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Intracerebral transplantation of mesenchymal stem cells to 6- and 12-month-old SHR rats 
induced angiogenesis in the pia mater. In 6-months-old SHR rats, perfusion in the brain tissue 
after cell transplantation considerably increased, while in 12-month-old rats it remained practi-
cally unchanged. We also observed marked activation of regulatory processes in the cerebral 
vascular system, most pronounced in 12-month-old rats. Neurogenic and myogenic tone of 
cerebral vessels increased significantly, while endothelium-dependent tone slightly decreased. 
The increase in neurogenic and myogenic tone of blood vessels in SHR rats at the age of 6 and 
12 months after transplantation of stem cells can be explained by the formation of new smooth 
muscle cells in the pre-existing arteries walls. Greater muscle mass developed stronger force 
and contributed to narrowing of the arterial lumen, as a result, there was no increase in blood 
flow despite the downstream angiogenesis. A slight decrease in endothelium-dependent tone 
can be explained by increased production of vasodilators by newly formed endothelial cells.
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Despite significant progress in understanding of the 
pathogenesis and therapy of arterial hypertension (AH), 
this pathology remains a major public health problem 
requiring intensive research to develop new and more 
effective treatments. During recent decades, cell therapy 
rapidly develops and stem cell transplantation is now 
successfully used in the treatment of pulmonary hy-
pertension and severe chronic kidney disease [6]. Cell 
therapy uses stem cells of the different origins including 
mesenchymal stem cells, also called multipotent mes-
enchymal stromal cells that can differentiate into vari-
ous cells in vitro. Mesenchymal stem cells (MSC) pro-
duce a pronounced neoangiogenic effect; they secrete a 
number of bioactive factors involved the formation of 
new vessels such as vascular endothelial growth factor, 
hepatocyte growth factor, fibroblast growth factor-2, 
angiopoietin-1 (Ang-1), etc. Moreover, pericytes are 
viewed as MSC located in all vascularized body tissues 
[8]. Through tight junctions formed by pericytes and 

vascular endothelial cells soluble factors and physical 
signals synergistically participate in the formation of 
blood vessels and maintenance of their function [3]. 
Pericytes produce a modulating effect on the endo-
thelial function thereby affecting peripheral vascular 
resistance and BP [6]. Considering that endothelial 
dysfunction and decrease in the density of microves-
sels are important changes in AH [13], improvement 
of these parameters can help reduce BP in AH.

Here we analyze morphofunctional changes in 
cerebral vessels of hypertensive SHR rats after MSC 
transplantation. SHR rats represent a widely used 
model for the studies of hypertension-related brain 
damage and approaches to their corrections [10,12]. 
Age-related BP elevation, decrease in the density of 
capillary network, brain atrophy, death of nerve cells 
and changes in glia are the phenomena shared to some 
extent with hypertensive brain damage in humans [12].

MATERIALS AND METHODS

The experiments were carried out on male SHR rats 
aged 6 months (n=24) and 12 months (n=24). Wistar-
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Kyoto rats (WKY) served as a control. The animals 
were kept under standard vivarium conditions at natu-
ral illumination with free access to water and food. 
The experiments were performed in accordance with 
the “Regulations for Conducting Animal Experiments” 
(July 19, 2014).

Characteristics of the experimental groups are 
presented in Table 1. Stimulation of angiogenesis in 
the rat sensorimotor cortex was performed by intra-
cerebral injection of human MSC [2]. The rats were 
intraperitoneally narcotized with Zoletil (20 ml/kg; 
Virbac). Mean BP in the femoral artery was measured 
throughout the experiment with a device for invasive 
BP measurement. The bone and dura mater were re-
moved in the skull parietal region above the senso-
rimotor cortex (a hole with the area of ~1 cm² was 
formed). The brain surface was continuously sprayed 
with physiological saline (37oC). Registration Param-
eters of microcirculation in the cerebral cortex were 
recorded using a LAKK-M multifunctional laser di-
agnostic complex (LAZMA). The sensor was placed 
above the sensorimotor cortex (coordinates AP=2-3 
mm from the bregma; SD=1.0 mm lateral from the 
sagittal suture). LDF parameters were recorded over 
10 min; the mean microcirculation index (M) and stan-
dard deviation of the mean (σ) were automatically cal-
culated using software supplied with the instrument, 
and finally, wavelet analysis of the perfusion oscilla-
tions on LDF records was carried out. Based on the 
data on the amplitudes of microcirculation oscillations 
in different frequency ranges and with consideration 
of mean BP, the neurogenic (NT), myogenic (MT), 
and endothelium-dependent tone (ET) were calculated 
[1]. Along with brain tissue perfusion assessment, in-
travital measurement of the density of microvascular 
network in the pia mater of the sensorimotor cortex 
was performed.

The results were processed using Microsoft Ex-
cel. The data are presented as M±SE. Significance 
of differences was evaluated using nonparametric 
Mann—Whitney test. The differences were signifi-
cant at p<0.05.

RESULTS

Direct BP measurement revealed no changes after 
MSC transplantation in both 6- and 12-month-old rats 
(Table 1).

Changes in the diameter and lumen of cerebral 
arteries, basal blood flow, and vascular reactivity were 
studied not once by the different methods in vivo and 
in vitro. It was reported that basal blood flow in the 
brain of SHR rats is similar [15], lower [6], or higher 
[5] than in normotensive animals. These differences 
can be related to the use of different methods of blood 

flow assessment. We evaluated perfusion of the brain 
tissue, an integral parameter characterizing the effec-
tiveness of cerebral circulation.

As most patients with hypertension are above 
50, studies on old rats are important. BP increase and 
changes in the structure of arterial walls in SHR rats 
most actively occur at the age of 9-12 weeks. By this 
age, the number of convoluted vessels significantly 
increases [14]. At the age of 24 weeks, pronounced 
hypertrophy of vascular smooth muscles, wall thick-
ening, and a significant narrowing of the vascular lu-
men are observed in the arteries of SHR rats [11]. We 
analyzed vascular changes in SHR rats at the age of 
6 and 12 months. By this age, the animals develop 
adaptive myogenic response to protect the downstream 
microvessels from increased BP, the vascular walls un-
dergo remodeling and hypertrophy which results in me-
dia thickening and narrowing of the arterial lumen [9].

Vascular density in the pia mater of 6-month-old 
SHR rats was by 14.50±2.11% lower than in age-
matched control WKY rats and the density of pial 
arteries was lower by 42.00±5.32% (Fig. 1). Reduced 
density of arterial vessels and high levels of ET, MT, 
and NT led to a decline in brain tissue perfusion (Figs. 
2, 3). Pronounced increase in ET, NT and MT in pial 
vessels of SHR rats (by more than 2 times in com-
parison with WKY rats) is a manifestation of cerebral 
blood flow autoregulation, a mechanism protecting 
exchange-type blood vessels from elevated transmural 
pressure. Impairment of this protective vasoconstric-
tion can induce damage to the brain—blood barrier, 
brain edema, and cerebrovascular pathology.

Intracerebral transplantation of MSC induced an-
giogenesis in 6-month-old SHR rats. In 3 weeks after 
MSC transplantation, the density of pial vessels in 
SHR rats increased by 29.8±3.43% and exceeded the 
corresponding parameter in WKY rats. The density of 
arterial vessels increased proportionally and approxi-
mated that in WKY rats (Fig. 1). Significant reorga-
nization of blood vessels was accompanied by an in-
crease in brain tissue perfusion that reached the value 
typical of control WKY rats. The effective perfusion 
index and variation coefficient also increased (Fig. 2). 
These changes attested to activation of regulatory 

TABLE 1. BP in Experimental SHR Rats (M±SE)

Group Mean BP, mm Hg

6-month-old intact SHR (n=6) 165.6±5.2

6-month-old rats receiving  
human MSC (n=18) 165.1±3.4

12-month-old intact SHR (n=6) 167.4±6.4

12-month-old rats receiving 
human MSC (n=18) 166.5±11.1
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Fig. 1. Vascular density in the pia mater in 6- and 12-month-old SHR before and after MSC transplantation.

Fig. 2. Perfusion, effective perfusion, and coefficient of variation in the brain tissue of 6- and 12-month-old SHR rats before and after MSC 
transplantation. PU: perfusion units.

mechanisms, which was confirmed by the increase in 
NT and MT (Fig. 3). It should be noted that MT pre-
dominated before transplantation, which is typical of 
hypertensive animals. We suppose that these changes 
in vascular tone after the formation of new arteries are 
aimed at limiting overabundant blood flow in cerebral 
vessels. NT also increased after MSC transplantation. 
It can be hypothesized that newly formed arteries with 

relatively thin walls (in comparison with hypertrophic 
arteries typical of SHR rats) are unable to develop 
high tone and limit high pressure in the downstream 
exchange-type vessels at the expense of exclusively 
myogenic mechanisms and the role of neural regu-
lation in the arterial network increased under these 
conditions. The increase in MT and NT, despite pro-
nounced angiogenesis, stabilized perfusion of the brain 
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tissue in SHR rats after MSC transplantation and it did 
not exceed the value typical of WKY rats.

In contrast to MT and NT, ET decreased after 
transplantation of MSC. We hypothesized that this 
was related to the formation of new endotheliocytes in 
newly formed and pre-existing blood vessels. Endothe-
lial function is not impaired in young endothelial cells 
and they produce sufficient amounts of vasodilators, 
which lead to ET decrease.

At the age of 12 months, the density of pial and 
arterial vessels in SHR rats remained almost the same 
in 6-month-old animals. Perfusion of the brain tissue 
slightly decreased due to the increase in ET and MT 
(in comparison with 6-month-old SHR rats). Trans-
plantation of MSC led to less pronounced increase 
of the density of blood vessels in comparison with 
6-month-old rats, whereas the density of arteries in 
12-month-old SHR rats increased to the same extent 
as in 6-month-old rats (Fig. 1). In 12-month-old SHR 
rats, brain tissue perfusion increased insignificantly 
after MSC transplantation, despite the increase in the 
density of pial arteries. The effective perfusion index 
increased by 70.20±6.52% and coefficient of variation 
increased by 46.30±4.38% (Fig. 2). These noticeable 
changes attest to high strain of regulatory mechanisms, 
which was confirmed by the increase in MT and NT of 
cerebral vessels. It should be noted that ET of cerebral 
vessel slightly decreased (approximately to the same 
extent as in 6-month-old SHR rats) (Fig. 3).

Why brain tissue perfusion in 12-month-old SHR 
rats remained practically unchanged after MSC trans-

plantation, despite increased density of pial arteries? 
We hypothesized that restriction of brain blood flow 
in 12-month-old rats was caused by pronounced mor-
phological changes in the walls of main arteries: sig-
nificant thickening of the vascular wall and lumen 
narrowing. Previous analysis of the structure of ce-
rebral arteries in hypertensive showed that stenosis 
of large arteries develops by the 12th month of life; 
hypertrophy of the vascular wall and stenosis were 
most pronounced in the middle cerebral artery [9]. 
As dilatation of large arteries is almost impossible in 
stenosis, the formation of downstream vessels has little 
effect on cerebral blood flow intensity.

In WKY rats, the structure of cerebral vascular 
network underwent considerable changes between the 
6th and 12th month of life: the density of all vessels 
decreased by 19.90±2.24% and the density of arter-
ies decreased by 44.00±4.17%. Interestingly, perfu-
sion of the brain tissue in 12-month-old WKY rats is 
high despite significant decrease in the density of all 
vessels and arteries in particular. It is worthy of note 
that the mechanisms regulating cerebral blood flow in 
WKY rats are characterized by low strain: at the age 
of 6 months, NT, MT, and ET values were lower by 
2 times than in 6-month-old SHR rats. By the after 
of 12 months, all types of vascular tone in WKY rats 
increased, but remained below the levels observed in 
6- and 12-month-old SHR rats. Detailed analysis of 
the mechanisms maintaining high perfusion level in 
12-month-old WKY rats was beyond the scope of our 
research.

Fig. 3. Endothelial, neurogenic, and myogenic tones of cerebral vessels in 6- and 12-month-old SHR rats before and after MSC trans-
plantation.
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Thus, we found significantly reduced density of 
the cerebral vascular network and, in particular, arterial 
vessels associated with reduced perfusion of the brain 
tissue in 6- and 12-month-old SHR rats in comparison 
with normotensive rats. All types of vascular tone were 
markedly increased in comparison with those in WKY 
rats. We assume, that significant increase in ET, NT, and 
MT in pial arteries of SHR rats reflects an autoregulato-
ry mechanism protecting blood vessels from excessive 
transmural pressure and cerebral edema. Intracerebral 
transplantation of MSC did not significantly changed 
BP, but induced angiogenesis and increased brain tissue 
perfusion in 6-month-old, but not in 12-month-old SHR 
rats. The increase in effective perfusion index and coef-
ficient of variation after MSC transplantation attested 
to a significant activation of regulatory mechanisms, 
which manifested in the increase in NT and MT. In 
12-month SHR, the increase in NT and MT was higher 
than in 6-month-old animals. The increase in arterial 
MT in SHR during the period from 6 to 12 months can 
be explained by hypertrophy of the arterial wall and 
smooth muscle cells growth in the walls. The same 
process presumably causes NT increase: high number 
of myocytes develops greater force at the same inten-
sity of nervous regulation. We think that intracerebral 
transplantation of MSC leads to not only the formation 
of endotheliocytes and myocytes in newly formed ves-
sels, but also promotes the appearance of new cells in 
the pre-existing arteries. This leads to the increase MT 
and NT by the previously described mechanisms, on 
the one hand, and contributes to ET decrease through 
additional production of vasodilators by newly formed 
endotheliocytes, on the other.
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