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Abstract

Background: Treatment of chronic pain is challenged by concurrent anxiety symptoms. Dexmedetomidine
is known to produce sedation, analgesia, and anxiolysis. However, the neural mechanism of
dexmedetomidine-elicited anxiolysis remains elusive. Here, we aimed to test the hypothesis that the
anterior cingulate cortex might be involved in dexmedetomidine-induced anxiolysis in pain.

Methods: A common peroneal nerve ligation mouse model was used to test the dexmedetomidine-
induced analgesia and anxiolysis by assessing mechanical allodynia, open-field, light-dark transition, and
acoustic startle reflex tests. /n vivo calcium signal fiber photometry and ex vivowhole-cell patch-clamp
recordings were used to measure the excitability of glutamatergic neurons in anterior cingulate cortex.
Modulation of glutamatergic neurons was performed by chemogenetic inhibition or activation via viral
injection.

Results: Compared with vehicle, dexmedetomidine (4 ug/kg) alleviated mechanical allodynia (P <0.001)
and anxiety-like behaviors (P <0.001). The glutamatergic neurons’ excitability after dexmedetomidine
administration was lower than that of the vehicle group (P =0.001). Anxiety-like behaviors were rescued
by inhibiting glutamatergic neurons in the model mice. Nociception-related anxiety-like behavior was
induced by activation of glutamatergic neurons, which was rescued by dexmedetomidine.

Conclusions: The reduction in glutamatergic neuronal activity in anterior cingulate cortex may be involved
in dexmedetomidine-elicited anxiolysis in chronic pain.

1. Introduction

Chronic pain remains a global medical problem, which commonly leads to concomitant mood disorders,
including anxiety[1-3]. Chronic pain frequently elicits anxiety, which further worsens the pain[4]. The
cycle of exacerbating pain and anxiety remains challenging to treat clinically. Traditional analgesic
medications have limited effects on concurrent psychiatric symptoms, and existing antidepressants may
not be promising candidates for the treatment of concomitant anxiety in chronic pain[5]. Thus, it is
essential to seek new drugs to control comorbid anxiety symptoms in pain condition.

Dexmedetomidine, that a selective a2-adrenoreceptor agonist, is used as a sedative in clinic. In addition
to sedation, when given systemically or intrathecally for acute postsurgical pain control [6—8],
dexmedetomidine has a short-term analgesic action. Prior studies have suggested that the
antinociceptive response is mainly mediated in the spinal cord via the facilitation of inhibitory synaptic
transmission in the dorsal horn [9—13]. Furthermore, dexmedetomidine is useful to reduce anxiety in the
perioperative period [7, 14, 15]. However, a more in-depth understanding of the precise neural mechanism
underlying the anxiolytic action of dexmedetomidine is lacking [16, 17].

Pain-related anxiety is likely mediated by multiple brain regions, such as the amygdala, anterior cingulate
cortex (ACC), and medial prefrontal cortex. In particular, ACC is a critical area for the integration of
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sensory perception and emotional responses in chronic pain [18—-20]. MRI outcomes showed that ACC
undergoes structural and functional plasticity during chronic pain in osteoarthritis [21, 22]. Animal studies
have more precisely revealed that the hyperactivity of ACC associated with nociception-related anxiety-
like behaviors, such as neuronal hyperexcitability and presynaptic long-term potentiation, is implicated in
this process [23, 24]. Given a2-adrenoreceptor expression throughout the brain, it is unknown whether the
ACC may be implicated in the anxiolytic effects of dexmedetomidine in pain condition.

Dexmedetomidine could be useful for perioperative anxiety control [7, 15] and has an additional benefit of
reducing postsurgical pain [6, 7]. This makes dexmedetomidine an attractive candidate for patients
suffering from concurrent anxiety symptoms in pain condition. Neuropathic pain represents a broad
category of pain syndromes. We utilized common peroneal nerve ligation (CPNL), a well-established
model to assess nociception-related anxiety-like behaviors [2, 3, 24]. Herein, we hypothesized that
dexmedetomidine produces anxiolysis in mice following peripheral nerve injury and that the underlying
mechanism may involve alterations in the neural activity of glutamatergic neurons in the ACC. To test our
hypothesis, we employed a combination of behavioral tests, fiber photometry, chemogenetic
manipulation, and electrophysiologic approaches.

2. Materials And Methods
2.1 Animals

C57BL/6J male mice weighing 20 + 5 g were purchased from Jackson Laboratories at 8—12 weeks of
age. All mice were housed at five mice per cage in a colony with access to food and water ad libitum. All
mice were housed in a specific pathogen-free environment with controlled ambient temperature (22 + 2°C)
and humidity (50 £ 10%) under a 12 h light-dark cycle (lights on from 7:00 to 19:00). The sham and
common peroneal nerve ligation mice were housed in separate cages. The mice were marked by the ear
mark in the right ear with different numbers. The experimenter who performed the pain-like and anxiety-
like behaviors was blinded to the groups of the mice. All the study details were approved by the Animal
Care Committee of the University of Science and Technology of China (USTC). The experiments were
carried out in line with ARRVIE guidelines and Ethics Guidelines of Animal Care and Use in USTC.

2.2 CPNL procedure

The left hindlimbs were subjected to a CPNL surgical procedure, as previously described[2, 3, 24]. Briefly,
the mice were anesthetized by isoflurane (1%-3%) during the surgery. The common peroneal nerve was
visible between the anterior and posterior groups of muscles, running almost transversely, was ligated
with chromic gut sutures 5 - 0 slowly until twitching of the digits. The skin was then sutured and cleaned.
The animals in the sham group underwent the same surgery, but the nerve was not ligated.

2.3 Mechanical allodynia test

Mice were placed in a Plexiglas box with a wire grid floor and allowed to habituate for at least 30 minutes
each day at two days before testing. Mechanical sensitivity was assessed based on the responsiveness
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of the left hind paw to the application of a set of von-Frey filaments in ascending order from 0.02t0 1.0 g
to the point of bending.

2.4 Anxiety-like behaviors test

For all behavioral tests, mice were habituated approximately 2 hours before testing and with access to
food and water ad libitum. Dim light (~ 20 lux) was used in the room to minimize the anxiety of the
animals. The chamber was cleaned with 75% ethanol and clean water after each test to remove olfactory
cues.

2.4.1 OF test

Mice were gently placed in the center of an open field (OF) apparatus that consisted of a square area (25
x 25 cm?) and a marginal area (50 x 50 x 25 cm?). The mice were allowed to freely explore their
surroundings. The movement trajectories of mice were recorded by camera for 6 minutes. Time spent and
distances in the central area and total distances traveled were calculated using EthoVision XT 14
software[1-3].

2.4.2 LDT test

The light-dark transition (LDT) was tested by an apparatus consisted of a cage with two sections
(21x42x25 cm). One chamber was brightly illuminated by white diodes (390 lux), whereas the other
chamber was dark (2 lux). Mice were placed into the dark side and allowed to move freely between the
two chambers. The movement trajectories of mice were recorded by camera for 10 minutes. The number
of entries into the bright chamber and the duration of time spent there as indices of bright-space anxiety
were calculated using EthoVision XT 14 software [25, 26].

2.4.3 ASR test

After a 15 min period of acclimation to the testing room in a chamber, mice were placed in a sound-proof
chamber for the acoustic startle reflex (ASR) test [27]. After a 15 min habituation period inside the startle
chamber, mice received 30 startle trials (20-ms white noise stimuli with intensities of 80, 90 or 100 dB),
each of the three white noise stimuli was applied 10 times in random order. The resulting startle reflexes
of the mice in the startle chamber were recorded for 600 ms after acoustic stimuli onset. The acoustic
startle reflex amplitude was defined as the largest peak-to-trough response that occurred within 200 ms
after the onset of the startle stimulus was analyzed using TDT system 3 software. The acoustic startle
reflex amplitude of each stimulus intensity was calculated as the mean amplitude of 30 startle trials.

2.5 Dexmedetomidine treatments

To determine the dose response to dexmedetomidine, mechanical allodynia (2, 4, or 8 ug/kg, i.p.) and
anxiety-like behaviors (2, or 4 pg/kg, i.p.) were assessed after the single administration of different
dosages of dexmedetomidine in both male and female mice subjected to CPNL procedure. The sedation
assessments were performed 30 minutes after each drug administration. The sedation rating scale of
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Chuck et al was used [28]. The ratings were as follows: 5-awake, active: engaged in locomotion, rearing,
head movements or grooming; 4-awake, inactive: eyes fully open, head up, little to no locomotion, rearing
or grooming, normal posture; 3-mild sedation: eyes partly closed, head somewhat down, impaired
locomotion including abnormal posture, use only some limbs, dragging and stumbling; 2-moderate
sedation: head mostly or completely down, eyes partly closed, flattened posture, no spontaneous mostly
or completely down, eyes partly closed, flattened posture, no spontaneous movement; 1-heavy sedation:
eyes mostly closed, loss of righting reflex; 0-asleep: eyes fully closed, body relaxed, asleep. For intra-ACC
administration, dexmedetomidine (2 uM) diluted in standard artificial cerebrospinal fluid (ACSF, 300 nl)
was unilaterally delivered into the right ACC, and ACSF (300 nl) was applied as a control.

2.6 Stereotaxic surgery

Mice were anesthetized with pentobarbital (20 mg/kg, i.p.) and fixed in a stereotactic frame (RWD, China).
After the skull surface was exposed with a midline scalp incision, the ACC site was defined using the
following coordinates: anterior posterior (AP) from bregma: 1 mm, medial lateral (ML) from the midline:
0.3 mm, dorsal ventral (DV) from the brain surface: -1.45 mm. A volume of 200 nl of virus was unilaterally
injected into the right ACC through calibrated glass microelectrodes connected to an infusion pump
(UMP3, WPI, US) at a rate of 30 nl/min. The pipette remained in the injection site for 10 minutes at the
end of infusion to avoid virus overflow. And then a guide cannula (0.D.0.41 mm-27 G/M3.5, RWD,
Shenzhen, China) was unilaterally implanted above ACC site (AP: 1 mm; ML: 0.3 mm; DV: -1.25
mm).Dexmedetomidine (2 pM) or standard ACSF was injected into the ACC for 1 minute (approximately
300 nl) through an injection cannula (0.D. 0.20 mm-30G/M3.5, RWD, Shenzhen, China) with a PE tube 30
minutes after clozapine-N-oxide administration in CaMKIlla-hM3Dg-treated mice.

2.7 Immunofluorescence

Mice were deeply anesthetized with pentobarbital sodium (i.p., 20 mg/kg) and then perfused with saline
followed by 4% PFA on day-10 after CPNL surgery. The brains were removed and postfixed in 4% PFA in
PBS at 4°C overnight and then incubated in 20% and 30% sucrose solution overnight for dehydration.
Coronal slices (40 pm) were cut on a cryostat microtome system (CM1860, Leica). For
immunofluorescence, the sections with ACC were incubated with blocking buffer (0.5% Triton X-100, 10%
normal donkey serum in PBS) for 1 hour at room temperature, and then treated with primary antibodies,
including anti-c-Fos (1:500, rabbit, Synaptic Systems), anti-glutamate (1:200, mouse, Sigma), and anti-
glutamate (1:500, rabbit, Sigma) with 0.3% Triton X-100 and donkey serum at 4°C for overnight, followed
by corresponding fluorophore-conjugated secondary antibodies (1:500, Invitrogen) for 2 hours at room
temperature. Fluorescence signals were visualized using a Zeiss LSM880 microscope.

2.8 In vivo fiber-optic calcium recording

Mice were anesthetized with 5% (w/v, i.p.) chloral hydrate and fixed in a stereotactic frame (RWD,
Shenzhen, China). AAV-CaMK -GCaMP6m-EGFP (BrainVTA, Wuhan, China) was injected into right ACC at
a volume of 200 nl for induction of fluorescent calcium indicator expression. The fiber-optic cannula
(Inper, Hangzhou, China) was implanted in 0.2 mm above the place and fixed on the skull by using dental

Page 6/29



cement and glue for measurement of fluorescent signals. Fiber photometry was performed at least 3
weeks after the viral injection.

2.9 Chemogenetic manipulation

AAV-CaMKlla-hM4Di-mCherry (AAV2/9, 4.61x10"2 vg/ml, BrainVTA, China) or AAV-CaMKlla-hM3Dg-EGFP
(AAV2/9, 5.85x10"2 vg/ml, BrainVTA, China) at a volume of 200 nl was unilaterally injected into the right
ACC. Behavioral tests and electrophysiological recordings were performed at least 3 weeks after viral
injection. Clozapine-N-oxide (CNO, MCE, USA) was dissolved in 0.9% saline (1 mg/ml) and injected (5
mg/kg, i.p.) 40 min before behavior tests.

2.10 Whole-cell patch-clamp recording

The acute brain slices preparation was the same as previous study[29]. An infrared (IR)-differential
interference contrast (DIC) microscope (BX51WI, Olympus, Japan) equipped with fluorescent fittings was
used to visualize neurons in ACC slices. mCherry-labeled neurons were identified under a microscope
during whole-cell patch-clamp recording. Whole-cell patch-clamp recordings were performed using patch
pipettes (5-8 MQ) pulled from borosilicate glass capillaries (VitalSense Scientific Instruments Co., Ltd.,
Wuhan, China) with an outer diameter of 1.5 mm on a four-stage horizontal puller (P-1000, Sutter
Instruments, USA). Dexmedetomidine (2 uM) was perfused into the slice chamber on the recording cell.
During the recording, the current level was recorded before (3 min), during (6 min), and after (5 min) the
application of dexmedetomidine. Yohimbine (1 uM) was added to the standard artificial cerebrospinal
fluid, the slices were incubated in this drug solution for at least 10 min before the experiments, and the
baseline current was recorded for at least 3 min before the application of dexmedetomidine. The signals
were recorded by a patch-clamp amplifier (MultiClamp 700B Amplifier, Digidata 1440A analog-to-digital
converter, USA) and pClamp 10.7 software (Axon Instruments/Molecular Devices, USA). All recordings
were Bessel-filtered at 2.8 KHz and sampled at 10 kHz. Neurons with series resistance below 30 MQ and
changing < 20% throughout the recording were used for analysis. The signals were analyzed using
Clampfit software version 10.7 (Molecular Devices, Sunnyvale, CA).

2.11 Statistical analysis

The parametric data are expressed as the mean + SD, and nonparametric data are presented as the
median (IQR). Histograms and QQ-plots were used to assess whether the data conformed to a normal
distribution. If the distribution was normal, GraphPad Prism version 8.0 (CA, USA) was used for statistical
analysis and graphing. The unpaired two-tailed Student'’s t-test was used for comparisons between two
groups. One-way analysis of variance (ANOVA) or two-way ANOVA followed by Bonferroni test was used
for multiple comparisons. Otherwise, the nonnormally distributed data were analyzed by a Mann-Whitney
test. Statistical significance was accepted at p < 0.05.

3. Results

Page 7/29



3.1 Systemic dexmedetomidine alleviates allodynia and
anxiety-like behavior in mice following CPNL surgery.

The CPNL procedure caused mechanical allodynia, which manifested as a reduction in PWT in the
ipsilateral hindlimb paw, lasting over at least 14 days postsurgically (Figure-1A and 1B). Concomitant
with allodynia, a combination of OF, LDT, and ASR tests on postsurgical day-10 revealed that mice
subjected to CPNL procedure displayed anxiety-like behavior (Figure-1C-E).

Given dexmedetomidine has been reported to reverse allodynia at a low dose (3 pg/kg) in mice after
peripheral nerve injury [12], we thus examined antinociceptive response of different dosages of systemic
dexmedetomidine (2, 4 or 8 ug/kg) in our study (Figure-2A). Compared with saline control, we found that
systemic dexmedetomidine dose-dependently elicited a reversal of mechanical allodynia in the male mice
subjected to sham or CPNL procedure (sham, F(3,16) =2.763, P=0.076; ligation, F(3,16) =17.82, P<0.001,
Figure-2B). Of note, the dosage of 8 ug/kg systemic dexmedetomidine produced mild to moderate
sedation (Figure-2C), which made it difficult for the mice to finish the further behavioral tests. The
analgesic duration of 4 pug/kg dexmedetomidine lasted approximately 2.5 hours (Fg 4g)=41.06, P<0.001;
Figure-2D). Only 2 and 4 pg/kg doses were used for further evaluating the effects of dexmedetomidine on
anxiety-like behavior (Figure-2E-H). In ASR test, startle amplitude was significantly reduced after 4 pg/kg
dexmedetomidine treatment (F (5 15)=10.91, P=0.002). In OF test, 4 ug/kg dexmedetomidine
significantly increased the time in center (F,, o7)=7.277, P=0.003) and distances in center (F, 57) =
7.183, P=0.003); without any change in total distance (F97)=1.907, P=0.168). In LDT test, 4 pg/kg
dexmedetomidine significantly increased time in light area (F(z, 27y=12.04, P<0.001) and frequency to
light area (F(,, 7y = 6.873, P=0.004). Similar to those findings in male mice, we found that
dexmedetomidine produced a comparable antinociceptive and anxiolytic effects in female mice (those
data not shown). Therefore, 4 ug/kg dexmedetomidine was selected for the following experiments.

Furthermore, we performed an in vivo experiment using yohimbine, that an antagonist of presynaptic a2-
adrenoreceptor, to find if systemic yohimbine (5 pg/kg) could reverse the antinociceptive and anxiolytic
effect of dexmedetomidine in mice subjected to CPNL procedure (Figure-3A). Compared with
dexmedetomidine alone, treatment with dexmedetomidine plus yohimbine reduced ipsilateral hind-limb
PWT (Figure-3B), and worsened the anxiety-like behavior in mice subjected to CPNL procedure (Figure-3C-
E).

3.2 Hyperactivity of glutamatergic neurons in ACC is
implicated in the development of CPNL in mice.

In order to seek the brain area which involved in the pharmacological action of dexmedetomidine against
pain and comorbid anxiety, we initially conducted a staining for c-Fos protein on brain slices because c-
Fos staining is often used as an indirect marker of neuronal activity. The immunofluorescence staining
results showed an enhancement of c-Fos signal in multiple brain regions of the mice subjected to CPNL
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procedure (Figure-4A-C). In particular, ACC has been proposed to be a target for treating pain and
comorbid anxiety. Thus, we considered that ACC, with a distribution of a2-adrenoreceptor as reported
previously 24, might be a site for the anxiolytic action of dexmedetomidine in pain condition. The
immunofluorescence co-staining of c-Fos and glutamate further showed that most of c-Fos signal in ACC
was primarily co-expressed within glutamatergic neurons (Figur-4D and 4E). Afterwards, to verify whether
ACC is involved in dexmedetomidine-elicited anti-nociception and anxiolysis, we examined the direct
impact of dexmedetomidine perfusion on whole-cell patch-clamp recordings of ACC glutamatergic
neurons in acute brain slices ex vivo. Electrophysiological results showed that dexmedetomidine (2 uM)
perfusion induced an outward current, suggesting hyperpolarization of glutamatergic neurons (Figure-
4F). Additionally, the electrophysiological effect of dexmedetomidine on glutamatergic neurons ex vivo
was blocked by additional perfusion of yohimbine (1 uM) [30] (Figure-4G).

3.3 Inhibition of glutamatergic neurons in ACC rescues allodynia and anxiety-like behavior in mice
following CPNL procedure.

Given the increased excitability of ACC glutamatergic neurons, we further investigated whether
conditional inhibition of glutamatergic neurons is able to reverse nociception-related anxiety-like behavior
in the CPNL-treated mice. We utilized chemogenetic inhibition by locally microinjected AAV-CaMKIla-
hM4Di-mCherry into ACC of wild-type mice and intraperitoneal injection of CNO to selectively inhibit
glutamatergic neurons (Figure-5A). We found that mCherry-labeled hM4Di was specifically expressed in
glutamatergic neurons three weeks after the microinjection (Figure-5B). Whole-cell patch-clamp
recordings were carried out to confirm the reduction in neuronal excitability of glutamatergic neurons
after CNO perfusion (Figure-5C). In terms of mechanical allodynia, our findings showed that
chemogenetic inhibition led to an attenuation of PWT reduction following CNO treatment (F (g 112) =
12.45, P<0.001, Figure-5D). Similarly, OF test (time in center, P =0.005; distances in center, P =0.013; total
distance, P =0.169; Figure-5E), LDT test (time in light area, P <0.001; frequencies to light area, P =0.042;
Figure-5F), and ASR test (P =0.005, Figure-5G) showed that anxiety-like behaviors were reduced following
the treatment with CNO in CPNL-treated mice that received AAV-CaMKIla-hM4Di-mCherry.

3.4 Systemic dexmedetomidine reduces hyperactivity of
ACC glutamatergic neurons in CPNL-treated mice.

To assess whether the calcium signal activity of ACC glutamatergic neurons was altered in response to
stimulation by 0.07 g von-Frey filaments, in vivo fiber photometry recording was performed in wild-type
mice that received viral injection of AAV-CaMKIla-GCaMP6m-EGFP that enabled specific expression of the
EGFP-labeled calcium indicator GCaMP6m under the control of the CaMKIla-promoter (Figure-6A). The
virus was locally injected into the right ACC, and the calcium indicator was expressed in glutamatergic
neurons after three weeks (Figure-6B). Compared with baseline prior to surgery, freely moving mice
displayed a substantial increase in calcium signal following stimulation by 0.07 g von-Frey filaments on
the ipsilateral hind paw on postsurgical day-10. Additionally, we utilized fiber photometry to record in vivo
calcium signals of ACC glutamatergic neurons in the CPNL-treated mice with dexmedetomidine
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treatment. The in vivo calcium signals of glutamatergic neurons collected from freely moving mice were
weakened by dexmedetomidine (Figure-6C and 6D). Electrophysiological results showed an increase in
current-elicited action potentials and a decrease in rheobases recorded in visualized glutamatergic
neurons in ACC from CPNL-treated mice compared with sham control mice (action potential firing rate:
currentxgroup interaction, Fs 999y = 28.15, P<0.001; rheobases: 192.2+ 46.2 pAvs. 97.4£32.1 pA, P<
0.001, n =23 cells from three mice for each group; Figure-6E and 6F). Following treatment with systemic
dexmedetomidine, the electrophysiological results implied that the activity of ACC glutamatergic neurons
in acute brain slices was reduced in dexmedetomidine-treated mice (action potential firing rate:
currentxgroup interaction, F(5, 220) = 2.862, P=0.016; rheobases: 107.5+46.7 pAvs. 149.1+37.4 pA, P=
0.002, n = 24 cells from three mice in the saline group and 22 cells from three mice in the
dexmedetomidine group; Figure-6G and 6H).

3.5 Activation of glutamatergic neurons is rescued by
micro-injection of dexmedetomidine into ACC.

To selectively enhance the activity of ACC glutamatergic neurons, we performed chemogenetic activation
by using unilateral micro-injection of AAV-CaMKIla-hM3Dg-EGFP into right ACC (Figure-7A). EGFP-labeled
hM3Dq was specifically expressed in glutamatergic neurons three weeks after viral injection (Figure-7B
and 7C). Those hM3Dg-treated mice developed allodynia and anxiety-like behavior in response to
systemic CNO (Figure-7D-G). To examine whether dexmedetomidine (2 pM, 300 nl) exerted
antinociceptive and anxiolytic actions via specific inhibition of ACC glutamatergic neurons,
dexmedetomidine was locally delivered into the right ACC by an implanted guide cannula 40 min after
systemic administration of CNO into the hM3Dg-treated mice (Figure-7H). Remarkably, local
dexmedetomidine alleviated mechanical allodynia (P <0.001, Figure-7I) in the hM3Dg-treated mice that
received systemic CNO. In ASR test, startle amplitude was reduced (P <0.001, Figure-7J). In OF test
(Figure-7K), local dexmedetomidine into ACC of hM3Dg-treated mice increased the time in center (P <
0.001) and distances in center (P =0.029) in response to CNO. In LDT test (Figure-7L), hM3Dg-treated
mice with CNO administration spent more time in light area (P =0.008) and have more frequencies to
light area (P =0.029) after local dexmedetomidine injection.

4. Discussion

Given that dexmedetomidine has both anxiolytic and analgesic properties, it may be useful to potentially
extend the therapeutic utility in the management of anxiety symptoms in pain condition. Prior studies
have suggested that dexmedetomidine produces analgesia probably through the activation of peripheral
and spinal noradrenergic inhibitory systems, but the underlying mechanism of dexmedetomidine-elicited
anxiolytic action is not yet clear [10-13, 16, 17]. The current study revealed that systemic
dexmedetomidine at subanesthetic doses attenuated anxiety-like behaviors in mice after traumatic
peripheral nerve injury. Our findings provided cellular evidence revealing that dexmedetomidine provided a
reduction in the neuronal excitability of ACC glutamatergic neurons, which may be, at least in part,
involved in dexmedetomidine-elicited anxiolysis in mice following traumatic peripheral nerve injury.
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The noradrenergic system, driven by noradrenaline interacting with different adrenergic receptors
distributed throughout the nervous system, is crucial for many physiological activities in the body [31, 32].
In particular, there is accumulating evidence that pain is one of the sensations regulated by the
noradrenergic system, mostly through the involvement of a2-adrenoceptors [33, 34]. The spinal cord plays
a crucial role in the transmission and modulation of painful information. It has been reported that spinal
noxious sensory transmission can be modulated by descending inhibitory modulation and/or facilitatory
modulation. It has been well-documented that noradrenergic descending pathways exert an inhibitory
effect on nociceptive neurons within the dorsal horn of the spinal cord through the activation of a2-
adrenoceptors [35]. This has been further functionally confirmed by the intrathecal administration of a2-
adrenoceptors agonist. The intrathecal administration of dexmedetomidine (0.1-1.0 pg) [13] produced
spinally-mediated analgesia owing to the direct activation of abundantly distributed a2-adrenoreceptors
in the spinal cord. It has also been demonstrated that low-dose systemic dexmedetomidine (3 pg/kg)
reverses mechanical allodynia in mice after peripheral nerve injury via an involvement of spinal a2-
adrenoreceptors [12]. As the major producer of noradrenaline at the supraspinal level, locus coeruleus
(LC) contributes to noradrenergic descending modulation of painful information in the spinal cord. In
addition to acting at the spinal level, systemic dexmedetomidine (3 or 10 pg/kg) can facilitate spinal
inhibitory synaptic responses to produce analgesia by activation of LC-spinal descending noradrenergic
inhibitory pathway [10]. It has been reported that a2-adrenoreceptors are widely distributed throughout the
supraspinal sites, and ACC receives abundant noradrenergic projections and contains corresponding
receptors [36, 37]. The local noradrenergic system in ACC is thus considered a potential action site of
systemic dexmedetomidine in our study. This is evidenced by our findings that systemic administration
of dexmedetomidine reduced the hyperactivity of glutamatergic neurons in ACC. Apart from a well-known
descending LC-spinal projection for nociception, the ascending pathway passing through the LC may be
responsible for noradrenergic inputs to higher centers, such as ACC, for advanced processing of
emotional information in pain condition. Unfortunately, there is no direct evidence in our study whether
ACC glutamatergic neurons that receive LC noradrenergic inputs alters in response to dexmedetomidine.

Anxiety commonly occurs in chronic pain states, and the coexistence of these diseases worsens the
outcomes of both disorders. This tends to create a cycle of pain and anxiety symptoms that is difficult to
break, making the treatment of such patients challenging. For example, concomitant anxiety and/or
depression is estimated to affect approximately one in three patients with osteoarthritis-related pain [38,
39]. Anxiety may result from chronic pain, but anxiety also predicts subsequent pain outcomes before or
after surgical arthroplasty [40, 41]. In particular, great efforts have been made to explore the critical role of
ACC in the relationship between chronic pain and comorbid anxiety. For example, the hyperactivity of ACC
neurons and presynaptic long-term potentiation due to neural plasticity, mediate the interaction between
anxiety and chronic pain [24, 42]. The available evidence supporting a2-adrenoceptor agonist-produced
analgesia has mostly been obtained from animal models after peripheral nerve injury [10, 12, 43, 44].
However, it has also been shown that dexmedetomidine or clonidine has an antinociceptive effect in mice
with post-incisional pain and inflammatory pain [45-49]. These findings may expand the potential use of
a2-adrenoceptor agonists to multiple pain conditions, but further studies are still needed.
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5. Conclusions

Our findings in the animal study indicate that the low dose of dexmedetomidine may produce anxiolysis
in pain condition without excessive sedation. And the reduction in glutamatergic neuronal activity in ACC
may be involved in dexmedetomidine-elicited anxiolysis in chronic pain.
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Figure 1

Changes in pain-related and anxiety-like behaviors after CPNL.

(A) Schematic of CPNL (left hind limb) and timeline of subsequent experiments. (B) Time course of
CPNL-induced PWT. (n = 5 mice per group; timexgroup interaction, F(5, 40) = 10.51, P <0.001). (C)
Performance of mice treated with sham and CPNL on postsurgical day 10 in the OF test. (n = 10 mice per
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group; time in center, t18 =3.531, P =0.002; distances in center, 118 = 3.849, P =0.001; total distance, 118
=1.062, P =0.302). (D) Performance of mice treated with sham and CPNL on postsurgical day 10 in the
LDT test. (n = 10 mice per group; time in light area, t18 = 9.661, P <0.001; frequency to light area, t18 =
3.878, P =0.001). (E) Performance of mice treated with sham and CPNL on postsurgical day 10 in the
ASR test. (n = 5 mice per group; startle amplitude, t8 = 3.998, P = 0.004). Compared with sham mice, * P <
0.05, ** P <0.01, ***P <0.001, **** P <0.0001. Two-way repeated-measures (RM) ANOVA with Bonferroni
post hoc analysis for (B), two-tailed unpaired Student’s t test for (C, D and E). ANOVA, analysis of
variance; ns, no significant difference; CPNL, common peroneal nerve ligation; PWT, paw withdrawal
threshold; OFT, open field; LDT, light-dark transition; ASR, acoustic startle reflex.
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Figure 2

Dose-dependent effects of dexmedetomidine on analgesia and anxiety relief in CPNL mice.

(A) Timeline of the dose response to dexmedetomidineexperiments of PWT and sedation in sham and
CPNL mice. Changes in PWT (B) and sedation score (C) of CPNL mice treated with DEX at various
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concentrations. (n = 5 mice per group; sham, PWT: F(3, 16) = 2.763, P=0.076, sedation score: H=12.9, P
=0.005; CPNL, PWT: F(3,16) = 17.82, P <0.001, sedation score: H = 13.85, P =0.003). (D) Time course of
the effects of DEX (4 pg/kg) on PWT after CPNL. (n = 5 mice per group; timexgroup interaction, F(6, 48) =
41.06, P <0.001). (E) Timeline of dose response to dexmedetomidine experiments on anxiety-like
behavior test in CPNL mice. (F) Performance of CPNL mice treated with DEX in the ASR test (n = 5 mice
per group; startle amplitude, F (2, 12) = 10.91, P =0.002). (G) Performance of CPNL mice treated with DEX
(2, or 4 ug/kg) in the OF test. (n = 10 mice per group; time in center, F (2, 27) = 7.277,P =0.003, distances
in center, F(2,27) = 7.183, P =0.003, total distance, F(2,27) = 1.907, P =0.168). (H) Performance of CPNL
mice treated with saline or DEX (2, or 4 pg/kg) in the LDT test (n = 10 mice per group; time in light area, F
(2,27) =12.04, P <0.001, frequency to light area, F (2, 27) = 6.873, P =0.004). * P <0.05, ** P <0.01, *** P
<0.001, #*** P <0.0001, compared with Sham or CPNL + saline. Kruskal — Wallis test for (B-CPNL-PWT
and C), one-way ANOVA with Bonferroni post hoc analysis for (B-sham-PWT, F, G and H), two-way
repeated-measures (RM) ANOVA with Bonferroni post hoc analysis for (D). ANOVA, analysis of variance;
ns, no significant difference; CPNL, common peroneal nerve ligation; PWT, paw withdrawal threshold; OF,
open field; LDT, light-dark transition; ASR, acoustic startle reflex; DEX, dexmedetomidine.
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Figure 3

Yohimbine partly reversed the analgesic and antianxiety effects of DEX in CPNL mice.

(A) Timeline of the experiments on the effect of yohimbine on DEX-treated CPNL mice. (B) Changes in
PWT of CPNL mice treated with saline or DEX after administration of yohimbine (n = 5 mice per group;
PWT, t8 = 2.453, P =0.040). (C) Performance of CPNL mice treated with saline or yohimbine after
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administration of DEX in the OF test (n = 10 mice per group; time in center, 118 = 4.208,P <0.001;
distances in center, 118 = 4.823, P <0.001; total distance, t18 = 0.5355, P = 0.599). (D) Performance of
CPNL mice treated with saline or yohimbine after administration of DEX in the LDT test (n = 10 mice per
group; time in light area, t18 = 3.71, P =0.002; frequency to light area, 118 = 4.161, P =0.001). (E)
Performance of CPNL mice treated with saline or yohimbine after administration of DEX in the ASR test
(n = 5 mice per group; startle amplitude, t8 = 2.637, P =0.030). Compared with sham mice, * P <0.05, ** P
<0.01, *** P <0.001, **** P <0.0001. Two-tailed unpaired Student’s t test for (B, C, D, and E). ns, no
significant difference; CPNL, common peroneal nerve ligation; ACC, anterior cingulate cortex; GIUACC
neurons, glutamatergic neurons in the anterior cingulate cortex; DEX, dexmedetomidine; Yo, yohimbine;
OFT, open field; LDT, light-dark transition; ASR, acoustic startle reflex.
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Figure 4

Glutamate neurons within the contralateral ACC are involved in the development of anxiety-like behaviors
after CPNL.

(A) Typical images showing c-Fos in multiple brain regions in right brain slices on postsurgical day 10.
Scale bars: 10000 pm. (B and C) The statistical data of c-Fos expression in the different brain regions (n =
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6 mice per group, ACC: t10 = 8.61, P<0.001, LSD: t10 = 3.145, P =0.010, DEn: t10 = 5.895, P <0.001, Cl:
t10 = 6.740, P <0.001, LSI: t10 = 6.315, P <0.001, LSV: 110 = 4.593, P =0.001, Pir: t10 = 9.777, P <0.001).
(D and E) Statistical data (D) and representative images (E) showing c-Fos-labeled neurons colocalized
with glutamate immunofluorescence within the right ACC at day 10 after CPNL. Scale bars: 200 pm (left)
and 20 ym (right) (n = 6 mice per group, t10 = 9.053, P <0.0001). (F) A representative trace of current and
summarized data showing that GIUACC neurons hyperpolarized in the presence of DEX (2 mM) and
recovered during washout. (G) A representative trace of current and summarized data showing that
yohimbine (1 mM) reversed the effect of DEX (2 mM) on GIluACCneurons. Vhold = =60 mV. The period of
drug application is indicated by the black line. The experiment was independently repeated in six neurons
from 3 mice, and similar results were obtained. Compared with sham mice, *P <0.05, ** P <0.01, *** P <
0.001, **+* P <0.0001. Two-tailed unpaired Student's t test for (B, C and D). ns, no significant difference;
CPNL, common peroneal nerve ligation; ACC, anterior cingulate cortex; M2, secondary motor cortex; LSD,
lateral septal nucleus, dorsal part; LS|, lateral septal nucleus, intermediate part; LSV, lateral septal nucleus,
ventral part; Cl, caudal interstitial nucleus of the medial longitudinal; Den, dorsal end piriform claustrum;
Pir, piriform cortex.
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Figure 5

Inhibition of GIuACCneuronal excitability alleviates pain-related and anxiety-like behaviors in CPNL mice.

(A) Schematic of virus injection and CNO administration. (B) Representative imaging of hM4Di virus
expression in GIUACC neurons. Scale bars: 200 um (left) and 20 pm (right). (C) Representative trace (left)
and summarized data (right) showing bath application of CNO (10 pM) hyperpolarizes GIUACC neurons
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(n =9 neurons from 3 mice). (D) Changes in PWT after inhibition of GIUACC neurons (n = 8 mice per
group; timexgroup interaction, F (8, 112) = 12.45, P <0.001). (E) Performance of CPNL mice treated with
CNO in the OF test. (n = 8 mice per group; time in center, 114 =3.308, P = 0.005; distances in center, 114 =
2.832, P =0.013; total distance, t14 = 1.449, P =0.1693). (F) Performance of CPNL mice treated with CNO
in the LDT test. (n = 8 mice per group; time in light area, t14 = 4.868, P <0.001; frequency to light area, 114
= 2.237, P =0.042). (G) Performance of CPNL mice treated with CNO in the ASR test (n = 6 mice per
group; startle amplitude, 110 = 3.619, P =0.005). Compared with mCherry-control mice, * P <0.05, ** P <
0.01, *** P <0.001. Two-way repeated-measures (RM) ANOVA with Bonferroni post hoc analysis for (D);
two-tailed unpaired Student’s t test for (E, F and G). ANOVA, analysis of variance; ns, no significant
difference; GIUACC neurons, glutamatergic neurons in the anterior cingulate cortex; ACC, anterior
cingulate cortex; CPNL, common peroneal nerve ligation; CNO, clozapine-N-oxide; PWT, paw withdrawal
threshold; OFT, open field; LDT, light-dark transition; ASR, acoustic startle reflex.
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Figure 6

Increased GIUACC neuronal excitability after CPNL can be inhibited by dexmedetomidine.

(A) Schematic of fiber photometry. DM: dichroic mirror; PMT: photomultiplier tube; DAQ: data acquisition.
(B) Representative imaging of GCaMP6m viral expression in GIuACCneurons. Scale bars: 200 um (left)
and 20 ym (right). (C-D) Data (C) and heatmaps (D) showing changes in calcium signals in saline- or
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DEX-treated CPNL mice. The colored bar on the right indicates AF/F (%). (E) Representative traces (left)
and summarized data (right) for action potential firing recorded from GIUACC neurons in sham and CPNL
mice. (n = 23 cells from 3 mice for each group. currentxgroup interaction, F(5, 220) = 28.15, P <0.001).
(F) Summary of the rheobases from GluACCneurons in sham and CPNL mice. (n = 23 cells from 3 mice
for each group. t44= 8.080, P <0.001). (G) Representative traces (left) and summarized data (right) for
action potential firing recorded from GIUACC neurons in CPNL mice treated with saline or DEX. (n = 24
cells from 3 mice for the saline group, n = 22 cells from 3 mice for the DEX group. currentxgroup
interaction, F(5, 220) = 2.862, P =0.016). (H) Summary of the rheobases from GIUACC neurons in CPNL
mice treated with saline or DEX. (n = 24 cells from 3 mice for the saline group, n = 22 cells from 3 mice for
the DEX group. t44 = 3.312, P =0.002). Compared with sham mice, * P <0.05, ** P <0.01, **** P <0.0001.
Two-way repeated-measures (RM) ANOVA with Bonferroni post hoc analysis for (E and G); two-tailed
unpaired Student’s t test for (F and H). ANOVA, analysis of variance; ns, no significant difference. DEX,
dexmedetomidine; GIUACC neurons, glutamatergic neurons in the anterior cingulate cortex; ACC, anterior
cingulate cortex; CPNL, common peroneal nerve ligation.
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Figure 7

Increased GIuACCneuronal excitability induced pain-related and anxiety-like behaviors in normal mice,
which is rescued by intra-ACC dexmedetomidine.
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(A) Schematic of virus injection. (B) Representative imaging of hM3Dq virus expression in GIUACC
neurons. Scale bars: 200 pm (left) and 20 pm (right). (C) Representative trace (left) and summarized data



(right) showing bath application of CNO (10 uM) depolarizes GIUACC neurons (n = 8 neurons from 3
mice). (D) Changes in PWT after activation of GluACCneurons from CaMKIla-hM3Dgq mice. (n = 10 mice
per group; timexgroup interaction, F (8, 120) = 11.69, P <0.001). (E) Effects of chemogenetic activation of
GIuACCneurons from CaMKlla-hM3Dg mice in the LDT test. (n = 10 mice per group; time in light area, t18
=2.908, P =0.009; frequency to light area, t18 = 2.174, P = 0.043). (F) Performance of CaMKlla-hM3Dq
mice treated with CNO in the OF test. (n = 10 mice per group; time in center, t18= 8.777,P < 0.001;
distances in center, 118 = 10.31, P <0.001; total distance, t18 = 0.1803, P = 0.859). (G) Performance of
CPNL mice treated with CNO in the ASR test (n = 6 mice per group; startle amplitude, 110 = 5.207, P <
0.001). (H) Schematic of virus injection and timeline of experiment. Dexmedetomidine (2 uM) was
injected into the ACC 40 min after CNO intraperitoneal administration. (I) Changes in PWT from CaMKlla-
hM3Dq mice treated with CNO and DEX. (n = 8 mice per group; t14 = 5.276, P <0.001). (J) Performance
from CaMKIla-hM3Dq mice treated with CNO and DEX in the ASR test (n = 6 mice per group; startle
amplitude, 110 = 5.645, P <0.001). (K) Performance of CaMKlla-hM3Dq mice treated with CNO and DEX
in the OF test. (n = 10 mice per group; time in center, t18 =4.278, P <0.001; distances in center, t18 =
2.373, P =0.029; total distance, t18 = 1.214, P =0.240). (L) Effects from CaMKlla-hM3Dq mice treated
with CNO and DEX in the LDT test. (n = 10 mice per group; time in light area, t18 = 2.983, P =0.008;
frequency to light area, t18 = 2.371, P =0.029). Compared with CNO+ACSF mice, * P <0.05, ** P <0.01,
*** P <0.001, **** P <0.0001. Two-way repeated-measures (RM) ANOVA with Bonferroni post hoc
analysis for (D); two-tailed unpaired Student’s t test for (E, F, G, |, J, K and L). ANOVA, analysis of variance;
ns, no significant difference; GIUACC neurons, glutamatergic neurons in the ACC; ACC, anterior cingulate
cortex; CPNL, common peroneal nerve ligation; DEX, dexmedetomidine; CNO, clozapine-N-oxide; ACSF,
artificial cerebrospinal fluid; PWT, paw withdrawal threshold; OFT, open field; LDT, light-dark transition;
ASR, acoustic startle reflex.
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