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Summary 

 

Ionising radiation has a wide variety of applications in the clinic. Different types of ionising 

radiation, delivered as an external beam or as internally applied radioactive substances, 

are indispensable tools in the detection and treatment of malignant diseases and in 

diagnostic imaging procedures. The benefits of these practices for patients are 

indisputable, but nevertheless several deleterious side effects are incurred by the 

radiation exposures, although these are constantly being reduced as a result of new 

research knowledge and improved protective measures. However, there is still a lack of 

knowledge and awareness of possible long-term consequences in the area of low-dose 

radiation exposures, such as those used in computer tomography.  

The aim of this doctoral thesis is to investigate the effects of low-dose radiation in clinically 

relevant situations on the brain, an organ that was long considered as relatively resistant 

to radiation. Today, radiation-induced neurocognitive dysfunction is known to be a side 

effect of repeated diagnostic procedures or radiation therapy. The underlying molecular 

mechanisms were studied in this thesis. 

Experimental evidence shows that a single low-dose exposure induces changes in the 

cellular proteome indicating damage that increases in intensity over time, but with 

significant differences depending on the dose. A dose of 0.5 Gy led to enhanced 

expression of marker proteins of apoptosis, oxidative stress and inflammation, while a 

lower dose of 0.063 Gy led to activation of the neuroprotective CREB signalling pathway.  

In paediatric medicine sedatives are often given during computer tomography and X-ray 

imaging procedures to reduce motion and improve image quality. A recent behavioural 

study suggests that the deleterious effect of radiation on the brain may be increased by 

simultaneous administration of the commonly used sedative ketamine. Co-treatment of 

irradiation and ketamine resulted in the appearance of increasingly complex dendrite 

branching and a reduced synapse density. These structural changes could ultimately lead 

to a limitation of the neuronal signalling and thus to changes in behaviour observed. 

In the third part of this thesis, the effects of repeated low-dose radiation treatment, 

corresponding to the exposure of the normal tissue during radiotherapy, were studied. An 

accumulation of persistent DNA double strand breaks was observed in line with a decline 



6 
 

in adult neurogenesis and reduced numbers of dividing precursor cells. Proteome 

alterations were specifically pronounced in the neurotrophic signalling, with a strong 

suppression directly after exposure and a compensatory upregulation after three months. 

In summary, the effects of low doses of ionising radiation showed a strong effect on the 

brain of mice, both in combination with ketamine and alone. It is therefore necessary to 

raise awareness of the effects of low doses in order to reconsider the current dose limits 

set in the radiation protection recommendations for brain exposure. New knowledge on 

radiation-related effects will not only help to improve radiation protection strategies but 

also to better assess the side effects versus benefits of clinical radiation, particularly in 

children.  

In addition, the observed activation of neuroprotective mechanisms by very low doses 

indicates a possible therapeutic strategy to adapt cells and tissues prior to high-dose 

exposure.  
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Zusammenfassung 

 

Ionisierende Strahlung findet aktuell vielseitig Anwendung im klinischen Alltag und ist ein 

unverzichtbares Hilfsmittel in der Diagnostik und der Therapie maligner 

Tumorerkrankungen.  Obwohl der Nutzen von Strahlung für die Patienten hierbei 

unumstritten ist, zeigen sich eine Reihe von Nebenwirkungen, die es durch neue 

Schutzmaßnahmen zu reduzieren gilt. Um dies zu gewährleisten fehlt es derzeit jedoch 

an Wissen über und am Bewusstsein für mögliche Langzeitfolgen niedrig dosierter 

Strahlung, wie sie beispielsweise in der Computertomographie eingesetzt wird.  

Das Ziel dieser Doktorarbeit ist es, die Auswirkungen von niedrigen Strahlendosen in 

klinisch relevanten Situationen auf das Gehirn, das lange Zeit als relativ strahlenresistent 

galt, zu untersuchen. Heutzutage sind strahleninduzierte neurokognitive 

Funktionsstörungen als eine Nebenwirkung von wiederholten diagnostischen Verfahren 

oder Strahlentherapie bekannt. Die Arbeit fokussiert sich auf die zugrunde liegenden 

molekularen Mechanismen im Hippocampus, ein Gehirnareal, das auf Grund adulter 

Neurogenese verhältnismäßig strahlen-sensitiv ist. 

Die Ergebnisse dieser Arbeit zeigen, dass eine einmalige Bestrahlung zu einer 

Veränderung des Proteoms führt, die im Laufe der Zeit an Intensität zunimmt. 0.5 Gy 

haben eine erhöhte Expression von Markerproteinen für Apoptose, oxidativen Stress und 

Entzündung zur Folge, wohingegen eine sehr niedrige Dosis von 0.063 Gy zur Aktivierung 

des neuroprotektiven CREB-Signalwegs führte.  

In der pädiatrischen Medizin werden bei bildgebenden Verfahren, wie zum Beispiel der 

Computertomographie, häufig Beruhigungsmittel verabreicht, um Bewegungen zu 

reduzieren und die Bildqualität zu verbessern. Eine kürzlich durchgeführte 

Verhaltensstudie an Mäusen deutet darauf hin, dass die schädliche Wirkung der 

Strahlung auf das Gehirn durch die gleichzeitige Verabreichung des häufig verwendeten 

Beruhigungsmittels Ketamin verstärkt werden könnte. Die Kombination von Bestrahlung 

mit Ketamin führte zum Auftreten zunehmend komplexer Dendritenverzweigungen und 

einer verringerten Synapsendichte. Diese strukturellen Veränderungen könnten letztlich 

zu einer Einschränkung der neuronalen Signalübertragung und damit zu den 

beobachteten Verhaltensänderungen führen. 
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Im dritten Teil dieser Arbeit wurden die Auswirkungen wiederholter 

Niedrigdosisbestrahlung, die der Exposition des gesunden Gewebes während der 

Strahlentherapie entspricht, auf dem Hippocampus untersucht. Es wurde eine Anhäufung 

von persistenten DNA-Doppelstrangbrüchen beobachtet, die mit einem Rückgang der 

adulten Neurogenese und einer verringerten Anzahl sich teilender Vorläuferzellen 

einherging. Auf Proteomebene zeigten sich besonders ausgeprägte Effekte auf die 

Gruppe der Neurotrophine, welche direkt nach der Exposition stark verringert und nach 

drei Monaten kompensatorischen hochreguliert detektierbar war. 

Zusammenfassend lässt sich sagen, dass ionisierende Strahlung im niedrigen 

Dosisbereich, wie sie häufig im klinischen Alltag Einsatz findet, im Mausmodell eine starke 

Auswirkung auf den Hippocampus hat. Dies gilt sowohl für die Kombination mit Ketamin 

als auch für die alleinige Nutzung von niedrigen Strahlendosen. Es ist daher notwendig, 

das Bewusstsein für die Folgen niedrig dosierter Bestrahlung zu stärken, die aktuellen 

Dosisgrenzwerte für die Gehirnexposition zu überdenken und Nebenwirkungen 

gegenüber dem Nutzen der klinischen Bestrahlung, besonders bei Kindern, besser 

einzuschätzen. Darüber hinaus weist die Aktivierung neuroprotektiver Mechanismen 

durch niedrige Strahlendosen auf eine neue therapeutische Strategie hin, gesundes 

Hirngewebe vor den schädlichen Effekten hoch dosierter Bestrahlung zu schützen.  
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1 Introduction  

1.1 Ionising radiation in modern society 

Radiation has become an integral part of our society, not only because of the unavoidable 

exposure to natural radiation sources, but especially through exposures from artificial 

radiation sources. The average annual dose in western countries has almost doubled over 

the last two decades to 4 mSv per year, mainly due to the rapid growth in the use of 

ionising radiation (IR) in medicine. IR has great potential in medical imaging and oncology 

and has supported medical progress since its introduction in the early 20th century. 

However, the same effects of radiation that are exploited in the short-term for cancer 

therapy also pose a long-term threat to healthy cells, tissues, organs and ultimately the 

whole organism. Omics technologies including genomics, transcriptomics, proteomics 

and metabolomics have demonstrated the complexity with which biological systems 

respond to different radiation exposure events (Azimzadeh et al., 2014; L. Huang et al., 

2016; Leszczynski, 2014). The adverse effects range from primary effects on genetic 

stability, cell fate and survival to secondary effects such as oxidative stress and 

inflammation (Chen et al., 2011; Chiang et al., 1997; Fike et al., 2007; Fike et al., 2009; 

McBride et al., 2002; Parihar et al., 2014; Tseng et al., 2014). 

 

1.2 The direct and indirect effects of IR 

High-energy IR, such as gamma and X-rays are electromagnetic, i.e. they are a stream 

of photons, massless particles that move as waves. Gamma radiation is released by the 

radioactive decay of elements such as 60Co and 137Cs while X-rays are generated by the 

capture of accelerated charged particles, mainly electrons, hitting a metal target which 

results in the release of thermal energy and X-ray photons. (Figure 1) 

Both types of photon radiation damage cells though their ability to transfer their energy 

and consequently to eject electrons from atomic orbitals. This leads to the creation of 

charged molecules with free electrons. The ionising effect in tissues can be divided into 

direct and indirect ionisations. Biomolecules such as deoxyribonucleic acid (DNA) can be 

directly hit by incident photons, causing energy deposition and ionisation of the 

biomolecule itself. As the major component of living cells is water, radiolysis to produce 



10 
 

free water radicals is the main cause of indirect effects. This creates reactive oxygen 

species (ROS) such as hydroxyl (HO-) and alkoxy (RO2-) ions along the radiation track 

(Figure 1). These reactive molecules then react with adjacent biomolecules that are 

components of DNA, cytosolic proteins, membranes and organelles (Wardman, 2009). It 

has been shown that most radiation-induced damage is due to the indirect effect (Desouky 

et al., 2019; Saha, 2013).  

DNA damage, particularly in the form of DNA double-strand breaks (DSBs), represents 

the greatest long-term risk to health as this may provoke genetic instability by the 

generation of mutations and chromosome aberrations that ultimately lead to changes in 

cell function, carcinogenesis and other pathological endpoints (Chang et al., 2017; Lieber, 

2010).  

 

 

Figure 1: The direct and indirect effect of IR. IR produces free electrons that either hit DNA molecules 

directly disrupting their molecular structure or the water molecules generating free radicals that then may 

further damage DNA molecules.  

 

1.3 Vulnerability of the brain 

Whether a tissue or organ is sensitive to radiation depends in part on the proliferation 

status of the constituent cells. The greater the rate of cell division the higher the relative 

sensitivity to radiation and the probability of damage being passed on to daughter cells. It 
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was assumed for many decades that the adult brain was relatively radiation resistant 

because the proliferation of neuronal cells after maturation is limited to the very early 

stages of life. However, there are regions in the brain where neurogenesis occurs even in 

the adults: The sub ventricular zone of the lateral ventricles, the sub granular zone of the 

dental gyrus of the hippocampus and the olfactory bulbs all show continual cell 

proliferation (Eriksson et al., 1998). These areas are therefore more sensitive to radiation, 

as evidenced by radiation-induced alterations in neurogenesis, neuronal morphology and 

synaptic plasticity due to direct DNA damage, increased ROS and the associated 

response of the brain's immune system. Ultimately, these molecular changes can lead to 

neuronal deficits and neurodegenerative diseases (Hladik et al., 2016). 

 

1.4 The effects of IR on the brain 

1.4.1 Evidence of health effects from epidemiology  

Epidemiological studies are an important source of quantitative information on the risks of 

radiation on the brain. Cohort studies dealing with radiation risk assessment include 

survivors of the 1945 atomic bombing in Japan (Hiroshima and Nagasaki), patients who 

have received radiotherapy against malignant and non-malignant diseases (tinea capitis, 

haemangioma, cancer treatment), individuals who have been exposed for diagnostic 

purposes (repeated computer tomography (CT) scans), and nuclear workers. 

The Life Span Study (LSS) of Japanese atomic bomb survivors provides the best 

quantitative estimates of the cancer risk of low linear energy transfer (LET) radiation 

exposure in humans. The importance of this cohort is based on the fact that it consists of 

a fundamentally healthy population exposed to a variety of radiation doses at any age 

(Preston et al., 2007). First reports concerning cancer incidence were published in 1994 

(Mabuchi et al., 1994; Preston et al., 1994; Ron et al., 1994; Thompson et al., 1994). Over 

the years, brain cancer occurrence in the LSS cohort was assessed several times (Ozasa 

et al., 2012; Preston et al., 2003). In summary, the LSS studies highlight the fact that the 

age at exposure is positively correlated with the brain cancer risk. Children exposed to 

radiation suffer from more serious consequences than adults. (Smoll et al., 2016) 
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The occurrence of brain tumours, both malignant and benign, has been also reported as 

a long-term consequence in children following radiation exposure of the head for the 

treatment of tinea capitis, a dermatophytosis in the area of the hair crown, and for 

treatment of haemangioma. In these cases, the underlying brain tissue received 

exposures ranging from 0.1 to 1.5 Gray (Gy). Studies have found a strong dose-effect and 

similar to the results of the LSS studies, an increasing brain cancer risk with decreasing 

age at exposure (Karlsson et al., 1998; Ron et al., 1988; Sadetzki et al., 2005). The 

intensity of the radiation-related consequences became stronger with time (Kleinerman, 

2006). In addition to an increased tumour risk, exposed children developed more 

psychiatric diseases than non-exposed (Omran et al., 1978) and had a slightly higher 

incidence of mental retardation (Ron et al., 1982). A large portion of childhood cancer 

patients who received radiation treatment suffer from a significant, long-lasting decline in 

cognition and visual memory (Karen E. Hoffman, 2009; Spiegler et al., 2004).  

Recently, several studies of brain cancer risk in patients undergoing CT scans have been 

published. The relative low-energy X-rays in CT imaging could be biologically twice as 

effective per dose unit as the mainly high-energy γ-rays that were the predominant source 

of exposure in the atomic bomb attack (Pearce et al., 2012). The doses applied in a 

repeated head CT range from 40 to 50 mGy (K. P. Kim et al., 2012; C. Lee et al., 2012). 

The evaluation of a British retrospective cohort study that included data from nearly 

180,000 patients showed that the increase in brain tumour incidence increased 

significantly at a cumulative dose of at least 50 mGy. The researchers assume that a few 

CT images of the head triples the risk of brain tumours in children younger than 15 years 

(Pearce et al., 2012). The coincidence of CT scans and brain tumours was also found in 

other studies (W. Y. Huang et al., 2014; Mathews et al., 2013). It is difficult to draw a clear 

conclusion from these studies as radiation-based diagnostics is always performed on the 

basis of other medical indications (Otake et al., 1984). Therefore, it cannot be excluded 

that the observed side effects come from the causative disease. For this reason, it is 

essential to further investigate the effects of low-dose radiation on the healthy organism. 

(Hladik et al., 2016) 
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1.4.2 Impairment of cognitive function in animal models 

In accordance with the findings from human cohort studies (see section 1.4.1), an 

impairment of cognitive function and memory has also been reported in animal 

experiments. Radiation-related cognitive dysfunction has been measured in several 

studies with rats. A significant disorientation of memory function was observed up to 

twelve months after fractionated brain irradiation (cumulative dose 30 Gy - 40 Gy) 

(Lamproglou et al., 1995; Yoneoka et al., 1999). A significant increase in working memory 

errors was measured six to nine months after fractionated (8 x 5 Gy) γ-irradiation, using a 

partially-baited radial arm maze test (Brown et al., 2007). In addition, Shi et al. 

demonstrated that clinically relevant doses of fractional irradiation of the brain led to an 

impairment of spatial learning capacity and reference memory that was assessed by the 

performance in the Morris Water Maze test (Shi et al., 2006). The same evidence was 

also provided by Warrington et al. who found that comparable treatment caused a 

transient deficit in contextual learning, a disturbance of working memory and a progressive 

impairment of learning in mice (Warrington et al., 2012).  

In order to better imitate the anatomical and physiological properties of humans, Robbins 

et al. focussed on the radiation effect on the brain using non-human primates (NHP). They 

reported a significant reduction in higher order cognitive function in NHPs exposed to a 

fractionated whole-brain radiation dose that is expected to be biologically similar to that 

delivered to non-tumorous brain regions in glioma patients (Robbins et al., 2011). 

These studies give a good insight into the potentially harmful effects of radiation on 

cognitive processes and neuronal function. Nevertheless, the cellular and molecular 

mechanisms underlying radiation-induced cognitive impairment are still not completely 

understood (Y. W. Lee et al., 2012). The conventional model of radiation-induced cancer 

clearly is not applicable to a tissue where mutated cells do not undergo clonal expansion, 

and where mutation is not known to underlie cognitive changes. Suggested mechanisms 

include impaired neurogenesis, altered neuronal morphology, and neuroinflammatory 

processes that are next described in more detail (Greene-Schloesser et al., 2013).  

1.4.3 The effect of radiation on neurogenesis 

Many studies have demonstrated that radiation-induced cognitive defects are the result 

of an inhibition of neurogenesis, especially when exposed early in life (J. S. Kim et al., 
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2008; Madsen et al., 2003; Raber et al., 2004; Rola, Raber, et al., 2004; Snyder et al., 

2005; Yang et al., 2012). Neurogenesis is the process of generating functional mature 

neurons from neuronal stem cells. This is most active during brain development before 

birth and in early childhood, whilst neurogenesis in adults is restricted to the dentate gyrus 

(DG) of the hippocampus, the sub ventricular zone (SVZ) of the lateral ventricle and the 

olfactory bulbs (OB) (Eriksson et al., 1998) (see Figure 2)  

 

Figure 2: Adult neurogenesis in the mouse brain. Mid-sagittal view of the mouse brain with the three 

main regions of adult neurogenesis: dentate gyrus (DG) of the hippocampus, sub ventricular zone (SVZ) 

and the olfactory bulb (OB). 

The hippocampus is the part of the brain where processes associated with the 

consolidation of memory, learning, and spatial orientation occur (Eichenbaum, 2001). 

Therefore, based on the observations of radiation-induced behavioural changes, this 

region is of interest in the radiation response. Radiation influences neurogenesis by 

inducing apoptosis in dividing cells, leading to a reduction of mitotic neuronal stem cells 

(NSC) and thus reducing the number of differentiated neurons (Lazarini et al., 2009). 

Additionally, the decrease in neuronal stem cell numbers reduced the proliferation 

capacity of the remaining NSCs, resulting in a decrease in differentiation capacity into 

mature neurons (Bellinzona et al., 1996; Mizumatsu et al., 2003; Monje et al., 2002). The 

radio-sensitivity of NSCs has been demonstrated in several studies after exposure to 

doses of 1 Gy and higher (Peissner et al., 1999; Verheyde et al., 2007). The increased 

radio-sensitivity of NSC compared to mature neurons was also noted after a single 

exposure to 5 or 10 Gy, where only stem cells underwent apoptosis while the non-

proliferating mature neurons in the hippocampus were not affected (Parent et al., 1997; 
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Peissner et al., 1999). Rola et al. showed a significant reduction in the number of immature 

neurons after irradiation, the decrease ranging from 34 % at 1 Gy to 71 % at 3 Gy (Rola, 

Otsuka, et al., 2004). Rola et al. studied the acute effects of whole brain x-radiation and 

were able to show a dose-dependent decrease in proliferating NSCs, immature neurons 

and neurons 48 hours after doses of 2-10 Gy in young adult mice. To determine long-term 

effects on neurogenesis, the same mice were exposed to a single dose of 5 Gy and 

analysed 3 months after exposure, including behavioural tests. A direct correlation 

between the reduced number of proliferating cells and the increased cognitive impairment 

was demonstrated (Rola, Raber, et al., 2004). Similar results, namely reduction of 

neurogenesis and cognitive decline has been observed after fractionated whole brain 

radiation in several other studies (W. H. Lee et al., 2012; Shi et al., 2006; Yoneoka et al., 

1999).  

In the study by Casciati et al., the radiation effect on neurogenesis after birth and in adults 

was compared. It was shown that the brain of newborn mice had a significantly higher 

sensitivity than the adult brain. The rate of apoptosis was measured one day after 2 Gy 

X-ray irradiation in the hippocampus of mice treated 10 days or 10 weeks after birth. Only 

the mice exposed at the age of 10 days showed increased apoptosis (Casciati et al., 

2016).  

1.4.4 Radiation effects on neuronal morphology  

In contrast to the evidence of radiation-induced effects on NSCs, much less is known 

about the effects of irradiation on more mature neurons. The individual cellular 

morphology and structure that is required to form neuronal networks is crucial for learning 

and memory processes and thus also a potential target for radiation-induced impairment. 

Indeed, radiation-associated neuronal damage ultimately leads to disruption of synaptic 

plasticity and thus to a restriction of cognitive performance (Parihar et al., 2013).  

Especially the neuronal dendrites, the site of synaptic contacts, are important structures 

involved in synaptic plasticity (Shen et al., 2010). Accordingly, appropriate dendritic 

morphology is required for many aspects of neuronal function, including signal 

transduction and information processing. Structural damage is associated with severe 

cognitive disorders and mental retardation (Huttenlocher, 1991; Kaufmann et al., 2000; 

Terry et al., 1981; Tronel et al., 2010). Parihar et al. found dose-dependent (1-10 Gy) and 
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a sustained reduction of dendritic complexity of hippocampal neurons in mice 10 and 30 

days after exposure. The branching, length and area of the dendrites were reduced by 

more than 50% compared to non-irradiated controls (Parihar et al., 2013). Comparable 

results were also found in a study limited to the dental gyrus and cornu Ammonis 1 (CA1) 

part of the hippocampus (Chakraborti et al., 2012) and also as a result of proton irradiation 

(Parihar et al., 2015; Tseng et al., 2014).  

Neurotransmission requires the formation of specific types of dendritic spines that act as 

integrative units in the synaptic circuit. It has been shown that a single radiation exposure 

reduces the number and density of dendritic spines, depending on the dose. Particularly 

immature filopodia, a subtype of dendritic spines, showed a high sensitivity to γ-ray 

exposure (1 and 10 Gy) compared to more mature spine morphologies, such as fungal 

subtypes (Parihar et al., 2013). In another study, young adult mice were exposed to 10 

Gy skull irradiation and the spines of the hippocampus were quantified one week and one 

month after the irradiation. One month after the irradiation, a reduction in spine density of 

almost 30% was observed. The analysis of spine morphology showed that irradiation led 

to a significant reduction in the proportion of fungal spines in the DG and CA1 dendrites 

at both time points (Chakraborti et al., 2012).  

In conclusion, it is known that changes in cognition are associated with altered neuronal 

morphology and structure and that these changes are actively induced by radiation in a 

dose-dependent manner and by different radiation types (γ and X-rays and protons).  

1.4.5 Inflammation, oxidative stress and activation of glia cells 

As described in 1.2 most of the radiation induced damage on neurons and their structures 

are caused by the generation of free radicals. Oxidative stress in the brain is generally 

regarded as one of the causes of neuropathological processes such as Alzheimer´s and 

Parkinson’s disease (Markesbery, 1997; McGeer et al., 1991; Zhou et al., 2008), and is 

also associated with normal brain aging (Sohal et al., 1994; Talamini et al., 2012). A 

sustained increase in oxidative stress leads to cellular damage that triggers the acute 

inflammatory response in brain that is manifested by the activation of microglia and 

astrocytes. These cells respond to oxidative damage in their environment with the release 

of pro-inflammatory mediators via redox-responsive transcription factor-mediated 

molecular signalling pathways (Conner et al., 2011; Greene-Schloesser et al., 2012; W. 
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H. Lee et al., 2010). Several studies in rodents have documented the increased levels of 

interleukins, chemokines, metalloproteinases, adhesion molecules, and the necrosis 

factor-α (TNF-α) in response to radiation. This response, in turn, leads to overactivation 

of the immune system (Baluna et al., 2006; Chiang et al., 1997; Chiang et al., 1993; 

Denham et al., 2002; Gaber et al., 2003; Hong et al., 1995; Hwang et al., 2006; Kempf et 

al., 2014; S. H. Kim et al., 2002; Kyrkanides et al., 1999; Olschowka et al., 1997; Spleiss 

et al., 1998).  

The inflammatory environments contributes not only to neurodegenerative diseases but 

also to cognitive impairment as well as neurovascular and certain psychiatric disorders 

(Anderson et al., 2017; Fike et al., 2009; Limoli et al., 2007; Mizumatsu et al., 2003). 

Mice exposed to a single cranial dose of ≥15 Gy showed radiation-induced activation of 

glia cells that, in turn, resulted in an immediate increase in the number of neutrophils and 

a delayed increase in the number of T-cells, major histocompatibility complex (MHC) II-

positive cells and clusters of differentiation 11 (CD11) positive cells in the brain (Moravan 

et al., 2011). The abovementioned cell types are capable of producing reactive oxygen 

species that then activate more microglia and immune cells leading to a further increase 

in the level of oxidative stress (Greene-Schloesser et al., 2012). The local release of pro-

inflammatory mediators, the additional production of ROS and the radiation-activated 

microglia, can combine to inhibit neurogenesis by reducing the maturation of neural 

precursor cells in the hippocampus (Blomstrand et al., 2014; Jenrow et al., 2013; Prise et 

al., 2011). 

These studies provide evidence that oxidative stress-mediated inflammation is involved 

in the pathophysiological process of brain injury after irradiation. 

 

1.5 Ketamine and the brain 

Sedation is often administered to ensure immobility during the treatment of children with 

position-dependent radiological procedures such as cancer therapy or imaging techniques 

(Green et al., 2011; McMullen et al., 2015). Since 1970, the anaesthetic drug ketamine 

has been used in paediatric medicine for this purpose (James et al., 2010). It exerts its 

sedative properties via selective blockage of the N-methyl-d-aspartate (NMDA) receptors 

that are ionotropic glutamate receptors. These, in turn, respond with enhanced 
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glutamatergic firing. Extracellular glutamate itself then activates post-synaptic α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) that are upstream 

regulators of pathways important for synaptic plasticity, learning and memory. (Duchen et 

al., 1985; Furukawa et al., 2005; Li et al., 2009) 

A chronic increase in extracellular glutamate is thought to play a role in many 

neurodegenerative diseases, including Alzheimer's disease. During early brain 

development high-dose ketamine exposure has been shown to induce neurodegeneration 

followed by cognitive impairment (Fredriksson et al., 2003; Fredriksson et al., 2004; Viberg 

et al., 2008). Importantly, a study using a mouse model showed an impairment of cognitive 

function after exposure to a combination of ketamine and radiation even at low clinically 

relevant doses that, if administered alone, neither influenced cognition. Behavioural tests 

showed a reduction in habituation, hyperactivity, and reduced learning and memory skills 

three and six months after a single combination exposure (Buratovic et al., 2018).  

 

1.6 Aim of the thesis 

The negative impact of high-dose radiation on the brain is well understood on cognitive 

processes in the developing brain. These long-term effects are associated with impaired 

neurogenesis and a reduction of neuronal network complexity driven by cell killing and an 

oxidative stress-induced inflammatory response (Hladik et al., 2016).  

In contrast, knowledge about the health effects of low-dose IR in the brain is still very 

limited and controversial. In particular, the possible negative alterations of low doses from 

medical procedures are currently cause for public concern. It is therefore important to 

understand the possible consequences of low-dose radiation in order to improve 

protective measures.  

The work presented here was conducted in order to investigate how low, clinically 

relevant, doses of IR affect the brain in the long-term. The studies were focussed on the 

effects on the hippocampus to identify relevant signalling pathways related to behavioural 

changes, neurological impairment and progression of normal brain aging. 

We hypothesized that the use of low-dose radiation in medicine has the potential for side 

effects that are more serious than previously assumed. The studies have been designed 
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to investigate the low-dose radiation effect in combination with the natural aging of the 

brain to see whether irradiation may promote aging and the development of 

neurodegenerative diseases. 
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2 Methodology to analyse the effects of low-dose radiation 
on the hippocampus 

The effects of low-dose radiation alone, or in combination with the sedative ketamine, 

were investigated in this doctoral thesis. The focus of the study was the hippocampus, the 

area of the brain that is believed to be relatively sensitive to radiation in adults due to the 

continued neurogenesis occurring in this area. The experiments are focussed on the 

proteome changes at different time points after exposure of young or adult mice, 

accompanied by bioinformatic analysis, validation experiments, and structural 

investigations.  

The following chapters describe the treatment procedure, the proteomics workflow, the 

validation strategies for the proteomic data and the additional cellular assays that were 

performed. The results of these studies have been published in three peer-reviewed 

research articles.  

2.1 Treatment of mice 

Female F1 hybrids (B6C3F1) of C57BL/6J male and C3HeB/FeJ females were used in 

the first study (3.1, overview Table 1). The mice were exposed to whole body gamma-

irradiation using doses of 0 (control), 0.063, 0.125 and 0.5 Gy delivered at a dose-rate of 

0.063 Gy/min (60Co, Eldorado 78 Teletherapy irradiator) at the age of 10 weeks. The mice 

were sacrificed with CO2 24 months post-exposure and the hippocampi were micro 

dissected from the right hemisphere and stored at -80 °C.  

For the ketamine-study (3.2, overview Table 1), male neonatal (post-natal day (PND)10) 

Naval Medical Research Institute (NMRI) mice were gamma-irradiated using total body 

doses of either 100 mGy or 200 mGy with a dose rate of 0.2 Gy/min (137Cs, Gammacell 

40 Exactor, MDS Nordion) or exposed to a single subcutaneous injection of ketamine (7.5 

mg/kg body weight) or treated with ketamine followed by irradiation (100 mGy or 200 mGy) 

one hour later. After six months, the mice were sacrificed with CO2 and both hippocampi 

were dissected. The right hemispheres were stored at - 80°C for proteome analysis, and 

the left hemisphere used for morphological studies after further processing as described 

in 2.4.  
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In the third study (3.3, overview Table 1) male C57BL/6 mice (Charles River Laboratories) 

were exposed to repeated doses of 0.1 Gy by a linear accelerator (ArtisteTM). Mice were 

exposed at postnatal day (PND) 11 (juvenile) or PND56 (adult) with either 5, 10, 15 or 20 

fractions delivered 5 days a week. The hippocampi of juvenile and adult mice that received 

a total dose of 2Gy (20 x 0.1 Gy) were analysed after 72h, 1 month, 3 months and 6 

months.  

Table 1: Summary of the experimental designs  

 

2.2 Analysis of the proteome 

2.2.1 Sample preparation 

Frozen hippocampi were submerged in liquid nitrogen and pulverized using a mortar and 

pestle. The resulting tissue powder was suspended in RIPA cell lysis buffer (Thermo 

Fisher) enriched with phosphatase and protease inhibitors (Roche). After a short 

sonication, the lysates were incubated under shaking conditions at 4°C for 20 min followed 

by centrifugation at 13,000 g at 4°C for 15 min. Protein concentrations of the supernatants 

were determined using the bicinchoninic acid (BCA) method according to manufacturer’s 

instructions (Thermo Fisher) and measured at 595 nm on an Infinite M200 (Tecan GmbH). 
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Figure 3 illustrates the label-free liquid chromatography-tandem mass spectrometry (LC-

MS/MS) workflow performed in this work.  

 

Figure 3: Overview of label-free proteomics workflow. Mice were either irradiated or sham-irradiated 

and the proteins were isolated from the areas of interest after harvesting the brains. The protein solutions 

were digested and run on a QExactive. The acquired MS-spectra were analysed for label-free quantification 

and pathway analysis.  

2.2.2 LC-MS/MS 

In all three studies the proteomes were analysed using label-free quantification. This 

method determines the relative amount of each measured peptide without the need for 

stable isotope, dye or mass tag labelling as used in other mass spectrometry methods 

(Asara et al., 2008; Bantscheff et al., 2007). This allows the measurement of alterations 

across the entire proteome. The spectral counting methodology provides a higher 

dynamic range of quantification but with less accuracy compared to other labelling 

methods (Patel et al., 2009).  

Ten µg of protein lysate was digested using a modified filter-aided sample preparation 

(FASP) protocol (Wisniewski, Zougman et al. 2009). The digested samples were stored 

at -20 °C until further processing. Mass spectrometry (MS) measurement was performed 

in a data-dependent acquisition (DDA) mode on a QExactive (QE9 high field (HF) mass 

spectrometer (Thermo Fisher Scientific Inc.) coupled to an Ultimate 3000 nano-RSLC pre-

separation reverse phase liquid chromatography column (Thermo Fisher Scientific Inc.). 

Approximately 0.5 µg of each digested sample was automatically loaded onto a nanotrap 
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column (300 μm inner diameter (ID) × 5 mm, packed with Acclaim PepMap100 C18, 5 

μm, 100 Å; LC Packings) before separation by reversed-phase chromatography (Acquity 

UPLC M-Class HSS T3 Column 75µm ID x 250mm, 1.8µm) at 40°C. The MS-data was 

acquired at a resolution of 60,000 full widths at half-maximum with automatic gain control 

target set of 3 x 106 and maximal 50 ms injection time. The MS data was recorded with a 

mass range from 300 to 500 m/z. The 10 top abundant peptides in the pre-scan were 

chosen for fragmentation (MS/MS) if they were at least 2-fold charged with a dynamic 

exclusion of 30 s. MS/MS spectra were recorded at a resolution of 15,000 with an 

automatic gain control (AGC) target set to 105 and a maximum injection time of 100 ms. 

Normalized collision energy was defined to 28 and all spectra were recorded in profile 

type. 

2.2.3 Label-free peptide quantifications and identification  

To analyse the LC/MS data obtained for the quantification and identification of proteins, 

the acquired MS spectra were analysed with Progenesis QI software (Version 3.0, 

Nonlinear Dynamics) for label-free quantification. The profile data of the MS runs were 

converted to peak lists including m/z values, intensities, abundances, and m/z width. 

MS/MS spectra were transformed similarly and then stored in peak lists comprising m/z 

and abundance. The retention times of all samples were aligned to one reference sample 

automatically, allocated to the corresponding treatment groups and the raw abundances 

were normalized. All MS/MS spectra were exported from the Progenesis QI software as 

Mascot generic files and used for peptide identification with Mascot (version 2.5) using 

the Ensemble mouse database (Release 80, 54,197 sequences). The search parameters 

were peptide mass tolerance of 10 ppm, fragment mass tolerance of 20 mmu, one allowed 

missed cleavage; carbamidomethylation of cysteine was set as a fixed modification, 

oxidation of methionine and deamination of asparagine and glutamine as variable 

modifications. A Mascot-integrated decoy database search was set to a false discovery 

rate (FDR) of 1%. The resulting mean values of normalized abundances of unique 

peptides were calculated for every protein separately and then used for the calculation of 

abundance ratios, comparing the data between exposed samples and controls. Following 

filtering criteria were used: Proteins were identified and quantified with a minimum of two 
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unique peptides (UP) and fold-changes of ≤ 0.7 or ≥ 1.3 (q ≤ 0.05) were considered as 

significantly differentially expressed. 

2.2.4 Pathway analysis 

The significant deregulated proteins were analysed using Ingenuity Pathway Analysis 

(IPA, QIAGEN, www.qiagen.com/ingenuity), a literature based program that allows 

analysis, integration, and interpretation of omics data. It provides predictions about 

possible upstream and downstream targets and associated mechanism based on the 

observed deregulation of the proteome. Additionally, the program associates the 

proteome changes with known biological processes and diseases.  

For the analysis of the canonical pathways predicted to be involved in the radiation 

response, the list of significant deregulated proteins including accession numbers, fold 

changes and p-values were uploaded and analysed.   

In a bottom-up proteomics approach such as the one used in this thesis, proteins are 

digested into peptides prior to analysis and more than one unique peptide is required to 

identify a protein of interest. However, the component peptides themselves must be within 

the detectable size range and be able to form a sufficiently ionised molecule. Additionally, 

only relatively high abundant proteins are quantifiable with the label-free MS-approach. 

Therefore, proteins that do not fulfil these criteria do not appear in the MS runs.  

2.2.5 Validation of the LC-MS/MS  

Through bioinformatics analysis central regulators can be indicated based on the 

deregulation of a network of identified proteins and further validated. For Western blot 

analysis, samples (15 µg) were dissolved in Lämmli buffer, separated using a 4-12 % 

gradient gel and transferred to a nitrocellulose membrane by overnight electroblotting at 

17 V. Membranes were then blocked using 8% non-fat dry milk powder (NFDM) dissolved 

in tris-buffered saline with tween20 (TBST) and incubated with a primary antibody over 

night at 4°C. After three washing steps in TBST, the membrane was incubated for at least 

1 h with the horseradish peroxidase (HRP)-coupled secondary antibody (either anti-

mouse or anti-rabbit) and visualised with chemiluminescence detection. Protein bands 

were quantified with the ImageJ software. A Ponceau staining of the membrane was used 

http://www.qiagen.com/ingenuity
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to visualize all transferred proteins and to compensate for variationin loading, and transfer 

and to exclude technical errors.  

 

2.3 Measurement of free radicals 

As described in chapter 1.1.1 radiation leads to production of ROS that can promote 

protein oxidation, leading to the formation of carbonyl groups on protein side chains. 

Therefore, the amount of carbonylated protein is an important biomarker for the level of 

oxidative stress, allowing a quantitative estimation of the ROS production. However, 

caution is needed as, in addition to radiation-induced ROS, an increased carbonyl content 

may occur during normal brain aging and in neurodegenerative diseases (Levine, 2002). 

In this study, the carbonylated proteins were quantified using the Protein Carbonyl 

Content Assay Kit (Biovision). This assay is based on 2, 4- Dinitrophenylhydrazine 

(DNPH) targeting the protein carbonyl-associated aldehyde and ketone-groups. The 

resulting reaction product are stable 2,4-DNPhydrazone derivatives that are quantifiable 

at 375 nm (Levine et al., 1994) (see Figure 4). 

500 µg protein was mixed with 100 µl DNPH, vortexed and incubated under shaking 

conditions. After 15 min 30 µl trichloroacetic acid (TCA) was added to precipitate proteins 

and the mixture vortexed and placed on ice for 10 min followed by a 2 min centrifugation 

step at maximum speed. The supernatant was discarded, and the pellet was washed with 

ice-cold acetone twice, including 30 seconds in a sonicating bath to effectively disperse 

the pellet. After satisfactory removal of free DNPH, samples were incubated for 10 min at 

-20° and labelled proteins again pelleted via centrifugation. Finally, the pellets were 

dissolved in 200 µl guanidine and 100 µl of the solution was transferred into a 96-well 

plate. The absorbance was measured at 375 nm. To exclude falsification due to protein 

loss during the procedure, a BSA assay was performed on the final solution. The 

measured OD values were adjusted to the BSA assay results. 
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Figure 4: Detection of radiation-induced free carbonyl groups representative for oxidative stress. 

Reactive oxygen species (ROS) generate persistent carbonyl groups on proteins by oxidation. The reactive 

agent DNPH is tagged on the carbonyl groups forming DNP hydrazones that are detectably at 375 nm. 

2.4 Structural analysis of CA1 neurons 

Golgi staining was developed in 1873 by Camillo Golgi to visualize nerve tissue (Grant, 

2007). This assay is still a reliable method to study the architecture of neurons. Golgi 

staining is based on the precipitation of reduced metallic silver granules onto the 

oligosaccharide coating on the surface of neural cells. The tissue is treated with chromium 

salts followed by an application of silver nitrate. Only some of the neurons present are 

stained, which makes it possible to study individual neurons in detail. The reason why only 

some neurons are stainable is still unknown.  

Golgi staining was performed with the FD Rapid GolgiStain Kit (FD NeuroTechnologies) 

according to manufacturer specifications. The dissected left hemispheres were briefly 

rinsed with phosphate-buffered saline (PBS) and incubated for 1 week in 5 ml Golgi-Cox 

solution (A-B) for fixation and impregnation at room temperature (RT). The tissue was 

then incubated for at least 48 hours at 4°C in solution C containing silver nitrate, protected 

from light, before freezing for tissue sectioning. 100 µm coronal sections were prepared 

with a cryostat at -20 °C, mounted on gelatine-coated microscope slides and stained for 

10 min in Solution D/E. The sections were then washed twice with H2O for 4 min, 
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dehydrated in an ascending alcohol series (50%, 75%, 95% ethanol for 4 min each), 

incubated 3 times in xylene for 4 min and covered by coverslips.  

The stained CA1 neurons of the hippocampus were identified and their structure 

reconstructed under 40 x magnification (Zeiss AxioPlan 2 microscope) using the 

Neurolucida software (MBF Bioscience, Williston, USA). Acquired images were further 

analysed with the Neurolucida Explorer software (MBF Bioscience). Apical and basal 

dendrites were analysed separately. The number of dendrites, total length and branching 

was quantified. Density of spines was calculated by dividing the total number of spines by 

the total length of all dendrites. The Sholl analysis is a tool to analyse the complexity of 

neurons and is based on counting the number of dendritic branches at given distances 

from the soma. The radius interval was set to 10 µm starting from 10 µm to an end at 200 

µm distance from the centre. Figure 5 illustrates the whole workflow applied in this 

experiment.  

      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Experimental schedule of the structural analysis of CA1 neurons. Mice were treated or sham-

treated and the harvested brains were stained, cut and analysed using microscopy. The neurons in the CA1 

area of the hippocampus were reconstructed with the Neurolucida software and analysed with the 

Neurolucida Explorer software.  
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3 Results and Discussion 

3.1 CREB signaling mediates a dose-dependent radiation response in 

the murine hippocampus evident two years after total body 

exposure 

3.1.1 Aim and summary of the study 

The risks of low-dose radiation from natural sources or medical applications are not yet 

well understood. Although the health benefits of radiation-based imaging and cancer 

treatment are undeniable, legitimate concerns have been expressed about the adverse 

health effects that may occur later in life. It is already known that radiation doses of 0.5 

Gy and above have harmful pathological effects (Hladik et al., 2016). Knowledge of lower 

doses is very limited, as are the nature of any effects that occur long after exposure. The 

aim of this study was to investigate the low-dose radiation response in the hippocampus. 

Female B6C3F1 mice were exposed to 0, 0.063, 0.125 or 0.5 Gy (60Co, dose rate 0.063 

Gy/min) at an age of 10 weeks. This corresponds to a young adult age in humans when 

only adult neurogenesis remains active. The hippocampi were collected 24 months after 

the exposure and analysed using quantitative label-free LC-MS/MS analysis. The 

bioinformatics analysis of protein changes (IPA analysis) revealed that the most affected 

canonical pathway was cAMP response element-binding protein (CREB) signalling, and 

the associated pathways upstream and downstream of CREB. A positive z-score 

indicating activation of the pathway was seen after the doses of 0.063 and 0.125 Gy, while 

the higher 0.5 Gy dose led to a deactivation (negative z-score). The CREB protein, CREB 

protein phosphorylated on Serine 133 (Ser133), and the expression of upstream and 

downstream targets all showed the same pattern of deregulation, supporting the IPA 

analysis. Since CREB has been shown to promote neuroprotection in response to several 

external stimuli, markers for inflammation and cell death were also tested. The dose of 

0.063 Gy resulted in a decrease in proteins indicative of inflammation, namely ionized 

calcium-binding adapter molecule 1 (IBA-1) (activated microglia) and glial fibrillary acidic 

protein (GFAP) (reactive astrocytes), while the 0.5 Gy dose had a pro-inflammatory effect 

in the hippocampus. Here bcl-2-associated x protein (BAX) and caspase-3 (CASP-3), two 

proteins involved in the apoptotic process, as well as total carbonylated proteins (markers 
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of oxidative stress) were increased only after the 0.5 Gy exposure. These data show that 

very low doses (0.063 Gy) elicit a different response two years after exposure than the 

higher dose of 0.5 Gy. The lowest dose is postulated to have a protective effect while the 

highest dose tested in this study had a harmful effect. The adverse effects at the higher 

dose tested are similar to the changes seen during normal brain aging, leading us to make 

the new hypothesis that radiation induced an accelerated rate of normal brain aging. 

3.1.2 Contribution 

This study was a part of the INSTRA project initiated and mainly designed by Prof. Dr. 

Jochen Graw and Dr. Claudia Dalke of the Institute of Developmental Genetics, HMGU. 

The radiation treatment was carried out by Dr. Helmut Schlattl and his team, the sacrificing 

of the mice and the tissue sampling were performed by Dr. Lillian Garrett, Dr. Stefan 

Kempf and Dr. Ute Rößler who were supported by other members of the INSTRA 

consortium. I performed the protein lysis, concentration measurements and preparation 

for the LC-MS/MS runs that were performed by Dr. Christine von Törne under the direction 

of Prof. Dr. Stefanie Hauck. The bioinformatics analyses of the proteomic data, all Western 

blots and the carbonylation assay were performed by me. Mr. Jos Philipp created the 

volcano blots. I designed all the other figures, performed the statistical analysis and wrote 

the manuscript. Dr. Omid Azimzadeh, Prof. Dr. Michael J. Atkinson and Dr. Soile Tapio 

supported me throughout the study with advice, scientific discussion and proofreading of 

the manuscript. 

3.1.3 Publication 

The data were presented in an original research paper published on November 28th, 2019 

in the Journal of Proteome Research: 

CREB Signalling Mediates Dose-Dependent Radiation Response in the Murine 

Hippocampus Two Years after Total Body Exposure. 

Daniela Hladik, Claudia Dalke, Christine von Toerne, Stefanie M. Hauck, Omid 

Azimzadeh, Jos Philipp, Marie-Claire Ung, Helmut Schlattl, Ute Rößler, Jochen Graw, 

Michael J. Atkinson and Soile Tapio  

J Proteome Res. 2019 Nov 8. doi: 10.1021/acs.jproteome.9b00552 (Hladik et al., 2020) 
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ABSTRACT: The impact of low-dose ionizing radiation (IR) on
the human brain has recently attracted attention due to the
increased use of IR for diagnostic purposes. The aim of this study
was to investigate low-dose radiation response in the hippo-
campus. Female B6C3F1 mice were exposed to total body
irradiation with 0 (control), 0.063, 0.125, or 0.5 Gy. Quantitative
label-free proteomic analysis of the hippocampus was performed
after 24 months. CREB signaling and CREB-associated pathways
were affected at all doses. The lower doses (0.063 and 0.125 Gy)
induced the CREB pathway, whereas the exposure to 0.5 Gy
deactivated CREB. Similarly, the lowest dose (0.063 Gy) was anti-
inflammatory, reducing the number of activated microglia. In
contrast, induction of activated microglia and reactive astroglia was
found at 0.5 Gy, suggesting increased inflammation and
astrogliosis, respectively. The apoptotic markers BAX and cleaved CASP-3 and oxidative stress markers were increased only
at the highest dose. Since the activated CREB pathway plays a central role in learning and memory, these data suggest
neuroprotection at the lowest dose (0.063 Gy) but neurodegeneration at 0.5 Gy. The response to 0.5 Gy resembles alterations
found in healthy aging and thus may represent radiation-induced accelerated aging of the brain.

KEYWORDS: ionizing radiation, label-free proteomics, hippocampus, CREB signaling, brain, aging

■ INTRODUCTION

Technologies using low-dose ionizing radiation (IR) have
become frequent and indispensable in medical diagnostics. In
addition, during conventional radiation therapy regimens, large
volumes of healthy tissue are exposed to low-dose IR exposures.
Although the health benefits of radiation-based imaging and
therapy are indisputable, the rising and repetitive use of
computed tomography (CT) scanning may result in cumulative
radiation doses well beyond 0.1 Gy.1,2 Justifiable concerns have
been raised about adverse long-term health consequences,
especially for exposures involving the brain.3 Radiation doses of
0.5 Gy and higher may induce harmful pathological effects in the
central nervous system.4 In mice, cognitive impairment has been
reported after total body irradiation already at 0.5 Gy.5,6

Several studies have investigated radiation effects in the
hippocampus as this brain area plays a central role in learning

and memory.7 In the murine hippocampus, permanently
increased inflammation, astrogliosis, enhanced oxidative stress,
and mitochondrial dysfunction were shown at doses around 1
Gy.5,8 Impaired neurogenesis, due to a depletion of neuronal
stem and progenitor cell pools in the dentate gyrus, was observed
6 months after a single cranial 2 Gy dose and after a fractionated
total body dose (20 × 0.1 Gy), especially if given to juvenile
C57BL/6 mice.9,10

The response to low doses of IR may differ substantially from
that observed at high doses.11 Some studies suggest that very low
doses may induce even protective, adaptive, or anti-inflamma-
tory mechanisms.12−16 All in all, there is great uncertainty about
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the molecular processes underlying biological responses to low-
dose exposure.
The aim of this study was to investigate potential long-term

effects of a single total body exposure in the hippocampus.
Female B6C3F1 mice were irradiated at the age of 10 weeks
using doses of 0 (“control”), 0.063 (“low”), 0.125 (“medium”),
or 0.5 Gy (“high”). Radiation-induced changes in the hippo-
campal proteome were measured 4, 12, 18, and 24 months after
the exposure, but significant alterations were only seen in the old
mice 24 months postexposure. At this time point, the two lower
doses led to an activation of neuroprotective pathways, whereas
the higher dose (0.5 Gy) resulted in an inactivation of the
memory-related CREB pathway and an increase of pro-
inflammatory and apoptotic markers.

■ EXPERIMENTAL SECTION

Animal Treatment

This study was approved by the Government of Upper Bavaria
(Az. 55.2-1-54-2532-161-12). All experiments were done in
strict accordance with the German Law of Animal Protection,
the Declaration of Helsinki, and the ARRIVE guidelines. The
breeding schedule to produce female F1 B6C3F1 hybrids
(C57BL/6JG x C3HeB/FeJ)F1 has been described before.17 All
mice were kept under specific pathogen-free conditions. At the
age of 10 weeks, groups of mice were exposed to a single total
body radiation at 0 (sham-irradiated control), 0.063, 0.125, or
0.5 Gy (60Co gamma-radiation, dose rate 0.063 Gy/min)
(Eldorado 78 Teletherapy irradiator, AECL, Canada). Groups
of mice were killed with CO2 4, 12, 18, or 24 months after the
exposure.

Tissue Collection

Four mice per dose group and time point were used for isolation
of hippocampi. All dissections were performed in the morning
between 8:00 and 11:30 am. Themice were killed with CO2, and
the head was detached from the rest of the body with scissors.
The scalp skin was cut between the eyes down the middle line
using a scalpel to remove the skin. The skull was cut laterally at
the foramen magnum on both sides with fine scissors up to the
middle line. The scull flaps were detached with forceps, the brain
gently removed and cut into both hemispheres; the hippo-
campus of the right hemisphere was removed carefully with a
scalpel, gently rinsed in cold PBS and snap frozen with liquid
nitrogen. All samples were stored at −80 °C.

Protein Lysis and Measurement of Protein Concentration

Frozen tissues were pulverized and suspended in RIPA buffer
(Thermo Fisher, Darmstadt, Germany) containing phosphatase
and protease inhibitors (Sigma-Aldrich, Taufkirchen, Ger-
many). After sonication, lysis, and centrifugation, protein
concentrations were measured using BCA Protein Assay Kit
(Thermo Fisher) according to the manufacturer’s instructions.
The protein lysates were stored at −20 °C.

Mass Spectrometry

Ten μg of each protein lysate was digested enzymatically with a
modified filter-aided sample preparation (FASP) protocol.18

The digests were stored at −20 °C until MS measurement. This
was performed in data-dependent acquisition (DDA) mode
using a Q Exactive high field mass spectrometer (Thermo
Fisher, Darmstadt, Germany). The digested lysates (0.5 μg)
were injected automatically and loaded to the online-coupled
RSLC (Ultimate 3000, Thermo Fisher) HPLC system including
a nano trap column (300 μm inner diameter ×5 mm, packed

with Acclaim PepMap100 C18, 5 μm, 100 Å; LC Packings,
Sunnyvale, CA). The sample mixtures were resolved by reversed
phase chromatography (Acquity UPLC M-Class HSS T3
Column 75 μm ID × 250 mm, 1.8 μm; Waters, Eschborn,
Germany) at 40 °C using a 3−41% acetonitrile gradient with
0.1% formic acid at 250 nL/min for 105 min. The high-
resolution (60 000 full width at half-maximum)MS spectra were
recorded with a maximum injection time of 50 ms from 300 to
1500m/z with automatic gain control target set to 3 × 106. The
10 most abundant peptide ions from the MS prescan were
selected for fragmentation (MS-MS) if they were at least doubly
charged, with a dynamic exclusion of 30 s. MS-MS spectra were
recorded at 15 000 resolution with automatic gain control target
set to 1 × 105 and a maximum of 100 ms injection time.
Normalized collision energy was set to 28, and all spectra were
recorded in profile type.

Protein Identification and Quantification

The acquired spectra were evaluated using Progenesis QI
software (Version 3.0, Nonlinear Dynamics) for label-free
quantification as previously described19 with the following
changes: Spectra were searched against the Ensembl mouse
database (Release 80, 54 197 sequences). The search parameters
used were a 10 ppm peptide mass tolerance and a 20 mmu
fragment mass tolerance. Carbamidomethylation of cysteine was
set as the fixed modification, and the oxidation of methionine
and deamidation of asparagine and glutamine were allowed as
variable modifications, allowing only one missed cleavage site.
Mascot integrated decoy database search was set to a false
discovery rate (FDR) of 1%. The resulting mean values of
normalized abundances of unique peptides (UP) were
calculated for every protein separately and used for the
calculation of abundance ratios and statistical analysis,
comparing the data between exposed samples and controls.

Pathway Analysis

For the analysis of the canonical pathways predicted to be
responding to irradiation, the list of significantly deregulated
proteins with their accession numbers, fold changes and q-values
were imported into Ingenuity Pathway Analysis (IPA)
(QIAGEN Redwood City, www.qiagen.com/ingenuity).

Immunoblot Analysis

For validation of key protein changes immunoblotting was
performed as described previously.10 Band intensities were
normalized to the Ponceau staining (Figure S1). The following
antibodies were applied in this study. From Cell Signaling (Cell
Signaling Technology Europe B.V., Frankfurt am Main,
Germany): ERK1/2 (#9102), Thr202/Tyr204 ERK1/2
(#9101), p38 (#3810), Thr180/Tyr182 p38 (#9211), cleaved
CASP3 (#9661), BCL-XL (#2762); from Abcam (Abcam plc,
Cambridge, UK): CREB (ab31387), Ser133 CREB (ab32096),
ARC (ab118929), PSD-95 (ab18258), IBA1 (ab5076), GFAP
(ab7260), NRF2 (ab31163); from Santa Cruz (Santa Cruz
Biotechnology, Inc., Heidelberg, Germany): c-FOS (sc-47724),
BAX (sc-7480). Protein bands were quantified with ImageJ
1.50f3.20

Protein Carbonyl Content

Quantification of protein carbonyl content was done according
to the manufacturer’s instructions using the Protein Carbonyl
Content Assay Kit from Biovision (Milpitas, CA, USA).
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Statistical Analysis

For proteomic analysis, the following filtering criteria were used:

Proteins identified and quantified with 2 UP, had a q-value of

≤0.05, and fold-changes of ≤0.77 or ≥1.3 were considered as

significantly differentially expressed. For other experiments,

statistical analysis was performed with GraphPad Prism software

(GraphPad Software, San Diego, USA) using an unpaired

Student’s t test. The data are presented as standard error of the

Figure 1. Radiation effects on the hippocampal proteome 24 m postexposure. (A) A principal component analysis (PCA) of hippocampal proteomes
exposed to 0.063, 0.125, or 0.5 Gy in comparison with the sham-irradiated control group. (B) Volcano plots representing the distribution of all
quantified proteins (identification with at least 2 UP) in hippocampus exposed to a single radiation dose (0.063, 0.125, 0.5 Gy) in comparison to sham-
irradiated controls. Upregulated proteins are shown in red and downregulated in green, fold change ±1.3. (C) Total numbers of significantly
upregulated (red) and downregulated (green) proteins are shown for all dose groups (q ≤ 0.05, fold change ± 1.3). (D) The Venn diagram showing
the numbers of shared deregulated proteins between the three experimental groups and the proteins exclusively deregulated in only one dose. n = 4.
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mean (SEM); p-values ≤ 0.05 were defined as significant. Four
biological replicates were included in all experiments. Each
treatment group was compared individually to the sham-
irradiated control group.

Data Availability

The mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the PRIDE21 partner
repository with the data set identifier PXD015729.

■ RESULTS

The Hippocampal Proteome Shows Changes Two Years
after a Single Radiation Exposure

The hippocampal proteome was analyzed at different time
points (4, 12, 18, 24 months) after total body doses of either 0,
0.063, 0.125, or 0.05 Gy. Interestingly, when the mice were at a

younger age (4, 12, 18 months), very few radiation-induced
changes in the hippocampal proteome were found (Table S1;
http://dx.doi.org/doi:10.20348/STOREDB/1153/1213). In
contrast, with the progressing age, the radiation effect became
noticeable. Therefore, we investigated the 24-month time point
in more detail.
In the hippocampus of aged mice (24 months after the

irradiation) 3588 proteins were identified in total, of which 2336
were quantified with 2 UP. All identified proteins are listed in
Table S2. All quantified proteins for each radiation dose group
are shown in Tables S3−S5. Principal component analysis
(PCA) established that clusters of each biological replicate were
separated depending on the radiation dose (Figure 1A). The
corresponding Volcano plots of all quantified proteins are shown
in Figure 1B. Applying the proteomics filtering criteria, the
analysis showed the following numbers of significantly

Figure 2. Radiation-induced changes in biological pathways related to normal neuronal functioning two years postexposure. (A) The IPA analysis of
associated signaling pathways based on all significantly deregulated hippocampal proteins for all three dose groups is shown. The canonical pathways
are ranked by their z-score. The orange color represents a positive z-score indicating an activation of the pathway; the blue color represents a negative z-
score predicting a deactivation. (B) Affected neuronal biofunctions for all three dose groups ranked by the z-score (IPA) are shown. The orange color
represents a positive z-score indicating an activation of the pathway; the blue color represents a negative z-score predicting a deactivation.

Figure 3.Deregulation of the CREB signaling in hippocampus 24 m after radiation exposure. Immunoblot analysis of the relative expression of CREB
and phospho-(Ser133) CREB (A), p38 and phospho- (Thr180/Tyr182) p38 (B) and ERK1/2 and phospho- (Thr202/Tyr204) ERK1/2 (C) for the
four treatment groups normalized to the total amount of proteins is shown. Error bars represent the SEM, n = 4, *p < 0.05, **p < 0.01, ***p < 0.001
(Student’s t test).
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deregulated proteins in comparison to the control group: 448 in
the 0.063 Gy group, 668 in the 0.125 Gy group, and 103 in the
0.5 Gy group (Tables S6−S8). The total numbers of up- and
down-regulated proteins for each experimental group are
presented in Figure 1C. Shared deregulated proteins between
all experimental groups are shown in the Venn diagram in Figure
1D.

Irradiation Affects Biological Pathways Related to Synaptic
Plasticity and Neuroprotection

The pathway analysis showed that irradiation affected CREB
signaling and the pathways upstream or downstream of CREB
(Figure 2A). The ephrin receptor, opioid, neuregulin, and NGF
signaling are all upstream regulators of CREB, each involving
ligands that bind to corresponding receptors (ErbB, TRK, and
G-coupled receptors) activating kinase cascades.22−24 These
kinases phosphorylate CREB inducing the transcription of target
genes, which in turn are involved in the affected downstream
pathways: long-term potentiation (LTP), long-term depression
(LTD), synaptogenesis, and amyloid processing. All affected
canonical pathways are essential for synaptic plasticity and
neuroprotection. The two lowest dose groups showed positive z-
scores for all these pathways (orange color), indicating
radiation-induced activation. In contrast, the high-dose group

showed negative z-scores for nine of the most important
pathways, indicating deactivation (blue color) (Figure 2A).
Similarly, to investigate which biofunctions are affected by

irradiation, all deregulated proteins were analyzed for neuronal
functions and apoptosis using IPA (Figure 2B). An inhibition of
apoptosis was predicted especially for the medium-dose group,
in contrast to moderate activation in the high-dose group. In line
with the canonical pathway analysis, LTP and related functions
such as learning, conditioning, and cognition were activated by
the two lowest dose groups but inhibited by the high-dose group.

Immunoblotting Confirms Long-TermChanges of the CREB
Pathway

The levels of total and phosphorylated forms of CREB and its
upstream regulators p38 and ERK1/2 were measured (Figure 3,
Figure S1). The CREB phosphorylation (Ser133) was increased
at the two lowest doses but markedly decreased at the highest
dose (Figure 3A). No difference was seen in the total protein
amount of CREB (Figure 3A).
In the case of the upstream kinase p38, both the levels of total

and the phosphorylated form (Thr180/Tyr182) were increased
at the lowest doses but decreased at 0.5 Gy (Figure 3B).
Similarly, the total and the phosphorylated levels of ERK1/2

Figure 4. Radiation-induced changes in oxidative stress, inflammation, and apoptosis in the hippocampus. (A) The levels of carbonylated (oxidized)
proteins (colorimetric assay) and NRF2 (immunoblotting) assessed in the hippocampus of control and irradiated mice are shown. (B) The levels of
activated microglia (IBA1) and reactive astrocytes (GFAP) using immunoblotting are shown. (C) The levels of BCL-xL (antiapoptotic), BAX (pro-
apoptotic), and cleaved CASP3 (pro-apoptotic) analyzed using immunoblotting are shown. Error bars represent the SEM, n = 4, *p < 0.05, **p < 0.01,
***p < 0.001 (Student’s t test).
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(Thr202/Tyr204) were increased at 0.063 Gy and at 0.125 Gy
but decreased at 0.5 Gy (Figure 3C).
The expression of three target proteins of CREB, c-FOS,

ARC, and PSD-95, were also measured to investigate the
transcriptional activity of CREB (Figure S1, Figure S2). All three
proteins showed significant upregulation at the medium dose,
and c-FOS also at the lowest dose. No changes were seen at the
highest dose.

Oxidative Stress, Inflammation, and Apoptosis Show
Dose-Dependent Alteration

High-dose radiation as well as normal aging process lead to
increase in oxidative stress in the brain.25,26 Protein carbonyl
modifications, a major hallmark of oxidative stress, were
measured in different dose groups to elucidate alterations in
reactive oxygen species (ROS) levels. A dose-dependent
increase in carbonylated proteins was observed in the medium-
(0.125 Gy) and high-dose (0.5 Gy) group (Figure 4A, Table
S9). The expression of nuclear factor erythroid 2-related factor 2
(NRF2), a central regulator of cellular antioxidant capacity,
showed a significant 1.4-fold increase in the highest dose group
(Figure 4A, Figure S1).
Chronic increase in oxidative stress is associated with

activation of the innate immune system of the brain.27 To
investigate this, we measured the level of activated microglia as a
marker of pro-inflammatory response using IBA1 staining
(Figure 4B, Figure S1). Interestingly, the number of activated
microglia was reduced at the lowest dose suggesting an anti-
inflammatory effect. In contrast, the number of activated
microglia was markedly enhanced at the highest dose indicating
increased inflammation. Similarly, the number of reactive
astroglia (GFAP) was increased at the highest dose suggesting
astrogliosis (Figure 4B, Figure S1).
Since the dose of 0.5 Gy was predicted by the proteomics data

to induce apoptosis (Figure 2B), we next measured changes in
the expression of apoptotic markers. BCL-xL protein, a target of
the transcription factor CREB, is an antiapoptotic factor that is
able to suppress pro-apoptotic proteins such as BAX and cleaved
caspase 3 (CASP3). Immunoblot analysis showed that the dose
of 0.5 Gy, but not the lower doses, had a significant effect on the
expression of apoptotic markers (Figure 4C, Figure S1). The
level of BCL-xL was decreased by 1.7-fold, while the expression
of pro-apoptotic BAX and CASP3 was markedly increased,
indicating the presence of cells undergoing apoptosis.
Taken together, these results show that a single total body

dose of 0.5 Gy is able to induce oxidative stress, inflammation,
and apoptosis in the hippocampus two years after the exposure,
possibly due to inactivation of the CREB pathway.

■ DISCUSSION

In this study, we have shown that relatively low exposures to IR,
comparable to those received by clinical diagnostics and therapy,
have a marked impact on the murine hippocampal proteome
two years later. In general, the two most common cell types in
the brain, and probably also in the hippocampus, are neurons
and different glial cells.28 The ratio of neurons to glial cells in the
hippocampus is approximately 1:2, while the volumetric ratio is
around 1:1.29 The observed alterations in the proteome profiles
could arise from either one, or both, of these cell populations.
Radiation-induced proteome changes indicated alterations

especially in the CREB signaling and related neurocognitive
pathways such as LTP and learning. Importantly, the highest
dose used in this study (0.5 Gy) influenced these pathways in an

opposite manner to the lower doses (0.063 Gy, 0.125 Gy),
namely by inhibition. In similarly treated B6C3F1 mice,
significant behavioral defects were observed 18 m after the
radiation exposure in the 0.5 Gy group, whereas no or even
opposite effects (increased ASR and rearing) emerged at this age
in the lowest-dose group.30

CREB-mediated transcription is essential for synaptic
plasticity and neuroprotective response to pathophysiological
stressors.31,32 The transcriptional activity of CREB is regulated
by phosphorylation on Ser133 by several kinases, in the brain
mainly by p38 and ERK1/2.22−24 At the lower doses (0.063 Gy,
0.125 Gy) we showed an increase in the total and
phosphorylated forms of both of these upstream kinases as
well as increased phosphorylation (activation) of CREB itself.
This was accompanied by upregulation of three downstream
targets of CREB, c-FOS, ARC, and PSD-95. In contrast, after the
highest exposure (0.5 Gy) the expression of these kinases as well
as phospho-CREB was decreased. This, however, was not
mirrored by changes in the expression of the three target
proteins tested, probably due to other regulatory factors and
processes that are known to be required for the transcriptional
attenuation of CREB downstream targets.33,34

Several studies have previously investigated radiation-induced
changes in the CREB expression in hippocampus. Neonatal
C57BL/6 mice were exposed to fractionated (20 × 0.1 Gy) low-
dose radiation and the hippocampal proteome was investigated
at different time points ranging from 72 h to 6 months.10 The
immunoblot analysis showed a marked upregulation of CREB
and phospho-CREB as well as its downstream targets BDNF and
ARC at 3 months, while no upregulation of phospho-CREB,
BDNF, or ARC was seen at 6 months.10 In another study using
neonatally exposed male NMRI mice the expression of CREB,
ARC, and c-FOS was significantly downregulated 7months after
a total body irradiation (1.0 Gy).5 These mice showed
significant and persistent impairment in spontaneous behavior
in a novel home environment already 2 months postradiation.
Similarly, total CREB, phospho-CREB, and ARC were down-
regulated in the hippocampus after irradiating 8-week old female
C57BL/6 ApoE−/− mice for 300 days using low-dose-rate
exposure with cumulative doses of 0.3 or 6.0 Gy.35 In utero
irradiation using X-ray doses of 0.1, 0.5, or 1.0 Gy led to a
decrease in the level of phospho-CREB in the male C57Bl/6J
offspring 6 months after the exposure.36 Taken together, these
data suggest that ionizing radiation may induce or inhibit the
CREB expression depending on the dose, dose rate, and age at
exposure.
It is widely accepted that high-dose radiation, as used in the

therapy of brain tumors, leads to an accumulation of long-lived
free radicals in the brain.25 This study shows that a much lower
dose than used in radiation therapy (0.5 Gy) is associated with
oxidative stress that is indicated by increased levels of oxidized
proteins and NRF2. This could be related to the radiation-
induced downregulation of active CREB observed here since
experiments using a CREB transgenic mouse model37 or siRNA
knockdown of CREB in human neuronal cells38 have shown that
active CREB is essential in the neuroprotective signaling against
ROS-mediated cell toxicity. Consequently, artificial upregula-
tion of CREB signaling could have neuroprotective effects.39 In
contrast, inhibition of CREB reduces neuronal plasticity and
triggers neuronal cell death via pro-apoptotic processes.40,41 In
line with this, our proteomics data also indicated ongoing
apoptosis at 0.5 Gy that was confirmed using anti- and pro-
apoptotic markers.
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The low-dose radiation (0.063 Gy) resulted in an anti-
inflammatory effect in the hippocampus. This result is in
agreement with previous data using mice that were chronically
irradiated with a very low dose rate (1 mGy/d) for 300 days
resulting in a cumulative dose of 0.3 Gy.35 A reduced number of
IBA1-positive microglia was found in the molecular layer of the
hippocampus of these mice.35However, radiation-induced ROS
accumulation at high doses has been shown to induce pro-
inflammatory reaction via glia activation,42−44 especially when
old animals were exposed to radiation.45 In this study, the group
exposed to 0.5 Gy showed increased level of IBA1-positive cells.
In addition, an increase in the number of reactive astrocytes was
seen in this group further suggesting enhanced inflammatory
status of the hippocampus. Persistently activated microglia have
been shown to produce ROS that may play a role in the
progression of neurodegenerative diseases.46 This could partly
explain the increase in oxidized protein level seen in this study.
In conclusion, we show that a single exposure to a dose of 0.5

Gy leads to increased oxidative stress, inflammation, and
apoptosis in the hippocampus (Figure 5). These impairments
resemble those seen in normal brain aging. With increasing age,
the ability to adequately respond to oxidative stress reduces.47

Consequently, the accumulation of free radicals leads to a higher
susceptibility to neurodegenerative diseases.48,49 Age-depend-
ent CREB dysregulation has been correlated with neuro-
degenerative disorders like Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease.50−52 Importantly, in this
study, radiation effects were first seen when the mice reached an
advanced age corresponding that of approximately 70 years in
humans.53 This indirectly suggests that moderate radiation
doses, comparable to those received from repeated CT scans2

and much lower than received in radiation therapy of many
cancers,54−56 may accelerate the normal aging process in the
brain. Previous studies using considerably higher doses (2−10
Gy) than here have indicated radiation-induced aging-like
pathology in cerebral cortical cells57 and in activatedmicroglia.58

The study presented here is to our knowledge the first one
suggesting radiation-induced accelerated aging to occur at a
much lower radiation dose.
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3.2 Combined treatment with low-dose ionizing radiation and 

ketamine induces adverse changes in CA1 neuronal structure in 

murine hippocampus 

3.2.1 Aim and summary of the study 

Ketamine is used as a sedative in paediatric medicine to ensure immobilization during 

motion-sensitive procedures such as diagnostic imaging and radiotherapy. It has been 

shown that a combination of ketamine and radiation exposure at clinically relevant doses 

in neonatal mice leads to cognitive impairment in later life (Buratovic et al., 2018). The 

aim of this study was to discover the molecular basis for this impairment. Male NMRI mice 

were treated with a single dose of ketamine (7.5 mg/kg) on PND 10. After one hour, these 

mice were exposed to low-dose whole body radiation (100 mGy, 200 mGy). For control, 

mice were included that were treated with either radiation alone, ketamine alone or were 

sham treated. After six months, hippocampi were harvested, and the proteome profile 

analysed with label-free LC-MS/MS. In parallel, histological analysis was performed to 

investigate changes in neuronal morphology. A sustained effect on the structure of CA1 

hippocampal neurons, expressed as an increase in both the number of basal dendrites 

and their branching was discovered. In addition, the mean number of spines of the basal 

dendrites was decreased. Neither ketamine nor radiation alone induced these changes at 

the tested doses. Analysis of the proteome showed that pathways involved in learning and 

memory were impaired after the combined treatment. Central regulators such as brain-

derived neurotrophic factor (BDNF), postsynaptic density protein 95 (PSD-95) and 

activity-regulated cytoskeleton-associated protein (ARC) were altered in the hippocampus 

of the mice showing structural changes. These proteins are known to regulate neuronal 

branching and spinogenesis and could therefore their deregulation could be the cause of 

the observed morphological alterations. The neonatal window of the brain development 

used in this study corresponds to the developmental period of the human brain that begins 

approximately in the third trimester of pregnancy and extends over the first two years of 

life. The results of this study are significant when one considers that the practice of 

ketamine anaesthesia during procedures necessitating radiation exposure is routinely 

applied in clinics worldwide and may have unforeseen consequences for brain 

development and function in children. 
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3.2.2 Contribution 

For this study the treatments with ketamine or/and radiation were performed by Dr. Sonja 

Buratovic, Prof. Dr. Bo Stenerlöw and Prof. Dr. Per Eriksson from the Department of 

Environmental Toxicology, Uppsala, Sweden. Dr. Christine von Törne (Helmholtz 

Proteomics Core Facility) performed the label-free LC-MS/MS runs and supported me in 

the label-free quantification of the peptides. I performed the brain sampling, hippocampal 

dissection and protein lysis. In addition, I carried out the bioinformatic analysis of the LC-

MS/MS data, the Western blotting and the Golgi staining, including all calculations and 

interpretations. Mr. Jos Philipp assisted with the tissue collection and created the volcano 

blots. Miss Elenore Samson sectioned the Golgi stained hippocampi and Miss Stefanie 

Winkler assisted in the reconstruction of the CA1 neurons for structural analysis. I 

designed all the figures and wrote the manuscript with the help of Dr. Soile Tapio. The co-

authors Dr. Omid Azimzadeh, Dr. Prabal Subedi, Dr. Soile Tapio and Prof. Dr. Michael J. 

Atkinson contributed to the study design, the scientific discussion, the interpretation of the 

data and in editing the final manuscript. 

3.2.3 Publication 

The data were presented in an original research paper published on December 3rd, 2019 

in “International journal for molecular sciences”: 

Combined Treatment with Low dose Ionising Radiation and Ketamine Induces 

Adverse Changes in CA1 Neuronal Structure in Murine Hippocampus. 

Daniela Hladik, Sonja Buratovic, Christine von Toerne, Omid Azimzadeh, Prabal Subedi, 

Jos Philipp, Stefanie Winkler, Annette Feuchtinger, Elenore Samson, Stefanie M. Hauck, 

Bo Stenerlöw, Per Eriksson, Michael J. Atkinson and Soile Tapio  

Int J Mol Sci. 2019 Dec 3. doi: 10.3390/ijms20236103 (Hladik et al., 2019) 
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Abstract: In children, ketamine sedation is often used during radiological procedures. Combined

exposure of ketamine and radiation at doses that alone did not affect learning and memory induced

permanent cognitive impairment in mice. The aim of this study was to elucidate the mechanism behind

this adverse outcome. Neonatal male NMRI mice were administered ketamine (7.5 mg kg−1) and

irradiated (whole-body, 100 mGy or 200 mGy, 137Cs) one hour after ketamine exposure on postnatal day

10. The control mice were injected with saline and sham-irradiated. The hippocampi were analyzed

using label-free proteomics, immunoblotting, and Golgi staining of CA1 neurons six months after

treatment. Mice co-exposed to ketamine and low-dose radiation showed alterations in hippocampal

proteins related to neuronal shaping and synaptic plasticity. The expression of brain-derived

neurotrophic factor, activity-regulated cytoskeleton-associated protein, and postsynaptic density

protein 95 were significantly altered only after the combined treatment (100 mGy or 200 mGy combined

with ketamine, respectively). Increased numbers of basal dendrites and branching were observed

only after the co-exposure, thereby constituting a possible reason for the displayed alterations in

behavior. These data suggest that the risk of radiation-induced neurotoxic effects in the pediatric

population may be underestimated if based only on the radiation dose.

Keywords: hippocampus; proteomics; BDNF; CA1 neurons; dendrite abnormality; Golgi

staining; irradiation
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1. Introduction

Ionizing radiation is an integral part of medical treatment and diagnostics. In radiotherapy,

healthy tissues outside the target volume are exposed to low-dose radiation. Therefore, the possibility

of radiation-associated risks must be considered. This is especially so for children, since exposure

to low doses of ionizing radiation is associated with increased risk of malignancies and cognitive

impairment later in life [1–3].

In paediatric radiotherapy and imaging, sedation is often applied during imaging to ensure

immobilization [4,5]. Ketamine exerts seductive properties via blockage of the N-methyl-D-aspartate

(NMDA) receptors in the brain. These ionotropic glutamate receptors are involved in synaptic plasticity,

learning, and memory [6–8]. Ketamine exposure during early brain development has been shown to

induce neurodegeneration, followed by cognitive impairment [9–11].

The effects of combined exposure to clinically relevant doses of ketamine (7.5 mg kg−1 body weight)

and whole-body low-dose radiation (100 mGy, 200 mGy) during brain development were studied in

mice [12]. The co-exposed mice showed lack of habituation, hyperactivity, and reduced learning and

memory capabilities, while mice exposed to single agents showed no significant differences in behavior

compared to non-exposed controls. A combination of drug and irradiation consistently impaired

cognitive function [12].

The aim of this study was to elucidate molecular mechanisms that could be associated with the

previously observed cognitional impairment. Therefore, we used mice that were treated identically

to the previous experiment [12]. We found that the combination of low-dose radiation and ketamine

consistently changed the hippocampal proteome. The combination treatment altered the structure of

CA1 neurons, while individual treatments did not display this effect. Neuronal morphology, such as

dendrite complexity and spin density, are strongly correlated with neuronal function. Therefore, these

observations provide a plausible mechanistic reasoning for the detrimental interaction of ketamine

and radiation in the developing brain of newborn mammals.

2. Results

2.1. Analysis of the Hippocampal Proteome after Single or Combined Treatment

The hippocampal proteomes of all of the mice were analyzed using label-free LC/MS-MS. In total,

2668 proteins were identified, of which 1839 were quantified based on at least two unique peptides

(UP) (Tables S1–S5). Volcano plots of all quantified proteins showed the distribution of nonregulated

and deregulated proteins (Figure 1B). Using the filtering criteria (identification with two UP, p ≤ 0.05,

fold-change ±1.3) the analysis showed the following numbers of significantly deregulated proteins in

comparison to the control group: 103 in the ketamine (Ket) group, 144 in the 100 mGy group, 122 in the

200 mGy group, 164 in the 100 mGy Ket group, and 157 in the 200 mGy Ket group (Figure 1C). Shared

deregulated proteins in the different experimental groups are shown in the Venn diagram in Figure 1D.

The two co-exposure groups shared 55 deregulated proteins (Figure 1D). These are listed alongside the

fold-changes and GO biological functions in Table 1. The majority of these proteins were classified as

members of actin cytoskeleton organization or neuronal development.
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Figure 1. Changes in the hippocampal proteome after single treatment or co-treatment. (A) Schematic

presentation of the experimental groups and the treatment schedule. (B) Volcano plots representing the

distribution of all quantified proteins (identification with at least two UP) in hippocampi exposed to

single treatment with ketamine (Ket), gamma radiation (100 mGy, 200 mGy), or combined treatment

(100 mGy Ket, 200 mGy Ket). Deregulated proteins (p ≤ 0.05, fold-change ±1.3) are highlighted in green

(downregulated) and red (upregulated). (C) Total numbers of significantly downregulated (green) and

upregulated (red) proteins are shown for all treatments (p ≤ 0.05, fold-change ±1.3). (D) Venn diagram

illustrating the number of shared deregulated proteins between the five experimental groups.
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Table 1. Significantly deregulated proteins shared in the combined treatment groups with ketamine

and irradiation.

Symbol Entrez Gene Name Fold-Change Biological Function
GO

Number

100 mGy
Ket

200 mGy
Ket

1 ABHD10
abhydrolase domain

containing 10
−2.014 −1.602

glucuronoside catabolic
process

GO:0019391

2 ACAN aggrecan −2.742 −3.063
negative regulation of

cell migration
GO:0030336

3 ADAM11
ADAM metallopeptidase

domain 11
−1.344 −1.622 proteolysis GO:0006508

4 ADAM23
ADAM metallopeptidase

domain 23
−1.325 −1.409 proteolysis GO:0006508

5 ARF6 ADP ribosylation factor 6 −1.432 −1.365
regulation of dendritic

spine development
GO:0060998

6 ARMC1
armadillo repeat containing

1
−2.059 −1.752 metal ion transport GO:0030001

7 ARPC1A
actin related protein 2/3

complex subunit 1A
1.358 1.515

regulation of actin
filament polymerization

GO:0030833

8 ASPA aspartoacylase 1.406 1.575
positive regulation of

oligodendrocyte
differentiation

GO:0048714

9 BRSK2
BR serine/threonine kinase

2
−1.680 −1.829 neuron differentiation GO:0030182

10 CBR3 carbonyl reductase 3 −1.478 −1.577 cognition GO:0050890

11 CDC42 cell division cycle 42 −1.588 −1.474
modification of synaptic

structure
GO:0099563

12 CRK
CRK proto-oncogene.

adaptor protein
−1.948 −2.240 dendrite development GO:0016358

13 DNAJC6
DnaJ heat shock protein

family (Hsp40) member C6
−1.381 −1.484

synaptic vesicle
uncoating

GO:0016191

14 DYNLL2
dynein light chain

LC8-type 2
−1.316 −1.329

microtubule-based
process

GO:0007017

15 ELMO2
engulfment and cell

motility 2
−2.612 −2.402

cytoskeleton
organization

GO:0007010

16 FBXO2 F-box protein 2 −1.503 −1.307
regulation of protein

ubiquitination
GO:0031396

17 GDPD1
glycerophosphodiester

phosphodiesterase domain
containing 1

−1.286 −1.293
N-acylethanolamine

metabolic process
GO:0070291

18 GGT7
gamma-

glutamyltransferase 7
−2.601 −4.805

regulation of response
to oxidative stress

GO:1902883

19 GUK1 guanylate kinase 1 −1.496 −1.412 ATP metabolic process GO:0046034

20 HIST1H2BD
histone cluster 1 H2B

family member d
1.562 1.515 protein ubiquitination GO:0016567

21 HNRNPUL1
heterogeneous nuclear

ribonucleoprotein U like 1
−3.209 −1.488 RNA processing GO:0006396

22 HTT huntingtin −1.862 −1.686 learning or memory GO:0007611

23 IPO5 importin 5 −1.568 −1.478
protein import into

nucleus
GO:0006606

24 MICU3
mitochondrial calcium

uptake family member 3
−1.285 −1.484

mitochondrial calcium
ion transmembrane

transport
GO:0006851

25 NACA
nascent polypeptide

associated complex subunit
alpha

−1.297 −1.290
positive regulation of

nucleic acid-templated
transcription

GO:1903508
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Table 1. Cont.

Symbol Entrez Gene Name Fold-Change Biological Function
GO

Number

100 mGy
Ket

200 mGy
Ket

26 NDRG2 NDRG family member 2 −1.295 −1.326
nervous system

development
GO:0001818

27 NIF3L1
NGG1 interacting factor 3

like 1
−1.649 −1.671 neuron differentiation GO:0030182

28 NRP1 neuropilin 1 −1.935 −2.487 axon guidance GO:0007411

29 OCIAD1 OCIA domain containing 1 1.529 1.818
regulation of stem cell

differentiation
GO:2000736

30 PAK3
p21 (RAC1) activated

kinase 3
−2.309 −2.063

dendritic spine
development

GO:0060996

31 PCDH1 protocadherin 1 −1.874 −3.052 cell adhesion GO:0007155

32 PFDN6 prefoldin subunit 6 −2.242 −1.669 protein folding GO:0006457

33 PIP5K1C
phosphatidylinositol-4-

phosphate 5-kinase type 1
gamma

−1.286 −1.306 axonogenesis GO:0007409

34 PRKAR2A
protein kinase

cAMP-dependent type II
regulatory subunit alpha

−1.292 −1.351
modulation of chemical
synaptic transmission

GO:0050804

35 PTGES3 prostaglandin E synthase 3 −1.543 −1.780
prostaglandin

biosynthetic process
GO:0001516

36 PTPRS
protein tyrosine

phosphatase. receptor
type S

−1.545 −1.301
hippocampus
development

GO:0021766

37 RAB1A
RAB1A. member RAS

oncogene family
−1.302 −1.374

intracellular protein
transport

GO:0006886

38 RAB5C
RAB5C. member RAS

oncogene family
−1.323 −1.423

intracellular protein
transport

GO:0006886

39 RABL6
RAB. member RAS

oncogene family like 6
1.737 1.548

intracellular protein
transport

GO:0006886

40 RIMBP2 RIMS binding protein 2 −1.385 −1.856
neuromuscular synaptic

transmission
GO:0007274

41 RPLP2
ribosomal protein lateral

stalk subunit P2
−1.543 −1.508 translational elongation GO:0006414

42 SEC24C
SEC24 homolog C. COPII
coat complex component

−1.342 −1.390
vesicle-mediated

transport
GO:0016192

43 SLC1A4
solute carrier family 1

member 4
−1.414 −1.344 cognition GO:0050890

44 SNCA synuclein alpha −1.432 −1.421 synaptic transmission GO:0001963

45 STX7 syntaxin 7 −1.324 −1.298
vesicle-mediated

transport
GO:0016192

46 SUCLG1
succinate-CoA ligase alpha

subunit
1.342 1.356

succinyl-CoA metabolic
process

GO:0006104

47 TIMM13
translocase of inner

mitochondrial
membrane 13

−1.845 −1.487
protein insertion into
mitochondrial inner

membrane
GO:0045039

48 TPD52 tumor protein D52 −1.468 −1.384
positive regulation of

cell population
proliferation

GO:0008284

49 TRAPPC10
trafficking protein particle

complex 10
−1.392 −1.664

vesicle-mediated
transport

GO:0016192

50 TRIO
trio Rho guanine nucleotide

exchange factor
−1.562 −1.369

G-protein-coupled
receptor signaling

pathway
GO:0007186
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Table 1. Cont.

Symbol Entrez Gene Name Fold-Change Biological Function
GO

Number

100 mGy
Ket

200 mGy
Ket

51 TUBA8 tubulin alpha 8 −1.472 −1.343
microtubule
cytoskeleton
organization

GO:0000226

52 UBXN6 UBX domain protein 6 −1.360 −1.419 macroautophagy GO:0016236

53 UCHL3
ubiquitin C-terminal

hydrolase L3
−1.413 −1.427 adult walking behavior GO:0007628

54 VBP1 VHL binding protein 1 −1.747 −1.809 protein folding GO:0006457

55 WASF3
WAS protein family

member 3
−1.904 −1.429

actin cytoskeleton
organization

GO:0030036

2.2. Effects on Neuronal Cytoskeleton and Synaptic Plasticity Following Combined Exposure to Ketamine
and Irradiation

To better understand the involvement of biological processes following the combined treatment

with ketamine and radiation, the 55 common significantly deregulated proteins from the co-exposure

groups were subjected to Ingenuity Pathway Analysis (IPA). In particular, the categories “canonical

pathways” and “diseases and biofunctions” were analyzed (Figure 2A). The most enriched canonical

pathways were involved either in the organization of the cytoskeleton (signaling by Rho GDI family

GTPases, RHOGDI signaling, actin cytoskeleton signaling, Rac signaling, RhoA signaling, regulation

of actin-based motility by Rho) or played a role in neuronal transmission (ephrin receptor signaling,

cAMP-mediated signaling, integrin signaling). Similarly, the most affected biofunctions were related

to reorganization of the neuronal structure (shape change of axons, axonogenesis, growth of neurites,

branching of axons) and synaptic transmission (transport of synaptic vesicles, neurotransmission,

synaptic depression, long-term potentiation) (Figure 2A).

Activation of the brain-derived neurotrophic factor (BDNF) was predicted based on the

deregulation profiles of the co-exposed groups by IPA (Figure 2B). BDNF is one of the key regulators of

neuronal morphology and stimulates the growth and differentiation of new neurons and synapses [13].

In good agreement with this, the level of BDNF investigated by immunoblotting showed a significant

increase in its expression in the co-exposed groups (upregulation by mean fold-changes of 4.2 (p < 0.001)

and 3.6 (p < 0.01) in the groups “100 mGy Ket” and “200 mGy Ket”, respectively) (Figure 2C).
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Figure 2. Combined treatment with ketamine radiation affected neuronal morphology and synaptic

plasticity. (A) The Ingenuity Pathway Analysis (IPA) of associated signaling pathways based on all

significantly deregulated hippocampal proteins in the co-exposure groups is shown. The functions and

pathways in the categories “canonical pathways” and “diseases and biofunctions”, respectively, were

ranked by their significance and displayed using a gray color gradient (the darker the color, the higher

the pathway score). The pathway scores represent the negative log of the p-value derived from the

Fisher′s exact test, where all gray boxes have a p-value of ≤0.05; n = 5. (B) Prediction of activation of

brain-derived neurotrophic factor (BDNF) (orange color) was based on the deregulated proteins from

the co-exposure groups. The upregulated proteins are marked in red and the downregulated proteins

are in green. Immunoblot analyses of the relative expression of (C) BDNF, (D) ARC, and (E) PSD-95 in

single and combined treatment groups were normalized to the total amount of proteins measured by

Ponceau staining (Figure S1). Error bars represent the SEM, n = 4, * p < 0.05, ** p < 0.01, *** p < 0.001

(two-way ANOVA with Bonferroni multiple testing).

To further investigate the possible activation of BDNF in the co-exposed groups, the expression

of a downstream target of BDNF, the activity-regulated cytoskeleton-associated (ARC) protein, was

measured. In agreement with the upregulation of BDNF, the expression level of ARC was significantly

increased in the group that received ketamine and gamma radiation (200 mGy, p < 0.05) (Figure 2D).

In addition to BDNF, postsynaptic density protein 95 (PSD 95) influences both synapses and neuronal

branching. [14] Only the combined treatment with ketamine and radiation caused a significant reduction

in the level of PSD-95 (p < 0.05) (Figure 2E). Ponceau stainings and Western blot bands are shown

in Figure S1.

2.3. Morphological Abnormalities of Hippocampal CA1 Neurons only after Combined Treatment with Ketamine
and Irradiation

Golgi-Cox staining followed by dendritic reconstruction was performed on tissue sections of the

Cornu Ammonis (CA1). Raw images are presented exemplarily for every experimental condition in

Figure S2. Representative images of reconstructed neurons are shown in Figure 3A. Apical and basal

dendrites were analyzed separately in all experimental groups (Figure 3B). No effect was found on the
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structure and number of apical parts of the CA1 neurons (Figure S3A–C). A significant increase (p <

0.001) in the total number of basal dendrites was present after the combined treatment with ketamine

and radiation (Figure 3B). In the co-treated groups, the total number of nodes was significantly increased

(100 mGy Ket: p < 0.05, 200 mGy Ket: p < 0.001) while there was no difference in the single treatment

groups compared to the control (Figure 3C). The number of spines divided by the dendrite length was

significantly reduced in the group co-exposed to 200 mGy Ket (p < 0.05) (Figure 3D). However, the

reduction of spines was not significant in the 100 mGy Ket group and therefore could not explain the

observed cognitional impairment. No effect in spine number was detected in the apical dendrites

(Figure S3C). This indicated an increase in the complexity of the basal dendrites after co-exposure.

–

 

Figure 3. Co-treatment with ketamine and irradiation led to structural changes in hippocampal CA1

neurons. (A) Reconstructed hippocampal CA1 neurons representative for each experimental treatment

group are shown. Each individual dendrite is presented in a different color. (B) The number of basal

dendrites is shown in all experimental groups. Five neurons per animal with 5 biological replicates

were analyzed; *** p < 0.001. (C) The number of nodes representing the branching points in basal

dendrites is shown. Five neurons per animal with 5 biological replicates were analyzed; * p < 0.05,

*** p < 0.001. (D) The spine densities of the basal dendrites are shown. Five neurons per animal with
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5 biological replicates were analyzed; * p < 0.05, *** p < 0.001. (D) The spine densities of the basal

dendrites are shown. Five neurons per animal with 5 biological replicates were analyzed; * p < 0.05.

(E) A comparison between the total number of dendritic intersections for each circle between the

controls (black) and the co-treated neurons (100 mGy Ket: blue; 200 mGy Ket: purple) was performed.

The co-treated animals showed significant increase in the number of intersections between 40 and 80

µm (100 mGy ket; + p < 0.05, ++ p < 0.01, +++ p < 0.01) and between 20 and 70 µm (200 mGy Ket;

* p < 0.05, ** p < 0.01, *** p < 0.001). At least 5 neurons per animal with 5 biological replicates were

analyzed. The first values (2 µm circle) represent the total number of basal dendrites, as shown in (B).

(F) Representative CA1 neurons with concentric circles used for the Sholl analysis are shown. The

radius interval between the circles was set to 10 µm per step, ranging from 10 to 200 µm from the center

of the neuronal soma to the end of the dendrites. The numbers of dendritic intersections per circle

were quantified. At least 5 neurons were analyzed per animal. The p values were calculated using a

two-way ANOVA with Bonferroni multiple testing.

To investigate this in more detail, Sholl analysis, representing the distribution of dendritic

intersections with increasing distance from the cell soma, was performed. A significant shift in the

number of intersections in the circle diameter of 20–80 µm was observed in the co-exposed groups

compared to the sham-treated controls, thereby confirming a significant increase in the number of

basal dendrites and their branching points (Figure 3E,F).

3. Discussion

Pediatric radiotherapy and treatment frequently require ketamine sedation prior to irradiation [15].

Concerns about the long-term safety of this combination have been raised following the report of

cognitive impairment in mice co-exposed to clinically relevant doses of ketamine and irradiation [12].

We show here that co-exposure during early brain development results in persistent alterations to both

the proteome and structure of hippocampal CA1 neurons. Significant increases in dendrite number and

branching were observed when ketamine was given immediately prior to irradiation at 100 or 200 mGy.

Neither ketamine nor radiation treatment alone induced the reorganization of dendritic structures.

The structure of dendrites has a profound impact on the processing of neuronal information,

including learning and memory. The formation of the dendritic arbour, the sides of synaptic connections

from input neurons, is usually completed by adulthood. Aberrations and remodeling of dendritic

structures are observed only under pathological conditions [16–18]. Extension of the dendrite length

beyond the normal level is related to mental retardation [19,20]. Neuropathic pain linked to depression

and cognitive decline is known to be associated with an increase in dendritic length and branching [21].

Interestingly, ketamine (10 µM) was previously shown to promote both the number of dendritic

branches and the total length of the arbours in embryonic rat cortical neurons in vitro [22] due to

ketamine-induced rapid increase in BDNF secretion [23,24]. Cranial irradiation of adult mice using

radiation doses higher than in this study (1 or 10 Gy) resulted in significant reductions in dendritic

branching and total length in the hippocampus [25]. Our data showed increased basal branching of

CA1 neurons with the combined exposure, therefore suggesting a radiation-enhanced ketamine-like

response in the neuronal structure and demonstrating the strong impact of ketamine and irradiation

when applied together.

In contrast, the regulation of neuronal structures is dependent upon several factors. Small

GTP binding proteins, like Ras-related C3 botulinum toxin substrate 1 (RAC1), Ras homolog gene

family member A (RHOA), and cell division control protein 42 homolog (CDC42), are crucial for

reorganization of the dendrites and their branching [26–29]. In accordance with this, our proteome

analysis showed that most of the significantly deregulated proteins in the co-exposed groups belonged

to pathways dependent on the Rho family GTPases. Thus, changes in the neuronal cytoskeleton

and associated pathways (shape change of axons, axonogenesis, growth of neurites, and branching

of axons) were all predicted from the proteome data and were consistent with the changes in CA1
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neuronal morphology. Secreted factors such as neurotrophins are known to play key roles in regulating

dendrite outgrowth and branching [30]. BDNF is a well-studied mediator of synaptic plasticity

and memory formation [31,32]. Overexpression of BDNF in CA1 neurons was shown to improve

fear and object-location memory in mice [33], but was associated with cognitive impairment in

MECP2-duplication syndrome [34]. Application of exogenous BDNF was shown to increase the

number of dendrites in pyramidal neurons [35]. Ketamine given at doses of 10 or 15 mg kg−1 (but not at

5 mg kg−1) resulted in a rapid and significant increase in the expression of hippocampal BDNF in adult

male Wistar rats [36]. In contrast, high-dose cranial irradiation (10 Gy) of adult C57BL/6 mice resulted

in a significant decrease in BDNF expression in the hippocampus one month after exposure [37]. In

our study, only the co-treatment with ketamine (7.5 mg kg−1) and low-dose radiation (100 mGy or 200

mGy) led to an increase in the total amount of BDNF in the hippocampus. This increase was sustained

long after exposure in neonatal mice.

Similar to BDNF, PSD-95 is involved in synaptic functions, especially with regard to NMDA

receptors [38,39]. We previously showed that whole-body irradiation of neonatal NMRI or C57BL/6J

mice causes increased expression of PSD-95 in the hippocampus six months after exposure [40,41].

This was seen at whole-body doses equal to or higher than 0.5 Gy, but not at lower doses. Similarly,

it was shown that high-dose (1 Gy, 10 Gy) cranial gamma-radiation caused increased expression of

PSD-95 in the hippocampus of adult mice 30 days after irradiation [25]. Administration of high-dose

ketamine (30 mg kg−1 over five consecutive days) was shown to immediately increase the level of

PSD-95 in the synaptosomes of adult male Wistar rats [42]. Lower doses of ketamine (10 mg kg−1) did

not produce effects on the total level of PSD-95 in the hippocampal membranes of mice immediately

(30 min) after administration [43]. In addition to synaptic functions, both BDNF and PSD-95 play a

role in regulating dendrite outgrowth and branching [14,35]. In contrast to BDNF, PSD-95 inhibits

the branching of dendrites [14]. Contrary to our previous results obtained using a less-sensitive slot

blotting method [12], the immunoblotting used here showed reduced expression of PSD-95 after

the combined treatment with ketamine and low-dose radiation. No change in the PSD-95 level was

detected using single exposure treatments. The persistent upregulation of BDNF and downregulation

of PSD-95 after the co-exposure, in addition to the changes in the expression levels of several other

proteins responsible for neuronal growth and branching (CDC42, PAK3, ARF6, and others displayed

in Table 1), could be the molecular explanation for the observed increase in the number and branching

of basal dendrites in the CA1 neurons.

4. Materials and Methods

4.1. Animals

All procedures were in accordance with the European Communities Council Directive of

24 November 1986 (86/609/EEC; approval date: 26 April 2013) after permission by local ethical

committees (Uppsala University) and the Swedish Committee for Ethical Experiments on Laboratory

Animals. The results were reported in line with relevant aspects of the ARRIVE guidelines [44].

Pregnant Naval Medical Research Institute (NMRI) mice were purchased from Scanbur (Sollentuna,

Sweden) and housed in Makrolon® III cages. Only the male offspring were used in the experiments to

mimic the conditions used for cognitional testing [12].

4.2. Exposure

Neonatal (postnatal day 10) mice were exposed to a single subcutaneous injection of ketamine

(7.5 mg kg−1 body weight) or to a low dose of whole-body gamma radiation (137Cs; 100 mGy, 200 mGy),

or co-exposed. In the co-exposure group, ketamine was administered one hour before irradiation.

Control mice were injected with 10 mL kg−1 body weight saline (0.9%) and sham-irradiated. Control

mice and mice irradiated only were not given sedatives prior to exposure. The dosages of ketamine and

irradiation were determined based on the previous experiments showing no effect of single exposures
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on spontaneous behavior, learning and memory, or protein levels [12,45–47]. A schematic presentation

of the experimental design is shown in Figure 1A.

4.3. Tissue Collection

The mice were sacrificed with CO2 6 months post-treatment. Brains were excised, dissected, and

rinsed in cold PBS. The right hemisphere was used for proteome analysis. The hippocampi were

microdissected, snap frozen in liquid nitrogen, and stored at −80 ◦C. The left hemisphere was used for

the morphology study.

4.4. Protein Lysis and Determination of Protein Concentration

Frozen hippocampi were pulverized and suspended in RIPA buffer (Thermo Fischer, Darmstadt,

Germany) enriched with phosphatase and protease inhibitors (Sigma-Aldrich, Taufkirchen, Germany).

After sonication, lysis, and centrifugation, protein concentrations were measured using BCA

Protein Assay Kit (Thermo Fischer) according to the manufacturer’s instructions.

4.5. Mass Spectrometry (MS)

Label-free measurements were performed on a QExactive high field mass spectrometer (Thermo

Fisher) in data-dependent acquisition mode, as described previously [48,49].

4.6. Protein Identification and Quantification

Spectra were analyzed using Progenesis QI software (Version 3.0, Nonlinear Dynamics) for

label-free quantification, as described before [48]. The filtering criteria were as follows: Proteins

identified and quantified with two UP and fold-changes of ≤0.77 or ≥1.3 (t-test; p ≤ 0.05) were

considered to be significantly differentially expressed.

4.7. Pathway Analysis

The list of significantly deregulated proteins with their accession numbers, fold-changes and

p-values were imported into Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City, www.qiagen.

com/ingenuity).

4.8. Western Blot Analysis

Western blots were performed according to the protocol described previously [48]. The following

antibodies were used: BDNF (abcam, ab203573, Cambridge, UK), ARC (abcam, ab118929, Cambridge,

UK) and PSD-95 (abcam, ab18258, Cambridge, UK). Ponceau (Sigma-Aldrich, St. Louis, MO, USA)

staining served as an internal loading control (Figure S1).

4.9. Golgi Staining

Staining was performed using the FD Rapid GolgiStain Kit (NeuroTechnologies, Columbia, SC,

USA) according to the user manual. Directly after dissection, the hemispheres were put into 5 mL

Golgi-Cox solution for fixation and impregnation for one week and then frozen at −20 ◦C. For imaging,

the frozen brain was cut with a cryostat at −20 ◦C (100 µm coronal sections), and the sections were

mounted on gelatin-coated microscope slides.

4.10. Imaging and Analysis of Dendrites and Spines

CA1 neurons were reconstructed using Neurolucida software (MBF Bioscience, Williston, ND,

USA) under 40x magnification (Zeiss AxioPlan 2 microscope) on 100 µM coronal sections and analyzed

with Neurolucida Explorer software (MBF Bioscience). Apical and basal dendrites were separately

analyzed. In the Sholl analysis, the radius interval of each section was set to 10 µm, starting from 10

µm and ending at a 200 µm distance from the soma.
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4.11. Statistical Analysis

Statistical analysis of the LC-MS/MS data was performed with Excel using a two-sided Student’s

t-test. The Western blotting and the Golgi-Cox assay were analyzed using Graph Pad prism software

(GraphPad Software, San Diego, CA, USA) and a 2-way ANOVA with Bonferroni multiple testing.

The error bars were calculated as standard error of the mean (SEM); p-values ≤ 0.05 were defined

as significant.

4.12. Data Availability

The raw MS-data are available at http://dx.doi.org/doi:10.20348/STOREDB/1132/1198.

5. Conclusions

In conclusion, the data from this study corroborated the results from the previous study

regarding behavioral effects [12]. Both studies strongly suggested that a scenario of early postnatal

exposure to a combination of ketamine and low-dose radiation, comparable to that found in clinical

situations, was able to persistently induce cognitive impairment and changes in the neuronal structure.

The neonatal window used in this study corresponded to the human brain developmental period

that starts around the third trimester of pregnancy and expands over the first two years of life.

Considering that ketamine is one of the most commonly used sedative agents in pediatric emergency

departments [50], these results raise concern over the detrimental long-term effects on cognitive

function. Whether the combination of ketamine and low-dose radiation is able to induce and exacerbate

developmental neurobehavioral and cognitive defects in children should be investigated further, as

this may be highly relevant for daily clinical practice.
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S3. All quantified proteins with an identification based on at least two UP for the 200 mGy group. Table S4. All
quantified proteins with an identification based on at least two UP for the 100 mGy Ket group. Table S5. All
quantified proteins with an identification based on at least two UP for the 200 mGy Ket group. Figure S1. Ponceau
staining and western blot bands. Figure S2. Representative hippocampal CA1 neurons for all experimental groups.
Figure S3. Co-treatment with ketamine and irradiation does not affect the number of the apical dendrites, their
branching or the spine density.
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3.3 DNA damage accumulation during fractionated low-dose radiation 

compromises hippocampal neurogenesis 

3.3.1 Aim and summary of the study 

Radiotherapy plays an important role in the treatment and diagnostic of paediatric and 

adult brain tumours. Treatment plans often include fractionated doses of intensity-

modulated radiation to better match the dose to the morphology of the tumour, while 

minimizing exposure to surrounding healthy tissue. Nevertheless, some areas of the brain 

adjacent to the target area are repeatedly exposed to low doses of radiation. This is 

particularly critical for very young children, as their developing brains are more sensitive 

to radiation damage and this may have late effects due to their long-life expectancy. The 

aim of this study was to investigate the effects of fractionated low-dose radiation on the 

molecular and cellular dynamics of hippocampal neurogenesis in a mouse model.  

The pathophysiology of radiation-induced neurotoxicity after daily exposure (5x - 20x 0.1 

Gy) was characterized by immunohistology assays and label-free LC-MS/MS proteomics. 

It was demonstrated that repeated exposure to 0.1 Gy doses leads to an accumulation of 

DNA damage, as well as to a progressive decrease in hippocampal neurogenesis. This 

was associated with a lower number of stem and progenitor cells and less dendritic 

complexity compared to the non-irradiated controls. The proteome analysis showed that 

signalling pathways associated with neurotropic regulation exhibited strong 

downregulation immediately after exposure, followed by a slower compensatory activation 

indicative of a functional recovery. The main affected pathway was the CREB signalling 

and the CREB-mediated transcription. The expression of the CREB targets BDNF and 

ARC was elevated three months after the fractional exposure. BDNF plays an important 

role in neurogenesis by promoting neuronal maturation, whilst ARC triggers dendritic 

modelling and supports dendritic plasticity of the spine. The increase in both neurotropic 

factors indicates a possible compensatory response to the decrease in neurogenesis and 

dendritic complexity caused by the radiation exposure. These data show the sensitivity of 

hippocampal neurogenesis, especially in the maturing brain, which can lead to a severe 

cognitive decline later in life.   
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3.3.2 Contribution 

For this study the radiation, immunofluorescence staining, and microscopy were 

performed by Miss Zoe Schmal and Miss Anna Isermann. The dissection of the brains, 

the protein concentration measurements, the protein lysis and the preparation of the 

samples for LC-MS/MS measurements were performed by me. Dr. Christine von Törne 

supported the study with the LC-MS/MS runs. I performed the bioinformatic analysis of 

the proteomic data using IPA analysis as well as the validation by Western blotting. The 

manuscript was jointly written by Zoe Schmal and me with the help of Dr. Claudia Rübe 

and Dr. Soile Tapio. All co-authors were involved in the scientific discussion and 

preparation of the manuscript.  

3.3.3 Publication 

The original data were published in an original research paper on May 4th, 2019 in  

“Radiotherapy & Oncology”: 

DNA damage accumulation during fractionated low-dose radiation compromises 

hippocampal neurogenesis. 

Zoe Schmal, Anna Isermann, Daniela Hladik, Christine von Toerne, Soile Tapio, Claudia 

Rübe 

Radiother Oncol. 2019 Aug; 137:45-54. doi: 10.1016/j.radonc.2019.04.02 (Schmal et al., 

2019) 
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Background and purpose: High-precision radiotherapy is an effective treatment modality for tumors.

Intensity-modulated radiotherapy techniques permit close shaping of high doses to tumors, however

healthy organs outside the target volume are repeatedly exposed to low-dose radiation (LDR). The inher-

ent vulnerability of hippocampal neurogenesis is likely the determining factor in radiation-induced neu-

rocognitive dysfunctions. Using preclinical in-vivo models with daily LDR we attempted to precisely

define the pathophysiology of radiation-induced neurotoxicity.

Material and methods: Genetically defined mouse strains with varying DNA repair capacities were

exposed to fractionated LDR (5�/10�/15�/20�0.1 Gy) and dentate gyri from juvenile and adult mice

were analyzed 72 h after last exposure and 1, 3, 6 months after 20 � 0.1 Gy. To examine the impact of

LDR on neurogenesis, persistent DNA damage was assessed by quantifying 53BP1-foci within hippocam-

pal neurons. Moreover, subpopulations of neuronal stem/progenitor cells were quantified and dendritic

arborization of developing neurons were assessed. To unravel molecular mechanisms involved in

radiation-induced neurotoxicity, hippocampi were analyzed using mass spectrometry-based proteomics

and affected signaling networks were validated by immunoblotting.

Results: Radiation-induced DNA damage accumulation leads to progressive decline of hippocampal neu-

rogenesis with decreased numbers of stem/progenitor cells and reduced complexities of dendritic archi-

tectures, clearly more pronounced in repair-deficient mice. Proteome analysis revealed substantial

changes in neurotrophic signaling, with strong suppression directly after LDR and compensatory upreg-

ulation later on to promote functional recovery.

Conclusion: Hippocampal neurogenesis is highly sensitive to repetitive LDR. Even low doses affect signal-

ing networks within the neurogenic niche and interrupt the dynamic process of generation and matura-

tion of neuronal stem/progenitor cells.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 137 (2019) 45–54

Radiotherapy is an effective treatment modality for patients of

all ages with malignant and benign tumors. With intensity-

modulated radiotherapy (IMRT) multiple photon-beams from dif-

ferent directions and with adjusted intensities permit close shap-

ing of radiation dose to target volumes, thereby delivering high

doses to tumors while sparing specific risk regions. However, with

IMRT large volumes of non-targeted brain regions are exposed to

daily low-dose radiation (LDR), which may adversely affect neu-

rocognitive functions. Due to improved treatment techniques,

young cancer patients survive longer, and can therefore experience

the debilitating late-effects of radiotherapy, including attention

deficits and learning difficulties later in life [1].

Accumulating data indicate that ionizing radiation (IR) not only

affects mature neuronal networks, but particularly proliferation

and differentiation of neuronal stem/progenitor cells [2–7]. The

generation of new neurons from largely quiescent neural stem cells

occurs throughout life in the subgranular zone (SGZ) of hippocam-

pal dentate gyrus. Neural stem cells give rise to transiently dividing

precursor cells, that migrate into the granule cell layer, and differ-

entiate into mature neurons which become functionally integrated

into hippocampal circuitry [8]. Specific markers expressed in dis-

tinct cell types during different stages of neurogenesis permit to

identify subpopulations within the complex hippocampal architec-

ture. Transcription-factor SOX2 (SRY[sex-determining-region-Y]b

ox2) plays important roles in maintaining neural stem/progenitor

cell properties [9]. DCX (doublecortin) is expressed in migrating

neuroblasts and immature neurons [10]. NeuN is used as specific

marker for mature post-mitotic neurons [11]. Aging of the brain
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is marked by major decrease in the number of new neurons gener-

ated in hippocampal dentate gyrus [12]. This age-dependent

decline of neurogenesis leads to reduced regeneration capacity

and is caused by cell-intrinsic and cell-extrinsic signals within

the neurogenic niche [13]. In hippocampal microenvironment,

cAMP response element-binding (CREB) protein plays critical roles

in proliferation, survival and differentiation of neuronal stem/pro-

genitor cells [14]. In response to genotoxic insults, CREB-activation

leads to expression of neuroprotective factors, such as brain-

derived neurotrophic factor (BNDF) [15] and activity-regulated

cytoskeleton-associated protein (ARC) [16], and contributes to pro-

tection and survival of newborn neurons.

Following exposure to ionizing radiation, cells incur DNA

lesions that jeopardize genomic integrity, with double-strand

breaks (DSBs) being the most critical DNA lesions. During DNA

damage response (DDR) the formation of large aggregates of sen-

sor/mediator proteins at DSB sites can be visualized as nuclear foci

by immunofluorescence microscopy (IFM) [17]. Within these foci,

activation of mediator proteins, most notably DNA-PK and

Ataxia- Telangiectasia-Mutated (ATM), transduce DSB signals to

numerous downstream effectors, setting the scene for DSB repair

[18]. Mutations in these sensor/mediator proteins have been

shown to contribute to pronounced radiosensitivity. Severe-c-

ombined-immunodeficiency (SCID) is caused by gene mutations

encoding DNA-PKcs, resulting in defective V(D)J-recombination

and extreme radiosensitivity [19]. ATM is mutated in the Ataxia-

Telangiectasia (AT) syndrome, which is characterized by progres-

sive neurodegeneration, telangiectasia, immunodeficiency, and

marked radiosensitivity [18].

Radiation-induced accumulation of DNA damage in neuronal

stem/progenitor cells may have profound impact on genomic

integrity and may contribute to impairment of stem cell functions,

with loss of self-renewal and differentiation capacities [20,21]. In

the current experimental study, acute and long-term effects of

fractionated LDR on the complex process of adult neurogenesis

were characterized to evaluate the impact of genomic damage on

neuronal stem cell behaviour.

Materials and methods

Mouse strains

C57BL/6 mice (Charles River Laboratories, Sulzfeld, Germany)

were used as DNA repair-proficient wild-type (WT) mice; homoge-

nous ATM-/- (129S6/SvEvTac-Atmtm1Awb/J; Jackson Laboratory) and

DNA-PKcs-/- mice (CB17/Icr-Prkdcscid/Rj; Janvier, St. Berthevin

Cedex, France.) served as DNA repair-deficient AT and SCID mice.

Only male mice were used for these studies and housed in groups

in IVC cages under standard laboratory conditions.

Animal irradiation

Whole-body radiation (0.1 Gy) was performed at linear acceler-

ators (ArtisteTM, Siemens) as described previously [22]. Juvenile and

young adult C57BL/6 mice (age P11 or P56 at start of LDR experi-

ments) were daily irradiated from Monday to Friday for 1, 2, 3 or

4 weeks. 72 h after 5�, 10�, 15�, 20� fractions, and 1, 3, 6 months

after 20� fractions animals were anesthetized prior to tissue col-

lection. Adult AT and SCID mice received 1�, 10�, or 20� fractions

and brain tissue was analyzed 72 h after the last exposure. Brain

tissues of �3 mice per age, per strain and per time-point were ana-

lyzed compared to age-matched, non-irradiated controls. Studies

were approved by Medical Sciences Animal Care and Use Commit-

tee of Saarland University.

Immunofluorescence microscopy

Formalin-fixed brain tissues were embedded in paraffin and cut

into 4-lm coronal sections from Bregma �1.9 mm onwards.

Paraffin was removed in xylene and sections were rehydrated in

decreasing alcohol concentrations. Tissues were boiled in citrate

buffer and pre-incubated with RotiTM-Immunoblock (Carl Roth,

Karlsruhe, Germany), incubated with primary antibodies (53BP1,

Bethyl Laboratories, Montgomery, TX, USA; NeuN, Merck Millipore,

Darmstadt, Germany; DCX, SantaCruz, Dallas, TX, USA; SOX2,

Abcam, Cambridge, UK) followed by incubation with Alexa-Fluor-

488 or Alexa-Fluor-568 secondary antibodies (Invitrogen, Karl-

sruhe, Germany). Finally, sections were mounted in VECTAshieldTM

with 40,6-diamidino-2-phenylindole (DAPI; Vector Laboratories,

Burlingame, CA, USA). Nikon Eclipse Ni-E epifluorescence micro-

scope equipped with charge-coupled-device camera and acquisi-

tion software (NIS-Elements, Nikon, Düsseldorf, Germany) was

used to capture fluorescence images. 53BP1-foci were quantified

in NeuN-positive neurons until at least 40 cells and 40 foci were

registered per tissue sample. In DCX-stained sections overview

tiles were acquired with ZEISS AxioScan, whereupon detailed 3D-

image z-stacks were acquired with higher magnification (60�)

using LSM-800-AiryScan. DCX+ cells were quantified in entire gran-

ule cell layers (GCL), SOX2+ cells were captured exclusively in sub-

granular zones (SGZ). Cell numbers and dentritic arborization

(evaluated by measuring DCX+ areas) were reported in relation to

GCL size, evaluated by NIS-elements software.

Protein isolation

Snap-frozen hippocampi were pulverized and resuspended in

RIPA enriched with phosphatase/protease inhibitors. After sonifi-

cation, suspensions were incubated and centrifugated and protein

concentrations were determined using BCA method according to

manufacturer’s instructions [23].

Mass spectrometry-based proteome analysis:

Measurements were performed on QExactive mass-

spectrometer (Thermo Fisher Scientific Inc.) coupled to UltiMa-

teTM3000 nano-RSLC (Thermo Fisher Scientific Inc.) as described

previously [24].

Label-free proteomic analysis with progenesis QI

MS-spectra were further analyzed with Progenesis QI software

(Nonlinear Dynamics, Water, Newcastle upon Tyne, UK) for label-

free quantification as described before [24].

Bioinformatics

To identify radiation-affected signaling pathways, differentially

regulated proteins were imported into Ingenuity Pathway Analysis

(IPA, QIAGEN Redwood City, www.qiagen.com/ingenuity).

Western Blot

Samples were denatured with Lämmli-buffer and proteins were

separated using 4–12% gradient gels and blotted onto nitrocellu-

lose membranes. Membranes were blocked and incubated with

first antibodies. After washing membranes were incubated with

HPR-secondary antibodies and visualized with chemiluminescence

detection. Protein bands were quantified with Image-J software.

Ponceau staining served as internal loading control.
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Statistical analysis

Differences in 53BP1-foci, DCX+ and SOX2+ cells between irradi-

ated versus non-irradiated hippocampi were assessed using

unpaired Student’s t-test (GraphPad Software, La Jolla, CA, USA).

Differences were considered statistically significant at p-values

�0.05. Filtering criteria for proteomics analyses: (i) significance

for fold-change (ratio irradiated to non-irradiated) �1.30 or

�0.770; (ii) p �0.05; (iii) identification by �2UP. For immunoblot-

ting, differences in protein expression were considered to be signif-

icant if p � 0.05 (unpaired Student’s t-test). Error bars were

calculated as standard error of the mean (SEM).

Data availability

Raw MS-data are available in https://www.storedb.org/store_

v3/study.jsp?studyId=1107

Results

53BP1-foci accumulation in hippocampal neurons during and after

LDR

Double-staining for NeuN and 53BP1 was used to quantify DNA

damage foci in mature, post-mitotic neurons located in hippocam-

pal dentate gyrus of WT mice (Fig. 1). Only low 53BP1-foci levels

(�0.03 foci/cell) were observed in non-irradiated controls

(Fig. 1A, left panel). Directly after single-dose exposure to 0.1 Gy,

approximately 1 focus/cell was induced at 0.1 h post-IR (Fig. 1A,

middle panel). Following fractionated LDR (20 � 0.1 Gy, 72 h

post-IR) the number of persisting foci was higher in hippocampal

neurons compared to non-irradiatedWTmice (Fig. 1A, right panel).

To assess possible accumulation of persisting 53BP1-foci during

fractionated LDR, juvenile and adult WT mice were examined

72 h after exposure to 5�, 10�, 15�, or 20� fractions of 0.1 Gy,

compared to non-irradiated, age-matched controls (Fig. 1B). The

number of persisting 53BP1-foci increased significantly in juvenile

and adult WT mice during fractionated LDR, with the maximum at

1 m post-IR (juvenile: 0.092 ± 0.0046 foci/cell; adult: 0.075 ± 0.004

foci/cell; Fig. 1B). Subsequently, numbers of radiation-induced foci

decreased gradually, but failed to return to baseline levels

observed in non-irradiated controls, even six months after the last

exposure (Fig. 1B). Due to the limited numbers of DCX+ neuropro-

genitors, it was not feasible to perform the quantitative analysis of

53BP1-foci in older mice. However, in the juvenile dentate gyrus

we found similar kinetics of 53BP1-foci formation and disappear-

ance in DCX+ neuroprogenitors.

Radiation-induced DNA damage usually induces cell-cycle

arrest and apoptosis. Ki-67 immunostaining was performed to ana-

lyze the proliferative potential of neuronal precursors in the hip-

pocampus (Suppl.1A). In juvenile WT mice the proportion of

Ki67+ cells in the SGZ of dentate gyrus was significantly decreased

72 h after 20 � 0.1 Gy and, notably, at all later time-points (Sup-

pl.1A, inset), indicating that proliferation of neurogenic precursors

was compromised by repetitive LDR in the long term. In contrast,

numbers of Ki67+ cells in adult WT mice were not significantly

affected by LDR (Fig. 1A). To test whether this moderate DNA dam-

age caused apoptosis in immature DCX+ neurons, Caspase-3

expression was analyzed (Suppl.1B). Quantification of Caspase-3

immunostaining showed no significant increase in apoptotic cells

in juvenile or adult hippocampi 72 h after 20 � 0.1 Gy (Suppl.1B).

In summary, these results indicate that even low doses of ionizing

radiation may negatively influence neuronal proliferation in imma-

ture brain.

Cellular response of DCX+ neuroprogenitors to fractionated LDR

Using high-resolution imaging we analyzed the morphology of

DCX+ neuroprogenitors to examine the effects of LDR on the devel-

opment and maturation of their dendritic tree (Fig. 2A). In hip-

pocampal dentate gyrus of non-irradiated brain, DCX+ cell bodies

were primarily located in SGZ, while their dendrites extended radi-

ally into the molecular layer (Fig. 2A, left panel). Fractionated LDR

resulted in distinct reduction in dendritic arborization with dimin-

ished branching, total length and dendritic complexity (Fig. 2B,

right panel).

Next, the number of DCX+ cells was quantified in the SGZ of hip-

pocampal dentate gyrus. In non-irradiated WT mice the physiolog-

ical age-related decline of hippocampal neurogenesis correlated

with decreased levels of DCX+ neuroprogenitors (Fig. 2B, upper

panels). During and after fractionated LDR, the number of DCX+

neuroprogenitors was significantly lower across all time-points

compared to non-irradiated, age-matched controls (Fig. 2B, upper

panels). In juvenile WT mice, DCX+ neuroprogenitors decreased

to �70% during and immediately after fractionated LDR

(20 � 0.1 Gy, 72 h post-IR: 702 ± 26 DCX+ cells/mm2; non-IR:

1007 ± 29 DCX+ cells/mm2), and stayed at low levels showing

�50% decrease in the long term, compared to non-irradiated

aged-matched controls (20 � 0.1 Gy, 6 m post-IR: 85 ± 4 DCX+

cells/mm2; non-IR: 172 ± 11 DCX+ cells/mm2). In adult WT mice,

radiation-induced decrease in DCX+ neuroprogenitors was less

prominent, showing �25% cell loss at early (20 � 0.1 Gy, 72 h

post-IR: 298 ± 11 DCX+ cells/mm2; non-IR: 389 ± 8 DCX+ cells/

mm2) and later time-points (20 � 0.1 Gy, 3 m post-IR: 147 ± 5

DCX+ cells/mm2; non-IR: 189 ± 14 DCX+ cells/mm2). Our findings

suggest that the high neurogenic potential of developing brain is

associated with marked susceptibility to genotoxic stress and

may explain age-dependent vulnerability of hippocampal neuroge-

nesis to radiation injury.

Subsequently, DCX+ areas were measured in hippocampal

regions by 2D-image analysis to quantify radiation effects on

arborization densities (Fig. 2B, lower panels). During fractionated

LDR the percentage of DCX+ area in juvenile hippocampus declined

from �12% (5 � 0.1 Gy, 72 h post-IR) to �6% (20 � 0.1 Gy, 72 h

post-IR), and in adult hippocampus from �5% (5 � 0.1 Gy, 72 h

post-IR) to �3% (20 � 0.1 Gy, 72 h post-IR), correlating with

radiation-induced decrease of �50% in juvenile and �25% in adult

hippocampus (Fig. 2B). Following fractionated LDR we observed

constant reductions in dendritic arborization with clear decreases

of �50% in juvenile and �25% in adult hippocampus, compared

to non-irradiated controls. In summary, these results indicate sig-

nificant long-lasting effects of repetitive LDR on the number of dif-

ferentiating DCX+ neurons and the outgrowth and branching of

their dendritic arbors. These radiation effects were even more pro-

nounced in maturing brain of juvenile mice, likely reflecting the

higher neurogenic potential leading to increased vulnerability to

genotoxic stress.

Cellular response of SOX2+ stem/progenitor cells to fractionated LDR

Transcription-factor SOX2, expressed by slowly proliferating

neuroprogenitors, is important in controlling self-renewal and

multipotency. In the hippocampus of juvenile and adult WT mice,

SOX2+ cells were quantified in the SGZ along the hilus of dentate

gyrus (Fig. 3). In juvenile WT mice, numbers of SOX2+ precursors

remained stable during LDR, but were significantly reduced at all

time-points after LDR with 30–40% decreases compared to non-

irradiated, age-matched controls (Fig. 3B, left panel). These tempo-

ral dynamics of SOX2+ cells may reflect that genotoxic insults

caused by repetitive LDR result in their premature differentiation

to replace damaged cells after radiation injury. In adult WT mice,
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the number of SOX2+ stem/progenitor cells per sewas clearly lower

compared to maturing brain, but was not significantly affected by

LDR (Fig. 3B, right panel).

Defective DNA damage signaling determines stem cell functionality

ATM and DNA-PKcs are central DDR regulators, but understand-

ing of their downstream signals determining stem cell functional-

ity remains incomplete. Repair-deficient AT and SCID mice showed

significantly increased basal levels of 53BP1-foci in neurons of non-

irradiated hippocampi compared to WTmice (AT: 0.13 ± 0.02 foci/-

cell; SCID: 0.35 ± 0.04 foci/cell) (Fig. 4A). Following fractionated

LDR, repair-deficient AT mice showed significantly increased levels

of remaining foci after 10 or 20 fractions, with the maximum of

0.66 ± 0.07 foci/cell (20 � 0.1 Gy). Repair-deficient SCID mice

showed most pronounced accumulation of unrepaired DNA dam-

age, with 1.70 ± 0.09 foci/cell after 20 � 0.1 Gy (Fig. 4A). Taken

together, these elevated foci numbers after LDR reflect prominent

DSB repair deficiency of AT and SCID mice.

As neurogenesis is particularly susceptible to genotoxic stress,

neuronal stem/progenitor cells were quantified in SGZ of hip-

pocampal dentate gyrus (Fig. 4B). In AT mice numbers of DCX+

Fig. 1. 53BP1-foci accumulation in neurons during and after fractionated LDR. A: Immunofluorescence imaging of 53BP1-foci (green) in NeuN-positive nuclei (red) of non-

irradiated and irradiated hippocampus from repair-proficient juvenile WT mice. Hippocampal neurons of control hippocampus show low 53BP1-foci levels (left panel). At

0.1 h after single-dose exposure to 0.1 Gy the number of foci was clearly increased (�1 focus/cell; middle panel). At 72 h after 20 � 0.1 Gy only few neurons showed persistent

53BP1-foci. Framed regions are shown at higher magnification (600�). Arrow heads mark 53BP1-foci. B: Quantification of radiation-induced 53BP1-foci in NeuN-positive

hippocampal neurons. To analyze persistent DNA damage during and after fractionated LDR, numbers of 53BP1-foci per cell were quantified 72 h after 5�, 10�, 15� or 20�

fractions of 0.1 Gy and 1, 3, and 6 months after 20 � 0.1 Gy. 53BP1-foci were quantified in hippocampal neurons of juvenile and young adult WT mice and compared to age-

matched, non-irradiated controls. Error bars represent SEM, n � 3; *denotes statistically significant difference compared to non-irradiated control: *p < 0.05; **p < 0.01;
***p < 0.001.
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immature neurons were clearly reduced before and after repetitive

LDR (AT: 30–55 cells/mm2; WT: 300–450 cells/mm2), suggesting

that even low levels of genomic damage result in their apoptotic

elimination (Fig. 4B, lower panel). In SCID mice, almost normal

basal levels of DCX+ neuroprogenitors were observed in non-

irradiated hippocampus (385 ± 6 cells/mm2), while DCX+ cell num-

bers decreased to �30% after 10 � 0.1 Gy (116 ± 23 cells/mm2) and

to �10% after 20 � 0.1 Gy (39 ± 4 cells/mm2) (Fig. 4B). These

Fig. 2. DCX+ neuroprogenitors and their dendritic arborization. A: Immunofluorescence imaging of DCX (red) in the dentate gyrus of non-irradiated (left panel) and irradiated

(20 � 0.1 Gy, 72 h) hippocampus (right panel) from juvenile WT mice. DCX+ precursor cells are abundant in the SGZ of the dentate gyrus and show intact dendritic

arborization. Framed regions are shown at higher magnification (600�). Projections of confocal z-stacks show that DCX+ precursors after fractionated LDR are characterized

by an impaired maturation of their dendritic tree. B: In the hippocampus of juvenile and adult WT mice the numbers of DCX+ cells and DCX+ area were quantified 72 h after

5�, 10�, 15�, or 20� fractions of 0.1 Gy and 1, 3, and 6 months after 20 � 0.1 Gy, in comparison to age-matched, non-irradiated controls. Error bars represent SEM, n � 3;
*denotes statistically significant difference compared to non-irradiated control: *p < 0.05; **p < 0.01; ***p < 0.001.
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findings suggest that excessive DNA damage leads to apoptotic

elimination of DCX+ neuroprogenitors due to their increased sus-

ceptibility. The number of slowly proliferating SOX2+ cells, by con-

trast, remained stable during fractionated LDR throughout the

different mouse strains.

Fractionated LDR affects the hippocampal proteome

Analysis of hippocampal proteome of juvenile WT mice was

performed 72 h, 1, 3 and 6 months after fractionated LDR

(20 � 0.1 Gy). Label-free LC/MS-MS was used for comparison of

irradiated hippocampus versus age-matched, non-irradiated con-

trols. Volcano plots of all quantified proteins show the distribution

of non-regulated and deregulated proteins (Fig. 5A). Total numbers

of significantly down- and up-regulated proteins are shown in

Fig. 5B. At 72 h post-IR, most proteins were down-regulated,

whereas at 1 m post-IR most proteins were up-regulated. At later

time-points, the distribution of down- and up-regulated proteins

was almost equal. Shared proteins are presented in the Venn dia-

gram (Fig. 5C).

Pathway analysis indicates the modulation of CREB signaling

Deregulated proteins were further analyzed using Ingenuity

Pathway Analysis (IPA) software. Most affected signaling pathways

were synaptic long-term potentiation and CREB signaling, both of

which are important in neuronal functioning (Suppl.2).

Transcription-factor CREB is activated by phosphorylation of

Ser133 via calmodulin kinases (CAMKs). Based on proteomics data,

CAMKs were down-regulated at 72 h and 1 m post-IR, but

up-regulated at 3 m post-IR (Suppl.2). Predicted changes in

CREB-pathway were validated using immunoblotting. Levels of

Fig. 3. SOX2+ stem/progenitor cells in the SGZ of the dentate gyrus. A: Immunofluorescence imaging for SOX2 (green) in the dentate gyrus of non-irradiated (left panel) and

irradiated (20 � 0.1 Gy, 1 m) hippocampus (right panel) from adult WT mice (P67). SOX2+ cells in the SGZ represent neuronal stem cells. Framed regions are shown at higher

magnification. Arrow heads mark SOX2+ nuclei in the SGZ. Scale bars represent 100 lm or 20 mm, respectively. Original magnification 600�. B: In the hippocampus of juvenile

and adult WT mice the numbers of SOX2+ cells in the SGZ were quantified 72 h after 5�, 10�, 15�, 20� fractions of 0.1 Gy and 1, 3 and 6 months after 20 � 0.1 Gy, and

compared to age-matched, non-irradiated controls. Error bars represent SEM, n � 3; *denotes statistically significant difference compared to non-irradiated control: *p < 0.05;
**p < 0.01; ***p < 0.001.
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phosphorylated (Ser133) and total-CREB, and the downstream tar-

gets BDNF and ARC are shown in Fig. 6. Down-regulation of

phospho-CREB (pCREB) at 72 h and 1 m post-IR and up-

regulation at 3 m post-IR is in line with simultaneous down- and

up-regulation of CAMKs (Suppl.2). In agreement with pCREB dereg-

ulation, the downstream targets BDNF and ARC were significantly

downregulated at 1 m post-IR and upregulated at 3 m post-IR

(Fig. 6). Down-regulation of CREB-signaling directly after LDR sug-

gests that radiation-induced genotoxic insults suppress hippocam-

pal neurogenesis, whereas late-term CREB-activation may

stimulate neuronal cell proliferation/differentiation and promote

functional regeneration after genotoxic stress.

Fig. 4. Effect of DNA damage accumulation on adult neurogenesis A: Quantification of 53BP1-foci in hippocampal neurons 72 h after 1�, 10� and 20� fractions of 0.1 Gy in

WT. AT and SCID mice, compared to non-irradiated controls. B: Immunofluorescence imaging for DCX in the dentate gyrus of non-irradiated and irradiated (20 � 0.1 Gy, 72 h)

hippocampus from adult WT, AT and SCID mice. C: Quantification of DCX+ and SOX2+ cells in the SGZ of dentate gyrus of WT, AT and SCID mice performed 72 h after the last

exposure of fractionated LDR (10� and 20� fractions of 0.1 Gy). Error bars represent SEM, n � 3; *denotes statistically significant difference compared to non-irradiated

control: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Discussion

The high hippocampal susceptibility to radiation injury is likely

the causal factor of neurocognitive dysfunctions after exposure to

ionizing radiation [25]. To analyze the impact of repeated low-

dose exposure on hippocampal neurogenesis, we utilized an in-

vivo model, exposing genetically determined mouse strains with

different DNA repair capacities to daily LDR. During this LDR

regime mice were irradiated with 0.1 Gy every day (except

weekends) for up to 4 weeks. Fractionated LDR enclosing only

the head of every single animal is very laborious and time-

consuming and would require daily narcosis for immobilization.

The risks and side effects of daily anesthesia would clearly exceed

the benefits of the selective brain irradiation, especially for young

animals. Depending on their DNA repair capacity, repeated LDR led

to varying levels of persisting DNA damage foci in hippocampal

neurons with increasing cumulative doses [22]. As a result of

radiation-induced DNA damage accumulation hippocampal neuro-

genesis was seriously affected in DNA repair-deficient mice [26].

But even in repair-proficient WT mice, radiation-induced geno-

toxic stress resulted in progressive reduction in DCX+ immature

neurons with impairment in their dendritic development. Impor-

tantly, following completion of fractionated LDR, DCX+ and SOX2+

cells exhibited significant long-lasting decline within their neuro-

genic niche, which was even more pronounced in juvenile brain.

The response of tissue-specific stem/progenitor cells to radia-

tion exposure is an important determinant of overall tissue reac-

tion. During the process of adult neurogenesis, heterogenous

mixtures of neuronal stem/precursors cells undergo numerous

proliferation and differentiation stages. Our findings indicate that

different subpopulations of neuronal stem/progenitor cells

respond differently to fractionated LDR. The number of DCX+

Fig. 5. Analysis of the hippocampal proteome. A: Volcano plots representing the distribution of all quantified proteins (identification with � 2 UP) at 72 h, 1, 3 and 6 months

post-IR (20 � 0.1 Gy). Deregulated proteins (p � 0.05, fold change ± 1.3) are highlighted in green (down-regulated) and red (up-regulated), respectively. B: Total numbers of

significantly down-regulated (green) and up-regulated (red) proteins are shown for all time points (p � 0.05, fold change ± 1.3). C: Venn diagram illustrates the number of

shared deregulated proteins at different time-points.
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dividing progenitor cells and the complexity of their dendritic

architectures gradually declined during and after LDR, likely due

to radiation-induced suppression of proliferation and maturation.

The number of SOX2+ stem/progenitor cells remained constant

during LDR, but decreased significantly within several months after

LDR. Regenerative processes necessitate stem cell replication with

enhanced differentiation/maturation to replace damaged cells after

radiation injury [27]. Excessive activation of stem/progenitor cells

by genotoxic insults may result in premature exhaustion of stem

cells [20,28]. Our results suggest that this dynamic balance

within the stem cell pool is critically influenced by repeated small

doses of ionizing radiation. Higher proportions of proliferating

Fig. 6. Immunoblot analysis of phospho- and total-CREB levels and the downstream targets BDNF and ARC. The relative expression of phospho-CREB (Ser133), CREB, BDNF

and ARC at 72 h, 1, 3 and 6 months post-IR (20 � 0.1 Gy) compared to non-irradiated, age-matched controls, after background correction and normalization to total amount of

protein visualized by Ponceau staining. Error bars represent SEM, n � 3; *denotes statistically significant difference compared to non-irradiated control: *p < 0.05; **p < 0.01;
***p < 0.001.
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neuroprogenitors in juvenile hippocampus may explain the

increased radiosusceptibility of young organisms [29]. This study

provides the basis for future experiments designed to assess neuro-

genesis and neuroinflammation by the combination of immunocy-

tochemistry with stereological techniques to estimate exactly the

numbers of different cell populations in defined brain volumes

after radiation-mediated damage.

Label-free quantitative proteomics based on mass spectrometry

is an important approach for exploring protein functions and inter-

actions in a large-scale manner. Since the isolation of specific

regions is not feasible in unstained tissue, we used the whole hip-

pocampus for proteomics analysis. Label-free LC–MS/MS technol-

ogy is not sensitive enough to identify very weekly expressed

proteins such as transcription factors. Nevertheless, based on pro-

tein profiling, the activation status of central transcriptional regu-

lators can be predicted using specific software tools. In this study,

the predicted changes in the active form of transcription factor

CREB were followed by performing immunoblotting. Our hip-

pocampal proteome analysis revealed the importance of CREB-

mediated gene transcription in radiation response, with CREB-

target proteins BDNF and ARC promoting neuronal maturation

with outgrowth of axons and dendrites [30,31]. Down-regulation

of CREB-signaling directly after LDR correlates with suppression

of hippocampal neurogenesis. CREB-mediated up-regulation of

neurotrophic factors suggest functional recovery of neurogenesis

several months after fractionated LDR [32].

In summary, these results enhance our understanding of molec-

ular and cellular dynamics that underlie hippocampal neurogene-

sis during and after fractionated LDR. Our experimental data

indicate that fractionated LDR impairs neurogenesis, and may com-

promise hippocampus-dependent learning and memory. Markedly,

our findings suggest that repeated LDR leads to persistent injury of

hippocampal neurogenesis, even more pronounced in young indi-

viduals [33]. In future studies, cognitive functioning will be tested

in this mouse model of fractionated LDR to assess potential

radiation-induced deficits. This experimental study provides a

framework for clinical radiotherapy, with recommendation for sig-

nificant dose reduction in hippocampus regions whenever possible

to prevent neuro-cognitive dysfunction.
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4 Conclusions  
The effects of high doses of ionising radiation on the brain and other tissues have been 

well studied. In the brain, it is generally accepted that the damage caused by high doses 

extends over several cell types and affects their proliferation and survival, their 

connections and their function in networks. The damage may also involve changes in the 

biochemical environment of the brain. This leads to disturbed neurogenesis and impaired 

signal transmission, which ultimately leads to cognitive impairment. (Hladik et al., 2016) 

In contrast, the number of studies addressing the effects of low-dose radiation is relatively 

limited. Some epidemiological studies suggest that low-dose radiation, as used in medical 

procedures, may have adverse effects on neurocognitive processes (Hall et al., 2004; 

Pearce et al., 2012; Ron et al., 1982). However, the molecular mechanisms that underlie 

such radiation-induced alterations in normal brain function are not fully understood. The 

work presented here was performed to analyse how radiation doses relevant in medical 

procedures affect the brain under different experimental conditions.  

4.1 Effect of low-dose IR on the murine hippocampus 

4.1.1 Low-dose exposure leads to a long-term increase in oxidative stress 

and inflammation 

As already described in the introduction, the impact of IR on water generates free radicals 

that, in turn, can damage cellular biomolecules (1.2) and play a major role in causing 

radiation-induced adverse effects on cells and organs.  

In the first study (3.1, (Hladik et al., 2020)), an increased proportion of carbonylated 

proteins indicated enhanced oxidative stress remains even 24 months after a single 

radiation dose of 0.125 Gy or 0.5 Gy. It is already known that high doses of IR induce 

persistent oxidative stress in mice and rats (Cucinotta et al., 2019). However, it has not 

yet been demonstrated whether low doses that are more relevant in clinical applications, 

such as the dose to adjacent normal tissues during cancer therapy or from repeated 

imaging, cause oxidative stress. The present results show that oxidative stress remains 

even 24 months after a single low-dose (0.5 Gy) exposure. Consequently, radiation effects 

that occur long after irradiation or increase over time could be caused by a long-lasting 

increase in oxidative stress in the brain. 
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Inflammation is known to occur as a delayed response to a chronic increase of free 

radicals. Microglia and astrocytes are activated at the beginning of an acute inflammatory 

reaction in the brain (see Figure 6). In the activated state they recognize neuronal damage 

in their environment (Cucinotta et al., 2019; Kettenmann et al., 2013; Lumniczky et al., 

2017). These activated immune cells in turn produce ROS that further activates microglia 

and astrocytes (Greene-Schloesser et al., 2012), leading to a situation of chronic 

inflammation and sustained oxidative stress such as seen in our model (Hladik et al., 

2020). Mice exposed to a radiation dose of 0.5 Gy showed a sustained increase in the 

IBA1 protein as a marker for activated microglia and an increase in GFAP as a marker for 

reactive astrocytes 24 months post-exposure. This is an indicator for the initial 

inflammation that was induced by a single low-dose exposure turning into a chronic 

inflammatory state typically characterized by the persistent activation of the immune cells. 

This could therefore be the explanation for the persistently increased oxidative stress 

observed 24 months after irradiation. 

 

 

Figure 6: Induction of chronic inflammation by a single low-dose radiation exposure. Radiation 

exposure leads to the generation of oxidative stress that results in the activation of immune cells in the brain. 

Consequently, reactive astrocytes (GFAP) and activated microglia (IBA1) produce free radicals. This leads 

to long-term chronic activation of the immune system and a pro-inflammatory status.  
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4.1.2 Effect on neuronal structures 

In study two of this thesis (3.2, (Hladik et al., 2019)), the proteome analysis of irradiated 

hippocampal tissue in combination with ketamine showed that many proteins playing an 

important role in synaptic long-term potentiation (LTP) are altered after irradiation. The 

LTP describes the enhancement of neuronal synaptic transmission in response to 

increased action potential frequencies. It is the basis for synaptic plasticity that is defined 

as the formation and degradation of connections between neurons depending on their 

use. Precisely this plasticity is essential for learning and memory processes (Bear et al., 

1994; Kemp et al., 2007).  

The dendritic structures of neurons are the location where the integration of inputs and 

the propagation of signals take place. Acute and chronic stress was shown to induce 

changes and remodelling of the dendritic structures that were correlated with neuronal 

disorders and mental retardation (Kaufmann et al., 2000; McAllister, 2000; Penzes et al., 

2011; Purpura, 1975; Wu et al., 1999). For example, depression and cognitive decline are 

often associated with an increase in dendritic length and branching similar to morphologic 

changes found in the neuropathic pain disease (Metz et al., 2009).  

It could be proven in this doctoral thesis (3.2, (Hladik et al., 2019)) that a combined 

exposure with low-dose radiation and ketamine had a pronounced effect on the dendritic 

complexity not present in mice exposed to either ketamine or radiation alone. The dendritic 

length and number of branching points of the hippocampal CA1 neurons were significantly 

increased after 100 mGy or 200 mGy in combination with ketamine. Additionally, the 

relative number of spines was reduced in the same animals. These effects were not 

present when the mice where sham treated or exposed to ketamine or low-dose radiation 

alone. We assume that this phenomenon leads to mis-forwarding of neuronal information 

and could therefore be the molecular explanation for the observed behavioural changes 

in similarly treated mice (Buratovic et al., 2018; Hladik et al., 2019). At the molecular level, 

a significant increase in the expression of BDNF, a protein that is known to be an important 

modulator of synaptic plasticity (Boyce et al., 2012; Gottmann et al., 2009), was detected. 

Several studies have proven the influence of BDNF on dendritic complexity in the 

developing, but also in the mature brain, dependent on the neuronal activity (Cohen-Cory, 

1999; Kellner et al., 2014). The reduction in BDNF levels during normal brain aging 

coincided with a reduction in dendritic complexity and spinal density in senescent rats 
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(von Bohlen und Halbach, 2010) and BDNF knockout mice showed strong impairment of 

the LTP and learning performance (Korte et al., 1995; Psotta et al., 2013). Moreover, 

patients with depression often show lowered BDNF blood levels (Cunha et al., 2006). 

Constant ketamine application is known to increase the BDNF level and is therefore 

considered to be a promising new approach among adult patients with depressive 

disorder (Allen et al., 2015; Murrough, Iosifescu, et al., 2013; Murrough, Wan, et al., 2013). 

In the study presented in this thesis (3.2, (Hladik et al., 2019)), the results of combined 

treatment with radiation are similar to those which were achieved when ketamine was 

constantly applied (Allen et al., 2015; Murrough, Iosifescu, et al., 2013; Murrough, Wan, 

et al., 2013). This indicated that a single exposure to the combination ketamine and low-

dose radiation induced an effect resembling that of persistent ketamine application without 

radiation. The mechanistic basis for the BDNF increase is still unclear.  

In contrast to the results from the ketamine study (3.2, (Hladik et al., 2019)), the DCX 

positive neurons of the hippocampus in the third study (3.3, (Schmal et al., 2019)) showed 

a reduced dendritic complexity after the fractionated radiation exposure of 20 x 100 mGy, 

with the cumulative dose of 2 Gy. These results are similar to a study by Parihar et al. 

showing a dose-dependent reduction of dendritic complexity in the hippocampal neurons 

at doses of 1 Gy or 10 Gy. This suggests that the effect of fractionated low doses resemble 

those of a single exposure at a similar dose (Parihar et al., 2013), at least in the 

hippocampus. It could also be shown in this thesis (3.2, (Hladik et al., 2019)) that a single 

exposure to 100 mGy or 200 mGy had no effect on the neuronal structures. 

Figure 7 compares the different effects of a single low-dose irradiation, a single low-dose 

in combination with ketamine and repeated exposure to low-dose radiation on the 

structure of hippocampal neurons studied in this work (3.1, 3.2, 3.3). 
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Figure 7: Different impact of low-dose radiation on neuronal structures depending on the 

experimental set up. It was shown that a single low radiation dose (100 mGy, 200 mGy) had no effect on 

the basal dendrites of CA1 neurons. Combined to a single injection of ketamine (7,5 mg/kg) the number of 

dendrites and their braining increased whereas the spine density was lower than in the control animals. In 

contrast, a fractionated exposure to low radiation dose (20 x 100 mGy) decreased the complexity of DCX 

positive neurons in the hippocampus. All effects were measured up to six months post-exposure.  

 

4.1.3 Effect on the hippocampal cell composition 

The hippocampus is one of the few regions in the adult brain where pools of regenerative 

neural stem cells remain (1.3). They are located in neurogenic niches, generate mature 

neurons and appear to be particularly sensitive to the effects of IR (Bellinzona et al., 1996; 

Mizumatsu et al., 2003; Monje et al., 2002). There are two different ways in which 

irradiation may act on this group of cells. On the one hand, directly induced cell death of 

the neurons leads to reduction in the stem cell pool. On the other hand, radiation may 

cause an indirect change in the tissue microenvironment, also leading to a reduction of 

proliferation and neurogenesis (Lazarini et al., 2009; Michaelidesova et al., 2019; 

Mizumatsu et al., 2003).  

In the third study of this thesis (3.3, (Schmal et al., 2019)) the effects of fractionated low-

dose exposure that is relevant for the healthy surrounding tissue during radiotherapy of 
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brain tumours was investigated. Therefore, hippocampal tissue of juvenile and adult mice 

was stained for doublecortin (DCX), as a marker for neural progenitors, and for SRY (sex 

determining region Y)-box 2 (SOX2) for neuronal stem cells, to analyse the effect of 

repeated low-dose exposure on the hippocampal cell composition. The results indicate a 

significant decline in both cell populations already 72 hours post radiation. This effect is 

still measurable six months later. The decline was present in juvenile and adult mice but 

more pronounced when mice were irradiated at young age. Reduced proliferation rate and 

altered neurogenesis are believed to be one of the major causes in the pathogenesis of 

radiation-induced cognitive decline. These results indicate that even low radiation doses 

disturb the dynamics of the neural generation. It also emphasizes how sensitive the 

hippocampal cell composition is even when the irradiation occurs at the adult age. 

(Schmal et al., 2019) 

 

4.2 The effect of low-dose irradiation on the hippocampal proteome 

The data of this work (3.1, 3.2, 3.3) have shown a variety of long-lasting effects following 

low-dose irradiation of the hippocampus.  

Whole hippocampal proteome analysis was performed to determine the effects of low-

dose radiation on the composition of the hippocampal proteins at different time points 

post-irradiation. The label-free LC/MS-MS methodology was applied to gain 

understanding of the global cellular adaptation to the radiation exposure in order to identify 

the central affected pathways and key players. The proteome composition after radiation 

differed depending on the experimental design. The number of deregulated proteins 

increased after a single exposure to low-dose radiation (0.063 - 0.5 Gy) over time (3.1, 

(Hladik et al., 2020)). A much higher cumulative dose of 2 Gy given in 0.1 Gy fractions in 

the third study (3.3, (Schmal et al., 2019)) resulted in an immediate (72 hours) increase in 

the number of deregulated proteins that declined by six months after irradiation. After 

fractionated exposure the number of deregulated proteins was the highest after 72 hours 

and dropped consequently until six months post expose. This shows how different the 

effects of lower doses are. Repeated exposure leads to an accumulation of radiation, 

which results in effects similar to them induced by a single high dose exposure. 
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4.2.1 The central role of the CREB pathway 

In the studies of this doctoral thesis, one pathway namely the CREB signalling has been 

identified as being particularly involved in the radiation response after low-dose exposure. 

The CREB protein and its associated upstream and downstream targets are involved in a 

variety of cellular processes in the brain, including neurogenesis, proliferation, synaptic 

plasticity, and neuronal protection. It has several mediators as illustrated in Figure 8 

(Sakamoto et al., 2011; Walton et al., 2000).  

In response to external stressors like radiation, the transcriptional activity of CREB is 

mainly regulated by phosphorylation by kinases including the p38 mitogen-activated 

protein kinase (p38) and the extracellular signal-regulated kinase 1/2 (ERK1/2) (Gonzalez 

et al., 1989; Lonze et al., 2002). Through a phosphorylation on Ser133, phospho-CREB 

forms homodimers and induces the transcription of target genes (Yamamoto et al., 1988). 

The fact that putative CREB binding sites can be found in the regulatory elements of over 

4000 genes (Zhang et al., 2005) underlines the functional diversity and importance of 

CREB signalling for cellular processes.  

All three studies found that either CREB or downstream target genes of CREB respond 

to low-dose radiation. The regulation of CREB varied depending on the dose and the time 

after irradiation. In the first study (3.1, (Hladik et al., 2020)) a single exposure of 0.063 or 

0.125 Gy caused an increase in the phosphorylation of CREB and the corresponding 

upstream kinases and downstream targets two years after irradiation. Proteins of the BCL-

2 family that inhibit apoptosis-inducing proteins and thus have a neuroprotective effect, 

were found to be increased. In contrast, irradiation with the dose of 0.5 Gy led to a 

significant reduction of the CREB protein level and of its phosphorylated Ser133 form. 

Significantly, the anti-apoptotic CREB target protein b-cell lymphoma-extra large (BCL-

xL) was reduced, coinciding with a measurable increase in marker proteins for apoptosis 

(BAX, CASP3). Importantly, phosphorylated CREB has been proposed to directly inhibit 

the nuclear factor 'kappa-light-chain-enhancer' of activated B-cells (NF-κB) activation and 

thereby inhibit pro-inflammatory responses (Wen et al., 2010). In accordance with the 

suggested compromised activity of CREB, markers for activated microglia and reactive 

astrocytes were only detected after the dose of 0.5 Gy (Hladik et al., 2020).  
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Moreover, the results from the third study (3.3, (Schmal et al., 2019)) also revealed 

changes of CREB signalling in response to radiation. Protein levels of CREB were 

significantly downregulated 72 hours after finishing of the fractionated exposure. This 

correlated with the earlier described (1.4.3, 1.4.4) decrease in neurogenesis and dendritic 

complexity. After several months, the CREB-mediated transcription was upregulated 

(Schmal et al., 2019) suggesting the functional recovery of the neuroprotective response. 

 

 

Figure 8: The CREB signalling pathways and its downstream targets. The transcription factor CREB is 

activated in the brain via kinases that are activated in response to external stressors like radiation exposure. 

CREB signalling is involved in the maintenance of neurogenesis and proliferation and in the regulation of 

synaptic plasticity. It is neuroprotective in response to external stimuli. 

  

 An especially relevant CREB target is the BDNF protein as it plays a central role in 

neurogenesis and synaptic plasticity. As already described in 4.1.2, BNDF was 

significantly upregulated after a combined application of ketamine and low-dose radiation, 

leading to an increased dendritic complexity. In contrast, BDNF expression was 

significantly downregulated after fractionated radiation leading to reductions in 

neurogenesis, dendritic branching and length. 

Similar decreases in CREB activity have been found to be present in several 

neurodegenerative disorders, including Alzheimer´s disease, Parkinson´s disease and 

Huntington’s disease, as well as during normal brain aging (Gil et al., 2008; Ma et al., 
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2007; Mantamadiotis et al., 2002). Knock-out experiments in mice have revealed that the 

neuroprotective response towards ROS-mediated cell toxicity was abrogated by 

disruption of the CREB-mediated transcription (B. Lee et al., 2009; Pregi et al., 2017). 

Therefore, CREB signalling is of importance for the nervous system`s response to 

radiation by adapting its expression and activity to the external stressors. This shows the 

relevance of CREB for future research in the radiation protection in context of various 

clinical applications. 

 

4.3 Final Conclusion 

The results of this thesis demonstrate that a low-dose of ionising radiation has a strong 

and sustained effect on the hippocampus of mice irradiated at either a juvenile or adult 

age. A single radiation dose causes alterations that are suggestive of a potentiation of 

normal aging processes. The results provide evidence of increased inflammation and cell 

death at a dose of 0.5 Gy, while lower doses appear to trigger a protective anti-

inflammatory effect. In addition, a decrease in neurogenesis was measured when the 

animals were exposed at a young age. In clinical application, low doses are often used in 

combination with sedatives to achieve the required immobility of the patient during 

imaging. Based on observations included in this thesis, the combination of low-dose 

radiation and ketamine might lead to an enormous increase in complexity of neuronal 

dendrites as observed in diseases associated with mental retardation.  

In conclusion, it is important to consider that possible adverse consequences to the brain 

may occur following low-dose radiation exposure, especially if children are exposed. 

Furthermore, the observed activation of neuroprotective mechanisms by very low doses 

could be a new basis for future strategies to protect the nervous system from higher 

radiation doses or other harmful stressors. 
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TNF-α Necrosis factor-α  

UP Unique peptides  
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