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The changes of the anterior cerebral artery/olfactory
artery junction, one of the favorite sites of aneurysm for-
mation, in rats treated with unilateral ligation of the com-
mon carotid artery and renal hypertension were inves-
tigated by light microscopy. The initial changes of
aneurysm occurred not at the apex itself, but on the dis-
tal side of the major branch adjacent to the apex, at the
intimal pad and the neighboring distal portion. Here the
internal elastic lamina showed various degenerative
changes and disappearance. The neighboring distal por-

tion adjacent to the intimal pad showed a shallow depres-
sion associated with a thinning of the media due to a de-
crease of medial smooth muscle cells in number even in
some control animals. Such degenerative changes of the
internal elastic lamina and medial smooth muscle cells
caused by hemodynamic stress due to branching struc-
ture, including intimal pads, augmented by the experi-
mental treatment, are supposed to be the basis for aneu-
rysm formation. (Am J Pathol 1986, 124:399-404)

CONCERNING the developmental mechanisms of ce-
rebral aneurysms, particularly of saccular aneurysms,
various hypotheses have been proposed, such as the
medial defect theory,! the elastic lamellar theory,? de-
generative theory,** congenital theories,*¢ and others
(see a review by Sekhar et al’).

We could experimentally induce cerebral aneurysms
in rats by ligating the unilateral common carotid ar-
tery, making the animals hypertensive, and feeding them
B-aminopropionitrile, one of the lathyrogens.® By this
induction of cerebral aneurysms and analysis of the ex-
perimental conditions, it was proved that hemodynamic
stress, hypertension, and a metabolic disorder of the con-
nective tissue were of primary importance as etiologic
factors in the development of cerebral aneurysms.®-!!

This experimental model provides us now with an
appropriate tool for the pathogenetic study of cerebral
aneurysms. In order to obtain information about early
changes of aneurysms for the better understanding of
developmental mechanisms of aneurysms, we studied
by light microscopy the changes of a branching site of
the circle of Willis, the anterior cerebral artery/olfac-
tory artery (ACA/OA) junction, which is one of the
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favorite sites of aneurysm development, in rats treated
with unilateral ligation of the common carotid artery
and mild renal hypertension. However, B-aminopropio-
nitrile was not fed, because the lathyrogen itself has an
injurious effect on the arterial walls, and we wanted to
simplify the experimental conditions.

Materials and Methods

Twenty-two male rats of the Sprague-Dawley strain
ranging in age from 25 to 30 weeks were used. In each
animal, ligation of the left common carotid artery
and the posterior branch of both renal arteries were
performed under pentobarbital anesthesia. Ten age-
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Figure 1—Schema of the anterior cerebral artery/olfactory artery junction.
Arrow shows the direction of blood flow.

matched, untreated rats were used as control animals.
The operated-on and untreated animals were given or-
dinary drinking water.

Three months later, the animals were perfused
through the left ventricle with saline at 37 C, followed
by 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The circle of Willis was carefully removed from
the brain and immersed in the same fixative at 4 C for
12 hours. The ACA/OA junction was cut out from the
circles. The specimens were then washed, postfixed in

A

Figure 2—ACA/OA junction of a control rat.
blue, x 40)
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1% osmium tetroxide in phosphate buffer (pH 7.4), de-
hydrated in graded ethanol, and embedded in Epon.

Semithin sections containing ACA, stem and branch,
and OA were cut at 1 p thickness and stained with 1%
toluidine blue.

Blood pressure was measured by the tail-cuff auto-
pickup plethysmographic method before sacrifice.

The nomenclature of the parts of the ACA/OA junc-
tion is shown in Figure 1.

Results
Control Animals

The blood pressure of the control rats was 96 + 10
mmHg.

In the control animals, the ACA branch was larger
than the OA in diameter (Figure 2A). The wall of the
apex consisted of normal arterial components, that is,
endothelial cells, internal elastic lamina, smaller-sized
medial smooth muscles cells, and thin adventitial
fibrous connective tissue (Figure 2B). Apical medial
defects could not be found.

On the distal side of the ACA branch adjacent to
the apex, a nodular intimal protrusion, an intimal pad,
always existed, although there were variations in size
(Figure 2A). At the lateral angle of the ACA, a similar
intimal thickening was observed. When the section was
cut longitudinally very near the face or dorsum, the in-
timal pads of the apex and lateral angle were seen con-
tinuously forming a bridgelike structure. The apical in-

“ad

A—The ACA branch (right) is larger than the OA (Jeft). Note apical and lateral intimal pads. (Toluidine
B— High-power view of the apical area, showing the intimal pad, juxta-apical depression, and no medial defect at the apex. The internal

elastic lamina is thinned, faintly stained and partially fragmented under the intimal pad and at the juxta-apical depression. (Toluidine blue, x200)



Flgure 3—Early changes of cerebral aneurysms at the fork of the ACA/OA junction. (Toludine blue, x40)
B—The dilatation is more widened and involves the intimal pad.

pad is thinned and dilated.

timal pad consisted of spindle-shaped cells similar to
medial smooth cells and fibrous connective tissue
stroma. The cellular components were smaller than the
ordinary medial smooth muscles and arranged longitu-
dinally along the axis of blood flow, whereas the medial
smooth muscle cells were oriented circularly. Beneath
the intimal pad, the internal elastic lamina was thinned
and faintly stained or had completely disappeared (Fig-
ure 2B). Sometimes the lamina was duplicated, and fine
elastic fibers were observed among intimal cells.

Distal to the intimal pad, a small shallow depression
of the luminal surface (juxta-apical depression) was oc-
casionally observed on the distal side of the ACA
branch (Figure 2B). In this area, medial cells were in
some cases decreased in number. Here the elastic lam-
ina was also thinned, faint in staining, and occasion-
ally fragmented or had disappeared.

Experimental Animals

The blood pressure of the experimental animals was
172 + 17 mmHg.

The most prominent feature of the ACA/OA junc-
tion in the experimental animals was thinning of the
media with or without dilatation of the wall on the dis-
tal side of the ACA branch adjacent to the apex (Figure
3A and B).

Under a dissecting microscope, 8 of 22 cases showed
a definite dilatation of the arterial wall at the ACA/OA
junction. However, no well-developed aneurysms could
be found. Microscopically, 4 of the remaining 14 cases
also showed dilatation, and another 4 cases showed

A—The adjacent part distal to the intimal

thinning of the media with a minute dilatation. Such
thinning of the media and/or dilatation was located at
the distal part adjacent to the apical intimal pad (Fig-
ure 4A and B), that is, corresponding in location to the
juxta-apical depression observed in the control animals.
In the advanced dilatation cases, however, the intimal
pads were also involved in the outward bulging (Figure
4C). And in some mild cases, a small depression was
also observed between the apex and intimal pad. In the
remaining 4 cases, only a small depression was observed,
like that seen in the control animals.

Both in the parts of the intimal pad and the thinned
or dilated wall adjacent to the pad, the internal elastic
lamina always showed similar changes. In the milder
cases, the lamina was thinned, faintly stained, and
sometimes discontinuous (Figure 4A). It had partially
or completely disappeared in the more severe cases (Fig-
ure 4B and C).

Endothelial cells on the apex and intimal pads were
taller than those in other parts, while on the depres-
sions they were very flat (Figure 4B).

In the thinned or dilated parts of the wall, the media
consisted of a decreased number of medial smooth mus-
cle cells, which were in general elongated along the axis
of the blood flow and sometimes vacuolated without
any visible nuclei and fibrous connective tissue (Figure
4A). In the more severe cases, the thinned dilated ar-
terial walls seemed to be composed only of fibrous con-
nective tissue (Figure 4B and C). In such cases, the in-
timal pads were also involved in the outward bulging
of the wall and seen as an island of partial intimal thick-
ening (Figures 3B and 4C).
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Figure 4 —High-power views of the apical portion of the ACA/OA junction
in the operated-on animals. (Toluidine blue, x200) A—Note the
depression of the distal part to the intimal pad. Under this and the intimal
pad, the medial smooth muscle cells are degenerated and decreased in
number, whereas the internal elastic lamina is still preserved but with mild
degeneration. B— Note prominent thinning and dilatation at the juxta-
apical depression. The internal elastic lamina is thinned and has partly
disappeared. Note also degeneration of the medial cells distal to the dila-
tation. C—The apical pad is involved in the outward bulging. The in-
ternal elastic lamina has completely disappeared.

The adventitia of the dilated parts showed an increase
of fibroblasts in number, compared with the remain-
ing parts.

In the media on the distal side of the ACA branch
distal to the thinning or dilatation, medial smooth mus-
cle cells varied in size and were arranged in a disorderly
fashion. Many enlarged smooth muscle cells with clear,
faintly stained cytoplasms and with larger or no nuclei
were seen intermingled with normal medial cells (Fig-
ure 4B and C).
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The incidence of various changes observed in the ap-
ical area of the ACA/OA junction is summarized in
Table 1.

Discussion

Forbus' studied the forks of cerebral arteries and
found medial defects in about two-thirds of the cases.
He thought that the defects were congenital in origin
and constituted the locus minoris resistentiae and that
the overstretching at this weak point caused elastic de-
generation and aneurysms. However, Glynn? cast doubt
on the medial defect theory with his experimental find-
ings that only the elastic lamina and the intima could
tolerate a very high blood pressure. He thought the de-
generation of the internal elastic lamina was the most
important factor in the development of aneurysms.

In the present study, the initial beginning of aneu-
rysms proved to occur not at the apex itself, but on the
distal side of the major branch at the intimal pad and
the neighboring distal portion located adjacent to the
apex. This fact, as well as the absence of a medial de-
fect at the apex, disputes the medial defect theory! for
the development of aneurysm.

The initial changes began with the degenerative
changes of the internal elastic lamina at the intimal pad
and the neighboring area distal to the pad. The inter-
nal elastic lamina showed thinning, fragmentation,
duplication, and disappearance. The neighboring area
distal to the apex often showed a shallow depression
associated with a thinning of the media even in the con-
trol animals (juxta-apical depression). Such changes
were augumented by the experimental treatment and
developed with advancing age. Outward bulging or dila-
tation in the experimental animals developed at this jux-
ta-apical depression (Figure 5). The changes in the elas-

Table 1—Incidence of Various Changes in the
Apical Area of the ACA/OA Junction

Control Experimen-
series* tal series
(n = 20) (n = 22)
Intimal pad 17 (85.0%) 19 (86.4%)
Thinning and partial disap- 7 (35.0%) 13 (59.1%)
pearance of elastic lamina
Disappearance of elastic lamina 1 (5.0%) 7 (31.8%)
Thinning of media 7 (35.0%) 15 (68.2%)
Fibrous displacement of media 0 (0.0%) 5 (22.7%)
Juxta-apical depression 8 (40.0%) 4 (18.2%)
Mild dilatation localized to juxta- 2 (10.0%) 10 (45.5%)
apical depression
Marked dilatation with bulging of 0 (0.0%) 6 (27.3%)

intimal pad

* Materials were taken from the both sides
t Materials were taken from the side not operated upon.
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Figure 5—Schema showing the development of aneurysmal changes at
the ACAJ/OA junction. A—A cerebral aneurysm in the very early
phase. B—An advanced aneurysm in which the intimal pad is also in-
volved in the outward bulging.

tic lamina seem to be the basis of aneurysm formation
of the arterial wall, as others have already stressed.?+25
However, degeneration and disappearance of medial
smooth muscle cells in the juxta-apical depression may
also play some role in the development of aneurysms.
Carmichael'? concluded that defects of both the medial
and the internal elastic lamina must be present for an-
eurysm formation.

The part of the intimal pad was resistant to the blood
pressure in the initial stage even though it showed elas-
tic changes, but later it was involved in the aneurysm,
remaining as a small protrusion of the intima near the
orifice. Carmichael'? has already expressed the opin-
ion that the wall does not yield if the outer coat is sup-
plemented by one substantial inner layer, whether com-
posed of muscle, elastic tissue, or fibrotic intima.

In the advanced cases in which the intimal pad was
involved in the aneurysmal change, the proximal part
of the intimal pad, that is, between the apex and the
intimal pad, also showed an outward bulging. Because
this dilated portion showed various degrees of medial
changes, from thinning to being completely defective,
and was in direct contact with the apex, aneurysms
looked as if they originated at the apex itself.

These early aneurysmal changes in our experiment
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closely resemble those in human cases. Stehbens?® has
reported that areas of thinning, one of the preaneurys-
mal changes, occur at the apex or on the adjacent part
of the distal surface of the daughter branch and can
coexist with the medial defect of Forbus. Though Steh-
bens’ thinning areas have been reported by others!*!4
as large medial defects and are regarded as of congeni-
tal origin, our findings strongly support Stehbens’ opin-
ion that the area of thinning, or the large medial de-
fect, at the apex and on the distal side of the branch
adjacent to the apex is acquired and should be distin-
guished from medial defects.

Because the initial dilatation of the arterial wall al-
ways developed in the area distal to the intimal pad,
the intimal pads are suspected of being the structure
that causes hemodynamic strain in this portion. Al-
though it has been said that the intimal pad plays a pos-
sible role in the pathogenesis of cerebral aneurysms, 516
the exact hemodynamic changes at this portion are not
yet well known.

How do changes of the internal elastic lamina occur,
which are the most basic changes in the development
of aneurysms? By scanning electron microscopy, the
endothelial cells on the intimal pad as well as on the
juxta-apical depression showed very severe changes.!¢
In the present study, medial smooth muscle cells in this
portion also showed regressive changes. These findings
indicate that this portion must be exposed to severe
hemodynamic stress.

In our previous studies on hypertensive animals, we
found an activitation of lysosomal enzymes!’-2' and
proteases, including elastase, in the arterial walls.?> We
also demonstrated immunohistochemically the presence
of elastase in the endothelial cells and subendothelial
space in the hypertensive aorta, whereas in the control
animals the enzyme was not found.?® A decreased con-
tent of elastin has also been reported in the arterial walls
in hypertensive animals.?* From such findings, we con-
cluded that the activated hydrolytic enzymes play some
important role in the further regressive changes of ar-
terial walls in hypertension. In the case of aneurysms,
we may suppose that a similar mechanism is in opera-
tion. Cajander and Hassler?® studied by electron mi-
croscopy the elastic component in the mouths of aneu-
rysms and found extracellular lysosomal-like granules
in close connection with the disintegrated elastic lamel-
las. They hypothesized that discharged leukocyte gran-
ules containing elastase help to destroy the elastic la-
mellas. In aortic aneurysms, activation of elastase has
been demonstrated.2¢ However, decreased synthesis of
elastin due to degeneration of smooth muscle cells as
well as endothelial cells cannot be ruled out.

Degenerative changes of endothelial cells and the
medial smooth muscle cells were not restricted to the
juxta-apical depression, but were also observed in the
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arterial wall distal to the depression. Aneurysmal
changes seemed to be extending to the distal parts.

We are now examining which kind of hemodynamic
stress attacks the initial sites of aneurysm and which
kinds of metabolic changes take place there.

In conclusion, we may hypothesize from the above-
mentioned findings that hemodynamic stress due to the
branching structure, including the intimal pad, aug-
mented by hypertension and the ligation of the com-
mon carotid artery, causes degenerative changes of the
elastic lamina and the medial smooth muscle cells on
the distal side of the major branch adjacent to the apex,
and that such degenerative changes are the basis for
the formation of aneurysms.
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