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The embryonic neural crest (NC) is a multipotent progenitor population that originates at the dorsal aspect of the neural tube, undergoes an
epithelial to mesenchymal transition (EMT) and migrates throughout the embryo, giving rise to diverse cell types 3. NC also has the unique
ability to influence the differentiation and maturation of target organs*t. When explanted in vitro, NC progenitors undergo self-renewal, migrate
and differentiate into a variety of tissue types including neurons, glia, smooth muscle cells, cartilage and bone.

NC multipotency was first described from explants of the avian neural tube’-°. In vitro isolation of NC cells facilitates the study of NC dynamics
including proliferation, migration, and multipotency. Further work in the avian and rat systems demonstrated that explanted NC cells retain their
NC potential when transplanted back into the embryo'9-'3. Because these inherent cellular properties are preserved in explanted NC progenitors,
the neural tube explant assay provides an attractive option for studying the NC in vitro.

To attain a better understanding of the mammalian NC, many methods have been employed to isolate NC populations. NC-derived progenitors
can be cultured from post-migratory locations in both the embryo and adult to study the dynamics of post-migratory NC progenitors'"14-20,
however isolation of NC progenitors as they emigrate from the neural tube provides optimal preservation of NC cell potential and migratory
properties’32122. Some protocols employ fluorescence activated cell sorting (FACS) to isolate a NC population enriched for particular progenitors
11.1314.17 However, when starting with early stage embryos, cell numbers adequate for analyses are difficult to obtain with FACS, complicating the
isolation of early NC populations from individual embryos. Here, we describe an approach that does not rely on FACS and results in an
approximately 96% pure NC population based on a Wnt1-Cre activated lineage reporter?3.

The method presented here is adapted from protocols optimized for the culture of rat NC'":13, The advantages of this protocol compared to
previous methods are that 1) the cells are not grown on a feeder layer, 2) FACS is not required to obtain a relatively pure NC population, 3)
premigratory NC cells are isolated and 4) results are easily quantified. Furthermore, this protocol can be used for isolation of NC from any mutant
mouse model, facilitating the study of NC characteristics with different genetic manipulations. The limitation of this approach is that the NC is
removed from the context of the embryo, which is known to influence the survival, migration and differentiation of the NC224-28,

Video Link

The video component of this article can be found at http://www.jove.com/video/4134/

Protocol

1. Preparing Plates

1. Use sterile technique at all times.
Prepare fibronectin (FN) by diluting 100 pL of human plasma FN stock into a final volume of 3.3 mL in Dulbecco's PBS (dPBS). Final
concentration is 30 yg/mL and this can be stored at 4 °C for 1 week.

3. Cover bottom of each well of a sterile tissue culture four well plate with FN solution and let sit for 15 minutes. Make sure the entire surface is
covered. Make media during this time (steps 2 and 3).

4. Remove FN solution and allow plates to dry. Gently rinse wells with 500 yL DMEM, remove DMEM, and add 500 pL of Self-Renewal (SR)
medium (see below). Incubate at 37 °C in a humidified incubator containing 5 percent CO2. Complete this approximately one hour before
dissection so that the plates will be dry before use.

2. Preparing SR Medium

1. For the culture of vagal and trunk NC from ten embryos (approximately one litter, depending on genetic background of the mouse line),
prepare 25 mL of SR medium. Combine 12.5 mL low glucose DMEM, 7.5 mL Neurobasal Medium, 25 pL retinoic acid (117 pyM final
concentration), and 25 uL 2-mercaptoethanol (50 mM final concentration). Mix well.
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2. Add 3.75 mL Chick Embryo Extract, 250 pL N2 salt supplement, 500 pL B27 supplement and 250 pL penicillin-streptomycin (1% final
concentration). Filter the medium through a 0.22 ym filter.
3. Add 10 pL sterile IGF1 (20 pg/mL final concentration) and 20 L sterile bFGF (20 pyg/mL final concentration). Mix by inverting. Store at 4 °C.

3. Preparing Wash Medium

1. For approximately 10 embryos prepare 50 mL of wash medium. Combine 50 mg BSA with 35 mL low glucose DMEM, 15 mL Neurobasal
Medium, and 500 uL penicillin-streptomycin (1% final concentration). Sterile filter with a 0.22 um filter.

4. Preparing Collagenase/dispase

1. Add 50 pL of 100 mg/mL collagenase/dispase to 5 mL dPBS. Mix well.
Syringe filter with a 0.2 pm filter and add 1.5 mL into each of three wells of a twelve well plate. Pipette approximately 1 mL wash medium in
the remaining wells. Store entire plate on ice until ready to digest dissected tissue.

3. Cuttips of a p20 and p1000 pipette filter tip with a sterile razor blade. Cut just below the beveled edge of the tip. The cut off p1000 will be
used to transfer the whole embryo while the p20 will be used to transfer pieces of isolated tissue.

5. Isolating Vagal and Trunk Neural Tube from 9.5 dpc Embryos

1. For timed pregnancies, dams with a vaginal plug are considered 0.5 dpc at noon the morning the plug is observed. Sacrifice and remove the
uterus at 9.5 dpc.

2. Remove the decidua from uterus and gently remove the embryo from the decidua. Once experienced with this protocol, isolate 3-4 9.5 dpc
embryos at a time in sterile dPBS. Use sterile technique and sterilized dissection instruments. Instruments can be sterilized by autoclaving,
heat sterilization or by incubation in ethanol.

3. For anterior vagal NC: using insulin needles, cut the neural tube at the mid otic placode. Cut again at the posterior edge of the 4™ somite.
Trim tissue ventral to the neural tube to remove the pharyngeal arches and heart.

4. For trunk NC: using insulin needles, remove the portion of the neural tube between somites 16-22 (or the last somite if embryos are
developmentally earlier than the 22 somite stage).

5. Keep the yolk sac and any remaining embryonic tissue for genotyping.

6. Removal of Non-neural Ectoderm and Mesoderm

Place neural tube containing segments into collagenase/dispase at room temperature for 10 minutes. Immediately wash in wash medium.

Return tissue to sterile dPBS. Using sterile insulin needles, gently remove the non-neural ectoderm from the tissue and separate the somites

away from the neural tube. The last remaining parts of the mesoderm from somite tissue can be removed by triturating gently using a

cut-down p20 tip. Be careful to not damage the neural tube. Observe this closely during trituration.

3. Place the isolated neural tube through a second and third 30 second wash of wash medium.

4. Wash once in SR medium, and place the isolated neural tube into the center of a FN-coated well that was prepared previously (Step 1.3).
Humidify the hypoxia chamber with a dish of sterile water. Place the dish into the hypoxia chamber and flush the chamber with mixed gas to
3% O2 (use a tank containing a mixture of 1% Og2, 6% CO2, 93% N2).

5. Always handle the chamber extremely carefully to ensure that explants are undisturbed and remain in the center of the wells.

6. Incubate at 37 °C. Summary of steps 5-6 is shown in Figure 1.

N =

7. Removal of Neural Tube

1. After 24 hours of incubation, remove the neural tube by gently teasing the edge of the neural tube away from the migrating cells using a
sterile insulin needle. Remove and discard the neural tube from the medium using a sterile p20 cut as in step 6.2 and replace the medium
with fresh SR medium (Figure 2). This is most easily done using an inverted microscope.

8. Representative Results

Following 24 hours of incubation at 37 °C in hypoxic conditions, NC cells have migrated away from the neural tube in a nearly pure population (
Figure 3a). Sometimes, less than ideal cultures will not yield robust outgrowths. For example, it is possible that after 24 hours the neural tube will
have curled up upon itself and the NC will not migrate away from the neural tube (Figure 3b). Occasionally the neural tube will not attach to the
fibronectin coated plates.

In our experience, sub-optimal NC migration or problems with attachment of the neural tube can be adversely affected by normoxia conditions or
concentration of the fibronectin, respectively. Enzymatic activity of the collagenase/dispase varies slightly by batch and digestion time must be
adjusted appropriately, however, do not digest the tissue longer than fifteen minutes. Overdigestion of the neural tube containing tissue in
collagenase/dispase will also result in deficient outgrowths. If somite tissue is not easily removed from the neural tube after incubation in
collagenase/dispase, the neural tube can be incubated for longer than ten minutes. Sometimes the neural tube will not attach to the substrate. If
this is the case, double-check the fibronectin concentration and the hypoxia conditions.

While normoxic conditions can be used to culture wild-type NC, hypoxic conditions more closely mimic the in vivo environment22-3, In our
experience, hypoxic conditions became critical when culturing mutant NC. For example, when Foxd3 mutant NC were cultured in normoxic
conditions, trunk NC had a greatly reduced cell outgrowth compared to controls. This disparity in outgrowth size was removed when the explants
were cultured in hypoxic conditions (Figure 4). Furthermore, when wild-type neural tube explants were cultured in normoxia, the number of
caspase-positive cells was greater then that of similar explants cultured in hypoxia (data not shown). By maintaining all NC culture in hypoxia,
comparisons can more easily be made between dynamics of control and mutant cultures.
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Figure 1. Overall schematic of NC isolation. A) Dissect regions of interest from the embryo. B) Digest neural tube in collagenase/dispase for ten
minutes (do not exceed fifteen minutes). C) Wash in wash medium. D) Dissect away the non-neural ectoderm and mesoderm. E-F) Wash twice in
wash medium. G) Plate in self renewal medium. Incubate at 37 °C in 3% O2 hypoxic conditions.

———

Figure 2. Stepwise removal of neural tube from explant. The neural tube must be removed after 24-48 hours to prevent contamination with
non-NC cells. A) Notice the boundary between the neural tube and the NC outgrowth (solid line). B) Cut along the edge of the neural tube with an
insulin needle. C) Discard the neural tube and replace medium with fresh self renewal medium. Dashed line indicates extent of the outgrowth.
Abbreviation: NT, neural tube.

Figure 3. Examples of representative results. A) Typical explant outgrowth after 24 hours incubation in self renewal medium in hypoxic conditions
(dashed line indicates extent of the outgrowth). B) Magnified view of NC outgrowth after 48 hours in culture. C) Less ideal culture with low
outgrowth yield. A and C were cultured under the same conditions. Images demonstrate the natural range in culture robustness. This can be
affected by efficiency of neural tube isolation, concentration of FN, hypoxic conditions, and time in collagenase/dispase digestions.
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Figure 4. In vitro analyses of NC explant cultures in normoxia versus hypoxia. Control (wild type) NC cells migrated from neural tube explants
after 48 hours in normoxic culture conditions. In contrast, Foxd3 mutant NC had greatly reduced cell outgrowths in normoxia (red outlines mark
edges of the NC outgrowths). When comparable explants were grown under hypoxic conditions, Foxd3 mutant NC explants grew comparably to
controls, allowing subsequent analyses. Note, this behavior correlated well with the behavior of Foxd3 mutant NC in vivo.

Careful attention should be paid to the developmental stage of embryo to ensure the success of this approach. Counting somites of early mouse
embryos is critical both for stage matching embryos within a litter and determining the correct regions of neural tube for isolation. A variation of
one or two somites between embryos is within a reasonable range of developmental timing, depending upon the resolution of the experiment
conducted. An embryo between 9 and 9.5 dpc will have between 17 and 25 somites. If the embryo has more than 25 somites, the NC is further
advanced in developmental time, and NC outgrowths will be less robust in culture. Staging embryos based on somite number facilitates precision
in experiments when developmental stage of the embryo, and therefore NC, can influence the outcome of the experiments. In a 9.5 dpc embryo,
the vagal NC migrates from the dorsal neural tube in defined anterior-posterior limits: from the mid-otic placode to somite 7. Similarly, trunk NC
migrates from the neural tube at levels somite 8 to somite 24. To isolate distinct populations of NC progenitors as described in this protocol,
discrete sub-regions within each of those domains are isolated. The region of the neural tube used will vary based upon the design of the
experiment and the anterior-posterior region of the NC being studied.

The culture conditions described above, including the medium and incubation conditions, are specifically adapted for culture of murine NC.
Similar SR medium was first used for the culture of rat NC''. In our hands, this rat medium, with the addition of Neurobasal Medium, produces a
robust outgrowth of murine NC progenitors. Furthermore, unlike previous work culturing avian NC cells, a feeder layer is unnecessary for culture
of the mammalian NC using this method!'-13.2.22_ While there are numerous protocols detailing both avian and mammalian NC culture in
normoxic conditions®22, we?? (Figure 4), along with others in the field?°, have found that culturing murine NC cells in hypoxic conditions as
described here greatly aids survival and self-renewal, presumably because hypoxia more closely mimics physiological oxygen levels within the
embry020.29.30,

Evaluation of the expression of molecular markers greatly facilitates the identification of NC cells and their differentiated derivatives. These
include expression of Foxd3, p75, and Sox10 for NC stem cells. Markers of differentiated NC include smooth muscle alpha actin (SMA) for
myofibroblasts, glial fibrillary acidic protein (GFAP) for glia, microphthalmia-associated transcription factor (MITF) for melanocytes, and beta-Il|
tubulin, protein gene product 9.5 (PGP9.5), and peripherin for neurons. These markers can be used to determine explant efficiency and
differentiation of NC progenitors.

Once this technique is mastered, cultured NC can be used in a variety of assays including quantification of proliferation, cell death, migration
dynamics, and/or differentiation status. NC can also be clonally cultured to investigate self-renewal or multipotency of individual NC progenitors22.
After the neural tube is removed from the cultures, dissociate the NC cells in 100 pl Trypsin-EDTA (0.25%) for exactly 5 minutes at 37 °C. Quench
Trypsin-EDTA in excess wash medium (8-10 mLs) by adding 800 pl per well and transferring to individual 15 mL tubes containing wash medium.
Gently centrifuge cells at 150 x g for 3 minutes, remove supernatant and resuspend cell pellet in 1 mL SR medium. Count cells using a
hemocytometer and plate them at a density of 25 cells/cm?2. These colonies can be serially passaged to assay self-renewal. To assay
multipotency, maintain the NC cells at clonal density in SR medium for 6 days and then switch to differentiation medium (10 ng/mL bFGF and 1%
chick embryo extract). Culture the cells in differentiation medium under hypoxia for 8 days before analyzing colony composition with molecular
markers as above'".

In conclusion, this method for isolating NC cells from mouse embryos produces a feeder free adherent culture of premigratory NC cells without
the use of FACS. Analysis of experiments using these cells can easily be quantified. While this technique is straightforward, its applications for the
study of NC characteristics of migration, self-renewal, and differentiation are vast. Furthermore, isolating NC from genetically modified mouse
embryos allows for the direct study of particular genes and pathways in the context of NC migration, survival, and/or differentiation.
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