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Mast-cell histamine is angiogenic through receptors for
histamines and histamine,
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Summary. The activation of mast-cells in situ induces angiogenesis in
normally vascularized, adult mammalian tissue. Since the secreting mast-
cell characteristically releases histamine, we studied the possible role of
histamine in the outcome of mast-cell mediated angiogenesis using the rat
mesenteric window assay. One Hi-receptor antagonist, brompheniramine
maleate (BPA), and one H,-receptor antagonist, metiamide, were separately
administered systemically (s.c.) at non-toxic doses during the period of
angiogenesis induction. Angiogenesis was effected by i.p. injections of the
mast-cell secretagogue compound 48/80 for 5 consecutive days. The animals
were killed 14 days after the start of the i.p. and s.c. treatment, close to the
middle of the expanding angiogenic phase of the angiogenic reaction studied.
Angiogenesis was quantified in terms of (a) the number of vessel profiles per
unittissue length (No/UL), which reflects mainly the degree of branching and/
or tortuosity, (b) the relative vascularized area (VA), which is a measure of
spatial extension, and (c) the vascular density (VD), a measure of vessel
density per unit area of vascularized tissue. Whereas BPA significantly
suppressed No/UL, metiamide significantly reduced No/UL and VD in
statistical terms suggesting that endogenous mast-cell histamine is angio-
genic through both H- and Hy-receptors. This appears to be the first paper to
report that the occupancy of Hpo-receptors is angiogenic.

Keywords: angiogenesis, histamine, H;-receptor antagonist,
Ho-receptor antagonist, mast cells, quantification, rat, mesentery

Angiogenesis, the formation of new blood vessels, is a
complex tissue reaction in which many types of cell take
part. Physiological angiogenesis is stringently con-
trolled and apparently occurs only in adulthood in
females, in the formation of the corpus luteum and the
growth of the endometrium (Hobson & Denekamp 1984;
Folkman 1992). In reparative and pathological condi-
tions, however, angiogenesis can be induced promptly,
as occurs in tissue repair, inflammatory conditions and
tumour growth (Folkman 1990).
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logy, Sahlgren Hospital, S-413 45 Goteborg, Sweden.

The connective tissue mast-cell, a highly specialized
secretory cell and the main repository for histamine in
the body, is often topographically associated with micro-
vessels (Cowen et al. 1979; Rakusan et al. 1990). The
mast-cell is capable of responding to a wide range of
endogenous and exogenous secretagogues or stimuli by
releasing pre-formed, rapidly eluted mediators such as
histamine, serotonin (in some species including the rat);
pre-formed granule associated factors such as heparin,
chymase, plasminogen activator; and newly generated
mediators such as prostaglandins, leukotrienes and a
large number of cytokines (Gordon et al. 1990; Norrby &
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Woolley 1993). Mast-cells play important roles in inflam-
matory reactions, wound repair and the growth of
several human and experimental tumours (Enerbéck &
Norrby 1989; Meininger & Zetter 1992; Norrby & Woolley
1993). As reported previously, the selective activation of
mast-cells in situ induces vigorous angiogenesis in adult
mammalian tissue (Norrby et al. 1986; 1989; 1990a). This
finding was subsequently confirmed in the chick chorio-
allantoic membrane (CAM), where mast-cell secretion
increases the vascularity and tortuosity of the organo-
genically developing vessels (Clinton et al. 1988; Duncan
et al. 1992).

Recently, we demonstrated that systemic treatment
with clemastine, a histamine,-receptor antagonist, sup-
presses mast-cell mediated angiogenesis by signifi-
cantly hampering the microvascular spatial expansion,
as assessed by the rat mesenteric window assay (Sérbo
& Norrby 1992). The aim of the present study was further
to elucidate the role of endogenous histamine in mast-
cell mediated angiogenesis using the same assay. In the
present paper, the systemic effects of another Hi-
receptor antagonist, brompheniramine maleate, and an
H.-receptor antagonist, metiamide, were studied. Angio-
genesis was assayed using technically independent
procedures in terms of the number of vessels per unit
length of the microtome-sectioned mesenteric window
and the relative vascularized area, as well as the
vascular density in spreads of intact mesenteric window.

Material and methods
Animals

Adult albino male Sprague-Dawley rats (Alab AB,
Sollentuna, Sweden) weighing between 190 and 228 g at
the start of the experiments were used. They had an
unlimited supply of standard pellets and water and two
animals were kept in each cage under standardized
conditions (Norrby et al. 1986). The body weight of the
animals was monitored throughout the experiments.

Test tissue

The true rat mesentery, extending from the dorsal
peritoneal wall to the small gut, contains some 40-45
somewhat triangularly-shaped ‘window’-like connective
tissue membranes framed by vascularized fatty arcades.
These mesenteric windows are extremely thin and
natively measure only 5-10 um (Norrby & Enestrém
1984). The test tissue is covered on both sides by a single
layer of mesothelial cells residing on a basement
membrane and contains fibroblasts, mast-cells, macro-
phages and occasional leucocytes, and the extracellular

matrix is rich in collagen fibres. The fact that the test
tissue is adult and vascularized (Norrby et al. 1986)
suggests that the assay is pertinent to those tissues that
display clinically relevant, angiogenesis related lesions.
The histamine content in rat connective tissue mast-cells
is about 9% of the cellular dry weight (w/w) (Mellblom &
Enerbéck 1979) and in the test tissue, the mast-cell is the
main, if not the only, source of histamine.

Agents

Compound 48/80 (Sigma) was used as a highly selective
mast-cell secretagogue. The drug was injected i.p.; 48/80
per se appears to be mitogenically (Franzén & Norrby
1980) and angiogenically (Norrby et al. 1986) inert in the
mesenteric window of guinea-pigs, the mast-cells of
which are not responsive to the drug.

Brompheniramine maleate (BPA; generously supplied
by Draco AB, Lund, Sweden), an H-receptor antagonist,
was dissolved in saline (0.9% NaCl; v/w) and was given
at doses of 0.150, 0.225 and 3.000 mg/kg b.w. per s.c.
injection (0.1 mI/100 g b.w.). An injected single dose of
0.07-0.30 mg/kg or an oral dose of 0.06 mg/kg is
recommended to induce an H;-receptor blocking effect
for 4-6 hours in adult humans (Garrison 1990).

Metiamide (generously supplied by Smith, Kline &
French Laboratories Ltd, Welwyn Garden City, England),
a potent Hx-receptor antagonist, dissolved in saline, was
used at doses of 2.0, 3.0 and 75 mg/kg b.w. per s.c.
injection (0.2 mi/100 g b.w.). An approximate oral ED-50
of 6.256 mg/kg has been estimated for the inhibition of
basal gastric secretion in rats and, in toxicity tests, daily
oral infusions of 3756 mg/kg of metiamide produce no
tissue changes or local reactions (Black et al. 1973).

Both histamine-receptor antagonists were applied s.c.
to imitate a clinical situation of parenteral drug adminis-
tration. In so doing, any possible interaction with the
mast-cell secretagogue compound 48/80 was elimi-
nated. The s.c. injections were given at 0700 and 1400 h,
i.e. 1 hour before the animals received an i.p. injection of
compound 48/80. Controls received s.c. injections of the
saline vehicle.

Induction of mast-cell mediated angiogenesis

Compound 48/80 was injected i.p. twice daily for 4.5 days,
as described elsewhere (Norrby et al. 1986). This treat-
ment induces a strong angiogenic reaction (Norrby et al.
1989; 1990a), and releases some 60% of the histamine in
the test tissue (Norrby et al. 1989). The animals were
killed at day 14 after the start of the angiogenic treatment,
which is approximately in the middle of the angiogenic
phase (Norrby et al. 1986).
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Figure 1. Photomacrograph of a spread of an intact mesenteric window. A Wild M 420 photomacroscope, equipped with an
apochromatic Apozoom objective was used. Triangles indicate the border between the mesenteric window and the framing fatty
arcades. Since this border is distinct, it is easy to measure the entire window area. The dotted line surrounds the vascularized
area. The blood vessels were visualized by a terminal infusion of an i.v. ink—-gelatine solution. The total area of this window was

1.30 cm? and the vascularized area was 14.8%.

Quantification of the angiogenic response

Three experiments were performed. In the initial experi-
ment, a central part of the mesenteric window was
excised, fixed, methacrylate-embedded, cut into 3-um-
thick sections perpendicular to the membrane surface
and stained with toluidine blue (Norrby et al. 1986). In the
second experiment, the tissue was sampled at a periph-
eral part of the mesenteric window, at either of the two
corners close to the small gut. The number of vessel
profiles per unit length of microtome-sectioned mesen-
teric window (No/UL) was counted microscopically at
% 400-600, which is necessary reproducibly to discern
the small, newly formed vessels (Norrby et al. 1990b).
No/UL reflects to a great extent the degree of branching
and the degree of tortuosity of the microvasculature.
Four windows from each animal were analysed.

In the third experiment we used whole, intact mesen-
teric window spreads prepared on objective slides
(Enerbédck et al. 1976). A terminal i.v. ink-gelatine
solution was infused to visualize the vasculature in the
windows (Norrby et al. 1990a). Four windows from each
animal were excised and the specimens were analysed
morphometrically in terms of the relative vascularized

area (VA) from a projected microscopic image (Norrby et
al. 1990a). A macrophotograph of a window spread is
shown in Figure 1. Two view fields within the vascular-
ized area of each specimen were then randomly selected
and photomicrographed (0.54 mm? per view field) and the
vascular density (VD) was estimated from these photo-
micrographs by counting the number of intersections
between a bar patterned lattice and the vessels (Norrby
et al. 1990a); VD was the mean of the two view fields per
window.

All the counting and measuring in sections and
spreads was done blindly by one of us (JS).

Histamine release as a measure of mast-cell secretion

The histamine-receptor antagonists were administered
s.c. for 4 consecutive days 1 hour before the animals
received an i.p. injection of compound 48/80, i.e. at 0700
and 1400 h. The animals were killed on the 5th day and
three randomly selected, medium-sized mesenteric win-
dows were excised from each animal, pooled, and
immediately frozen and stored at —70°C. Before analy-
sis, the tissue was homogenized with 0.4 m HCIO,, to
which 0.002% ascorbic acid and 0.2% EDTA were added.



46 J. Sérbo et al.

Histamine was quantified by a fluorometric OPT-reaction
(Enerback & Wingren 1980) and the total protein content
was quantified according to Lowry et al. (1951); the
histamine content was expressed as ng histamine base
per ug protein.

Statistics

The difference between treatment groups was assessed
using the Mann-Whitney U-rank sum test (two-tailed) for
unpaired observations. A P-value of <0.05 was consid-
ered significant. For No/UL, VA and VD the means of four
windows per animal were used as independent data. As
a result, there were eight independent data per variable
and treatment group.

There was no significant difference in body weight
between the animals treated with a histamine-receptor
antagonist as compared with the saline-treated controls
(data not shown) and no side-effects from the histamine-
receptor blocking agents were observed. Neither of the
histamine receptor antagonists at the middle dose
significantly affected the 48/80-induced mast-cell secre-
tion in the test tissue (Table 1).

The effect of histamine-receptor antagonists on the
number of vessel profiles per unit tissue length
(No/UL)

In the first experiment, where low doses of the histamine-
receptor antagonists were used, No/UL was 0.931+0.137
(mean=*s.e.m.) in controls. Both receptor antagonists
produced a prominent angiostatic effect: on average No/
UL was reduced by 40.3% (P <0.07) by brompheniramine
maleate at a dose of 0.150 mg/kg b.w. and by 53.0%
(P<0.01) by metiamide at a dose of 2 mg/kg b.w.,

Table 1. Histamine concentration in mesenteric windows in rats
co-treated twice daily for 4 days with saline, brompheniramine
maleate (BPA) or metiamide s.c. and compound 48/80 i.p. No
significant difference in statistical terms was found between any
two groups. Meants.e.m.

Dose s.c. Histamine concentration
Treatment (mg/kg) (ng/ug protein)
Saline (12) — 1.031+0.037
BPA (10) 0.225 1.113+0.041
Metiamide (10) 3.000 1.094+0.071

Figures in parentheses indicate number of animais.
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Figure 2. The systemic effect of @, the s.c. administered
histamine-1 receptor antagonist brompheniramine maleate
(BPA) and N, the s.c. administered histamine-2 receptor
antagonist metiamide on mast-cell mediated angiogenesis;
0, controls received saline s.c. The number of vessel profiles
per mm tissue was normalized by setting the mean of the
saline treated controls at 100 in each experiment and then
expressing every individual value in the same experiment as
a percentage of this mean. Each group comprised 20 animals.
Mean+s.e.m.
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Figure 3. The systemic effect of @, the Hy-receptor blocker
brompheniramine maleate (BPA) and N, the Hy-receptor
blocker metiamide on vascular density (VD) in mast-cell
mediated angiogenesis. The Hp-receptor antagonist
significantly decreased the vascular density compared with
0O, the saline-treated animals (P <0.02) and with the BPA-
treated animals (P <0.02), whereas the histamine-1 receptor
blocker had no significant effect as compared with the saline-
treated controls. There were eight animals in each group.
Mean+ts.e.m.
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Figure 4. Photomicrographs within the vascularized area of spreads of intact mesenteric windows from animals receiving s.c.
injections of a, saline and b, metiamide. The number of intersections between the bar-patterned lattice used (not shown) and the
vessels was 83 in a and 68 in b. These values are close to the mean for the vascular density in each group (see Figure 3). Controls
(a) showed many microvascular branches, whereas specimens from the metiamide treated animals showed an increased distance
between branching points, apparently due to the suppression of branching. The vessels were visualized by an i.v. infusion of
indian ink. Inserted micrometres: 10 um between lines. Clearly, many vessels had a diameter about 5 um.
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compared with controls. In the subsequent experiment,
where No/UL was 0.834+0.168 (mean+s.e.m.) in con-
trols, brompheniramine maleate decreased No/UL by
33.5% (at a dose of 0.225 mg/kg b.w.) and metiamide by
47.1% (at a dose of 3.0 mg/kg b.w.). The combined data
from these two experiments are shown in Figure 2.

The effect of histamine-receptor antagonists on the
relative vascularized area (VA)

The size of the window spreads which were examined
was 1.64+0.07 cm? (meanxs.e.m.) in controls,
1.68+0.06 cm? in the brompheniramine maleate-treated
group and 1.56+0.06 cm? in the metiamide-treated
group. There was no statistically significant difference
in size between any two groups. Brompheniramine
maleate (at a dose of 3.0 mg/kg b.w.) reduced VA by a
mean of 20.2% compared with the saline-treated con-
trols, whereas metiamide at a dose of 75.0 mg/kg b.w.
reduced VA by 156.5%. The effects were not significant in
statistical terms, however.

The effect of histamine-receptor antagonists on the
vascular density (VD)

The metiamide treatment (at a dose of 75 mg/kg b.w.)
suppressed the vascular density (VD) significantly in
statistical terms, whereas the treatment with bromphe-
niramine maleate (at a dose of 3.0 mg/kg b.w.) hardly
affected the vascular density, as compared with the
saline-treated controls (Figures 3 and 4).

Discussion

The present finding that an Hy-receptor antagonist can
inhibit angiogenesis has to our knowledge not been
reported previously. The fact that the H-receptor anta-
gonist which was used also suppressed the angiogenic
reaction following the selective activation of mastcells in
situ is in agreement with recent findings (Sérbo & Norrby
1992) and provides additional evidence that endogenous
mast-cell histamine is an angiogen.

The angiogenesis assay which was used here allows
the microvasculature to be quantified by technically
independent procedures and the parameters which were
used show a high degree of reproducibility. Moreover,
the assay is well suited to studying the systemic effects of
drugs on de novo angiogenesis in normally vascularized
mammalian tissue (Norrby et al. 1990b; Norrby & Sérbo
1992; Sorbo & Norrby 1992). Using this assay, the
occurrence of mast-cell mediated angiogenesis was
reported for the first time (Norrby et al. 1986). Mast-cell

mediated stimulation of ongoing organogenic angioge-
nesis in the CAM was subsequently reported (Clinton et
al. 1988; Duncan et al. 1992). It is well known that mast-
cell secretion in vivo induces a variety of cellular and
extracellular changes locally, including the degradation
and remodelling of extracellular matrix (Norrby & Enes-
trém 1984; Dabbous et al. 1986), the metabolic activation
of all surrounding non-mast-cells (Norrby & Enestrém
1984) and mitogenesis in many adjacent mesenchymal
and epithelial cells (Norrby et al. 1976; Franzén & Norrby
1980; Norrby 1983). It is also known that mediators
released from activated mast cells can stimulate fibro-
blasts, macrophages and other tissue cells to secrete
potentially angiogenic proteases and cytokines (Norrby
& Woolley 1993). The molecular and cellular mechan-
isms of mast-cell mediated angiogenesis may therefore
be complex, which is also suggested by the fact that the
angiogenic reaction lasts for several months (Jakobsson
& Norrby 1991), long after the initiating angiogenic
stimulus has ceased. By now demonstrating that hista-
mine receptors suppress this type of angiogenesis, we
may conclude that the mast-cell not only initiates but, at
least in part, also directly regulates the outcome of the
angiogenic reaction.

An additional recent finding which strongly links mast-
cell activity to angiogenesis is the observation that
heparin, a specific mast-cell product, can augment
saline mediated angiogenesis in rats by a systemic
mode of action (Norrby & S6rbo 1992). The mode of action
of heparin appears to be complex since it may affect not
only endothelial cells through specific receptors but also
the extracellular concentration of freely accessible
heparin-binding growth factors, their biological activity,
their ligand function in terms of high and low-affinity
growth factor receptors of various target cells and the
molecular composition and function of the extracellular
matrix, as discussed elsewhere (Klagsbrun 1992; Norrby
1993).

For many years now, reports have been published
linking mast-cells to angiogenesis, as recently reviewed
(Meininger & Zetter 1992; Norrby & Woolley 1993). An
angiogenic effect of histamine was, for instance, demon-
strated by Zauberman et al. (1969) who found that
exogenous histamine (as well as serotonin, bradykinin
and acetylcholine) released from tubes inserted in the
rabbit cornea stimulated corneal angiogenesis in about
one-third of the cases. Fraser and Simpson (1983)
reported that histamine (dissolved in saline at 1076 m)
when applied as a liquid drop stimulated the ongoing
onganogenic angiogenesis locally in the chick chorio-
allantoic membrane (CAM), the angiogenic response
being judged by ‘a qualitative and subjective method’.



Subsequently, Thompson and Brown (1987) claimed that
asublethal dose of exogenous histamine (at a concentra-
tion of 0.09 M) was required to convincingly increase the
vascularity of the CAM, when quantified in the lengths
and number of the fourth order of arterial branches and in
vessels counted in histological cross-sections. Duncan
et al. (1992) recently demonstrated that compound 48/80
administered to the CAM resulted in a pattern of DNA
synthesis that resembles a composite of effects of
histamine and heparin, although this variable is not
obviously specific to the vascular component in angio-
genesis.

In this context it should be remembered that angioge-
nesis involves the activity not only of endothelial cells but
also of many, if not all, other adjacent tissue-bound cells
(Shing et al. 1985; Rhodin & Fujita 1989; Nehls et al. 1992).
In normal growth, regeneration, repair and tumour
growth in which angiogenesis occurs, the tissue cells of
the host as well as the tumour cells have an increased
metabolic need, but the nutrient delivery and waste
removal are limited as the diffusion distances may be too
long until new vessels have developed (Adair et al. 1990).
So, increased DNA synthesis and the proliferative acti-
vity of these non-endothelial cells (Duncan et al. 1992), as
well as their capacity to produce angiogenic factors
(Folkman 1992), seem to be inherent parts of angiogene-
sis. It may thus be pertinent to mention that the mast-cell
mediated mitogenesis of fibroblasts and mesothelial
cells, which are the predominant cell types in the rat
mesenteric window (Norrby & Enestrém 1984), is mar-
kedly suppressed, in vivo and in organ culture, by the H,-
receptor antagonist metiamide used in the present study
(Norrby 1980; 1985). Furthermore, exogenous histamine
at a concentration of approximately 10~ M is mitogenic
not only to cultured 3T3 celis (Norrby 1973) but also to the
rat mesenteric window fibroblasts and mesothelial cells
in organ cultured intact mesenteric windows (Franzén &
Norrby 1980). In agreement with these findings, the
histamine induced proliferation of normal adult human
lung fibroblasts was entirely abrogated by exposing the
cells to an Hx-receptor antagonist (Jordana et al. 1988).
Mast-cell granule histamine is also reported to be
mitogenic to cultured human microvascular endothelial
cells, the effect being reproduced by an H,-agonist and
inhibited by an H-antagonist (Marks et al. 1986). Clearly,
endogenously released mast-cell histamine in the pres-
ent study exerted its effects through both H, and Hx-
receptors of as yet unidentified target cells. It is however
known that endothelial cells carry both these types of
histamine receptor (Smaje et al. 1988; Nakamura et al.
1988).

In the present study, the H-receptor antagonist brom-
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pheniramine maleate inhibited No/UL significantly but
suppressed VA only slightly and VD hardly at all,
whereas the H;-receptor blocker clemastine in a pre-
vious study (Soérbo & Norrby 1992) suppressed VA
significantly and VD marginally (No/UL was not then
determined). This somewhat different effect on- the
neovascularization pattern of the two Hi-receptor anta-
gonists may, hypothetically, be related to differences in
drug activity and dose. Since the recorded inhibition by
histamine-receptor blockade varied from 20 to 50% it is
likely that other preformed or newly generated mast-cell
mediators also are angiogenic.

In conclusion, by using histamine H, and H,-receptor
antagonists systemically at apparently non-toxic doses,
we found that histamine released endogenously from
connective tissue mast-cells in their genuine micro-
environment stimulates angiogenesis. The fact that the
occupancy of H,-receptors can cause angiogenesis is
reported here for the first time.
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