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Table 4. Superoxide dismutase activity in the rural Spanish population,
considering the age. Student’s t-test was carried out. No significant vari-
ations were found.

Total 18-27 28-37 38-47 48-57 58-65
Sample size 348 81 79 94 67 25
Superoxide dismutase
activity mean 381 379 3.61 389 405 3.39
(Units/ml of blood)
Standard deviation 0.9 0 0 0 0 0

The reason for this increase is unknown. Furthermore,
the level in those younger than 18 has not yet been stud-
ied; it would be interesting to do this.

Considering the rural population, no significant differ-
ences in the superoxide dismutase activity level among
different age groups were found (table 4). However, as
found by Michelson et al.'®, a small decrease in the
superoxide dismutase activity was detected in the rural
Spanish population between 58 and 65 years. This little
difference could be due to the fact that the number of
individuals is smaller in this group. But the hypothesis
proposed by Michelson et al.!® that aging processes
occur more rapidly under low superoxide dismutase ac-
tivity cannot be rejected. This could be due to the modi-
fication of repair enzymes, cross-linking and covalent
linkage of lipids or nucleic acids to protein caused by an
excess of superoxide radical, as well as direct modifica-
tion of DNA.

Increased angiogenesis in diabetes

K. Norrby, A. Jakobsson, M. Simonsen and J. S6rbo
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Summary. Rats with streptozotocin-induced diabetes mellitus showed a 3.4—4.5 times increased angiogenic response
following mast-cell activation in situ as compared with age-matched normal controls. The test tissue used was the
mesenteric window, which we have previously exploited as a quantitative angiogenesis assay. In the present study two
independent techniques for quantifying the angiogenic response showed essentially the same result. The finding of
a pathologically increased angiogenic reaction in the diabetic animals is noteworthy since some of the most harmfu]

complications of diabetes in man relate to proliferative vascular lesions.
Key words. Angiogenesis; diabetes; mast cells; mesentery; quantification; rat.

The most important clinical complications in human dia-
betes include late developing proliferative lesions in the
kidney and retina, as well as advanced atherosclerosis t
Examples of such lesions include growth of capillary ves-
sels in proliferative retinopathy >, one of the most com-
mon causes of blindness, the pathogenesis of which is
unknown > #; proliferation of smooth muscle cells; and
the formation of new vessels in atherosclerotic plaques in
advanced atherosclerosis ®.

As we have demonstrated earlier, rats suffering from 4
weeks of experimental diabetes show an augmented

mast-cell-mediated mitogenic reaction in various cell
types in the test tissue used in the present study, the
mesenteric window, in vivo® 7, as well as in otgan cul-
ture ®. This augmented cell proliferation is unaffected by
insulin & ° and is not due to hyperglycemia per se'°. In-
creased mitogenesis appears to be causally related to
some cellular and/or extracellular factor that slowly
manifests its effect during the course of the disease®.
Mast cells are not only able to stimulate surrounding
cells to synthesize DNA and divide, by a paracrine mode
of action in normal and diabetic tissues, but also, when
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activated in situ, they can induce angiogenesis, i.e. the .
formation of new blood vessels, in normal rats and
mice 11713,

In the present investigation the angiogenic response in
mesenteric windows following local mast-cell secre-
tion'1713 in rats with streptozotocin-diabetes of 4
weeks’ duration was studied by two quantitative methods
that rely on independent techniques: the number of ves-
sel profiles per unit length in perpendicular sections of
this extremely thin membranous tissue, and the area of
vascularization in spreads of intact mesenteric windows.

Materials and methods

Animals. Male Sprague-Dawley rats (Alab AB, Sollentu-
na, Sweden), weighing (mean + SE) 186 £ 1.6 g at the
start of the experiment, were used. They were condi-
tioned, stored and fed water and standard pellets ad
libitum, as described elsewhere **.

Mesenteric windows as test tissue. In the rat the true
mesentery contains some 40—-45 translucent membra-
nous windows 1% 17 which are about 5—10 pm thick 8.
Because the tissue is so extremely thin the entire cellular
composition can be analyzed by light microscopy in un-
sectioned spreads. Mesothelial cells and fibroblasts each
constitute approximately 46—50 %, mast cells 2—-3 %
and macrophages about 1-2 % of all the tissue-bound
cells'®. The windows contain few naive blood ves-
sels ™ *2, They were used as test tissue since they allow
the quantification of the microvasculature present (see
below), and since extensive knowledge of this tissue is
available from previous studies in this laboratory on
mast-cell-mediated mitogenesis in normal and diabetic
rats.

Quantification of blood glucose. Blood samples from the
tip of the tail were analyzed using the glucose-oxidase-
peroxidase technique *°.

Diabetogenic treatment. Streptozotocin (Sigma Chemical
Co., St. Louis, MO, USA) was injected into a tail vein in
a single dose of 65 mg/kg?®. Animals that showed a
blood glucose concentration that was more than 3 times
the normal level were considered to be diabetic (table 1).
These animals showed a reduced body weight gain com-
pared with the age-matched controls (table 2). There was
one diabetic rat per cage and as a rule it shared the cage
with one control. No insulin was given. No animal died
spontaneously.

Mast-cell secretion as an angiogenic effector. Compound
48/80 (Sigma), a polymer obtained by heating 4-
methoxy-N-methylphenethylamine and an equimolar
quantity of formaldehyde in an acid solution !, has long
been used as a pharmacological tool to induce selective
mast-cell activation in many species. It is often referred
to as the archetypal histamine liberator 22, As discussed
elsewhere, 48/80 is angiogenically and mitogenically inert
in the mesenteric window when tested in guinea pigs, the
mast cells of which are unresponsive to the drug **. In the
present study the diabetic and control rats were subjected
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Table 1. Blood glucose concentration in the diabetic rats and age-
matched controls one week after the streptozotocin treatment.
Mean + SEM.

Blood glucose

mmol/1
Control (20) 494 4+ 0.07
Diabetes (28) 18.48 4 0.07

Figures in parentheses indicate the number of animals.

Table 2. Body weight (g) of the normal controls and the diabetic animals
at the time of the start of the i.p. treatment with compound 48/80 {day
1), after the completion of the treatment (day 3) and on day 14 when the
experiment was concluded. Mean + SEM.

Day 1 Day 3 Day 14
Control (20) 348.8 £ 6.7 3450+ 9.6 405.8 + 9.4
Diabetes (28) 191.0 + 6.2 187.9 £ 6.0 206.0 + 6.9

Figures in parentheses indicate the number of animals.

to i.p. treatment with 48/80 four weeks after the diabeto-
genic streptozotocin-treatment. The drug was dissolved
in saline (0.9 %, w/v, NaCl) and injected i.p., 2 ml/100 g
b.wt daily at 8.00 a.m. and 3.00 p.m. for 24> days to give
a total of 5 injections, starting at 2 pg/g b.wf and increas-
ing by 1 pg/g b.wt each day; untreated normal and dia-
betic animals were kept as controls. This treatment in-
duces a conspicuous angiogenesis in normal animals as
measured in mesenteric windows'* 14, The experiment
ended 14 days after the start of the i.p. treatment. Since
the angiogenic response when examined on day 14 in
normal animals increases markedly with the number of
days of the i.p. 48/80-treatment given — for example, it is
considerably greater after 4.5 than after 3 days of treat-
ment'? — the response in the controls observed in the
present study after 2.5 days of 48/80-treatment should be
far from the maximum.

Visualization of mesenteric-window vessels by enzyme-his-
tochemistry. We modified an ATPase incubation tech-
nique previously used to visualize vessels by demonstra-
tion of Mg? ™ -activated ATPase in canine retina 23. Intact
mesenteric windows were spread on objective slidés pre-
treated with poly-L-lysine. The specimens were then
fixed in buffered neutral 4 % (w/v) formalin solution at
4°C for 1h, then rinsed 4 times for 5min each in tap
water at 4 °C before they were incubated in a freshly
made medium containing 0.2 M tris-maleate buffer,
pH 7.2, that had been filtered through paper and warmed
to 37 °C. Just prior to placing the spreads in the medium
1 mg ATP (adenosine 5’-triphosphate, grade I crystalline
sodium salt; Sigma) per ml was added to the medium.
The spreads were incubated for 30 min in a gently rock-
ing water bath at 37 °C. The specimens were then washed
5 times in tap water at room temperature and treated in
a 1:100 ammonium sulfide solution (light solution;
Merck, Darmstadt, FRG) for 1 min in order to convert
the lead phosphate reaction product to lead sulfide. The
specimens were then washed several times in tap water at
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room temperature, dried and analyzed morphometrically
without mounting (see below).

Quantification of angiogenesis in mesenteric windows. The
number of vessel profiles per unit length of the tissue was
counted microscopically at x 1000 in 3 um-thick perpen-
dicular sections of methacrylate-plastic embedded win-
dow, as described elsewhere!*®. Three or four
{mean + SEM = 3.84 + 0.10) windows per animal were
used. In each of the somewhat triangular-shaped win-
dows the tissue was sampled close to the periphery at
either of the two ‘corners’ adjacent to the small gut.
The relative vascularized area in 2 or 3 (mean
+ SEM = 2.19 + 0.07) intact windows from each ani-
mal after the ATPase incubation procedure was analtyzed
morphometrically in spreads at x 40 as described else-
where 4,

There was no significant difference in the size of the
normal and the diabetic windows examined.

Statistics. The difference between means was assessed
using Student’s t-test; p < 0.05 was considered signifi-
cant.

Results

Number of vessel profiles per unit length of mesenteric
window. As shown in table 3, the relative increase in the
48/80-treated diabetics exceeded the relative increase in
the 48/80-treated controls by some 3.4 times; the differ-
ence was highly significant in statistical terms. The mean
number of vessels in the untreated diabetic animals was
about half of that seen in the untreated controls
(p < 0.30; table 3). The 48/80-treatment increased the
number of vessels in the controls by about 3 times and by
about 11 times in diabetics; following 48/80-treatment
the number of vessels was 72 % higher (p < 0.10) in the
diabetic animals than in the controls.

Table 3. Number of vessel profiles/mm of mesenteric window in untreated
and 48/80-treated diabetic animals and age-matched normal controls.
Sixteen 48/80-treated and four untreated controls as well as twenty-three
48/80-treated and five untreated diabetic rats were used. There was no
statistically significant difference between the untreated controls and the
diabetic animals. Treatment with the mast-cell secretagogue 48/80 i.p.
induced a conspicuous, statistically significant increase in vessel number
in both the controls (3.1-fold increase; p < 0.001) and the diabetic ani-
mals (10.6-fold increase; p < 0.001). The relative increase in the number
of vessel profiles following 48/80-treatment was thus approximately 3.4
times greater in the diabetics than in the controls. The number of vessels
was normalized by setting the mean of both the untreated controls and
the untreated diabetics at 100, and then expressing every individual value
from the 48/80-treated as well as the untreated animals in each of the
control and diabetic groups as a percentage of this mean. When compar-
ing the normalized figure of the mean {+ SEM) of the 48/80-treated
controls (306.9 + 49.4) and the 48/80-treated diabetics (1058.8 & 193.5)
p < 0.005. Mean + SEM.

No. of vessels/mm

Control Diabetes
Treat- % %
ment increase increase
None 0.336 + 0.147 (15) 0.170 + 0.079 (20)
48/80  1.031 & 0.166 (63) 307 1.808 + 0.319 (83) 1059

Figures in parentheses indicate the number of window specimens.
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Table 4. Percentage of vascularized area in mesenteric window of untreat-
ed and 48/80-treated diabetic animals and in untreated and 48/80-treated
age-matched normal controls. The untreated diabetic animals showed a
significant reduction in vascularized area compared with the untreated
controls (p < 0.02). The 48/80-treatment i.p. caused a strong angiogene-
sis in both types of animal (p < 0.001), the increase was in fact 5.7 and
25.9 times in the normal and the diabetic animals, respectively. The
relative angiogenic response was thus about 4.5 times greater in the
diabetic animals. The values were normalized in the same way as in
table 3. A comparison of the normalized figure of the mean (+ SEM) for
the 48/80-treated controls (575.0 4 71.6) with that for the 48/80-treated
diabetics (2590.1 + 419.4) showed p < 0.001. Mean + SEM.

Vascularized area (%)
Control Diabetes
Treatment % %
increase increase

None
48/80

4.57 + 1.43 (11)
2626 +327 (24) 575

0.92 + 0.37 (13)

2383 4386 (20) 2590

Figures in parentheses indicate the number of window specimens exam-
ined.

Vascularized mesenteric-window area. As shown in
table 4, the relative angiogenic response was approxi-
mately 4.5 times greater in the diabetic animals than in
the controls; the difference was highly significant in
statistical terms. The untreated diabetic animals demon-
strated a marked, statistically significant reduction in the
vascularized area in comparison with the untreated con-
trols (table 4). The diabetic animals which had been ex-
posed to 48/80 showed an increase of alinost 26 times,
whereas the increase in the control animals after expo-
sure to 48/80 was close to 6 times.

Discussion

The main finding in the present study was a markedly
increased mast-cell-mediated angiogenesis in rats with
streptozotocin-induced diabetes, a recognized model for
type I diabetes . It is most unlikely that extrapancreatic
side effects of streptozotocin could account for the in-
creased angiogenesis developing during a 14-day period
following selective mast-cell secretion starting 4 weeks
after a single diabetogenic streptozotocin injection, as
observed here. The augmented angiogenic response in
the diabetic animals is notable since microvascular prolif-
erative lesions are frequent in human diabetes® ™.

On activation the mast cells release a series of potent
mediators including factors of potential importance in
angiogenesis such as heparin, histamine and a variety of
proteases, affecting nearby cells and the extracellular ma-
trix in a complex way, as discussed elsewhere®® 2%,
Moreover, angiogenesis, irrespective of the initiating fac-
tor involved and the tissue studied, is a complicated reac-
tion engaging several types of cell and matrix compo-
nents, and developing in a series of sequential
steps2°~27. With the angiogenesis effector used in the
present paper '', i.e. the activation of autogenous mast
cells in situ by a highly selective secretagogue, we essen-
tially study features related to mast-cell function in nor-
mal and diabetic tissue. Since there is practically no phys-
iological angiogenesis in the test tissue 12 the response
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studied relates to true neovascularization. The molecular
mechanisms of the mast-cell-mediated angiogenic reac-
tion are as yet unknown. It is, however, only atoxically
suppressed over a narrow concentration range by prot-
amine sulphate *® which is, among other things, a specific
antagonist to heparin. Mast-cell-mediated angiogenesis,
which is age-dependent!? and dose-dependent 3, can,
moreover, be influenced by hormonal stimuli °. In pass-
ing, it may be mentioned that 48/80-induced mast-cell
activation in the embryonic chick chorioallantoic mem-
brane can enhance ongoing organogenic angiogenesis 2°.
In rats with streptozotocin-induced diabetes, the mesen-
teric windows are changed hyperplastically in terms of
the increase in area, number and content of DNA, mast-
cell histamine and protein %17, (A remarkably similar
mesenteric-window hyperplasia occurs also in normal
lactating rats 3, which like the diabetics show hyperpha-
gia.) However, the content per mast cell of preformed
mediators such as histamine, 5-hydroxytryptamine and
heparin are unaffected by diabetes, as are mast-cell his-
tamine concentration and 48/80-induced histamine re-
lease (a marker of mast-cell secretion) in the test tissue °.
This argues against mast-cell hyperactivity as a cause of
increased angiogenesis in diabetes.

The reduced vascularity in the windows from the un-
treated diabetics in comparison with the untreated con-
trols may relate to the hyperplastic state of the tissue or
to the loss of microvasculature, as has been observed in
other tissues in experimental and human diabetes 3% ™33,
The lower capillary density in skeletal muscle of diabetics
is, for instance, believed to reflect capillary degeneration
and inhibition of capillary proliferation in the diabetic
state, as discussed recently by Lash et al. 3>.

As mentioned earlier, rats that suffer from streptozotocin
diabetes of 4 weeks’ duration show an augmented mito-
genesis in connective tissue and epithelial cells following
local mast-cell secretion in various tissues ® 7> 34 35 Eyi-
dence indicates that some change in the test tissue itself,
slowly acquired during the diabetic disease, rather than
some systemic factor or the hyperplastic state of the tis-
sue, is causally linked to the augmented mitogene-
sis 8 719-34:36 Whether the duration of diabetic disease
influences mast-cell-mediated angiogenesis has yet to be
elucidated.

The design and verification of specific, reliable, repeat-
able and precise methodology to measure angiogenesis is
considered an imperative of high priority in the ficld of
angiogenesis research’. The versatility of the quantita-
tive rodent mesenteric-window angiogenesis assay that
was introduced recently ** ~*5:2% remains to be defined
fully. Nevertheless, it is fair to say that both methods
used for quantifying the angiogenic response in the pres-
ent study have unrivaled features.

In man, vascular lesions play an important pathogenic
role in diabetes complications such as myocardial infarc-
tion — the most common cause of death in diabetics —
diabetic nephropathy, and proliferative retinopa-
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thy *>38 4! Our finding of an increased angiogenic re-
sponse in diabetic animals is therefore not only interest-
ing but also promising in the search for good models for
the investigation of disturbances in angiogenesis in dia-
betes. Obviously, this experimental system allows the ef-
fect of different anti-diabetes treatment protocols to be
tested. Further investigation will, moreover, reveal
whether the diabetic mesenteric window, as used here, is
a particularly sensitive and potent angiogenesis assay,
not only for secreting autogenous mast cells, but for
discrete angiogenic factors as well.
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Summary. Wistar rats show a circadian variation in their response to stress. Pinealectomy exacerbates stress-induced
gastric ulceration in rats. This effect is counteracted by melatonin administration.

Key words. Pineal gland; stress; melatonin.

The mammalian pineal gland is innervated by autonomic
postganglionic sympathetic fibres, originating in the su-
perior cervical ganglia 3. It synthesizes and releases a hor-
mone, melatonin, which has been implicated in the func-
tional activities of many organs, including the adrenal
glands*. A variety of studies have shown that exposure
of rats to stressful stimuli alters melatonin produc-
tion 3”7, and there is evidence for a stimulation of pineal
N-acetyl transferase (NAT) activity in certain stressful
situations®. NAT is an important enzyme necessary for
melatonin synthesis. Miline ® has reported results indica-
tive of a functional antagonism between the pineal gland
and the pituitary, and suggests that the pineal gland par-
ticipates in the general adaptation syndrome in stress.
Studies have shown that the pineal gland modulates
adrenal steroidogenesis in normal as well as stress condi-
tions?. Mehdi and Sandor !° suggest that melatonin may
be involved in a modulation of corticosteroidogenesis.
Dickson and Hasty!! proposed that the pineal gland
secretes a substance that acts at the level of the hypotha-
lamo-pituitary axis to reduce the production and release
of adrenocorticotropic hormone (ACTH), with a resul-
tant inhibitory influence on the pineal gland. Thymus
involution can be used as a marker of exposure to
stress 12, Maestroni et al. '? recently reported that mela-
tonin inhibits the effects of stress on thymus weight,
acting via an opiatergic mechanism. Gastric stress ulcer
formation is an obvious peripheral consequence of expo-
sure to prolonged stress '2. An early study by Senay and
Levine '* showed that prone restraint on a board, cou-
pled with exposure to cold, acts synergistically to rapidly
produce gastric ulceration in starved rats. Using a similar

method, a preliminary study done in our laboratory
showed that melatonin significantly inhibits the forma-
tion of gastric lesions in stressed rats'>. This study was
thus undertaken to investigate the possibility of a modu-
lation of the stress response by the pineal gland.

Materials and methods

Animals. Inbred female rats of the Wistar strain, housed
five per cage, were used in all experiments. Animals were
maintained under an automatically regulated lighting cy-
cle of LD 12:12 with lights on at 06.00 h. They were
allowed free access to a standard diet and tap water prior
to experimentation.

Drugs. Melatonin (Sigma) was freshly prepared in a vehi-
cle containing 2% benzy! alcohol, 10% polysorbate 80,
and 0.025 % w/v citric acid, and made up to volume with
distilled water.

Stress. Rats were deprived of food for 24 h prior to
restraint, but allowed access to water ad libitum. Co-
prophagy was prevented by using cages with steel grid
bases, elevated from a receptacle in which faeces accumu-
lated. After the starvation period, animals were lightly
anaesthetized with ether, injected with treatment drug or
control vehicle (see experiments) and immediately re-
strained in the supine position on a wooden board, using
adhesive tape. By this time the rats had recovered from
cther anaesthesia and were immediately transported to a
cold room (47 °C) where they remained for the duration
of the stress procedure. During the daytime studies, the
light intensity in the cold room was 600 lux, sufficient to
inhibit endogenous pineal melatonin synthesis '°. After
two hours, the rats were removed from the cold room



