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Summary 

Chronic pain affects roughly one-fifth of the world’s population, and many patients do not 

respond to current therapies or conventional analgesics. Thus, studying the molecular 

mechanisms underlying neuropathic pain is crucial in identifying novel molecular targets that 

can be used to develop effective pain relief therapies. Previous studies have thus far focused 

on α2-adrenergic receptors (α2-ARs) and neuronal excitability, among others. However, recent 

research suggests that astrocytes and microglia, which express adrenergic receptors, 

contribute significantly to neuropathic pain. In particular, microglia have been found to express 

elevated levels of Gs-coupled β2-AR and they are responsive to norepinephrine application. 

Additionally, systemic administration of β2-AR agonists, such as Formoterol, has anti-

inflammatory and anti-nociceptive properties in neuropathic pain, but the underlying processes 

are poorly understood. Therefore, this thesis work focuses on investigating glial noradrenergic 

signaling via β2-AR, specifically on microglia and its contribution to the modulation of 

neuropathic pain in mice.  

In the present study, activation of the β2-ARs through Formoterol induced a decrease of anti-

inflammatory cytokine levels in primary isolated microglia and reversed nerve injury-induced 

morphological alterations in spinal dorsal horn microglia. Systemic administration of 

Formoterol inhibited evoked behaviors as well as aversive components related to neuropathic 

pain and reduced chronically-established neuropathic pain. The analgesic effects of 

Formoterol were mainly mediated by microglia, as demonstrated by employing the conditional 

knock-out mouse line lacking the β2-AR specifically in microglia. Remarkably, the effect of 

Formoterol on neuropathic pain-related behavior and microgliosis was lost in mice with the 

microglia-specific deletion of β2-ARs. In addition, microglia phenotype showed a sex-

dependency in the late phase of neuropathic pain, which was not observed in response to β2-

AR stimulation. Notably, Formoterol also reduced astrogliosis in the late stage of neuropathic 

pain independently of β2-AR signaling in microglia.  

Collectively, this work highlights the impact of microglial β2-AR stimulation in mediating the 

inhibition of pro-inflammatory signaling in the spinal cord during the initial phase of neuropathic 

pain. These results emphasize the importance of exploring microglial β2-AR agonists in 

alleviating neuropathic pain and elucidating the underlying mechanisms. 
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Zusammenfassung 

Etwa ein Fünftel der Weltbevölkerung leidet unter chronischen Schmerzen, und viele Patienten 

sprechen nicht auf aktuelle Therapien oder konventionelle Analgetika an. Es ist daher 

notwendig, die molekularen Mechanismen neuropathischer Schmerzen zu untersuchen, um 

neue molekulare Targets zu identifizieren, die zur Entwicklung wirksamer 

Schmerzlinderungstherapien verwendet werden können. Bisherige Forschungen 

konzentrierten sich unter anderem auf α2-adrenerge Rezeptoren (α2-ARs) und neuronale 

Erregbarkeit. Neuere Studien legen jedoch nahe, dass auch Astrozyten und Mikroglia, die 

adrenerge Rezeptoren exprimieren, signifikant zur neuropathischen Schmerzentstehung 

beitragen. Insbesondere wurde festgestellt, dass Mikroglia erhöhte Mengen an Gs-

gekoppelten β2-AR exprimieren und auf die Anwendung von Norepinephrin reagieren. Die 

systemische Verabreichung von β2-AR-Agonisten wie Formoterol hat entzündungshemmende 

und antinozizeptive Eigenschaften bei neuropathischen Schmerzen, aber die zugrunde 

liegenden Mechanismen sind wenig verstanden. Daher konzentriert sich die vorliegende 

Doktorarbeit auf die Untersuchung glialer noradrenerger Signalgebung über β2-AR, 

insbesondere auf Mikroglia, und ihren Beitrag zur Modulation neuropathischer Schmerzen bei 

Mäusen. 

Formoterol induzierte anti-inflammatorische molekulare Veränderungen in primär isolierten 

Mikroglia und kehrte nervenverletzungs-induzierte morphologische Veränderungen in nativen 

Populationen von Mikroglia im spinalen Rückenmark um. Die systemische Verabreichung von 

Formoterol hemmte evozierte Verhaltensweisen sowie aversive Komponenten, die mit 

neuropathischem Schmerz zusammenhängen, und reduzierte chronisch neuropathische 

Schmerzen. Die analgetischen Wirkungen von Formoterol wurden hauptsächlich durch 

Mikroglia vermittelt, wie durch den Einsatz kondizioneller Gen-Knockout-Technologie zur 

mikroglia-spezifischen Deletion von β2-ARs gezeigt wurde. Bemerkenswerterweise waren die 

Wirkungen von Formoterol auf neuropathische Schmerzverhaltensweisen und Mikrogliose bei 

Mäusen, denen β2-ARs spezifisch in Mikroglia fehlten, verloren. Zusätzlich zeigte der 

Mikroglia-Phänotyp eine geschlechtsabhängige Komponente in der späten Phase des 

neuropathischen Schmerzes, die bei der β2-AR-Stimulation nicht beobachtet wurde. 

Interessanterweise reduzierte Formoterol auch die Astrogliose in der späteren Phase des 

neuropathischen Schmerzes unabhängig von der β2-AR-Signalgebung in Mikroglia. 

Zusammenfassend ist diese Arbeit eine der ersten, die Beweise für die Rolle der mikroglialen 

β2-AR-Aktivierung bei der Blockierung pro-inflammatorischer Signale im Rückenmark 

während der Anfangsphase des Auftretens neuropathischer Schmerzen liefert. Diese 

Ergebnisse betonen den Wert der Erforschung von β2-AR-Agonisten für Mikrogliazellen zur 
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Linderung von neuropathischen Schmerzen und zur Klärung der zugrunde liegenden 

Mechanismen. 
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1. Introduction 
 

1.1 Neuropathic pain 

Divinum est opus sedare dolorem (Hippocrates). 

Pain can serve a protective function as it alerts the body to potential or actual tissue damage 

and prompts the individual to take action to prevent further harm. However, experiencing 

deleterious pain is recognized as a debilitating condition. The International Association for the 

Study of Pain describes pain as “an unpleasant sensory and emotional experience associated 

with or reminiscent of that associated with, actual or potential tissue damage” (Raja et al., 

2020). When the damage results in a lesion or disease of the somatosensory nervous system, 

which includes peripheral nerve fibers (Aβ, Aδ, and C fibers) and central neurons, it is referred 

to as neuropathic pain (Colloca et al., 2017). The prominent clinical manifestations of 

neuropathic pain include spontaneous (continuous or episodic) or evoked pain, which can be 

a painful response to a typically innocuous stimulus (allodynia), or an exaggerated response 

to a painful stimulus (hyperalgesia) (Finnerup et al., 2021).  

Neuropathic pain affects 7–10% of the European population (Hebert et al., 2021) and impact 

significantly on the quality of life of the patient, leading to problems, including anxiety, 

depression, disturbed sleep, and impaired cognition (Colloca et al., 2017). Effective treatment 

necessitates a multimodal approach with a specific pharmacological component (Baron et al., 

2010; Finnerup et al., 2015). The financial burden of chronic pain is considerable and varies 

per country, ranging from 9,305 € in Italy to 14,446 € in Germany (Liedgens et al., 2016). 

1.1.1 Current Treatments 

Generally, neuropathic pain management involves a combination of pharmacological and non-

pharmacological interventions. Pharmacological options include the use of antidepressants, 

anticonvulsants, local anesthetics, and opioids (Finnerup et al., 2021). Interventional 

procedures including intrathecal drug delivery, nerve blocks, and spinal cord stimulation (de 

Geus et al., 2023; Nguyen et al., 2011), as well as non-invasive methods, such as transcranial 

direct current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS), may 

be employed to alleviate neuropathic pain (Ferreira et al., 2019; Lefaucheur et al., 2008). 

Physical rehabilitation and complementary alternative therapies, including acupuncture, 

chiropractic, and massage, may be integrated with other treatments (Liampas et al., 2020; 

Skelly et al., 2022). Psychological therapies, such as cognitive-behavioral and mindfulness-

based therapies, can help improve mood and minimize the psychological burden of chronic 

pain (Skelly et al., 2022). 
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1.1.1.1 Pharmacological treatments 

Pharmacological interventions for neuropathic pain involve using medication to alleviate pain 

symptoms. The analgesic drugs for neuropathic pain are enlisted in Table 1. 

Table 1. Analgesics agents for neuropathic pain. 

Modified from (Finnerup, 2019). 

 

Drug Indication Side effects and Risks # Other Information 

Amitriptyline £ Neuropathic pain 
(first-line 
therapy), 
fibromyalgia, 
prevention of 
tension-type 
headache or 
migraine 

Somnolence, tremors, 
dizziness, headache, 
drowsiness, tachycardia, 
orthostatic hypotension, dry 
mouth, constipation, 
nausea, micturition 
disorder, weight gain, 
hyperhidrosis, decreased 
libido, increased risk of 
suicidal thoughts 

Patients with poor 
metabolism of CYP2D6 
require lower doses; 
contraindicated in patients 
with recent myocardial 
infarction or cardiac rhythm 
disorders; avoid abrupt 
discontinuation; caution if 
used with other serotonergic 
agents 

Duloxetine Neuropathic pain 
(first-line 
therapy), chronic 
musculoskeletal 
pain, fibromyalgia 

Somnolence, dizziness, 
headache, nausea, 
increased blood pressure, 
increased risk of suicidal 
thoughts 

Avoid abrupt discontinuation; 
caution if used with other 
serotonergic agents 

Gabapentin Neuropathic pain 
(first-line therapy) 

Somnolence, dizziness, 
peripheral edema, fever, 
infection, nausea, lack of 
coordination, blurred vision, 
increased risk of suicidal 
thoughts 

Dose adjustment for renal 
impairment; misuse, abuse, 
and addiction have been 
reported  

Pregabalin Neuropathic pain 
(first-line 
therapy), 
fibromyalgia 

Somnolence, dizziness, 
headache, peripheral 
edema, nausea, weight 
gain, disorientation, blurred 
vision, increased risk of 
suicidal thoughts 

Dose adjustment for renal 
impairment; misuse, abuse, 
and  addiction have been 
reported 

Tramadol Neuropathic pain 
(second-line 
therapy 

Dizziness, fatigue, 
constipation, nausea, 
somnolence, dry mouth, itch 

Dose adjustment for renal 
impairment; seizure 
disorder, allow 4 weeks for 
an adequate trial 

Strong 
opioids 

Neuropathic pain 
(third-line therapy 

Dizziness, fatigue, 
constipation, nausea, 
somnolence, dry mouth, 
itch, abuse 

Monitor patients with hepatic 
and renal disorders and with 
a history of mental disorders 

Lidocaine, 
1.8% or 5% 
patch 

Postherpetic 
neuralgia, 
peripheral 
neuropathic pain 

Application-site pain, 
pruritus, erythema, and skin 
irritation 

Approved by FDA and EMA 
for postherpetic neuralgia 
only  

Capsaicin 8% 
patch 

Peripheral 
neuropathic pain 

Application-site pain and 
erythema, transient 
increase in blood pressure, 
risk of reduced sensation 

Applied by a health care 
professional wearing nitrile 
gloves 
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The medications mentioned are commonly prescribed for neuropathic pain, but this list is not exhaustive 
and other analgesics may be used for other types of pain. CYP2D6: cytochrome P-450 2D6; EMA: 
European Medicines Agency; FDA: Food and Drug Administration. 
# For a comprehensive list of potential side effects, risks, contraindications, and warnings associated 
with each drug, it is necessary to consult the product information. 
£ Additional tricyclic antidepressants such as imipramine, desipramine, and nortriptyline have not been 
studied as extensively for pain management but may offer more tolerable side-effect profiles. 
 

Antidepressants, including tricyclic antidepressants (TCAs) and serotonin-norepinephrine 

reuptake inhibitors (SNRIs), are adopted to treat neuropathic pain by reducing pain sensitivity 

and improving sleep. The mechanisms behind their analgesic effects are not yet completely 

understood but may involve presynaptic inhibition of serotonin (or 5-hydroxytryptamine, 5-HT) 

and norepinephrine (or noradrenaline, NE) reuptake in pain inhibitory pathways, activation of 

descending monoaminergic pathways in spinal or supraspinal sites, and peripheral 

mechanisms involving the interaction between adrenergic receptors and the opioid system 

(Kremer, Salvat, et al., 2016; Kremer et al., 2018). Anticonvulsants, such as gabapentin and 

pregabalin, are designed as gamma amino butyric acid (GABA) analogs but inhibit voltage-

gated calcium channels (Cav) α2δ subunit, thereby reducing activity-dependent calcium 

signaling, excitatory transmitter release, and neuronal hyperexcitability (Patel & Dickenson, 

2016).  

Opioids are broadly used for pain management and work by inhibiting nociceptive transmission 

through the action of μ-opioid receptors (MOR) in both presynaptic and post-synaptic neurons. 

Tramadol, a weak MOR agonist acting also as an inhibitor of serotonin and norepinephrine 

reuptake, and strong opioids, including morphine and oxycodone, are recommended as 

second- and third-line treatments, respectively, due to their potential to induce hyperalgesia, 

abuse, diversion, misuse, overdose and lack of effectiveness (Cavalli et al., 2019; Frieden, 

2016; Wilson et al., 2021). 

Lidocaine-medicated patches block voltage-gated sodium channels, resulting in nerve 

membrane stabilization and ectopic discharge inhibition (Devor et al., 1992). Capsaicin, found 

in chili peppers, binds to transient receptor potential cation channel subfamily V member 1 

(TRPV1) causing a reversible decrease in intraepidermal nerve fiber density and the 

desensitization of nociceptors upon repeated or high-concentration application (Anand & Bley, 

2011; Anand et al., 2022).  

These drugs may bind their targets at peripheral, spinal, and supraspinal levels, and their 

actions may involve different cell types, not only belonging to the central nervous system (CNS) 

(Damo, 2022; Fornasari, 2017; Harris et al., 2013; Kremer, Salvat, et al., 2016). The choice of 

treatment depends on various factors, including the type, severity, and duration of pain, along 

with individual characteristics like age, health status, and other medications. Combinational 

therapy is commonly employed when a single drug is not entirely effective. In refractory cases, 
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neuromodulation or spinal drug administration may be an option, although further randomized 

controlled trials are needed (Cruccu et al., 2007; Finnerup, 2019). 

Therefore, it is necessary to investigate the molecular mechanisms underlying neuropathic 

pain to identify new molecular targets that can be utilized for the development of novel pain-

relieving therapies. 

1.1.2 Spared nerve injury as a murine model of neuropathic pain  

Experimental animal models of nerve injury have been developed to tease out the mechanisms 

associated with neuropathic pain: partial or complete peripheral nerve transections (Bennett & 

Xie, 1988; Seltzer et al., 1990; Woolf & Salter, 2000), spinal cord injuries (Hao et al., 2000) 

and toxic and inflammatory neuritis models (Courteix et al., 1993; Eliav et al., 1999; Polomano 

et al., 2001). All these conditions lead to increase nociception such as allodynia and 

hyperalgesia, which are similar to those experienced by patients with neuropathic pain (Jensen 

et al., 2001).  

Spared nerve injury (SNI) enables the investigation of chronic treatments that can resemble 

clinical situations (Urban et al., 2011). SNI involves sparing the sural nerve when two other 

terminal branches of the sciatic nerve, the common peroneal and tibial nerves, are injured 

(Decosterd & Woolf, 2000). It results in marked hypersensitivity in the cutaneous lateral paw 

territory innervated by the spared sural nerve. The non-operated side serves as a control, and 

the SNI model exhibits pronounced mechanical and cold allodynia as early as the day after 

surgery, which persists for several weeks, up to one year (Bourquin et al., 2006; Costigan et 

al., 2009). This model does not affect daily activities, such as food intake, drinking, locomotion, 

or circadian patterns (Tappe-Theodor & Kuner, 2014; Urban et al., 2011). Autotomy is not 

observed in C57BL/6 mice, unlike other models including sciatic nerve transection models 

(Koplovitch et al., 2012). Nonetheless, SNI produces a low local inflammation that is also 

present in spinal nerve ligation (SNL), partial sciatic nerve ligation (PSNL), and chronic 

constriction injury (CCI) models (Cichon et al., 2018). Sciatic nerve injuries in humans are 

uncommon due to their deep anatomical location within the lower extremity (Guida et al., 2020). 

However, this model has been extensively utilized due to the reproducible and consistent 

reproducible pain hypersensitivity in the spared sural nerve territory that the rodent exhibits. 

1.2 Nociceptive pathways from the periphery to the brain 

Pain circuitry involves the activation of peripheral sensory neurons located in the dorsal root 

ganglia (DRGs) and trigeminal ganglia. They transduce and transmit information about 

innocuous and noxious stimuli to the spinal dorsal horn (SDH) and brainstem, where the 
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nociceptive information is received, processed, transmitted to the brain centers, and modulated 

by descending control (Sandkuhler, 2009).  

The SDH area is divided into five layers (Laminae I–V) (Rexed, 1952). Laminae I and II receive 

predominantly high-threshold unmyelinated C-type nociceptor and thinly myelinated Aδ-type 

nociceptor fibers. The superficial laminae I and II can be delineated by the afferent-specific 

markers calcitonin-gene-related peptide (CGRP) and Isolectin-B4 (IB4), respectively (Todd, 

2017). Laminae III to V receive the low-threshold Aδ or Aβ afferents, that transmit innocuous 

touch signals (Arcourt & Lechner, 2015; Solorzano et al., 2015; Todd, 2010). Once activated, 

the primary afferent nociceptors, also known as first-order neurons, release neuropeptides 

and/or neurotransmitters, including CGRP, substance P, somatostatin, glutamate, or aspartic 

acid, that activate the second-order pain-transmission neurons located in the SDH. The 

synaptic transmission between the first- and second-order neuron is modulated by 

neighborhood interneurons by releasing GABA (Todd, 2022). The axons of the second-order 

neurons cross the midline of the spinal cord and project to the thalamus and brainstem through 

the spinothalamic and spinoreticulothalamic tracts, respectively. Moreover, neurons from the 

lamina I send their axons through the spinoparabrachial tract to the parabrachial region of the 

dorsolateral pons. From this area, information is relayed to the amygdala, a region thought to 

be responsible for processing information related to the unpleasant aspects of the pain 

experience (Andrew, 2009). Information travels from the brainstem and thalamic loci to the 

cortical structures where painful stimuli are integrated and consciously evaluated (Kuner & 

Flor, 2016).  

There is no single brain area that is critical for pain (Apkarian et al., 2005). Instead, pain arises 

from the activation of a network of brain structures, some of which are more associated with 

the sensory-discriminative aspects of pain (such as location, intensity, and quality), including 

the somatosensory cortex. The anterior cingulate gyrus (ACC), insular cortex, and prefrontal 

cortex (PFC) are other structures related to the affective/emotional component of pain (Figure 

1). Brain imaging studies in patients suffering from chronic back pain have reported activation 

and plasticity of prefrontal cortical areas, as well as regions not generally linked to pain 

processing, such as the basal ganglia (Baliki et al., 2012). 
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Figure 1. The neural pathways and brain regions involved in pain signal transmission and 

regulation. 

Pain transmission implicates primary afferent neurons whose cell bodies are located in either the dorsal 

root ganglia (DRGs) or trigeminal ganglion. These neuronal cells synapse with second-order neurons 

located in the SDH or the spinal nucleus of the trigeminal complex. Their axons cross over to the 

contralateral side of the spinal cord and project to several targets, including the rostral ventromedial 

medulla (RVM), periaqueductal gray (PAG), parabrachial nucleus (PBN) and thalamus. From the PBN 

and thalamus, third-order neurons send projection to limbic cortical areas, such as the anterior cingulate 

gyrus, prefrontal and insular cortex. Moreover, thalamic relays send their axons to cortical areas, such 

as the somatosensory cortex. The amygdala receives projection mainly from the PBN, but also the 

thalamus, and interacts with the nucleus accumbens. These brain regions transmit to the PAG, which 

in turn sends descending pain modulatory signals back to the first synapses in the afferent pathways 

through the locus coeruleus and raphe nuclei in the RVM. Modified from (Brodin, 2016). 

Whereas the ascending pathways convey the pain transmission to the brain, the descending 

pathways modulate the pain signal from the brain to the spinal cord and the ascending 

pathways. Descending pathways can either be facilitatory or inhibitory, enhancing or 

suppressing pain perception, respectively (Basbaum et al., 2009; Porreca et al., 2002). 
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1.3 Descending inputs 

The SDH comprises molecularly and morphologically heterogeneous populations of non-

neuronal and neuronal cells that receive, process, and transmit sensory input from the 

periphery to the brain but also integrate descending excitatory and inhibitory projections 

coming from the brain (Dogrul et al., 2009; Kato et al., 2006; Lu & Perl, 2007).  

Signals from the frontal cortex, amygdala, and hypothalamus reach the periaqueductal gray 

(PAG) in the midbrain, which project to the spinal cord through the rostral ventromedial medulla 

(RVM) and the locus coeruleus (LC) (Heinricher et al., 2009; Li & Sheets, 2018). Serotonin 

and NE are released from the magnus raphe nucleus (RMg) of the RVM and the LC (A5–A7 

nuclei), respectively (Fields et al., 1983; Howorth et al., 2009; Sluka & Westlund, 1992; Zhuo 

& Gebhart, 1990). Serotoninergic and noradrenergic axons terminate diffusely throughout the 

SDH, and although some form synapses, a significant proportion of their action is mediated 

by volume transmission, where the neuromodulators bind their receptors across the synaptic 

cleft (Heinricher et al., 2009; Zoli et al., 1999). Additionally, GABAergic axons from 

the RVM arise and arborize extensively in the SDH (Antal et al., 1996) and synapse with 

lamina II interneurons (Kato et al., 2006).  

Depending on the pathological state, the brain nuclei, and the types of neurons that are 

activated, the descending pathways have dual conflicting actions. The 5-HT1A/B and 5-HT7 

serotonin receptors are expressed in the laminae I and II of the spinal cord (Doly et al., 2005; 

Perrin et al., 2011). These receptors generally have an inhibitory effect on pain transmission 

and perception, whereas 5-HT2A and 5-HT3 spinal receptors activation in lamina II has the 

opposite effect (Alba-Delgado et al., 2018; Dogrul et al., 2009; Rahman et al., 2011; Viisanen 

& Pertovaara, 2010). However, recent studies report that RMg projecting 5-HT neurons 

activate local spinal inhibitory interneurons via 5-HT2- or 5-HT3-mediated mechanism, which 

can diminish the excitability of SDH neurons blocking nociceptive inputs (Aby et al., 2022). The 

LC sends descending projections to the SDH, which have been shown to exert inhibitory 

actions on nociception (Pertovaara, 2006; Tavares et al., 2021). However, the LC can also 

facilitate pain through its projections to several pain-control modulatory system brain areas, 

including the PFC and the dorsal reticular nucleus (Hirschberg et al., 2017; Martins et al., 2015; 

Martins & Tavares, 2017). The LC has widespread projections to cortical regions, 

hippocampus, ventral tegmental area, basolateral amygdala (BLA), and spinal cord, all of 

which are important structures in the context of pain (Loughlin et al., 1986; Plummer et al., 

2020; Sara & Bouret, 2012). Adrenergic receptors, which mediate the effect of NE, are broadly 

expressed in the CNS and peripheral nervous systems (PNS). 
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1.3.1 Adrenergic receptors 

The adrenergic receptors (or adrenoceptors, ARs) belong to the guanine nucleotide-binding G 

protein-coupled receptor (GPCR) superfamily (Graham, 1990). ARs are classified into two 

major categories, α and β which can be further divided into α1, α2, β1, β2, and β3 subtypes, 

several of which are widely expressed throughout the peripheral tissues and CNS (Ahlquist, 

1948; Bylund et al., 1994). The distribution, physiological roles, and pharmacological mediators 

of ARs are summarized in Table 2. 

 

Table 2. Classification of ARs and therapeutic drugs.  

Modified from (Scanzano & Cosentino, 2015). 

Subtype Main 
transduction 
mechanisms  

Human tissue 
distribution 

Physiological 
functions 

Therapeutic drugs 
(indications) 

α1A Gq/11 

(phospholipase 
C stimulation, 
calcium 
channel) 

Cerebral cortex, 
cerebellum, heart, 
liver, predominant 
subtype in prostate 
and urethra, 
lymphocytes 

Contraction of 
urethral smooth 
muscle, skeletal 
muscle resistance 
arteries, 
subcutaneous 
arteries, control of 
cerebral blood 
flow, roles in 
neurotransmission 
and cognition 

Agonists: 
methoxamine, 
methylnoradrenaline, 
oxymetazoline, 
midodrine, 
metaraminol, 
phenylephrine 
(vasoconstriction and 
mydriasis, used as 
vasopressors, nasal 
decongestants, and 
eye exams)  
Antagonists: 
alfuzosin, doxazosin, 
prazosin, 
phenoxybenzamine, 
phentolamine, 
terazosin, tamsulosin, 
trazodone 
(hypertension, benign 
prostatic hyperplasia) 

α1B Spleen, kidney, 
somatic arteries 
and veins, 
endothelial cells, 
lymphocytes, 
osteoblasts 

Contraction of 
arteries and veins, 
osteoblast 
proliferation, 
control of cerebral 
blood flow 

α1D Cerebral cortex, 
aorta, 
lymphocytes, 
blood vessels of 
prostate, bladder 

Contraction of 
arteries, ureteral 
contraction, 
control of cerebral 
blood flow 

α2A Gi/Go 
(adenylate 
cyclase 
inhibition, 
potassium 
channel, 
calcium 
channel, 
phospholipase 
A2 stimulation) 

Brain, spleen, 
kidney, aorta, lung, 
skeletal muscle, 
heart, liver 

Presynaptic 
inhibition of 
noradrenaline 
release, 
hypotension, 
sedation, 
analgesia, 
hypothermia 

Agonists: xylazine, 
dexmedetomidine, 
medetomidine, 
clonidine, romifidine, 
brimonidine, 
detomidine, 
lofexidine, tizanidine, 
guanfacine, amitraz 
(sedatives, 
antihypertensives, 
treatment of opiate 
dependence and 
alcohol withdrawal 
symptoms)  

α2B Kidney, liver, 
brain, lung, heart, 
skeletal muscle 
(also reported in 
the aorta and 
spleen) 

Vasoconstriction 
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α2C Brain, kidney (also 
reported in spleen, 
aorta, heart, liver, 
lung, skeletal 
muscle) 

Presynaptic 
inhibition of 
noradrenaline 
release 

Antagonists: 
phentolamine, 
idazoxan, yohimbine, 
atipamezole, 
trazodone, mianserin, 
mirtazapine (reversal 
of α2-AR agonist-
induced sedation, 
antidepressants, 
aphrodisiac) 

β1 Gs (adenylate 
cyclase 
stimulation) 

Brain, lung, 
spleen, heart, 
kidney, liver, 
muscle 

Increase of 
cardiac output 
(heart rate, 
contractility, 
automaticity, 
conduction), renin 
release from 
juxtaglomerular 
cells, lipolysis in 
adipose tissue 

Agonists: 
dobutamine, 
isoprenaline, (heart 
failure, bradycardia, 
cardiogenic shock)  
Antagonists: 
metoprolol, atenolol, 
propranolol, 
bisoprolol, timolol, 
nebivolol (glaucoma, 
cardiac arrhythmia, 
congestive heart 
failure, myocardial 
infarction, migraine 
prophylaxis) 

β2 Brain, lung, 
lymphocytes, skin, 
liver, heart 

Smooth muscle 
relaxation, striated 
muscle tremor, 
glycogenolysis, 
increased mass 
and contraction 
speed, increase of 
cardiac output, 
increase of 
aqueous humor 
production in eye, 
dilatation of 
arteries, 
glycogenolysis 
and 
gluconeogenesis 
in liver, insulin 
secretion, 
bronchodilation 

Agonists: (short-
acting) salbutamol, 
ritodrine, 
levosalbutamol  
terbutaline, pirbuterol, 
procaterol, fenoterol, 
metaproterenol, 
bitolterol mesylate, 
isoprenaline, (long-
acting) salmeterol, 
formoterol, 
bambuterol, 
clenbuterol, (ultra-
long-acting) 
indacaterol (asthma, 
other effects: 
vasodilation in muscle 
and liver, relaxation of 
uterine muscle, and 
release of insulin) 
Antagonists: 
butoxamine, timolol, 
propranolol 
(glaucoma, heart 
attacks, hypertension, 
migraine headache) 
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β3  Adipose tissue, 
gall bladder, small 
intestine, stomach, 
prostate, left 
atrium, bladder, 
endothelium of 
coronary 
microarteries 

Lipolysis, 
thermogenesis, 
relaxation of 
miometrium and 
colonic smooth 
muscle cells, 
vasodilatation of 
coronary arteries, 
negative cardiac 
inotropic effect 

Agonists: amibegron 
(investigational: 
antidepressant, 
anxiolytic), 
solabegron 
(overactive bladder, 
irritable bowel 
syndrome) 
Antagonists: SR 
59230A 

1.3.1.1 β2-adrenergic receptors 

The gene encoding β2-AR, which is intron-less, is located on chromosome 5 (5q31) and 

encodes a 46 kDa, 413 amino acid polypeptide (Kobilka et al., 1987). The receptor was the 

first GPCR to be cloned (Dixon et al., 1986) and the first GPCR structure to be solved 

(Cherezov et al., 2007). Human β2-ARs are expressed not only in airway smooth muscles, but 

also in a wide variety of cells such as epithelial cells, endothelial cells, brain cells, and immune 

cells (Barnes, 1993). The receptor can activate canonical or noncanonical signal transduction 

pathways. In the first pathway, the typical activation and dissociation of the Gα-subunit trigger 

effector proteins, starting the second messenger cyclic 3',5'-adenosine monophosphate 

(cAMP) and protein kinase A (PKA)-mediated intracellular signaling pathway. The second 

pathway is G-protein independent and involves G-coupled receptor kinases (GRKs) and β-

arrestins (Barisione et al., 2010; Shukla et al., 2011). During non-canonical signaling, β-

arrestin2 couples β2-AR to mitogen-activated protein kinases (MAPK) signaling pathway, 

allowing nuclear translocation of transcriptional factors (Azzi et al., 2003). The diversity of the 

β2-AR activation leads to the complexity of signaling mechanisms and multiple functions. 

1.3.1.2 β2-adrenergic receptor agonists in neuroprotection 

The available agonists and antagonists for diverse AR subtypes show limited selectivity 

between the closely related α1- and α2-AR subtypes, resulting in conflicting outcomes (Perez, 

2020). However, long-acting β2-AR agonists (LABAs), such as Salmeterol and Formoterol, 

present high selectivity for the β2-AR (a 1,000-fold selectivity over the β1-AR subtype). These 

agonists bind to the lipophilic transmembrane domains which prolong their duration of action. 

This propriety makes them clinically useful and approved by the FDA as bronchodilators for 

chronic obstructive pulmonary disease (COPD) and asthma treatments (Baker et al., 2015; 

Linden et al., 1996; Tashkin & Cooper, 2004). 

Moreover, β2-AR agonists are suggested to have neuroprotective functions against 

degeneration and also have anti-inflammatory effects (Abdelmotilib & West, 2017; Chai et al., 

2016; Dang et al., 2014; Qian et al., 2011). Formoterol (commercial name Symbicort) may also 

have potential as an analgesic agent (Yalcin et al., 2010). The clinical efficacy of β2-AR 
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agonists has been examined in various neurological disorders and a few of them are 

summarized in Table 3. 

 

Table 3. Clinical trials using β2-agonists in neurological conditions.  

Modified from (Sharma & Flood, 2019). 

Disease Design Dose Drug Reference 

Neuropathic pain Controlled, 

double-blinded 

5 mg twice/day for 28 

days 

Terbutaline (Salvat et 

al., 2015) 

Spinal cord injury Randomized 

controlled 

4 mg twice/day for 1st 

week then 8 mg 

twice/day for 15 weeks 

Albuterol (Schilero et 

al., 2018) 

Alzheimer´s 

disease 

Randomized 

controlled 

20 mg/2 ml for 12 

months 

Formoterol (Phillips et 

al., 2016) 

Memory and 

cognition 

Randomized 

controlled 

4 mg, single oral 

administration 

Salbutamol (de 

Quervain et 

al., 2017) 

Multiple sclerosis Blinded 

controlled  

4 mg/day Albuterol (Khoury et 

al., 2010) 

Amyotrophic 

Lateral Sclerosis 

(ALS) 

Uncontrolled 60 mg/day for 6 months Clenbuterol (Soraru et 

al., 2006) 

Spinal muscular 

atrophy (SMA) 

Uncontrolled 3-8 mg/day for 6 months Albuterol (Kinali et al., 

2002) 

Spinal and bulbar 

muscular atrophy 

(SBMA) 

Uncontrolled 20 µg/day for 2 days, 

then 40 µg/day 

Clenbuterol (Querin et 

al., 2013) 

 

Further research is required to decouple Formoterol analgesic effect from adverse effects, 

such as cardiac dysrhythmias and muscle spasms. Furthermore, long-term LABA use can lead 

to tolerance, hypotension, headaches, and hypokalemia (Abosamak & Shahin, 2022; Cazzola 

et al., 1998). These drugs should be utilized with caution in patients with diabetes due to the 

risk of ketoacidosis (Benfante et al., 2016). 

1.3.2 Noradrenergic pain modulation 

At supraspinal levels, the pain modulatory effect of NE depends on several factors, including 

the supraspinal site, AR type, pain duration and pathophysiological condition. The 

noradrenergic system contributes to the top-down control of pain, such as modulating the 

behavioral state (Pertovaara, 2006).  
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1.3.2.1 Central noradrenergic modulation 

The LC descending pathways send signals to the spinal cord to suppress pain through a variety 

of mechanisms. The release of NE in the SDH suppresses pain by (1) presynaptic inhibition 

via α2A-AR action on central terminals of primary afferent nociceptors which prevent 

neuropeptides and/or neurotransmitter release (Bahari & Meftahi, 2019); (2) postsynaptic 

hyperpolarization through direct α2-AR action on pain-relay neurons, inhibiting voltage-gated 

calcium (Ca2+) channels and opening inwardly rectifying potassium (K+) channels (Basbaum 

et al., 2009; Heinricher et al., 2009; Pan et al., 2008); (3) mediating pain suppression by α1-

AR-mediated activation of inhibitory interneurons to promote GABA or glycine release to inhibit 

secondary neurons (Braga et al., 2004); (4) controlling α2C-AR on axon terminals of excitatory 

interneurons (Olave & Maxwell, 2003); and (5) promoting the spinal release of enkephalins, 

which activate opioid receptors and impede pain transmission (Bohn et al., 2000).  

Chronic pain conditions result also from an imbalance between descending pain inhibition and 

facilitation, leading to an enhanced abnormal pain sensation. This is due to plastic changes 

that occur in the central noradrenergic system which affect its anti-nociceptive efficacy 

(Pertovaara, 2006). These changes include an increase in spinal α2C-ARs (Stone et al., 1999), 

an intensification in the coupling efficiency between α2A-ARs and Gαi subunits (Bantel et al., 

2005), and an augmented activity of pre- and postsynaptic α2-ARs that mitigate glutamatergic 

transmission in the SDH (Chen et al., 2011). Moreover, animal studies have shown that at the 

initial stage of neuropathic pain following peripheral nerve injury, descending noradrenergic 

pathways mediate the increase in brain-derived neurotrophic factor (BDNF) levels which, 

through tropomyosin receptor kinase B (TrkB) receptors, changes the coupling of the α2-ARs 

expressed in the SDH cholinergic interneurons from inhibitory Gαi to excitatory GαS (Hayashida 

& Eisenach, 2010). These adaptive changes in the CNS indicate that the inhibitory tone of the 

descending noradrenergic may be compromised after nerve injury. Notably, the enhanced α2-

AR efficacy may be advantageous for the action of NE reuptake inhibitors, that increase the 

synaptic concentration of NE. 

1.3.2.2 Peripheral noradrenergic modulation 

Locally, sympathetic nerve fibers release NE, which interacts with diverse receptors to 

modulate peripheral nociception (Pertovaara, 2006). Expression of new ARs, sprouting of 

sympathetic nerve fibers, and alterations in ionic channel properties of primary afferent 

nociceptors mediate pro-nociceptive effects, whereas interactions with the peripheral immune 

system contribute to the anti-nociceptive effects (Bravo et al., 2019). In chronic pain, peripheral 

α-AR stimulation enhances pain sensation. This excitability is partially associated with 

neuroplastic changes, which may be influenced by variations in the ARs expression, as 
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suggested by an increased α2- and α1B-AR mRNA in primary afferent neurons (Donello et al., 

2011; Martin et al., 2019; Raja et al., 1991). Indeed, topical α2-AR agonist application results 

in analgesia, a phenomenon inhibited by pretreatment of α2-AR antagonists (Bravo et al., 

2019).  

Moreover, a study has reported that peripheral terminals and cell bodies of primary afferent 

nociceptors respond to β-AR stimulation (Khasar et al., 1999); however, another group has 

shown the restriction of Adrb2 expression solely in satellite glial cells (SGCs) that surround 

DRG neurons and not in the DRG neurons themselves (Bohren et al., 2013). More recently, 

the latter hypothesis is endorsed by another study in which fluorescence in situ hybridization 

limits the Adrb2 expression in SGCs (Shen et al., 2022). Still, it has not been studied if Adrb2 

mRNA is expressed in DRGs microglia-like cells (macrophages).  

Studies have demonstrated that β2-AR activation suppresses mechanical hypersensitivity in 

part by inhibiting the peripheral release of tumor necrosis factor-α (TNF-α) from SGCs of nerve-

injured mice (Bohren et al., 2013; Kremer et al., 2018). Conversely, acute dermal 

administration of a β2-AR agonist produces pro-nociceptive effects (Li et al., 2013). As a result, 

it is unclear whether the activation of these receptors is pro- or anti-nociceptive. 

Overall, these studies indicate that β2-AR agonists can act on numerous cell types to produce 

anti-nociceptive or pro-nociceptive effects, and the efficacy of β2-mimetics as analgesic may 

vary depending on the pain state and site of action. 

1.3.2.3 Adrenergic regulation of immune cell function 

NE is secreted by the adrenal gland and local sympathetic neurons and regulates both local 

and systemic immune responses through AR activation, particularly the β2-ARs (Sharma & 

Farrar, 2020). Even though the α-ARs expression in immune cells may be low, there are 

indications that the α1-AR may enhance cytokine secretion in innate immune cells, 

predominantly macrophages, indicating opposing roles for α and β receptors in the regulation 

of pro-inflammatory cytokines (Staedtke et al., 2018).  

Macrophages are classified into yolk sac-derived embryonic macrophages and bone marrow-

derived monocytes based on the high expression of classical markers, including fractalkine 

receptor (CX3CR1) and C-C motif chemokine receptor 2 (CCR2), respectively (Geissmann et 

al., 2003; Stremmel et al., 2018). CX3CR1 is predominantly expressed in tissue-resident 

macrophages (yolk sack-derived), which are considered a long-lived subset that patrols the 

blood. In contrast, CCR2+ monocytes are short-lived and actively recruited into inflamed tissue 

(Auffray et al., 2007; Yona et al., 2013). NE stimulates phagocytic activities in macrophages 

through both α- and β-ARs, whereas chemotactic function is regulated by α-ARs (Garcia et al., 

2003a, 2003b). β2-ARs activation may dampen pro-inflammatory macrophage polarization 

(Bacou et al., 2017) and promote anti-inflammatory or regulatory macrophage induction 
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(Grailer et al., 2014; Mai et al., 2022). Signaling via β2-ARs inhibits the release of inflammatory 

cytokines from dendritic cells and macrophages responding to lipopolysaccharide 

(LPS) (Donnelly et al., 2010; Grailer et al., 2014; Spengler et al., 1994), along with T cells 

activation (Estrada et al., 2016). Due to the complexity of β2-AR signaling mechanisms and 

duality of function, β2-AR activation can result in immunomodulatory actions with diverse 

effects on immune cell function (Lorton & Bellinger, 2015; Shenoy et al., 2006).  

1.4 Glial cells 

The important role of glial cells in the regulation of nociception and pain pathways has been 

extensively studied and documented (Donnelly et al., 2020; Old et al., 2015), highlighting their 

crucial involvement in the development and maintenance of chronic pain (Taves et al., 2013). 

ARs are expressed by both cortical and spinal astrocytes and microglia and are responsive to 

NE (Gyoneva & Traynelis, 2013; Morioka et al., 2009; Oe et al., 2020; Zorec et al., 2018). 

Activation of ARs on glial cells maintains homeostasis in the brain through anti-inflammatory 

actions, and inhibition of neuroinflammation, thereby limiting the degeneration of neurons 

(Feinstein et al., 2016). However, while adrenergic signaling in neurons has received 

considerable attention, the potential role of glial adrenergic signaling in neuropathic pain 

remains substantially unexplored.  

1.4.1 Astrocytes 

Astrocytes are the most abundant and heterogeneous glial cells in the CNS (Freeman, 2010). 

Mature astrocytes are involved in essential processes for maintaining CNS homeostasis, 

including synaptogenesis and synaptic transmission modulation, neurotransmitter recycling, 

regulation of pH and ionic balance, and maintenance of blood-brain barrier (BBB). Each 

astrocyte interfaces with the microvasculature and contacts several neurons and hundreds to 

thousands of synapses. They dynamically regulate synaptic transmission as they are elements 

of the tripartite synapses (Abbott et al., 2006; Alvarez et al., 2013; Volterra & Meldolesi, 2005). 

A unique feature of astrocytes is the formation of cellular networks with each other through 

gap-junction protein complexes, which allow neighboring astrocytes to freely exchange small 

cytosolic proteins and ions (Iadecola & Nedergaard, 2007). Astroglia cells also participate in 

the immune response to CNS injury and disease by releasing cytokines and growth factors, 

promoting neuroprotection and regeneration (Lee et al., 2022). Dysregulation of astrocytes 

function has been implicated in a variety of neurological and psychiatric disorders, including 

Parkinson's disease, Alzheimer's disease, and schizophrenia, making these cells a promising 

target for therapeutic interventions (Lee et al., 2022). 
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1.4.1.1 Astrocytes in pain 

Astrocytes are involved in synaptic transmission regulation and plasticity in pain pathways by 

modulating neurotransmitter release, uptake and metabolism, as well as by affecting the 

strength of synapses between neurons. This can influence the activity of pain pathways and 

contribute to the development and maintenance of chronic pain (Donnelly et al., 2020). Recent 

studies demonstrated that Hes Family BHLH Transcription Factor 5 (Hes5)-expressing 

astrocytes, a population of astrocytes, that is confined to the superficial laminae of the SDH, 

control mechanosensory behavior by gating descending noradrenergic commands (Kohro et 

al., 2020). Furthermore, dorsal horn astrocytes regulate peripheral nociceptive signals. A study 

reported that Aβ-fibers activation led to calcium elevation in SDH astrocytes, which then 

triggered long-term depression (LTD) in neurokinin-1 receptor-positive projection neurons, 

ultimately inhibiting pain (Xu et al., 2021). 

Astrocyte hypertrophy occurs several days post nerve injury and lasts for several months (Li 

et al., 2020). The reactive state of cells is distinguished by alterations in morphology, molecular 

composition, and functionality. Reactive astrocytes are recognized by hypertrophy and glial 

fibrillary acidic protein (GFAP) upregulation, including in ventrolateral PAG in diabetic 

neuropathic pain (DNP) rats (X. Liu et al., 2022), BLA and SDH following SNI (De Luca et al., 

2022; L. Liu et al., 2022), SDH post after peripheral nerve injury (Qian et al., 2018), SNL (Chen, 

Luo, et al., 2018; Guo et al., 2022), CCI (Garrison et al., 1991; Ono et al., 2020; Xue et al., 

2017), and spinal cord injury (SCI) (Allahyari et al., 2022; Faulkner et al., 2004). The activated 

astrocytes release diverse pro-inflammatory factors and chemokines (Ji et al., 2019).  

Astroglia regulate neuropathic pain through several mechanisms, among others, reactive 

astrocytes potentiate N-methyl-D-aspartate (NMDA) receptor function on spinal neurons by 

enhancing D-serine secretion, ultimately endorsing central sensitization (Ji et al., 2016; 

Moehring et al., 2018). In the SNL model, the expression of keratinocyte-derived chemokines 

ligand 1 (CXCL1) and its receptors CXC motif chemokine receptor 2 (CXCR2) is increased in 

the injured spinal cord astrocytes and neurons, respectively (Ni et al., 2019). In neuropathic 

pain conditions, an elevated TNF-α level stimulates c-Jun N-terminal kinases (JNK) 

phosphorylation in astrocytes, leading to CXCL1 upregulation, among other cytokines (Chen 

et al., 2014; Zhang et al., 2013). Released CXCL1 can directly act on CXCR2 in peripheral 

neurons, leading to calcium influx and primary neuron sensitization (Silva et al., 

2017). Astroglial activation can also affect the bioenergetic state of SDH neurons, resulting in 

further aberrant activity along spinal circuits (Marty-Lombardi et al., 2022). 

 

Astrocytes primarily express α1-, α2-, β1- and β2-ARs, and their activation modulates 

astrocytic functions (Hertz et al., 2010; Jensen et al., 2016). NE can increase intracellular 
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Ca2+ of spinal astrocytes through α1A-ARs (Ding et al., 2013) and intrathecal administration of 

NE induces mechanical hypersensitivity via α1A-ARs activation present on spinal Hes5-

expressing astrocytes in a peripheral nerve injury mouse model (Kohro et al., 2020). 

Conversely, the endogenous NE released by activation of LC-spinal cord noradrenergic 

pathway neurons suppresses astrocyte activation in the SDH (Li et al., 2022). Various in vivo 

studies also reported neuroprotective roles of long‐acting β2-AR agonists by reducing 

astrocyte activation in neuropathic pain models (Chen et al., 2021; Zhang et al., 2016). 

However, optogenetic activation of ACC astrocytic β2-ARs contributes to pain-related aversive 

memory in rats (Iqbal et al., 2023). In addition, hippocampal astrocytic β2-AR activation leads 

to fear memory consolidation via lactate release (Gao et al., 2016) and β-arrestin-1 plays a 

role in regulating lactate metabolism, which in turn contributes to β2-AR-mediated memory 

formation (Dong et al., 2017). Thus, inappropriate regulation of β2-AR activity can disrupt 

normal glucose metabolism and leads to accelerate neuronal disease development (Dong et 

al., 2012). 

Overall, the diverse effects of NE on astrocytes suggest a complex modulation of astrocyte 

function via ARs. The findings highlight the significance of studying the specific subtypes of 

adrenergic receptors in astrocytes to better comprehend their role in pain processing and 

modulation. 

1.4.2 Microglia 

Microglia are the resident immune cells of the CNS and are responsible for maintaining a 

healthy neural environment by constantly monitoring the CNS for any signs of damage, 

infection, or abnormality (Prinz et al., 2019). In a healthy brain, microglia are involved in the 

regulation of neurogenesis, synaptic pruning and plasticity, and they contribute to the 

maintenance of the BBB. Upon sensing threat or injury signals, microglia become activated, 

undergo morphological and functional changes, and release a variety of pro- and anti-

inflammatory chemokines, cytokines, and reactive oxygen species. Activated microglia can 

phagocytose damaged or dead cells, pathogens, debris, and produce trophic and growth 

factors that promote tissue repair and regeneration. However, excessive or chronic microglia 

activation can contribute to the development and progression of neurodegenerative diseases, 

including Parkinson's disease, Alzheimer's disease, and multiple sclerosis, by producing 

neurotoxic factors and promoting neuroinflammation and neuronal damage (Muzio et al., 

2021). Microglia can be manipulated to produce some beneficial effects in the context of new 

therapeutic interventions. 
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1.4.2.1 Microglia in pain 

Microglia are a type of cell in the CNS that play a key role in immune defense and tissue repair. 

Peripheral nerve injury induces microgliosis in the SDH, as evidenced by microglia 

proliferation, morphological changes, and the production of microglial inflammatory mediators, 

which can sensitize nearby neurons and contribute to the development of pain hypersensitivity. 

Indeed, microglia have been implicated in neuropathic pain pathogenesis and maintenance, 

and their activation is dependent on neuronal cues (Chen, Zhang, et al., 2018). Stimulation of 

C-fibers is sufficient to trigger spinal reactive microglial activation (Hathway et al., 2009), and 

large A-fiber activation is important for maintaining microglial activation (Suter et al., 2009). 

Microglia promptly respond to the nociceptive stimulus and proliferate, and this phenomenon 

reaches a maximum in the first week following nerve injury contributing to the development of 

neuropathic pain (Inoue & Tsuda, 2018; Peng et al., 2016). Minocycline, a microglial inhibitor, 

prevents or delays neuropathic pain (Ledeboer et al., 2005; Raghavendra et al., 2003), and 

blocking microgliosis attenuates pain behaviors (Guan et al., 2016; Sorge et al., 2015). 

Preclinical studies of neuropathic pain models, have shown that activated spinal microglia 

become hypertrophied, secrete pro-inflammatory mediators (interleukin-1β (IL-1β), interleukin-

6 (IL-6), TNF-α, BDNF), and lead to phosphorylation of the MAPKs, including p38, extracellular 

signal-regulated protein kinase (ERK), and JNK (Caraci et al., 2019; Inoue & Tsuda, 2018; 

Obata & Noguchi, 2004; Wang et al., 2014). These glial cell-derived inflammatory mediators 

promote the onset, development, maintenance, and transition of neuropathic pain (Peng et al., 

2016). Moreover, nerve injury upregulates the ATP receptors P2X purinoceptor 4 (P2X4) and 

P2Y receptor (P2Y12R), and the chemokine receptor CX3CR1 specifically in spinal microglia. 

The inhibition of these receptors leads to the alleviation of neuropathic pain (Kobayashi et al., 

2008; Tsuda et al., 2003; Verge et al., 2004; Zhuang et al., 2007). Alternatively, anti-

inflammatory microglia significantly contribute to the resolution of inflammation and promote 

tissue repair. Neuroprotective microglia antagonize central sensitization and pain chronicity via 

phagocytic activity and the release of anti-inflammatory cytokines, including IL-4, IL-10, and 

transforming growth factor beta 1 (TGF-β1) (Kohno et al., 2022; Sideris-Lampretsas & 

Malcangio, 2022) 

Recent studies suggest that there are sex differences in pain processing throughout the 

neuroaxis (Mogil, 2020). Animal models have shown a sexually dimorphic microglial function 

in the development of neuropathic pain and pain relief (Sorge et al., 2015; Taves et al., 2016). 

However, inconsistencies in the literature have been reported regarding the existence of sex-

based differences within the microglial response after nerve injury (Lopes et al., 2017; Peng et 

al., 2016). Therefore, further investigations are required. 
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The selective activation of the LC noradrenergic pathway towards the spinal cord alleviates 

neuropathic nociception in mice by augmenting the NE release and reducing 

neuroinflammation in SDH (Li et al., 2022). It is known that microglia express α1-, α2-, β1- and 

β2-ARs (Gyoneva & Traynelis, 2013), and in the SDH, NE may act on microglia which relieves 

neuropathic pain by reducing neuroinflammation (Caraci et al., 2019; Li et al., 2022). Moreover, 

administration of the α2-AR agonist Clonidine diminishes hypersensitivity post L5–L6 SNL, 

which is facilitated by the sprouting of noradrenergic fibers in the spinal cord and increased 

α2-ARs expression on cholinergic neurons (Hayashida & Eisenach, 2010). This phenomenon 

necessitates the presence of BDNF that is released from microglia (Coull et al., 2005), 

indicating that microglia can modulate in different ways the descending noradrenergic 

pathways in chronic pain-mediated analgesia. 

In vitro studies have demonstrated that NE application suppresses microglia activation and 

proinflammatory cytokine expression (Dello Russo et al., 2004; Gyoneva & Traynelis, 2013; 

Hertz et al., 2010; Ishii et al., 2015; Morioka et al., 2009; Zhang et al., 2014). Microglia are 

known to particularly express significantly higher levels of β2-AR compared to the other CNS 

cell types (O'Donnell et al., 2012), and NE may exert its anti-inflammatory actions on glial cells 

mainly through microglia. Moreover β1- and β2-ARs appear to be the only significantly 

functional ARs in microglia (Heneka et al., 2010; Steininger et al., 2011). However, it is unclear 

whether NE can act directly on β2-ARs expressed by microglia in the SDH in vivo. 

In summary, microglial function modulation by the descending noradrenergic pathway via β2-

ARs presents a promising target for pain management. 

1.5 Open Questions 

Less than 50 % of current analgesics provide 50 % pain relief (Finnerup et al., 2010). NE is 

notorious for exerting strong anti-inflammatory activity in the CNS, and its endogenous 

neuroprotective role in chronic pain is possibly linked to this action. Microglia, which play an 

important role in the development and maintenance of neuropathic pain, express ARs, and 

they have been demonstrated to modulate microglial function in diverse contexts. 

The precise mechanisms by which β2-ARs regulate microglia in the neuropathic pain 

framework remain ambiguous and research is required to determine whether targeting ARs 

could be a viable therapeutic strategy for treating this debilitating condition. Particularly, 

whether β2-ARs activation on microglia modulates pain in a sex-dependent manner is unclear. 

Furthermore, whether and how β2-ARs activation on microglia impacts the interactions 

between microglial and astroglial activation and signaling in the spinal cord in the context of 

neuropathic pain is not known. 

Additionally, neuropathic pain prompts adaptive alterations in response to the compromised 

descending noradrenergic inhibitory tone and it is currently unclear if other ARs are modulated 
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in these maladaptive changes during neuropathic pain. This may be attributed to the 

challenges in obtaining reliable antibodies for ARs and the limitations of genetic models 

commonly used to study this issue. AR expression patterns are still a subject of discussion 

and are being gradually elucidated.  

Further understanding of the potential analgesic effect of the microglia β2-ARs in neuropathic 

pain will guide the search for novel therapeutic options.  
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2. Aims of the study 

The role of glial β2-AR represents an untapped therapeutic target in chronic pain treatment. It 

is unclear whether microglial β2-AR activation can lead to adequate analgesia, particularly in 

therapy-resistant neuropathic conditions.  

The general aim of this project is to comprehend if β2-AR activation on microglia contributes 

to analgesia in a murine model of neuropathic pain. 

This study was designed with the intent to: 

- Analyze AR modulation post-nerve injury specifically in the glial cell population found 

in the spinal cord. 

- Investigate the impact of Formoterol on functional changes in pure culture of primary 

spinal microglia without modulation by other spinal cell types and in ex vivo spinal cord 

acute slices to explore the morphology modifications that Formoterol induces in spinal 

microglia. 

- Study the effect of diverse regimens of the β2-AR agonist in wild type (WT) mice in the 

SNI neuropathic pain model to determine the timeline of efficacy from early time points 

post nerve injury, assessing both the sensory and emotional components of pain. 

- Examine how Formoterol administration influences spinal microglia and astrocytes 

throughout the diverse regimens and whether it modulates nerve injury-induced gliosis. 

- Assess whether and how the specific deletion of β2-ARs on microglia via genetic 

manipulations affects the analgesic effect of Formoterol.  

- Scrutinize potential sexual dimorphism at the behavioral and cellular level in the SNI 

model and post-β2-AR agonist application. 

Overall, the goal is to elucidate whether targeting β2-AR in neuropathic pain may have 

therapeutic potential and to provide valuable scientific insights into the neurobiological 

mechanisms of neuropathic pain. 
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3. Materials and Methods 
 

3.1 Reagents 

Reagents are listed in Table 4. 

Table 4. Reagents 

Reagent  Manufacturer Catalog # (Cat 
#) 

Albumin Fraktion V Carl Roth GmbH & Co. KG T844.1 

B-27 supplement (50X) Gibco/Thermo Fischer 
Scientific 

17504044 

Biozym LE Agarose Biozym Scientific GmbH 840001 

Bromophenol blue Carl Roth GmbH & Co. KG T116.1 

Cholesterol  Sigma-Aldrich/Merck C3045 

Collagenase Sigma-Aldrich/Merck C-01330 

Colony stimulating factor-1 (CSF-1) Peprotech 300-25 

D(+)-Glucose Carl Roth GmbH & Co. KG X997.1 

Deoxynucleotide Set (100 mM)  Sigma-Aldrich/Merck DNTP100A-1KT 

Deoxyribonuclease I Amplification 
Grade 

Sigma-Aldrich/Merck 18068-015 

DirectPCR Lysis Reagent (Ear) Viagen Biotech Inc. 401-E 

DMEM high glucose, pyruvate Gibco/Thermo Fisher Scientific 11995 

Ethylenediaminetetraacetic acid 
(EDTA) 

AppliChem GmbH A2937 

Ethanol  Sigma-Aldrich/Merck 100983 

Fetal bovine serum  Gibco/Thermo Fisher Scientific 26140 

Formoterol Tocris 1448 

G-5 supplement (100X) Gibco/Thermo Fisher Scientific 17503012 

GelRed® Nucleic Acid Gel Stain Biotium Inc. 41003 

Glycine  AppliChem A1067 

Hoechst 33342, Trihydrochloride Gibco/Thermo Fisher Scientific H3570 

Interleukin-34 (IL-34)  Peprotech 200-34 
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L-Glutamine (200 mM) Gibco/Thermo Fisher Scientific 11539876 

Mineral oil Sigma-Aldrich/Merck 8042-47-5 

Mowiol-488 Carl Roth GmbH & Co. KG  0713.1 

N2 supplement Gibco/Thermo Fischer 
Scientific 

11520536 

NEB Smart Ladder Eurogentec MW-1700-100 

Normal horse serum Gibco/Thermo Fisher Scientific 31874 

Oligo(dT)20 primers Sigma-Aldrich/Merck 18418020 

Orange G Sigma-Aldrich/Merck 1936-15-8 

Paraformaldehyde Sigma-Aldrich/Merck 30525-89-4 

Penicillin/Streptomycin (PenStrep) Gibco/Thermo Fisher Scientific 15140-122 

Phosphate buffered saline (PBS) Gibco/Thermo Fisher Scientific J61196.AP 

Poly-D-Lysine Sigma-Aldrich/Merck P6407-5MG 

Proteinase K Sigma-Aldrich/Merck p6556 

qPCRBIO SyGreen mix separate-
Rox 

PCRBIOSYSTEMS PB20.14-51  

Random hexamer  Sigma-Aldrich/Merck N8080127 

RPMI 1640 Gibco/Thermo Fisher Scientific 11875093 

SmartLadder™ Eurogentec MW-1700-10 

Sucrose Carl Roth GmbH & Co. KG 57-50-1 

Sunflower/corn oil Sigma-Aldrich/Merck S-5007 

SuperScript III Reverse 
Transcriptase 

Sigma-Aldrich/Merck 18080044 

Tamoxifen Sigma-Aldrich/Merck T-5648-1G 

Tissue Freezing Medium  Leica Microsystems CMS 
GmbH 

14020108926 

Transforming growth factor-beta 2 
(TGF-β2) 

Peprotech 100-35B 

Trypsin Sigma-Aldrich/Merck T-1005 

Tris-HCl Carl Roth GmbH & Co. KG 9090.3 

Triton X-100  Sigma-Aldrich/Merck 9036-19-5 
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TRIzol  Thermo Fisher Scientific 15596018 

Tween 20 Carl Roth GmbH & Co. KG 9005-64-5 

Xylene cyanol FF Sigma-Aldrich/Merck 335940 

3.2 Antibodies 

First and secondary antibodies are listed in Table 5 and Table 6, respectively. 

Table 5. First antibodies. 

Antigen Species Type Manufacturer Cat # Dilution 

Iba1 Rabbit Polyclonal Wako 019-19741 1:500 

Iba1 Chicken Monoclonal Synaptic System 234 009 1:500 

p-p38 Rabbit Polyclonal Cell Signaling Technology 9212 1:300 

p-JNK Rabbit Polyclonal Cell Signaling Technology 4668 1:100 

GFAP Guinea pig Polyclonal Synaptic System 173 004 1:1000 

β-tubulin III Rabbit Polyclonal Abcam Ab18207 1:2000 

F4/80 Rat Monoclonal Biolegend 123102 1:200 

CD11b Rat Monoclonal Abcam Ab8878 1:200 

Table 6. Secondary antibodies. 

Antigen Species Type Manufacturer Cat # Dilution 

Chicken IgG Donkey Alexa Fluor-
488 

Thermo Fisher Scientific, 
Invitrogen 

A-78948 1:1000 

Rat IgG Donkey Alexa Fluor-
488 

Thermo Fisher Scientific, 
Invitrogen 

A-21208 1:1000 

Rabbit IgG Donkey Alexa Fluor-
594 

Thermo Fisher Scientific, 
Invitrogen 

A-21207 1:1000 

Guinea pig 
IgG 

Goat Alexa Fluor-
647 

Thermo Fisher Scientific, 
Invitrogen 

 A-11076  1:1000 
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3.3 Buffers and Solutions 

Buffers and solutions are listed in Table 7.  

Table 7: Buffers and solutions. 

Name Component Concentration Comments 

10x Buffer for PCR Tris  
KCl 

200 mM 
500 mM 

pH = 8.4 

Agarose Sample Loading buffer  Glycerol 
H2O 
Bromophenol blue 
Orange G 
Xylene cyanol FF  

60% 
40% 
Spatula tip 
Spatula tip 
Spatula tip 

 

Antigen retrieval buffer 
(immunohistochemistry) 

PBS 
Sodium citrate 
Tween-20 

1X 
10 mM 
0.05% 

pH 6.0 

Artificial cerebrospinal fluid 
(aCSF) 

NaCl 
KCl 
CaCl2 
MgCl2 
NaH2PO4 
NaHCO3 
Myo-inositol 
Sodium Pyruvate 
Ascorbic Acid 

124 mM 
2.4 mM 
2 mM 
1 mM  
1 mM 
25 mM 
3 mM 
2 mM 
0.4 mM 

315 
mOsm/L 

Blocking buffer 
(immunohistochemistry) 

PBS 
Normal horse serum 

1X  
10%  

 

Blocking buffer for 
phosphorylated antibodies 
(immunohistochemistry) 

PBS 
Horse serum 
NaF 
BGC 
NaO4 

1X  
10%  
1:50 
1:100 
1:100 

 

Enzymatic solution for DRG 
dissociation 

RPMI 1640  
Trypsin  
Collagenase 
PenStrep 

1X 
1.5 mg/ml 
2 mg/ml 
2% 

 

Loading buffer (DNA 
electrophoresis) 

Glycerol Bromophenol 
blue  

20% 
0.025%  

 

Lysis buffer for DNA extraction DirectPCR Lysis 
Reagent (Ear) 
Proteinase K 

1X 
 
2.5% 

 

Mowiol Glycerol  
Mowiol 4-88  
Tris pH 8.5  

12%  
4.3 M  
0.1 M  
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N-methyl-D-glucamine (NMDG) 
based cutting solution 

NMDG 
KCl 
KH2PO4 
MgCl2 
CaCl2 
choline bicarbonate 
Dextrose 

135 mM 
1 mM 
1.2 mM 
1.5 mM 
0.5 mM 
20 mM 
12.95 mM 

310 
mOsm/l 
pH 7.4 

Paraformaldehyde  
(PFA) 4% 

PBS 
PFA 
NaOH 

1X 
4% 
drops 

pH 7.2 

PBST (1X) PBS 
Triton-X100 

1x 
10 M 

 

TAE buffer (1X) Acetic acid  
EDTA  
Tris-HCl 

20 mM  
2 mM  
40 mM 

pH 8.0 

3.4 Machines 

Instruments and machines are listed in Table 8. 

Table 8. Instruments and machines. 

Instrument Manufacturer 

Biometra BioDoc Analyze Ti5 Transilluminator Analytik Jena GmbH 

Biometra P25 Standard Power Pack Analytik Jena GmbH 

Biometra T advanced Thermal cycler Analytik Jena GmbH 

Two Photon Microscope – Bergamo II (custom-made)Thorlabs Inc. 

20X water-immersion Objective  Olympus 

Confocal laser scanning microscope (Leica TCS  

SP8 AOBS + 20x/40x object) 

Leica Microsystems CMS GmbH 

Epifluorescence microscope Y-TV55 + 40x object Nikon  

Hot/Cold Plate 35100 Ugo Basile Inc. 

Leica CM1950 Cryostat Leica Microsystems CMS GmbH 

LightCycler 96 Real-Time PCR System Roche 

MACS Dissociator Miltenyi Biotec 

Milli-Q®  Merck 

NanoDrop 2000 Thermo Fisher Scientific 

Vibratome VT1200 S Leica 

 



28 
 

3.5 Animals 

In this study, 8 weeks old (adult) C57BL/6J mice of both sexes (Janvier Labs, France), also 

named wild type (WT) were utilized for qPCR, behavioral, and immunofluorescence 

experiments. For microglia primary cell culture 5 weeks old C57BL/6J mice were employed. 

For acute spinal cord slices adult, 8–12 weeks old Cx3cr1-eGFP mice were used (provided by 

Prof. Dr. Frank Kirchhoff, University of Saarland). Mice lacking the β2-AR specifically in 

Cx3cr1-expressing cells were generated by crossing mice with a conditional allele for the 

Adrb2 (Adrb2fl/fl) gene (made available by Prof. Dr. Gerald Karsenty, Columbia University) with 

mice presenting the inducible Cx3cr1-CreERT2 gene (provided by Prof. Dr. Steffen Jung, 

Weizmann Institute of Science, and Prof. Dr. Frank Kirchhoff, University of Saarland). These 

mice express the tamoxifen-inducible Cre under the control of Cx3cr1 macrophages and 

microglia-specific promoter. To induce the recombination Cre-mediated of the Adrb2 floxed 

allele, 5-week-old Cx3cr1-CreERT2; Adrb2fl/f mice were intraperitoneally (i.p.) injected with 50 

mg/kg of tamoxifen (10 mg/ml) once daily for 5 consecutive days. A waiting period of more 

than three weeks was observed to ensure the complete loss of β2-AR in microglial cells. 

Behavioral and immunohistochemistry experiments were conducted using 8–9 weeks old 

Cx3cr1-CreERT2; Adrb2-/- mice. 

All mice employed in this study had the C57BL/6 as genetic background. Mice were housed in 

a controlled environment (22 ± 2 °C temperature, 50–60% humidity, along with 12 h light / dark 

cycle) with food and water provided ad libitum, and caged in groups of 2–4 in conformity with 

ARRIVE guidelines. All experimental procedures were approved by the local governing body 

(Regierungspräsidium Karlsruhe, Germany, Ref. 35-9185.81/G-177/17 and 35-9185.81/G-

274/19) and abided by German Law that regulates animal welfare and the protection of animals 

used for the scientific purpose (TierSchG, TierSchVersV). 

3.5.1 Genotyping verification 

To obtain DNA for mouse genotyping, mice ear punches were taken and added to 100-200 µL 

of lysis buffer. The tubes were incubated in a hybridization oven at 55 °C overnight at 700 

RPM. The next day, the tubes were incubated at 85 °C for 45 minutes (min). The crude lysate 

was then centrifuged and stored at -20 °C. 

The following PCR primer sets were used in mouse genotyping: Cx3cr1-forward (5´-

TCAGTTTTCTCCCGCTTGC-3´; cat # 5927), Cx3cr1-forward R2F (5´-

ATCAACGTTTTGTTTTCGGA-3´) and Cx3cr1-reverse (5´-CCTTCGGGTTCTCGTAGTGAC-

3´; cat # 5828) for Cx3cr1-CreERT2. The sizes of the PCR products are 600 base pairs (bp) 

for the CreERT2 knock-in and 400 bp for the WT mice. For Adrb2fl/fl mice, B2 fl F (5´-
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CCAAAGTTGTTGCACGTCAC-3) and B2 fl R (5´-GCACACGCCAAGGAGATTAT-3´) were 

utilized. For knock-in animals, the PCR product size is approximately 570 bp, and for WT mice 

is 520 bp. For Cx3cr1-eGFP mice, Cx3cr1-forward WT (5´-GTCTTCACGTTCGGTCTGGT-3´), 

Cx3cr1-forward mutant (5´-CTCCCCCTGAACCTGAAAC-3´) and Cx3cr1-reverse common 

(5´-CCCAGACACTCGTTGTCCTT-3´) were used. The expected bands are long 500 bp for the 

knock-in and 410 for the WT mice. 

All primers are purchased by Sigma-Aldrich. Amplification of purified DNA was conducted by 

polymerase chain reaction (PCR). The PCR mixture was prepared as follows: 2.5 µl 10X PCR 

buffer, 0.2 µl T37, 0.6 µl MgCl2, 0.5 µl dNTPs, 1.2 µl each primer used (10 µmol/l), 1 µl DNA, 

H2O up to 24 µl. The PCR mixtures were run under the conditions listed in Table 9, Table 10 

and Table 11. 

Table 9. Thermocycler program for Cx3cr1-CreERT2. 

Step Temperature (°C) Time (min) Number of cycles 

1. Initial denaturation 94 3:00  

2. Denaturation 94 0:30  

3. Annealing 52 0:30  

4. Extension 72 1:00 31x from step 2 

5. Final extension 72 10:00  

6. Store 4 ∞  

Table 10. Thermocycler program for Adrb2fl/fl. 

Step Temperature (°C) Time (min) Number of cycles 

1. Initial denaturation 95 5:00  

2. Denaturation 95 1:00  

3. Annealing 58 1:00  

4. Extension 72 1:00 40x from step 2 

5. Final extension 72 5:00  

6. Store 4 ∞  

Table 11. Thermocycler program for Cx3cr1-eGFP. 

Step Temperature (°C) Time (min) Number of cycles 

1. Initial denaturation 95 5:00  

2. Denaturation 95 0:30  
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3. Annealing 60 0:30  

4. Extension 72 0:30 30x from step 2 

5. Final extension 72 5:00  

6. Store 4 ∞  

3.5.2 DNA-agarose gel electrophoresis  

DNA sequences of Cx3cr1-CreERT2, Cx3cr1-eGFP, and Adrb2fl/fl were run on a 1.5, 2.0, and 

2.5% agarose gel, respectively. Agarose gel was prepared in 1X TAE buffer and Gelred nucleic 

acid gel stain (5 µl / 100 ml) was added while the mixture was on a magnetic stirrer. DNA 

samples were mixed with a 4X loading buffer and subjected to electrophoresis at 130 V. 

Afterward, the gel was exposed to UV light and the resulting image of DNA bands was captured 

using a Biometra Ti5 acquisition system and BioDocAnalyze software. 

3.6 Spared nerve injury surgery 

The spared nerve injury (SNI) surgery was performed according to an earlier protocol 

(Decosterd & Woolf, 2000) with minor modifications. Briefly, 8-week-old mice were 

anesthetized utilizing a mixture of 2% isoflurane, nitrous oxide, and oxygen. The tibial and 

common peroneal nerves were uncovered through an incision in the lateral thigh skin, tightly 

ligated, and cut distally. A 1 mm piece of nerve was removed below the suture, leaving the 

sural nerve intact. The sham surgery followed the same procedure without causing any nerve 

damage. The muscle layer was then gently closed and the skin was stitched with Marlin 4-0 

absorbable suture. 

3.7 Drug administration 

Mice were given an i.p. injection of 5, 50, or 500 μg/kg Formoterol (Yalcin et al., 2010) or its 

solvent, 0.9% NaCl, one hour before perfusion for subsequent immunofluorescence or 

behavioral experiments. 

3.8 Microglia and astrocytes isolation from the spinal cord 

Isolated microglia for cell culture were taken from the entire spinal cord of 5-week-old mice. 

Microglia and astrocytes for RNA extraction and analysis were extracted from the spinal 

segments L3–L5 of three 8-week-old mice that were pooled together. Three pooled mice were 

counted as n = 1. Microglia and astrocytes were isolated using the gentle magnetic-assisted 

cell sorting (MACS) Dissociator (Miltenyi Biotec) by homogenizing the spinal cord tissue with 

the Adult Brain Dissociation Kit (cat # 130-107-677, Miltenyi Biotec) and employing the 

gentleMACS program 37C_ABDK_02. When used for RNA extraction, the resulting cell 
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suspension was treated with Myelin Removal Beads II (cat # 130-096-731, Miltenyi Biotec) to 

remove myelin, adapting the volume of the buffer and beads to the initial tissue quantity. This 

passage was skipped when dealing with cell culture. The cells mixture was then incubated with 

CD11b Microbeads (1:10, cat # 130-049-601, Miltenyi Biotec) when microglia were the goal of 

the separation, or astrocyte cell surface antigen-2 (ACSA-2) Microbeads (1:10, cat # 130-097-

678, Miltenyi Biotec) when astrocytes were isolated. Microglia and astrocytes were isolated 

using a magnetic MACS separator. The purified cell types were collected for further cell culture 

or snap-frozen on dry ice and kept at -80 °C for RNA extraction. 

3.9 RNA extraction, reverse transcription and quantitative PCR 

Mice were perfused trans-cardially with cold PBS and the SDH segments L3–L5 were rapidly 

collected, snap-frozen on dry ice, and store at -80 °C. RNA extraction was also applied to 

microglia and astrocytes from the L3–L5 SDH isolated as described in 3.8. Total RNA was 

extracted using the TRIzol method and purified with Deoxyribonuclease I Amplification Grade 

according to the company's instructions. First-strand cDNA was synthesized from 1 µg of total 

RNA, random hexamers, oligo(dT)20 primers, and SuperScript III Reverse Transcriptase as 

instructed by the manufacturer. The reverse transcriptase was omitted as control for each 

reaction. 

Quantitative PCRs (qPCRs) were run utilizing qPCRBIO SyGreen mix with separate Rox and 

specific primers (Table 12, Table 13) on a LightCycler 96 Real-Time PCR System. The data 

were processed with the related software and normalized by the expression of glyceraldehyde-

3-phosphate dehydrogenase (Gapdh) mRNA (housekeeping gene). The relative gene 

expression levels were determined by employing the comparative ΔΔCt method. The purity of 

the isolated microglia was examined by qPCR using specific gene markers for astrocytes 

(Aquaporin-4, Aqp4), microglia (Cx3cr1) oligodendrocytes (Myelin basic protein, Mbp), and 

neurons (Synaptotagmin-1, Syt1) (see Table 12). 

Table 12. Primers employed for qPCR analysis to assess the purity of microglia and 

astrocyte purification, as well as for primary microglia cell culture. 

Primer Sequence 5’ → 3’ Forward Sequence 5’ → 3’ Reverse Efficiency

Aqp4 TGGAGGATTGGGAGTCACC TGAACACCAACTGGAAAGTGA 1.98 

Cx3cr1  CGTGAGACTGGGTGAGTGAC GGACATGGTGAGGTCCTGAG 1.96 

Mbp ATTGGGTCGCCATGGGAAAC CCAGCCTCTCCTCGGTGAAT 2.07 

Syt1 CTCAACTGGCATTTGTTAGTCAA AGACTGCGGATGTTGGTTGT 2.01 



32 
 

Table 13. Primers utilized for qPCR to study spinal cord and microglial expression of ARs. 

Primer Sequence 5’ → 3’ Forward Sequence 5’ → 3’ Reverse Efficiency

Adra1a CTGAAGGTCCGCTTCTCCT CCTGGAGCTTCGTTTATCTGA 2.04 

Adra1b GCCTAAGACGTTGGGCATTGT GTTGAAGTAGCCCAGCCAGA 1.94 

Adra1d GTCTTCGTCCTGTGCTGGTT CTTGAAGACGCCCTCTGATG 2.02 

Adra2a TAGAACTGACTTTTCTTCCGTTCTCAACATACACGCTCTTCTTCAAGC 1.98 

Adra2b AGCACCTGTGGTTCTCCTTG CAGCAACCAGCCACTAGACCA 2.05 

Adra2c CTTCAGGCAATGACCCTCTG AGAGCTGTCCAGGACGTCAG 2.04 

Adrb1 CGTGCCCCTGTGCATCA GTCGATCTTCTTTACCTGTTTTTGG 2.01 

Adrb2  GCATGGAAGGCTTTGTGAAC  CTTGGGAGTCAACGCTAAGG 1.96 

Gapdh AGAAGGTGGTGAAGCAGGCATC  CGAAGGTGGAAGAGTGGGAGTTG 1.98 

3.10 Primary microglia cell culture 

The purified microglia obtain as aforementioned in section 3.8, were resuspended in cell 

culture medium, which consisted of DMEM medium supplemented with PenStrep (1%), G-5 

supplement (1:100), IL-34 (100 ng/mL), TGF-β2 (2 ng/mL), and cholesterol (1.5 g/mL) (Bohlen 

et al., 2017). Then they were plated on poly-D-Lysine coated glass coverslips in a 24-well 

plate. The cells were grown at 37 °C under 5% CO2 in an incubator. To enhance cell 

proliferation and survival during the initial five days of culture, CSF-1 (10 ng/mL) was added to 

the culture medium. Subsequently, the primary cultures were maintained for an additional five 

days in culture medium with CSF-1 to imitate a neuropathic state (reactive microglia). 

3.11 Dot blot 

Primary reactive microglia obtained as described in section 3.10 were treated with Formoterol 

(10 ng/ml) or vehicle for 1 h before the supernatant collection. The supernatant was collected 

and stored at -80 °C. The Mouse Inflammation Antibody Array, Membrane 40 Targets (cat # 

ab133999, Abcam) was utilized to determine levels of released inflammatory mediators, as per 

the manufacturer’s instructions.  

3.12 Acute preparation of spinal cord slices 

After cervical dislocation, spinal cord L1–L6 were extracted, and transversal sections were cut 

at 300 μm thickness in ice-cold NMDG-based cutting solution (adapted from (Rieder et al., 

2022)). Spinal cord slices were incubated in aCSF for 30 min at 37 °C, then another 30 min at 

RT, and the same condition remained during two-photon microscopy recording. Solutions and 

slices were continuously purged by carbogen. 
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3.13 Two-Photon microscopy imaging of spinal cord slices 

To perform ex vivo spinal cord slices imaging, a custom-made two-photon laser-scanning 

microscope (2P-LSM), with a 20X water-immersion objective (1.0NA, XLUMPLFLN, Olympus), 

8 kHz galvo/resonance scanner, piezo drive for fast z-scanning, and two GaAsP PMT 

detectors were employed. Two-photon excitation for eGFP at a single wavelength was 

achieved using a mode-locked Ti:sapphire pulsed laser (Chameleon Ultra II, Coherent) 

adjusted at 940 nm and the power was tuned from 30 to 40 mW, according to the imaging 

depth. Areas of the spinal dorsal horn were recorded as field of view with 1024 × 1024 pixels 

per image, at 1.9 frame rate, and averaging 4 times each frame. Each imaging session 

consisted of a 7-10 min recording. The ex vivo spinal cord slices were subjected to 2P-LSM 

while being continuously perfused with carbogenated aCSF. Videos were captured with the 

ThorImage®LS (Thorlabs) software. 

For each spinal cord slice, three videos were recorded: baseline, incubation with Formoterol 

(10 µg/ml), and washout (incubation with carbogenated aCSF). Between the baseline 

recording and Formoterol recording, slices were incubated for 15 min in carbogenated aCSF 

with Formoterol (10 µg/ml). Between Formoterol recording and washout, slices were incubated 

for 10 min in carbogen aCSF. As a control, three videos with the same experimental timeline 

without the Formoterol application were recorded. 

3.13.1 Video analysis  

The sequences of images obtained from the 2P-LSM recording were analyzed utilizing Fiji-

Image J software (version 1.52p, National Institutes of Health, USA). Hyperstacks from the 

sequence of images were created with z-slices and t-frames. 2D maximum-intensity z-

projection files were generated to obtain a 2D maximum-intensity projection two-photon 

microscopy time series.  

3.13.1.1 MotiQ analysis 

To analyze the aforementioned file, MotiQ software was employed. It is an open-source 

ImageJ plugin approved for the quantification of the cell morphology and dynamics of microglia 

(Hansen et al., 2022). The MotiQ software consists of several functions that are beneficial for 

analyzing single-cell images of microglia and extracting them as regions of interest (ROIs) from 

image stacks and time series. The cropper function enables the definition of a single-cell image 

of microglia and extracts them as regions of interest (ROIs) from image stacks and time series. 

The threshold function allows for automated image segmentation of MotiQ cropper-obtained 

images. The 2D analyzer function can automatically process background-depleted or binary 

images that have been generated by the MotiQ thresholder. This facilitates the analysis of 5–
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6 single-cell microglia per slice. The MotiQ 2D analyzer can process 2D images in time series. 

The data I obtained are 2D maximum-intensity projection 2P microscopy time series (ex vivo) 

and for those types of files the authors suggested that for the pre-processing step, the scale-

down reference image for calculation – factor should be “1” and “not convert input and 

reference images into 8-bit before processing”. For the threshold determination, I adopted 

“MinError” as threshold algorithm and for the stack handling, I selected “apply threshold 

determined in the stack histogram”.  

3.13.1.2 Python Script 

The data obtained from the MotiQ analyzer were processed through a custom-written Python 

script (kindly written by Ph.D. student Antonio Albanese, University Carlos III of Madrid, 

Leganés, Spain; Anaconda Software Distribution. Computer software. Vers. 2-2.4.0. 

Anaconda, Nov. 2016. Web. https://anaconda.com). The data were combined to have a single 

table of values for each single-cell image containing the values of the baseline, Formoterol, 

and washout recordings. Data are normalized on the first frame value of the same parameter 

chosen. Values are then plotted as the average between the single cells belonging to the same 

mouse over time. The area under the curve (AUC) calculation for each mouse was performed 

and plotted as control spinal cord slices, which were incubated only with aCSF, and treated 

spinal cord slices, which receive Formoterol treatment. 

3.14 Behavioral tests 

All behavioral tests were conducted with double-blinding to adhere to the guidelines of the 

IASP. The experimenter was blinded to the treatment group allocations. All behavioral 

assessments were conducted on awake, unrestrained, age- and sex-matched adult mice. 

3.14.1. Experimental design  

Baseline measurements for mechanical hypersensitivity and thermal allodynia were performed 

twice, once per day, two days before the SNI or sham surgery utilizing von Frey filaments and 

cold plate tests. The cold plate test was conducted in series to the von Frey filament test. The 

behavioral responses were assessed according to three distinct experimental paradigms: 

i) In the first plan, mechanical hypersensitivity and cold allodynia were assessed on 

day 3 post-surgery, 1 h after administering an i.p. injection of either Formoterol or 

vehicle. 

ii) In the second strategy, the behavioral response was tested on days 6 and 21 post-

surgery, each day 1 h post-Formoterol or vehicle i.p. injection. 
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iii) In the third administration paradigm, behavioral parameters were assessed solely 

on day 21 post-surgery, 1 h after post-i.p. injection of Formoterol or vehicle. 

To examine the effect of Formoterol injection on mechanical and cold response over time, von 

Frey filaments measurements were obtained at 1, 6, 12, and 24 h after drug administration. 

However, due to the two-hour duration of the mechanical experiment, there was a delay in 

conducting the thermal tests, resulting in each group being evaluated for cold allodynia at 3, 

8, 14, and 26 h after injection. To ensure that no potential early analgesic effects were missed 

and to minimize the time interval between different recordings, the missing time points for each 

test were evaluated (i.e., 3 h for the mechanical test and 1 h for the cold test). These time 

points were examined separately in graphs since a different cohort of mice was used to 

minimize stress to the animals. The conditioned place preference (CPP) experiment was 

conducted starting from days 4 or 32 after the SNI or sham surgery as described in section 

3.14.4. 

3.14.2. Mechanical sensitivity 

Prior to mechanical sensitivity testing, mice were habituated to the experimental setup (Large 

Framed Perforated Metal Sheet, cat # 37450-005, Ugo Basile Inc.), which included an elevated 

grid equipped with von Frey filaments (Semmes-Weinstein, cat # 37450-27, Ugo Basile Inc.). 

The habituation counted for a total of 1 h in three separate sessions within the week preceding 

the testing as well as 20–30 min before each testing session. A series of von Frey filaments 

with increasing forces (ranging from 0.008 to 1.0 g) was applied to the ipsilateral and 

contralateral hind paws using the up-down method defined by Dixon (Dixon, 1980). The 

withdrawal frequency was determined from five solicitations per filament, with a minimum 

pause of 5 min between filaments. A positive nociceptive reaction induced by the filaments is 

defined as paw withdrawal, flinching, and/or paw licking. To determine the 50% withdrawal 

threshold, response rate versus von Frey force curves were plotted and fitted with a Boltzmann 

sigmoid equation. The lower and upper constraints of the equation were set to 0 and 100, 

respectively (Nees et al., 2023). The area under the curve (AUC) was calculated as the integral 

of the response frequency-von Frey force intensity curves, which filaments ranging from 0.008 

to 0.1 g. This information was used to assess mice hypersensitivity to mechanical stimuli. 

3.14.3. Thermal sensitivity 

Cold plate test was employed to assess the mice sensitivity to cold stimuli. Mice were placed 

on a 4 °C cold metal surface surrounded by a Perspex cylinder (Hot/Cold Plate) and observed 

for nociceptive responses such as paw lifting, shaking, licking, or jumping. The latency of the 

first nociceptive response was recorded and a minimum of three measurements were 
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conducted during each testing session. To prevent potential injury to the paws, a 30-second 

cut-off was used.  

3.14.4. Conditioned place preference test 

To evaluate whether Formoterol provides pain relief from spontaneous pain, the conditioned 

place preference (CPP) test was employed, as described in Huang et al. (Huang et al., 2003). 

During the CPP experiment, mice were conditioned to associate one of the two chambers with 

Formoterol (pain relief). Behavioral testing was conducted between 9:00 a.m. and 4:00 p.m. 

and each session lasted 30 min. The mice preferences were determined before the 

conditioning (baseline preference) allowing them to freely move between compartments. Mice 

with a preference superior to 70% for one chamber were excluded. The conditioning began 

one day after the baseline preference was determined. For three consecutive days, the mice 

were first injected with saline and 10 min later placed in one of the chambers. After a minimum 

of 4 h from the saline injection, mice received β2-AR i.p. injection and then placed in the other 

compartment after 50 min. The following day, the mice were again placed in the setup and 

allowed to freely move between the chambers. The CPP sessions were recorded on video and 

the time spent in each chamber was calculated using ANY-maze software (Stoelting Europe, 

Churchtown, Dublin, Ireland, ANY-maze 7.1). The change in time spent in the Formoterol-

associated chamber was scored as the difference in time spent in that chamber on the baseline 

and test days. 

3.15 Peripheral macrophage isolation 

Mice were anesthetized by isoflurane and killed by cervical dislocation before the following 

procedures. 

3.15.1 Isolation of macrophages from the peritoneal cavity 

The inner skin lining the peritoneal cavity was exposed and 3 mL of ice-cold PBS with 5% 

PenStrep were injected. After injection, I gently massaged the peritoneum and collected the 

fluid. The collected fluid was spinned at 450 RPM for 10 min. The supernatant was discarded 

and resuspended in 90 µL of MACS buffer and 10 µL F4/80 beads (1:10, cat # 130-110-443, 

Miltenyi Biotec). Magnetic sorting continued as described previously in paragraph 3.8. Sorted 

macrophages F4/80+ were plated in glass coverslip in a 24-well plate in 500 µL of RPMI 1640, 

10% FBS, and 10% PenStrep. The morning after macrophages adhered to the coverslip. The 

coverslips were washed one time with RPMI, once with PBS, and finally with 400 µL of Trizol 

for successive RNA extraction or 500 µL of 4% PFA for immunofluorescence staining to check 

macrophage purity. The procedure for the RNA extraction continued as aforementioned in 

paragraph 3.9. The immunostaining protocol is described in section 3.16.3. 
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3.15.2 Isolation of macrophages for DRG 

35 - 40 DRGs were collected from Cx3cr1-Adrb2-/- and Adrb2fl/fl mice and incubated in 1 mL of 

enzymatic solution at maximum velocity for 30 min at 37°C. After digestion, the DRGs were 

mechanically dissociated with coated glass pipettes and minced through 40 µm cell strainers. 

To stop cell digestion, 100 µL of FBS was added. The cell suspension was centrifuged at 1000 

RPM for 3 min at RT. The supernatant was removed and cells were resuspended in 2 mL of 

RPMI 1640 and 10% FBS. Again, the suspension was centrifuged for 3 min at 1000 RPM, the 

supernatant was discarded and cells were resuspended in 90 µL of MACS buffer and 10 µL 

CD11b beads (1:10). Procedure continued as described in the previous paragraph 3.15.1. 

3.16 Immunohistochemistry 

3.16.1 Mouse spinal cord tissue preparation 

On days 3, 6, and 21 post-surgery, and 1 h after i.p. injection of Formoterol or vehicle mice 

were perfused trans-cardially with cold PBS followed by 4% PFA. The spinal columns were 

collected and post-fixed overnight in 4% PFA at 4 °C. The next day, spinal segments L3–L4 

were extracted and cryopreserved in 30% sucrose overnight. Subsequently, they were 

cryosectioned into 20 µm thick sections and stored at -20 °C. 

3.16.2 Immunofluorescence procedure for spinal cord slices 

Immunostaining on spinal cord sections was performed according to standard protocols (Damo 

et al., 2023). Briefly, sections were washed in PBS and in 50 mM glycine for 15 min. After, they 

were incubated for 1 h in blocking solution. The primary antibodies listed in Table 5 were 

incubated overnight at 4 °C in blocking solution. The next day, slices were washed in blocking 

solution, then in PBST for 15 min. Successively, sections were incubated in the secondary 

antibodies listed in Table 6 for 1h, followed by three 10-min washes in blocking solution. Slices 

were treated with Hoechst 33342 diluted 1:10’000 in PBS for 15 min, and rinsed twice in PBST. 

Lastly, the spinal cord slices were washed in 10 mM TRIS/HCl for 10 min before mounting 

them on glass slides with Mowiol and stored at 4 °C. 

For p-JNK detection, sections were first pretreated in an antigen retrieval buffer in a water bath 

at 80 °C for 20 min and then allowed to cool down to RT for 30 min. The standard protocol was 

then followed.  

3.16.3 Immunofluorescence procedure for macrophages on coverslips 

Immunostaining of macrophages on glass coverslips derived from cell culture was conducted 

according to the protocol described in section 3.15.2 with minor modifications. Briefly, 

coverslips were washed three times with PBS and then blocked for 1 h in blocking solution. 
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The primary antibodies listed in Table 5 were incubated for 2 h at RT. Slices were then washed 

three times in blocking solution for 15 min and PBS for 10 min. The secondary antibodies listed 

in Table 6 were incubated for 1 h at RT. Hoechst 33342 diluted 1:10´000 in PBS was kept for 

only 2 min on the coverslips before the slides were rinsed twice with PBS and once with 10 

mM TRIS/HCl for 10 min. Then they were mounted on glass slides with Mowiol and stored at 

4 °C. 

3.16.4 Image acquisition 

Labeled slices were imaged using a confocal laser-scanning microscope (20x, 40x objectives) 

employing identical illumination exposure parameters for all groups. The acquisition of a 

montage of confocal image stacks was conducted via sequential line scans over a z-stacks of 

12 µm. Images for microglia morphology analysis were taken using an epifluorescence 

microscope (40x objective). The Fiji-Image J software was employed to analyze the maximum 

z-projection of spinal cord images. 

3.16.5 Image analysis 

I used the FIJI-Image J cell counter plug-in to count the number of ionized calcium-binding 

adapter molecule 1 (Iba1)-positive cells and double-positive p-p38/Iba1, p-JNK/Iba1, and p-

JNK/GFAP. For each mouse, I took 3–6 images of the region of interest, which is the ipsilateral 

and contralateral SDH laminae I–III. In these regions, the fluorescence intensity detection of 

GFAP was calculated as the mean grey value. The cell density and fluorescence intensity 

density resulted from the ratio of the ipsilateral and contralateral side results and the ROI area. 

Data are represented as the ratio between the ipsi and contralateral sides of the SDH. For 

morphological analysis, I analyzed 15–20 microglia per mouse, assessing the microglial soma 

perimeter and the process length via the FIJI-image J measurements feature. 

3.17 Statistical analysis 

Statistical analysis was performed using Prism 9 (GraphPad Software). When two groups of 

data were compared two-tailed, unpaired Student’s t-test was employed. When comparing 

multiple groups and two variables, two-way ANOVA was utilized followed by post-hoc Tukey’s 

test for multiple comparisons conducted to define statistically significant differences. When 

multiple groups and three variables were compared, three-way ANOVA was performed 

followed by post-hoc Bonferroni´s test for multiple comparisons. A p-value of < 0.05 was 

considered significant. Sample number (n) and p-values are indicated in the figure legends. 

Actual p-values and interactions are indicated in Appendix Table 14. Data are represented as 

mean ± standard error of the mean (SEM).  



39 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



41 
 

4. Results 

4.1 Analysis of the adrenergic receptor expression in SNI-operated mice 

Nerve injury causes plastic changes to occur in the central noradrenergic system which 

influences its anti-nociceptive efficacy (Pertovaara, 2006). To investigate the ARs modulation 

early on after neuropathic pain was induced, the segments L3–L5 of the SDHs were collected 

three days post-SNI or sham surgery. The three-day time point was selected due to the 

prevailing understanding that microglia become activated within a few days following injury. As 

demonstrated in Figure 2A, qPCR investigation indicated that Adrb2 mRNA had a trend 

towards increment in SNI mice compared to sham mice. Due to these initial results, I 

addressed whether nerve injury affected Adrb2 mRNA expression in spinal glial cells, precisely 

microglia and astrocytes. Therefore, microglia were isolated via magnetic-activated cell sorting 

(MACS) from segments L3–L5 of the SDH of SNI or sham mice 3 days post-surgery. The purity 

of isolated microglia was asserted through qPCR analysis and it showed the unique expression 

of the specific microglial marker Cx3cr1 and the absence of genes specifically expressed in 

neuronal cells (Syt1), astroglia cells (Aqp4), and oligodendrocytes (Mbp) (Figure 2B). Three 

days post-surgery, Adrb2 mRNA expression in spinal microglia presented a significant 

upregulation in SNI compared to sham mice (Figure 2C). Since astrocytes also present β2-

ARs, spinal astrocytes deriving from segments L3–L5 of SDH from operated mice were 

isolated and investigated for Adrb2 mRNA expression (Figure 2D, E). Analysis of astrocytes 

from SNI mice did not demonstrate a significant difference in Adrb2 mRNA expression 

compared to sham mice three days post-nerve injury (Figure 2E). Thus, nerve injury 

specifically upregulates Adrb2 expression in spinal microglia.  

4.2 Effects of Formoterol in microglia culture and ex-vivo preparations 

4.2.1 β2-ARs stimulation diminished the release of inflammatory mediators 

from reactive primary microglia in culture 

Due to the preliminary results indicating that Adrb2 mRNA expression in microglia was 

modulated in neuropathic conditions, I aimed to discern the impact of β2-AR stimulation on 

microglia from the other cell populations. Primary spinal microglia were isolated from WT mice 

via MACS sorting and plated. After one day of plating, microglial cells were treated with CSF-

1 for 5 days (Guan et al., 2016) to mimic activation following nerve injury. Then the cells were 

incubated with the β2-AR agonist Formoterol (10 ng/mL) or the control solution for 1 h (Figure 

3).  



42 
 

 

Figure 2. AR expression changed in spinal glial populations of the spinal cord early on after 

neuropathic pain. 

(A) Analysis of qPCR expression of ARs mRNA from the segments L3–L5 of SDH of mice, three days 

post-surgery, is depicted as fold change compared to sham mice. n = 3/group. (B) Purity assessment of 

MACS-sorted microglia segments L3–L5 of SDH on markers specific for microglia (Cx3cr1), astroglia 

(Aqp4), neuronal cells (Syt1), and oligodendrocytes (Mbp). n = 3/group. (C) Adrb2 mRNA was 

significantly increased in microglia isolated from the SDH of SNI compared to sham mice on day three 

post-surgery. n = 4–5/group; Mann-Whitney test was conducted; * p < 0.05 as compared to sham group. 

(D) MACS-sorted astrocytes from segments L3–L5 of SDH were analyzed for purity via qPCR. n = 

3/group. (E) Relative expression of Adrb2 mRNA in astrocytes from the SDH of neuropathic and 

uninjured mice on day three post-surgery. n = 3–4/group. Data are represented as mean ± SEM. 
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Figure 3. Formoterol stimulation diminished the release of inflammatory mediators from reactive 

primary microglia in vitro. 

(A) Images of inflammatory cytokine dot blots which were utilized. (B) CSF-1-stimulated microglia 

secreted less inflammatory mediators post-Formoterol treatment compared to vehicle incubation. (C) 

The values of cytokines significantly changed in Formoterol-treated primary microglial cultures 

compared to untreated. n = 4/group; Mann-Whitney test was conducted; * p < 0.05 as compared to 
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vehicle-treated group. Data are represented as mean ± SEM. Experiments and analysis were done by 

Dr. Manuela Simonetti (Institute of Pharmacology, Heidelberg University). 

Formoterol-treated microglia showed a significantly reduced release of pro-inflammatory 

substances triggered by incubation with CSF-1, including IL-1α, IL-17, interferon-gamma (INF-

γ) and TNF-α compared to the control. Furthermore, Formoterol incubation significantly 

decreased the secretion of cytokines and chemokines that typically stimulate immune cells to 

proliferate and/or migrate towards the injury site, including T cell activation gene-3/CC-

chemokine ligand 1 (TCA-3/CCL1), interferon-inducible T cell alpha chemoattractant (I-TAC), 

thymus-expressed chemokine/CC-chemokine ligand 25 (TECK/CCL25), granulocyte-

macrophage colony-stimulating factor (GM-CSF), and stromal cell-derived factor 1 (SDF-1). 

Conversely, the release of anti-inflammatory cytokines, such as IL-9, and other chemotactic 

cytokines for migrating immune cells, including macrophage inflammatory protein-1 

gamma/CC-chemokine ligand 9 (MIP-1γ/CCL9) and monokine induced by interferon-gamma 

(MIG), significantly increased after Formoterol compared to untreated cultures (Figure 3B, C). 

These results suggest that β2-AR stimulation in cultured activated microglia attenuates the 

secretion of pro-inflammatory mediators and promoted the release of anti-inflammatory 

molecules. 

4.2.2 Effect of Formoterol on spinal microglia morphology in ex vivo spinal cord 

preparations 

Microglia morphology is crucial for their cellular functions and interactions within the CNS. 

Modifications in microglial morphology serve as strong indicators of the inflammatory condition 

of the CNS. Reactive amoeboid microglia exhibit larger cell bodies and shorter processes than 

resting microglia, characterized by a ramified morphology. 

Ex vivo preparations of spinal cord slices from Cx3cr1-eGFP mice were employed for the 

investigation of microglia morphology. The excessive manipulation required for spinal cord 

extraction and acute slice preparation caused changes in microglia morphology resulting in a 

more amoeboid and reactive appearance (Rieder et al., 2022). Formoterol was applied to 

decipher if the β2-AR activation could restore microglial homeostatic morphology. Microglia 

from spinal cord slices were recorded using two-photon laser scanning microscope (2P-LSM) 

before, during and post-Formoterol incubation. As control for the potential phototoxicity that 

could perturb microglia morphology, slices were incubated only with artificial cerebrospinal fluid 

(aCSF) and recorded with the same protocol (Figure 4A, B).  

Microglia structure was investigated via morphological and dynamic parameters. Microglia 

morphology is predominantly characterized by their ramification, which refers to the complexity 

of the branch structure of their processes. There are two main approaches for measuring 
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microglial ramification. The first is to analyze microglial cell skeleton, which involves examining 

the structure of the microglial process tree (Leyh et al., 2021; Nimmerjahn et al., 2005). This 

approach provides more detailed information about the subcomponents of the microglial 

process tree and their spatial arrangement. The second method is the ramification index, which 

is determined by analyzing the relationship between the cell surface and cell volume. This 

approach provides an overall measure of the complexity of the microglial cell (Orr et al., 2009; 

Paris et al., 2018). Formoterol incubation induced a significant increase in the tree length and 

augmented the ramification index of single microglial cells, compared to the control cells 

(Figure 4C, D). Thus, Formoterol changed the spatial arrangement and complexity of microglial 

cells.  

Dynamic changes in microglial cells and their process tree were also studied. As parameters 

for cell shape alteration, the shape dynamics (the sum of the total extended and retracted area 

in 2D) and the number of extensions and retractions (> 1 px; 1/sec) were considered (Hansen 

et al., 2022). Formoterol incubation led to a trend towards increased overall area of microglia 

compared to control (Figure 5A). Furthermore, the number of extensions was significantly 

augmented in Formoterol-incubated slices, which also demonstrated an increase in the 

number of retractions (Figure 5B, C).  
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Figure 4. β2-AR stimulation modified microglia morphology in ex vivo spinal cord slices. 

(A) Two-photon recordings strategy of ex vivo spinal cord slices from Cx3cr1-eGFP mice. (B) 

Representative images of microglial cells from control and treated slices in the three experimental 

phases. Scale bar = 5 µm. (C) The tree length parameter of microglia increased after Formoterol 
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incubation. (D) Formoterol treatment augmented the ramification index in microglia. Grey area = 

Formoterol incubation. A.U. = arbitrary unit. n = 3 mice/group; Mann-Whitney test was conducted; * p < 

0.05 as compared to vehicle-treated group. Data are represented as mean ± SEM. 

 

Figure 5. Formoterol modulated microglia dynamic parameters in ex vivo spinal cord slices. 

(A) The shape dynamic parameter studied as the sum of the total extended and retracted area in 2D, of 

treated microglia, increased after Formoterol incubation. (B) β2-AR agonist treatment significantly 

augmented the number of process extensions in treated microglia. (C) Formoterol treatment increased 
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the number of process retractions in treated microglia. Grey area = Formoterol incubation. n = 3 

mice/group; Mann-Whitney test was conducted; * p < 0.05 as compared to vehicle-treated group. Data 

are represented as mean ± SEM. 

4.3 Impact of β2-AR agonist in diverse regimens 

4.3.1 Dose and time course analysis of Formoterol treatment on mechanical and 

cold allodynia 

Previous studies have reported that Formoterol can alleviate hypersensitivity in a neuropathic 

pain model after some weeks of nerve injury (Yalcin et al., 2010); however, the underlying 

mechanism was not yet elucidated. In this study, Formoterol was administered intraperitoneally 

in SNI mice to test therapeutic relevance. A detailed dose and time course analysis were 

conducted with three different Formoterol concentrations on mechanical and cold stimuli-

induced behavioral responses post-SNI surgery. Mechanical allodynia was investigated using 

the 0.07 g von Frey force, which typically does not elicit responses under basal conditions but 

leads to an exaggerated response frequency post-SNI. Findings indicated that Formoterol 

injections of 50 and 500 µg/kg reduced mechanical hypersensitivity within 1 h after 

administration (Figure 6A) and peak inhibition of cold allodynia occurred at 3 h compared to 

saline and the lowest concentration of Formoterol injected (5 µg/kg) (Figure 6B). 
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Figure 6. Analysis of the optimal dose and time of Formoterol treatment in SNI mice.  

(A) Three different Formoterol doses (5, 50, and 500 μg/kg) were examined compared to saline 

application in SNI mice. The application of 0.07 g von Frey filament on SNI mice was analyzed 1, 6, 12, 

and 24 h post-injection, and for a different group of mice, the mechanical allodynic response was 

measured 3 h post-injection. (B) Cold plate test was performed 3, 8, 14, and 26 h post-injection, and 

after 1 hour for a separate group. n = 5–6/group; repeated measures ANOVA was conducted followed 

by post-hoc Tukey’s test; * p < 0.05, as compared among saline- and 50 μg/kg Formoterol-injected mice 

at the same time point; # p < 0.05, as compared between saline- and 500 μg/kg Formoterol-injected 

mice at the same time point. 
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4.3.2 Impact of systemic Formoterol administration on mechanical 

hypersensitivity and cold allodynia on day three post-surgery 

SNI prompts mechanical hypersensitivity and cold allodynia compared to sham mice 

(Decosterd & Woolf, 2000), as was reiterated by the results displayed in Figure 7. Thus, it was 

tested whether formoterol could exert its analgesic effect in the early phase after nerve injury 

and whether there were differences based on the sex of the mice. When compared to saline-

treated SNI mice, Formoterol application significantly alleviated mechanical hypersensitivity 

demonstrated as threshold and area under the curve (AUC) equally in both sexes (Figure 7A, 

B). Moreover, Formoterol decreased thermal allodynia, shown as latency of paw withdrawal 

after cold stimuli in both male and female mice (Figure 7C). Overall, these results indicate that 

Formoterol systemic administration can alleviate mechanical hypersensitivity and cold 

allodynia three days post-nerve injury. 

 

Figure 7. β2-AR agonist systemic delivery alleviated sensitization in SNI mice three days post-

surgery.  

(A, B) Formoterol intraperitoneal administration relieved mechanical hypersensitivity when measured 1 

h after injection, demonstrated as threshold (A) and integral of response frequency–von Frey force 

intensity (from 0.008 to 0.1 g) curves (AUC) (B), in male (left) and female (right) SNI or sham mice. A.U. 

= arbitrary unit. (C) Cold allodynia was measured after Formoterol injection using operated mice of both 
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sexes (male, left; female, right). n = 5–7/group; two-way ANOVA test was conducted followed by post-

hoc Tukey’s test; * p < 0.05. Data are represented as mean ± SEM. 

4.3.3 The β2-AR agonist reversed evoked nociceptive hypersensitivity in SNI 

mice on days 6 and 21 post-surgery  

The results obtained on day 3 post-SNI revealed that Formoterol could impede the onset of 

nociceptive hypersensitivity towards mechanical and cold inputs (Figure 7). Thus, it was 

examined the effectiveness of Formoterol in reversing established hypersensitivity that had 

developed over a period of several days to weeks (Figure 8A). Compared to vehicle 

administration, β2-AR agonist application on days 6 and 21 post-SNI resulted in a significant 

reduction in mechanical hypersensitivity in mice of both sexes (Figure 8B, C). There was no 

significant decrease in the response rate to the 0.07 g filament for the female SNI group that 

received Formoterol on day 6 (Figure 8B), but they showed a tendency towards mechanical 

allodynia alleviation. Furthermore, Formoterol significantly attenuated the thermal allodynia 

induced by cold stimuli in both male and female mice 6 days post-SNI (Figure 8D). On day 21 

post-SNI, mice of both sexes that received the β2-AR agonist exhibited a tendency of 

augmented latency of paw withdrawal (Figure 8D). These findings revealed the analgesic 

effects of Formoterol when administered systemically at early and late time points after surgery 

for mechanical allodynia, as well as at an early stage easing cold allodynia.  
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Figure 8. Impact of Formoterol treatment on nociceptive behaviors on days 6 and 21 post-

surgery. 

(A) Strategy utilized for mechanical and cold nociception tests. Inj. = injection. (B) Mechanical allodynia 

was exhibited as the response rate to the 0.07 g von Frey filament in mice of both sexes (male, left; 

female, right) pre-surgery (basal), 3 days afterward to check allodynia development, 6 and 21 days, and 
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1 h post-Formoterol i.p. injection. n = 6–7/group; repeated measures two-way ANOVA was conducted 

followed by post-hoc Tukey’s test; * p < 0.05, as compared to SNI Saline and SNI Formoterol; # p < 0.05 

as compared to SNI Saline and Sham Saline for the same time point. (C) Mechanical hypersensitivity 

was attenuated post-Formoterol i.p. injection in mice of both sexes (male, left; female, right) compared 

to saline-treated mice. A.U. = arbitrary unit. (D) Formoterol attenuated cold allodynia in male (left) and 

female (right) SNI mice. n = 6–8/group; two-way ANOVA test was conducted followed by post-hoc 

Tukey’s test; * p < 0.05. Data are represented as mean ± SEM.  

4.3.4 Effect of a single Formoterol injection 21 days post-surgery on evoked 

nociception 

In the aforementioned analysis, the possibility, that the analgesic effect of the β2-AR agonist 

seen at 21 days post-surgery was influenced by its administration at 6 days post-nerve injury, 

could not be ruled out. Therefore, an additional experiment was conducted where Formoterol 

was administered only once on day 21 post-SNI (Figure 9A). Surprisingly, a single Formoterol 

injection significantly decreased mechanical hypersensitivity in mice of both sexes (Figure 9B). 

The magnitude of this reduction was comparable to that observed in the experiments described 

in section 4.3.3, where Formoterol was administered on days 6 and 21 post-surgery. Moreover, 

the single late injection of Formoterol significantly alleviated cold allodynia in both sexes 

(Figure 9C). These findings indicate that the first β2-AR agonist injection does not influence 

the effects of the second one at late stages following neuropathic pain. 

 

Figure 9. Behavioral analysis of a single Formoterol injection 21 days post-surgery. 

(A) Experimental scheme for mechanical hypersensitivity and cold allodynia assessments. Inj. = 

injection. (B, C) A single Formoterol injection decreased mechanical hypersensitivity (B) and cold 
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allodynia (C) in male and female mice when given on day 21 post-SNI. A.U. = arbitrary unit. n = 5–

8/group, Mann-Whitney test was conducted; * p < 0.05 as compared to saline group. Data are 

represented as mean ± SEM. 

4.3.5 Formoterol modulated spontaneous pain in SNI mice 

A prominent feature of neuropathic pain in patients is the occurrence of spontaneous pain 

(Finnerup et al., 2021). In mice, the conditioned place preference test (CPP) is a well-

established method for assessing ongoing pain in the SNI model (Pitzer et al., 2016). Typically, 

in the CPP test, mice are conditioned to an analgesic treatment in a compartment with specific 

contextual cues. In this case, each of the two compartments had two contextual cues: odor 

and a visual pattern. Preference for the compartment on the day of testing, without the drug 

utilized during the conditioning phase, is used as an indicator of persistent pain (King et al., 

2009). This experiment aimed to explore whether Formoterol modulates spontaneous pain in 

mice with nerve injury. In order to accurately establish the link between pain relief and a single 

compartment in which the mouse is placed after drug administration, the time window of the 

analgesic effect of the drug must be restricted to the duration of the mouse's stay in the 

conditioned chamber. In previous experiments, the duration of the analgesic action of 

Formoterol was less than 6 h after a single application, meeting this requirement (Figure 6). 

The CPP test was conducted early after the nerve injury, in accordance with the earliest 

paradigm used for testing mechanical hypersensitivity and thermal allodynia (Figure 10A). 

Figure 10B depicted that on day 8 post-surgery, male neuropathic - but not sham - mice 

showed conditioned place preference for the chamber paired with the β2-AR agonist. 

Conversely, female SNI mice only presented a tendency towards the Formoterol-paired 

compartment (Figure 10C). To further investigate the relevance of these results from a clinical 

point of view, CPP was verified to Formoterol on day 36 post-surgery (Figure 11A). Male 

neuropathic mice preserved a preference for the compartment paired with the β2-AR agonist 

compared to sham mice (Figure 11B). Notably, female SNI mice also developed significant 

CPP phenotypes compared to the sham mice (Figure 11C). These findings suggest that at 

early stages post-nerve injury, β2-AR agonist reduces spontaneous pain only in male mice, 

whereas at late phase post-SNI, Formoterol can improve spontaneous pain in male and female 

mice. 
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Figure 10. β2-AR agonist reduced ongoing pain in SNI in the initial phase post-SNI.  

(A) Experiment timeline for CPP when Formoterol was tested at early stages post-SNI or sham surgery. 

(B) Post-conditioned male SNI mice exhibited a significant CPP to the chamber associated with 

Formoterol (left), shown as heat plots on the baseline and test day (right). (C) CPP analysis for female-

operated mice was depicted as cumulative time (left) and heat maps (right). n = 6–7/sham group; n = 

8/SNI group; Mann-Whitney test was conducted; * p < 0.05 as compared baseline to test day. Data are 

represented as mean ± SEM. 
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Figure 11. Conditioned place preference showed that the β2-AR agonist administration 

decreased ongoing pain at a late stage post-SNI. 

(A) CPP schematic for Formoterol application at late stages after surgery. (B) Post-conditioned male 

neuropathic mice exhibited a significant CPP to the chamber associated with Formoterol (left), 

demonstrated as heat plots on the baseline and test day (right). (C) CPP analysis for female-operated 

mice was depicted as cumulative time (left) and heat maps (right). n = 6–7/sham group; n = 8/SNI group; 

Mann-Whitney test was conducted; * p < 0.05 as compared baseline to test day. Data are represented 

as mean ± SEM. 
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4.4 Investigation of the effects of Formoterol in astrocytes and microglia  

4.4.1 Formoterol systemic application reduces microgliosis in early days post-

nerve injury 

Given their function as resident immune cells in the CNS, microglia promptly respond to 

inflammatory circumstances. Animal models of neuropathic pain have suggested that diverse 

cell types release pro-inflammatory mediators that can trigger microglia to adopt a reactive 

phenotype (Masuda et al., 2020). Nerve injury induces microgliosis and β2-AR agonist 

administration may dampen this phenomenon. Microgliosis can be evaluated by changes in 

cell density and morphology. Three days post-SNI, spinal microglia density and morphology 

were evaluated post-Formoterol systemic delivery. Studies have reported that the contribution 

of microglia in neuropathic pain can differ depending on sexual dimorphism (Tansley et al., 

2022). Therefore, the data were analyzed according to the sex of the mice. Microglial 

accumulation was determined by measuring the density of Iba1-positive cells in the ipsilateral 

and contralateral lamina I-III of the SDH (Figure 12A, B). Three days post-surgery, microglia 

significantly accumulated in the SDH of SNI compared to sham mice, as demonstrated in 

Figure 12. However single i.p. Formoterol injection significantly decreased Iba1-positive cell 

density in the ipsilateral SDH of SNI mice of both sexes (Figure 12A, B). Furthermore, microglia 

morphology was evaluated by analyzing the perimeter of the soma and the length of the 

processes (Figure 12C). SNI surgery induced a shift from ramified homeostatic microglia to an 

amoeboid phenotype compared to sham mice, with an expansion of the soma and a shortening 

of the length of the microglial processes. Those morphological parameters were significantly 

reversed by Formoterol administration in mice of both sexes (Figure 12C, E). Formoterol 

treatment did not change significantly microglia accumulation or morphological structure in 

sham mice (Figure 12B, D, E). 



58 
 

 



59 
 

Figure 12. β2-AR agonist administration significantly diminished microgliosis in the ipsilateral 

spinal dorsal horn (SDH) of SNI mice on day three post-nerve injury.  

(A, B) Representative images (A) and quantitative assessment (B) of Iba1-positive microglia density in 

the ipsilateral SDH of mice (male, left; female, right) injected with Formoterol or vehicle on day 3 post-

surgery. The density of Iba1-positive microglia was significantly reduced post-Formoterol injection in 

male and female mice. Scale bar = 60 μm. Ipsi/contra = density value ratio between the ipsi and 

contralateral dorsal horn. A.U. = arbitrary unit. (C) Illustrative pictures of microglia (Iba1-positive and 

Hoechst counterstaining for cell nuclei), with soma and processes outlined by white, dashed lines. Scale 

bar = 10 μm. (D, E) Quantification of the perimeter of microglia soma (D) and the length of microglial 

processes (E) in the ipsilateral SDH of mice (male, left; female, right) post-Formoterol or vehicle injection 

on day 3 post-surgery. n = 4/group; two-way ANOVA test was conducted followed by post-hoc Tukey’s 

test; * p < 0.05. Data are represented as mean ± SEM.  

Another independent indication of the responsive state of microglia is the expression of 

activation markers, including p38 and JNK MAPKs in their activated (i.e. phosphorylated) 

forms. Microglia are known to be the major cells expressing p38 in the spinal cord, an important 

player in nociceptive hypersensitivity through the stimulation of inflammatory cytokines (Tsuda, 

2016), while JNK signaling is involved in apoptosis and pro-inflammatory mediators modulation 

(Caraci et al., 2019). Colocalization quantifications were conducted to study the impact of 

Formoterol systemic delivery on microglial activation markers p38 and JNK in nerve-injured 

mice.  

As depicted in Figure 13A, B, the number of double-positive cells for Iba1 and phosphorylated 

p38 (p-p38) signal was significantly augmented in SNI compared to sham mice of both sexes 

on day 3 post-surgery, and Formoterol treatment significantly reduced this phenomenon 

(Figure 13A, B). Similarly, phosphorylated JNK (p-JNK) signals were increased in spinal Iba1-

positive microglia, of SNI mice of both sexes and were significantly diminished by Formoterol 

treatment (Figure 13C, D). No significant alterations were observed in microglia activity 

markers in sham mice following Formoterol treatment (Figure 13B, D). 

Overall, the analysis of microglia reactivity following the β2-AR agonist treatment in 

neuropathic mice indicates that Formoterol administration significantly restores homeostatic 

microglial phenotype three days after neuropathic pain development in both male and female 

mice. 
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Figure 13. Formoterol reduced p-p38 and p-JNK colocalization in microglia in the spinal dorsal 

horn (SDH) of SNI mice on day three post-nerve injury.  

(A, B) Representative images (A) and quantitative assessment (B) of Iba1-positive microglia and p-p38 

co-immunohistochemistry in the ipsilateral SDH of mice (male, left; female, right) injected with 

Formoterol or vehicle on day 3 post-surgery. Arrows indicate double-positive cells. Ipsi/contra = density 

value ratio between the ipsi and contralateral dorsal horn. A.U. = arbitrary unit. Scale bar = 10 μm. (C, 

D) Illustrative images (C) and colocalization analysis (D) of Iba1 and p-JNK positive signals in the 

ipsilateral SDH of mice (male, left; female, right) injected with Formoterol or vehicle on day 3 post-

surgery. n = 4/group; two-way ANOVA test was conducted followed by post-hoc Tukey’s test; * p < 0.05. 

Data are represented as mean ± SEM. 

4.4.2 Analysis of SNI surgery and Formoterol administration on astrocytes 

three days post-nerve injury 

Astrocyte hypertrophy takes place three days following peripheral nerve injury and persists for 

several months (Li et al., 2020). I investigated whether this phenomenon followed a similar 

pattern in the SNI model. Additionally, since astrocytes express β2-ARs, Formoterol might 

exert an analgesic effect by activating these receptors on astrocytes. Using the same 

experimental protocol utilized in section 4.4.1, the effect of β2-AR stimulation on astrocytes 

was examined by identifying them with the GFAP and/or in combination with the classic 

activation marker, p-JNK. Notably, a significant intensification in GFAP fluorescence intensity 

was shown in female SNI mice compared to sham mice, but not in male SNI mice (Figure 14A, 

B). There were no statistically significant changes observed in GFAP intensity in sham mice 

treated with Formoterol compared to the saline-treated group (Figure 14B). P-JNK expression 

in astrocytes did not show any difference when comparing sham and SNI mice or among the 

Formoterol-injected groups matched to the saline-injected mice (Figure 14C, D).  
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Figure 14. Spinal astrocytes reaction to neuropathic pain and Formoterol administration on day 

three post-surgery.  

(A, B) Representative images (A) and quantitative assessment (B) of GFAP fluorescence intensity in 

the ipsilateral SDH of mice (male, left; female, right) injected with Formoterol or vehicle on day 3 post-

surgery. Ipsi/contra = fluorescent intensity density value between the ipsi and contralateral dorsal horn. 

A.U. = arbitrary unit. Scale bar = 60 μm. (C, D) Illustrative images (C) and colocalization analysis (D) of 

GFAP and p-JNK positive signals in the ipsilateral SDH of mice (male, left; female, right) injected with 

Formoterol or vehicle on day 3 post-nerve injury. Arrows indicate double-positive cells. Ipsi/contra = 

density value ratio between the ipsi and contralateral dorsal horn. Scale bar = 10 μm. n = 4/group; two-

way ANOVA test was conducted followed by post-hoc Tukey’s test; * p < 0.05. Data are represented as 

mean ± SEM. 

4.4.3 Systemic administration of Formoterol diminished microgliosis on days 6 

and 21 after nerve injury 

Microglial and astrocytic modulation during neuropathic pain and after Formoterol 

administration were evaluated on days 6 and 21 post-surgery in agreement with the behavioral 

experiments described in section 4.3.3 (Figure 8A).  

As displayed in Figure 15, microglia density in the superficial laminae of the ipsilateral SDH in 

SNI male mice augmented significantly compared to male sham mice, on days 6 or 21 post-

surgery. Female SNI mice showed a significant upregulation on day 6 post-SNI compared to 

sham mice, but not on day 21 post-surgery (Figure 15). Formoterol treatment fully reversed 

the SNI-induced augmentation of microglial density in the SDH (Figure 15). In terms of spinal 

microglia structural remodeling changes, neuropathic pain induced in microglia significant 

enlargement of the somata and the reduction of the processes, equally in both time points 

studied and sexes (Figure 16). β2-AR agonist application did not affect microglia density or 

morphology in sham mice (Figure 15, Figure 16). Notably, Formoterol application significantly 

diminished SNI-induced structural changes in males on days 6 and 21 post-surgery, whereas 

in female mice microglial changes were reversed only on day 6 post-surgery (Figure 16). 
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Figure 15. Formoterol systemic delivery reduced microglia density in the ipsilateral spinal dorsal 

horn (SDH) of SNI mice on days 6 and 21 post-surgery.  

(A, B) Representative images of day 6 post-surgery (A) and quantitative assessment (B) of Iba1-positive 

microglia density in the ipsilateral SDH of mice (male, left; female, right) injected with Formoterol or 

vehicle on days 6 and 21 post-surgery. Scale bar = 60 μm. Ipsi/contra = density value ratio between the 

ipsi and contralateral dorsal horn. A.U. = arbitrary unit. n = 4/group; two-way ANOVA test was conducted 

followed by post-hoc Tukey’s test; * p < 0.05. Data are represented as mean ± SEM. 
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Figure 16. Effect of Formoterol treated on microglia morphology in the ipsilateral spinal dorsal 

horn (SDH) of SNI mice on days 6 and 21 post-surgery.  

(A) Illustrative images of microglia (Iba1-positive and Hoechst counterstaining for cell nuclei), with soma 

and processes outlined by white, dashed lines. Scale bar = 10 μm. (B, C) Quantification of the perimeter 

of microglia soma (B) and the length of microglial processes (C) in the ipsilateral SDH of mice (male, 

left; female, right) injected with Formoterol or vehicle on days 6 and 21 post-surgery. n = 4/group; two-
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way ANOVA test was conducted followed by post-hoc Tukey’s test; * p < 0.05. Data are represented as 

mean ± SEM. 

Furthermore, immunoreactivity for p-p38 and p-JNK in microglia was also evaluated on days 

6 and 21 post-surgery. The double-positive signal of p-p38 in Iba1-positive microglia was 

significantly increased in mice of both sexes at early (6 days post-surgery) and late (21 days 

post-surgery) time points compared to sham mice and Formoterol treatment significantly 

reduced this phenomenon (Figure 17A, B). Formoterol application to sham mice did not result 

in any significant alterations in terms of microglia activity markers (Figure 17). SNI surgery 

augmented the upregulation of p-JNK in microglia on days 6 and 21 post-SNI in both sexes 

and was significantly diminished by β2-AR agonist administration, excluding female mice for 

the latest time point studied (Figure 17C, D).  

Collectively, reactive microgliosis assessment in neuropathic mice after Formoterol treatment 

indicates that such treatment largely reinstates normal microglial phenotype during 

neuropathic pain progression in both sexes. 
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Figure 17. Formoterol treatment reduced p-p38 and p-JNK localization in microglia in the 

ipsilateral spinal dorsal horn (SDH) of SNI mice on days 6 and 21 post-surgery.  

(A, B) Representative images of day 6 post-surgery (A) and quantitative assessment (B) of Iba1-positive 

microglia and p-p38 co-immunohistochemistry in the ipsilateral SDH of mice (male, left; female, right) 

injected with Formoterol or vehicle on days 6 and 21 post-surgery. Arrows indicate double-positive cells. 

Ipsi/contra = density value ratio between the ipsi and contralateral dorsal horn. A.U. = arbitrary unit. 

Scale bar = 10 μm. (C, D) Illustrative images of day 6 post-surgery (C) and colocalization analysis (D) 

of Iba1 and p-JNK positive signals in the ipsilateral SDH of mice (male, left; female, right) injected with 

Formoterol or vehicle on days 6 and 21 post-surgery. n = 4/group; two-way ANOVA test was conducted 

followed by post-hoc Tukey’s test; * p < 0.05. Data are represented as mean ± SEM. 

4.4.4 Formoterol intraperitoneal administration reduced astrocytic activation on 

days 6 and 21 post-surgery 

At late time points post-nerve injury (day 21 post-surgery), when neuropathic pain was fully 

developed, a significant increase in GFAP signal intensity was observed in mice of both sexes, 

but not over the early time points (Figure 18A, B). Formoterol application to sham mice did not 

result in any significant alterations in GFAP fluorescence intensity (Figure 18). Notably, 

Formoterol administration significantly inhibited SNI-triggered astrogliosis in male and female 

SNI compared to sham mice (Figure 18A, B). Nerve injury prompted an increase of p-JNK in 

GFAP-positive astrocytes in SNI mice compared to sham mice on days 6 and 21 post-surgery. 

Formoterol i.p. administration attenuated the upregulation of the activation marker prompted 

by nerve injury (Figure 18C, D), except for the 21-day time point for male SNI mice (Figure 

18D). 

The results of the increased GFAP signals in ipsilateral SDH of SNI mice on day 21 post-

surgery are in agreement with previous studies reporting that spinal cord astrocytes sustain 

and maintain chronic pain (Chen et al., 2019; Lu & Gao, 2022).  
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Figure 18. Spinal astrocytes reaction to neuropathic pain and β2-AR agonist systemic delivery 

on days 6 and 21 post-surgery.  

(A, B) Representative images of day 21 post-surgery (A) and quantitative assessment (B) of GFAP 

fluorescence intensity in the ipsilateral SDH of mice (male, left; female, right) injected with Formoterol 

or vehicle on days 6 and 21 post-surgery. Ipsi/contra = fluorescent intensity density value between the 

ipsi and contralateral dorsal horn. A.U. = arbitrary unit. Scale bar = 60 μm. (C, D) Illustrative images of 

day 21 post-surgery (C) and colocalization analysis (D) of GFAP and p-JNK positive signals in the 

ipsilateral SDH of mice (male, left; female, right) injected with Formoterol or vehicle on days 6 and 21 

post-surgery. Arrows indicate double-positive cells. Ipsi/contra = density value ratio between the ipsi 

and contralateral dorsal horn. Scale bar = 10 μm. n = 4/group; two-way ANOVA test was conducted 

followed by post-hoc Tukey’s test; * p < 0.05. Data are represented as mean ± SEM. 

4.4.5 Effect of a single Formoterol administration 21 days post-nerve injury on 

spinal microglia and astrocytes  

Several studies have proposed that microglia reactivity following nerve injury in early stages is 

associated with subsequent astrocytic activation (McGinnis & Ji, 2023). In this study, the effect 

of Formoterol on astrocytes on day 21 could be influenced by its prior administration on day 6, 

which reduced the microglial reactivity and the release of pro-inflammatory mediators. To 

distinguish between these effects, a supplementary test was carried out, in which Formoterol 

was administered solely on day 21 post-surgery, as described in section 4.3.4 (Figure 9). 

Remarkably, this administration paradigm of Formoterol did not reduce microglial density in 

the SDH of male and female SNI mice (Figure 19A, B), but it was successful in decreasing 

astrogliosis (Figure 19C, D). The non-accumulation of microglia in the ipsilateral SDH in female 

SNI mice on day 21 post-surgery was expected from the previous results obtained (Figure 

12B). For male SNI mice, the effects of Formoterol on microglia at later time points were 

influenced by the early administration of the β2-AR agonist. However, astrocyte responses 

were independent of its early administration. Thus, these findings suggest that microglial and 

astrocytic responses are not linked by β2-AR modulation. 
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Figure 19. Microglial and astrocytic responses to a single Formoterol injection on day 21 post-

nerve injury. 

(A, B) Representative images of day 21 post-surgery (A) and quantitative assessment (B) of Iba1-

positive microglia density in the ipsilateral SDH of mice injected with Formoterol or vehicle on day 21 

post-surgery. Ipsi/contra = density value ratio between the ipsi and contralateral dorsal horn. A.U. = 

arbitrary unit. (C, D) Representative images of day 21 post-surgery (C) and quantitative assessment (D) 

of GFAP fluorescence intensity in the ipsilateral SDH of mice injected with Formoterol or vehicle on day 

21 post-surgery. Ipsi/contra = fluorescent intensity density value between the ipsi and contralateral 

dorsal horn. Scale bar = 60 μm. n = 3–4/group; Mann-Whitney test was conducted; * p < 0.05 as 

compared baseline to test day. Data are represented as mean ± SEM. 

 



72 
 

4.5 Delineation of the role of β2-AR in microglia in neuropathic hypersensitivity 

4.5.1 Generation of Cx3Cr1-specific knockout for β2-ARs 

The previous experiments conducted in this study reveal that Formoterol system delivery can 

attenuate microglia reactivity in conditions of neuropathic pain. Since β2-ARs are broadly 

present in diverse cell populations, the subsequent objective was to investigate the role of 

microglial β2-AR in Formoterol-induced analgesia. Therefore, the generation of a conditional 

knockout mouse line was required by specifically deleting the Adrb2 gene from microglia. This 

was achieved by crossbreeding Cx3cr1-CreERT2 with Adrb2fl/fl mice, resulting in Cx3cr1-

Adrb2fl/f mice (Figure 20A). Tamoxifen was administered to Cx3cr1-Adrb2fl/fl and control 

(Adrb2fl/fl) mice at five weeks of age, and qPCR analyses were conducted on MACS-sorted 

microglial cells after four weeks. The outcomes verified that Cx3cr1-Adrb2-/- mice exhibited 

more than 80% reduction in Adrb2 mRNA expression in microglia compared to control or 

Cx3cr1-Adrb2fl/fl mice that did not receive tamoxifen (Figure 20B). 

Furthermore, CX3CR1 has been reported to be expressed in induced astrocytes following 

severe seizures (Yeo et al., 2011), but studies on the Cx3cr1-GFP mouse line have not shown 

any GFP reporter leakage into astrocytes under excitatory conditions (Kim et al., 2015). 

Nevertheless, astrocytes express functional β2-AR on their membranes. Therefore, I 

examined whether the recombination occurred in astrocytes in the mouse line utilized in this 

study. Adrb2 mRNA expression in astrocytes did not differ between Cx3cr1-Adrb2-/- and 

Adrb2fl/fl mice post-tamoxifen administration (Figure 20C). 

CX3CR1 is also expressed by macrophages; however, fate mapping studies have indicated 

that the Cx3cr1-CreERT mouse line exhibited the induction of gene rearrangements in resident 

macrophages and peripheral myeloid cells, including blood-circulating CCR2+ monocytes, 

followed by their gradual loss over time (Goldmann et al., 2013; Wolf et al., 2013). β2-AR is 

also expressed by macrophages; therefore, to ascertain the specificity of the mouse line 

utilized in this study, macrophages from the peritoneal cavity (blood-circulating monocyte-

derived cells), and from the DRGs were isolated for Adrb2 mRNA testing (Figure 20D, E; Figure 

21). It was verified the purity of the cell isolation through F4/80+ and CD11b+ beads for 

macrophages derived from the peritoneal cavity and DRGs, respectively (Figure 21). The 

qPCR analysis demonstrated that Adrb2 mRNA was not recombined in macrophages derived 

from the peritoneal cavity or in macrophages isolated from the DRGs when waiting for four 

weeks after tamoxifen injection before experiments in the Cx3cr1-Adrb2fl/fl mouse line (Figure 

20). 
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Figure 20. Generation of Cx3cr1-Adrb2-/- mouse line and gene rearrangement controls. 

(A) Strategy used to generate mice that lacked the Adrb2 gene specifically in microglia in a tamoxifen-

inducible manner. TAM = Tamoxifen. (B) Analysis of Adrb2 mRNA depletion in microglia four weeks 

after TAM administration. n = 3–4/group; two-way ANOVA test was conducted followed by post-hoc 

Tukey’s test; * p < 0.05. (C–E) Spinal astrocytes (C), macrophages from the peritoneal cavity (D), and 

macrophages resident in the DRGs (E) from Cx3cr1-Adrb2-/- mice exhibited no statistical reduction in 

Adrb2 mRNA expression compared to Adrb2fl/fl mice four weeks post TAM injection. n = 3/group. Data 

are represented as mean ± SEM. 
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Figure 21. Macrophages isolated from the peritoneal cavity and DRGs.  

(A) Representative examples from cultured macrophages isolated from the peritoneal cavity (F4/80+). 

(B) Typical images from cultured macrophages (CD11b+) and DRG neurons (β-tubulin III+) isolated from 

the DRGs. Scale bar = 5 µm. 
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4.5.2 β2-AR deletion did not affect baseline nociception and hypersensitivity 

development following nerve injury 

β2-ARs deletion, specifically in microglia, could potentially affect baseline nociceptive 

sensitivity or progression of allodynia/hyperalgesia following SNI. To investigate this, male and 

female Cx3cr1-Adrb2-/- mice were tested for baseline nociception and development of 

hypersensitivity using the same experimental scheme as described in section 4.3.3 (Figure 

8A). Male and female Cx3cr1-Adrb2-/- mice showed similar baseline sensitivity levels pre-SNI 

or sham surgery (Figure 22B, Figure 23A) and developed hypersensitivity post-surgery 

comparable to the magnitude observed in Adrb2fl/fl controls (Figure 22B, Figure 23A). Cx3cr1-

Adrb2-/- and Adrb2fl/fl SNI mice displayed an increased response rate to the 0.07 g filament on 

days 6 and 21 post-nerve injury compared to the respective sham-operated groups of mice 

(Figure 22B, Figure 23A). Additionally, mechanical hypersensitivity investigated as a 

cumulative response to all filaments applied was significantly higher in SNI mice compared to 

sham animals in both mouse lines and sexes post-surgery (Figure 22B, Figure 23A). Cold 

allodynia was tested for the same condition. Baseline and sensitivity development for cold 

allodynia were not impaired in Cx3cr1-Adrb2-/- SNI or sham compared to control Adrb2fl/fl mice 

(Figure 24A).  

4.6 Involvement of β2-AR deletion in microglia to the anti-nociceptive effect of 

Formoterol 

4.6.1 Effect of Formoterol administration on mechanical hypersensitivity and 

cold allodynia in neuropathic Cx3cr1-Adrb2-/- mice  

The genetic modification did not compromise the lack of the effect of Formoterol in sham-

operated mice when male and female mice were tested for mechanical hypersensitivity and 

cold allodynia on days 6 and 21 post-sham surgery (Figure 22C, Figure 23B, Figure 24B). In 

control Adrb2fl/fl SNI mice of both sexes, Formoterol systemic delivery significantly decreased 

mechanical hypersensitivity compared to the saline-treated group on days 6 and 21 post-

surgery. Conversely, this phenomenon was not replicated in Cx3cr1-Adrb2-/- mice of both 

sexes (Figure 22D, Figure 23C). However, as demonstrated in Figure 22D (0.07 g filament), 

Formoterol-injected control male Adrb2fl/fl mice showed a tendency towards reduction 

compared to saline-injected SNI mice on day 21 post-surgery. There was no evident sexual 

dimorphism, as both male and female Cx3cr1-Adrb2-/- SNI mice exhibited a similar lack of 

analgesia in response to Formoterol injection (Figure 22D, Figure 23C). 
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Figure 22. Analysis of mechanical hypersensitivity in Cx3cr1-Adrb2-/- male mice post-SNI and 

Formoterol administration.  

(A) Strategy utilized for mechanical and cold nociception tests. Inj. = injection. (B) Mechanical sensitivity 

developed in male Cx3cr1-Adrb2-/- SNI or sham mice in a comparable manner as control mice, displayed 

as response rate to the 0.07 g filament (left) pre-surgery (basal), and on days 3, 6, and 21 post-surgery, 

and cumulative response to all the sets of filaments applied from 0.008 to 1.0 g (AUC, right). A.U. = 

arbitrary unit. n = 6/group; repeated measures two-way ANOVA was conducted followed by post-hoc 

Tukey’s test; # p < 0.05, as compared to Adrb2fl/fl Sham Saline vs Adrb2fl/fl SNI Saline for the same time 

point; § p < 0.05, as compared to Cx3cr1-Adrb2-/- Sham Saline and Cx3cr1-Adrb2-/- SNI Saline for the 

same time point. Two-way ANOVA test was conducted followed by post-hoc Tukey’s test; * p < 0.05. 

(C) Male Adrb2fl/fl and Cx3cr1-Adrb2-/- Sham mice did not exhibit any difference following Formoterol or 

saline injection in response to one von Frey filament (left), or to the full set of them (right). Adrb2fl/fl Sham 

Saline and Cx3cr1-Adrb2-/- Sham Saline groups are the same used in panel B. (D) The β2-AR agonist 

administration on days 6 and 21 post-nerve injury, alleviated mechanical hypersensitivity in Adrb2fl/fl but 

not in Cx3cr1-Adrb2-/- SNI mice. Adrb2fl/fl SNI Saline and Cx3cr1-Adrb2-/- SNI Saline groups are the 

same used in panel B. n = 6–7/group; repeated measures two-way ANOVA was conducted followed by 

post-hoc Tukey’s test; # p < 0.05, as compared to Adrb2fl/fl SNI Saline and Adrb2fl/fl SNI Formoterol for 

the same time point. Two-way ANOVA test was conducted followed by post-hoc Tukey’s test; * p < 0.05. 

Data are represented as mean ± SEM. 
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Figure 23. Cx3cr1-Adrb2-/- female mice were tested for mechanical hypersensitivity post-SNI and 

Formoterol administration. 

(A) Mechanical sensitivity development was not impinged due to the Adrb2 genetic deletion in female 

Cx3cr1-Adrb2-/- SNI or sham mice, displayed as response rate to the 0.07 g filament (left) pre-surgery 
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(basal), and on days 3, 6, and 21 post-surgery, and cumulative response to all the sets of filaments 

applied from 0.008 to 1.0 g (right). A.U. = arbitrary unit. n = 5–7/group; repeated measures two-way 

ANOVA was conducted followed by post-hoc Tukey’s test; # p < 0.05, as compared to Adrb2fl/fl Sham 

Saline vs Adrb2fl/fl SNI Saline for the same time point; § p < 0.05, as compared to Cx3cr1-Adrb2-/- Sham 

Saline and Cx3cr1-Adrb2-/- SNI Saline for the same time point. Two-way ANOVA was conducted 

followed by post-hoc Tukey’s test; * p < 0.05. (B) Female Adrb2fl/fl and Cx3cr1-Adrb2-/- Sham mice did 

not show any difference following Formoterol or saline injection in response to one filament (left), or to 

the full set of them (right). Adrb2fl/fl Sham Saline and Cx3cr1-Adrb2-/- Sham Saline groups are the same 

used in panel A. (C) The β2-AR agonist administration on days 6 and 21 post-nerve injury, alleviated 

mechanical hypersensitivity in Adrb2fl/fl but not in Cx3cr1-Adrb2-/- SNI mice. Adrb2fl/fl SNI Saline and 

Cx3cr1-Adrb2-/- SNI Saline groups are the same used in panel A. n = 6–8/group, repeated measures 

two-way ANOVA was conducted followed by post-hoc Tukey’s test; # p < 0.05, as 

compared Adrb2fl/fl SNI Saline and Adrb2fl/fl SNI Formoterol for the same time point. Two-way ANOVA 

was conducted followed by post-hoc Tukey’s test; * p < 0.05. Data are represented as mean ± SEM. 

 

Moreover, Formoterol administration increased the paw withdrawal latency for control SNI-

operated male and female mice both on days 6 and 21 post-surgery (Figure 24C). Conversely, 

Formoterol failed to ameliorate cold allodynia in male and female Cx3cr1-Adrb2-/- SNI animals 

at early stages. Notably, on day 21 post-surgery, the β2-AR agonist significantly alleviated cold 

allodynia in male Cx3cr1-Adrb2-/- compared to Cx3cr1-Adrb2-/- saline-injected mice and there 

was a tendency of thermal relief in female Cx3cr1-Adrb2-/- mice, but not with the same extent 

of Formoterol-injected control mice (Figure 24C).  

These findings highlight that the microglial β2-AR is not directly implicated in baseline 

nociception or hyperalgesia development following nerve injury. Microglial β2-AR exerted a 

pivotal role in mediating the analgesic effects of Formoterol for mechanical hypersensitivity at 

early and late stages of neuropathic pain. For neuropathic cold allodynia, microglial β2-AR is 

important at early stages, but this effect is not prominent during the later phase following nerve 

injury. 
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Figure 24. Cold sensitivity was investigated in Cx3cr1-Adrb2-/- mice in SNI and sham mice, after 

saline or Formoterol administration. 

(A) No differences in cold sensitivity development were seen among the Cx3cr1-Adrb2-/- and 

Adrb2fl/fl mice on days 6 and 21 post-surgery. (B) Cx3cr1-Adrb2-/- and Adrb2fl/fl Sham mice did not show 

any difference due to the genetic deletion of the Adrb2 genetic sequence. Adrb2fl/fl Sham Saline and 

Cx3cr1-Adrb2-/- Sham Saline groups are the same used in panel A. (C) Formoterol injection in Cx3cr1-

Adrb2-/- mice did not alleviate cold allodynia, except in male Cx3cr1-Adrb2-/- mice on day 21 post-SNI. 

Adrb2fl/fl SNI Saline and Cx3cr1-Adrb2-/- SNI Saline groups are the same used in panel A. n = 6–

8/group; two-way ANOVA was conducted followed by post-hoc Tukey’s test; * p < 0.05. Data are 

represented as mean ± SEM. 
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4.6.2. Role of microglial β2-ARs in the suppressive effects of Formoterol on 

SNI-induced gliosis 

Microglial-specific genetic deletion of Adrb2 could potentially alter the gliosis response without 

the external intervention of a drug. Therefore, I investigated whether the deletion of microglial 

β2-AR had an impact on microgliosis in the SDH. Furthermore, the results from the WT mice 

suggested that Formoterol exerted an analgesic effect and attenuated gliosis in the ipsilateral 

SDH of nerve-injured mice. To test whether these effects on gliosis were mediated by the 

microglial β2-AR, further experiments were conducted following the same experimental 

timeline described in section 4.4.3. 

β2-AR deletion in microglia did not change the increased density of microglia in the ipsilateral 

SDH induced by nerve injury (Figure 25, Figure 26), and the structural changes (Figure 27, 

Figure 28) compared to control Adrb2fl/fl mice. Additionally, Formoterol administration in sham 

Cx3cr1-Adrb2-/- and Adrb2fl/fl littermates did not change the microglial phenotype (Figure 26, 

Figure 28). Formoterol application in male and female Cx3cr1-Adrb2-/- SNI mice failed to 

diminish the accumulation of microglia in the ipsilateral SDH compared to control mice on day 

6 post-surgery (Figure 26A) and in male Cx3cr1-Adrb2-/- mice on day 21 post-surgery as well 

(Figure 26B). Notably, female control and Cx3cr1-Adrb2-/- mice exhibited the same phenotype 

on day 21 post-SNI independently of Formoterol injection, revealing that microglia did not 

accumulate in the ipsilateral SDH (Figure 26B). Furthermore, the deletion of β2-AR in microglia 

abrogated Formoterol-induced morphological changes in Cx3cr1-Adrb2-/- mice (Figure 27, 

Figure 28), except for the length of microglia processes 21 days after SNI surgery in female 

mice, underlining the crucial role of microglial β2-AR for the anti-microgliosis effect of 

Formoterol. This further supports the involvement of microglial β2-AR in the anti-inflammatory 

action of Formoterol in neuropathic pain. 
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Figure 25. Microglia Iba1-positive staining in the ipsilateral spinal dorsal horn (SDH) of control 

and transgenic mice on day 6 post-surgery.  

(A, B) Representative images of Iba1-positive staining in the ipsilateral SDH of male (A) and female (B) 

Adrb2fl/fl and Cx3cr1-Adrb2-/- mice injected with saline or Formoterol on day 6 post-surgery. Scale bar = 

60 μm. 
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Figure 26. Analysis of microglial density in the ipsilateral spinal dorsal horn (SDH) of Adrb2fl/fl 

and Cx3cr1-Adrb2-/- in response to Formoterol on days 6 and 21 post-surgery.  

(A, B) Quantitative analysis of Iba1-positive microglia density of male (left) and female (right) Adrb2fl/fl 

and Cx3cr1-Adrb2-/- mice injected with Formoterol or vehicle on days 6 (A) and 21 (B) post-surgery. 

Ipsi/contra = density value ratio between the ipsi and contralateral dorsal horn. A.U. = arbitrary unit. n = 

3–5/group; three-way ANOVA was conducted followed by post-hoc Bonferroni´s test; * p < 0.05. Data 

are represented as mean ± SEM. 
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Figure 27. Effect of the β2-AR agonist on microglial morphology in the ipsilateral spinal dorsal 

horn (SDH) of control and transgenic mice on day 6 post-surgery.  

(A, B) Representative images of microglia in the ipsilateral SDH in male (A) and female (B) Adrb2fl/fl and 

Cx3cr1-Adrb2-/- mice injected with saline or Formoterol on day 6 post-surgery. Microglial soma and 

processes were depicted by white, dashed lines. Scale bar = 10 μm. 
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Figure 28. Analysis of microglial morphology of ipsilateral spinal dorsal horn (SDH) of Adrb2fl/fl 

and Cx3cr1-Adrb2-/- after Formoterol or saline treatment on days 6 and 21 post-surgery.  

(A, B) Formoterol and saline application to male (left) and female (right) control and transgenic mice, 6 

(A) or 21 (B) days post-SNI influenced the microglial perimeter of the soma. (C, D) Quantification of the 

length of microglial processes in male (left) and female (right) control and transgenic mice, 6 (C) or 21 

(D) days post-SNI. n = 3–5/group; three-way ANOVA was conducted followed by post-hoc Bonferroni´s 

test; * p < 0.05. Data are represented as mean ± SEM.  

 

To endorse the hypothesis of microglial β2-AR-mediated Formoterol-induced suppression of 

microgliosis, analyses of the co-immunohistochemistry of the activity markers p-p38 and p-

JNK in microglia were conducted in control and transgenic mice (Figure 29, Figure 31). The 

absence of the Adrb2 gene did not impact the upregulation of the microglial activity markers 

during the onset and sustenance of neuropathic pain nor Formoterol administration in Cx3cr1-

Adrb2-/- mice subjected to sham surgery (Figure 30, Figure 32). Notably, Formoterol injection 

in Cx3cr1-Adrb2-/- mice of both sexes failed to reduce p-38 and p-JNK signals upregulation in 

microglia compared to control mice on day 6 and 21 post-SNI in control mice (Figure 30, Figure 

32). 

In summary, microglia-specific β2-AR deletion impaired the beneficial impact of Formoterol on 

microgliosis markers. 
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Figure 29. P-p38 activation markers in microglia in the ipsilateral spinal dorsal horn (SDH) of 

control and transgenic mice on day 6 post-surgery. 

(A, B) Representative images of p-p38 and Iba1-positive colocalization staining in the ipsilateral SDH of 

male (A) and female (B) Adrb2fl/fl and Cx3cr1-Adrb2-/- mice injected with saline or Formoterol on day 6 

post-surgery. Yellow arrows indicate double-positive cells. Scale bar = 10 μm. 
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Figure 30. Microglial β2-AR deletion impaired the effect of Formoterol in lowering microglial p-

p38 level in the ipsilateral spinal dorsal horn (SDH) of SNI mice on days 6 and 21 post-surgery. 

(A, B) Quantitative analysis of the double-positive Iba1 and p-p38-positive cells of male (left) and female 

(right) Adrb2fl/fl and Cx3cr1-Adrb2-/- mice injected with Formoterol or vehicle on days 6 (A) and 21 (B) 

post-surgery. Ipsi/contra = density value ratio between the ipsi and contralateral dorsal horn. A.U. = 

arbitrary unit. n = 3–5/group; three-way ANOVA was conducted followed by post-hoc Bonferroni´s test; 

* p < 0.05. Data are represented as mean ± SEM. 
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Figure 31. P-JNK activation marker in microglia in the ipsilateral spinal dorsal horn (SDH) of 

control and transgenic mice on day 6 post-surgery.  

(A, B) Representative images of p-JNK and Iba1-positive co-immunohistochemistry staining in the 

ipsilateral SDH of male (A) and female (B) Adrb2fl/fl and Cx3cr1-Adrb2-/- mice injected with saline or 

Formoterol on day 6 post-surgery. Yellow arrows indicated double-positive cells. Scale bar = 10 μm. 
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Figure 32. Microglial β2-AR deletion weakened the effect of Formoterol in reducing microglial p-

JNK level in the ipsilateral spinal dorsal horn (SDH) of SNI mice on days 6 and 21 post-surgery.  

(A, B) Quantitative analysis of the double-positive Iba1 and p-JNK-positive cells of male (left) and female 

(right) Adrb2fl/fl and Cx3cr1-Adrb2-/- mice injected with Formoterol or vehicle on days 6 (A) and 21 (B) 

post-surgery. Ipsi/contra = density value ratio between the ipsi and contralateral dorsal horn. A.U. = 

arbitrary unit. n = 3–5/group; three-way ANOVA was conducted followed by post-hoc Bonferroni´s test; 

* p < 0.05. Data are represented as mean ± SEM. 
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β2-AR is also expressed by astrocytes and here it was investigated if Formoterol reduced 

astrocytes reactivity directly by binding the receptor on astrocytes, or if it needed the microglial 

β2-AR involvement, via GFAP fluorescence intensity and p-JNK/GFAP density analysis 

(Figure 33, Figure 35). In both male and female Cx3cr1-Adrb2-/- SNI mice, nerve injury induced 

a significant upregulation of GFAP fluorescence intensity on day 21 but not on day 6 post-

surgery compared to Cx3cr1-Adrb2-/- sham mice when neuropathic pain is not completely 

established. Formoterol injection did not alter GFAP signal or p-JNK density in GFAP-positive 

astrocytes in Cx3cr1-Adrb2-/- and Adrb2fl/fl sham mice (Figure 34, Figure 36). and it significantly 

impeded the GFAP signal increment in control mice of both sexes (Figure 34). Notably, this 

was reported for female Cx3cr1-Adrb2-/- mice as well, whereas it could not be ruled out for 

male Cx3cr1-Adrb2-/- mice due to the data variability. Nerve injury increased p-JNK signal in 

astrocytes at both time points studies, but the effect of the β2-AR agonist was not observed in 

Cx3cr1-Adrb2-/- mice of both sexes, except a tendency in female Cx3cr1-Adrb2-/- SNI mice on 

day 21 post-SNI (Figure 36A, B).  

The results suggest that after three weeks following neuropathic pain, the involvement of 

microglial β2-ARs in the effects of Formoterol on astrocytes is marginal. 
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Figure 33. GFAP fluorescence signals in the ipsilateral spinal dorsal horn (SDH) of control and 

transgenic mice on day 21 post-surgery.  

(A, B) Representative images of GFAP immune reactivity in the ipsilateral SDH of mice (male, A; female, 

B) injected with Formoterol or vehicle on day 21 post-surgery. Scale bar = 60 μm. 
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Figure 34. Microglial β2-AR deletion did not modulate astroglial response to Formoterol. 

(A, B) Quantitative assessment of GFAP fluorescent intensity of male (left) and female (right) Adrb2fl/fl 

and Cx3cr1-Adrb2-/- mice injected with Formoterol or vehicle on days 6 (A) and 21 (B) post-surgery. 

Ipsi/contra fluorescent intensity = fluorescent intensity density value between the ipsi and contralateral 

dorsal horn. A.U. = arbitrary unit. n = 3–5/group; three-way ANOVA was conducted followed by post-

hoc Bonferroni´s test; * p < 0.05. Data are represented as mean ± SEM. 
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Figure 35. Images of GFAP astrocytic marker and p-JNK in the ipsilateral spinal dorsal horn 

(SDH) of control and transgenic mice on day 21 post-surgery. 

(A, B) Representative examples of colocalization of GFAP and p-JNK in the ipsilateral SDH of mice 

(male, A; female, B) injected with Formoterol or vehicle on day 21 post-surgery. Scale bar = 10 μm. 
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Figure 36. Effect of the microglial β2-AR deletion on p-JNK levels in GFAP-positive astrocytes in 

the ipsilateral spinal dorsal horn (SDH) of control and transgenic mice on days 6 and 21 post-

surgery. 

(A, B) Quantitative assessment of the colocalization of GFAP and p-JNK in the SDH of male (left) and 

female (right) mice treated with saline or Formoterol, 6 (A) and 21 (B) days post-surgery. Ipsi/contra = 

ratio between the ipsilateral and contralateral SDH. A.U. = arbitrary unit. n = 3–5/group; three-way 

ANOVA was conducted followed by post-hoc Bonferroni´s test; * p < 0.05. Data are represented as 

mean ± SEM. 
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5. Discussion 

The involvement of noradrenergic signaling in the development of chronic pain has been 

extensively documented (Kuner & Kuner, 2021; Suarez-Pereira et al., 2022), and drugs 

targeting inhibitory α2-ARs have been studied both in preclinical and clinical settings (Finnerup 

et al., 2021; Kuner & Flor, 2016). Despite these efforts, there is still a need for more effective 

and targeted treatments for neuropathic pain management.  

 

The primary focus of the present study was to highlight the noradrenergic glial involvement in 

response to neuropathic pain and the effect of Formoterol administration, a β2-AR agonist, in 

this condition. The study investigated the impact of Formoterol in neuropathic mice and the 

contribution of the microglial β2-AR. To explore this hypothesis, a conditional knock-out mouse 

line lacking the β2-AR specifically in microglia was generated. The genetic deletion outcome 

was investigated using behavioral readouts and immunofluorescence staining. Additionally, to 

study the impact of β2-AR stimulation on microglia, glial cell isolation, primary microglia culture, 

and ex vivo spinal cord slices were utilized. The results revealed that microglial β2-AR is crucial 

for the analgesic actions of Formoterol, providing valuable insights into potential new targets 

for the development of effective neuropathic pain treatments. 

5.1 Effect of systemic delivery of Formoterol in wild type and Cx3cr1-creERT2; 

Adrb2fl/fl mice 

Preclinical studies report anti-nociceptive effects of β2-AR agonists in different neuropathic 

pain models, including sciatic nerve cuffing (Ceredig et al., 2019; Choucair-Jaafar et al., 2009; 

Kremer et al., 2020; Yalcin et al., 2010), surgical incision pain (Arora et al., 2021), paclitaxel-

induced neuropathic pain (PINP) (Chen et al., 2021), DPN (Baraka et al., 2015; Choucair-

Jaafar et al., 2014), and SNL model (Zhang et al., 2016), 

This study investigated the effect of pharmacological stimulation of β2-ARs on microglial and 

astrocytic cells over neuropathic pain development and maintenance in the SNI model. This 

work not only confirms earlier reports but also uncovers new insights, including (i) stage-

specific modulation effect of β2-AR activation on diverse neuropathic pain-associated 

behaviors; (ii) β2-AR activation-mediated suppression of the sensory component together with 

the reduction of negative aspects of neuropathic pain in chronic stages, and (iii) the 

requirement of microglia-specific expression of β2-AR for the anti-allodynic effect of β2-ARs 

agonist. 
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5.1.1 Investigation of the effects of Formoterol systemic application in wild type 

mice 

The results of this study suggest that i.p. administration of Formoterol can effectively alleviate 

neuropathic pain both in early and chronic stages following SNI surgery. This is consistent with 

previous data showing that acute systemic injection of Clenbuterol, a β2-AR agonist, improved 

mechanical hypersensitivity in the plantar incision surgery model (Arora et al., 2021), and acute 

intrathecal injection of Terbutaline, another β2-AR agonist, and Formoterol ameliorated the 

mechanical hypersensitivity induced by PSNL and PINP, respectively (Chen et al., 2021; 

Zhang et al., 2016). However, other studies report that chronic, rather than acute, 

intraperitoneal or oral treatment with β2-AR agonists is necessary to reduce neuropathic 

pain (Ceredig et al., 2019; Choucair-Jaafar et al., 2009; Kremer et al., 2020; Yalcin et al., 

2010). The discrepancy could be attributed to differences in the dosages and methodologies 

of β2-AR agonists administration, as well as the distinct nature of the peripheral nerve injury. 

For example, the sciatic nerve cuffing model used in C57BL/6J mice presents hyperalgesia to 

a hot thermal stimulus for only three weeks while the mechanical allodynia remains stable over 

two months (Benbouzid et al., 2008). Heat hyperalgesia is usually present in inflammatory 

pain, but it is neither a clinical feature of neuropathic pain nor a component of the SNI model 

in rodents.  

The effect of Formoterol on cold allodynia has not been studied by other groups, which focus 

only on mechanical hypersensitivity. In the present study, the optimal concentration and timing 

of Formoterol administration for both mechanical hypersensitivity and cold allodynia in the SNI 

model were determined. Previous reports suggest that once effective, the dose of systemic 

injections of β-mimetics has only a minor influence on the length of the analgesic effect 

(Choucair-Jaafar et al., 2009; Yalcin et al., 2010). Here, two doses of Formoterol, 50 and 500 

µg/kg, are effective in relieving both mechanical and cold allodynia, with a similar duration of 

analgesic effect. For this reason and to avoid side effects due to unspecific activation of other 

receptors, the lower dose of 50 µg/kg is used throughout the thesis. Different regimens of 

Formoterol were tested and they all led to a significant reduction of mechanical hypersensitivity 

and alleviation of cold allodynia. 

Additionally, I investigated whether the aversive component of neuropathic pain was alleviated 

after Formoterol administration. In CPP experiments, male mice exhibit a preference toward 

the Formoterol-conditioned chamber, both early and one month after SNI surgery, whereas 

female mice show relief of the affective aspect of pain only at the later time point, despite 

showing a trend of preference in the early day after SNI. This may underline a sex-specific 

difference in the ability of the β2-AR agonist to alleviate ongoing pain during the first week of 

neuropathic pain establishment. It is plausible that this discrepancy is due to distinct 
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mechanisms and pharmacological sensitivities of allodynia and spontaneous pain (King et al., 

2009). 

Overall, these findings suggest that the β2-AR agonist Formoterol reverses both sensory and 

affective components of chronically established neuropathic pain and thus pave the way for 

clinical testing of Formoterol as a potential medication for neuropathic pain management. 

5.1.2 Study of Formoterol administration in Cx3cr1-CreERT2; Adrb2fl/fl mice 

To delve deeper into the mechanisms underlying the analgesic impact of the β2-AR agonist, 

the Cx3cr1-CreERT2; Adrb2fl/fl mouse line was generated wherein the Adrb2 gene is 

conditionally deleted only in microglia. This approach allowed us to examine the dependence 

of the effect of systemically administered Formoterol on microglial β2-AR and the behavioral 

consequences of the receptor elimination. 

Here, the deletion of the microglial β2-AR altered neither basal nociception nor the 

development and maintenance of mechanical and cold hypersensitivity. This further clarified 

concordant studies showing that depletion of noradrenergic axons in various regions of the 

brainstem and spinal cord or the selective destruction of sympathetic fibers through 

guanethidine did not affect basal mechanical withdrawal threshold or nerve injury-induced 

allodynia (Bohren et al., 2013; Hayashida et al., 2012). Hence, the noradrenergic system may 

have little effect in baseline conditions or the development of neuropathic pain, but it mediates 

a pivotal function via noradrenergic inhibition feedback in sustained pain conditions.  

The observations acquired endorse the hypothesis that the analgesic effect of β2-AR agonist 

in neuropathic pain is mainly mediated by modulation of microglia, particularly during the initial 

phase of neuropathic hypersensitivity.  Notably, mice of both sexes with microglia-specific 

deletion of β2-AR, do not respond to the analgesic effect of Formoterol on nociceptive 

behaviors when administrate on day 6 post-SNI. Similarly, Formoterol exhibits a lack of effect 

on mechanical sensitivity on day 21 after surgery, whereas the effect of Formoterol on cold 

allodynia was preserved in Cx3cr1-CreERT2; Adrb2-/- mice, but not with the same magnitude 

as in control mice. Taken together, the analgesic effects of Formoterol are carried through 

different modalities for the two sensory characteristics of neuropathic pain. Mechanical and 

thermal hypersensitivity are distinct pain modalities mediated by different mechanisms, and 

their stimuli recruit distinct nociceptors to convey the nociceptive information (Abrahamsen et 

al., 2008; Cobos et al., 2018; Jensen & Finnerup, 2014). Thus, it is commonly reported that 

the same drug has different effects on mechanical or thermal responses (Montilla-Garcia et 

al., 2018; Olesen et al., 2010; Tsagareli et al., 2013). Regarding cold allodynia, the β2-AR 

agonist may exert beneficial effects through β2-ARs expressed by other cell types besides 

microglia. 
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Longitudinal studies represent a promising approach for investigating the potential effects of 

Formoterol on microglia involvement and pain resolution. This approach involves the repeated 

assessment of mechanical hyperalgesia and cold allodynia over a prolonged period. It is 

possible to observe and quantify changes in these variables over time and determine whether 

treatment with the β2-AR agonist leads to a sustained reversal of pain-associated behaviors 

and subsequent pain resolution. Additionally, longitudinal studies may provide insights into 

potential inter-individual differences in response to Formoterol treatment (Sadler et al., 2022). 

These differences can reflect genetic or other factors that influence treatment effectiveness. 

5.2 Beneficial effect of selective activation of β2-ARs by Formoterol in reactive 

glia 

One of the remarkable developments in the field of pain over the early 21st century is the 

emergence of the concept that the central immune system plays a pivotal role in the onset and 

maintenance of chronic neuropathic pain (Hashizume et al., 2000). Noradrenergic descending 

pathways stimulation has been recognized to modulate neuroinflammation processes. 

Therefore, the effects of β2-ARs pharmacological activation on primary microglia culture and 

glial cells during different stages of neuropathic pain onset and maintenance were investigated 

in the SNI model. 

The current research presents several novel underpinnings on β2-ARs, including: (i) β2-AR 

stimulation in primary microglia culture reduced their reactive phenotype; (ii) neuropathic pain 

augments β2-AR expression on spinal microglia; (iii) microglia and astrocytes are involved 

differentially in β2-AR-mediated analgesic effect at different time frames of neuropathic pain; 

(iv) β2-AR activation reduces astrocytic activation when neuropathic pain is chronically 

established, and (v) the contribution of the microglial β2-ARs in the anti-astrogliosis effects of 

Formoterol is minimal. 

5.2.1 The stimulation of β2-AR in primary microglia culture attenuates microglial 

reactivity 

Previous studies demonstrated that NE and β2-AR agonists have anti-inflammatory effects 

whereas blocking β2-AR receptors with β-blockers can promote neuroinflammation in several 

pathological models, including Alzheimer's disease and Parkinson's disease (Evans et al., 

2020). In cultured macrophages, the stimulation of β2-AR results in increased cAMP levels, 

which activate the cAMP-PKA pathway, promoting the release of anti-inflammatory substances 

(Keranen et al., 2016), and leading to the inhibition of the release of proinflammatory cytokines 

(IL-1β, IL-6, TNF-α, and free radicals) (Izeboud et al., 1999; Keranen et al., 2017). Additionally, 
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β2-AR agonists stimulate the shift of LPS-activated microglia from a reactive to a resting-like 

phenotype through multiple signaling pathways, including the cAMP-PKA response element-

binding protein (CREB) pathway, phosphoinositide 3-kinase (PI3K), and p38 MAPK signaling 

(Sharma et al., 2019). (Evans et al., 2020). Despite LPS is not a model of neuropathic pain, 

β2-AR agonists modulate pathways linked to microglial activation, migration, and phagocytic 

activity, all important aspects for the resolution of neuropathic pain.  

To explore further these findings, cultured primary microglial cells from the spinal cord of adult 

mice were activated using a condition mimicking nerve injury and then incubated with β2-AR 

agonist. This resulted in a downregulation of the release of pro-inflammatory cytokines and an 

upregulation of the secretion of anti-inflammatory mediators. This is noteworthy as cytokines 

can increase spinal cord neuron activity, exacerbating pain generation (Xanthos & Sandkuhler, 

2014). For example, in activated microglia culture, Formoterol reduced IL-17 and TNF-α levels, 

both of which induce neuronal sensitization and hyperalgesia through various pathways 

(Pinho-Ribeiro et al., 2017; Steeland et al., 2018). Recent studies have indicated that 

modulating resident spinal cord microglia can inhibit the pronociceptive phenotype of glial cells 

and neuronal hyperexcitability, suppressing central sensitization (Fiore et al., 2023; Kohno et 

al., 2022). Therefore, modulating microglia may play a protective role in the resolution of 

neuropathic pain. 

5.2.2 Adrenergic receptors are modulated in neuropathic pain 

The expression of β2-AR on astrocytes has been a topic of debate due to diverging reports. In 

Chen et al., β2-AR has been reported to be colocalized in neurons, and to a lesser extent also 

in GFAP- and Iba1-positive cells in the SDH (Chen et al., 2021), while in Arora et al., no clear 

localization of β2-AR in astrocytes has been observe (Arora et al., 2021). This discrepancy 

may be attributed to the employment of different animal models or diverse anti-β2-AR 

antibodies. Moreover, the modulation of ARs in response to neuropathic pain has been 

investigated. In this work, changes in spinal microglial and astrocytic Adrb2 were examined 

three days after surgery. In SNI and sham mice, astrocytes expressed Adrb2 mRNA but it was 

not modulated. However, astrocytes are not fully activated at this time point after nerve injury, 

so it is not possible to exclude a late up or downregulation. Whereas nerve injury significantly 

increased microglial expression of Adrb2 mRNA. This newly discovered molecular change 

complements previously identified increases in spinal α2C-AR following SNL (Stone et al., 

1999). The noradrenergic analgesic system plays an important role in contrast to the 

maladaptive changes that occur following nerve injury (Caraci et al., 2019). In preclinical 

research, it has been revealed that descending noradrenergic pathways effectively inhibit 

mechanical and thermal hypersensitivity by augmenting BDNF levels (Hayashida & Eisenach, 

2010; Hayashida et al., 2008) and that these pathways attenuate glutamatergic transmission 
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in the SDH via pre-and postsynaptic α2-ARs increased activity (Chen et al., 2011). Therefore, 

the rise of microglia Adrb2 mRNA expression may be an analgesic response of the 

endogenous noradrenergic system at the onset of neuropathic pain. When neuropathic pain is 

established, the glutamatergic system that controls NE release from LC noradrenergic neurons 

is impaired, thereby these neurons are less responsive to noxious stimuli (Kimura et al., 2015). 

Notably, studies with patients suffering from neuropathic pain indicate a diminished capability 

to activate descending inhibition (Lewis et al., 2012). Additionally, nerve injury upregulates 

noradrenaline transporter (NET) at the spinal cord level in the SNL rat model (Rojo et al., 2012). 

In this work, the Adrb2 mRNA was upregulated a few days after induction of neuropathic pain. 

Overall, these findings underline the significance of descending noradrenergic pathways in 

endogenous analgesia and indicate that targeting β2-ARs in the early phase could decelerate 

the progression of the condition.  

5.2.3 Microglia are implicated in the β2-AR-mediated anti-inflammatory effect 

during diverse time frames of neuropathic pain 

The expression of the microglial marker Iba1 is widely utilized to assess microglial reactivity 

and accumulation. It is known that Iba1 expression markedly increases in the spinal cord 

following nerve injury (Inoue & Tsuda, 2018). Additionally, previous studies indicate that 

MAPKs intracellular signaling pathways control the production and release of inflammatory 

mediators, including cytokines, chemokines, and innate immunity mediators (Ji et al., 2013) 

and microglial p38 may be essential in modulating pain transmission under neuropathic 

conditions, as intrathecal treatment with p38 inhibitors ameliorates neuropathic pain (Tsuda et 

al., 2004). 

In this study, a significant accumulation of microglia in the segments L3–L4 of the SDH is 

observed in both male and female WT mice shortly after surgery, whereas at late time point 

occurs only in male mice. Furthermore, there was an upregulation of the activated, e.g., 

phosphorylated form of p38 and JNK after nerve injury, and no sex dissimilarities were 

detected at any of the time points analyzed. Notably, a single administration of Formoterol 

rapidly reversed the microglial accumulation and lowered the level of microglial-activated p38 

and JNK MAPK in the ipsilateral SDH of SNI mice. Significant molecular alterations are found 

in pure populations of microglia in response to Formoterol, promoting an anti-inflammatory 

phenotype.  

Furthermore, Formoterol fully reverses nerve injury-induced changes in microglial populations 

in the SDH in vivo. In general, microglia are characterized by their remarkable morphological 

plasticity, which allows them to adopt a range of shapes stretching from hyper-ramified to 

amoeboid in response to various pathophysiological conditions (Hansen et al., 2022). The 

amoeboid phenotype of microglia was already present after three days post-surgery, 
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suggesting a shift from resting to reactive microglia. Both in vivo and ex vivo data suggested 

that Formoterol alters the morphologic phenotype of active microglia. Stimulation with the β2-

AR agonist successfully increased the overall ramification of microglia. Notably, the effects of 

Formoterol on microglia in ex vivo spinal cord slices were not limited to the duration of 

Formoterol incubation but rather persist during the washout phase, when the β2-AR agonist is 

no longer present, leading to sustained modifications in microglial activity even after the 

washout phase. 

 

The results obtained in this thesis and other lines of evidence support the idea that anti-

inflammatory proprieties of β2-AR agonists primarily act on microglia to alleviate neuropathic 

hypersensitivity, particularly during the early stage of hypersensitivity (Arora et al., 2021; Zhang 

et al., 2016). Chemogenetic activation of LC-noradrenergic neurons with the subsequent 

release of NE dissipated the reactive state and microglial accumulation in the ipsilateral SDH 

of CCI mice (Li et al., 2022), thus microglial β2-AR may convey the anti-microgliosis effect of 

NE. 

With the employment of the Cx3cr1-CreERT2; Adrb2fl/fl mouse line it was shown that the anti-

inflammatory effect of Formoterol was the result of the direct activation of β2-ARs on microglia 

and not paracrine signals from adjacent cells expressing the β2-AR. Formoterol application 

not only failed to suppress microgliosis in both male and female Cx3cr1-Adrb2-/- mice but also 

did not show any analgesic effects. Thus, Formoterol reduces nociception through its anti-

microgliosis effects. 

These findings suggest that therapeutic use of β2-AR agonists can hinder pro-inflammatory 

spinal cord microglial signaling during the initial phase post-injury, which possibly can prevent 

the full manifestation of neuropathic pain. 

5.2.4 Effect of β2-AR agonist at different temporal phases of neuropathic pain in 

spinal astrocytes 

Previous studies indicate that astrocytic α1A-ARs mediate mechanical pain hypersensitivity 

upon intrathecal administration of NE, and chemogenetic stimulation of SDH astrocytes alone 

can induce hypersensitivity (Kohro et al., 2020). However, chemogenetic activation of LC 

noradrenergic neurons projection to the SDH leads to NE-mediated inhibition of pain 

transmission and astrocytic activation (Li et al., 2022). Furthermore, modulation of astrocytic 

β2-AR tone can alter NF-κB-dependent effects and the immune cell content of the SDH in 

inflammatory states (Laureys et al., 2010). It is possible that Formoterol binds to astrocytic 

receptors and modulates the inflammatory response to nerve injury. However, data showed 

that astrocytes reactivity is evident only at later time points studied. In nerve-injured mice, 

Formoterol inhibition of astrocyte activation was observed when neuropathic pain is chronically 
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established. This is in agreement with previous research indicating that the activated form of 

JNK, e.g. phosphorylated JNK, is upregulated in astrocytes two weeks after nerve injury, and 

Formoterol administration can reverse this phenomenon (Zhang et al., 2016; Zhuang et al., 

2006). 

 

β2-ARs are expressed in astrocytes; therefore, Formoterol has some effect on spinal 

astrocytes. Three weeks after injury, microglia do not accumulate in the ipsilateral SDH of 

female Cx3cr1-Adrb2-/- mice. Formoterol administration failed to reduce microglial p-p38 and 

p-JNK MAPK levels compare to sham mice after but succeed to decrease astrocytic activation. 

Conversely, in male Cx3cr1-Adrb2-/- mice, microglia accumulated in the ipsilateral SDH, and 

Formoterol application did not disengage microgliosis. Due to the high variability of the data, it 

is not possible to conclude whether Formoterol deactivated astrocytes in male mice. Therefore, 

the inflammatory response of microglia may have a dominant effect on the spinal environment. 

Nevertheless, sex factors can regulate the diverse effect of Formoterol on astrocytes. To 

investigate this hypothesis further studies involving the astrocyte-specific deletion of Adbr2 will 

clarify this mechanism. 

5.2.5 Crosstalk between microglia and astrocytes involving noradrenergic 

signaling 

Evidence suggests that microglia are sequentially activated early after injury, followed by 

astrocytes (Nam et al., 2016; Raghavendra et al., 2003), and there is compelling evidence of 

crosstalk between these different cell types (Matejuk & Ransohoff, 2020). The interaction 

between astrocytes and microglia is mediated, in part, by various secreted mediators including 

neurotransmitters, cytokines, chemokines, NO, ROS, innate-immunity mediators, tissue 

damage molecules, mitogenic factors, growth factors, and metabolic mediators. Both types of 

cells have storage sites for many chemokines, of which receptors are expressed by the other 

cell type (Zhang et al., 2023). These mediators play important roles in both cellular metabolism 

and tissue modifications, highlighting the strong association between microglia and astrocytes 

(Matejuk & Ransohoff, 2020). 

The current study suggests that β2-AR-mediated noradrenergic signaling in microglia and 

astrocytes occurs independently of each other at late time points after nerve injury. The results 

indicated that the analgesic effect of Formoterol following nerve injury can be mediated by at 

least two distinct temporal modes of action: one by microglia and another by astrocytes at the 

early and late phases of nerve injury, respectively. Thus, even in cases of established 

neuropathic pain, Formoterol may still be effective via the astrocytic β2-ARs, which is 

promising for patients seeking therapy at late stages post-nerve injury. Nevertheless, as 

already mentioned in section 5.2.4, this thesis focused on microglial manipulations and the 
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generation of a mouse line with the loss of Adbr2 in astrocytes will be necessary to fully 

elucidate the role of astrocytes on the NE-mediated analgesia in models of neuropathic pain. 

In addition, reactive astrocytes are not always correlated with reactive microglia. Studies 

conducted on rats have revealed that chemotherapy-induced peripheral neuropathy (CIPN) is 

linked to pronounced spinal astrogliosis, but limited microgliosis (Robinson et al., 2014; Zhang 

et al., 2012). Notably, CIPNs are mechanistically different from those generated by nerve 

trauma (G. Fumagalli et al., 2020; Zhang et al., 2012). 

These findings and previous data suggest that the analgesic effects of β2-ARs in pain 

management arise from their capacity to inhibit inflammatory signaling among spinal neurons 

and glial cells post-nerve injury. Nonetheless, to gain a better understanding of the possible 

therapeutic applications of noradrenergic receptor modulators in neuropathic pain conditions, 

studies need to explore the dynamic relationship between the expression and function of these 

receptors in such conditions.  

5.3 Sex dimorphism in microglia in pain 

Chronic pain has a higher occurrence in women than men, and this is mirrored in pain 

responses even in the absence of a pathological pain state (Ghazisaeidi et al., 2023). Both 

animals and human studies show suggests that microglial and astrocytes play a critical role in 

chronic pain (Del Valle et al., 2009; Loggia et al., 2015).  

In recent years, there has been growing interest in investigating sex differences in microglia-

mediated hypersensitivity to better understand the underlying mechanisms and improve pain 

management in both sexes (Midavaine et al., 2021; Mogil, 2020). Studies targeting the 

activation of p38 MAPK and P2X4-BDNF-TrkB pathway in female mice show an unsuccessful 

reduction in pain hypersensitivity, indicating a male-specific microglial response that depends 

on testosterone (Sorge et al., 2015; Taves et al., 2016). Single-cell RNA-sequencing studies 

showed that peripheral nerve injury induces a more robust microglial inflammatory response 

in male mice than in female mice. However, the increased proliferation of microglia in males is 

similar to that in females 7 days after SNI (Sorge et al., 2015; Tansley et al., 2022). 

Furthermore, many studies report no apparent sexual dimorphism in the analgesic effect of 

microglial inhibitors, deletion of microglia, or genetic knockout of microglial-selective molecules 

in different neuropathic pain models (Batti et al., 2016; Gu, Eyo, et al., 2016; Peng et al., 2016).  

 

This study showed that microgliosis is equally present in both sexes on days 3 and 6 post-SNI, 

and the β2-AR agonist reversed this phenomenon. Conversely, female microglia do not show 

a reactive phenotype in the late phase of neuropathic pain. Additionally, Formoterol is less 

successful in diminishing ongoing pain in female than in male mice soon after nerve injury. 

These differences support the importance of considering sex differences in the course, 
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severity, and management of neuropathic pain. Furthermore, here spinal astrocyte activation 

is not affected by sex following nerve injury or systemic delivery of Formoterol, consistent with 

previous studies (Chen, Luo, et al., 2018; Ghazisaeidi et al., 2023).  

Overall, the functioning of microglia on day 21 following nerve injury, and the impact of 

Formoterol on spontaneous pain, indicate the presence of sexual dimorphism. Therefore, 

these findings may have implications for the selection of drugs and regimens for neuropathic 

pain management. Clinical trials using glial inhibitors have shown mixed results. For example, 

minocycline has been described to induce an analgesic action in radicular pain patients after 

two weeks of treatment (Vanelderen et al., 2015), but it fails when administered before the 

surgery as a prophylactic treatment to lumbar discectomy or hand surgery (Curtin et al., 2017; 

Martinez et al., 2013). These unconvincing results may be due to the lack of selectivity or 

unfavorable pharmacodynamic properties of these compounds, or the need to target specific 

signaling pathways within glial cells rather than inhibiting their entire physiological function. 

Sex differences in glial cell activation kinetics and response to drugs have been reported 

(Gensel et al., 2019; Inyang et al., 2019; Sorge et al., 2015), highlighting the importance of 

considering both sexes in the study design when recruiting participants and to integrate the 

sex factor into the data analysis in chronic pain clinical studies. 

5.4 Confounding factors and future directions 

5.4.1 Different routes of drug administration 

Systemic administration of Formoterol does not aid in elucidating the regional specificity of 

receptor activity. While the transgenic mouse line offers cellular-level specificity, it does not 

provide specificity at the regional level, such as supraspinal, spinal, or peripheral regions. 

Intrathecal delivery can narrow the possible location of beneficial effects on the CNS and its 

associated nerves and exclude peripheral regions. 

When Formoterol and Terbutaline are injected intrathecally, they reduce mechanical 

hypersensitivity in murine neuropathic pain models and mediate changes in glial populations 

of the spinal cord (Chen et al., 2021; Zhang et al., 2016). However intrathecal injection also 

affects the DRGs, and chronic administration of β2-AR agonists suppresses mechanical 

hypersensitivity in nerve-injured mice partially by suppressing the peripheral release of TNF-α 

from DRG satellite cells (Bohren et al., 2013).  

Other studies have tested the location of β2-ARs analgesic effect. During chronic i.p. 

administration of Salbutamol, a β2-AR agonist, intrathecal and i.p., but not 

intracerebroventricular or intraplantar blockade of β2-ARs suppressed the anti-allodynic effect 

of the Salbutamol (Choucair-Jaafar et al., 2009). Furthermore, Terbutaline i.p. application in 
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sympathectomized mice receive i.p. is still operative in the deficiency of sympathetic fibers in 

the DRGs (Bohren et al., 2013). This suggests that the β2-ARs responsible for the anti-

allodynic action are not situated in supraspinal regions or at the level of peripheral terminals, 

but rather have a downstream, postsynaptic location. 

To target a specific region of the CNS, viral constructs such as rAAV6-CD68 (Rosario et al., 

2016) or rAAV9-CD68 (Grace et al., 2018) can be used to express Cre recombinase under the 

CD68 promoter in Adrb2fl/fl mice. This approach would facilitate the study of the microglial β2-

AR involvement specifically in the injection region in the analgesic effect of Formoterol. 

In addition, poly lactic-co-glycolic acid (PLGA) nanoparticles can be used as a carrier for drugs 

or siRNA delivery (Kim et al., 2021; Lee et al., 2021). PLGA nanoparticles have shown potential 

for specific targeting of microglia (Kim et al., 2021). In Pan et al., it has been shown that 

suppression of NF-κB diminished microglia reactivity and correlates with the elimination of 

neuropathic symptoms (Pan et al., 2010). Generally, the NF-κB dimers are found within the 

cytoplasm in their inactive state in complexes with the inhibitor of κB (IκB) family members. 

Phosphorylation of IκB by IκB kinase (IKBKB) prompts complex disassembling, releasing NF-

κB and promoting its nuclear translocation to modulate gene expression (Hayden & Ghosh, 

2012). In SNL rats, the use of PLGA nanoparticles to deliver IKBKB siRNA results in analgesia 

and decreased secretion of pro-inflammatory mediators due to NF-κB blockade (Lee et al., 

2021). Encapsulating Formoterol in nanoparticles allows drug relocation with the potential of a 

prolonged analgesic effect and reduced side effects. 

5.4.2 β2-ARs are expressed in SGCs and peripheral immune cells  

The peripheral anti-allodynic effects of β2-AR activation should be considered when 

administering Formoterol i.p. in WT mice, as β2-ARs are expressed in SGCs and peripheral 

immune cells (Bohren et al., 2013; Sharma & Farrar, 2020). β2-AR signaling suppresses 

inflammatory cytokine secretion and modulates various innate immune cell activities, affecting 

macrophages and dendritic cells in response to LPS (Agac et al., 2018; Donnelly et al., 2010; 

Grailer et al., 2014), but also B and T cell responses (Kim & Jones, 2010; Mizuno et al., 2005; 

Takenaka et al., 2016). 

In this study, the Adrb2 gene is specifically deleted in Cx3cr1-CreERT2-expressing cells. 

SGCs do not express the Cx3cr1 gene (Avraham et al., 2021), whereas the majority of 

peripheral immune cells present CX3CR1 and exhibit Cre-dependent rearrangement. 

However, due to their lifespan, they are continuously replenished by bone marrow-derived cells 

(Goldmann et al., 2013; Yona et al., 2013). Thereby, the analysis of genetic rearrangement in 

Cx3cr1-CreERT2; Adrb2fl/fl mice four weeks after tamoxifen administration, resulted in the 

deletion of the Adrb2 gene in spinal microglia, but not in peripheral macrophages, in agreement 
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with fate mapping studies (Goldmann et al., 2013; Wolf et al., 2013; Yona et al., 2013). 

Moreover, microglial proliferation in the spinal cord after nerve injury arises from resident 

microglia rather than infiltrating monocytes (Gu, Peng, et al., 2016; Guimaraes et al., 2019; 

Yao et al., 2016) and no ectopic recombination was found in astrocytes, confirming previous 

studies (Goldmann et al., 2013; Zhao et al., 2019). Thus, microglia are the only cells in the 

CNS lacking β2-ARs deleted in the transgenic mice employed in this study. 

Taken together, the use of the conditional mouse line Cx3cr1-CreERT2; Adrb2fl/fl is an effective 

method to target microglia in vivo. To endure specific deletion of the Adrb2 gene in microglia, 

it is necessary to wait four weeks after tamoxifen injection before inducing neuropathic pain. 

This allows sufficient time for the Cre recombinase to be activated and for the Adrb2 gene to 

be deleted in microglia while minimizing the potential off-target effects and ensuring the 

specificity of the genetic manipulation.  

5.4.3 Interaction between β2-ARs and opioids receptors 

The study by Kremer et al. provides evidence for the contribution of δ opioid receptors (DOP), 

but not µ (MOP) or κ (KOP) opioid receptors, in the anti-allodynic effect of β2-mimetics, 

specifically Terbutaline and Formoterol, in the cuff model of neuropathic pain (Kremer et al., 

2020). Formoterol alleviation of mechanical allodynia requires DOPs expressed in Nav1.8+ 

neuronal cells (Ceredig et al., 2019). Furthermore, DOP antagonist naltrindole blocks the 

analgesic effect of β2-AR agonists when chronically administrated (Choucair-Jaafar et al., 

2014; Yalcin et al., 2010). However, the precise mechanism underlying the link between DOPs 

and β2-ARs remains unclear. Although there are some controversies regarding the expression 

of opioid receptors in microglia and astrocytes (Corder et al., 2017; Machelska & Celik, 2020; 

Sypek et al., 2021), microglia do not present DOP on their membrane, which precludes direct 

molecular interactions (Mika et al., 2014; Sypek et al., 2021). However, it is standard 

knowledge that NE in the spinal cord promotes the release of enkephalins from spinal 

interneurons independently from microglia, which block spinal transmission of nociceptive 

information via both presynaptic and postsynaptic receptors (i.e. on primary afferent terminals 

and spinal neurons). 

The pleiotropic cytokine TNF-α mediates pro-inflammatory signaling and it is upregulated in 

maladaptive conditions, including chronic pain (Maguire et al., 2021), and Formoterol exerts 

its anti-inflammatory action also reducing TNF-α increased expression in neuropathic pain 

states (Bohren et al., 2013). However, another class of drugs used in neuropathic pain 

treatment, gabapentinoids, decreases the levels of TNF-α without the involvement of opioid 

receptors in their anti-neuroinflammatory and analgesic effects (Kremer, Yalcin, et al., 2016). 

Therefore, the anti-neuroinflammatory effect and the requirement of DOP activity may be 
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independent. Testing the efficacy of DOP agonist on the Cx3cr1-CreERT2; Adrb2fl/fl mouse 

line can reveal the independence of the microglia β2-AR from the DOP receptor, and possibly 

offer a safer approach to alleviate neuropathic pain with fewer side effects than general β2-AR 

agonists (including headache and palpitations). 

5.5 From bench to bedside: challenges in translation to the clinic 

5.5.1 β2-ARs as therapeutic targets in patients suffering from neuropathic pain 

β2-AR agonists including Formoterol, are FDA-approved for the management of respiratory 

diseases such as asthma and COPD, including chronic bronchitis and emphysema, and they 

have also been investigated as potential analgesics in preclinical studies (Baker et al., 2015; 

Bravo et al., 2019). However, none of these drugs have been specifically developed for the 

treatment of neuropathic pain. 

In prior studies, Terbutaline was used at doses typically prescribed clinically for asthmatic 

patients, and in mice, the chronic treatment of Terbutaline had no significant impact on various 

cardiac parameters (Choucair-Jaafar et al., 2011). In this work, Formoterol acted through the 

microglial β2-AR and it was administered at a dose of 0.05 mg/kg. Nonetheless, the β2-AR 

agonist relieved mechanical and thermal hypersensitivity soon after neuropathic pain was 

induced. The therapeutic effect observed at these low doses suggests that β2-mimetics may 

offer an alternative to the current drugs for the relief of neuropathic pain and give an indication 

for the dosing regimen in patients. This potential is supported by a case study reporting relief 

of pain symptoms with β2-AR agonist Salbutamol used for 1 month at a dose usually 

prescribed against asthma in 6 patients with pharmaco-resistant neuropathic pain (Cok et al., 

2010). Further confirmation in randomized, controlled, and blind studies are required. Another 

clinical trial evaluating the analgesic effect of Terbutaline in post-thoracotomy neuropathic pain 

(Betapain) is terminated without available results due to the difficulty of recruitment 

(NCT01582646; https://clinicaltrials.gov). Besides, the same β2-agonist does not have a pain-

relieving effect in patients with painful polyneuropathy (Gillving et al., 2021). The discrepancy 

between the two clinical studies might reflect on the procedure of evaluating mechanical 

nociception. Animal studies typically evaluate the effect of drugs using limb withdrawal 

measures (Rice et al., 2018), which only reflect the evoked pain component, and may not be 

suitable for patients with polyneuropathy characterized by sensory loss. Additional studies 

testing emotional components of pain are therefore required. 

Together with pre-clinical findings and case reports, these data support the interest in clinically 

testing β2-agonists as an alternative to treat neuropathic pain.  
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β-blockers are commonly used to treat conditions like hypertension, chest pain (angina), and 

arrhythmias (Grandi & Ripplinger, 2019; Nedoshivin et al., 2022; Weir, 2009). Different drugs 

from this class have been shown to suppress experimental nociception, including inhibition of 

the nociceptive response induced by formalin (Davidson et al., 2001; Favaro-Moreira et al., 

2012) or acute mechanical stimulus in rats (Chen et al., 2012). Moreover, β-blockers can be 

effective in treating certain pain states, such as migraine headaches (C. Fumagalli et al., 2020), 

but their use is often limited by their partial, non-specific blocking of both β1-ARs (found mainly 

in the heart) and β2-ARs (found in the lungs and blood vessels), which can lead to unwanted 

side effects, such as bradycardia, bronchoconstriction, and hypotension. Therefore, β-blockers 

are usually reserved for patients who do not respond to other pain medications. 

Furthermore, non-synonymous single nucleotide polymorphisms (nsSNPs) in the Adrb2 gene 

can alter the function and signaling pathway of the receptor in a cell type-specific manner and 

may predispose to chronic pain development at a population level (Hocking et al., 2010). For 

instance, particular Adrb2 haplotypes are crucial for certain chronic pain conditions, including 

sickle cell disease (Jhun et al., 2019), temporomandibular disorder (Diatchenko et al., 2006), 

and fibromyalgia as seen in a small case-control study of Mexican and Spanish patients 

(Vargas-Alarcon et al., 2009). Understanding the cell-specific signaling and impact of nsSNPs 

in β2-AR regulation may have implications for personalized medicine and the development of 

therapeutic strategies regarding the β2-AR. 

Taken together, β2-AR agonists and antagonists may have potential as novel treatments for 

neuropathic pain, either alone, in combination or associated with existing therapies. However, 

further research is needed to better understand the mechanisms underlying the analgesic 

effects of β2-AR modulators on neuropathic pain, to identify the patient populations that may 

benefit the most from these treatments, and to confirm their efficacy and safety. Given the high 

burden of neuropathic pain and the limited number of effective treatments, further investigation 

into the use of β2-AR modulators is warranted. 

5.5.2 β2-AR involvement in the currently prescribed treatment of neuropathic 

pain 

Table 1 summarizes the current pharmacological interventions for the treatment of neuropathic 

pain. Amitriptyline and Duloxetine efficacy likely involve the descending noradrenergic 

inhibitory system increasing the concentration of NE in the spinal cord (Ito et al., 2018; Wright 

& Rizzolo, 2017) and preclinical studies highlight the contribution of ARs in their analgesic 

effect. In conditions of neuropathic pain, the analgesic effect of Amitriptyline is lost in mice 

lacking α2-ARs (Ozdogan et al., 2004), and the beneficial impact of Duloxetine is reversed by 
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intrathecal injection of Yohimbine, an α2-AR antagonist (Ito et al., 2018). Additionally, these 

antidepressants-mediated mechanical hyperalgesia alleviation is abrogated in mice lacking 

β2-ARs (Kremer et al., 2018).  

Reboxetine, a selective noradrenaline reuptake inhibitor (sNRI), has been indicated as a 

potential treatment for fibromyalgia and whereas its efficacy is based mostly on case reports 

(Krell et al., 2005), Esreboxetine, its enantiomer, reduces pain in a randomized, double-blind, 

placebo-controlled trial (Arnold et al., 2012). In preclinical studies using the cuff model of 

neuropathic pain, chronic treatment with Reboxetine failed to produce analgesia in mice 

lacking β2-ARs or during co-administration with the β2-AR antagonist ICI 118,551, but not with 

Yohimbine (Yalcin et al., 2009). However, in another animal model, the tibial nerve transection, 

the anti-allodynic effect of intrathecal Reboxetine was inhibited by prior administration of 

Yohimbine, but not by Propranolol (β-AR antagonist) or Prazosin (α1-AR antagonist) 

application (Hughes et al., 2015). Furthermore, Reboxetine chronic treatment improved the 

hyperalgesic and allodynic responses secondary to diabetes mellitus via β2-ARs, D1-, D2/D3-

dopaminergic receptors, and DOPs pharmacological mechanisms (Turan Yucel et al., 2020). 

The β2-ARs are also involved in the beneficial mechanism of other treatments as β-AR 

antagonists modulate the ability of opioids and NSAIDs to alleviate nociception in neuropathic 

pain models (Bravo et al., 2019). 

Thus, considering that β2-ARs are implicated in the efficacy of current treatments for pain 

management, it would be valuable to explore the extent to which microglial β2-AR are involved 

in these processes.  

5.5.3 Future directions 

The work of this thesis leads to several intriguing findings and hypotheses for the exploration 

of the anti-allodynic effects of β2-AR agonist Formoterol. The involvement of microglial β2-AR 

in the analgesic and anti-inflammatory effects of Formoterol has been shown through the use 

of the Cx3cr1-CreERT2; Adrb2-/- mouse line. Additionally, the study has determined the optimal 

timeframe for the β2-AR agonist application. Further studies are needed to understand the 

possible interactions of microglial β2-AR with other receptors and the microglial β2-AR-

dependency of drugs that are already employed for neuropathic pain treatment. Previous 

studies targeting microglia in neuropathic pain brought ambivalent results, likely due to the lack 

of specificity and possible sex dimorphism. Here, the microglial β2-AR is proposed as a specific 

target for the development of more specific drugs with fewer aversive effects in future 

preclinical studies and clinical trials. 
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6. Conclusion 

The study of β2-ARs contribution in alleviating neuropathic pain in mice reveals that the 

analgesic benefits of Formoterol were mainly attributed to microglia, modulating nerve injury-

induced morphological changes and functional activation.  

In conclusion,  

1. Neuropathic pain modulates the expression of spinal microglial β2-ARs. 

2. Formoterol inhibits the stimulus-evoked and spontaneous pain-associated behaviors both 

in early times and when neuropathic pain is established. 

3. Formoterol suppresses the release of pro-inflammatory mediators from primary microglia 

and reactive-microglia phenotype in vivo, with sexual dimorphism in the late phase of 

neuropathic pain. 

4. Formoterol acts on astrocytes, reducing their reactivity three weeks after SNI surgery, 

unrelated to β2-AR signaling in microglia. 

5. The analgesic effect of Formoterol on stimulus-evoked behaviors shows no apparent sex 

dependency, whereas on ongoing pain it indicates the presence of sexual dimorphism. 

6. The specific deletion of β2-ARs on microglia impacts the analgesic and microglial anti-

inflammatory outcomes of Formoterol. 

 

Overall, this study sheds new light on the potential use of β2-AR agonists for the management 

of neuropathic pain by elucidating the role of microglia in this process. 
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8. Appendix 

Exact p-values and interactions of each significant statistical result are listed in Table 14. 

Table 14. Exact p-values and interactions. 

Figure 
Number 

Test Exact p-value F (interaction: 
treatment, 
operation) 

p-value of F 
interaction 

Figure 2C Unpaired 
t-test 

p = 0.0390   

Figure 3C Unpaired 
t-test 

INFγ  
IL-1α  
IL-9  
IL-17  
I-TAC  
MCP-1  
MIG  
MIP-1γ  
SDF-1  
TCA-3  
TECK  
TNFα  
 

p = 0.002519 
p = 0.007379 
p = 0.008750 
p = 0.004958 
p = 0.000281 
p = 0.024476 
p = 0.007259 
p = 0.001475 
p = 0.014283 
p = 0.006518 
p = 0.026073 
p = 0.039954 

  

Figure 4C Unpaired 
t-test 

p = 0.0115   

Figure 5B Unpaired 
t-test 

p = 0.0195   

Figure 6A 
(1h) 

Repeated 
Two-way  
ANOVA 

Saline vs 50 µg/kg 
Formoterol p = 0.0435 
Saline vs 50 µg/kg 
Formoterol p = 0.0071 

F (12, 72) = 
1.365 

p = 0.2029 
 

Figure 6B 
(3h) 

Repeated 
Two-way  
ANOVA 

Saline vs 50 µg/kg 
Formoterol p = 0.0422 
Saline vs 50 µg/kg 
Formoterol p = 0.0466 

F (12, 68) = 
1.452 

p = 0.1646 

Figure 7A 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0039 
SNI Saline vs SNI 
Formoterol p = 0.0106 

F1, 18 = 3.35,  p = 0.0659 

Figure 7A 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0016 
SNI Saline vs SNI 
Formoterol  p = 0.0068 

F1, 18 = 6.184 p = 0.0229 

Figure 7B 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0178 

F1, 20 = 3.169; p = 0.0903 

Figure 7B 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0003 
SNI Saline vs SNI 
Formoterol p = 0.0299 

F1, 18 = 5.561 p = 0.0299 
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Figure 7C 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0005 

F1, 20 = 8.808 p = 0.0076 

Figure 7C 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0052 

F1, 18 = 4.913 p = 0.0398 

Figure 8B 
(males) 

Repeated 
two-way 
ANOVA 

d6 - Sham Saline vs SNI 
Saline # p = 0.0091 
SNI Saline vs SNI 
Formoterol *p = 0.0355 
d21 - Sham Saline vs SNI 
Saline #p = 0.0242 
SNI sal vs SNI Formoterol 
*p = 0.0033 

F (9, 60) = 2.624 p = 0.8601 

Figure 8B 
(females) 

Repeated 
two-way 
ANOVA 

d6 - Sham Saline vs SNI 
Saline #p = 0.0106 
d21 - Sham Saline vs SNI 
Saline #p= 0.0221 
SNI Saline vs SNI 
Formoterol *p = 0.050 

F (9,63) = 3.337 p = 0.7632 

Figure 8C 
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0002 
SNI Saline vs SNI 
Formoterol p = 0.0143 

F1, 22 = 3.338 p = 0.0813 

Figure 8C 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0021 
SNI Saline vs SNI 
Formoterol p = 0.0104 

F1, 21 = 9.356 p = 0.0060 

Figure 8B 
(d21 - 
females) 

Repeated 
two-way 
ANOVA 

Sham Saline vs SNI Saline 
#p = 0.0221 
SNI Saline vs SNI 
Formoterol *p = 0.050 

  

Figure 8D 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0101 

F1, 25 = 3.972 p = 0.0573 

Figure 8D 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0183 

F1, 26 = 7.740 p = 0.0099 

Figure 8C 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0016 

F1, 23 = 8.048 p = 0.0093 

Figure 8C 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0002 
SNI Saline vs SNI 
Formoterol p = 0.0007 

F1, 21 = 7.224 p = 0.0138 

Figure 8D 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 

F1, 24 = 3.770 p = 0.0640 
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Figure 8D 
(d21 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 

F1, 22 = 10.98 p = 0.0032 

Figure 9B 
(males) 

Unpaired 
t-test 

p = 0.0480   

Figure 9B 
(females) 

Unpaired 
t-test 

p = 0.05   

Figure 9C 
(males) 

Unpaired 
t-test 

p = 0.033   

Figure 9C 
(females) 

Unpaired 
t-test 

p = 0.0120   

Figure 10B Unpaired 
t-test 

SNI Saline vs SNI 
Formoterol p = 0.0007 

  

Figure 11B Unpaired 
t-test 

SNI Saline vs SNI 
Formoterol p = 0.0091 

  

Figure 11C Unpaired 
t-test 

SNI Saline vs SNI 
Formoterol p = 0.0034 

  

Figure 12B 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0026 
SNI Saline vs SNI 
Formoterol p = 0.0084 

F1, 13 = 4.350 p = 0.0573 

Figure 12B 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.014 
SNI Saline vs SNI 
Formoterol p = 0.0013 

F1, 12 = 11.05 p = 0.0061 

Figure 12D 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0015 

F1, 12 = 9.207 p = 0.0104 

Figure 12D 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p < 0.0001 

F1, 12 = 37.65 p < 0.0001 

Figure 12E 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0014 

F1, 12 = 10.89 p = 0.0063 

Figure 12E 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p < 0.0001 

F1, 12 = 26.86 p = 0.0002 

Figure 13B 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0069 
SNI Saline vs SNI 
Formoterol p = 0.0048 

F1, 12 = 6.529  p = 0.0252 

Figure 13B 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0009 
SNI Saline vs SNI 
Formoterol p = 0.0005 

F1, 12 = 12.52  p = 0.0041 

Figure 13D 
(males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0016 
SNI Saline vs SNI 
Formoterol p = 0.0039 

F1, 12 = 9.548 p = 0.0094 
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Figure 13D 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0004 

F1, 12 = 15.09 p = 0.0022 

Figure 14 B 
(females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0494 

F1, 12 = 1.835  p = 0.2005 

Figure 15B 
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p < 0.0001 

F1, 12 = 22.62 p = 0.0005 

Figure 15B 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0003 
SNI Saline vs SNI 
Formoterol p = 0.0016 

F1, 12 = 10.28 p = 0.0075 

Figure 16B 
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0014 

F1, 12 = 9.737 p = 0.0088 

Figure 16B 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0002 

F1, 12 = 16.83 p = 0.0015 

Figure 16C 
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0014 

F1, 12 = 10.78 p = 0.0065 

Figure 16C 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0001 

F1, 12 = 20.92  p = 0.0006 

Figure 17B 
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0004 
SNI Saline vs SNI 
Formoterol p = 0.0004 

F1, 12 = 15.50 p = 0.0020 

Figure 17B 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0021 
SNI Saline vs SNI 
Formoterol p = 0.0081 

F1, 12 = 8.325 p = 0.0137 

Figure 17D 
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0002 
SNI Saline vs SNI 
Formoterol p = 0.0009 

F1, 12 = 15.84 p = 0.0018 

Figure 17D 
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0003 
SNI Saline vs SNI 
Formoterol p = 0.0009 

F1, 12 = 12.27 p = 0.0044 

Figure 18D  
(d6 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0035 
SNI Saline vs SNI 
Formoterol p = 0.0259 

F1, 12 = 7.089  p = 0.0207 

Figure 18D   
(d6 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0013 
SNI Saline vs SNI 
Formoterol p = 0.0178 

F1, 12 = 8.117 p= 0.0146 
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Figure 15B 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0005 
SNI Saline vs SNI 
Formoterol p = 0.0013 

F1, 13 = 10.86,  p = 0.0058 

Figure 16B 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p < 0.0001 

F1, 12 = 22.64 p = 0.0005 

Figure 16B 
(d21 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0003 

F1, 12 = 0.4001 p = 0.5389 

Figure 16D 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0006 

F1, 12 = 14.27 p = 0.0026 

Figure 16D 
(d21 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0051 

F1, 12 = 1.159 p = 0.3028 

Figure 17B 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0003 
SNI Saline vs SNI 
Formoterol p = 0.0013 

F1, 12 = 11.09 p = 0.0060 

Figure 17B 
(d21 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0011 
SNI Saline vs SNI 
Formoterol p = 0.0215 

F1, 12 = 11.01 p = 0.0061 

Figure 17D 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0233 
SNI Saline vs SNI 
Formoterol p = 0.0056 

F1, 12 = 7.225  p = 0.0197 

Figure 17D 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0001 

F1, 12 = 3.269 p = 0.0957 

Figure 17B 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
sal p = 0.0016 
SNI Saline vs SNI 
Formoterol p = 0.0124 

F1, 12 = 5.003 p = 0.0451 

Figure 17B 
(d21 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0023 
SNI Saline vs SNI 
Formoterol p = 0.0284 

F1, 12 = 8.059  p = 0.0149 

Figure 18D 
(d21 - males) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p = 0.0394 

F1, 13 = 2.850 p = 0.1152 

Figure 18D 
(d21 - 
females) 

Two-way 
ANOVA 

Sham Saline vs SNI Saline 
p < 0.0001 
SNI Saline vs SNI 
Formoterol p = 0.0041 

F1, 12 = 12.89 p = 0.0037 

Figure 19D 
(male) 

Unpaired 
t-test 

p = 0.0475   

Figure 19D 
(male) 

Unpaired 
t-test 

p =0.0198   

Figure 20B Ordinary 
Two-way 
ANOVA 

Adrb2fl/fl vs Cx3cr1-Adrb2-

/- p = 0.0270 
Tamoxifen = F 
(1, 7) = 11.03 
Genotype = F (1, 
7) = 0.1970 

(Tamoxifen) 
p = 0.0127 
(Genotype) p 
= 0.6705 
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No tam  Cx3cr1- 
Adrb2fl/fl vs Cx3cr1-Adrb2-

/- p = 0.0493 
Figure 23A 
(d3)  

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0198 
 

F (9, 60) = 2.332 p = 0.0251 

Figure 22B 
(d6) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0026 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0065 

F (9, 57) = 1.373 
 

p = 0.2219 
 

Figure 23A 
(d6) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0024 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0135 

F (9, 60) = 2.332 p = 0.0251 

Figure 22D 
(d6) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0489 

F (9, 63) = 1.295 
 

p = 0.2575 
 

Figure 23C 
(d6) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0024 
Adrb2fl/fl  SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0113 

F (9, 54) = 2.844 
 

p = 0.0081 
 

Figure 22B 
(d3) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0287 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0335 

F (1, 20) = 
0.002664 
 

p = 0.9594 
 

Figure 23A 
(d3) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0034 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0237 

F (1, 20) = 
0.1615 
 

p = 0.6920 
 
 

Figure 22B 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0003 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0331 

F (1, 20) = 2.190 
 

p = 0.1545 
 
 

Figure 23A 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0052 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0183 

F (1, 20) = 
0.03553 
 

p = 0.8524 
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Figure 22D 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0002 
Adrb2fl/fl  SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0001 

F (1, 21) = 15.40 
 

p = 0.0008 
 

Figure 23C 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0002 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0002 

F (1, 23) = 11.87 
 

p = 0.0022 
 

Figure 24A 
(d3) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p < 0.0001 

F (1, 20) = 2.025 
 

p = 0.1701 
 

Figure 24A 
(d3) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p < 0.0001 

F (1, 21) = 
0.5318 
 

p = 0.4739 
 

Figure 24A 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p < 0.0001 

F (1, 20) = 1.594 
 

p = 0.2213 
 

Figure 24A 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p < 0.0001 

F (1, 21) = 
0.01587 
 

p = 0.9010 
 

Figure 24C 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl  SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 

F (1, 22) = 15.79 
 

p = 0.0006 
 

Figure 24C 
(d6) 

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl  SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 

F (1, 23) = 13.89 
 

p = 0.0011 
 

Figure 22B 
(d21) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.05 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.045 

F (9, 57) = 1.373 
 

p = 0.2219 
 



142 
 

Figure 23A 
(d21) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p = 
0.0076 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.078 

F (9, 60) = 2.332 p = 0.0251 

Figure 23C 
(d21) 

Repeated 
Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0461 

F (9, 54) = 2.844 
 

p = 0.0081 
 

Figure 22A 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0045 

F (1, 20) = 1.561 
 

p = 0.2259 
 

Figure 23A 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0003 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p = 0.0016 

F (1, 21) = 
0.1580 
 

p = 0.6950 
 

Figure 22C 
(d21)  

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0015 
Adrb2fl/fl  SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.128 

F (1, 20) = 7.254 
 

p = 0.0140 
 

Figure 23C 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0002 
Adrb2fl/fl  SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.003 

F (1, 23) = 11.86 
 

p = 0.0022 
 

Figure 24A 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p < 0.0001 

F (1, 20) = 2.163 
 

p = 0.1569 
 

Figure 24A 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl Sham Saline vs 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs Cx3cr1-Adrb2-

/- SNI Saline p < 0.0001 

F (1, 21) = 
0.4245 
 

p = 0.5218 
 

Figure 24C 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0041 
Cx3cr1-Adrb2-/- SNI Saline 
vs  Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0232 

F (1, 22) = 4.042 
 

p = 0.0568 
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Figure 24C 
(d21) 

Two-way 
ANOVA 

Adrb2fl/fl SNI Saline vs 
Adrb2fl/fl SNI Formoterol p = 
0.0011 
Adrb2fl/fl SNI Formoterol vs 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0056 

F (1, 23) = 3.283 
 

p = 0.0831 
 

Figure 
Number 

Test Exact p-value F (interaction: 
genotype, 
treatment, 
operation) 

p-value of F 
interaction 

Figure 26A 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p =0.0002 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0003 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0011 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0193 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/-SNI Formoterol p = 
0.0021 

F (1, 21) = 9.435 
 

p = 0.0058 
 

Figure 26A 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p =0.0015 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0015 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0017 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0140 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/-SNI Formoterol p = 
0.0025 

F (1, 17) = 7.441 
 

p = 0.0143 
 

Figure 26B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0017 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0002 

F (1, 25) = 7.888 
 

p = 0.0095 
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Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0005 

Figure 28A 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0003 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p < 0.0001 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p < 
0.0001 

F (1, 21) = 9.832 
 

p = 0.0050 
 

Figure 28A 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0002 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0005 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p < 
0.0001 

F (1, 17) = 16.99 
 

p = 0.0007 
 

Figure 28B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0004 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0002 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p < 0.0001 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p < 
0.0001 

F (1, 23) = 7.050 
 

p = 0.0141 
 
 

Figure 28B 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 

F (1, 20) = 5.365 
 

p = 0.0313 
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Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0002 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0011 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0007 
Cx3cr1-Adrb2-/-Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0001 

Figure 28A 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p < 0.0001 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p < 
0.0001 

F (1, 21) = 12.53 
 

p = 0.0019 
 

Figure 28A 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0002 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0005 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0002 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0009 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0003 

F (1, 17) = 8.172 
 

p = 0.0109 
 

Figure 28B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p < 
0.0001 

F (1, 23) = 12.32 
 

p = 0.0019 
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Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p < 0.0001 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p < 
0.0001 

Figure 28B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0006 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p < 
0.0001 

F (1, 22) = 14.51 
 

p = 0.0010 
 

Figure 30A 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0004 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0057 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0003 

F (1, 21) = 2.376 
 

p = 0.1381 
 

Figure 30A 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.002 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0013 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.001 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0003 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p < 
0.0001 

F (1, 17) = 6.704 
 

p = 0.0191 
 

Figure 30B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0141 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0127 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.022 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0158 

F (1, 25) = 3.529 
 

p = 0.0720 
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Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0161 

Figure 30B 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p < 
0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p < 
0.0001Cx3cr1-Adrb2-/- 
Sham Saline vs. Cx3cr1-
Adrb2-/- SNI Saline p < 
0.0001 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0006 

F (1, 23) = 9.045 
 

p = 0.0063 
 

Figure 32A 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0483 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0004 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p  
< 0.0001 

F (1, 21) = 4.678 
 

p = 0.0422 
 

Figure 32A 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p < 0.0001 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0019 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0053 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p < 0.0001 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/-SNI Formoterol p  = 
0.0004 

F (1, 17) = 3.660 
 
 

p = 0.0727 
 
 

Figure 32B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0004 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0003 

F (1, 26) = 7.075 
 

p = 0.0132 
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Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0004 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0003 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p  
= 0.0004 

Figure 32B 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Formoterol vs. 
Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0178 
Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0006 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0012 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.03863 
Cx3cr1-Adrb2-/-:Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p  
= 0.0134 

F (1, 23) = 5.378 
 

p = 0.0296 
 
 

Figure 34B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0103 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p  
= 0.0034 

F (1, 25) = 
0.02688 
 

p = 0.8711 
 

Figure 34B 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0116 
Cx3cr1-Adrb2-/- SNI Saline 
vs Cx3cr1-Adrb2-/- SNI 
Formoterol p = 0.0026 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0337 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0003 

F (1, 23) = 
0.1867 
 

p = 0.6697 
 

Figure 36A 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0094 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0004 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0150 

F (1, 21) = 6.226 
 

p = 0.0210 
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Figure 36B 
(males) 

Three-
way 
ANOVA 

Adrb2fl/fl Sham Saline vs. 
Adrb2fl/fl SNI Saline p = 
0.0090 
Cx3cr1-Adrb2-/- Sham 
Saline vs. Cx3cr1-Adrb2-/- 
SNI Saline p = 0.0031 
Cx3cr1-Adrb2-/- Sham 
Formoterol vs. Cx3cr1-
Adrb2-/- SNI Formoterol p = 
0.0165 

F (1, 26) = 1.452 
 

p = 0.2391 
 

Figure 36B 
(females) 

Three-
way 
ANOVA 

Adrb2fl/fl SNI Saline vs. 
Adrb2fl/fl SNI Formoterol p = 
0.0036 
Adrb2fl/fl Sham Saline vs. 
Adrb2fl/f lSNI Saline p = 
0.0028 
 

F (1, 23) = 1.174 
 

p = 0.2897 
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