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Introduction
Vasculogenesis and angiogenesis are two different processes defining the formation of new
blood vessels [21]. As angioblasts and hematopoietic precursors in the newly formed tubes share
several surface markers, it has been suggested
that they derive from a common precursor, the
hemangioblast. Once the primary vascular plexus
is formed, new capillaries can form by sprouting or by splitting from the existing vessels in a

process called angiogenesis [22]. Vessels mature
according to their specific functions: pericyte and
smooth muscle cells are recruited and the vessel
wall is modified by deposition of extracellular
matrix. Whereas vasculogenesis is restricted to
embryonic development, angiogenesis continues
to operate throughout life when new vascularization is required. The notion that vasculogenesis
is observed only during embryogenesis has been
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A R T I C L E

OBJECTIVES : We investigated neovascularization in the cerebral cortex of the
adult rat after surgical brain injury by ultrastructural, immunocytochemical and
immunochemical means. Previously we described endothelial-like cell that participates in new vessel formation on plasma proteins that served as a provisional
matrix in the region immediately adjacent to the traumatic injury. In the present
study we describe new vessel formation in the multistep process with the alterations in endothelial-like cell immunophenotype. METHOD: The observations were
conducted from 2 to7 days after induction of cortical trauma. Traumatic injury
was induced in the fronto-temporal region of cerebral cortex. RESULTS: We show
that endothelial-like cell could not successfully terminate its development without
the presence of pericyte and astrocyte. New formed blood vessels were accompanied by fibroblast and lipofibroblast cells differentiated probably from common
progenitor. MAIN FINDINGS : Our result suggests that endothelial-like cell is
committed endothelial cell between progenitor endothelial cell and terminally
differentiated endothelium stage. Therefore, we propose that out of endothelial
stem cells present in blood at different stages of morphogenetic differentiation
and specifically arrested in “check points” of development trauma mobilize the
group of the most differentiated progenitors. These may contribute to new vessel
formation. CONCLUSION: Our model should be useful for the characterization of
endothelial commitment and endothelial cell differentiation after brain injury.
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changed since ample evidence has been shown that
bone-marrow derived endothelial cells exist on the
site of new blood vessels, indicating the participation
of vasculogenesis in the postnatal neovascularization
[1, 2, 26 ,19]. Thus, endothelial cells can differentiate
from angioblasts in the embryo and from endothelial
progenitor cells, mesangioblasts, and multipotent adult
progenitor cells in adult [18, 20]. This in turn suggests
that, as during development, new vessel formation in
the adult may depend at least in part on a process of
vasculogenesis.
Many studies have demonstrated also the presence
of mature circulating endothelial cells in the peripheral
circulation [26, 28]. Authors suggested that mature
endothelial cells might appear in the circulation randomly by shedding from the vascular wall. Trauma
induced by surgery may also result in the introduction
of endothelial cells to the peripheral circulation because
patients with sickle cell crisis have been shown to have
increased numbers of activated circulating endothelial
cells [28].
Meanwhile, endothelial precursor cells have properties similar to those of embryonic angioblast, which
can be defined as migratory endothelial cells with the
capacity to circulate, proliferate, and differentiate into
mature endothelial cells, but which have not yet acquired
characteristic markers and have not yet formed a lumen
[25, 5]. Although there is an evidence for the existence
of angioblasts during embryonic development, the
existence of angioblast-like endothelial precursor cells
in adult circulation has been hampered by the absence
of specific phenotypic markers and functional assays to
define this cell population.
Both endothelial precursor cells and mature endothelial cells may express similar endothelial-specific
markers, including vascular endothelial growth factor
receptor-2 (VEGFR-2/Flk-1).
Vascular endothelial growth factor (VEGF) is
known as a specific endothelial mitogen associated
with angiogenesis and expressed in the brain [8, 17].
Hypoxic induction of angiogenesis is thought to result
largely from increased VEGF expression [27], which is
associated with neovascularization in ischemic tissues.
VEGF-mediated enhancement of capillary permeability leads to procoagulant activity, through the release
of von Willebrand factor, and monocyte chemotaxis
across the endothelium [8]. These effects suggest a role
of VEGF in angiogenesis associated with physiological
and pathological processes.
Recent studies have shown that Flk-1 is critical for
the normal development of both hematopoietic and
endothelial lineage [7].
Most studies on endothelial progenitor differentiation concentrated on the expression of endothelial
markers. In our investigation the ultrastructural features and change of Flk-1 and VEGF expression in the
course of differentiation of immature endothelial cells
participating in new vessel formation was evaluated.
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MATERIAL AND METHODS
Surgical procedure
Male adult Wistar rats (200–250g) were anaesthetized with 20mg/kg-ketamine hydrochloride. Traumatic brain injury was induced in the fronto-temporal
region of the cerebral cortex after scull exposure as
described earlier [9]. In sham operated controls the
same procedure was applied except that no hemisection was done. After recovery from anesthesia, the rats
remained under standard laboratory conditions for 2,
4 and 7 days. Each experimental group consisted of 6
animals (in ultrastructural, immunocytochemical and
immunochemical studies): 6 sham operated and 6
unoperated rats that were used as controls.
Ultrastructural and immunocytochemical methods
Material for ultrastructural and post embedding
immunocytochemical studies was sampled from
the cerebral cortex region, immediately adjacent to
the operated region. Two, four and seven days after
the surgery animals were perfused via the left heart
ventricle and brains were processed for transmission
electron microscopy and analyzed in a JEM-1200EX as
was described earlier [9].
For immunocytochemical studies the following
antibodies were used at dilutions indicated: the goat
polyclonal VEGF (A-20-G) (1:50) Santa Cruz Biotechnology, USA, No sc-152-G; the mouse monoclonal IgG1
Flk-1 (A-3) (1:100) Santa Cruz Biotechnology, USA, No
sc-6251; mouse antibody against αv β3 integrin complex (1:50) (sc-7312), Santa Cruz Biotechnology, USA);
goat anti mouse (H+L) conjugated with colloidal gold
particles of 12 nm in diameter (Jackson ImmunoResearch, USA) (1:50); rabbit anti goat IgG immunogold
conjugate 20 nm (1:100) (British Biocell International,
Cardiff, UK).
Immunochemistry
VEGF and Flk-1 immunoreactivity was determined
by Western blotting. Briefly, aliquots of brain tissue
homogenate containing approximately 40 μg protein
were electrophoresed on linear SDS-PAGE gels (5% or
10% polyacrylamide) for Flk-1 and VEGF detection
[16]. Following electrophoresis, proteins were transferred to nitrocellulose membrane and treated with anti
VEGF and Flk-1 antibodies raised against synthetic
peptides followed by incubation with an appropriate
secondary antibody. ECL Western Blotting Detection
Reagent Kit (Amersham, UK) and Alkaline Phosphatase
Conjugate Substrate Kit (Bio-Rad, USA) were used to
visualise primary antibody complexes with VEGF and
Flk-1. Immunoreactivity quantitation was performed
by densitometric scanning with a model Ultra-Scan
XL laser densitometer (Pharmacia LKB Biotechnology,
Uppsala, Sweden).
Antibody raised against peptides corresponding to
the αv β3 integrin complex was not investigate in this
study.
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The local animal Ethical Committee (No. 241/2003)
approved all surgical procedures and treatment.

RESULTS
Ultrastructural and immunocytochemical studies
Control animals and sham operated animals did not
show any morphological signs of pathology in blood
vessels.
Rats subjected to surgical brain injury demonstrated extensive disruption of brain parenchyma,
characterized by incomplete endothelial lining and
extravasations of blood elements to the surrounding
tissue. A strong angiogenic response was observed 2
days after surgical injury when new capillary vessels
appeared. They were characterized by cells revealing
endothelial-like features but possessing fibrils in the
cytoplasm, atypical for endothelial cells. The vessels
enveloped only by basement membrane-like material.
Pericytes or astrocytes did not accompany them. Some
of endothelial-like cells looked vacuolised (Fig.1).
Screening the material we found that new capillaries formed by endothelial-like cells were frequently at
different stages characterized by altered ultrastructural
features and different for VEGF and Flk-1-like immunoreactivity.
Young capillary vessels with high hypertrophic
endothelium and narrow vessel lumen possessed
high of Flk-1–like and VEGF-like immunoreactivity
in endothelial-like cells. Marked immunoreactivity of
Flk-1 and VEGF in endothelial-like cells was observed
at day 2 as well as day 4 in capillaries characterized by
the above-presented features (Fig.2, Fig.3).
A general decrease in the Flk-1 and VEGF immunoreactivity of endothelial-like cells was detected
repeatedly at day 2 and 4 in those capillaries, which
contained endothelial-like, cells migrating from mother
vessel and trespassing to perivascular space. At that
stage Flk-1-like immunoreactivity was dispersed in the
cytoplasm of endothelial-like cell and less intense than
in the earlier stage (Fig.4, Fig.5). Single gold particles
of VEGF-like immunoreactivity were present too.
The endothelial-like cell that turn away from primary
capillary vessel were characterized by an unaltered
ultrastructural features and weak Flk-1-like immunoreactivity (Fig.6).
To discern between immature and proliferative
phenotype of endothelium we used αv β3 integrin.
The high αv β3 integrin-like immunoreactivity was
present only on proliferating blood vessels formed by
endothelial-like cells (Fig. 7). No marked αv β3 integrinlike immunoreactivity was present on quiescent blood
vessels.
Four and seven days after surgical injury in the
neighbourhood of blood vessels that were formed
immediately adjacent to the lesion, fibroblasts (Fig.2)
and lipofibroblasts (Fig. 8) were present.
Seven days after brain injury we can observe fibroblasts and lipofibroblasts near the morphologically

Figure 1. Two days after surgical brain injury. The endotheliallike cell rich in endoplasmic reticulum (er) with features of
vacuolisation (v). The basement membrane-like material
surrounds the endothelial-like cell. x 10000. 		
(Publisher’s note: Figures 60% of original size)

altered blood vessels (Fig. 9). They were characterized
by hyperplasia of endothelial-like cells that were still in
the process of proliferation (Fig.10).
The hypothetical way of generation of the mature
endothelial cell, fibroblast and lipofibroblast from
angioblast is showed in Fig. 11.
Immunochemical studies
Tissue expression of VEGF and Flk-1 was examined
in frontal brain cortex (the region surrounding surgical injury) by Western blotting. As illustrated in Fig.
12 the immunoreaction with antibodies to VEGF was
observed in all experimental groups, however a peak
of immunoreactivity was seen four days after injury,
where the immunoreactivity was enhanced two fold
(p<0.01) compared with two days after injury and three
fold (p<0.05) compared with sham control. With Flk-1
antibody (Fig.13) significant increase of immunoreaction was observed two days after injury and dropped
significantly four days after injury.

DISCUSSION
Previously, we studied by electron microscopic
ultrastructural and immunocytochemical methods
neovascularization of the adult rat cerebral cortex
after surgical brain injury. The border zone of the
injured region is a viable parenchyma with characteristic in this process edema, hypercoagulability,
leukocyte invasion and angiogenesis [9]. The blood
vessels showed an incomplete endothelial lining. In
the brain parenchyma, we observed fibrin diluted
from disrupted blood vessels and complexes of cells
characterized by endothelial-like features with fibrils
in the cytoplasm (untypical for endothelial cells) that
aggregate in the plasma. These endothelial-like cells
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Figure 2. Four days after surgical injury. Capillary vessel
with high hypertrophic endothelium containing
fibrils in the cytoplasm is seen. In the vicinity of a
fibroblast (F) with fine fibrillar material (f ) in the
cytoplasm is found. Flk-1-like immunoreactivity is
seen (arrows). x 15000.
Figure 3. The high magnification of the endothelial-like
cell two days after surgical injury. In the cytoplasm
the high Flk-1-like (arrow heads) and VEGF-like
(arrows) immunoreactivity is present. x 40000.
Figure 4. The young blood vessel two days after
surgical brain injury. The endothelial-like cell (e)
seem to leave the blood vessel. x15000.
		(Publisher’s note: Figures 60% of original size)

participated in the process of new vessel
formation. Plasma proteins leaked from
these nascent vessels served as a provisional matrix.
Our present observations are connected
with new vessels, which are formed immediately adjacent to the operated region
without plasma proteins that would serve
as a matrix. Participation of characteristic endothelial-like cells in this process
was investigated by measurement of the
expression of VEGF and its Flk-1 receptor,
which are the earliest marker of progenitor endothelial cell. Flk-1 characterizes the
hemangioblast, a bipotent stem cell.
Whether hemangioblasts persist in adult
life is not known, and only hemopoietic
stem cells and endothelial progenitors
have been identified in adult life. Like
hemangioblasts, endothelial progenitors
express Flk-1 [19]. Current concepts about
vasculogenesis and regeneration hold that
in circulating blood co-exist different
types of cells, which participate in and
regulate formation of new vessels. These
are: hemangioblasts, angioblasts, multipotent adult progenitor cell and circulating
mature endothelial cell. More recently
several observations have provided direct
evidence for the existence of endothelial
progenitor cell. These cells may contribute
to neoangiogenesis in adults, which is
consistent with vasculogenesis. In animal
models of brain ischemia, endothelial cell
progenitors were found to incorporate into
sites of active neovascularization [1, 31, 23,
13, 9].
Disruptions of brain parenchyma
allow endothelial progenitors to penetrate
through vessel wall. Here we show that a
class of endothelial-like cells contributes to
new vessel formation in the region immediately adjacent to the trauma.
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Figure 5. The high magnification of the abovedescribed blood vessel with Flk-1-like
immunoreactivity (arrow heads) dispersed
in the cytoplasm of endothelial-like cell
and single gold particles of VEGF-like
immunoreactivity (arrows). x 45000.
Figure 6. The part of the endothelial-like cell
that turn away from primary blood vessel four
days after surgical brain injury. The weak Flk1-like immunoreactivity is seen (arrow heads).
x 40000.
Figure 7. Two endothelial-like cells with features
of proliferation and high αv β3 integrin-like
immunoreactivity (arrow heads) four days
after surgical brain injury. x 40000.
		(Publisher’s note: Figures 60% of original size)

We investigate changes of endothelial-like cells in time up to injury to the
end of the process of new capillaries
formation. We noted that neovascularization is a continuous phenomenon,
that leads to establishment of the
mature endothelial phenotype. The
earliest stadium was primary capillary
vessel formed from endothelial-like
cell with high immonoreactivity of
VEGF and Flk-1. In the embryonic
development vasculogenesis begins
when VEGF binds to the first of its two
receptors-Flk-1 [22]. This signal causes
the differentiation of mesodermal cells
into endothelial cell as well as their
proliferation. This is some very important stadium to the next steps of live
endothelial-like cell. Developmentally
Flk-1+ endothelial-like cells proliferate and blood vessel formed becomes
the “mother vessel” in the process of
sprouting angiogenesis [30].
Our morphological and immunocytochemical studies indicated different
stages of new vessel formation with
different expression of Flk-1 and VEGF.
The high immunochemical reactivity
seen on Western blots confirmed our
morphological and immunocytochemical analyses. The majority of cells with
hematopoietic potential were shown
to be Flk-1 + during the early stages
of differentiation and Flk-1 – at later
stages [15].
Thus, we need to discuss what kind
of cell is endothelial-like cell. Formation of mature endothelium from
circulating endothelial progenitor cells
requires at least 2 weeks, in contrast
to the growth pattern of circulating
Neuroendocrinology Letters Vol.27 No.4, 2006 • Copyright © Neuroendocrinology Letters ISSN 0172–780X www.nel.edu
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Figure 8. The young blood vessel with features
of hyperplasia enveloped by basement
membrane-like material connected with
lipofibroblast (L) seven days after experiment.
In that cell the fine fibrillar material is seen.
x 15000.
Figure 9. Seven days after surgical brain injury.
The blood vessel formed by endotheliallike cells with features of hyperplasia and
vacuolisation (v). In the vicinity we can see
the fibroblasts (F) with fine fibrillar material in
the cytoplasm. x 8000.
Figure 10. The part of the blood vessel with
features of hyperplasia and mitotic apparatus
(m) in the cytoplasm. x 15000.
		(Publisher’s note: Figures 60% of original size)

mature endothelial cells, which attach
and proliferate immediately after placement in culture medium [19]. Multistep
process of microvascular formation
and alterations in endothelial-like cell
immunophenotype found in our study
let us to suppose that endothelial-like
cell is committed endothelial cell
between progenitor endothelial cell and
terminally differentiated endothelium.
Participation of endothelial-like cell
in new vessel formation 2 days after
brain injury point to presence of those
cells in blood and their morphogenetic
readiness. Therefore, we suppose that
in blood there are endothelial stem cells
in different stages of morphogenetic
differentiation and specifically arrested
in “check points” of development. Brain
trauma may contribute to extravasation
of endothelial-like cells and initiation
of the next steps in their development.
Our immunocytochemical studies
revealed αv β3 integrin-like immunoreactivity in capillary vessels formed
by endothelial-like cells. The integrin
αv β3 is the marker of proliferative
phenotype of endothelial cell, and it
is only minimally expressed on quiescent blood vessels but is significantly
upregulated during angiogenesis [4].
That results indicate that endotheliallike cell may possess the proliferative
phenotype before they terminate in
development.
Terminally differentiated brain
capillaries are constituted of endothelial cells surrounded by basement
membrane and of pericytes embedded

544

Neuroendocrinology Letters Vol.27 No.4, 2006 • Copyright © Neuroendocrinology Letters ISSN 0172–780X www.nel.edu

Progenitor endothelial cell

Fig. 11

Figure 11. Postsurgical origin of capillary vessel
in brain parenchyma. Hypothetical way
of generation of mature endothelial cell,
fibroblast and lipofibroblast from angioblast.
Endothelial-like cell differentiates to adult and
hyperplastic endothelium with alterations
in its immunophenotype. The second way
of differentiation from the angioblast tends
towards the fibroblast and lipofibroblast
formation.
Figure 12. Western blot analysis (A) and
optical density (B) of the rat brain cortex
homogenates after surgical injury stained
with pAb VEGF. Lane: 1,3-sham control;
4,5‑two days after surgical injury; 2-four days
after surgical injury.
Figure 13. Western blot (A) and optical density
(B) of Flk-1 in homogenates of rat brain cortex
after surgical injury. Immunoreaction with
mAb against Flk‑1. Lane: 1-sham control; 2two days after surgical injury; 3,4-four days
after surgical injury.

Fig. 12. A

Fig. 12. B

Fig. 13. A

Fig. 13. B

within the basement membrane. New
vessels formed in the area immediately
adjacent to the operated region were
surrounded by basement membranelike material only without pericytes and
astrocytic processes in their neighborhood. Establishment of a functional
vascular network further requires that
nascent vessels mature into durable
vessels. The association of pericytes
and smooth muscle cells with newly
formed vessels regulates endothelial
cell proliferation, survival, migration,
differentiation, vascular branching,
blood flow and vascular permeability
[6]. Hellstrom et al [10] described in
vivo models of brain angiogenesis in
the absence of pericytes, using PDGF
receptor-β (PDGF-B) deficient mice.
Another experiments have suggested
that pericyte-endothelial cell contact
inhibit both endothelial and pericyte
proliferation indicating a negative correlation between the presence of pericyte
and the proliferation of endothelium
[11, 3]. In our material we observed
hyperplasia of endothelium that might
promote micro aneurysm formation
as suggested by Hellstrom et al [10]. In
hyperplastic vessels endothelium is still
characterized by fibrils phenotype. So,
our results indicate that the endotheliallike cell could not successfully terminate
development without presence of pericyte or astrocyte.
Our very interesting finding was
the presence of the lipofibroblasts in
our material (lipofibroblast was not
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described in brain parenchyma earlier). Mural cells
originate from multiple sources during development
[12]. Common progenitors (Flk-1+) differentiate
into endothelial cells, fibroblasts or vascular smooth
muscle cells in the presence of VEGF [32, 14]. Finally,
it is possible that fibroblast can differentiate into
lipofibroblast as was described in lung [29].
The majority of the vascular precursor populations
identified to date in adult blood and bone marrow
are heterogeneous. Thus the true vascular and other
progenitors remain to be defined.
In fact circulating progenitors and different
immunophenotypes of circulating immature endothelial cells may exist in blood in different stages of
maturation and may result from different stages of
differentiation. Trauma or vascular injury may mobilize the group of the most differentiated progenitors
that may contribute to new vessel formation and
cells unconnected with blood vessels, as fibroblasts
and lipofibroblasts. Thus, endothelial-like cells with
filaments in cytoplasm may be less mature than the
endothelial cells and our model should be useful for
the characterization of endothelial commitment and
of the endothelial cells differentiation after brain
injury.
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