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Abstract OBJECTIVES: The effect of the traumatic injury of the cerebral cortex on the 
ultrastructure of the cerebrovascular junction was studied in rats. The aim 
of the present study is to describe the ultrastructural alterations in the cere-
brovascular junction in rat cerebral cortex after traumatic injury. We were 
particularly interested in the alterations in endothelium, pericytes and the 
differentiated population of cerebral macrophages. 
MATERIAL AND METHODS: The observations were conducted four days (group 
I - fi ve animals) and seven days (group II – fi ve animals) after induction of cor-
tical trauma. Traumatic injury was induced in the fronto-temporal region of 
cerebral cortex in general anesthesia with 20 mg/kg ketamine hydrochloride. 
RESULTS: In the fi rst group we found the features of damage of the blood-brain 
barrier and migration of the morphological blood components to the perivas-
cular space. The trauma caused necrosis and apoptosis within brain tissue. 
An important observation was the presence of numerous brain macrophages 
that participated in phagocytosis of damaged cellular elements. Additionally, 
we found an increase in the connective tissue ground substance around brain 
capillaries. In the second experimental group we noted an increased number 
of pericytes (1–3) near capillary walls. In some instances, the basement 
membrane surrounding the pericytes was interrupted and these cells were 
also located beyond the rim of the vessel wall. Some pericytes showed numer-
ous phagolysosomes indicating that these cells belonged to perivascular 
macrophages. Moreover, we observed a population of phagocytes residing in 
close contact with neurons. These cells were different from the typical perivas-
cular macrophages. 
CONCLUSIONS: These observations indicate that the traumatic injury of the brain 
results in mobilization of a heterogeneous population of brain macrophages. 
This study indicates that different subpopulations of macrophages emerge in 
the region of traumatic brain damage, and that the morphology and dynamics 
of these phagocytes changes and depends on the time elapsed after the initial 
traumatic incident.
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Introduction

Brain injury caused either by mechanical trauma 
or focal or global ischemia may result in the impair-
ment in the protective role of brain-blood barrier [1]. 
Depending on the degree of injury, several protec-
tive mechanisms are activated which leads to the par-
tial regeneration of brain parenchyma but may also 
result in additional injury via necrosis or apoptosis of 
the neurons [2]. There are numerous studies on the 
role of glia in the prevention of neuronal death and 
the maintenance of the homeostasis within the peri-
vascular space in traumatized brain [3]. The reac-
tive hyperplasia and hypertrophy of astrocytes are 
common phenomena taking place in the central ner-
vous system following traumatic tissue destruction. 
Moreover, impairment of the blood-brain barrier 
opens a venue for the infl ux of blood cells, especially 
the mononuclear phagocytes [4, 5]. 

Activated brain macrophages and microglia play 
an important role in the pathogenesis of acute cere-
bral events. Research showed that microglia plays an 
active role in the evolution of brain injury after isch-
emia and mechanic trauma [6]. Thus, the microglial 
cells are involved in phagocytosis of damaged neuro-
nal elements, antigen presentation and initiation of 
immune responses and production of factors causing 
further damage of the tissues [7, 8]. The question of 
the origin of differentiated cerebral phagocytes and 
their relationship to microglia and the undifferenti-
ated perivascular cells is a subject of active research 
[9, 10]. Phagocytic macrophages appear in large num-
bers at the sites of brain injury. Although these 
brain macrophages are supposedly derived from cir-
culating monocytes, the relationship between the 
macrophages and reactive microglia has not been fully 
elucidated [11]. 

The aim of the present study is to describe the 
ultrastructural alterations in the cerebrovascular 
junction in rat cerebral cortex after traumatic injury. 
We were particularly interested in the alterations in 
endothelium, pericytes and the differentiated popula-
tion of cerebral macrophages.

Material and Methods

Wistar rats of a mean weight of 200 g were used. 
Traumatic injury was induced in the fronto-temporal 
region of cerebral cortex in general anesthesia with 
20 mg/kg ketamine hydrochloride. The wound was 
sutured and dressed under aseptic conditions. Four or 
seven days after the procedure (experimental groups 
I and II, respectively) the brains were perfused via the 
left heart ventricle with 2% paraformaldehyde, 2.5% 
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 

20°C. Tissue section were fi xed in the same solution 
for 20 h and postfi xed in 1% OsO4 and 0.8% K4FeCN6. 
The material was dehydrated in alcohol gradient, 
embedded in Spurr resin, cut into ultrathin sections 
and analyzed in JEM-1200 EX electron microscope. 

Results

Material was sampled from the cerebral cortex 
of rats subjected to mechanical brain trauma in the 
fronto-temporal region. The animals were divided 
into two groups representing the changes at the 4th 
and 7th day after trauma, respectively.

The cerebrovascular junction four days 
after trauma

In the luminal vascular space red blood cells, leu-
kocytes and thrombocytes were present in the vicin-
ity of the endothelial surface. In some instances the 
cytoplasmic processes of the endothelia separated 
blood cells from the main lumen of the vessel (Fig. 1). 
These “pockets” formed discrete compartments con-
taining also fragments of damaged cells and organ-
elles and the fi ne fi brillar clot (Fig. 2). The tight 
junctions between endothelial cells were often mor-
phologically changed and channels were formed 
between the cytoplasmic processes of endotheliocytes 
forming shunting pathways for cell passage from the 
vascular lumen to the perivascular space (Fig. 3). 

Erythrocytes were present in the perivascular 
space facing brain parenchyma and inside the peri-
vascular phagocytes. Moreover, phagocytized cells 
and differentiated lysosomal vacuoles fi lled with 
membrane fragments and lipid globules were pres-
ent in morphologically differentiated populations 
of macrophages (Fig. 4). In the perivascular space 
we observed the multiplication of basal membrane, 
single collagen fi brils and fi ne fi brils comprising the 
proteoglycan aggregates. Importantly, apoptotic cells 
with characteristically condensed chromatin were 
present in the perivascular space (Fig. 5). In the 
nuclei of glial cells the chromatin was condensed into 
chromatids suggesting vigorous cell proliferation but 
we not able to correlate this feature with a particular 
subtype of glial cells (Fig. 6).

The cerebrovascular junction seven days 
after trauma

Platelets were present inside the vessels but we did 
not observe any leukocytes. The endothelial cytoplas-
mic processes were often long and protruded towards 
vessel lumen. Numerous pericytes were present in 
the abluminal space facing brain parenchyma (Fig. 
7). These cells exhibited well developed and numer-
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Fig. 1. Experimental group I. 
Note a leukocyte surrounded 
by cytoplasmic processes of 
the endothelial cells in brain 
capillary. x12000.

Fig. 2. Experimental group 
I. Pocket in the endothelium 
containing fi ne fi brillar mate-
rial and cellular debris. Multi-
plicated basement membrane 
at the abluminal side of the 
vessel (arrowheads). x12000.

Fig. 3. Experimental group 
I. Erythrocytes present under 
the endothelium and in 
the widened space between 
endothelial cells. x25000.
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Fig. 4. Experimental group 
I. Perivascular space with 
macrophages loaded with 
phagocytosed material. Note 
necrotic cell inside one of 
the macrophages. Arrowheads 
indicate abundant subendo-
thelial extracellular matrix. 
x12000.

Fig. 5. Experimental group 
I. Two apoptotic cells with 
characteristic chromatin 
aggregation near the capil-
lary vessel. x10000.

Fig. 6. Experimental group I. 
Note a cell with mitotic fi g-
ures (white asterisks) and an 
apoptotic cell (white arrows) 
inside a phagocyte. Numerous 
collagen fi brils in the inter-
cellular space. x6000.
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ous organelles, especially the morphologically differ-
entiated lysosomes and dense bodies. 

The pericytes and endothelial cells were sur-
rounded by a widened layer of basement membrane. 
Apart from the homogenous matrix, single collagen 
fi brils were present between the layers of basement 
membrane. 

Morphologically differentiated phagocytes, resem-
bling the macrophages comprised the most abun-
dant population of cells in the perivascular space. 
Inside these macrophages we detected numerous 
dense bodies and phagosomes fi lled with lipid glob-
ules and myelin-like bodies. The phagocytes were 
located directly under the endothelial layer and were 
partially or fully surrounded by the basement mem-
brane (Fig. 8). The macrophages localized beyond 
the basement membrane adhered to neurons with 
the cytoplasmic processes. In the perinuclear area of 
these cells we noted differentiated phagosomes and 
the centrosomes with the tubules of the mitotic spin-
dle (Fig. 9). 

Discussion

Traumatic injury of the brain initiates several 
interrelated processes, involving not only resident 
parenchymal and vascular cells but also infi ltrating 
infl ammatory cells. Angiogenesis, reactive gliosis, 
migration of infl ammatory cells into the central ner-
vous system are triggered by brain trauma [7, 12, 
1]. Giordana et al (1994) and Fujita et al (1998) per-
formed monoclonal antibody stainings of brain sec-
tions after stereotactic cortical injury [13, 7] and 
showed the presence of proliferating cells in the 
brain. These cells were absent six hours after trauma, 
increased in quantity during three days and sub-
sequently diminished in number during the next 
two weeks. Our studies demonstrated an aggregation 
of leukocytes at the endothelia and the passage of 
infl ammatory cells from blood to brain parenchyma 
four days after cortical injury. Caceres et al (1995), 
[14] observed leukocyte accumulation at plasma 
membranes of damaged endothelial cells after isch-
emia and reperfusion. These authors propose that 
ischemic injury promotes interactions between endo-
thelia and leukocytes rather that a selective damage 
of intercellular junctions between endothelial cells. 
Probably, these increased leukocyte-endothelial cell 
interactions are caused by increased expression of 
adhesion molecules and integrins by these cells [12, 
5], which leads to the migration of infl ammatory cells 
through vessel wall to perivascular space and further 
to brain parenchyma. Likewise, we observed passage 
of erythrocytes to the subendothelial space through 
widened tight junctions. A similar process has been 

proposed to exist in bacterial meningitis and in 
reperfusion injury [15, 16]. 

The tight junctions formed by the membranes of 
endothelial cells are highly dynamic structures and 
can transiently increase the permeability of brain 
capillaries [4]. The transmembrane protein constit-
uents of tight junctions can be posttranslationally 
modifi ed in the physiological and pathological states 
affecting the blood-brain barrier [15, 17]. Our obser-
vations indicate that opening of these junctions may 
constitute the venues for the passage of leukocytes 
from the blood to the perivascular space where the 
blood-borne monocytes act as brain macrophages. 

Four days after trauma we observed that the dif-
ferent morphological forms of these cells formed cyto-
plasmic processes surrounding with the fragments of 
damaged brain tissue. Numerous phagosomes fi lled 
with the damaged subcellular fragments were pres-
ent inside these phagocytes. Fujita et al (1998) [13] 
showed that between the third and fi fth day after cor-
tical injury in the rat, the number of the cells showing 
surface phenotype of macrophages increase whereas 
the number of these cells decrease after the seventh 
day after injury. According to these authors, the 
observed brain macrophages originate from the circu-
lating monocytes rather than from the resident pre-
cursors in brain parenchyma. In this early phase after 
brain injury it is possible to detect the blood-bone cells 
and the necrotic and apoptotic glial cells and the neu-
rons.

Brain ischemia or cerebral trauma is considered 
to cause a secondary brain damage caused by brain 
edema, impairment of the blood-brain barrier and 
exposure of the perivascular brain tissue [6]. Long-
term ischemia and trauma may cause directly necro-
sis of cerebral neurons. The cellular debris is subse-
quently removed by cerebral macrophage [7, 18]. 

Apoptosis takes also place after brain injury; in 
this study we observed single apoptotic cells in the 
perivascular area. Apoptosis is considered to consti-
tute a delayed and selective process leading to cell 
elimination from the tissues [1, 19]. In contrast to 
necrosis, apoptosis may affect scattered individual 
cells rather than clusters of cells, entire tissue or 
organ compartments [20, 3]. Apoptosis takes also 
place in cells whose genetic material has been altered 
or damaged by exogenous factors, such as hypoxia, 
hyperoxia or other factors inducing neurodegenera-
tion [18, 21]. These factors induce changes in pro-
tein expression leading to activation of endonucleases 
fragmenting DNA and causing chromatin rearrange-
ment. Resulting apoptotic bodies have a very short 
half-life in the range of hours and are therefore dif-
fi cult to detect by morphologic methods [1, 22]. 

The changes in the ultrastructure of the cerebrovascular junction after traumatic injury of the cerebral cortex in rats



24

Michal Walski & Barbara Gajkowska

Fig. 7. Experimental group 
II. Several pericytes sur-
rounded by basement mem-
brane at the rim of the capil-
lary. Arrow – dense bodies. 
x8000.

Fig. 8. Experimental group 
II. Perivascular phagocyte 
surrounded by basement 
membrane (arrowheads). 
Note active Golgi and numer-
ous phagolysosomes in the 
perikaryon. x8000.

Fig. 9. Experimental group 
II. Cerebral macrophage con-
taining dense bodies and 
phagolysosomes, well-devel-
oped Golgi and the mitotic 
spindle (arrow). x10 000.
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In summary, we detected several alterations in 
the perivascular region of the cerebral cortex four 
days after the traumatic injury of the brain. In partic-
ular, we noted proliferation of cerebral macrophages, 
necrotic and apoptotic cell death and features of 
regenerative cellular proliferation. 

Seven days after cerebral trauma we were unable 
to detect any features of blood cell migration to the 
perivascular space or any alterations in the tight 
interendothelial junctions. The pericytes in the peri-
vascular space were increased in number and there 
was an increase in the quantity of connective tissue, 
namely the proteoglycans and the collagen fi brils. 

The pericytes are generally accepted as being of 
mesodermal origin [23] and these cells are supposed 
to contribute to the synthesis of the protein compo-
nent of the extracellular matrix of blood vessels [23, 
24]. These cells may synthesize collagen fi brils in the 
perivascular space [25]. Our earlier studies showed 
the process of collagen formation in cerebral perivas-
cular space in rat brain after transient global isch-
emia or during aging [26, 27]. Numerous studies sug-
gested brain pericytes as a source of macrophage 
activity since they are capable of phagocytosis 
and antigen presentation [10]. These perivascular 
macrophages may leave the perivascular space, cross 
the basement membrane and migrate into brain 
parenchyma [28]. The source of these cerebral 
phagocytes, blood monocytes or ameboid microglia, is 
still a matter of debate [7, 29]. 

In the material sampled seven days after trauma 
the macrophages were loaded with phagosomes and 
were often in close contacts with neurons. Fujita et al. 
1998 showed an increase in microglial cells between 
the seventh and fourteenth day after brain injury 
[13]. Based on these fi ndings, these authors consider 
two morphologically different subpopulations of cere-
bral mononuclear phagocytes. 

Both macrophages and microglial cells can be ver-
satile effector cells when activated and are likely to 
mediate brain damage through several mechanisms 
[3, 9, 29]. Oehmichen et al (1999) and Ziaja, Janec-
zko (1999) suggested that the microglial reaction is a 
general phenomenon associated with traumatic brain 
injury [30, 31]. Our present studies demonstrated the 
impairment in the brain-blood barrier in the early 
posttraumatic period, which was associated with the 
migration of cells from the blood to the perivascular 
space. The consequences of this pathological process 
comprised necrosis and apoptosis in the perivascular 
space. This study indicates that different subpopula-
tions of macrophages emerge in the region of trau-
matic brain damage, and that the morphology and 
dynamics of these phagocytes changes and depends 
on the time elapsed after the initial traumatic inci-
dent. 

    

    
    REFERENCES

 1 Lipton P. Ischemic cell death in brain neurons. Physiol Rev 
1999, 79, 4:1431–1568.

 2 Akino PT, Liu PK, Hsu ChY. Immediate early gene expression 
in response to cerebral ischemia. Friend or foe. Stroke 1996; 
27, 9:1682–1687.

 3 Berger R, Garnier Y. Pathophysiology of perinatal brain damage. 
Brain Res Rev 1999; 30:107–134.

 4 Bolton SJ, Anthony DC and Perry VH. Loss of the tight junction 
proteins occludin and zonula occludens-1 from cerebral vascu-
lar endothelium during neurotrophil-induced blood-brain bar-
rier breakdown in vivo. Neuroscien 1998, 86, 4:1245–1257.

 5 Rubin LL, Staddon. The cell biology of the blood-brain barrier. 
Ann Rev Neurosci 1999, 22:11–28.

 6 Mies G, Kawahara K, Kawai K, Nagashima S, Saito N, Ronetzles 
C and Klatzo I. Modulation of protein synthesis and calcium 
uptake following traumatic lesion of rat brain cortex. In: Mat-
uration phenomenon in cerebral ischemia. II. Neuronal recov-
ery and plasticity. Ito U, Kirimo T, Kuraiwa T, Klatzo I, editors. 
Berlin, Heidelberg: Springer-Verlag; 1997. pp 43–53.

 7 Giordana MT, Attanasio A, Cavalla P, Migheli A, Vigliani MC 
and Schiffer D. Reactive cell proliferation and microglia fol-
lowing injury to the rat brain. Neuropathol Appl Neurobiol 
1994, 20:163–174.

 8 Jensen MB, Finsen B nad Zimmer J. Morphological and immuno-
phenotypicmicroglial changes in the denevated fascia dentata 
of adult rats: correlation with blood-brain barrier damage and 
astroglial reactions. Exp Neurol 1997, 143:103–116.

 9 Alliot F, Godin I, Pessac B. Microglia derive form progenitors, 
orginating form the yolk sac, and which proliferate in the 
brain. Devel Brain Res 1999; 117:145–152.

10 Thomas WE. Brain macrophages. on the role of pericytes and 
perivascular cells. Brain Res Rev 1999, 31:42–57.

11 Andjelkovic AV, Nikolic B, Pachter JS, Zecevic N. Macrophages 
/ microglial cells in human central nervous system during 
development: an immunohistochemical study. Brain Res 1998; 
814:13–25.

12 Grzybicki D, Moore S.A, Schelper R, Glabiñski AR, Rarsohoff 
RM, Murphy S. Expression of monocyte chemoattractant pro-
tein (MCP-1) and nitric oxide synthase-2 following cerebral 
trauma. Acta Neuropathol 1998, 95:98–103.

13 Fujita T, Yoshimine T, Maruno M and Hayakawa. Cellular 
dynamics of macrophages and microglial cells in reaction to 
stab wounds in rat cerebral cortex. Acta Neurochirur (Wien) 
1998, 140:275–279.

14 Caceres MJ, Schleien CL, Kultz JW, Gelman B, Dietrich WD. 
Early endothelial damage and leukocyte accumulation in 
piglet brains following cardiac arrest. Acta Neuropathol 1995, 
90:582–591.

15 Allport JR, Ding H, Collins T, Gerritsen ME, Luscinskas FW. 
Endothelial-dependent mechanisms regulate leucocyte trans-
migration—a process involving the proteasome and disrup-
tion of the vascular endothelial-cadherin complex at endothe-
lial cell-to-cell junctions. J Exp Med 1997; 186:517–527.

16 Merrill JE, Beneviste EN. Cytokines in infl amatory brain lesions: 
helpful and harmful. Trends Neurosci 1996, 19:331–338.

17 Caveda L, Corada M, Martin-Padura I, Maschio AD, Brevario 
F, Lampugnanimg MG, Dejana E. Inhibition of cultured cell 
growth by vascular endothelial cadherin (cadherin-5/VE-cad-
herin). Endothellium 1994, 2:1–10.

18 Gonzales-Scarno F and Baltuch G. Microglia as mediators of 

The changes in the ultrastructure of the cerebrovascular junction after traumatic injury of the cerebral cortex in rats



26 Photo by ©Lili Maas  

infl ammatory and degenerative diseases. Ann Rev Neurosci 
1999, 22:219–240.

19 Nijhawan D, Honarpour N And Wang X. Apoptosis in neuronal 
development and disease. Ann Rev Neurosci 2000, 23:73–87.

20 Siesjö BK, Elmér E, Janelidze S, Keep M, Kristián T, Ouyang Y-B 
and Uchino H. Role and mechanisms of secondary mitochon-
drial failure. Acta Neurochir 1999, [suppl], 73: 7–13.

21 Migheli A, Cavalla P, Marino S, Schiffer D. A study of apopto-
sis in normal and pathologic nervous tissue after in situ end-
labeling of DNA strand breaks. J Neuropathol Exp Neurol 1994, 
53, 6:606–616.

22 Zagzag D, Amirnovin R, Greco MA, Yee H, Holash J, Wiegand 
SJ, Zabski S, Yancopauls GD, Grumet M. Vascular apoptosis 
and involution in gliomas precede neovascularization: a novel 
concept for glioma growth and angiogenesis. Lab Invest 2000, 
80, 6;837–849.

23 Sims DE. Recent advances in pericyte biology – implications 
for health and disease. Com J Cardiol 1991, 7:431–443.

24 Venstrom KA and Reichard LF. Extracellular matrix 2. Role of 
extracellular matrix molecules and their receptors in the ner-
vous system. Faseb J 1993, 7:996–1003.

25 Sundberg C, Ivarsson M, Gerdin B, Rubin K. Pericytes as colla-
gen-producing cells in extensive dermal scaring. Lab Invest 
1996, 74:452–466.

26 Walski M, Celary-Walska R, Borowicz J. The perivascular fi brotic 
reaction in rat brain in the late period after experimental clini-
cal death. J Hirnforsch 1993, 34, 4:503–515.

27 Walski M. Evidence of precapillary collagen fi brils in the brains 
of rats after experimental cardiac arrest and in senility. J 
Invest Dermatol 1997, 109, 3:479.

28 Walski M and Gajkowska B. Ultrastructural localization of 
thiamine pyrophosphatase in plasma membranes of brain 
phagocytes long time after cardiac arrest. J Brain Res 1998, 
38, 2:183–191.

29 Gehrmann J, Matsumoto Y, Kreutzberg GW. Microglia. Intrin-
sic immunoeffector cell of the brain. Brain Res Rev 1995, 
20:269–287.

30 Oehmichen M, Thenerkauf I, Meißner C. Is traumatic axonal 
injury (AI) associated with an early microglial activation? 
Application of a double-labeling technique for simultaneous 
detection of microglia and AI. Acta Neuropathol 1999, 
97:491–492.

31 Ziaja M, Janeczko K. Spatiotemporal patterns of microglial 
proliferation in rat brain injured at the postmitotic stage of 
postnatal development. J Neurosci Res 1999, 58:379–386.

Michal Walski & Barbara Gajkowska


