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Clinical evidence suggests that pain hypersensitivity develops in patients 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 ani-
mal models. We previously validated a mouse model of ADHD obtained by neonatal
6-hydroxydopamine (6-OHDA) injection. Here, we have demonstrated that 6-OHDA
mice exhibit a marked sensitization to thermal and mechanical stimuli, suggesting that
phenotypes associated with ADHD include increased nociception. Moreover, sensitiza-
tion to pathological inflammatory stimulus is amplified in 6-OHDA mice as compared
to shams. In this ADHD model, spinal dorsal horn neuron hyperexcitability was
observed. Furthermore, ADHD-related hyperactivity and anxiety, but not inattention
and impulsivity, are worsened in persistent inflammatory conditions. By combining
in vivo electrophysiology, optogenetics, and behavioral analyses, we demonstrated that
anterior cingulate cortex (ACC) hyperactivity alters the ACC—posterior insula circuit
and triggers changes in spinal networks that underlie nociceptive sensitization. Alto-
gether, our results point to shared mechanisms underlying the comorbidity between
ADHD and nociceptive sensitization. This interaction reinforces nociceptive sensitiza-
tion and hyperactivity, suggesting that overlapping ACC circuits may be targeted to
develop better treatments.

attention-deficit/hyperactivity disorder | pain sensitization | comorbidity | anterior cingulate cortex |
spinal cord

Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental disor-
der associated with cognitive, emotional, and behavioral deficits (1). It is one of the most
common psychiatric pathologies in children, with an estimated prevalence of 8 to 12%
worldwide (2). Hyperactivity, inattention, and impulsivity (3) are ADHD core symptoms
that persist into adulthood in up to two-thirds of patients (4). Patients with ADHD also
often have coexisting complaints such as social disabilities and emotional deficits (5).

Individuals who retain greater symptomatology are likely to exhibit psychiatric
comorbidity (6, 7). Recent studies indicate an association between attention deficits
and altered sensory processing (8). Attentional processes have been shown to regulate
pain transmission through the modulation of brain networks (9) and descending path-
ways (10). In clinical consultations, patients with ADHD report increased pain percep-
tion (11-14). Studies suggested that adults with ADHD have an increased risk of pain
disorder (15) and are more likely to have taken pain medication in the past years (16).
Conversely, chronic pain causes cognitive impairments and worsens ADHD symptoms
in human (17-19) and animal models (20).

Despite this body of evidence indicating comorbidity, investigations of ADHD and
pain are mostly conducted separately. Few studies have explored the mechanisms and
neural systems underlying interactions between ADHD and pain (21, 22), but more
knowledge is key to developing better treatments. Therefore, the effects of ADHD on
pain transmission and the brain circuits involved need to be further clarified.

The role of dopamine dysregulation in the etiology of ADHD has been highlighted
in human and animal models of ADHD (23-25). A loss of dopaminergic signaling is
implicated in the symptoms of ADHD hyperactivity (26), and anatomic-functional
changes have been demonstrated in dopamine-related areas, particularly in the prefron-
tal, including the anterior cingulate cortex (27, 28). Among the treatments used to
combat ADHD, atomoxetine and methylphenidate (Mph) block the noradrenaline and
dopamine transporters, respectively. Accordingly, we previously validated an ADHD
mouse model generated at P5 by the disruption of the central dopaminergic pathways
with 6-hydroxydopamine (6-OHDA) with good face, predictive, and construct validity
(29, 30). Here, we use this well-validated model to address the interplay between
ADHD-like conditions and nociception.
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Significance

Attention-deficit/hyperactivity
disorder (ADHD) is a
neurodevelopmental disorder that
often exhibits comorbid
alterations in sensitivity. Patients
with ADHD report sensitization to
pain, but no data exist on the
mechanisms involved. We used a
validated mouse model to
characterize nociceptive
sensitization to peripheral stimuli
in ADHD-like conditions, and to
demonstrate that this
sensitization is further amplified in
a pathological inflammatory state.
We provide functional evidence
that nociceptive sensitization
relies on top-down circuits that
originate in the cortex and modify
nociceptive spinal networks. Our
data indicate that ADHD and
persistent pain are mutually
worsening comorbid disorders
with reciprocal worsening of
nociceptive sensitization and
hyperactivity, and new treatments
should target overlapping
mechanisms for better efficiency.
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Our data provide clear evidence for increased sensitivity to
various nociceptive modalities in 6-OHDA mice and point to
circuits that may be impaired in ADHD-like conditions. Alto-
gether, the present results indicate that ADHD and persistent
pain are comorbid disorders with mutually worsening adverse
effects on nociceptive sensitization and hyperactivity.

Results

ADHD-Like Conditions Influence Sensitivity to Inflammatory
Stimulus. We analyzed nociceptive behavioral responses to
thermal and mechanical stimuli using the hot/cold plate and
von Frey tests (Fig. 1 A-C and Dataset S1). The paw-licking
latency appeared significantly shorter in 6-OHDA mice in
response to hot and cold stimuli (Fig. 1 A4 and B). The von
Frey test showed a significant decrease in the mechanical with-
drawal threshold in 6-OHDA mice (Fig. 1C). This finding
indicated that ADHD-like conditions increased basal sensitivity
to thermal and mechanical stimuli.

We then investigated whether ADHD-induced nociceptive sen-
sitization was altered in a model of inflammatory pain obtained by
Complete Freund's Adjuvant (CFA) injection in sham and
6-OHDA mice (Fig. 1 D and E and Dataset S1). NaCl injection
in the hind paw had no effect on thermal (Fig. 1 D, I and 2) and
mechanical sensitivity (Fig. 1D, 3) in either group. Sham animals
showed a significant decrease in nociceptive thresholds to thermal
(Fig. 1 D, I and 2) or mechanical (Fig. 1D, 3) stimuli at 4 d post-
CFA. Swiss mice thresholds were consistent with those obtained in
C57/Bl6 mice in another recent study (31), although they were
seemingly higher in Swiss mice than in C57/Bl6 mice due to
weight/size differences (32). The 6-OHDA mice exhibited a
further decrease in thermal (Fig. 1 D, 7 and 2) and mechanical
(Fig. 1D, 3) thresholds in inflammatory conditions. Notably, the
comparison between groups indicated that in ADHD-like condi-
tions, CFA-induced pain sensitization to thermal (Fig. 1 £, 7 and 2)
or mechanical (Fig. 1E 3) stimuli is amplified, suggesting that
ADHD:-like conditions worsen central sensitization processes.

Next, we explored the capacity of ADHD medication to alter
nociception by injecting a single dose of Mph (intraperitoneal,
3.0 or 5.0 mg/kg) (SI Appendix, Fig. S1 A-C and Dataset S2)
that decreased hyperactivity as previously reported (29, 30). Nei-
ther 3.0 mg/kg nor 5.0 mg/kg Mph influenced the thermal or
mechanical sensitivity (S Appendix, Fig. S1 A-C) of 6-OHDA or
sham mice. Similarly, no effect of Mph was seen in the control
(NaCl) or inflammatory (CFA) conditions in both groups (sham
and 6-OHDA) (S Appendix, Fig. S1 D-Iand Dataset S2). These
data indicated that Mph is ineffective on 6-OHDA-induced
thermal and mechanical hyperalgesia/allodynia, regardless of the
inflammatory status.

We also demonstrated that changes in nociceptive reflexes
are not just a consequence of locomotor hyperactivity (57
Appendix, Fig. S2 and Dataset S3). We used intraperitoneal
injection of ibuprofen, known to alleviate pain-like behaviors
in mice (33), but not to trigger any change in locomotor activ-
ity. The resulting increase in mechanical sensitization without a
change in the locomotor parameters confirmed that nociceptive
behavior and hyperactivity are actually uncorrelated.

ADHD-Like Conditions Change Sensory Integration in the Spinal
Cord. We performed single-unit in vivo extracellular recording
of deep dorsal horn neurons (DHNs) identified as wide
dynamic range (WDR) neurons after peripheral electrical stim-
ulation (87 Appendix, Fig. S3A). First, 6-OHDA mice DHNs
responded to an innocuous stimulus (from the 1.4 g von Frey
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filament) in contrast to sham mice (Fig. 2 4 and C). Second,
6-OHDA mouse DHNGs displayed an increased discharge in
response to noxious stimuli (Fig. 2 A and €). Mph did not
influence DHN firing in sham and 6-OHDA mice (Fig. 2C
and S/ Appendix, Fig. S3B). In inflammatory conditions,
recordings showed increased DHN activity in response to
innocuous and noxious stimuli (Fig. 2 B and €) in sham mice
as compared to controls (NaCl injection). CFA injection caused
a further amplification of DHN activity in 6-OHDA mice
(Fig. 2 B and C). Again, no effects of Mph were seen in sham
or 6-OHDA mice in inflammatory conditions (Fig. 2C and S/
Appendix, Fig. S3 Cand Dataset S4).

ADHD-Like Conditions Modify Dorsal Spinal Networks. Given
the changes in DHN activity, we investigated possible anatomi-
cal and biochemical modifications in the dorsal spinal cord
(Fig. 3). We characterized the distribution of synaptic markers
of inhibitory and excitatory synapses. We assessed the intensity
of the immunostaining for postsynaptic gephyrin (Fig. 34)
and homer 1 (Fig. 3B), respectively, and their colocalization
with presynaptic synaptophysin. Gephyrin (Fig. 3 A, al-f1
and 22-f2) and homer 1 (Fig. 3 B, al—f1 and 22-f2) immu-
nostaining appeared as punctate labeling in the superficial and
deeper laminae of the dorsal spinal cord, with the highest den-
sity in the lamina II. No changes were observed in the inhibi-
tory synapses (Fig. 3A4). In contrast, immunostaining for
homer 1 was stronger in 6-OHDA mice as compared to sham
mice (Fig. 3 B, al-fI and 42-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 provide evidence for increased excitatory transmission in
the dorsal spinal cord.

In a second step, we indirectly evaluated in adult mice the
depletion in catecholamines induced by neonatal 6-OHDA
injection by using TH immunodetection in various brain areas
(Fig. 30). As expected, Tyrosine Hydroxylase (TH) immunolab-
eling was decreased in particular areas, e.g., the striatum (Fig. 3
G a and b). In the anterior cingulate cortex (ACC), 6-OHDA
injection only modified the TH-labeled area (Fig. 3 C, ¢ and f
but not the labeling intensity. In contrast, no variations of TH
immunostaining were detected in hypothalamic nudlei, including
the hypothalamic A1l area projecting to the spinal cord (34)
(Fig. 3 C, ¢ and 4). Accordingly, no changes were observed in
the TH innervation of the dorsal spinal cord (Fig. 3 C, gand 4).
Desipramine pretreatment protected noradrenergic fibers, and
TH depletion was mainly seen in Dopamine Active Transporter
(DAT)-positive, dopaminergic fibers (S Appendix, Fig. S4).
Because the majority of dopamine neurons form heterogeneous
populations located in the midbrain areas (35), we used specific
markers of these populations (36) and determined that vasoactive
intestinal peptide (VIP)-containing TH fibers are more sensitive
to the 6-OHDA lesion than Aldehyde dehydrogenase 1 family,
member Al (Aldhlal)-positive fibers (S Appendix, Fig. S5).

Finally, we analyzed the ERK1/2 MAP kinase and CaMKIIx
intracellular signaling pathways involved in CREB activation (37)
and spinal sensitization to inflammatory conditions (38, 39) by
using Western blotting (Fig. 3D) and immunohistochemistry
(Fig. 3F). Western blotting of the ipsilateral dorsal spinal cord
revealed an increased expression of the excitatory marker
CaMKIla in 6-OHDA mice (Fig. 3D). Similarly, the labeling for
the phosphorylated forms of ERK1/2 MAP kinase (pERK) and
the CREB transcription factor (pCREB) (Fig. 3D) was signifi-
cantly stronger in 6-OHDA mice. Immunolabeling for pERK
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Fig. 1. Hypersensitivity to hot (A), cold (B) and mechanical (C) nociceptive stimuli in ADHD-like conditions, and after CFA injection (D, E). (A, D1, and E7)
Paw-licking latency in hot plate (55°C). (B, D2, and E2) Paw-licking latency in cold plate (5°C). (C, D3, and E3) Paw withdrawal thresholds using von Frey filaments.
(A-C) A significant decrease was found in paw-licking latency of 6-OHDA mice to hot (4, 10.81 + 0.89 s vs. 16.07 + 0.90 s; t = 4.16, P = 0.0006) and cold (B, 12.51
+ 0.66 s vs. 16.60 + 0.83 s; t = 3.87, P = 0.002) stimuli and in paw withdrawal from mechanical stimulus (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. (D7-D3) We evaluated ADHD-induced sensitiza-
tion under inflammatory conditions. After the pretest (1 d 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 4 d after CFA injection. A 2-way repeated-measures ANOVA showed a significant effect of the lesion (6-OHDA) ([heat]: F327) = 98.48,
P = 0.0001; [cold]: 327 = 257.0, P = 0.0001; [von Freyl: Fs 27 = 243.4, P = 0.0001), inflammation (CFA) ([heat]: F436) = 9.69; P = 0.0001; [cold]: Fi,36) = 14.64,
P = 0.0001; [von Freyl: Fa,36 = 20.40, P = 0.0001), and interaction 6-OHDA x CFA ([heat]: F2,108) = 3.62, P = 0.0001; [cold]: F12,108) = 5.47, P = 0.0001; [von
Freyl: F2,108) = 3.60, P = 0.0002) on thermal and mechanical sensitivity. There was a significant decrease in licking latency to thermal stimuli in sham mice
([heat]: 9.77 + 0.75 s vs. 15.11 + 0.54 s; g = 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; g = 7.86, P = 0.0001; [cold]: 4.38 + 0.59 s vs. 10.43 + 0.13 s; g = 10.11, P = 0.0001) 4 d post-CFA in comparison to the pre-CFA. CFA
injection also resulted in a lowering of the mechanical threshold in sham mice (1.18 + 0.12 g vs. 1.82 + 0.09 g; g = 6.12, P = 0.0001) and 6-OHDA mice (0.34 +
0.09 g vs. 1.26 + 0.10 g; g = 8.87, P = 0.0001) 4 d post-CFA in comparison to the pre-CFA. In contrast, intraplantar injection of NaCl in the hind paw had no
effect on thermal sensitivity (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; g = 0.63, P > 0.05; [cold]: 10.81 + 0.71 s vs. 10.90 + 0.74 s; g = 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; g = 0.38, P > 0.05) in both groups. All data are means + SEM
(10 mice per group), ***P < 0.001 vs. pre-CFA; #*#P < 0.01; P < 0.001 vs. NaCl; P < 0.01; %P < 0.001 vs. sham CFA. (E7-£3) Amplitude of changes in latency
(E7, hot plate; E2, cold plate) or threshold (E3, von Frey). ADHD-like conditions increased CFA-induced 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 percentage of pre-CFA + SEM (10 mice per group), **P < 0.01; ***P < 0.001 vs. sham.

(Fig. 3E) confirmed the increased expression levels of the phos-
phorylated kinase in the ipsilateral dorsal horn of 6-OHDA mice.

Inflammatory Status Influences ADHD-Like Symptoms. We
determined whether nociceptive conditions influenced locomotor
activity, anxiety, attention, and impulsivity in mice with inflam-
mation (S/ Appendix, Fig. S6 and Dataset S5). CFA injection
decreased the distance traveled (87 Appendix, Fig. S6 Al and A2),
mean mobility time (SI Appendix, Fig. S6A3), and velocity

PNAS 2022 Vol. 119 No.30 2114094119

(SI Appendix, Fig. S6A44) of sham and 6-OHDA mice in the open-
field test. Notably, CFA amplified 6-OHDA-induced hyper-
activity. Indeed, the difference in distance traveled (S/ Appendix;
Fig. S6A5) and velocity (SI Appendix, Fig. S6A7) between the
sham and 6-OHDA groups was higher in CFA conditions than
after NaCl injection. Next, we evaluated anxiety-like behavior, a
reported ADHD comorbidity, by using the elevated plus maze
test, which has been recently validated to assess anxiety-like
behavior in CFA mice (40). CFA injection decreased the time
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Fig. 2. Hyperexcitability of deep DHNs in ADHD-like conditions. (A and B) Single-unit in vivo extracellular recordings of deep DHNSs in response to peripheral
mechanical stimulation (1.4-6.0 g von Frey filament) under control (NaCl) and inflammatory conditions (CFA). (C) Quantification of the number of action
potentials (number of spikes/5 s) after peripheral mechanical stimulation. Two-way repeated-measures ANOVA showed a significant effect of the group
([1.4 g): F7,63 = 207.7, P = 0.0001; [2.0 g]: F7,63) = 184.3, P = 0.00071; [4.0 g]: F7,63) = 159.0, P = 0.0001; [6.0 g]: F7,63) = 108.5, P = 0.0001) on DHN electrical dis-
charges. In contrast, Mph treatment (5.0 mg/kg Mph) ([1.4 g]: Fz27) = 0.13; P = 0.094; [2.0 g]: F327 = 0.20, P = 0.90; [4.0 g]: F3,27) = 0.21; P = 0.89; [6.0 gl:
Fz,27) = 0.63, P = 0.60) and interaction group x Mph ([1.4 g]: F1,189) = 0.85, P = 0.66; [2.0 g]: F1,1809) = 0.34, P = 0.99; [4.0 gl: F1,189) = 0.20, P = 0.99;
[6.0 g]: F21,189) = 0.29, P = 0.099) had no effect. There was a significant increase in the discharge of 6-OHDA mouse DHNs in response to innocuous ([1.4 gl:
10.25 + 0.83 vs. 1.0 + 0.73; g = 12.73, P = 0.0001) and noxious stimuli ([6.0 g]: 37.63 + 3.42 vs. 16.88 + 1.57; g = 7.77, P = 0.0001) in comparison to sham
mice. In inflammatory conditions, there was a significant increase of DHN activity in response to innocuous ([1.4 g]: 5.67 + 0.79 vs. 1.00 + 0.73; q = 6.43,
P = 0.001) and noxious stimuli ([6.0 g]: 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 ([1.4 g]: 15.60 + 1.03 vs.
10.25 + 0.83; g = 7.36, P = 0.0001) and noxious stimuli ([6.0 g]: 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 (veh; 0.9% NaCl) was injected intraperitoneally and the single-
unit extracellular recording was done every 20 min postinjection for 1 h. There was no significant effect of ADHD medication on electrical DHN activity in
both the sham and 6-OHDA groups in response to peripheral innocuous and noxious mechanical stimulation under control (sham: [1.4 g]: 1.41 + 0.65 vs.
1.28 £ 0.57, g = 0.18, P > 0.05; [6.0 g]: 15.42 + 1.77 vs. 15.37 + 1.49; q = 0.02, P > 0.05; 6-OHDA: [1.4 g]: 8.96 + 0.87 vs. 10.38 + 1.07; q = 1.95, P > 0.05;
[6.0 g]: 38.84 + 2.07 vs. 41.33 + 2.55; g = 0.93, P > 0.05) and inflammatory conditions (sham: [1.4 g]: 4.63 + 0.76 vs. 4.55 + 0.64; g = 0.11, P > 0.05; [6.0 gl:
28.86 + 2.80 vs. 28.97 + 2.07; q = 0.04, P > 0.05; 6-OHDA: [1.4 g]: 28.86 + 2.81 vs. 28.97 + 2.08; q = 0.26, P > 0.05; [6.0 g]: 54.90 + 4.08 vs. 57.87 + 4.07;
g = 1.11, P > 0.05). In addition, vehicle injection had no effect on DHN discharge in response to peripheral innocuous and noxious mechanical stimulation
under control and inflammatory conditions in both sham and 6-OHDA groups. All data are means + SEM (10 neurons per group), P < 0.05; ®P < 0.01;
P < 0.001 vs. NaCl; 9P < 0.001 vs. sham.

spent and the number of entries in the open arms of the elevated
plus maze in the sham and 6-OHDA groups (S/ Appendix, Fig.
S6 BI-B3). Therefore, anxiety-like behavior caused by ADHD-
like conditions (30) was further worsened by the CFA treatment.

4 0of 12 https://doi.org/10.1073/pnas.2114094119

The 6-OHDA-induced decrease in the time spent in the open
arms of the elevated plus maze was amplified in CFA conditions
as compared to the NaCl group (SI Appendix, Fig. S6B4). We

performed the 5-choice serial reaction time task test to analyze
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Fig. 3. ADHD-like conditions modify dorsal spinal networks. (A and B) Expression of synaptic markers in the dorsal spinal cord. Coexpression of postsynaptic
gephyrin (A, red; al, d1, c1, f1) or homer 1 (B, red; a7, d1, c1, f1) and presynaptic synaptophysin (A and B, green; b1, c1, e1, f1) in the dorsal horn of sham and 6-OHDA
mice. Frames in A, a7-f1 and B, a71-f1 are displayed at higher magnification in A, a2-f2 and B, a2-f2. Arrowheads point to close apposition between markers in A, a2-f2
and B, a2-f2. Quantification of postsynaptic immunolabeling intensity (Left) and colocalization with the presynaptic marker synaptophysin (Right) 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 < 0.01, P = 0.0056; colocaliza-
tion: P = 0.0019) (Scale bar, 50 pm [a7-f7], 20 pm [a2-f2]). Geph: gephyrin, NS: nonsignificant, Syn: synaptophysin. (C) TH immunodetection of fibers (arrowheads) or
cell bodies (arrows) in adult sham (a, ¢, 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 the TH immunolabeled area is decreased in the striatum and
ACC but is 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) (Scale bar, 50 pm). ACC: anterior cingulate cortex, NS: nonsignificant, SC: spinal cord, Str:
striatum. **P < 0.01, ***P < 0.001. (D) Western blotting detection of CaMKllo, and total and phosphorylated forms of activation-dependent intracellular kinases (ERK)
and transcription factor (CREB). CaMKIl, pERK, and pCREB are overexpressed in 6-OHDA mice (n = 4 mice; ¢ test, ***P < 0.0001, CaMKlla: P = 0.00086; pERK/ERK:
P = 0.0063; pCREB/CREB: P = 0.00072). (F) 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, **P < 0.01, intensity: P = 0.0057, area: P = 0.0069) (Scale bar, 25 pm).
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Fig. 4. The ACCis a key brain area of descending regulatory dysfunction in ADHD-like conditions. (A) From left to right: Representative diagram of the in vivo record-
ing procedure of ACC neuron spontaneous activity. Single-unit in vivo extracellular recording of spontaneous activity of ACC neuron. Quantification of the number of
action potential measured per second (see S/ Appendix). **P < 0.01 vs. sham. (B) From left to right: Representative diagram of the in vivo recording procedure of ACC
neuron evoked activity. Single-unit extracellular recording of evoked activity recording of ACC neuron. Quantification of the number of action potential measured
per 5 s upon peripheral mechanical stimulus of the hind paw, contralateral to the recorded ACC (von Frey filament: 1.4 g, 2.0 g, 4.0 g 6.0 g, and pressure) (see S/
Appendix). *P < 0.05; **P < 0.01; ***P < 0.001 vs. sham; **P < 0.01; **#P < 0.001 vs. 1.4 g. (C) From left to right: Representative diagram of contralateral DHN neuron
recording upon ACC electrical stimulation in response to different peripheral mechanical stimuli. Quantification of the number of action potentials per 5 s upon
peripheral stimulus (von Frey filament: 1.4 g, 2.0 g, 4.0 g, 6.0 g) at different ACC electrical stimulation intensities (100 Hz: 10V, 20 V, 30 V), and after 2 min of recovery
(see SI Appendix). *P < 0.05 vs. preinfusion; **#P < 0.001 vs. sham. T13: thoracic vertebrae 13, L1: lumbar vertebrae 1. (D) From left to right: Representative diagram
of contralateral DHN neuron recording upon ACC inhibition in responses to different peripheral mechanical stimuli. Quantification of the number of action potentials
per 5 s upon peripheral stimulus (von Frey filament: 1.4 g, 2.0 g, 4.0 g, 6.0 g), every 15 min before and 1 h after muscimol infusion in the ACC (see S/ Appendix).
*P < 0.05 vs Pre-infusion; *P < 0.05, #*P < 0.01, ##P < 0.001 vs Sham T13: thoracic vertebrae 13, L1: lumbar vertebrae 1. (F) Histological verification of the infusion
site in the ACC. All data are means + SEM (10 neurons per group).

inattention and impulsivity (SI Appendix, Fig. S6C). Inflamma-  further confirmed by the lack of differences in premature
tory conditions did not affect inattention or impulsivity. Notably, =~ responses and perseverations. Taken together, these data suggest
no locomotor deficits were observed in CFA mice, which was  that inflammatory conditions worsen some of the ADHD-related
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symptoms including hyperactivity and anxiety, but not impulsive-
like behavior or inattention.

The ACC Is Involved in Nociception Control Dysfunctions in
ADHD-Like Conditions. The ACC is central to both pain and
ADHD disorders (27, 28) and sends projections to the dorsal
horn of the spinal cord (41). Therefore, we tested the hypothesis
that the ACC is responsible for the alteration of spinal circuits
and nociceptive behavior in 6-OHDA mice (Fig. 4 and Dataset
S6). We recorded ACC spontancous (Fig. 44) and evoked (Fig.
4B) activity in urethane-anesthetized animals. In vivo recordings
indicated that ACC neurons were hyperactive in 6-OHDA mice
(Fig. 4A), with higher action potendal frequencies (Fig. 4A4).
Evoked activity was generated by applying mechanical stimuli on
the posterior hind paw contralateral to the recorded ACC.
Mechanical stimuli caused a stronger activity in the ACC of
6-OHDA animals as compared to sham animals when subjected
to innocuous or noxious stimuli (Fig. 4 B). These observations
suggested that the ACC hyperactivation seen in 6-OHDA mice
may contribute to the altered sensory processing in the dorsal
spinal cord.

We then explored the effects of ACC modulation on the
activity of DHNG. First, we analyzed the effect of ACC activa-
tion on contralateral spinal cord responses evoked by peripheral
mechanical stimuli (Fig. 4C). In vivo recording showed that the
electrical stimulation (100 Hz) of ACC at different intensities
increased contralateral DHNSs activity in the sham group, in
response to peripheral innocuous and noxious mechanical stim-
uli (Fig. 40). This effect was significantly greater in 6-OHDA
mice (Fig. 40). Interestingly, spinal neuron activity returned to
baseline activity within 2 min after the last electrical stimulation
in sham mice, whether the stimulus was noxious or not, while
the potentiation of spinal neuron activity in 6-OHDA mice was
maintained up to 2 min (Fig. 40). Next, we evaluated the effect
of pharmacological inhibition of ACC by local muscimol injec-
tion to potentiate GABA-A inhibition (Fig. 4D). Muscimol par-
tially blocked the electrical activity of contralateral DHNGs in the
sham and 6-OHDA groups, in response to peripheral mechani-
cal stimuli, at 30 min after the drug injection (Fig. 4D). The
proper location of the stimulation/injection site in ACC was
confirmed histologically (Fig. 4E). Collectively, these data dem-
onstrated that the heightened ACC activity in 6-OHDA mice
makes a major contribution to the impairment of spinal sensory
integration in ADHD conditions.

To confirm the role of ACC in nociception in 6-OHDA
mice and identify the neuronal subtypes and their targets, we
used optogenetics to activate or inhibit 1) excitatory neurons in
the ACC or 2) their projection sites in the posterior insula (PI).

ACC Excitatory Neurons Amplify Nociceptive Sensitization in
ADHD Conditions. We first injected AAVs.CamKII. ChR,.eGFP,
AAVs. CamKIIL ArchT5,9.eGFP, or AAVs.Camkll.eGFP unilater-
ally in the area 24b of the left ACC and illuminated the same
area (SI Appendix, Fig. S7TAI). The transduction efficiency was
checked a posteriori by enhanced Green Fluorescent Protein
(eGFP) visualization (SI Appendix, Fig. S7 A2 and A3). The
behavioral effects were displayed after stimulation of the paw con-
tralateral (SI Appendix, Fig. S7) and ipsilateral (ST Appendix, Fig.
S8) to the optogenetic manipulations. The effects on spinal neu-
ron activity are shown only for the contralateral paw (87

Appendix, Fig. S7 and Dataset S7).

1. Optogenetic activation. At 4 wk after injection, ChR, activa-
tion induced a significant decrease in withdrawal thresholds
to mechanical and thermal stimuli of the ipsilateral (left)

PNAS 2022 Vol. 119 No.30 2114094119

(SI Appendix, Fig. S8AI) and contralateral (right) (SI Appendix;
Fig. S7BI) hind paw of sham mice during the light phase.
After the illumination period, the withdrawal thresholds
returned to baseline values. Notably, the comparison of sham
and 6-OHDA mice suggested that ADHD-like conditions
amplified behavioral changes induced by light activation of
ACC excitatory neurons in response to mechanical, but not
thermal, stimulus to the contralateral paw (S/ Appendix, Fig.
S7B2). By contrast, no significant changes were seen in the
ipsilateral paw whether mechanical or thermal stimulus (87

Appendix, Fig. S8A2) was applied.

We also evaluated DHN activity using in vivo single-unit
recordings, contralateral to the adeno-associated virus (AAV)
injection site in the ACC (8 Appendix, Fig. S7C). The results
were in line with the behavioral tests. In sham and 6-OHDA
animals, ACC optogenetic activation increased the activity of
DHNS regarding mechanical stimuli (87 Appendix, Fig. S70).
After light activation, DHN activity decreased and returned to
baseline levels (ST Appendix, Fig. S7C).

2. Optogenetic inbibition. Conversely, we silenced ACC excit-
atory neurons expressing AAVs. CaMKILArchT5 .eGEP (SI
Appendix, Fig. S7D; see also SI Appendix, Fig. S8 B). Optoge-
netic inhibition of ACC neurons had no significant effect on
thresholds to mechanical or thermal stimuli of the ipsilateral
(8T Appendix, Fig. S8BI) and contralateral paws (SI Appendix;
Fig. S7D1) of sham animals. By contrast, we found that ACC
neuron inhibition increased the mechanical threshold and
withdrawal latency of 6-OHDA mice (SI Appendix, Figs.
S7D1I and S8BI). After illumination, both mechanical and
thermal baseline sensitivity were fully restored. The comparison
of sham and 6-OHDA mice indicated that ADHD-like condi-
tions enhanced the analgesic effects induced by optogenetic
inhibition of ACC excitatory neurons in response to mechani-
cal stimulus of the contralateral hind paw (SI Appendix, Fig.
S7D2). In contrast, no significant changes were seen in the
ipsilateral hind paw whether thermal or mechanical stimulus

(81 Appendix, Fig. S8 B2) was applied.

In vivo recordings indicated no changes in the electrical
activity of sham DHNs in response to stimuli when a light was
on (SI Appendix, Fig. S7E). By contrast, ACC optogenetic
inhibition significantly decreased DHN electrical activity in
6-OHDA mice (SI Appendix, Fig. S7E). After illumination, spi-
nal neuron activity returned to the baseline levels (87 Appendix,

Fig. S7E).

3. Control experiments. Sensory thresholds of ipsilateral (57
Appendix, Fig. S9A2) and contralateral paws (SI Appendix,
Fig. S9AI) injected with the AAVs CamKILeGFP control
virus were not affected by light stimulation in sham and
6-OHDA mice. Accordingly, illumination did not induce
changes in spinal neuron activity after the transduction of

AAVs. CamKIIL.eGFP (SI Appendix, Fig. S9 BI and B2).

The ACC-PI Excitatory Pathway Potentiates Nociceptive
Sensitization in ADHD Conditions. We then sought to under-
stand the circuit from the ACC to the spinal cord that is involved
in ADHD-induced nociceptive sensitization. To manipulate the
ACC-PI pathway, we used the same optogenetic strategy as pre-
viously described but placed the optical fiber in the ipsilateral PI
(left side) (Fig. 54 and Dataset S8). Unilateral viral injection in
the left 24b area (Fig. 5, 1 and 2) triggered virus expression in
ACC fibers projecting to the ipsilateral PI (Fig. 54, 3).
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Fig. 5. Optogenetic modulation of the ACC-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. (A7) Atlas representation of the ACC-PI pathway targeted in this study
[Images modified from Paxinos and Franklin, 2001, with permission (42)]. (A2 and A3) Examples of viral expression of ChR2-transduced ACC excitatory neurons
(A2) projecting to the PI (A3). (Scale bar: ACC, 1 mm; PI, 200 um.) (B) Activation of the left ACC-PI pathway in mice injected with AAV5.CaMKII.ChR2.eGFP and behav-
joral assessment on the contralateral (right) hind paw. (B7) von Frey and Hargreaves (infra-red radiant heat [40] 40) tests before (Before), during (Opto), and at
2 and 5 min after (Recovery) illumination (see S/ Appendix). *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) (see S/ Appendlix). ***P < 0.001 vs.
sham; *#P < 0.01; vs. Opto. Circles: individual values for sham; triangles: individual values for 6-OHDA. (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 s upon peripheral stimulus before, during, and at 2 or 5
min after illumination (see S/ Appendix). **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. (D7) von Frey and Hargreaves tests
before (Before), during (Opto), and at 2 or 5 min after (Recovery) illumination (see S/ Appendix). *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) (see S/
Appendix). *P < 0.05; **P < 0.01; ***P < 0.001 vs. sham; #P < 0.05 vs. Opto. Circles: individual values for sham; triangles: individual values for 6-OHDA. (£) Silencing of
the left ACC-PI pathway in mice injected with AAV5.CaMKIl.ArchT.eGFP and contralateral (right) DHN recording. Quantification of action potentials per 5 s upon
peripheral stimulus before, during, and at 2 or 5 min after illumination (see S/ Appendix). *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. All data are means + SEM (8 neurons per group).

1. Oprogenetic activation. In the sham group, the activation of (81 Appendix, Fig. S10AI) and contralateral paws (Fig. 5B, I
ChR; resulted in a significant decrease in withdrawal thresh- and Dataset S8). These changes were maintained until 2 min
olds to mechanical and thermal stimuli of the ipsilateral after the optogenetic stimulation was stopped and returned to
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the preillumination baseline levels after 5 min. In 6-OHDA
mice, withdrawal threshold or latency decreased significantly
during illumination in response to thermal and mechanical
stimuli. Interestingly, 2 min after optogenetic stimulation, the
modification of mechanical and thermal thresholds was further
amplified, which was not the case in sham mice. After 5 min,
thermal thresholds returned to baseline levels, while the
mechanical thresholds were not fully restored (Fig. 5B, I and
SI Appendix, S10A1). Changes in paw withdrawal thresholds
to thermal stimuli were stronger in ADHD-like conditions
than in sham mice at 2 min recovery (Fig. 5B, 2 and S/
Appendix, Fig. S10A2 and Dataset S8).

In line with the behavioral data, in vivo recording in sham mice
after ACC-PI pathway optogenetic activation revealed increased
DHN activity after mechanical stimuli (Fig. 5C and Dataset S8).
At 2 min after illumination, DHN activity remained unchanged
and returned to the preillumination baseline levels after 5 min
(Fig. 50. In 6-OHDA mice, optogenetic activation of the
ACC-PI excitatory pathway increased the activity of spinal neu-
rons (Fig. 50) that was further amplified at 2 min after illumina-
tion (Fig. 5C) and returned to the baseline levels at 5 min.

2. Optogenetic inhibition. lllumination of ArchT;, in the sham
group resulted in a significant increase in thresholds to
mechanical and thermal stimuli of the ipsilateral (S7 Appendix,
Fig. S10B1) and contralateral paws (Fig. 5D, I and Dataset
S8). At 2 min after illumination, the increased thresholds were
maintained and returned to baseline levels after 5 min. In
6-OHDA mice, the mechanical threshold and withdrawal
latency of both the ipsilateral and contralateral hind paws
increased significantly during illumination. Again, 2 min after
the optogenetic inhibition ended, we found that both mechani-
cal and thermal thresholds were further increased (Fig. 5D, I
and SI Appendix, Fig. S10B1). The behavioral effects of opto-
genetic inhibition were amplified in 6-OHDA mice as com-
pared to sham mice at 2 min recovery in response to both
mechanical and thermal stimuli (Fig. 5D, 2 and Dataset S8) of
the contralateral paw, while only in response to mechanical
stmulus of the ipsilateral paw (SI Appendix, Fig. S10B2).

In vivo recordings (Fig. 5E and Dataset S8) revealed that
optogenetic inhibition of the ACC — PI excitatory pathway in
sham mice partially blocked the electrical activity of spinal neu-
rons in response to noxious, but not innocuous, stimuli (Fig.
5E). Reduced DHN activity upon noxious stimuli was main-
tained at 2 min after illumination and returned to baseline lev-
els after 5 min (Fig. 5E). In 6-OHDA mice, the optogenetic
inhibition blocked the activity of spinal neurons in response to
noxious and innocuous mechanical stimuli (Fig. 5£). In con-
trast to sham mice, spinal neuron activity in 6-OHDA mice
was further decreased at 2 min after optogenetic inhibition

ended (Fig. 5E).

3. Control experiments. In sham and 6-OHDA mice injected
with the control virus, sensory thresholds were not affected by
light stimulation whether for the ipsilateral (S7 Appendix, Fig.
S11A42) or contralateral (SI Appendix, Fig. S11A1) paw. In
addition, in vivo recordings confirmed the absence of the light
effect on spinal neurons in AAV5 Camkll.eGFP-expressing
sham or 6-OHDA mice (S/ Appendix, Fig. S11 BI and B2).

Overall, these data indicated that ADHD-like conditions
impaired the regulation exerted by the ACC-PI excitatory
pathway on nociceptive behavior and spinal neuron activity in

6-OHDA mice.

PNAS 2022 Vol. 119 No.30 2114094119

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. Under inflam-
matory conditions, the sensitization of withdrawal reflexes was
further amplified in 6-OHDA mice. Behavioral changes were
accompanied by the increased excitability of spinal neurons and
changes in spinal networks. Physiological and behavioral altera-
tions were correlated to ACC hyperactivity in 6-OHDA mice.
Manipulating the ACC or the ACC-PI excitatory pathway had
bidirectional effects on spinal neuron activity and withdrawal
reflexes. These effects were significantly amplified in 6-OHDA
mice, revealing an impaired tuning of nociceptive modulation
processes in ADHD-like conditions.

Clinical studies in children with ADHD have described both
hypo- and hyperresponsiveness to sensory stimuli (43, 44) and
point to an increased prevalence of generalized pain in adults
with ADHD as compared to a control population (15). In agree-
ment with these findings, experimental studies have demon-
strated changes in pain perception in patients with ADHD (12).
Reciprocally, chronic pain increases impulsivity (26) and induces
attentional and cognitive deficits in human patients (18, 19) and
preclinical animal models (20, 45). 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 reciprocal association
between altered sensory processing and attention deficits (8).

Deregulation of the dopaminergic systems is involved in the
etiology of ADHD in human and rodent models (23, 26). In
addition, dopaminergic system dysfunctions in patients under-
pin the painful hypersensitivity observed in the context of fibro-
myalgia or restless legs syndrome (46) and in the genesis of
chronic sensory alterations in rodents (47). Accordingly, many
substances that increase dopaminergic transmission have analge-
sic properties (48). The neonatal 6-OHDA lesion in mice repli-
cates the alterations of dopaminergic systems. This model has
been validated by us (29, 30) and others (49-51) as a model of
ADHD with good face, construct, and predictive validity. In
the present study, we further confirmed that the 6-OHDA
model exhibits the major symptoms of ADHD, i.e., hyperactiv-
ity, inattention, and impulsivity, as well as anxiety-like behav-
ior. This combination of symptoms is a good hallmark of
ADHD-like conditions. Other symptoms that have not been
tested here were previously reported in the 6-OHDA model:
impaired latent inhibition, selective attention, cognitive func-
tions, and antisocial behavior (29, 30). Notably, this neonatal
6-OHDA model is different from the classical Parkinson’s dis-
ease rodent model obtained by a 6-OHDA lesion of the medial
forebrain bundle (52) or the substantia nigra (53) in adult
mice. In particular, no signs of locomotor deficit were detected
in our ADHD-like model.

A key finding of the present study is that nociceptive sensitiza-
tion observed in 6-OHDA mice is supported by the impairment
of sensory integration in the spinal cord, i.e., increase in excitatory
contacts, hyperactivation of excitatory intracellular signaling path-
ways, and hyperexcitability of WDR spinal neurons. Electrophysi-
ology data from DHNs suggest that increased sensitivity is caused
by DHN hyperexcitability in the 6-OHDA model. The aug-
mented activity of DHNs is a hallmark of central sensitization,
leading to chronic sensory alterations in rodent models of chronic
inflammatory (54) and neuropathic (39) pain. The present study
indicates increased immunoreactivity for homer 1 at synaptic sites
that has been also observed in inflammatory conditions (55) and
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after nerve injury (56) in rodents. The long forms of homer are
located in the postsynaptic density, and their up-regulation may
result from an increase in the number and/or size of glutamatergic
synapses (57). In addition, the accumulation of homer 1 is in
agreement with the increased expression of other excitatory post-
synaptic scaffolding proteins, e.g., shank or PSD95, in chronic
pain-like conditions (58). In conjunction with increased excitabil-
ity and excitatory synaptic connections, immunohistochemical
and biochemical data in 6-OHDA mice reveal the activation of
intracellular signaling pathways known to be involved in central
sensitization to noxious stimuli (57, 58). Taken together, these
data suggest increased excitation that may underlie spinal central
sensitization processes (59) in the spinal cord of 6-OHDA mice.
The primary source of catecholaminergic innervation of the
spinal cord is the A1l hypothalamic area (34). However, spinal
circuits are not directly affected by the depletion in dopamine
induced by postnatal 6-OHDA injection since TH immunore-
activity is not modified in the A1l area or in the dorsal spinal
cord in 6-OHDA mice. Therefore, the modifications of spinal
cord physiology in ADHD-like conditions, and their conse-
quences for withdrawal reflexes, are likely caused by alterations
of other brain circuits that engage descending pathways using
various neurotransmitter systems. Indeed, serotonin/norepi-
nephrine-mediated descending facilitation originating from the
brainstem has been recently indicated to play key roles in cen-
tral sensitization for nociceptive inputs and maintenance of
chronic sensory disorders in different animal models (60).
Following the pioneering work of Reynolds (61), both inhib-
itory and facilitatory descending influences on spinal nocicep-
tive processing have been widely studied in rodent models and
humans (60, 62). However, most previous studies focused on
descending modulation from the brainstem, and only recently
has the role of cortical and subcortical structures been consid-
ered in the control of spinal neuron activity (63, 64) and noci-
ceptive behavior in pathological conditions (65). ACC is an
important cortical area with clinical relevance in patients with
chronic pain (66). Neuroimaging studies in patients with
ADHD identified structural and functional abnormalities in
networks comprising the ACC and parietal cortices (67). Persis-
tent pain-like conditions in rodents are characterized by the
potentiation of synaptic responses (68), disinhibition (69), and
increased excitability (70) of the ACC. Furthermore, ACC
hyperactivity is a crucial link between pain and its comorbid
emotional disorders (71). Contrary to other studies that
described a role of rostral ACC in the negative affect and
depression-like behavior associated with chronic pain but not
mechanical hypersensitivity per se (71), our data were obtained
in the dorsal part of the ACC and indicate that these areas
actually control sensory transmission in the spinal cord. At a
mechanistic level, future experiments will be required to deter-
mine the cellular and molecular mechanisms underpinning
ACC dysfunction in ADHD-like conditions, and the possibility
to engage cross-callosal projections (72) that may be responsible
for the bilateral effect seen in our optogenetic experiments.
Taken together, these data provide a framework that strongly
supports our findings of mutual interactions between ADHD-
like conditions and sensory disorders. Postnatal injection of
6-OHDA in mice resulted in ACC hyperactivity in adulthood.
The up- or down-regulation of ACC activity, and more particu-
larly that of glutamatergic neurons, can increase or decrease,
respectively, spinal neuron excitability and withdrawal reflex.
This factor is in agreement with previous studies showing that
persistently activated ACC neurons cause tonic potentiation of
spinal sensory transmission and contribute to the maintenance of
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behavioral hyperalgesia (73). The insula receives inputs from the
ACC and controls spinal networks and nociceptive behavior (65).
It participates in nociceptive processing in rodents and humans
(74, 75) and codes for pain intensity (76). Accordingly, we estab-
lished that the ACC-PI excitatory pathway is impaired in
ADHD-like conditions and bidirectionally modulates spinal neu-
ron activity and withdrawal reflexes. Sensory gating by the
ACC-PI pathway may engage the downstream recruitment of
facilitatory descending serotoninergic projections, probably from
the rostroventral medulla (RVM) to the spinal cord (65). In addi-
tion, patients with ADHD have displayed structural alterations of
the insula, supporting a role for this structure in modulating
attention and inhibitory capacity in ADHD (77).

The role of the ACC-PI excitatory circuit does not exclude
the involvement of other, top-down pathways. This hypothesis is
supported by the differences seen in mechanical or thermal sensi-
tization depending on the manipulation of the ACC as a whole,
or more specifically of the ACC-PI circuit, respectively. The lat-
ter may be responsible for the amplification of thermal sensitiza-
tion, whereas other circuits could be implicated in mechanical
sensitization. Previous studies demonstrated a direct, RVM-
independent, ACC—spinal cord pathway, that facilitates the activ-
ity of laminae I-II spinal neurons and potentiates withdrawal
reflexes (63). Future studies will be needed to assess the respective
contribution of these different parallel top-down pathways, aris-
ing from the ACC, in the control of spinal networks in ADHD-
like conditions. Whether modulation of the ACC-PI circuit also
alters ADHD-like symptoms also remains to be established.

Mph is effective to reliecve ADHD-related symptoms in
humans (78) and mice (30). However, the administration of
Mph did not alleviate allodynia and hyperalgesia in 6-OHDA
mice. Therefore, nociception and ADHD-like symptoms are
likely underpinned by partially different brain circuits. This
was further confirmed by the observation that enhancing noci-
ception with CFA had different consequences for the different
ADHD-like symptoms. CFA-induced inflammatory conditions
modified the hyperactivity and anxiety behavior of 6-OHDA
mice. Surprisingly, modulating nociception had no effect on
attention or impulsivity in this model. This finding is in con-
trast with several studies that have demonstrated tight links
between pain and attentional states that also involve ACC and
the insular cortex (10, 79). However, some findings point to
the differential effects of pain on various attentional tasks (18).
Notably, most studies to date have considered the effect of
acute painful stimuli on attention, and only rarely have the
consequences of chronic pain states been reported (19).

In a context of high prevalence of chronic pain (80) and
ADHD (2) characterized by the ineffectiveness of currently
available treatments, the present study provides insights into
the understanding of cross-effects between these pathologies.
ADHD and pain may be critically involved in regulating spe-
cific subcircuits originating from the ACC and underpinning
spinal sensitization to nociceptive transmission and ADHD-like
symptoms. An increased understanding of mechanisms that
underlie the overlap of psychiatric disorders with pain are key
factors in the development of new therapies.

Methods

Detailed Methods are available in S/ Appendix. The different work flows are
depicted in SI Appendix, Fig. $12.

Animal Models. The experimental protocols have been validated by the local
ethics committee under number 13126C. Swiss mice received an intracerebroven-
tricular injection of 6-OHDA or artificial cerebrospinal fluid aCSF at P5 (29, 30).
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Inflammatory models of pain were obtained by CFA or NaCl injection in the hind
paw. Mph or vehicle was administered intraperitoneally.

Behavioral Tests. Nociceptive tests were conducted to assess mechanical (von
Frey test), hot (hot plate and plantar tests), and cold (cold plate) sensitization.
Hyperactivity was measured with the open-field assay. Attention and impulsivity
were assessed with the 5-choice serial reaction time task test, as previously
described (29). The elevated plus maze was used to evaluate anxiety-like behavior.

In Vivo Electrophysiology. Single-unit in vivo recording of the ACC or spinal
neurons was performed in anesthetized mice. In the dorsal hom, WDR neurons
were identified as responding to noxious and innocuous stimuli. Recordings
were then performed in response to the application of von Frey monofilaments
with increasing bending forces on the hind paw, and action potential frequency
was monitored. In the ACC, recording was also performed after local electrical
activation or muscimol inhibition.

Optogenetics. ChR2 and ArchT3.0 opsin expression under the control of
CaMKlloe promoter was driven in ACC excitatory neurons by local GFP-
expressing AAV5 injection. Optical fibers were implanted in the ACC or the P
and excitation (blue light) or inhibition (yellow light) of ChR2 or ArchT3.0,
respectively, was performed. The effects of optogenetic manipulation were
assessed by measuring withdrawal reflexes and recording spinal neuron activity
with in vivo electrophysiology.

Immunohistochemistry and Western Blotting. Synaptic markers (synapto-
physin, homer 1, and gephyrin) were detected with immunofluorescence in the
dorsal hom of sham and 6-OHDA mice. Labeling intensity and colocalization of
homer 1 and gephyrin with synaptophysin were assessed quantitatively. TH
immunoreactivity was detected in various brain areas and in the spinal cord.
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Markers of TH fibers (VIP, Aldh1a1, DAT, and Dopamine beta-hydroxylase (DBH))
were detected in the ACC. The expression of viral constructs was checked by GFP
detection in the ACC and P!.

The activation of intracellular signaling pathways was assessed with Western
blotting. Quantification was performed by normalizing the expression of markers
(CaMKller, or pCREB and pERK1/2) to that of actin or nonphosphorylated pro-
teins, respectively. pERK1/2 was also visualized by immunofluorescence in the
dorsal horn.
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