
American Journal of Pathology, Vol. 143, No. 4, October 1993
Copyright © American Society for Investigative Pathology

Technical Advances
Dorsal Skinfold Chamber Technique for Intravital
Microscopy in Nude Mice

Hans-Anton Lehr, Michael Leunig,
Michael D. Menger, Dirk Nolte, and
Konrad Messmer
From the Institute for Surgical Research, Klinikum
Grosshadern, University ofMunich, Munich, Germany

For many years, observation chambers, im-
planted in various animal species and in man,
have been usedfor intravital microscopy of the
microcirculation in granulation tissue, pre-
formed tissue, or ofthe microvascularization of
tissue implants. We describe herein a skinfold
chamber modelfor the intravital microscopic in-
vestigation of striated skin muscle in immu-
noincompetent, nude mice over a minimum pe-
riod of 2 weeks. Using fluorescent markers for
contrast enhancement of plasma (fluorescein
isothiocyanate-dextran) and leukocytes (acri-
dine orange), the presented model allows the
quantitative analysis of 1) the microhemody-
namicparameters microvessel diameter and red
blood cell velocity in arterioles (16 to 50.u diam-
eter), capiUaries (4 to 9 s diameter), and post-
capillary venules (19 to 60 p diameter), 2)
leukocyte/endothelium interaction in these vessel
segments, 3)functional capiUary density and in-
tercapiUary distance, and 4) endothelial ceUl in-
tegrity. These parameters can be assessed in the
microcirculation ofthe striated muscle tissue un-
der normal orpathological conditions, as weU as
in the microcirculation of transplanted xenoge-
neic (human) neoplastic and non-neoplastic tis-
sue grafts. (AmJ Pathol 1993, 143:1055-1062)

In 1924, Sandison1 was the first to implant observa-
tion chambers into animals for intravital microscopy
of living tissues. Since then, various chambers have
been developed and implanted with the aim to in-

vestigate the microcirculation in mice,2 hamsters,3
rats,4 rabbits,56 and even in human subjects.7 The
tissue under microscopic observation was either pre-
formed tissue, mostly striated skin muscle and sub-
cutaneous tissue8-10 or newly formed granulation tis-
sue. 2,4,6,11 To facilitate the access to the chamber
and to allow the microscopic investigation in re-
strained but unanesthetized animals, chambers
were implanted into the dorsal skinfold in mice,6
rats,10 and hamsters.9 These models have been
applied to the study of the autochtonous microvas-
culature, but also of the growth and microvas-
cularization of transplanted neoplastic10,12 and non-
neoplastic tissue.1 15

Because the microvasculature constitutes the prin-
cipal requisite for the growth of neoplastic tissue,12
many chamber model approaches have addressed
the susceptibility of the tumor microvasculature to
therapeutic interventions, including hyperthermia
and shock wave therapy.16'17 The advent of anti-
tumor therapies involving tissue-specific monoclonal
antibodies,18 lymphokine-activated killer cells,19 anti-
sense oligonucleotides,20 and single gene prod-
ucts21 has now created the need for models allowing
the direct investigation of the microcirculation in hu-
man neoplastic xenografts. Nude animals, deficient in
cell-mediated immunity due to recessive thymic apla-
sia, have been used frequently in the last years as
hosts for the transfer of human xenogeneic malignant
tumors.22 These transplanted tumors have been
shown to retain their original histological and chro-
mosomal pattern as well as their antigenic, enzy-
matic, and functional characteristics.22

To allow for intravital fluorescence microscopy of
the microcirculation of transplanted xenogeneic
human-derived tumors in immunoincompetent ani-
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mals, we have adapted the hamster dorsal skinfold
chamber model to the use in nude mice. In this study,
we demonstrate the assembly and implantation of
specifically manufactured titanium chambers, the
methods of intravital fluorescence microscopy, and
the microvascular characteristics of the striated
muscle microcirculation later to serve as the host vas-
culature for the growth of transplanted human tissue
grafts.

frame-to-frame distance of 400 to 450 p was chosen
to prevent compression of nutritional blood vessels.

Fine polyethylene catheters (PE 10, inner diam-
eter 0.28 mm) were inserted into the jugular vein
and the carotid artery, respectively, passed
subcutane-ously to the dorsal side of the neck,
closed, and sutured to the titanium frames (Figure
1). The animals tolerated the chambers and indwell-
ing catheters well and showed no signs of discom-
fort. In particular, no effect on sleeping and feeding
habits were observed.

Materials and Methods
Intravital Fluorescence MicroscopyAnimal Model

Dorsal skinfold chambers and indwelling venous
catheters were implanted in 11- to 13-week-old
nude mice (26 to 33 g body weight; Crl:nu/nu;
Charles River, Inc., Sulzfeld, Germany), anesthe-
tized by subcutaneous injections of 0.1 ml of a sa-
line solution containing 3.75 mg ketamine hydro-
chloride (Ketavet, Parke Davis, Freiburg, Germany)
and 0.5 mg dihydroxylidinothiazin hydrochloride
(Rompun, Bayer, Leverkusen, Germany). The ani-
mals were bred and maintained in a pathogen-free
environment with free access to laboratory chow
and sterilized water.23

Surgical Technique

The titanium frames (total weight 3.2 g) used for im-
plantation in the dorsal skinfold of nude mice were
manufactured analogously-however, smaller in
size to those previously made from aluminum9 and
titanium24 for dorsal skinfold chamber preparations
in hamsters.9 Titanium was chosen to increase sta-
bility of the frames, to guarantee biological inert-
ness, and to reduce thermal conductivity. This is a
crucial advantage over aluminum chamber frames
used earlier in the hamsters model9 and in previ-
ously presented chamber models.10 The microsur-
gical technique used for the implantation of cham-
bers and indwelling venous catheters was similar to
that described previously for Syrian golden ham-
sters.9'24 The frames were implanted so as to sand-
wich the extended double layer of skin, perpendic-
ular to the animal's back (Figure 1). Using an
operation microscope and microsurgical instru-
ments, one layer of skin was completely removed in
a circular area of 15 mm in diameter, and the re-
maining layer, consisting of epidermis, subcutane-
ous tissue, and a thin striated skin muscle, was cov-
ered with a coverslip incorporated in one of the
frames. Using stainless steel nuts as spacers, a

After chamber implantation, the animals were kept
in separate cages with free access to laboratory
chow and sterilized water. A recovery period of 72
hours between implantation of the skinfold cham-
ber and the microscopic investigation was allowed
to eliminate the effects of anesthesia and immedi-
ate surgical trauma on the chamber tissue. For in-
travital microscopy, the mice were positioned in a
plexiglass tube of approximately the same diam-
eter as the animal in a crouched position. A narrow
longitudinal slot allowed only the observation win-
dow of the chamber to stick out of the tube. The
tube was then fixed on a plexiglass platform,
which was placed on the microscope stage. For
contrast enhancement of the intravascular space,
0.2 ml of fluorescein isothiocyanate-labeled dex-
tran (FITC-dextran Mr15O k, 5 mg/100 p1 of physi-
ological saline solution; Sigma Chemical Co., Dei-
senhofen, Germany) was infused intravenously into
the animals. Leukocytes were visualized by intra-
venous infusion of the fluorescent marker acridine
orange (0.5 mg/kg/minute; Sigma). Epiillumination
was achieved with a 75 W, DC, xenon lamp at-
tached to a Ploemopak illuminator (Leitz Inc., Wet-
zlar, Germany) with an 12 filter block. The micro-
scopic images (25-fold water immersion objective
from Leitz Inc., total magnification 560-fold; Cam-
era COHU FK6990; Prospective Measurements,

Figure 1. Nude mouse with dorsal skinfold chamber.
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San Diego, CA) were recorded on video tape at a
rate of 50 frames per second. Microvessel diam-
eter and red blood cell (RBC) velocity were ana-
lyzed off-line using a computer-assisted image
analysis system (CapiFlow, IM-CapiFlow, Stock-
holm, Sweden). Functional capillary density (FCD)
was defined as the total length of capillaries with
red cell flow (plasma contrast enhanced with FITC-
dextran Mr 150 k) as opposed to unperfused cap-
illaries per observation area (Figure 2B). FCD was
analyzed using a computer-assisted microcircula-
tion analysis system13'32 and is given in cm/cm2.
The average distance between capillaries (p) was
assessed by CapiFlow. The obtained data are de-
picted in Table 1 and compared to respective data
obtained in a similar skinfold chamber model in
hamster.9

Results

Implantation of Skinfold Chambers

The implantation of the ultralight titanium frames as

well as the intravital microscopic examinations were

well tolerated by the nude mice. The chambers
were examined under a photomacroscope 3 days
after implantation. Impaired microvascular blood
flow and signs of inflammation (hyperemia, distor-
tion of venular segments, edema formation, adhe-
sion of circulating leukocytes to the venular endo-
thelium9) resulted in the exclusion of the chambers
from the experiments. Despite the deficient immune
system in nude mice, we observed no higher
incidence of inflammatory complications due to ei-
ther mechanical trauma or bacterial contamination

Figure 2. Capillary network in striated muscle.
Capillaries of the striated muscle, discerned ei-
ther by visualization ofRBCs (443-nm narrow
band filter transillumination [AD) or by epiillu-
mination using FITC-dextran as intravascular
marker (I2 blue filter block; A,,450 to 490 nm
A,,, >510 nm [B]). Scale bar represents 100 p.
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Table 1. Macro- and Microbemodynamic Parameters in Nude Mice as Compared to Hamsters

Nude mice

Species
MAP (mm Hg)
HR (1/min)
FCD (cm/cm2)

ICD (p)

Diameters (pm)
Arterioles

Capillaries

Venules

RBC velocities (mm/sec)

87 ± 11 (n= 8)
446 ± 66 (n = 8)
249 ± 12 (n = 30)
(range: 180-312)
37 ± 15 (n= 40)
(range: 11-72)

37.4 ± 12.8 (n = 18)
(range: 16-50)

5.6± 1.8(n= 19)
(range: 4-9)

41.5 ± 10.6 (n = 45)
(range: 19-60)

93 ± 9 (n = 8)
353 ± 30 (n = 8)
184 ± 18 (n = 42)
(range: 110-244)
54 ± 28 (n= 40)
(range: 20-84)

42.2 ± 14.1 (n = 30)
(range: 17-52)

6.1 ± 1.4 (n= 30)
(range: 5-10)

46.5 ± 13.0 (n = 30)
(range: 19-65)

Arterioles > 2 > 2
Capillaries 0.12 ± 0.03 (n = 19) 0.13 ± 0.04 (n = 30)

(range: 0.08-0.26) (range: 0.1 -0.28)
Venules 0.78 ± 0.13 (n = 45) 0.72 ± 0.20 (n = 30)

(range: 0.50-1.7) (range: 0.5-1.6)

MAP = mean arterial pressure; HR = heart rate; ICD = intercapillary distance. FCDs were assessed by computer-assisted microcirculation
analysis system.13.26 Vessel diameters and RBC velocities were assessed by CapiFlow. Data are given as mean ± SD and the range. Data for
the hamster are taken from refs. 9 (mean arterial pressure, heart rate), 32 (FCD), and 24 (intercapillary distance, diameter, RBC velocity).

(approximately 1 to 2 out of 10 implanted cham-
bers) when compared to hamsters27 and hairless
mice.2e

Intravital Fluorescence Microscopy

Intravital microscopy was first performed on day 3
after implantation of skinfold chambers. Reevalua-
tion was performed on days 3, 7, and 14 after the
initial observation. Videomicroscopy yielded high
quality imaging of the microvascular bed at various

focus levels, visualizing either the capillary network
of striated muscle (straight, parallel capillaries; Fig-
ures 2; 4B) or the larger precapillary or postcapil-
lary vessel segments in the subcutaneous tissue im-
mediately adjacent to the striated muscle (Figures 3
and 4A). Over the entire time period of the micro-
scopic observation, the macromolecular marker
FITC-dextran was retained within the intravascular
space (Figures 2B and 3), and indicating that the
endothelial integrity was preserved.29 In some ani-
mals, image quality was slightly reduced at later ob-
servation time points due to repeated infusions of

Figure 3. Visualization of arterioles and yen-

ules in the subcutaneous tissue adjacent to the
striated muscle. Arteriole (a) and collecting
venule (v). Scale bar represents 100 1.

Hamsters
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Figure 4. Microvascular segments in adjacent
focus levels. Postcapillarylcollecting venules in
the tissue layer adjacent to the striated muscle
(A) and capillary network (B) within the stri-
ated muscle as assessed by intravital fluores-
cence microscopy using FITC-dextran as intra-
vascular marker. Note the differences in
microvascular bematocrit as reflected by differ-
ences in fluorescence intensity ofFITC-dextran.
Scale bar represents 100 p.

the fluorescent marker, resulting in higher levels of
background fluorescence. However, image quality
was always sufficient for qualitative and quantitative
analysis of the microcirculatory parameters. The mi-
crocirculatory data assessed in the animals in this
study are depicted in Table 1. All values obtained in
the 2-week follow-up period (days 3, 7, and 14 after
initial observation) remained within a 10% range of
the baseline measurements. We did not observe
pathologically enhanced leukocyte/endothelium in-
teraction in postcapillary or collecting venules at
day 3 or at later observation time points, nor did we
observe adhesive leukocytes in arterioles or leuko-
cytes plugging the lumen of capillaries. In postcap-
illary and collecting venules, the number of spo-
radic sticking leukocytes never exceeded one cell
per 200 p vessel segment at any time point. How-

ever, a steady fraction of leukocytes (approximately
25% of all leukocytes) rolled along the endothelial
lining in venules at a considerably lower velocity
when compared to the erythrocyte velocity. How-
ever, in agreement with earlier findings in the ham-
ster model,24 leukocyte rolling and sticking was dra-
matically increased by exposure of the muscle
tissue to a temporal, pressure-induced ischemia,
followed by 30 minutes of reperfusion (Figure 5, A
and B).

In addition to studies on the microcirculation of
striated muscle under normal and pathophysiologi-
cal conditions, the skinfold chamber model allows
the study of the revascularization of syngeneic and
xenogeneic (human) neoplastic and non-neoplastic
tissue grafts (Figure 6).
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Figure 5. Leukocytelendothelium interaction in venules. Leukocytel
endothelium interaction was assessed before (A) and after a 4-hour
iscbemia of the muscle tissue followed by 30 minutes of reperfusion
(B). Leukocytes are stained in vivo with acridine orange. Scale bar
represents 100 p.

Discussion

Skinfold Chamber Model

The presented model allows the intravital micros-
copy of preformed striated muscle tissue in the dor-
sal skinfold of nude mice. The significance of ex-

periments in biological models is based on intact
physiological conditions of the object under obser-
vation. For the purpose of intravital microscopy of
the microcirculation, the physiological properties of
the studied tissue have to be thoroughly scruti-
nized. Inflammatory complications due to either me-

chanical trauma or bacterial contamination, her-
alded microscopically by hyperemia, distortion of
venular segments, edema formation, and the adhe-
sion of circulating leukocytes to the venular endo-
thelium,9 lead to the exclusion of the animals from
the experiments. In this respect, the presented
model exhibits marked advantages over previously
used chamber models: physiological conditions are

not provided in newly formed tissue, grown in

granulation tissue chambers in response to stimuli
of wound healing or inflammation.'2,46,1,1

In the time course of the experiments, we ob-
served a slight loss of contrast quality in the cham-
ber tissue. However, the absence of signs of inflam-
mation, in particular, leukocyte adhesion to the
venular endothelium30 and alterations in capillary
perfusion, suggest that these changes may be as-
cribed to the repeated injections and reabsorption
of FITC-dextran.

To further reduce the influence of artifacts in our
model, animals were allowed a 72-hour period to re-
cover from anesthesia and the direct surgical
trauma associated with chamber implantation. Fi-
nally, it should be noted that all intravital micro-
scopic examinations can be performed on awake,
unanesthetized animals to exclude effects of anes-
thetic drugs on the microcirculation.3

Microcirculatory Findings

The microhemodynamic data assessed in the nude
mice in this study correspond well with observations
in a similar skinfold chamber model in ham-
sters9'24'32 (Table 1) and in various other microcir-
culatory models (reviewed in ref. 9). The markedly
higher functional capillary density and the reduced
intercapillary distance in striated muscle in nude
mice when compared to hamsters (Table 1) reflects
an adaptation of the microvasculature to the higher
metabolic rate and oxygen consumption in the
muscle tissue in these animals.33 Anatomically, the
skin muscle in nude mice consists of two or more
layers of muscle fibers with a dense interconnecting
capillary network, whereas in the hamster it is
formed of only one layer of muscle.9

In addition to the microhemodynamic parameters
described in this study under physiological condi-
tions, the model allows the investigation of morpho-
logical and functional changes of the micro-
circulation as induced by various stimuli such as
ischemia/reperfusion injury or systemic and local
administration of chemotactic agents.24'28 The pa-
rameters under investigation include the extravasa-
tion of fluorescently labeled macromolecules across
a damaged endothelium,29 changes in functional
capillary density, (Figures 2 and 4B) or the interac-
tion of fluorescently labeled leukocytes with the mi-
crovascular endothelium (Figure 5, A and B).

Potential Applications of the Model

Previous studies on the dorsal skinfold chamber
model in the hamster imply that the presented nude
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Figure 6. Microvasculature of a eyngeneic
pancreatic islet graft 10 days after transplanta-
tion into the dorsal skinfold chamber. Scale bar

_ _#i¢'¢^'-.s represents 100,.

mouse model may be used to study the microcircu-
latory response to ischemia/reperfusion injury2432
or the response to either local or systemic adminis-
tration of inflammatory mediators,24 toxins, drugs, or
other stimuli.16'28 The transfer of the skinfold cham-
ber model to the mouse allows monoclonal antibod-
ies to be utilized, for instance, those directed
against adhesion molecules for leukocyte/
endothelium interaction that are not available for the
hamster to date. In addition, the adaptation of the
skinfold chamber model to an immunoincompetent
animal species offers unique possibilities for the in-
vestigation of problems related to the transfer of xe-
nogeneic (ie, human) neoplastic23'34 or non-
neoplastic material, eg, the transplantation of
human islets of Langerhans into nude mice, in anal-
ogy to a previously established syngeneic proce-
dure in hamsters15 (Figure 6).
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