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Embryonic limb bud-derived micromass cultures are valuable tools for inves-
tigating cartilage development, tissue engineering, and therapeutic strategies
for cartilage-related disorders. This collection of fine-tuned protocols used in
our laboratories outlines step-by-step procedures for the isolation, expansion,
and differentiation of primary mouse limb bud cells into chondrogenic micro-
mass cultures. Key aspects covered in these protocols include synchronized
fertilization of mice (Basic Protocol 1), tissue dissection, cell isolation, micro-
mass formation, and culture optimization parameters, such as cell density and
medium composition (Basic Protocol 2). We describe techniques for character-
izing the chondrogenic differentiation process by histological analysis (Basic
Protocol 3). The protocols also address common challenges encountered dur-
ing the process and provide troubleshooting strategies. This fine-tuned com-
prehensive protocol serves as a valuable resource for scientists working in the
fields of developmental biology, cartilage tissue engineering, and regenerative
medicine, offering an updated methodology for the study of efficient chondro-
genic differentiation and cartilage tissue regeneration. © 2024 The Authors.
Current Protocols published by Wiley Periodicals LLC.
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Basic Protocol 3: Qualitative assessment of cartilage matrix production using
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INTRODUCTION

Hyaline articular cartilage is a highly specialized connective tissue found in most di-
arthrodial joints. It covers the ends of bones in these joints, providing a smooth surface
that allows for frictionless movement. Cartilage is made up of sparsely distributed chon-
drocytes (∼5% by volume), which maintain the abundant cartilage extracellular matrix
(ECM) in which they are embedded. This ECM is composed of collagen fibers (mainly
type II collagen), proteoglycans, and structural water. Collagen provides the cartilage
with tensile strength, while proteoglycans, particularly aggrecan, trap water molecules,
imparting compressive resistance to the tissue (Sophia Fox et al., 2009). The unique com-
position of hyaline articular cartilage enables it to absorb and distribute mechanical forces
during locomotion, protecting the underlying bones from damage (Jahr et al., 2015). Un-
like the other connective tissue types, cartilage is avascular, and chondrocytes receive
oxygen and nutrients primarily by diffusion. Hyaline articular cartilage is lubricated by
synovial fluid, which further reduces friction and ensures smooth movement in joints and
provides chondrocytes with nutrients and oxygen.

Mature chondrocytes become practically postmitotic, hence the probability of cell re-
newal is minimal in adult articular cartilage (Chen et al., 1995). Chondrocytes maintain
the cartilage tissue by continuously producing and maintaining the ECM at a very low
rate (Richardson et al., 2016). Due to its unique cellular and matrix constitution, hyaline
articular cartilage has limited regenerative abilities in adults. Injuries or damage to the
cartilage are difficult to heal naturally because of the lack of blood vessels, as well as the
low metabolic activity and postmitotic nature of chondrocytes.

Articular cartilage forms during early fetal life (Cancedda et al., 2000), which makes it
particularly challenging to study in vivo. During embryonic development, hyaline carti-
lage is formed from mesenchymal cells through a process called chondrogenesis. During
this process, mesenchymal cells condense and differentiate into chondroblasts, which se-
crete the cartilage ECM (Fig. 1). As chondroblasts become enclosed in lacunae within the
developing ECM, they mature into chondrocytes. Chondrogenesis is a tightly regulated
process involving various signaling molecules and transcription factors that orchestrate
the differentiation and maturation of chondrocytes, ensuring the proper formation and
growth of cartilage during embryonic development (Richardson et al., 2016). A better
understanding of the molecular mechanisms that control the differentiation of hyaline
cartilage in the limb mesenchyme during embryonic life may help us develop more effi-
cient regenerative approaches and enhance the healing response of articular cartilage.

The micromass culture model is a widely used in vitro technique in chondrogene-
sis research, allowing the study of the formation and differentiation of cartilage under

Figure 1 Schematic illustration of the main steps of chondrogenic differentiation in the mouse
embryonic limb bud-derived micromass cultures. See details in text.
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controlled laboratory conditions. This model provides a three-dimensional environment
that mimics the natural conditions of chondrogenesis more closely than traditional two-
dimensional cell culture. The high density micromass cell culture model established from
limb buds of chicken or mouse embryos is widely used to recapitulate embryonic chon-
drogenesis (Ahrens et al., 1977; Takacs, Vago, et al., 2023; Takacs et al., 2013). The iso-
lated chondroprogenitor cells are mixed with a small volume of culture medium, forming
droplets (micromasses) typically ranging from 10 to 100 μl in size. These droplets are
placed in the center of laboratory plasticware (Petri dishes or culture wells), allowing the
cells to adhere and form a three-dimensional structure. The cells within the micromasses
proliferate and differentiate into chondroblasts, which start producing cartilage-specific
ECM, including collagen type II and proteoglycans. The cells organize themselves into
multiple nodules within the micromass, forming a structure that resembles early cartilage
(Takacs, Juhasz, et al., 2023; Takacs, Vago, et al., 2023). The chondrogenic micromasses
can be analyzed at various time points to assess the progression of chondrogenesis and
to evaluate the quality and quantity of cartilage-specific matrix components using tech-
niques, e.g., histological staining, immunohistochemistry, gene expression analysis, and
biochemical assays (Takacs, Juhasz, et al., 2023).

The micromass culture model provides a controlled and physiologically relevant platform
for investigating the molecular background of chondrogenesis, making it an essential tool
in both basic research and regenerative medicine applications related to cartilage tissue
engineering and repair. We have previously published a detailed protocol for culturing
limb bud mesenchymal cells from chick embryos (Takacs, Juhasz, et al., 2023). Here, we
describe a method for the synchronized fertilization of mice (Basic Protocol 1). Then, we
outline a protocol for establishing micromass cultures of limb bud-derived chondrogenic
progenitor cells obtained from early-stage mouse embryos refined in our laboratories
(Basic Protocol 2). Lastly, we provide a refined approach on the qualitative and quanti-
tative assessment of chondrogenic differentiation and cartilage matrix production using
Alcian blue staining (Basic Protocol 3).

STRATEGIC PLANNING

The following should be considered:

Αn Animal Research License is required before implementing the experiments
described below. Depending on your country/region, you may need to obtain
personal license(s) and a project license. Please make sure that the relevant
authorities issue the required licenses before carrying out the experiments.

Consider the full timeline of the experiment (Fig. 2). Note that a single experiment
from start (i.e., conception) to finish (i.e., 10-day-old micromass cultures) takes
23 days to complete. Carefully plan the time of setting up mating pairs of mice
so that none of the “critical” or laborious days falls on a weekend.

A typical experiment requires at least 20 embryos, which should be at the same
developmental stage (E11.5). We therefore recommend choosing mouse strains
with a reputation of good mating and high fertility rates (e.g., NMRI or Black-6)
unless it is necessary to work with special strains (in case of knock-out,
recombinant, or transgenic models).

Instead of experimenting with setting up timed fertilization of mice in your
laboratory setting, it is recommended that pregnant mice are ordered from
certain vendors (e.g., the Jackson Laboratory, or Charles River Laboratories).
They provide properly staged pregnant mice with precise timing requested by
the customer.

If you are keen on setting up the synchronized fertilization protocol (Basic Protocol
1) in your laboratory, an appropriate number of young female (6 to 9 weeks) and
male mice are needed (see below). Please note that young mice should be at
least two months of age before they are suitable for the experiment. Vágó et al.
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Figure 2 (A) Suggested timeline of micromass culturing of chondroprogenitor cells derived from
developing limb buds of early (E11.5) mouse embryos, starting from fertilization of female mice
(experimental day 1) until 10-day-old micromasses are harvested for downstream analyses (ex-
perimental day 23). Days indicated are for convenience of research staff (i.e., days that require
lengthy hands-on activities are not on a weekend). (B) Detailed timeline of setting up and plating
micromass cultures. See details in text.

It may be useful to synchronize the estrus cycle of female mice, which provides
higher fertility rates and thus higher yield of embryos. This can be achieved by
exposing females to male urine to initiate the estrus cycle, which is favorable for
timed mating (Hurst et al., 2005).

In addition to exposing female mice to male urine or soiled bedding to synchronize
the estrus cycle and gaining enhanced fertilization rate, other methods include
the use of pregnant mare serum gonadotropin (PMSG) or human chorionic
gonadotropin (hCG). This is known as superovulation; a process that induces
female mice to release more eggs than normal, thereby increasing the chances of
obtaining a higher number of embryos.

Do not be surprised if the first two synchronization attempts do not work out as
expected and provide low fertility rates. It takes time to harmonize the cycles of
the female mice. Synchronization is more efficient if the temperature, humidity,
and light-dark cycle are properly set in the breeding room. To achieve a high
number of pregnant mice, a stress-free environment is needed after mating.
Avoid unnecessary cage changing and keep room temperature and feeding
habits constant. Otherwise, the implantation sites might become
compromised/absorbed.

We recommend spatially separating the experimental procedure. (1) Sacrifice the
mice and dissect the uteri in a prep room, and (2) continue the procedure by
retrieving the embryos and dissecting the limb buds in a laminar flow cabinet in
the cell culture facility.

To save time, before retrieving the embryos from the uteri, we recommend
preparing the equipment and solutions.

Depending on the experimental plan (and the number of embryos to be processed),
at least two members of staff are required for the experiment (Basic Protocol 2).
One person is tasked with sacrificing the mice and retrieving the embryos while
the other person dissects the limb buds under a stereomicroscope. In case a highVágó et al.
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number of embryos need to be processed (e.g., over ∼30), involvement of three
members of staff is recommended.

The appropriate method for sacrificing the mice depends on local guidelines. As
described, we use cervical dislocation.

After the animal has been sacrificed, make sure to retrieve the embryos quickly
because blood accumulates within the uterine horns as time passes, making it
difficult to get rid of blood during limb bud harvesting. It is recommended to
sacrifice the mice sequentially rather than all at once.

NOTE: This protocol relies on sacrificing adult mice. Please proceed using this protocol
only if alternative protocols, such as cell line-based or chicken embryo-based methods
(Takacs, Juhasz, et al., 2023), are unsuitable. When using this protocol, please make
sure that the experimental plans are robust and will provide meaningful results that are
reported in line with the ARRIVE guidelines (see Internet Resources). Please make sure
that measures are taken to minimize any suffering of the animals where appropriate (see
Internet Resources). All protocols involving animals must be reviewed and approved by
the appropriate Animal Care and Use Committee and must follow regulations for the care
and use of laboratory animals.

BASIC
PROTOCOL 1

SYNCHRONIZED FERTILIZATION OF MICE

Certain research projects require mouse embryos at a given differentiation stage. For
these experiments, it is important to know the exact time of the conception, which can be
accomplished by the synchronized fertilization of female mice. This means that one male
mouse is placed with female mice for one night in a cage, and the next morning females
are checked for the presence of the vaginal plug, which is a sign of sexual interaction be-
tween the male and the female. The day when male mice are separated from the females
is considered as gestational day E0.5 (DeLise et al., 2000). This is sometimes referred to
as 0.5 days post coitum (0.5 dpc). However, mouse embryos can be staged according to a
variety of criteria, the most general of which are those described by Karl Theiler (1989).
It may be worthwhile to familiarize oneself with the e-Mouse Atlas Project (EMA) (see
Internet Resources). EMA is a detailed model of the developing mouse. It provides in-
formation regarding the shape, gross anatomy, and histology of mouse embryos (Armit
et al., 2015).

Materials

Mice (see Strategic Planning)

Personal protective equipment (PPE), including nitrile gloves
Permanent marker pen (Edding 751 paint marker, or similar)

1. Thirteen days before the planned date of micromass cell culturing, divide female mice
into groups: each cage should contain up to 4 females.

It is favorable to use mice between 2 and 4 months of age. The younger the mouse, the
easier it is to achieve a successful mating rate with a high number of pregnant females and
a high number of embryos.

2. On the same day, at ∼3 to 5 pm, place one male mouse into each cage containing up
to 4 female mice. This is considered experimental day 1. Mating of the mice happens
overnight.

Choose a day that fits best with the timelines of the planned experiments. For chondrogenic
micromass studies, Thursday is usually the best day (see Fig. 2).

It is strongly advised that the mating happens during the night when mice are most active.

Vágó et al.
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Figure 3 The plug, which fills the female vagina and persists for up to 24 hr after successful
breeding, is made of coagulated secretions from the male genital glands. To see the plug, lift the
female by the base of her tail and examine the vaginal opening (indicated by yellow circles) for a
whitish mass. (A) Plug negative female mouse. (B) Plug positive female mouse.

3. On the next day, between ∼7 and 9 am, separate the male mice from the female mice
and replace them into their own cages. After removing the male mice, check female
mice for the presence of the copulatory or vaginal plug one by one. If the plug is
visible, mark those animals for plug positivity (Fig. 3).

During the process of checking for the vaginal plug, lift the tail of the female mouse, and
examine the vaginal opening for a whitish coagulation that appears as a cap at the area
of the vulva. The coagulation is made up of secreted substances from the male vesicular
glands during the mating. The vaginal plug is visible for 8 to 24 hr after the copulation
occurs.

There are different ways to indicate the plug positivity: females can be marked on their
tails with a permanent marker (recommended) or clipped at their ears or toes.

For chondrogenic micromass studies, this step usually occurs on Friday mornings (see
Fig. 2).

The day when mating is over and male mice are separated from females is considered day
0.5 of gestation/embryonic differentiation.

The presence of vaginal plug does not mean the certainty (only a high probability) of
pregnancy.

4. On gestational day 11.5 (experimental day 13), check marked females for signs of
pregnancy (e.g., increased volume of the abdominal region, swollen breasts) before
starting the cell culturing procedure (Basic Protocol 2). According to our suggested
timeline, this is a Tuesday.

BASIC
PROTOCOL 2

MICROMASS CULTURE OF MURINE EMBRYONIC LIMB BUD-DERIVED
CELLS

In vitro hyaline cartilage formation is often studied using chondrifying micromass
cultures established from chondroprogenitor cells derived from embryonic limb buds.
Ahrens et al. (1977) were the first to describe this widely used and reliable experimen-
tal method that relies on limb buds of early-stage chicken embryos. Chondroprogenitor
cells can also be harvested from the distal parts of the anterior and posterior limb buds ofVágó et al.
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early-stage (E11.5) mouse embryos (Umansky, 1966). After dissociating the limb buds
in trypsin, the density of the cell suspension is diluted to 1.0 × 107 to establish the chon-
drifying micromass cultures. These cell cultures go through a specific sequence of chon-
drogenic differentiation: on the first 3 days, cells proliferate intensively, then differentiate
into chondroblasts; by the sixth day in culture, a well-detectable hyaline cartilage-specific
ECM is formed (DeLise et al., 2000).

Materials

96% ethanol, diluted to 70% (v/v) (VWR, cat. no. EM1.59010.2500)
Calcium and magnesium-free phosphate-buffered saline (CMF-PBS) (see recipe)
Gentamycin solution (Sigma-Aldrich, cat. no. G1397), or equivalent
Trypsin-EDTA solution (see recipe)
Fetal bovine serum (FBS), qualified (Thermo Fisher Scientific, cat. no. 26140079)
Dulbecco’s Modified Eagle Medium (DMEM) (Capricorn Scientific, cat. no.

DMEM-HA), or equivalent
0.4% trypan blue solution (Sigma-Aldrich, cat. no. 93595)
L-glutamine (Euroclone, cat. no. ECB3000D)
5000 U/ml penicillin, 5 mg/ml streptomycin solution (Sigma-Aldrich, cat. no.

P4458), or equivalent

Personal protective equipment (PPE) including nitrile gloves
0.2-mm/115-mm micro forceps, curved (SUBAN Instruments, cat. no. PC-855-11)
0.2-mm/110-mm micro forceps, straight (SUBAN Instruments, cat. no. PC-858-11)
105-mm fine surgical scissors, straight (SUBAN instruments, cat. no. PB-088-10)
130-mm operating scissors, straight (SUBAN instruments, cat. no. PB-020-13)
130-mm dressing forceps, standard (SUBAN instruments, cat. no. PC-010-13)
10-mm soda lime glass Petri culture dishes, Pyrex Vista (Thermo Fisher Scientific,

cat. no. 07-770-214)
Digital water bath, Daihan Scientific, LWB-111D, or equivalent
Stereomicroscope, Leica S6 E LED 2500 (Leica Microsystems), or equivalent
Laminar flow cabinet, FlowFAST H (Faster S.R.L), or equivalent
Plastic bag
Crystallizing dishes, Pyrex (Merck, cat. no. SLW1470/02D)
Pipettes and appropriate pipette tips (5-ml, 1000-μl, 200-μl, and 10-μl)
30-ml weighing bottle, Duran (Thermo Fisher Scientific, cat. no. 11740944)
Incubator, BINDER model BD 23, or equivalent
50-ml centrifuge tubes (Corning, cat. no. 430290)
Benchtop centrifuge, Eppendorf 5804/5804 R, or equivalent
Steriflip, 20-μm nylon net filter (Merck, cat. no. SCNY00020)
50-ml Steriflip centrifuge tube (Millipore, cat. no. SCNY00020)
Luna automated cell counter (Logos Biosystems), or equivalent
35-mm cell culture Petri dishes (Eppendorf, cat. no. 0030700112) and/or 24-well

cell culture plate (Eppendorf, cat. no. 0030722116)

1. Twelve days following the overnight mating of mice, on gestational day 11.5, bring
female mice indicated to be pregnant to the laboratory (Fig. 2).

2. Sacrifice female mice by cervical dislocation, in accordance with the local ethical
regulations and guidelines.

Our procedure is licensed by the University of Debrecen Committee of Animal Research
(Permission No. 2/2018/DE MÁB).

After the cervical dislocation, embryos must be removed from the adult mouse and pro-
cessed as soon as possible to avoid damage to and death of the embryos and the de-
sired cells. Therefore, do not sacrifice all the female mice at the same time; sacrifice the Vágó et al.
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Figure 4 Main steps of establishing micromass cultures from mouse embryonic limb buds (E11.5).
(A) The lower part of the abdomen and abdominal wall of a sacrificed female mouse is opened by
a Caesarean section, and the uterus containing individual placental sites is lifted and spread out.
(B) Excised uterus horns containing embryos placed in a Petri dish. (C) Recommended setup for
dissecting the uterus and removing the limb buds of embryos. (D) The uterus has been cut between
individual implantation sites. (E) Retrieved E11.5 embryo. The umbilical vessels are connected to
the placenta (P), pink discoid area. Note the slightly pigmented retina. (F) An E11.5 embryo after
being rid of the fetal membranes. (G) Pooled limb buds ready for trypsin dissociation.

pregnant mice one by one, after completing the removal of the uterus from each previous
animal.

3. Place the sacrificed mouse on its back (dorsal side).

It is recommended to check whether the cervical dislocation was fully successful by pinch-
ing the feet. If the mouse moves its leg or twitches during the pinch, cervical dislocation
must be done once more.

4. Clean the abdominal (ventral) area by spraying 70% (v/v) ethanol on the intact
mouse.

5. Perform a Caesarean section to open the lower part of the abdomen and abdominal
wall, using sterile operating scissors and dressing forceps (Fig. 4A).

6. Remove the bicornuate uterus containing the embryos (Fig. 4A and 4B). Free the
uterus by cutting through the mesentery and other membranes attaching it to the
abdominal cavity and place the uterine horns, resembling beads on strings, into a
sterile glass Petri dish filled with ∼10 ml prewarmed (37°C) gentamycin-enriched
CMF-PBS (0.2 mg/ml).

Some of the embryos can be in a hidden position, covered by the intestines in the abdomen.
It is advised to fully search the area to find every embryo by moving the intestines to the
sides.

Between the removal of each uterine horn, it is advisable to place a lid onto the glass
Petri dish to reduce the risk of contamination.

The first 7 steps can be carried out on a bench in a prep room, but it is advisable to find
an area in the laboratory that is protected from drastic airflow. From step 8, however, it
is recommended to place the embryos, the stereomicroscopes, and microdissection tools
into a laminar flow cabinet in the cell culture facility to reduce the risk of contamination.

Vágó et al.
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Figure 5 (A) Sacrificed female mouse with an empty uterus (no embryos). (B) Mouse embryo
of inappropriate age (E15) unsuitable for micromass culturing (fingers and toes are separate; see
insert indicated by yellow frame).

After collecting the uteri, the carcasses of the female mice must be placed into a plastic
bag and disposed of according to the local ethical rules.

7. Place the Petri dishes containing the isolated uteri under stereomicroscopes placed
in a laminar hood (Fig. 4B and 4C).

8. Cut open the uteri in the following, specific way: between the bead-like individual
implantation sites (containing the embryo), there is a visibly narrower area that will
indicate the sites for the cuts (Fig. 4D, arrows).

9. After cutting the uterus into individual pieces, gently retrieve the embryos from the
placental membranes and remove the yolk sac.

If you make an incision on the anti-mesometrial side of the individual bead-like implan-
tation sites, the embryos (usually together with the yolk sac) will pop out from the uterine
lumen.

10. Transfer the retrieved embryos into a new sterile glass Petri dish filled with ∼10 ml
gentamycin-supplemented CMF-PBS (Fig. 4E).

This is a wash step; at this stage, the original Petri dish containing the remnants of the
uterus becomes too turbid to work with.

Embryos should be at E11.5 differentiation stage. Chondrogenesis has not yet commenced
in the limb buds at this stage. Limb buds are round and appear homogeneous; future digits
are not visible yet (Fig. 4F). See more details in Critical Parameters (Fig. 5).

11. Remove the distal parts of all four limb buds from each embryo using a stere-
omicroscope, and a pair of straight and a pair of curved microdissection forceps.
Pool isolated limb buds in a crystallizing dish containing ∼5 ml prewarmed (37°C)
gentamycin-supplemented CMF-PBS (Fig. 4G).

The curved pair of forceps is held in the dominant hand and is used to isolate the limb
buds from the embryo; the straight pair of forceps is held in the less dexterous hand and
used to hold the embryo while removing the limb buds. Embryos must be turned over to
collect all four limb buds, which may be a difficult task for unexperienced personnel.

This step is the most time sensitive step, as the viability of the cells in the embryos is
gradually lost ex utero. This step of the protocol must be completed in 60 min. Plan-
ning is recommended, and it is strongly advised to have at least two experienced per-
sonnel working simultaneously to achieve a desirable pace, depending on the number of
embryos. Only isolate the distal parts of limb buds (the developmental stage and cellular

Vágó et al.
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composition of more proximal portions is not ideal for the establishment of chondrifying
micromass cultures).

12. After removing and pooling the limb buds from every isolated embryo, undesired
tissue pieces and debris (e.g., epithelial membranes, improper portions of the em-
bryo) should be removed from the crystallizing dish.

13. Carefully aspirate the CMF-PBS from the dish and pipette the limb buds to 2 to
8 ml trypsin-EDTA solution preincubated at 37°C in a 30-ml weighing bottle with
a glass lid. Incubate for 30 min at 37°C in a CO2 incubator.

Digestion must not be longer than 30 min. Cells might still look intact, but excessive
digestion will alter cell integrity and cause cell death.

The amount of trypsin-EDTA depends on the number of embryos used for limb bud col-
lection. For 10 to 15 embryos, at least 2 ml is needed; ∼8 ml is used when there are at
least 40 to 50 embryos.

You may want to gently pipet the solution using a 5 ml pipet to facilitate the dissociation
of the limb buds.

14. At the end of the digestion, gently pipette the trypsin a few times using a 5-ml pipette
to dissociate the limb buds. The enzymatic dissociation is terminated by adding an
equal volume of fetal bovine serum (FBS). Mix the solution well, then transfer it to
a new 50-ml centrifuge tube.

Do not pipet up and down too harshly or more times than necessary to dissociate the limb
buds, as this will affect the viability of the cells.

15. Centrifuge the cell suspension 5 min at 150 × g, room temperature. Cells should
form a pellet at the bottom of the centrifuge tube.

16. Remove the supernatant carefully with a pipette or a vacuum aspirator. Resuspend
the cell pellet in high glucose (HG; 4.5 g/L) DMEM culture medium supplemented
with 10% FBS. For cells liberated from ∼80 limb buds (the expected yield of limb
buds from 20 embryos), add 2 ml culture medium.

Care must be taken not to aspirate the pelleted cells as the resulting pellet is quite loose.

17. Filter the cell suspension through a 20-μm nylon net filter.

This filtering step is needed to eliminate larger clumps of undissociated tissue and to
establish a single-cell suspension.

18. Centrifuge the solution 5 min at 150 × g, room temperature. Resuspend the cell
pellet in an appropriate volume of HG-DMEM culture medium supplemented with
10% FBS.

At this step, the volume of the culture medium depends on the number of embryos as
follows: for cells liberated from ∼40 limb buds (the expected yield of limb buds from 10
embryos), add 300 to 500 μl culture medium; for cells extracted from ∼160 limb buds
(the expected yield of limb buds from 40 to 50 embryos), add 2 ml culture medium.

It is recommended to add a low volume of the medium for resuspension. A high volume of
the medium for resuspension might result in over-dilution (cell density will not reach the
desired 1.0 × 107 cells/ml). In this case, the cell suspension must be centrifuged again
(5 min at 150 × g, room temperature).

19. Determine cell density with the help of an automated cell counter. Set the final vol-
ume by adding the calculated volume of DMEM medium to the cell suspension to
reach the final cell concentration of 1.0 × 107 cells/ml.

Vágó et al.
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For more accurate cell counting, it is advisable to set a 10× dilution. It is optional to use
trypan blue for examining the vitality of the isolated chondrogenic cells.

20. Plate the cells by inoculating droplets of the diluted cell suspension of appropriate
volume into 35-mm cell culturing dishes or 24-well plates. The volume of the droplet
varies from 30 to 100 μl, depending on the purpose of the experiment. Cells are
allowed to attach to the surface for 2 hr in a CO2 incubator (37°C, 5% CO2, 90%
humidity).

Resuspend the cell suspension a few times during the plating of the micromass cultures.
Droplets with inappropriate shape or air bubbles should be avoided during plating. Cell
culture plates/dishes containing the freshly inoculated droplets must be managed with
extreme care. Cultures may be disturbed if not handled properly, which may result in
altered chondrogenic differentiation of cells and morphology of cultures.

Due to ongoing proliferation (in particular, during the early period of culturing), higher
total inoculation volumes (i.e., more micromass cultures, rather than larger droplet size)
are needed for samples that are to be harvested on early culture days, with a gradual
decrease towards later time points. As concentration gradients of soluble factors play a
cardinal role in chondrogenesis of micromasses, we strongly recommend using identical
droplet sizes throughout different experimental groups within assays. In essence, a higher
number of, but not larger, micromass cultures are needed for groups harvested at early
culturing stages.

21. After the 2-hr incubation time (when the cells have adhered to the surface of the
culture dish), flood the cultures with medium [HG-DMEM supplemented with 10%
FBS, 0.5 mM L-glutamine (if needed), and 1% penicillin/streptomycin solution].
Replace the culture medium on every second day during the full length of the
experiments.

Add fresh medium to the newly plated micromass cultures carefully. Cells can be washed
off the surface of the plate/Petri dish if the medium is added too harshly, which will affect
the in vitro chondrogenic differentiation.

The following volumes are recommended: add 1.5 ml medium per 35-mm Petri dish; or
1 ml medium/well for a 24-well plate.

The day of inoculation is considered day 0 of culturing; the 1st day of culturing is the
day after establishing the micromass cultures. Cultures examined on day 0 should be
harvested a few additional hours after plating.

BASIC
PROTOCOL 3

QUALITATIVE ASSESSMENT OF CARTILAGE MATRIX PRODUCTION
USING ALCIAN BLUE STAINING

Cartilage-specific extracellular matrix (ECM), produced by chondroblasts and mature
chondrocytes, can be detected and visualized by qualitative staining procedures, such
as Alcian blue staining. This cationic dye selectively binds to the negatively charged
sulfated components of the ECM, e.g., glycosaminoglycans (GAGs) and proteoglycans
(PGs), when applied low pH. The stained tissue components can be observed with a light
blue color (Green & Pastewka, 1974; Scott & Dorling, 1965).

Materials

PBS tablets (Thermo Fisher Scientific Inc., cat. no. 003002), or equivalent
Kahle’s fixative (see recipe)
1% (w/v) Alcian blue 8GX solution (see recipe)

NOTE: Each step is carried out in a 24-well plate at room temperature. Add ∼500 μl of
solution per well at each step with the help of plastic Pasteur pipettes. When removing
the solvents, using a vacuum aspirator is optional.

Vágó et al.
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Figure 6 Detailed microscopic cell culture morphology between culture days 1 and 10. Photomi-
crographs were taken using a Leica phase contrast microscope; original magnification was 4× (A)
and 10× (B). Scale bar: 500 μm (A) and 200 μm (B). Native micromass cultures on day 1 seem
rather homogeneous, and condensation and nodule (N) formation has not commenced. The for-
mation of chondrogenic nodules (N) starts around culture days 2 and 3. Nodules are prominent
by culture day 6 and enlarge (almost coalesce) by culture day 10. Nodules are surrounded by
internodular (IN) areas where the cell density is lower. Abbreviations: N, nodule; IN, internodular
area.

1. Wash micromass cultures from Basic Protocol 2, step 20 (established from 30-μl
droplets and cultured on 12-mm cover glasses in a 24-well plate for various days)
two times in 1× PBS.

2. Fix samples in Kahle’s fixative for 10 min.

3. Wash samples 3 times with 1× PBS (5 min each).

4. Add 500 μl of 1% (w/v) Alcian blue 8GX solution per well. Stain the samples by
keeping them in a dark place overnight at room temperature.

5. On the next day, remove the excess dye from the wells and rinse samples 3 times in
1× PBS.

6. Do not remove the last round of PBS from the samples. Take pictures of the stained
cultures while they soak in PBS (see Figs. 6 and 7).

REAGENTS AND SOLUTIONS

Alcian blue 8GX solution, 1% (w/v)

100 ml of 0.1 N HCl (Current Protocols, 2006)
1 g Alcian blue 8GX (Sigma-Aldrich, cat no. A5268-25MG)
Store in dark bottles up to 1 year at room temperature

CMF-PBS, 10×
80 g NaCl
3 g KCl
1.84 g Na2HPO4·12H2O
0.2 g KH2PO4

20 g D(+)-glucose monohydrate (VWR Chemicals, cat. no. 24369.290)
Bring volume to 1000 ml with deionized H2O
Adjust pH to 7.6 using HCl or NaOH
Sterilize using a 0.2-micron filter in a laminar flow hood
Store up to 3 months at 4°CVágó et al.
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Figure 7 Detailed microscopic cell culture morphology between culture days 1 and 10 following
Alcian blue staining as described in Basic Protocol 3. Photomicrographs were taken using a Leica
phase contrast microscope; original magnification was 4× (A) and 10× (B). Scale bar: 500 μm
(A) and 200 μm (B). 1-day-old micromass cultures do not show Alcian blue positivity. Alcian blue
positive matrix areas appear first in day 3 cultures, which corresponds to chondrogenic nodule (N)
formation. The internodular (IN) areas are Alcian blue negative. Alcian blue positive chondrogenic
nodules are prominent by culture day 6 and become larger by culture day 10. Abbreviations: N,
nodule; IN, internodular area.

Kahle’s fixative

28.9% (v/v) ethanol (Sigma-Aldrich, cat. no. 1.00983)
3.9% (v/v) acetic acid (Merck, cat. no. 1.00063)
0.37% (v/v) formaldehyde (Sigma-Aldrich, cat. no. F1635-500ML)
Store up to 1 year at room temperature

Trypsin-EDTA solution

0.75 g trypsin from porcine pancreas (Sigma-Aldrich, cat. no. T6567), or equivalent
0.3 g EDTA (VWR, cat. no. 20301.290)
300 ml of 1× CMF-PBS (see recipe)
Sterilize using a 0.2-micron filter before use
Store in 30 ml aliquots up to 3 months at −20°C

COMMENTARY

Background Information
The micromass culture technique, par-

ticularly using mouse limb bud cells, is an
extensively applied in vitro model in de-
velopmental biology, providing significant
insights into the processes of chondrogenesis
and cartilage development. Several studies
have contributed to our understanding of this
complex process, each exploring different
aspects of cell differentiation and the factors
influencing it. The fact that murine mesenchy-
mal cells from 11-day embryonic limb buds
are intrinsically capable of differentiating
into connective tissue cell types including
chondrocytes has been known for half a
century (Umansky, 1966). More recently,
Takashi et al. demonstrated the induction of
cartilage from mouse mesenchymal stem cells
in high-density micromass culture (Iezaki

et al., 2019). This method involves isolating
mesenchymal cells from mouse limb buds,
followed by culturing at high densities, which
is crucial for chondrogenesis initiation. Limb
buds from embryonic mice are routinely dis-
sected and digested with enzymes to generate
a single-cell suspension, and the cells are
then seeded at high density. This protocol
underlines the simplicity and effectiveness
of the micromass culture method in induc-
ing cartilage formation without the need for
specialized equipment or complex reagents.

Further advancing this technique, a study
on modeling appendicular skeletal cartilage
development employed a modified, miniatur-
ized micromass culture model using human
bone marrow-derived mesenchymal progen-
itor cells (hBM-MPCs) (Pirosa et al., 2019).
This approach incorporated a methacrylated Vágó et al.
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gelatin overlay, enhancing the system’s
capacity for moderate throughput and high-
content analysis of chondrogenesis. The study
revealed robust chondrogenesis, as indicated
by increased Alcian blue staining and the
production of collagen type II and aggrecan,
along with stage-specific chondrogenic gene
expression. Stott and Chuong (1997) and oth-
ers have shown that both chondro-induction
and cell proliferation are responsible for the
growth of cartilage nodules in mouse limb bud
cultures and understanding these mechanisms
is crucial for comprehending the intricacies
of cartilage development and growth . Pri-
mary murine limb bud mesenchymal cells in
long-term culture can complete chondrocyte
differentiation. Studies have shown that fac-
tors like TGF-β can delay hypertrophy and
PGE2 can inhibit terminal differentiation, in-
dicating the complex interplay of biochemical
factors in chondrogenesis (Clark et al., 2009;
Wang et al., 2014).

Mouse micromass cultures offer a range of
advantages in various research fields. One of
the primary benefits is their ability to closely
mimic in vivo developmental processes, espe-
cially chondrogenesis, making them an ideal
model for studying cell differentiation and
development (Akiyama et al., 2002). This
model provides a highly controlled environ-
ment where researchers can manipulate and
precisely monitor experimental conditions, in-
cluding cell density and the biochemical mi-
lieu (Voskamp et al., 2020; Yamashita et al.,
2009). Such control is crucial for dissect-
ing the specific factors and pathways influ-
encing cell development. The versatility of
mouse micromass cultures extends across sev-
eral research fields, including developmental
biology, toxicology, and pharmacology (Gen-
schow et al., 2002). They are particularly valu-
able for assessing the impact of substances
on embryonic development and for evaluat-
ing the safety and efficacy of new pharma-
ceutical compounds (Parsons et al., 1990). An
added benefit of these cultures is the capacity
for real-time observation of cellular processes,
allowing researchers to track the progression
from stem cells to fully differentiated chon-
drocytes (Takacs, Vago, et al., 2023). Genetic
studies also benefit greatly from mouse mi-
cromass cultures. They provide a platform for
manipulating genes to understand their roles
in developmental processes. This manipula-
tion can reveal the impact of specific genes on
the development and differentiation of cells,
particularly in the context of chondrogenesis
(Liang et al., 2022; Takacs, Vago, et al., 2023).

The application of mouse micromass cultures
extends to tissue engineering and regenerative
medicine. They offer a testing ground for new
tissue regeneration methods, including those
aimed at cartilage repair, which remains a sig-
nificant challenge in the field of orthopedics.

Critical Parameters and
Troubleshooting

There are several critical factors that
influence the protocol and to which special at-
tention should be paid during the procedures.
These are listed below. We also provide a trou-
bleshooting guide for the mating and fertiliza-
tion of mice, micromass culturing, and subse-
quent analysis of ECM production (Table 1).

Carefully consider the number of fertilized
female mice necessary for the experiment.
An abundance of factors has an influence on
the pregnancy rate [including the amount and
rhythmicity of light (Nakamura et al., 2023),
room temperature (Kolbe et al., 2022), the
number of mice in not just their cage, but also
in the entire room (Svenson & Paigen, 2019),
etc.]. With our recommendations above, this
rate can be maximized; however, a small
proportion of female mice will usually be
pseudo-pregnant. Furthermore, another low
proportion of embryos will likely not be in the
appropriate developmental stage.

For more information on the success-
ful breeding of laboratory mice, please see
“Handbook on Genetically Standardized Mice
– A Jackson Laboratory Resource Manual”
(see Internet Resources).

As described in the Strategic Planning sec-
tion, we recommend synchronizing the es-
trous cycle of female mice either by applying
male urine or inducing superovulation with
PMSG. If the number of embryos is still low,
it might be worthwhile to switch to another
strain (NMRI or Black-6) or to refresh the cur-
rent mouse population.

It may happen that there are embryos in dif-
ferent developmental stages within the uter-
ine horns because mouse mating was repeated
2 or 3 days after the previous attempt based
on the lack of plug positive females. During
embryo retrieval, the out-of-stage (too small
or too large, see Fig. 5) embryos must be re-
jected because these are unsuitable for gener-
ating chondrifying micromass cultures.

When sacrificing mice, for instance during
cervical dislocation, great care must be taken
to be quick in order to reduce suffering (see In-
ternet Resources), and to not injure the gravid
uterus as intrauterine bleeding decreases the
chances of obtaining a high number of viable

Vágó et al.
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Table 1 Troubleshooting Guide for Mating and Fertilization of Mice, Micromass Culturing, and Subsequent Analysis of
ECM Production

Problem Possible cause Solution

Low number of
plug-positive female
mice

Plug is missing Plugs are absorbed, translucent or positioned
deeper in the vaginal canal

Females are not in the same estrous cycle Continue synchronization; generally, it takes 2
consecutive mating dates to enhance the
synchronization of the female estrous cycle
(Mader et al., 2009)

Males are exhausted, because of
consecutive, multiple previous matings;
alternatively, male mice are not young
enough, with reduced sexual activity

The same strained males were used for mating
with other females belonging to other
experimental groups; give them at least 3-
5 days of break for regeneration; refresh the
male mouse population

Lack of certain vitamins (vitamin E or
B6)

Revise the environmental conditions and diet,
and supplement food with vitamins if necessary
(Saito et al., 2020; Thiessen et al., 1975)

Disturbance during maintenance and
increased stress

Optimize environmental conditions; provide
stability during maintenance (stable room
temperature, silence in the rooms, minimize
handling)

Low embryo yield The fertility of the mice is low Refresh the mouse population

Females lack certain vitamins Supplement the females’ diet with additional
vitamins (see above)

Stressful environment Optimize environmental conditions

Out-of-stage embryos Incorrect calculation for the experimental
settings

Check the planned experiment

Consecutive mating without keeping
proper intervals

Because of the lack of plug positivity, females
were housed with males within a short period of
time (3 days) again

Poor chondrogenic
differentiation

Embryos are out of developmental stage Adjust mating time and duration of pregnancy
so that embryos are in the correct stage (E11.5)

Inappropriate part(s) of embryos collected
(e.g., tail, heart, etc.), or contamination
with embryonic membranes

Make sure to remove inappropriate embryo
parts or pieces of membranes before trypsin
dissociation

Inappropriate size of limb buds collected
(contains proximal part as well)

Make sure to only remove the distal part of the
developing limb bud

Limb bud removal and collection step
took >60 min

Make sure that the process of limb bud removal
and collection does not take >60 min

Dissociation in trypsin took >30 min Make sure that the dissociation step does not
take >30 min; to facilitate dissociation,
resuspend the solution once or twice during
enzymatic dissociation

Partially adherent cells were washed
away during feeding

Let the culture medium run down the sides of
the well so as not to disturb the cells

Not all 4 limb buds have been removed
(low yield of chondrogenic cells)

Make sure to remove all 4 limb buds of the
embryos

(Continued)
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Table 1 Troubleshooting Guide for Mating and Fertilization of Mice, Micromass Culturing, and Subsequent Analysis of
ECM Production, continued

Problem Possible cause Solution

Inappropriate culture medium is used
(there might be minor but critical
differences between culture media made
by different suppliers)

Check and compare the contents of the culture
medium with the one applied in this protocol.

Cultures detach from
the surface of
plasticware/glassware,
or do not form stable
droplets

Glass coverslips were heat-sterilized
more than once

Make sure not to heat-sterilize the glass
coverslips more than once

Inappropriate plasticware (non-cell
culture treated)

Make sure to use cell culture-treated plasticware

Improper culture conditions Check the incubator settings (temperature,
humidity, CO2 levels, etc.) and the composition
of solutions (e.g., medium, etc.)

EDTA carry-over to the culture medium
from the dissociation step

Change the culture medium to fresh one

Bacterial/fungal
infection

Signs of bacterial infection of cultures
(yellow, turbid medium)

Sterilize the incubators and all the equipment
needed for the culturing

Abdomen of female mice not properly
decontaminated

Decontaminate the abdomen more thoroughly
by wiping them with ample 70% ethanol

Non-sterile equipment/solutions used Sterilize the equipment and filter sterilize the
solution(s)

Inappropriate use of PPE Wear appropriate PPE

Poor metachromatic
ECM production

Insufficient seeding density Make sure to adjust the cell density correctly
(to 1 × 107 cells/ml); apply trypan blue during
cell counting to check cell viability

Low or no L-ascorbic acid in medium Add 50 mg/L of L-ascorbic acid to the culture
medium

Improper/poor staining Cultures were kept in the fixative or in
wash solution for too long

Follow the protocol carefully

Incorrect pH of the staining solutions Adjust the pH of the solutions as recommended

Staining solution expired Prepare a fresh Alcian blue solution

Dark spots on cultures
after staining

Imperfectly dissolved clumps of dye
solution

Filter the stain solutions using a filter paper

cells, which is absolutely necessary for chon-
drogenesis in the plated cultures.

Limb buds must be harvested from the em-
bryos within a 60 min time frame, as the cells
within the isolated limb buds begin to lose
their vitality.

Inexperienced individuals should exclu-
sively undertake the removal and collection of
limb buds while being supervised. It is cru-
cial to focus solely on extracting the distal
portions of the developing limb buds, as ex-
tracting sections of the body wall along with
the limb bud mesenchyme can negatively im-
pact trypsin dissociation and potentially intro-
duce unsuitable cell populations into the mi-
cromass cultures. Verifying the pooled limb
buds for any lingering membranes and unde-

sirable “contaminants” (e.g., portions of the
tail, heart, or unidentifiable body parts, etc.) is
advisable.

Limit the trypsin digestion of the limb buds
to a maximum of 30 min, even if the limb
buds appear to be intact. Prolonged digestion
beyond this time frame will threaten the in-
tegrity of the cells, leading to cell death. If
chondrogenesis and cell viability are poor, it
may be worthwhile to decrease the digestion
time from 30 min to 20 min.

Achieving a “critical” cell mass is imper-
ative for advancing chondrogenic differentia-
tion and for the formation of the ECM. Hence,
it is crucial to carefully adjust the seeding den-
sity to the appropriate level, specifically at 1.0
× 107 cells/ml.

Vágó et al.
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During cell plating, prevent the presence of
air bubbles or irregularly shaped drops, as they
can disrupt the morphology of micromass cul-
tures and impede chondrogenesis.

Allow the cells to adhere to the surface of
plasticware/glassware for a duration of 2 hr.
When feeding the cells, gently introduce the
medium to the newly formed micromass cul-
tures. Allow the medium to flow down the
sides of the wells or Petri dishes to avoid
disturbing the cells. At this stage, cell at-
tachments are delicate, and introducing the
medium too rapidly may result in cell detach-
ment from the plate, leading to cell death and
negatively impacting chondrogenesis.

It is essential to use cell culture-treated
plasticware to ensure proper adhesion of the
micromasses. Based on our observations, tis-
sue culture plasticware from brands, e.g.,
Nunc, Eppendorf, Thermo, and Greiner, in-
cluding 6- and 24-well tissue culture plates, as
well as 35-mm Petri dishes, have shown the
most favorable results for optimal adhesion of
these micromass cultures.

Understanding Results
Cartilage formation (chondrogenesis)

spontaneously occurs in mouse embryonic
limb bud-derived micromass cultures in a
manner similar to that seen in the limbs of
an intact embryo (Jiang et al., 1995). Chon-
drogenesis in the model described above is
characterized by the following stages: day
of seeding (culture day 0), proliferation and
nodule formation (culture days 1 and 2),
chondrogenic differentiation (culture days 3
and 4), ECM production (starting from culture
day 3). After approximately culture day 10,
hypertrophic chondrocytes appear within the
cultures. Mature micromass cultures accumu-
late an abundant, hyaline cartilage-like ECM
rich in proteoglycans and glycosaminogly-
cans, which can be visualized by Alcian blue
staining (Fig. 6 and 7).

The method described in this protocol
(Basic Protocol 2) relies on pooling chon-
droprogenitor cells derived from forelimbs
and hindlimbs of mouse embryos. However, it
is possible to set up micromass cultures from
cells obtained from forelimbs and hindlimbs
separately. Please note that the forelimb and
hindlimb micromass cultures display differ-
ences in patterning and size of chondrogenic
nodules (Butterfield et al., 2017).

It is worth highlighting that mature (6-day-
old) micromass cultures are three-dimensional
“organoids”, with a heterogeneous structure.
They are made up of compact clusters of ag-

gregated cells forming chondrogenic nodules,
and monolayers of cells between the nodules
(Figs. 6 and 7). There is also a considerable
amount of cartilage ECM present in the cul-
tures (Fig. 7). The multi-layered nature of the
micromass cultures, and the abundant ECM
in mature cultures may interfere with down-
stream analytical applications including, but
not limited to, single-cell or live-cell imag-
ing techniques, patch clamp experiments, and
immunohistochemistry.

Although typical limb histogenetic capac-
ities tend to be preserved and recapitulated
in micromass cultures, it is also clear that in
vitro morphogenesis is different from what
is happening in vivo (Moscona & Moscona,
1952). While the micromass model is not a
typical two-dimensional cell culture, the dis-
tribution of cells on laboratory plasticware
or glass surfaces in which a high proportion
shares an interface with the culture medium
and in which limb bud ectoderm is lacking,
results in nodules, rods, and fused masses of
cartilage (Figs. 6 and 7), rather than the char-
acteristic shapes of limb skeletal primordia
(Moscona & Moscona, 1952). Nevertheless,
while this model is unsuitable for studying the
morphogenesis of limb cartilage anlagen, it
provides a simple and efficient model to study
the molecular processes that regulate cartilage
histodifferentiation.

Time Considerations
Planning in advance is highly recom-

mended, given the long timeline of the ex-
periment, including preparation for the mating
of mice, in utero development of mouse em-
bryos (gestational days 11.5 to 12.5), embryo
retrieval, and micromass culturing.

Preparing for the mating of mice takes
∼30 min. This should be done overnight,
12 days in advance of the experi-
ment. Checking for vaginal plugs takes
∼30 min (Basic Protocol 1). In utero devel-
opment of mouse embryos takes 11.5 days.
Preparation time for the experiment (pre-
pare solutions, i.e., CMF–PBS, trypsin, cell
culture medium; disinfect laboratory surfaces,
glassware, and dissection tools) takes ∼2 hr.
Collecting pregnant mice from animal house
facility, euthanizing mice, embryo retrieval &
harvesting takes ∼1 hr. Dissection and col-
lection of limb buds takes ∼1 hr (maximum).
Dissociation of limb buds in trypsin-EDTA
takes up to 30 min. Washing & centrifuging
cells, cell counting, plating of micromass cul-
tures takes ∼ 1 hr. Allow ∼2 hr for the cells to
adhere. Feeding of plated micromass cultures
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with fresh complete cell culture medium takes
∼30 min (depending on actual experimental
setting) (Basic Protocol 2). Micromass cul-
turing takes 6 to 10 days, but cultures can
be maintained for longer periods of time;
however, in older cultures, cell viability may
decrease, and cultures often detach from the
surface. Detection of chondrogenesis by fix-
ing and staining the cultures with Alcian blue
solution, including preparation time, takes
∼2 hr (Basic Protocol 3).

For more details and a visual representation
of the experimental timeline, see Figure 2.
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