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22 SUMMARY:
23 The Trowell-type organ culture method has been used to unravel complex signaling networks
24 that govern tooth development and, more recently, for studying regulation involved in stem cells
25  of the continuously growing mouse incisor. Fluorescent-reporter animal models and live-imaging
26 methods facilitate in-depth analyses of dental stem cells and their specific niche
27  microenvironment.
28
29  ABSTRACT:
30 Organ development, function, and regeneration depend on stem cells, which reside within
31 discrete anatomical spaces called stem cell niches. The continuously growing mouse incisor
32  provides an excellent model to study tissue-specific stem cells. The epithelial tissue-specific stem
33  cells of the incisor are located at the proximal end of the tooth in a niche called the cervical loop.
34  They provide a continuous influx of cells to counterbalance the constant abrasion of the self-
35 sharpening tip of the tooth. Presented here is a detailed protocol for the isolation and culture of
36 the proximal end of the mouse incisor that houses stem cells and their niche. This is a modified
37  Trowell-type organ culture protocol that enables in vitro culture of tissue pieces (explants), as
38 well as the thick tissue slices at the liquid/air interface on a filter supported by a metal grid. The
39 organ culture protocol described here enables tissue manipulations not feasible in vivo, and when
40 combined with the use of a fluorescent reporter(s), it provides a platform for the identification
41  and tracking of discrete cell populations in live tissues over time, including stem cells. Various
42  regulatory molecules and pharmacological compounds can be tested in this system for their
43  effect on stem cells and their niches. This ultimately provides a valuable tool to study stem cell
44  regulation and maintenance.
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INTRODUCTION:

Mouse incisors grow continuously due to life-long preservation of the stem cells (SC) that support
the unceasing production of tooth components. These include epithelial SCs, which generate
enamel-producing ameloblasts, and mesenchymal stem cells (MSCs), which generate dentin-
producing odontoblasts, among other cellsl. The epithelial SCs in the continuously growing
incisors were initially identified as label-retaining cells?>3 and have since been shown to express a
number of well-known stemness genes, including Sox2%. These cells share common features with
epithelial SCs in other organs and reside within the SC niche called the cervical loop located on
the labial side of the incisor. The niche is a dynamic entity composed of cells and extracellular
matrix that control SC activity®. Lineage-tracing studies have demonstrated that Sox2+ epithelial
SCs can regenerate the whole epithelial compartment of the tooth and that they are crucial for
successional tooth formation®”. MSCs with dentin reparative or regenerative potential are largely
recruited from outside the organ through blood vessels and nerves®'!, therefore, providing a
suitable model to study recruitment, migration, and housing of the MSC population.

To study SCs in vivo is not always feasible, since many of the genetic and/or pharmacological
manipulations can affect organ homeostasis and/or have lethal consequences. Therefore, organ
culture provides an excellent tool to study regulation of SCs and their niches in vitro. The organ
culture system that utilizes a metal grid was initially developed by Trowell*? to study organ
development and has been further modified by Saxen'? to study inductive signals in kidney
development. Since then, this in vitro method of culturing the whole or part of the organ has
been successfully applied in different fields. In the field of tooth development, this method has
been widely used to study the epithelial-mesenchymal interactions that govern tooth
development!* and successional tooth formation®. The work of the Thesleff laboratory has
demonstrated the utility of this system for temporal analysis of tooth growth and
morphogenesis, for analysis of the effect of various molecules and growth factors on tooth
growth, and for time-lapse live imaging of tooth development®!’. More recently, this method
has been utilized to study regulation of incisor SCs and their niche'®1%, which is described in detail
here.

PROTOCOL:

This protocol involves the use of animals and all the procedures were approved by Ethical
Committees on the Use and Care of Animals and the Animal Facility at the University of
Helsinki.

1. Preparation of the organ culture dish
1.1.  Perform all procedures in a laminar flow hood. Clean work surfaces with 70% ethanol
and use autoclaved glass instruments and solutions. Sterilize scissors and other metal

equipment in a glass-bead sterilizer.

1.2.  Prepare filters normally stored in 70% ethanol by washing them three times in 1x PBS to
remove ethanol (Figure 1). Cut filters into rectangular pieces (3 x 3-5 x 5 mm).
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NOTE: Washed filter pieces can be stored for several days in 1x PBS at 4 °C.

1.3.  Prepare the culture medium (1:1 DMEM:F12 supplemented with 1% [v/v] 200 mM L-
alanyl-L-glutamine dipeptide in 0.85% NaCl, 10% [v/v] FBS, 150 ug/mL ascorbic acid, and 0.2%
[v/v] penicillin [10,000 I.U./mL] and streptomycin [10,000 pg/mL]). Store at 4 °C.

1.4. Place the 30 mm metal grids (with 1-2 mm diameter holes that enable tissue imaging) in
a 35 mm Petri dish. Add sufficient media to reach the grid surface without producing air
bubbles. Pre-warm the prepared culture dish at 37 °C until the tissue is isolated and ready for
culture (in a standard incubator with 5% CO, and 90%—95% humidity).

2. Incisor dissection and isolation of the proximal end

2.1.  Sacrifice the animals following an approved animal care protocol.

2.2. Decapitate the mouse and dissect the mandible. To do so, first remove the skin to
expose the mandible and cut through the masseter muscles to separate it from the maxilla and
the rest of the head.

2.3. Once the mandible is isolated, remove the tongue and as much soft tissue as possible.

2.4. Collect all the mandibles and keep them in a Petri dish containing PBS on ice, as this
enhances the viability of the tissues.

2.5. Transfer one mandible to a glass Petri dish and use disposable 20/26 G hypodermic
needles to dissect the incisor under a stereomicroscope. Split the mandible at the midline,
cutting through the symphysis. Clean the soft and muscle tissue away from the bone surface for
better visualization.

NOTE: A glass Petri dish is essential, as this will not blunt the needles.

2.6. Mandibles obtained from animals younger than 10 days are softer and more fragile,
therefore, use disposable 20/26 G hypodermic needles to open each half of the mandible
longitudinally to expose the incisor tooth. For mice older than 10 days, use tweezers to grip the

mandible and break the bone to expose the tooth.

2.7. Gently detach the incisor from the surrounding bone and cut off the proximal end,
which contains the cervical loop.

2.8. Cut the proximal end and remove the mineralized enamel and dentin matrix.

2.9. Keep the collected proximal ends in Dulbecco’s PBS on ice until ready for culture.
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3. Culture

3.1.  Carefully place afilter rectangle on the top of a grid in a pre-warmed culture dish.

3.2. Use a stereomicroscope to properly orient the tissue pieces.

3.3.  Place in a standard incubator at 37 °C with 5% CO; and 90%—95% humidity.

3.4. Change the medium every other day and replace with fresh medium, carefully avoiding
formation of air bubbles. Monitor tissue growth and photograph daily using a camera attached
to the stereomicroscope.

4, Adding soluble factors to the culture

4.1. Supplement the culture medium with soluble factors and molecules of interest to study
their effect on regulation of SCs.

NOTE: The administration protocol for any molecule (growth factors, signaling molecules,
blocking antibodies, pharmacological compounds such as inhibitors or activators, vectors, etc.)
depends on its half-life and solubility. These parameters also determine the appropriate control
to be used.

5. Molecular and histological analyses

5.1. Remove the culture medium.

5.2.  Carefully add ice-cold methanol to the tissues to prevent detachment from the filters.
5.3. Leave methanol for 5 min.

5.4. Transfer filters carrying tissue explants to sampling tubes.

5.5.  Fix the explants in 4% paraformaldehyde in PBS for 10-24 h at 4 °C.

5.6. Proceed with established protocols for histological processing (paraffin, frozen, etc.) or
immunostainings.

6. Culture of tissue slices

NOTE: There are several variations to this protocol, which are all equally successful and are a
matter of personal choice, depending on the speed and the skill of the user. These refer to the
buffer used to collect and maintain tissue viability. For this purpose, Krebs buffer, PBS
supplemented with 2% glucose and antibiotics, or PBS can be used. If Krebs buffer is used, it
should be made 1 day in advance and kept at 4 °C.
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6.1. Before the experiment, prepare 4%—5% low-melting point agarose by dissolving 2-2.5 g
of low-melting point agarose in 50 mL of boiling 2% glucose/PBS, after which the solution
should be placed in a 45 °C water bath.

6.2.  Set up the vibratome, wash with 70% ethanol, and fill with ice-cold 2% glucose/PBS
supplemented with antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin).

6.3.  Dissect the proximal ends of the incisor and collect them in the ice-cold 2% glucose/PBS
supplemented with antibiotics.

6.4. Place one proximal end of the incisor in the mold containing 4%—5% low-melting point
agarose. Under a stereomicroscope, orient the piece in the desired direction and leave on ice
for the agarose to harden.

6.5. Trim the hardened agarose block and place it in the vibratome. Cut thick slices (150—-300
pum).

6.6.  Collect the slices in a Petri dish containing ice-cold 2% glucose/PBS supplemented with
antibiotics.

6.7. Use a spatula to transfer the thick slices on a filter rectangle placed on the pre-warmed
grid prepared as in section 1.3.

6.8. Incubate the thick slices in the incubator and proceed with imaging (Figure 2).

REPRESENTATIVE RESULTS:

The epithelial SCs reside in a niche called the cervical loop, which is located at the proximal end
of the incisor (Figure 3A). Cervical loops are morphologically distinct structures composed of
inner and outer enamel epithelium that encase the stellate reticulum, a core of loosely arranged
epithelial cells (Figure 3B,C). There are two cervical loops in each incisor (Figure 3A), but only the
labial cervical loop contains SCs. The epithelial SCs are localized to the stellate reticulum and the
adjacent enamel epithelium at the tip of the cervical loop?%?!. They generate progeny
characterized by Sfrp5 expression, which differentiate into highly proliferative transit-amplifying
cells that produce various cells, including enamel-secreting ameloblasts>’. Ameloblast
differentiation from SCs can be recapitulated in the organ culture system described here?.

In recent years, reporter mice in which a fluorescent protein (such as GFP) is under the control
of specific gene regulatory elements have become a widely used tool to identify and isolate cells
from various tissues and to follow cell fate and lineage progression in vivo and in vitro*>?3. The
use of these animal models is beneficial for analyzing the effect of various regulatory molecules,
since the intensity and the pattern of fluorescent reporter expression can be used as a readout
of endogenous gene activity, or as a reporter of proliferation status (i.e., Fucci reporter mouse
model).
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The Sox2-GFP transgenic reporter mouse model?4, in which the enhanced GFP (EGFP) expression
is under the control of a 5.5 kb fragment of the upstream regulatory element of the Sox2
promoter, enables identification and visualization of Sox2-expressing incisor epithelial stem cells
(Figure 4A-C). Generation of mice that carry several fluorescent reporters can be useful for
identification of more than one cell population. For example, in cervical loops from Sox2-
GFP;Fucci-mKO transgenic animals stem cells (GFP+, green, Figure 4D) and non-proliferative cells
(Fucci-mKO+, red, Figure 4D) can be identified. In addition, Sox2-GFP expression can be used as
a reporter when analyzing the effect of various molecules. Addition of the Wnt/B-catenin
signaling activator BIO negatively affects Sox2-expressing stem cells and consequently GFP
expression (Figure 4E).

FIGURE AND TABLE LEGENDS:

Figure 1: Preparation of the culture chamber. (A) Wash the filter in 1x PBS. (B) Cut the filter into
rectangular pieces. (C) Prepare media in the hood and pipet it through the grid. Avoid air bubble

formation. (D) Prewarm the pre-prepared culture dish at 37 °C prior to adding tissue explants on
a filter placed on the grid. (E) Cartoon representation of the culture chamber.

Figure 2: Culturing tissue slices. The proximal end of a 2-day-postnatal (2PN) mouse incisor was
dissected and sectioned by vibratome. Slices (150 um thick) were cultured and hard tissue
formation (arrows) was observed after a 6-day culture. Scale 100 um.

Figure 3: Cervical loop. (A) Proximal end of the incisor-containing labial (outlined by black dashed
line) and lingual (outlined by grey dashed line) cervical loops. (B) Histological section of the labial
cervical loop, which represents a niche for epithelial stem cells. (C) Cartoon representation of the
labial cervical loop and its components.

Figure 4: Use of fluorescent reporter mouse models in an organ culture system. (A) Brightfield,
(B) fluorescent, and (C) overlay image of the proximal end of the incisor isolated from 2-day
postnatal Sox2-GFP mice. (D) Sox2-GFP and Fucci-mKO expression in the proximal end of the
incisor isolated from 2-day postnatal Sox2-GFP; Fucci-mKO mice. (E) Effect of BIO on the stem
cells expressing Sox2-GFP and the stem cell niche (cervical loop, outlined by yellow dashed line).
Scale 100 um.

DISCUSSION:

In vitro organ culture has been used extensively to study inductive potential and epithelial-
mesenchymal interactions that govern organ growth and morphogenesis. The Thesleff laboratory
has demonstrated how to adapt the Saxén modification of the Trowell-type organ culture and
use it to study tooth development!4. The reproducible conditions and advancements in
fluorescent reporters have made this a useful method for monitoring tooth morphogenesis and
the distinct cell populations within. This paper described how to apply this protocol to study
epithelial stem cells and the microenvironment in which they reside.
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Atechnique for isolating the proximal end of the incisor that contains the SC niche from postnatal
pups and from older animals was described here. The success of this method depends on the
isolation time (which directly impacts tissue viability) and on the ability to isolate an undamaged
proximal end with an intact labial cervical loop. This is particularly challenging in older animals
with mineralized bone. The protocol shows how to use controlled mechanical force to break the
mineralized bone and isolate fully intact and viable soft tissue in a significantly shorter time when
compared to other published protocols?>. Once isolated, the tissue can be cultured in vitro, either
as a whole or as a thick slice. The disadvantage of the thick tissue slicing method is that only a
portion of the cervical loop is present in each slice; thus, obtaining a reproducibly identical
portion of the cervical loop in different sections is not possible. Organ culture provides an easy
and reproducible method to study the molecular and cellular mechanisms that regulate SCs and
their niche over time. However, there are limitations to the total culture period, mainly due to
the progressive loss of mesenchyme after the initial 3—4 days of culture.

The isolated tissue can also be further processed to obtain a single cell suspension enriched in
incisor epithelial SCs?®. Enzymatic separation of the cervical loop from the rest of the proximal
end and the use of specific fluorescent reporters enables more detailed mRNA and protein
analyses (such as gPCR, single-cell RNA sequencing) and a greater insight into specific cell
populations within the niche.

In vitro culture provides a suitable platform for screening various genetic and pharmacological
manipulations for their regulatory effect on tooth epithelial SCs and their niches. It should be
noted that the success of the pharmacological treatments depends on the properties of the
tested molecules, such as half-life, solubility, metabolic stability, dosage, and cell toxicity. In
combination with a fluorescent reporter, the regulatory effect can be assigned to a specific cell
population within a tissue, thus providing a powerful tool to uncover the molecular and cellular
mechanisms that regulate tooth epithelial SCs and their niche.

With the use of specific fluorescent reporter mice, it is possible to identify and follow specific cell
populations within live tissue over time. Recently, it has been demonstrated that in vitro organ
culture can be used for live imaging of tooth development?®. In addition, cell behavior can be
imaged over a short period of time using in vitro culture of thick tissue slices’. As previously
indicated, only a portion of the SC niche can be imaged and the imaging duration is brief. Ideally,
the entire SC niche should be imaged. However, 4D time-lapse imaging of this structure is
challenging, mainly due to the thickness of the niche and the limitations of currently available
imaging methods. Nevertheless, continuous advances in imaging technology promise an exciting
future in unravelling cellular behaviors that constitute the incisor SC niche.
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Table of Materials

Name of Material/Equipment

1-mL plastic syringes

Disposable 20/26 gauge hypodermic needles
DMEM

Dulbecco's Phosphate-Buffered Saline

Extra Fine Bonn Scissors

F-12

FBS South American (CE)

Glass bead sterilizer, Steri 250 Seconds-Sterilizer
GlutaMAX-1 (200 mM L-alanyl-L-glutamine dipeptide)
Isopore Polycarb.Filters, 0,1 um 25-mm diameter

L-Ascobic Acid

Low melting agarose

Metal grids

Micro forceps

Paraformaldehyde
Penicillin-Streptomycin (10,000U/ml) sol.
Petri dishes, Soda-Lime glass

Petridish 35 mm, with vent

Petridish 90 mm, no vent classic

Small scissors

Company

Terumo
Gibco
Gibco
F.S.T.
Gibco

LifeTechn.
Simon Keller Ltd
Gibco
MerckMillipore
Sigma
TopVision

Medicon
Sigma-Aldrich
Gibco

DWK Life Sciences
Duran

Thermo Fisher

Click here to access/download;Table of Materials;Table_of Materials.xlsx %

Catalog Number

61965-026

14287
14084-08
31765-027

10270106
4A)-6285884
35050-038
VCTP02500

A4544-25g
RO801

07.60.03

15140-148
9170442
237554008
101RT/C
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Comments/Description

divide in aliquotes, store at -20°C

Store in 70% ethanol at room temperature.

diluted 100 mg/ml in MilliQ, filter strerilized and divided in 20ul aliquotes, store at dark, -20°C

Commercially available, or self-made from stainless-steel mesh (corrosion resistant, size of mesh 0.7 mm). Cut approximately 30 mm diameter disk an



d bend the edges to give 3 mm height. Use nails to make holes.
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Responses to the Editor and Reviewers. Juuri and Balic, "Use of Trowell-type Organ
Culture to Study Regulation of Dental Stem Cells”.

Dear Editor,

We thank you and the Reviewers for the careful reading of our manuscript entitled “Use of
Trowell-type Organ Culture to Study Regulation of Dental Stem Cells”, which we have now
corrected accordingly. We have addressed all the reviewers’ comments (in the text below)
and we hope that the revised version of the manuscript will now be acceptable for the
publication.

Sincerely,
Emma Juuri, DDS PhD

Editorial

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.

We have done thorough language revision for the manuscript.

2. Please revise the following lines to avoid previously published work: 42-45, 138-139, 140-
141. Also please revise the summary to fit the 50-word limit.
We have revised the marked lines and the summary to fit the word limit.

3. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our"
etc.).
We have removed all the personal pronouns.

4. JOVE cannot publish manuscripts containing commercial language. This includes
trademark symbols (™), registered symbols (®), and company names before an instrument
or reagent. Please remove all commercial language from your manuscript and use generic
terms instead. All commercial products should be sufficiently referenced in the Table of
Materials.

For example: GlutaMAX, Eppendorf, etc.

We have removed the commercial language.

5. Please include an ethics statement before your numbered protocol steps, indicating that
the protocol follows the animal care guidelines of your institution.
We have included the ethics statement.

6. Line 103-113: The Protocol should contain only action items that direct the reader to do

something. Any text that cannot be written in the imperative tense may be added as a “Note.”

However, notes should be concise and used sparingly.
We have changed the text in imperative tense and added some text as a “Note.”

7. Line 109: Please include the specifications of the needles used for opening the mandible.
We have now specified the needles.

8. Line 125-129/131-136/138-141/143-147: Please ensure that the Protocol section has
numbered steps. We cannot have non-numbered paragraphs/steps/headings/subheadings.
We have numbered the protocol steps.

L]


https://www.editorialmanager.com/jove/download.aspx?id=1306076&guid=0f4cc31c-15e9-444e-b351-9cc7b65ca673&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1306076&guid=0f4cc31c-15e9-444e-b351-9cc7b65ca673&scheme=1

9. Please include a one-line space between each protocol step and highlight up to 3 pages of
the Protocol (including headings and spacing) that identifies the essential steps of the
protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story
of the Protocol. Remember that non-highlighted Protocol steps will remain in the manuscript,
and therefore will still be available to the reader.

We have added a one-line space between each protocol step and highlighted the essential
steps of the protocol for the video.

10. For in-text formatting, corresponding references should appear as numbered superscripts
after the appropriate statement(s).
References are now changed into numbered superscripts.

11. Please ensure that the references appear as the following: [Lastname, F.I., LastName,
F.1., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage — LastPage (YEAR).]
For more than 6 authors, list only the first author then et al. Please use title case italicize
journal titles and book titles. Do not use any abbreviations. Article titles should start with a
capital letter and end with a period and should appear exactly as they were published in the
original work, without any abbreviations or truncations.

Reference style is now according to JOVE style.

12. Figure 2: Please include scale bars in all the images of the panel. Please include the
details of the magnification in the Figure Legends.
We have included scale bars in all the images and included the details of the magnifications.

13. Figure 3: Please include scale bars in all the images and define them in the Figure
Legends.

We have included scale bars in all the images and included the details of the magnifications
in figure legends.

14. Figure 4: Please include scale bars in all the images and define them in the Figure
Legends. Please use a single space between the number and the time units in Figure 4E
(revise “Oh” to “0h”).

We have included scale bars in all the images and included the details of the magnifications
in figure legends. We have added single space between the number and the time units.

15. Please sort the Table of Materials in alphabetical order.
We have sorted the Table of Materials in alphabetical order.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The authors explained the protocol for the isolation and culture of the proximal end of the
mouse incisor that houses stem cells and their niche using the modified Trowell-type organ
culture protocol. The authors were able to clearly show the step wise protocol.

Minor concerns :

Hope the video and accompanying text will be able to completely depict the protocol
explained.

We thank the reviewer for the positive review of our manuscript.



Reviewer #2:

Manuscript Summary:

The authors describe a protocol for the dissection and cultivation of the niche of epithelial
and mesenchymal stem cells of mouse incisor.

The authors also describe the combination with transgenic reporter mouse to visualize
characters of cells such as stemness and proliferation status.

The article will contribute to understanding the mechanisms of incisor development but also
other ectodermal organs.

Major Concerns:
I have no issues.
We thank the reviewer for the positive review of our manuscript.

Minor Concerns:
Line 101, Is this step means that dissected tissues keep in a Petri dish containing PBS or
culture media?

We have clarified this sentence in the text, and now it reads: in a Petri dish containing PBS.

Please unify some terms. e.g., 70% EtOH v.s. 70% ethanol
We have unified the terms.



