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Bone healing involves the interplay of immune cells, mesenchymal cells, and vasculature
over the time course of regeneration. Approaches to quantify the spatiotemporal aspects
of bone healing at cellular resolution during long bone healing do not yet exist. Here, a
novel technique termed Limbostomy is presented, which combines intravital micro-
endoscopy with an osteotomy. This design allows a modular combination of an internal
fixator plate with a gradient refractive index (GRIN) lens at various depths in the bone
marrow and can be combined with a surgical osteotomy procedure. The field of view
(FOV) covers a significant area of the fracture gap and allows monitoring cellular pro-
cesses in  vivo. The GRIN lens causes intrinsic optical aberrations which have to be
corrected. The optical system was characterized and a postprocessing algorithm was
developed. It corrects for wave front aberration-induced image plane deformation and
for background and noise signals, enabling us to observe subcellular processes. Exem-
plarily, we quantitatively and qualitatively analyze angiogenesis in bone regeneration.
We make use of a transgenic reporter mouse strain with nucleargreen fluorescent pro-
tein and membrane-bound tdTomato under the Cadherin-5 promoter. We observe two
phases of vascularization. First, rapid vessel sprouting pervades the FOV within
3-4 days after osteotomy. Second, the vessel network continues to be dynamically
remodeled until the end of our observation time, 14 days after surgery. Limbostomy
opens a unique set of opportunities and allows further insight on spatiotemporal aspects
of bone marrow biology, for example, hematopoiesis, analysis of cellular niches, immu-
nological memory, and vascularization in the bone marrow during health and dis-
ease. © 2020 The Authors. Cytometry Part A published by Wiley Periodicals, Inc. on behalf of International
Society for Advancement of Cytometry.
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REGENERATIVE healing of tissues is a highly dynamic process that shows a very
distinct spatial distribution of the cells involved, governing self-organization of the
forming tissue. Bone healing can serve as a model system for such dynamic healing
cascades, specifically since bone has the unique capability of complete restoration
without scar formation. To understand the underlying principles of this early self-
assembly in healing, however, a better insight into the in vivo dynamics of these cel-
lular processes is needed. From ex vivo and histological observations, we have
learned that fracture healing is a tightly regulated process, which occurs in over-
lapping but distinct phases and involves the interplay of multiple cell compartments,
such as the immune system, the vasculature, and various mesenchymal cells. Directly


https://orcid.org/0000-0002-2529-7838
https://orcid.org/0000-0003-3258-5640
https://orcid.org/0000-0001-8656-8075
https://orcid.org/0000-0002-7725-9526
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcyto.a.23997&domain=pdf&date_stamp=2020-03-20

ORIGINAL ARTICLE

*Correspondence to: Anja E. Hauser, Charité — Universitatsmedizin
Berlin, Corporate Member of Freie Universitat Berlin, Humboldt-
Universitdt zu Berlin, and Berlin Institute of Health, Department of
Rheumatology and Clinical Immunology, Berlin, Germany

Email: hauser@drfz.de; anja.hauser-hankeln@charite.de

These authors contributed equally to this study.
*These authors contributed equally to this study.

Published online 20 March 2020 in Wiley Online Library
(wileyonlinelibrary.com)

DOI: 10.1002/cyto.a.23997

after injury, a fracture hematoma forms, accompanied by the
release of inflammatory mediators and the recruitment of
immune cells. The initial, pro-inflammatory phase transits
into an anti-inflammatory phase and as inflammation wanes,
soft callus is formed, comprising fibro-cartilaginous tissue,
which subsequently becomes mineralized and is therefore ter-
med hard callus. Finally, in the remodeling phase, this newly
formed bone is refined in an orchestrated interplay between
cells of hematopoietic and mesenchymal origin (including
osteoblasts and osteoclasts), which remodel the tissue, until
an intact and fully functional bone structure is restored (1-3).

However, certain risk factors like age (4,5) or metabolic
disorders (6) can delay or even impede the healing process
significantly, reflected in fracture healing disorders which
occur in 5-10% of patients (7). In order to further define risk
factors and design patient-oriented therapeutic strategies, a
detailed understanding of the processes underlying bone
regeneration is necessary.

It has become evident that these regenerative cascades
involve a dynamic and at least partly directed interaction
between single cells of various compartments. However,
mainly due to a lack of appropriate tools and technology, the
details of this interplay, especially its spatiotemporal aspects,
are not fully understood. Histological analyses, which demon-
strated a role for the innate (8-10) and adaptive (4,11) arms
of the immune system, have been performed. These analyses
represent ex vivo snapshots of the tissue state taken from
individuals at defined time points and have laid the founda-
tion for a comprehensive analysis of the cellular composition
at the injury site at various phases of bone regeneration.
However, they did not allow conclusions on the dynamic reg-
ulation of cellular interaction events and interplay of cells
with the surrounding matrix over time and in space. Exam-
ples for such events and interplays are endothelial cells
sprouting into a site of injury, the recruitment of immune
cells to an injury, the dynamic transition from the pro- to the
anti-inflammatory phase, the dynamics within the mesenchy-
mal compartment promoting callus formation, and finally,
the processes of bone remodeling.

Two-photon intravital imaging of the bone marrow has
become an important tool for the characterization and quanti-
fication of cellular dynamics in immunology (12). Intravital
imaging has significantly contributed to our understanding of
the dynamic nature of hematopoiesis (13-16) as well as the
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dynamics of mature immune cells in the bone marrow (17,18)
and their interactions with mesenchymal compartments (19).
In many reports, marrow islands within the calvarial flat bone
are visualized through the thin bone layer on the top of the
skull (3,14,16,18,20-25). There are also reports of intravital
multiphoton imaging being performed in long bones, such as
the metatarsal bones in young animals (26) and the explanted
femur (27). The femur bone marrow has also been analyzed
using an external window (28). Imaging in the tibia has been
performed using an approach in which an acute injury is
introduced to the skin and the bone surface, in order to
achieve thinning of the cortex (15,17,19). A similar approach
in the tibia has been used for longitudinal imaging (21). In
order to optically access the bone marrow, the cortical layer is
thinned to 30-50 pm (15,17,19). Finally, access to the bone
marrow has been achieved by generating subcutaneous ossicles
from medical-grade polycaprolactone-calcium phosphate
(mPCL-CaP) scaffolds and application of bone morphogenetic
protein (BMP)-7, embedded in fibrin glue (29).

While all these approaches allowed conclusions on cellu-
lar dynamics in the tissue, observation time is limited to rela-
tively short time periods, typically in the scale of hours. Chen
et al. reported the insertion of a femoral window, which
enables observation over the course of 10 days (28). However,
none of these procedures covers the time and tissue location
necessary to observe the process of endochondral bone regen-
eration in one and the same individual.

We have recently developed a microendoscopic implant,
which allows us to image in the bone marrow of a femoral
mouse bone, at the same tissue location, over the course of
several months (30,31). The system is based on a gradient
refractive index (GRIN) lens attached to an internal bone
fixator (MouseFix system) (32), which results in stable fixa-
tion of the optical system in the femur, suitable for two-
photon microscopy. Implantation of the microendoscopic
lens requires opening the cortex with a drill, so the whole
procedure closely resembles the damage induced by drill hole
injury models. In fact, it can be used to monitor tissue regen-
eration after this type of injury. Thus, we have previously
been able to demonstrate the changes in tissue composition
following a drill hole injury, in particular the high degree of
vascular dynamics occurring during the regeneration phase.

While drill hole injuries constitute important tools for
studying bone regeneration, they mainly represent a form of

484 Limbostomy: Longitudinal Intravital Microendoscopy in Murine Osteotomies


mailto:
mailto:
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

ORIGINAL ARTICLE

regeneration termed intramembranous ossification, where
bone is formed directly from mesenchymal progenitors (33).
This does not fully recapitulate all the phases of regeneration,
which occur during endochondral ossification following a
fracture, where a cartilaginous intermediate is generated,
which then becomes mineralized and remodeled. In order to
fully understand the orchestrated processes occurring during
endochondral bone regeneration at a cellular and tissue level,
it is highly desirable to combine longitudinal intravital two-
photon imaging in bone (LIMB) with an osteotomy model.

In addition, flat bones and long bones display similarities
and differences in cell distribution (34,35), ontogeny, and pro-
tein composition (36). It is known that the lack of mechanical
load leads to a reduction of matrix protein expression (37,38)
and bone regeneration of comparable defects is faster in long
bones compared to calvarial flat bone (39). An intravital imag-
ing approach for bone regeneration in long bones will help
understanding those functional differences between injury
regeneration at different sites, and improve our understanding
of this process at tissue sites of high relevance in terms of
translation. Here, we present a novel technology for intravital
imaging termed Limbostomy, which allows to perform longi-
tudinal intravital imaging directly in osteotomized areas, and
to analyze spatiotemporal aspects at a cellular level directly at
the site of endochondral bone regeneration, in a field of view
(FOV) covering a substantial area of the fracture gap.

The microendoscopic lenses used for this approach show
inherent optical aberrations, which cause positional or
amplitudinal discrepancies of the light wave fronts at the focal
plane, leading to artifacts during image acquisition. These
include chromatic aberration and spherical wave front aberra-
tions, and result in lower FOV due to less contrast and sharp-
ness in outer radial areas and reduced spatial resolution (40).

In order to gather reliable spatial information using our
technique, we thoroughly characterized the wave front and
chromatic aberrations and designed a postprocessing pipeline
to correct the imaging results in Limbostomy. In this way, we
access a cylindric volume of 400 pm in diameter and up to a
theoretical 200 pm depth at high imaging quality, resulting in
a promising tool for applications across multiple disciplines.

MATERIAL AND METHODS

Mice

All animal experiments were approved by the local animal
protection authority (LaGeSo Berlin; permission number
G0302/17) following the German Animal Welfare Act.
Cdh5-GFP-tdT mice express a membrane-tagged tandem
tomato fluorescent protein (tdT) and histone 2B linked
enhanced green fluorescent protein (GFP) under a transgenic
VE-cadherin (Cdh5) promoter (41). Animals were bred in our
colony and kept in a conventional specific pathogen-free bar-
rier facility. Prior to surgery, 14-week-old female animals
received Buprenorphine (0.03 mg/kg; Temgesic®, Indivior
Deutschland GmbH, Mannheim, Germany) s.c. as analgesic,
one injection of 0.04% Enrofloxacin (Baytril®, 10 mg/kg body
weight Bayer AG, Leverkusen, Germany) (42), and
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dexpanthenol-containing eye ointment (Bepanthen®, Bayer
AG, Leverkusen, Germany). Pain was inhibited using
Tramadol (0.05 mg/ml; Griinenthal, Aachen, Germany) for
3 days after surgery in drinking water ad libitum. For calcula-
tion of the gap size, results from other female mice of the same
genetic background (C57BL/6) have been included.

Lens Gluing Process

In order to fix the lens in the endoscope, tubing glue was
applied. The process was recorded and can be observed in the
Supporting Information Movie S1. The tubing was positioned
with one hole downward onto an inverted stripe of tape,
which sealed the hole and simultaneously held the tubing in
position. The lens was inserted into the tubing and two drops
of two-component glue (EPO-TEK 301-2, John P. Kummer
GmbH, Augsburg, Germany) were transferred into the
exposed hole using a syringe needle. The glue was cured at
65°C overnight.

Limbostomy Imaging Procedure

For intravital imaging, anesthesia was induced with 2.0% and
maintained with 1.25-1.5% of isoflurane. Mice were positioned
on a heating pad at 38°C and dexpanthenol ointment was
applied on both eyes to protect them from drying out. Under
anesthesia, the set screw was removed, the lens examined for
particles, and, if necessary, wiped clean with a dry spear swab.
The reference plate was slid into a plastic adapter and secured
into the stage at a fixed vertical rotation angle. The stage,
including the mouse, was positioned onto the intravital micro-
scope table (LaVision BioTec GmbH, Bielefeld, Germany)
under an upright laser-scanning microscope based on a com-
mercial scan head (TriMScope II, LaVision BioTec GmbH, Bie-
lefeld, Germany). Using a 20X objective lens (IR-coating, NA
0.45, Olympus, Hamburg, Germany), the imaging plane was
focused on the GRIN lens outer surface (length ca. 5.07 mm,
diameter = 0.60 mm; NEM-060-10-10-850-S-1.0p, GRINTech
GmbH, Jena, Germany). Using the ImspectorPro software (ver-
sion 208, LaVision BioTec GmbH, Bielefeld, Germany), the
focal plane was elevated 200 pm. From there, the focus was
gradually moved downward (approximately 50 pm) at low laser
power (wavelength = 980 nm; Ti-Sapph Laser, Coherent,
Dieburg, Germany) until the surface of the GRIN lens inside
the tissue was visible. Fluorophores (tdT, GFP) and Qtracker
655 Vascular Labels (Qtracker655, Q21021MP, Thermo Fisher,
Waltham, MA, USA) were excited at 980 nm. 3D time-lapse
stacks were acquired with a FOV of 505 %505 px
(500 x 500 pm, frequency = 1000, line average = 4, unidirec-
tional) using linear power adaption at a z-step size of 5 pm and
up to 19 z-steps at a time interval of 1 min over a total duration
of up to 2 h. Qtracker 655 were injected into the tail vein prior
to acquisition (2-3 pl per animal). Emitted light was detected
with photomultiplier tubes in the ranges of 466 =+ 20,
525 £ 25, 593 & 20, and 655 & 20 nm. GFP was detected at
525+ 25nm, tdT at 593 +20nm, Qtracker 655 at
655 £ 20 nm, and second harmonic generation second har-
moinic generation (SHG) signal at 593 £ 20 nm. After
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imaging, the mouse was removed from the stage and the lens
was secured using a set screw.

Image Correction

The background was corrected with a white top-hat morpho-
logical filter (based on the empirically determined size and
shape of the cells) of the MorphoLib] Plugin in FIJI. This fil-
ter homogenizes the uneven background and fluorescence sig-
nal intensities in the edge and central FOV regions, through
performing a mathematical morphological opening (dilation)
of the image (43). Finally, in order to reduce noise, a de-
speckling algorithm was applied to the images using the des-
peckle function in FIJI.

Image Analysis

Stack images were loaded with Imaris Software (v9.3.0,
Bitplane, Zurich, Switzerland) and signal intensity was
corrected over time using the normalize time points function.
A reference frame was placed at the center of the image. Next,
surfaces for nuclei were reconstructed based on the GFP sig-
nal and the vessels based on the tdTomato signal. Nuclei were
filtered by track displacement (10 pm) and track duration
(496 s) for moving nuclei. Based on the reference frame, the
statistics track position mean, track position start, track dis-
placement, and track velocity were exported for moving cells.
Volume was exported for unfiltered vessel and nuclei surfaces.
Track velocity is the length of the track path divided by the
duration of the track.

Analysis toward the center of the FOV

In order to determine the direction of the moving cells, the
length of the vectors in the reference frame “center” was cal-
culated for track position start (defined by the value of the X,

Y track start positions;

E‘) and track position mean (defined

by the mean value of X, Y track coordinates positions;

b))
in X, Y. The difference of vector lengths from center ‘_'

o[- ¢
was calculated and normalized to the track displacement (or:
displacement; the object’s track displacement is the distance
between the first and last object’s position along the selected-
axis) in order to account for the actual distance between start

and end position. Positive values indicate a movement toward
the center, negative values away from the center.

Analysis of the surface volumes

Imaging volume was based on the theoretical volume of the
stack. Total nuclei volume was the sum of all nuclei surfaces
averaged over time. Total vessel volume was the sum of all
vessel surfaces averaged over time.

Histology

Femoral bones were explanted, muscles largely removed so
that osteotomized bone parts maintained one entity. Tissue
was fixed using 4% electron microscopy-grade paraformalde-
hyde in phosphate-buffered saline (PBS) for 4 h at 4°C,
washed in PBS, and run through a sucrose gradient (10%,

20%, 30%; for 12-24 h). Bones were frozen in SCEM medium
(Sectionlab, Hiroshima, Japan), cut into slices of 7 pm using
Kawamoto’s film method (44), and stored at —80°C. For
immunofluorescence, individual sections were thawed,
rehydrated in PBS, blocked with 10% donkey serum, and sta-
ined with antibodies in PBS/0.1% Tween 20/5% donkey
serum containing 4’,6-diamidino-2-phenylindole (DAPI) for
1-2 h. Target proteins were identified using antibodies against
Emen (V.7C7 unconjugated, sc-65495, 1:100, Santa Cruz Bio-
technology, Inc, Dallas, TX, USA). Primary antibodies were
stained with secondary antibodies (1:500, anti-rat conjugated
AF594, A21209, Thermo Fisher, Waltham, MA, USA). Sam-
ples were washed between steps and after staining with
PBS/0.1% Tween 20 for 3X 5 min. Stained samples were kept
in PBS for 5 min, embedded using aqueous mounting
medium (Fluoromount, Thermo Fisher, Waltham, MA,
USA), and analyzed microscopically within 6 days. All images
were acquired on a Zeiss LSM880 (Carl Zeiss AG,
Oberkochen, Germany) in tile scan mode at a resolution of
2048 x 2048 px. For display, pictures were background sub-
tracted and contrast was adjusted using Image] 1.52i.

RESULTS

Limbostomy: Design and Technical Data

In order to establish longitudinal intravital imaging of regen-
eration processes in long bones, we adapted the previously
published LIMB microendoscopic system (31), based on an
established, standardized fixator plate for osteotomies in mice
(32). Simultaneously, we aimed to increase the FOV, to allow
more flexibility regarding imaging depth, and maximize ver-
satility by using only one multipurpose implant for both,
osteotomy and imaging. A comparison of the FOV from the
original LIMB system, the Limbostomy raw data, and the
corrected images is illustrated in Supporting Information
Figure 1 and Table SI. In order to combine an osteotomy
model with LIMB, the osteotomy must be performed before
the lens is inserted into the tissue. This is required to avoid
damaging the lens and ensure free movement of the saw
through the entire bone cortex. To achieve this, we chose a
modular approach, in which the lens tubing is separated from
the fixator plate and can be screwed into the plate using a
thread on the lower end of the metal tubing (Fig. 1A). The
thread terminates at the fixator plate, and only the lens sticks
into the tissue (Fig. 1A, right). In this way, the lens can be
attached after the injury is made (see also Fig. 3G). As a
result, we were able to increase the diameter of the custom-
built GRIN lens to 600 pm and simultaneously reduce the
diameter of the tubing-lens-system inside the bone tissue by
50 pm, as compared to the previously published LIMB sys-
tem. This resulted in less space occupied by the implant
within the bone (Fig. 1B). Finally, in order to allow the intro-
duction of an osteotomy gap and simultaneously maintain a
stable fixation of the bone fragments, the screw positions lat-
eral to the lens position were located equidistant and their
intervening distance was maximized (Fig. 1C). In order to
guarantee stable fixation, a minimum distance of one screw
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Figure 1. Limbostomy: a modular microendoscope design allows an increased imaging volume, varying depths, and secure fixation for
an osteotomy. (A) An internal fixator plate with a rod for mounting the reference plate contains a thread which accepts the lens tubing. (B)
In comparison to the fixed LIMB design, the interior metal ring is removed and allows the usage of a lens with a diameter of 600 pm. (C)
The fully assembled Limbostomy design with mounted reference plate (left) and an exploded drawing of the fixator-lens design.
Distances are in millimeters. The plate contains screw threads which are located in a maximal distance from the lens. (D) Pictures of
glued tubing-lens modules. Offsets are due to production inaccuracy (upper offset, red) and the distance between the end of the tubing
and the fixator (lower offset, red). In this example, the lens is glued protruding 900 um (right), which results in 700 pm penetration depth
(left). The lens can be glued protruding for superficial imaging. (E) Fully assembled, all modules are either glued or screwed together to

secure the lens and prevent movement in the FOV.

diameter between two screws should be maintained (Romano
Matthys, personal communication). The diameter of one
screw is 0.47 mm (Fig. 1C). Consequently, as the distance
between the screws amounts to 3.5 mm, the system allows for
osteotomy gap sizes of up to 2 mm.

To enable visualization of bone regeneration pro-
cesses, we aimed to access the center of the femoral long
bone in an osteotomy. Based on the average femoral bone
diameter of 1,415 pm, calculated from pCT data of
3-month-old mice (as published in Bucher et al.) (4), we
glued the lens into the tubing at 900 um protruding from
the bottom of the fixation plate. This includes 700 pm bone
and bone marrow as well as 200 pm offset between the
plate and the bone surface, before the lens enters the bone.
Offsets resulted from the contact-free design of the plate as
well as from production inaccuracy, resulting in a variation
of 100 pm (Fig. 1D).

Cytometry Part A @ 97A: 483-495, 2020

The process of fixing the lens is performed manually, as
shown in Supporting Information Movie S1. All these features
in the Limbostomy system (Fig. 1E) allow the usage of flexible
lens-tubing-systems with different penetration depths in the
same, standardized fixator system, to achieve any depth up to
700 pm in the femoral bone, for osteotomy gap sizes of up
to 2 mm.

Lens Characterization

Like in the LIMB system (31), a GRIN lens (Fig. 2A,
Supporting Information Table S2) was used to optically access
the bone tissue. In order to determine the relevant parameters
for image correction in this two-photon fluorescence micro-
endoscopy approach, we characterized its optical parameters
and aberrations. These include chromatic aberration and
spherical wave front aberrations.
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Figure 2. Lens specifications and image correction. (A) Designation of the used GRIN lens and technical drawing of the light path through
the GRIN lens. (B) Field of view (yellow) with corresponding Gaussian fitted intensity distributions in x (blue) and y (red). (C) Flowchart
visualization of the image correction algorithm. The raw slice image a (orange frame) gets z-corrected by shifting the displaced peripheral
areas of lower slices up to their correct z position. This is done by cropping the concentric ring-shaped areas of lower slices (b to n) with
binary masks (blue frame) and summing them up (purple frame). This is repeated for slices b to n as the new start points. Afterwards, a
background correction is performed (yellow frame). (D) Comparison of the maximum intensity z-projections of raw image (left) and
corresponding corrected image (right). The xz-section (of the white line) displays the image plane curvature in the raw and the up-shifted
z-slices for the corrected image. Dark blue areas underneath symbolize deeper layers and illustrate how the image correction algorithm
shifts deeper slices up to correct for displaced structures.
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The FOV was determined based on the 1/¢” isoline of the
maximum intensity from the lateral center of the illumination
distribution through the GRIN lens (Supporting Information
Fig. 2A), fitted by a Gaussian function (Fig. 2B). The field cur-
vature and image distortions, which are mainly caused by
chromatic and spherical aberrations, were quantified by imag-
ing a reference grid with known dimensions and agarose gel
containing fluorescent beads (200 nm diameter), respectively.
An overview of all the determined optical parameters is
depicted in the Supporting Information Table S2.

The chromatic aberration is defined as axial focal shift
when the wavelength is changed. It was determined by
sequentially imaging a rigid bead structure at different excita-
tion wavelengths in the range between 800 and 1,030 nm, as
we expect the chromatic aberration to scale linearly with the
excitation wavelength (Supporting Information Methods
Eq. 1, Fig. 2B). Since all analyses presented in this work were
performed at the same excitation wavelength, no focal devia-
tion was induced and therefore no correction of chromatic
aberration was needed.

The third-order spherical aberration, which contributes
significantly to the overall wave front aberration, resulted in a
radial parabolic wave front and subsequent image plane
deformation. This was quantified by imaging a defined refer-
ence grid, in which the radius of the sharpest grid structures,
in relation to the focus depth, was measured. The data were
fitted by a paraboloid model (Supporting Information
Methods) using the least-squares fitting algorithm. Theoreti-
cally, in an ideal optical system with no wave front aberra-
tions, the plane reference grid would appear as a sharp
structure in one distinct focal plane. In our system, concentric
ring-shaped areas appeared as sharp structures at various
focal depths, indicating the deformation of peripheral areas of
the image plane (Supporting Information Fig. 2C). This
paraboloid distortion of the acquired images occurred along
the optical axis.

Image Correction

In order to correct for the intrinsic confounding factors of the
optical system, an image postprocessing algorithm of two
main steps was designed. The first step sequentially corrects
the slices of a raw stack (Fig. 2C, red frame) for image plane
deformation introduced by the wave front aberrations in the
axial dimension (Fig. 2C, purple frame). The second step cor-
rects for system-related inhomogeneous illumination, sample-
specific background signals and smoothes the signal in the
images (Fig. 2C, yellow frame).

For z-corrections, binary polar masks were generated
(Fig. 2C, blue frame) which depend on the z-step size of the
raw image stack. The radius of each mask was calculated from
the fitted equation (Supporting Information Methods Eq. 2),
which best describes the image plane deformation in our
experimental data (Supporting Information Fig. 2D). After-
wards, the masks are used to crop the corresponding concen-
tric ring-shaped areas of lower slices in the z-stack, with a
similar z-shift as the one caused by the third-order spherical
aberration. The cropped image slices are merged at the
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corrected z-position. This compensated the curvature of
aberration-induced image plane deformation. The procedure
was repeated iteratively with all z-slices as start points.

Image correction resulted in a visual improvement of the
peripheral image areas through higher contrast and minimiz-
ing positional errors of structures in z (Fig. 2D). We validated
the image correction algorithm by calculating and comparing
the image plane curvature of raw and corrected images. We
found that image quality was increased, and the image plane
curvature was minimized (Fig. 2, Supporting Information
Methods).

Surgery Procedure for Combined Imaging and
Osteotomy

The femoral shaft of the right hind limb of a mouse was
approached laterally and exposed under sterile conditions.
Anesthesia via a respiratory mask was induced with 2.0% and
maintained with 1.5% isoflurane. The mouse was positioned
on a heating mat and the shaved and disinfected leg, covered
by incision foil, was secured on a custom-made leg platform
(Fig. 3A, Supporting Information Fig. 3). An incision of
approximately 1.5 cm was made into the skin between the
knee and hip joint, parallel to the femur (Fig. 3B, upper pic-
ture). The underlying muscles were dissected and retracted
along the delimiting fascia (Fig. 3B, lower picture). The fixa-
tion plate was fixed onto the exposed bone and stabilized
using forceps with a side lock (Fig. 3C, upper picture). A pilot
hole was introduced at the distal screw thread position using
a 0.31 mm drill bit (Fig. 3C, upper picture) and a 2 mm bi-
cortical screw was inserted manually through the complete
shaft and locked into the plate (Fig. 3C, lower picture). The
process was repeated for the proximal screw position and the
two remaining centered positions; so four screws were placed
in total. In order to expose and access the full perimeter of
the femur, forceps were placed under the bone (Fig. 3D,E,
upper picture) and a Gigli wire saw of approximately 25 cm
in length was passed through the gap (Fig. 3D). The two cut-
ting positions were marked by placing small incisions with
the saw. Cuts distal (Fig. 3E, lower picture) and proximal
(Fig. 3F, upper picture) were made perpendicular to the bone
and the bone section was removed (Fig. 3F, lower picture).
Subsequently, the lens-tubing was positioned using a hand
drill with enlarged drill chuck and screwed into the desig-
nated thread over the osteotomy gap (Fig. 3G). The wound
was sewed with a surgical thread (Fig. 3H, upper picture).
Finally, a reference plate was attached, fixed on the positioner,
and closed using a plug screw to protect the lens (Fig. 3H,
lower picture). The final result (Fig. 3I) shows the fixed refer-
ence plate outside the bone. We measured the gap size based
on the distance between the screws and found that we reliably
achieve a gap size of ~816 pm (confidence interval (CI):
787-844 pm; SD = 85 pm) (Fig. 3]). As shown previously, the
wound heals without impacting the behavior of the mice
(Reismann et al., Fig. 3K) (31). Using immunofluorescence
histology, we observed normal regeneration and vessel forma-
tion at the site of injury indicated by high expression of
Endomucin (Emcn) in areas of tissue damage and callus
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Figure 3. Limbostomy surgical procedure and healing outcome. (A) The mouse’s leg is shaved, and the mouse is fixed on a heating mat
under isoflurane anesthesia. (B) An incision is made through the incision foil, skin and then muscles are retracted. (C) Guide holes are
drilled and screws positioned. (D) Using a Gigli saw wire two cuts (E, F) are made and the bone fragment is removed. (G) The lens tubing
is screwed into the fixator and (H) the skin closed before the reference plate is mounted onto the system. (l) The final result shows the
reference plate outside of the body. (J) Osteotomy gap size was measured using the distance between screws as reference. Box-plot
whiskers max-min (confidence interval, Cl: 787-844 pm; SD = 85 um; n = 37). (K) Fully healed, the mouse is not restricted in its movement
and fur regrows. (L) Immunofluorescence histology of bone sections shows high expression of the vessel marker Endomucin (Emcn, red)
in areas of tissue damage and callus formation over the course of regeneration. Nuclei are stained with DAPI and shown in blue. Images
represent n > 4 for each time point. Scale bars = 500 pm.
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Figure 4. Vascularization after osteotomy is a highly dynamic process shown using Limbostomy. (A) Time course of vascularization over
2 weeks in an individual Cdh5-GFP-tdT mouse. Pictures are corrected maximum intensity projections of the FOV. The movies for Day
4 and Day 4.5 can be found in the Supporting Information Movie S4. (B) Projections of 10 um thick slices of the z-stack resolve individual
vessels. (C) Representative surface reconstructions of endothelial cell vessel volumes and nuclei as well as their tracks over time (rainbow
colors). (D) Reference frame position in the FOV for direction of endothelial cell nuclei movement. (E) Object/endothelial cell nuclei track

characteristics used for generating the difference of vector lengths from center ()3‘— ‘B‘) (F) Displacement and (G) normalized difference

of vector lengths from center over time in one individual mouse (corresponding to the green curves in H-K). (H) Mean speed of nuclei,
(I) nuclei count/imaging volume, (J) vessel volume based on tdT signal/imaging volume, and (K) the nuclei volume/vessel volume ratio for
three individual mice. Scale bars = 100 pm.
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formation shown to highly express PECAM-1 (CD31)
(Fig. 3L) (45). Emcn expression was lower in contralateral
bones, with only few Emcn™ vessels alongside the endosteum
(Supporting Information Fig. 4A). Of note, intraindividual
bone regeneration progress showed variability of callus for-
mation in front of the lens (Supporting Information Fig. 4B).
All necessary utensils for the procedure are listed in the
Supporting Information Table S3.

Longitudinal Imaging of Vessel Formation During
Regeneration After Osteotomy

During healing, a close interplay of mesenchymal, vascular,
and immune cells is required to initiate the regenerative pro-
cess. Recently, we reported dynamic changes occurring in
the vasculature during the tissue regeneration process after
bone injury. We also reported vessel plasticity in homeosta-
sis, when analyzed by longitudinal intravital microscopy,
using intravenously injected Qtracker 655 Vascular Labels to
highlight the vessel lumen (31). These particles are cleared
from the blood by the kidney within 30 min. Additionally, a
fraction of the label diffuses from the vessel lumen into the
bone marrow tissue through the fenestrated sinusoidal endo-
thelium specific to this tissue (Supporting Information
Movie S2). In order to analyze the spatial changes of vascu-
lature in the osteotomy model and draw conclusions about
both vessel structure and proliferative behavior of the endo-
thelial cells, we implanted the Limbostomy system into
Cdh5-GFP-tdT reporter mice. These mice express a
membrane-tagged tandem tomato fluorescent protein (tdT)
and histone 2B linked enhanced GFP under a transgenic
VE-cadherin (Cdh5) promoter. We repeatedly performed
imaging in the osteotomy gap over the time course of regen-
eration, starting at Day 2, up to Day 14 after osteotomy. As
shown in Figure 4 and consistent with our observations
using immunofluorescence histology (50), vascularization of
the fracture hematoma became detectable between Day 3 and
Day 4 in the FOV. Vessels developed sprouts into the non-
vascularized tissue (Fig. 4A) and rapidly expanded in the FOV.
Within 24 h, the entire FOV was pervaded with endothelial cells
(Fig. 4A). Using LIMB, we were able to capture a cell division
event, which took 30 min from the prophase, in which chromo-
somal condensation was visible until telophase, when chromo-
somes decondensate (Supporting Information Movie S3).
However, this was the only cell division event we observed.
Endothelial cell sprouts were exclusively derived from the exis-
ting Cadherin5-expressing vessel network, and not de novo from
scattered single cells. Activated tip cells with fine filopodia pro-
truded into the nonvascularized tissue. They preceded the
nucleus of the endothelial cell. The nucleus then moved into the
tip and was subsequently followed by the cell body (Supporting
Information Movie S4). The high density of sprouts made it
challenging to discriminate the cell bodies of individual endothe-
lial cells. As many cells showed filopodia, it was not always pos-
sible to identify activated tip cells or stalk cells unambiguously.
Tip cells from different sprouts contacted each other, suggesting
the formation of anastomoses (Supporting Information Movie
$4, d4.5). The new vessel network in the FOV was dense by Day

5 and Day 6. Here, individual vessels were best visible in image
sections rather than maximum intensity projections of stacks
(Fig. 4B). The network rapidly reorganized from day to day until
collagen deposition was visible via SHG, in line with the phase
of soft callus formation on Day 6 (Supporting Information
Fig. 4C). At 14 days postsurgery, the imaging depth is 80 pm
due to collagen deposition and bone mineralization. Immunoflu-
orescence histology observation shows that callus formation
within the FOV was dependent on the individual regeneration
progress (Supporting Information Fig. 4B,C).

The vessel network is a highly dynamic structure, charac-
terized by motility of endothelial cell nuclei and the endothelial
cell structures. We reconstructed three-dimensional surfaces
for the nuclei and vasculature and tracked nuclei over time
(Fig. 4C). In order to draw conclusions about the direction of
movement, a reference frame was positioned in the center of
the imaging volume (Fig. 4D) and endothelial cell nuclei tracks
were recorded in this coordinate system (Fig. 4E). In order to
account for image instability inherent to this type of intravital
imaging, only nuclei with a displacement of >10 pm were con-
sidered moving nuclei. Along the recorded time course, nuclei
were motile (Fig. 4F) with no apparent preferred direction of
movement (Fig. 4G) or speed (Fig. 4H) even at Day 14 post-
surgery. The overall count of nuclei per imaging volume
increased over time between Day 3 and Day 7 postsurgery and
was stable until Day 14 (Fig. 4I). Simultaneously, total vessel
volume increased until Day 8 and decreased until Day
14 (Fig. 4]). We measured the ratio of nuclei volume/vessel vol-
ume in order to determine patterns of vessel density, which—
somehow unexpected—remained stable over time (Fig. 4K).

DiscussioNn

In this work, we introduce a method for intravital micro-
endoscopy in the bone suitable for established bone regenera-
tion models, as well as for the analysis of the marrow niches in
long bones. The new design has a postprocessing FOV of
402 pm in diameter with a flexible z volume of up to 100 pm
imaging depth inside the tissue. Although this system is not
suitable for tile scans, imaging time series are acquired at a res-
olution comparable with other intravital bone imaging
approaches (20,46). Imaging depth is a challenge in intravital
bone and bone marrow two-photon imaging approaches,
because it is limited to about 150 pm below the bone surface
(34). This is why in most studies, the easily accessible
calvarial  bone  for  bone  imaging is  used
(3,14,16,18,20,21,23-25,34,46,47). Ramasamy et al. circumvent
this problem by imaging the small, metatarsal bones (26). In
another approach, the cortical bone of the tibia was milled
down to a small diameter in order to increase imaging depth of
the actual marrow tissue (15,17,19). As this method removes
the periosteum, it creates an acute injury and inevitably initi-
ates an immune reaction, in addition to likely impacting on
blood supply via transcortical vessels (48). Therefore, it is not
suitable for longitudinal studies. In order to avoid immune
responses and infection, Kim et al. repeatedly close, apply anti-
biotic ointment, and open the wound in order to perform
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longitudinal imaging (49). Using the Limbostomy system or
the LIMB system, which both share the same internal fixator
plate and screws, imaging can be performed for several months
in one individual without losing stability of fixation or image
quality (29,31). Although Limbostomy was only tested for a
period of several days in this study, and considering the usage
of the same internal fixator plate, we expect that Limbostomy
and LIMB are equally stable over time.

Here, we show that, after the lens has been placed,
depending on its position in the tubing, practically any depth
between periosteum and bone marrow center at about
700 pm can be reached and imaged with an extra imaging
depth of consistently 100 pm, without further invasive manip-
ulation of the mouse during regeneration. Over the course of
regeneration, the maximum imaging depth decreases, most
likely dependent on the varying degree of deposition of
collagen-containing extra-cellular matrix at different stages.
As shown in the Supporting Information Figure 3C, the sys-
tem allows visualization of vasculature in 80 pm of depth at
14 days postsurgery. It is embedded in collagen-rich struc-
tures which produce SHG signals upon two-photon excita-
tion, indicating the formation of a hard callus. This opens up
the opportunity to analyze cellular dynamics during the rem-
odeling phase directly at the respective site in the tissue, and
will enable insights into the cellular and extracellular dynam-
ics of tissue organization during these late phases of bone
regeneration. The flexibility of the system with regard to
insertion depth of the lens will allow us to adjust the position
of the FOV according to the biological question. As known
from histology studies, the callus resolves and becomes rep-
laced by hematopoietic marrow tissue at later phases of
regeneration in deeper regions of the bone (50). Limbostomy
will us to analyze this important and fascinating process at
cellular resolution. Any other method is limited to the 2PM
imaging depth starting periostally approximately 150 pm
below the bone surface (34), due to the highscattering proper-
ties of the bone, which are unique among mammalian tissues.

Compared to our initial LIMB system, Limbostomy has
an increased FOV, flexible imaging depth, and occupies less
space in the tissue due to a decreased diameter of the lens-
tubing. This reduction of spatial limitations is combined with
an increase in functionality and reproducibility. The
Limbostomy system is the only system, which allows observa-
tion of bone regeneration in the long bones by stable fixation.
The rigidity of the bone fixation influences the mechanical
stability. It will be interesting to compare the impact of vari-
ous degrees of fixation rigidity with respect to the process of
regeneration longitudinally, at a cellular level. Here, we
describe for the first time dynamic processes of endochondral
bone regeneration in an osteotomy model, longitudinally, in
vivo. The flexibility of the modular Limbostomy method can
be considered an approach for multiple applications, such as
the observation of cellular niches under homeostatic condi-
tions (31), regeneration of drill holes injuries using a very
short lens, regeneration of osteotomies of up to 2 mm size,
over time in one individual, at cellular and subcellular resolu-
tion. It is theoretically possible to image endosteal areas
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diametrically opposite the lens insertion site, by inserting the
lens even deeper than the 700 pm mentioned above. Comple-
mentary, the drill hole injury at the insertion site can be
investigated by positioning the lens to a penetration depth
of 0.

Importantly, bone regeneration is a process with rapid
phases such as the onset of vascularization or the distribution
of inflammatory cells (50). Vascularization in the fracture gap
is completed within 24 h after onset. However, the onset itself
is observed to occur at Day 3 or Day 4 and therefore varies
up to 24 h in our measurements. Comparing time points in
early regeneration of samples from multiple individuals does
not resolve these differences and subsequently results in high
interindividual variations, which have also been reported by
others (44). Using Limbostomy, it is now possible to describe
the longitudinal process of regeneration of one individual in
detail. This will allow a comparison between individuals in
order to determine which stage of regeneration is delayed or
accelerated. The increase of data gained from individuals is a
good example of how intravital microscopy can also contrib-
ute to the Reduce, Refine, & Replace (3R) principle, which
aims to improve design of experiments involving animals.
Here, the animals undergo one surgery from which they
recover quickly. From there, mounting and imaging includes
few steps, with minimal impact on the animal or on physio-
logical and inflammatory processes.

For this new microendoscope design, the FOV could be
increased by a factor of 1.78 in comparison to the old GRIN
lens approach (31) (Supporting Information Table S1) with-
out decreasing resolution or sensitivity. Both the theoretical
(AXYtheo = 0.75 pm, Azpe, = 6.38 pm) and experimental
values (Axyexp = 0.99 £ 0.13 pm, Azeyp, = 6.44 & 1.29 pm) we
determined for the resolution showed minimal deviations.
Importantly, not only the calculated resolution values, but
also the fact that events such as the phases of mitosis could
be observed in GFP-labeled nuclei, demonstrated the ability
of the optical system to reach subcellular resolution in the
context of the bone marrow environment.

GRIN lens technology in combination with a suitable
objective in our system lead to optical errors like chromatic
and wave-front aberrations. This was corrected using a post-
processing algorithm which minimizes the axial image defor-
mation and filters out noise and background signals.

The correction algorithm used here is adequate for the
purpose of the performed image analysis, such as the investi-
gation of the volume of nuclei, vessels, and directionality. An
improvement of the image quality after image correction was
achieved as demonstrated by experimental validation, which
showed a decrease of the image plane curvature after correc-
tion (Supporting Information Fig. 5A,B), as well as the feature
extraction of biological structures, which yielded more reliable
and accurate results for the corrected images. In this way,
subcellular resolution was achieved even in areas at the edge
of the FOV.

Even though an xy-correction was not necessary in our
case (Supporting Information Methods, Fig. 5C), it might
become necessary when performing imaging at various
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wavelengths, simultaneously or sequentially, since the third
order spherical aberration is strongly dependent on the exci-
tation wavelength. This holds true also for a correction of the
chromatic aberration.

Using Limbostomy, we are for the first time able to
observe the de novo formation of the vasculature after osteo-
tomy, over extended time periods, in one and the same ani-
mal. Our method reveals that two phases of vascularization
exist. The initial vascularization of the hematoma happens
around 3-4 days after osteotomy, and by Day 4-5 the whole
FOV is entirely pervaded with vessels. The second phase
comprises remodeling of the vessel network, which occurs
afterward, evident by the change in vessel volume between
Day 8 and Day 14. This is in line with previous descriptions
(2,51). The first wave of vascularization is rapid, since within
24 h the FOV is pervaded. Interestingly, this is the same time
window as described in the much bigger bones of sheep (52).
We have shown previously that dynamic changes occur in the
vasculature during tissue regeneration, and high vessel plastic-
ity was observed during homeostasis (31). Here, remodeling
of the vasculature was observed over the entire process of
regeneration, showing that vessel plasticity is also present
during regeneration.

Sprouts show activated cells with filopodia, which are
visible not only at the tip. The sprouts develop from the exis-
ting vessel network and migration into the non-vascularized
areas is evident by movement of the nuclei of the stalk. In
sprouting during vascularization of the neonatal retina, prolif-
eration occurs in the stalk cells (53). Here, discrimination of
tip, stalk, and network, which is a model used for vasculariza-
tion of the retina (53) was challenging due to vessel density,
ambiguous location of sprouts, as well as numerous filopodia
at not only tip cells. Proliferation of endothelial cells during
regeneration of the osteotomy was not observed, raising the
question where those cells derive from. Proliferation of endo-
thelial cells appears to be a rare event in bone tissue regenera-
tion, as shown previously in histological Ki67 analysis after
bone injury due to implantation of LIMB (31). In the retina,
tip cells do not proliferate, but stalk cells do. It might be pos-
sible that proliferation occurs outside the FOV and the endo-
thelial cells migrate into the injury. Another possibility is that
the cell division events are so rare that we simply missed
them. Here, extensive imaging times could be considered. Not
only proliferation, but a complete characterization of the
organization of endothelial cells during vascularization and
reorganization in the bone regeneration process is of interest.
Vascularization is essential for bone regeneration and
Limbostomy will shed light on the cellular and subcellular
mechanisms in this process. It was previously not possible to
analyze tissue dynamics such as directional cell movement,
object velocity, cell-cell interactions, anastomosis, sprouting,
and collagen deposition during tissue regeneration in the long
bones, because those types of analyses were limited to the
calvarium.

In order to characterize metabolic conditions in the tis-
sue on a cellular level, related to its perfusion, and analyze
their impact on bone regeneration (6), the combination of

Limbostomy with fluorescence lifetime imaging (FLIM) holds
great potential. FLIM allows the marker-free investigation of
the NAD(P)H-related metabolism of cells (54). To overcome
the limitation of decreased imaging depth in mineralized tis-
sue, three-photon microscopy could be an interesting tech-
nique that may also be used in combination with
Limbostomy. Combining Limbostomy with our recently
developed technology for multiplexed intravital microscopy
(55) will enable us to come closer to analyzing the complex
dynamics of the regeneration process, as it will help to
account for the known heterogeneity of bone marrow stromal
cells (56,57).

The method of Limbostomy is suitable for applications
in health and disease including the proliferation of stem and
progenitor cells in their niches during hematopoiesis, mesen-
chymal cell-cell interactions, endothelial cell functions, or
mobilization of cells during infections. It will enable longitudi-
nal monitoring in the context of tumor formation and ther-
apy, and will deliver a better understanding of immunological
memory and long-lived cells in vivo. Furthermore, the wide
range of applications for this method will contribute to stan-
dardization of intravital bone marrow imaging experiments
and thereby increase comparability among those.
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