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Neonatal stroke is similar to the stroke that occurs in adults and produces a significant morbidity
and long-term neurologic and cognitive deficits. There are important differences in the factors,
clinical events and outcomes associated with the stroke in infants and adults. However,
mechanisms underlying age differences in the stroke development remain largely unknown.
Therefore, treatment guidelines for neonatal stroke must extrapolate from the adult data that is
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often not suitable for children. The new information about differences between neonatal and
adult stroke is essential for identification of significant areas for future treatment and effective
prevention of neonatal stroke. Here, we studied the development of stress-induced hemorrhagic
stroke and possible mechanisms underlying these processes in newborn and adult rats. Using
histological methods and magnetic resonance imaging, we found age differences in the type of
intracranial hemorrhages. Newborn rats demonstrated small superficial bleedings in the cortex
while adult rats had more severe deep bleedings in the cerebellum. Using Doppler optical coherent
tomography, we found higher stress-reactivity of the sagittal sinus to deleterious effects of stress
in newborn vs. adult rats suggesting that the cerebral veins are more vulnerable to negative stress
factors in neonatal vs. adult brain in rats. However, adult but not newborn rats demonstrated the
stroke-induced breakdown of blood brain barrier (BBB) permeability. The one of possible
mechanisms underlying the higher resistance to stress-related stroke injures of cerebral vessels in
newborn rats compared with adult animals is the greater expression of two main tight junction

proteins of BBB (occludin and claudin-5) in neonatal vs. mature brain in rats.

Keywords: Stroke; age differences; cerebral blood flow; brain blood barrier.

1. Introduction

The incidence of stroke in neonates is similar to that
in the elderly.! However, there are important dif-
ferences in the factors associated with stroke in
children when compared with adults.”® These dif-
ferences likely play a role in the different outcomes,
which tend to worsen with age. There are two types
of strokes — hemorrhagic and ischemic. The hem-
orrhagic stroke accounts for between 39% to 54% of
all neonatal strokes, that indicates that intracere-
bral and subarachnoid hemorrhage are important
causes of childhood stroke.*” In contrast to neo-
nates, hemorrhagic stroke in adults accounts for
6.5% to 13% of all strokes,® 'V while ischemic stroke
accounts for almost 80% of the total cases of adult
stroke.!! Thus, primary hemorrhage is an important
component of neonatal but not adult stroke and is a
greater source of mortality and morbidity in neo-
nates than in adults.

The mechanism underlying age differences in
the stroke is poorly understood but emerging evi-
dence suggests that cerebral vascular abnormalities
such as breakdown of the blood-brain barrier
(BBB) and disturbances of the cerebral blood flow
(CBF) are an important contributing factors.'? 1
The BBB’s functions and gene expression of BBB
endothelial proteins undergo significant changes in
normal brain from embryonic development to
adulthood.'”™” The CBF quantification is different
in age groups both normal state and in patients
with stroke.'? However, the studies of physiological
processes responsible for age-related differences in
the structure and functions of the BBB as well as in

the CBF are extremely limited; our knowledge on
the role of these processes in mechanisms of stroke
comes from a number of experimental and clinical
works on adults. Therefore, treatment guidelines for
neonatal stroke must extrapolate from the adult
data but the application of adult data in children is
highly questionable.*'*?" For better understanding
of mechanisms underlying age differences in the
stroke development, here we have studied the
stroke-related changes in the BBB permeability and
the CBF in newborn and adult rats using histolog-
ical assay and magnetic resonance imaging of brain
tissues, Doppler coherent tomography for monitor-
ing of CBF, color and adrenaline tests for analysis of
the BBB penetration, wester blotting and immu-
nochemistry for the study of expression of tight
junction proteins of BBB.

2. Methods and Materials
2.1. Subjects

Experiments were carried out in newborn mongrel
rats 2-3 days old and adult rats weighing 250-280 g.
Animals were divided into two groups: (1) the
control group including intact, unstressed newborn
rats (n = 11) and adult rats (n = 10), (2) the post-
stroke group (24h after stress-off) including new-
born rats (n =17) and adult rats (n =15) with
intracranial hemorrhages.

All procedures were performed in accordance
with the “Guide for the Care and Use of Labora-
tory Animals.”.?! The experimental protocols were
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approved by the Committee for the Care and
Use of Laboratory Animals at Saratov State Uni-
versity (Saratov, Russia). The rats were housed at
25 +2°C, 55% humidity, 12:12h light/dark cycle,
food and water ad libitum.

To induce hemorrhagic stroke, newborn and
adult rats underwent severe sound stress (17 Hz,
120dB) during 2h. The details of performance of
experiment modeling of hemorrhagic stroke is de-
scribed here.??72° This procedure was performed in
the Plexiglas chamber (the volume is 2000sm®)
absorbing and amplifying of deleterious effects of
sound on the rats.

2.2. CBF measuring

The measurement of cerebral circulation was per-
formed through the fontanel in anesthetized new-
born rats (isoflurane — an inhalational anesthetic)
with fixed head and scalp incision (the dura mater
was left intact). Anesthetic depth was assessed by
periodically monitoring the rear foot reflex.

In adult rats, the epicranium was exposed by a
parieto-occipital midline skin incision. With the use
of microsurgical technique, the periosteum was
pushed back and biparietal parasagittal groove-
shaped trephinations (1.5 x 4mm) was performed
with a microdrill (Mikroton, Aesculap) during
continuous irrigation with saline to prevent heating
of the tissue. Special care was taken to prevent
penetration of the dura mater.

Commercial swept source optical coherence to-
mography system OCS1300SS (Thorlabs Inc. USA)
operating at 1325 nm central wavelength and 100 nm
bandwidth was used for structural and Doppler im-
aging of cerebral vessels. The aperture angle of the
output lens LSM03 mounted in OCS1300SS was 7.5°.
Velocity of moving cells was calculated as

_ AoJp
2ncosf’

(1)

where )\ is the central wavelength, fp is the Doppler
frequency shift, n is the refractive index considered
to be equal to 1.4 and 0 is the angle between direc-
tions of incident radiation and cell movement. The
Doppler frequency shift f, was calculated as the rate
of phase changes in the DOCT signal:

_ B¢
T oop A

/o (2)

Blood-brain barrier and cerebral blood flow

Here Ay is the phase difference that can be re-
trieved from the phase maps produced by the
Thorlabs software, f, is the axial scan rate which is
equal to 16 kHz. Since Ay is wrapped modulo 7, in
order to get actual values of fp, the standard
unwrapping procedure is used.

2.3. The evaluation of stress-induced
brain injury

To determine the incidence and topography of
stroke in rats, we used T2-weighted magnetic reso-
nance imaging (MRI, Hitachi Medical Corporation,
Japan) and histological analysis of the brain tissue.
For histological study, the animals were sacrificed
at the end of the experiments, brain tissue samples
were fixed in 10% formalin for 24 h. The formalin
fixed specimens were embedded in paraffin, sec-
tioned (3,5 pm) and stained with haematoxylin and
eosin. The histological sections were evaluated by
light microscopy.

2.4. The study of BBB permeability

To assess of BBB permeability, we used the color
and pharmacological tests. The standard procedure
to analyze of BBB permeability is Fvans Blue in-
jection and visualization. In the blood, this dye
(961 Da) is becoming strongly bound to the albumin
fraction of serum and makes a high molecular
complex (68.5kDa) that does not permeate the in-
tact BBB.?° 2% Ewvans Blue solution in 0.1 M PBS
was injected into the jugular vein (0.2ml/100g).
24 h after injection, the brain was carefully removed
for visualization of blue color of brain tissues.

In our previous study, we found different effect of
adrenaline on the CBF in newborn rats before and
after stroke.?” Adrenaline caused vasoconstriction
of cerebral vessels in healthy rats but did not induce
any changes in the CBF in rats with intracranial
hemorrhages, probably due to decrease in the BBB
permeability.'® Here, we proposed adrenaline test as
additional indirect method to the study of BBB
permeability as well as to determine effectiveness of
adrenaline as a main course in therapy of stroke”” 2"
in neonates and adults.

The expression of tight junction proteins of the
BBB was determined in lysates from the normal
brain of newborn and adult rats using Western
blot analysis and immunohistochemistry (mouse
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Table 1. The frequency of stress-induced hemorrhages in the different anatomical structures of the brain in adult and full term

newborn rats.

Intracranial

hemorrhage type Definitions

Comments

Adult rats (n = 15) Newborn rats (n = 17)

Hemorrhages outside of the brain

Epidural hemorrhage Blood between the skull and
the dura

Blood between the dura and
arachnoid membrane

Blood between arachnoid
membrane and pia matter

Subdural hemorrhage

Subarachnoid hemorrhage
Intracerebral hemorrhages

Cortical and subcortical Blood within brain cortical
hemorrhage tissues

Cerebellar hemorrhage Blood within cerebellum

Blood in the brain ventricles
(lateral, third and fourth)

Intraventricular hemorrhage

Uncommon, this type of
hemorrhage was
accompanied by
cerebellar bleeding
(n=1)

Most common type, 14
rats demonstrated
cerebellar hemorrhages
(Fig. 1 shows a typical
example of this type of
bleeding)

Common type, all rats
demonstrated small infarction

in the brain cortex (Fig. 1
shows a typical example of this
type of bleeding)

anti-occludin (1:500, Invitrogen), mouse anti-clau-
din-5 (1:500, Invitrogen)).

2.5. Statistical analysis

Results were reported as mean =+ standard error of
the mean (SEM). Differences from the initial level in
the same group were evaluated by the Wilcoxon
test. Intergroup differences were evaluated using the
Mann—Whitney test and ANOVA-2 (post hoc
analysis with the Duncan’s rank test). Significance
levels were set at p < 0.05 for all analyzes.

3. Results

In the first step of experiment, we studied age-re-
lated differences in development of hemorrhagic
stroke in newborn and adult rats using histological
and MRT analysis. The intracranial hemorrhages
(induced by severe sound) occurred with the latent
period — 24 h after stress independently of age. The
frequency of different types of stress-induced
hemorrhages in the brain of animals of both ages is

presented in Table 1. The adult and newborn rats
demonstrated different types of hemorrhages in the
different anatomical structures of the brain. Indeed,
all newborn rats had small hemorrhages in the
cortical and subcortical tissues. The adult rats were
presented with hemorrhages in the cerebellum and
cerebellar nucleus, we found only one case with the
cortical bleeding that also was accompanied by
cerebellar hemorrhage. Figure 1 shows a typical
example of common type of stress-induced hemor-
rhages in newborn and adult rats. Histological
study showed that the adult rats demonstrated
more severe hemorrhagic brain injuries compared
with newborn rats. The average size of brain
bleeding was in newborn rats 0.004 mm? while in
adult rats is —0.073 mm?. Figure 2 shows a typical
example of size of brain hemorrhage in newborn and
adult rats.

In the second step of our study, we analyzed the
age differences in the stroke-related cerebral venous
disturbances focusing on the changes in hemody-
namic parameters of the sagittal sinus that is major
venous sinus collecting blood from the small veins
of the brain and directs it into the peripheral
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Fig. 1. The typical example of common type of stress-
induced hemorrhages in the brain of adult (on the top) and
newborn (on the bottom) rats: A and C — MRI imaging of
normal brain tissues; B and D — the intensive MRI signals
show the hemorrhagic impregnation of the brain tissues; B —
the hemorrhages in cerebellum (blue arrow) and cerebellar
nucleus (red arrow); D — small hemorrhages in the brain cortex
(arrowed).

Blood-brain barrier and cerebral blood flow

circulation. The results of this series of experiment
are shown in Table 2. The basal values of hemo-
dynamic parameters of the sagittal sinus did not
differ between age groups. The development of in-
tracranial hemorrhages was accompanied by in-
crease in diameter of the sagittal sinus and decrease
in velocity of blood flow in this vessel independently
on age of rats. However, these changes were less
pronounced in adult rats compared with newborn
rats. So, diameter of the sagittal sinus was larger in
newborn rats than in adult animals (1.67 £ 0.04 mm
vs. 0.71 +0.03 mm, p < 0.05). The dilation of the
sagittal sinus was accompanied by more significant
decrease in blood flow velocity in newborn rats than
in adult animals (2.09 £0.03mm/sec vs. 6.07+
0.08 mm/sec, p < 0.05 for newborn rats; 3.84+
0.07mm/sec vs. 6.57 & 0.04mm/sec, p < 0.05 for
adult rats).

In the third step of our investigations, we studied
age differences in the BBB permeability in normal
state and after the stroke incidence using color and
adrenaline tests. We used Evans Blue (dye 961Da)
that becomes a high molecular weight complex
(68.5kDa) due to strong bound to the serum albu-
mins. Fvans Blue does not permeate the BBB in
normal state but can easily across the compromised
BBB after brain injuries.?® The intravenous infusion
of Evans Blue was not accompanied by any changes
in the brain tissues in both intact newborn and
adult rats. But, the stroke development was asso-
ciated with the leakage of Evans Blue into the brain
the next day after dye administration in adult but
not in newborn rats (Fig. 3).

Fig. 2. The typical example of size of stress-induced hemorrhages in the brain of newborn (on the left) and adult (on the right) rats
assessed by histological methods. Haematoxylin and Eosin staining.
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Table 2. The hemodynamic parameters of the sagittal sinus in newborn and adult rats in the control and the

post-stroke groups.

Control groups

Post-stroke groups

Parameters Newborn rats ~ Adult rats  Newborn rats Adult rats

Diameter of sagittal sinus, mm main trunk 0.30 = 0.03 0.33 £0.01 1.67 + 0.04*" 0.71 & 0.03*
Left branch 0.22 £ 0.01 0.24 £ 0.02 0.46 £+ 0.04*"  0.35 £ 0.02*
Right branch 0.20 £0.03 021 £0.01 0.39 + 0.01*" 0.28 4+ 0.01*
Blood flow velocity (in main trunk), mm/sec ~ 6.07 &£ 0.08  6.57 & 0.04 2.09 £+ 0.03*t  3.84 &+ 0.07*

Note: p < 0.05 vs.: *Basal levels; TAge groups.

Fig. 3. The color test for the study of age differences in the stroke-induced breakdown of BBB permeability with using Fvans blue
injection. The leakage of Evans Blue is in adult but not in newborn rats.

The results with adrenaline test are shown in
Table 3. In normal condition, adrenaline infusion
caused constriction of the sagittal sinus that was
accompanied by decrease in diameter of this cere-
bral vein. There were no age differences in vascular
effect of adrenaline. So, adrenaline induced the de-
crease in diameter of the sagittal sinus by 30%
(p < 0.05) in newborn rats and by 31% (p < 0.05) in
adult rats.

The stroke incidence was accompanied by com-
plete loss of sensitivity of the sagittal sinus to
adrenaline in newborn rats. Indeed, newborn rats
with the stroke did not demonstrate any significant
changes in diameter of the sagittal sinus (Fig. 4).

The adult rats demonstrated tendency to suppres-
sion of adrenergic vasoconstrictor effect. Neverthe-
less, they showed significant response (12%,
p < 0.05) to adrenaline. The changes of normal
vascular responses to adrenaline during the stroke
development can be explained via the difficult vessel
constriction due to the critical dilation of the sag-
ittal sinus and accumulation of extensive blood in
this vessel that was more pronounced in newborn
than in adult animals. Other possible mechanism
may lead in age differences in the BBB
permeability.

In the fourth step of our study, we studied the
expression of two main structural and functional

Table 3. The changes in diameter of the sagittal sinus after adrenaline injection before and

after stroke in newborn and adult rats.

Before stroke

After stroke

Groups Basal values  Effect of adrenaline  Basal values  Effect of adrenaline
Newborn rats  0.30 + 0.03 0.21 + 0.02* 1.67 £+ 0.04F 1.65 £+ 0.07%
Adult rats 0.33 £ 0.01 0.23 £+ 0.03* 0.71 £ 0.03 0.63 £+ 0.05*

Note: p < 0.05 vs.: *Basal levels; TAge groups.
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adult rats
* t
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M no adrenaline

B adrenaline
injection in
normal rats

= adrenaline
injection in rats
with stroke

0 10 20 30 40 50

60 70 80 90 100 110 diameter, %

Fig. 4. The changes in diameter of the sagittal sinus (%) after adrenaline injection in newborn and adult rats under normal state
and during stroke development. The basal values of diameter of sagittal sinus (no adrenaline) were expressed as 100%.

Neonates Adults

Actin —— —

Occludin, 65 kDa b—

Claudin-5, 24 kDa | o A—

Fig. 5. Western blots showing the expression of tight junction
proteins (occludin and claudin-5) in the brain of newborn and
adult rats.

elements of the BBB — occludin and claudin-5 in
newborn and adult rats using blotting analysis and
immunohistochemistry. Figure 5 shows that the
expression of both tight junction proteins was

occludin

| 100 um, 246.4 x

Fig. 6. The immunohistochemistry study of expression of
occludin and claudin-5 (brown color) in cerebral vessels
(arrowed) in adult (on the left) and newborn (on the right) rats.

| 100 um, 246.4 x

|l 100 um, 246.4 x

Fig. 7. The immunohistochemistry study of expression of
claudin-5 (brown color) in cerebral veins (arrowed) in newborn
(on the left) and adult (on the right) rats.

greater in newborn animals compared with adult
rats.

The western blotting results were confirmed by
immunohistochemistry data (Fig. 6). The expres-
sion of occludin and claudin-5 in the cerebral vessels
were higher in newborn rats compared with adult
animals. We also found the great expression of
claudin-5 in large cerebral veins in newborn animals
than in adult rats (Fig. 7).

4. Discussion

In this study, we examined age differences in the
stress-related hemorrhagic stroke and mechanisms
underlying these physiological processes focusing on
the CBF and the BBB. Using histological method as
a gold standard for the morphological evaluation of
pathological changes in tissues, we found that sound
stress induced more severe hemorrhages in adult
rats compared with newborn rats. Indeed, the size of
hemorrhages was larger in adult rats compared with
newborn rats. MRI results showed age particula-
rities of localization of hemorrhages in the brain. All
newborn rats demonstrated small hemorrhages in
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the cortex, while in adult rats hemorrhages occurred
in the cerebellum and cerebellar nucleus, i.e., in
more deep areas of the brain than in newborn rats.
Our results are consistent with clinical data sug-
gesting important differences in the hemorrhagic
stroke (topography, outcomes) in children when
compared with adults.!™

The cerebral venous disturbances are one of the
important mechanism underlying pathological
changes in the CBF associated with the stroke.?*2°
It is also known that neonatal stroke is primary the
venous infarction®’*! due to a weakness in the wall
of cerebral veins in neonates.?? Taking into account
of these facts, we analyzed the changes in hemo-
dynamic parameters of the sagittal sinus as a main
venous sinus of the brain collecting blood from the
all cerebral veins. Using DOCT, we found that
the stroke incidence is accompanied by relaxation of
the sagittal sinus with the fall of velocity blood flow
that was more pronounced in newborn rats com-
pared with adult ones. Indeed, in newborn rats the
size of the sagittal sinus increased in 2.3-fold higher
and the velocity blood flow decreased in 1.8-fold
higher than in adult rats. The more significant
changes in a main cerebral vein in newborn vs. adult
rats suggest that the stress-reactivity of venous
system is greater in the neonatal vs. mature brain.

Sympathetic vasopressors such as adrenaline are
commonly used in clinical practice to correct cere-
bral perfusion after stroke and traumatic brain in-
jury.?”?° Here, we analyzed the effects of adrenaline
on cerebral venous circulation in newborn and adult
rats in normal state and after stroke development.
Our results showed that adrenaline caused the
constrictor effect on the sagittal sinus in healthy
animals without any age differences. However, the
stroke is associated with complete loss of sensitivity
of the sagittal sinus to adrenaline in newborn rats
while adult rats demonstrated weak but statistically
significant vasoconstrictor response. The relaxation
of the sagittal sinus is a sign of accumulation of
excessive blood in cerebral venous system that
makes difficult vessel constriction to adrenergic
stimulation. The more pronounced relaxation of the
sagittal sinus in newborn vs. adult rats partly
explains the total loss of adrenaline effects on the
sagittal sinus in the first case. Other possible
mechanism underlying age differences in adrenaline
vascular effects can be the different changes in the
BBB permeability in newborn and adult animals
under normal state and during stroke development.

Using standard color test, we performed intra-
venous injection of Fvans Blue, across the intact
BBB but it can permeate the injured BBB.?° We
found that Fvans Blue permeated the stroke-injured
BBB in adult rats but not in newborn animals. This
fact suggests that the stroke causes the increase in
the BBB permeability in the mature brain but not
in neonatal brain in rats. Other researchers using
model of ischemic stroke have showed the similar
results.!?

Using western blotting and immunochemistry
study of expression of occludin and claudin-5, we
found that more higher resistance of the BBB to
stroke-injures in newborn vs. adult rats was asso-
ciated with the greater expression of these two main
tight junction proteins of the BBB in neonatal vs.
mature brain of animals.

Collectively, our results show age differences in the
stroke development and possible mechanisms un-
derlying these processes. The same factor as severe
sound stress induces different hemorrhages in new-
born and adult rats: small superficial bleedings in the
cortex in newborn rats and more severe deep bleed-
ings in the cerebellum in the adult rats. The cerebral
venous circulatory system is more sensitive to
harmful effect of stress in newborn rats than in adult
animals. Despite this fact, stressed adult but not
newborn rats demonstrated the breakdown of BBB
permeability. The one of possible mechanisms un-
derlying the higher resistance to stress-related stroke
injures of cerebral vessels in newborn rats compared
with adult animals is the greater expression of two
main tight junction proteins of BBB (occludin and
claudin-5) in neonatal vs. mature brain in rats.
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