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Abstract
The complex role of the secondary responses after trauma to both the developing and adult brain on neuronal and 
white matter injury and survival may depend upon their concentrations as well as the timing of their expression af-
ter injury. Vascular disruption after traumatic brain injury involves hemorrhage, breakdown of the blood brain barrier 
and in turn edema and a change in blood flow to the injured area. This disruption permits inflammatory cells to pass 
relatively freely into the CNS, in contrast to normal conditions when the blood brain barrier is intact. The exact role of 
each of these inflammatory cells after trauma is complex and has yet to be fully elucidated. The kinetics of leukocyte 
recruitment during acute inflammation varies according to age. In the present study we begin to define the factors that 
contribute to this vulnerability. 

The main aims of this article remain education of investigators to new methods and attempt to explore and unveil new 
possible pathways of the cascade of pathological reactions developing in the brain after injury from age-dependent view.
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INTRODUCTION

In a modern world the traumatic brain injury 
(TBI) becomes one of major health problems, 
with annually 500.000 cases in US alone, it pos-

es the largest threat facing the morbidity and mor-
tality of the human pediatric population [Langfitt T. 
et al., 1977]. TBI to children younger than 4 years 
of age has been shown to cause significantly more 
severe cognitive and motor deficits than in older 
children. The biologic factors that contribute to 
this vulnerability are not understood. There is 
experimental evidence that the inflammatory re-
sponse may differ in the developing brain as com-
pared to the adult [Fan P. et al., 2003], another 
possible determinant could be age-dependent dif-
ferences in posttraumatic cerebral blood circula-
tion. 

Therefore, we decided to investigate the role of 

local cerebral perfusion, activated microglia/mac-
rophages, apoptosis, free iron accumulation in de-
velopment of a cascade of biochemical reactions 
after the injury. 

MATERIAL AND METHODS

All procedures were performed within the regu-
lations of University Ethics Committees (both 
UCSF, the United States, and YSMU,  Armenia). The 
experimental animals were 57BLK/6 male mice, 
adult and immature at the postnatal day 21 (PND 
21). The choice of PND21 is proven by the fact 
that at that age progeny (weanlings) are similar 
with human toddlers by the maturity and myelina-
tion of the Central Nervous System (CNS) [Sato 
M. et al., 2001; Tong W. et al., 2002].

The model of inflicted injury was Controlled Cor-
tical Injury (CCI) [Dixon C. et al., 1991], with con-
stant parameters of the injury. Injury parameters 
in both age groups of adult and immature mice 
were the same: penetration depth: 1 mm, velocity: 
4 m/sec, diameter of the impactor was 3 mm.
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The number of animals was 180, namely: 10 mice 
in each time/temporal group (immediately af-
ter the injury, posttraumatic days 1, 3, 7, 14, and 
35) multiplied twice (2x, as adult and immature 
groups); sham controls by 10 in each age groups 
on days 1, 3, 7. All animals were on 12 hours day/
night schedule, and had ad limitum access to food 
and water, kept five in each cage. 

All surgical procedures were done under control 
of 10x magnification microscope (Zeiss, Ger-
many). During the experiment all animals were 
anesthetized by intraperitoneal injection of the 
Avertin (2,2,2-threebromethanol), 2.5% (adults) 
or 1.25% (immature animals) as 0.02 ml/g body 
weight. All animals were kept on a circulating 
warming pad. The head of the animal was fixed in 
a stereotaxic frame (Koph, Tujunga, US). Midline 
skin incision was done in saggital region. Between 
bregma and lambda of the left temporal bone scull 
trepanation (diameter: 5 mm) was carefully made 
to prevent the damage of dura mater. Then the ani-
mal was placed under the CCI device (eCCI-6.1, 
VCU Health Systems, Richmond, US), and the ex-
perimental injury was performed/inflicted. After 
blood flow measurements the skin was sutured. 
All animals recovered within 2-2.5 hrs after sur-
gery. 

The euthanasia was performed under double 
dose of the anesthetic. Then animals were fixed 
in the frame, perfused through the left ventricle of 
the heart with fresh made 50 ml 4% Paraformal-
dehyde in 0.1M phosphate buffer, pH 7.4.  After 
decapitation, the brain was carefully removed and 
fixed in 4% Paraformaldehyde solution for three 
hours, then fixed in 30% solution of the saccharine 
for 48 hrs for cryoprotection, and finally frozen in 
-70ºC freezer. Further, each brain was sectioned 
on cryostate (Cryoblade Leica, Germany) into 20 
µm sections; all sections were mounted on glass 
slides by two for further investigation and hysto-
chemical analyses. 

Neurotrauma experimental model 
Since the complex investigation of certain fac-
tors in clinical research is exacerbated by many 
reasons, including bioethical regulations, different 
severities and localizations of the primary insult, 
age and gender of patients, the main fundamen-
tal investigation was done in experimental animal 

models. Experimental models of TBI play a very 
important role in the process of evaluating and 
understanding the complex physiologic, behavio-
ral, and histopathologic changes associated with 
TBI. Every existing model of TBI has been designed 
to maximally mimic the clinical features of human 
TBI. However, since human TBI is very much a het-
erogenous disease, no single animal model of TBI 
can extrapolate the whole spectrum of findings 
observed in TBI patients Over the past decades 
the intensive experimental research employing 
these experimental models has highly contrib-
uted to our knowledge into the sequelae after 
neurotrauma [Feeney D., 1997; Golding E., 2002]. 
Brand new data lead to understanding of these 
processes, prompted the development of several 
novel diagnostic and treatment strategies [Potts M. 
et al., 2006]. The experimental murine models due 
to their obvious advantages as small size, mod-
est cost, and available extensive data became the 
species of first choice in majority of studies [Pov-
lishock J. et al., 1994], so we will focus on models 
of rodents with mechanical TBI.

Several experimental models have been estab-
lished to mimic the characteristics of focal TBI 
over a wide range of injury severity (weight drop 
closed head injury, fluid percussion brain injury, 
etc.). Diffuse injuries may include concussions, 
diffuse brain swelling, ischemic changes, and dif-
fuse axonal pathology. Diffuse brain injuries are 
thought to occur primarily from tissue distortion, 
shear, caused by inertial forces that are present at 
the moment of injury [Gennarelli T., 1994].

Experimental models that predominantly mimic 
this type of damage (e.g., models of inertial ac-
celeration and to a lesser extent impact accelera-
tion) lead to substantial diffuse injury in the ab-
sence of profound focal damage. 

Controlled Cortical Contusion/Impact Injury 
These widely used experimental techniques to 
produce TBI employ a rigid impactor to generate 
the mechanical energy to the intact dura with the 
head of the animal usually kept restrained during 
the delivery of the impact. Model started with the 
free falling of the weight to the fixed over the ex-
posed cranial trephination brain tissue, described 
as controlled cortical contusion (CCC) by D.M. 
Feeney and co-authors [Feeney D. et al., 1981]. 
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Currently, the most popular method to produce 
this type of injury utilizes pressurized air as the 
source of the mechanical energy for loading to 
the brain and is referred to as controlled cortical 
impact injury (CCI). First described in the ferret 
[Lighthall J., 1988], and later adapted for use in the 
rat [Dixon C. et al., 1991] and mouse [Smith D. et 
al., 1995], the advantageous opportunity to con-
trol deformation parameters with pneumatically 
driven devices (time, velocity and depth of impact) 
and the absence of risk for rebound injury [Light-
hall J., 1988] make the CCI model superior to de-
vices, which are driven by gravity of a free falling, 
guided weight [Feeney D. et al., 1981]. Histological 
evaluation in the early posttraumatic period fol-
lowing CCI injury has observed widespread corti-
cal damage and ablation of the gray and, to a lesser 
extent, the underlying white matter [Kochanek P. et 
al., 1995; Manvelyan H., 2006]. Vascular events after 
TBI involve hemorrhage, breakdown, or increased 
permeability of the blood brain barrier and ede-
ma, and certain changes in cerebral blood flow 
and local perfusion to the injured area. The exact 
role of each of these events after trauma is com-
plex and has yet to be fully elucidated. Cerebral 
blood flow (CBF) alterations are mostly impor-
tant and they play an influent role both in disease 
development and prognosis prediction, by existing 
certain correlation between the altered CBF and 
the outcome [Kochanek P. et al., 1995]. There are 
several clinical and experimental investigations on 
cerebral perfusion in TBI. It is well established that 
CBF significantly decreases immediately following 
TBI in clinical patients [Haberl R. et al., 1989; Jaggi 
J. et al., 1990; Golding E., 2002; Hlatky R. et al., 2003] 
and in experimental animal models [Cherian L. et 
al., 1999]. Clinical and experimental data proves 
the dependence of TBI mortality to primary or 
secondary ischemia during autopsy [Adams J et al., 
1983], and correlation between the CBF failure 
and level of clinical manifestations [Wardell K. et al., 
1993; Voulgaris S. et al., 2005].The animal studies 
also elucidated the correlation between trauma 
severity and reduction of CBF. The pathological 
pathways of CBF reductions are impairment of 
cerebral autoregulation and cerebral perfusion 
pressure, release of endogenous vasoconstric-
tors, alteration in brain tissue metabolism and 
ions transport, altered production of vasodilators 
[Armstead W., 1996; 2004; Busto R. et al., 1997; Be-
dell E. et al., 2004]. The controlled cortical impact 

model of injury that we have selected results in 
a predictable pattern of neuronal vulnerability 
in both the immature and mature murine brain 
[Sato M. et al., 2001; Tong W. et al., 2002]. In the 
present study we begin to define the cerebrovas-
cular factors that contribute to this vulnerability. 
Understanding the vascular response and the way, 
in which the inflammatory cascade becomes acti-
vated and perpetuated in the immature brain may 
allow the development of better interventions in 
a nervous system that is undergoing rapid devel-
opment and is not fully differentiated yet. 

Cerebral Blood Flow Measurements
Post-natal day 21 (PND21) and adult C57BLK/6 
mice were anesthetized with 1.25% and 2.5% 
Avertin, diluted in isotonic saline at 0.02 ml/g 
body weight, respectively. Body temperature was 
maintained with a circulating water heating pad 
throughout the surgery and recovery. Each animal 
was placed in a stereotaxic frame (Koph, Tujun-
ga, CA) for surgery. After a midline skin incision, 
the soft tissues were reflected and blood flow 
measurements from intact scull were taken. The 
probe was placed approximately 0.5 mm above 
the exposed cranium. While taking the measure-
ment, the position of the probe was fixed until the 
blood flow reached a constant value. Then a cir-
cular craniotomy, 5.0 mm in diameter, was made 
with a micro drill between bregma and lambda 
with a medial edge of the craniotomy 0.5 mm lat-
eral to the midline. Following the craniotomy, a 
second perfusion measurement was made from 
the surface of the dura mater. When taking meas-
urements from the dura mater, care was taken to 
avoid grossly visible blood vessels. 

In the injured group, the animal was then posi-
tioned in a stereotaxic frame of the injury device 
and was subjected to a CCI, oriented perpendicu-
lar to the surface of the brain. Following corti-
cal impact, the probe was returned 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 surgical 
procedures with the exception of cortical impact. 
In both groups, the scalp was then closed with 
sutures. 

Each animal was given 1.0 ml of isotonic saline 
subcutaneously after the operation to prevent de-



Manvelyan H.M.
7

The New Armenian Medical Journal | Vol. 3 No. 4 December 2009

Manvelyan H.M.

hydration. In order to keep all variables constant, 
the final measurement of CBF from the same re-
gion above the site of injury was done prior to 
euthanasia. 

Cortical Perfusion Assessment
We used a Laser Doppler device (LASERFLO 
BPM2, Vasamedics, US) to measure local per-
fusion. The Laser Doppler flowmeter (LDF) meas-
ures relative perfusion according to the principle 
of the “Doppler effect”. A transmitter/receiver 
probe emits a monochromatic laser light that is 
reflected by moving red blood cells [Stern M. et 
al., 1977; Wardell K. et al., 1993]. The power and 
frequency of the reflected light are proportional 
to the blood volume and blood velocity. The laser 
doppler probe detects blood flow within a 1 mm3 

region under the probe. Blood perfusion is calcu-
lated as product of blood volume and velocity and 
is expressed as an absolute value [Haberl R. et al., 
1989] in mlLD/min/100 g tissue. All obtained data 
were analyzed with Prism applications and evalu-
ated with t-test and ANOVA. 

Hystochemical detection of activited micro-
glia-macrophages
Biotinylated Esculentum lectin was used to visualize 
both blood vessels and activated microglia/mac-
rophages at a titer of 0.005 mg/L. Sections were 
first re-hydrated in 25 mM, pH 7.4 Tris-Buffered 
Saline (TBS) for 5 minutes. Second, sections were 
incubated in 0.003% hydrogen peroxide (H2O2) 
in 25 mM TBS for 10 minutes to quench any en-
dogenous peroxidatic activity. Sections were in-
cubated in each of the following solutions for the 
time indicated: 0.1% bovine serum albumin (BSA), 
30 minutes; 0.005 mg/L Tomato lectin, 30 minutes; 
TBS 5 times 3 minutes, Avidin-biotin-horseradish 
peroxidase complex (Vesctastain ABC Kit, 1:100 
in TBS, Vector Labs.), 30 minutes; TBS, 5 times 3 
minutes. The final reaction product was visual-
ized using 0.05% 3,3-diaminobenzidine tetrachlo-
ride as the chromogen in the presence of 0.2% 
H2O2 for 10 minutes. The immunostained sections 
were then dehydrated in graded alcohols, cleared 
in Hemo-D (Fisher Scientific Inc., Pittsburgh, PA), 
and coverslipped with Permount. 

We used immune fluorescention with Esculentum 

Lectin, which has specific affinity to oligosaccha-
ride debris on the surface of macrophage cells and 
endothelial proliferating cells (Vector Labs., USA). 
We investigated the Lectin stained dissections of 
days 1, 3 and 7 under fluorescent microscope in 
blue color specter. 

TUNEL counting of the apoptotic cells
Deoxynucleotidyl transferase-mediated dUTP 
nick end-labeling was used to assess irrevers-
ible cell damage at 24 hours, 3 and 7 days post-
surgery. The Oncogene colormetric TdT-FragEL 
DNA Fragmentation Detection Kit (product no. 
QIA33) was used in this study. Staining methodol-
ogy was executed according to their provided in-
structions.  Tissue incubated with Dnase was run 
with each batch of slides as a positive control. Fol-
lowing staining, the slides were cover-slipped with 
Permount mounting media. 

We used the TUNEL immuno hystochemical 
staining for the irreversibly damaged cell stain-
ing, using oncogenic colorimetric TdT-FragEL kit 
for detection of damaged DNA chains (Calbio-
chem® DNA Fragmentation Detection Kits, San 
Diego, US). Biotinited nuclotides are detected 
with the complex of horse-radish peroxidase and 
streptavidine, the final product is reacting with the 
diaminebenzidine for coloring the cells. We per-
formed TUNEL stainings on days 1, 3 and 7. 

Iron detection
For detection of free iron in the brain we stained 
the brain coronary dissections by Perl`s method, 
and further analysis was done counting color den-
sity on days 7, 14 and 35 post trauma. 

Cell count and Statistical analysis
The cell counting was done in 10 consequal 
stained brain tissues, each brain was divided on 
regions of interest, each stained cell was counted 
by the program NeuroLucida (MicroBrightField 
Inc., US). Statistical analysis was done with the 
GraphPad Prizm (GraphPad Software, US), analyz-
ing ANOVA with variants (Student-test, Tukey-test, 
Newman-Keuls-test) and P-values. 
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RESULTS

The performed 35-day long monitoring of corti-
cal local perfusion gives following data. Cortical 
perfusion in intact brain is similar in both mature 
and immature CNS. The mean absolute values of 
the perfusion in the intact cortex are 25 +/- 8 
mlLD/min/100 g tissue (in adults) and 25 +/- 5 
mlLD/min/100 g tissue (in immature) (t-test: P<0.05, 
the difference is not significant). The consequent 
measurements show the sufficient drop of per-
fusion immediately after the injury in both groups 
of animals, falls down about 31% in adults and 33% 
in immature (t-test: P<0.05, the difference between 
two groups is not significant). During the follow-
ing posttraumatic days one and three local corti-
cal perfusion in both groups had tendency toward 
the restoration of flow in pre-injury level, as it was 
measured from the intact brain. 

Most significant changes in perfusion were record-
ed in both groups on day seven, when perfusion 
reaches highest values during all investigation time 
points, 43% in adults and 56% in immature com-
paring the pre-injury level. Further, on days 14 and 
28 there was recorded the restoration of the per-
fusion in both groups (Table and Figure 1).

Brain slices stained for vascular proliferation with 
Esculentum Lectin were examined next. Enormous-
ly large dilated blood vessels appear at the 7 days 
post injury in both groups coinciding with the 
maximal perfusion registered by doppler moni-
toring, moreover on the same day activated mi-
croglia/macrophages were most prominent within 

the ipsi-lateral cortex and hippocampus of both 
age groups (Figures 2 and 3).

There are some cases not included in this report 
on dependence of the flow level and prognosis. 
When tissue perfusion was less then 10-12 mlLD/
min/100 g tissue right after injury it indicates se-
vere cortical ischemia, leading to death of animal.

The fact of acute decreasing of the blood flow 
immediately after injury still demands further un-
derstanding. Recent papers show the connection 
between the CBF decrease and NO level reduc-
tion after moderate TBI, increase of the cytokines 
expression [Al-Turki A., Armstead W., 1998; Ahn M. et 
al., 2004]. 

Moderate, parasagittal experimental TBI caused 
a significant decrease in absolute blood flow as 
measured by LDF when compared with the re-
spective baseline control group. Changes were 
observed within minutes of TBI and were not sig-
nificantly different at 30 and 60 min [Brownlee R., 
Langille B., 1991; Cherian L. et al., 1999; Bedell E. et 
al., 2004]. Trauma impairs the ability of the brain 
to regulate CBF, the cerebrovascular response af-
ter TBI may be inadequate. Destruction of cortical 
regions could effectively produce deafferentation 
in subcortical 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 after 
cortical injury, reduced flow in some of these re-
gions would follow the reduced metabolic rate 
[Bryan R. et al., 1995; Golding E. et al., 1998; 1999; 

Table
Cortical Perfusion Velocity Changes in Adult and Immature

Group Parameters Injury Day 1 Day 3 Day 7 Day 14 Day 35

Adults

Perfusion % -30.63% -15.39% -5.66% 43.27% 26.87% 29.47%

M 25.93 28.06 21.18 19.83 25.91 51.1

P-value P> 0.05 P> 0.05 P> 0.05 P> 0.05 P> 0.05 P> 0.05

PND21

Perfusion % -33.29% 15.92% 8.658% 55.62% 2.871% 24.79%

M 13.94 14.48 16.09 16.76 10.29 30.67

P-value P> 0.05 P> 0.05 P> 0.05 P> 0.05 P> 0.05 P> 0.05
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Engelborghs K. et al., 2000; Golding E., 2002; Fan P. et 
al., 2003; Ahn M. et al., 2004].
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Figure 1. Schematics of local ipsi-lateral cortical per-
fusion changes in different time points during 35-day pe-
riod, measured by laser doppler device. X-axis – timing, 
Y-axis – perfusion, expressed in mlLD/min/100 g tissue. The 
patterns of perfusion changes are similar in both groups, 
adult and immature (PND 21): after the expressed drop 
immediately after injury it has trends toward restoration in 
next post injury days 1 and 3, then has prominent increase 
at post injury day 7 and restoration toward pre injury levels 
in the rest time of monitoring.The p values for every time 
point in both groups are > 0.05; treatment between groups 
is not statistically different.

 

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 immediately af-
ter severe TBI onset could be explained by the 
changes of metabolic histochemical composition 
of the brain and caliber of the vessels, but the 
symmetric changes in CBF in immature and ma-
ture brain on day 7 demands further investigation 
and understanding. 

Figure 2. Ipsilateral cortex of immature animal at post 
injury day 7; stained with Esculentum Lectin for both ac-
tivated microglia/macrophages and vascular proliferation. 
Magnification 100x. 

Figure 3. Ipsilateral cortex of adult animal at post injury 
day 7; stained with Esculentum Lectin for both activated 
microglia/macrophages and vascular proliferation. Magni-
fication 100x. 

Lectin-stained activated microglia/macro phages 
could be one of most important producers of 
non-constitutional iNOS activity and nitric oxide 
[Koshinaga M. et al., 2000], the most potent vasodi-
lator. Similar changes in macrophage activity and 
enlarged vessel diameters coincide with the maxi-
mal perfusion on day 7 in both groups of adults 
and immature.

Blood flow to the brain is fundamentally control-
led by changes in diameter of resistance blood 
vessels. In normal condition the cerebral circula-
tion has the ability to maintain a stable CBF over a 
wide range of cerebral perfusion pressures (CPP); 
this phenomenon is designated as cerebral au-
toregulation and mainly represents the capacity of 
the brain’s resistance vessels to dilate in response 
to a decrease in CPP or to constrict in response 
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to an increase in CPP. The caliber changes of the 
autoregulatory vessels are mediated by myogenic, 
metabolic, or neurogenic mechanisms [Brownlee R., 
Langille B., 1991; Bryan R. et al., 1995; Busto R. et al., 
1997]. The smaller arterioles dilate proportion-
ately more than larger arterioles at a mean arte-
rial blood pressure below physiological levels [Ellis 
E. et al., 1979; Engelborghs K. et al., 2000]. However, 
larger arterioles tend to be more responsive than 
smaller arterioles at normal and increased levels 
of arterial pressure [Engelborghs K. et al., 2000].

Cerebral microcirculation depends on very deli-
cate interaction of vasoconstrictors and vasodi-
lators, and TBI is roughly interacting with that 
system, leading to release of cerebral vasoconstric-
tors [DeWitt D. et al. 1992; 2001] and decreases 
the production or affect the activity of vasodila-
tors [Dimmeler S. et al., 1997; Ellis E. et al., 1979; 
Engelborghs K. et al., 2000; Didion S., Faraci F., 2001]. 
The other findings associated with CBF reduction 
at early time points after TBI is the increased cy-
tokine expression and production, however the 
role of their activity changes is not clear yet [Ahn 
M. et al., 2004]. Destruction of cortical regions 
could effectively produce deafferentation in sub-
cortical and cortical target regions resulting in a 
reduced energy requirement and metabolic rates. 

The blood vessel can participate in the regula-
tion of blood flow by changing its own structure, 
a process known as vascular remodeling [Langfitt 
T. et al., 1977; Langille B. et al., 1989; Brownlee R., 
Langille B., 1991]. It is characterized by changes in 
vessel wall thickness and organization, which al-
lows the vasculature to cope with physiological or 
pathological conditions. The processes involved in 
vascular remodeling include cellular hypertrophy 
and hyperplasia, as well as enhanced protein syn-
thesis [Golding E. et al., 1999; Golding E., 2002].

So, the reduction of regional CBF immediately af-
ter severe TBI onset could be explained by the 
changing histochemistry of the brain and caliber 
of the vessels, but the symmetric changes in CBF 
in immature and mature brain on day 7 demand 
further investigation and understanding. Most 
probable reasons of it could be reverse effect of 
changed levels of vasoactive agents due to impair-
ment of cerebral autoregulation, or expressed 
production of vasoconstrictors. Clinical studies 
show the presence of vasospasm on days 7-9 [Val-

adka A., Robertson C.. 2003; Voulgaris S. et al., 2005] 
and it shows increased blood flow in main arter-
ies of the brain, Willis circle, whenever the micro-
circulation in cerebral cortex could be different 
and altered due to local conditions.

Together, our findings demonstrate an age-de-
pendent temporal pattern of local perfusion after 
traumatic brain injury and suggest that activated 
microglia/macrophages may be determinants of 
both the early injury response and wound healing 
events including revascularization of the injured 
cortex. Similar types of changes both in perfusion 
and vascular remodeling give new insights in un-
veiling of the participation of cortical perfusion in 
secondary injury of TBI. 

Being an influent factor in outcomes of TBI, corti-
cal perfusion is not the determinant of increased 
vulnerability of immature to neurotrauma.

The Peculiarities of the Apoptosis in Experi-
mental Neurotrauma
Mechanical damage to the brain tissue, beside 
necrosis of the underlying cells, leads to activation 
of the apoptosis internal mechanism and further 
death of neuronal cells not only in the ipsilateral 
cortex, but also on distance, as hippocampus. The 
apoptosis aiming safely elimination of irreversibly 
damaged cells and further limitation of spreading 
of the damage over surrounding tissues, our digi-
talized cell counting of the total number of apop-
totic cells in neurotrauma, revealed that the initial 
signs used to appear as soon as in two hours after 
trauma onset, reaching the top levels on day 1-2, 
and some cells appear to be apoptotic even for a 
period of two weeks later upon onset.

The typical appearance of the apoptotic cells is 
presented in Figure 4. The phenotype of the cell 
could be determined in initial period of the proc-
ess development, while at later period due to cy-
toskeleton demolishment, piknosis and shrinkage 
of the cell bodies it becomes impossible. 

We counted and then performed quantitative 
analysis of TUNEL-positive cells number in ipsi-
lateral cortex and hippocampus, as it presented in 
Figure 5. We found that number of apoptotic cells 
in immature remain high during a week period 
(controlled with shams), as in adults it is different 
only immediately on the first post-trauma day. 
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The microscopy of TUNEL-positive cell distribu-
tion in the mature and immature brain is present-
ed in Figure 6.

It demands further analysis and understanding. 
One of the factors could be particular peculiari-
ties of the immature nervous system, as incom-
plete myelination. The myelin sheath is responsible 
not only for rapid transfer of the impulses, but 
also the protection of the cell from external dam-
age, including the mechanical one. On the other 
hand, we must appreciate the role of the oxida-
tive damage to immature. The mature tissue has 

developed proper mechanisms to scavenge the 
free radicals and detoxify debris of the potentially 
oxidative factors. The injury leads to liberation of 
the free radicals and superoxidants, donors of free 
oxygen species, and free metal ions, catalyzing the 
formation of oxidation. Altogether, they can lead 
to the irreversible damage of the cell. Compared 
to mature, PND21 brain has lesser possibilities to 
detoxify the oxidative damage. 

And finally, there could be connection with the 
higher permeability of the blood-brain barrier in 
immature after the injury. Besides increased vul-

Figure 4. Microscopy of  TUNEL positive cell distribution in ipsilateral hemisphere. A – outlined and highlited in yellow 
(b)-hippocampus, in blue (c) - cortex, magnification 4x. B – hippocampus, C – cortex. B, C – magnification 60x.
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Figure 5. Microscopy of the TUNEL-positive cells in mature (A, B, C, D) and immature brain (E, F, G, H). The left panel (A 
C,E,G) – magnification 4x; right panel (B, D, F, H) – magnification – 60x. A, B, E, F represent the post-trauma day 1; C, D, 
G, H – day 3 after injury.
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nerability to the injury itself, the immature brain 
could develop different cytokine production, T-
cell infiltration and modulate another immune re-
sponse, compared to mature. 

Adult mice are more resistant to inflammation, 
as evidenced by less leukocyte recruitment in 
response to cytokines than 1-3 weeks old mice 
[Biagas K. et al., 1996; Anthony D. et al., 1998]. This 
has led to the hypothesis that there is a “window 
of susceptibility” where the developing brain is 
less refractory to inflammatory stimuli than in the 
adult brain [Lawson L., Perry V., 1995; Ditelberg J. et 
al., 1996; Campbell S. et al., 2003]. The biologic ba-
sis for this age-related “window of susceptibility” 
is not clear. There is recent evidence for age-relat-
ed differences in chemokine responses.

The number of TUNEL+ cells in the injured imma-
ture brain remained elevated until 7 days post in-
jury. Activated microglia/macrophages were most 
prominent within the ipsilateral cortex, their fo-
cal accumulation in the injured cortex coincided 
with the appearance of large dilated blood vessels 
and a transient significant increase in CBF at post-
injury day 7. 

So, we can suggest that prolongation of the apop-
tosis of neuronal cells in immature PND21 could 
be one of determinants of increased vulnerability 
in indefinite brain. 

Free Iron as Superoxidant Catalyzer
Intracerebral hemorrhages play special role in 
clinical features and prognosis of the Traumatic 
Brain Injury. Many blood products release as a re-
sult of subarachnoidal bleeding, brain tissue con-
tusions and intracerebral hematoms [Marshall L. 
et al., 1998]. 

Degradation products of heme, and in particular 
free iron, are likely sources of oxidative stress in 
the traumatized brain. Iron reacts with hydrogen 
peroxide to form hydroxyl radicals and with lip-
ids to generate alkoxy and peroxy radicals. As dis-
cussed in the previous section, the immature brain 
may be especially vulnerable to the adverse effects 
of oxidative stress, making iron a potential target 
for therapy after trauma to the immature brain. 

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Day 1 Day 3 Day 7 Sham

TUNEL Adults

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Day 1 Day 3 Day 7 Sham

TUNEL PND 21

Figure 6. Statistical presentation of the TUNEL-positive 
cell count in mature (adults) and immature (PND21) 
brain: the veriable difference is marked with the asteriscs
(* p<0.001, ** p<0.005). Y-axis – cells/mm2.

Iron regulation during normal development:  
Iron and its regulatory proteins play a critical 
role in development and are likely important in 
defining the selective vulnerability of the devel-
oping brain to traumatic injury. Iron is necessary 
for growth and cellular differentiation due to its 
role as a constituent of molecules generating mi-
tochondrial energy, such as cytochrome C [Connor 
J. et al., 2001]. Iron regulation is partly governed 
by transferrin, a transport protein, and ferritin, a 
storage protein [Connor J. et al., 2001]. These two 
molecules bind free iron and are thus important in 
limiting the cytotoxic effects of iron. The concen-
trations of transferrin and ferritin change through-
out early development before reaching adult levels. 
Such age-dependent variation may be a determi-
nant of cellular vulnerability to iron accumulation 
[Roskams A., Connor J., 1994]. Free iron is found in 
the plasma of normal term and preterm neonates, 
indicating that the binding capacity of transferrin 
is saturated in the immature brain [Gutteridge J., 
1992; Gutteridge J. et al., 1996]. This coincides with 
a low concentration of transferrin in the cerebro-
spinal fluid of these children [Gutteridge J., 1992].
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Iron accumulation after injury to the develop-
ing brain:  Iron accumulates in the developing brain 
after TBI [Chang E. et al., 2005]. However, it is un-
clear how such accumulation may modulate patho-
genesis. Findings in models of hypoxia/ischemia may 
offer important insight into the heightened vulner-
ability of the immature brain to traumatic injury. 
The magnitude of iron accumulation is likely age 
dependent. Iron rapidly accumulates in the imma-
ture brain after hypoxia/ischemia [Palmer C. et al., 
1999] in contrast to a more delayed accumulation 
in the adult brain [Kondo Y. et al., 1995].

Damaging effects of iron:  Exposure of the 
neonatal brain to abnormally high levels of iron 
leads to cognitive and motor deficits manifested 
in adulthood [Fredriksson A. et al., 1999]. There 
are a number of studies that have addressed how 
iron may influence brain development. On a cel-
lular level, iron relocalizes from microglia to oli-
godendrocytes during normal maturation [Connor 
J., Menzies S., 1996]. Furthermore, after hypoxia/
ischemia, the localization of iron reverts to micro-
glia. The sequestration of iron by microglia may 
therefore limit its availability to oligodendrocytes, 
resulting in impaired myelination.This change in 
iron localization is possibly due to the fact that fer-
ritin expression is delayed in oligodendrocytes in 
the injured immature brain [Connor J. et al., 1995].

We studied free iron accumulation in the brain 
parenchyma during the 35-day period after injury. 
At several time points we measured the optical 
density of the iron deposition in the brain of both 
age groups. 

The typical distribution of the iron accumulation 
in the brain is presented as Figure 7. 

Figure 7. Typical accumulation of the free iron deposi-
tion within the injured ipsilateral hemisphere of the brain. 
(Perl`s staining, magnification 4x).

Most intensive accumulation of the iron was de-
tected in the external capsule, reaching the corpus 
callosum, and on the borderline between cortical 
mantle and hippocampus. The iron was detected 
both intra- and extracellular.  The measurements 
of the optical density of iron debris in the brain 
detected more intensive and prolonged period of 
iron accumulation in the immature (Figure 8). The 
immature brain has higher level of iron accumula-
tion and more prolonged period is exposed to 
potentially damaging factor of the free iron, com-
pared to adults. Free iron catalyzes the formation 
of peroxynitrite, the hydroxyl radical. Compared 
to other factors of the secondary inflammation 
in neurotrauma, we can notice free iron relatively 
later start, but more prolonged time of exposure. 
Immature brain because of the physiological defi-
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Figure 8. Statistical presentation of the measurements of the optical density of the free iron accumulation in the brain 
parenchyma in immature (PND21) and mature (Adults) (*-p<0.001, **-p<0.05).
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cit of the iron-binding proteins and weak capac-
ity of antioxidant system is more vulnerable to 
post-traumatic accumulations of the free iron in 
the brain.

CONCLUSIONS

Despite the level of maturity, the brain injury leads 
to expressive decrease of the local perfusion of 
the brain immediately after trauma and further 
increase during the week in both immature and 
matures. The microglia/macrophages react also, 
reaching to the top activity and robust infiltration 
of the brain parenchyma within the first week af-
ter injury.

The apoptosis in PND21 has more prolonged 
temporal patterns and could be considered as 
one of the factors of the increased vulnerability 
of the immature.

Iron releases as a result of bleedings after trau-
matic brain injury, liberating to free forms and ac-
cumulating in the brain parenchyma during a long 
period of time, and catalyzes the formation of per-
oxynitrite hydroxyl radicals. 

Immature nervous system due to lesser myelina-
tion, lesser abilities to detoxify and scavenge free 
radicals, incomplete immune response and physi-
ological deficit of the iron transporting proteins, 
is more vulnerable to the traumatic brain injury, 
than mature (in adults). 

1. Adams J.H., Graham D.I., Gennarelli T.A. Head Injury in 
man and experimental animals: neuropathology. Acta 
Neurochir. Supl. 1983; 32: S15-S30.

2. Ahn M.J., Sherwood E.R., Prough D.S., Lin C.Y., DeWitt D.S. 
The effects of traumatic brain injury on cerebral blood 
flow and brain tissue nitric oxide levels and cytokine 
expression. J Neurotrauma, 2004; 21(10): 1431-1442.

3. Al-Turki A., Armstead W.M. Altered release of prostaglan-
dins by opioids contributes to impaired cerebral hemo-
dynamics following brain injury. Crit. Care Med. 1998; 
26(5): 917-925.

4. Anthony D., Dempster R., et al. CXC chemokines gener-
ate age-related increases in neutrophil-mediated brain 
inflammation and blood-brain barrier breakdown. Curr 
Biol. 1998; 8(16): 923-926.

5. Armstead W.M.. Endothelins and the role of endothelin 
antagonists in the management of posttraumatic vaso-
spasm. Curr. Pharm. Des. 2004; 10(18): 2185-2192. 

6. Armstead W.M. Role of endothelin in pial artery vaso-
constriction and altered responses to vasopressin fol-
lowing brain injury. J. Neurosurg. 1996; 85: 901–907. 

7. Bedell E.A., DeWitt D.S., Uchida T., Prough D.S. Cerebral 
pressure autoregulation is intact and is not influenced 
by hypothermia after traumatic brain injury in rats. J. 
Neurotrauma. 2004; 21(9): 1212-1222.

8. Biagas K.V., Grundl P.D., et al. Posttraumatic hyperemia 
in immature, mature, and aged rats: autoradiographic 
determination of cerebral blood flow. J Neurotrau-
ma.1996; 13(4): 189-200.

9. Brownlee R.D., Langille B.L. Arterial adaptations to altered 
blood flow. Can. J. Physiol. Pharmacol. 1991; 69(7): 978-
983.

10. Bryan R.M., Jr, Cherian L., Robertson C. Regional cerebral 
blood flow after controlled cortical impact injury in 
rats. Anesth. Analg. 1995; 80(4): 687-695.

11. Busto R., Dietrich W.D., Blobus M.Y., Alonso M., Ginsberg 
W.D. Extracellular release of serotonin following fluid-
percussion brain injury in rats. J. Neurotrauma. 1997; 
14: 35–42. 

12. Campbell S.J., Hughes P.M. et al. CINC-1 is an acute-
phase protein induced by focal brain injury causing leu-
kocyte mobilization and liver injury. Faseb J. 2003; 17(9): 
1168-1170. 

13. Chang E.F., Claus C.P., Vreman H.J., Wong R.J, Noble-Hae-
usslein L.J. Heme regulation in traumatic brain injury: 
relevance to the adult and developing brain. J. Cereb, 
Blood Flow Metab. 2005; 25: 1401-1417.

14. Cherian L., Chacko G., Goodman J.C., et al. Cerebral he-
modynamic effects of phenylephrine and L-arginine 
after cortical impact injury. Crit. Care Med. 1999; 27: 
2512–2517. 

15. Connor J.R., Menzies S.L., Burdo J.R., Boyer P.J. Iron and iron 
management proteins in neurobiology. Pediatr. Neurol. 
2001; 25:118-129.

16. Connor J.R., Menzies S.L. Relationship of iron to oligo-
dendrocytes and myelination. Glia. 1996; 17: 83-93. 

17. Connor J.R., Pavlick G., Karli D., Menzies S.L., Palmer C. A 
histochemical study of iron-positive cells in the devel-
oping rat brain. J. Comp. Neurol. 1995; 355: 111-123. 

18. DeWitt D.S., Prough D.S., Taylor C.L., Whitely J.M., Deal D.D., 
Vines S.M. Regional cerebrovascular responses to pro-
gressive hypotension after traumatic brain injury in cats. 
Am. J. Physiol. 1992; 263: H1276–H1284. 

19. DeWitt D.S., Mathew B.P., Chaisson J.M., Prough D.S. Per-

REFERENCES



16

The New Armenian Medical Journal | Vol. 3 No. 4 December 2009

Manvelyan H.M. Manvelyan H.M.

oxynitrite reduces vasodilatory responses to reduced 
intravascular pressure, calcitonin gene-related peptide, 
and cromakalim in isolated middle cerebral arteries. J. 
Cere. Blood Flow Metab. 2001; 21(3): 253-261.

20. Didion S.P., Faraci F.M. Effects of NADH on cerebral 
blood vessels. FASEB J. 2001; 15: A127.

21.  Dimmeler S., Haendeler J., Nehls M. et al. Suppression of 
apoptosis by nitric oxide via inhibition of interleukin-
1b-converting enzyme (ICE)-like and cysteine protease 
protein (CPP)-32-like proteases. J. Exp. Med. 1997; 185: 
601–607.

22. Ditelberg J.S., Sheldon R.A., Epstein C.J., Ferriero D.M. Brain 
injury after perinatal hypoxia-ischemia is exacerbated 
in copper/zinc superoxide dismutase transgenic mice. 
Pediatr. Res. 1996; 39(2): 204-208. 

23. Dixon C.E., Clifton G.L., Lighthall J.W., Yaghmai A.A., Hayes 
R.L. A controlled cortical impact model of traumatic 
brain injury in the rat. J. Neurosci. Methods. 1991; 39(3): 
253-262.

24. Ellis E.F., Wei E.F., Kontos K.A. Vasodilation of cat cerebral 
arterioles by prostaglandins D2, E2, G2, and I2. Am J. 
Physiol. 1979; 237: H381–385.

25. Engelborghs K., Haseldonckx M., Van Reempts J., Van Ros-
sem K., Wouters L., Borgers M., Verlooy J. Impaired auto-
regulation of cerebral blood flow in an experimental 
model of traumatic brain injury. J. Neurotrauma. 2000; 
17(8): 667-677.

26. Fan P., Yamauchi T., Noble L.J., Ferriero D.M. Age-dependent 
differences in glutathione peroxidase activity after trau-
matic brain injury. J. Neurotrauma. 2003; 20(5): 437-445.

27. Feeney D.M., Boyeson M.G., Linn R.T., Murray H.M., Dail 
W.G. Responses to cortical injury: I. Methodology and 
local effects of contusions in the rat. Brain Res. 1981; 
211(1): 67-77.

28. Feeney D.M. From laboratory to clinic: noradrenergic 
enhancement of physical therapy for stroke or trauma 
patients. Adv. Neurol. 1997; 73: 383-394.

29. Fredriksson A., Schroder N., Eriksson P. Izquierdo I., Archer T. 
Neonatal iron exposure induces neurobehavioural dys-
functions in adult mice. Toxicol. Appl. Pharmacol. 1999; 
159: 25-30. 

30. Gennarelli T.A.. Animate models of human head injury. J. 
Neurotrauma. 1994; 11: 357–368.

31. Golding E.M., Robertson C.S., Bryan R.M., Jr. The conse-
quences of traumatic brain injury on cerebral blood 
flow and autoregulation: a review. Clin. Exp. Hypertens. 
1999; 21: 299–332., 

32. Golding E.M., Robertson C.S., Bryan R.M. Comparison of 
the myogenic response in rat cerebral arteries of differ-
ent calibers. Brain Res. 1998; 785: 293–298.

33. Golding E.M. Sequelae following traumatic brain injury. 

The cerebrovascular perspective. Brain Res. Rev. 2002; 
38(3): 377-388.

34. Gutteridge J.M., Mumby S., Koizumi M., Taniguchi N. “Free” 
iron in neonatal plasma activates aconitase: evidence 
for biologically reactive iron. Biochem. Biophys. Res. 
Commun. 1996; 229: 806-809. 

35. Gutteridge J.M. Ferrous ions detected in cerebrospinal 
fluid by using bleomycin and DNA damage. Clin. Sci. 
(Lond.) 1992; 82: 315-320.

36. Haberl R.L., Heizer M.L., Marmarou A., Ellis E.F. Laser-
Doppler assessment of brain microcirculation: effect of 
systemic alterations. Am. J. Physiol. 1989, 256(4; Pt 2): 
H1247-1254. 

37. Hlatky R., Valadka A.B., Robertson C.S. Intracranial hyper-
tension and cerebral ischemia after severe traumatic 
brain injury. Neurosurg. Focus. 2003; 14(4): e2.

38. Jaggi J.L., Obrist W.D., Gennarelli T.A., Langfitt T.W. Relation-Relation-
ship of early cerebral blood flow and metabolism to 
outcome in acute head injury. J. Neurosurg. 1990; 72(2): 
176-182.

39. Kochanek P.M., Marion D.W., Zhang W. et al. Severe con-Severe con-
trolled cortical impact in rats: assessment of cerebral 
edema, blood flow, and contusion volume. J. Neurotrau-
ma. 1995; 12: 1015–1025. 

40. Kondo Y., Ogawa N., Asanuma M., Ota Z., Mori A. Regional 
differences in late-onset iron deposition, ferritin, trans-
ferrin, astrocyte proliferation, and microglial activation 
after transient forebrain ischemia in rat brain. J. Cereb. 
Blood Flow Metab. 1995; 15: 216-226. 

41. Koshinaga M., Katayama Y., Fukushima M., Oshima H., 
Takahata T. Rapid and widespread microglial activation 
induced by traumatic brain injury in rat brain slices. J. 
Neurotrauma. 2000; 17: 185–192.

42. Langfitt T.W., Obrist W.D., Gennarelli T.A. et al. Correlation 
of cerebral blood flow with outcome in head injured 
patients. Ann. Surg. 1977; 186: 411–414. 

43. Langille B.L., Bendeck M.P., Keeley F.W. Adaptations of ca-
rotid arteries of young and mature rabbits to reduced 
carotid blood flow. Am. J. Physiol. 1989; 256(4; Pt 2): 
H931-939.

44. Lawson L.J., Perry V.H. The unique characteristics of in-
flammatory responses in mouse brain are acquired dur-
ing postnatal development. Eur. J. Neurosci. 1995; 7(7): 
1584-1595.

45. Lighthall J.W. Controlled cortical impact: a new experi-
mental brain injury model. J. Neurotrauma. 1988; 5:1–15.

46. Manvelyan H.M. Contemporary experimental models of 
traumatic brain injury. Georgian Medical News, 2006; 
No. 11(140): 13-16.

47. Marshall L.F., Maas A.I., Marshall S.B., Bricolo A., Fearnside 
M., Iannotti F. A multicenter trial on the efficacy of using 



Manvelyan H.M.
17

The New Armenian Medical Journal | Vol. 3 No. 4 December 2009

Manvelyan H.M.

tirilazad mesylate in cases of head injury. J. Neurosurg. 
1998; 89: 519-525.

48. Palmer C., Menzies S.L., Roberts R.L., Pavlick G., Connor J.R. 
Changes in iron histochemistry after hypoxic-ischemic 
brain injury in the neonatal rat. J. Neurosci. Res. 1999; 
56: 60-71. 

49. Potts M.B., Koh S.E., Whetstone W.D., Walker B.A., Yoneya-
ma T., Claus C.P., Manvelyan H.M., Noble-Haeusslein L.J. 
Traumatic injury to the immature brain: inflammation, 
oxidative injury, and iron-mediated damage as potential 
therapeutic targets. NeuroRx. 2006; (2): 143-153.

50. Povlishock J.T., Hayes R.L., Michel M.E. et al. Workshop on 
animal models of traumatic brain injury. J. Neurotrauma. 
1994; 11: 723–732.

51. Roskams A.J., Connor J.R. Iron, transferrin, and ferritin in 
the rat brain during development and aging. J. Neuro-
chem. 1994; 63: 709-716. 

52. Sato M., Chang E., Igarashi T., Noble L.J. Neuronal injury 
and loss after traumatic brain injury: time course and 
regional variability. Brain Res. 2001; 917(1): 45-54.

53. Smith D.H., Soares H.D., Pierce J.S., et al. A model of para-A model of para-

sagittal controlled cortical impact in the mouse: cogni-
tive and histopathologic effects. J. Neurotrauma. 1995; 
12: 169–178.

54. Stern M.D., Lappe D.L., Bowen P.D., Chimosky J.E., Holloway 
G.A., Jr, Keiser H.R., Bowman R.L. Continuous measure-
ment of tissue blood flow by laser Doppler spectro- 
scopy. Am.J. Physiol. 1977; 232: H441-H448. 

55. Tong W., Igarashi T., Ferriero D.M., Noble L.J.Traumatic 
brain injury in the immature mouse brain: characteriza-
tion of regional vulnerability. Exp. Neurol. 2002; 176(1): 
105-116.

56. Valadka A.B., Robertson C.S. Intracranial hypertension 
and cerebral ischemia after severe traumatic brain in-
jury. Neurosurg Focus. 2003;14(4): e2. 

57. Voulgaris S.G., Partheni M., Kaliora H., Haftouras N., Pes-
sach I.S., Polyzoidis K.S. Early cerebral monitoring using 
the transcranial Doppler pulsatility index in patients 
with severe brain trauma. Med. Sci. Monit. 2005; 11(2): 
CR49-52.

58. Wardell K., Jakobsson A., Nilsson G.E. Laser Doppler per-
fusion imaging by dynamic light scattering. IEEE Trans. 
Biomed. Eng. 1993; 40: 309-316.




