseline; ###p<0.001 vs 30V; NS = non-significant. 

D. Representative diagram of contralateral DHNs neuron recording upon ACC inhibition in 

responses to different peripheral mechanical stimuli. Quantification of the number of action 

potentials per 5 seconds upon peripheral stimulus (Von Frey filament: 1.4g, 2.0g, 4.0g, 6.0g), 

every 15 minutes before and one hour after muscimol infusion in the ACC. Two-way repeated 

measures ANOVA showed a significant effect of lesion (6-OHDA) (F(3,27)=142.00, p<0.0001) on 

DHNs discharges in response to innocuous (1.4g) peripheral stimulus; while intra-ACC infusion of 

muscimol (F(3,27)=0.93; p=0.44) and the interaction 6-OHDA x muscimol (F(9,81)=0.99, p=0.45) had 

no effect. Two-way repeated measures ANOVA showed a significant effect of 6-OHDA 

(F(3,27)=208.20, p<0.0001) and muscimol (F(3,27)=5.49; p=0.005) on DHNs discharges in response 

to noxious (6.0g) peripheral stimulation whereas the interaction 6-OHDA x muscimol  

(F(9,81)=1.30, p=0.25) had no effect. There was a significant decrease of the electrical activity of 

contralateral DHNs activity evoked by innocuous and noxious peripheral mechanical stimuli in 

sham ([1.4g]: 0.60 ± 0.60; q=0.19, p>0.05; [6.0g]: 7.90 ± 1.16; q=3.85; p<0.05) and 6-OHDA groups 

[1.4g]: 3.00 ± 0.52; q=4.46, p<0.05; [6.0g]: 30.70 ± 2.60; q=3.94; p<0.05) 30 minutes after intra-

ACC muscimol infusion as compared to their baseline levels (Pre; sham: [1.4g]: 0.70 ± 0.47; [6.0g]: 

16.60 ± 1.98; 6-OHDA: [1.4g]: 5.40 ± 0.43; [6.0g]: 39.60 ± 2. 39). Intra-NaCl infusion had no effect 
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on DHNs discharge in response to peripheral innocuous and noxious mechanical stimulation in 

sham ([1.4g]: 0.30 ± 0.30; q=0.00, p>0.05; [6.0g]: 15.30 ± 2.34; q=0.58, p>0.05) and 6-OHDA mice 

([1.4g]: 5.80 ± 0.71; q=0.19, p>0.05; [6.0g]: 40.00 ± 2.44; q=0.49, p>0.05) 30 minutes after intra-

ACC infusion as compared to their baseline levels (Pre; sham: [1.4g]: 0.30 ± 0.30; [6.0g]: 14.00 ± 

1.81; 6-OHDA: [1.4g]: 5.90 ± 0.48; [6.0g]: 41.10 ± 2.42). All data are means ± SEM (10 neurons per 

group), *p<0.05 vs Pre-infusion; ###p<0.001 vs Sham. 

E. Histological verification of the infusion site in the ACC. 

 

Fig. 6. Direct optogenetic modulation of ACC excitatory neurons potentiates sensitization of 

the contralateral paw in 6-OHDA mice. 

A. Representative diagram of the viral injection site (left) and optic cannula placement (right) in 

the left ACC. A1. Atlas representation of the ACC region targeted in this study (Atlas images 

from124). A2-A3. Example of viral expression in excitatory neurons (bar: 1 mm and 50 μm, 
respectively). 

B. Activation of neurons in the left ACC of mice injected with AAV5.CaMKII.ChR2.eGFP and 

behavioral assessment on the contralateral (right) hind paw. B1. Von Frey and Hargreaves tests 

before (Before), during (Opto) and at 2 minutes after (Recovery) illumination. There was a 

significant effect of 473nm light on withdrawal thresholds to mechanical ([sham]: Before: 4.00 ± 

0.53 g vs Opto: 2.10 ± 0.44 g; t=3.10, p=0.02; [6-OHDA]: Before: 2.43 ± 0.35 g vs Opto: 0.93 ± 0.17 

g; t=3.62, p=0.009) and thermal stimuli ([sham]: Before: 25.38 ± 4.67 s vs Opto: 11.75 ± 4.12 s; 

t=3.06, p=0.02; [6-OHDA]: Before: 19.50 ± 2.44 s vs Opto: 7.25 ± 1.75 s; t=3.81, p=0.007) in both 

groups. After the light was off (Recovery), the mechanical and thermal withdrawal thresholds of 

sham mice ([von Frey]: 3.85 ± 0.72 g; t=0.13, p=0.90; [IR40]: 24.88 ± 5.0 s; t=0.10, p=0.93) and 6-

OHDA mice ([von Frey]: 2.35 ± 0.37 g; t=0.13, p>0.90; [IR40]: 19.13 ± 2.00 s; t=0.20, p=0.85) 

returned to their baseline values. All data are means ± SEM (8 mice per group), *p<0.05; **p<0.01 

vs Before. B2. Amplitude of changes in withdrawal threshold and latency between ‘Before’ and 
‘Opto’ conditions (% of values before illumination). 6-OHDA lesion enhanced behavioral changes 

induced by optogenetic activation of ACC excitatory neurons in response to mechanical (-61.52 ± 

3.81 % vs -49.58 ± 4.23 %; t=2.09, p=0.04), but not thermal, stimulus (-64.52 ± 5.08 % vs -59.88 ± 

7.25 %; t=0.52, p=0.61). All data are means ± SEM (8 mice per group), *p<0.05 vs Sham. 

C. Activation of neurons in the left ACC of mice injected with AAV5.CaMKII.ChR2.eGFP and 

contralateral (right) DHN recording. Quantification of action potentials per 5 seconds upon 

peripheral mechanical stimuli, before, during and at 2 minutes after illumination. Two-way 

repeated measures ANOVA showed a significant effect of lesion (6-OHDA) (F(1,7)=89.79, p<0.0001 

and F(1,7)=47.78, p=0.0002) and light stimulation (Opto) (F(2,14)=28.44; p<0.0001 and F(2,14)=11.58; 

p=0.001) on DHNs discharges in response to innocuous (1.4g) and noxious (6.0g) peripheral 

stimulation, respectively. The interaction 6-OHDA x Opto (F(2,14)=1.45, p=0.27 and F(2,14)=0.17, 

p=0.85) had no effect. There was a significant effect of 473 nm light on DHN activity in response 

to innocuous (1.4g: [Sham]: Before: 1.88 ± 0.44 vs Opto: 4.50 ± 0.42; q=3.85, p<0.05; [6-OHDA]: 

Before: 5.63 ± 0.57 vs On: 10.25 ± 0.99; q=6.79, p<0.001) and noxious stimuli (6.0g: [Sham]: Off: 

47.88 ± 4.46 vs Opto: 65.13 ± 4.39; q=4.99, p<0.01; [6-OHDA]: Before: 68.50 ± 3.81 vs Opto: 89.25 

± 3.13; q=6.01, p<0.01) in both groups. When the light was off, the electrical activity of DHNs 

neurons returned to baseline levels before illumination in sham ([1.4g]: 1.88 ± 0.48; q=0.00, 

p>0.05; [6.0g]: 46.75 ± 2.98; q=0.30, p>0.05) and 6-OHDA groups ([1.4g]: 5.63 ± 0.60; q=0.00, 
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p>0.05; [6.0g]: 70.75 ± 3.82; q=0.59, p>0.05). All data are means ± SEM (8 neurons per group), 
**p<0.01; ***p<0.001 vs Sham; #p<0.05; ##p<0.01; ###p<0.001 vs Before. 

D. Silencing of neurons in the left ACC of mice injected with AAV5.CaMKII.ArchT.eGFP and 

behavioral assessment on the contralateral (right) hind paw. D1. Von Frey and Hargreaves tests 

before (Before), during (Opto) and at 2 minutes after (Recovery) illumination. There was no 

significant effect of 575 nm light on withdrawal thresholds to mechanical (Before: 4.43 ± 0.77 g 

vs Opto: 5.88 ± 0.85 g; t=1.34, p=0.22) and thermal stimuli (Before: 29.75 ± 5.26 s vs Opto: 39.13 ± 

5.89 s; t=0.96, p=0.37) in sham mice. In contrast, there was a significant effect of 575 nm light in 

withdrawal threshold to mechanical (Before: 1.95 ± 0.31 g vs Opto: 4.00 ± 0.65 g; t=2.51, p=0.04) 

and thermal stimuli (Before: 18.13 ± 2.65 s vs Opto: 30.63 ± 2.88 s; t=2.47, p=0.04) in the 6-OHDA 

group. After the light was off, the mechanical and thermal withdrawal threshold of 6-OHDA mice 

returned to their baseline values ([von Frey]: 2.03 ± 0.30 g; t=0.18, p=0.86; [IR40]: 18.13 ± 2.17 s; 

t=0.00, p=0.99). All data are means ± SEM (8 mice per group), *p<0.05 vs Before. D2. Amplitude 

of changes in withdrawal threshold and latency between ‘Before’ and ‘Opto’ conditions (% of 

values before illumination). ADHD-like conditions enhanced the analgesic effects induced by 

optogenetic inhibition of ACC excitatory neurons in response to mechanical stimulus (108.04 ± 

26.43 % vs 36.01 ± 13.47 %; t=2.43, p=0.03), but not thermal stimulus (76.63 ± 9.61 % vs 41.17 ± 16.59 

%; t=1.85, p=0.09). All data are means ± SEM (8 mice per group), *p<0.05 vs Sham.   

E. Silencing of neurons in the left ACC of mice injected with AAV5.CaMKII.ArchT.eGFP and 

contralateral (right) DHN recording. Quantification of action potentials per 5 seconds of 

peripheral stimulus (Von Frey filament: 1.4g, 2.0g, 4.0g, 6.0g), before, during and at 2 minutes 

after illumination. Two-way repeated measures ANOVA showed a significant effect of lesion (6-

OHDA) (F(1,7)=128.00, p<0.0001) and light stimulation (Opto) (F(2,14)=4.83; p=0.03) on DHNs 

discharges in response to innocuous (1.4g) peripheral stimulation. Interaction 6-OHDA x Opto 

(F(2,14)=2.87, p=0.09) had no effect. In addition, there were a significant effect of 6-OHDA 

(F(1,7)=64.67, p<0.0001) and the interaction 6-OHDA x Opto (F(2,14)=5.04, p=0.02) on DHNs 

discharges in response to noxious (6.0g) peripheral stimulation, while light stimulation (Opto) 

(F(2,14)=3.22; p=0.07) had no effect. There was no significant effect of laser light in DHNs activity 

to innocuous ([1.4g]: Before: 2.88 ± 0.30 vs Opto: 2.75 ± 0.31; q=0.32, p>0.05) and noxious stimuli 

([6.0g]: Before: 50.75 ± 4.07 vs Opto: 51.25 ± 3.06; q=0.18, p>0.05) in sham mice. By contrast, 

there was a significant effect of laser light the activity of DHNs to innocuous ([1.4g]: Before: 6.00 

± 0.46 vs Opto: 4.38 ± 0.32; q=4.11, p<0.05) and noxious stimuli ([6.0g]: Before: 82.88 ± 2.84 vs 

Opto: 67.63 ± 3.81; q=5.53, p<0.01) in the 6-OHDA group. When the light was off, the electrical 

activity of DHNs neurons returned to baseline levels before illumination in 6-OHDA mice ([1.4g]: 

6.13 ± 0.40; q=0.40, p>0.05; [6.0g]: 83.00 ± 3.54; q=0.04, p>0.05). All data are means ± SEM (8 

neurons per group), *p<0.05, ***p<0.001 vs Sham; #p<0.05 vs Before. 

 

Fig. 7. Optogenetic modulation of the ACC – Posterior Insula (PI) excitatory pathway 

potentiates sensitization of the contralateral paw in 6-OHDA mice. 

A. Representative diagram of viral injection site in the left ACC (left) and optic cannula placement 

(right) in the left PI.  A1. Atlas representation of the ACC – PI pathway targeted in this study (Atlas 

images from124). A2 & A3. Examples of viral expression of ChR2-transduced ACC excitatory 

neurons (A2) projecting to the PI (A3). Bar: ACC (1 mm), PI (200 μm). 
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B. Activation of the left ACC–PI pathway in mice injected with AAV5.CaMKII.ChR2.eGFP and 

behavioral assessment on the contralateral (right) hind paw. B1. Von Frey and Hargreaves tests 

before (Before), during (Opto) and at 2 and 5 minutes after (Recovery) illumination. There was a 

significant effect of 473 nm light on withdrawal thresholds to mechanical ([Sham]: Before: 4.00 

± 0.65 g vs Opto: 1.95 ± 0.31 g; t=2.83, p=0.03; [6-OHDA]: Before: 2.10 ± 0.29 g vs Opto: 1.33 ± 0.12 

g; t=3.72, p=0.008) and thermal stimuli ([Sham]: Before: 24.75 ± 3.15 s vs Opto: 14.75 ± 1.92 s; 

t=2.58, p=0.04; [6-OHDA]: Before: 17.13 ± 1.13 s vs Opto: 10.38 ± 1.15 s; t=3.49, p=0.01) in both 

groups. After the light was off (Recovery), changes in mechanical and thermal withdrawal 

thresholds of sham mice were maintained during 2 minutes ([von Frey]: 1.95 ± 0.31 g;  t=3.31, 

p=0.02; [IR40]: 15.50 ± 2.01 s; t=2.49, p=0.04), and returned to the baseline values after 5 minutes 

([von Frey]: 4.18 ± 0.74 g; t=0.19, p=0.85; [IR40]:  25.25 ± 4.21 s; t=0.08, p=0.94). In contrast, 

changes in mechanical and thermal withdrawal threshold of the 6-OHDA group were further 

amplified at 2 minutes after the illumination was off ([von Frey]: 0.50 ± 0.08 g; t=5.17, p=0.001; 

[IR40]: 6.75 ± 0.75 s; t=6.52, p=0.0003). After 5 minutes, thermal withdrawal latency returned to 

baseline levels ([IR40]: 16.75 ± 3.30 s; t=0.09, p=0.93), while the mechanical threshold was not 

fully restored ([von Frey]: 1.15 ± 0.20 g; t=2.48, p=0.04). All data are means ± SEM (8 mice per 

group), *p<0.05; **p<0.01; ***p<0.001 vs Before; ##p<0.01; ###p<0.001 vs Opto. B2. Amplitude of 

changes in withdrawal threshold and latency between ‘Before’ and ‘Opto’ or ‘Recovery (2 min)’ 
conditions (% of values before illumination). Two-way ANOVA showed no significant effect on 

the mechanical withdrawal threshold of lesion (6-OHDA) (F(1,28)=1.23, p=0.28), light stimulation 

(Opto) (F(1,28)=0.90; p=0.35) and interaction 6-OHDA x Opto (F(1,28)=0.90, p=0.35). There was a 

significant effect on the thermal withdrawal latency of lesion (6-OHDA) (F(1,28)=12.47, p=0.002), 

light stimulation (Opto) (F(1,28)=4.21; p=0.04) and interaction 6-OHDA x Opto (F(1,28)=8.98, 

p=0.006). Changes were greater in 6-OHDA conditions than in sham at 2 minutes recovery in 

response to thermal (-61.15 ± 2.30 % vs -34.61 ± 5.55 %; q=6.53, p=0.001), but not to mechanical (-

45.53 ± 6.60 % vs -46.46 ± 6.21 %; q=0.16, p>0.05) stimulus. All data are means ± SEM (8 mice per 

group), ***p<0.001 vs Sham; ##p<0.01; vs Opto. 

C. Activation of the left ACC–PI pathway of mice injected with AAV5.CaMKII.ChR2.eGFP and 

contralateral (right) DHN recording. Quantification of action potentials per 5 seconds upon 

peripheral stimulus before, during and at 2 or 5 minutes after illumination. Two-way repeated 

measures ANOVA showed a significant effect of lesion (6-OHDA) (F(1,7)=92.26, p<0.0001 and 

F(1,7)=91.88, p<0.0001), light stimulation (Opto) (F(3,21)=25.66; p<0.0001 and F(3,21)=28.33; 

p<0.0001) and interaction 6-OHDA x Opto (F(3,21)=3.17, p=0.04 and F(3,21)=3.46, p=0.03) on DHNs 

discharges in response to innocuous (1.4g) and noxious (6.0g) peripheral stimulation, 

respectively. There was a significant effect of laser light the activity of DHNs to innocuous (1.4g: 

[sham]: Before: 1.88 ± 0.40 vs Opto: 5.38 ± 0.50; q=4.51, p<0.05; [6-OHDA]: Before: 6.63 ± 0.68 vs 

Opto: 10.75 ± 0.75; q=5.32, p<0.01) and noxious stimuli (6.0 g: [sham]: Before: 50.13 ± 3.39 vs 

Opto: 67.50 ± 3.05; q=4.69, p<0.05; [6-OHDA]: Off: 71.00 ± 3.62 vs On: 90.25 ± 3.25; q=5.20, p<0.01) 

in both groups. At 2 minutes after the light is off, increased DHN activity remained unchanged in 

sham mice ([1.4g]: 5.38 ± 0.63; q=4.51, p<0.05; [6.0g]: 66.88 ± 4.93; q=4.53, p<0.05) and returned 

to the baseline levels before illumination after 5 minutes ([1.4g]: 2.00 ± 0.53; q=0.16, p>0.05; 

[6.0g]: 51.75 ± 3.27; q=0.44, p>0.05). In contrast, spinal neurons activity was further amplified in 

6-OHDA mice at 2 minutes after the light was off ([1.4g]: 13.75 ± 1.46; q=9.19, p<0.0001; [6.0g]: 

106.88 ± 3.31; q=9.69, p<0.0001). In addition, at 5 minutes post-illumination, spinal neurons 

activity was not completely restored and remained significantly different from baseline levels 
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([1.4g]: 5.88 ± 0.69; q=0.97, p>0.05;  [6.0g]: 70.50 ± 3.81; q=0.14, p>0.05) in the 6-OHDA mice. All 

data are means ± SEM (8 neurons per group), *p<0.05; **p<0.01; ***p<0.001 vs Sham; #p<0.05; 
##p<0.01; ###p<0.001 vs Before; §p<0.05 vs Opto. 

D. Silencing of the left ACC–PI pathway in mice injected with AAV5.CaMKII.ArchT.eGFP and 

behavioral assessment on the contralateral (right) hind paw. D1. Von Frey and Hargreaves tests 

before (Before), during (Opto) and at 2 or 5 minutes after (Recovery) illumination. There was a 

significant effect of 575 nm light on withdrawal thresholds to mechanical ([sham]: Before: 4.25 

± 0.25 g vs, Opto: 5.50 ± 0.50 g; t=2.38, p=0.04; [6-OHDA]: Before: 1.93 ± 0.08 g vs Opto: 3.50 ± 

0.33 g; t=4.48, p=0.003) and thermal stimuli ([sham]: Before: 24.63 ± 2.82 s vs Opto: 33.38 ± 1.68 

s; t=2.76, p=0.03; [6-OHDA]: Before: 18.00 ± 1.72 s vs Opto: 27.75 ± 2.31 s; t=3.73, p=0.007) in both 

groups. When the light was turned off, changes in mechanical and thermal withdrawal 

thresholds in sham mice were maintained during 2 minutes ([von Frey]: 5.50 ± 0.50 g; t=2.38, 

p=0.04; [IR40]: 33.38 ± 1.93 s; t=2.49, p=0.04), and returned to the baseline values after 5 minutes 

([von Frey]: 4.25 ± 0.59 g; t=0.00, p=0.99; [IR40]: 24.88 ± 2.98 s; t=0.06, p=0.95). In contrast, 

changes in mechanical and thermal pain threshold of the 6-OHDA group were further amplified 

at 2 minutes after the illumination was off ([von Frey]: 4.50 ± 0.33 g; t=8.06, p=0.0001; [IR40]: 

35.38 ± 1.90 s; t=6.01, p=0.0005). After 5 minutes, this increase was fully abolished in the 6-OHDA 

group ([von Frey]: 1.50 ± 0.12 g; t=2.43, p>0.05; [IR40]: 15.75 ± 2.33 s; t=0.62, p=0.55). All data are 

means ± SEM (8 mice per group), *p<0.05; **p<0.01; ***p<0.001 vs Before; #p<0.05 vs Opto. D2. 

Amplitude of changes in withdrawal threshold and latency between ‘Before’ and ‘Opto’ or 
‘Recovery (2 min)’ conditions (% of values before illumination). Two-way ANOVA showed a 

significant effect on the mechanical threshold of lesion (6-OHDA) (F(1,28)=38.78, p<0.0001), light 

stimulation (Opto) (F(1,28)=4.78; p=0.04) and interaction 6-OHDA x Opto (F(1,28)=4.78, p=0.04). 

There was a significant effect of lesion (6-OHDA) (F(1,28)=8.59, p=0.007) on thermal latency, while 

light stimulation (Opto) F(1,28)=3.99; p=0.06) and interaction 6-OHDA x Opto F(1,28)=4.14, p=0.05) 

had no effect. Changes were greater in 6-OHDA mice than in sham mice at 2 minutes recovery in 

response to both mechanical (135.71 ± 17.50 % vs 29.17 ± 8.77 %; q=8.41, p<0.0001) and thermal 

(104.02 ± 12.36 % vs 45.43 ± 13.92 %; q=4.97, p<0.01) stimuli. All data are means ± SEM (8 mice per 

group), **p<0.01; ***p<0.001 vs Sham; #p<0.05; vs Opto. 

E. Silencing of the left ACC–PI pathway in mice injected with AAV5.CaMKII.ArchT.eGFP and 

contralateral (right) DHN recording. Quantification of action potentials per 5 seconds upon 

peripheral stimulus before, during and at 2 or 5 minutes after illumination. Two-way repeated 

measures ANOVA showed a significant effect of lesion (6-OHDA) (F(1,7)=358.40, p<0.0001 and 

F(1,7)=320.20, p<0.0001), light stimulation (Opto) (F(3,21)=8.18; p=0.0009 and F(3,21)=31.18; p<0.0001) 

and interaction 6-OHDA x Opto (F(3,21)=11.80, p<0.0001 and F(3,21)=2.72, p=0.07) on DHN discharges 

in response to innocuous (1.4g) and noxious (6.0g) peripheral stimulation, respectively. 

Optogenetic inhibition of the ACC – PI excitatory pathway in sham mice decreased DHN electrical 

activity in response to noxious stimuli ([6.0g]: Before: 69.50 ± 3.97 vs Opto: 50.50 ± 3.55; q=4.40, 

p<0.05), while no effects were detected upon innocuous stimulus ([1.4g]: Before: 0.63 ± 0.18 vs 

Opto: 0.63 ± 0.18; q=0.00, p>0.05). At 2 minutes after the light is off, reduced DHN activity upon 

noxious stimuli remained unchanged in sham mice ([1.4g]: 0.50 ± 0.19; q=0.77, p>0.05; [6.0g]: 

51.13 ± 3.73; q=4.26, p<0.05) and returned to the baseline levels before illumination after 5 

minutes ([1.4g]: 0.63 ± 0.18; q=0.00, p>0.05; [6.0g]: 71.13 ± 2.84; q=0.38, p>0.05). In 6-OHDA mice, 

optogenetic inhibition of the ACC – PI excitatory pathway also blocked the activity of spinal 

neurons in response to innocuous ([1.4g]: Before: 3.25 ± 0.71 vs Opto: 2.38 ± 0.18; q=5.42, p<0.01) 
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and noxious ([6.0g]: Before: 111.25 ± 3.32 vs Opto: 87.88 ± 4.32; q=5.42, p<0.01) mechanical 

stimuli. In contrast to sham mice, DHN activity was further decreased at 2 minutes after the light 

is off ([1.4g]: 1.50 ± 0.19; q=10.84, p<0.0001; [6.0g]: 69.88 ± 3.12; q=9.59, p<0.0001) and returned 

to baseline levels after 5 minutes ([1.4g]: 3.25 ± 0.16; q=0.00, p>0.05; [6.0g]: 106.50 ± 4.74; q=1.10, 

p>0.05). All data are means ± SEM (8 neurons per group), *p<0.05; ***p<0.001 vs Sham; #p<0.05; 
##p<0.01; ###p<0.001 vs Before; §p<0.05; §§p<0.01 vs Opto. 

 

















Figures

Figure 1

Hypersensitivity to pain in ADHD-like conditions. (see Manuscript �le for full �gure caption)



Figure 2

Hyperexcitability of deep dorsal horn neurons (DHNs) in ADHD-like conditions. (see Manuscript �le for full
�gure caption)



Figure 3

ADHD-like conditions modify dorsal spinal networks. (see Manuscript �le for full �gure caption)



Figure 4

Pain conditions in�uences ADHD-like symptoms. (see Manuscript �le for full �gure caption)



Figure 5

Anterior cingulate cortex is the key brain area of descending control dysfunctions in ADHD-like
conditions. (see Manuscript �le for full �gure caption)



Figure 6

Direct optogenetic modulation of ACC excitatory neurons potentiates sensitization of the contralateral
paw in 6-OHDA mice. (see Manuscript �le for full �gure caption)



Figure 7

Optogenetic modulation of the ACC – Posterior Insula (PI) excitatory pathway potentiates sensitization of
the contralateral paw in 6-OHDA mice. (see Manuscript �le for full �gure caption)
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