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Please order the steps properly so that the protocol can be followed in chronological
order.

We have reorganized a few of the steps, so that now the protocol follows a
chronological order.

Please note that the protocol text will be used to generate the script for the video and
must contain everything that you would like shown in the video. Please review the
protocol to ensure that there is enough detail in each step to supplement the actions
seen in the video so that viewers can easily replicate the protocol.

We included a few small changes in the protocol, which we believe now has enough
details to supplement the video. These changes include the possibility of using DMEM
for dissection medium preparation (point 1.2), the storage conditions of the culturing
medium (point 1.3), additional details on the preparations needed prior to embryo
extraction (point 1.4), additional step of uterus transfer to a biosafety cabinet (point
2.5), the use of clean 60-mm petri dishes for fetus dissection (point 2.7), the
importance of transferring the embryonic body to a clean dish (point 2.8), clarification
on what bones are transferred and the pipette used (point 2.14), an additional Note
suggesting change of cloudy medium, more detail on dissection medium removal
(point 2.16), an additional step where the procedure for retinoic acid addition is
explained (point 2.18) and a more detailed explanation on the fixation of the samples
(point 2.21).

Please expand the section title to be more informative.

We expanded the titles of the three sections of the protocol as follows:

1. Preparations prior to the day of bone culture

2. Protocol: culture of fetus and newborn tibia and femur

3. Measurement and analysis of the full length of the bone and of the mineralized
region

Peeling?

We corrected the spelling of the word to peeling

Tweezers or scissors?

The skin of the fetuses and newborns is soft enough to be cut with tweezors.

Please move the discussion of critical steps to the Discussion section.

The discussion of critical steps was moved to the Discussion section. The critical steps
now look as follows:



Critical step: It is important to remove as much soft tissue as possible, taking special
care in removing the tissue that connects the two cartilage poles, but avoiding
damaging the cartilage, the perichondrium and the bones.

Critical step: Extra care should be taken when the bones are transferred to the wells, as
they can easily stick to the pipette.

The discussion section was modified to include the discussion of the critical steps:
The most critical step of this method is the isolation of the bones, which have to
remain intact and with as less soft tissue between the ends of the bone as possible.
Leaving soft tissue between the ends of the bones will prevent normal growth of the
bone and induce bending, as is exemplified in Figure 1E. Soft tissue at the ends of the
bones can be left, as it will eventually disappear. Another step, which requires extra
care is the transfer of the bones to the culturing plate, as they easily can stick to the
plastic pipette. One possible solution is pipetting up and down dissection medium
containing blood and tissue pieces, as it creates a coating that helps to preclude the
bones from sticking to the pipette.

Which four bones? Please specify the size/capacity of the pipette.

We change the phrase to address these points:

Place the four bones (left and right tibiae and femurs) in the first well of the 24-well
plate with a plastic 1-mL sterile pipette.

Purpose?

We changed the word type for purpose in the text.

Please describe how. Aspiration?

We change the phrase to address this point:

When all the desired bones are transferred to the wells, take the plate to the hood and
remove the dissection medium with a plastic 1-mL sterile pipette by aspiration and
taking extra care for not aspiring the bones.

Can this step be moved to section 2, i.e., after step 2.15?

This step was moved to the Note after new step 2.16.

10 uM? Please specify its concentration.

The phrase was modified to clarify this point:

2.20. To assess proliferation, add 5-ethynyl-2’-deoxyuridine (EdU) or 5-bromo-2’-
deoxyuridine (BrdU) to the medium at a final concentration of 10 uM 1-2 h before

fixation (EdU stock was 20 mM).

Is this step going to be filmed? If so, more specific details are needed.



This step is not intended to be filmed. We changed the phrase to remove all doubts:
2.23. Process the bones for desired downstream applications.

Can this step be moved to section 2, i.e., after step 2.17?
This step was moved to section 2, step 2.23.
Please also define growth rate and how it is calculated

We included an explaining point:

3.4. To calculate the growth rate, defined as the average increase in length per day, the
difference between the final length of the bone and the initial one is divided by the
number of days in culture.

And also included a new comment in the discussion regarding the measurement of the
growth rate:

Apart from measuring the length of the bone, the growth rate (average increase in
length per day) can be estimated easily in these conditions. However, this approach for
growth rate calculation is not valid over longer culturing periods, where other methods,
like calcein labeling, should be used.

How to identify the mineralized region?

We included two new points to clarify this:

3.2. To ensure easy and reliable measurements, it is important that the pictures are
taken with a good contrast, to distinguish the mineralized part.

3.3. The mineralized region is characterized by the darker color and is easily
distinguished from the cartilage. The measurements are done starting from the first
dark cells in one of the ends till the last ones on the other end.

Please move such details to the Protocol section

The paragraph was moved to the protocol part as step 2.17.

Please specify the figure panels.

Figure panels were specified in the text

Please define P1 and P2. Please describe the top panel of panel D (P2).

The figure legend was changed to address this point:

(A-D) Comparison between freshly extracted tibia (top) and tibia extracted at E14.5
(bottom) and cultured for 2 days (A), extracted at E15.5 and cultured for 2 days (B),
extracted at E16.5 and cultured for 4 days (C) and freshly extracted at postnatal day 2

(P2) and extracted at postnatal day 1 (P1) and cultured for 1 day (D).

Please spell out RA



RA spell out was added:
Tibiae extracted at E15.5 and grown for 2 days with 0.1% DMSO (A) and retinoic acid
(RA) (B).

Do the three dots of control represent three replicates? Please explain

Explanation was included in the figure legend:

Comparison of the length of paired bones cultured for 2 days with either DMSO (right
tibia) or RA (left tibia); each dot represents one of the 3 biological replicates per
condition.

Please define error bars in the figure legend

Error bars were defined in the figure legend:

(C) Graph showing the changes in the total length and only of the mineralized region
over a period of 6 days. n=5 cultured tibiae; SD t=0 full length + 0.0777, mineralized *

0.0213; t=3d full length + 0.1495, mineralized + 0.056; t=6d full length + 0.1193,
mineralized + 0.0521.

If there are six or more authors, list the first author and then “et al.”

The format of citations was modified to fit this requirement.

We also included two new entries in the list of materials:

Dissection kit Cumper Robbins PFS00034
Eppendorf 2-mL tubes Eppendorf 0030120094
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20
21  ABSTRACT:
22 Long bones are complex and dynamic structures, which arise from endochondral ossification via
23 a cartilage intermediate. The limited access to healthy human bones makes particularly
24 valuable the use of mammalian models, such as mouse and rat, to look into different aspects of
25  bone growth and homeostasis. Additionally, the development of sophisticated genetic tools in
26  mice allows more complex studies of long bone growth and asks for an expansion of techniques
27  used to study bone growth. Here, we present a detailed protocol for ex vivo murine bone
28  culture, which allows the study of bone and cartilage in a tightly controlled manner while
29  recapitulating most of the in vivo process. The method described allows the culture of a range
30 of bones, including tibia, femur, and metatarsal bones, but we have focused mainly on tibial
31  culture here. Moreover, it can be used in combination with other techniques, such as time-
32  lapse live imaging or drug treatment.
33
34  INTRODUCTION:
35 Organ growth has to be tightly tuned to prevent the appearance of growth disorders, and
36 involves the regulation of multiple cell types, molecular pathways and crosstalk among
37 different parts of the body. Imaging techniques are essential to address the changes occurring
38 over time in a growing embryo, both in normal conditions, as well as after a perturbation is
39 induced in the system. Embryos with intrauterine development, such as the widely used rodent
40 models, present an additional challenge for live imaging and drug treatment, which can be
41  partially overcome by using ex vivo culture techniques. To successfully recapitulate the in vivo
42  processes and obtain meaningful results, it becomes crucial to find the right culturing
43  conditions for each organ or tissue.
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Most bones of the mammalian skeleton grow through endochondral ossification, where the
embryonic cartilage (composed of cells called chondrocytes) drives longitudinal growth and is
gradually replaced by bone. This process happens at the growth plates, located at the end of
the long bones, where three zones can be distinguished: resting, proliferative, and
hypertrophic!?. First, the round progenitor chondrocytes in the resting zone transition into the
cycling columnar chondrocytes in the proliferative zone. During the next stage of
differentiation, these chondrocytes become hypertrophic and start secreting type X collagen.
Hypertrophic chondrocytes orchestrate the subsequent steps of ossification: they secrete key
signaling molecules, such as connective tissue growth factor, bone morphogenetic proteins and
Indian hedgehog, and direct the mineralization of the matrix, recruit blood vessels to the
central part of the bone, and, upon apoptosis, allow osteoblasts (bone-forming cells) to invade
the matrix to form the primary ossification center®*. The mineralized matrix facilitates the
penetration of blood vessels through which osteoblasts migrate to replace this degraded
cartilage with a bone matrix>. Most osteoblasts invade the cartilage matrix from the
perichondrium, a fibrous layer that wraps the cartilage®. Alternatively, a proportion of
hypertrophic chondrocytes are able to survive and transdifferentiate to osteoblasts’=. The final
length of the bone is due to the accumulated growth of the transient cartilage, whose growth
rate in turn depends on the number and size of the hypertrophic chondrocytes, and their matrix
production®®. Additionally, it was recently shown that the duration of the last hypertrophy
phase correlates with the final length of the bone!l. Therefore, tight regulation of the
proliferation and differentiation of these cells is required to ensure proper bone size.

Despite of the substantial knowledge acquired over the years on the organization and
development of the growth plates, most of these conclusions are based on the observation of
fixed histological sections. Tissue sectioning provides valuable information about this process,
but can be ridden with technical artifacts, so it cannot be always reliably used to estimate
morphological or size changes between different stages. Additionally, as bone growth is a
dynamic process, the static two-dimensional (2D) images offer a limited insight into the
movement of the cells in the growth plate, while time-lapse imaging on live tissue could offer
valuable information on the behavior of the chondrocytes in the growth plate.

All these limitations can be potentially resolved using ex vivo bone cultures. While bone culture
protocols have been developed some time ago, they were limitedly applied to murine long
bones. Most of the studies use chick bones due to the technical advantages offered by the chick
model*?13, Organotypic cultures (air/liquid interface) were applied to chick embryonic femurs,
which were maintained in culture for 10 days!*. The sophisticated genetic tools available in
mouse make this model very appealing to be used in ex vivo bone culture. The studies that used
mice to look into bone growth worked mostly with metatarsal bones!>, probably due to their
small size and greater numbers obtained per embryo?®. Although traditionally considered long
bones, metatarsi enter senescence (characterized by reduced proliferation and involution of
the growth plate!’) earlier than other long bones in vivo, and therefore their continuous growth
ex vivo does not really recapitulate the in vivo process. For the purposes of this article, we will
use the term long bones for bones from the proximal and intermediate limb regions. Several
previous studies used long murine bones, such as tibia, in ex vivo cultures and observed a
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substantial growth of the cartilage but little ossification'8. We also used tibial cultures recently,
mainly to study chondrocyte dynamics®®. Other studies used femoral heads from young mice?°
or only the distal part of the femur for culture?!. Some more recent works successfully combine
the ex vivo culture of full bones with time-lapse imaging to acquire three-dimensional (3D)
movies of chondrocytes in living mouse tissue???3. The authors managed to observe previously
unnoticed events in the rearrangement of chondrocytes to the proliferative zone?? in a good
example of the potential application of bone ex vivo culture. The alternative, i.e., analyzing
static images, requires indirect and complex techniques. This was exemplified by a recent study
assessing the importance of transversally-oriented clones for cartilage growth, where genetic
tracing with multicolor reporter mouse strains coupled with mathematical modeling were
used?*. Therefore, ex vivo culture might help gain insight into dynamic processes in a faster and
more straightforward way.

Here, we present a method for murine long bones culture, which can be combined with
different molecular treatments and/or with time-lapse live imaging. This protocol adapts the
methods used in previous reports®1®2> but addresses some additional issues and focuses on
long bones such as the tibia, rather than metatarsal bones. Finally, it explores the potential of
using statistically powerful paired comparisons by culturing left and right bones separately in
the presence of different substances.

PROTOCOL:
All the experiments should be carried out following the local governmental and institutional
guidelines of ethical handling of laboratory animals.

1. Preparations prior to the day of bone culture

1.1. Set up timed mouse matings to obtain fetuses and pups from embryonic day 14.5 (E14.5)
and onward.

NOTE: The culture of long bones can be successfully applied to different mouse strains; in the
present protocol, outbred Swiss Webster wild-type mice are used.

1.2. Prepare dissection medium (adapted from Houston et al.?®): dilute a-minimum essential
medium (a-MEM) or Dulbecco’s modified Eagle’s medium (DMEM) 1/13 in phosphate-buffered
saline (PBS) and 2 mg/mL bovine serum albumin (BSA) and filter sterilize through a 0.22 um, 33
mm diameter syringe filter. Store aliquots at -20 °C.

1.3. The day before extraction of the fetuses, prepare the serum-free bone culture medium
composed of DMEM containing 0.2% BSA, 0.5 mM L-glutamine, 40 U/mL
penicillin/streptomycin, 0.05 mg/mL ascorbic acid, and 1 mM betaglycerophosphate. Filter
sterilize through a 0.22 um, 33 mm diameter syringe filter and store at 4 °C for up to 1 month.

1.4. On the day of the culture and prior to mouse culling, prepare 24-well plates and 60 mm
dishes with dissection medium and keep them ice cold. Prewarm the bone culture medium in a
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37 °C water bath. Spray 80% (v/v) ethanol on the tools (tweezers and small scissors) to be used
for fetus handling. Transfer a binocular scope to a Class Il biosafety cabinet.

2. Culture of fetus and newborn tibia and femur
2.1. Cull the pregnant mouse through cervical dislocation at the desired gestational stage
(ranging from E14.5 to E18.5). If newborn pups are used, remove them from the mother one by

one and cull by decapitation.

2.2. Place the mouse on her back and sterilize the abdominal region by spraying 80% (v/v)
ethanol on its surface.

2.3. Cut the skin and the abdominal muscle with small scissors to access the uterine horns.

2.4. Extract the uterus from the abdominal cavity with the help of tweezers and small scissors,
removing the mesometrium and cutting the base of the horns. Place the uterus in a 60 mm
Petri dish with ice-cold dissection medium and keep the culture dish on ice during the whole

procedure.

2.5. Transfer the Petri dish with the uterus to the biosafety cabinet and work there from now
on.

2.6. Separate individual fetuses with scissors by cutting between the sacs.

2.7. Transfer individual sac under a dissection stereomicroscope in a clean 60 mm dish with
dissection medium and open them up with tweezers to separate the fetuses from the placentas
and clean them from membranes.

NOTE: Work with one embryo at a time, while keeping the rest on ice.

2.8. Decapitate the fetuses and transfer the body to a clean new 60 mm dish with a 1 mL cut
sterile pipette.

2.9. Remove the skin of the fetuses or pups with tweezers starting from the back and peeling it
out till the toes.

2.10. Separate the hindlimbs from the body by cutting with the tweezers close to the spine and
transfer them to a clean dish with ice-cold dissection medium.

2.11. Separate the tibia from the femur with tweezers by carefully introducing them between
the surface cartilage of distal femur and proximal tibia.

2.12. Remove the hip bones from the proximal femur and the calcaneus bone and the fibula
from the tibia.
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2.13. Carefully remove the soft tissue from the femur and the tibia by nipping and pulling it off.

NOTE: It is important to remove as much soft tissue as possible, taking special care in removing
the tissue that connects the two cartilage poles, but avoiding damaging the cartilage, the
perichondrium, and the bones.

2.14. Place the four bones (left and right tibias and femurs) in the first well of the 24-well plate
with a plastic 1 mL sterile pipette. Alternatively, to compare the effect of different treatments
on left and right limbs, place contralateral limbs in different wells.

NOTE: Extra care should be taken when the bones are transferred to the wells, as they can
easily stick to the pipette.

2.15. Proceed the same way with as many fetuses as necessary.

NOTE: Change the dish with the dissection medium as soon as it gets too clouded, as it is
important to see clearly the dissected bones.

2.16. When all the desired bones are transferred to the wells, remove the dissection medium
with a plastic 1 mL sterile pipette and take extra care not to aspirate the bones.

2.16.1. Depending on the purpose of experiment, pictures can be taken of the bones before
removing the dissection medium, as timepoint zero of the experiment. Take pictures with a
microscope attached to a digital camera and annotate the exposure and scale used. To ensure
easy and reliable measurements, take pictures with good contrast to distinguish the
mineralized part.

2.17. Add 1 mL of culture medium to each well. If any treatment is intended on the bones
(doxycycline, tamoxifen, growth factors, etc.), it should be added now.

2.18. To observe the effect of growth inhibition in the culture conditions, treat the left tibias
with retinoic acid (RA, 500 nM), while incubating the right tibias with an equivalent volume of

vehicle (dimethyl sulfoxide [DMSO], final concentration 0.1%) as a control.

2.19. Leave the bones to grow for two days or more in a cell culture incubator under standard
cell culture conditions (at 37 °Cin a 5% CO; incubator).

2.20. To assess proliferation, add 5-ethynyl-2’-deoxyuridine (EdU) or 5-bromo-2’-deoxyuridine
(BrdU) to the medium at a final concentration of 10 uM 1-2 h before fixation.

NOTE: The stock concentration of EAU is 20 mM.

CAUTION: EdU and BrdU are thymidine analogues and can be toxic and mutagenic.
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2.21. Thaw 4% paraformaldehyde (PFA) and fix the bones by immersion in PFA in individual 2
mL tubes.

CAUTION: PFA is toxic and designated as a probable human carcinogen. Avoid breathing
paraformaldehyde powder and vapors. EdU and BrdU are thymidine analogues and can be toxic
and mutagenic.

2.22. After a brief 10 min fixation in PFA at room temperature, transfer bones to PBS for picture
acquisition at final timepoint. Then place bones back into PFA for overnight fixing at 4 °C.

2.23. After fixation bones can be processed for desired downstream applications.
3. Measurement and analysis of the full length of the bone and of the mineralized region

3.1. Use an image editing software to measure the length of the bones, taking into account the
scale of the image. Measure both total length of the bone and the mineralized region. Start the
measurements from the first dark cells at one end until the last ones at the other end.

NOTE: The mineralized region is characterized by the darker color and is easily distinguished
from the cartilage.

3.2. To calculate the growth rate, defined as the average increase in length per day, divide the
difference between the final length of the bone and the initial one by the number of days in
culture.

REPRESENTATIVE RESULTS:

Bone culture can be performed starting from different stages. In Figure 1A-D, a comparison
between cultured tibia and freshly extracted ones at equivalent stages is shown. The first
observation is that up to two days of culture the size achieved is comparable to the in vivo bone
growth for both cartilage and mineralized bone (Figure 1A,B,D). Longer culture periods lead to
bigger differences between the cultured bones and the freshly extracted (Figure 1C).
Additionally, as mentioned in the protocol, it is crucial to remove the soft tissue connecting
both ends of the bones, as otherwise the bones will bend. Figure 1E shows an example of a
tibia grown with incomplete removal of soft tissue versus a tibia without soft tissue.

Next, tibias were cultured for 2 days and their length was measured. As can be seen in Figure
2A,B, the measurement of the total length and of the mineralized part can be performed with
an image analysis software. As shown by De Luca et al.?%, treatment with RA has a strong effect
on the growth of the tibias already after 2 days of treatment and a similar result was observed
in our cultures (Figure 2B-D). Importantly, the experiment was performed using paired bones,
with the right bone as control and the left treated with RA (Figure 2A,B,E), which helps
overcome the natural variability in bone size between different specimens. Thus, the culturing
method described is suitable for assessing the effect of different compounds on bone growth.
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Next, the growth rate of the bones after culture was assessed. Bones were extracted, measured
and cultured at E15.5, 16.5 or P1, and fixed and measured again two days later. Both the total
increase in length and the length of the mineralized part were measured (Figure 3C). An
example of E15.5 tibia and femur before culture (Figure 3A) and at the end point of the
experiment (Figure 3B) are shown. As can be observed from the graph and the table (Figure
3C,D), there is a consistent increase in the total length of the tibia, corresponding to an
approximate increase of 9-29% from the initial length. This is less increase than the one
observed in vivo; the main difference is likely due to the level of the proximal cartilage, bigger
than the distal and less accessible to nutrients. Indeed, EdU labeling showed fewer positive cells
in this region after culture compared to freshly extracted bones of equivalent stage (Figure
4A,C). The EdU incorporation in the distal tibia was similar in the cultured and freshly extracted
bones (Figure 4B,D) The distal cartilage contributes approximately one third to the total growth
of the tibia in vivo at this stage?’, comparable to the growth rate observed in culture, so we
propose that the analysis should be focused on this part of the bone. Additionally, we assessed
the mineralization of the cultured bones, and observe almost no increase in length of this
region. The difference might be due to the absence of vessel and osteoblasts invasion in the ex
vivo culture. This suggests that studies of cartilage growth can extend for several days, while if
the region of interest is the ossified part of the bone, the period of culture should be shorter.
This observation was confirmed by keeping tibia in culture for a longer period (up to 6 days). As
can be seen in Figure 5, the total length of the skeletal element increases substantially, while
almost no increase in the mineralized region is observed (Figure 5C).

Overall, these results suggest that the culture of long bones can be used to analyze the effect of
different factors on overall bone growth and particularly to assess cartilage dynamics. While
well-established metatarsal cultures can also be used with these purposes, we submit that both
types of cultures complement each other, given the intrinsic differences between metatarsals
and the rest of long bones.

FIGURE LEGENDS:

Figure 1: Example of cultured tibia for different time periods. (A-D) Comparison between
freshly extracted tibia (top) and tibia extracted at E14.5 (bottom) and cultured for 2 days (A),
extracted at E15.5 and cultured for 2 days (B), extracted at E16.5 and cultured for 4 days (C)
and freshly extracted at postnatal day 2 (P2) and extracted at postnatal day 1 (P1) and cultured
for 1 day (D). Note that, while cartilage growth remains quite physiological after different
culturing periods, the ossified part shows a growth delay after culture time longer than 2 days
compared to the freshly extracted bone at the corresponding stage. Scale bar = 1 mm. (E) Tibia
cultured for 2 days starting at E15.5; note that the incomplete removal of the soft tissue
between the two ends of the bones leads to the bending of the bone. Scale bar = 600 um.

Figure 2: Measurement of the length of the bones upon retinoic acid (RA) treatment. (A-B)
Tibias extracted at E15.5 and grown for 2 days with 0.1% DMSO (A) and RA (B). Note the
difference in both total length and of the mineralized part. Scale bar = 1 mm. (C-D) Changes in
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total length (C) or the mineralized part (D) of the tibia over a period of 6 days in control
situation and in presence of RA. Results are shown as mean * standard deviation (SD);
comparison is done by two-way analysis of variance (ANOVA) with the type of treatment as
variable (p values are shown in the graph). (E) Comparison of the length of paired bones
cultured for 2 days with either DMSO (right tibia) or RA (left tibia); each dot represents one of
the 3 biological replicates per condition. Paired two-tailed Student’s t-test was used.

Figure 3: Comparison of total growth and mineralization of the tibia after 48 hours of ex vivo
culture. (A) E15.5 tibias and femurs from left (top) and right (bottom) limbs prior to culturing.
(B) The same tibias and femurs followed up after 2-day culture. Scale bar = 600 um. (C) Graph
representing the growth rate of tibias cultured at different developmental stages. Both the
total growth and the growth of the mineralized part were assessed. (D) Table showing the initial
and final length of the whole bone and the mineralized part before culturing at E15.5 and after
2 days in culture.

Figure 4: Bulky growth plates do not show much proliferation in culture. (A-B) EdU staining for
proximal (A) and distal (B) tibial growth plates cultured from E15.5 for 2 days. (C-D) EdU
staining for proximal (C) and distal (D) tibial growth plates freshly extracted at E17.5. Note the
difference in the number of EdU(+) cells in the proximal tibia. Data include 6 cultured pairs of
limbs and 3 freshly extracted.

Figure 5: Longer periods of tibia culture show substantial cartilage growth but little
mineralization. Freshly extracted tibia at E15.5 (t = 0) (A) and after 6 days in culture (B). Note
the differences between cartilage growth and the growth of the mineralized part. Scale bar =1
mm (C) Graph showing the changes in the total length and the mineralized region over a period
of 6 days. n = 5 cultured tibias; SD at each time point is as follows: t = 0, full length = 0.0777,
mineralized = 0.0213; t = 3 d, full length = 0.1495, mineralized = 0.056; t = 6 d, full length =
0.1193, mineralized = 0.0521.

DISCUSSION:

Bone ex vivo culture methods have been used for some time to assess the biology of bone
growth?®, but have been seldom applied to murine long bones. With the development of
imaging techniques, ex vivo bone culture offers an attractive way to study bone growth in real
time in a setting closely resembling the in vivo conditions. In this scenario, it is important to
define the conditions in which the growth of long bones is comparable to their growth in vivo.

In the present study, we describe a simple and affordable protocol for long bone culture,
addressing the limitations and possible applications. The most critical step of this method is the
isolation of the bones, which have to remain intact and with as less soft tissue between the
ends of the bone as possible. Leaving soft tissue between the ends of the bones will prevent
normal growth of the bone and induce bending, as is exemplified in Figure 1E. Soft tissue at the
ends of the bones can be left, as it will eventually disappear. Another step that requires extra
care is the transfer of the bones to the culturing plate, as they can easily stick to the plastic
pipette. One possible solution is pipetting up and down dissection medium containing blood
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and tissue pieces, as it creates a coating that helps to preclude the bones from sticking to the
pipette.

Once extracted, bones reach comparable size to the corresponding in vivo stage when cultured
for up to 48 hours. Apart from measuring the length of the bone, the growth rate (average
increase in length per day) can be estimated easily in these conditions. However, this approach
for growth rate calculation is not valid over longer culturing periods, where other methods,
such as calcein labeling?®, should be used. Treatment with retinoic acid, which promotes
premature chondrocyte differentiation, leads to a substantial reduction in the growth of the
bones, suggesting that this time for culturing is enough to observe the effect that different
substances might have on bone growth. Importantly, the comparison was also done on paired
bones from the same specimen, so that the left tibia received the RA treatment and the right
was the control. This is an advantage of the bone culture model, as it allows performing paired
comparisons, which are statistically more powerful.

Culturing for longer time shows significant growth of the cartilage part, but a delay in the
growth of the mineralized one, and it is important to consider this result when choosing the
application of the technique. Similar results were observed in chick femurs cultured for up to 10
days which show an enlarged epiphyseal region and a reduced diaphyseal bone collar!4, as well
as in mouse tibia cultured for 6 days!®. Additionally, it is important to mention that in the
cartilage region the growth is also not homogenous: the bulky distal region of the femur and
proximal region of the tibia do not receive nutrients efficiently by simple diffusion and cannot
grow properly. In this context, the studies should focus on the opposite growing plates, which
were estimated to contribute to one-third of total growth?’, similar to the observed growth in
culture. The delay in growth of cultured bones was also described for metatarsal cultures?®.

An important consideration of this type of culture is the absence of growth of the ossified part
of the bone. It is well established that the osteoblasts invade the cartilage matrix from the
periosteum together with blood vessels®* and this process is obviously disrupted when bone is
isolated. This might explain the absence of ossification under culture conditions. Hypertrophic
chondrocyte transdifferentiation was also shown as an important source of osteoblasts’™, but
whether this process also requires in part the presence of blood vessels, as it seems to do
during fracture healing®®, or some other tissues not present in ex vivo cultures, needs further
investigation. Additionally, it is well described the importance of the mechanical load in shaping
bone growth3'32, which influences long bones and metatarsal bones differently, but is absent in
an ex vivo culturing setup. Nevertheless, the described culturing method is suitable for
measuring chondrocyte dynamics and changes in longitudinal growth and, thus, can be used for
certain applications.

Overall, the described protocol provides a simple and cheap method to culture long bones
starting from different stages, which can be coupled with additional techniques to address key

cellular and molecular mechanisms, such as live time-lapse imaging?®?3 or drug treatment.
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
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intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoOVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.
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Department:
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Signature: Date: 7-December-2018
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
letter_Uribe Rosello-Diez.docx

Reviewer #1:

Manuscript Summary:

In this manuscript, authors introduce their ex vivo mouse long bone culture method.
As they cited, Houston DA et al. described similar method using mouse metatarsal in
this journal (Houston DA et al. JoVE. 2016). Comparing to Houston's paper and this,
using long bones is the major difference. It is interesting idea that long bone can grow
ex vivo, and be useful method for researchers who have interest in cartilage
differentiation / bone growth.

Major Concerns:

1. According to abstract, they "explore the potential of co-culturing bones from left
and right limbs and separately to address the potential crosstalk between the left and
right limbs after unilateral insult." | cannot find data or description relating to this topic

The reviewer is right. Because we finally decided not to include any information on this
topic of crosstalk between left and right limbs, we removed this phrase from the
abstract and any other references to this topic from the rest of the manuscript.

2. They only cited researches performed by other groups using ulna (Hirota et al. Sci
Rep, 2018) or cranial bone growth plate (Romerein et al. Development, 2014) but not
femur or tibia. Citing their original paper(s) using this method should be good help for
readers who want to use this method.

We included a few additional references in the introduction (first paragraph, page 3)
where long bones from both chicken and mouse were cultured. We also included the
reference to our paper.

3. According to Fig.2C, it is useful for readers to show not only growth rate but also
real length of tibia before and after culture. Description of the method how they
measure the bone length is also helpful.

We included in Figure 2 an additional panel D with the length of the tibia before and
after the culture. We also extended the protocol section including information on how
the bone measurements were performed (page 5).

4. According to Fig.3, they described that "EdU labeling showed almost no positive
cells" in proximal cartilage. | am not sure it is true or not as | can count more than 20
positive cells in Fig.3A.

To clarify this point, we include some images of EdU labeling in freshly extracted bones
of E17.5 fetuses. The pregnant mouse was injected with EdU 1.5 hours before
euthanasia and fetuses extraction. As can be observed from the Figure 4, while the
amount of proliferative cells in the distal tibia is similar between the freshly extracted
and cultured bones (Figure 4D), there is a clear difference in the case of the proximal
tibia (Figure 4C), where the incorporation of EdU is much lower in the cultured
samples. We include these data in the main text of the Results sections and also
modify the phrase the reviewer refers to (second paragraph, page 6).


https://www.editorialmanager.com/jove/download.aspx?id=963747&guid=9c1c08c2-11d2-42ec-961d-7c5a5d27a949&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=963747&guid=9c1c08c2-11d2-42ec-961d-7c5a5d27a949&scheme=1

Minor Concerns:
1. Positions of scale bars should be reconsidered.

We changed the position of the scales in all the figures to the right bottom corner.

Reviewer #2:

The ex vivo culture of rodent long bones as a model to mimic endochondral
ossification is not new and has been described in many papers and methods chapters.
In most of these reports the murine embryonic metatarsal is the bone as choice as it
can be maintained and growth can be manipulated (increased e.g. by growth factors
and inhibited e.g. by cytokines) in culture for weeks if not months and research ethics
perspective you get 6 metatarsals from 1 mouse pup which is helps satisfy the 3Rs.
This present study reports an alternative model in which the authors propose to use of
embryonic tibiae and femorae. The justification for this approach this is that
metatarsals "enter growth plate senescence earlier than long bones". This may be true
in vivo and would explain why some bones are bigger than others but its relevance to
an ex vivo culture application is tenuous as metatarsals have been kept in culture for
months and still grow. This justification is also hard to follow as metatarsals are also
long bones.

We thank the reviewer for the feedback. We first wish to clarify that although we
know that metatarsals are considered long bones, we reserve the term for the bones
in stylopod and zeugopod, due to their different intrinsic properties (such as delayed
senescence), regardless of what can be achieved in metatarsal culture. We have made
this point clear in the text. We thus suggest that both culture systems complement
each other, rather than being redundant. Choosing one or the other depends on the
guestion addressed. Furthermore, we now show that growth of our bone cultures can
be as easily manipulated as that of metatarsals, for example by treating them with
retinoic acid (new figure 2).

Further limitations of the model are provided in the results. Data is limited to 2 days of
culture, which is not long to follow the effects of a growth promoting or inhibititory
substances. Growth data over a much longer period of time should be provided to
allow others to determine if this model is of use to their particular study. The size of
the bone probably limits diffusion of nutrients and the growth of the mineralization
zone also appears to be limited. Neither of these are problematic for smaller
metatarsal bones.

To address these points of the reviewer, we took several approaches. We included
additional references where cultures of mouse tibia and chick femurs were performed
for longer time (8 and 10 days, respectively) >2. In both cases, they observe a
substantial elongation of the epiphyseal region of the bone and almost no ossification.
That is similar to what we observe after 4 days in culture, as shown in Figure 1C. We
have also included new data of E15.5 tibias cultured for 6 days, and observe a similar
result: the total length of the bone increase substantially, but the mineralized region
shows very little growth (Figure 5).



Additionally, the statement that 2 days in culture are not enough to observe any effect
of growth promoting and inhibitory substances, is not supported by previous
publications. Treatment of fetal rat metatarsal cultures with retinoic acid (RA) leads to
decreased length already detectable 2 days after culture 3. We repeated this
experiment in our tibial cultures. As can be seen in new Figure 2, already after 2 days
in culture RA treatment leads to a significant decrease in the size of the bones. We
included the data on RA treatment in the Results section (last paragraph, page 5).

More enthusiasm for the described methodology would have been forthcoming if the
authors described some novel associated techniques as alluded to in the manuscript
e.g . live time lapse imaging. Also in the text and the abstract the authors suggest that
they explored co-culturing of bones to investigate cross talk. No data on this is
provided.

Overall I am not sure what this procedure adds to what is already out there. | am not
sure it will be of benefit as many of the advantages of the well described metatarsal
culture method are lost with the use of the much larger long bones.

While we agree with the reviewer that metatarsal cultures proved to be a very useful
and versatile method to study bone growth, we do not think it is enough reason for
not expanding the culturing method to other types of bones. Besides, although the
reviewer discarded that differences in the in vivo growth capacity between metatarsal
and other bones impacts the outcomes of the ex vivo cultures, it was shown that
treatment with IGF, BMP2 and noggin of 3-day cultures leads to different outcomes in
terms of proliferation and hypertrophic chondrocytes height of metatarsal bones as
compared to tibia or femur 4. These results suggest that the data obtained from
metatarsal cultures might not always be extrapolated to other types of long bones and
stress the importance of developing ex vivo culture methods for other types of bones.
Regarding live imaging, there are some examples in the literature already showing the
feasibility of the approach. The co-culture of bones to study their crosstalk was merely
mentioned as a possibility, but we have now removed it since we do not show related
data.

Other points

1. In the introduction the description of the endochondral process needs some
attention. (1) The mineralised matrix facilitates the penetration of blood vessels
through which osteoblasts migrate to replace this degraded cartilage with a bone
matrix (Mackie et al. 2011). This detail is missing and should be added.

We thank the reviewer for this comment. We included this phrase and the reference in
the introduction in the corresponding section (paragraph 2, page 2).

(2) The authors are encouraged to read the papers by Farnum and Wlisman as the size
of the hypertrophic chondrocytes is correlated to the rate of bone growth and not the
final length.

Our point was that the size of the hypertrophic chondrocytes, as it influences growth
rate, when integrated over time it also influences the final length of the bone. We



included in the introduction a reference citing the authors mentioned and tried to
clarify the sentence (paragraph 2, page 2).

Also, Line - 63 - remove "closer to the central...... bone". This adds nothing.
We removed this part of the phrase.

Line 64/65 "secrete the substances that trigger.....". More detail is required to what
they mean substances - matrix proteins, phosphatases, Calcium, phosphate

We added additional information to this point (paragraph 2, page 2).

2. The authors should expand on what they mean by "tissue sectioning is frequently
ridden by technical artefact" but they should bear in mind that many significant
advantages have been made on the back of growth plate histomorphometry. They also
end this paragraph with reference to time-lapse imaging. Again this study would have
benefited by the demonstration of this procedure to the organ culture studies
described. Intriguingly, in line 170 the authors recommend that the cultured bones
should be fixed and cut for histological sectioning!!!

We changed the phrase referencing the tissue sectioning (paragraph 3, page 2). We
only propose tissue sectioning after the ex vivo characterization has been done, as a
complementary source of information.

3. Line 104 (and elsewhere) - metatarsals are long bones!
As stated above, we have now clarified the distinction we do between metatarsals and
the rest of long bones.

4. Lines 104-106 - not addressed in this study.

We removed the phrase referencing to the studies of crosstalk between paired limb
bones.

5. The authors must have a good look at the protocol and where appropriate make the
methods and procedures clearer to allow these techniques to be used by others. More
detail is required in certain places

We included additional information in the protocol to address this point. We mention
the mouse strains used (Protocol point 1.1, page 3), the stages at which the bones are
collected (Protocol point 2.1, page 4), more detail on how the uterus is removed form
the mother (Protocol point 2.4, page 4), the fetuses handling before removing the
limbs (Protocol point 2.7 and 2.8, page 4), and added an extra critical step alert related
to limb transfer to the wells (end of page 4). We also clarified the fixation procedure
before the final pictures are taken (Protocol point 2.19, page 5) and added a few new
steps describing how the measurement of the bones was done (page 5).



6. Lines 143/144. Introducing them between the two growth plates? Unclear. Do you
mean between the surface cartilage of the tibia and femur?

The reviewer is right about this imprecise terminology. We changed the sentence to
the following: Separate the tibia from the femur with fine tweezers by carefully
introducing them between the surface cartilage of distal femur and proximal tibia.

7. Line 149. Are the growth plates formed in these embryonic bones - unlikely?

A sandwiched plate has indeed not formed yet. We changed the sentence to the
following: It is important to remove as much soft tissue as possible, taking special care
in removing the tissue that connects the two cartilage poles, as this will prevent normal
growth of the bone, but avoiding damaging the cartilage, the perichondrium and the
bones.

8. Line 161- growth factors
We thank the reviewer for noticing this error; we corrected it in the main text.

9. How are the bones measured and how much do they grow (compared with
published data from metatarsals)?

We included a new section in the protocol where we explain in detail how the
measurement of the bones was done. We included new data with longer 6-day culture
of the tibiae (Figure 5) and observe that the average increase in full length is around
1.3 mm. The increase described in metatarsal cultures over the same time period was
around 0.9 mm °. In both cases, the growth is delayed compared to their growth in
vivo >°,

10. Line 197. Area?? Did you measure area? If so how?
We meant region of the bone (corrected now in the main text, paragraph 2, page 6).

11. Fig 2C growth rate is over 2 days only - is this really meaningful. Data over a longer
period would be required to get a useful model which could be challenged.

As argued above, 2 days can already be meaningful. Moreover, we have now included
growth data over a longer period (Figure 5).

Reviewer #3:
Manuscript Summary:
The summary does not state the specific species and age/ gestational stage used.

We agree with this point of the reviewer. We modified the summary to include these
details (lines 27-29):

Here, we present a method for ex vivo culture of long murine bones at both fetal and
newborn stages, suitable for analyzing bone and cartilage development and



homeostasis in controlled conditions while recapitulating the in vivo process.

Major Concerns:
The title doesn't reflect well the content of the article (see other comments below).

We changed the title, so now it refers to all the stages analyzed in the protocol.
Minor Concerns:
Title:

Line 3: The details in long bone measurement are not explained in the protocol.

We included a new section in the protocol where the procedure to image and measure
bones is explained (page 5).

The title highlights the fetal mouse but representative results also show the result
from postnatal mouse (P1 and P2)?

We changed the title, so now it refers to all the stages analyzed in the protocol.

Introduction:
Line 70: The statement here need to be supported by relevant reference(s).

We changed this statement to a more accurate description of bone growth and
introduced relevant citations (paragraph 2, page 2).

Protocol:
Line 121: Correct sub-numbering? 1.4?

This was corrected in the main text.

Line 129: Is the same protocol applies to extract long bones from postnatal mouse?
The reviewer is right that the protocol can be applied to both fetal and newborn
mouse bones. We included this information in the protocol (Protocol point 2.1, page

4).

Representative results:
Line 191: Is the data shown in the results?

We include a new panel in new Figure 3, in which the full length of the bone is shown
before the culturing and 2 days after. As can be observed from the numbers, the
median increase in length is 18.5%.

Line 192: Is any data shown/ any supporting reference(s)?

This data is inferred based on the results obtained by EdU labeling. We included in new
Figure 4 EdU labeling of freshly extracted E17.5 bones after injection in the mother 90



minutes before sample collection. As can be observed in this new figure, incorporation
of EdU is seriously compromised in the proximal tibia compared to the in vivo situation
(Figure 4A,C), while the number of EdU(+) cells is similar in the distal. These new
results are included in the main text.

Line 194: Is this statement based on the current study or reference(s)? What are the
references

We now included a reference in the result section in which we base this statement
(paragraph 2, page 6).

Figure and table legend
Line 205: The freshly extracted tibia refers to the figures on the top for each A, B, C, D
panels of Figure 1?

The reviewer is right about this point. We included a clarification in the figure legend
(paragraph 3, page 6).

Line 218: The total growth and mineralized part were assessed after 2 day-cuture?

Yes, the results presented show the growth after two days in culture. We now also
include a table where the total length and the mineralization are shown at t=0 and at t
final (Figure 2D).

Line 222: The same scale bar applies for both A and B in Figure 37?

Yes, the same scale applies to all the panels in Figure 3. We realized that there was a
mistake in the number of the scale and now it is corrected.

Discussion:
Line 237: The statement here seems to be not fully substantiated by the result (line
192).

We now included two lines of evidence that support this statement (also mentioned
above): the length of the tibiae before and after the 2-day culture and the EdU
incorporation in freshly extracted proximal and distal tibia versus cultured. We hope
these new data clarify this point.
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