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            Abstract
Characterization of how the microenvironment, or niche, regulates stem cell activity is central to understanding stem cell biology and to developing strategies for the therapeutic manipulation of stem cells1. Low oxygen tension (hypoxia) is commonly thought to be a shared niche characteristic in maintaining quiescence in multiple stem cell types2,3,4. However, support for the existence of a hypoxic niche has largely come from indirect evidence such as proteomic analysis5, expression of hypoxia inducible factor-1α (Hif-1α) and related genes6, and staining with surrogate hypoxic markers (for example, pimonidazole)6,7,8. Here we perform direct in vivo measurements of local oxygen tension (
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                  ) in the bone marrow of live mice. Using two-photon phosphorescence lifetime microscopy, we determined the absolute 
                    
                      p
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                   of the bone marrow to be quite low (<32 mm Hg) despite very high vascular density. We further uncovered heterogeneities in local 
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                  , with the lowest 
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                   (∼9.9 mm Hg, or 1.3%) found in deeper peri-sinusoidal regions. The endosteal region, by contrast, is less hypoxic as it is perfused with small arteries that are often positive for the marker nestin. These 
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                   values change markedly after radiation and chemotherapy, pointing to the role of stress in altering the stem cell metabolic microenvironment.
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                    Figure 1: BM vascular density and oxygenation.


Figure 2: Variation in BM 
                          
                            p
                            
                              
                                O
                                2
                              
                            
                          
                         according to vessel diameter and distance from the endosteal surface.


Figure 3: BM 
                          
                            p
                            
                              
                                O
                                2
                              
                            
                          
                         after cytoreductive therapy and at sites of HSPC homing.


Figure 4: BM vascular mapping and the effects of cellularity on local 
                          
                            p
                            
                              
                                O
                                2
                              
                            
                          
                         after cytoreductive conditioning.
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	10 April 2014
Gene Hif-1 was corrected to Hif-1α in the first paragraph. 
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Extended data figures and tables

Extended Data Figure 1 Schematic of the two-photon intravital imaging and 2PLM system.
BP, bandpass filter; DAQ, data acquisition device; f, focal length; Galvo, galvanometer mirror; L, lens; LP, longpass filter; PBS, polarizing beamsplitter; PMT, photomultiplier tube; λ/2, half-wave plate. L13 and L14 have a focal length of 5 cm.


Extended Data Figure 2 In vitro calibration measurements.
The 
                            
                              p
                              
                                
                                  O
                                  2
                                
                              
                            
                           values of a solution of PtP-C343 are plotted as a function of the phosphorescent lifetime measurements recorded by our microscope. 
                            
                              p
                              
                                
                                  O
                                  2
                                
                              
                            
                           was determined by an oxygen microsensor inserted into the solution. The solid line is the published calibration curve for the same batch of PtP-C343 recorded by a different laboratory24.


Extended Data Figure 3 Schematic of PtP-C343 platinum porphyrin oxygen sensor.
The core porphyrin, PEG chains, C343 moieties and dendrimer are denoted in red, green and blue, respectively.


Extended Data Figure 4 PtP-C343 leakage into extravascular space within the BM.
Two-photon intravital image of PtP-C343 fluorescence ∼60 min after intravenous administration. Scale bar, ∼100 µm.


Extended Data Figure 5 HSC homing to bone marrow.
Scatter plot of HSC (lineagelowc-kit+Sca-1+CD150+CD48−) homing to nestin+ vessels and bone (endosteum) in lethally irradiated recipients (9.5 Gy) 2 days after adoptive transfer (n = 19 cells from 3 mice).


Extended Data Figure 6 Vascular leakage after cytoreductive conditioning.
a–c, Intravital images of BM in untreated controls (a), lethally irradiated (b) and busulphan-treated (c) mice 2 days after conditioning reveals increased permeability and decreased contrast of BM vessels. Rhodamine B–dextran (red) and bone SHG (blue) signal is shown. Scale bar, ∼50 µm.


Extended Data Figure 7 In vivo immunostaining and blood flow analysis after cytoreductive conditioning.
a, Intravital BM image of anti-Sca-1 immunostaining (red), nestin-GFP (green), blood vessels (blue) and bone (SHG, grey) demonstrating Sca-1+ nestin-GFP vessels. Scale bar, ∼50 µm. b, Standard deviation image from 600 frames of a confocal video sequence showing the path of RBC flow (green) and bone signal (SHG, blue) on day 2 after lethal irradiation (9.5 Gy). Each pixel displays the standard deviation of the corresponding pixel location across all 600 frames of the video. Scale bar, ∼100 µm.


Extended Data Figure 8 Cytoreduction of the BM after myeloablative or myelosuppressive conditioning.
BM cellularity as a function of treatment day is plotted for untreated (n = 3 mice), sub-lethally irradiated (4.5 Gy, n = 3 mice per time point), lethally irradiated (9.5 Gy, n = 3 mice per time point) and busulphan-treated (n = 3 mice per time point) mice.


Extended Data Figure 9 Revised model of local oxygen tension in the BM.
Instead of a poorly perfused hypoxic zone near the endosteum, we detected an opposite gradient, with the peri-sinusoidal region being more hypoxic than the endosteal region, which is perfused with small arteries. After irradiation, the sinusoids are greatly dilated and the blood flow is maintained, whereas the reduced oxygen consumption due to declining BM cellularity causes the 
                            
                              p
                              
                                
                                  O
                                  2
                                
                              
                            
                           to become elevated in the entire marrow space, with no defined spatial gradients.





Supplementary information
Intravital video (30 frames/sec) of blood flow in lethally irradiated mouse from Extended Data Figure 7b.
Intravital video (30 frames/sec) of blood flow in lethally irradiated mouse from Extended Data Figure 7b.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Spencer, J., Ferraro, F., Roussakis, E. et al. Direct measurement of local oxygen concentration in the bone marrow of live animals.
                    Nature 508, 269–273 (2014). https://doi.org/10.1038/nature13034
Download citation
	Received: 02 July 2013

	Accepted: 16 January 2014

	Published: 02 March 2014

	Issue Date: 10 April 2014

	DOI: https://doi.org/10.1038/nature13034


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Comparison of ex vivo bioluminescence imaging, Alu-qPCR and histology for the quantification of spontaneous lung and bone metastases in subcutaneous xenograft mouse models
                                    
                                

                            
                                
                                    	Marie-Therese Haider
	Vera Freytag
	Tobias Lange


                                
                                Clinical & Experimental Metastasis (2024)

                            
	
                            
                                
                                    
                                        Hypoxia-cleavable and specific targeted nanomedicine delivers epigenetic drugs for enhanced treatment of breast cancer and bone metastasis
                                    
                                

                            
                                
                                    	Zhaofeng Li
	Peixin Liu
	Yi Qin


                                
                                Journal of Nanobiotechnology (2023)

                            
	
                            
                                
                                    
                                        Breast cancer cells that preferentially metastasize to lung or bone are more glycolytic, synthesize serine at greater rates, and consume less ATP and NADPH than parent MDA-MB-231 cells
                                    
                                

                            
                                
                                    	Mika B. Jekabsons
	Mollie Merrell
	Yu-Dong Zhou


                                
                                Cancer & Metabolism (2023)

                            
	
                            
                                
                                    
                                        The endocannabinoid system promotes hepatocyte progenitor cell proliferation and maturation by modulating cellular energetics
                                    
                                

                            
                                
                                    	Bani Mukhopadhyay
	Kellie Holovac
	George Kunos


                                
                                Cell Death Discovery (2023)

                            
	
                            
                                
                                    
                                        The functional and molecular impact of triamcinolone acetonide on primary human bone marrow mesenchymal stem cells
                                    
                                

                            
                                
                                    	Maritha Kumlin
	Johanna Ungerstedt
	Hong Qian


                                
                                Scientific Reports (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Oxygen tension in live bone marrow
Low oxygen tension (hypoxia) is commonly thought to be a shared niche characteristic in maintaining quiescence in many stem cell types. However, local oxygen concentration, for example in the bone marrow, has never been measured directly. Charles Lin and colleagues have now developed a method based on two-photon microscopy to measure the absolute local oxygen tension (pO2) in the marrow of live animals. Using this method, they found that while vascular density is high throughout the bone marrow, overall oxygenation is quite low and there is heterogeneity in local pO2 with respect to vessel type and location. For example, surprisingly, the endosteal region is not the region of the lowest pO2. After radiation or chemotherapy, bone marrow pO2 becomes elevated and transplanted haematopoietic stem/progenitor cells do not seek out regions with the lowest pO2 for homing.
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