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Abstract

Background: With the understanding of angiogenesis and
arteriogenesis, new theories about the orchestration of these
processes have emerged. The aim of this study was to devel-
op an in vivo model that enables visualization of vascular re-
generating mechanisms by intravital microscopy techniques
in collateral arteriolar flap vascularity. Methods: A dorsal skin
flap (15 X 30 mm) was created in mice and fixed into a skin-
fold chamber to allow for assessment of morphology and mi-
crohemodynamics by intravital fluorescence microscopy
(IVEM). Laser scanning confocal microscopy (LSCM) was uti-
lized for three-dimensional reconstruction of the microvas-
cular architecture. Results: Flap tpO, was 5.3 * 0.9 versus
30.5 £ 1.2 mm Hg in controls (p < 0.01). The collateral arteri-
oles in the flap tissue were dilated (29.4 *+ 5.3 um; p < 0.01
vs. controls) and lengthened in a tortuous manner (tortuosity
index 1.00 on day 1 vs. 1.35+ 0.05 on day 12; p < 0.01). Func-
tional capillary density was increased from 121.00 *+ 25to 170
+ 30 cm/cm? (day 12; p < 0.01) as a result of angiogenesis.
Morphological evidence of angiogenesis on capillary level

and vascular remodeling on arteriolar level could be demon-
strated by IVFM and LSCM. Conclusions: Present intravital
microscopy techniques offer unique opportunities to study
structural changes and hemodynamic effects of vascular re-
generation in this extended axial pattern flap model.
Copyright © 2011 S. Karger AG, Basel

Introduction

Critical ischemia and hypoxia can lead to consecutive
functional loss, cell death and necrosis in surgical flaps.
During the last years, a new approach to tackle critical
ischemia has emerged, which consists in promoting the
regenerative potential of the vasculature to compensate
the diminished supply of blood and oxygen. Such neovas-
cularization includes the formation of new vessels (angio-
genesis) and the remodeling (arteriogenesis) of preexist-
ing vascular structures. Up to date, each of these mecha-
nisms has predominantly been investigated as an isolated
process, whereas there is a paucity of data documenting
these integral processes in the living tissue over time.
Previous in vivo studies have been restricted to the anal-
ysis of necrotic flap area or single time-point experi-
ments, or focused on acute phenomena of vasoregulation
[1, 2], ischemia and ischemia reperfusion experiments [3-
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5] and tissue survival studies [6, 7]. Recently, the attempt
has been made to study angiogenesis over time [6, 8]. The
physiological vascular regeneration mechanisms follow-
ing critical ischemia without development of necrosis are,
however, fairly evaluated continuously and morphologi-
cally over time, which is especially true for extended ax-
ial pattern flaps with collateralized random perfusion in
the extended part.

Various techniques have been used to demonstrate ox-
ygen delivery [9], oxygen homeostasis or blood flow by
dye diffusion [10], laser Doppler flowmetry [11], oxygen
measurements [12, 13] or microdialysis [14-16]. However,
all these techniques have their limitations in assessing
blood perfusion only indirectly.

The missing link between basic knowledge and bio-
logical efficacy of neovascularization may be substituted
using intravital microscopic techniques repetitively pro-
viding in vivo data of both the regenerative morphologi-
cal changes and their hemodynamic effects simulta-
neously [2, 17-19]. Intravital fluorescence microscopy
(IVEM) is the only technique that allows for direct and
quantitative assessment of hemodynamic and morpho-
logical data in the living tissue over time. With the aid of
avariety of dyes, high-resolution optical instrumentation
and sophisticated software, all levels of the vascular net-
work can be investigated [6, 8]. In addition, oxygenation
and viability can be monitored in the same tissue. The
shortcoming of IVFM, e.g. two-dimensional imaging
and limited penetration depth, can be circumvented by
utilizing multiphoton laser scanning confocal microsco-
py (LSCM) [20, 21], which has been shown to enable
three-dimensional reconstruction of living tissue struc-
tures with a resolution that allows for visualization of cel-
lular organelles at a penetration depth of several hundred
micrometers [22].

The present study was dedicated to the development of
anew application of the dorsal skinfold chamber that en-
ables studying vascular regenerative mechanisms with
intravital microscopy techniques in order to follow the
interrelationship between the morphological vascular
changes resulting from neovascularization and microhe-
modynamic changes on various vascular levels over time.
The focus was put on the arteriolar collateralization zone
of an extended axial pattern flap.

Animals and Methods

The experiments were performed according to the National In-
stitutes of Health guidelines for the care and use of laboratory ani-
mals and with the approval of the local Animal Ethics Committee.

Assessment of Morphology and
Hemodynamics by IVEM

Animals

Twenty-six female mice (C57BL/6, 10-12 weeks old, 23-25 g;
Charles River Laboratories, Sulzfeld, Germany) were used in this
study. The animals were housed in single cages postoperatively
with free access to water and standard diet. Due to the lack of
optical clarity, anesthesia complications and infection, 6 animals
were excluded in the early phase of the experiments. Ten animals
were available for analysis in the flap and skin chamber group, 6
animals were included in the control group after receiving a skin
chamber only. These groups were also used for tpO, and micro-
dialysis measurements on day 1. Another 4 animals were as-
signed to analysis by LSCM after flap and skin chamber opera-
tion.

Anesthesia

For all manipulations, the animals were anesthetized with an
intraperitoneal injection of medetomidine 500 pg/kg body weight
(BW), climazolam 5 mg/kg BW, and fentanyl 50 pg/kg BW. Re-
version was induced by antidote injection with atipamezol 1.25
mg/kg BW (Antisedan; Pfizer, Switzerland), sarmazenil 0.5 mg/
kg BW (Sarmasol; Griub, Switzerland) and naloxon 0.6 mg/kg
BW (Naloxon; Orpha, Switzerland) after the manipulations were
completed.

Flap Surgery

The anesthetized animals were placed on a heating pad in a
prone position, and the room temperature was set at 28°C to keep
their skin temperature constant at 32°C, which was verified with
amicrothermometer placed on the abdominal skin. The back skin
was shaved and depilated. Surgery was performed with the aid of
an operating microscope at X 10 magnification (Wild Heerbrugg,
Switzerland). The flap was planned as a cranially pedicled axial
pattern flap, nourished by the lateral thoracic artery, with a
length-to-width ratio of 30 X 15 mm. The spine was taken as me-
dial flap border. The flap consisted of skin, a thin layer of pan-
niculus carnosus muscle, and subcutaneous tissue. During sur-
gery, the flap was irrigated with 0.9% NacCl to prevent it from
drying out. The flap was fixed into a dorsal skin fold chamber to
make it amenable to intravital microscopy (fig. 1).

Wound infection and technical complications such as rupture
of the sutures or insufficient optical clarity due to granulation tis-
sue were defined as exclusion criteria.

Three distinct vascular zones were defined within the flap: the
proximal zone, corresponding to the vascular territory of the flap
pedicle, i.e. the lateral thoracic artery; the distal zone correspond-
ing to the territory of the circumflex iliac artery, and the interme-
diate zone consisting of collateral vessels, through which the dis-
tal zone is perfused. In the control group, the skin fold chamber
was mounted onto intact skin in the same area. Postoperatively,
all animals received analgesic treatment with metamizole (0.25
mg/g BW, Novalgin; Sanofi-Aventis, Switzerland) and 0.1 ml glu-
cose 5% for volume replacement purposes due to the large wound
size.

Tissue Oxygenation

To measure tissue oxygenation, a 22-gauge needle was inserted
in the tissue. After removing the canula, the measuring probes
could be inserted in the preformed duct. Care was taken not to
injure larger vessels, which would lead to bleeding and prohibit
adequate measurement.

Eur Surg Res 2011;47:222-230 223

€20Z dunf L Uo Jasn uiag Yaujolqigsiayisioniun Aq Jpd-880EEE000/E6E8E L2/ Y/ Ly/yPd-0|o1e/isa/Wo0 1abBiey//:dny woly papeojumoq



Fig. 1. Surgical flap model with the marked
area including the two vascular territories
of the lateral thoracic and the superficial
circumflexiliac artery (a), which is secured
during surgery (b). The flap is mounted
into a dorsal skin chamber (¢) and available
for intravital microscopy examinations

(d).

Partial oxygen tension was assessed in the tissue with Clark-
type microprobes consisting of polarographic electrodes and an
oxygen-sensitive microcell with a pO,-sensitive area of 1 mm?
(Revoxode CC1; GMS, Kiel, Germany) [23, 24]. The probes were
inserted into the subcutaneous tissue in the distal vascular terri-
tory of the flap under visual control and microscopic magnifica-
tion. In control animals, the probe was placed in the subcutaneous
tissue of the distal part of the chamber window. Care was taken
to place the probes away from arterioles and large venules. Equil-
ibration was awaited and values were measured over 5 min.

The microdialyis technique (CMA, Stockholm, Sweden) was
utilized for analysis of the oxidative energy metabolism in the
jeopardized tissue. Interstitial concentrations of pyruvate and
lactate were determined as previously described [12, 24-26]. The
lactate-to-pyruvate ratio was calculated to assess the aerobic/an-
aerobic correlation. Microprobes (CMA20, 20 kDa, PAES; CMA)
were perfused with isotonic Ringer solution using a microinjec-
tion pump (CMA/100; CMA). The perfusion rate was set to 0.75
pl/min. After insertion in the tissue, probes were perfused for 30
min for equilibration before the definitive sample was collected
over 15 min. The dialysates were analyzed photometrically using
the CMA600 computer-based system (CMA) [25, 27].

Intravital Fluorescence Microscopy

Investigations were performed using an epiluminescence in-
travital microscope (Zeiss Axioplanl; Zeiss, Jena, Germany), as
reported earlier [2, 12, 23, 28]. Microscopic images were captured
by atelevision camera (intensified CCD camera; Kappa Messtech-
nik, Gleichen, Germany), displayed on a television screen (Trini-
tron PVM-1454; Sony, Tokyo, Japan), and recorded on video (50
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Hz; Panasonic AG-7350-SVHS, Tokyo, Japan) for subsequent off-
line analysis with the help of a computer-assisted image analysis
system (Caplmage; Zeintl, Heidelberg, Germany) [29, 30]. The
preparation was observed visually with a X40 water immersion
objective with a numerical aperture of 0.75, which resulted in a
total optical magnification of X909 on the video monitor, where
1 pixel corresponded to 264 nm in the tissue. The microvessels
were classified according to physiological and anatomical fea-
tures. The pedicle artery, collateral arterioles in the proximal part
of the flap, capillaries in the distal part of the flap, and postcapil-
lary collecting venules in the distal part of the flap were chosen
for evaluation according to their optical clarity. The intraluminal
microvascular diameters were measured in micrometers with the
use of 2% fluorescein isothiocyanate-labeled-dextran (FITC dex-
tran, 150 kDa; Sigma, Buchs, Switzerland). The tortuosity index
was defined as a function of changing vessels, linearity over a de-
fined distance. Briefly, it is determined by the ratio between the
length of the winded arteriole and the distance of the starting
point and the end point of a determined vessel section. Function-
al capillary density (FCD) was defined as the length of red blood
cell-perfused capillaries per observation area (cm/cm?). Capillary
perfusion was determined by red blood cell velocity (RBC veloc-
ity; mm/s) in the capillary system. All measurements were per-
formed using CapImage software (Zeintl).

Leukocytes were stained using rhodamin 6G. As reported ear-
lier [2], leukocyte interaction with the endothelium was analyzed
quantitatively. Sticking leukocytes were defined as the number of
cells per square micrometer of venular endothelial cell surface
(calculated from diameter and length of the vessel segment stud-
ied, assuming cylindrical geometry) that remained stationary and
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attached for at least 20 s to the microvascular endothelium. Roll-
ing leukocytes were defined as cells moving along the vascular
wall more slowly than the blood stream, or leukocytes sticking to
the endothelium for less than 20 s. They were reported as the
number of cells passing a reference point within the microvessel.

Multiphoton Confocal Microscopy (LSCM)

Multiphoton imaging allowed three-dimensional time-lapse
imaging of fluorescent signals deep below the surface of living tis-
sues. The fluorescent images were of slightly lower resolution
compared with those obtained by traditional confocal microsco-
py. Differentiation of differently stained objects was obtained
with double- or triple-labeled excitation using a Ti:A1203 laser at
800 nm and a HeNe laser at 633 nm. Multiphoton imaging was
performed with a fluorescence microscope (BX50WI; Olympus,
Volketswil, Switzerland) equipped with a 20X objective and a
software-controlled confocal/multiphoton microscopy system
(LaVision Biotec, Bielefeld, Germany). For multiphoton excitation
and second harmonic generation, a Ti:sapphire laser with a 12-W
pump laser (MaiTai HP; Spectra-Physics, Darmstadt, Germany)
was tuned to 780 nm. For three-dimensional analysis of vascular-
ity, scans from 500 X 500 X 200to 50 X 50 X 10 pm (scan field
X depth, z-step size of 2 pm) between 10 and 30 wm below the
skin were taken using 780 nm excitation wavelength. Fluorescent
and second harmonic generation signals were collected using
455/57- and 525/50-nm bandpass filters and 593/40-nm bandpass
filters with non-descanned detectors to generate three-color im-
ages. Plasma was labeled with FITC dextran (250 kDa, 25 mg/ml;
Sigma Chemical, St. Louis, Mo., USA) according to the manufac-
turer’s instructions. Three-dimensional analysis of vascular
structures was performed using imaging software (Volocity; Im-
provision, Lexington, Ky., USA).

Immunohistochemistry

Tissue hypoxia was assessed by pimonidazole staining as es-
tablished previously [12, 24]. Thirty minutes prior to euthanasia
the HypoxyProbe™-1 antibody (60 mg/kg) was administered.
Skin samples were taken at the end of the experiment on day 12.
Tissue was fixed in 4% paraformaldehyde, washed in PBS, stored
in 70% ethanol and finally embedded in paraffin blocks. Five-
micron sections were cut, transferred to micro-slides and air-
dried at 37°C overnight.

Paraffin sections were dewaxed and rehydrated. For detection
of HypoxyProbe, sections were blocked for endogenous peroxi-
dases with 3% H,O, for 5 min followed by 0.01% Pronase for 40
min at 40°C for antigen retrieval. Sections were treated with
DAKO blocking solution for 5 min and incubated with Hypoxy-
Probe-1 antibody 1:50 for 40 min, followed by biotin-conjugated
F(ab’), 1:500 and streptavidin peroxidase. Signals were developed
using a DAB-peroxidase system (DAKO).

For VEGF staining, the sections were deparaffinized and re-
hydrated. They were immersed in 0.1 M tri-Na citrate at pH 6.0
and underwent heat-induced antigen retrieval with a microwave
oven. After cooling down to room temperature, the slides were
rinsed with PBS (2 X 3 min). The sections were incubated with a
monoclonal mouse reactive VEGF-antibody (Abcam, Cam-
bridge, UK), followed by a secondary goat anti-mouse antibody
(Abcam). The protocol was provided from the company. A DAB-
peroxidase system (DAKO) was used for staining and hematoxilin
for counterstaining.

Assessment of Morphology and
Hemodynamics by IVEM
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Fig. 2. a Partial tissue oxygen tension (mm Hg) and lactate-to-
pyruvate ratio. The values of the flap tissue (black bar) are com-
pared to measurements in control tissue (white bar). b The ptO,
values correlate to the lactate-to-pyruvate ratio for normoxia in
the control tissue and hypoxia in the flap tissue. Data are ex-
pressed as mean values and SD. ** p < 0.01 vs. control.

Positive and negative controls were taken for each antibody
and between each step. Immunostaining was assessed qualitative-
ly using light microscopy (Leica DM7RB, Wetzlar, Germany).
Semiquantitative analysis was performed using a score system for
staining intensity: 0 - no staining, 1 - fair staining, 2 - strong
staining. Six samples per group were analyzed.

Statistical Analysis

The InStat version 3.0 software (Graph Pad Software, San Di-
ego, Calif., USA) was used for statistical analysis. The data were
presented as mean * standard deviation (SD). Differences be-
tween groups were assessed by unpaired analysis of variance and
Bonferroni correction. A value of p < 0.05 was taken to represent
statistical significance.

Results

Hypoxia in the distal flap tissue was confirmed by a
tpO, of 5.3 = 0.9 versus 30.5 = 1.2 mm Hg in controls
(p <0.01). Accordingly, the lactate-to-pyruvate ratio was
744 * 8.5 in the distal flap compared to 15.7 = 1.1 in
controls (p < 0.01; fig. 2).

Analysis of microhemodynamic parameters revealed
pathophysiological changes on different vascular levels.
The conduit arterioles were enlarged in the critically per-
fused flap tissue over time (27.3 £ 4.4and 29.4 £ 5.3 um,
respectively; p < 0.01 vs. control; fig. 3), whereas diame-
ters remained at baseline in the control animals (20.3 *
1.4 and 20.5 * 2.8 pum on day 1 and 12). On the same
vascular level, the tortuosity index was 1.35 £ 0.05 on
day 12 versus 1.00 on day 1 (p < 0.01) in the flap tissue,
while exhibiting no elongation in the control group. FCD
was approximately 250 cm/cm? in the control tissue at
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Fig. 3. Conduit collateral arterioles. a Change of diameter (pLm)
and b tortuosity index between day 1 and 12, measured by IVFM.
Data are expressed as mean values and SD. Flap tissue: black sym-
bols; controls: white symbols. * p < 0.05, ** p < 0.01 vs. control.
# p<0.01vs. day 1.
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Fig. 5. Endothelial adherence of leukocytes: rollers and stickers
(counts). Data are expressed as mean values and SD. Flap tissue:
black symbols; controls: white symbols. ** p < 0.01 vs. control.

both time points. In the distal flap, FCD was reduced to
121.00 * 25 cm/cm? on day 1, but recovered partially to
170 * 30 cm/cm? on day 12 (p < 0.01 vs. day 1; p < 0.01
vs. control; fig. 4). Capillary RBC velocity on day 1 was
0.15 * 0.04 mm/s in the distal flap tissue compared to
0.27 £ 0.04 mm/s in the control skin (p < 0.01), whereas
values of 0.27 = 0.05 and 0.29 * 0.03 mm/s were ob-
tained on day 12, respectively (fig. 4). The diameters in
postcapillary collecting venules were similar in both
groups and time points (data not shown). Increased
counts of rolling and sticking leukocytes (4.2 * 1.5 and
4.6 £ 1.3, respectively) were observed in the distal flap
tissue at both days 1 and 12 (vs. 2.8 = 1.1 on day 1 and

226 Eur Surg Res 2011;47:222-230

Fig. 4. Capillaries. a FCD (cm/cm?) and b RBC velocity (mm/s).
Data are expressed as mean values and SD. Flap tissue: black sym-
bols; controls: white symbols. ** p < 0.01 vs. control; ** p < 0.01
vs. day 1.

Fig. 6. IVEM of the flap in the dorsal skinfold chamber. Vascular
morphology of capillaries showing tortuosity, buds, sprouts (ar-
rowheads) and newly formed capillary structures (circle) as mor-
phological equivalent of angiogenesis.

2.1 £ 1 onday 12; day 1 vs. day 12 n.s., day 12 control vs.
flap p < 0.01; fig. 5).

Morphological evidence for angiogenesis and arterio-
genesis could be demonstrated by IVEM in terms of
sprouting and budding on capillary level (fig. 6) and in-
creasing tortuosity on arteriolar level (fig. 7), respectively.
The three-dimensional character of the remodeled mi-
crovasculature could be visualized with help of LSCM on
capillary level (fig. 8).

Immunohistochemistry revealed strong positivity in
the hypoxyprobe staining for hypoxic cells in the flap tis-
sue (score 12/6) compared to controls (score 2/6) after 12
days. This was also true for the VEGF staining. Especial-
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Fig. 7. Intravital light microscopy of the
flap in the dorsal skinfold chamber. Cork-
screw formation of collateral arteriole.
Marked arterioles (arrowheads) on day 1
(@) and on day 12 (b) with increased elon-
gation and tortuosity as morphological
equivalent of vascular remodeling and ar-
teriogenesis.

Fig. 8. Multiphoton LSCM. Single two-dimensional slide with capillaries and venules (a), and three-dimension-
al reconstruction of the same vascular area (b, ¢). Computer software enables virtual 360° animation for better
imaging (one graphical unit = 50 pwm).

ly the perivascular cells of arterioles and capillaries
showed strong VEGF expression (score 10/6), whereas
controls (score 3/6) did not show the same intensity of
expression (fig. 9).

Discussion

In this new application of the dorsal skin fold chamber,
we were able to demonstrate the functional and morpho-
logical results of vascular regeneration in an extended
axial pattern flap with distal random perfusion. Physio-
logical parameters as dilated and tortuous arterioles and
increased capillary density and flow could be demon-
strated. To our knowledge, this is the first in vivo docu-
mentation of combined arteriogenesis and angiogenesis
in critical ischemia and the first three-dimensional re-
construction of angiogenesis in a surgical flap model. We
could show in one model that vascular regeneration takes
advantage of different mechanisms that contribute to
hemodynamic improvements. Previous knowledge has
shown that the survival of distant parts of axial pattern

Assessment of Morphology and
Hemodynamics by IVEM

flaps is assured by vasodilation and recruitment of choke
vessels, which is known as the delay phenomenon. In ran-
dom pattern flaps, the survival was attributed to angio-
genesis. Therefore, we provide a new view that a more
complex system of vascular regenerating mechanisms is
involved.

Various techniques have been used to investigate mi-
crocirculation and neovascularization in three-dimen-
sional fashion, like corrosion casting [31], scanning elec-
tron microscopy [31, 32], microangiography [33, 34], but
none has shown the technical promise of in vivo multi-
photon LSCM so far [21, 22, 35]. Several advantages com-
pared with other fluorescence-based microscopy tech-
niques, including diminished phototoxicity, reduced
bleaching, the phenomenon of second harmonic genera-
tion of ultraviolet photons by collagen fibers, which al-
lows noninvasive imaging of extracellular matrix compo-
nents and deeper tissue penetration (in our experience
250 pm for multiphoton excitation), have to be noticed.
The two- and three-dimensional state-of-the-art fluores-
cence techniques allow for in vivo research utilizing fluo-
rescent antibodies, nanoparticles and cells. The potential

Eur Surg Res 2011;47:222-230 227
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Fig. 9. Immunohistochemical sections.
Hypoxyprobe staining of control skin fold
chamber tissue (a) and flap tissue from the
skin fold chamber (b). Auburn staining
represents cells with positive hypoxia re-
action. Differences of the morphology re-
garding the thickness of the subcutaneous
adipose cell layer, the dermis and the size
of the epidermal cell nuclei can be identi-
fied. VEGF staining in control skin fold
chamber tissue (c) and flap tissue from the
skin fold chamber (d). Flap vascularity is
visualized with arterioles, venules and
capillaries. Brown staining represents
VEGEF expression mainly in flap tissue (d).

implementation of fluorescent stem cells in our model is
most promising for research of stem cell interaction in
the context of vascular regeneration.

We standardized and characterized the flap tissue by
quantitative and qualitative analysis of tissue oxygen-
ation and oxygen metabolism utilizing microdialysis and
partial tissue oxygen tension measurements in the same
animals. Hypoxic tissue conditions due to critical isch-
emia could be demonstrated. Both methods have been
used as standard procedures in our laboratory before [12,
27, 36]. Two approved models in experimental surgery
were combined: (1) the dorsal skinfold chamber [6] and
(2) a pedicled axially perfused skin flap at the dorsum of
the mice [4, 5, 24]. This chronic model was evaluated for
intravital microscopy investigation, without reaching a
limit time-wise after 12 days. Quantitative measurements
on microhemodynamic parameters in vivo without fur-
ther need for invasive techniques or surgical manipula-
tion were enabled. According to the literature, vascular

228 Eur Surg Res 2011;47:222-230

regeneration has been studied mainly with a focus on one
mechanism like arteriogenesis and angiogenesis [6, 8, 37].
This isolated point of view could be overcome with our
new model through the combination of different micros-
copy techniques.

In detail, we found dilated and elongated conduit ar-
terioles in the flap tissue, which equals the morphological
result of arteriogenesis [38, 39]. The role of collateral ves-
sels in this context has so far not been studied in extend-
ed flaps. The massive increase of tortuosity and vasodila-
tion in collateral arterioles within the flap could be inter-
preted as shear stress-related vasodilation and trigger for
elongation during arteriogenesis [39, 40]. Interestingly,
the physiological and morphological changes had no in-
fluence on the capacity of the collecting venular system
diameter, which could be due to constant outflow. Down-
stream to the arteriolar system, capillary budding and
sprouting could be observed, resulting in angiogenetic
recovery of FCD and RBC velocity. It remains speculative
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if the recovery of capillary blood flow is mainly related to
the partial recovery of FCD or the vasodilation on the
arteriolar side. It could be assumed that both mecha-
nisms contribute to it. Angiogenesis studied by IVFM has
been described by Harder et al. [6] in a random pattern
flap model in mice. However, this model was determined
to focus on angiogenesis and demarcation against necro-
sis and not the integral process of vascular regeneration
as in our model.

The increase of rolling and sticking leukocytes indi-
cates a role of inflammatory response in vascular regen-
eration. Moreover, a defined role for adherent or activat-
ed leukocytes could be supposed [41]. As leukocytes can
be effectively visualized in vivo, this could be of future
interest for the use of our model.

In conclusion, this model could contribute to a better
understanding of the different mechanisms of vascular re-
generation by investigating the pathophysiological mech-
anisms of vascular remodeling on arterial, arteriolar, cap-
illary and venular level in future experiments. Intense re-

petitive evaluation by intravital microscopy would result
in monitoring of the morphological changes on different
vascular levels and their hemodynamic relevance for the
whole orchestrated process of vascular regeneration over
time. The use of LSCM has so far not been described for
in vivo chamber models in mice or flap models. In its com-
plexity, it represents an ideal tool to investigate the effects
of critical ischemia on arteriolar, capillary and venular
morphology, microhemodynamic and vascular recovery
processes separately for each vascular section. Inflamma-
tory reactions on the level of leukocyte adhesion could be
assessed and visualized, which opens the field of cellular
research in vascular regeneration. Cell-cell interaction
could be studied in addition as demonstrated by leukocyte
adherence. Moreover, fluorescent intravital antibody
staining and implementation of fluorescent stem cells
would help to elucidate the contribution of resident and
circulating progenitor cells to neovascularization, which
is the direction of our future research projects.
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