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1. Summary  

About 1 % of the worldwide population suffers from rheumatoid arthritis, which causes 

systemic inflammation and leaves patients suffering from chronic pain even after resolution 

of clinical signs. Patients often decide to undergo radon therapy to relief their pain despite 

the fact that radon has been declared the second most common cause of developing lung 

cancer. Although radon therapy has been used for over 100 years in some countries, the 

molecular mechanism underlying its pain relieving effect is still unknown. However, the 

identification of the molecular working mechanism of radon therapy is of high interest so that 

alternative therapies can be developed to achieve comparable pain alleviation without 

patients having to endure risking the development of lung cancer. Although the experience of 

pain in general is an important warning device to invoke reflex withdrawal, pain can also take 

on a disease character. This phenomenon is defined as chronic pain, which presents with 

pain lasting several weeks or longer and serves no obvious beneficial function. Traditionally, 

the spinal dorsal horn and periphery were the main targets for pain therapy. However, it has 

been suggested that when central changes occur in the brain following chronic pain, it may 

be too late to interfere at the periphery and the brain becomes an essential target to alleviate 

pain. In case of RA patients, synaptic changes in the brain could present a point of action for 

radon therapy.  

 

In order to identify a potential molecular working mechanism of radon exposure, this thesis 

started to investigate the effect radon inhalation exhibits on the neurosensory system. Firstly, 

due to radon‟s similar physical characteristics to xenon, the hypothesis arose that radon, like 

xenon, may bind to N-Methyl-D-aspartate-receptors (NMDARs) thereby inhibiting 

pathological pain transmission. Molecular dynamic simulations showed that radon indeed 

hijacks four of the same binding sites as xenon on NMDARs with some binding energies 

even exceeding those of xenon. Additionally, an in vitro radon binding assay showed an 

increased amount of DNA double strand breaks (DSBs) in cells expressing NMDARs 

compared to cells lacking NMDARs. Interpolating from a linear regression correlation 

between DNA DSB induction and deposited radiation dose, it was calculated that cells 

expressing NMDARs obtain a 47 % higher dosage from radon exposure. This led to the 

assumption that especially NMDAR-rich environments could present a target for radon 

therapy. Therefore, it was validated that radon reaches the brain, which represents a 

NMDAR-rich environment. Immunofluorescent staining of radon induced DNA DSBs showed 

that radon damages brain tissue to the same degree as other tissues such as heart or liver. 

A linear regression from the correlation of DNA DSBs to deposited radiation dose yielded an 

estimated radiation dose of 2.3 mGy per cell. Lastly, the effect of radon inhalation on K/BxN 
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serum transfer mice brain indicates a dual function of radon in pain alleviation. While the 

maintenance of long-term potentiation (LTP) could be impaired after radon exposure caused 

by a significant reduction of NMDAR GluN2B phosphorylation of Y1472, there is evidence for 

a restored long-term depression (LTD) expression through significant increase in active 

protein kinase C-α (PKC-α). All in all, the results presented in this work postulate a novel 

molecular working mechanism for radon therapy by directly affecting the neurosensory 

system.  
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2. Zusammenfassung 

Etwa 1 % der Weltbevölkerung leidet an Rheumatoider Arthritis, welche eine systemische 

Entzündung hervorruft. Patienten klagen über chronischen Schmerzen, selbst nachdem die 

klinischen Merkmale verschwunden sind. Patienten unterziehen sich oftmals einer 

Radontherapie zur Schmerzlinderung, obwohl Radon als zweithäufigste Ursache für 

Lungenkrebs deklariert wurde. Die Radontherapie wird in manchen Ländern schon seit über 

100 Jahren angewandt, jedoch ist der zugrundeliegende molekulare Mechanismus der 

Schmerzlinderung noch nicht erforscht. Die Identifizierung des molekularen Mechanismus 

der Radontherapie ist von hohem Interesse, da dadurch eine alternative Schmerztherapie 

entwickelt werden könnte, sodass Patienten nicht länger dem Risiko der 

Lungenkrebsentstehung ausgesetzt werden müssten. Obwohl die Wahrnehmung von 

Schmerz ein wichtiges Warnsystem darstellt, das einen reflexartigen Rückzug als Reaktion 

hervorruft, kann Schmerz zu einer Krankheit werden. Dieses Phänomen wird als chronischer 

Schmerz bezeichnet und zeigt sich durch Schmerzen, die mehrere Wochen oder länger 

anhalten und keinen offensichtlichen Nutzen haben. Traditionell werden in der 

Schmerztherapie das dorsale Horn oder seine Umgebung gezielt behandelt. Es wird jedoch 

vermutet, dass sich als Folge von chronischen Schmerzen zentrale Änderungen im Gehirn 

einstellen und es daher bereits zu spät ist, die Schmerzen in der Peripherie zu behandeln, 

weshalb das Gehirn zum essentiellen Angriffsziel wird. Im Falle von Patienten, die an 

rheumatoider Arthritis leiden, könnten synaptische Veränderungen im Gehirn ein potenzielles 

Ziel der Radontherapie darstellen.  

 

Um einen möglichen Wirkmechanismus zu identifizieren wurde in dieser Thesis der Effekt 

einer Radoninhalation auf das neurosensorische System untersucht. Als erstes wurde durch 

die ähnlichen physikalischen Eigenschaften von Radon zu Xenon die Hypothese aufgestellt, 

dass Radon wie Xenon an N-Methyl-D-Aspartat Rezeptoren (NMDARs) binden könnte und 

somit die Weiterleitung von pathologischen Schmerzen gehemmt wird. Molekulardynamik-

Simulationen zeigen, dass Radon in der Tat an vier Bindestellen bindet, an welchen auch 

Xenon binden kann. Teilweise weist Radon sogar höhere Bindeenergien auf. Zusätzlich zeigt 

die in vitro Radon Bindeuntersuchung eine erhöhte Menge an DNS Doppelstrangbrüchen 

(DSBs) in Zellen, welche NMDARs exprimieren im Gegensatz zu Zellen, in denen der 

NMDAR fehlt. Bei der Interpolation einer linearen Regressionsgeraden der Korrelation von 

induzierten DNS DSBs und der deponierten Strahlungsdosis konnte berechnet werden, dass 

Zellen die NMDARs exprimieren eine 47 % höhere Strahlungsdosis durch eine 

Radonexposition erhalten. Dies führte zu der Vermutung, dass vor allem NMDAR-reiche 

Regionen ein Ziel der Radontherapie darstellen könnten. Deshalb wurde darauffolgend 
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validiert, dass Radon das Gehirn erreicht, welches eine NMDAR-reiche Umgebung darstellt. 

Die Immunfluoreszenzfärbungen von Radon-induzierten DNS DSBs zeigen, dass 

Radonbestrahlung dem Gehirn im selben Maße schadet wie anderen Geweben wie z.B. 

Herz oder Leber. Eine lineare Regressionsgerade der Korrelation zwischen DNS DSBs und 

deponierter Strahlendosis ergab eine errechnete Dosis von 2.3 mGy pro Zelle im Gehirn. 

Zuletzt deutet der Effekt einer Radoninhalation auf das Gehirn von K/BxN Serumtransfer 

Mäusen auf eine duale Funktion einer Radontherapie zur Schmerzlinderung hin. Während 

die Aufrechterhaltung von einer Langzeitpotenzierung (LTP) nach einer Radonbehandlung 

beeinträchtigt sein könnte, was durch die signifikante Reduktion der Phosphorylierung der 

GluN2B an Y1472 bedingt ist, gibt es Hinweise auf eine Wiederherstellung der 

Langzeitdepression (LTD) durch die signifikante Erhöhung der aktiven Proteinkinase C-α 

(PKC-α). Zusammengefasst postulieren die Ergebnisse dieser Arbeit einen neuartigen 

Mechanismus für die Radontherapie durch einen direkten Effekt auf das neurosensorische 

System.  
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3. Introduction 

3.1. Rheumatoid Arthritis  

Rheumatoid arthritis (RA) is a heterogeneous autoimmune disease that causes systemic 

inflammation and constitutes a prevalence of 0.5 to 1 % in worldwide population [1]. RA 

mainly affects the joints causing synovitis and joint destruction and patients present 

symptoms such as swollen joints, morning stiffness, fatigue and severe pain. Currently, 

therapies either treat symptoms or reduce disease progression by suppressing immune 

players and inflammatory mediators but are neither curative nor preventive yet [2]. About 

70 % of patients report pain as the preferred area of improvement, making pain management 

a high priority treatment domain [3]. However, despite the control or resolution of clinical 

signs of arthritis, RA patients frequently continue to report pain [4]. This leads to the thought 

that the pain that is initially mediated by inflammation or tissue damage is followed by 

peripheral and central sensitization [5]. Patients develop a chronic pain state that is caused 

by maladaptive processes triggered by the initial inflammation. In both, inflammatory and 

neuropathic pain, an activity dependent structural remodeling of spinal dendritic spines and 

supraspinal areas seem to have a crucial role in maintaining nociceptive hypersensitivity [6].  

 

3.2. Radon therapy to treat rheumatic diseases  

Radon is a naturally occurring radioactive noble gas that has been declared as human 

carcinogen by the International Agency for Research and Cancer (IARC) and by the United 

States Environmental Protection Agency (USEPA) [7]. Indoor radon exposure is the second 

most common cause of lung cancer right after smoking, where the worldwide contribution of 

radon exposure to lung cancer deaths is estimated at 3-20 % [8]. Remarkably, despite these 

severe health risks, radon exposure is used for therapeutic purposes for the treatment of 

rheumatic diseases for many patients in Central Europe and Russia [9]. This therapy is most 

commonly applied by baths (20 min in radon water; concentration (0.3-3 kBq/L) or inhalation 

(1 h in caves or galleries with natural radon; concentration 30-160 kBq/m³) [9]. In several 

clinical trials starting from the year 2000 patients report significant pain reduction, enhanced 

mobility and consequently increased quality of life for up to 9 months after receiving radon 

therapy [10]–[15]. While this underlines the beneficial effect of radon treatment, the molecular 

working mechanism of radon therapy is still unknown. Since most incorporated radon is 

discharged by exhalation, the remainder is thought to be effective through radioactive decay 

and emission of alpha particles and following decay products [16]. 
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3.3. Radon’s radiation effects 

Radon has three naturally occurring radioactive isotopes that are produced by decay chains 

of uranium and thorium [17]: 222Rn with a half-life of 3.8 days, 220Rn with a half-life of 55.6 s 

and 219Rn with a half-life of 3.96 s [18]. Both 222Rn and 220Rn are significant contributors to 

human radon exposure from natural sources [19]. In Table 1 the radioactive decay series of 

both isotopes is depicted, showing that they decay into several unstable daughter nuclides 

before resulting in stable Pb isotopes.  

Table 1: Radioactive decay series of radon  [20] 

222Rn 220Rn 

Nuclide Half-Life Decay-Mode Nuclide Half-Life Decay-Mode 

222Rn 3.825 d α 220Rn 55 s α,γ 

218Po 3.05 min α 216Po 0.15 s α 

214Pb 26.8 min β, γ 212Pb 10.64 h β, γ 

214Bi 19.9 min β, γ 212Bi 60.6 min β, γ 

214Po 164 µs α 212Po 304 ns α 

210Pb 22.3 a β, γ 208Ti 3.05 min β, γ 

210Bi 5 d β, γ 208Pb stable  

210Po 138.4 d α    

206Pb stable     

 

Alpha-particle irradiation has a short range (40-90 µm in water) [21] and once radon decays, 

all subsequent daughter nuclides are solid and will deposit locally, where they will eventually 

decay thereby emitting all three forms of radioactive radiation [22]. Thus, when discussing 

the effect of radon exposure, all subsequent decay products should be considered to 

contribute to its action profile. Ionizing radiation (IR) including α, β, γ-rays as well as x-rays, is 

associated with a wide spectrum of cellular effects. The most prominent effect of IR is the 

elevation of free radicals and reactive oxygen species (ROS) leading to DNA damage and 

persistent modifications of DNA, proteins and lipids [23]. Several studies show radiation 

induced alterations in the synaptic plasticity including reduced cognition and inhibition of 

long-term potentiation (LTP), as well as diminished phosphorylation of tyrosine, and removal 
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of N-methyl-D-aspartate receptors (NMDARs) [24]–[27], that are presumably in correlation 

with oxidative stress. While high doses of ionizing radiation are associated with tumor 

development and cognitive impairment, uncertainty prevails concerning the effect of low 

radiation doses (<100 mGy). Thus, it is possible that the low radiation dose of radon therapy 

intervenes with synaptic plasticity caused by chronic inflammation, resulting in pain 

alleviation.  

 

3.3.1. Xenon’s similarities to radon 

Xenon is the second rarest naturally occurring noble gas at a concentration of max. 

0.086 ppm in the atmosphere. Xenon does not undergo metabolism and is not teratogenic 

[28]. Despite its poor chemical reactivity, xenon has a tendency to interact with living matter 

[29]–[31]. Under feasible clinical conditions, xenon is the only noble gas with anesthetic 

potency, where radon falls out due to its radioactive properties. Notably, when using the 

Meyer-Overton correlation for inert gases, radon is predicted to achieve anesthesia at even 

lower concentrations than xenon due to its higher oil/gas coefficient (Figure 1). 

 

 

Figure 1: Meyer-Overton correlation for inert gases and nitrogen.  The line shows a least-square regression. 

The black points show general anesthesia (atm) in correlation to their oil/gas partition coefficient at 25 °C. The red 

point shows theoretical prediction for radon based on its oil/gas partition coefficient. Modified from: [32].  
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Table 2: Physical properties of nitrogen, argon, krypton, xenon and radon 

Physical property  Nitrogen Krypton Xenon Radon 

Atomic number  7 36 54 86 

Atomic mass (g/mol)  14.0 83.8 131.3 222* 

Diameter (Å) 3.64 3.69 4.10 4.17 

Density (g/l)(0°C) 1.251 3.736 5.887 9.37 

Water/gas partition coefficient 

at 25 °C  

0.015 0.053 0.095 0.23
a
 

Oil/gas partition coefficient at 

25 °C  

0.07 0.44 1.9 7.7 (olive oil )
b
 

General anesthesia (atm) 39 4.5 0.6  0.12
c
 

Data compiled from the following sources : [32],
a
[33], 

b
[34], 

c
 theoretical prediction based on Meyer-Overton 

correlation, * unstable  

 

Xenon‟s general anesthetic effect is attributed to an interference with post-synaptic signaling 

by inhibition of NMDARs on cortical, subcortical and spinal level, while an effect on α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) or (GABA)ergic synapses is 

controversial [35], [36]. Since there is no effect on N-type voltage-gated calcium channels it 

also does not interfere with neurotransmitter release at neuronal synapses, which further 

emphasizes xenon‟s postsynaptic effect [37]. Xenon exhibits a competitive inhibition on 

NMDARs by weakening the glutamate binding, as well a noncompetitive inhibition by 

rearrangement of the channel toward a closed or desensitized channel [38], [39]. Additionally 

to general anesthesia, xenon has analgesic properties [40], [41] and enhanced 

responsiveness to painful stimulation (central sensitization) can be suppressed by xenon at 

sub-anesthetic doses, suggesting an involvement of NMDAR evoked LTP-related synaptic 

plasticity in the human brain [42]. Low-dose xenon also reduces post-operative pain, 

providing further evidence of an involvement of central sensitization [43]. Due to its rarity, 

high purity xenon sells for more than $5000 kg-1 and thus separation of molecules of similar 

size and shape to receive pure xenon poses an important technological challenge. The 

attempt to selectively adsorb xenon in a crystalline cage resulted in the adsorption of both 

xenon (4.1 Å) and radon (4.17 Å) in molecular simulations while the separation of krypton 

(3.69 Å) was possible [44]. This implies that xenon and radon may occupy the same 

molecular cavities. The similarities of physical properties of xenon and radon (Table 2) make 

the hypothesis of a possible binding of radon to NMDARs conceivable. This could mean that 

the pain relieving effect of radon therapy may arise through similar mechanisms as xenon‟s 
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analgesic effect or be rendered possible through an accumulation of radon at NMDAR-rich 

sites that are essential for pain processing.  

 

3.4. Structure and function of the N-Methyl-D-aspartate-receptor  

Ionotropic glutamate receptors (iGluRs) convert glutamate release from the presynapse into 

postsynaptic excitation. There are three major families of iGluRs: NMDA, AMPA and kainate 

receptors. NMDARs play a key role in neuronal plasticity and neuronal exitotoxicity and are 

highly expressed throughout the brain. Many neuropsychiatric disorders like chronic pain, 

schizophrenia, Alzheimer‟s disease or autism spectrum disorders are linked to NMDAR 

dysfunction concomitant with either altered subunit expression, trafficking, localization or 

activity [45]. Functional NMDARs are heterotetramers that contain two obligatory GluN1 

subunits in combination with two GluN2A-D and/or GluN3A-B subunits [46], [47]. However, 

the adult brain predominantly expresses NMDARs that are composed of GluN1/GluN2A or 

GluN1/GluN2B, giving those subunits central roles in synaptic plasticity and function [48], 

[49]. All NMDARs have a conserved domain organization (Figure 2 A): an extracellular 

amino-terminal domain (ATD) which is important for receptor assembly [50]; an extracellular 

ligand binding domain (LBD) [51]; a transmembrane domain (TMD) consisting of three 

transmembrane helices (M1,M3 and M4) and the reentrance loop (M2) which forms the ion 

channel pore [52]–[54]; an intracellular carboxyl-terminal domain (CTD) which binds scaffold 

and signaling proteins such as calmodulin as well as phosphatases [55], [56]. When 

activated, the NDMAR is cation-selective with a high permeability for Ca2+ and a lower 

permeability for Na+ and K+. In contrast to other glutamate receptors, the NMDAR acquires 

the binding of two different ligands for channel opening [57].(Figure 2 B) The GluN1 subunit 

binds glycine (Gly) or D-serine while the GluN2 subunit binds glutamate (Glu)[47]. Since the 

extracellular glycine concentration is constantly high enough to activate NMDARs, the 

receptor activity is mainly regulated by presynaptic glutamate release [58]. Additionally, 

extracellular Mg2+ blocks the channel and is highly dependent on the membrane potential 

[59]. In order to overcome this ion-block, a pre-depolarization of the membrane is required in 

order to remove the Mg2+ from the NMDAR channel pore and enable cation influx. Therefore, 

NMDARs are usually expressed together with AMPARs which enable the required pre-

depolarization [60]. 
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Figure 2: Structure of NMDARs. (A) NMDAR subunits have four conserved domains: The amino-terminal 

domain (ATD) (green), the ligand binding domain (LBD) (red), the transmembrane domain (TMD) (blue) and the 
carboxyl-terminal domain (CTD). (B) Functional NMDARs are heterotetramers with two obligatory GluN1 subunits 

(blue) which bind glycine or D-serine and in the adult brain predominantly two GluN2 subunits (orange) that bind 
glutamate. When both ligands bind to the receptor, the conformational change allows the channel pore to open 
conducting Ca

2+
, Na

+
 and K

+
. Modified from: [61]. Figure was created with BioRender.com.  

 

3.5. Physiological pain and its conversion to chronic pain  

The experience of pain serves as an important warning device, as not engaging in 

appropriate protective behaviors against for instance the heat of an open flame or a sharp 

object can be life-threatening. Physiological pain is sensed by two major specialized nerve 

fibers: C-fibers and thin myelinated Aδ-fibers. While C-fibers are slower conducting and 

responsible for prolonged burning sensations, Aδ-fibers are faster and transmit sharp or 

intense sensations [62]. The Aδ-fibers and C-fibers have a wide range of receptors on their 

terminals that are responsible for translating noxious stimuli (e.g. thermal, chemical and 

mechanical) into electrical activity by transient receptor potential. These signals are then 

amplified by voltage-gated sodium channels to create action potentials [63], [64]. The 

peripheral inputs are subsequently transmitted from glutamatergic synapses onto second-

order neurons in the spinal horn by nociceptive afferents. The net output from the spinal 

network is carried to distinct projection sites in the brain. The eventual experience of pain is 

perceived in the cortex, where the information is sent to the spinal cord to invoke the 

appropriate behavior, such as withdrawal from the noxious stimuli. (Figure 3 A)  
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Figure 3: Pain circuits. A Schematic overview of the main circuits mediating physiological pain (A) and the 

manifestations of chronic pain in allodynia (response to innocuous stimuli) and hyperalgesia (enhanced 

responsiveness to stimuli) (B). Modified from: [65]. Figure was created with BioRender.com. 

 

However, in states of chronic pain nociceptive and non-nociceptive afferents are permanently 

sensitized and therefore pain takes on a disease character. For instance, when a painful 

stimulus manifests in an increased response this is described as hyperalgesia while 

withdrawal behavior in response to innocuous stimuli is categorized as tactile allodynia [66] 

(Figure 3 B).  

 

3.5.1. Spinal pre- and postsynaptic changes 

Chronic pain, that is defined as any pain that lasts for several weeks or longer and serves no 

obvious beneficial function [67], arises from mechanisms underlying evoked physiological 

pain. The reduction of threshold (allodynia) and/or increase in magnitude of responsiveness 

(hyperalgesia) occurs in response to chemical mediators, for example prostaglandins 

(PGE2,PGI2), neuropeptides (bradykinin) and growth factors (NGFs) [68]–[70] that are 

released by nociceptors and non-neuronal cells such as mast cells, neutrophils or 

macrophages at the site of tissue injury or inflammation [71]. In response to the signals from 

chemical mediator, the excitability of nociceptor terminals is modulated by phosphorylation of 

receptors, ion channels or associated regulatory proteins which alters the expression and 

intrinsic functional properties of channels in the primary sensory and dorsal horn neurons 

[72] (Figure 4). For example, sensitizing stimuli initiate the activation of the cAMP signaling 

pathway, activating protein kinase A (PKA) and protein kinase C (PKC) [70], [73], [74] 

leading to the phosphorylation of the tetrodotoxin (TTX)-resistant voltage-gated sodium 

channel SNS [75]. Phosphorylation of SNS leads to alteration of the activation threshold and 
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increases the magnitude of the sodium current to depolarization, leading to an acute as well 

as long-term increase in the excitability of nociceptors [76], [77]. These changes in peripheral 

nerves are also referred to as peripheral sensitization and constitute a key element in neural 

plasticity, which accounts for many clinical manifestations of chronic pain [78], [72].  

 

Figure 4: Modulation of peripheral terminals: Peripheral Sensitization. Inflammatory sensitizing agents 

released during tissue damage activate PKA and PKC through cAMP signaling pathway. PKA and PKC 

phosphorylate SNS which enables discharge of action potentials with a lowered threshold as the excitability of the 

nociceptor terminal can be achieved with a reduced amount of depolarization. Modified from : [72]. Figure was 

created with BioRender.com. 

 

From the central terminals of nociceptors, pain is signaled by release of glutamate 

generating excitatory post-synaptic currents (EPSCs) in second order dorsal horn neurons 

[79]. Summation of sub-threshold EPSCs will eventually result in action potential and 

transmission of pain to higher order neurons. Under normal physiological conditions, this 

occurs through activation of AMPA and kainate receptors alone without participation of 

NMDARs. But in the setting of injury or inflammation, the increased amount of 

neurotransmitter release conditioned through peripheral sensitization will sufficiently 

depolarize postsynaptic neurons to activate NMDARs. Consequently, the increase of calcium 

influx strengthens synaptic connections between nociceptors and dorsal horn leading to 

enhanced responsiveness of pain transmitting neurons and ultimately hyperalgesia. This 

enhanced processing of pain by postsynaptic alterations is referred to as central sensitization 

[80] (Figure 5). Activation of intracellular signaling cascades and messenger systems, 

notably kinases (PKA, PKC, SRC) further increase excitability of these neurons [81]. 

Ionotropic NMDA and AMPA glutamate receptors get phosphorylated on several key 

residues, which changes their activity and trafficking to or from the membrane [82]–[85]. This 

leads to facilitated excitatory synaptic responses by recognizing subthreshold inputs that are 

normally ineffective [86] and spreads hypersensitivity beyond the injured tissue [87].  
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Figure 5: Modulation of nociceptive synaptic transmission: Central sensitization. The increased signaling 

following peripheral sensitization leads to intracellular changes that subsequently increase responsiveness. 

Upregulation of NMDARs through phosphorylation and increased AMPA channel insertion lead to the recognition 

of normally ineffective inputs and thus constituting to central sensitization. Figure was created with 

BioRender.com. 

 

Finally, long-lasting alterations in the expression or structure of receptors and ion channels 

are responsible for distorting the normal stimulus-response characteristic and lead to long-

term modification of primary sensory neurons [72] completing the chronification of pain 

(Figure 6). The preceding increased signaling caused by peripheral and central sensitization, 

leads to alterations in the expression of transmitters, synaptic neuromodulators, ion 

channels, G-protein-coupled receptors and growth associated structural proteins [72], [88]–

[91]. Additionally, a subpopulation of Aδ-fiber neurons undergo a phenotype shift towards C-

fiber neurons as they express substance P and BDNF and thereby enhancing synaptic 

transmission in the spinal cord and amplifying the central response to innocuous stimuli [92]. 

Lastly, a reduction of inhibition through cell death of inhibitory interneurons which occurs 

after nerve injury facilitates pain transmission [93].  

 

Figure 6: Modification of primary sensory neurons. Abnormal sensitivity through alterations in gene 

expression as well as a phenotype switch from A-fibers to C-fibers and a reduction of inhibitory interneurons lead 

to long-lasting changes, distorting the normal stimulus-response characteristic and leading to chronic pain. 

Modified from:[72]. Figure was created with Biorender.com.  
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3.5.2. Synaptic changes in cortical neurons  

While the spinal dorsal horn and periphery are the traditional targets for treating pain, more 

and more evidence suggest that central changes occur in the brain after inflammation, 

making it too late to interfere at the periphery to reduce symptoms [94]. Brain imaging studies 

in humans have provided crucial evidence that cortical regions of the brain are involved in 

different types of pain perception [95]–[97]. For instance, nociceptive information from 

somatic and visceral input is transmitted indirectly to the anterior cingulate cortex (ACC) via 

the thalamus [98], [99], the amygdala [100] and other pain-related areas of the cortex such 

as the primary somatosensory cortex (S1)[101]. This widespread connectivity emphasizes 

the importance of the ACC in the processing of pain. Chronic pain in the ACC is related to a 

saturated persistent strengthening of synapses, also known as long-term potentiation (LTP), 

that leads to long-lasting enhanced signaling [67]. Additionally, a suppression of the counter 

mechanism which reduces the efficacy of signal transmission referred to as long-term 

depression (LTD) is also linked to chronic pain in the ACC [67].  

Taking a closer look at the enhanced signaling, there are four major synaptic mechanisms 

contributing to the expression of LTP in the ACC: (i) presynaptic enhancement of glutamate 

release; (ii) structural changes in synapses; (iii) insertion of AMPARs and (iv) post-synaptic 

enhancement of AMPAR/NMDAR mediated responses [102] (Figure 7).  
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Figure 7: Signaling pathways that upregulate excitatory transmission in the ACC in rodent models of 

chronic pain.  The upregulation of excitatory transmission is achieved through several synaptic mechanisms. (i) 

The release of presynaptic glutamate is increased caused by peripheral and central sensitization; (ii) NMDAR 

dependent LTP induces a NMDAR GluN2B-AC1-cAMP-CREB-GluN2B positive feedback loop, leading to 

structural changes in the synapse; (iii) Insertion of GluR1 homosynaptic AMPAR contributes to the expression of 

LTP; (iv) Post-synaptic enhancement of AMPAR and NMDAR mediated response through phosphorylation alters 

the activity and trafficking. Modified from: [67], [103]. Figure was created with BioRender.com 

 

Increased presynaptic neurotransmitter release that is caused by central sensitization results 

in an increase of postsynaptic Ca2+ via NMDARs. This triggers the activation of Ca2+-

stimulated signaling pathways [104], including the activation of Ca2+/calmodulin-dependent 

protein kinase II(CaMK II) and adenylyl cyclase 1 (AC1) [105]. Similar to LTP in the 

hippocampus, it is likely that AC1 generates cAMP, which then activates PKA [67]. 

Consequently, PKA activates ERK (extracellular signal-regulated kinase) which induces 

CREB phosphorylation, activating CREB-mediated transcriptional regulation [106] which 

results in an upregulation of e.g. c-fos [107]. Therefore, Fos protein expression can be used 

as a marker for neuronal activity after noxious stimulation not only in the dorsal horn of the 

spinal cord but throughout various regions of the brain including the thalamus, amygdala, 

hippocampus and anterior cingulate cortex [108]–[111]. Interestingly, the NMDAR GluN2B 

subunit contains a CREB binding domain and thus the GluN2B subunit may also be 

regulated by NMDA-calcium-CaM dependent pathway. As peripheral inflammation leads to 
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an increased expression of NMDAR GluN2B in the ACC [112], this indicates that the NMDAR 

GluN2B-AC1-cAMP-CREB-GluN2B signaling pathway forms a positive feedback-loop 

leading to a reinforcement of NMDAR in ACC contributing to chronic pain sensation [103]. 

Besides the CREB activation, the increased activity of the CaMK II is also responsible for 

functional recruitment of GluA1 AMPARs which appears to be another key mechanism 

underlying synaptic plasticity in the ACC [113], [114]. And finally the increased kinase activity 

leads to increased phosphorylation of AMPARs and NMDARs which enhances the receptor 

mediated current and is important for the maintenance of LTP leading to ongoing pain 

perception [115]–[119].  

While these changes in the ACC synapse already account for long-lasting changes in pain 

perception, it is most likely that the combination of enhanced LTP and suppressed LTD are 

both responsible for the complexity of chronic pain perception. Interestingly, the key to either 

NMDAR-dependent LTP or LTD induction is the removal of the NMDAR Mg2+ block, which is 

accomplished through pre-depolarization. Maximal Ca2+ influx triggers LTP response, while 

smaller NMDAR-dependent Ca2+ leads to LTD induction [120]. Therefore, the distribution of 

AMPARs in the synapse is crucial for either potentiation or depression. Under normal 

circumstances, one important regulatory mechanism for LTP/LTD induction is the 

internalization of AMPARs in the synapse which is associated with the phosphorylation of 

AMPAR-GluA2 as well as its interactions with the C-terminal PDZ proteins GRIP (glutamate 

receptor interacting protein), ABP (AMPA receptor binding protein) and PICK 1 (protein 

interacting with C kinase 1)[121]–[123]. Especially GluA2-PICK1 complexes, which are 

preferably built upon phosphorylation of GluA2 S880, seem to be important for long-lasting 

LTD as they show prolonged recycling after internalization [124], [125]. In both NMDAR and 

metabotropic glutamate receptor (mGluR) dependent LTD the activity of PKC-α, which also 

binds PICK1, is presumed to be responsible for GluA2 phosphorylation at S880 and thus is 

required for cerebellar LTD [67], [126] (Figure 8). 
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Figure 8: Signaling pathway that leads to long-term depression of excitatory transmission in the ACC. 
Small NMDAR-dependent Ca

2+
 influx induces internalization of AMPARs. The reduced display of AMPARs leads 

to insufficient pre-depolarization to remove Mg
2+

 blocks from NMDARs and this subsequently gives rise to long-
term depression (LTD). Figure was created with BioRender.com 

 

After nerve injury, however, the AMPAR-GluA2 is downregulated in dorsal horn neurons 

[127], [128], and in ACC synapses [129]. As the internalization is dependent on GluA2 

subunit of AMPAR this means that the internalization of AMPARs cannot take place and thus 

pre-depolarization to remove Mg2+ blocks of NMDARs is still intact. Consequently, the 

expression of LTD cannot occur and therefore is suppressed. Thus, the downregulation of 

AMPAR-GluA2 contributes to pathological pain perception in chronic pain models.  

 

3.6. K/BxN serum transfer model as neuropathic pain model  

In order to study pain pathways and to find new therapeutic targets for pain relief, different 

mouse models mimicking human arthritis have been established. The K/BxN mice which 

express the transgenic T cell receptor KRN and the MHC class II allele Ag7 develop severe 

inflammatory arthritis. Serum from these mice can be used to reliably cause arthritis in a wide 

range of recipient strains (BALB/c; C57BL/6; DBA/1) (K/BxN serum transfer model) which is 

attributed to high levels of autoantibodies to the glycolytic enzyme glucose-6-phosphate 

isomerase (G6PI) [130], [131]. However, the induced RA in the serum transfer model is 

transient and diminishes after 15-30 days unless it is administered repeatedly [132]. The 
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K/BxN serum transfer model leads to persistent pain resembling a neuropathic condition over 

time that surprisingly outlasts the inflammation by two weeks [133]. While during the 

inflammatory state the mice are sensitive to treatment with non-steroidal anti-inflammatory 

drugs (NSAIDs) e.g. the TNF-blocker etanercept, this is not the case in the post-inflammatory 

state [133]. In the post-inflammatory state however, the mice are only sensitive to gabapentin 

[133], which inhibits forward trafficking of α2δ-1-NMDAR complexes and thereby decreasing 

post-synaptic Ca2+ influx [134]. This indicates that there are two mechanisms that drive tactile 

allodynia in K/BxN serum transfer mice, thus representing a multifaceted model of pain 

mechanisms of joint inflammation which also occur in human arthritic conditions [133]. Since 

gabapentin is able to pass the blood-brain barrier [135], it might also exert its effect on brain 

areas where central changes in the ACC could have contributed to neuropathic pain (see 

3.5.2).  

 

3.7. Aim of the study 

Radon therapy is carried out in so-called „healing-caves‟ for over 100 years for patients 

suffering from arthritic conditions [136]. Although the therapy with a radioactive gas displays 

a significant risk of developing lung cancer [7], patients still expose themselves voluntarily to 

radon as it attenuates their pain, which is the most prominent symptom in RA patients [3], [9].  

Since central sensitization is thought to be the cause of the persistent pain in RA patients [4] 

it is a possible point of action for radon therapy. The aim of this study was to investigate the 

effect of radon inhalation on the brain, where central changes occur following persistent pain, 

thus contributing to chronic pain sensation. Firstly, a possible binding to the NMDAR was 

examined by MD simulation and a self-established radon binding assay. Afterwards, it was 

investigated whether radon reaches the brain by examining the DNA DSBs in the dentate 

gyrus of mouse hippocampi. Finally, the effect of radon inhalation on receptors and proteins 

in the brain were investigated in a neuropathic pain mouse model, in order to elucidate the 

possible mechanism underlying pain alleviation after radon therapy.   
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4. Material and Methods  

4.1. Antibodies  

Table 3: Primary antibodies 

Antibody Host Manufacturer Concentration 

53BP1 (H-300) rabbit Santa Cruz  

(sc-22760) 

1:1500 

NMDARζ1 (H-300)  rabbit Santa Cruz  

(sc-9058) 

1:1250 

NMDAR2B rabbit Abcam ( 65783) 1:1000 

NMDAR2B  

(phospho Y1472) 

rabbit Abcam (ab3856) 1:1000 

β-actin mouse Sigma-Aldrich 

(A5441) 

1:20,000 

c-fos rabbit Boster Biological 

(PA1318) 

1:10,000 

AMPAR GluA1 rabbit Alomone labs  

(AGC-004) 

1:1000 

PKC-α mouse Santa Cruz 

 (sc-8393) 

1:100 

 

Table 4: Secondary antibodies  

Antibody Host Manufacturer Concentration 

Anti-rabbit Alexa 594 donkey Abcam (ab150076) 1:400 

Anti-rabbit Alexa 488 donkey Abcam (150105) 1:400 

Anti-rabbit HRP goat Thermo Fisher 

Scientific (32460) 

1:10,000 

Anti-mouse HRP goat Abcam (ab6789)  1:10,000 
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4.2. Chemicals and Solutions  

6-Aminocapric acid  Carl Roth (Karlsruhe, Germany) 

Accutase Sigma-Aldrich (St. Louis, Missouri, USA) 

Acrylamide Carl Roth (Karlsruhe, Germany) 

Advanced DMEM/F12 Thermo Fisher Scientific (Waltham, Massachusetts, USA) 

APS Sigma Aldrich (St. Louis, Missouri, USA) 

Bromphenol blue  Sigma-Aldrich (St. Louis, Missouri, USA) 

BSA Bio Rad (Feldkirchen,Germany) 

Citric acid  Carl Roth (Karlsruhe, Germany) 

EDTA Sigma-Aldrich (St. Louis, Missouri, USA) 

Ethanol Sigma-Aldrich (St. Louis, Missouri, USA) 

FCS Sigma-Aldrich (St. Louis, Missouri, USA) 

Gelatin  Merck (Darmstadt, Germany) 

Glycerol VWR (Darmstadt, Germany) 

Goat serum  Thermo Fisher Scientific (Waltham, Massachusetts, USA) 

HEPES Carl Roth (Karlsruhe, Germany) 

Hoechst 33342 Sigma-Aldrich (St. Louis, Missouri, USA) 

KCl Merck (Darmstadt, Germany)  

L-glutamine Sigma-Aldrich (St. Louis, Missouri, USA) 

Mannitol  Sigma-Aldrich (St. Louis, Missouri, USA) 

MEM Thermo Fisher Scientific (Waltham, Massachusetts, USA) 

Mercaptoethanol  Sigma Aldrich (St. Louis, Missouri, USA) 

Methanol  Carl Roth (Karlsruhe, Germany) 

MgCl2 Carl Roth ( Karlsruhe, Germany) 

Milk  Carl Roth (Karlsruhe, Germany) 

MK801  Hello Bio (Bristol, UK)  

Na2HPO4 Merck (Darmstadt, Germany 

NaCl Carl Roth (Karlsruhe, Germany)3957.1) 

NaH2PO4 Merck (Darmstadt, Germany) 

PBS Sigma-Aldrich (St. Louis, Missouri, USA) 

Penicillin  Sigma-Aldrich (St. Louis, Missouri, USA) 

Penicillin/Streptomycin Sigma-Aldrich (St. Louis, Missouri, USA) 

PFA  Sigma Aldrich (St. Louis, Missouri, USA) 

Phosphatase inhibitor Abcam (Cambridge, Massachusetts USA) 

Poly-D-Lysine  Sigma-Aldrich (St. Louis, Missouri, USA) 

Protease inhibitor Sigma-Aldrich (St. Louis, Missouri, USA) 
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Roti®mount FluorCare  Carl Roth (Karlsruhe, Germany) 

RPMI Thermo Fisher Scientific (Waltham, Massachusetts, USA) 

SDS Carl Roth (Karlsruhe, Germany) 

Sodium Acetate Thermo Fisher Scientific (Waltham, Massachusetts, USA) 

Sodium citrate  Sigma-Aldrich (St. Louis, Missouri, USA) 

Streptomycin Sigma-Aldrich (St. Louis, Missouri, USA) 

Sucrose  Sigma-Aldrich (St. Louis, Missouri, USA) 

TEMED Sigma-Aldrich (St. Louis, Missouri, USA) 

Tris VWR (Darmstadt, Germany) 

Triton X-100 Sigma Aldrich (St. Louis, Missouri, USA) 

Tween-20 Sigma-Aldrich (St. Louis, Missouri, USA) 

Xylol  Carl Roth(Karlsruhe, Germany) 

 

Immunofluorescence staining for cells 

PBG  PBS + 0.05 % gelatin  

Blocking buffer  PBG + 5 % goat serum + 0.5 % BSA 

Antibody buffer  PBG + 5 % goat serum  

Protein extraction  

Lysis buffer  2 mM EDTA; 50 mM HEPES pH 7.4  

Homogenization buffer  2 mM EDTA; 10 mM HEPES pH 7.4; 0.23 M sucrose, 

protease inhibitor, phosphatase inhibitor 

Western Blot  

4 x Loading buffer   240 mM Tris/HCl (pH 6.8); 40 % glycerol; 8 % SDS; 

0.04 % bromphenol blue 

SDS gel  5 % stacking gel: 30 % Acrylamide; 10 % APS; 10 % 

SDS; 1 % TEMED; 0.5 M Tris pH 6.8  

10 % separation gel: 30 % Acrylamide; 10 % APS; 

10 % SDS; 1 % TEMED; 1 M Tris pH 8.8  

SDS- PAGE running buffer  25 mM Tris; 192 mM glycine; 0.1 % SDS 

Anode buffer 60 mM Tris; 40 mM 6-Aminocapric acid; 20 % 
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Methanol 

Cathode buffer  60 mM Tris; 40 mM 6-Aminocapric acid, 0.1 % SDS  

TBS-T 50 mM Tris; 150 mM NaCl; 0.1 % Tween-20 

Blocking buffer 5 % milk in TBS-T 

Antibody buffer  1 % milk in TBS-T 

 

4.3. Cell culture  

Cultivation 

Cells were cultivated at 37 °C under humid atmosphere at 5 % CO2 in T25 flasks (Sarstedt, 

Nümbrecht, Germany). The cells were cultured until 80 % confluency before passaging. 

Therefore, the cells were washed with PBS once before they were incubated with AccutaseTM 

until the cells detached from the flasks. The cells were harvested by centrifugation at 

1000 rpm for 3 min and then resuspended in 1 ml of the appropriate medium. The cell 

number was determined using a hemocytometer. Cells were then seeded into new T25 

flasks or 6-well chambers (IBIDI, Gräfelfing, Germany) in the needed concentration.  

 

CHO-K1 

The immortalized cell line CHO-K1 (Chinese hamster ovary-K1) was cultured in T25 flasks 

using Advanced DMEM/F12 supplemented with 10 % FCS, 100 U/mL penicillin, 0.1 mg/mL 

streptomycin and 2 mM L-glutamine. The cells were not used for more than 20 passages. 

 

HEK293  

Human embryonic kidney (HEK293) cells were cultivated in T25 flasks using MEM containing 

10 % FCS and 2 % penicillin/streptomycin. The cells were not used for more than 20 

passages.  

 

Seeding cells on a porous membrane 

The porous membrane (Nunc polycarbonate Membrane 3 µm, 6-well format, Thermo 

Scientific) was coated with Poly-D-Lysine (4 µg/cm2) by incubating the solution on the 

membrane overnight at 37 °C.       cells were seeded on top of the membrane.  
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Transfection 

For the transfection of NMDARs 80 % confluent cells were detached with AccutaseTM and 

           /ml were resolved in electroporation buffer (5 mM KCl, 15 M MgCl2 50 mM 

Mannitol in 1 M Na2HPO4/NaH2PO4 pH 7.2). Cells were transfected with 

GluN1/GluN2B/eGFP or RFP (2 µg DNA each) and eGFP or RFP (2 µg DNA) for control 

cells. Electroporation was performed with Amaxa Nuceleofector II at CHO-K1 high viability 

program (Lonza, Basel, Switzerland). Before seeding the cells on the porous membrane, the 

cells were incubated with 100 µL of RPMI Ca2+-free media at 37 °C, 5 % CO2 for recovery. 

Then, cells were transferred into fresh culture medium supplemented with 20 µM MK801 to 

block NMDAR activity in transfected cells and seeded.  

 

4.4. C57Bl/6 mice  

C57Bl/6 mice were housed in common type II long cages (2-4 mice/cage, with nesting and 

hideaway). The mice were provided with free access to food and kept under 12 h light/dark 

cycle, 22 °C temperature with 50-60 % relative humidity (according to guidelines of the GV-

SOLAS).  

 

4.5. Brain tissue  

The brains of radon exposed and x-ray irradiated mice was kindly provided by AG Löbrich. 

The complete protocol of in vivo irradiation, fixation and paraffin embedding is described in 

[137]. In short, C57Bl/6 mice were exposed to 440 kBq/m3 in a radon exposure chamber at 

GSI [138], [139]. For x-ray irradiation, mice were narcotized with isofluorane and then 

exposed to x-ray irradiation in an isovolt 320 x-ray tube (GE Snensing & Inspection 

Technologies, Boston, USA). Brain tissues were extracted and divided at the hemispheres 

for homogeneous fixation. The tissue was fixed in formaldehyde for 16 h at RT and 

subsequently dehydrated in an ascending ethanol series and concluding xylol incubation at 

RT. Finally, the mouse brains were embedded in paraffin at 70 °C. The paraffin embedded 

brain was sliced sagitally with the microtome Hydrax M55 (Zeiss, Oberkochen, Germany). 

3 µM hippocampal slices were prepared on glass slides. Slides were then dried at 50 °C 

overnight and stored at RT until further usage.  

 

Rehydration  

The brain tissue samples had to be rehydrated for subsequent immunofluorescent staining. 

Slides were placed in xylol for 10 min twice before they were placed in a descending 

sequential ethanol series (100 %, 100 %, 96 %, 80 % 10 %) for 8 min each time. Thereafter, 

the slides were washed in ddH2O.  
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Antigen retrieval   

After the slides were rehydrated, the antigens were retrieved by placing the slides in citrate 

buffer (10 mM (1.8 mM citric acid/8.2 mM sodium citrate), pH 6) for 1 h at 98 °C. After letting 

the samples cool down for 15 min, they were washed in PBS.  

 

Immunofluorescent staining  

The primary antibody was diluted 1:600 in PBS with 0.1 % Triton X-100 and then the 

samples were stained in a staining chamber at 4 °C overnight. Then the slides were washed 

trice with PBS. The secondary antibody was diluted 1:600 in PBS with 0.1 % Triton X-100 

and samples were stained for 3 h at RT in the dark. The tissue samples were washed with 

PBS once before they were stained with Hoechst 33342 for 10 min. After staining was 

complete, the brain tissue samples were washed trice in PBS before they were covered in 

Roti®mount FluorCare, sealed with nail polish and stored at 4 °C until microscopic 

investigation.  

 

4.6. Immunofluorescent staining of cells  

CHO-K1 cells on porous membrane, 6-well chambers (ibidi, Gräfelfing, Germany) or glass 

slides were fixed with 4 % PFA for 20 min, permeabilized with 0.1 % Triton X-100 and 

stained with Hoechst 33342 for 10 min. Then, the cells were blocked with 0.5 % BSA/ 5 % 

goat serum and incubated overnight at 4 °C. After blocking, the cells were stained with 

primary antibody overnight at 4 °C. The next day, the samples were washed three times for 

10 min with PBG, then incubated with the secondary antinody for 45 min at RT, and finally 

washed three times with PBG and twice with PBS. Cells in ibidiTM chambers were imaged 

directly while the membranes or glass slides were mounted on object slides with Roti®mount 

FluorCare, sealed with nail polish and stored at 4 °C until observation.  

 

4.7. Microscopy  

All immunofluorescent stainings were imaged with inverted epifluorescence microscope Axio 

Observer Z1 (Zeiss, Oberkochen, Germany). Live-cell images were taken with JuLiTM FL 

microscope (Nano EnTek, Seoul, Korea) 

 

4.8. Analysis of 53BP1 Foci 

Single nuclei were detected by the µManager software based on size and shape of the 

Hoechst 33342 signal. 53BP1 foci were counted manually. The mean of all single cell values 

of all independent experiments were used for statistical analysis. For absolute foci values, 



 

25 

 

the Kruskal-Wallis test was used for statistics. For foci number distribution the two-way 

Anova test was used for statistics. (Graphpad Prism 7.0, GraphPad Software, San Diego, 

California, USA). 

 

4.9. Molecular Dynamics 

The crystal structure of the GluN1/GluN2A ligand binding cores complex with bound glycine 

and glutamate (PDB: 2A5T) was used for MD simulations. Initial noble gas coordinates were 

taken over from [39]. Simulations were performed with GROMACS 2019 and the 

CHARMM36m force field. Xenon and radon parameters were derived from Verlet&Weis and 

Potoff&Coworkers respectively. The TIPS3P water model was used and each simulation 

system contained 0.15 mol/L KCl. Temperature and pressure were kept at 298 K and 1 bar 

using the V-Rescale thermostat and Parrinello-Rahman barostat, respectively. The 

integration time step was 2 fs. Van der Waals forces were force-switched to zero between 

0.8 nm and 1.2 nm. Electrostatics were represented using the PME method and switched to 

zero between 0.8 nm and 1.2 nm. Bonds including hydrogen atoms were kept constant using 

LINCS. Each simulation system was energy minimized (steepest descent), equilibrated with 

position restraints on the protein (Fc = 1000 kJ/mol/nm2) and simulated without restraints for 

100 ns. Binding energy differences were estimated using the free energy perturbation (FEP) 

method. For each binding site, a single xenon atom was gradually transformed to radon with 

λ increasing from 0 (= Xe) to 1 (= Rn) with a λ-step size of 0.05 (21 simulations per cycle). 

The soft-core α and ζ parameters were set to 0.5 and 0.34 nm, respectively. As starting 

point, a single frame taken from the simulation with bound xenon after 20 ns of the 

equilibrium simulations was used. For each binding site, all non-relevant xenon atoms were 

removed from the simulation system prior to FEP simulations. For each λ-step, the system 

was equilibrated for another 1 ns and simulated for 15 ns. To prevent the atom from leaving 

its binding site, a flat-bottomed position restraint of 1000 kJ/mol/nm2 was used to keep it 

within 0.3 nm of its initial position using the PLUMED2 plugin. The last 10 ns of each step 

were then used for FEP calculation using the TI method. The same transformation was 

performed for a single xenon atom in a box of water. Finally, ΔΔGXe→Rn was calculated as 

the difference between the free energies of transformation in the bound state and in water.  
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4.10. Radon exposure  

CHO-K1 cells 

12 h after transfection the cells were moved to fresh 6-well-plates containing 200 µl of fresh 

media supplemented with 20 µM MK801 which is only enough media to supply the bottom of 

the cells with medium while the top is exposed to the surrounding atmosphere (porous 

membrane) or were covered with minimal amount of media supplemented with 20 µM MK801 

(glass slides). The plates were either placed into the radon chamber at GSI [138], [139] or 

inside a cell culture incubator (sham) with 37 °C under humid atmosphere at 5 % CO2. The 

radon chamber was held at constant conditions (Table 5) for 1 h. Thereafter, the radon 

chamber was washed to remove all radon residues. The cells were treated a total of 82 min 

before they were supplied with 2 ml of fresh media supplemented with 20 µM MK801. The 

cells were incubated for an additional 30 min at 37 °C and 5 % CO2 before 

immunofluorescent staining was performed.  

 

Table 5: Exposure conditions for radon exposed cells 

Exposure conditions glass slide porous membrane 

Temperature (°C) 35.9 ± 0.2 36.8 ± 0.1 

Relative humidity (%) 75.1 ± 0.2 73.1 ± 0.6 

Barometric pressure (mbar) 1002 ± 3 984 ± 3 

CO2 concentration  ~5 (defect detector)  5.82 ± 0.05 

222Rn concentration (kBq/m3) 378.6 ± 9.7  547 ± 6  

 

K/BxN serum transfer mice 

The K/BxN serum was injected into recipient C57BL/6 mice 3 days before radon exposure. 

(Serum and mice were kindly provided from AG Strahlen-Immunbiologie, FAU Erlangen). For 

radon exposure, the mice were placed into the radon chamber at GSI [138], [139]. Exposure 

conditions are summarized in Table 6.  
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Table 6: Exposure conditions for sham and radon exposed K/BxN serum transfer mice 

Exposure conditions  Sham Radon 

Trial 1 Trial 2 Trial 1 Trial 2 

Temperature (°C) 23.2 ± 0.2 22.0 ± 0.1 23.4 ± 0.1 22.3 ± 0.1 

Relative humidity (%) 68.7 ± 1.4 60.1 ± 3.2 71.6 ± 2.7 67.1 ± 4.7 

Barometric pressure (mbar) 1011 ± 3 1017 ± 3 1011 ± 3 1017 ± 3 

222Rn concentration 4.5 ± 13.9 

Bq/m
3
 

8.0 ± 4.6 

Bq/m
3
 

466 ± 5 

kBq/m
3
 

489.3  ± 12.5 

kBq/m
3
 

 

Organ extraction was performed seven days after radon exposure. Immediately after death, 

the mouse was decapitated and the brain was removed from the skull and washed in PBS. 

The weight of the mouse brain was determined before it was directly shock frozen in liquid 

nitrogen. The brain was then stored at -80 °C until further usage.  

 

4.11. Preparation of brain membrane fraction  

The whole-brain was submerged into 10 volumes of ice-cold homogenization buffer. 

Homogenization was performed on ice with polytron homogenizator (Johann Bachhofer, 

Reutlingen, Germany) by carefully using 5-10 strokes. The resulting suspension was 

centrifuged at 1000 g for 15 min and the pelleted nuclear fraction was removed. The 

supernatant was spun at 200,000 g (70.1 Ti rotor, ultracentrifuge, Beckman Coulter, 

California, USA) for 30 min to yield the crude membrane pellet. This pellet was resuspended 

in homogenization buffer and then again spun at 200,000 g for 30 min to obtain the washed 

crude membrane pellet. The final pellet was resuspended in HEPES-lysis buffer and the total 

protein concentration was determined using a photometric absorption of 280 nm (Nanodrop 

200c, Thermo Fisher Scientific, Massachusetts, USA). The crude membrane fraction was 

then solubilized by adding 0.25 % SDS / 0.25 % sodium deoxycholate and incubating the 

solution for 15 min on ice while vortexing every 5 min. The solubilized brain membrane 

fraction was then stored at -80 °C until further analysis by western blotting.  
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4.12. Western blot  

For the analysis of the relative amount of specific proteins of mice brains, western blotting 

was performed. For this purpose ~100 µg of protein of solubilized brain membrane fractions 

were mixed with 4 x SDS loading buffer and then denatured at 56 °C for 20 min. The 

samples were the separated by size using an SDS-PAGE. The samples were loaded on 

10 % gel and the protein ladder with size 11-245 kDa (Blueeye-proteinladder, Sigma-Aldrich) 

was used as a marker. The proteins were separated in SDS-PAGE running buffer at 80 V 

until the samples run into the stacking gel. Thereafter, the voltage was held constant at 

120 V until the proteins of interest were separated. Afterwards, the protein samples were 

transferred to a PVDF membrane using an electric field perpendicular to the gel. The PVDF 

membrane was activated in methanol for 15 s, washed in water for 2 min and then 

transferred into anode buffer. Blotting was performed with TransBlot®TurboTMBlotting system 

(Bio-Rad, California, USA) for 35 min at 15 V and max. 0.8 mA. Thereafter, the membrane 

was blocked in 5 % milkpowder in TBS-T for 1 h at RT. After blocking, the membrane was 

incubated in 1 % milkpowder in TBS-T containing the primary antibody on a rolling field at 

4 °C overnight. Incubation of primary antibody was followed by three washing steps on TBS-

T for 15 min each to remove unspecifically and unbound primary antibody. Then incubation 

with secondary antibody in 1 % milkpowder in TBS-T for 1 h on a rolling field at RT followed. 

Subsequently, the membrane was washed three times in TBS-T for 15 min each time before 

the bound secondary antibody was visualized using PierceTM ECL Western Blotting 

Substrate (Thermo Fisher Scientific), which is converted by the peroxidase coupled to the 

secondary antibody. The chemiluminescence was detected using the ChemiDoc MP Imaging 

System (BioRad, California, USA). The relative protein amount was then determined using 

Image Lab Software (BioRad, California, USA). For statistical analysis Mann-Whitney Test 

was used (Graphpad Prism 7.0, GraphPad Software, San Diego, California, USA). 
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5. Results 

5.1. Radon lingers at NMDARs  

As radon and xenon have similar physical properties and radon was shown to occupy the 

same molecular structures as xenon [44], the hypothesis of radon occupying the same 

binding sites as xenon on the NMDAR was initially investigated. 

 

5.1.1. Radon remains at the NMDA ligand binding complex in MD simulations  

To further investigate the hypothesis whether radon binds to the NMDA LBD, molecular 

dynamics (MD) simulations were performed. Firstly, MD simulations starting with several 

xenon and radon atoms located within the GluN1/GluN2A LBD (PDB: 2A5T) were performed 

where the initial noble gas positions for xenon were kindly provided by [39] (Figure 9).  

 

 

Figure 9: Noble gas binding sites in the GluN1 and GluN2A.  The MD simulations were performed by Dr. 

Daniel Bauer. The binding complex is shown with GluN2A (blue) and GluN1 (grey) in side (A) and top (B) view 

cartoon with bound glycine and glutamic acid as colored sticks. Suggested xenon binding sites [39] are shown as 

colored spheres and labeled (1-7).  

 

In Figure 10 A, most of the findings regarding xenon binding were qualitative reproduced: 

four out of seven xenon atoms remained in their corresponding binding pocket for over more 

than 20 ns of simulation, with Xe-1 and Xe-2 never leaving their initial position. In this 

simulation, however, Xe-5 dissociated very early, although it was found to stay bound in 

previous study (data not shown). Surprisingly, the opposite was the case for Xe-2, which 

never dissociated from the GluN2A subunit in this simulation while it did not stay bound in 

previous work. Interestingly, no significant difference between the binding of xenon and 

A B 
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radon were found from comparative MD simulations, despite radon‟s natural behavior to 

occupy a larger space due to its larger Van der Waals radius. In over 100 ns, the same 4 

binding pockets stayed occupied for an extended period of time by radon: Xe/Rn-1 located 

within a helix-turn-helix motif of the GluN1 subunit, Xe/Rn-2 located within the corresponding 

motif of the GluN2A subunit, Xe/Rn-4 located next to the glutamate binding site and Xe/Rn-6 

located at the GluN1/GluN2 interface (Figure 10 B).  

 

Figure 10: Displacement of relevant xenon (A) and radon (B) atoms from their initial binding site in the 

NMDAR LBD over a 100 ns MD simulation. The MD simulations were performed by Dr. Daniel Bauer. Four 

binding sites (labeled 1, 2, 4, and 6) hold on a xenon or radon atom for extended periods of time. 

 

Encouraged by these findings, the differences in binding energies ΔΔGbind (Xe→Rn) were 

calculated using the free energy perturbation method (FEP) (Table 7). Interestingly the 

binding sites Xe/Rn-2; Xe/Rn-4 and Xe/Rn-6 show a higher binding affinity to radon than to 

xenon with a difference in free energy of up to -2.4 kJ/mol for Xe/Rn-4. Xenon only showed a 

better binding affinity than radon at Xe/Rn-1 in these simulations. In comparison with 

absolute free binding energies of Xe, which range from -10.96 kJ/mol up to -22.26 kJ/mol 

[39], the small differences in binding energies between the two noble gas species were 

considered as not significant. All in all, this simulation could show that xenon and radon do 

indeed show similar binding properties to the NMDAR LBD, giving first supporting data to the 

hypothesis that radon is able to accumulate at NMDAR-rich areas. 

 

A B 
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Table 7: Calculated binding energies and differences in binding energy for xenon and radon. The 

calculations of binding energies were performed by Dr. Daniel Bauer. Xenon binding energies are derived from 

[39] and absolute radon binding energies are estimated by the difference in binding energies between xenon and 

radon. 

 ΔGbind(Xe) 

(kJ/mol) 

ΔΔGbind(Xe→ Rn) 

(kJ/mol) 

ΔGbind(Rn) 

(kJ/mol) (est.) 

Xe/Rn-1 -10.96 +0.59 -10.37 

Xe/Rn-2 - -1.18 -1.18 

Xe/Rn-4 -22.26 -2.40 -24.66 

Xe/Rn-6 -12.26 -1.586 -13.85 

 

5.1.2. Establishment of an in vitro radon binding assay  

Following the in silico MD simulation indication that radon binds to the NMDAR LBD, it was 

the next goal to find evidence that radon does bind to the NMDAR in vitro as well. Therefore, 

the following assay schematically shown in Figure 11 was designed. This assay‟s idea is to 

exploit the low radiation range of α-particles. As radon decays it emits α-radiation which has 

a range of a few centimeters in air but has only a range of 20-100 µm in water [21]. This 

means that when radon decays, only a few atoms are close enough to the cell to reach the 

cell nucleus and generate DNA damage. This DNA damage can then be detected with 

immunofluorescent staining of the DNA DSB marker 53BP1. However, if radon binds to 

NMDARs and thus accumulates near the cell, more atoms decay in close proximity to the 

cell, leading to a higher number of DNA DSBs. This assay investigates the DNA damage 

induced by radon in cells that do not express NMDARs and compare the amount of damage 

with the same cells that are transiently transfected with NMDARs, which will subsequently 

assess a possible radon binding at NMDARs.   
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Figure 11: Schema of assay design for investigation of a radon-NMDAR binding.  The control cells (left) do 

not express NMDARs and therefore radon decays randomly throughout the whole exposure system. Due to the 

low range of α-radiation the chance of hitting the cell nucleus and inducing DNA damage is low. The NMDAR-

transfected cells (right) express NMDARs transiently. If radon binds to NMDARs there are more radon atoms in 

close proximity to the cell nucleus and thus the chance of DNA damage induction is increased. Schema was 

created with BioRender.com 

 

For this assay, firstly it was important to choose a cell system that suits the requirements; no 

expression of NMDARs and a low foci number in non-exposed cells. Therefore, HEK293 and 

CHO-K1 cells were stained with 53BP1 under normal cell culture conditions which is 

depicted in Figure 12 A. Here, it is clearly visible that HEK293 cells show a high number of 

53BP1 foci in several cells. With an average number of 7.9 ± 0.4 foci/cell, HEK293 cells were 

excluded as suitable cell line for the radon binding assay. In comparison to HEK239 cells, 

CHO-K1 cells showed an average number of 1.13 ± 0.1 53BP1 foci/cell under normal cell 

culture conditions. Thus, CHO-K1 cells were chosen as cell line for the radon binding assay. 

While on the one hand it is possible to exploit the low range of alpha emitters, this also 

presents another problem due to radon‟s poor solubility in aqueous solution. However, for the 

radon binding assay to function properly a close proximity of radon to the cell is inevitable. In 

order to circumvent this problem, an air-liquid interface cultivation system (Figure 12 B) was 

tested. In an air-liquid interface cultivation system, the medium on top of the cells can be 

ablated for the time of radon exposure. This enables the radon atoms to diffuse freely on top 

of the cells without having to dissolve in aqueous solution first. Figure 12 B emphasizes the 

benefit of using the air-liquid interface when comparing the exposure of glass slides with an 
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air-liquid interface system. The cells cultivated on glass slides which are surrounding by 

media show no significant difference in the amount of 53BP1 foci between sham 

(0.93 ± 0.14) and radon (0.72 ± 0.1) exposed cells. In contrast, the cultivation on a porous 

membrane and exposure in the air-liquid interface shows a significant increase (p = <0.0001) 

from a mean number of 1.06 ± 0.09 foci/cell to 2.34 ± 0.15 foci/cell for radon exposed cells. 

Taken together, the results show that the liquid air interface radon exposure system shows a 

clear difference between sham and radon exposed cells, meaning that the radon atoms can 

reach the cells where they induce DNA DSBs as they decay. This makes it a suitable 

exposure condition in order to perform the described radon binding assay.  

 

Figure 12: The cell line CHO-K1 and its cultivation on a porous membrane are suited for the radon binding 

assay. (A) Comparison between 53BP1 foci in HEK293 and CHO-K1 cells. Exemplary immunofluorescent 

stainings of 53BP1 foci in HEK293 and CHO-K1 under normal culture conditions. Scale bar 10 µm. The average 

number of 53BP1 foci/cell for HEK293 and CHO-K1 cells. (All error bars show SEM.) (B) Comparison between 

glass slide and porous membrane cultivation during radon exposure. The schema of the different exposure 

conditions (left) was made with BioRender.com. CHO-K1 cells were exposed to radon on either glass slides 

(378 kBq/m
3
) or a porous membrane (547 kBq/m

3
) and the DNA damage was investigated through 53BP1 foci 

analysis. While there is no difference in the number of foci between sham and radon exposed cells cultivated on 

glass slides and exposed in medium, there is a significant (p ≤ 0.0001) difference between cells that were 

exposed to radon and the sham treated cells grown an a porous membrane, where radon gas was able to freely 

diffuse on top of the cells. (All error bars show SEM; Kruskal-Wallis Test for statistics; p > 0.05 (ns), p ≤ 0.05 (*), p 

≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****))  

 

A 
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Three out of the four crucial possible binding sites of radon on the NMDAR identified in 5.1.1 

were found on the GluN2A subunit and in the channel pore. Both, GluN2A and GluN2B 

subunits are predominantly expressed in the adult brain [48], [49] and therefore both subunits 

present possible binding sites. The LBD of both GluN2A and GluN2B subunits are identical 

for 85.1 %, showing similar residues for 92.3 % of the protein sequence. Figure 13 shows 

that the structures forming the binding pockets are conserved in both GluN2 subunits and 

therefore are interchangeable. Since especially the GluN2B shows increased expression in 

chronic pain models in the brain [112], the GluN2B subunit was chosen for the radon binding 

assay.  

 

Figure 13: Alignment of NMDAR GluN2A and GluN2B. The alignment of the LBD (top view) of NMDAR 

GluN2A subunit (blue) (PBD: 2A5T) and the GluN2B subunit (yellow) (PBD: 5IPR) show that the three relevant 

structures (Rn-2 in green, Rn-4 in orange, Rn-6 in red) to form the binding sites are conserved in both subunits. 

The top left corner shows the initial noble gas positions as reference (see Figure 9 B). The right side shows the 

magnified sections of the GluN2A and GluN2B aligned structures. (Alignment was created with PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC).  

 

In order to find a suitable radon exposure time after the cells were transfected with NMDARs, 

immunofluorescent stainings were performed. Here, the permeabilization step of the protocol 

was omitted and instead an extracellular GluN1 antibody was used to investigate whether the 

NMDARs are located at the surface of the cells, as this is essential for a possible binding of 

Rn-2 

Rn-6 

Rn-4 
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radon to the NMDAR LBD. In Figure 14 exemplary immunofluorescent stainings are 

depicted for four different time points. Surprisingly, as soon as 12 h after transfection, the 

GluN1 subunit could be detected on the surface of the CHO-K1 cells. Additionally, later time 

points (24 h, 30 h and 40 h) after transfection were stained. While 24 h and 30 h after 

transfection the GluN1 subunit was clearly detectable on the surface of the CHO-K1 cells, 

40 h of transfection no more intact cells were found expressing the GluN1 subunit on the 

surface.  

 

 

Figure 14: CHO-K1 cells show extracellular NMDAR from 12-30 h after transfection. Cells were stained 

without permeabilization to exclusively visualize NMDARs that are present on the surface. Blue = Hoechst 33342; 

Green = GLuN1; Scale bar = 10 µm  

 

Using live-cell microscopy, the amount of transfected cells were observed over a period of 

16 h. While the percentage of cells expressing eGFP initially rises from 37 % to 48 %, the 

cell percentage expressing eGFP decreases after 12 h of cultivation (Figure 15). Taken 

together the results of the NMDAR surface expression and the transfection efficiency, the 

12 h 

24 h 

30 h 

40 h 

Hoechst 33342  GluN1 Composite  
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12 h time point after transfection was chosen to be a suitable starting point for the radon 

exposure for the in vitro radon binding assay.  

 

Figure 15: Transfection efficiency decreases 12 h after transfection. The expression of eGFP of transfected 

cells (eGFP; GluN1; GluN2B) was observed with the JuLi
TM

 Stage Real Time History Recorder. The percentage 

of eGFP expressing cells was calculated by manual cell counting in the recorded area. Scale bar = 50 µM.  

 

5.1.3. Radon exposure leads to an elevated amount of DSB in cells expressing 

NMDARs 

In order to analyze whether the NMDARs harbor potential radon binding sites, the number of 

53BP1 foci in CHO-K1 cells transiently expressing NMDAR in contrast to CHO-K1 cells 

without NMDARs were investigated. As described above it was hypothesized that, upon 

binding, more radon atoms will decay in close proximity to the cell, while in contrast to non-

binding events the radioactive decay occurs randomly in the whole exposure system. Due to 

the low range of alpha emitters, radon atoms that decay in close range to the cell will have a 

higher probability to damage the cell nucleus than radon atoms that randomly decay 

anywhere in the exposed system. Using this general approach, the DNA damage was 

quantified through immunofluorescent staining of 53BP1 foci after sham or radon exposure 

(Figure 16 A). The 53BP1 foci in CHO-K1 cells that were sham exposed without NMDARs 

show a mean number of 1.2 ± 0.13 foci/cell. CHO-K1 cells that were transfected with the 

NMDAR and sham exposed show a mean foci number of 1.06 ± 0.09 foci/cell. This result 

shows that there is no difference between the initial number of foci in CHO-K1 cells with or 

without NMDARs (p = 0.719). CHO-K1 cells without NMDARs that were exposed to 

547 kBq/m3 of radon for 1 h show a mean number of 2.07 ± 0.18 foci/cell, while cells with 

transiently transfected NMDARs have an increased mean foci number of 2.34 ± 0.14 foci/cell 

(p < 0.0001). This result shows that CHO-K1 cells that express NMDARs indeed obtain more 
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DNA damage from radon exposure than CHO-K1 cells without NMDARs. Thus, these results 

indicate that there is a higher probability of radon atoms decaying in close proximity to the 

cell, suggesting a radon binding to NMDARs. In order to further analyze the difference 

between the cells containing NMDARs and those not containing NMDARs the distribution of 

cells with no DNA DSBs in comparison to cells with a small amount of DSBs (1-3 foci/cell) 

and many DSBs (>3 foci/cell) was examined. In Figure 16 B a decrease from 60 % to 44 % 

of cells without DNA DSBs in CHO-K1 cells transfected with eGFP compared to CHO-K1 

cells transfected with NMDARs can be observed. In contrast, the percentage of cells showing 

1-3 foci/cell is elevated in cells expressing NMDARs (~30 %) in comparison to cells without 

NMDARs (17 %). The percentage of cells containing >3 foci/cell increases scarcely from 23 

to 26 % in eGFP and NMDAR transfected cells respectively. This result shows that while 

there is only a scarce difference in the number of cells containing more than 3 foci, the 

overall number of cells with at least one DNA DSB increases and there are fewer cells 

without DNA damage.  

 

Figure 16: Radon induces more DSBs in CHO-K1 cells containing NMDARs. (A) CHO-K1 cells that were 
transfected with eGFP or NMDARs 12 h before exposure show no significant difference in the sham exposure (n = 2; 200 
cells/n; bar graphs show the mean of all single values), while an increase after radon exposure can be detected when the 
cells contain NMDARs (n = 3; 200 cells/n; bar graphs show the mean of all single values) (All error bars show SEM; Kruskal-
Wallis Test for statistics: p > 0.05 (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****)). (B) Distribution of 
53BP1 foci in CHO-K1 cells exposed to radon for 1 h. About 60 % of cells have no 53BP1 foci when exposed to radon and no 
NMDARs are expressed, while this decreases to ~45 % in cells containing NMDARs. In addition, the low number (1-3) of 
foci/ cell is increased in cells that contain NMDARs in comparison to cells without NMDARs (200 cells/n). (All error bars 
show SEM; Two-way Anova-test for statistics: p > 0.05 (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****)) 

 

Assuming a linear correlation between DSB induction and physical dose of ionizing radiation, 

a linear regression using known x-ray doses (Figure 17) to estimate the delivered dose to 

the cells was created. Herein, the calculated average number of DSBs induced by radon 

exposure is equivalent to 59 mGy for CHO-K1 cells without NMDARs, while the CHO-K1 

cells transiently expressing NMDARs received an equivalent dose of 88 mGy. This result 
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shows that cells with NMDARs receive a 47 % higher dose than CHO-K1 cells without 

NMDARs.  

 

Figure 17: The dosage of radon exposed cells containing NMDARs is increased.DNA DSB induction of x-ray 

irradiation in CHO-K1 cells was used to define a linear regression correlation between induction of DSBs (foci/cell) and 

deposited dosage (mGy). The mean average number of foci/cell in eGFP transfected cells (black star) was calculated to 

correspond to a dose of 59 mGy while NMDAR transfected cells (grey star) yielded a 47 % higher dosage of 88 mGy 

(enlarged area in red rectangle).  

 

All in all, the in vitro and in situ experimental data support the theory that radon hijacks the 

xenon bindings sites on the NMDAR LBD, suggesting that NMDAR-rich domains e.g. the 

brain could be highly affected by radon exposure.  

 

eGFP NMDAR 
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5.2. Radon exposure leads to increased DNA double strand breaks in the 
dentate gyrus of mouse hippocampi  

Radon exposure leads to DNA DSBs in mouse organs such as the heart and liver [137], 

however the induction of DNA DSBs in the mouse brain has not been investigated yet. Since 

radon was shown to have a higher impact on cells expressing NMDARs, radon‟s impact on 

NMDAR-rich environment like the brain is especially interesting. Therefore, brain tissue of 

radon and sham exposed mice was stained with the DNA DSBs marker 53BP1 in order to 

find out whether radon reaches the brain and hence estimate the radiation dosage of such an 

exposure. Figure 18 shows representative immunofluorescent stainings of the hippocampal 

dentate gyrus of the exposed mice. The sham irradiated mice do not show any 53BP1 foci 

and thus no DNA DSBs in the depicted area, while the radon exposed sample shows one 

53BP1 focus (Figure 18 red arrow).  

 

Figure 18: Representative immunofluorescent staining of hippocampal dentate gyrus tissue of radon and 

sham exposed mice.  The cell nucleus was stained with Hoechst 33342, while DNA DSBs were visualized with 

the repair protein 53BP1. The red arrow indicates 53BP1 foci (Scale bar: 10 µm). 

 

The total number of 53BP1 foci in the hippocampal dentate gyrus was manually counted for 

all conditions for three mice each. Figure 19 A shows the mean average number of 53BP1 

foci/cell. The mice that were sham irradiated show a mean foci number of 0.012 ± 0.002. 

With a mean number of 0.023 ± 0.002 foci/cell, the tissue of radon exposed mice show a 

significant (p = 0.039) twofold increase in DNA DSBs in comparison to the sham irradiated 

mice. When analyzing the distribution of foci number per cell (Figure 19 B), it becomes 

apparent that the number of cells without any detected DNA DSB decreases significantly 

(p=0.027) by 1 % from 98.9 ± 0.16 % to 97.9 ± 0.35 % from sham exposed mice to radon 
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exposed mice respectively. The percentage of cells showing one 53BP1 foci/ cell however, 

increases significantly (p=0.025) by that same percentage from 0.96 ± 0.12 % to 

1.95 ± 0.37 %. The percentage of cells with two foci/cell does not differ in the sham and 

radon exposed mice. This result indicates that the difference in foci number arises as more 

cells are damaged when mice are exposed to radon, rather than the same cell being hit 

multiple times.  

 

Figure 19: 53BP1 foci in mouse brain tissue after radon exposure are increased. (A) The mean average 

number of 53BP1 foci/cell in the hippocampal dentate gyrus is significantly increased after radon exposure 

(0.02324 foci/cell) relative to sham (0.01233 foci/cell) (> 500 cells/n; n=3). (All error bars show SEM; Kruskal-

Wallis Test was used for statistics: p > 0.05 (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****)). (B) 

The distribution of foci number in percentage shows a significant decrease in cells without DNA DSBs after radon 

exposure, while the percentage of cells with one foci/cell is significantly increased. (). (All error bars show SEM; 

Two-way Anova test was used for statistics; p > 0.05 (ns), p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 

(****).  

 

Assuming a linear correlation between the number of 53BP1 foci and the radiation dosage 

applied, a calculation of the radiation dose emitted in the hippocampal dentate gyrus of the 

mouse brain was made. In Figure 20 the linear regression graph used for this calculation is 

depicted. For radon exposed mice with a mean average number of 0.02324 foci/cell, the 

corresponding dosage yielded 2.3 mGy.  
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Figure 20: Radon exposure in the mouse hippocampal dentate gyrus corresponds to a dose of 2.3 mGy. 
DNA DSB induction by x-rays (0 mGy; 10 mGy; 500 mGy) in dentate gyrus of the hippocampus was used to 
define a linear regression correlation between foci induction and physical dose (mGy). The average number of 
DNA DSBs induced by radon exposure in dentate gyrus was interpreted as a dose of 2.3 mGy (red star in the 
enlarged area in the red rectangle).  

 

In summary, the investigation of the mouse brain shows that radon exposed mice indeed 

show DNA damage corresponding to a calculated dose of 2.3 mGy, which corresponds to an 

effective low-dose of ionizing radiation that might be capable of inducing changes in the 

brains dynamic.  
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5.3. Radon exposure leads to changes in receptor distribution and protein 

expression  

After gathering evidence that radon does have a higher impact on cells expressing NMDARs 

and is indeed able to directly affect the brain of mice, the next assumption was that this might 

affect the receptors and proteins responsible for pain sensitization in the brain. For this 

purpose the K/BxN serum transfer mouse model was used in further radon exposure 

experiments. The brain membrane fractions of radon and sham exposed K/BxN serum 

transfer mice were analyzed to investigate changes in the receptor distribution and protein 

expression.  

 

5.3.1. Radon exposure and its effect on NMDAR GluN2B  

Cortical neurons in chronic pain undergo synaptic plasticity to enhance LTP signaling [6]. 

This leads to postsynaptic receptor re-distribution, including the enhanced expression of 

NMDAR GluN2B [112]. Here, it was investigated whether radon exposure had any effect on 

the NMDAR GluN2B receptor subunit by analyzing the relative amount of protein in the brain. 

Figure 21 shows western blots depicting NMDAR GluN2B for sham and radon exposed mice 

as well as a C57Bl/6 mouse internal control. The analysis of the blots show, that the mean 

amount of GluN2B in correlation to β-actin is 3.84 ± 1.94 AU in sham, whereas the radon 

exposed mice show a higher value of 6.85 ± 5.37 AU. However, this difference between the 

sham and radon exposed mice is not significant (p = 0.68) due to the high standard deviation 

of the data. This indicates that at least in the brain of the mice no change in the relative 

amount of NMDAR GluN2B can be observed.  
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Figure 21: NMDAR GluN2B shows no difference in sham and radon exposed mice.  Western blotting was 

performed by Dr. Bastian Roth. NMDAR GluN2B content was determined in the membrane fraction of brain 

homogenate. β-actin was used as a loading control. C57Bl/6 mouse was used as internal control between 

western blots and data was normalized to this control. Blots are shown for both Trials separately, while the graph 

shows all data collectively. (All error bars show SD. Mann-Whitney Test for statistics: p > 0.05 (ns), p ≤ 0.05 (*)).  

 

The phosphorylation of tyrosine (Y) 1472 of NMDAR GluN2B is associated with an enhanced 

activity of NMDARs and was reported in post-synaptic synapses of chronic pain mice [115]–

[118]. Therefore, the phosphorylation status was also investigated in the K/BxN serum 

transfer mouse brain. The results in Figure 22 show no difference in the relative amount of 

phosphorylated Y1472 NMDAR GluN2B (p = 0.54) between sham and radon treated mice. 

The mean value of GluN2B-pY1472 in sham treated mice is 1.93 ± 1.45 AU, while the radon 

exposed mice have a mean value of 1.58 ± 1.25 AU. While the relative amounts of GluN2B 
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and GluN2B-pY1472 do not differ for sham or radon exposed mice, this might be due to 

different distributions in the group of mice.  

 

Figure 22: NMDAR GluN2B-pY1472 shows no difference in sham and radon exposed mice.  Western 

blotting was performed by Dr. Bastian Roth. NMDAR GluN2B-pY1471 content was determined in the membrane 

fraction of brain homogenate. β-actin was used as a loading control. C57Bl/6 mouse was used as internal control 

between western blots and data was normalized to this control. Blots are shown for both Trials separately, while 

the graph shows all data collectively. (All error bars show SD; Mann-Whitney Test for statistics: p > 0.05 (ns), 

p ≤ 0.05 (*)).  

 

During pain sensitization however, the ratio of GluN2B-pY1472 to total GluN2B is enhanced. 

Thus, it was of particular interest to examine the relative ratio of phosphorylated Y1472 

GluN2B to total GluN2B for each mouse individually in order to investigate if radon exposure 

alters this ratio. Interestingly, Figure 23 shows that the ratio of NMDAR GluN2B-pY1472 to 

total NMDAR GluN2B does decrease from 0.53 ± 0.27 AU in sham exposed mice to 0.23 

±0.08 AU in radon exposed mice. Statistical analysis of this data shows that this decrease is 
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significant with p = 0.016. This result reveals that the percentage of phosphorylated Y1472 

GluN2B to total GluN2B is indeed affected by radon exposure.  

 

Figure 23: The ratio of GluN2B-pY1472 to GluN2B decreases significantly after radon exposure. Western 

blotting was performed by Dr. Bastian Roth. NMDAR GluN2B-pY1471 in ratio to total NMDAR GluN2B content for 

each mouse individually was determined in the membrane fraction of brain homogenate. β-actin was used as a 

loading control. C57Bl/6 mouse was used as internal control between western blots and data was normalized to 

this control. (All error bars show SD; Mann-Whitney Test for statistics: p > 0.05 (ns), p ≤ 0.05 (*)).  

 

5.3.2. Radon exposure and its effect on proteins downstream Ca2+ signaling  

NMDAR-dependent LTP is associated with downstream incorporation of AMPAR GluA1 as 

well as an up-regulated expression of the immediate early gene c-fos [109], [111], [114]. 

Hence, it was investigated whether the relative amount of AMPAR GluA1 and the relative 

amount of Fos protein were altered after radon exposure. The results for the amount of 

AMPAR GluA1 depicted in Figure 24 show a minimal decrease from 1.28 ± 0.69 AU in sham 

treated mice to 1.08 ± 0.44 AU in radon treated mice. However, this decrease is not 

statistically significant with p = 0.92. 
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Figure 24: AMPAR GluA1 shows no difference in sham and radon exposed mice. Western blotting was 

performed by Dr. Bastian Roth. AMPAR GluA1 content was determined in the membrane fraction of brain 

homogenate. β-actin was used as a loading control. C57Bl/6 mouse was used as internal control between 

western blots and data was normalized to this control. Blots are shown for both Trials separately, while the graph 

shows all data collectively. (All error bars show SD; Mann-Whitney Test for statistics: p > 0.05 (ns), p ≤ 0.05 (*)). 

 

Next, the amount of Fos after radon exposure was examined (Figure 25). Here, the amount 

of Fos increases slightly from 0.75 ± 0.17 AU to 0.88 ± 0.22 AU from sham exposed mice to 

radon exposed mice. The statistical analysis reveals that this increase in the relative amount 

of Fos is not significant (p = 0.25) and thus cannot be interpreted as altered after radon 

exposure.  
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Figure 25: Fos shows no difference in sham and radon exposed mice. Western blotting was performed by 

Dr. Bastian Roth. Fos content was determined by in the membrane fraction of brain homogenate. β-actin was 

used as a loading control. C57Bl/6 mouse was used as internal control between western blots and data was 

normalized to this control. Blots are shown for both Trials separately, while the graph shows all data collectively. 

(All error bars show SD; Mann-Whitney Test for statistics: p > 0.05 (ns), p ≤ 0.05 (*)). 

 

5.3.3. Effect of radon on PKC-α  

While the pain relief after radon exposure might rely on weakened LTP signaling, it is also 

possible that it affects LTD. In the ACC, LTD is reported to be NMDAR-dependent, which 

relies on the internalization of AMPAR to prevent pre-depolarization and the removal of the 

Mg2+ blockade of NMDARs. This internalization of AMPAR is achieved by phosphorylation of 

the AMPAR GluA2 subunit. The PKC-α has been reported to phosphorylate the GluA2, 

thereby enhancing LTD signaling in the brain [125], [126]. Thus, the amount of PKC-α in the 
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membrane fraction of mouse brains was examined after radon exposure. The result, 

depicted in Figure 26, shows that the amount of PKC-α in the membrane increases 

significantly (p = 0.016) from 1.37 ± 0.86 AU in sham exposed mice to 2.11 ± 0.4 AU in radon 

exposed mice.  

 

Figure 26: PKC-α is significantly increased after radon exposure. Western blotting was performed by Dr. 

Bastian Roth. PKC-content was determined by in the membrane fraction of brain homogenate. β-actin was used 

as a loading control. C57Bl/6 mouse was used as internal control between western blots and data was normalized 

to this control. Blots are shown for both Trials separately, while the graph shows all data collectively. (All error 

bars show SD; Mann-Whitney Test for statistics: p > 0.05 (ns), p ≤ 0.05 (*)). 
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In summary, the investigation of protein re-distribution in mice brain revealed that the ratio of 

phosphorylated NMDAR GluN2B at Y1472 to total NMDAR GluN2B is significantly 

decreased in radon exposed mice compared to their sham exposed control. Additionally, the 

amount of PKC-α in mouse brain is significantly increased after radon exposure. 
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6. Discussion  

Although radon therapy goes along with a significant risk of developing lung cancer [7], many 

patients voluntarily undergo this form of therapy to reduce their chronic pain [9]. 

Unfortunately, the molecular working mechanism of pain alleviation after radon therapy 

remains unknown. Chronic pain does not only affect the periphery, but induces central 

changes in the brain as well [67]. For instance, post-synaptic LTP is saturated, while LTD is 

suppressed in the ACC in chronic pain models [67]. In this doctoral thesis, it was 

hypothesized that radon therapy acts on the neurosensory system by affecting synaptic 

changes in the brain, thereby exhibiting its pain alleviation effect.  

 

6.1. Radon occupies xenon binding sites at NMDAR LBD  

As described in chapter 3.3.1, xenon and radon have similar physical properties and thus are 

able to occupy the same molecular structures in simulations [44]. As xenon‟s use as 

anesthetic is based on binding to NMDARs [38], [39], this mechanism is especially 

interesting as a possible mode of action for radon as well. Therefore, the potential binding of 

radon to NMDARs was investigated by molecular dynamics simulations (Figure 10). The 

simulation of the initial noble gas positions for xenon [39], were reproduced with radon for a 

GluN1/GluN2A ligand binding domain. The results show that three of these binding positions 

showed an even better binding energy for radon than for xenon (Table 7). Interestingly, 

those positions were located within a helix-turn-helix motif of the GluN2A subunit (Rn-2) next 

to the glutamate binding site (Rn-4) and located at the GluN1/GluN2A interface (Rn-6). Given 

that on the one hand xenon binding leads to a weakened glutamate binding which could 

correspond to the Xe/Rn-4 binding position, it is possible that radon also weakens glutamate 

binding. On the other hand, binding positions Xe/Rn-2 and Xe/Rn-6 could be responsible for 

a rearrangement of the channel towards a closed or desensitized state. This result therefore 

suggests that radon is not only able to bind at the same positions as xenon on the NMDAR 

LBD but might also exhibit the same anesthetic effect. Taking the Meyer-Overton correlation 

for inert gases into account (Figure 1), radon is theoretically predicted to permit general 

anesthesia with a lower pressure, given it has the highest oil/gas coefficient of the noble 

gases. The higher binding energy calculated for radon binding positions 2, 4 and 6 are in 

good accordance with this prediction. This result is the first evidence that radon might act as 

an inhibitor on NMDARs in the same way xenon does. The analgesic effect of xenon is 

attributed to both its competitive and non-competitive inhibition of NMDARs [39], [140], which 

radon might mimic. Interestingly, the need for post-operative opioids was shown to be 

reduced by one third over a time period of 72 h after xenon anesthesia, indicating that xenon-

related analgesic effect is still active after xenon has been washed out of the body [141]. 
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Furthermore, xenon is able to suppress enhanced responsiveness to pain after repeated 

painful stimulation at sub-anesthetic doses, indicating that it is able to decrease LTP-related 

synaptic plasticity in the human brain by inhibition of NMDARs [42] and that xenon thereby 

enables prolonged analgesia in comparison to sevofluorane. Since radon was shown to bind 

at the same binding sites, the potency of radon as NMDAR antagonist should not be 

neglected. It is conceivable that radon induces changes in pain sensitization by inhibiting the 

NMDAR mediated response, just like xenon, and thus contributes to pain relief after radon 

inhalation.  

Despite this very promising, in silico result, it was very important to pursue this hypothesis of 

a radon binding to NDMARs in vitro. The establishment of a suited in vitro radon binding 

assay, however, posed several challenges due to radon being a radioactive gas emitting 

highly dangerous α-radiation and being poorly soluble in aqueous solutions. Therefore, an 

indirect binding verification was pursued by utilizing DNA DSBs. Exploiting the low range of 

α-radiation and assuming that radon binds to NMDARs, its decay would take place in close 

proximity to the nucleus thereby inducing DNA DSBs, which can be detected by 

immunofluorescent staining of 53BP1. In a cell system without NMDARs, radon atoms would 

decay randomly in the whole exposure system, making it less likely that the α-radiation would 

reach the nucleus (Scheme shown in Figure 11). Due to the low number of initial DNA DSBs 

in healthy cells, CHO-K1 cells were chosen as a suitable cell system. Next, the poor solubility 

of radon in aqueous solution was approached. Therefore, an air-liquid interface cultivation 

system was used during radon exposure (Figure 12 B left). Using this cultivation system 

during radon exposure allowed radon to freely diffuse on top of the cells, thus increasing the 

radon exposure for the cells. While the cultivation conditions did not have any effect on the 

number of DNA DSBs in CHO-K1 cells, the number of DNA DSBs after radon exposure 

greatly increased using air-liquid interface cultivation compared to the cultivation of cells on 

glass slides (Figure 12 B right). This difference in 53BP1 foci can be explained as radon 

gas does not diffuse well into the media. However, this diffusion is required for exposure of 

CHO-K1 cells cultivated on glass slides. In contrast to the glass slides, the air-liquid interface 

bypasses this problem, as the media required to nourish the cells during radon exposure is 

delivered from underneath the cell through a porous membrane, while radon can freely 

diffuse on top of the cells through the air. While the MD simulations were performed with the 

NMDAR GluN1/GluN2A LBD, for chronic pain models especially the expression of NMDAR 

GluN2B subunit is increased [112]. Using an alignment of the GluN2A LBD (PBD: 2A5T) and 

the GluN2B LBD (PBD: 5IPR), the identified molecular structures relevant for the binding 

positions Rn-2, Rn-4 and Rn-6 were compared (Figure 13). Both subunits show identical 

molecular structures and were therefore deemed as interchangeable. This is further 



 

52 

 

supported by the fact that 80 % of xenon inhibits NMDAR GluN1/GluN2A and GluN1/GluN2B 

receptors to the same degree [38]. Consequently, the NMDAR GluN1/GluN2B subunit 

combination was considered of higher relevance in prospect of the synaptic changes 

concerning pain perception. The optimal transfection time with NMDARs was determined by 

immunofluorescent staining (Figure 14). Here, it was only of interest at what time point the 

NMDARs would reach the surface of the cell, as it was assumed that this is enough for a 

potential binding of radon to the LBD of the receptor. Giving that the cells are proliferating, 

and thus with time the number of transiently transfected cells decreases in dependence to 

cell division (Figure 15), the earliest time point where NMDARs were detectable on the 

surface which was 12 h after transfection was determined as optimal for the radon binding 

assay. In sum, the establishment of a radon binding assay by assessing 53BP1 foci resulted 

in the following exposure conditions: CHO-K1 cells were cultivated on a porous membrane 

for 12 h after transfecting NMDARs and were then exposed to radon for 1 h in an air-liquid 

interface manner before being used for immunofluorescent staining of 53BP1 to assess 

radon binding by analyzing the induced DNA DSBs. 

After determining the best radon exposure conditions for investigating a possible radon 

binding to NDMARs, the actual experiment revealed a significant difference (p ≤ 0.001) in 

induced DNA DSBs between cells transiently transfected with NMDARs (2.34 foci/cell) and 

cells without transfected NMDARs (2.07 foci/cell) (Figure 16 A). As only transfected cells 

were analyzed in this experiment, it provides strong evidence that the additional NMDARs on 

the surface of the cells are causing more radon atoms to decay in close proximity inducing 

DNA DSBs. When analyzing the distribution of 53BP1 foci number per cell, it is instantly 

noticeable that especially the amount of cells without any focus decrease by 16 %, while the 

percentage of cells with 1-3 foci per cell increase by about that same percentage. This result 

shows that a higher percentage of cells are hit by α-radiation emitted by radon atoms than 

before, providing more evidence that radon binds to NMDARs on the cell‟s surface before 

decaying rather than decaying randomly within the whole exposure system. Lastly, when 

assuming a linear correlation between 53BP1 induction and deposited radiation dose, an 

increase in dose deposition of 47 % was calculated in cells containing NMDARs (Figure 17). 

Taken together, the result of the in vitro radon binding assay provides strong evidence that 

radon indeed accumulates at NMDAR containing cells and depositing a higher radiation dose 

at these specific sites. This does not only suggest that radon exhibits its value to pain relief 

by a mode of action similarly to xenon, but also gives rise to the hypothesis that directly 

deposited α-radiation at NMDAR rich sites e.g. in the brain could play an important role in the 

pain relief of radon therapy. This suggests that radon could have a unique double-sided 



 

53 

 

function in the alleviation of chronic pain: (i) binding to NMDARs thereby inhibiting LTP-

related synaptic plasticity and (ii) low-dose radiation at specific target sites.  

 

6.2. Detection of radon induced damage in the brain  

After gathering evidence that radon binds to NMDARs, the presence of radon in the brain, 

which presents a NMDAR rich environment, was indirectly validated by analyzing the amount 

of DNA DSBs in the hippocampal dentate gyrus of radon exposed mice (Figure 19). High-

LET (linear-energy transfer) radiation such as α-radiation, which is emitted as radon-222 

decays, results in very localized DNA damage [142]–[144]. Compared to low-LET, high-LET 

induces fewer but larger DNA DSB 53BP1 foci, suggesting multiple DSBs in one focus [145]. 

In a previous thesis, the amount of DNA DSBs after radon exposure was analyzed in various 

other organs, such as lung, heart and liver [137]. Here, the amount of DNA DSBs in the 

dentate gyrus of mouse hippocampi was analyzed as representative for the brain, as the 

cells can be clearly distinguished and counted accordingly. The dentate gyrus of mouse 

hippocampus shows a lower number of 53BP1 foci after radon exposure of 0.02 foci/cell 

(Figure 19 A) compared to the lung (0.14 foci/cell) or heart (0.08 foci/cell) [137]. When 

assuming a linear correlation between foci induction and deposited radiation dose, an 

average corresponding dosage of 2.3 mGy was calculated after radon exposure (Figure 20). 

Although, while high-LET is known to induce so-called α-tracks [144], no such tracks could 

be observed in the dentate gyrus of radon exposed mice. Figure 19 B shows that especially 

the number of cells hit once increases significantly by 1 percentage point while the 

percentage of undamaged cells decreases significantly by 1 percentage point. It is quite 

possible that due to the much localized energy deposition and thus close proximity of DNA 

DSBs, multiple foci were counted as one focus, which is a known source of error when 

quantifying α-radiation induced DNA DSB foci. Therefore, it should be noted that because it 

is likely that multiple DNA DSBs were interpreted as one focus the actual amount of DNA 

DSBs in the dentate gyrus was probably underestimated, suggesting that the actual dosage 

is even higher than 2.3 mGy in the brain. Nevertheless, the results show that inhaled radon is 

indeed affecting the brain just like other organs such as heart and liver, which is in good 

accordance with previous literature [146]–[149]. Additionally, long-term exposure to 

residential radon is associated to brain cancer [150], [151] and neurodegenerative diseases 

such as multiple sclerosis and Alzheimer‟s disease [152], further confirming that radon 

inhalation directly affects the brain. While high-dose IR is associated with tumor 

development, the effect of low-dose irradiation is less certain. In human neural progenitor 

cells, irradiation dosages of 31 mGy over a time period of 72 h showed altered gene 

expression of inflammatory pathways involving interferon signaling [153]. Also, in female rats 
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the irradiation dose of 1.15 mGy showed a decreased expression for genes of calcium 

signaling pathway in the prefrontal cortex amongst others [154]. Both these examples 

emphasize that low-dose irradiation by radon inhalation may alter gene expression in the 

brain thereby affecting synaptic plasticity and exhibiting a pain relieving effect.  

 

6.3. Radon inhalation induces changes in synaptic protein distribution that 
could lead to pain relief  

To address the question what effect inhibition of NMDAR and/or deposition of targeted α-

radiation has on pain processing, the relative amount of several proteins in the brain of 

K/BxN serum transfer mice was analyzed. It should be noted that the K/BxN serum transfer 

mice are a multifaceted model of pain mechanisms as it exerts two different pain states. 

While during inflammation the K/BxN serum transfer mice respond to NDSAIDs, this 

sensitivity is lost in a post-inflammatory state where only gabapentin was able to exert a 

pain-relieving effect [133]. This model therefore matches human arthritic conditions very well 

and is especially interesting, as patients suffering from rheumatoid arthritis continue to report 

ongoing pain despite a resolution of clinical signs of arthritis [155] which could correspond to 

the post-inflammatory state in the K/BxN serum transfer model. Traditionally, the spinal 

dorsal horn and periphery were the main targets for pain therapy. However, recent data 

suggests that when central changes occur in the brain after injury or inflammation, it is too 

late to interfere with the periphery [94]. Synaptic plasticity in the brain thus may be the cause 

of persisting pain after the acute inflammation, and this is exactly where radon therapy is 

applied to achieve pain alleviation. Therefore, the changes in protein level in the brain after 

radon therapy were of particular interest in order to shed some light on a possible mode of 

action of radon exposure. Since the previous results of this thesis show that radon has a 

binding affinity for NMDARs, this was also the first protein closely investigated. In chronic 

pain models, NMDAR GluN2B is upregulated in the brain, thus leading to hypersensitivity 

through enhanced LTP and blocking NMDAR mediated responses reduces behavioral 

sensitization [112]. Additionally, in the dorsal horn neurons, the blockade of NMDARs with 

tramadol significantly reduced GluN2B expression as well as the phosphorylation state of 

GluN2B at Y1472, achieving pain alleviation [156]. In this study, the relative amount of 

NMDAR GluN2B and its phosphorylated Y1472 state in the brain was investigated in radon 

and sham exposed mice (Figure 21; Figure 22). However, the standard deviation of NMDAR 

GluN2B level of the K/BxN serum transfer mice was high, especially for the mice exposed 

with radon. Thus, the amount of GluN2B after radon exposure in the brain could neither be 

described as increasing nor decreasing. Additionally, the phosphorylated Y1472 GluN2B 

showed no significant difference between mice that were exposed to sham or radon 
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exposure. Even though, the average relative amount of GluN2B and GluN2B-pY1472 did not 

change, the ratio of GluN2B to GluN2B-pY1472 for each mouse individually shows a 

significant reduction (p=0.016) of phosphorylated Y1472 GluN2B in radon exposed mice 

compared to sham exposed mice (Figure 23). This result indeed suggests that radon might 

counteract enhanced NMDAR transmission by reducing the phosphorylation of Y1472 of 

NMDAR GluN2B and thus impeding in LTP maintenance. The phosphorylation of Y1472 

GluN2B is mediated by SRC-family kinases such as Fyn [115]–[118] which is again regulated 

by NMDAR activation [157]. Therefore, the results indicate that inhibition of NMDARs by 

radon itself could lead to a reduced GluN2B-pY1472 level, which disrupts LTP and 

contributes to pain alleviation. As described in chapter 3.5.2 a saturated LTP induces c-fos 

expression as well as recruitment of homomeric AMPA GluA1 receptors downstream of 

NMDAR mediated Ca2+ signaling [107], [114]. In this thesis, however, neither Fos nor 

AMPAR GluA1 was increased after radon exposure (Figure 24, Figure 25). C-fos is only 

transiently expressed after stimulation as its expression is autorepressed by the Fos protein 

[158] and therefore the level of Fos might have been reduced immediately after radon 

exposure. However since the brain extraction was performed seven days after radon 

treatment, this time point might have been simply too late to observe any significant changes 

in Fos level. Although AMPAR GluA1 is rapidly recruited to the synapse, it is then replaced 

by GluA2/3 leading to an increase in synaptic LTP [159]. This indicates that a decrease in 

AMPAR GluA1 would occur in both, sham exposed mice due to AMPAR GluA1 replacement 

with AMPAR GluA2/3 and radon exposed mice due to inhibition of NMDARs and thus a lower 

recruitment of AMPAR GluA1 in the first place. As for Fos, an earlier time point might have 

shown a more distinct result, as the replacement of GluA1 to GluA2/3 in the sham mice might 

have not been as advanced. Nonetheless, both outcomes (protein level of Fos and AMPAR 

GluA1) do not discredit the hypothesis of an NMDAR inhibition by radon. Finally, as chronic 

pain does not only involve saturated LTP, but also suppressed LTD [67], the amount of PKC-

α was investigated in the brain after radon exposure. Interestingly, PKC-α was found to be 

significantly (p=0.016) upregulated after radon exposure compared to sham exposed mice 

(Figure 26). PKC-α has contrary functions in different tissues. While PKC-α inhibition in 

dorsal horn neurons is responsible for pain relief [160], it is associated with AMPAR GluA2 

phosphorylation and consequent AMPAR internalization leading to LTD in the brain [126], 

[161]. In this thesis, since the level of PKC-α was investigated in the brain, its upregulation 

suggests a restoration of suppressed LTD, possibly by internalization of AMPARs. In other 

studies, PKC activation was quite similarly able to rescue LTD in ACC after total loss of LTD, 

although it should be noted that in this study both PKC-α and/or β could have been 

responsible for the rescuing effect [162]. Additionally, the restoration of long-term depression 

is associated with alleviation of pain hypersensitivity [129], [163]. However, it remains unclear 
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how the inhibition of NMDARs by radon should induce the activation of PKC-α. But, as 

suggested before, radon might play a dual role by inhibiting the NMDARs on the one hand 

and by emitting IR among decay at specific target sites on the other hand. Low-dose IR 

rapidly activates the neuroimmune system and was shown to increase TNF-α expression in 

the brain [164]. Additionally, the physical induction of TNF-α expression was shown to be 

induced by NFκB (nuclear factor kappa B) [165], which was shown to be significantly 

increased in the brain of radon exposed mice (0.5 or 2 kBq/m³ for 24 h) [166]. Therefore, it is 

conceivable that radon exposure activates NFκB by causing DNA damage and oxidative 

stress and NFκB in turn induces TNF-α expression. Interestingly, a TNF-α induced signaling 

pathway has been demonstrated to induce the translocation of PKC-α from the cytosol to the 

membrane in bystander cells as a consequence of α-radiation [167]. Putting these pieces 

together, it seems possible that radon exposure emits low-dose irradiation in the brain which 

induces DNA damage and oxidative stress and subsequently causes the activation of NFκB. 

NFκB induces TNF-α expression which causes the activation of PKC-α in bystander cells, 

leading to an increased internalization of AMPAR GluA2, consequently contributing to pain 

alleviation by restoration of LTD. It should be noted that, excessive bioavailability of TNF-α 

disrupts the integrity of human blood-brain barrier through excessive activation of PKC-α 

[168] however, “the dose makes the poison“ and thus the little amount of irradiation caused 

by radon might be more beneficial than harmful in this case.   
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7. Conclusion  

The results presented in this work show that that radon is indeed capable to hijack NMDAR 

binding sites similar to xenon in MD simulations and in vitro through an increase of DNA 

damage caused by radon at NMDAR expressing cells. Additionally, it was shown that radon 

inhalation reaches the brain and causes tissue damage to a similar degree as heart or liver 

[137]. Based on the findings that the ratio of NMDAR pY1472 GluN2B to overall NMDAR 

GluN2B is significantly decreased and the activity of PKC-α is significantly increased in radon 

exposed mice, the following hypothesis on the molecular mechanism underlying pain 

alleviation after radon exposure arose (Figure 27). 

 

Figure 27: Schematic model of hypothetical molecular mechanism of radon therapy to alleviate chronic 

pain.  Radon binds to NMDARs thereby inhibiting the NMDAR mediated Ca
2+ 

influx. Consequently, 

phosphorylation of NMDAR Y1471 GluN2B is impaired leading to a reduction of LTP. Additionally, radon 

preferentially decays within close proximity of the post-synapse due to a high level of NMDARs leading to an 

increase in TNF-α in directly hit cells. This triggers translocation of PKC-α from the cytosol to the membrane in 

bystander cells. The PKC-α activity leads to the internalization of AMPARs by phosphorylation of S880 and 

binding of PICK1. The lowered amount of AMPAR in the synapse impairs the removal of Mg
2+ 

block from 

NMDARs and consequently a decrease in Ca
2+

 influx, thereby restoring LTD expression. Figure was created with 

BioRender.com.  

 

Radon atoms are capable of binding NMDARs at various sites within the receptor, which 

might inhibit the NMDAR mediated response similarly to xenon [38], [39]. This inhibition 

leads to a lowered Ca2+ influx. Therefore, there is no activating CaM and NOS to 

phosphorylate Y1472 at NMDA GluN2B receptors and preventing the maintenance of LTP. 

While the inhibition of NMDARs is preventing the phosphorylation on the one hand, the 
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decay of radon emits α-particles which induce TNF-α release in directly hit cells. TNF-α then 

mediates the translocation of PKC-α from the cytosol into the membrane in bystander cells, 

thereby activating PKC-α [167]. PKC-α is known to interact with PICK1, which then binds to 

AMPAR GluA2 subunit. The phosphorylation of S880 and the PICK1 association leads to an 

internalization of AMPAR with an increased retention in the cytosol. By decreasing the 

amount of AMPARs in a heterosynaptic fashion, even when the radon inhibition of NMDARs 

wears off, the required pre-depolarization to remove the Mg2+ block from all NMDARs is not 

given anymore and thus LTP expression is suppressed on the one hand and LTD is restored 

on the other hand. While this mechanism might be less relevant in other tissues, in the brain 

which undergoes central changes in response to chronic inflammation [67], this dual function 

of radon may prevent and alleviate hypersensitivity. The effect, however, would only last for a 

limited amount of time, as the source of the inflammation would still be intact and thus 

synaptic plasticity following the chronic inflammation would re-occur.  

In summary, the results presented in this doctoral thesis give rise to a hypothetical molecular 

working mechanism for radon to alleviate chronic pain without targeting the immune system 

itself, but rather by interacting with the neurosensory system. Firstly, the inhibitory potency of 

radon on NMDARs may lead to a decrease in LTP-related synaptic plasticity and secondly, 

low-dose ionizing radiation induces a neuroinflammatory response resulting in LTD 

restoration in the brain.  
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mGluR Metabotropic Glutamate receptor 

MHC  Major histocompatibility complex 

NGF Neurotrophic factor 

NMDA N-Methyl-D-aspartate 

NMDAR N-Methyl-D-aspartate-receptor  

NSAID Non-steroidal anti-inflammatory drug 

PAGE Polyacrylamide Gelelectrophoresis 

PBS Phosphate Buffered Saline 

PDB Protein Data Bank  

PDZ Postsynaptic density-95/Discs large/zona occludens-1 

PFA  Paraformaldehyde  

PFA Paraformaldehyde 

PG Prostaglandin  

PICK Protein Interacting with C Kinase 

PKA Protein Kinase A 

PKC Protein Kinase C 

PME Particle Mesh Ewald 

ppm Parts per million  

RA Rheumatoid arthritis  

rpm rounds per minute  

RPMI Roswell Park Memorial Institute Medium  

RT  Room Temperature  

S Serine 

SD Standard deviation 

SDS  Sodium Dodecyl Sulfate  

SEM Standard Error of Mean 

SNS Sensory-neuron-specific 

SRC Sarcoma 

TEMED Tetramethylethylenediamine 

TNF Tumor Necrosis Factor  
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Tris  Tris(hydroxymethyl)aminomethane  

TTX Tetrodotoxin 

USEPA United States Environmental Protection Agency 

Y Tyrosine 
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