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Abstract

Angiotropin is a differentiation factor for microvascular endo-
thelial cells isolated from serum-free cultures of lectin-acti-
vated, porcine monocytes. Weused an ear lobe model in rab-
bits, single intradermal injection of angiotropin to induce phe-
notypical changes of the endothelial cells in capillaries and
postcapillary venules, vascular engorgement, and subsequent
angiogenesis in dose-dependent manner. The vascular changes
are associated with epidermal and stromal cell proliferation.
Angiogenesis and tissue proliferation occur in the absence of
tissue necrosis and do not lead to scar formation. Angiotropin-
induced angiogenesis is not inhibited by local dexamethasone
although it involves a defined turnover of inflammatory cells.
Proliferation is transient and regressive events follow. The
overall tissue reaction resembles changes found in the undam-
aged skin margin of a primary healing wound during the in-
flammatory/proliferative phase. From these observations we
conclude that angiotropin is an important secretory product of
activated peripheral macrophages that triggers inflammatory
and proliferative reactions in wound healing by activating mi-
crovascular endothelial cells.

Introduction

Gross tissue injury or a wound stimulate angiogenesis as well
as epithelial and stromal hyperplasia in the wound margins
concomitant to the regeneration or repair of the damaged tis-
sue. The biological mechanisms of the rapid induction and
regulation of these processes are largely unknown. According
to the chalone theory, a loss of an inhibitor was claimed for the
epidermal proliferation in a skin wound (1). Other investiga-
tors postulated diffusible, activating mediators as paracrine
wound hormones (2-4). From numerous observations using
rabbit ear chambers, the Clarks (1939) hypothesized the exis-
tence of a chemical stimulus not only for vascular growth but
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also for growth promotion of lymphatics, nerves, connective
and other tissues in wound healing (5). Modulation of the
extracellular matrix (including basement membranes) by en-
zymatic activities might also contribute to the regulation of
cellular proliferation (6).

Based on a series of experiments, activated monocytes/
macrophages have been claimed to be involved in the regula-
tion of tissue regeneration or repair (7-10). Animals depleted
of monocytes/macrophages show a delay in wound healing
(11, 12). Activated macrophages stimulate collagen synthesis
in vivo (12), as well as endothelial growth and neovasculariza-
tion in the cornea (12-14). In 1976, Leibovich and Ross (15)
described the macrophage-derived growth factor (MDGF),
which was partially purified from conditioned media of acti-
vated macrophages (16, 17). MDGF,which seems to be related
to the basic fibroblast growth factor (bFGF) (18), stimulates
the growth of fibroblasts as well as smooth muscle and endo-
thelial cells in vitro (15-17). Studies by Knighton et al. (19, 20)
suggest that activated macrophages may induce angiogenesis
by secretion of nonmitogenic factor(s). In 1981, Wissler iso-
lated a copper-containing polyribonucleopolypeptide from
large-scale cultures of peripheral porcine monocytes that had
been activated by concanavalin A. This substance was desig-
nated "angiotropin" because of its strong angiogenic effects in
the rabbit cornea and in the chicken chorioallantoic mem-
brane (21, 22). Wehave recently shown that angiotropin stim-
ulates the differentiation of cloned capillary endothelial cells in
vitro by changing their phenotype from a monolayer of epi-
theloid, polygonal cells on gelatin-coated dishes into migrating
"sprout cells," which organize spatially into tube-like struc-
tures. Angiotropin also promotes the migration of single capil-
lary endothelial cells but does not stimulate the proliferation of
these cells in nonconfluent cultures. BALB/c3T3 fibroblasts
do not proliferate, migrate, or differentiate in the presence of
angiotropin (23). Angiotropin is a macrophage-derived prod-
uct that shows unusual chemical and biological properties and
appears to be distinct from fibroblast growth factor (FGF) and
other known angiogenic polypeptides.

Wedescribe the in vivo effects of single bolus injection of
angiotropin into rabbit ear skin. Wepresent evidence that an-
giotropin induces endothelial activation associated with endo-
thelial hyperplasia, neovascularization, epidermal hyperplasia,
and fibroblast proliferation in a dose-dependent manner.
These tissue reactions, which show striking similarities with
the inflammatory-proliferative phase in wound healing, occur
in the virtual absence of preceding tissue destruction and do
not result in scar formation.
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Figure 1. Transverse section through the lateral part of a rabbit's ear
lobe subdivided for the morphometrical analysis of the microvessels
in the dorsal skin between central artery (A) and lateral vein (V). Be-
fore histologic processing the rabbit ear lobes were perfused with dex-
tran 60 followed by filtered india ink. Each unit field (Fl-FIO) was
further divided into a medial (M), central (C) and lateral (L) sub-
field; X 3.

Methods
Animals. Adult, long-eared New Zealand white rabbits of both sexes
weighing 3-4 kg were used in this study. The animals were kept at
12-h light and dark cycles at 20'C and received rabbit chow and water
ad lib.

Intradermal injections. After removing the hair with a depilatory
(Pilca, Olivin, Hamburg, FRG) intradermal injections were made into
the dorsal skin of the upper half of the ear lobe in the area between the
central artery and the lateral vein. As a rule the homologous site of the
contralateral ear was used for injection of control substances.

To minimize the trauma that results from injection, the following
technique was used: a sterile 50 ul glass syringe (Hamilton, Bonaduz,
Switzerland) was equipped with a 3 1-gauge needle. A shorter 26-gauge
needle was first inserted into the epidermis at a low angle to serve as
trocar, and then the 3 1-gauge needle was directed through the trocar
and pushed forward into the dermis for - 2 mm. The standard 50-ji1
aliquot injection produced a transient papule of I cm in diameter.
Before the injection, the rabbits were anesthetized with 5 mg/kg of
xylazine i.m. (Rompun, Bayer, Leverkusen, FRG) together with 30
mg/kg of ketamine i.m. (Ketanest, Parke Davis, Munchen, FRG). The
ear lobe was disinfected with povidone iodine solution before injec-
tion.

All solutions used for injection were sterile and pyrogen free. Saline
or PBS (pH 7.4; Gibco Laboratories, Grand Island, NY), which con-
tained 25 ;&g/ml of porcine serum albumin (Pel-freeze Corp., Chicago,
IL) highly (99%) purified by gel filtration on Sephadex G75 and anion
exchange chromatography on DEAE-Sephadex A50) was usually in-

jected as the control solution. The following substances were also used
for control intradermal injections: dexamethasone-2 1-acetate (Merck,
Darmstadt, FRG) as crystal suspension and in a novel biodegradable
therapeutic system for sustained release (Sandoz, Basel, Switzerland),
porcine anaphylatoxin (24), porcine cocytotaxin (24), prostaglandin E2
(Minprostin E2, Upjohn, Heppenheim, FRG), histamine (Sigma
Chemical Co., St. Louis, MO), concanavalin A (Serva, Heidelberg,
FRG), salt-free water (Fresenius, Bad Homburg, FRG), NaCl, 1.5 M,
formic acid, sodium hydroxid (all from Merck), pentobarbital (Nem-
butal, Ceva, France), Wissler medium (BM-86 Wissler, Boehringer,
Mannheim, FRG).

Angiotropin. The isolation, purification, and chemical character-
ization of angiotropin have been described elsewhere (21-23). The
angiotropin preparation used in this study was shown to migrate as a
single band in SDS-PAGEand to possess no endotoxin-like activity in
the rabbit fever test according to the USPharmacopeia. It was stored as
frozen stock solution (50 ng/ml dissolved in PBS containing 1 mM
L-cysteine and 3.65 AMpyrogen-free porcine serum albumin as carrier
protein). Thawed aliquots of this stock solution were diluted with
either sterile pyrogen-free saline or PBSbefore intradermal injection.

Perfusion. For perfusion of the ear lobes the animals were anesthe-
tized by the intramuscular xylazine/ketamine regimen. The rabbits
were placed on a heating pad (rectal temperature, 370C), and after skin
incision, the right crural artery was freed from its adventitia sheet,
cannulated with a polyethylene catheter (o.d. 1.5 mm, i.d. 1.0 mm)
and ligated distally. By this vascular access, heparin (350 U.S.Pharma-
copeia-U/kg) in saline was given followed by 1 ml/kg of a 25% ure-
thane solution to maintain surgical anesthesia. Afterwards, both ca-
rotid arteries were exposed from a midline skin incision in the ventral
neck area and polyethylene catheters (o.d. 1.5 mm, i.d. 1.0 mm)filled
with heparin solution were introduced proximal from the origin of the
auricular arteries. Both carotid catheters were connected to a pulsatile
pump (Infusomat, type 870202; Braun, Melsungen, FRG) via a T-
connector and to a Statham pressure transducer (type P 23 ID, Gould
Instruments, Houston, TX), which was linked to a pressure monitor
(type SP 1400, Gould) through a second T-connector. Immediately
after cannulation of the carotid arteries, perfusion with a dextran 60
plasma expander (Macrodex 6%, Knoll, Ludwigshafen, FRG) was
started. The dextran solution was pumped into the carotid arteries at a
flow rate to keep the mean arterial pressure at 100-120 mmHg.During
the perfusion period aliquots of blood were withdrawn through the
catheter in the crural artery. After exchange of 300-400 ml, the ani-

Figure 2. Change of angioarchitecture in the dorsal skin of the rabbit's ear lobe 48 h after intradermal injection of 125 pg of angiotropin as seen

macroscopically in transmission light (B) compared with the pretreatment state (A); X 4. The site of injection and the extension of the initial
skin papule produced by the intradermal injection are indicated.
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mals came ad exitum. After perfusion of another 300 ml of dextran
solution the ear lobes were completely free of blood. 100 ml of an india
ink gelatine solution were perfused at 100-120 mmHg. This solution
was prepared by adding 75 ml of filtered india ink (Pelikan, Hannover,
FRG) to 25 ml of an aqueous 10% gelatine (Merck). To exclude parti-
cle diameters exceeding 5 Mm, filtration of the india ink was performed
with an industrially designed set up (Merkur EF, Seitz-Enzinger-Noll,
Bad Kreuznach, FRG), equipped with cellulose-polyester membranes
(Supra 500, Seitz-Filter Werke, Bad Kreuznach, FRG).

After perfusion, the ear lobes were removed and the areas of the
angiotropin and control injections were photographed using transmis-
sion light with a 50-mm f/4 macrolens combined with a No. 2 close up
lens. The ear lobes were then fixed in 10%phosphate-buffered formalin
for histological processing. Using this perfusion technique the lumina
of all blood vessels of the rabbit ear lobe were visualized. This was
proven by the demonstration of an 1:1 relationship between the fibers
of the striated ear muscles at the base of the ear lobe and their supply-
ing blood capillaries.

Histology. Rabbits were killed by overdose of pentobarbital. Ear
lobes were excised at their bases and fixed in 10% phosphate buffered
formalin for paraffin (5 lim) or plastic (1 um) sections. Someear lobe
injection sites were excised, frozen, or freeze-dried. Whole ear sections
were made perpendicular to the central ear artery. Plastic and paraffin
sections were stained with hematoxylin and eosin (H & E). Paraffin
sections were also stained with periodic acid-Schiff (PAS) for basement
membrane, Gomori's trichrome for collagen, and alcian blue (pH
2.5) for acid mucopolysaccharides, and with a modified elastic tissue-
Masson trichrome stain (25). 10-Mim thin frozen sections were stained
enzyme-histochemically with the nonspecific esterase technique to
identify macrophages (26) and immunhistochemically with rhoda-
mine-phalloidin for F-actin in myofibroblasts (27). Mast cells in the

0

50 pg Ei;

L

rabbit skin were visualized in frozen sections by the toluidine blue/tet-
ramethylene glycol ether method according to Padawer (28) and in
freeze-dried sections by catecholamine fluorescence (29).

Autoradiography. To use the radioactive material sparingly, we
developed a local method for [3H]thymidine labeling of the rabbit ear
skin. [6-3Hlthymidine with a specific activity of 185 GBq/mM(Amer-
sham Corp., Amersham, Bucks, UK) was diluted with PBS to an
activity of 7.4 MBq/ml. 100 Ml of this [3Hlthymidine solution were
injected intradermally into the skin sites where angiotropin (or con-
trol) injections had been made 48 h before. After 2 h the animals were
killed. The ear lobes were removed and immediately fixed in 10%
buffered formalin.

Whole ear injection sites were serially cut perpendicular to the
central ear artery into sections - 2 mmin thickness. They were further
processed by incubation with 0.1% nonlabeled thymidine in 10% buf-
fered formalin solution for 2 d, tap water rinsed for 8 h, and dehydra-
tion in the autotechnicon. Paraffin and methacrylate blocks were pre-
pared and cut into 2- and l-Am sections, respectively. Sections were
coated with Ilford K2 photo emulsion heated to 45°C and diluted 1:2
in distilled water, dried, and kept refrigerated at 4°C for 2 wk. The
slides were developed for 12 min in an aqueous solution containing
1.8% sodium sulfite, 0.45% Amidol (Merck), and 0.08% potassium
bromide. After rinsing in water, fixation was performed with 30%
sodium thiosulfate, 3%potassium metabisulfite aqueous solution. The
slides were again rinsed in water, stained with Harris-eosin and
mounted. l-Mm methacrylate sections were used to distinguish endo-
thelial cells from pericytes.

Morphometry. Three whole, 1-2-mm thick ear strips were cut per-
pendicularly to the long ear axis out of the perfused reaction and
control sites and embedded in paraffin after dehydration. 5-,Mm paraf-
fin sections were stained with hematoxylin and eosin. One section per

125 pg

250 pg

R
Figure 3. Dose dependence of day 2 changes of the angioarchitecture in the rabbit ear skin induced by angiotropin as seen in transmission light;
x 1.5. The indicated amounts of angiotropin had been injected intradermally in 50-Ml vol.
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strip was used for morphometry so that for each reaction or control
area three serial histological sections of 1-2 mmapart from each other
were evaluated.

The dorsal skin parts between the central artery and the lateral vein
were divided into 10 unit fields by calibrating the almost linear carti-
laginous bases after serial photography of the whole histologic section
at magnification 16 (Fig. 1). Each unit field was further subdivided into
a medial, central, and lateral part (subfield). All microvessels of one
subfield per unit field were analyzed with an MOPmorphometrical
unit (Kontron, Zurich, Switzerland) equipped with a microcomputer.
Microvessels were defined in this study as vessels without a continuous
layer of smooth muscle cells, i.e., capillaries and postcapillary venules.
Thus, in the first histologic section of the injection site 10 medial
subfields, in the second 10 central subfields, and in the third 10 lateral
subfields were processed. In each subfield the relative microvascular
area, number of microvessels per square millimeter and the mean area
per single vessel section were determined. The means of these parame-
ters from the three subfields per unit field were calculated.

Laser Doppler flowmetry. Red blood cell (RBC) flux was deter-
mined with the LD 5000 capillary perfusion monitor (Medpacific
Corp., Seattle, WA) digitally displayed in millivolts within a range
from 0 to 2,000. The continuous flow mode was selected. A flat probe
was used that could be easily fixed to the dorsal skin of the rabbit ear
lobe by a double adhesive disk with a central hole. The laser beam was
supplied by optical fibers in a cannula (1.65 mmdiam). Light penetra-
tion depth was -1 mmcorresponding to the whole thickness of the
dorsal ear skin. For the measurements, the environmental conditions
were standardized as follows. All measurements were performed at
280C at a place protected from air convection. The positions of the ear
lobes relative to the head and body of the animals were kept constant
during a measurement and were about the same in all measurements.
A series of laser Doppler experiments was also performed with the

heater-probe accessory module, however, it was found to be of no
advantage compared to the standard measurements without that de-
vice. The animals were anesthetized using the intramuscular xylazine/
ketamine regimen superimposed by halothane/oxygen supplied with a
semi-open face mask system. Under these conditions, ear skin micro-
vascular (RBC) flux was quite stable after 15-20 min. Three laser
Doppler measurements were performed at each probe position. Each
measurement was recorded for at least I min, showing an almost linear
record with only short-term fluctuations. The means of all three mea-
surements were used for comparisons. In a few cases, long period
fluctuations occurred. Under these circumstances the whole series of
measurements was discarded and repeated.

The probe was shifted along a line 1 cm lateral from and parallel
to the central ear artery beginning at the ear tip and moving towards
the base at - 3- or 5-mm steps avoiding larger vessels. Measurements
were always done on the ear lobe treated with angiotropin and on the
homologous sites of the contralateral ear lobe, which received a control
injection in the same session.

Results

Macroscopic effects. The macroscopic changes in the rabbit ear
skin induced by intradermal angiotropin have been described
in detail elsewhere (30). In brief, the cutaneous papule pro-
duced by the standard 50-pl bolus of intradermal angiotropin
(250 pg) or control solution disappeared several min after in-
jection. The site which received angiotropin remained unre-
markable for 2-4 h.

The subsequent changes in the angioarchitecture seen
coarsely using transmission light were dose dependent and fol-

Figure 4. Homologous sites of rabbit ear
lobes perfused with dextran 60 and india
ink to demonstrate the vascular patterns 2
d (B) and 8 d (D) after intradermal injec-
tion of 500 pg of angiotropin in 50 IAl solu-
tion. The corresponding controls at day 2
(A) and day 8 (C) received the same buffer
and carrier solution without angiotropin;
X 2. The injections were made into the
centers of the outlined areas.
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lowed defined dynamics. Initially, the site of injection could be
discriminated from the surrounding skin areas by a slight red-
ness at the center and a blurring of some vessel contours at the
periphery. Within 24 h, these effects markedly increased. After
48 h, blood vessel contours could be outlined again. They
appeared extremely dilated. Numerous tortuous and irregular
blood vessels could be observed (Fig. 2). The major draining
venes were markedly congested including the parts far beyond
the injection sites. Fig. 3 demonstrates the dose dependency of
the day 2 effects by the macroscopic appearance of the an-
gioarchitecture at the injection sites of different concentrations
of angiotropin in the same animal. Within the next days vascu-
lar prominence gradually decreased and from day 6 on, the
former area of angiotropin injection was slightly reddish com-
pared to the surrounding skin. No change in blood vessel ap-
pearance was ever noted at skin sites of the control injections.

The angiotropin-induced macroscopic changes in angioar-
chitecture at day 2 and day 8 visualized after temperature and
pressure controlled whole blood replacement by dextran 60
and subsequent perfusion with filtered india ink are shown in
Fig. 4. Vascular filling at the site of angiotropin injection was
so intense that blood vessels could not be discriminated mac-
roscopically. Both day 2 and day 8 reactions showed, however,
a marked increase in the overall vascular volume at the site of
angiotropin injection compared with the homologous skin
sites of the contralateral ear lobe which received the control
injections that did not change the angioarchitecture.

In animals that showed resting hair follicles of the ear lobe
at the time of angiotropin injection, a well-circumscribed area
of moderate to abundant growth of long hair was present in the
injection site around day 10. Adjacent skin regions remained
free of hair for up to 6 wk or longer.

Microscopic vascular changes. The histological sections of
the perfused skin at day 2 after the intradermal injection of
angiotropin showed dilation of all blood vessel types except the
arteries. Capillaries and postcapillary venules lined by endo-
thelial cells and pericytes only were extremely engorged and
resembled sinusoidal blood channels with diameters exceeding
100 um (Fig. 5 B). The shape of most of the blood vessel
sections filled with india ink was irregular and bulged out in
contrast to the almost round or ellipsoid shapes of most of the
vessel sections from the controls (Fig. 5 A). There was, how-
ever, no evidence for significant india ink extravasations at
that time.

At day 8 after angiotropin treatment (Fig. 5 C) the con-
tours of most of the vessels were not much different from the
controls. However, the number of microvessel sections in the
treated skin appeared to be increased compared with the con-
trols, especially in the perifollicular and perichondrial vascular
plexus.

To quantify the vascular changes induced by angiotropin, a
morphometrical analysis of day 2 and day 8 microvessels
without continuous muscle layer (capillaries and postcapillary
venules) in the treated and control skin sites was performed.
The results are compiled in Figs. 6 and 7 and in Table I.

According to the qualitative impression from the macro-
scopic and microscopic observations the relative microvascu-
lar volume was significantly increased at the skin sites treated
with 500 pg of angiotropin compared with the untreated
neighborhood or with skin areas receiving control injections.
The increase of microvascular blood volume on day 2 was
mainly caused by the enlargement of the individual vessels,
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Figure 5. Histologic sections of homologous dorsal skin parts of rab-
bit ear lobes perfused with dextran 60 and india ink to show micro-
vascular changes induced by intradermal injections of angiotropin.
(A) Injection of 50 Al of buffer and carrier solution without angiotro-
pin (control). (B) 2 d after injection of 50 Al solution containing 500
pg of angiotropin. (C) 8 d after injection of 50 Ml solution containing
500 pg of angiotropin. Note also the epidermal hyperplasia and
thickening of the dermis following the injection of angiotropin; X 75.

whereas the relative number of microvessels was not signifi-
cantly changed at that time. At day 8, however, the mean
microvessel diameters in the treated and control skin areas
were not significantly different and the increase in the relative
vascular volume in the treated skin was due to the increased
number of microvessels per unit tissue volume. The overall
angiogenic effect of angiotropin was represented by an increase
in the relative number of microvessels as well as by an in-
creased thickness of the vascularized dermis.
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-ANIL

iIi."



5000Soon

IsoIjjj10

10

A F1 F2 F3 F4 F5 F6 F7 FS F9 Fio V

Figure 6. Histogram demonstrating the quantified changes of the
blood vessels without continuous muscle layer in the skin of a rab-
bit's ear lobe 2 d after intradermal injection of 500 pg of angiotropin
in 50 ul solution. The dorsal skin parts between central artery (A)
and lateral vein (V) in transverse whole ear sections were subdivided
into 10 unit fields,(Fl to F10). Mean values±SD of three serial sec-
tions are shown. Black bars represent the skin site treated with angio-
tropin, the white bars correspond to the homologous site of the con-
tralateral ear lobe, which received an intradermal injection of the
buffer and carrier solution without angiotropin. The F4 unit fields
contained the centers of injections. The skin papule which arose
transiently from the intradermal injection extended medially to the
Fl unit fields and laterally to the F7 unit fields. Vascular changes are
confined to that area.

Changes in local microcirculation. Laser Doppler flow-
metry is a valid method for the determination of alterations in
the microvascular RBCflux in our animal model as the pene-
tration depth of the laser beam corresponds to the thickness of
the dorsal skin of the rabbit ear lobe where all the vascular
changes occurred.

Fig. 8 shows the daily changes in RBCflux after injection
of 500 pg of angiotropin at the treated and control skin sites in
a representative experiment. Peak values were reached on day
1. Thereafter, there was a continuous decrease of the RBCflux
until day 6. Constant RBCfluxes which were still higher than
those observed in the control ear lobe were then maintained
until day 10, which was the last day of the observation period.
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Figure 7. Histogram showing the quantified changes of the blood
vessels without continuous muscle layer in the skin of a rabbit's ear
lobe 8 days after intradermal injection of 500 pg of angiotropin. De-
tails are in the legend of Fig. 6. The centers of injections were within
the F4 and F5 unit fields, the injection papule extended medially to
the Fl unit fields and laterally to the F8 unit fields.

Table I. Morphometrical Evaluation of Changes
in the Angioarchitecture of Rabbit Skin Induced
by Intradermally Injected Angiotropin (500 pg)*

No. of Mean area per
Relative vascular microvessels single vessel

volume per mm2 section

% 'Um2

Control (n = 14) 4.6±0.4 88±6 521±36
12.1±0.9 76±6 1689±114

Day 2 reaction (n = 7) (P = 0.02) (NS) (P = 0.02)

10.4±1.1 183±13 592±70
Day 8 reaction (n = 7) (P = 0.02) (P =0.02) (NS)

* Morphometrical analysis was done as described in Methods. In-
stead of the whole ear sections only three serial F4 unit fields in the
center of the site of intradermal injection were analyzed in each ani-
mal. Perimetry of all microvessels without continuous muscle layer
of one subfield per F4 unit field was performed. Mean values±SEM
of three serial F4 unit fields of 7, respectively, 14 rabbits as well as
statistical evaluation by the signed rank test are indicated.
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Figure 9. Mean RBC
flux (in relative units)
in rabbit ear skin sites
which were treated with
angiotropin. Details are
given in the legend of
Fig. 8. Each point rep-
resents the mean of four
laser Doppler measure-
ments within the injec-
tion site of one animal
related to the RBCflux
of two reference points
beyond the site of injec-
tion. (A) Control, before
injection of angiotro-
pin. (B) 2 d after intra-
dermal injection of 500
pg of angiotropin in 50

* 11d solution. (C) 8 d
g after intradermal injec-
* tion of 500 pg of angio-
* tropin in 50 Ml solution.

Level of significance
(signed rank test) P
= 0.036 for day 2 and

c day 8 changes (n = 6).
II~~~~~~~~~~~~

0

I 5 mm 1 3 mm 1 3 mm 3 mm 1 5 m I probe position
I extension of intradermal blister
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Figure 8. Daily changes of RBCflux (in relative units) in the ear lobe
skin of a rabbit induced by angiotropin. 500 pg of angiotropin were
injected in 50 Al solution into the right ear lobe (R). The homologous
site of the left ear lobe (L) received 50 gl of buffer and carrier with-
out angiotropin. The mean values of the RBCflux determined at
two points proximal and distal from the initial intradermal blister of
the injected solution were used as reference for the calculation of the
relative values. The encircled numbers indicate the time of laser
Doppler flowmetry in days after injection.

The mean values of the relative RBCfluxes determined in 6
animals at two different times were consistent with these re-
sults and prove statistical significance (Fig. 9).

The dose dependency of the angiotropin-induced changes
in angioarchitecture shown qualitatively in Fig. 2 has also been
quantified by means of laser Doppler flowmetry (Fig. 10). In
addition to the early (day 2) effects, dose dependency could
also be demonstrated for the late (day 8) changes of the micro-
circulation.

Endothelial cell reactions. 24 h after intradermal injection
of angiotropin (Fig. 11 B) the endothelial cells and pericytes of
capillaries and postcapillary venules showed enlarged oval ve-
sicular nuclei, prominent nucleoli, and an increase in the
slightly basophilic cytoplasm. Intramural cell to cell distances
were increased compared to unstimulated controls. At this
stage there was no evidence of endothelial cell necrosis, vascu-
lar occlusion or thrombosis.

At 48 h after injection of 250 pg of angiotropin an autora-
diographic study was performed. The still prominent endothe-

lial cells and pericytes of the capillaries and postcapillary ven-
ules exhibited strong [3H]thymidine labeling that was in-
creased 23-fold and 5-fold, respectively, when compared to
vessels of control tissue (Table II, Fig. 12 D). No significant
labelling was observed in arteries, arterioles and the larger
venous vessels. By day 3, clusters of closely spaced new capil-
laries and/or sprouts appeared in dermal areas that were
closely associated with larger existing blood vessels (Fig. 11 C).
These structures showed plump endothelial cells with oval nu-
clei and clear lumina. The pericapillary stromal matrix was
amorphous, loose connective tissue.

At day 4 there was histological evidence of disintegration of
some of the microvessels which showed swollen endothelial
cells and pericytes with nuclear pyknosis, karyolysis, and cyto-
plasmic vacuoles. Somevessel walls disclosed focal effacement
and structural dissolution with intramural and perivascular

Figure 10. Dose depen-
dence of the changes of
the mean RBCflux in
the rabbit ear skin in-
duced by angiotropin.
The mean values of
four measurements
within each site of in-
jection are given. The
points represent the
dose dependence of day
2 alterations in one rab-
bit; the triangles indi-

;ionI) cate the dose depen-
dence of day 8 changes
in another rabbit.
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Figure 11. Morphological changes of the endothelial cells of capillar-
ies and postcapillary venules in the rabbit ear skin induced by intra-
dermal injection of angiotropin. (A) Control: several sections of cap-
illaries and small venules showing normal flat endothelial cells and
pericytes. (B) Activated endothelial cells and pericytes 24 h after in-
tradermal injection of 125 pg of angiotropin in 50 ,d solution. Some

infiltration of large vacuolated macrophages admixed with
lymphocytes, plasma cells, eosinophils, occasional PMNleu-
kocytes and nuclear dust (Fig. 11 D). Degenerating vessels

Table II. [3H] Thymidine Labeling of Various Cell Types in the
Rabbit Ear Skin 2 d after Intradermal Injection ofAngiotropin

Epidermal Endothelial Stromal
cells* cells$ Pericytes cellst

Control (n = 4) 56.8±12.8 0.3±0.4 0.6±0.3 3.3±1.1

Angiotropin (n = 5) 259.7±12.8 7.0±1.5 3.1±0.9 9.7±0.9

250 pg of angiotropin in 50 ,ul isotonic solution was injected intra-
dermally; control injections containing the same solution without
angiotropin were carried out at the corresponding sites of the contra-
lateral ear lobes.
* The number of labeled epidermal cells was determined by counting
1,000 epidermal cells in each animal.
4 For all other cell types the mean number of labeled cells per high
power field (400X) based on the countings of 30 random high power
fields per animal are indicated. Mean values±SD are given. Statisti-
cal evaluation using the signed rank test revealed P = 0.02 for the in-
crease of labeled cells of all four types.

PMNleukocytes have emigrated into the stroma. (C) Numerous
smallest capillary-like sections without erythrocyte filling 3 d after in-
jection of 250 pg of angiotropin. (D) Degenerating vessels showing
endothelial cell and pericyte swelling surrounded by macrophages 4
d after injection of 250 pg of angiotropin. H& E stained paraffin sec-
tions; A, B X 630; C, D X 400.

appeared to be replaced by cord-like arrangements of vacuo-
lated macrophages (Fig. 16 B). Focal deposits of intraluminal
fibrin were seen in some degenerating vessels. The involutional
changes subsided gradually and by day 8 blood vessels did not
differ microscopically from those of controls or untreated skin.
Despite the involutional changes of some vessels there was
still a significant net increase in the amount of microvessels
without a continuous muscle layer at day 8 as shown by the
morphometrical analysis.

Epidermal changes. Marked histological changes were ob-
served in the epidermis after intradermal angiotropin. The in-
duced changes were confined to the basal layer in the first
several days (Fig. 13) and consisted of: (a) prominent nuclear
hyperchromasia (day 1-4), (b) moderate to abundant mitotic
activity (day 1-2), (c) increased [3H]thymidine incorporation
(day 2), (d) pseudostratification of the basal layer (day 24),
and (e) deformation of the underlying basement membrane
(day 1-4). Mitotic figures were reduced by day 2 and were
uncommon by day 3. From day 2-4, the basal layer was in-
tensely crowded with increased numbers of homogenous hy-
perchromatic basal cells that formed a thick basal zone that
comprised 1/3 to 1/2 the total thickness of the entire epidermis.
Basal cell nuclei were shifted vertically into three to four pseu-
dostratified layers. The hypercellularity appeared to produce
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Figure 12. Autoradiography with [3H]thymidine 48 h after intrader-
mal injection of 250 pg of angiotropin in 50 ,d solution into the dor-
sal skin of rabbit ears exhibiting profound labeling of different cell
types (B). In addition to the excessive epidermal labeling (C), higher
magnification of plastic sections demonstrates intensive labeling of
the endothelial cells and pericytes of the engorged capillaries and
postcapillary venules as well as stromal cells (D). As control the ho-

downward pressure changes which distorted and yielded the
scallop configuration of the basement membrane. However,
marked alterations of the epidermal basement membranes
were already found in PAS stained histologic sections before
basal layer hypercellularity became prominent (Fig. 14).
Therefore, basement layer changes may not only be explained
by epidermal proliferation but may precede proliferation.

Autoradiography at day 2 revealed a fourfold increase in
[3H]thymidine labeling of the basal layer (Table II, Fig. 12, A
and B). Some thymidine label was found in the first basal
stratum, however, most of the label was present in the second
or higher basal strata (Fig. 12 C). Regression of basal layer
changes was evident after day 4, and by day 6 the basal layer
appeared normal while the strata spinosum and granulosum
showed prominence with increased numbers of large mature
keratinocytes. The prominence of the upper epidermis ap-
proached normality by day 12. These changes were not seen in
epidermis distant to angiotropin injection sites or in the sites of
injected control substances.

Epidermal thickness was selected as an indicator of epider-
mal hyperplasia. Serial epidermal thickness measurements
show a dose-dependent relationship between epidermal hy-
perplasia and the concentration of injected angiotropin within
the concentration range of 50 to 5000 pg in 50-,gl isotonic
aliquots (Table III). The angiotropin-induced epidermal
changes were interpreted as transient but rapid stimulation of
DNA-synthesis and cell division of the basal layer from day

mologous skin site of the contralateral ear 48 h after the intradermal
injection of 50 ,l of buffer and carrier without angiotropin is shown
(A). There is only some labeling of epidermal and hair follicle cells.
A few stromal cells also show incorporation of radioactivity. Endo-
thelial cell and pericyte labeling was very rarely found. (A, B) paraf-
fin sections; X 100, (C) paraffin section; X 250, (D) plastic section;
X 630. All sections were stained with Harris-eosin.

0-2, hypercellularity of the basal zone from day 2-4, and mi-
gration/maturation of keratinocytes in the upper epidermis
from day 4-10.

Effects on dermalfibroblasts, extracellular matrix and hair
follicles. Stromal changes induced by intradermal injection of
angiotropin were found throughout the dermis, however they
were more prominent in the deep reticular dermis adjacent to
the perichondrium. Day 2 autoradiography disclosed an in-
creased [3H]thymidine labeling of stromal cells that were
threefold greater when 250 pg of angiotropin were injected
than in controls (Table II). Increased numbers of large fusi-
form fibroblasts with oval vesicular nuclei and basophilic cy-
toplasm were present by day 3 (Fig. 15 D) along with occa-
sional stromal mitoses. From day 2-8, multiple pockets of
loose connective tissue were found in the mid-reticular dermis
in areas associated with blood vessels that were undergoing
proliferative changes and neovascularization. This loose ma-
trix consisted of thin short strands of widely spaced collagen
fibers with modest numbers of fibroblastoid and/or primitive
mesenchymal cells. At day 4 macrophages and other inflam-
matory cells infiltrated this loose matrix during the phase of
vascular involution. By day 8 the dermal stromal cells returned
to control morphology, however, their number appeared to be
increased. The dermis remained somewhat thickened at day
12 although no specific histological alteration was evident. The
normal basketweave pattern of dermal collagen remained in-
tact. Deposition of new extracellular matrix was not detected
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Figure 13. Proliferative epidermal changes after intradermal injec-
tion of 250 pg of angiotropin in 50 1.d of buffer and carrier solution
into the dorsal skin of rabbit ear lobes. H & E stained paraffin sec-

tions; X 250. (A) control: normal epidermis; (B) day 2: basal layer
shows nuclear hyperchromasia, hypercellularity and pseudostratifica-
tion; (C) day 3: thick basal layer zone with pseudostratification; (D)
day 6: normal basal layer and prominent stratum spinosum; (E) day
12: near normal epidermis.

by polarized light microscopy, Gomori's trichrome stain for
collagen and the alcian blue method for acid mucopolysaccha-
rides. Rhodamine phalloidin immunhistochemistry did not
show myofibroblasts. Granulation tissue, fibrosis or skin con-
tracture were not seen. The histological features of anagen-
phase hair follicles were present in the skin sites into which
angiotropin was injected whenever the control skin contained
resting hair follicles.

Dynamics of resident connective tissue cells and inflamma-
tory cells. The intradermal injection of angiotropin was ac-
companied by an influx and turnover of inflammatory cells,
which followed relatively predictable dynamics. Starting about
2 h postinjection and peaking at 12-24 h, PMNleukocytes
infiltrated the injection zone and within 24 h varying degrees
of degenerating PMNleukocytes, microhematomas, and oc-
casionally extravascular fibrin deposits were found. All
changes appeared to be related to the angiotropin-induced vas-
cular alterations (Figs. 11 B, 15 A). The number of mast cells
was also increased as evidenced by special histochemical
staining and catecholamine fluorescence (Fig. 15 B). By day 2,
the number of PMNleukocytes dropped sharply and an accu-
mulation of mononuclear cells with round to oval basophilic
nuclei and pale eosinophilic cytoplasm was noted in perivascu-
lar spaces. These mononuclear cells were negative for nonspe-
cific esterase and were thought to represent primitive, undif-
ferentiated mesenchymal cells (Figs. 15 C, 16 A). On day 3,
fibroblastoid cells were dominant, PMNleukocytes were rare
and more macrophages were found (Fig. 15 D). By day 4 a

marked perivascular infiltrate of inflammatory cells appeared
in direct association with the focal involution of blood vessels
(Fig. 11 D). Vacuolated macrophages that stained positive for
nonspecific esterase were the dominant cells (Fig. 16 B). Other
cells included eosinophils, lymphocytes, plasma cells, and oc-

casionally PMNleukocytes (Fig. 15 E). Perivascular macro-
phages persisted until the focal vascular involution was com-
plete. Inflammatory cells were rare from day 8 on.

Control studies. Rabbit ear lobes were injected with a vari-
ety of control substances and the injection sites were studied
daily to day 10 for macroscopic and microscopic alterations.
The serum-free medium (BM-86 Wissler), which was used in
the porcine monocyte cultures and which contained 91 com-
ponents, produced no significant tissue reaction after intrader-
mal injection. Concanavalin A, when injected in the bioactive
concentrations of angiotropin, did not show any effects. How-
ever, when the lectin was injected in concentrations used for
monocyte activation in vitro, an immediate hyperemia oc-
curred followed by an inflammatory reaction that persisted for
24 h. However, no significant neovascularization was noted.
30 ,M (3 mg/ml) of concanavalin A produced a very strong
local inflammatory reaction, skin necrosis and weak neovascu-
larization. As can be seen from Table IV, substances causing
temporary vasodilation and other features of acute inflamma-
tion without skin damage did not produce an angiogenic re-
sponse in the skin model chosen. The degree of PMNleuko-
cyte infiltration did not correlate with the angiogenic response.

Except for angiotropin, macroscopically detectable neovas-
cularization was always associated with macroscopic skin ne-
crosis. Angiotropin-induced skin reactions were not inhibited
by coinjection of dexamethasone in concentrations that are
effective clinically in the suppression of local inflammation.
Dexamethsone can significantly inhibit wound healing when
administered focally for more than 10 d in a biodegradable
therapeutic system (31). Long-term dexamethasone in combi-
nation with single bolus angiotropin did not inhibit tissue pro-
liferation. In contrast, it seemed to potentiate the angiotropin-
induced neovascularization.

Discussion
The intradermal injection of < 0.5 ng of a highly purified
monocyte-derived angiogenic substance (angiotropin) into the

1084 HMckel, Jung, Vaupel, Rabes, Khaledpour, and Wissler

FMIR -

'Apo, "I
1.11.111.1..Il.

-.-p
..41;



Am
-ZM

_..

rh

. ..
.i;l;o k.,

B

Figure 14. Early changes in epidermal base-
ment membrane within 24 h after the intra-
dermal injection of 125 pg of angiotropin in
50 ,d solution into the dorsal skin of rabbit ear
lobes. PAS stained paraffin sections; x 630.
(A) Control: smooth linear basement mem-
brane, (B) distortion and early scallop configu-
ration of the basement membrane.
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dorsal skin of rabbit ear lobes produced profound changes in
the angioarchitecture. By use of a temperature and pressure
controlled perfusion technique with dextran 60 for whole
blood replacement and subsequent perfusion with filtered
india ink, all blood vessels could be detected for histomorpho-
metrical analysis. As a result, the vascular changes induced by
angiotropin can be summarized in two stages that can be ob-
served at days 2 and 8 after injection. During the early phase
all blood vessels, except arteries, are dilated. Capillaries and
postcapillary venules are extremely enlarged forming irregu-
larly shaped sinusoidal blood channels. Vascular dilation re-
spectively engorgement induced by angiotropin begins about 2
h after injection and lasts for more than 2 d. Angiotropin
strikingly differs in this respect from known vasodilators like
histamin or prostaglandin E2, which produce much shorter
effects with earlier onset. Even the long acting vasodilator cal-

citonin gene-related peptide does not lead to local hyperemia
of comparable duration when injected into rabbit skin (32).
The vasodilating effect of the latter substance also starts much
earlier.

In the late phase after angiotropin injection blood vessels
appear to be reduced to almost normal shape and size but the
number of microvessels without a smooth muscle layer is sig-
nificantly increased compared with the controls.

The morphological results were confirmed by the investi-
gation of the changes in hemodynamics induced by angiotro-
pin with laser Doppler flowmetry. Both day 2 and day 8 vascu-
lar changes lead to an increased red blood cell flux. However,
day 2 flux was much higher than day 8 RBCflux although the
relative microvascular volume at day 8 was only slightly less
than that of day 2. Obviously, the sinusoidally enlarged mi-
crovessels with lowered flow resistance at day 2 contribute to
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Table III. Dose and Time Dependence of Epidermal
Proliferation Expressed as Epidermal Thickening Induced
by Intradermal Injection of Angiotropin

Angiotropin dose

Time after
injection Control 1 ng/ml 2.5 ng/ml 5 ng/ml 10 ng/ml

d

2 14.8±1.6 ND ND 34.3±6.5 40.7±8.3
3 19.2±2.6 24.7±3.2 32.9±2.2 43.2±4.5 54.7±12.6
4 15.7±0.9 21.7±3.0 30.1±6.0 32.0±4.1 44.2±3.8
6 14.8±2.4 ND ND 29.4±3.7 37.1±6.6

10 15.4±1.9 ND ND 23.5±3.4 28.7±3.5

50 Ml of angiotropin or control solution were injected intradermally.
Thickness (,m) of epidermis, excluding the stratum corneum, was
determined in 5-Mm paraffin sections stained with H & E by use of a
MOPvideoplan morphometric unit equipped with a microcomputer
(Zeiss, Oberkochen, FRG). Mean values of 10 determinations in 5
rabbits±SD are given.
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the high RBCflux, which is then reduced by increasing flow
resistance concomitantly with the decreasing vessel diameters
at later stages. At day 8 the elevated blood cell flux may repre-
sent the increased number of microvessels with normal caliber.

Although laser Doppler flowmetry only measures red
blood cell flux independent of the direction of the moving
erythrocytes and, therefore, does not permit conclusions on
functional aspects of the altered microcirculation in terms of
nutritive flow, the data show that the microvascular changes
follow defined dynamics and are dose dependent.

Histologically, endothelial cells of capillaries and postcapil-
lary venules show phenotypical alterations during the phase of
sinusoidal dilation. Within 24 h after injection of angiotropin
the cells enlarge and elongate markedly, their prominent nu-
clei sometimes bulging into the vessel lumina. In addition,
significant endothelial cell proliferation is evident in the di-
lated microvessels as shown in a 23-fold increase in thymidine
labelling on day 2. Both the enlargement of the individual
endothelial cells and endothelial proliferation seem to contrib-
ute to the vascular engorgement prior to neocapillarization.

Capillary angiogenesis appears at day 3 in the form of crops

(. ".W

Figure 15. Dynamics of leukocytes and resident connective tissue ing bipolar cytoplasmic processes. (E) Accumulation of plasma cells
cells after intradermal injection of angiotropin into the skin of rabbit and other small mononuclear cells around capillaries filled with
ear lobes. (A) PMNleukocyte infiltration 12 h after the injection of india ink 8 d after injection of angiotropin; scattered eosinophilic
125 pg of angiotropin in 50 Ml solution. (B) Mast cell accumulation granulocytes can also be detected at that time (arrowhead). (A, D)
at the site of angiotropin injection after 24 h. (C) Unidentified peri- H& E stained paraffin sections; x 400, (C, E) H& E stained plastic
vascular cells which dominate in the stroma 2 d after injection of an- sections; x 400, (B) frozen section stained with toluidine blue/tetra-
giotropin; sinusoidally dilated microvessels are filled with india ink. methylene-glycol ether; X 630.
(D) After 3 d most stromal cells are of fibroblastoid shapes contain-

1086 Hockel, Jung, Vaupel, Rabes, Khaledpour, and Wissler



Figure 16. Nonspecific esterase enzyme-histochemistry showing no significant staining of the perivascular clusters of mononuclear cells on day
2 after intradermal injection of 125 pg of angiotropin (A) but pronounced staining of the macrophages in cord-like arrangement which are in-
volved in the focal involution of blood vessels on day 4 (B). Frozen sections; X 400.

of minute capillary vessels or sprouts that apparently arise
from the existing engorged blood vessels.' The neocapillaries
are initially devoid of erythrocytes which suggests that in their
initial appearance their anastomotic connections are still
functionally incomplete. Vascular proliferation and angiogen-
esis are temporary in the model chosen. Active regression is
evident by day 4 as some of the microvessels undergo an in-
flammatory cell-mediated involution. Phagocytic macro-
phages appear to be the predominant cell type involved and
the final vestige of the involuted vessel is the cord-like arrange-
ment of vacuolated macrophages. This regressive process is
similar to that described by Ausprunk et al. (33) for the regres-
sion of corneal neocapillaries after removal of the angiogenic
stimulus. However, the amount of newly formed blood vessels
exceeds the involuting ones within the observation period of
this study. The morphometrical analysis clearly shows a net
increase in capillaries on day 8 when histological signs of blood
vessel regression are no longer seen.

In vitro angiotropin was shown to stimulate the differen-
tiation of cloned capillary endothelial cells from the contact-
inhibited epitheloid phenotype to large fibroblastoid cells
which migrate across each other and finally form tube-like
structures on the tissue plate (23). An activation of endothelial
cells in terms of nuclear and cytoplasmic enlargement and
obvious suppression of contact inhibition are also seen in vivo
early after angiotropin injection and might be interpreted as
initial effect of that substance on endothelial cells.

The epidermal reaction to intradermal angiotropin is a
transient hyperplasia in which all stages of epidermal growth
and maturation are observed. The most striking features are
found in the basal layer during the first 4 d after injection.
Nuclear hyperchromasia, numerous mitoses, and a marked
increase in [3Hlthymidine incorporation in the basal layer in-

1. Capillary sprouts are clearly seen on day 3 during angiotropin-in-
duced neovascularization in the cornea (23).

dicate an active state of DNAsynthesis and cell division. Mi-
toses that become much less prominent by day 3 suggest that
maximum angiotropin stimulation occurs sometime in the
first 2 d postinjection. The resultant basal cell hyperplasia in
which there is extensive cell overcrowding in the basal zone
appears to be sufficient evidence to explain the vertical cell
displacement, the pseudostratification of basal nuclei, the
downward pressure that causes the scallop configuration of the
basement membrane and the overall thickening of the basal
layer zone. By day 6 the basal pseudostratification and the
basal nuclear changes disappear with the upward migration
and differentiation of keratinocytes that comprise the promi-
nent strata spinosum and granulosum. From the epidermal
thickness measurements angiotropin induced epidermal hy-
perplasia appears to be a dose-dependent response.

Proliferative changes in the dermis after intradermal an-
giotropin are much less pronounced than those observed in the
epidermis or the blood vessel. Unequivocal stroma hyperplasia
is evidenced by the increased [3H]thymidine labeling of stro-
mal cells and the appearance of numerous fibroblastoid cells at
day 2, respectively, day 3. The pockets of loose connective
tissue that appear in the reticular dermis about day 2 are the
stromal sites where existing blood vessels undergo prolifera-
tion, where neocapillaries arise and where vascular involution
takes place. The loose fibrillar arrangement of this connective
tissue and the initial presence of reputed primitive mesenchy-
mal cells suggest the possibility that focal resorption and/or
modification of perivascular stroma is a prerequisite to neo-
vascularization. The dermal matrix which is somewhat thick-
ened at day 10 shows vague equivocal changes of individual
collagen fibers, but there is no essential change in the normal
basketweave configuration of stromal fibers. Single bolus an-
giotropin appears to initiate stromal cell hyperplasia but the
production of new extracellular matrix (collagen and muco-
polysaccharide) is not detected. Macroscopically and micro-
scopically no evidence of scar formation is noticed.
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Table IV. Comparison ofAngiotropin-induced Proliferative Response with the Reactions Obtained by Intradermal Injections of Various
Other Biologically Inert, Inflammatory and Tissue Destructing Agents into the Rabbit Ear Skin

24 h
Day 3 Day 6

Skin Immediate PMN vascular vascular Day 10
necrosis hyperemia Hyperemia Edema infiltration prominence prominence neocapillarization

Angiotropin (100 pg)* - - +++ + ++ ++ + +
Dexa (200,ug)t - (+) - - - - -
Dexa CS (20 g)t - (+) - - - - -
Dexa TS (20ug)* - (+)
Angiotropin (100 pg)* + dexa (200 Mg) - (+) +++ + ++ ++ + +
Angiotropin (100 pg)* + dexa CS (20 M&g) - (+) +++ + ++ ++ +(+) +(+)
Angiotropin (100 pg)* + dexa TS (20 Mg) - (+) +++ + ++ ++ +(+) +(+)
Saline, isotonic - - - - - - -

PBS
Wissler medium - - - - - - -

Porcine serum albumin (0.25 mg/ml)t - - - - - - -

Histamine (I Mg)t - ++- - - -

Prostaglandin E2 (50 Mg)t - +++ - - - - - -

Anaphylatoxin and cocytotaxin (5 ng/5 ng)t - + + - (+)' - - _
Cocytotaxin (5 ng)t
Concanavalin A (250 pg)t -

Concanavalin A (15 ug)t (+) + ++ ++ ++(+) +
Concanavalin A (150 Ag)t ++ + +++ +++ +++ + + (+)
Hypotonic pyrogen-free water - +++ +++ ++ ++ (+)
Saline 1.5 M - ++ ++ + +
Formic acid 0.2% + + + + + + ++ +
Pentobarbital (3 mg) ++ +++ +++ +++ + ++ ++ ++
Sodium hydroxide (I N) +++ + ++ ++ ++ ++ +++ ++

* Dissolved in PBS + porcine serum albumin (0.25 mg/ml). t Dissolved in PBS. Dexa, ,dexamethasonedlhydrogenphosphate; dexa CS, dexa-
methasoneacetate crystal suspension; dexa TS, dexamethasoneacetate therapeutic system. ' Severe PMNinfiltration occurred 2 h after injec-
tion. All solutions were injected intradermally as 50 Mi bolus as described in Methods. All experiments were performed at least in duplicate.
To exclude local interference usually no more than three injections were made per rabbit ear. Reactions were screened by daily macroscopic
observations until day 10 and microscopic evaluation of 24 h histologic sections. Angiogenesis was proven macroscopically by the presence of
numerous prominent congested irregular or tortuous vessels at the site of injection ("vascular prominence") before the increase of capillary
density detected by homogenous slight redness with changing intensity according to the fluctuations in whole ear perfusion ("neocapillariza-
tion"). In cases of gross skin necrosis the tissue reaction adjacent to the damaged skin area was evaluated.

Although tissue destruction does not precede the prolifera-
tive tissue response, the reaction induced by intradermal an-
giotropin is associated with a defined turnover of inflamma-
tory cells and resident connective tissue cells. A transient in-
flux of PMNleukocytes is found in the angiotropin injection
site within the first 24 h. Angiotropin has been shown to be
neither chemotactic nor chemokinetic for porcine and rabbit
leukocytes in vitro (34). The kinetics of PMNleukocyte influx
for a number of known PMNchemotaxins and chemotaxino-
gens including endotoxin (35) differ from the PMNleukocyte
kinetics observed in this study. The injection of PMNleuko-
cytes into rabbit cornea does not produce neovascularization
and the ability of PMNleukocytes to induce direct neovascu-
larization is questioned by others (36). These data suggest that
transient influx of PMNleukocytes is a secondary response to
the vascular alterations induced by angiotropin and that the
presence of PMNleukocytes is not the stimulus for neovascu-
larization and cell proliferation.

As shown by enzyme-histochemistry, monocytes/macro-
phages are not prominent on days 1 and 2 when cellular prolif-
eration within the injection site of angiotropin is maximal.

These cells increase in number on day 3 and are most frequent
on day 4 when regression phenomena can be observed. The
injection of dexamethasone in both short- and long-term regi-
mens fails to block or inhibit the in vivo angiogenic effects of
angiotropin. Angiogenesis due to unspecific inflammation
probably mediated by macrophages can be inhibited by dexa-
methasone (37), and corticosteroids are known to cause delay
in wound healing by inhibiting macrophage functions (11).
Therefore, a role of macrophages in mediating the angiogenic
effects of intradermal angiotropin might be questioned as well.
Nevertheless, a potential function of PMNor mononuclear
inflammatory cells within the complex cascade of proliferative
tissue reactions induced by angiotropin cannot be excluded at
present.

Copper ions and various other substances may cause an-
giogenesis by chronic inflammation (38, 39). Contrary to an-
giotropin these substances have to be applied in relatively high
concentrations and by a slow release system to exert angio-
genic effects in the corneal pocket assay. Moreover, neovascu-
larization of these substances can be blocked effectively by
corticosteroids. These differences exclude an explanation of

1088 Hockel, Jung, Vaupel, Rabes, Khaledpour, and Wissler



the angiogenic action of angiotropin simply by effects of its
copper constituent.

The various control substances in this study fail to induce
neovascularization when injected into the rabbit ear skin ex-
cept when injections were accompanied by tissue necrosis.
Necrosis, but not acute inflammation, therefore appears to be
the commonpathway by which these substances produce neo-
vascularization in the "single bolus injection model." Angio-
tropin is the only substance in this study which induces neo-
vascularization and tissue proliferation in the absence of tissue
necrosis.

Taken together, the results of this study with regard to the
in vitro work (23) suggest that angiotropin is a direct mediator
of a microvascular process that leads to angiogenesis and in-
volves the release of inflammatory cells.

The mechanisms by which intradermal angiotropin in-
duces the proliferation of the various cell types in the skin are
not known at present. Although there appears to be a dose-de-
pendent relationship, the proliferative reactions of endothelial
cells, fibroblasts and epidermal cells might be secondary effects
due to the activation of microvascular endothelial cells be-
cause of the following findings: (a) Angiotropin is a differen-
tiation factor but not a mitogen for capillary endothelial cells
in vitro (23). (b) Angiotropin did not produce any effects on
BALB/c3T3 fibroblasts in vitro (23). (c) After implantation of
an angiotropin-containing Elvax pellet in the rabbit cornea
epithelial hyperplasia was found in projection of the activated
limbal vessels but not adjacent to the slow release system (un-
published observations). Principally, the cellular proliferation
might be caused by humoral factors, autocrine or paracrine
secretion of growth factors, modulation of extracellular matrix
components or changes in cell-to-cell-junctions following the
activation of endothelial cells with anrgiotropin.

Low molecular weight fibrin degradation products have
been showp to induce angiogenesis and the proliferation of all
cell types in the chicken chorioallantoic membrane (40). Ex-
travascular fibrin deposits are occasionally found in angiotro-
pin injection sites on day 1, however, the role and contribution
of fibrin degradation products in angiotropin induced prolifer-
ation is unknown. Most of the angiotropin injection sites are
free of detectable interstitial or extravascular fibrin, which
suggests that the actions of angiotropin take place indepen-
dently of fibrin degradation products.

Recently, Folkman and co-workers suggested a very inter-
esting mechanism for local control of cell proliferation that
involves the liberation of growth factors stored in the extracel-
lular matrix (41, 42). Marked changes in extracellular matrix,
especially basement membranes of microvessels and epi-
dermis, are early observations after intradermal injection of
angiotropin.

In conclusion, we have attempted to characterize the in
vivo effects of angiotropin using a "single bolus-rabbit ear
model." Wehave found profound vascular alterations consist-
ing of initial microvascular endothelial cell activation and mi-
crovessel engorgement, followed by neocapillarization as well
as associated proliferative responses in the epidermis, the
dermis, and the activation of resting hair follicles. In our
model, tissue proliferation is transient and most of the prolifer-
ative effects regress through a series of involutional events
within the observation time of 12 d. During the tissue reaction
a defined turnover of inflammatory cells can be observed but
tissue necrosis and scar formation are not detected. The in-

duced reactions show time-lapsed similarities to the skin alter-
ations adjacent to a deep wound in the inflammatory/prolifer-
ative phase of primary healing (43-47). Wesuggest therefore,
that angiotropin is a chemical mediator by which the activated
macrophage initiates a cascade of inflammatory and prolifera-
tive wound healing sequences through activation of microvas-
cular endothelial cells. Because of the dose dependency and
defined dynamics of the induced tissue reactions this sub-
stance may also be a promising therapeutic agent in clinical
settings where wound healing is a major problem. Wehave
recently shown that angiotropin may prevent skin flap necrosis
and stimulates dermal regeneration in preclinical studies (48).
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