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Abstract

Hypoxia is a critical hallmark of glioma, and significantly compromises treatment efficacy. 

Unfortunately, techniques for monitoring glioma pO2 to facilitate translational research are 

lacking. Furthermore, poor prognoses of patients with malignant glioma, in particular 

glioblastoma multiforme, warrant effective strategies that can inhibit hypoxia and improve 

treatment outcome.

EPR oximetry using implantable resonators was implemented for monitoring pO2 in normal 

cerebral tissue and U251 glioma in mice. Breathing carbogen (95% O2 + 5% CO2) was tested for 

hyperoxia in the normal brain and glioma xenografts. A new strategy to inhibit glioma growth by 

rationally combining gemcitabine and MK-8776, a cell cycle checkpoint inhibitor, was also 

investigated.

The mean pO2 of left and right hemisphere were approximately 56 – 69 mmHg in the normal 

cerebral tissue of mice. The mean baseline pO2 of U251 glioma on the first and fifth day of 

measurement was 21.9 ± 3.7 and 14.1 ± 2.4 mmHg, respectively. The mean brain pO2 including 

glioma increased by at least 100% on carbogen inhalation, although the response varied between 

the animals over days. Treatment with gemcitabine + MK-8776 significantly increased pO2 and 

inhibited glioma growth assessed by MRI.

In conclusion, EPR oximetry with implantable resonators can be used to monitor the efficacy of 

carbogen inhalation and chemotherapy on orthotopic glioma in mice. The increase in glioma pO2 
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of mice breathing carbogen can be used to improve treatment outcome. The treatment with 

gemcitabine + MK-8776 is a promising strategy that warrants further investigation.
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Introduction

Tumor hypoxia (partial pressure of oxygen, pO2 < 15–20 mmHg) is a major impediment to 

radiation and chemotherapy1–4. Extensive research has focused on the development of 

strategies that can overcome hypoxia to improve treatment outcome5–7. One of the simplest 

strategies is inhaling gases with high oxygen content, e.g. carbogen (95% O2 + 5% CO2)7–9. 

However, tumor pO2 and response to carbogen cannot be predicted by tumor type or size, 

and therefore must be measured3, 4. Furthermore, tumor pO2 can vary temporally in 

response to various treatments, such as chemotherapy. Techniques that can monitor pO2 are 

crucial for developing strategies to modulate hypoxia and schedule therapy at times of 

optimal oxygen levels in the tumors to improve treatment outcome.

Malignant glioma, in particular, are therapeutically challenging due to their aggressive 

growth characteristics and hypoxic environment2, 4, 10. Additionally, techniques for direct 

and repeated measurements of pO2 in orthotopic glioma for translational research are 

lacking. EPR oximetry using microcrystalline oxygen sensors (e.g. LiPc, lithium 

phthalocyanine crystals) can be used to measure temporal changes in glioma pO2 in 

experimental animal models11–14. Recently developed implantable resonators provide 6–10 

times greater signal to noise (S/N) of the EPR signal compared to direct implants of LiPc 

crystals in a tissue of interest12. The goal of this study was to demonstrate pO2 

measurements in both hemispheres of mouse brain by using implantable resonators with 

multi-site EPR oximetry. The multi-site oximetry approach involves the use of magnetic 

field gradients for simultaneous measurement of pO2 at two or more sites in a tissue of 

interest12, 14, 15. The oximetry technique with implantable resonators was used to investigate 

temporal changes in the cerebral pO2 of control mice and those inoculated with U251 

glioma and the response to carbogen inhalation for hyperoxygenation.

Ongoing clinical trials have investigated the potential of gemcitabine as a radiosensitizer for 

the treatment of glioma16–18. Compared to temozolomide, gemcitabine offers several 

advantages that can potentially enhance treatment outcome. It is metabolized to di- and 

triphosphate analogues which exert cytotoxicity by the incorporation of gemcitabine 

triphosphate into the DNA, while the diphosphate inhibits ribonucleotide reductase thereby 

depleting the deoxyribonucleotide pool required for DNA synthesis19–21. Consequently, 

gemcitabine stalls replication forks resulting in cell cycle arrest in S phase. The stalled 

replication forks are stabilized by Chk1 such that inhibition of Chk1 by MK-8776 collapses 

the replication forks to generate lethal DNA double-strand breaks 22. We have tested the 

hypothesis that cell cycle checkpoint inhibition following treatment with gemcitabine can 

selectively inhibit aggressive glioma growth to improve outcome. The efficacy of 
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gemcitabine and/or MK-8776 on glioma growth and potential effect on pO2 was evaluated 

using MRI and EPR oximetry, respectively.

The results highlight the application of EPR oximetry with implantable resonators for 

monitoring temporal changes in brain pO2 including orthotopic glioma and the effectiveness 

of carbogen inhalation for hyperoxygenation. The treatment with gemcitabine + MK-8776 

also increased pO2 significantly and inhibited glioma growth.

Material and Methods

Animals, tumor cells and drugs

The animal protocol was approved by the Dartmouth College Institutional Animal Care and 

Use Committee (IACUC). Male athymic Nu/Nu mice (Charles River Laboratory, MA) 

weighing 18–20 g each were used for the experiments. U251 cells were obtained from the 

Developmental Therapeutics Program, National Cancer Institute, and maintained in 

RPMI1640 medium plus serum and antibiotics. Gemcitabine was obtained from Eli Lilly, IN 

and diluted in saline for treatment. MK-8776 (Merck, NJ) was prepared in (2-

Hydroxylpropyl)-β-cyclodextrin (45% w/v, Sigma-Aldrich) 23. The mice were treated with 

gemcitabine, MK-8776, or gemcitabine + MK-8776 by intraperitoneal injection.

Implantable resonator for pO2 measurements using EPR

The implantable resonators were constructed with enameled copper wire (0.15 mm wire 

gauge) and had a large loop (coupling loop, 10 mm diameter) on one end and two small 

loops (sensory loops, 0.4–0.5 mm diameter) on the other end of the wire (transmission line), 

Fig. 1A12. The sensory loops were loaded with 30–50 μg of LiPc crystals and then the entire 

implantable resonator was coated with a gas permeable and biocompatible Teflon 

AF240012, 24. For implantation, a small incision was made on the skull of anesthetized (2% 

isoflurane in 30% O2) mice and sensory tips were gently inserted through burr holes drilled 

using 23 gauge needles 2 mm left and right from the midline and 1.5 mm posterior to the 

bregma using a stereotaxic frame. The coupling loop was placed on the skull below the skin 

for inductive coupling with the external surface loop resonator of the EPR spectrometer. The 

length of the transmission lines (i.e. depth of tissue probed) was 3 mm and the distance 

between two sensory loops was 4 mm. The implantable resonator was calibrated prior to 

placement in the mice and the EPR spectrum reflects the average pO2 from each sensory tip 

with an approximate surface area of 0.13–0.2 mm2.

Inoculation of U251 glioma cells in mouse brain

In the experiments with glioma, 2 ×106 U251 cells in 8–10 μl were injected slowly in 2–3 

min through the right burr hole at a depth of 2.5 mm immediately after the placement of the 

implantable resonator. The holes were cleaned and sealed with bone wax, and the skin 

sutured.

Magnetic Resonance Imaging (MRI) for U251 glioma volume and ADC measurements

The mice were imaged on day 1 (approximately 14–18 days after cell injection along with 

the placement of implantable resonators) to confirm glioma growth prior to the start of 
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experiments and on day 8 (last day of the experiment). The implantable resonator appears as 

a signal void in the T1-weighted scans, which was used to confirm their location in the 

brain. The images were acquired on an Agilent 9.4T horizontal magnet equipped with 

gradient coils and a physiological monitoring unit for temperature and respiration rates. 

Gadopentate (0.2 mmol/kg, i.p., Magnevist, Bayer Healthcare) was injected and a multi-slice 

spin echo sequence was used to acquire T1-weighted images for tumor volume 

determination, 12 slices of 1 mm thickness with repetition time TR: 700 ms, echo time TE: 

16 ms, field-of-view: 40 mm × 40 mm and acquisition matrix: 256 × 256 and 2 signal 

averages. The glioma volumes were calculated by selecting a region-of-interest on the 

contrast enhanced glioma.

Diffusion-weighted images (DWI) were acquired using the same geometry, TR/TE = 700/36 

ms, b-value = 1000 mm2/s, and 1 signal average. Apparent diffusion coefficient (ADC) 

maps were generated by fitting the DWI signal to a mono-exponent on a pixel-by-pixel 

basis25, 26, using VnmrJ software.

Multi-site EPR oximetry using implantable resonator

A 1.2 GHz EPR spectrometer equipped with a surface loop resonator was used for in vivo 

oximetry27, 28. The anesthetized mice (1.5% isoflurane in 30% O2) were positioned in the 

EPR magnet and the external surface loop resonator was gently placed over the head region. 

A magnetic field gradient of 3.0 G/cm was used to separate the EPR spectra from each 

sensory tip14, 15. The peak-to-peak line-widths of the EPR spectra were used to determine 

pO2 by using the calibration of each implantable resonator. The mice were maintained at 37 

± 0.5°C (monitored via a rectal probe) by keeping the animals warm with a heated water 

blanket and warm air during the experiments. The EPR settings were: incident microwave 

power: 0.08–0.8 mW; modulation frequency 24 kHz; magnetic field center 425 G; scan time 

10 sec, scan range 3–30 G, and modulation amplitude not exceeding one third of the line 

width.

Longitudinal measurement of brain pO2 and response to carbogen inhalation

The mice were anesthetized and the pO2 of left and right hemispheres were measured 

simultaneously for 30 min on day 1 (24 h after the placement of sensor) and the 

measurements were repeated on days 3, 7, 14, 21, 28, 35, 42, 49 and 56 (n = 8). In the 

experiment on day 14, the breathing gas was switched from 30% O2 to carbogen for 25 min 

and then returned to 30% O2 for 15 min of EPR measurements. This experimental protocol 

was repeated on days 15–18.

The experiments with breathing carbogen was also carried out in mice bearing U251 glioma 

to evaluate the response to hyperoxygenation (n = 6).

Efficacy of treatment with gemcitabine, MK-8776 or gemcitabine+MK-8776

The animals were randomly assigned to 4 groups: (i) control group (saline), n = 5; (ii) 150 

mg/kg gemcitabine, n = 5; (iii) 20 mg/kg MK-8776, n = 6; and (iv) 150 mg/kg gemcitabine 

followed by 20 mg/kg MK-8776 at 18 h, n = 8.
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The gemcitabine and MK-8776 doses were selected based on prior publications22, 23. The 

schedule is based on our in vitro and in vivo observations of maximal cell cycle arrest and 

sensitivity to the Chk1 inhibitor when added 18 h after gemcitabine22. First, a baseline 

glioma and contralateral brain (CLB) pO2 was measured in anesthetized mice (1.5% 

Isoflurane with 30% O2) for 30 min and then treated as described above (day 1). The pO2 

measurements were repeated for four subsequent days.

Immunohistochemistry

The U251 glioma were harvested, fixed in formalin, and serial sections were stained with 

anti-Ki67 (Vector Laboratories) and anti-geminin (Santa-Cruz) in the Research Pathology 

Shared Resource. For each tumor, at least 2 fields from each of 2 sections were 

photographed, each field representing about 1000 cells; 2–4 individual tumors were scored 

at each time point. The number of cells positive for geminin was expressed as a percentage 

of those positive for Ki67. Geminin is an established marker of S/G2 cells and readily 

amenable to analysis of cell cycle distribution in solid tumors, particularly as normal tissues 

are rarely proliferative. We have previously demonstrated that the use of geminin is best 

when combined with the Ki67 index which thereby corrects for differential proliferative 

index in different regions of a tumor 22.

Statistical analysis

One-way ANOVA and paired t test were used to analyze the mean baseline pO2, temporal 

changes in pO2 on treatment with gemcitabine, MK-8776, gemcitabine + MK-8776 and 

glioma volume. The multilevel linear mixed effects model was used to analyze the 

longitudinal pO2 data in the log scale 29, 30. An exponential quadratic function of time was 

used to determine maximum pO2 (pO2 max) and the time to reach maximum pO2 (T max) 

during carbogen inhalation, and time taken to return to baseline pO2 (T base) when the gas 

was switched back to 30% O2. Each curve was analyzed accounting for three sources of 

variation: left- and right hemisphere, inter- and intra-mouse variations. The tests were two-

sided, and a p value <0.05 was considered statistically significant. Analyses were done using 

the statistical package SAS 9.3 (SAS Institute Inc., NC, USA).

Results

Longitudinal measurement of cerebral pO2 and response to carbogen breathing

A day-to-day variation in the cerebral pO2 of each animal was evident, Fig. 1B. The mean 

tissue pO2 in the left and right hemispheres were 43 ± 6.8 and 41 ± 3.9 mmHg respectively 

on day 1 (24 h after the placement of implantable resonators). No significant change in the 

mean brain pO2 was evident from day 3, and remained stable thereafter for 8 weeks. A 

significant increase (>100%) in mean brain pO2 was observed on carbogen inhalation in 

experiments repeated for 5 days, Figure 2A and Table 1. At the individual mouse level, a 

day-to-day variation in the response to breathing carbogen was apparent. Additionally, the 

mean baseline pO2, pO2 max, Tmax and Tbase were similar in both hemispheres of the mice, 

Table 1.
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Orthotopic U251 glioma and contralateral brain pO2 and response to carbogen breathing

The mean baseline pO2 of U251 glioma and contralateral brain (CLB) were 21.9 ± 3.7 and 

57.2 ± 4.9 mmHg, respectively on day 1 (approximately 14–18 days after cell injection 

along with the placement of implantable resonators) and were significantly different, Table 

2. A modest decline in the mean baseline glioma pO2 from 18.4±3.9 to 14.1 ± 2.4 mmHg 

was observed on days 2–5 (p = 0.056 on day 4 and p = 0.086 on day 5 compared to day 1), 

respectively.

The mean pO2 of the glioma and CLB increased significantly by at least 100% during 

carbogen inhalation on days 1–5, Table 2. No significant change in the pO2 max, T max and 

T base of the glioma and contralateral brain over 5 days was noted.

U251 glioma and CLB pO2 on treatment with gemcitabine, MK-8776, and gemcitabine + 
MK-8776

The mean baseline U251 glioma pO2 in the control, gemcitabine, MK-8776 and gemcitabine 

+ MK-8776 groups were 18.9 ± 4.7, 19.4 ± 5.9, 13.1 ± 2.2 and 19.1 ± 2.8 mmHg 

respectively, Fig. 2B. On the other hand, the mean baseline contralateral brain pO2 in the 

control, gemcitabine, MK-8776 and gemcitabine + MK-8776 groups were 55.6 ± 9.5, 63.4 ± 

6.3, 55.3 ± 8.8 and 47.1 ± 4.1 mmHg, respectively. No significant change in the pO2 of 

glioma and CLB was evident in the control group over 5 days. However, the mean pO2 of 

glioma increased significantly by approximately 20% on day 3 after treatment with 

gemcitabine on day 1. A significant increase in mean pO2 of glioma by 50% was evident on 

days 3–5 following treatment with gemcitabine + MK-8776. On the other hand, the pO2 of 

contralateral brain did not change over 5 days of repeated measurement in all the groups.

Cell cycle arrest with gemcitabine + MK-8776

We investigated the cell cycle arrest induced by gemcitabine in the U251 glioma, Fig. 3A. 

Ki67 staining represents cells at all phases of the cell cycle except G0. On the other hand, 

geminin reflects cells in only S and G2. Hence the ratio of geminin to Ki67 represents the 

proportion of proliferative cells that are present in S or G2. Untreated U251 glioma 

exhibited ~32% geminin/Ki67. However, eighteen hours following administration of 

gemcitabine, geminin/Ki67 were >70%. The administration of MK-8776 alone or following 

gemcitabine did not alter the percent of cells in S/G2 phase (data not shown). The increase 

in the number of cells in S/G2 reflects the ability of gemcitabine to arrest cells at this phase 

of the cell cycle, and does not reflect an enhanced proliferative capacity. The geminin/Ki67 

values are similar to our recent experiments with two pancreas tumor models22, 31, and 

confirm that gemcitabine crosses any blood-brain barrier that may exist.

U251 glioma growth, ADC and correlation with pO2

The typical T1-weighted images superimposed with ADC acquired in the control and 

treatment groups on day 1 and day 8 are shown in Fig. 3B. The mean glioma volumes on 

day 1 in the control, gemcitabine, MK-8776 and gemcitabine + MK-8776 groups were 48.1 

± 5.4, 52.3 ± 14.5, 33.5 ± 6.7 and 58.8 ± 14.7 mm3, respectively and were not significantly 

different. The relative change in the glioma volume of the group treated with gemcitabine + 
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MK-8776 was significantly smaller than the control, Fig. 4a However, no significant change 

in the ADC was evident in all the groups, Fig. 4b.

A significant linear correlation was evident between the glioma volume and pO2 on day 1, 

Fig. 4c. These results suggest that the glioma pO2 is size dependent, smaller tumors are 

relatively better oxygenated but the pO2 declines with increase in volume.

Discussion

The prognosis of patients with malignant glioma has remained poor despite aggressive 

treatment protocols of maximal surgical resection followed by chemoradiation10, 32. Given 

the significant role of tumor hypoxia in therapeutic resistance and malignant progression, it 

is vital to develop strategies that can alleviate hypoxia as well as inhibit glioma growth. We 

have previously investigated the effect of an allosteric effector of hemoglobin (Efaproxiral), 

carbogen inhalation and radiotherapy on tumor pO2 in orthotopic 9L, C6, CNS-1 and F98 

glioma11, 12, 33, 34. Our goal is to characterize temporal changes in glioma pO2, improve 

oxygen level and treatment outcome. In this study, we have implemented a novel 

implantable resonator for monitoring cerebral pO2 including orthotopic glioma in mice with 

EPR oximetry.

Stable brain pO2 was observed within 3 days after the placement of the implantable 

resonator. The low cerebral pO2 observed initially is likely due to the trauma associated with 

the surgical procedures used for the placement of the resonators in the brain of mice. A 

systematic study is underway to determine the minimal number of days that may be needed 

before a robust pO2 measurement can be made. A consistent increase in the cerebral pO2 

was attained in experiments with carbogen breathing for five consecutive days. The pO2 of 

the U251 glioma was significantly lower than the contralateral brain and declined further 

over days. Additionally, glioma pO2 was dependent on size, smaller glioma were relatively 

oxygenated. A significant increase in glioma pO2 was achieved with carbogen inhalation for 

five consecutive days. A maximal increase in glioma pO2 was observed within 15–20 min of 

carbogen inhalation and glioma remained oxygenated for at least 10–12 min after the 

carbogen was discontinued. Carbogen inhalation along with real-time oximetry will be 

valuable in the potential optimization of treatment modalities reliant on the levels of hypoxia 

in glioma.

A significant increase in glioma pO2 on day 3 was observed following treatment with 

gemcitabine. However, a consistent increase in pO2 occurred on days 3–5 along with a 

significant decrease in glioma growth following treatment with gemcitabine + MK-8776. 

The robust increase in oxygen levels in the glioma is likely due to a decrease in oxygen 

consumption with malignant cell kill induced by cell cycle arrest and subsequent collapse of 

the replication forks to generate lethal DNA double-strand breaks. The extent of cell cycle 

arrest observed in the orthotopic U251 glioma is similar to that observed in the ectopic 

tumors on the flank of mice22. These results confirm that gemcitabine and MK-8776 

effectively permeate the blood-brain barrier and inhibit glioma growth. However, no 

significant change in the ADC ratio of U251 glioma on day 8 compared to day 1 was 

evident. The heterogeneous U251 glioma is comprised of solid and cystic regions, which 
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will impact the overall ADC values. Jenkinson et al. have reported no correlation between 

the ADC metrics and cellularity in oligodendrogliomas35. Additionally, Koral et al. have 

shown that although ADC metrics are useful in the preoperative diagnosis of common 

pediatric cerebellar tumors, however tumor cellularity may not be the sole determinant of 

the differences in diffusivity25.

In conclusion, these results confirm the practicality of implantable resonators for 

longitudinal oximetry in mice. A significant increase in pO2 and decrease in glioma growth 

following treatment with gemcitabine + MK-8876 warrants further investigation for 

potential clinical translation of this approach to improve treatment outcome. The therapeutic 

window during which an increase in glioma pO2 occurred on breathing carbogen or 

treatment with gemcitabine + MK-8776 can be used to schedule irradiation for further 

improving treatment outcome. A direct and repeated measurement of glioma pO2 is likely to 

play a vital role in understanding the dynamics of hypoxia, and effectiveness of hyperoxic 

strategies and chemotherapy. A real-time knowledge of glioma pO2 will be extremely useful 

in developing oxygen guided optimal treatment plans in the clinic. We are currently 

pursuing Investigational Device Exemption from FDA for the application of implantable 

resonators for oximetry in glioma and head & neck cancer in patients.
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Novelty and Impact

Despite pathological consequence of hypoxia including poor prognosis, techniques for 

direct monitoring of glioma pO2, and strategies to improve oxygen levels and effective 

treatment are lacking. EPR oximetry is implemented for repeated quantification of pO2 in 

human xenograft glioma, and then carbogen inhalation is investigated for 

hyperoxygenation. An innovative treatment strategy by rationally combining gemcitabine 

with a cell cycle checkpoint inhibitor to significantly arrest glioma growth and increase 

pO2 is demonstrated.
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Figure 1. 
Figure 1A. (a) Implantable resonator with two sensory loops (SLs) and the response of each 

SL to different concentration of perfused oxygen (calibration) and regression coefficient 

(R2). (b) Axial view of a mouse skull with trephination positions of the SLs, and a 

schematic showing the location of the U251 glioma and the location of the SLs in the brain. 

AP: anterior-posterior; ML; medial-lateral; DV: dorsal-ventral.

Figure 1B. Time course of normal brain pO2 in the (a) left and (b) right hemisphere 

measured simultaneously in each mouse using implantable resonator with EPR oximetry in 

experiments repeated for 8 consecutive weeks. The bold line is the mean group pO2, Mean ± 

SEM, N = 8.
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Figure 2. 
Figure 2A. Temporal changes in the pO2 of left and right hemisphere of (a) normal mice (n 

= 8) and (b) mice bearing U251 glioma in the right hemisphere (n=6) during 30% O2, 

carbogen and 30% O2 breathing. The experiment was repeated for five consecutive days. 

The bold lines are the mean response in the group obtained using an exponential quadratic 

function. The star symbol and horizontal line indicates the maximal pO2 and time to reach 

maximal pO2 on each day, respectively.

Figure 2B. Tissue pO2 of the contralateral brain (●: CLB) and ipsilateral glioma ( : U251) 

in the (a) control (vehicle, n = 5); (b) gemcitabine (150 mg/kg, n = 5); (c) MK-8776 (50 

mg/kg, n = 6), and (d) gemcitabine (150mg/kg) + MK-8776 (50 mg/kg) at 18 h (n = 8) 
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measured using EPR oximetry with implantable resonator for five consecutive days. The 

mice were treated on day 1 after baseline pO2 measurement. †p<0.05, ‡p<0.01, compared 

with day 1; §p<0.01, compared with control group at the same day.
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Figure 3. 
Figure 3A. (a) Geminin and Ki67 immunohistochemistry images of the control and glioma 

treated with gemcitabine. (b) The results expressed as the % geminin positive/%Ki67 

positive; n = 2–4 (Mean ± SD).

Figure 3B. Typical diffusion images used to assess volume and apparent diffusion 

coefficient of water (ADC) of orthotropic U251 glioma on days 1 and 8 in the control, 

gemcitabine, MK-8776 and gemcitabine + MK-8776 groups by MRI. The implantable 

resonators are visible in the images of the control group (indicated by arrows).
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Figure 4. 
(a) Relative change in U251 glioma volume (day 8 - day 1, mm3) and (b) ADC ratio (tumor/

normal) in the control, gemcitabine, MK-8776 and gemcitabine + MK-8776 groups. ‡p < 

0.01, compared with day 1; §p < 0.01, compared with control group. (c) U251 glioma pO2 vs 

volume on day 1. Dash lines indicate 95% prediction limits, bold line indicates the fit and 

grey area indicates confidence limits.
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