







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 16 February 2014



                    Intestinal crypt homeostasis revealed at single-stem-cell level by in vivo live imaging

                    	Laila Ritsma1Â na1, 
	Saskia I. J. Ellenbroek1Â na1, 
	Anoek Zomer1, 
	Hugo J. Snippert2, 
	Frederic J. de Sauvage3, 
	Benjamin D. Simons4,5,6, 
	Hans Clevers1 & 
	â€¦
	Jacco van Rheenen1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 507,Â pages 362â€“365 (2014)Cite this article
                    

                    
        
            	
                        39k Accesses

                    
	
                        346 Citations

                    
	
                            18 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Intestinal stem cells


    


                
    
    

    
    

                
            


        
            Abstract
The rapid turnover of the mammalian intestinal epithelium is supported by stem cells located around the base of the crypt1. In addition to the Lgr5 marker, intestinal stem cells have been associated with other markers that are expressed heterogeneously within the crypt base region1,2,3,4,5,6. Previous quantitative clonal fate analyses have led to the proposal that homeostasis occurs as the consequence of neutral competition between dividing stem cells7,8,9. However, the short-term behaviour of individual Lgr5+ cells positioned at different locations within the crypt base compartment has not been resolved. Here we establish the short-term dynamics of intestinal stem cells using the novel approach of continuous intravital imaging of Lgr5-Confetti mice. We find that Lgr5+ cells in the upper part of the niche (termed â€˜border cellsâ€™) can be passively displaced into the transit-amplifying domain, after the division of proximate cells, implying that the determination of stem-cell fate can be uncoupled from division. Through quantitative analysis of individual clonal lineages, we show that stem cells at the crypt base, termed â€˜central cellsâ€™, experience a survival advantage over border stem cells. However, through the transfer of stem cells between the border and central regions, all Lgr5+ cells are endowed with long-term self-renewal potential. These findings establish a novel paradigm for stem-cell maintenance in which a dynamically heterogeneous cell population is able to function long term as a single stem-cell pool.
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                    Figure 1: Intravital lineage tracing of Lgr5+ cells.[image: ]


Figure 2: Central CBC cells experience a short-term positional advantage in self-renewal potential.[image: ]


Figure 3: Biophysical model of intestinal stem-cell dynamics.[image: ]


Figure 4: Recovery of stem-cell compartment after ablation of Lgr5+ cells challenges model.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Retracing of the intravital imaging fields.
a, The coordinates of the imaging fields within the imaging window (which always has a fixed position within the stage) were stored. By applying these stored coordinates in the subsequent imaging sessions, we recovered the same positions. b, The vasculature was used to refine the retracing. c, The retraced imaging areas were validated based on the relative position of the coloured crypts. Scale bars, 20â€‰Âµm.


Extended Data Figure 2 Real-time lineage tracing of individual clones.
a, Expression of a Confetti colour was induced in Lgr5+ CBC cells, and their progeny was followed over time. Two examples of Confetti-labelled Lgr5+ CBC cells expanding over time are shown to illustrate clonal competition at indicated times. The top images show the continuous expansion of a YFP-expressing Lgr5+ CBC cell (yellow line) in the central region of the crypt. The bottom images show the size of a clone derived from an RFP-expressing Lgr5+ CBC cell in the central region of the crypt, which first increases and then declines (red line). The Confetti-labelled cells are outlined by a white dashed line and the crypts by a grey dashed line. Scale bars, 20â€‰Âµm. Right, graph shows the increase in the number of YFP- or RFP-expressing Lgr5+ CBC cells in the entire stem-cell compartment of the crypts shown in the images on the left (yellow and red line, respectively). b, A total of 80 crypts were imaged in four mice. The total clone size (border and central) of Confetti+ cells present in the stem-cell niche independent of Lgr5 expression (row 0 to +4, which translates to z0 to z13 of the z-stack) was analysed at the indicated times (n = 4 mice) for all 80 lineages. The first time point translates to several days after induction. Every graph represents one crypt.


Extended Data Figure 3 Clonal dynamics are unaffected by AIW surgery.
a, Abdominal imaging windows (AIW) were surgically implanted into the abdominal wall of E-Cadherin-CFP/Lgr5eGFP-Ires-CreERT2 mice. To detect CD45+ immune cells, tissue sections of the small intestine of these and control (no AIW) mice were stained with CD45 antibodies. Scale bar, 20â€‰Âµm. b, Quantification of images in a. Regions of interest within the stromal area of the small intestines were measured and the number of CD45+ cells was counted within those regions. The bars show averages and s.e.m. (n = 10 regions per mouse performed in 3 mice per condition). c, Five days after tamoxifen injection, the clones of Lgr5eGFP-Ires-CreERT2/R26R-Confetti mice were imaged intravitally. In control mice, the intestine was exteriorized before imaging and, in window mice, a window was placed 2 days before imaging. The frequency of clones with a certain size is plotted in the graph. The lines show the mean and s.e.m. (n = 4 mice per condition).


Extended Data Figure 4 The spatial distribution of Confetti clone expansion within the stem-cell niche.
a, b, Spatial distribution of confetti clones, subdivided into clones starting in the central (a) or border (b) region (n = 4 mice). Top left panel (a) shows the relative Confetti+ cell position within the stem-cell niche, where row 0 to +4 translates to z0 to z13 of the z-stack. Every table shows the number of Confetti-labelled cells that are present at the different positions in the crypt, independent of Lgr5 expression. The position within the central and border region of the stem-cell niche and TA compartment are colour coded. The hash symbol indicates the presence of Confetti-labelled cells in the TA compartment. NA indicates time points for which data was not available owing to crypts that were not retraceable at that specific time point.


Extended Data Figure 5 Average clone size and survival probability.
Cartoon shows the division of the intestinal stem-cell niche into a central and border region. The central region contains rows 0 to +2, which translates to z0 to z6 of the z-stack, and the border region contains rows +3 and +4, which translates to z7 to z13 of the z-stack (see Fig. 1b). Confetti expression was induced in Lgr5+ CBC cells. The panels show, at the indicated time, the spatial organization of the 80 lineages of progeny of the Confetti-labelled CBC cells (same clones as in Extended Data Figs 2, 4) (n = 4 mice). For each lineage, we recorded the number of cells per clone in the central and border regions of the stem-cell niche at the indicated times. The first time point translates to several days after induction. The asterisks indicate clones in which all progeny were lost from the niche region.


Extended Data Figure 6 Lgr5+ CBC cells move and can become expelled from the stem-cell niche.
Top, maximum projection images (z2 to z5) of a time series of a crypt. In the lower cartoons, the Lgr5+ CBC cells are highlighted. The moving cells are indicated with a different colour. The location of the cells at earlier time points are shown by a lighter colour and arrows indicate the direction of movement. Scale bars, 20â€‰Âµm.


Extended Data Figure 7 Cumulative clone size distributions derived from two border mother cells.
Cumulative clone size distributions of clones derived from two neighbouring cells in the border region. In each case, the size of the clone is defined by the total number of constituent cells in the central and border regions (rows 0 to +4), independent of GFP expression. Note that the cumulative clone size distribution records the fraction of clones that have a size larger than the given value. The bars represent measurements from individual lineages reconstructed from live imaging at days 1 (a, n = 13; b, n = 35; c, n = 35), 2 (a, n = 10; b, n = 25; c, n = 28), 3 (a, n = 7; b, n = 14; c, n = 14) and 4 (a, n = 6; b, n = 8; c, n = 6). Error bars denote s.e.m. The points represent the predictions of the biophysical model using the same parameters as those inferred from the short-term live-imaging assay (for details, see Fig. 3a and Supplementary Notes).


Extended Data Figure 8 Longer-term clonal evolution and the approach to scaling behaviour.
a, b, Cumulative clone size distribution at 7 days (a) and 14 days (b) after induction, showing the percentage of clones that have a constituent number of Lgr5+ CBC cells larger than the given value. For example, the data point at around four cells (40%) in a shows that, at 7 days post-induction, some 40% of clones have a size larger than four Lgr5+ cells, and so on. The bars reproduce the findings of a fixed clonal assay using the same Lgr5-Confetti mouse construct used in the present study and previously described7. Error bars denote s.e.m. Points represent the predictions of the biophysical model using the same parameters as those inferred from the short-term live-imaging assay (see Fig. 3 and Supplementary Notes). To account for the prolonged activity of Cre recombinase in the static clonal assay, in both cases we introduced a 1-day time delay. At the 14-day time point, the measured clone size distribution and model prediction are beginning to converge onto the universal scaling behaviour characteristic of a strictly one-dimensional neutral drift dynamics (line) (for details, see Supplementary Notes).


Extended Data Figure 9 Long-term drift towards monoclonality of labelled crypts.
Predicted frequency of monoclonal crypts over time expressed as a percentage of surviving clones after pulse labelling of stem cells at clonal density. Points show the predictions of the biophysical model defined in the main text and Supplementary Notes using the same parameters as those inferred from the short-term live-imaging assay (see Fig. 3 and Supplementary Notes) after the representative marking of stem cells at the crypt base, and the line shows the predictions of the strictly one-dimensional neutral drift dynamics model introduced previously8, with a stem-cell loss replacement rate of 0.24 per day and a total of 8 stem cells. The convergence of these two model predictions at longer times shows that, first, the behaviour of the quasi-one-dimensional model approaches that of the strictly one-dimensional model at longer times and, second, that the effective loss/replacement rate and stem-cell number in the new model is essentially fixed by the rate PccÎ» = 0.24 per day and the eight stem cells that occupy the central region. Significantly, these parameters translate to the ratio PccÎ»/Nstem2 = 0.026 per week, very close to the figure of 0.025 per week obtained from a fit of the measured monoclonal crypt fraction to the one-dimensional neutral drift dynamics model in ref. 8. (For the labelling protocol and the experimental data points, we refer to the original reference.)
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3D reconstruction of a crypt containing Lgr5+ CBC cells
Lgr5+ CBC cells are shown in green, non-CBC cells are shown in red and Collagen 1 is shown in blue. (MOV 1701 kb)


Dynamics of Lgr5+ CBC cells at the crypt base
Left, time series of Lgr5+ CBC cells in a crypt. In the cartoons, Lgr5+ CBC cells are highlighted and the moving cells are colour coded. In the right two videos cell tracks are shown by lines and the centre of cells is indicated by dots. The time is indicated in hours. Scale bar, 20 Âµm. (MOV 76 kb)


Dividing and moving Lgr5+ CBC cells
Three days after Tamoxifen administration, mice were imaged in real-time. Lgr5+ CBC cells within the entire stem-cell compartment of a single crypt are projected onto one plane and are shown over time. Note the outlined cells that divide and move. (MOV 69 kb)


Lgr5+ CBC cells get expelled from the stem-cell niche
Three days after Tamoxifen administration, mice were imaged in real-time. Lgr5+ CBC cells within the entire stem-cell compartment of a single crypt are projected onto one plane and they are shown over time. Note the outlined cells that divide, move, and disappear. (MOV 81 kb)


Heterogeneous recovery of stem cells following targeted ablation
In mice where the human DT receptor (DTR) fused to eGFP was knocked in the Lgr5 locus (Lgr5DTR:eGFP), Lgr5+ cells were fully ablated using diphtheria toxin (DT) injection. The recovery was monitored by acquiring a z-stack at 58hrs. The video shows the z-stack. The empty crypts are indicated with yellow. The crypts containing one recovered cell are indicated with red. The crypts containing more than 1 recovered cell are indicated with grey. (MOV 408 kb)


Cohesion of clusters of Lgr5+ cells
In mice where the human DT receptor (DTR) fused to eGFP was knocked in the Lgr5 locus (Lgr5DTR:eGFP), Lgr5+ cells were fully ablated using diphtheria toxin (DT) injection. The video shows a 3D reconstruction of clusters of recovered Lgr5+ cells from different sizes found 72hrs after ablation. Note the cohesion of these clusters, which is suggesting their origin lies in clonal expansion of cells. (MOV 413 kb)
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        Editorial Summary
Intestinal stem cells in action
Inducible genetic labelling studies have previously shown that maintenance of the intestinal epithelium relies upon neutral competition between dividing stem cells. Jacco van Rheenen and colleagues used long-term in vivo imaging of Lgr5-expressing intestinal stem cells and confetti double-labelled intestinal crypt cells to achieve the first real-time observation of intestinal crypt stem cells undergoing proliferation, clonal expansion and neutral drift. Using this approach, the authors found that a dynamically heterogeneous cell population is able to function long-term as a single-stem-cell pool.
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