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Abstract
Traumatic brain injury (TBI) is a major health problem and the main rea son of mortality 

and morbidity in children and adolescents worldwide. There are strong clinical evi dences 
that TBI in children younger than 4 years of age has been shown to cause lifelong, sig-
nificantly more severe cognitive and motor deficits. The biologic factors that contribute 
to this vulnerability are not completely understood yet. In this work we are investigat-
ing the role of local cerebral per fusion, microglia-mac rophages ac ti vation and vascular 
response in post traumatic secondary injury and probable involvement in age-dependent 
vul nerabil ity. We found similar temporal patterns of cerebral perfusion changes in both 
age groups, coincedenced with ac ti vation of microglia-mac rophages and vascular pro-
liferation, and suggest that these processes have tight interactions. Moreover, despite of 
high importance of the condition of cerebral blood flow in prognosis and out comes, local 
perfusion is not a determinant of increased vul nerabil ity of imma ture to TBI.

Keywords:   Traumatic brain injury, immature and mature murine brain, cortical per-
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Introduction
Today a few certain groups of diseases and 

conditions determine both the life expectancy and 
quality. TBI, one of  the most  important among 
them, be comes a major health problem worldwide 
(Narayan R., Michel M., 2002), it poses the largest 
threat facing the morbidity and mortality of the 
human young, adolescent and pediatric population 
(Luerssen T. et al., 1988; Levin H. et al., 1992; 
Kraus J., McArthur D., 1996). Moreover, clinical 
data suggests that TBI in children younger than 4 
years of age has been shown to cause sig nifi cantly 
more severe cognitive and motor deficits than in 
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older children (Durkin M. et al., 1998). The  bio-
logic factors that contribute to this vulnerability 
are not well un der stood, but there is a clinical and 
ex peri men tal evi dence that cerebral perfusion also 
could play an important role in the manifestation 
of clinical fea tures and both disease’s severity and 
prog no sis. It is well known, that vascular events 
after TBI in volve hemorrhage, ischemia due to 
di min ished perfusion or vasospasm, breakdown 
or in creased per mea-bil ity of the blood brain 
barrier and edema, and certain changes in cerebral 
blood flow in general and local perfusion to the 
injured area (Jaggi J. et al., 1990; Langfitt T. et 
al., 1977; Robertson C. et al., 1992). The exact 
role of each of these events after trauma is com-
plex and has yet to be fully elucidated. To unveil 
these pro cesses we started investigation of local 
per fusion in ex peri men tally injured cortex using 
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non-in va sive con tinuous measurements with 
Laser Doppler and further investigation of the 
brain slices stained with Esculentum Lectin, a 
specific hystochemical marker both for vessels 
and ac ti vated microglia-macrophages. 

The interest to cerebral perfusion was supported 
by post mortem investigations in early 1980-ies, 
found strong correlations between TBI mortality 
and primary or secondary ischemia (Adams J. et 
al., 1983), and circulation failure and promi nence 
of clinical manifestations (Hlatky R. et al., 2003; 
Voulgaris S. et al., 2005). The animal studies also 
elucidated the correlation between trauma se verity 
and re duction of circulation (Cherian L. et al., 1999). 
Contemporary clinical and experimental data sug-
gest that cerebral per fusion sig nifi cantly decreases  
immediately following TBI both in clinical 
patients and animals (Golding E. et al., 1999; 
Golding E., 2002; Robertson C. et al., 1992). In 
this study, we be gin to define typical temporal 
patterns of local cerebral perfusion and activation 
of mi cro glia-macrophages, and ana tomical vas cu-
lar changes, associated with cir cu lation. For our 
trauma model, we have se lected the controlled 
cor tical impact model of injury, which results in 
a pre dictable pattern of neu ronal vulnerability in 
both the imma ture and mature murine brain (Sato 
M. et al., 2001; Tong W. et al., 2002).

Material and Methods 
Surgical procedures and blood flow mea-

surements. All surgical procedures were done in 
accor dance with Institutional Bioethics Commit-
tee. Post-natal day 21 (PND21) and adult 
C57BLK/6 male mice were anesthetized with 
1.25% and 2.5% avertin diluted in isotonic sa line 
at 0.02 ml/g body weight, respectively. Body tem-
pera ture was main tained with a circulating water 
heating pad through out the sur gery and recovery. 
Each animal was placed in a ste r eo taxic frame 
(Koph, Tujunga, USA) for sur gery. After a mid-
line skin incision, the soft tissues were reflected 
and blood flow mea surements from in tact scull 
were taken. The probe was placed approxi mately 
0.5 mm above the exposed cra nium. While taking 

the measurement, the po sition of the probe was 
fixed until the blood flow reached a con stant value. 
Then a circular cran iotomy, 5.0 mm in diameter, 
was made with a mi cro drill between bregma and 
lambda with a me dial edge of the cran iotomy 0.5 mm 
lat eral to the midline. Following the cran iotomy, 
a second per fusion measurement was made from 
the surface of the dura mater. During mea-
surements from the dura mater, care was taken to 
avoid grossly visible blood vessels. In the injured 
group, the ani mal was then positioned in a ste r eo-
taxic frame of the injury de vice and was sub jected 
to a con trolled cortical im pact injury (Dixon C. 
et al., 1991), using a convex im pactor tip that was 
3.0 mm in diameter and ori ented per pen dicu lar to 
the sur face of the brain. 

The injury was generated using the following 
pa ram eters: 4 m/s velocity, 1.0 mm depth of 
pen etration and a sustained depression of 150 ms. 
Following cortical impact, the probe was re turned 
to the same position and a measurement of blood 
flow was taken from the surface of the intact dura. 
Sham-operated animals underwent the same sur gical 
procedures with the exception of cor tical im pact. 
In both groups, the scalp was then closed with 
sutures. Each animal was given 1.0 ml isotonic saline 
s/c after the op eration to pre vent dehydration. In 
order to keep all vari ables con stant, the final mea-
surement of CBF from the same re gion above the 
site of injury was done prior to euthanasia. 

Control sham-operated animals were eutha-
nized in 24 hours post surgery (n=5) and all other 
ani mals were euthanized in either 24 hours, 3 
days, 7 days and 14 days post sur gery. Animals 
were per fused through the heart with 50 ml of 4% 
paraform al de hyde (PFA) in 0.1M phosphate buff-
ered saline (PBS), pH 7.4 . The brains were 
removed, fixed in 4% PFA for 3.5 hours, and 
cryoprotected in su crose (30% in PBS) for 48 
hours. The cryoprotected brains were embedded 
in tissue freezing me dium (Tri angle Biomedical 
Sciences, Durham, N.C.) and frozen at -700C. 
Frozen sections, 20 µm in thickness, were cut on 
a Cryostat (Leica) in the coronal plane and col-
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lected on slides (2 sections/slide). Sections of the 
brain were pro cessed for conventional immuno-
cytochemistry with Esculentum Lectin for 
microglia/macrophages and vascular proliferation. 

Cortical Perfusion Assessment. We used a 
La ser Doppler device (LASERFLO BPM2, Vasa-
medics, US) to measure local perfusion. The Laser 
Doppler flowmeter (LDF) measures relative per-
fusion according to the principle of the “Doppler 
effect.” A transmitter/receiver probe emits a mono-
chro matic laser light that is re flected by moving 
red blood cells (Stern M. et al., 1977; Wardell K. 
et al., 1993). The power and fre quency of the 
re flected light are proportional to the blood vol-
ume and blood ve locity. The laser Doppler probe 
de tects blood flow within a re gion 1 mm3 under the 
probe. Blood per fusion is calculated as product 
of blood volume and ve locity and is ex pressed as 
an absolute value (Haberl R. et al., 1989) in 
mlLD/min/100 g tissue. All obtained data were 
analyzed with Prism appli cations and evaluated 
with t-test and ANOVA.

Histochemical localization of activated mi cro-
glia/ macrophages and blood vessels by Lycop-
ersicon esculentum (Tomato lectin). Biotinylated 
- Esculentum lectin was used to vi su alize both 
blood vessels and activated mi cro glia/mac-
rophages at a titer of 0.005mg/L. Sections were 
first rehydrated in 25mM, pH 7.4 Tris-Buffered 
Sa line (TBS) for 5 minutes. Sec ond, sections were 
in cu bated in 0.003% H2O2 in 25mM TBS for 10 
min utes to quench any en dog enous peroxidatic 
ac tivity. Sections were in cu bated in each of the 
following so lutions for the time in di cated: 0.1% 
bo vine serum albumin (BSA), 30 minutes; 0.005 
mg/L Tomato lectin, 30 min; TBS 5 times 3 min, 
Avi din-biotin-horse radish per oxi dase complex 
(Vesctastain ABC Kit, 1:100 in TBS, Vector 
Labs., USA), 30 min; TBS, 5 times 3 min. 

The final reaction product was visualized using 
0.05% 3,3-diaminobenzidine tetrachloride as the 
chromogen in the presence of 0.02% H2O2 for 10 
min. The immunostained sections were de hy-
drated in graded alcohols, cleared in Hemo-D 
(Fisher Sci en tific Inc., Pittsburgh, PA), and cov-
erslipped with Permount. 

Results and Discussion 
The performed 35-day long monitoring of cor-

tical local perfusion gives following data. Cor tical 
per fusion in intact brain is similar in both mature 
and imma ture CNS. The mean absolute values of 
the per fusion in the intact cortex are 25±8 mlLD/
min/100g Tissue  (in adults)  and 25±5 mlLD/
min/100g  Tissue (in imma ture) (t-test: P<0.05, 
the difference is not sig nifi cant). The con se quent 
mea surements show the suffi cient drop of per-
fusion imme di ately after the injury in both groups 
of ani mals, falls down about 31% in adults and 
33% in imma ture (t-test: P<0.05, the difference 
be tween two groups is not sig nifi cant). 

The patterns of perfusion changes are simi lar 
in both groups, adult and immature (PND 21): 
af ter an expressed drop immediately after the 
injury it has trends toward restoration in next post 
injury days 1 and 3, then has prominent increase 
at post in jury day 7 and restoration toward pre- 
injury lev els in the rest time of monitoring. The 
p-values for every time point in both groups are 
> 0.05; treatment between groups is not statisti-
cally different. 

During following posttraumatic days, one and 
three local cortical perfusion in both groups had 
ten dency toward the restoration of flow in pre-
injury level, as it was measured from the intact 
brain. Most sig nifi cant changes in perfusion were 
re corded in both groups on day seven, when per-
fusion reaches highest values during all in ves ti-
gation time points, 43% in adults and 56% in 
imma ture comparing the pre-injury level. On fol-
lowing days 14 and 28 there was recorded the 
res to ration of the perfusion in both groups. 

Next we examined brain slices stained for vas-
cu lar proliferation with Esculentum Lectin. Enor-
mously large dilated blood vessels appear on day 
7 post injury in both groups, co in ciding with the 
maximal perfusion registered by Doppler monitor-
ing; moreover, on same day activated mi cro glia/
macrophages were most prominent within the 
ipsi-lateral cortex and hippocampus of both age 
groups (Fig.). 

The fact of acute decreasing of the blood flow 
imme di ately after injury still de mands fur ther 
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un der standing. Recent papers show the connec-
tion be tween the CBF decrease and NO level 
re duction after moderate TBI, increase of the 
cytokines ex pression (Ahn M. et al., 2004). Mod-
erate, para-sagittal experimental TBI caused a 
sig nifi cant de crease in absolute blood flow as 
mea sured by LDF when compared with the 
respective baseline con trol group.

Changes were observed within minutes of TBI 
and were not significantly different at 30 and 60 
min (Bedell E. et al., 2004; Cortez S. et al., 1989). 
Trauma impairs the ability of the brain to regulate 
CBF, the cerebrovascular response after TBI may 
be inadequate. Destruction of cortical regions 
could effectively produce deafferentation in sub-
cortical and cortical target regions resulting in a 
reduced energy requirement and metabolic rates 
(DeWitt D. et al., 2001). 

As flow and metabolism are tightly coupled 
af ter cortical injury, reduced flow in some of these 
re gions would follow the reduced metabolic rate 
(Bryan R. et al., 1995; Engelborghs K. et al., 
2000; Golding E. et al., 1998; 1999). The blood 
vessel can participate in the regulation of blood 
flow by changing its own structure, a process 
known as vascular remodeling (Brownlee R., 
Langille B., 1991). 

The processes involved in vascular remodeling 
in clude cellular hypertrophy and hyperplasia, as 
well as enhanced protein synthesis (Golding E., 
2002). So, the reduction of regional CBF imme di-
ately af ter severe TBI onset could be explained by 
changes of metabolic histochemical com po sition of 
the brain and caliber of vessels, but the symmet ric 
changes in CBF in immature and ma ture brain on 
day 7 demands further investigation and un der-

Figure. Microglia/ macrophages labeled with Esculentum Lectin in injured cortex 
    at postinjury day 1 (A, B) and day 3 (C, D). A, C - 10x, B, D - 100x.
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standing. Lectin-stained activated microglia/mac ro-
phages could be one of the most important 
producers of non-constitutional iNOS activity and 
NO (Koshinaga M. et al., 2000), the most potent 
vasodilator. Simi lar changes in macrophage activity 
and en larged vessel diameters coincide with the 
maxi mal per fusion on day 7 in both groups of 
adults and imma ture. 

Conclusion
Our findings dem on strate coincidencing cer-

tain tem po ral patterns of local perfusion and ac ti-
vation of microglia/macrophages after trau matic 
brain in jury. We suggest that ac ti vated mi cro glia/
mac rophages may be de ter mi nants of both the 
early injury re sponse and wound healing events 
in cluding revascularization of the in jured cortex.
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