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SUMMARY

Microvessels isolated from mouse forebrain were used as the source material for the
derivation of cerebral vascular endothelium and smooth-muscle cells in culture. The
microvessels were isolated by a mechanical dispersion and filtration technique, and were
maintained in vitro as organoid cultures. A microvessel classification system was de-
veloped and proved to be useful as a tool in monitoring culture progress and in predicting
the typels) of microvessel(s) that would give rise to migrating and/or proliferating cells.
The isolated cerebral microvessels were heterogeneous in diameter, size of individual
vascular isolate, and proliferative potential. The isolated microvessels ranged in diameter
from 4 uym to 25 ym and in size from a single microvascular segment to a large multi-
branched plexus with mural cells. The initial viability, determined by erythrosin B
exclusion, was approximately 50% on a per cell basis. All microvessel classes had pro-
liferative potential although the rate and extent of proliferation were both microvessel
class- and density-dependent. The smaller microvessels gave rise to endothelial cells,
whereas the large microvessels gave rise to endothelial and smooth-muscle cells. The via-
bility and progress of a microvessel toward derived cell proliferation seemed to be directly
proportional to the number of mural cells present.
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INTRODUCTION

The use of blood vessels for tissue or organoid
cultures in 1910 (1,2) was a first and was
prompted by the pioneering culture work of
Harrison in 1907 (3) on neural tissue. Carrel and
Burrows (1) were probably the first to investigate
the migration and proliferation of cells from
vascular explants. From 1910 through 1973 little
attention was given to this area until Fisher-
Dzoga et al. (4) worked specifically on adventitial
cell proliferation. Earlier studies are summarized
in a review by Murray and Kopech in 1953 (5}
and in a monograph by Pollak in 1969 (6). The
early approaches to cultivating adventitial ele-
ments of the vasculature are not only of interest
historically but they also serve as models for the

*Present address: Department of Anatomy, University
of Michigan, Ann Arbor, Michigan.

cultivation of isolated microvessels. These organ-
oid cultures of blood vessels usually produced a
culture with a predominant cell type although
multiple cell types were often noted during the
early stages of outgrowth from the vascular ex-
plants. Since one of our long-term goals is to study
the interaction of cell types in cerebral micro-
vessels, it seemed appropriate to use a culture sys-
tem that also would give rise to all cellular ele-
ments of the vessel.

Several investigators have reported methods for
isolating brain capillaries from rat (7-9), rabbit
{10), cow (11-13), and human (14}, and have used
them for metabolic, biochemical and/or histo-
chemical studies. All these procedures used
mechanical means to disperse the tissue; however,
a variety of techniques were used to harvest and
purify the disrupted capillaries. Many of these
techniques are not well suited for in vitro culture
studies because of the low viability of the purified
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capillaries. We have been able to isolate micro-
vessels with sufficient viability to initiate primary
cultures by combining a tissue culture system
compatible with many cell types with a mechani-
cal dispersion and filtration technique adapted to
mouse brain from the method of Brendel, Megan
and Carlson (11} for bovine brain. To date endo-
thelium and smooth-muscle cell plaques from the
same microvessel isolates have been obtained.
This paper describes the isolation and preliminary
characterization of cerebral microvessels and their
derived cells in vitro.

MATERIALS AND METHODS

Source of cerebral microvessels. Central ner-
vous system (CNS) tissue from weanling and
young adult Swiss-Webster mice was used in these
studies for the isolation of microvessels and the
anatomical characterization of the vessels in vivo.
In all, more than 300 isolations have been done
and form the basis for this report.

Isolation of cerebral microvessels. For the in
vitro studies reported herein, microvessels were
isolated from mouse cerebrum by a mechanical
dispersion and filtration technique similar to the
one described by Brendel, Megan and Carlson
(11) for bovine brain. The procedure, as adapted
to mouse brain, differed in isolation salt composi-
tion, antibiotics and method of removing micro-
vessels from the sieves for culture work. For each
isolation, two forebrains were removed aseptically
from young Swiss Webster mice anesthetized with
0.3 to 0.5 ml of a 3% aqueous solution of chloral
hydrate and placed in a 60-mm petri dish (P-60)
with 10 ml isolation salt solution [Hanks’-
HEPES-Heparin (HHH), containing Hanks’ salt
base, 0.015M HEPES (N-2 hydroxyethyl-
piperazine-IN'-2-ethanesulfonic acid), 1 U per ml
sodium heparin, 100 U per ml! penicillin-G, and
100 ug per ml streptomycin]. The forebrain tissue
was washed and then transferred to an empty P-
60 dish for chopping. The tissue was chopped
with two scalpels (using a scissoring action) into
approximately 1-mm cubes and transferred to a 7-
ml Dounce homogenizer (Vitro or Bellco) contain-
ing 5 ml HHH isolation salt solution. The tissue
was homogenized with 10 or more strokes of the
loose-fitting pestle. Homogenization end point
was determined by microscopic examination of
the homogenate. The homogenate was filtered
through a 210-um mesh nylon screen supported in
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a 48-mm Millipore filter holder. The microvessels
trapped by the screen were rinsed with approxi-
mately 35 ml HHH solution. The screen was re-
moved from its holder and placed in an empty P-
60 dish (dish A) upside down, 5 ml HHH solution
added, and the microvessels washed free of the
screen by agitation. The screen was transferred to
another empty dish (dish B). A few microvessels
and vessel fragments attached to dish A during
this brief period; however, most could be resus-
pended. These suspended microvessels from dish
A were rehomogenized with three or four strokes
of the tight-fitting piston and the homogenate fil-
tered through a 153-um mesh filter and rinsed as
above. This second screen was removed from the
holder and placed in an empty dish (dish C) up-
side down.

Two to 3 ml modified Lewis medium (MLM)
with 30% FBS (see below) was added to each dish
(A-C), and the cultures then were incubated at
37° C in a CO, incubator for 1 to 2 hr. In some
experiments, glass cover slips were placed in the
P-60 dishes before the vessels were added. By the
end of this period most of the microvessels that
would attach had attached to the bottom of the
dish (or glass). The screens, medium and unat-
tached vessels were removed and 3 ml fresh MLM
with 30% FBS was added. After 5 to 7 days, the
medium was removed and replaced with 3 ml
fresh MLM with 20% FBS. Subsequent feedings
were with MLM with 20% FBS and were done
once or twice per week depending upon the num-
ber of vessels and/or cells in the culture.

Medium. Medium used by Lewis et al. {15) for
growing human endothelial cells derived from
umbilical veins was employed in this study. How-
ever, salt, antibiotic and serum modifications
were made so that the medium will be referred to
as modified Lewis medium (MLM). MLM con-
sisted of medium 199 with Hanks’ salts (GIBCO
E-12) supplemented with 20% or 30% heat-
inactivated fetal bovine serum (FBS), 1% BME
amino acid solution concentrate {(GIBCO 105S),
1% BME vitamins concentrate (GIBCO 104), 60
mM dextrose, 0.05% Bacto-peptone {w/v), anti-
biotics as above, and 2 mM L-glutamine, and buf-
fered with 0.015 M NaHCO; and 5% CO; in bal-
anced air. The medium and supplements (when
necessary) were filter-sterilized using 0.22-um-
pore-size Millipore filters.

Classification of isolated microvessels. Isolated
microvessels were classified according to the num-
ber of branching points per microvessel isolate
and whether or not the isolate had visible layers of
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mural cells. Although this classification was arbi-
trary it proved to be a useful way to monitor cul-
ture progress and to evaluate the types of micro-
vessels giving rise to migrating and/or proliferat-
ing cells. In this classification scheme isolated
microvessels were placed into one of the six classes
(I-VI) depicted in Fig. 1. Class I microvessels
were small unbranched segments; class II were
similar but with one to two branching points.
Class III microvessels were slightly larger micro-
vessels having three to six branching points; class
IV microvessels were similar except that they had
seven or more branching points and often took the
form of a plexus. Class V microvessels were large,
thick microvessels that contained continuous seg-
ments with mural cells. Class VI microvessels
were complexes of vascular knots and/or cellular
aggregates.

Viability. Viability was determined by a dye
exclusion test using 0.04% erythrosin B in Hanks’
balanced salts solution (HBSS) (16) on both
freshly isolated microvessels and microvessels in
cultures of varying ages. Viable cells were un-
stained, whereas nonviable cells had diffuse stain-
ing of the cytoplasm and nucleus. In those studies
in which the various classes of microvessels were
evaluated for their proliferative potential, and in
which addition of dye was undesirable, phase-
contrast microscopy was used. In these cases, the
microvessel was considered dead when no clearly
visible cells presented with a phase bright peri-
nuclear area and a well defined nuclear
membrane.

Fixation. If the cultures were to be used for
SEM they were washed 3 times before fixation
with 0.16 M sucrose in 0.1 M cacodylate buffer
(17), pH 7.4, to remove serum and any debris.
The osmolality of the solution was approximately
360 mOsM. Cultures for TEM were not pre-
washed. Cultures to be used for either SEM (on
glass cover slips) or TEM (in plastic petri dishes)
were fixed according to a modification of
Haudenschild et al. (18) in 2.5% glutaraldehyde
in sucrose/cacodylate buffer at room temperature
for 30 min. The cultures then were washed at

room temperature with, and stored in,
sucrose/cacodylate buffer at 4° C until further
processing.

Microvessels of intact brain to be used as con-
trol tissue for morphology were fixed in situ by
perfusion in chloral hydrate anesthetized mice.
The perfusion was through the left ventricle of the
heart; this consisted of a 5-min perfusion with a
dilute fixative (1% formaldehyde, 1.25% glut-
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araldehyde) followed by a 5- to 10-min perfusion
with a more concentrated solution (4% formalde-
hyde, 5% glutaraldehyde), both in 0.1 M caco-
dylate buffer. After the in situ fixation the brain
was removed and stored in fixative until processed
for TEM.

Scanning electron microscopy (SEM). After
fixation the cultures were postfixed with 2%
osmium tetroxide in 0.1 M cacodylate buffer for
15 min, rinsed in distilled water, dehydrated in an
ethanol (ETOH) series (30%, 50%, 10%, 95%
and 100% ETOH; 5 min each), and ETOH-CO,
critical point dried (19) in a Polaron bomb. The
dried specimens were attached to aluminum speci-
men stubs with copper tapes. The specimens first
were given a conductive coating of carbon and
then a coating of 40% palladium-60% gold al-
loy. The coated specimens were stored in a desic-
cator at ambient temperature and pressure until
examined. A Kent Cambridge Stereoscope SEM
(Model S-4} operated at 10 or 20 kV was used to
study and photograph the specimens.

Transmission electron microscopy (TEM).
After fixation the cultures were postfixed with 1%
to 2% osmium tetroxide in water or cacodylate
(no sucrose} buffer for 15 to 30 min at room tem-
perature followed by 0.5% to 2% uranyl acetate
in 0.05 M maleate buffer (pH 5.2) for 30 min in
the dark at 4° C (20,21). The final pH of the
uranyl acetate-buffer mix was approximately 4.6
to 4.9. The specimens were rinsed with distilled
water, dehydrated in an ethanol series (three
changes of 75%, 95% and 100% ETOH; 5 min
each), and infiltrated with epoxy resin mixture (48
ml Epon 812, 24 ml DDSA, 28 ml NMA and 2 ml
DMP-30 or 50 ml Epon 812, 12.5 ml DDSA, 37.5
ml NMA, and 2 m] DMP-30 which was found to
have better cutting characteristics in our hands)
first as a 1:1 mix with ethanol for 1 hr and then
with resin [three changes in 2 to 3 hr (18)]. The
resin was partially polymerized at 55° C for 12 to
24 hr, the plastic dish cracked, and the resin cast-
ing peeled free. Polymerization of the casting was
completed at 60° to 65° C for 48 to 72 hr.

The cured resin castings (approximately 2-mm
thick) were examined on the inverted phase
microscope, and the area of interest was identified
and circumscribed (usually 1 mm?). When neces-
sary, the scribed areas were mapped photographi-
cally for future reference. When an area was pre-
pared for sectioning it was first cut out of the cast-
ing with a jeweler’s saw and mounted either cell
side up or on edge on an empty epoxy resin block
with a drop of unpolymerized epoxy resin. The
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mounted specimens were incubated at 60° to
65° C for 12 to 24 hr to polymerize the bonding
epoxy resin. Silver to gold sections were stained
with bismuth subnitrate (21), examined and
photographed in a Philips EM 300 electron
microscope operated at 60 kV. Brain tissue was
processed similarly except toluene and toluene-
resin mixture steps were added before embedding
in resin, and polymerization was performed at a
single temperature (60° to 65° C).

RESULTS

Morphology of the Isolated Microvessel

The isolation procedure used in this study se-
lected for those microvessels that survived homo-
genization and sieving and also attached to the
substratum (plastic petri-dish or glass cover-slip
surfaces) during a 1- to 2-hr incubation at 37° C.
Many microvessels never attached to the sub-
stratum even if the incubation time was extended
to 24 hr. The microvessel density in culture
ranged from <6 to 13 per cm’. In a typical isola-
tion the attached microvessel had a number of at-
tachment sites which were seen as smooth, thick
filopodia or lamellipodia (22). Fig. 2 illustrates a
class IV microvessel attached to the substratum
by such a lamellipodia at the end of a vascular
segment.

The ultrastructure of the isolated microvessel
(Fig. 3b) was remarkably similar to that of the in-
tact, unaltered microvessel in vivo (Fig. 3a). The
freshly isolated microvessel in culture retained its
histological organization. The endothelial cells
were easily distinguished from mural cells such as
pericytes and smooth-muscle cells. Sometimes,
red blood cells were present in the lumen; when
absent, however, the lumen tended to be col-
lapsed. When collapsed, the luminal surface of
the endothelium had numerous microvillar-like
folds. Pinocytotic vesicles were prominent. Pre-
served elements of the endothelium included tight
junctions, junctional folds, cytoplasmic organelles
and nuclei with nuclear pores and dispersed
chromatin. The basement membrane was swollen
and electronlucent, and was often irregular if the
vessel was collapsed. Pericytes and smooth-
muscle cells were present and were identified by
their relationship to the basement membrane or
the presence of contractile filaments, caveoli and
hemidesmosomes. Disrupted cells with swollen
mitochondria were present in the vessel wall or in
a position normally occupied by astrocyte foot
processes in vivo.
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Class Distribution of the Isolated Microvessels

A typical isolation of microvessels from mouse
brain contained a variety of microvessel classes
(Table 1). When the plated microvessels in dish B
(a single homogenization and sieving) were com-
pared with microvessels from dish C (two cycles of
homogenization), there were only two significant
differences: (a) there were fewer vessels in dish C;
and (b) dish C had no class VI vessels. Classes
I-11I were presumed to be predominantly capil-
laries and together constituted 73% and 86% of
the microvessels in dishes B and C, respectively.
The remainder of the microvessels were larger
than “capillaries” and fell into classes [V-VI.

Viability of the Isolated and
Cultured Microvessels

The viability of microvessels was determined by
the exclusion of erythrosin B. In classes I-1V
microvessels, in which nuclei were clearly visible
and cell (or nuclear) counts possible, the viability
was determined on a per cell basis. The composite
viability of a freshly isolated microvessel (classes
I-1V) culture was usually about 50%, with one or
more live cells in each microvessel isolate (class I
being an exception). We considered these isolates
useful because a single live segment or even a
single cell could give rise to a cell plaque.

Characteristics and Fate of Microvessels
in Culture

The cultured microvessel has a number of note-
worthy characteristics in addition to its class
which can be seen by phase-contrast microscopy
in the living culture. These are generally related
to the physical appearance of the microvessel and

TABLE1

CrAss DISTRIBUTION OF ISOLATED VESSELS®

Dish BY Dish C

Vessel Class No. (%) No. (%)
I 28 (37) 20 (36)
11 19 (25) 18 (34)
111 8 (11) 9 (16)
v 2 (3) 3 (5
\Y 9 (12} 5 )
VI 9{12) 0 (0)
Total Vessels

Sampled 75 (100) 55 (100)

a Total area sampled is one-seventh of total P-60 area.
bTwo B and two C dishes were used for this
sampling.
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F16. 1. Microvessel classification based on the number of branching poinis and whether or not the
microvessel isolate had a layer of mural cells. a, Class I, small unbranched segments; b, class L1, one to
two branching points; ¢, class III, three to six branching points; d, class IV, seven or more branching
points and often a plexus; e, class V, two or more layers of mural cells; f, class VI, complexes of vascu-
lar knots and/or cellular aggregates. x200.
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TABLE 2

HisTORY OF 15-DAY CULTURES?

Description or Event

% Microvessel in Each Class

I 11 11 v \Z VI
Vessels followed 3 2 13 4 10 5
(n} (n = 48} (n=38) n=17) (n =75} (n=14) (n=29)
Vessels with mural cells 4¢ 47 71 100 100 N.0.4
Vessels dying without
proliferation 100 100°¢ 82 33 21 0
Vessels swelling or thickening 13 8 59 50 71 N.O.
Vessels curling into knots 6 11 6 17 43 N.AT
Vessels with migrating and/or
proliferating cells 0°¢ 0¢ 18 67 8 8
Vessels dying after migration
and/or proliferation 0° 0¢ 12 17 14 22

# Cultures of isolated microvessels were observed during the first 15 days in vitro. Pool of dishes B and C from

Table 1.

b Percent of the total microvessel sequentially observed for 15-day period.
¢ Percent within each class that fit the description or event.

4 Not observable; specimen too thick.

¢ The dead of 100% classes I and II microvessels without proliferation is believed to be artificially high due to the
repeated handling during culture observations and photomicrography. This belief is borne out by the observation
that similar microvessels in other cultures have given rise to cell plaques.

 Not applicable because by definition class VI are knotted on day 0.

are of interest because they change as the micro-
vessel progresses and gives rise to cells or re-
gresses and then dies. Table 2 describes the fate of
each class of microvessel during the first 15 days
of culture. For convenience the data from dishes
B and C were pooled since there were not signifi-
cant differences between dishes in the fate of
microvessels within a given class.

Only 4% of the class I microvessels had visible
or identifiable mural cells at the LM level. These
were most likely pericytes. In contrast all classes
IV and V microvessels had visible mural cells,
whereas classes Il and III were intermediate
(47% and 71%, respectively) with regard to the
presence of mural cells. During the 15-day ob-
servation of this sampling, all class I microvessels

Fi6.2. SEM of a class IV microvessel 4 hr after isolation. Attachment sites (arrows) occur most often
at the ends of the microvessel segments and appear to involve the endothelial cells. EN, endothelial
nucleus; P, pericyte. a, X400; b, enlargement of outlined area in a, X1700.
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F16. 3. TEM showing the ultrastructure of a microvessel (cross section) in vivo {2) and a microvessel
(longitudinal section) in vitro (b) 1 hr after isolation. BL, basal lamina; EN, endothelial nucleus; L,
lumen; PN, pericyte nucleus; SM, smooth muscle; TJ, tight junction. a, X7200; b, X9200.
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died without giving rise to proliferating cells even
though 13% of the microvessels of this class
showed early signs of blastogenesis with nuclear
swelling and vessel thickening. Six percent of the
microvessels retracted and changed in form from
elongated vessels to vascular knots. Class II
microvessels had a similar fate.

Although 82% of class III microvessels failed
to proliferate and died, they still survived better in
culture than did class I or I1. The majority (59%)
of class III microvessels showed early signs of
blastogenesis and 18% actually gave rise to
migrating and/or proliferating cells. About 67%
(12:18, class I11I, Table 2) of the microvessels died
after giving rise to cells, thus leaving approxi-
mately 6% of the class III microvessels surviving
after 15 days in culture.

Class IV microvessels did markedly better in
culture than any of the lower three classes. Only
33% of the microvessels died without first pro-
liferating. Although only 50% of the microvessels
in this class showed signs of blastogenesis, 67% of
the vessels did give rise to migrating and/or pro-
liferating cells. This initial response was folowed
by a 25% loss of microvessels, thus leaving 50%
survival of the vessels. Class V microvessels had a
fate similar to class I'V except class V microvessels
knotted at about 2.5-fold more frequently than
did class IV. This high frequency of knotting in
class V microvessels is thought to be due to the
contraction of the smooth-muscle elements in the
isolated microvessel wall.

Class VI microvessels were knotted by defini-
tion and were difficult to observe live in phase-
contrast microscopy. However, none of the vascu-
lar knots died during the 15-day observation per-
jod without first giving rise to cells. The number
of proliferating and surviving microvessels in this
class was very similar to those in classes IV and

V.

Emergence of Cells from the
Cultured Microvessel

Migrating cells emerged from the isolated
microvessel as early as 1 to 2 days after isolation.
Migration continued and/or proliferation began 5
to 7 days after isolation and continued for up to 15
to 25 days depending upon microvessel class and
the density (isolates per cm?) of microvessels in
the culture. The emergence of cells from all
classes of vessels was seen earlier in cultures with
a relatively high microvessel density (approxi-
mately 20 per cm?) than in cultures with a low
microvessel density (<6 cm?).
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In microvessel classes [-1V, cells emerged most
often from the ends of the vascular segments (Fig.
4a-d); however, in classes III and IV, cells also
emerged from the sides of the vascular segments,
usually from segments with visible mural cells. In
class V microvessels, cell emergence was predomi-
nantly from the sides of the vascular segmenis but
a few cells did not emerge from the segment ends.
In class VI microvessel knots, it was usually not
possible to determine the exact source of the
emerging cells. Cells generally emerged from the
base of the knot where it made contact with the
substratum (Figs. 5c, 8b).

Morphology of Emerging and Derived Cells from
Cultured Microvessels

Presumptive endothelial and smooth-muscle
cells. The type of cell that emerged from the iso-
lated microvessel was microvessel-class-depen-
dent. The cells that emerged from classes I and I1
microvessels with no mural cells were presumed to
be endothelial cells and had characteristic cyto-
morphologies (Figs. 4b,c, 6a). Migration was
usually first manifested at the ends of the seg-
ments by the emergence of a cell process with filo-
podia and lamellipodia on its advancing edge. As
migration proceeded and the nucleus became
clearly visible, the cells often appeared as elon-
gated fusiform cells partly in and partly out of the
vessel. As the cell emerged more fully, its ad-
vancing edge broadened and the cell took on a flat
polygonal shape more typical of an endothelial
cell (Fig. 4c). However, criteria for identification
of cell type at this stage were not well defined
since these presumptive endothelial cells as well as
smooth-muscle cells and pericytes may be pleo-
morphic in sparse cultures such as these. The
emerging cells from the side of segments from
class V microvessels (Figs. 5a, 6d) or from the
base of class VI microvascular knots were pre-
sumed to be smooth-muscle cells; however, other
cell types including endothelium have been noted.
These cells emerged rapidly and, as free cells,
took on fusiform or stellar shapes (Figs. 4e, 6d).
With time these cells became flat and broad with a
clearly visible cytoskeleton ordered in lines paral-
lel to the long axis of the cells (Fig. 6e). These
were smooth-muscle cells with their contractile
filaments (see TEM below). Classes IIl and IV
microvessels gave rise to cell types reflecting their
composition of endothelial and mural cells when
the latter were present. Fig. 6d is an example of a
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FI1G. 4. Phase-contrast photomicrographs of emerging cells from various microvessel classes in a 6-
day-old culture. &, Class I microvessel showing the earliest signs of cell migration with emerging filo-
podia (arrow). b, Newly emerged cell with its class I microvessel still attached (arrow, point of attach-
ment). This cell is presumed to be endothelial because it is emerging from a segment free of mural cells.
This cell shape is transitory and usually changes to the form seen in c. ¢, Newly emerged cells have
taken on a flat polygonal shape more typical of endothelial cells. d, Emerging cells from the segment
ends of a class IV microvessel. Note the elongated form of these cells. This cell shape is also transitory.
e, Emerging cells from the sides and end of a class V microvessel. These cells were presumed to be a
mixture of endothelial and mural cells; however, the pleomorphism of the emerging cell at this stage

made positive identification uncertain. x170.

class III microvessel that appeared to be mural-
cell-free and gave rise to presumptive endothelial
cells from segment ends.

A cell plaque (or colony) is formed when a focus
of cells begins to proliferate. Plaques of endo-
thelial-like (Fig. 6b) and smooth-muscle-like cells
(Fig. 6e) have been followed and ultimately have
given rise to typical monolayers of flat polygonal,
contact-inhibited endothelial cells (Fig. 6¢) or to
fusiform, multilayered smooth-muscle cells with
characteristic mounding of cells into transverse
ridges (Fig. 6f). It should be pointed out that
many cell plaques grew to a limited size at which
point proliferation ceased. Endothelial plaques
grew more slowly and ceased proliferation earlier
than did smooth-muscle plaques. Sometimes the

endothelial plagque was overgrown by a neighbor-
ing smooth-muscle plaque.

The cells in the early endothelial plaques often
had irregular cytoplasmic outlines with processes
when the cells were separated but more regular
cytoplasmic outlines when the cells were in close
contact. The smooth-muscle cells showed a simi-
lar change in morphology depending on the cell
density in the plaque. Transmission electron
microscopy was done on cells selected by light
microscopy from endothelial plaques or groups of
smooth-muscle cells in which the eytoskeleton was
clearly visible. Depending on the level of the cell
sampled, there was variation in the appearance of
the cytoplasmic organelles. Thus when sections
were taken near the points of attachment, bundles
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F1G. 5. Phase-contrast photomicrographs of the various stages of early endothelial plaque formation
in vitro—in this case from the ends of class V microvessels in a 6-day-old culture. a, Filopodia of an
emerging cell are seen at the end of the vessel, whereas the broad advancing edge of another cell is seen
emerging from the side of this microvessel. b, Fully emerged endothelial-like cell is seen at the end of a
partially contracted microvessel. ¢, Group of three cells beside a retracted vascular knot. Cell prolifera-
tion usually begins at this stage. d, Initial endothelial cell plaque of proliferating cells beside a retracted
vascular knot, the presumed origin of the cells, x170.

of filaments predominated, whereas at the level of
the nucleus, rough endoplasmic reticulum,
membrane-bound dense bodies and irregular
mitochondria predominated (Fig. 7a). Weibel-
Palade bodies (23) were not seen nor were junc-
tional complexes observed. The nuclei were gen-
erally round and nuclear pores were demonstrable
in oblique sections. In the smooth-muscle cells
fibrillar bundles were prominent, and, at the level
of the nucleus, the Golgi complex was well de-
veloped (Fig. Tb).

Other cell types. Occasionally, cell types other
than endothelium or smooth muscle were seen in
these microvessel cultures. A rare astroglial cell
(Fig. 8a) was seen in some cultures and was
clearly recognizable by its processes. However,
there were other cell types that have not been
identified (Fig. 8b). The pericyte was present in
most of the isolated microvessels, but without
morphological or other criteria for positive iden-

tification in vitro, we can not determine the fate of
these cells in culture.

DISCUSSION

We have been able to isolate microvessels with
sufficient viability to initiate primary cultures by
combining a tissue culture system compatible
with many cell types with a mechanical dispersion
and filtration technique adapted to mouse brain
from the method of Brendel, Megan and Carlson
(11). To date, endothelium and smooth-muscle
plaques from the same microvessel isolates have
been obtained. Morphologically, the isolated
microvessels from mouse brain were more hetero-
geneous than those isolated from beef brain by
Brendel, Megan and Carlson (11), and the yield
was lower from the mouse material. There are a
number of reasons for these differences. First, the
system that was developed selected for those
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FIG. 6. Phase-contrast photomicrographs of the in vitro stages to the formation of full endothelial
plaques (a-c) or to advanced smooth-muscle multilayers (d-f). a, Class II microvessel showing another
form of cell emergence. When the confinement of the basement membrane is lost, endothelial-like cells
emerge from all points along the vascular segment. Five-day culture. x100. b, Fully emerged and pro-
liferating endothelial-like cells. Seven-day culture. x85. ¢, Endothelial cell plaque from a 21-day cul-
ture. Proliferation is reduced and localized to the periphery. Mitotic cells are indicated (arrows). x85.
d, Class V microvessel with side emerging and proliferating cells presumed to be predominantly
smooth-muscle. Five-day culture. x100. e, Subconfluent monolayer of pleomorphic smooth-muscle
cells. Twelve-day culture. x170. f, Multilayered smooth-muscle cells with characteristic mounding of
cells into transverse ridges. Twenty-five-day culture. x85.

microvessels surviving homogenization and siev-
ing and attaching to the plastic or glass sub-
stratum. Many microvessels never attached and
could be seen as free-floating microvessels. These
were larger classes of microvessels for the most
part, but small arteries and veins were also in-

cluded. Second, there was variation in the tech-
nique used to disperse the mouse brain based on
the number of strokes required to homogenize the
tissue and the differences of the pestle fit from
homogenizer to homogenizer. These last two vari-
ables not only affected the number of vessels
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FIG. 7. TEM of cell plaques derived from isolated cerebral microvessels. 2, Section of plaque identi-
fied as endothelial cells at the LM level revealed this cell with prominent rough endoplasmic reticulum
(ER). Twenty-five-day culture. X6400. b, Section of plaque identified as smooth-muscle cells at the

LM level. The Golgi (G) apparatus is prominent and fibrillar bundles lie beneath the cytoplasmic
membrane. Thirty-day culture. X6400.
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F1G. 8. Phase-contrast photomicrographs of cell types that are occasionally seen in microvessel cul-
tures. a, Astroglial cell with its characteristic cytomorphology (G) and smooth-muscle cells next to a
vascular knot. Six-day culture. x170. b, Unknown cell type emerging from the base of a vascular knot.
These could be epithelial cells from a choroid plexuns knot. Ten-day culture. x170.

available for attachment but also their viability.
Third, younger animals, 21 to 35 days old, gave
better results than older ones 45 days old or more.
This may be related to the state of maturation of
both the vessels and the brain tissue. Fourth, the
yield of attached microvessels was always higher
when the nylon-mesh material used for sieving
was pliable enough to allow the capillary action of
a few drops of medium to draw the mesh into inti-
mate contact with the culture surface when plat-
ing the microvessels. Stiff mesh tended to warp
and wrinkle and made few contacts with the sur-
face. Finally, more microvessels attached to
plastic (Falcon) than to glass although the out-
growth in terms of number of cells produced per
isolate was very similar on the two substrates.

Since the microvessels isolated from mouse
cerebellum are heterogeneous in size and morpho-
logical characteristics and since vessel diameter is
a poor index of the specific type of microvessel iso-
lated (24), we developed a microvessel classifica-
tion system that simplified culture monitoring and
had some predictive value. This enabled us to
identify and study isolated microvessel types over
time. Although the classification of the micro-
vessels into six classes (I-VI) is obviously arbi-
trary and is not intended to allow for the accurate
identification of microvessel types [Rhodin
(25,26)] with their expected mural anatomies, it
proved to be a very useful tool that allowed the
evaluation of the efficiency of the isolation tech-
nique and the quality of the microvessel isolates
and generalization about the fate of microvessels
in a given class.

The viability of both the freshly isolated and

the cultured microvessel as measured by the

exclusion of erythrosin B was lower than antici-
pated. Our viability data show that none of the
class I or II microvessels survived to proliferate.
Although proliferation failed to occur in this
specific study, observation of other samples
showed that vessels of these classes often gave rise
to cell plaques. It seems likely that the daily hand-
ling during cuiture observation and photomicrog-
raphy may have led to this effect. Better results
are obtained when the isolates are left undisturbed
for periods up to 1 week in the protective atmos-
phere of the incubator. The large vessel classes do
not seem to be as fragile, and increasing survival
rates are found with increasing vessel class.

One of the early signs that a microvessel will
give rise to proliferating cells is the swelling of the
cell nucleus and the thickening of the microvessel
in the perinuclear region of the cell cytoplasm
(blastogenesis). This is not an invariable finding
since some cells seem to migrate before blasto-
genesis and proliferation. For example, in classes
IV and V microvessels, the number of micro-
vessels showing migration and/or proliferating
cells was 67% and 78%, respectively. However,
the early signs of blastogenesis seen in classes
I-II1 result in very few (in the case of class III) to
no vessels with migrating or proliferating cells
{classes I and II). This effect, too, is likely an arti-
fact related to the trauma of repeated examination
of the cultures during the experimental period.

The endothelium of the isolated microvessels
appears to play a role in the initial attachment of
the microvessel as shown in Fig. 2 and is often the
first cell type to emerge and migrate from the
microvessel isolate (Figs. Sa,c, 6a,b). This early
emergence usually occurs first from the ends of
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vessel segments in the lower classes of micro-
vessels. Emergence of cells from all other points
on the small microvessels (classes I-III) occurs
later. In larger classes of microvessels, cells ap-
pear from the sides as well as the ends of vessels
and include smooth-muscle cells as well as endo-
thelium. Proliferation is more prominent from the
sides of these larger microvessels. Other cell types
have been seen and one of them may be similar to
the pericytes described by Buzney, Frank and
Robinson (27), which they derived from retinal
capillaries from bovine, monkey and man. How-
ever, without morphological or other criteria for
positive identification of these cells in vitro, cell
type identification is not possible.

The TEM revealed that in classes I-III micro-
vessels, the predominant mural cells, although
few in number, were pericytes and these cells in-
creased in number in parallel with increasing class
number. An occasional smooth-muscle cell was
seen in class III microvessels in contrast to class V
vessels which had two or more layers of smooth-
muscle cells. In class V microvessels, pericytes
were difficult to distinguish from smooth-muscle
cells because of the swelling and loss of detail of
basal lamina. In class VI microvessels (vascular
knots and/or cellular aggregates) it was not pos-
sible to identify mural cells as separate and apart
from cellular aggregates at the LM level; how-
ever, at the TEM level the vascular knots ap-
peared to be made up predominantly of class V
microvessels containing the usual mural cell
compliment. Vascular knots develop at different
times in the culture. With the exception of day 0,
when even knots form from classes I-IV micro-
vessels, it is usually a sign of microvessel de-
generation and death. When class V microvessels
knot in culture, they are indistinguishable from a
class VI microvessel from an initial isolate.

There are a number of conditions that can ad-
versely affect both the isolated microvessels and
the derived cells, especially the newly emerging
endothelial cell. Simple feeding and microscopic
observation can prove deleterious to the micro-
vessels and cells. A rise in pH and a drop in tem-
perature during a 15- to 30-min observation
and/or photomicrography session may have led to
the preferential loss of classes I and II micro-
vessels in the sampling of microvessels presented
in Table 2.

The data in Table 2 as well as data from other
parallel experiments indicate that small microves-
sels of classes I-III do not fare as well in vitro as
their larger counterparts. The viability and pro-
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gress of a microvessel toward derived cell pro-
liferation seem to be directly proportional to the
number of mural cells. The possibility exists that
the mural cells or even the remnants of glial foot
processes on the isolated microvessel elaborate a
substance(s) that is necessary for the maintenance
and/or the proliferation of endothelial cells in
vitro. We make the assumption that this factor is
mainly a requirement for endothelial and/or peri-
cyte growth because smooth-muscle cells, when
present, proliferate and often dominate a culture
regardless of the status of the endothelial cell.
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