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Abstract

AIM: To investigate the changes of microvascular
architecture, ultrastructure and permeability of rat jejunal
villi at different ages.

METHODS: Microvascular corrosion casting, scanning
electron microscopy, transmission electron microscopy and
Evans blue infiltration technique were used in this study.

RESULTS: The intestinal villous plexus of adult rats consisted
of arterioles, capillary network and venules. The marginal
capillary extended to the base part of the villi and connected
to the capillary networks of adjacent villi. In newborn rats,
the villous plexus was rather simple, and capillary network
was not formed. The villous plexus became cone-shaped
and was closely arrayed in ablactation rats. In adult rats,
the villous plexus became tongue-shaped and was enlarged
both in height and width. In aged rats, the villous plexus
shrank in volume and became shorter and narrower. The
diametral ratio of villous arteriole to villous venule increased
as animals became older. The number of endothelial holes,
the thickness of basal membrane and the permeability of
microvasculature were increased over the entire course of
development from newborn period to aged period.

CONCLUSION: The digestive and absorptive functions of
the rat jejunum at different ages are highly dependent upon
the state of villous microvascular architecture and
permeability, and blood circulation is enhanced by collateral
branches such as marginal capillary, through which blood is
drained to the capillary networks of adjacent villi.
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INTRODUCTION

The microvasculature of intestinal villi play an important role
in the process of digestion, absorption and mucosal barrier
protection*2, | ntestinal diseases, such asdiarrheaand enteritis,
are reported to be related to the change of microvascul ature’®4.

More recent studies on the intestinal microvasculature
demonstrated that the damage to surface microvasculature is
an early event inducing mucosal injury in the intestine>7.
However, these studies were only limited in collecting
pathological or clinical data, and tissue materialswere obtained
from adult subjects’®19. In addition, little information is
available regarding the changes of microvascul ature throughout
different age periods. Therefore, the current work was meant
to elucidate the morphological and permeability changes of
jejunal microvasculature at different ages. Microvascular
corrosion casting technique, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Evans blue
infiltration methods were used and morphometry was
conducted in this study.

MATERIALS AND METHODS

Animals

Fifty-four male Sprague-Dawley rats were used. They were
divided into 4 groups according to their ages after birth: (1)
newbornrats (1 day, n=9); (2) ablactation rats (3 weeks, n=15);
(3) adult rats (3 months, n=15) and (4) aged rats (24 months,
n=15). For the groups with 15 animals, six were used for
corrosion casting, three were observed under TEM, the other
six were used to determine the permeability with Evans blue
infiltration technique. The newborn rats were too small to be
used in determining the permeability. All rats were fasting for
12 hours prior to each experiment.

Microvascular corrosion casting and SEM

Methyl-methacrylate and methacrylate were mixed at aratio of
9:1. Polymerization was allowed by adding benzoyl-
methacrylate at 80 ‘C. The viscosity of this solution was
maintained to alevel corresponding to that of 30 % glycerine.
The solution was cooled for later use. The microvascular
architecture was then performed in the following procedure.
Anima swere deeply anesthetized with ether and a catheter was
inserted into the thoracic aorta. One percent of saline solution
(500 ml/kg i.m.) was perfused to flush the blood out of
cardiovascular system, and this step was immediately followed
by a perfusion of 5 ml methyl-methacrylate. Meanwhile, the
same volume of the pre-prepared solution mixed with N, N-
dimethylaniline (1 % of thetotal volume) was added, serving as
a polymerization accelerator. twelve hours later when
polymerization was completed, the small intestine was sampled
and stored in a 10 % NaOH solution for 1-2 weeks. Thetissue
was rinsed with tap water until the corroded tissue was washed
out, and then trimmed under the dissection microscope and dried
at 40 °C for 48 hours. The dried tissue was then coated using an
IB-3 ionic splashing and shooting device. Photomicrographs
were taken under aHitachi S-570 scanning el ectron microscope.

TEM

Small pieces of the jejunum were immersed in phosphate-
buffered 3 % glutaraldehyde for 2 hours, and then postfixed in
phosphate-buffered 1 % OsO, for 2 hours. After postfixation,
the tissue was dehydrated with ethanol and embedded in Epon
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812. Ultra-thin sections stained with uranyl acetate and lead
citrate were observed and photomicrographs were taken under
aHitachi TEM S-600.

Quantification of microvascular permeabilityof the jejunal tissue
Evans blue was used to measure the permeability of
microvasculature. Rats were anesthetized with ether, and Evans
blue (75 mg/kgi.m.) in 0.9 % saline solution was injected into
a femoral vein. Two hours later, rats were perfused
transcardially with 0.9 % saline solution (500 ml/kg i.m.).
Evans blue was extracted from the jejunum by incubationin 5
ml of formamide at 54 °C for 24 hours. Evans blue was then
quantified by measuring its absorption at wavel ength of 620
nm using spectrometer. Results were expressed as ng Evans
blue/gram fresh tissue.

Data processing

According to the methods of stereology!*¥, the measurement
and calculation of the thickness of basal membrane (nm), the
number of endothelia hole (per mm capillary perimeter) and
plasmalemmal vesicles (per mm?endothelium) were conducted
on the photographs of TEM. Results were expressed as mean
+ SEM, and statistics was performed using Student” st test.

RESULTS

Microvascular architecture of adult rats villi

Thevillous plexi stood on the surface of theileum. Between the
adjacent villous plexi there were numerous different cryptal
plexi. The villous plexus consisted of villous arteriole, villous
capillary network and the villous venule. The villous capillaries
connected to each other in aform of “ net-basket” (Figure 1).
The villous arteriole coming from the arterial plexusin the
submucosareached the base of thevilli through the cryptal plexus
gap, extending to the tip along the axis of the villi. The villous
arteriolesdid not bifurcate within the villi, but formed the villous
capillary network at thetipsof thevilli in the pattern of a“ netted
bag”. This villous capillary wrapped the villous arteriole. The
villous venuleswere formed in the middle and upper part of the
villi, through which the blood from capillary venules converged
into the venous plexus in the submucosa (Figure 1).

In addition, there was a straight capillary along the margin
of the villous capillary network, and it is called marginal
capillary. Its diameter was twice that of its adjacent capillaries
(Figures 1 and 2). This capillary ran aong the villous margin
and did not mergeinto the villous venules of itself. It reached
the base of the villi and connected to the basal part of its
adjacent villous capillary networks (Figure 2).

Changes of microvascular architecture of jejunal villi at
different ages

In newborn rats, the villous plexus was rather smple and was
composed of only one or two loops of capillary vessels. A
capillary network was not formed at this age and villous
arteriole and venule could not be differentiated (Figure 3). For
the ablactation rats, the villous plexus became cone-shaped
and was closely arrayed. The marginal capillary was as wide
as villous arteriole. Each villous plexus had only one villous
venule and was formed in the basal part of the villi. However,
the diametral ratio of villous arteriole to it was very small
(Figure 4). In adult rats, the villous plexus became tongue-
shaped and was enlarged both in height and width. Each villous
plexus usually had one villous venule which was formed in
the middle and upper part of the villi, but the wide villi had
two venules that were zygomorphous (Figure 1). In the aged
rats, the villous plexus shrank in volume and became shorter
and narrower. The capillarieswereirregularly arrayed (Figure
5). The villous arteriole became wider and lower than villous
venule (Figure 6). The diametral ratio of villous arteriole to
venule was increased as animals became older (Table 1).

Changes of endothelial ultrastructure of villous capillary at
different ages

Under TEM, the endothelium of capillary in the vicinity of
epithelium of villi was so polarized that the nucleus was far
away from epithelium and the side near the epithelium was
thin. In the endothelium of newborn rats, bigger nucleus, more
cytoplast aswell as several plasmalemmal vesicles were seen,
but no endothelial hole and basal membrane were observed.
However, endothelial hole and basal membrane were found in
ablactation animals (Figure 7). For the adult rats, a plenty of
plasmalemmal vesicleswere noticed in the endothelium (Figure
8). The endothelium in the aged rats, however, became thinner
whereasitsbasal membrane became thicker. Endothelial holes
were found to be increased whereas plasmalemmal vesicles
were decreased (Figure 9). The number of endothlial holes,
the thickness of basal membrane and the permeability of
microvasculature were increased over the entire course of
development from newborn period to aged period (Table 2).

Changes of microvascular permeability of villi at different ages
The microvascular permeability at different ages was
determined with Evans Blue infiltration technique. The amount
of Evans blue that penetrated into intestinal tissue was 28.1
no/g tissue in ablactation rats and 64.4 /g tissue in adult
rats. The microvascular permeability of the aged ratswastwice
as high asthat of the adult rats (Table 2).

Table 1 Comparison of the microvascular architecture of villi at different ages (mean+SEM)

Ablactation rats Adult rats Aged rats

Diameter of arteriole (mm) 6.17+1.51 10.47+2.25% 16.73+3.28¢
Diameter of venule (mm) 20.43+£3.17 25.45+3.07° 25.50+3.34
Ratio: arteriole/venule 0.30+0.04 0.41+0.04° 0.65+0.06°
3P<0.01, PP<0.05 vs ablactation rats; °P<0.01 vs adult rats.
Table 2 Comparison of the endothelial ultrastructure of villi at different ages (mean+SEM)

Newborn  Ablactation Adult Aged rats
Endothelial holes (number/nm) 3.01+0.38 3.51+0.35° 5.1940.48¢
Plasmalemmal vesicles (number/0.1 nm?) 17.7+4.25 39.1+10.362 75.3£12.13° 38.0+11.14¢
Basal membrane (nm) 25.2+5.26 43.545.86° 60.5+6.89¢
Vascular permeability (ng/g) 28.1+4.64 64.4+9.34¢ 116.4+15.63¢

2P<0.01 vs newborn rats; °P<0.05, °P<0.01 vs ablactation rats; 9P<0.01 vs adult rats.
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Figure 1 The microvascular architecture of adult rat jejunal villi, showing the villous arteriole (a), the villous capillary network

(N), the villous venule(v), the marginal capillary(m) x150.

Figure 2 The microvascular architecture of adult rat jejunal villi,showing the marginal capillary(m) connecting to the basal part of

its adjacent villous plexus ( 1) x130.

Figure 3 The microvascular architecture of newborn rat jejunal villi, x400.
Figure 4 The microvascular architecture of ablactation rat jejunal villi, showing the villous arteriole (a), The villous capillary

network(N),the marginal capillary(m) x300.

Figure 5 The microvascular architecture of aged rat jejunal villi x100.

Figure 6 The microvascular architecture of aged rat jejunal villi, showing the villous arteriole(a), the villous venule(v) x250.
Figure 7 The capillary endothelium of ablactation rats, showing the endothelial hole ( t ) and the basal membrane (A) x8 000.
Figure 8 The capillary endothelium of adult rats, showing the basal membrane ( t ) and the endothelial hole (A) x8 000.
Figure 9 The capillary endothelium of aged rats, showing the basal membrane ( t ) and the endothelial hole (A) x8 000.

DISCUSSION

Injection of certain materialsinto blood vessels enables three
dimensional visualization of vascular architecture and has
provided abundant information which is not available by
reconstruction of serial sections*>%4. A line of evidence
demonstrated in rats, horses and human embryos, that the
“fountaintype”’ microvascular architecture of mammalian small

intestine is common(*>*1, Among these studies, Ohashi et al(*®!
found that two or more villous venules originating in the base
of villi. The results of our study appear to suggest that the
villous venules of the rat small intestine are formed in the
middle and upper part of the villi, not in the base and at thetip.
The villous venules are shorter than villous arterioles, and do
not form arterio-venous anastamoses. Thereis big difference
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in diameter between villous venules and villous arteries. The
former is about one third of that of the latter. All of these
properties are important in creating alow blood pressure and
speedy circulatory system in the villous capillary network,
which isimportant to the process of nutritional absorption and
transportation!*d,

We found that branching did not take place when the villous
arterioles climbed towardsthetip of thevillousand the capillary
networks were not formed until the villous arteria reached the
tip of the villous. After entering the villi, blood was supplied
to the tip portion of villi and partially to its surrounding area.
The cryptal plexus mainly supplied the blood to the basal part
of the villi, which lacked artery terminals and branches.
Therefore, thiscollateral circulation can provide blood supplies
to the villi. Although there was supplementary blood supply
in the base of the villi, blood supply was inefficient due to a
long distance of transportation from the branching point at the
tips of villi which werefull of arterial blood*. Therefore, the
villi at the tip received much more arterial blood supply than
in the base. From the base to thetip of the villi, the absorption
rate of epithelium increased proportionately with the volume
of itsblood supply. However, there were still aging cellsat the
tip of villous that were less dynamic physiologically than the
younger cells at the basal part. The cells of villi at the tip might
not be able to adapt themselves very well to any abnormal
blood circulation, and therefore would easily lose their normal
physiology under certain harsh conditiong??. Injuries due to
hypoxia usually emerged later in both intestinal crypts and
basal part of villi than in the apical area of villi?. This may
indicate that the crypts, as compared with villi, are relatively
more resistant to hypoxic injuries. Such resistance isimportant
in maintaining the optimal endocrine function and the
regenerative capability of mucosa even after shock resulting
from excessive blood loss.

Our results also showed that there were marginal capillaries
on both sides of the small intestinal villi. These capillaries
descended from the apical part of the villi to the basal part
along its margin. It crossed the cryptal plexus and connected
to the capillary network. So far, there have been no report
regarding this connection. Before this study, it had been
considered that there was only one venous return path from
the small intestinal capillary. In other words, blood from
capillary venules converged into the venous plexus in the
submucosal***"?, Studies on marginal capillary have been
devel oped since Mohiuddin*® described the marginal capillary.
It was reported recently that marginal capillary was more
manifest in jejunum than in ileumi?*24, but its relationship with
its adjacent villous plexus was not found in both jejunum and
ileum. It isthus considered that the marginal capillary transports
blood to the villous margin. Therefore, the findings from the
this study regarding the marginal capillary and itsrelation with
itsadjacent villi suggest that the collateral circulation may exist
before the venous return from the villi. That is, the margina
capillary delivers blood partially into the adjacent villous
capillary networks. Thisarchitecture of the villous plexus may
have been adapted to the movement of intestines aswell asto
the digestive and absorptive activities. After eating, the small
intestine speedsup itsmotility. Villi not only havetight contacts
with the chyme but also are subjected to mechanical pressure
from the passing chyme. If the villous venules are depressed,
blood return to the villi will be blocked. Therefore, blood can
be collected into the adjacent villous plexi through the marginal
capillary. This helps maintain a normal blood circulation in
thevilli, and their digestive and absorptive functionsare carried
out normally.

In the newborn rat villi, capillary network was not formed
although only simple microvascualr architecture was formed.
The later developed capillary network is probably due to the

formation of slender transcapillary tissue pillars, which give
rise to new vascular meshes®29, During villous formation,
the developing vascular nets played an important role and the
apical capillary loop in avillous was anchored to epithelial
basal membrane or to the adjoining matrixes?”. After 3 weeks,
the villous microvascular architecture tended to grow in full
scale. During ablactation period, the villous capillary network
wasformed, and the diametral ratio of villousarterioleto villous
venule was one-third, which consolidated the norma digestion
and absorption. The villous plexusin adult rats became higher
and wider, providing more nutrition for the body. In aged rats,
the tip of the villous plexus caved in, the position of villous
venulewas relatively high. Theincreasesin diametral ratio of
villous arteriole to villous venule caused high blood pressure,
which degraded the transportation and absorption of nutrition.
All of these demonstrate the important role of the vascular
architecture in maintaining an efficient absorption of nutrition
for the malfunctional intestinesin the aged animals.

The primary penetrating vesselsin the submucosa formed
an extensive submucosal plexusthat supplied the tunica serosa,
tunica muscularis, and tunica mucosa?®. Fewer branches of
this plexus supply the muscle layers, and most of branchesrun
towards the mucosa and to supply blood to the villous and the
cryptal plexus®. Therefore the vascular permeability mainly
depends on the villous plexus, namely vascular architecture
and endothelial structure. Under normal physiological
condition, small molecules can easily enter or come out of
blood vessdls, but the large size substances must be transported
through endothelial hole or plasmalemmal vesicle®. Since
there were no endothelial holes and very few plasmalemmal
vesicles in newborn rats, these large size substances must be
selected to pass through the endothelium, which may be a
protection for the immature immune system. The emergence
of afew of endothelial holes and plasmalemmal vesiclesduring
ablactation period indicate that the big molecular substances
can be transported. The endothelium of adult rats have a plenty
of plasmalemmal vesicles, and microvascular permeability was
twice as high as that of the ablactation rats. In the aged rats,
the endothelium became thinner, and the number of
plasmalemmal vesicles became smaller while the number of
endothelial holes became bigger. The diametral ratio of villous
arteriole to villous venule increased as animal s become ol der.
The blood pressure was higher in old rat villi. The larger
number of endothelial holes and higher blood pressure resulted
in double increase in the microvascular permeability of the
aged rats as compared with the adult rats. The thickened basal
membrane may be due to acompensatory response, which may
prevent any injurants from entering the blood vesselsin the
aged rats. Based upon the above information, one can say that
aging or degradation of blood vessels may underlie the
mechanisms of systematic aging.

In summary, the microvascular architectures of rat intestinal
villi are complex. Each villi has its own blood supply and
venous return paths. Furthermore, one villi can supply blood
to its adjacent villi through the marginal capillary. These
complex connectionsin thevilli help avoid ashortage of blood
supply or blockade of venous blood return. Normal digestive
and absorptive functions are thus protected. With regard to
the small intestine of other species, whether thereisamargina
capillary and venousreturn collateral circulation is a matter of
future study.
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