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1. Introduction

1.1 Radiation-induced brain injury

1.1.1 Epidemiology

Serving as a frontline treatment modality for primary intracranial tumors and
intracranial metastases, postoperative irradiation followed by chemotherapy
prolongs survival, increases longevity and improves quality of life.(Hochberg &
Pruitt, 1980; Keime-Guibert et al., 2007) Whole-brain radiation (WBRT) is the
standard of care to improve intracranial control following resection of brain
metastasis (Kocher et al., 2011) and is used as a prophylactic therapy in patients
with small cell lung cancer with a high risk for brain metastases.(Slotman et al.,
2007) Each year approximately 100,000 patients receive brain radiotherapy (RT) in
the US, however, 50%-90% of these patients who survive for more than 6 months
suffer from a radiation-induced cognitive impairment (Cl).(Crossen et al., 1994;
Giovagnoli & Boiardi, 1994; Greene-Schloesser et al., 2013; Greene-Schloesser &
Robbins, 2012; Johannesen et al., 2003; Meyers & Brown, 2006; Wilke et al., 2018)
Cl mainly involves hippocampus related functions, such as learning, memory,
spatial information synthesis, and the risk of cognitive dysfunction caused by RT

mainly occurs in patients who survive for a longer time period.(Greene-Schloesser
9



et al., 2012; Roman & Sperduto, 1995) (Figure 1) Cl appears as early as 3-4 months
after RT with predominantly memory and executive function failures.(P. D. Brown
etal., 2016; Changetal., 2009; J. Liet al., 2007) With the improvement of treatment
planning of intracranial tumors, the survival time of patients is significantly
prolonged, and the probability of ClI after RT is increased.(Chang et al., 2009)
Currently, few studies focus on Cl following brain radiation and reported
prevalence variations range between 19% to 90%. These findings are most likely
due to heterogeneous patient cohorts but also due to tumor-related variables and
patient demographics. (Laack & Brown, 2004; Meyers et al., 2004; van Kessel et al.,
2017) The decline in quality of life (QOL) caused by cognitive dysfunctions after RT
has a significant negative impact on the patient and the entire society. Eliminating
late side effects caused by RT will significantly improve the QOL of patients and
reduce the burden on the society.(Liu et al., 2009) Therefore, it is of great
importance to study the pathogenic mechanisms and treatment options for Cl after

brain RT.
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Figure 1. The percentage of patients developing radiation-induced Cl as a function

of time after fractionated WBRT.(Greene-Schloesser et al., 2012)

1.1.2 Classification

According to the time between the start of RT and the onset of side effects,
radiation-induced brain injury are traditionally categorized into acute, early-
delayed, and late-delayed side effects.(Greene-Schloesser et al., 2012; Hopewell &

Wright, 1970; Locksmith & Powers, 1968; Sheline et al., 1980; Tofilon & Fike, 2000;

11



Walker et al., 2014) Acute and early-delayed injuries appear days to 6 months after
RT, the symptoms are reversible or recovery occurs spontaneously. On the contrary,
late-delayed injury manifests at least half a year after RT and these deficits are
irreversible and progressive. While acute injury arises from edema, headaches,
drowsiness, the early-delayed phase is characterized by transient demyelination,
somnolence, attention deficits, and short-term memory loss. Late-delayed injury is
characterized by white matter necrosis, vascular abnormalities, and more

permanent demyelination, gliosis, and lasting cognitive dysfunction.

1.1.3 Prevention/Amelioration strategies

There are different strategies to minimize radiation-induced neurotoxicity, which
include enhancement of neuronal survival and hippocampal neurogenesis,
inhibition of neurotoxic microenvironment. Drugs such as memantine, anti-
inflammatory agents that are routinely used in other neurological disorders have

recently been repurposed to ameliorate Cl.
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1.1.3.1 Lithium

Lithium, a well-known mood stabilizer, is now considered as a potent candidate
which supports prevention and recovery after different types of cranial injury,
including WBRT.(Contestabile et al., 2013; H. Li et al., 2011; Q. Li et al., 2010;
Malaterre et al.,, 2012) It has also been used in routine clinical practice for 60
years.(Fountoulakis et al., 2005) In lithium pre-treated animal models, lithium could
increase proliferation of hippocampal neural progenitor cells (NPC) and rescue
radiation-induced cell cycle arrest.(Zanni, Di Martino, et al., 2015) It regulates adult
hippocampal NPC development through the activation of Wnt canonical pathway
by inhibition of glycogen synthase kinase 3.(Wexler et al., 2008) Moreover, it
induces neurogenesis, protects hippocampal neurons from radiation-induced
apoptosis and ameliorates functional deficits after radiation to the immature
mouse brain.(Huo et al., 2012; Yazlovitskaya et al., 2006) Preclinical studies also
indicate that it might be beneficial for adult and young patients to restore cognitive
functions after RT.(Malaterre et al., 2012; Zanni, Zhou, et al., 2015) More recently,
Zanni et al. suggested that lithium administration following radiation needs to be
given intermittently to induce NPC proliferation and to allow them to differentiate

upon drug discontinuation.(Zanni et al., 2021)
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1.1.3.2 Memantine

Glutamate represents a crucial excitatory amino acid neurotransmitter in cortical
and hippocampal neurons.(Orrego & Villanueva, 1993) Glutamate accumulation
and excessive stimulation of glutamate receptors induce intracellular calcium
overload, which eventually results in excitotoxicity. Many pathological conditions
in CNS, such as stroke, epilepsy and brain injury are related to this mechanism. As
a noncompetitive, low-affinity, open-channel antagonist of N-methyl-D-aspartate
(NMDA) type glutamate receptors (NMDARs), memantine is involved in learning
and memory by modulating neuronal transmission and synaptic plasticity.
Specifically, it also has been approved to be applied in dementia and Alzheimer’s
disease.(Attia et al., 2014) In several preclinical models of brain radiation(Duman
et al., 2018; D. Zhang et al., 2018) and phase lll trials(P. D. Brown et al., 2020; P. D.
Brown et al., 2013), memantine better preserves cognitive functions and improves
symptoms reported by patients. A possible protective mechanism of memantine
pre-administration is the prevention of radiation-induced toxicities at hippocampal

excitatory synapses.(Duman et al., 2018)
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1.1.3.3 Doneperzil

Cl is also characterized by a decreased activity of choline acetyltransferase, which
result in lower levels of acetylcholine and an impaired neuronal signaling.(Malouf
& Birks, 2004) As a reversible noncompetitive inhibitor of acetylcholinesterase,
donepezil improves cognitive functions in patients with moderate to severe
Alzheimer’s dementia,(Birks & Harvey, 2018; Scarpini et al., 2003) Parkinson’s
disease,(Leroi et al., 2004) and traumatic brain injury(L. Zhang et al., 2004) by
increasing  cholinergic-dependent neural communication.(Seltzer, 2007)
Furthermore, it improves cerebral perfusion in brain cognitive processing region(L.
Zhang et al., 2004) and is also highly selective for acetylcholine esterase and well
tolerated(Wilcock et al., 2002) in healthy young(Gron et al., 2005) and older
adults.(FitzGerald et al., 2008) A phase lll clinical trial suggests treatment with a
daily dose of donepezil for irradiated brain tumor survivors could lead to modest
improvements in several cognitive functions, especially among patients with

greater pretreatment impairments after RT.(Rapp et al., 2015)
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1.1.3.4 Antioxidants

The production of reactive oxygen species (ROS) including peroxides, superoxide,
hydroxyl radicals, and singlet oxygen(Hayyan et al., 2016) play a crucial role in
radiation-induced brain injury. Neurons are specifically susceptible to ROS due to
their increased unsaturated fatty acid contents and higher lipid peroxidation in
response to radiation.(Turnquist et al., 2020) Aydemir et al. reported that both
plasma and tissue levels of total antioxidant status significantly changed in favor of
antioxidant activity after administration of the antioxidant drug quercetin.(Kale et
al., 2018) As a natural body hormone which regulates the circadian rhythm,
melatonin is a promising antioxidant and anti-inflammatory agent. It has been
shown that melatonin could ameliorate radiation-induced oxidative organ damage
in rats.(Sener et al., 2003) The mechanisms of radioprotection and
radiosensitization of melatonin could not only be attributed to neutralize various
types of free radicals produced by radiation or pro-oxidant enzymes, but also to the
protective effect on NSCs against lipopolysaccharide-induced inflammation,(Song
et al., 2015) thereby mitigating radiation injury.(Amini et al., 2019; Farhood et al.,
2019) Besides, animal studies confirmed that melatonin reduces apoptosis and
upregulates the NSC marker nestin in the ventricular-subventricular zone (V-SVZ)

inirradiated rat brains.(Naseri et al., 2017) Another radioprotective and antioxidant
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agent is the natural non-flavonoid polyphenolic resveratrol, which plays an
important role in the protection of hippocampal neurons from oxidative stress by
activating Sirtuin 1 to stop radiation-induced apoptosis.(J. Li et al., 2014; Truong et
al., 2018) It also has neuroprotective effects on irradiated NSCs residing in the
juvenile hippocampus, which enables it to be a potential supplement to
Hippocampal avoidance-WBRT (HA-WBRT).(Prager et al., 2016) The mechanisms
underlying resveratrol's protective effect against oxidative neuronal death are
attributed to selectively induce the expression of mitochondrial superoxide
dismutase, and thereby subsequently reduce mitochondrial oxidative stress and
damage.(Fukui et al., 2010; Fukui & Zhu, 2010) Moreover, a natural analog and a
metabolite of resveratrol could inhibit the increase of glutamate following

radiation-induced neuronal cell death and ROS formation.(Son et al., 2013)

1.1.3.5 Anti-inflammatory agents

Many preclinical studies provide theoretical basis for the administration of anti-
inflammatory-based interventions to inhibit or ameliorate late radiation-induced
brain injury, including Cl.(Hong et al., 1995; W. H. Lee et al., 2010; Monje et al.,

2002; Rola et al., 2004; Schindler et al., 2008) Both renin—angiotensin system (RAS)

17



inhibitors and peroxisome proliferator-activated (PPAR) agonists prevent radiation-
induced Cl in animal models by effectively reducing inflammatory pathway
cascades including NF-kB and AP-1 and activating neuroprotective as well as anti-
inflammatory pathways in the central nervous system (CNS), respectively.(Bright et
al., 2008; T. C. Lee et al., 2012; Ramanan et al., 2010; Robbins et al., 2010; Schnegg
et al., 2013; Stahel et al., 2008; W. Zhao et al., 2007) For instance, mice treated with
PPAR agonist fenofibrate after WBRT lead to an increased number of hippocampal
neurons and a decreased microglial activation.(Ramanan et al., 2009) RAS blockers
ramipril could prevent Cl in young adult male rats before, during, and after
radiation.(T. C. Lee et al., 2012) Additionally, it has shown that combined
atorvastatin and ramipril interact synergistically to potently and selectively
ameliorate radiation-induced impairment of hippocampal neurogenesis.(Jenrow et

al., 2011)

1.1.3.6 Hippocampal avoidance approaches

The hippocampus plays a key role in learning and memory. Radiation dose to the
hippocampus neuro regenerative zone correlates with cognitive toxicity since NPC

of the dentate gyrus (DG) (Figure 2) are particularly wvulnerable to
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radiation.(Haldbo-Classen et al., 2020; Kotecha & Hall, 2020; Redmond et al., 2013)
Reducing the radiation dose to the hippocampus during WBRT has been clinically
considered as an effective strategy to mitigate the neurocognitive deficits. HA-
WBRT techniques have demonstrated the ability to reduce the mean dose to the
hippocampus by at least 80%, while providing acceptable coverage and dose
homogeneity to the remaining brain tissue.(P. D. Brown et al., 2020; Oskan et al.,
2014) To avoid toxic effects induced by WBRT, patients with brain metastases are
frequently treated with stereotactic radiosurgery (SRS)(P. D. Brown et al., 2017,
Kocher et al., 2011) or HA-WBRT plus memantine to preserve cognitive function.(P.
D. Brown et al., 2020) There are several studies indicating that patients with few
brain metastases are better protected against cognitive deficiencies by using SRS(P.
D. Brown et al., 2017; P. D. Brown et al., 2016; Chang et al., 2009) or HA-
WBRT.(Gondi, Tolakanahalli, et al., 2010; Gondi, Tome, et al., 2010; Gutierrez et al.,
2007; Harth et al., 2013; Kim et al., 2016; Kundapur et al., 2015; Oehlke et al., 2015;
Oskan et al., 2014; Prokic et al., 2013; R. Zhao et al., 2017) Another phase Il clinical
trial reported that intensity-modulated radiotherapy (IMRT) can also be used to
avoid damage on the hippocampal neural stem-cell compartment during HA-WBRT,

and thus lead to an enhanced memory preservation.(Gondi et al., 2014)
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Figure 2. Schematic illustration of the anatomic location of the DG of the
hippocampus within the rodent brain. DG was stained with the immature neuronal
marker Dcx (red) and BrdU (green) was used to show proliferating cells

(green).(Monje et al., 2003)

1.2 Pathophysiology of radiation-induced brain injury

Several proposed or prevailing pathophysiology mechanisms of radiation-induced
Cl in patients with metastatic or primary intracranial tumor have been elucidated.
It is now clear that parenchymal and vascular cells are active participants in the
response to radiation injury, and cellular response to radiation-induced brain injury

relates to multiple cell types including astrocytes, microglia, oligodendrocytes,
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endothelial cells, and neurons, which initiate neuroinflammatory cascades and
contribute to progressive Cl.(Moulder & Cohen, 2007; Tofilon & Fike, 2000)
Preclinical and clinical studies support the hypothesis that a series of processes
involving injury of neurovascular unit causing blood—brain barrier (BBB) disruption,
NPC death, loss of hippocampal neurogenesis, and astrocyte senescence contribute

to neuroinflammtion.(Turnquist et al., 2020) (Figure 3)
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Figure 3. Pathophysiology mechanisms of radiation-induced brain injury. Vascular
changes hypothesis including blood-brain barrier disruption, vascular hyalinization,
endothelial senescence, and fibrinoid necrosis. Others include the loss of
hippocampal neurogenesis, astrocyte senescence leading to senescence-
associated secretory phenotype (SASP) cytokines, and NPC death.(Turnquist et al.,

2020)

1.2.1 Radiation-induced vascular changes

Radiation not only affects vascular structural changes such as vessel wall thickening,
vessel dilation, and induces endothelial cells death,(Calvo et al., 1988; Reinhold et
al., 1990; Schultheiss & Stephens, 1992) but also reduce the number of endothelial
cell nuclei, blood vessel density and length in a time and dose-dependent
manner.(W. R. Brown et al.,, 2007; Reinhold et al., 1990) Additionally, capillary
rarefaction and tissue hypoxia that is increased in the hippocampus after WBRT
does not stimulate angiogenesis, and thereby leads to vascular damage and
Cl.(Warrington et al., 2011) Another vascular hypothesis is RT impact
microvasculature result in ischemia and toxic neuroexcitation. Vascular changes
following RT parallel vascular dementia, accelerated atherosclerosis and

mineralizing microangiopathy in the microvasculature after RT eventually cause
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vascular insufficiency and infarction(Danysz et al., 1998; Orrego & Villanueva, 1993),
which could be one reason for ischemia. Therefore, the level of extracellular
glutamate is increased. Serving as a potent activator of the postsynaptic NMDA
receptors and the major excitatory neurotransmitter in CNS, increased glutamate
triggers a considerable amount of calcium long lasting influx and subsequent
activation of downstream signaling pathways.(Lai et al., 2014) It has been indicated
that blocking excessive pathologic stimulation of NMDA receptors could protect
patients of vascular dementia from further brain injury.(Lancelot & Beal, 1998;

Orgogozo et al., 2002; Wilcock et al., 2002)

1.2.2 Blood brain barrier (BBB) disruption

Acute BBB disruption is well recognized after RT to the CNS since disruption BBB
enable systemic immune and inflammatory cells to enter the brain and promote
inflammation. The BBB consists of endothelial cells, pericytes, and astrocyte end-
feet that form tight junctions, however, radiation leads to the destabilization of the
plasma membrane of vascular endothelial cells.(Y. Q. Li et al.,, 2003) Moreover,
endothelial cell apoptosis initiates acute BBB disruption and acute BBB disruption

after radiation is mediated by the acid sphingomyelinase pathway in the
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CNS.(Shinohara et al., 1997) It has also been reported that alterations in the BBB
results in an imbalance in the levels of the matrix metalloproteinase-2 and the
metalloproteinase-2 tissue inhibitor, and a degradation of collagen type IV, an
extracellular matrix component of the blood vessel basement membrane.(T. C. Lee
et al., 2012) In addition, a rapidly increased expression of vascular endothelial
growth factor appears to play an important role in the radiation injury of the CNS,

due to its impact on the BBB microvascular permeability.(Nordal et al., 2004)

1.2.3 Loss of hippocampal neurogenesis

The hippocampus is one of the regions of the animal brain that continues to
produce neurons postnatally. An impairment of the hippocampal neurogenesis is a
critical mechanism underlying Cl. Neurogenesis occurs mainly in the hippocampal
DG and subgranular zone (SGZ) and the subventricular zone (SVZ) of the lateral
ventricles (LV).(Kuhn et al., 1996) Radiation-induced impairment of hippocampal
neurogenesis and inhibition of NPC differentiation are associated with cognitive
deficits in young and adult mice in the regions mentioned above.(Mizumatsu et al.,
2003; Raber et al., 2004; Rola et al., 2004) An extreme sensitivity of adult

neurogenesis to low doses of RT elucidated the negative effects of radiation on
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cognitive dysfunction and the close relationship with hippocampal neurogenesis.
Interestingly, although the initial response to radiation is similar in the SGZ and SVZ,
the DG is severely affected long-term, whereas the SVZ appears to recover
subsequently.(Gage, 2000; Hellstrom et al., 2009; Hellstrom et al., 2011) This
differences in recovery could be attributed to growth factors, which were
upregulated in SVZ microglia to increase the proliferation and decrease cell death

of irradiated neuro-spheres in vitro.(Hellstrom et al., 2011)

1.2.4 NPC dysfunction

Neurogenesis deficit reflects alterations in the microenvironment that regulates
progenitor cell fate, and a defect in the proliferative capacity of the NPC population.
One prevailing hypotheses is that radiation induces neuro-inflammation and
microvascular damage to the hippocampal SGZ and SVZ resulting in
microenvironment changes in the NPC.(Monje et al., 2002) Age-related decrease of
NPC proliferation persists in rats.(Kuhn et al., 1996) Furthermore, another study
indicated that by intrahippocampal transplantation with human neural stem cells
could provide a replacement for the loss of NPC, which functionally integrates into

the hippocampus and ameliorates radiation-induced Cl.(Acharya et al., 2011)
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However, more detailed investigation are needed to determine the precise

mechanism of radiation-induced NPC depletion.

1.2.5 Astrocyte senescence

Radiation induces not only apoptosis but also senescence which could be detected
in brain, lung, and heart tissues.(Citrin et al., 2013; Wang et al., 2016) Accumulating
evidence shows that cell senescence results in endothelial dysfunction by the
induction of oxidative stress and inflammation as well as by an inhibition of
angiogenesis.(Wang et al., 2016) Astrocytes protect the brain from oxidative
damage(Wilson, 1997) and BBB dysfunction.(Janzer & Raff, 1987) SASP may
contribute to the development of radiation-induced deleterious effects and
respond to astrocytes after RT.(Turnquist et al., 2019) Besides, SASP is capable of
transforming senescent fibroblasts to proinflammatory cells which could promote
carcinogenesis.(Coppe et al., 2010) A recent study indicates that radiation-induced
astrocyte senescence could be restored by Deltal33p53, which is an inhibitory
isoform of p53 that is characterized by promoting DNA double-strand break repair
(DSB), and inhibition of astrocyte-mediated neuroinflammation and

neurotoxicity.(Turnquist et al., 2019)
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1.2.6 Dendritic morphological and functional change of mature neurons

Recent studies have focused on how radiation affects neuronal structure and
function, due to the deficiency of the regeneration in the mature neurons. The CNS
has a poor self-repair capability after radiation injury. Dendrites play a crucial role
in neuronal function and signaling and dendritic morphology and physiological
changes mirror the function of radiation-induced mature neurons.(Chakraborti et
al., 2012; Hinkle et al., 2019; Kiffer et al., 2020; Raber et al., 2016; Shirai et al., 2013;
Simmons et al., 2019; von Bohlen Und Halbach, 2009) A study has shown that
radiation compromises neuronal architecture in the hippocampus which is
reflected by a dose-dependent reduction in the number and density of dendritic
spines.(Parihar & Limoli, 2013) (Figure 4 ) In case of neuronal function,
electrophysiological recordings of ex vivo hippocampal brain slices demonstrated
acute effects of radiation on neuronal cells in the DG region, including the inhibition
of the long-term potentiation (LTP).(Wu et al., 2012) Since LTP represents a classical
form of synaptic plasticity and provides the most promising neural correlate of

learning and memory, it has been investigated in multiple preclinical and clinical
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studies.(Cooke & Bliss, 2006) However, the detailed mechanism of radiation-

induced dendritic alterations is still unknown.

lonizing
Radiation

s N fm )
Alob® 2&)‘ fo%?’/
S @ i(\f};‘r# O~ \*t

Neural ;I;_Ng “ *
Neurons 2
precursors Astrocytes

B %&1{* Capillaries %*
o
°e3S >
@ o

c ~ Denditic spines
* 5k ettt o
\ Y, \ J

Figure 4. Schematic representation of radiation compromising dendritic spine
density through excessive accumulation of glutamate in the hippocampus.(Parihar

& Limoli, 2013)
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1.3 Hippocampus

1.3.1 Introduction

The hippocampus is considered as one of the most thoroughly studied areas of the
mammalian CNS, since it is characterized by its distinctive and identifiable
macroscopic and microscopic (histological) structure and the hippocampus has
long been considered as a key area for learning and memory since the
1950s.(Johnston & Amaral, 2004) Anatomically, the hippocampus consists of the
DG, Cornu Ammonis 1 (CA1), CA2 and CA3 regions.(Michaelidesova et al.,
2019)(Figure 5) The DG is the first relay station for the information processing,
when information enters the hippocampus. Then it flows back from DG to CA3,
then CA1 primarily receives excitatory input from CA3.(Witter et al., 2000) Although
CA2 only occupies a small part of the hippocampus and usually its function is
neglected, this small area seems to be resistant to massive cell destruction induced
by epilepsy.(Haussler et al., 2016; Tulke et al., 2019) It is generally believed that
each part of these regions plays a unique role in the processing of hippocampus

information, but so far, the detailed functions of each area are not well understood.

Most of the cellular mechanisms underlying memory formation reside in the long-
term modulation of the synaptic efficacy, which is regulated by LTP and long-term
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depression (LTD).(Massey & Bashir, 2007) While LTP represents synaptic
strengthening and is important for the information storage, LTD is capable of
shaping previously stored information and enhancing the information with respect
to the signal-to-noise ratio.(Massey & Bashir, 2007) The interplay between these
inhibitory and excitatory signaling underlie the synaptic plasticity.(Artola & Singer,

1993; Fagiolini & Hensch, 2000; Mulkey & Malenka, 1992)
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Figure 5. Sagittal view of the adult mouse brain focusing on two neurogenic niches
where NSCs resides in the V-SVZ of the LV and DG of the hippocampus. CA1 and

CA3 subfields of the hippocampus are shown.(Michaelidesova et al., 2019)
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1.3.2 Role of hippocampus in radiation-induced Cl

Although RT is widely applied in both adult and juvenile patients, radiation-induced
cognitive deficits such as reduced verbal and spatial memory, attention and novel
problem-solving ability, are particularly severe in the developing brain of young
patients. Moreover, the incidence and severity of these cognitive deficits increase
over time.(Roman & Sperduto, 1995) Neurocognitive impairment after WBRT is
presumably mediated by radiation-induced damage of normal neuronal tissues.
Preclinical juvenile animal models have shown that radiation-induced impairment
of hippocampal neurogenesis is associated with cognitive deficits(Rola et al., 2004)
which are similar to those observed in human hippocampal neurogenesis after
brain RT.(Monje et al., 2007) Children are more vulnerable to RT than adults (Briere
et al., 2008; Robison et al., 2009) and the intensity of cognitive symptoms correlate
with the younger age of the child at the time of RT.(Chin & Maruyama, 1984;
Duffner et al., 1985; F. P. Li et al., 1984; Packer et al., 1987) Presently, no effective
treatment is available to ameliorate these deleterious radiation effects and the
underlying mechanisms which are responsible for the impairment of cognitive

functions after brain irradiation in children are not well understood.
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Radiation-induced injury of the hippocampus is consistently associated with Cl in
patients who received WBRT.(Gondi et al., 2012; Gondi, Tome, et al.,, 2010;
Redmond et al., 2013; Rola et al., 2004) High RT doses to the hippocampus of adults
with primary brain tumors lead to an impairment in verbal fluency, executive
function, and processing speed.(Haldbo-Classen et al., 2020) Moreover, a
correlation of the radiation dose to the hippocampus and severe radiation-induced
cognitive dysfunctions in children mainly ascribes to damaged NPCs residing in the
hippocampus.(Redmond et al., 2013) Dynamic structural changes in hippocampal
neurons of the DG are induced in mice receiving either 1 or 10Gy WBRT on day
30(Duman et al., 2018; Parihar & Limoli, 2013) and histopathological changes in the
rat neurogenic region correlate with appropriate Cl after a fractionated WBRT with
20Gy.(Balentova et al., 2018) Ex vivo studies on cultured, whole hippocampal slices
demonstrated that functional neuronal deficiencies in the DG which are
represented by an inhibition of LTP are induced by an irradiation dose of 10Gy.(Wu
et al.,, 2012) A WBRT with 10Gy compromises neuroplasticity in both adult and
juvenile rats on day 3 and induces age-dependent deficits along the hippocampal-
prefrontal cortex pathway (PFC).(D. Zhang et al., 2018) Human synaptic LTP share
molecular mechanisms with animal LTP(Cooke & Bliss, 2006) and deficits in LTP

induction are associated with deficiencies in hippocampus-dependent memory in
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humans. Therefore, measurements of LTP produced after high frequency
stimulation (HFS) are considered as the most compelling cellular correlate of

learning and memory.(Cooke & Bliss, 2006)

1.4 Aim of study

The vast majority of studies on LTP have been carried out in the CA1 region where
LTP is particularly robust. Most of the excitatory input to CA1 pyramidal neurons
originate from CA3 pyramidal cells located in both the ipsilateral and contralateral
hippocampus.(Collingridge et al., 1983) Since to date no studies have investigated
ipsilateral and contralateral hippocampus changes after a unilateral radiation, we
comparatively assessed the physiological functions of LTP in the irradiated and non-

irradiated juvenile hippocampus by LTP measurements.

It is known that WBRT induces dose-dependent apoptosis in endothelial cells(Y. Q.
Li et al., 2003) and suppresses endothelial cell proliferation.(W. H. Lee et al., 2011)
Regarding these findings, we studied the effects of unilateral irradiation on the
microvascular network of the hippocampus using the Efficient Tissue Clearing and
Multi-Organ Volumetric Imaging (EMOVI) technique.(Hofmann et al., 2020)

Combining EMOVI with multiplexed antibody-based immunolabeling enabled
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quantification of the hippocampus vessel network in transparent brain tissues with

conserved cellular morphology.
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2. Materials and Methods

2.1 Materials

2.1.1 Equipment

Axopatch 200B Amplifier

Bond Rx Staining Machine

Bridge Amplifier

HC PL APO CS2 20x/0.75 IMM objective

Leica TCS SP8 confocal microscope

Small-animal Radiation Research Platform

Vibrating microtome (HM 650 V)

2.1.2 Software

Digidata 1200 interface

Igor Pro 6.1

Imagel 2
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Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Molecular Devices (USA)

Leica (Germany)

Npi electronic (Germany)

Leica Microsystems (Germany)

Leica (Germany)

Xstrahl (UK)

Microm International (Germany)

Molecular Devices (USA)

WaveMetrics (USA)

National Institute of Health (USA)



Imaris version 9.5

Leica Application Suite X

Lightning

Muriplan

Pulse version 8.5

SARRP control

WinLTP-program

2.1.3 Consumables

u-Slide 8 Well Glass Bottom

Bepathen Eye and Nose Ointment

Bipolar tungsten electrodes (50 um)

Borosilicate glass micropipettes

Cotton Applicator

Cover slips (8.5 x 8.5 mm )
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Co. Bitplane AG (Switzerland)

Co. Leica Microsystems (Germany)

Co. Leica Microsystems (Germany)

Co. Xstrahl (UK)

Co. HEKA Electronic (Germany)

Co. Xstrahl (UK)

Anderson and Collingridge

Co. ibidi (Germany)

Co. Bayer Vital (Germany)

Co. Hugo Sachs Elektronik (Germany)

Co. Hugo Sachs Elektronik (Germany)

Co. Nobamed Paul Danz (Germany)

Co. Thermo Scientific (USA)



Disposable Hypodermic Needle (Gr.20)

Double Edge Safety Razor Blades

Histoacryl Tissue Adhesive

Scalpel (No.22)

Vasco Nitril Blue Glove (S)

2.1.4 Chemicals

D-(+)-Glucose

Dimethylsulfoxide

Eosin Y solution (0.5% aqueous)

Ethanol (299.8%)

Ethyl cinnamate

Fetal calf serum

Formaldehyde acid (237%)

Hematoxylin
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Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

B-Braun (Germany)

Wilkinson Sword (UK)

B-Braun Surgical S.A. (Spain)

Feather (Japan)

B-Braun (Germany)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Thermo Scientific (USA)

Carl Roth (Germany)

Sigma-Aldrich (USA)



Hyaluronidase (Type IV-S)

Hydrogen Peroxide (30%)

IC Fixation Buffer

Isoflurane Isp-Vet

Isopropanol

Magnesium chloride

Normal mouse serum

Phosphate buffer saline (PBS)

Potassium chloride

Sodium bicarbonate

Sodium chloride

Sodium phosphate monobasic

Triton X-100

Type F Immersion liquid (Rl = 1.518)
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Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Co.

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Thermo Scientific (USA)

Chanelle (Ireland)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Jackson Immunoresearch

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Sigma-Aldrich (USA)

Carl Roth (Germany)

Leica Microsystems (Germany)



2.1.5 Antibodies

Anti-CD31 (PECAM-1) antibody Co. BioLegend (USA)

Phospho-Histone H2A.X rabbit mAb (9718)  Co. Cell Signaling Technology (USA)

2.1.6 Buffers and solutions

Artificial Cerebrospinal Fluid (aCSF) Solution

7.305g 125 mmol/L NaCl

0.186g 2.5 mmol/L KCl

0.172g 1.25 mmol/L NaH,POs-Monohydrate
4.954¢g 25 mmol/L D-(+)-Glucose-Monohydrate
2.100g 25 mmol/L NaHCOs

0.203g 1 mmol/L MgCl,-Hexahydrate

0.294g 2 mmol/L CaCl,-Dihydrate

1000ml dH20
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2.2 Methods

2.2.1 Animal care and partial-brain radiation (PBRT) procedure

All in vivo animal experiments were performed in full compliance with the
institutional guidelines of the Technical University of Munich and with approval
from the Government District of Upper Bavaria (protocols number 55.2-1-55-2532-
75-2015). All health checks and hygiene measures were performed according to
FELASA guidelines.(Guillen, 2012) All efforts were made to minimize animal

suffering and to reduce the number of animals.

Female 5-week-old juvenile C57BL/6 mice (Charles River, USA) were used in all
experiments. Animals were housed with food and water ad libitum in a
temperature-controlled room (23+0.5°C) with a 12-hour light/dark cycle. Image-
guided partial irradiation was performed on mice using a small-animal radiation
research platform (SARRP, Xstrahl, UK). (Figure 6) On day 0, mice were
anaesthetized by isoflurane/oxygen inhalation for the duration of the procedure.
Transverse, sagittal and frontal computed tomography scans using 60 kV and 0.8
mA photons were performed for each mouse for precise radiation
targeting.(Estrada et al., 2020; Sievert et al., 2018) The irradiation targeted 40% of
the left brain volume with a beam size of approximately (6x8) mm? and with a mean
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target dose of 2, 4, 8, or 20Gy using 220 kV and a 13 mA X-ray beam filtered with
copper (0.15 mm). For the fractionated dose group, mice were irradiated to a dose
of 4Gy for two consecutive days. SARRP control and Muriplan software (both
Xstrahl, UK) were used for CT imaging, precise radiation targeting, and calculating
the irradiation dose. Five mice received partial brain irradiation and five were sham
radiated. All mice fully recovered after the procedure and were housed in single
ventilated cages under pathogen-free conditions until in vitro electrophysiology

recording.

Figure 6. (A) Picture of the SARRP used in this study. (B) and (C) CT scan for mouse

body.
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2.2.2 Randomization and blinding

Mice were randomly assigned to experimental groups by a third party not involved
in the study; group allocation was revealed only after complete analysis of the data.
Radiation, preparation, and evaluation of histological specimens as well as

(statistical) analysis of results were performed in a single blinded fashion.

2.2.3 Protocol for the assessment of the effect of PBRT on juvenile murine

unilateral hippocampal synaptic plasticity and microvascular

Experimental groups included sham, 2Gy, 4+4Gy, 8Gy, and 20Gy mice (n=5/group).
treated with PBRT. Body weight was measured on the day of PBRT, and at 5 weeks,
10 weeks after radiation. Y H2A-X staining was performed 1 hour after PBRT with
20Gy. Electrophysiological assays were performed 3 days, 5 weeks and 10 weeks after
PBRT. Microvascular analysis was performed on hippocampi harvested 5 and 10

weeks after irradiated with 8Gy or 20Gy. (Figure 7)
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Figure 7. Schematic of PBRT mice project design.

2.2.4 Immunohistochemistry (IHC)

The precise delivery of the irradiation beam was confirmed using the DNA damage
repair marker Y H2A-X on a Bond Rx staining machine (Leica) using a Polymer
Refine detection system without post primary reagent. Due to ¥ H2A-X can be
produced within a few minutes after DSBs induced by ionizing radiation, then
reaches the peak in 30 minutes, and subsequently decreases over time.(Hunt et al.,
2013) Therefore, brain was removed 1 hour after irradiation with 20Gy. Tissue was

fixed in formalin overnight and embedded in paraffin. Blocks were sectioned in 2-
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mm slices and stained with eosin (eosin y-solution 0.5% w/v aqueous) and

hematoxylin to visualize tissue structure, according to standard protocols.

2.2.5 Electrophysiological field recording

On days 3, 35 and 70 after irradiation, mice were deeply anaesthetized with
isoflurane and decapitated. The brain was rapidly removed and placed into ice-cold
aCSF solution containing 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCOs, 2 mM CaCly,
1 mM MgCl,, 25 mM D-glucose, and 1.25 mM NaH2PO4, bubbled with a 95% v/v O,,
5% v/v CO, mixture, and had a final pH of 7.3, saturated with carbogen gas (95%
v/v 02, 5% v/v COy; later referred to as carbogen). Sagittal slices (350 um thick) from
left irradiated hemisphere and right non-irradiated hemisphere were prepared
using a microtome (HM 650 V; Microm International, Walldorf, Germany) at 4°C.
Both left and right slices were allowed to firstly recover for 30 min at 34°C and
afterwards for at least 1h at room temperature in two submerged chambers
containing aCSF and constantly aerated with carbogen. Afterwards the slices were
transferred into the recording chamber for extracellular recordings. The flow rate
of the solution through the chamber was 5 ml/min under continuous application of

0.3-0.5 I/min carbogen. The experiments were performed at room temperature.
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Extracellular recordings of field excitatory postsynaptic potentials (fEPSPs) were
evoked by stimulation of the Schaffer collateral commissural pathway in the
dendritic region of hippocampal CA1 region and obtained using borosilicate glass
micropipettes (1-2MQ) (Hugo Sachs Elektronik-Harvard Apparatus, March-
Hugstetten, Germany) filled with aCSF. fEPSP were evoked by alternately delivering
a test stimulus (20 ps, 4-5 V) via one of two bipolar tungsten electrodes (Hugo Sachs
Elektronik-Harvard Apparatus, insulated to the tip; 50 um tip diameter), placed at
either side of the recording pipette, thus stimulating non-overlapping populations
of the Schaffer collateral commissural pathway. Stimulus frequency was 0.033 Hz
per electrode. For baseline recordings, stimulation intensity was adjusted to values
evoking a response of approximately 25-30% of the maximum response. Stable
baseline recordings were made for at least 20 minutes before application of tetanic
stimuli. LTP was then induced by delivering a HFS train (100 pulses delivered at 100
Hz) via one of the stimulating electrodes. We used both stimulating electrodes to
utilize the input specificity of LTP and thereby allow the measurement of an internal
control monitoring the vitality and hence the stability of neuronal activity of the
slice. Thereafter, recordings were continued for an additional 60 min at the
stimulation settings used for baseline recordings. Data were amplified (Axopatch

200B amplifier, Axon Instruments, Foster City, CA, USA or BA-2S, npi electronic,
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Tamm, Germany, respectively), filtered (3 kHz) and digitized (Digidata 1200
interface, Axon Instruments, software WinLTP-program,
http://www.winltp.com/Ltp24/indexLtp24.htm (Anderson and Collingridge, 2001)
or Pulse version 8.5, HEKA Electronic GmbH, Lambrecht, Germany, respectively).
Two consecutive signals of the respective input were averaged for analysis,
resulting in one data point per minute. Offline data analysis was performed with
Igor Pro v6.1 (Wavemetrics Lake Oswego, OR, USA). The fEPSP slope was measured
between 20% and 80% of peak amplitude and presented as % EPSP slope of

baseline.

2.2.6 Hippocampi staining and clearing using EMOVI

2.2.6.1 EMOVI sample preparation

Hippocampi (Figure 8B) were harvested from sacrificed mice after receiving 8Gy,
20Gy, 5 and 10 weeks, after irradiation, then fixed in IC Fixation Buffer (eBioscience)
for 1 h at room temperature (RT) and in 25% (v/v) fixation buffer in PBS overnight
at4 °C. All following incubations were performed in 2 mL tubes or flat bottom plates

with gentle agitation.
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Figure 8. (A) Anesthetized mice treated with PRRT 20Gy after 10 weeks. (B) Left and
right intact hippocampi were removed with a razor blade from the intact mouse

brain.

2.2.6.2 Digestion

Samples were washed in PBS with 1% (v/v) FCS, 1% (v/v) normal mouse serum
(Jackson Immunoresearch) and 0.3% (v/v) Triton X 100 (‘Blocking Buffer’) for 1 h at
37 °C and incubated with 300 pg/mL hyaluronidase (from bovine testes, Type IV-S;
Sigma Aldrich) in PBS for 2 h at 37 °C. After digestion, tissues were washed again

for 1 h to remove remaining enzyme.
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2.2.6.3 Antibody staining

Tissues were incubated in Blocking Buffer overnight for at least 12 h at 37 °C and
stained with directly fluorochrome-conjugated, primary antibodies, diluted 1:100
in Blocking Buffer, for 72 to 96 h at 37 °C. The following steps were performed in

the dark.

2.2.6.4 Dehydration and clearing

Stained samples were washed in PBS with 0.2% (v/v) Triton X 100 and 0.5% (v/v) 1-
thioglycerol for 16 hours at 37 °C. Tissues were then dehydrated with ascending
dilutions of 30, 50, 70, 100 and 100% (v/v) isopropanol (pH ~9) for 1 h each. Samples
were then bleached with an at least one week old solution of 5% (v/v) hydrogen
peroxide and 5% (v/v) DMSO in isopropanol for 4 h at 4 °C and again fully
dehydrated in 100% (v/v) isopropanol for 1 h at 4 °C. To avoid ethyl cinnamate (ECi)-
mediated freezing damage the samples were allowed to warm up to RT before
samples were submerged in undiluted ECi for refractive index matching was
applied. As ECi can dissolve a variety of polymers and samples could only be cleared

and stored in Eppendorf 2 mL tubes.
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2.2.6.5 Image acquisition

Cleared samples were mounted on glass coverslip bottom slides (ibidi) submerged
in ECi and weighed down with an additional coverslip to limit movement during
imaging. After image acquisitions, sample and clearing agent were removed from

the chamber to conserve the slides for a later reuse.

Imaging was performed on an inverted Leica TCS SP8 confocal microscope with
White Light Laser and HyD photodetectors using a HC PL APO CS2 20x/0.75 IMM
objective (zoom factor of 1). The following acquisition settings were applied:
2048x2048 logistical size, 400 Hz scan speed, bidirectional scan mode, 4x line
average, system optimized z-step size, sequential scans between frames, active

time gating and 0.7 A.U. pinhole.

2.2.6.6 Data processing and analysis

Further data processing was performed on a 7640 Workstation (HP; Win10
Enterprise 64-bit; Intel Xeon CPU E5-2650 v3 @ 2.30GHz; 32.0 GB RAM; NVIDIA

Quadro K2200 4 GB GDDRS5 (DirectX 12.0)).
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Contrast adjustment for display purposes and image analysis was performed using
Imaris (Bitplane) version 9.5. We used the ‘Surface Creation Wizard’ in Imaris
(Bitplane) to translate fluorescence data of CD31-labelled vessels into volumetric,
representative surfaces, which we used for binary masking of the vessel structure.
We next applied the ‘Filament Creation Wizard’ for looped structures in Imaris
(Bitplane) onto the binarized fluorescence signal to automatically trace the vessel

path as quantifiable filament objects.

All relevant statistics of objects were then exported as a collection of csv files and
subsequently edited and concatenated into a single summary file using a recently
published open-access Python application

(https://gitlab.com/kepplerlab/imaris_statistics_converter).

2.2.7 Statistical analysis

Data for all groups were compared using a one-way ANOVA with Turkey’s multiple
comparisons test in GraphPad Prism. All results are shown as (mean + SEM). All
statistical comparisons for the vascular parameters were made pair wise using the
Student's t-test. Statistically significant differences of p<0.05 are indicated by an

asterisk (*) in the figures.
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3. Results

3.1 PBRT of the left hemisphere of mouse brains

The left hemisphere of all mouse brains was irradiated using the SARRP with 3
lateral beams (5x5, 3x3, and 3x3 mm?2) without any radiation overlap. This covers
a total radiation field of approximately 6x8 mm? (Fig. 9A-C). To avoid radiation-
induced damage in the cerebellum and optical nerves, only approximately 40% of
the total brain volume received a mean target dose of 20Gy, as shown in the dose-
fractionated volume curve (Fig. 9D). The dose distribution in the brain tissue, as
visualized by IHC staining using the DNA DSB-repair marker y-H2A.X (Fig. 9E),
demonstrated precise targeting of the beam to the left hippocampus (LH 20Gy, Fig.

9F) which spared more than 90% of the right hippocampus (RH 0Gy, Fig. 9G).
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Figure 9. Irradiation protocol and y-H2A.X-stained section CT scans acquired on the
SARRP device in the coronal (A), sagittal (B) and axial (C) planes. Panel (D) shows
Dose-Fractional Volume showing that approximately 40% of the left hemisphere
absorb 20Gy. y-H2A.X-stained section from a mouse brain that received 20Gy
through a 5 x 5 mm square beam, and two 3 x 3 mm square beams (E). Right non-
irradiated hippocampus (G) and the intended target was the left irradiated

hippocampus (F).
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3.2 PBRT inhibits LTP in the CA1 region of hippocampal slices 3 days after

radiation

Next, the effects of PBRT (20Gy) on CA1-LTP were determined on day 3 (Fig. 10a).
No significant differences (P>0.999) were observed in the sham groups (LH Sham,
RH Sham) after conditioning stimuli. The fEPSP slope of left and right hippocampal
slices (LH/RH) were 136.5%+1.6% and 136.9%+2.6% (n=5), respectively (Fig. 10b).
On day 3 after irradiation (20Gy) of the left hemisphere of juvenile mice, LTP in the
left irradiated hippocampal (LH 20Gy) slices was severely impaired and synaptic
responses decreased significantly to 106.5%+1.0% (n=5) compared to that of the
sham (LH Sham) and the non-irradiated right hippocampus (RH 0Gy) group (LH
20Gy vs. LH Sham, P=0.0079; LH 20Gy vs. RH 0Gy, P=0.0093). These findings are in
line with results of previous studies analyzing acute effects of radiation on neuronal
cells in isolated brain slices in vitro receiving a single dose of 10Gy.(Wu et al., 2012)
The analysis of the difference in LTP values in the four groups, as determined by
ANOVA, revealed significant differences (F3,16=7.143, P=0.0029). Interestingly, in
contrast to the radiation-induced LTP inhibition in the irradiated left hippocampus
(LH 20Gy), no significant differences were observed between non-irradiated right
hippocampal slices and that of the sham group (RH 0Gy vs. LH Sham, P=0.9998; RH

0Gy vs. RH Sham, P=0.9991).
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Figure 10. PBRT inhibits CA1-LTP of irradiated hippocampal slices. (A) The panel
A shows the time course for the induction/maintenance of LTP following tetanic
stimulation of the Schaffer collateral to CA1 pathway both in murine irradiated and

non-irradiated hippocampal slices at day 3 after 20Gy irradiation. fEPSP slopes

54



(meanststandard error of the mean, SEM) are blotted against time and responses
were normalized to baseline levels recorded 20 min prior to delivering HFS (arrow).
Insets show representative fEPSP traces before and after HFS. In contrast to the left
(dark grey circles, n=5) and right (open circles, n=5) hippocampal slices of sham
mice, PBRT given at a single dose of 20Gy markedly inhibits LTP 3 days after
irradiation in the ipsilateral (dark grey triangles, n=5) but not contralateral (open
triangles, n=5) slices. (B) Respective scatter plot summarizing the last 50 to 60mins
after HFS. One-way ANOVA with repeated measures showed significant differences
between sham and irradiation groups [F(3,16=7.143, P=0.0029]. ** P <0.01 vs. sham

groups.

3.3 LTP inirradiated hippocampal slices was blocked by different PBRT regimen,

while unaffected in the contralateral hippocampus

In a next set of experiments we applied a PBRT in juvenile mice (n=5 per group)
with clinically relevant single doses of 2, 8, a fractionated dose of 4+4Gy and 20Gy.
Identical stimuli were applied to induce LTP, 5 weeks after radiation (Fig. 11A-D).
LTP signals significantly decreased after 5 weeks in the irradiated LH 20Gy group

(109.7%+0.7%) [F(3,16)=9.78, P=0.0007 vs. Sham] and 4+4Gy group (114.7%*1.8%)
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[F(316)=7.15, P=0.0029 vs. Sham] (Figure 11E), whereas no significant differences
were observed in the LH 2Gy [F(3,16)=1.88, P=0.1732] and LH 8Gy groups [F(3,16)=3.22,
P=0.0504]. Moreover, the HFS-induced potentiation of fEPSPs in the non-irradiated
right hippocampus (RH) of juvenile mice remained normal, and no changes in the
fEPSP slope were detected 5 weeks after PBRT. LTP in slices of the non-irradiated
RH 0Gy remained unchanged even though the corresponding left hemispheres

received 20Gy (Fig. 11E).
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Figure 11. After 5 weeks recovery from PBRT, LTP in hippocampal slices is

inhibited dose-dependently. CA1-LTP was measured in left/right hippocampal
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slices of sham group and irradiated/non-irradiated slices of radiation group 5 weeks
after (A) single dose of 20Gy, (B) fractionated dose of 4+4Gy, (C) single dose of 8Gy
and (D) single dose of 2Gy. (E) Scatter plot of averaged values 50-60mins post HFS
delivery. Postsynaptic potentials in juvenile mouse left/irradiated and right/non-
irradiated hippocampal slices were 126.0%+1.0% (averaged LTP values of 5
independent samples) and 131.5%%1.4% of sham groups, 136.7%+1.9% and
145.1%+2.6% after 2Gy, 114.7%+1.8% and 142.3%+1.6% after 4+4Gy, 123.0%+2.6%
and 150.5%+2.8% after 8Gy, 109.7%+0.7% and 129.9%+1.2% after 20Gy (5 mice per
group), respectively. Analysis of LTP in sham and 4+4Gy groups [F(316=7.15,
P=0.0029], 20Gy groups [F(3,16=9.78, P=0.0007] revealed significant differences,
however, no significant differences in neither 2Gy groups [F(316=1.88, P=0.1732]
nor 8Gy groups [F(316=3.22, P=0.0504] were detected. LTP in LH of 20Gy (Left
hippocampus of 20Gy) was still significantly blocked (109.7%+0.7%, P<0.05 vs. LH
Sham; P<0.001 vs. RH Sham). LTP in non-irradiated hippocampal slices remained
stable throughout the different dose regimen: 2Gy groups (145.1%+2.6%, P=0.1449
vs. LH Sham; P=0.3907 vs. RH Sham), 4+4Gy groups (142.3%+1.6%, P=0.0700 vs. LH
Sham; P=0.3147 vs. RH Sham), 8Gy groups (150.5%+2.8%, P=0.0949 vs. LH Sham;
P=0.2439 vs. RH Sham) and 20Gy groups (129.9%+1.2%, P=0.8259 vs. LH Sham;

P=0.9849 vs. RH Sham) were detected during this period. * P<0.05 vs. sham groups.
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3.4 LTP in juvenile mice remained inhibited at 10 weeks after irradiation

To further explore long-term effects in the irradiated (LH) and non-irradiated (RH)
hippocampus, juvenile mice (n=5) were irradiated with the same radiation regimen
as shown before and evaluated after 10 weeks. Significant reductions in LTP were
observed between sham and LH 4+4Gy [F(3,16=9.32, P=0.0008], sham and LH 8Gy
[F(316)=4.12, P=0.0241] and sham and LH 20Gy irradiated groups [F(316=7.78,
P=0.002] (Figure 12A-D). No changes in the fEPSP slopes were observed in the non-
irradiated right hippocampus (RH) groups after irradiation of the LH with 2Gy
(P=0.8318 vs. LH Sham; P=0.9901 vs. RH Sham), 4+4Gy (P=0.0990 vs. LH Sham;
P=0.2549 vs. RH Sham), 8Gy (P=0.2256 vs. LH Sham; P=0.4458 vs. RH Sham) and
20Gy (P=0.1971 vs. LH Sham; P=0.4525 vs. RH Sham). Although RH LTP values in the
4+4Gy and 20Gy groups were slightly lower than those of the sham group, they did

not differ significantly and were within the normal range.
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Figure 12. LTP in juvenile mice except 2Gy PBRT remained inhibited 10 weeks
after irradiation. 10 weeks after recovery, LTP was measured in left/right
hippocampal slices of sham group and irradiated/non-irradiated slices of the RT
group at (A) single dose of 20Gy, (B) fractionated dose of 4+4Gy, (C) single dose of
8Gy and (D) single dose of 2Gy. (E) Scatter plot showing the average values of the
last 10mins of LTP. 157.3%+2.3% and 151.8%+2.6% (relative to baseline) of sham
groups, 137.7%+1.4% and 142.7%+1.6% after 2Gy, 110.9%+1.8% and 133.0%+1.7%
after 4+4Gy, 121.7%%1.4% and 134.5%%2.9% after 8Gy, 115.5%+1.0% and
137.9%+1.8% after 20Gy (5 mice per group), respectively. Analysis of LTP in sham

and 4+4Gy groups [F(3,16=9.32, P=0.0008], 20Gy groups [F(3,16=7.78, P=0.002] and
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8Gy [F(316=4.12, P=0.0241] revealed significant differences, however, no
significant differences in 2Gy groups [F(316=1.71, P=0.2050] were detected. LTP
remained blocked in 4+4Gy groups (110.9%+1.8%, P=0.0011 vs. LH Sham; P=0.0034
vs. RH Sham), 8Gy groups (121.7%+1.4%, P=0.0293 vs. LH Sham; P=0.0741 vs. RH
Sham) and 20Gy groups (115.5%+1.0%, P=0.0022 vs. LH Sham; P=0.0071 vs. RH
Sham). LTP in non-irradiated hippocampal slices remained baseline level
throughout the different dose regimen: 2Gy groups (142.7%+1.6%, P=0.8318 vs. LH
Sham; P=0.9901 vs. RH Sham), 4+4Gy groups (133.0%+1.7%, P=0.0990 vs. LH Sham;
P=0.2549 vs. RH Sham), 8Gy groups (134.5%+2.9%, P=0.2256 vs. LH Sham; P=0.4458
vs. RH Sham) and 20Gy groups (137.9%+1.8%, P=0.1971 vs. LH Sham; P=0.4525 vs.

RH Sham) were detected during this period. * P<0.05 vs. sham groups.

3.5 Radiation affects LTP dose- and time-dependent

We also investigated if radiation-induced inhibition of LTP dose-dependently over
recovery time (Figure 13). No changes in the LTP were observed in sham treated
mice [F(s24=3.339, P=0.0198] (Fig. 13A). However, compared with the non-
irradiated hippocampus (RH 0Gy), significant differences in the LTP values after a

fractionated LH 4+4Gy [F(3,16=8.434, P=0.0014] and a single high dose (LH 20Gy)
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radiation [F(s24=13.37, P<0.0001] were observed. In contrast, no significant

negative effects on LTP were detected in juvenile mice whose LH was irradiated

with 8Gy [F(3.16=2.464, P=0.0998] or 2Gy [F(s,16=0.391, P=0.7611].
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Figure 13. Fractionated 4+4Gy and 20Gy high single dose radiation inhibit LTP. (A)
LTP was not influenced by sham irradiation [F(s24=3.339, P=0.0198]. (B), (C) LTP in
irradiated hippocampal slices at 5 and 10 weeks was significantly decreased by
20Gy (P=0.0001, LH vs. RH 20Gy 3 days; P=0.0092, LH vs. RH 20Gy 5 weeks;
P=0.0040, LH vs. RH 20Gy 10 weeks) and 4+4Gy (P=0.0078, LH vs. RH 4+4Gy 5 weeks;
P=0.0350, LH vs. RH 4+4Gy 10 weeks) irradiation (versus non-irradiated controls).
(D) (E) In contrast to non-irradiated hippocampal slices, 8Gy had no significant

negative effect on LTP [F(3,16=2.464, P=0.0998] or 2Gy [F(3,16=0.391, P=0.7611].
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3.6 Effects of different dose regimen on body weight of juvenile mice

None of the PBRT doses had any significant effect on the body weight of the
juvenile mice 5 and 10 weeks after irradiation, thereby indicating the absence of

severe side effects (Figure 14).
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Figure 14. The histograms of effects of different doses on mice body weight.
Body-weight histograms demonstrated there was no difference in body weight
among the varying doses of RT groups after 5 weeks [F(4,200=2.037, P=0.1278] or

10 weeks [F(2,20=0.5641, P=0.6915].
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3.7 Quantitative hippocampus microvasculature network analysis

The novel EMOVI technique was used to quantify the effects of a PBRT on the
microvasculature of the hippocampus. The principle of the measurements is based
on the translation of fluorescence data derived from stained vessels (using the
endothelial cell marker CD31) in an optically cleared hippocampus into volumetric,
representative surfaces. In a second step, two identically sized regions of interest
(ROI) were selected to avoid interference in the measurements induced by neurons
and large vessels (Fig. 15A and 15C). Looped structures are transferred into a
binarized fluorescence signal to automatically trace the vessel path as quantifiable
filament objects (Fig. 15B and 15D). EMOVI analyzes the vascular network of the
left irradiated (LH 8Gy, LH 20Gy) and right non-irradiated (RH 0Gy) hippocampus of
juvenile mice. CD31 staining showed a significant decline in the microvessel density
after radiation, especially in the left irradiated hippocampus (LH 20Gy) radiation
group after 10 weeks, as compared to the non-irradiated right hippocampus (RH)
group (P=0.0141) (Fig. 16A). The number of branching points in the LH was lower

than the RH groups, 5 and 10 weeks after irradiation with 20Gy (Fig. 16B).
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Although not significant, a similar trend was observed for the microvessel length
and the branching points in 8Gy radiated mice after 10 weeks (Fig. 16C and 16D).
Compared to mice irradiated with 20Gy after 10 weeks, less microvasculature
damage was detected in groups of mice which were irradiated with 8Gy. The
decline of the branching points and microvessel length indicates a diminished

complexity of the microvascular network with less vessels branching and looping.

Figure 15. Efficient tissue clearing and multi-organ volumetric imaging. Region of
interest (ROI) of left irradiated (A) and right non-irradiated (C) hippocampus
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microvasculature treated with 20 Gy PBRT after 10 weeks. (B) (D) The binary

masking of the vessel structure is the basis for vessel length and branch detection.
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Figure 16. Quantitative vessel network analysis reveals significant loss in
hippocampus following targeted PBRT. For the statistical analysis, 2 regions of
interest (ROI) with the same area were selected for analysis to avoid the

interference of neurons and large vessel datasets. (A) 20Gy PBRT induced a
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significant reduction in microvessel length after 10 weeks (P=0.0141). (B) After
20Gy PBRT, the number of branch points in the LH (irradiated) hippocampus after
10 weeks was lower than that of the LH (irradiated) and RH (non-irradiated)
hippocampus after 5 weeks and was also lower than the RH (non-irradiated)
hippocampus after 10 weeks. In contrast, reductions in the length (C) and branch
points (D) of microvessels after 8Gy irradiation after 5 weeks and 10 weeks were

less than those after 20Gy irradiation.
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4. Discussion

Herein, we found that the PBRT-induced inhibition of CA1-LTP in the ipsilateral
hippocampus of juvenile mice was dependent on dose and recovery time, while the
corresponding contralateral non-irradiated hippocampus remained completely
unaffected. Low dose radiation with 2Gy had no negative effects on the LTP.
Irradiation-induced inhibition of LTP was associated with a loss in the microvascular
network. Although the mechanisms underlying the synaptic alterations need to be
studied in more detail, this is the first study providing evidence that PBRT reduces
LTP in the hippocampus of juvenile mice only on the ipsilateral irradiated but not
on the corresponding non-irradiated contralateral hippocampus. Moreover, even
10 weeks after irradiation no recovery from radiation-induced cognitive function

deficits was observed in the irradiated left hippocampus.

Most studies measuring radiation-induced cognitive deficits in neuronal functions
have focused on the expression of immediate-early gene activity-regulated
cytoskeleton-associated proteins,(Rosi et al., 2008) NMDA receptor
subunits(Grosshans et al., 2002) and changes in the hippocampal synaptic
strength(Snyder et al., 2001) and either used WBRT animal models(Balentova et al.,

2018; Duman et al., 2018; Feng et al., 2018; Parihar & Limoli, 2013; Rola et al., 2004;
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D. Zhang et al., 2018) or an ex vivo hippocampal slice radiation.(Wu et al., 2012)
However, studies in animal models following PBRT which better reflect the clinical
situation have not been reported. Since the developing young brain(Blomstrand et
al., 2014; Fukuda et al., 2005; Rola et al., 2004; Roman & Sperduto, 1995; Zanni,
Zhou, et al., 2015) is more vulnerable to radiation-induced damage, it is necessary

to study radiation effects in young animals.

Our novel findings provide unique evidence for a physiological impairment in
unilateral hippocampi induced by fractioned and single dose PBRT. In line with a
recent study(D. Zhang et al., 2018) showing acute phase LTP changes in cortical
synaptic plasticity after ex vivo irradiation of hippocampus slices with 10Gy, we
demonstrate a radiation-induced decrease in LTP on day 3 after PBRT with 20Gy.
Similar to other studies radiation-induced LTP inhibition was still present 10 weeks
after irradiation. This long-term sustained disability of LTP induction corresponds
to late radiation-induced effects in humans which are most pronounced in
immature brains.(Fukuda et al., 2005) Other studies(Madsen et al., 2003; Rola et
al., 2004; D. Zhang et al., 2018) have suggested that WBRT-induced long-term
impairment of dentate SGZ neurogenesis in young mice is associated with deficits
in hippocampus-dependent memory. In the hippocampal-PFC circuit, LTP inhibition

lasted for 5 months after WBRT when juvenile rats were irradiated.(D. Zhang et al.,
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2018) Strikingly, in the present study PBRT did not produce an LTP impairment in
the non-irradiated hippocampus even after a single high-dose radiation. More
recently, the prevailing feeling is that patients receiving fractionated partial or
WBRT can develop significant Cl later than 6 months after irradiation.(Greene-
Schloesser & Robbins, 2012) Recently, a phase lll clinical trial demonstrated that a
pre-treatment of the hippocampus with memantine during WBRT effectively
preserved cognitive functions and patient-reported symptoms.(P. D. Brown et al.,
2020) Our observations demonstrate different LTP changes after PBRT in the
ipsilateral and contralateral hippocampus. Additionally, Giulia Zanni et al. have
shown that the application of WBRT to juvenile rats on postnatal day 11 resulted in
long-term alterations and HFS delivery in the DG that no longer produces LTP, but
promotes a shift to long-term depression.(Zanni, Zhou, et al., 2015) Although LTP
recovered slowly within 8 weeks after WBRT in adult rats(D. Zhang et al., 2018),
irradiation of the juvenile brains caused irreversible deficits in synaptic plasticity.
These data suggest that different mechanisms are involved in degenerative as well
as regenerative processes after juvenile and adult hippocampi were treated with
radiation. A possible explanation for the severe impairment of juvenile brains after
RT could be a massive apoptosis of stem cells in combination with an impaired

production of growth factors that result in a massive decline in cells with the
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capacity to proliferate.(Blomstrand et al., 2014; Fukuda et al., 2005; Roughton et

al., 2013; Schindler et al., 2008)

Interestingly, in our study a fractionated dose of 4+4Gy was more deleterious on
LTP than a single dose with 8Gy after a recovery of 5 and 10 weeks after PBRT. Zoé
Schmal et al. reported that hippocampal neurogenesis is highly sensitive to
repetitive fractionated low irradiation doses which induce an accumulation of DNA
damage and thereby compromise hippocampal neurogenesis.(Schmal et al., 2019)
A recent study confirmed that fractionated radiation-induced Cl is closely related
to accelerated neuronal cell death, inhibition of neurogenesis, activation of
astrocytes and microglia and an early induction of radiation-induced
damage.(Balentova et al., 2018) It also has been shown that both, a single, high
dose of WBRT(Ljubimova et al.,, 1991) as well as a cumulative fractionated
application at low doses(W. R. Brown et al., 2005) can impair the microvasculature
of the brain. Within the CA1 region of the hippocampus, a reduction in the
endothelial cells was induced 12 months after single doses as low as 0.5Gy and
2Gy.(Mao et al., 2010) In our study, a PBRT with 20Gy after 10 weeks was found to

induce more damage in the microvasculature than a dose of 8Gy after 10 weeks.
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In our study, a conventional fractionated PBRT given at 2Gy to juvenile mice did not
reduce LTP at any measured time point. This finding is in accordance with the
findings of others showing no spatial learning and memory deficits in mice 2
months after exposure to a single WBRT dose of 2Gy.(Dulcich & Hartman, 2013)
Although WBRT with 1.0 or 1.5Gy has been reported to seriously reduce body
weight of mice at an age of 6 weeks,(Sun et al., 1994) we did not detect any
significant effect on body weight 5 and 10 weeks after irradiation. Another study
showed that a combined treatment consisting of split-dose (total cumulative doses:
3.0, 4.0, 5.1Gy) ionizing radiation and chronic magnetic field exposure at an early
age can result in an increased body weight.(Babbitt et al., 2001) Taken together,
although the mechanisms underlying the synaptic alterations need to be further
elucidated, our findings provide a more detailed understanding of how PBRT
impacts on the biliteral hippocampi of juvenile mice. Our preclinical results might
help to design protective strategies to rescue the young developing brain from

cognitive decline by PBRT.

Nonetheless, these results must be interpreted with caution and potential
limitations should be kept in mind. One major drawback of this study is that
although we try to simulate the clinical RT treatment plan, this study was

performed on a selective dose regimen that may limit the generalization of the
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findings. Future studies are required to determine different clinical related dose
effects on the brain of animals and on human cognitive functions after irradiation
of children at different ages. We also have to point out that strictly executed
randomized trials with larger animal cohorts are necessary. It may give rise to bias
under single-blind conditions when we evaluate the hippocampal microvasculature

changes.

In conclusion, this study presents the first evidence that PBRT induces both,
microvascular and LTP impairment in the juvenile hippocampal CA1 region. And
that this damage is restricted to the irradiated hippocampus, while the
corresponding non-irradiated, contralateral hippocampus remained unaffected.
Although we assumed that the non-irradiated hippocampus may also be influenced
by irradiation we could not determine any defects in the non-irradiated part of the
hippocampus. Also compensatory effects of the non-irradiated part of the
hippocampus were not observed up to 10 and 20 weeks after irradiation, although
the left and right hippocampus are connected. Our findings also indicate that a
treatment of juvenile mouse brains with fractionated radiation doses is more
deleterious with respect to the LTP than a single dose. This differential effect in the
bilateral hippocampus may contribute to radiation-induced Cl in juvenile rodents

as well as in children. Since RT with hippocampal avoidance is feasible in patients(P.
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D. Brown et al., 2020; Gondi, Tome, et al., 2010) and rats,(Cramer et al., 2015) it is
essential to consider radiation-induced cognitive deficits on juvenile brains. Further
studies elucidating the potential mechanisms with respect to synaptic plasticity

alterations are likely to improve RT plans and the QOL of pediatric patients.
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5. Summary

Radiation is the first-line therapy for both primary and metastatic CNS tumors.
However, radiation-induced cognitive deficits are a major concern, especially in
pediatric brain tumor patients. Although previous preclinical studies investigated
the hippocampus after WBRT, these do not closely reflect the clinical situation.
Furthermore, the mechanisms of cognitive ipsilateral and contralateral changes in
the hippocampus after PBRT of juvenile mice have not been investigated in detail.
Herein, we demonstrate that PBRT induces a long-lasting inhibition of LTP in the
irradiated hippocampal CA1 region, whereas the contralateral, non-irradiated
hippocampus remained completely unaffected. Irradiation-induced LTP inhibition
was associated with a significant loss in the microvascular network. Our findings on
the PBRT-induced impairment of the bilateral hippocampi in juvenile mice could
help to design protective strategies to rescue the young developing brain of

children from cognitive decline after RT.
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