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            Abstract
The mammalian body plan is established shortly after the embryo implants into the maternal uterus, and our understanding of post-implantation developmental processes remains limited. Although pre- and peri-implantation mouse embryos are routinely cultured in vitro1,2, approaches for the robust culture of post-implantation embryos from egg cylinder stages until advanced organogenesis remain to be established. Here we present highly effective platforms for the ex utero culture of post-implantation mouse embryos, which enable the appropriate development of embryos from before gastrulation (embryonic day (E) 5.5) until the hindlimb formation stage (E11). Late gastrulating embryos (E7.5) are grown in three-dimensional rotating bottles, whereas extended culture from pre-gastrulation stages (E5.5 or E6.5) requires a combination of static and rotating bottle culture platforms. Histological, molecular and single-cell RNA sequencing analyses confirm that the ex utero cultured embryos recapitulate in utero development precisely. This culture system is amenable to the introduction of a variety of embryonic perturbations and micro-manipulations, the results of which can be followed ex utero for up to six days. The establishment of a system for robustly growing normal mouse embryos ex utero from pre-gastrulation to advanced organogenesis represents a valuable tool for investigating embryogenesis, as it eliminates the uterine barrier and allows researchers to mechanistically interrogate post-implantation morphogenesis and artificial embryogenesisÂ in mammals.
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                    Fig. 1: Ex utero culture system for growing mouse late-gastrulating embryos until advanced organogenesis.[image: ]


Fig. 2: Defining conditions for recapitulating mouse gastrulation ex utero.[image: ]


Fig. 3: Extending the mouse embryo ex utero culture system from pre-gastrulation to advanced organogenesis.[image: ]


Fig. 4: Measuring functional outcomes of perturbations introduced into ex utero whole-embryo culture platform.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Optimized gas-regulating module for roller culture incubators.
a, Diagram depicting the configuration of the gas-mixing box for gas concentration and pressure regulation. N2 and CO2 enter the gas-mixing box and are mixed by a centrifugal blower. Gases are then injected into a water bottle inside the incubator by a pressure pump that allows control of the gas pressure in the gas-mixing box that is transmitted to the sealed embryo bottle apparatus. The voltage on the pressure transmitter controls the pressure generated by the pressure pump in the gas mixing box. Lph,Â litres per hour. b, c, Top and front views of the gas controller module. d, e, Picture displaying the localization of the main components in the gas regulation module (d; listed in e). f, Interior of the precision incubator system (by B.T.C. Engineering, Cullum Starr Ltd) showing the direction of the gas flow (white arrowheads). g, Image of day 3 (E10.5) embryos cultured in rotating bottles (yellow arrowheads).


Extended Data Fig. 2 Establishment and optimization of a mouse embryo ex utero culture from late gastrulation (E7.5) until advanced organogenesis (E11).
a, E7.5 embryo dissection overview (seeÂ Methods). b, Percentage of normally developed embryos under different gas pressures and glucose or oxygen concentrations. Blue numbers indicate the conditions that yielded the highest efficiency of embryo survival. Values in parentheses denote the number of embryos assessed per condition at every sampled time point. Embryos that were dissected, fixed or moved to other conditions are subtracted from the total. Representative bright-field images of embryos cultured under certain conditions are shown to the right. c, Efficiency of normal embryonic development evaluated in different mouse genetic backgrounds. Parental mouse lines are indicated on the left (female: male). Values in parentheses show the numbers of embryos evaluated. PYS, parietal yolk sac; RS, rat serum. Scale bars, 500Â Î¼m.
Source data


Extended Data Fig. 3 Spatio-temporal expression patterns of ectoderm- and mesoderm-related lineage markers are recapitulated in ex utero cultured embryos.
Maximum intensity projections of embryos developed in utero and ex utero, fixed and immunostained for SOX2, OTX2, TUJ1, PAX6, SOX9, Brachyury, CDX2 and MHC-II (myosin heavy chain-II) at the indicated stages. Blue, DAPI. Images are representative of a minimum of three biological replicates. Scale bars, 100Â Î¼m (E7.5), 200Â Î¼m (E8.5, E9.5), and 500Â Î¼m (E10.5, E11.5).


Extended Data Fig. 4 In vivo spatio-temporal expression patterns of endoderm-related lineage markers are recapitulated in cultured embryos.
Maximum intensity projections of embryos developed in utero and ex utero, fixed and immunostained for SOX17, FOXA2 and GATA4 at the indicated stages. Blue, DAPI. For SOX17, insets are enlargements of the dashed boxes. Representative immunohistochemistry (mid-section, sagittal plane) images are shown for FOXA2 and GATA4 at the last time point (far-right panels). Images represent a minimum of three biological replicates. Scale bars, 100Â Î¼m (E7.5), 200Â Î¼m (E8.5, E9.5), and 500Â Î¼m (E10.5, E11.5).


Extended Data Fig. 5 Ex utero culture of GFP-reporter transgenic embryos.
a, Bright-field and GFP fluorescence images of ex utero embryos in culture at the specified times expressing the GFP reporter following activation by Wnt1-Cre and Isl1-Cre lineage-specific reporter alleles. nÂ =Â 7 and 10 embryos for Wnt1-Cre and Isl1-Cre, respectively. Embryos dissected out of the yolk sac at +Day 4 are shown in the far-right panel. Scale bars, 500Â Î¼m. b, Representative confocal images of in utero E11.5 and ex utero +Day 4 transgenic mouse embryos expressing GFP following activation by Wnt1-Cre and Isl1-Cre reporter alleles. Scale bars, 1Â mm. c, GFP fluorescence and bright-field images of in utero E10.5 and ex utero +Day 3 IG-DMRâ€“GFP reporter embryos. nÂ =Â 7 in utero; nÂ =Â 7 ex utero. Scale bars, 500Â Î¼m.


Extended Data Fig. 6 Devising a platform for culturing mouse embryos from the onset of gastrulation until advanced organogenesis.
aâ€“o, Schematic protocols indicating the percentages of E6.5 embryos that had developed properly per day in each condition. The medium composition, static or roller culture, and oxygen concentration are specified for each protocol. Values in parentheses denote the number of embryos evaluated per condition. Embryos that were dissected, fixed or moved to other conditions are subtracted from the total. Representative bright-field images of embryos cultured under certain conditions are shown to the right. Numbers in blue indicate the protocol that yielded the highest efficiency of embryo survival and was subsequently used throughout the study. Scale bars, 500Â Î¼m.


Extended Data Fig. 7 Embryos grown ex utero since early gastrulation recapitulate the spatio-temporal expression profiles of lineage markers seen in utero.
aâ€“c, Maximum intensity projections of embryos developed ex utero, fixed, and immunostained for eleven specific markers at the indicated time points. Blue, DAPI. Images are representative of a minimum of three biological replicates. Scale bars, 50Â Î¼m (E6.5), 100Â Î¼m (+Day 1), 200Â Î¼m (+Day 2/3), 500Â Î¼m (+Day 4/5).


Extended Data Fig. 8 Single-cell transcriptomic analysis of ex utero +Day 2 and +Day 4 cultured embryos compared to in utero E8.5 and E10.5 embryos.
a, Schematic illustration of the embryo culture protocol and sequenced time points. Early-gastrulating (E6.5) embryos grown ex utero were processed for 10x Genomics scRNA-seq after 2 or 4Â days of culture. b, Violin plot indicating the number of unique molecular identifiers (UMIs) and genes obtained per condition at each time point. E8.5, median of 9,787 UMIs and 2,989 genes detected per cell; E10.5, median of 4,795 UMIs and 1,789 genes detected per cell. c, d, Lineage annotation at culture days +2 (c) and +4 (d). Dot plots illustrating the area under the curve (AUC) enrichment value of overlapping cells across clusters and tissue lineages. Circle size denotes the magnitude of enrichment. Colours indicate P value (calculated from AUC). e, f, UMAP-based plots illustrating the normalized AUC assigned value of all individual cells for each lineage at culture days +2 (e) and +4 (f). g, Correlation of gene expression of the top 2,000 most variable genes per cluster between in utero E10.5 and ex utero +Day 4 embryos. Differentially expressed genes are named and shown as red dots. Clusters with the highest number of variable genes (range of 2â€“8 genes only per cluster) are encased in a red box. h, Pie charts depicting the proportional abundance of each cell cluster in both in utero and ex utero developed embryos at +Day 4/E10.5. Asterisks denote clusters with statistically significant differences between the two groups. Cluster 7, PÂ =Â 0.004; cluster 8, PÂ =Â 0.009; cluster 15, PÂ =Â 0.001.


Extended Data Fig. 9 Changes in morphology and size in embryos developing ex utero from pre-gastrulation to the hindlimb formation stage.
a, Proportional increase in size of ex utero embryos grown from the onset of gastrulation (E6.5) to the 44-somite stage. Representative bright-field images of embryos cultured for 5 days are shown at each specific stage. Embryos without yolk sac are shown from day 3 to day 5. nÂ â‰¥Â 119. b, Percentages of normal embryos in cultures started at E6.5. c, Diagram depicting the embryonic axis measured at each stage (length of the antero-posterior axis (A-P) for E6.5 to E8.5 and crownâ€“rump length for later stages). d, Measurements of embryonic length at the indicated time points. Dots represent individual embryos; in utero, nÂ =Â 72, 25, 13, 19, 15, 38 (left to right); ex utero, nÂ =Â 68, 29, 8, 19, 24; **Mannâ€“Whitney test; ns, not significant. e, Bright-field images of E5.5 embryos grown ex utero for 6Â days until the 42-somite stage. Embryos cultured since E5.5 exhibit a mild developmental delay of about 2â€“4 pairs of somites when compared to those developed in utero; however, overall morphological development seemed to occur correctly. f, Percentages of normal embryos in cultures started at E5.5. g, Representative increase in size of embryos cultured from E5.5 to the hindlimb stage (6Â days of culture). Embryos dissected at the beginning and end of culture are shown. h, Immunostaining of pre-gastrulating (E5.5) embryos cultured for 6 days until the 42-somite stage. LEFTY1 and OCT4 immunostaining on a section of an E5.5 embryo (left); GATA4, MHC-II and SOX2 maximum intensity projection of an embryo at culture day 6 and stained (right). Scale bars, 50Â Î¼m (E5.5 embryos), 500Â Î¼m (all others). n, total number of embryos; x, number of experiments; all data represent meanÂ Â±Â s.e.m. Images are representative of a minimum of three embryos.
Source data


Extended Data Fig. 10 Ex utero culture medium supplemented with HBS supports embryo development from early/late gastrulation until the hindlimb stage (E11).
a, b, Bright-field microscopy images of mouse embryos grown ex utero from E7.5 (a) or E6.5 (b) with HCS replaced by in-house-prepared and freshly isolated adult HBS. c, Percentages of normal and defective embryos in cultures started at E7.5 and E6.5. n, total number of cultured embryos; x, number of experiments. Data represent meanÂ Â±Â s.e.m. Scale bars, 500Â Î¼m.
Source data


Extended Data Fig. 11 Ex utero manipulation of mouse embryonic development.
a, b, Percentages of developmentally normal (a) and GFP-expressing embryos (b) at 1â€“3Â days after electroporation. c, Quantification of GFP+ cells in electroporated embryos at the indicated times. Dots represent individual embryos. d, e, Percentages of normally developed (d) and GFP+ embryos (e) after lentiviral transduction. Data represent meanÂ Â±Â s.e.m. f, Representative qPCR data showing the relative expression levels of mouse naive and primed markers in V6.5 mouse EpiS cells and formative EpiL cells, normalized to isogenic naive 2i/Lif ES cells. nÂ =Â 3. g, Overlap in the transcriptional signature of differentially expressed genes measured by bulk RNA-seq in EpiS cells and ES cells used herein, compared to previously published datasets26. nÂ =Â 2. h, Top, generation of mouse chimeras using isogenic naive ES cells. Bottom, GFP, SOX2 and GATA4 immunofluorescence images of chimeric embryos generated with naive ESCs. i, Whole-mount immunostaining of GFP+ cells detected in embryos injected with mouse EpiS cells or EpiL cells at E7.5, cultured ex utero for 1â€“4 days and stained for GFP, SOX2 and GATA4. Insets are enlargements of the dashed boxes. nÂ â‰¥Â 8 embryos. j, Percentages of chimeric embryos (GFP+ or tdT+) after micro-injection and ex utero culture. k, Immunostaining of +Day 1 cultured embryos injected with EpiS cells and EpiL cells in the anterior or distal epiblast. Images represent a minimum of three biological replicates. l, Representative confocal images of mouse post-implantation chimeras generated by tdT+ E7.5 in vivo epiblast orthotopic transplantation followed by ex utero culture for 1â€“4 days, stained for tdTomato, GATA4 or SOX9 and SOX2 or TUJ1. nÂ â‰¥Â 10 embryos. m, tdT+ embryos explanted at E7.5 and subjected to in toto live imaging of neural tube closure at E9.0. nÂ =Â 3. n, Embryos cultured ex utero since E7.5 and exposed to vehicle or 1Â mM valproic acid (VPA) from E8.5 to E9.5. nÂ =Â 6. Inset shows magnification of the dashed box. Arrowheads, neural tube closure defects. Scale bars, 100Â Î¼m (m), 500Â Î¼m (all others). n, total number of embryos assessed; x, number of experiments.
Source data


Extended Data Fig. 12 Generation of humanâ€“mouse microglia interspecies chimeric embryos.
a, Protocol for differentiation of microglia progenitors from humans ES cells as previously described28. b, Flow cytometry dotÂ plot to validate the identity of obtained microglia cells by co-expression of the microglia progenitor cell markers CD34+ and CD43+. nÂ =Â 3 independent experiments. c, Merged bright-field and fluorescence images of E7.5 embryos injected with GFP+ human microglia progenitors at day 0. d, Representative immunofluorescence images of ex utero human microglia chimeric embryos 3 and 4 days after injection, labelled for GFP and TUJ1. The inset shows a magnification of the dashed box at day 4 identifying human nuclei (hNUMA), GFP and TUJ1. nÂ =Â 11 embryos (day 3); nÂ =Â 8 embryos (day 4). e, Quantification of GFP+ cells detected in humanâ€“mouse microglia chimeric embryos (excluding GFP+ cells found in the yolk sac). Dots represent individual embryos; nÂ =Â 11 and 8 embryos for day 3 and day 4, respectively. f, Immunostaining for GFP and human TMEM119 in chimeric embryos. nÂ =Â 3. g, Representative GFP immunofluorescence of a human microglia chimeric embryonic yolk sac and yolk sac vessel with circulating human GFP+ cells. nÂ =Â 3. Scale bars, 50Â Î¼m (f), 500Â Î¼m (all others).
Source data
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Supplementary Video 1
Ex utero mouse embryogenesis set-up. Part 1- Roller culture incubator with customized gas concentration and pressure regulation module for growing mouse embryos ex utero. Part 2- Media bottle exchange and transfer of an embryo into the roller culture system. Part 3- Setting up the roller culture incubator and gas regulation module.


Supplementary Video 2
Late-gastrulation to organogenesis ex utero roller culture. Representative snapshot bright field videos of E7.5 ex utero grown embryos after 1-4 days of culture.


Supplementary Video 3
Live embryo inside the culture bottle. Representative video of an embryo cultured in rotating bottles as seen by the naked eye.


Supplementary Video 4
Comparative light-sheet 3D reconstruction of ex utero and in utero embryos. E7.5 embryos grown 4 days ex utero and developmentally matched in utero embryos immunostained for Otx2/MHC-II, Sox2, and Tuj1/Sox9.


Supplementary Video 5
Robust in toto live imaging from gastrulation to somitogenesis. Representative confocal live imaging for 58 hours of an ex utero-grown tdTomato+ embryo from early gastrulation (E6.5) to somitogenesis (E8.5).


Supplementary Video 6
Early-gastrulation to organogenesis ex utero embryo culture. Representative bright field snapshot videos of E6.5 ex utero grown embryos after 1-5 days of culture.


Supplementary Video 7
Pre-gastrulation to organogenesis ex utero embryo culture. Representative bright field snapshot videos of E5.5 ex utero grown embryos after 1-6 days of culture.


Supplementary Video 8
Imaging neural tube closure in cultured embryos. Long-term in toto live imaging of neural tube closure in cultured embryos. E7.5 tdTomato+ mouse embryo cultured ex utero until E9.0 and subjected to live confocal imaging.
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