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Bioluminescence imaging (BLI) is a relatively new noninvasive technology used for quantitative assessment of tumor growth
and therapeutic effect in living animal models. BLI involves the generation of light by luciferase-expressing cells following
administration of the substrate luciferin in the presence of oxygen and ATP. In the present study, the effects of hypoxia,
hypoperfusion, and pH on BLI signal (BLS) intensity were evaluated in vitro using cultured cells and in vivo using a xenograft
model in nude mice. The intensity of the BLS was significantly reduced in the presence of acute and chronic hypoxia. Changes
in cell density, viability, and pH also affected BLS. Although BLI is a convenient non-invasive tool for tumor assessment, these
factors should be considered when interpreting BLS intensity, especially in solid tumors that could be hypoxic due to rapid growth,

inadequate blood supply, and/or treatment.

1. Introduction

In vivo bioluminescence imaging (BLI) is a technology that
is frequently used in the study of animal tumor models [1].
It has been successfully used to follow many different types
of tumors, such as prostate, breast, colon, ovarian, and lung
cancers [2-8]. The in vivo BLI method is based on the action
of luciferase on luciferin which produces light emission
within the xenograft [9, 10]. The light-producing reaction
requires molecular oxygen and ATP for the oxidation of
luciferin to oxyluciferin. The light produced is transmitted
through tissue and detected by a sensitive charge-coupled
device (CCD) camera; the acquired data can be presented
as qualitative pseudocolor images or as quantitative photon
counts.

A significant advantage of in vivo BLI is the ability
to noninvasively obtain several data points from the same
group of animals by repeated monitoring. In addition, the

sensitivity of in vivo BLI permits the detection of very small
tumors or metastases [8, 11]. A major concern is that solid
tumors frequently outgrow their oxygen supply and can
develop central hypoxia [12]. Alternatively, tumor hypoxia
can develop as a result of treatment [13]. In these settings,
oxygen available for the BLI reaction could be reduced to
limiting levels, which would result in a reduced BLI signal
(BLS) and underestimation of the actual tumor size [14].

In the process of developing an in vivo BLI-based mouse
model of U87 glioma cells for evaluation of radiotherapy, we
noted that these solid tumors frequently become transiently
or chronically hypoxic and that, in this situation, tumor
growth determined by BLI may be an underestimate. We
therefore present the effect of oxygen, hypoxia, pH, and
cellular viability on the BLS in this model. The in vitro and in
vivo results indicate that the development of hypoxia or pH
changes could impact the use of BLI in quantitative studies of
tumor growth and treatment response.
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FIGURE 1: Flank xenograft growth by caliper measurement and BLI. U87-Luc flank xenografts were measured by calipers (a) and BLI (b)
twice per week for 3 weeks. The tumors were allowed to achieve a large size to create central hypoxia. The tumors were segregated into upper,
middle, and lower tertiles based on their BLS on day 17. For each tertile group, the average BLS on day 21 relative to day 17 was quantified as

a fold change (c).

2. Materials and Methods

2.1. Cell Lines. U87 human malignant glioma cells were
obtained from ATCC (Manassas, VA) and were transfected
with the cDNA encoding firefly luciferase to produce U87-
Luc cells. These were maintained in DMEM medium (Invit-
rogen, Grand Island, NY) supplemented with 10% fetal
bovine serum (JRH Biosciences, Lenexa, KS) and 1% peni-
cillin/streptomycin (Invitrogen).

2.2. Xenograft Tumors. Xenograft tumors were generated in
female nude mice 7-8 weeks old. Five million U87-Luc cells
in100 uL PBS were injected subcutaneously in the dorsal side
of the upper hind limb of female mice using insulin syringe.
Xenografts were allowed to grow for 10 days when the initial
measurement was made with calipers and with BLI. Tumor
volume measurements were calculated using the formula for
an oblong sphere: volume = (width® x length). The mice were
handled in accordance with IACUC guidelines; experiments

were approved by the institutional Committee for Animal
Research.

2.3. Bioluminescent Imaging. BLI was performed using the
IVIS-200 Imaging System (Xenogen Corporation, Berkeley,
CA). Mice were anesthetized by inhalation of 2% isoflurane
(Abbott Laboratories, Chicago, IL). Each set of mice were
positioned in the special imaging chamber and injected
subcutaneously (dorsal midline) with 150 mg/kg D-luciferin
(Xenogen; PerkinElmer, Waltham, MA) in approximately
200 pL. The luminescent camera was set to 1 min exposure,
medium binning, f/1, blocked excitation filter, and open
emission filter. The photographic camera was set to 2s
exposure, medium binning, and /8. The field of view was
set at 22 cm distance to image up to 5 mice simultaneously
or 4-12.9 cm to view plates and tubes. Images were acquired
in sequence at 1 min intervals (60 s exposure, no time delay)
for 30 min. The intensity of BLS in the luminescent area of
the tumor, which is also described as the region of interest
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FIGURE 2: Impact of cell number and cell viability on BLS. Aliquots of U87-Luc cells (500 x 10° cells/uL) were pelleted in conical tubes, and
BLI was performed ((a) image; (b) quantification). Two equal aliquots of U87-Luc cells were evaluated by BLI after one sample was sonicated

for 1 min (c).

(ROI), was determined by Living Image 3D software (version
1; Xenogen). BLS was plotted as photon/sec/m? against time
as an indicator of tumor burden.

2.4. BLI after Acute Ischemia. A nude mouse with bilateral
thigh U87-Luc xenografts underwent BLI as described above.
While under the same general anesthesia, a rubber band
was firmly tightened around the right thigh proximal to the
tumor. 2 min after application of the band, BLS was collected
for 1 min. The band was then removed; 2 min later, BLS was
collected again for 1 min.

2.5. BLI after Systemic Hypoxia. A nude mouse with right
thigh U87-Luc xenografts was kept in a hypoxia chamber
(Bactrox, SHEL LAB, Sheldon Manufacturing Inc., Cor-
nelius, OR) for 10 min in 95% N,/5% CO,. The mouse was
injected SC with 150 mg/kg D-luciferin. General anesthesia

was induced by IP injection of 10 mg/kg ketamine. The mouse
was then put into a sealed transparent bag and transferred to
the imaging chamber; BLI was performed as described above.
Complete euthanasia was achieved by CO, inhalation while
still in the sealed bag. BLI was performed before and after
1 mL air was injected into the tumor using an insulin syringe.

2.6. In Vitro Hypoxia. Oxyrase (Oxyrase Inc., Mansfield,
OH), which consumes oxygen directly, was used to induce
acute hypoxia in the tissue culture media (final concentration
50-250 mU/mL).

3. Results and Discussion

Figure 1 compares the growth of U87-Luc flank xenografts
when measured by calipers (Figure 1(a)) or BLI (Figure 1(b))
and allowed to grow to a large size. The two evaluations of
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FIGURE 3: Effect of acute hypoxia and reoxygenation on BLS. U87-Luc cell pellets (a) or monolayers (b) were exposed to Oxyrase for 5 min to
induce acute hypoxia before addition of luciferin and BLI. After Oxyrase addition and BLI, monolayers were reoxygenated by bubbling 1 mL
of air through the media in each well; subsequent BLI is shown in (b) and results for the 200 mU/mL Oxyrase treatment are quantified in (c).
Monolayers and cell pellets treated with Oxyrase that had been heat inactivated (boiling for 10 min) were assessed by BLI (d).

tumor volume were similar through day 17, but subsequently
a drastic reduction in BLS was noted while volume calculated
using caliper measurements continued to increase. As shown
in Figure 1(c), the fold change in BLS on day 21 relative to
day 17 was dependent on tumor size. Specifically, tumors that
had the weakest BLS on day 17 (lower tertile) demonstrated,
on average, a 38.7% increase in BLS on day 21. Conversely,
tumors with the most intense BLS on day 17 (upper tertile)
showed an average of 55.8% reduction in BLS on day 21.

Regardless of tumor size on day 21, maximal BLS intensity
always occurred at the center of the tumor. Additionally,
some tumors were removed and sectioned immediately after
euthanasia; these did not show any gross evidence of central
necrosis. These findings suggest that the reduction in BLS on
day 21 was not a result of central tumor necrosis. Thus, the
correlation of change in BLS with tumor size suggests that the
BLS is impacted by physiologic tumor changes that correlate
with increasing size, such as hypoxia and/or pH change. In
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FIGURE 4: Effect of chronic hypoxia on BLS. U87-Luc cells were grown in 96-well plates either in normoxia or hypoxia (95% N,/5% CO,)
for 5d (phase contrast microscopy, (a)). BLI was performed on triplicate wells at 1, 3, and 5d and quantified at 1 min (b). The impact of 5d
of hypoxia on cell number and BLS was compared quantitatively (c). For cells treated with hypoxia for 5d, BLI was repeated 5min and 24 h

after re-oxygenation and quantified at 1 min (d).

order to investigate this phenomenon, we performed a series
of studies using BLI on cultured cells in vitro.

It is well established that BLS intensity correlates with
cell number. To demonstrate this for U87-Luc cells, aliquots
pelleted in conical tubes were assessed by BLI (Figure 2(a)).
Intensity of the BLS correlated with total cell number
(Figure 2(b)). To test the effect of viability on signal genera-
tion, equal volumes of either healthy, viable or sonicated cells
were exposed to luciferin and the BLS was collected for 1 min.
Sonicated cells showed no light emission indicating that only
intact cells can produce BLS (Figure 2(c)).

In order to investigate the effect of hypoxia on BLS from
cultured cells, Oxyrase was used to create acute hypoxia.
Oxyrase is a mixture of membrane monooxygenases and

dioxygenases that removes dissolved oxygen rapidly from
aqueous and semisolid environments [15, 16]. U87-Luc cell
pellets and monolayers were exposed to Oxyrase for 5 min to
induce acute hypoxia. Subsequent BLI is shown in Figure 3.
Oxyrase caused a dose-dependent reduction in BLS with
Oxyrase treatment. This reduction was reversed by reoxy-
genation (Figures 3(b) and 3(c)), which was performed by
bubbling air through the media. Heat-inactivated Oxyrase
did not impact BLS (Figure 3(d)).

To evaluate the effect of chronic hypoxia on BLI in vitro,
U87-Luc cells were grown in either a normoxic or hypoxic
environment for 5 days (Figure 4(a)) and BLI was performed
at1, 3, and 5 days. Cells grown in hypoxia showed statistically
significant reduction in BLS compared to cells grown in
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FIGURE 5: Influence of pH on BLS. U87-Luc monolayers were incubated in media with the indicated pH for one min. BLS images and

quantification over time are shown in (a) and (b), respectively.

normoxia (Figure 4(b)). While BLS was substantially reduced
after 3 and 5d in hypoxia, cell number also decreased; how-
ever, the reduction in BLS was much greater than the decrease
in cell number, 25-fold versus 5-fold, respectively, suggesting
a direct effect of hypoxia on the BLS (Figure 4(c)). At 5min
after reoxygenation, intensity of the BLS had quadrupled
(P < 0.05) and it continued to dramatically increase for 24 h
after reoxygenation (Figure 4(d)). The rapid early increase in
BLS with re-oxygenation is not attributable to proliferation
and represents the reversible impact of hypoxia on the
luciferase reaction resulting in reduced light emission. Thus,
the cell number is underestimated by the light emission under
hypoxic conditions. At 24h after re-oxygenation, further
recovery of the BLS was noted and is likely attributable to
both increased oxygen availability leading to “correction” of
the BLS and also to proliferation in response to normoxia.

Hypoxia and acidosis may coexist in solid tumors, and
many cellular processes are pH dependent, including enzy-
matic activity and cell proliferation [17]. In general, tumors
are more acidic than normal tissues with median pH values
of about 7.0 in tumors and 7.5 in normal tissues [18-20], and
considerable variation in tissue pH at different regions of the
same tumor has been observed [18]. Figure 5 demonstrates
the impact of acidity on BLS from U87-Luc monolayers. BLS
was maximal between pH 6 and pH 8, with a gradual decrease
in BLS as the pH increased across this range.

In order to demonstrate the effect of acute ischemia on
in vivo BLI, a tourniquet was applied on the leg of a nude
mouse proximal to an established U87-Luc thigh xenograft.
BLI performed 2min after placement of the tourniquet
demonstrated substantially reduced BLS on the side of the

tourniquet with stable BLS on the contralateral side. Within
2min after releasing the tourniquet and restoring blood
flow to the tumor, a strong BLS was present; the BLS was
greater after reperfusion than prior to tourniquet placement
(Figure 6(a)). Thus, acute ischemia results in underestima-
tion of tumor size by BLI in an in vivo thigh xenograft tumor
model. While the decreased blood flow following tourniquet
placement undoubtedly leads to reduced substrate delivery to
the tumor, adequate substrate was present to produce a strong
BLS immediately prior to tourniquet placement (Figure 6(a)).
Thus, the dramatic reduction in BLS following tourniquet
placement is predominantly due to reduced oxygen tension
in the tumor. This concept is supported by the finding
that augmentation of tumor blood flow can enhance the
BLS. Figure 6(b) shows the BLS over time of U87-Luc thigh
xenografts. At 30 min with declining BLS, the mice were given
an intraperitoneal injection of nicotinamide, a peripheral
vasodilator that increases tissue perfusion. Immediately after
injection, BLS increased in all tumors, indicating that blood
flow augmentation increases BLS.

To further evaluate the significance of substrate delivery
versus oxygenation, BLI was performed in a systemically
hypoxic mouse, a dead mouse, and a dead mouse after
intratumoral air injection. The results are shown in Figure 7.
Prior to hypoxia, a strong BLS was noted (Figure 7(a)). After
10 min in the hypoxia chamber, the BLS was completely
abolished (Figure 7(b)). When luciferin was injected prior
to termination, the postmortem mice exhibited no BLS
(Figure 7(c)). However, direct injection of air into the tumor
resulted in a strong BLS similar to the premortem tumor. This
demonstrates that, despite the lack of active perfusion and
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FIGURE 6: Effect of acute ischemia and reperfusion on in vivo BLS. (a) BLS was collected for 1 min in a nude mouse bearing bilateral U87-Luc
subcutaneous thigh xenografts 5 min after injection of D-luciferin. The mouse was treated with a right thigh tourniquet proximal to the tumor.
BLI was performed 2 min after tourniquet application and then 2 min after tourniquet removal. (b) BLS was collected at 1 min intervals for
60 min in nude mice bearing bilateral U87-Luc subcutaneous thigh xenografts. At 30 min, nicotinamide was administered via IP injection.

continuous substrate delivery that occurs in the post-mortem
state, a BLS could still be generated by manual oxygenation.
This suggests that a decrease in the BLS of hypoperfused
tumors is not solely due to reduced substrate availability
and that hypoxia plays an important role in reducing the
BLS. Based on the previous data, tumors or treatments that
involve hypoxia, hypoperfusion, or substantial pH changes

may yield unreliable data when assessed by BLI. This may
be especially important for tumors located in deep tissues
[21]. Tt is assumed that the BLS will increase as the tumor
volume increases, but this relationship may not hold in the
setting of hypoxia. In certain cases, this may not lead to
misinterpretation of treatment outcomes. For example, when
solid tumors necrose centrally in response to therapy, the BLI
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performed (c). I mL of air was then injected into the tumor and BLI was repeated (d).

signal will fall due to the hypoxia and necrosis, consistent
with the “death” of a portion of the tumor despite the overall
external tumor size continuing to enlarge as measured by
calipers. In these cases, BLI may be more representative of
treatment effect and caliper measurements may be mislead-
ing. Unfortunately, tumors that are simply hypoxic may also
appear smaller by BLI, despite being adapted to grow at
low oxygen tension. Tissue necrosis and death also affect
the optical properties of tissues and thus affect scattering
and absorption of light, which may additionally impact the
interpretation of BLI.

4. Conclusions

The use of BLI in xenografts provides a convenient method
for non-invasive monitoring of in vivo tumors; this is par-
ticularly useful when tumors are not accessible to calipers.
Many solid tumors undergo a certain degree of hypoxia
and pH changes with growth and/or treatment, which can
significantly reduce the BLS. Thus, caution should be used in
interpretation of BLI results when tumor hypoxia is present.

Conflict of Interests

The authors declare no conflict of interests.

References

[1] M. Edinger, Y. A. Cao, Y. S. Hornig et al., “Advancing animal
models of neoplasia through in vivo bioluminescence imaging,”
European Journal of Cancer, vol. 38, no. 16, pp. 2128-2136, 2002.

[2] G. Caceres, R. Zankina, X. Y. Zhu et al., “Determination of
chemotherapeutic activity in vivo by luminescent imaging of
luciferase-transfected human tumors,” Anti-Cancer Drugs, vol.
14, no. 7, pp. 569-574, 2003.

[3] D. E. Jenkins, Y. Oei, Y. S. Hornig et al., “Bioluminescent
imaging (BLI) to improve and refine traditional murine models
of tumor growth and metastasis,” Clinical and Experimental
Metastasis, vol. 20, no. 8, pp. 733-744, 2003.

[4] C. D. Scatena, M. A. Hepner, Y. A. Oei et al, “Imaging of
bioluminescent LNCaP-luc-M6, tumors: a new animal model
for the study of metastatic human prostate cancer,” Prostate, vol.
59, no. 3, pp. 292-303, 2004.



International Journal of Molecular Imaging

[5] C. Scheffold, M. Kornacker, Y. C. Scheffold, C. H. Contag,

and R. S. Negrin, “Visualization of effective tumor targeting by
CD8+ natural killer T cells redirected with bispecific antibody
F(ab')2HER2xCD3.” Cancer Research, vol. 62, no. 20, pp. 5785~
5791, 2002.

[21] R. Rampling, G. Cruickshank, A. D. Lewis, S. A. Fitzsimmons,

and P. Workman, “Direct measurement of pO2 distribution
and bioreductive enzymes in human malignant brain tumors,”
International Journal of Radiation Oncology Biology Physics, vol.
29, no. 3, pp. 427-431, 1994.

[6] S. Zeamari, G. Rumping, B. Floot, S. Lyons, and F. A. Stewart,
“In vivo bioluminescence imaging of locally disseminated colon
carcinoma in rats,” British Journal of Cancer, vol. 90, no. 6, pp.
1259-1264, 2004.

[7] C. Zhang, Z. Yan, M. E. Arango, C. L. Painter, and K. Anderes,
“Advancing bioluminescence imaging technology for the eval-
uation of anticancer agents in the MDA-MB-435-HAL-Luc
mammary fat pad and subrenal capsule tumor models,” Clinical
Cancer Research, vol. 15, no. 1, pp. 238-246, 2009.

D. Sano and J. N. Myers, “Xenograft models of head and neck
cancers,” Head & Neck Oncology, vol. 1, article 32, 2009.

[9] S. Gross and D. Piwnica-Worms, “Spying on cancer: molecular
imaging in vivo with genetically encoded reporters,” Cancer
Cell, vol. 7, no. 1, pp. 5-15, 2005.

[10] J. S. Burgos, E Guzman-Sanchez, I. Sastre, C. Fillat, and E.
Valdivieso, “Non-invasive bioluminescence imaging for mon-
itoring herpes simplex virus type 1 hematogenous infection,”
Microbes and Infection, vol. 8, no. 5, pp. 1330-1338, 2006.

[11] T.J. Sweeney, V. Maildnder, A. A. Tucker et al., “Visualizing the
kinetics of tumor-cell clearance in living animals,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 96, no. 21, pp. 12044-12049, 1999.

[12] S. Rockwell, I. T. Dobrucki, E. Y. Kim, S. T. Marrison, and V.
T. Vu, “Hypoxia and radiation therapy: past history, ongoing
research, and future promise,” Current Molecular Medicine, vol.
9, no. 4, pp. 442-458, 2009.

[13] P. Yotnda, D. Wu, and A. M. Swanson, “Hypoxic tumors and
their effect on immune cells and cancer therapy,” Methods in
Molecular Biology, vol. 651, pp. 1-29, 2010.

K. O'Neill, S. K. Lyons, W. M. Gallagher, K. M. Curran, and A.
T. Byrne, “Bioluminescent imaging: a critical tool in pre-clinical
oncology research,” Journal of Pathology, vol. 220, no. 3, pp. 317-
327, 2010.

[15] J. K. Joseph, D. Bunnachak, T. J. Burke, and R. W. Schrier, “A
novel method of inducing and assuring total anoxia during in
vitro studies of O2 deprivation injury,” Journal of the American
Society of Nephrology, vol. 1, no. 5, pp. 837-840, 1990.

[16] K. W. Eley, S. H. Benedict, T. D. K. Chung et al., “The effects of
pentoxifylline on the survival of human glioma cells with con-
tinuous and intermittent stereotactic radiosurgery irradiation,”
International Journal of Radiation Oncology Biology Physics, vol.
54, no. 2, pp. 542-550, 2002.

[17] D.J. Adams, “The impact of tumor physiology on camptothe-
cin-based drug development,” Current Medicinal Chemistry,
vol. 5, no. 1, pp. 1-13, 2005.

[18] I E Tannock and D. Rotin, “Acid pH in tumors and its potential
for therpeutic exploitation,” Cancer Research, vol. 49, no. 16, pp.
4373-4384, 19809.

[19] L. Xu and I. J. Fidler, “Acidic pH-induced elevation in inter-
leukin 8 expression by human ovarian carcinoma cells,” Cancer
Research, vol. 60, no. 16, pp. 4610-4616, 2000.

[20] D.]J. Adams and L. R. Morgan, “Tumor physiology and charge
dynamics of anticancer drugs: implications for camptothecin-
based drug development,” Current Medicinal Chemistry, vol. 18,
no. 9, pp. 1367-1372, 2011.

[8

(14



MEDIATORS

INFLAMMATION

The SCientiﬁc Gastroentero\ogy & . Journal of )
World Journal Research and Practice Diabetes Research Disease Markers

International Journal of

Endocrinology

Journal of
Immunology Research

Hindawi

Submit your manuscripts at
http://www.hindawi.com

BioMed
PPAR Research Research International

Journal "’f
Obesity

Evidence-Based

Journal of Stem CGHS Complementary and L o' ‘ Journal of
Ophthalmology International Alternative Medicine & Oncology

Parkinson’s
Disease

Computational and . z
Mathematical Methods Behavioural AI DS Oxidative Medicine and
in Medicine Neurology Research and Treatment Cellular Longevity



	Virginia Commonwealth University
	VCU Scholars Compass
	2013

	The Influence of Hypoxia and pH on Bioluminescence Imaging of Luciferase-Transfected Tumor Cells and Xenografts
	Ashraf A. Khalil
	Mark J. Jameson
	William C. Broaddus
	See next page for additional authors
	Downloaded from
	Authors


	tmp.1409233401.pdf.nvIjF

