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SUMMARY:  29 
Presented here is a protocol for using multicolor lineage tracing and nearest-neighbor modeling 30 
to identify clonally derived cardiomyocytes during growth and regeneration in mice. This 31 
approach is objective, works across different labeling conditions, and can be adapted to 32 
incorporate a variety of image analysis pipelines. 33 
 34 
ABSTRACT: 35 
By replacing lost or dysfunctional myocardium, tissue regeneration is a promising approach to 36 
treat heart failure. However, the challenge of detecting bona fide heart regeneration limits the 37 
validation of potential regenerative factors. One method to detect new cardiomyocytes is the 38 
multicolor lineage tracing with clonal analysis. Clonal analysis experiments can be difficult to 39 
undertake, because labeling conditions that are too sparse lack sensitivity for rare events such as 40 
cardiomyocyte proliferation, and diffuse labeling limits the ability to resolve clones. Presented 41 
here is a protocol to undertake clonal analysis of the neonatal mouse heart by using statistical 42 
modeling of nearest neighbor distributions to resolve cardiomyocyte clones. This approach 43 
enables resolution of clones over a range of labeling conditions and provides a robust analytical 44 
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approach for quantifying cardiomyocyte proliferation and regeneration. This protocol can be 45 
adapted to other tissues and can be broadly used to study tissue regeneration. 46 
 47 
INTRODUCTION:  48 
A histologic hallmark of heart failure is the loss of cardiomyocytes (CMs), either following injury, 49 
senescence, or apoptosis1. Replenishing lost or dysfunctional myocardium through tissue 50 
regeneration represents a potential therapeutic strategy for curing patients with heart failure. 51 
Over the past several decades, seminal advances in developmental and regenerative biology have 52 
unearthed a limited, ability for the mammalian heart to replenish lost CMs2-5.  This exciting work 53 
has raised the possibility that innate growth mechanisms can be deployed for regeneration. 54 
Because innate regenerative responses are functionally absent in the adult mammalian heart, 55 
methods to improve the robustness of endogenous repair are needed for therapeutic heart 56 
regeneration to be realized. 57 
 58 
The mechanisms for innate heart regeneration appear to be conserved across species. Following 59 
injury, pre-existing CMs proliferate to generate new CMs in zebrafish6,7, newts8,9, mice4,10, rats11, 60 
and pigs12,13. Accordingly, many groups are seeking to identify mitogens capable of promoting 61 
cardiomyogenesis. However, such work is challenging. Not only is the task of getting adult 62 
mammalian CMs to proliferate daunting but being able to identify rare proliferative events is 63 
difficult1,14. The challenge of identifying rare cycling CMs is compounded by the tendency of adult 64 
mammalian CMs to preferentially undergo endomitosis. For example, after injury to the mouse 65 
heart, almost 25% of CMs in the border zone re-enter the cell cycle, but only 3.2% of CMs divide4. 66 
Because most cycling CMs duplicate their genome but fail to undergo cytokinesis, simply assaying 67 
for an increase in the numbers of cycling CMs is ambiguous to bona fide cardiomyogenesis. Thus, 68 
assays for nucleoside incorporation by CMs or for the presence of proliferative markers on CMs 69 
may not entirely indicate regeneration. As more candidate factors for heart regeneration 70 
emerge, assays to better identify CM hyperplasia are needed. 71 
 72 
Clonal analysis by lineage tracing is a valuable approach to assay for cardiomyogenesis because 73 
it allows for the direct visualization of cells and their progeny. Traditional approaches for clonal 74 
analysis involve rare labeling of single cells with a reporter gene. However, single-color lineage 75 
tracing of rare cells may be of limited value for infrequent events such as CM proliferation 76 
because the chances of labeling a proliferating CM are low15. Alternatively, multicolor lineage 77 
tracing can increase the sensitivity for clonal analysis16. Briefly, individual cells are genetically 78 
labeled with one of several fluorescent proteins at random, such that proliferating cells will 79 
generate homogeneously colored clusters of cells that can be resolved from neighboring 80 
fluorescent cells.  This method has been used to trace growth across a variety of organs, and has 81 
been more recently applied to studies of mammalian heart regeneration17,18. While multicolor 82 
lineage tracing can detect clonal expansion of CMs in embryonic and neonatal stages, innate 83 
regenerative responses are not easily detected in the adult mouse heart after cardiac injury17,19.  84 
One approach to enhance the sensitivity of multicolor lineage tracing would be to increase the 85 
level of labeling and increase the probability for visualizing rare events. However, wider labeling 86 
comes at the cost of not being able to distinguish similarly labeled cells as rising from a common 87 
ancestor versus cells that were independently labeled with the same fluorophore. Presented 88 
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here is a protocol that uses nearest-neighbor modeling to identify clonally related CMs in the 89 
neonatal mouse heart. This method is unbiased, quantitative, and works over a range of labeling 90 
conditions.   91 
 92 
PROTOCOL:  93 
All procedures for handling mice, performing survival surgeries, and for harvesting hearts require 94 
approval by a local institutional animal use committee. 95 
 96 
1. Mice for clonal analysis of CMs 97 
 98 
1.1. Cross Myh6-MerCreMer mice20 with Gt(ROSA)26Sortm1(CAG-EGFP,-mCerulean,-mOrange,-mCherry)Ilw 99 
mice21 to generate Myh6-MerCreMer; R26R-Rainbow bitransgenic mice.  100 
 101 
1.1.1. Maintain stocks of mice homozygous for the R26R-Rainbow allele and cross with mice 102 
heterozygous for the Myh6-MerCreMer allele, such that all of the experiments are performed in 103 
mice heterozygous for the R26R-Rainbow allele. Alternatively, use mice homozygous for the 104 
R26R-Rainbow allele to increase color diversity, but this will require an imaging system that can 105 
faithfully discriminate EGFP, mCerulean, mOrange, and mCherry fluorophores. 106 
 107 
1.2.  Perform genotyping at the time of heart collection. 108 
 109 
NOTE: Myh6-MerCreMer mice express a tamoxifen-inducible Cre recombinase in CMs and can be 110 
genotyped using the PCR primers  CGTACTGACGGTGGGAGAAT (Cre-F) and 111 
GTGGCAGATGGCGCGGCAACA (Cre-R) to generate a 200 base pair (bp) product. R26R-Rainbow 112 
mice constitutively express EGFP but will stochastically express mCerulean, mOrange, or mCherry 113 
after Cre-mediated recombination. R26R-Rainbow can be genotyped with the PCR primers 114 
CTCTGCTGCCTCCTGGCTTCT (R26-F), CGAGGCGGATCACAAGCAATA (R26-R), and 115 
TCAATGGGCGGGGGTCGTT (Rainbow-R). The wild type allele gives a 350 bp product and the 116 
Rainbow allele gives a 250 bp product. 117 
 118 
2. Cryoinjury and labeling of cardiomyocytes  119 
 120 
2.1. Perform cryoinjuries as previously described with minor modifications22,23. Carefully place 121 
one-day-old mice (P1) on a bed of crushed ice for 3 min to induce cardiac arrest. Confirm 122 
adequate anesthesia by performing a toe pinch without reflexive withdrawal. 123 
 124 
NOTE: Timing of anesthesia is critical. Survival can be impaired if mice are cooled for too long.  125 
Additionally, age of mice is critical. Regenerative capacity wanes sharply over the first week of 126 
life10. 127 
 128 
2.2. Position the anesthetized pup on a cold pack and under the objective of a surgical dissecting 129 
microscope. Use 6 mm microscissors to perform a thoracotomy between the 4th and 5th rib to 130 
expose the anterior surface of the heart. 131 
  132 
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2.3. Using a cryoprobe cooled in liquid nitrogen, place the probe on the left ventricle for 1-2 s.  133 
For sham injuries, perform thoracotomy without cryoinjury. 134 
 135 
NOTE: The duration of cryoinjury dictates the extent of injury. Prolonged injuries will decrease 136 
survival rates. 137 
 138 
2.5. Close the incision with 6-0 polypropylene suture attached to a 0.15 mm diameter needle.    139 
 140 
2.6. Warm the pup quickly and manually stimulate to resume blood flow. Once the pup is 141 
spontaneously moving, place on a heating pad. 142 
 143 
2.7. Inject recovered pups with 20 μg of tamoxifen intraperitoneally. At this point, inject 144 
analgesics, such as 0.25% bupivacaine along the suture line, if required. Return pups to the dam. 145 
 146 
NOTE: Pups from a single litter are recovered together and returned to the dam together. This 147 
workflow improves survival and reacceptance of the litter by the dam. 148 
 149 
3. Harvesting of hearts and processing for histological analysis 150 
 151 
3.1.  Harvest hearts at 20 days post injury (dpi), or postnatal day (P21), as regenerative responses  152 
can be observed by this time point10. First euthanize mice in a CO2 inhalational chamber and then 153 
transfer to a surgical microscope.   154 
 155 
NOTE: Euthanasia should be performed in compliance with institutional guidelines for animal use. 156 
 157 
3.2.  Once sufficient anesthesia is confirmed, perform a double thoracotomy using surgical 158 
microscissors to expose the heart. Then, perfuse the heart with 1 mL of 1 M KCl, 1 mL of 4% 159 
paraformaldehyde, and 1 mL of phosphate buffered saline (PBS).  160 
 161 
NOTE: Adequate washing is needed to limit intraventricular blood clots that can cause 162 
autofluorescence during image acquisition.  163 
 164 
3.3.  After perfusion, dissect out the heart and place in a tube containing at least 1 mL of PBS.   165 
 166 
3.4.  Use a dissecting microscope to trim the hearts in order to optimize embedding. A horizontal 167 
slice below the atrium provides a good surface for embedding the hearts for short-axis sections.  168 
 169 
NOTE: Alternatively, one can transversely cut the heart if long axis sections are desired.  170 
 171 
3.5.  Place trimmed hearts in 1 mL of 30% (wt/vol) sucrose at 4 °C for 12–18 h. Remove the 172 
samples from the sucrose solution. Embed trimmed tissue into blocks using tissue freezing media.  173 
 174 
3.7.  Freeze the embedded tissue quickly on dry ice and store blocks at −80 ˚C.  175 
 176 
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3.8.  Section frozen whole-heart blocks into 10 μm sections with a cryostat, mount on charged 177 
slides, and store slides at −20 ̊ C. Serially section hearts across 10 slides.  This is done by mounting 178 
a section on each of the 10 slides before returning to the first slide to add another section. Such 179 
a strategy limits the chance of capturing the same CMs on multiple sections on a given slide.   180 
 181 
NOTE: Be careful to limit exposure to light in order to prevent loss of fluorescence.  182 
 183 
3.9.  When ready for imaging, thaw slides and rehydrate in PBS. Add an anti-fade mounting 184 
medium before applying a #1.5 glass coverslip. Store cover-slipped slides in a covered container 185 
at 4 ˚C. 186 
 187 
NOTE: For expected results for cryoinjury, the reader is directed towards prior work on this 188 
topic23. Cardiac sections have high levels of autofluorescence. Use of quenching agents, such as 189 
Sudan Black, prior to application of a coverslip can help to mitigate autofluorescence. However, 190 
caution should be used to avoid quenching fluorophores of interest. 191 
 192 
4. Imaging   193 
 194 
NOTE: The steps below apply to the use of a commercial microscope (see Table of Materials) 195 
that has an upright widefield fluorescence system with filter cubes equipped to discriminate 196 
mCerulean, EGFP, mOrange, and mCherry fluorophores, and software associated with this set up 197 
(see Table of Materials). Additional steps will vary depending on the exact imaging system that 198 
is used.  199 
 200 
4.1.  Image the entire slide at 5x magnification with only the GFP filter to create a slide map. 201 
 202 
4.2.  Select individual sections on the slide map that are intact and with limited autofluorescence 203 
for imaging. Due to the serial sectioning in sets of 10 slides, adjacent sections will be at least 100 204 

m apart, preventing imaging of the same CMs. 205 
 206 
4.3. Perform tile scan imaging for the individual sections using a 20x objective with the 207 
mCerulean, mOrange, mCherry, and EGFP filters. Representative images are shown in Figure 1. 208 
 209 
4.4.  Save images in a format that allows for the individual channel information to be retrieved. 210 
Be careful to name the files in a format that will allow for identifying the heart, fluorophore, and 211 
position of the section within the heart. A systematic naming approach is required for the 212 
computational steps below. 213 
 214 
5. Analysis of images to identify labeled CMs  215 
 216 
5.1. Select the imaged sections that are intact from each set and distribute randomly to all 217 
screeners. Ensure that screeners adhere to the following steps for each image. 218 
 219 
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5.2. For each channel (mCerulean, mOrange, and mCherry), use the ‘Color Balance’ tool on 220 
ImageJ24 to adjust brightness and contrast of the image to help the user identify labeled cells. 221 
 222 
NOTE: ImageJ is a free image analysis tool that can be downloaded from https://imagej.net. This 223 
protocol used version 2.0.0-rc-69/1.52i. 224 
 225 
5.3. In ImageJ, select ‘Set Measurements’ from the ‘Analyze’ drop-down menu. In the window 226 
that opens, select ‘Area | Center of mass | Bounding rectangle | Limit to threshold’. 227 
 228 
NOTE: The image subtraction module can sometimes be used to improve fluorophore signal 229 
relative to the background autofluorescence. However, if performed, subtraction should be done 230 
systematically for all images in a dataset. 231 
 232 
5.4.  With the image of interest open, select ‘Tools’ and then select ‘ROI manager’ from the 233 
‘Analyze’ drop-down menu. This will open, the ‘ROI Manager’ window.   234 
 235 
5.5.  Select the ‘Freehand selections’ tool from the ImageJ toolbar and trace the cell of interest 236 
(Figure 2A). Once traced, press ‘t’ or use the ‘Add [t]’ button in the ‘ROI manager’ window (Figure 237 
2B).  Repeat for all the cells of a single channel.   238 
 239 
NOTE: Segmentation and ROIs should be done for each channel separately. 240 
 241 
5.6.  Once all the cells for a given channel have been selected, save the ROI’s as a .zip file. Do this 242 
by first selecting ‘Deselect’ in the ‘ROI Manager’ window to make sure no single ROI is 243 
highlighted. Then, click on the ‘More’ tab in the ‘ROI manager’ window and select the ‘Save’ 244 
option. This will open the desktop navigator, where the ROIs are saved as a .zip file.  245 
 246 
5.7.  Export the measurements for each of the ROIs as a .csv file. To do this, make sure no single 247 
ROI is highlighted, again by selecting ‘Deselect’, and then select ‘Measure’ in the ‘ROI manager’ 248 
window. This will open a new ‘Results’ window with all the measurements selected earlier.  249 
 250 
5.8.  In the ‘Results’ window select ‘File’, then select ‘Save as’ from the drop-down menu (Figure 251 
2C). This will once again open the desktop navigator, so that the file can be saved in the .csv 252 
format.  253 
 254 
NOTE: Make sure to save the ROIs and measurements before moving on to segmenting the next 255 
channel.  256 
 257 
5.9. Be careful to name the files in a format that will allow for identifying the heart, channel, and 258 
position of the section within the heart. For example, ‘HeartType#_Set#_Section#_Channel’ (e.g., 259 
‘CI-1_Set4_S3_mOrange.zip’ for the ROIs and ‘CI-1_Set4_S3_mOrange.csv’ for the corresponding 260 
measurements).  261 
 262 

https://imagej.net/
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NOTE: The code below assumes the naming convention above. A different naming convention 263 
will require modification to the code. 264 
 265 
6. Statistical analysis  266 
 267 
NOTE: Cells carrying the same fluorophore are a mix of clonally derived cells (kin) and unrelated 268 
cells that underwent a random recombination event to express the same fluorophore (non-kin).  269 
Based on prior data17, kin cells are assumed to have a closer physical proximity than non-kin cells 270 
expressing the same fluorophore. Thus, kin and non-kin cells can be differentiated based on a 271 
distance threshold. However, in order to determine the threshold, the nearest neighbor 272 
distributions for kin and non-kin cells need to be deconvolved. Fortunately, nearest neighbor 273 
distributions for non-kin cells can be estimated by evaluating the nearest neighbor values from 274 
each cell to the closest cell carrying a different fluorophore. Here, methodology is presented for 275 
statistically determining a threshold distance to define clonality and for assigning a probability of 276 
kinship between cells.  277 
 278 
6.1. Using the .csv files obtained from section 5, calculate the nearest neighbor distances for each 279 
cell within a heart slice. Compile these results into within-channel (mCerulean-mCerulean, 280 
mOrange-mOrange, and mCherry-mCherry) and between-channel (mCerulean-mOrange, 281 
mOrange-mCherry, and mCherry-mCerulean) distances. Save the results into two .csv files: one 282 
for within-channel and one for between-channel distances.  283 
 284 
6.1.1. Install the Python25 code that requires the numpy and pandas libraries.  285 
 286 
> pip install numpy; pip install pandas 287 
 288 
6.1.2. Calculate distances and export .csv files for within-channel distances and between-channel 289 
distances using python snippet_6_1.py <path_to_ImageJ_results_directory>. 290 
 291 
6.2. Read the within-channel and between-channel distances into an R26 data frame, converting 292 
the heart identifiers into a categorical variable. Apply a threshold chosen ad-hoc by looking at 293 
nearest neighbor histograms (Figures 3A,C) to minimize outliers. Be sure to choose a threshold 294 
that covers over 90% of the points, while excluding the long tail to avoid overfitting to the noise 295 

at large nearest neighbor distances. This protocol uses a threshold of 400 m (Figure 3). Use R 296 
script Rscript snippet_6_2.R  to execute this step. 297 
 298 
NOTE: Alternatively, one can model multiple slices as individual variables. This protocol limits the 299 
model complexity to the heart level for ease of modeling and estimation. 300 
 301 
6.3. Obtain the natural logarithms for the within-channel and between-channel distances. 302 
Because cells are space-occupying, non-point entities, the minimum nearest neighbor distance 303 
distribution is centered around a non-zero value and has asymmetric tails since the maximum 304 
distance between pairs of cells can be substantially higher than the median values (Figures 3A, 305 
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C). Use the log-normal distribution to model such distributions (Figures 3B,D). Do this by using 306 
the R script Rscript snippet_6_3.R. 307 
 308 

6.4.  Use the following Bayesian model to estimate the means and variances of the kin (2, 2
2) 309 

and non-kin (1, 2
1) nearest-neighbor distributions, and the probability of within-channel 310 

distances arising from the kin distribution (=e/(1+e)): 311 
 312 

bw.disti ~ N(1, 2
1| l.lim<bw.disti<u.lim) 313 

wi.disti ~  N(1, 2
1| l.lim<wi.disti<u.lim)*(1-) + N(2, 2

2| l.lim<wi.disti<u.lim)* 314 

1 ~T1(0,1|1>0) 315 

2 ~T1(0,1|2>0) 316 

1 ~ Unif(2,6) 317 

2 ~ Unif(1,5) 318 

 ~ Unif(-5,0) 319 
 320 

where Unif(a,b) is the uniform distribution on the interval [a,b], N(,2|l<x<u) is the normal 321 

distribution with mean  and variance 2 constrained to the interval (l,u), T1(0,1|x>0) is the 322 
standard Cauchy distribution (T with 1 degree of freedom) constrained to the positive half-line, 323 
bw.disti is the ith logged between-channel pair distance and wi.disti is the ith logged within-324 
channel pair distance. Note that the within-channel logged distances have a two-component 325 
mixture distribution reflecting the admixture of kin and non-kin cell pairs. 326 
 327 
6.4.1. Provide the model with informative priors if possible. For example, this protocol expects 328 
the kin cells to be closer to each other than non-kin cells, so this is provided as a prior for the 329 
mean of the distribution of the distances. Then, use the runjags27 and coda28 R packages and the 330 
JAGS29 program for parameter estimation (Rscript snippet_6_4.R). 331 
  332 
6.5.  Execute the JAGS model with the number of chains corresponding to the number of available 333 
CPUs. Use the Rscript snippet_6_5.R to perform this step. Allow the software to run until 334 
convergence.  335 
 336 
6.6.  Use metrics to test for convergence of the algorithm, such as effective sample size (available 337 
with runjags), the Gelman-Rubin convergence diagnostic (available with runjags), and its 338 
autocorrelation (autocorr/autocorr.diag available in coda). Verify the goodness of fit of the 339 
estimated model for the nearest neighbor distances by inspecting a Q-Q plot, which plots a 340 
quantile-level comparison of actual and estimated values for nearest neighbor distances using 341 
Rscript snippet_6_6.R (Figure 4C,F). This script requires the user to edit the values in lines 25-29 342 
of snippet_6_6.R based on the output from Command 6. 343 
 344 
NOTE: Ideally, an effective sample size (SSeff) of greater than 10,000 should be obtained for each 345 
of the parameters30. However, a SSeff greater than 2500 may be suitable for some complex 346 
models. The Gelman Rubin diagnostic is 1.00 for perfect convergence and must be less than 1.05 347 
for satisfactory convergence. High autocorrelation indicates slow mixing within chains and is an 348 
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indicator of slow convergence. The autocorrelation plot must follow an exponential decay in case 349 
of a good model. The Q-Q plot of actual and modeled nearest-neighbor distributions (Figure 4C, 350 
F) should follow the diagonal as closely as possible.  351 
 352 
6.7.  After verifying the accuracy of the models, obtain the probability of a pair of cells being kin 353 
as a function of their distance. To determine a threshold distance for determining whether 354 
within-channel cells are likely to be kin, identify the distance at which the probability for being 355 
kin drops below 0.5. This can be done using Rscript snippet_6_7.R. 356 
 357 
NOTE: Alternative thresholds can be chosen based on experimental goals.  For some applications, 358 
thresholds may not be relevant and the probability of being a kin pair may be directly used to 359 
weight pairs of cells. 360 
 361 
REPRESENTATIVE RESULTS:  362 
Following the protocol for neonatal cryoinjury should yield P21 hearts with and without injury. 363 
Cryoinjured hearts have a well-circumscribed injury while the surface of sham hearts is smooth 364 
and homogeneous. In cryoinjured hearts, the area of injury should be consistent from heart to 365 
heart. After microscopy, images similar to Figure 1 should be obtained. Note that the image 366 
resolution allows for identification of individual CMs and imaging conditions allow for each 367 
fluorophore to be resolved. Additionally, note that the injuries are not transmural as regenerative 368 
responses can be diminished with larger injuries23,31. After image segmentation, files with CM 369 
coordinates were obtained for each fluorophore for each section (Figure 2C). For the analyses 370 
presented, a total of 81 sections were used (46 from cryoinjured hearts and 35 from sham 371 
hearts). The sections for each heart varied from 9 to 17 based on heart size, and were distributed 372 

at least 100 m apart, covering the entire heart. Vigilant attention to organization and naming of 373 
files cannot be overemphasized. Image segmentation provides the raw data needed for 374 
calculation of nearest neighbor distances and the modeling described in Step 6. 375 
 376 
The histograms in Figures 3A and Figure 3C show nearest neighbor distances for within-channel 377 
and between channels pairs of CMs.  While the histograms appear grossly similar, they differ at 378 
lower values, suggesting the presence of clustered kin cells in the within-channel distribution. 379 
The overall similarity of Figures 3A and Figure 3C can be explained by the rather small number of 380 
kin cells relative to non-kin cells, which are found in both within-channel and between-channel 381 
distributions. The log-normal distribution can be used to model within-channel and between-382 
channel distributions (Figures 3B,D). To determine a threshold value for distinguishing kin and 383 
non-kin cells, the Bayesian model described in 6.4-6.7 was applied with 16 parallel chains to a 384 

representative heart during physiologic growth, yielding a kin threshold of 29.67 m (Figure 5). 385 
This number is obtained by identifying the nearest neighbor distance at which the likelihood of a 386 
pair of cells being kin drops below 0.5. Importantly, this is the distance threshold for which 387 
adjacent cells carrying the same fluorophore have a greater probability of being clonally related 388 
than having arisen from independent recombination events in separate, un-related cells. Thus, it 389 
is possible to find kin pairs at distances greater than the threshold and non-kin pairs at distances 390 
less than the threshold. The distance estimates obtained from the model are listed in 391 
Supplementary Table 1. Representative results for nearest neighbor distance estimation are 392 
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shown in Figure 4A,B,D,F. Step 6.6 provides a list of diagnostics to estimate the correctness of 393 
the model. The effective sample size and the Gelman-Rubin Convergence Diagnostic are listed in 394 
Supplementary Table 1 whereas the QQ plots are shown in Figure 4C,F. The autocorrelation plot 395 
obtained from Step 6.6 is shown in Supplementary Figure 1. 396 
 397 
Using the presented methodology, results comparable to prior clonal analyses of CM expansion 398 
during physiologic growth and regeneration are attained. For example prior work has determined 399 
that clonally related CMs are smaller in size compared to non-clonal CMs32. Indeed, after applying 400 
the presented approach to 81 sections, clonally related CMs were found to be smaller than non-401 

clonally related CMs (165.20 ± 13.79 m2 vs 252.37 ± 20.51 m2, p = 0.007, Welch t-test, Figure 402 
6A). Moreover, the size of kin cells across experimental conditions can be assessed. Interestingly, 403 
kin cells had a non-significant trend towards being larger in injured hearts compared to sham 404 

hearts (189.29 ± 16.07 m2 vs 141.12 ± 10.57 m2, p = 0.076, Welch t-test, Figure 6B), perhaps 405 
relating to some element of concomitant hypertrophy of CMs following injury. Prior work has 406 
also shown that CM proliferation is not enriched, and may even decrease in the area of injury, 407 
following cryoinjury to the neonatal mouse heart22,23,31.  Accordingly, there was no significant 408 
enrichment in the percentage of CMs that are clonally related between injured and sham hearts 409 
when looking at entire sections (8.57 ± 2.69 % in cryoinjured hearts vs 9.45 ± 1.23 % in sham 410 
hearts, p=0.788, Welch t-test, Figure 6C).  411 
 412 
An important aspect of this protocol is the reproducibility of results under different labeling 413 
conditions that arise stochastically. In our experiments, we observed a large degree of variation 414 
in labeling across sham and cryoinjured hearts. However, as shown in Figure 6D, the threshold 415 
distance is consistent (Line of fit: y = -0.0011x + 38.30289, standard error of fit: 5.082, r2=0.1911 416 
- excluding the outlier) despite some hearts having more than a thousand cells labeled and other 417 
hearts being very sparsely labeled. The low r2 value indicates that there is a weak correlation 418 
between the number of labeled cells and the threshold distance, and thus points to the strength 419 
of the model. Additionally, the percentage of labeled CMs that are clonally related is also 420 
consistent across hearts regardless of labeling efficiency (Line of fit: y = -0.00068x + 12.58379, 421 
standard error of fit: 1.538). Together, these data demonstrate the robustness of this protocol 422 
across experimental conditions. 423 
 424 
FIGURE AND TABLE LEGENDS:  425 
Figure 1: Multicolor labeling for clonal expansion. Tilescan image of cardiac sections from Myh6- 426 
MerCreMer; R26R-Rainbow mice after (A) sham injury with widespread labeling or (B) cryoinjury 427 
with limited labeling. Hearts carried fluorescent labels for mCerulean (blue), mCherry (red), and 428 
mOrange (green) CM, and EGFP (gray). The asterisk in panel B corresponds to the area of injury.  429 
Dashed boxes correspond to magnified insets. Arrows correspond to CMs that are clonally related 430 
based on their common fluorophore and close proximity. Such relationships are harder to assign 431 

by inspection alone for the more diffusely labeled heart in panel A.  Scale bar is 500 m. 432 
 433 
Figure 2: Segmentation of CMs for clonal analysis. (A) Segmentation of mCherry CMs using the 434 
trace tool. This tracing technique captures original shape and location allowing for the possibility 435 

to use the segmented data for further analysis on cell shape and size. Scale bar is 100 m. (B) ROI 436 
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manager window that records each segmented cell. (C) Results window that shows the saved 437 
measurements for each segmented cell including XY coordinates and the area.  438 
 439 
Figure 3: Distributions of nearest neighbor distances. (A) Density histogram of the distances 440 
between a cell and its nearest neighbor from another channel. (B) Natural logarithm of the 441 
nearest neighbor between-channel distances plotted in (A). (C) Density histogram of the 442 
distances between a cell and its nearest neighbor from the same channel. (D) Natural logarithm 443 
of the nearest neighbor within-channel distances plotted in (C). 444 
 445 
Figure 4: Modeled distribution of distances. (A) Density histogram of nearest neighbor kin 446 
distances. (B) Modeled distribution for nearest neighbor within-channel distances. (C) Q-Q plot 447 
showing goodness of fit of modeled within-channel distribution to actual data. (D) Density 448 
histogram of nearest neighbor non-kin distances. (E) Modeled distribution for nearest neighbor 449 
between-channel distances. (F) Q-Q plot showing goodness of fit of modeled between-channel 450 
distribution to actual data. 451 
 452 
Figure 5: Estimated probability of kin pairs as a function of distance. The estimated probability 453 
of obtaining a kin pair as a function of nearest neighbor distance for within-channel pairs. The 454 

distance at which the probability drops below 0.5 (dashed line at 29.67 m for this heart) is 455 
considered as the threshold to determine kin pairs.  By allowing two components of the normal 456 
mixture model to have different variances, the likelihood of being a kin pair can artifactually 457 

appear to increase at higher nearest-neighbor distances (> 100 m). Such artifact is a well-known 458 
feature of quadratic discriminant analysis models, and the user is encouraged to focus on the 459 
descending limb of the curve to determine a threshold for defining kin pairs. 460 
 461 
Figure 6: Properties of kin and non-kin CMs. (A) Bar plot comparing mean cell area of kin cells 462 
(n = 1227 cells) with the entirety of the cells (n = 19733 cells). Error bars indicate SEM. (B) 463 
Normalized CM area for kin cells in injured (n = 579 cells) and sham hearts (n = 648 464 
 cells). Error bars indicate SEM. (C) Mean fraction of kin cells for injured (n = 3 mice) and sham 465 
hearts (n = 3 mice). (D) Kin threshold for different hearts (n = 6, 3 with injury, 3 with sham 466 
injury, 81 sections total) as a function of the number of cells imaged. The regression line is 467 
drawn excluding the outlier (marked by a plus).  ** indicates p < 0.01 and NS indicates a non-468 
significant difference. 469 
 470 
Supplementary Figure 1: Autocorrelation plot for the model parameters. Autocorrelation plots 471 
for the means and standard deviations of the distributions and the likelihood parameter obtained 472 
from MCMC sampling. The exponential decay in the autocorrelation points to a good sampling 473 
and trustworthy results. 474 
 475 
Supplementary Table 1: Estimates of parameters from Bayesian Modeling using JAGS. The 476 
subscripts 1 and 2 indicate non-kin and kin respectively. Alpha, sigma, and beta stand for the 477 
mean, the standard deviation, and the kinship odds parameter respectively. Columns of note are 478 
the mean value, Rhat – which shows the Gelman Rubin Convergence Diagnostic, and Neff – which 479 
shows the effective sample size. 480 
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 481 
DISCUSSION:  482 
Multicolor lineage tracing is a powerful approach to identify patterns of organ growth with single 483 
cell resolution. However, a major limitation to multicolor lineage tracing is the need for sparse 484 
labeling of cells, which can reduce the sensitivity for identifying rare events. For organs like the 485 
heart with notoriously low levels of parenchymal cell turnover, this can lead to underestimates 486 
of growth responses. Presented here is a step-by-step protocol for performing clonal analysis of 487 
CM expansion during growth and regeneration in the neonatal mouse. Most importantly, an 488 
analytical framework is provided for identifying clones by modeling clonal probability with 489 
nearest neighbor distributions. This approach assumes that proliferating cells are in close 490 
proximity to each other and may not be applicable to systems where extensive migration of kin 491 
cells is expected.  492 
 493 
This approach offers several advantages for clonal analyses. In comparison to previous multicolor 494 
lineage tracing studies17, this protocol expands the sample size by imaging and segmenting entire 495 
heart sections, rather than analyzing only a subset of images per section. This method for 496 
segmentation also allows for ascertainment of physical features of CMs, including cell size and 497 
shape, providing a potential means to identify characteristics that can differentiate proliferating 498 
and non-proliferating cells. Finally, and most significantly, rather than assuming that clusters of 499 
cells carrying the same fluorophore are clonally related, the presented analysis provides an 500 
unbiased estimate of clonal probability that accounts for the density of cellular labeling.  501 
 502 
Critical steps in the protocol include optimization of labeling efficiency, imaging, and 503 
segmentation. While this methodology works across a range of labeling conditions, extreme 504 
labeling conditions are likely to yield indeterminate results. Labeling that is too dense can limit 505 
the ability to deconvolve nearest neighbor distributions for kin and non-kin cells. By contrast, 506 
labeling that is too rare can limit the sensitivity for detecting rare events. Users are recommended 507 
to optimize labeling by testing a range of tamoxifen doses and ultimately selecting a dose that 508 
results in the largest amount of labeling while being able to deconvolve the kin and non-kin 509 
distributions. Sectioning and imaging conditions are also key to a successful experiment. High 510 
quality sections that enable a survey of anatomically distinct sets of cells are needed to avoid 511 
over-sampling of the same cells. Imaging conditions that result in a high signal-to-noise ratio for 512 
labeled cells is critical as systematic under-representation of fluorophores can bias estimates of 513 
non-kin nearest neighbor distances. Particular attention to the mCerulean fluorophore is needed 514 
as this fluorophore is especially sensitive to photobleaching and loss of signal. Finally, careful 515 
segmentation is needed because this method relies on accurate assessments of intercellular 516 
distances. When multiple users are performing segmentation, users should be issued images for 517 
segmentation that are randomized across treatment groups in order to minimize user bias.   518 
 519 
Several aspects of this approach have the potential to be modified to address limitations. For 520 
example, after tissue harvesting and processing, the major bottleneck is image segmentation.  521 
With advances in machine learning and computer vision, automated methods for image 522 
segmentation are increasingly accurate and can increase the throughput of image segmentation.  523 
Because a file of cellular coordinates is all that is needed for this approach, the code provided is 524 
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compatible with object identification using automated methods. Similarly, while this method is 525 
currently configured for 2-dimensional datasets, 3-dimensional datasets are likely to be more 526 
widely utilized with improvements in tissue clearing methodology and light sheet microscopy.  527 
This approach can easily accommodate such datasets by simply adjusting the code to compute 528 
3-dimensional distance measures. Overall, future iterations of this approach are expected to be 529 
able to accommodate large datasets that encompass whole organs.   530 
 531 
In summary, this protocol generates a pipeline for imaging and analyzing multicolor data that is 532 
scalable to large numbers of images. Prior work using multicolor lineage tracing for detecting 533 
cardiomyogenesis has relied on small scale assessment of samples for clonal analysis. The 534 
presented methodology allows for rapid and rigorous assessments of regenerative therapeutics 535 
using large data sets. 536 
 537 
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