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Abstract

The avian embryo, as an experimental model, has been of utmost importance for seminal discoveries in developmental biology. Among several
approaches, the formation of quail-chicken chimeras and the use of the chorioallantoic membrane (CAM) to sustain the development of ectopic
tissues date back to the last century. Nowadays, the combination of these classical techniques with recent in vitro methodologies offers novel
prospects to further explore organ formation.

Here we describe a two-step approach to study early- and late-stages of organogenesis. Briefly, the embryonic region containing the presumptive
territory of the organ is isolated from quail embryos and grown in vitro in an organotypic system (up to 48 h). Cultured tissues are subsequently
grafted onto the CAM of a chicken embryo. After 10 days of in ovo development, fully formed organs are obtained from grafted tissues.
This method also allows the modulation of signaling pathways by the regular administration of pharmacological agents and tissue genetic
manipulation throughout in vitro and in ovo developmental steps. Additionally, developing tissues can be collected at any time-window to analyze
their gene-expression profile (using quantitative PCR (qPCR), microarrays, etc.) and morphology (assessed with conventional histology and
immunochemistry).

The described experimental procedure can be used as a tool to follow organ formation outside the avian embryo, from the early stages of
organogenesis to fully formed and functional organs.

Video Link

The video component of this article can be found at https://www.jove.com/video/57114/

Introduction

Avian embryos have been widely used in seminal developmental biology studies. The main advantages of the avian model include the possibility
to open the egg, the relatively easy access to the embryo, and the ability to perform micromanipulation. Some examples comprise the classic
quail-chicken chimera system for studying cell fate1, application of specific growth factors to the embryo2, and the growth of ectopic cellular
structures in the CAM1,3,4.

To get new insights into distinct stages of organ formation, we have recently developed a method which combines grafting techniques with in
vitro manipulation of embryonic tissues5. The two-step approach enables the discrimination and exploration of both early- and late-stages of
organogenesis, which are often limited due to highly dynamic and complex tissue interactions2. Moreover, the lack of suitable tissue-specific
markers frequently limits the use of genetically modified animal models6. This novel method of the two-step approach largely overcomes such
limitations.

To study early-stages of organ formation, in the first step, the quail embryonic territory comprising the prospective organ rudiment is isolated and
grown in an in vitro organotypic system for 48 h. During this period, pharmacological modulation of specific signaling pathways can be performed
by adding drugs to the culture medium5,7. Additionally, cultured tissues can be collected at any stage of in vitro growth and probed for gene-
expression (using methods such as qPCR, microarrays, etc.).

In the second step, 48 h-cultured tissues are then grafted onto the CAM of a chicken (c) embryo at embryonic day (E) 8 (cE8) (Hamburger and
Hamilton (HH)-stages 33-35)8. The CAM behaves as a vascular supplier of nutrients and allows gas exchanges1,3,4 to grafted tissues enabling
its development in ovo for longer periods of time. This experimental step is especially well suited to study late-stages of organogenesis, as fully
formed organs can be obtained after 10 days of in ovo development5,9,10,11. Morphological analysis is easily performed by conventional histology
to confirm proper organ formation and donor origin of cells can be identified by immunohistochemistry using species-specific antibodies (i.e.,
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MAb Quail PeriNuclear (QCPN)). During the CAM incubation period, grafts can also be grown in the presence of pharmacological agents and
collected at any stage of development to evaluate the progression of organogenesis.

The two-step approach, described here in depth, has already been employed in Figueiredo et al.5 to explore the avian parathyroid/thymus
common primordium development. Accordingly, the inherent particularities of the embryonic territories and stages of development involved in the
organogenesis of the thymus and parathyroid glands will be presented below.

The thymus and parathyroid glands epithelia, though functionally distinct, derive from the endoderm of the pharyngeal pouches (PP)12. In avian,
the epithelia of these organs originate from the third and fourth PP endoderm (3/4PP)12, while in mammals the thymic epithelium derives from the
3PP and the epithelium of parathyroid glands derives from the 3PP and 3/4PP in mouse and human, respectively13,14.

One of the earliest stages in the formation of these organs is the emergence of discrete thymus and parathyroid domains in the common
primordium. In chicken, these domains can be identified by in situ hybridization, with specific molecular markers, at E4.515. As development
proceeds, these organ rudiments individualize and separate from the pharynx, while a thin mesenchymal capsule, formed by neural crest-derived
cells, surrounds them (at E5; HH-stage 27). Later on, the thymic epithelium is colonized by hematopoietic progenitor cells (at E6.5; HH-stage
30)12.

As in classical quail-chicken studies1,12, the two-step approach is particularly useful to study the formation of hematopoietic/lymphoid organs,
namely the thymus5. As the quail explant, with the organ rudiment, is grafted in the chicken embryo prior to hematopoietic progenitor cell
colonization, a chimeric thymus is formed with chicken blood-borne progenitor cells infiltrating a quail thymic epithelial counterpart. This method
is, therefore, a useful tool to explore the contribution of hematopoietic cells in the development of the avian hemato/lymphoid system.

Protocol

All these experiments follow the animal care and ethical guidelines of the Centro Académico de Medicina de Lisboa.

1. Incubation of Fertilized Quail and Chicken Eggs

1. Incubate Japanese quail (Coturnix coturnix japonica) and chicken (Gallus gallus) fertilized eggs for 3 and 8 days, respectively.
1. Place the eggs with the air chamber (egg blunt end) facing up in a humidified incubator at 38 °C.
2. Use around 20 quail eggs and 40 chicken eggs to perform this experiment.

 

NOTE: These numbers should be doubled when establishing this procedure for the first time.

2. Isolation of Quail Embryonic Region Containing the Presumptive Territory of Thymic and
Parathyroid Rudiments

Note: Perform egg manipulation procedures in sterile conditions using a horizontal laminar flow hood and sterilized instruments and materials.

1. Prepare a large borosilicate glass bowl about 3/4 filled with cold phosphate-buffered saline (PBS) solution.
2. Open a quail egg after 3 days of incubation by tapping the shell and cutting a circular opening on the opposite side of its blunt end with

curved scissors. Carefully remove pieces of shell and transfer the embryo to the glass bowl filled with cold PBS.
3. Hold the quail (q) embryo at E3 (qE3) (the quail stage corresponding to the HH-stage 21 of the chicken) with the help of thin forceps. Make

a cut into the vitelline membrane enveloping the yolk using curved scissors. Continue to cut around and externally to the circumference of
extra-embryonic vessels.

4. Transfer the embryo to a small bowl about 3/4 filled with cold PBS with the help of thin forceps. Thoroughly wash the embryo from the
remaining attached yolk.

5. Use a skimmer to transfer the embryo to a 100 mm glass Petri dish with black base (see Table of Materials) containing 10 mL of cold PBS.
6. Place the Petri dish under a stereomicroscope.

 

Note: From this point forward, perform the microsurgery procedures under a stereomicroscope for progressive magnification. As an
illumination source, it is advised to use LED lights incorporated in the stereomicroscope or in the optic fibers, considering the limited heat
load.

7. Hold the embryo to the bottom of the plate with thin insect pins. Place four pins forming a square shape in the extra-embryonic region.
8. Remove the extra-embryonic membranes of the cephalic region with the help of thin forceps and place a fifth pin there.

 

Note: If the embryo is correctly positioned, then the otic vesicle, the heart tube, and the 1st, 2nd, and 3rd pharyngeal arches (PAs) should be
visible.

9. Dissect the embryonic region of interest, i.e., the 3rd and 4th pharyngeal arch region (3/4PAR), using Wecker eye scissors.
1. Start cutting longitudinally and parallel to the embryo axis, between the somite/neural tube area and the PAs.
2. Remove the ventrally positioned heart tube by cutting it. Keeping the scissors in the same position, rotate the Petri dish to reposition

the embryo according to the direction of the cut.
3. Cut between the 2nd and 3rd PAs and below the 4th PA.
4. Detach the remaining membranes from the 3/4PAR with the help of thin forceps.

10. Aspirate the isolated tissues (the 3/4PAR) and transfer them to a glass dish 3/4 filled with cold PBS using a 2 mL sterile plastic pipette.
 

Note: Hereafter, tissues can be grown in vitro up to 48 h or be immediately grafted onto the CAM of a chicken embryo at E8.
11. Keep the glass dish containing the isolated 3/4PAR on ice during the preparation of the in vitro assay.
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3. In Vitro  Organotypic Assay: Culture of the Embryonic Region Containing the
Presumptive Territory of Thymic and Parathyroid Rudiments

1. Prepare the culture medium with RPMI-1640 Medium supplemented with 10% FBS and 1% penicillin/streptomycin.
 

NOTE: Soluble pharmacological reagents can be added to the medium (for example, LY-411.575 (Ly) and di-benzazepine or cyclopamine
and vismodegib, to inhibit Notch and Hedgehog (Hh) signaling pathways, respectively. For this assay, use 50-200 nM of Ly or 5-15 µM of
Di-benzazepine to inhibit Notch signaling in the 3/4PAR. Use 20 µM of cyclopamine or 10 µM of vismodegib to inhibit Hh signaling in the
3/4PAR5.

2. Prepare the in vitro culture of the 3/4PP explant in a 6-well plate.
1. Fill one well from the 6-well plate with 5 mL of culture medium. Place a 24 mm Polycarbonate Membrane Insert (see Table of

Materials) on the well with the help of thin forceps.
2. Under the stereomicroscope, transfer the 3/4PAR explant from the glass dish to the membrane surface by gently sliding with the help of

a transplantation spoon (or spatula) and thin forceps. Place the explants with the ventral side up and the dorsal side in contact with the
membrane. Add up to seven explants per membrane insert. Proceed to step 3.4.

3. Alternatively, culture explants in floating membrane filters.
1. Prepare a 35 mm Petri dish with 5 mL of culture medium. With the help of thin forceps, float a membrane filter (see Table of Materials)

and keep a dry surface in contact with air.
2. Under the stereomicroscope, transfer the 3/4PAR explant from the glass dish to the membrane filter by gentle sliding with the help of a

transplantation spoon (or spatula) and thin forceps. Place the explants with the ventral side up and the dorsal side in contact with the
membrane. Add up to 8 explants per membrane filter.

4. Carefully place the explants prepared in steps 3.2 and 3.3 in a humidified incubator at 37 °C with 5% CO2.
5. After a 48 h incubation period, remove the 6-well plate and the 35 mm Petri dish from the incubator.

1. Collect the cultured explants from the membrane insert of the 6-well plate.
1. Add PBS at room temperature (RT) to the membrane insert.
2. Detach the explants from the membrane by vigorous flushing using a 2 mL sterile plastic pipette.
3. With the help of the spatula and thin forceps, transfer the cultured explants to a glass dish 3/4 filled with PBS at RT.

2. Similarly, collect the cultured explants from the floating membrane filter in the 35 mm Petri dish.
1. Transfer the membrane filter with thin forceps to a new 35 mm Petri dish filled with PBS at RT.
2. Detach the explants from the membrane filter by vigorous pipetting using a 2 mL sterile plastic pipette.
3. With the help of thin forceps, discharge the explant-free membrane filter after confirming that no explants remained attached to it.
4. With a spatula and thin forceps, transfer the explants to a glass dish filled with PBS at RT.

6. Transfer the cultured explants with a spatula to 1 mL of a reagent for total RNA isolation and use for gene-expression studies.
 

CAUTION: Exposure to this reagent (see Table of Materials) can be a serious health hazard. Wear appropriate protective eyewear, clothing,
and gloves. Follow the handling instructions and read the safety data sheets provided by the manufacturer.

7. Alternatively, graft the cultured tissues onto CAM of chicken embryos at E8. Follow to step 4.

4. Preparation of the CAM

1. Remove the chicken eggs with 8 days of embryonic development from the incubator.
 

NOTE: Eggs were incubated with air chamber facing upwards at 38 °C in a humidified incubator.
2. Cover the blunt end of the egg with clear plastic tape to prevent pieces of the shell from falling into the air chamber. Tap the shell and cut a

circular opening in the egg with curved scissors. The air chamber should be visible.
3. Remove with caution the white membrane of the air chamber with thin forceps. CAM is then visible and accessible for ectopic tissue

transplantation.
 

Note: Do not use PBS to hydrate the CAM, before or after transplantation, since PBS promotes sliding and misplacement of the explants. If
the membrane dries out, discard the egg.

5. Grafting of Cultured Explants onto the CAM

1. Create small vascular lesions/wounds in the smaller vessels of the CAM with a microscalpel in a holder.
 

Note: Use the tip of a Pasteur pipette to remove blood by capillarity in the case of excess bleeding.
2. Use a spatula and thin forceps to transfer the cultured explant to the wounded area of the CAM.
3. Cut a piece of a filter paper slightly larger than the explant and place it on the top of the explant.

 

Note: The filter paper helps tracking the explant location after its development in the CAM. Also, it allows daily drug delivery to the explant
during in ovo development, if necessary (described in step 5.6).

4. Seal the egg window with clear plastic tape and identify it using a charcoal pencil.
 

Note: The plastic tape protects the embryo from dehydration during the incubation period.
5. Incubate the manipulated egg for 10 days in a humidified incubator at 38 °C. Follow to step 6.
6. Optional Step: Daily drug administration during incubation period.

1. To access the filter, partially lift the plastic tape. Add 100 µL of drug solution, drop by drop, on top of the paper. Re-seal the window and
place the egg back in the humidified incubator at 38 °C.
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Note: For this assay, the dose of 20 µM of cyclopamine will inhibit Hh signaling during in ovo development5.

6. Ectopic Organ Formation in the CAM After 10 Days of In Ovo Development

1. After 10 days of incubation, remove the egg from the incubator and carefully withdraw the plastic tape.
2. Cut the CAM around the filter region using curved scissors and transfer the CAM-derived explant with filter paper to a small glass bowl about

3/4 filled with cold PBS.
3. With the help of thin forceps transfer the CAM-derived explant to a 100 mm Petri dish with black base containing 10 mL of PBS. Gently

remove the filter paper and the excess of membrane using Wecker eye scissors and thin forceps.
4. Transfer the CAM-explant to fixative solution (3.7% PFA in PBS) with a skimmer. Euthanize the chicken embryos without removing them from

the egg by making a precise cut in the neck region of the embryo with the help of large scissors.
5. Assess the organ formation in paraffin sections of the CAM-derived explants by conventional histology and immunohistochemistry.

Representative Results

The above described protocol details a method that allows the investigation of both early- and late-stages of organogenesis, often limited by
complex cellular and molecular interactions.

This method was previously employed in Figueiredo et al.5 to unravel the role of Notch and Hh signaling in the avian parathyroid/thymus
common primordium development.

Herein, new results are shown in Figure 1 and Figure 2 using the same model of organogenesis. Figure 1A depicts the experimental design
used to explore the early-stages of thymus and parathyroid formation. The quail embryonic territory comprising the prospective organ rudiments
(3/4PAR) was isolated and grown in vitro for 48 h in an organotypic system.

 

Figure 1. Representative results obtained with the organotypic culture assay: gene-expression analysis of the embryonic region
containing the presumptive territories of the thymus and parathyroids (3/4PAR) developed in vitro for 48 h. Schematic representation
of the transversal section of the embryo at the region of interest and the experimental design (A). Briefly, the 3/4PAR at qE3 was mechanically
isolated and grown in vitro for 48 h. The expression of the 3/4PAR-related genes, Tbx1, Six1, and Bmp4, was examined by qRT-PCR using
the primers in the table (B). The expression of Tbx1, Six1, and Bmp4 was analyzed in freshly isolated (3/4PAR-0 h) and cultured (3/4PAR-48
h) tissues (C). The expression of PAR-related genes was analyzed in tissues grown in vitro for 48 h in the presence of 200 nM Ly411575 (D)
and 20 µM cyclopamine (E), which are pharmacological inhibitors of Notch and Hedgehog signaling pathways, respectively. Expression of each
transcript was measured as a ratio against the mean of the β-actin and hypoxanthine-guaninephosphoribosyltransferase transcript expression
levels and expressed in arbitrary units (each transcript in the control = 1). Means and standard deviations were determined with a software
for biostatistics analysis and scientific graphic design. Error bars represent standard deviations of the mean. Two-tailed unpaired Student's t-
test was used and results were considered significantly different when the p-value was less than 0.05 (p < 0.05). β-actin, Actb; cyclopamine,
Cyc; Hypoxanthine-guaninephosphoribosyltransferase, Hprt; LY-411.575, Ly; N, Notocord; NT, Neural Tube; PAR, pharyngeal arch region; PP,
pharyngeal pouch. Please click here to view a larger version of this figure.

The expression of genes known to be involved in the formation of PAR structures (PAR-related genes), i.e., Tbx116,17, Six118, and Bmp415,17, was
evaluated during the normal development. Quantitative real time PCR (qRT-PCR) was performed as previously described5 (primers are listed
in Figure 1B). Transcripts of the three genes were detected in freshly isolated (3/4PAR-0 h) and in 48 h-cultured tissues (3/4PAR-48 h) (Figure
1C). Only Bmp4 expression levels were significantly decreased after 48 h of culture.
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To evaluate the role of Notch and Hh signaling pathways in the early-stages of thymus and parathyroid development, pharmacological inhibitors
were added to the culture medium during in vitro development. Inhibitor doses are described in Figueiredo et al.5 The expression levels of the
three genes analyzed were significantly reduced in the 3/4PAR grown in the presence of Notch inhibitor, when compared to control conditions
(without drug) (Figure 1D). Conversely, only Bmp4 transcripts were significantly reduced in the 48 h-cultured tissues when Hg signaling was
blocked (Figure 1E).

To study the late-stages of thymus and parathyroid gland organogenesis, cultured tissues were then grafted onto CAMs and allowed to further
develop for 10 days (see the experimental design in Figure 2A).
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Figure 2. Representative results obtained with the in ovo assay: morphological analysis of the grafts grown for 10 days in the
chorioallantoic membrane. Schematic representation of 48 h-cultured PAR grafted onto the CAM and developed for 10 days (A). Serial
sections of CAM-derived explants (B-I) slides stained with H&E (B, C, F, and G), immunodetected with QCPN (D and E) and anti-Pan CK (H
and I) antibodies, and counterstained with Gill's hematoxylin. Black arrow heads indicate strong immunostaining for QCPN (E) and Pan CK (I).
A transverse section of a chimeric thymus with lymphoid cells of host origin and quail-derived thymic epithelial cells with strong QCPN+ signals
(black arrowheads) (E). Strong Pan CK+ signals (black arrowheads) in the epithelia of the thymus and parathyroid glands (I). Images were
collected using imaging software and a microscope with a camera (see Table of Materials). Ca, cartilage; CAM, chorioallantoic membrane; Epi,
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epithelium; PAR, pharyngeal arch region; PT, parathyroid glands; SoM, smooth muscle; 10 d, ten days. Scale bars, 50 µm (B, D, F, and H) and
100 µm (C, E, G, and I). Please click here to view a larger version of this figure.

Morphological analysis of organs developing on CAM-derived explants was performed by conventional histology and immunohistochemistry
(Figure 2B-I), as previously described5. CAM-derived explants showed fully formed chimeric thymus (Figure 2B-E) with quail-derived (QCPN+)
thymic epithelium colonized by lymphoid progenitor cells of donor origin (chicken) (Figures 2D, E). Serial sections of CAM-derived explants
further processed for immunocytochemistry with anti-pan cytokeratin (anti-pan CK) antibody (an epithelial cell marker), showed thymic and
parathyroid epithelia with normal morphological features (Figure 2H, I). The thymic epithelial cells displayed a reticular architecture while
parathyroid parenchymal cells were globular, arranged in clusters and encircled by numerous capillaries. Additionally, other PAR-derived
structures from the respiratory apparatus could be observed in the grafts. Cartilage, respiratory epithelium, and smooth muscle associated to the
mucosa were easily distinguished in Figure 2B.

Discussion

A crucial aspect for the success of this method is the quality of both the chicken and quail eggs. Considering the long incubation periods,
particularly during the in ovo assay, a good quality of chicken eggs improves viability rates (up to 90%) by the end of the procedure. To achieve
this, test eggs from different suppliers. Incubate unmanipulated eggs for long periods (up to 16-17 days) and check their development. To be
considered a good quality batch, more than 80% of the embryos should present normal development. It is also important to ensure that each
incubation step provides reproducible synchronous developmental stages to guarantee reliable and truly representative results at the end. Due
to egg shell porosity, maintain a humidified atmosphere in the incubator for all egg incubation steps. To avoid environmental contamination,
antibiotics can be added to the PBS solutions in the procedure (optional step).

This method starts by isolating quail organ rudiments and growing them in an organotypic system for 48 h. This first-step, already used to study
thymus and parathyroid early-development5, can also be applied to other organs if the assay limitations are taken into account. Small explants of
organ rudiments (less than 3 mm) and short periods of in vitro incubation (up to 48 h) are advised to prevent inefficient diffusion of nutrients and
drying of the tissues, which usually occurs when explants reach larger dimensions.

This method also allows the modulation of signaling pathways, which bypasses complex genetic manipulation by the use of soluble reagents,
such as pharmacological inhibitors5,7. For this procedure, increasing doses of the drug should be tested to identify the physiological/toxic culture
conditions. The inhibitory actions can be measured by gene expression analysis of the signaling pathway target-genes.

In step-two of this procedure, cultured tissues are grafted onto the CAM to study the late-stages of organ formation. The CAM assay has
been used in other contexts of organogenesis like skeletal development and feather formation by direct grafting of the organ rudiments onto
CAM9,10,11. Additionally, CAM engraftment was also successfully applied in mice-into-chicken xenografts to study testes maturation19. Although
the CAM assay is a powerful research tool to study late-stages of organ formation, it is important to be aware of its limitations.One of the most
critical steps of the protocol is the CAM preparation for grafting. It is important to target only the smaller vessels for vascular lesions. However,
if only a few of those are lesioned, the subsequent angiogenic response may not be sufficient to promote invasion of grafted tissues by new
vessels originating from the CAM. Consequently, the transplanted tissues will not have enough nutrients or gas exchanges to sustain growth. On
the other hand, if the integrity of large vessels is compromised when preparing the wounded area, the embryo has to be discarded.

An important limitation of in ovo development using the CAM is the anatomical displacement of formed organs, due to three-dimensional
constraint of growing explants. This often results in the incomplete separation of thymus and parathyroid glands (Figure 2F-I), and in inadequate
thymic segmentation, with reduction of the normal number of organs formed5.

Another constraint of the CAM system may be a sub-optimal accessibility of pharmacological reagents5, even with daily drug administration,
thus limiting the analysis of explant late-stage development. As an example, previous studies showed that cyclopamine successfully inhibit Hh
signaling in ovo, while Notch signaling inhibitor, Ly411575, showed no inhibitory properties in ovo5.

Beyond these limitations, this method provides important experimental approaches to investigate the early- and late-stages of organ formation
using the avian model. In addition, developing tissues can be manipulated and harvested at any time-window of the in vitro and in ovo
development making the method also suitable for longitudinal studies in organogenesis.
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