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Abstract: Purpose of the study: to reveal how the transfusion and the refraining from it affects the 

neurovascular unit in the congenital heart defects correction with cardiopulmonary bypass. Materials and 

methods: in vitro research, we formed a model of a neurovascular unit, which contains neurons, astrocytes and 

endothelial cells. This cellular model was cultivated in hypoxia conditions with the oxygen saturation levels of 

1, 2, 3, 4%. In addition, this unit was cultivated with the patient's serum adding in two different groups - with 

minimal and maximal levels of system inflammatory response that we estimated by IL-6 level. Results: We 

found that during incubation in hypoxic conditions, the level of transendothelial resistance changed in groups 

with oxygen levels of 1% and 2% only after 4 hours. When we cultivated neurovascular unit cells with patients' 

sera, we found a minimal level of transendothelial resistance at 4 hours that increased after 24 hours. 

Permeability analysis showed that its level significantly decreased in the 1% and 2% oxygen group at 60- and 

90-minutes relative to the control group. Conclusion: the system inflammatory response has more expressed 

but less long effect on the neurovascular unit model than hypoxia. 

Keywords: children; systemic inflammatory response; cardiac surgery; neurovascular unit; critical 

care medicine 

 

1. Introduction 

Modern cardiac surgery and cardiac anesthesia are developing intensively, more and more 

surgeries are provided by using mini-invasive or non-invasive (endovascular) technologies. 

However, congenital heart defects (CHD) correction in children usually demands significant 

(valuable) surgery aggression and using of cardiopulmonary bypass (CPB). These procedures have 

risk of children`s brain damage because of many harmful, factors, first of all because of CPB. CPB 

may has direct effects (such an embolism, hypoxia, changes of hemodynamics, failing of cerebral 

circulation self-regulation) and indirect through the system inflammation response (SIR) initiation 

because of blood contacting with the extracorporeal circuit, hemolysis, and temperature violation [1-

4]. 

We must take into account that regulation in the brain is the special cell interaction process that 

demands to create isolated microenvironment to achieve their complete functioning. For this, there 

is such phenomenon as the blood-brain barrier and its components exist and its functional unit is 

called the neurovascular unit (NVU). NVU consists of micro-vessels associated with astrocytes 

connected to neurons and their axons. There are also special transport proteins in blood-brain barrier 

(BBB) for selective transport of substances from the blood plasma to neurons. All of them provide 

coordinated brain function due to intercellular communication and metabolic conjugation of the 

central nervous system cells [5]. Cerebral damage leads to the microglia and astrocytes activation and 

consequential production of proinflammatory mediators in the brain [6]. These mediators cause BBB 

injury and then induce cell death and gliosis [7]. Moreover, when BBB integrity fails, there are not 

only local but also system cytokines, which can also affect the NVU. Those cytokines are often present 

in patient’s blood after cardiac surgery. [8] They stimulate expression of adhesion molecules; 
potentiate adhesion and extravasation of neutrophils and monocytes into ischemic tissues [9]. 

Moreover, local chemokines production increase WBC extravasation in these tissues [10]. All of these 
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processes occur in the NVU, inducing specific pathological changes in cerebral tissues with their 

subsequent dysfunction. 

Children`s brain, especially in the first-years, has a lot of specific features: it goes through the 

active neuronal differentiation and synaptogenesis, glial cells active growth and myelination; it is 

high-hydrophilic and has high metabolism rate [11, 12]. All of these qualities make child brain 

vulnerable for any pathogens. That cause the high rate of post- operative cognitive disorders. For 

example, post-operative delirium frequency after CHD correction reaches 57% [13]. It is also notable 

that we still don’t know much about how any damage or dysfunction in childhood affects further 
child`s progress and growth. Now we have studies which prove the lack of the cognitive function in 

children who underwent cardiac surgery the year before [14]. 

Thus, the search for opportunities to prevent cerebral damage during the correction of 

congenital heart defects in children remains actual. One of the perspective ways to achieve it is to 

restrict blood transfusion in perioperative period. This strategy based on the thought that donor’s 
blood components initiate system inflammation response syndrome (SIRS) in a patient, which 

performed as neuroinflammation with consequential injury of the whole NVU (i.e., the complex of 

neurons, astrocytes and endothelial cells) [15, 16]. Therefore, we should understand that refrain from 

RBC-containing donor blood components using can lead us to the risk of hemic hypoxia because of 

hemodilution during CPB [17]. For this reason, we have an important question: what is more 

dangerous for the NVU - hypoxia when we limit the transfusion or SIRS effects when we use it? This 

is the answer that we could not get from the clinical trial because it is dangerous for the patient. 

However, we have a decision for that problem: we can explore hypoxia and SIRS effects on the NVU 

cellular model in vitro [18], what we did set as the purpose of our research. 

2. Materials and Methods 

We had the collection of serum from 78 pediatric patients - from 1 month to 6,5 years old with 

body mass from 3,3 to 21,5 kg, all of them undergo surgical correction of septal CHD using CPB on 

the Research Institute for Complex Issues of Cardiovascular Diseases base. In each sample, we 

evaluated IL-6 level as one of the main SIRS markers [19]. We chose three serum samples from our 

collection (with the lowest and the highest concentration of IL-6) to the in vitro stage - they have the 

highest and the lowest level of SIRS presence as it all. Frozen serum was delivered to the Krasnoyarsk 

State Medical University in proper temperature chain sequence.  

The model of brain injury during cardiac surgeries was invented based on the NVU cell model, 

which can be cultivated under different conditions that mimic the factors of the intraoperative period. 

This model was created in the laboratory of Krasnoyarsk State Medical University. 

2.1. In vitro stage of experiment 

Getting primary cells cultures of the brain in vitro 

We used primary cultures of endothelium cells, astrocytes and cerebral neurons, which we got 

from rats of Wistar line. Animals lived in cages with the free access to water and food. Temperature 

was constant - 21±1°С. The light cycle was 12 h day / 12 h night. Our tests on animals were performed 

according to the humanity principles declared in European society directive (2010/63/EC). General 

animals number n=10. 

We needed several stages to get the cell model of NVU in vitro: 

1. Extraction of cerebral endothelial cells 

2. Extraction and cultivation of neurospheres.  

3. Extraction of astrocytes and neurons from these neurospheres we got earlier using directional 

differentiating in astrocytes and neurons.  

4. Forming the NVU model in vitro. To get it we put the mix of neurons and endothelial cells on 

the bottom of culture plate wells.  Then we set culture inserts (Corning-Costar USA) and put 

astrocytes at the top of them. We cultivated this mix of cells in the liquid containing DMEM with 

FBS, glutamine and antibiotics on 37°C with 5% CO2 [19] 
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2.2. Experiment design 

After formation the NBU cell model, we provided the main experiment.  

In the aim to reveal the IL-6 effects on the NVU cell model in vitro, we added serum samples 

(with minimal and maximal levels of IL-6) in the cultural liquid. 

Then we formed groups depending on the IL-6 concentration. 

1. The «Control» group - the intact model of NVU.  

2. The «Minimum» group - samples with the lowest IL-6 level in the culture. 

3. The «Maximum» group - samples with the highest IL-6 level in culture. 

Number of repeats in serum incubation groups - 10.  

According to the hypoxic incubation NVU the following groups were formed: 

Control - standard conditions of cultivation - N2-75%, O2-20%, CO2-5. 

1. Hypoxia 1: N2-99 %, O2-1 %, CO2, t-37 С.  

2. Hypoxia 2: N2-98 %, O2-2 %, CO2, t-37 С. 
3. Hypoxia 3: N2-97 %, O2-3 %, CO2, t-37 С. 
4. Hypoxia 4: N2-96 %, O2-4 %, CO2, t-37 С. 

Number of repeats in serum incubation groups - 5. 

Duration of hypoxia action - 30 minutes. 

Temperature level - normal (37,0o С) 

2.3. Evaluation of NVU functionality 

To assess the effects of hypoxia and the serum on the cell culture we evaluate the next 

parameters: transendothelial resistance (TER) and permeability of endothelial layer in NVU model 

as the BBB functionality rate. 

We registered TER level in cell model in vitro after 1, 2, 4 and 24 hours of cultivation. Direct 

measurement of transendothelial electric potential we made with epithelial voltmeter EVOM2 using 

the electrode STX2 (World Precision Instruments, USA). 

The fluorescent dye Lucifer Yellow (LY) was added to the cultural environment in the final 

concentration 50мcМ to estimate permeability. After 60 and 90 minutes, the medium was collected 
from the lower compartment of the wells; the optical density of the solution was measured on the 

spectrofluorometer-spectrophotometer SM 2203 (“SOLAR”, Belarus). We estimated relative 
permeability according to the change in the LY concentration in experimental groups compared to 

the control group. 

2.4. Statistical processing  

Statistical data processing was made by using the BioStat Pro 5.9.8 program. The data are 

presented in the form of median (Me), upper (Q1) and lower quartiles (Q3) since most of the data has 

a distribution different from the normal one (Shapiro-Wilk criterion, p<0.05). Comparative analysis 

of quantitative variables was made using the Mann-Witney criterion. The differences at p<0.03 were 

considered as statistically significant. 

3. Results 

When we estimate hypoxia effects on the TER index, we learnt that statistically significant 

changes began in 4 hours after exposure. So, in Hypoxia 1 and Hypoxia 2 groups in 4 hours after 

exposure the TER indicator decreased by 30% in group 1, 20% in group 2 and 10% in group 3 

compared with the control group (p<0,03). 

Table 1. TER values during cell incubation under hypoxic conditions. 

TER CG HG 1 HG 2 HG 3 HG 4 
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0 hours 
199,5 

[197,25 − 201,50] 

197,0 

[196,75 −  

199,25] 

(p=0,15325) 

197,5 

[196,25 − 199,25] 

(p=0,33156) 

192,5 

[190,75 −  

195,0] 

(p=0,04071) 

195,0 

[194,75 − 196,50] 

(p=0,11689) 

1 hours 
204,25 

[202,75 − 206,0] 

191,0 

[189,75 −  

193,0] 

(p=0,03) 

191,0 

[189,50 −  192,5] 

(p=0,031) 

191,0 

[189,75 − 193,25] 

(p=0,033) 

193,0 

[191,50 − 

195,0] 

(p=0,034) 

2 hours 
200,0 

[196,75 − 203,50] 

185,0 

[182,25 − 187,25] 

(p=0,054) 

191,5 

[188,75 − 194,75] 

(p=0,04) 

192,0 

[187,50 −  

195,0] 

(p=0,066) 

193,0 

[190,75 − 194,50] 

(p=0,04) 

4 hours 

194,5 

[193 −  

195,75] 

175,5 

[174,5 − 176,75] 

(p=0,01046) 

177,0 

[175,75 − 178,25] 

(p=0,01519) 

183,5 

[182,0 − 185,5] 

(p=0,03291) 

189,0 

[187,5 −  

191,25] 

(p=0,14405) 

24 hours 

203,0 

[200,75 −  

205,5] 

141,0 

[138,75 −  

143,0] 

(p=0,01046) 

162,0 

[160,0 −  

164,0] 

(p=0,02092) 

179,5 

[175,0 −  

183,25] 

(p=0,01519) 

192,0 

[191,0 −  

192,75] 

(p=0,05314) 

Note. TER − transendothelial resistance. CG − control group. HG − hypoxia group. 

 

Figure 1. The effect of hypoxia on the transendothelial resistance index compared with the control 

group. Note. * −  Statistical significance, p <0.03; Mann–Whitney U test. 

When we evaluated the effect of IL-6 on the transendothelial resistance index, we found that 

after 2 hours the TER level in the "Minimum" group significantly decreased by 5%, and in the 

"Maximum" group by 7.5% compared to the control (Figure 2). In 4 hours after the effect, the TER 

indicator decreased, compared with the control, by 15% in the "Minimum" group and by 25% in the 

"Maximum" group. By 24 hours after exposure, the level of TER increased, but remained statistically 

significantly low in both the "Maximum" and "Minimum" groups. At the same time, there was a 

statistically significant difference in TER levels between the "Minimum" and "Maximum" groups at 

the following time points: 2 hours (p= 0.00640), 4 hours (p=0.00017), 24 hours (p= 0.00016). 

Table 2. TES indicators during incubation with blood serum. 

TER CG GMin GMax 

0 hours 
198,0 

[197,0 − 200,0] 

199,0 

[197,0 − 199,0] 

(p=0,25) 

197,0 

[195,0 − 198,0] 

(p=0,073) 
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1 hours 
206,0 

[205,0 − 207,0] 

197,0 

[196,0 − 198,0] 

(p=0,00027) 

196,0 

[196,0 − 197,0] 

(p=0,00016) 

2 hours 
203,0 

[202,0 − 204,0] 

190,0 

[188,0 − 192,0] 

(p= 0,00017) 

185,0 

[185,0 − 188,0] 

(p= 0,00016) 

4 hours 
200,0 

[196,0 − 203,0] 

168,0 

[168,0 − 170,0] 

(p= 0,00016) 

151,0 

[148,0 − 152,0] 

(p= 0,00017) 

24 hours 
199,0 

[198,0 − 202,0] 

190,0 

[188,0 − 192,0] 

(p= 0,00020) 

169,0 

[169,0 − 172,0] 

(p= 0,00031) 

Note. TER  transendothelial resistance. CG  control group. Gmin  group «minimal». Gmax  group 

«maximum». 

 

Figure 2. Influence of blood serum of patients on the index of transendothelial resistance in 

comparison with the control group. Note. * − Statistical significance, p <0.03; Mann–Whitney U test. 

Because the transendothelial resistance is an indicator for the endothelium functional condition 

in the blood-brain barrier, and the changes of TER were revealed, we explored the permeability for 

the LY dye. 

The effect of short-time hypoxia on the permeability to LY was registered after 60 minutes in the 

Hypoxia 1 and Hypoxia 2 groups compared to the control (Figure 3). So, after 1 hour, the permeability 

increased by 20% in both groups and at the same time did not change statistically significant in the 

groups Hypoxia 3 and Hypoxia 4. In 90 minutes after exposure, permeability increased by 45% in the 

Hypoxia 1 group and by 40% in the Hypoxia 2 group compared to the control group. No statistically 

significant changes were found in groups Hypoxia 3 and Hypoxia 4. 

The effects of patient's blood serum on permeability are shown in Figure 4. After 60 minutes of 

exposure, an increase in relative permeability by 15-20% was registered. It is interesting that after 90 

minutes, the permeability in both experimental groups did not differ from the control group. 

Table 3. Indicators of relative permeability during cell incubation under hypoxic conditions. 

TER CG HG 1 HG 2 HG 3 HG 4 

60 minutes 
99,5 

[98,0 − 101,5] 

121,0 

[117,5 − 124,25] 

(p=0,01008) 

119,5 

[118,5 − 120,75] 

(p=0,0140 

100,5 

[99,5 − 101,25] 

(p=0,44084) 

101,0 

[100,75 − 102,5] 

(p=0,37185) 

90 minutes 99,5 146,0 139,0 110,0 107,0 
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[99,0 − 100,0] [143,75 − 148,0] 

(p=0,00971) 

[137,5 − 141,0] 

(p=0,01942) 

[107,75 − 112,0] 

(p=0,03228) 

[106,0 − 109,0] 

(p=0,05095) 

Note. TER − transendothelial resistance. CG − control group. HG − hypoxia group. 

 

Figure 3. The effect of hypoxia on relative permeability compared to the control group. Note. *  

Statistical significance, p <0.03; Mann–Whitney U test. 
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Table 4. Relative permeability indices during incubation of cells with blood serum. 

TER CG GMin GMax 

60 minutes 
99,5 

[98,75 − 100,5] 

119,5 

[118,75 − 121,0] 

(p=0,01046) 

114,5 

[114,0 − 115,25] 

(p=0,01470) 

90 minutes 
99,5,0 

[99,0 − 100,5] 

106,5 

[105,75 − 107,25] 

(p=0,05314) 

109,5 

[108,75 − 110,5] 

(p=0,03291) 

Note. TER − transendothelial resistance. CG − control group. Gmin − group «minimal». Gmax − group 

«maximum». 

 

Figure 4. Influence of blood serum of patients on relative permeability in comparison with the control 

group. Note. *  Statistical significance, p <0.05; Mann–Whitney U test. 

4. Discussion 

The effects of hypoxia on the NVU proved that even short-term hypoxia affects the TER level. 

The effects of the blood serum of patients also changes TES, while the changes compared to hypoxia 

are stronger and more rapid, but shorter. 

We confirmed the suggestion of a rapid but short-term and possibly reversible effect of the 

serum also when we measured permeability for the LY dye. At the same time, exposure to minimal 

hypoxia with an oxygen content in the environment of 4% did not damage the NVU. 

In our previous investigation, we showed SIRS and cerebral damage markers dynamics during 

cardiac surgery in children with same including criteria [21].  

In our previous research, we showed the SIRS and cerebral damage changings markers during 

the correction of CHD among children with similar inclusion criteria [21].  

These markers both SIRS and cerebral damage had their maximum levels right after the bypass 

was stopped phase with the followed sharp decrease in 16 hours after surgery, sometimes to their 

initial (preoperative) level. 

Considering the fact that the effect of systemic inflammation was rapid and brief in the 

experiment with the NVU, we can say that during operations of this type the main influence on the 

brain was made by factors that initiate SIRS. One of these factors is the transfusion itself [16]. At the 

same time, the fact that the cell culture did not change with minimal hypoxia proves the safety of our 
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decision to refuse transfusion, as well as the safety of hemodilution that occurs during this. Many 

clinical cases proved that our initial suggestion was correct [22, 23]. 

The data we obtained correlate with the results of another experiment on rats, in which they 

studied the effect of cardiopulmonary bypass on them. As a result, they received a rapid increase in 

the concentration of inflammatory markers and impaired BBB permeability [24]. It is worth noting 

that in this study, the value of BBB permeability reached a minimum in 3 days after the bypass, but 

in our study, we measured TER only in the first 24 hours. In addition, they found changes associated 

with hypoxia in the brains of rats. These changes appeared 2 hours after the bypass and continued 

for another 7 days slowly decreasing. Considering these data, in the future we plan to increase the 

time of observation of the NVU culture in order to collect the maximum amount of information. 

Another study conducted on pigs who underwent the bypass also confirmed the importance of 

diagnosing hypoxic brain damage. The authors of the study used magnetic resonance imaging and 

revealed the damages specific for brain hypoxia after a procedure of bypass lasted 3.5 hours [25]. 

5. Conclusions 

The study we performed on the NVU cellular model showed that 39-minutes hypoxia does not 

have a notable effect on brain cells until the minimum oxygen concentration is reached. When the 

oxygen level in the medium was 3% or less, significant changes in the functional state of NVU cells 

have occurred, and persisted 24 hours after exposure of hypoxia. Exposure of the cytokine-containing 

patient’s serum leads to the specific NVU damage: stronger, but shorter. Thus, a preliminary 

conclusion can be drawn: the strategy of avoiding intraoperative transfusion as a method of limiting 

SIRS and hemic hypoxia, as its consequence, is more likely to have a less destructive effect on the 

patient's brain. 

At the same time, the use of transfusion, even considering the maintenance of a normal oxygen 

delivery and consumption in the brain can still lead to its damage due to the increased level of 

systemic inflammation. 
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CHD Congenital heart defects 

CPB  cardiopulmonary bypass 

NVU  neurovascular unit 

SIR  Systemic Inflammatory Response  

BBB  blood-brain barrier 

TER  transendothelial resistance  

LY  Lucifer Yellow 

SIRS  Systemic Inflammatory Response Syndrome 
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