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Abstract
In mammals, morphogenesis and organogenesis take place after the embryo implants into the uterus,
which makes it relatively inaccessible for observation and manipulation. While methods for in vitro
culture of pre- and peri-implantation mouse embryos are routinely used, approaches for e�cient and
stable culture of post-implantation embryos from egg cylinder stages until advanced organogenesis
remain to be established. We recently developed highly robust ex utero post-implantation mouse embryo
culture platforms, that enable appropriate and faithful development of embryos before gastrulation (E5.5)
until the hind limb formation stage (E11). In these protocols, late gastrulating embryos (E7.5) are grown
in 3D rotating bottles settings, while extended culture from pre-gastrulation stages (E5.5 or E6.5) requires
a combination of static and rotating bottle culture protocols. These systems support stable growth of
normal mouse embryos ex utero from pre-gastrulation to advanced organogenesis.

Introduction
Understanding the developmental processes leading to the formation of tissues and organs represents
one of the fundamental questions in developmental biology. The intrauterine con�nement of the
developing mammalian embryo has been the main limiting factor for studying post implantation
embryogenesis1,2. Consequently, the sequence of developmental events occurring from pre-gastrulation
to organogenesis, remains to be fully understood and hard to manipulate. While mouse embryos are
consistently cultured through pre- and peri-implantation development3,4, establishing culture conditions
sustaining proper long-term development of post-implanted mouse embryos outside the uterine
environment remains challenging.

Here, we describe the step by step protocol of our recently described embryo culture system that allows
sustained mouse embryo development from pre-gastrulation to advanced organogenesis stages,
enabling the application and monitoring of external and internal manipulations in mouse embryos over
up to six days of post-implantation development. We detail the enhanced roller culture system protocol
that supports growth of E7.5 late-gastrulating embryos (neural plate and headfold-stage) until the hind
limb formation stage (~E11), as well as the extended culture from E5.5/6.5 combining static and roller
culture platforms.

The ability to remove a mammalian embryo from the uterine environment and grow it normally in
controlled conditions represents a valuable tool to characterize the effect of different perturbations on
development during the period from gastrulation to organogenesis, that can be combined with genetic
modi�cation, chemical screens, tissue manipulation and microscopy methods.

Reagents
Mice (pregnant females ICR, C57BL/6, 129 or BDF1 mice at 5.5, 6.5 or 7.5 days post coitum)
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Human Umbilical Cord Blood Serum (made in-house)

Human Adult Blood Serum (made in-house)

Rat Serum (Rat whole embryo culture serum, ENVIGO Bioproducts B-4520)

Glutamax (GIBCO, 35050061)

Penicillin/Streptomycin (Biological industries, 03-031-1B)

HEPES (GIBCO, 15630056)

DMEM 1 mg/mL D-glucose and pyruvate, without phenol red and without L-glutamine (GIBCO, 11880)

Foetal Bovine Serum (Biological Industries; 04-013-1A)

Dulbecco's Phosphate Buffered Saline (DPBS) (Biological Industries; 02-020-1A)

D(+)-glucose Monohydrate (J.T. Baker)

Equipment
Gas regulation module (model#-HannaLab1, Arad Technologies Ltd, Ashdod, Israel).

Precision incubator system (BTC01 model with gas bubbler kit, B.T.C. Engineering, Cullum Starr Precision
Engineering Ltd, UK)

BTC Rotating Bottle Culture Unit with bubbler apparatus (BTC02 model, B.T.C. Engineering, Cullum Starr
Precision Engineering Ltd, UK)

Culture bottles (either Glass Bottles (Small) BTC 03 or Glass Bottles (Large) BTC 04)

Bungs (Hole) (B.T.C. Engineering, Cullum Starr Precision Engineering Ltd, UK, BTC 06 used to seal the
bottles)

Bungs (Solid) (B.T.C. Engineering, Cullum Starr Precision Engineering Ltd, UK, BTC 07 used to seal the
rotating drum)

Cell culture hood

CO2 incubator (37° C, 5%CO2-95% air, 95% relative humidity)

Stereoscopic microscope equipped with heating plate

8-well µ-plates glass bottom/ibiTreat (iBidi, 80827/80826)
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0.22 µm pore size �lter (Nalgene, Ref # 565-0020) (JetBio�l, FCA-206-250).

0.22 µm pore size syringe PVDF �lter (Millipore, SLGV033RS)

5 mL pro-coagulant sterile test tubes (Greiner Bio-One, Z Serum Sep Clot Activator, #456005)

Petri Dishes (60 mm and 100 mm)

Glass Pasteur pipettes

Glasscutter

Centrifuge (at 4oC and room temperature)

Micropipettes

Sterile plastic tips (10µl, 200µl and 1000µl)

Pipettors for pipettes

Sterile plastic pipettes (5-mL, 10-mL)

15 and 50 ml conical centrifuge tubes

Sterile syringes (1, 5, 10 ml) for sera �ltration

Dissecting instruments (surgical scissors, microsurgical forceps (Dumont #5, #55)

Procedure
Solutions

1.    Dissection Media: DMEM 1 mg/mL D-glucose and pyruvate, without phenol red and without L-
glutamine (GIBCO, 11880) supplemented with 10% Foetal Bovine Serum (Biological Industries; 040131A),
sterilized by using a 0.22 µm �lter (JetBio�l; FCA-206-250). Can be kept at 4oC and used within 1 month.

2.    Ex utero culture media (EUCM): 25% DMEM (GIBCO 11880; includes 1 mg/mL D-glucose and
pyruvate, without phenol red and without L-glutamine) supplemented with 1x Glutamax (GIBCO,
35050061), 100 units/ml penicillin/100 µg/ml streptomycin (Biological industries, 030311B) and 11 mM
HEPES (GIBCO, 15630056), plus 50% Rat Serum (RS) (Rat whole embryo culture serum, ENVIGO
Bioproducts B-4520) and 25% Human Umbilical Cord Blood Serum (HCS) that is prepared in-house.
DMEM supplemented with Glutamax, Pen/Strep and HEPES can be stored at 4oC in aliquots and used
within 2 months. Rat serum is stored at -80oC and should be heat inactivated at 56oC for 30-45 minutes
and �ltered through a 0.22 µm PVDF �lter (Millipore; SLGV033RS) on the same day that is used for
culture. HCS was collected at Rambam Medical Center in Haifa, Israel, and stored as heat inactivated and
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�ltered aliquots at -80oC for up to six months. HCS should be freshly thawed and used immediately for
experimentation. HCS can be replaced by in-house collected Human Adult Blood Serum (HBS). HBS was
collected following the same procedure for HCS and stored as heat inactivated and �ltered aliquots at
-80oC for up to six months. Rat serum, HCS and HBS can be refrozen and used once after thawing. In this
case, for optimal embryo development, refrozen sera should be thawed and combined with a larger
volume of freshly thawed sera and used immediately.

3.    Isolation of HCS. To isolate HCS, umbilical cord blood should be collected from healthy pregnant
women, as approved by a proper Helsinki committee. Healthy women over the age of 18 and under 40,
scheduled for caesarian section delivery are eligible for cord blood collection. On the day of scheduled
caesarian delivery, and in order to ensure fresh isolation and processing of serum, a team stood by for
cord blood collection and serum extraction. Immediately upon delivery of the infant, the umbilical cord is
double clamped 5-7 cm from the umbilicus and transected between the clamps. Blood is collected only
after the infant was removed from the �eld of surgery and umbilical blood was drawn for clinical tests as
needed. In order to avoid any traces of hemolysis, blood should be manually drawn by the obstetrician
surgeon, using a large bore 14-gauge needle and a 50mL syringe, directly from the umbilical vein while
the placenta remains in situ. This was done to avoid any coagulation of blood before collection which
could lead to traumatic hemolysis, and also to take advantage of the enhanced blood �ow generated by
uterine contraction. Quickly distribute the collected blood to 5mL pro-coagulant sterile test tubes (Greiner
Bio-One, Z Serum Sep Clot Activator, #456005), which should be immediately cool down to 4°C for 15
minutes to allow full coagulation. Centrifuge the coagulated test tubes at 2500G for 10 minutes in a
cooled 4°C centrifuge. Discard any tube showing signs of hemolysis (such as pinkish-red colored serum).
Collect the separated serum (yellowish colored) using a pipette and �lter it through a 0.22 µM �lter
(Nalgene, 565-0020) and then inactivate it by placing it in a 55°C water bath for 45 minutes. Distribute the
inactivated serum in 1 mL aliquots and place it at -80°C for storage for up to six months. Shipping
temperature should be kept at -70°C using dry ice.

4.    Isolation of human adult blood serum. Human blood serum was collected from healthy adults and
freshly prepared with the same protocol described for umbilical cord blood serum.

5.    We note that in house freshly prepared human umbilical cord serum and adult human serum gave
superior results to commercially available ones.

Roller culture starting at E7.5

1.    For cultures starting at E7.5 or later stages, the embryos are kept on a rotating bottles culture unit
inside a “precision” incubator system (BTC01, B.T.C. Engineering, Cullum Starr Precision Engineering Ltd,
UK) during all the time of culture. A 'rotator' culture method which provides continuous �ow of
oxygenating gas to cultures in rotating bottles (BTC Rotating Bottle Culture Unit BTC02, B.T.C.
Engineering, Cullum Starr Precision Engineering Ltd, UK). Culture bottles (Glass Bottles (Small) BTC 03
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and Glass Bottles (Large) BTC 04) are plugged into the hollowed rotating drum. Oxygenating gas �ows
along the axis and is distributed to the culture bottles by a ba�e plate within the drum. The rotator is
supplied complete with gas �lter, bubbler and leads by the manufacturer. Bung (Hole) BTC 06 is used to
seal the bottles and Bung (Solid) BTC 07 is used to seal the drum (B.T.C. Engineering, Cullum Starr
Precision Engineering Ltd, UK). Turn on the heating of the incubator at least 30 min-1 hour before starting
embryo dissections.

2.    In order to achieve constant O2 and CO2 levels in the culture medium throughout the incubation
period, the incubator module was linked to an in-house designed and customized gas and pressure
control unit (model#-HannaLab1; assembled and sold by Arad Technologies LTD, Ashdod, Israel). Carbon
dioxide and oxygen concentration are regulated by speci�c controllers located in the gas regulation
module. A pressure transmitter connected to the gas pump allows control of the gas pressure between 5
to 10 psi (positive pressure over ambient external atmospheric pressure). Oxygen and CO2 are ejected
from the pump of the gas mixer box at pressure of ~6-7 psi, which was found as the optimal level.
Regulation of pressure generated by the pressure pump is done by setting the adequate voltage on the
pressure transmitter, set at 5-6 Volts to obtain pressures of 6-7 psi in this speci�c model. The pump builds
pressure and su�ciency for the gas to �ow into a water bottle, which is under the control of a one-way
�ow meter. Humidi�ed gas from the bottle circulates to a glass test tube and then to the inside of the
culture bottles in the rotating drum. Gas �ow speed can be monitored by the rate of bubbles created
inside an outlet water-�lled test tube. The bubble rate (which indicates the speed of gas �owing into the
bottles) can be adjusted as needed by the user by closing/opening the valve on the lid of the water bottle.
Ideally, the gas �ow (bubbles) should be such to allow formation of individual bubbles at a rate of 3-4
bubbles per second. The absence of bubbles (no gas coming through the system) or a high gas �ow
might affect embryo development. Check adequate bubble �ow periodically during embryo culture.

3.    Pre-equilibrate dissection medium at 37oC for 1 hour (preferably inside a CO2 incubator).

4.    Pre-equilibrate EUCM for 1 hour by placing it inside glass bottles in the roller culture incubator.

5.    Dissect mouse embryos from non-hormone primed pregnant mice sacri�ced by cervical dislocation
at E7.5. Perform dissections on a microscope equipped with a heating plate at 37oC within a maximum
of 30 minutes to avoid affecting the embryo. First, cut both sides of the uterus, wash the conceptuses in
DPBS (room temperature of pre-heated at 37oC) and cut in pairs to facilitate embryo handling. Move all
the pairs of conceptuses to pre-equilibrated dissection medium in a 60 mm petri dish and cut into
individual conceptus. Carefully dissect individual embryos from the decidua and parietal yolk sac, leaving
the intact ectoplacental cone attached to the egg cylinder. For this, tear the uterine tissue using a pair of
forceps (i.e. Dumont #5) to isolated the decidua, then cut the tip of the pear-shaped decidua using
microsurgical forceps (i.e. Dumont #55). Open the decidua into halves by introducing the forceps
adjacent to the embryo in parallel to its long axis and opening the forceps. Afterwards grasp the embryo
from the decidua and peel the parietal yolk sac off the embryo using two forceps (i.e. Dumont #55). Move
the embryos to a new plate �lled with equilibrated dissection media to prevent them to stick to the tissue
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debris and to each other. For embryo transfer use a glass Pasteur pipette (cut the opening of the pipette
using a glass cutter to an adequate size to �t the embryos). Embryos in the neural plate/early head fold
stage showing no damage in the epiblast are selected for culture.

6.    Immediately after dissection, transfer groups of 5-6 embryos into the glass culture bottles (B.T.C.
Engineering, Cullum Starr Precision Engineering Ltd, UK) containing 2 mL of pre-equilibrated EUCM.
Subsequently, place the bottles in the rotating bottle culture system, rotating at 30 revolutions per minute
at 37oC, and continuously gassed with an atmosphere of 5% O2, 5% CO2.

7.    After 24 hours, move groups of 3 embryos to a new bottle containing 2 mL of freshly prepared media
supplemented with extra 3 mg/mL of D-glucose (J.T. Baker), and a gas mixture of 13% O2, 5% CO2.

8.    At 48 hours of culture, transfer the embryos to a new bottle (2 embryos per bottle) with fresh media
supplemented with 3.5 mg/mL of glucose in a gas atmosphere of 18% O2 and 5% CO2.

9.    After 72 hours of culture, move each embryo to an individual bottle with 1.5 mL of fresh media plus 4
mg/mL of glucose and a gas supply of 21% O2 and 5% CO2.

10. For media exchange, culture media should be pre-equilibrated for at least 1 hour by placing it inside a
glass bottle in the rotating culture with an adequate gas atmosphere depending on the stage of the
cultured embryos. From E8.5 to E11 the embryos can be transferred using a plastic Pasteur pipette,
cutting the tip to an adequate size to �t the embryo. Transfer the embryos carefully to avoid rupture of the
yolk sac blood vessels, which may affect embryo survival. HCS can be replaced by freshly collected HBS
with a slight decrease on culture e�ciency.

 

Extended culture from E5.5/E6.5 to E11

1.    Cultures starting with pre-gastrulation (E5.5) and early gastrulation (E6.5) embryos are done in static
culture conditions until the early somite stage (E8.5).

2.    Embryos are dissected out of the uterus as described above (removing the parietal yolk sac and
leaving the intact ectoplacental cone attached to the egg cylinder), and individual embryos were
transferred into each well of a 8-well glass bottom/ibiTreat µ-plates (iBidi; 80827/80826) �lled with 250 µl
of EUCM. Media should be pre-heated for 1 hour in an incubator with 5% CO2 at 37°C.

3.    Pre-primitive streak stage (distal and anterior visceral endoderm stage) in the case of E5.5, and early-
primitive streak stage embryos at E6.5 can be grown in this conditions. For E6.5, HCS can be replaced by
freshly collected HBS with a decrease in culture e�ciency. Use 20 µl pipette tips to transfer E5.5 embryos,
and 200 µl tips to transfer E6.5 embryos. Only embryos with a well formed amniotic cavity, with no
evident damage and without Reichert’s membrane are selected for culture.
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4.    Replace the total volume of media (250 µl) every 24 hours, taking care that the embryos are always
immersed in the media.

5.    Transfer the embryos into the roller culture at the 4-7 somite stage (three days for cultures started at
E5.5 and two days for cultures started at E6.5) using the same conditions described previously for E8.5.
Transfer of the embryos at earlier or later somite stages results in failure of further development when
moved to the roller culture conditions.

6.    Maintenance of the embryos in a constant atmosphere of 21% oxygen and 5% CO2 provides slightly
higher e�ciency of embryo development compared to the dynamic oxygen concentrations used when
starting at E7.5. This difference could result from oxygen diffusion in static conditions being be less
e�cient than in roller conditions, and that might be why higher oxygen is needed to be delivered in
protocols that include static conditions.

Troubleshooting
1.    Neural tube closure and brain defects are the most commonly observed in the percentage of embryos
that do not grow properly from E8.5 to E10.5. More severe abnormalities such as failure of axial turning
at E9.5 or complete growth arrest may indicate issues with the pressure, incubator or media components.

2.    Too low or too high bubble rate observed in the water-�lled test tube. Adjust the gas �ow valve by
rotating it clockwise to increase the gas �ow rate or counterclockwise to decrease it. Check that the gas
pressure on the pressure transmitter is correctly set.

3.     No bubbles are seen in the outlet water-�lled test tube. Adjust the gas �ow valve by rotating it
clockwise until you see bubbles coming out. Check that all silicon plugs and bottles are correctly placed
on the rotating drum and sealing the system. Check that the water bottle is properly closed and all the
tubing is connected correctly.

4.    No bubbling in the water bottle. Check that the plastic tubing attached to the cap of the bottle is
properly connected. If the problem persist, it might indicate an issue with the pressure pump.

5.    Contamination with bacteria or fungi. If a contamination occurs, the embryos will immediately stop
growing properly. The initiation of a contamination might be hard to detect, but in this case the embryonic
blood turns to a light brown/yellow tone, the yolk sac appears wrinkly and the media present debris. Even
if the embryos are moved to a new bottle, the contaminating agent will continue growing and expand
until completely disintegrating the embryos. To avoid contaminations, discard the media used after
culture and rinse the bottles 3 times with running distiller water, wash overnight in ethanol 75% and then
autoclave all culture bottles, glass components and plastic tubing of the incubator every 2 weeks or after
each use of the system. Transfer the embryos inside a cell culture hood. The use of a microscope located
inside a biological hood with laminar �ow is recommended.
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6.    For static cultures, special attention should be taken to prevent the embryonic epiblast and yolk sac
sticking into the plate, since this will severely compromise embryo development (this happens mainly
when using plastic surface plates). Attachment of the embryo to the plate is particularly common in the
�rst day of E5.5 cultures. Check that only the ectoplacental cone remains attached to the surface of the
plate. If needed, carefully push the embryos away from the plate surface by using forceps.

7.    Changes in temperature can affect embryo development. Avoid opening the incubator for long
periods of time, since this can increase the temperature inside the incubator to >40oC. Likewise, avoid
keeping the embryo at room temperature for long periods of time, since the temperature of the bottle and
media decreases quickly outside the incubator.

8.    For performing embryo manipulations, put the embryos in culture for a at least 1 hour after
dissection. Later, take individual embryos out of the culture and perform the manipulation as quickly as
possible in pre-equilibrated dissection media. Use a microscope equipped with a heating plate at 37oC.

Time Taken
1.    Embryo dissection should be carried out in 30 minutes or less after sacri�cing the female. Dissect
only 1 litter of embryos at a time.

2.    Proper embryo development ex utero can be maintained during 4, 5 or 6 days for cultures started at
E7.5, E6.5 and E.5.5, respectively. It is also possible to start cultures at later embryonic days by using the
roller culture conditions described for each stage.

Anticipated Results
1.    The roller culture conditions described for E7.5 consistently support embryo growth with about 77%
normal embryo development after 4 days of culture in different mouse strains. While using EUCM with
HBS instead of HCS, the e�ciency at day 4 is about 68%.These ex utero cultured embryos recapitulate
development properly until approximately the 44 somites stage.

2.    Development of early-streak embryos (E6.5) in static culture until the early somite-stage (48 hours) is
robustly recapitulated with an e�ciency higher than 90% using both HCS and HBS.

3.    Bridging mouse pre-gastrulation development to advanced organogenesis by combining static and
roller culture in a constant 21% oxygen atmosphere gives and e�ciency of 55% to the last day of culture
using HCS and 26% using HBS.

4.    For E5.5 cultures, the e�ciency of proper development to E8.5 is about 46% and 17% to the last day
of culture.

5.    At the time equivalent to E11 (42-44 somites) the embryos stop growing, develop embryonic
abnormalities, yolk sac circulation abruption and pericardial effusion. This limit is consistent with
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hydrops fetalis due to insu�cient oxygenation and nutrient supply by the ex utero system (given the lack
of maternal blood supply in this setting) that no longer matches the increased body size at this stage.
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