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Abstract

Purpose—To determine the late effects of fractionated versus single dose cranial radiation on
murine white matter.

Methods and Materials—Mice were exposed to 0 Gy, 6x6 Gy, or 1x20 Gy cranial irradiation
at 10-12 weeks of age. Endpoints were assessed through 18 months from exposure using
immunohistochemistry, electron microscopy, and electrophysiology.

Results—Weight gain was temporarily reduced after irradiation; greater loss was seen after
single versus fractionated doses. Oligodendrocyte progenitor cells were reduced early and late
after both single and fractionated irradiation. Both protocols also increased myelin g-ratio, reduced
the number of nodes of Ranvier, and promoted a shift in the proportion of small, unmyelinated
versus large, myelinated axon fibers.

Conclusions—~Fractionation does not adequately spare normal white matter from late radiation
side effects.
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Summary

Although fractionation reduced cranial radiation-related effects on weight gain, patterns of early
and late oligodendrocyte progenitor cell depletion and late white matter pathology and dysfunction
were similar following both single and fractionated irradiation. This indicates that fractionation
fails to reduce late white matter side effects of radiation in adult mice.

Introduction

The brain is considered a late responding tissue to ionizing radiation (IR) due to the large
number of differentiated, post-mitotic cells and the delayed appearance of radiation-related
side effects, such as leukoencephalopathy and radiation necrosis (1,2). The use of
fractionated radiation has reduced these normal tissue side effects, although significant
cognitive deficits are still reported (3,4). Since myelin plasticity is linked to learning (5-8)
and working memory (9-11), it is likely that alterations in myelin contribute to the cognitive
side effects of radiation exposure. The cells responsible for myelin sheath production, the
oligodendrocytes, differentiate from oligodendrocyte progenitor cells (OPCs) and myelinate
throughout life (12,13). Because OPCs proliferate and mature in order to maintain the
requisite number of myelinating oligodendrocytes, fractionation is unlikely to spare this
population, and so the acute effects of radiation on OPCs may contribute to observed late
changes in myelin.

We investigated the effects of fractionated versus single dose irradiation on white matter in a
murine model of radiotherapy to determine whether fractionation spares radiation-induced
myelin dysfunction. Adult mice were exposed to 0 Gy, 6x6 Gy, or 1x20 Gy radiation and
OPC numbers, myelin g-ratio, nodes of Ranvier, and electrophysiology were used to assess
the white matter response through 18 months from exposure. Direct comparison of single
versus fractionated radiation schedules enabled us to determine the radiation paradigm
contribution to the severity of side effects.

Methods and Materials

Animals

All animal procedures were approved by the University of Rochester Committee on Animal
Resources prior to experimentation. Pdgfra-CreERT2:Rosa26R-YFP mice (13) were housed
in temperature (23 = 3°C) and light (12:12hr light:dar k) controlled rooms with free access
to chow and water. Fifty-two male and 45 female mice were used and sexes were balanced
across analyses.

Irradiation procedure

Irradiations were performed using a 137Cs source with a 5 mmx12.2 cm collimator at a dose
rate of 119-121 cGy/min, with the beam targeted to the center of the brain. All mice were
anesthetized with 100 mg/kg ketamine/10 mg/kg xylazine. Irradiated animals were placed
supine on the collimator; 6 fractions of 6 Gy were delivered on Monday, Wednesday, and
Friday for 2 weeks or a single 20 Gy dose at the end of the second week. Based on our
hypothesis that OPCs are radiosensitive and alterations in the OPC population may
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contribute to late changes in myelin, the fraction dose was calculated using an a./@ ratio of
10 so that the biologically effective dose (BED) was 60 Gy;q for the 20 Gy irradiation and
57.6 Gy, for the fractionated exposures. Animals were sacrificed at 3 weeks, 6 or 18
months following the final radiation exposure. Animal weights were recorded every 4 weeks
beginning 3-5 months from exposure. Sex distributions for groups at each time point were: 3
week (2 F/2 M); 6 month (67 F/6-9 M); 18 month (6—7 F/8-9 M). For all endpoints, sexes
were pooled if no differences were found by 2-way ANOVA (Supp. Fig. 1-4).

Tissue processing and immunohistochemistry

Animals were deeply anesthetized with ketamine/xylazine before transcardial perfusion with
0.15 M phosphate buffer (PB) containing 0.5% wi/v sodium nitrite and 2 1U/ml heparin.
Three week time point animals were then perfused with 4% paraformaldehyde (PFA) and
brains were submerged in 4% PFA at 4°C for 2 hours, equilibrate d in 30% sucrose, and
frozen in isopentane. Brains from 6 and 18 month animals were flushed with PB, removed
and bisected along the midline. The right hemispheres were immersed in 4% PFA at 4°C for
24 hours, equilibrated in 30% sucrose overnight, frozen in isopentane, and stored at —80°C.
All fixed brains were sectioned at 30 pm on a sliding microtome and stored at —20°C in cry
oprotectant.

Tissue sections were washed in 0.15 M PB, blocked with 3-10% normal serum (Vector), and
incubated in primary antibody as follows: Goat anti-PDGFRa (R&D Systems #AF1062)
1:1000; goat anti-Ankyrin G (Santa Cruz #sc-31778) 1:2000; rabbit anti-Caspr (Abcam
#ab34151) 1:3000. Invitrogen Alexa Fluor secondary antibodies were diluted 1:800.
Sections were coverslipped with Prolong Gold Antifade Mountant (Invitrogen). Images were
acquired using a Zeiss Axioplan Ili microscope, Sensicam QE camera (Cooke), and
Slidebook software version 6 (Intelligent Imaging) or using an Olympus F\VV1000 confocal
microscope. Between 2 and 4 images per animal per endpoint were quantified with the
observer blinded to sample identity either by hand-counting (PDGFRa+ OPCs, 3 weeks
post-IR) or using ImageJ (NIH) macros (PDGFRa+ OPCs, 18 months post-IR and Ankyrin
G+ nodes of Ranvier). To create and validate the macros, select images were hand-counted
and compared to ImageJ outputs. Additionally, select masks were compared to original
images to further confirm count accuracy. Prism 6 (GraphPad) was used for graphing and
statistical analyses.

Electron microscopy

Two-3 males and 3 females per radiation group were anesthetized with ketamine/xylazine
and perfused with fixative comprised of 2% PFA, 2.5% glutaraldehyde, 50% 0.1 M sodium
cacodylate buffer, 6.8% sucrose, and 38.7% water. Brains were removed, submersion fixed
for 1 hour, and cut into 1 mm thick sections using a mouse brain Acrylic Matrice (Braintree
Scientific #BS-A 5000C). Sections were fixed for at least 24 hours at 4°C, blocked to areas
containing the corpus callosum, and osmicated, stained, dehydrated, embedded in resin, and
ultrathin sectioned by the Electron Microscopy Core. At least 3 images per animal were
captured at 10,000x magnification. Each image was divided into a grid containing 60 same-
size boxes, randomly offset, and 6 of these were chosen at random for quantification,
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resulting in the analysis of 50-174 axons per animal. ImageJ (NIH) was used for
determination of perimeter-based g-ratio (axon perimeter/myelin perimeter).

Electrophysiology

Results

Artificial cerebrospinal fluid (aCSF) contained: 125 mM NacCl, 2.5 mM KCl, 1.25 mM
NaH,PO4, 25 mM Glucose, 25 mM NaHCO3, 2.5 mM CaCl, and 1.3 mM MgCls, and was
saturated with 95% O,/5% CO». Mice (4-6 females and 4-6 males per dose per time point)
were decapitated and brains were removed, submerged in ice cold aCSF, and cut into 400
um coronal sections on a vibratome. Sections were incubated for at least an hour in aCSF at
room temperature, then placed in a temperature-controlled chamber at 37°C.
Electrophysiological recordings across the corpus callosum were performed in a Faraday
cage to minimize noise interference and analyzed as described (14). Constant current stimuli
(1.3-1.5 mA/ 50 psec) were delivered through metal bipolar electrodes and recorded using
aCSF-filled glass pipettes with resistances of 50-80 KQ. Records at 3 to 5 interelectrode
distances from 0.5 to 1.2 mm were taken to determine the conduction velocity of large,
myelinated axons (peak N1) and small, unmyelinated axons (peak N2), as well as the N2/N1
amplitude ratio. Peak amplitudes and conduction times were analyzed by fitting with a third
order polynomial, setting the derivative to zero, and calculating the extremum from the
resulting quadratic equation. Fits were monitored on the oscilloscope screen. Based on the
D’Agostino-Pearson normality test, data was analyzed by 1-way ANOVA or Kruskal-Wallis
tests. Outliers (> 2 SD from the mean) were removed as needed.

Weight gain

Radiation-induced reductions in weight gain have been noted in mice (15) and rats (16).
Therefore, we assessed weight gain through 78 weeks from radiation exposure. Because
starting weights differ between males and females, we analyzed them separately. Analyzing
all animals that survived through the end of the experiment revealed that radiation
(F(2,42)=9.331, p=0.004) and time from exposure (F(14,588)=50.37, p<0.0001)
significantly affected weight for female mice, with a significant interaction (F(28,588)=7.8,
p<0.0001) (Fig. 1A). Similarly, a significant effect of radiation dose (F(2,49)=19.25,
p<0.0001), time (F(14,686)=28,63, p<0.0001), and interaction (F(28,686)=3.03, p<0.0001)
was found for male mice (Fig. 1B). In both female and male mice, 1x20 Gy significantly
reduced weight gain compared to unirradiated controls (p<0.001 and p<0.0001, respectively)
while no difference was seen between 0 Gy and 6x6 Gy irradiated animals. Additionally, the
difference between 6x6 Gy and 1x20 Gy irradiated animals was statistically significant in
both female (p<0.01) and male (p<0.001) mice. This suggests that fractionation spared mice
from IR-induced reductions in weight gain.

Oligodendrocyte progenitor cell numbers

Because OPCs are the progenitors to myelinating oligodendrocytes, we assessed density of
PDGFRa+ OPCs at 3 weeks and 18 months from radiation exposure (Fig. 2). Density of
OPCs was reduced at both 3 weeks (F(2,9)=38.49, p<0.0001) and 18 months
(F(2,44)=24.62, p<0.0001) from exposure (Figs. 2B, 2C). This suggests that there was a
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sustained depletion of OPCs following radiation, and that this depletion was not spared by
fractionation.

To determine the impact of radiation on myelin, we used electron microscopy of corpus
callosum cross sections to investigate myelin ultrastructure and the degree of callosal
myelination. Qualitatively, myelin appeared normal with compact lamellae and no signs of
demyelination (Fig. 3A). The g-ratio (axon perimeter/myelin perimeter) can be used to
determine the thickness of myelination, with a smaller g-ratio representing a greater amount
of myelin per axon. The average g-ratio was not changed at 6 months (F(2,14)=0.2949,
p=0.7474) (Fig. 3B), but was increased in irradiated animals at 18 months from exposure
(F(2,15)=8.435, p=0.0035) (Fig. 3D). When g-ratio was plotted versus axon caliber there
was excellent overlap between irradiated animals and controls at 6 months (Fig. 3C);
however, at 18 months radiation increased g-ratio primarily in larger diameter axons (Fig.
3E). It therefore appeared that radiation caused a delayed reduction in the amount of myelin
per axon, in a size-dependent manner, without evidence of frank demyelination.

White matter function assessment

Proper protein clustering at nodes of Ranvier is linked to myelination (17,18) and can affect
axonal signal transduction. In order to identify nodal regions we labeled Ankyrin G, a
protein that is responsible for linking sodium channels to the cytoskeleton and is a reliable
marker for nodal gaps (19,20), and also Caspr/NCP1, a protein that is localized to paranodal
junctions and required for proper organization of paranodal myelin loops (21). Qualitatively,
no abnormalities were seen in Ankyrin G and Caspr distribution at nodes of Ranvier in
irradiated versus nonirradiated mice at 18 months from exposure (Fig. 4A). While the
density of Ankyrin G+ nodes was not altered by radiation exposure at 6 months
(F(2,37)=1.111, p=0.3398) (Fig. 4B), radiation significantly reduced the density of Ankyrin
G+ nodes at 18 months (F(2,43)=7.509, p=0.0016) (Fig. 4C). This suggests a delayed
reduction in nodes of Ranvier after radiation exposure.

Myelin wrapping (22), proper assembly of proteins at nodes of Ranvier (23), and axon
diameter (24) allow for salutatory conduction and rapid signal transmission. Deficits in
myelination can lead to delays or a complete block of conduction. To investigate myelin
function, we performed extracellular electrophysiological recordings, assessing
interhemispheric signal transmission across the corpus callosum (Fig. 5A). Records typically
had two negative peaks: N1, representing fast conducting myelinated axons, and N2, derived
from unmyelinated fibers (14). We measured velocities of these two components, and also
computed the ratio of the N2 to N1 peak amplitudes (Fig. 5B). At 6 months from radiation
exposure, Kruskal-Wallis test showed no difference in N1 velocity (KW stat=2.752
p=0.2525) (Fig. 5C) or N2 velocity (KW stat=0.9166, p=0.6324) (Fig. 5D) among groups.
However, the N2/N1 amplitude ratio was significantly affected by radiation (KW stat=7.8,
p=0.0202) (Fig. 5E). Dunn’s multiple comparisons test showed that 1x20 Gy IR specifically
enhanced the N2/N1 ratio at 6 months from exposure. Eighteen months from exposure, the
N1 velocity (F(2,27)=2.735, p=0.0829) and the N2 velocity (KW stat=0.6068, p=0.7383)
were still unchanged by radiation dose (Figs. 5F, 5G, respectively). However, radiation
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increased the N2/N1 ratio (KW stat=9.401, p=0.0091) (Fig. 5H) and Dunn’s multiple
comparisons test revealed that both 6x6 Gy and 1x20 Gy radiation exposure significantly
increased the N2/N1 ratio. These data suggest that the contribution of myelinated axons to
conduction relative to that of unmyelinated fibers decreased due to cranial radiation.

Discussion

Current thinking in radiation biology supports the notion that fractionation reduces the
normal tissue side effects of radiotherapy in late responding tissues. However, cognitive
dysfunction and white matter damage are evident even when fractionation is used, both
clinically and in animal models. Therefore, we directly compared the long-term effects of
single dose and fractionated radiation on oligodendrocyte lineage endpoints at 6 and 18
months. Additionally, in order to monitor the effects of our cranial radiation protocols on
general health, we recorded animal weights. Single dose irradiation caused a marked
reduction in weight gain in both sexes through 18 months of exposure. In contrast, mice
exposed to fractionated radiation showed no significant difference in weight gain relative to
controls. While some reduced weight gain may have been associated with salivary gland
dysfunction and the associated overgrowth of teeth, excess tooth growth occurred in all
radiation groups. Radiation has been linked to anorexia in humans (25), but since we did not
track food consumption, no conclusions can be drawn regarding the contribution of anorexia
to the differences in weight gain. Hypothalamic neurogenesis may regulate eating behavior
and weight loss in mice (26). However, neurogenesis in other brain areas is susceptible to
radiation doses as low as 5 Gy (27); thus, it is unlikely that our fractionated paradigm would
have sufficiently spared hypothalamic neurogenesis to contribute to the weight gain
differences. Another possible cause for disparate weight gain is hormonal abnormalities due
to hypothalamic irradiation. In humans, cranial irradiation impairs hypothalamic-pituitary
function (28,29). Rats show reduced growth hormone and IGF-1 levels after cranial IR and
reduced pituitary weight is associated with impairments in weight gain (16). Although
investigation of hormone levels was not within the scope of this study, it is possible that
radiation-induced hormonal disturbances occurred to a greater degree in single dose
irradiated animals. Interestingly, reductions in IGF-1 levels associated with weight gain
impairment in irradiated rats (16) could also affect OPC behavior, as IGF-1 promotes OPC
cell cycle progression and maturation (31).

In order to confirm that OPCs are reduced by radiation exposure, we assessed PDGFRa+
OPC numbers at 3 weeks and 18 months from exposure. OPC numbers were reduced after
both single and fractionated radiation, early and long-term, in agreement with other studies
(32,33). New myelin is formed throughout life in rodents (34-36), while white matter
volume increases to age 40 and then declines in humans (37). A deficit in OPCs could
impact continued myelination or remyelination of demyelinated axons through reduced OPC
differentiation into myelinating oligodendrocytes. Therefore, electron microscopy was used
to assess myelin g-ratio and ultrastructure at 6 and 18 months from single dose and
fractionated radiation exposure. Qualitatively, no abnormalities were seen in the myelin of
irradiated animals. However, the perimeter-based g-ratio was increased at 18 months after
radiation exposure, independent of the radiation paradigm. Because myelin integrity
appeared normal, this likely represents a reduction in addition of new myelin during
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adulthood in irradiated animals rather than a demyelinating phenotype. In addition to an
increased g-ratio, we observed reduced density of Ankyrin G+ nodes of Ranvier at 18
months following both radiation protocols. Internode length has been shown to decrease
with normal aging, suggesting myelin turnover and remyelination (38). Therefore, the
reduced density of nodes seen after radiation exposure may also represent a decrease in adult
myelination.

Compound action potentials across the corpus callosum were measured in order to
determine whether these myelin-related alterations could affect white matter function. No
change in conduction velocity in either component (N1, N2) was seen at 6 or 18 months
after radiation exposure. In principle, an increase in g-ratio should lead to a decrease in
conduction velocity. However, as was seen in Fig. 3, the increase in g-ratio was axon size
dependent, with only the larger caliber axons affected. Our resolution of the N1 signal at
37°C was limited by the recording distance, and we were unable to measure independently
the velocity of the faster (largest) fibers. Thus, while the average velocity, as measured from
the N1 peak, was not significantly altered, there may have been changes in specific classes
of axons. Moreover, following radiation, the contribution of small unmyelinated fibers to
conduction relative to that of large myelinated axons increased, again suggesting a reduction
in de novo myelination. While myelination should occur throughout life, a sustained
depletion of OPCs could reduce the addition of new myelin to previously unmyelinated
axons, resulting in a reduction in the proportion of myelinated axons over time.

Our data indicate that the two radiation protocols elicited similar degrees of normal tissue
damage, suggesting that conventional fractionation regimens do not spare the murine CNS
from sustained OPC depletion, reduced myelination, or alterations in signal conduction.
Therefore, with respect to white matter endpoints, alternatives to low dose, prolonged
fractionation schedules, such as hypofractionated stereotactic radiotherapy (HSRT), can be
considered because of the lack of sparing following conventional practice. In addition, since
it appears that fractionation will not reduce late oligodendrocyte lineage-associated side
effects, these studies indicate that reducing the volume of the brain exposed to radiation is
necessary to minimize late normal white matter damage, offering bench-level support for
brain tumor radiosurgery protocols. Clinically, HSRT has been shown to be as effective as
whole brain radiation with a stereotactic radiosurgery boost in terms of tumor control and
survival (39,40). Moreover, in addition to effective tumor control with HSRT, reduced
toxicity has also been suggested in patients with brain metastases (41). These studies, in
agreement with our data, suggest that prolonged fractionation paradigms offer no significant
benefit to brain tumor patients. Most importantly, the similarities between the acute and late
responses following single versus fractionated irradiation in our endpoints justified our use
of a high a/p ratio for the BED calculations. This suggests that clinicians should do the
same when considering altering fractionation protocols since white matter endpoints are at
risk despite their late appearance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Weight gain in single and fractionated dose mice. Radiation and time from exposure
significantly affect weight for both (A) female (p=0.0004 and p<0.0001, respectively) and
(B) male (p<0.0001 for both) mice. n=13-20/group, 2-way ANOVA with repeated measures.
Mean £ SEM shown.
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Fig. 2.
Fractionated and single dose IR result in early and delayed loss of OPCs. (A) Representative

images show PDGFRa+ OPCs in the corpus callosum at 3 weeks and 18 months after 0 Gy,
6% 6 Gy, or 1x 20 Gy radiation exposure. Scale bar=10 um. Radiation induced OPC loss at
(B) 3 weeks and (C) 18 months (p<0.0001 for both). n=4-16 animals/group, 1-way ANOVA
with Dunnett’s multiple comparisons test. Mean £ SEM shown; ***p<0.001.
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Fig. 3.

Myelin g-ratio is increased at 18 months in a size-dependent manner following cranial
radiation. (A) Representative corpus callosum cross-sections 18 months after 0 Gy, 6x 6 Gy,
or 1x 20 Gy radiation exposure. Scale bar=1 um. (B) No significant change in average g-
ratios 6 months after radiation exposure. (C) Scatter-graph showing g-ratios at 6 months as
functions of axon caliber. There is excellent overlap among all 3 categories. (D) There is a
significant increase in the average g-ratios of irradiated groups compared to controls at 18
months from exposure. (E) Scatter-graph at 18 months. The increase in g-ratio is confined to
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the large caliber axons. n=5-6/group. 1-way ANOVA with Dunnett’s multiple comparisons
test. Mean = SEM shown; *p<0.05, **p<0.01.
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Fig. 4.
Nodes of Ranvier were reduced 18 months following radiation exposure. (A) Representative

images show Ankyrin G (red) and Caspr (green) staining 18 months after 0 Gy, 6x 6 Gy, and
1x 20 Gy irradiation. Scale bar=3 pm. (A’) Inset scalebar=1 pm. (C) Radiation significantly
reduced Ankyrin G+ node density at 18 months (p=0.0016), but not (B) 6 months
(p=0.3398). n=12-16/group. 1-way ANOVA with Dunnett’s multiple comparisons test.
Mean + SEM shown; **p<0.01.
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Radiation alters the ratio of small, unmyelinated fibers to large, myelinated fibers. (A)
Interhemispheric conduction across the corpus callosum was assessed
electrophysiologically. (B) Representative recordings taken 18 months after 0 Gy, 6x 6 Gy,
and 1x 20 Gy radiation. Velocities were calculated from measured distances and the time to
the N1 and N2 peaks. The ratio of N2/N1 amplitudes was calculated. (C, D, F, G) No
difference in conduction velocity was seen with either radiation paradigm in either fiber
type. The N2/N1 amplitude was increased at (E) 6 months (p=0.0202) and (H) 18 months
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(p=0.0091) from radiation exposure. n=8-12/group. Data in C, D, E, G, H was analyzed by
Kruskal Wallis test with Dunn’s multiple comparisons test; 1-way ANOVA was used in F.
Mean + SEM shown; *p<0.05, **p<0.01.
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