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Abstract 

The brain produces various reactive oxygen species in enzymatic and non-

enzymatic reactions as a by-product of metabolism and/or for redox signaling. 

Effective antioxidant system in the brain cells maintains redox balance. However, 

neurons and glia from some brain regions are more vulnerable to oxidative stress in 

ischaemia/reperfusion, epilepsy, and neurodegenerative disorders than the rest of 

the brain. Using fluorescent indicators in live cell imaging and confocal microscopy, 

we have measured the rate of cytosolic and mitochondrial reactive oxygen species 

production, lipid peroxidation, and glutathione levels in cortex, hippocampus, 

midbrain, brain stem and cerebellum in acute slices of rat brain. We have found that 

the basal rate of ROS production is at its highest in brain stem and cerebellum, and 

that it is mainly generated by glial cells. Activation of neurons and glia by glutamate 

and ATP led to maximal rates of ROS production in the midbrain compared to the 

rest of the brain. Mitochondrial ROS had only minor implication to the total ROS 

production with maximal values in the cortex and minimal in the midbrain. The basal 

rate of lipid peroxidation was higher in the midbrain and hippocampus, while the 

GSH level was similar in most brain regions with the lowest level in the midbrain. 

Thus, the rate of ROS production, lipid peroxidation and the level of GSH vary 

across brain regions.  
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1. Introduction 

The brain is the part of the central nervous system which regulates almost all 

processes in the whole body. Brain consumes about 20 % of total glucose, oxygen and 

lipids which are utilised by the whole body [1] that is about 10 times more than any other 

tissue. All these factors dramatically increase the chances of producing free radicals, 

including reactive oxygen species (ROS) in this organ. To protect itself from oxidative 

damage by sufficient antioxidant system, the brain consumes energy from different 

sources, mostly glucose, for maintenance of the redox balance in the neuronal and glial 

cells [2,3]. 

In brain cells, ROS are constantly produced in the electron transport chain of 

mitochondria and in multiple enzymes in response to a pathological or physiological 

stimulus. Thus, monoamine oxidase (MAO A and MAO B) utilises catecholamines and 

produces hydrogen peroxide as a part of the signalling mechanism [4,5]. Activation of 

NADPH oxidases can be triggered by ischemia, seizures, misfolded proteins but also can 

be stimulated by the function of the glutaminergic system [6–10]. 

Brain regions are specialised infor distinctive function, and because of it, the 

metabolic rate and signalling intensity can vary [11,12]. The level of endogenous 

antioxidants (such a glutathione (GSH) is also dependent on the rate of metabolic activity 

and free radical production. Considering this, the level of GSH could also be different, not 

only between cell types, but also between brain regions [13,14]. Importantly, the level of 

antioxidants, including GSH in different brain regions, may change dramatically in the time 

of physical activity and because of toxicity [15]. 

Although the increased level of lipid peroxidation is a marker for oxidative stress, 

oxidised lipids and products of lipid peroxidation such as 4-HNE, could also play a 

signalling role [1,16].  

Oxidative stress was shown to be one of the triggers in the mechanism of 

neurodegeneration in Parkinson’s disease, Alzheimer’s disease, and a number of other 

neurological disorders [17,18]. However, it is not clear why specific regions are more 

vulnerable to oxidative damage than others. One of the possible explanations could be an 

enhanced rate of ROS production in specific regions or a lower level of GSH.  

Here, we studied the rates of ROS production in cytosol or mitochondria, the rate of 

lipid peroxidation and GSH level in neurons and astrocytes in different brain regions of 
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acute brain slices. We have found that ROS production is different in various brain areas 

and also depends on the physiological activity of the cells. The most active ROS 

production was found to take place in the brain stem and the cerebellum, and after 

stimulation with neuro- and gliotransmitters - in the midbrain. In the resting conditions, 

mitochondria had only a minor impact on total ROS production with maximal values in the 

cortex. 

 

2. Materials and methods 

2.1. Acute brain slices 

All the manipulations with animals were approved by the Institutional ethical 

committee of Orel State University (Minutes No. 18 dated 21.02.2020) in compliance with 

Russian Federation legislation. For the experiments, 12-weeks male Wistar rats (250-300 

g) (17 for all preparations) were used. Condition for keeping animals included a 12-hr light 

cycle and ad libitum access to water and food. The animals were killed by cervical 

dislocation. After extraction, the brain was placed in Hanks' balanced salt solution (HBSS) 

(pH 7.4/4°C). Slices of brain regions (cortex, midbrain, cerebellum, brainstem, 

hippocampus) with a thickness of 500 μm were obtained according to the standard 

protocol [19–21] and kept before experiments in HBSS (pH 7.4/37°C) with moderate 

oxygenation without using pure oxygen bubbling to avoid hyperoxygenation and it effect on 

redox balance in the tissue. Most of the fluorescent measurements were taken from 2-3 

cellular layers from the surface to avoid possible effects of hyperoxia or hypoxia in the 

deeper layers.  

 

2.2. ROS production, lipid peroxidation rate, GSHmeasurements in acute brain 

slices 

To measure the total cell ROS production and reduced glutathione content the 

setup in two versions was used: with LED M455F1 (Thorlabs Inc., USA) for excitation of 

fluorescence of the dihydroethidium (HEt) oxidation products or with BDL-SMN-375 laser 

source (Becker & Hickl) for excitation of fluorescence of the conjugation product in the 

reaction between monochlorbimane (MCB) and reduced glutathione. The excitation light 

passes through the optical fiber and through the collimator to the band-pass filter (LED 

M455F1), and after that through the beam splitting filter plate and the lens to the studied 

area. Emitted fluorescence light was reflected through a 416 nm (GSH measurements) or 

490 nm long-pass filters (HEt) to a highly sensitive DCC 3260C cooling CCD camera 

(Thorlabs et al., USA). The field of view of the camera on the sample is a rectangular 
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section with an area of about 1 mm2. To avoid the accumulation of oxidized products, 

dihydroethidium was not pre-loaded to the slices but was added in the beginning of 

experiments and was present in the chamber during the experiments (5 μM). For the 

glutathione measurements , slices were pre-loaded with 50 μM MCB solution. The 

measurements of MCB was taken  by 5 images from every slice.  

 

2.3. Live cell imaging 

Rate of ROS production in neurons and glial cells, mitochondrial ROS production 

and the rate of lipid peroxidation were measured using Zeiss 900 Laser Scanning 

Microscope. ROS production rate in neurons and glial cells was measured in slices after 

10 min of incubation in 5 μM solution of HEt in HBSS (pH 7.4/37°C). ROS production in 

glial cells was activated by adding ATP (100 μM) and in neurons – by the addition of 20 

μMlutamate. Mitochondrial ROS production rate was assesedusing  MitoTracker Red CM-

H2Xros. Slices were incubated for 10 minutes in 5 μM solution of the indicator; after that, 

confocal images were obtained in 5 fields of view from every slice (objective 20x). 

Lipid peroxidation. Lipid peroxidation was measured using 11-BODIPY 581/591 with 

excitation by lasers 481 nm and 561 nm and detection from 505 nm to 550 nm and above 

580 nm (objective 20x). The results are presented as fluorescence intensity ratio 581/591.  

 

Statistical analysis 

Results are expressed as means ± SEM (standard error of the mean); one-way 

ANOVA with post-hoc Tukey’s HSD correction for multiple comparisons and Student’s t-

test were used, where appropriate. Statistical analysis was performed using Origin 2019 

(Microcal Software Inc., Northampton, MA, USA) software. Differences were considered to 

be significantly different if p < 0.05. 

 

3. Results 

We have used acute brain slices of different regions because experiments in ex vivo 

slices produce more physiologically relevant data compared to isolated cells, primary cell 

co-cultures and homogenates, however, the system is limited by the absence of normal 

circulation. 

3.1 Cerebellum and brainstem have the highest rates of ROS production 

The basal rate of ROS production in various brain regions was assessed using 

fluorescent indicator dihydroethidium (Figure 1A). Although this indicator can interact with 
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different forms of free radicals and cannot be used as a specific indicator for any form of 

ROS [22], it is mainly oxidized by superoxide anion [23,24].  

The rates of ROS production in acute brain slices from the various regions were 

significantly different (Figure 1 A-G). The lowest rate was observed in the cortex area 

(Figure 1 B, G), while in the neighboring hippocampal area, the rate of ROS production 

was 3-fold   higher (291±124% of cortical, N=9 experiments; Figure 1 C, G). Brain stem 

areas were characterized by the highest rate of ROS production (699.2±91.6%, N=9 

sections; Figure 1 F, G), 1.8 times higher than the rates for the cerebellum (398.0±78.3% 

of cortical, N=3 rats, n=9 slices; Figure 1 A, E, G). Thus, the basal rates of ROS 

production, which should correspond to resting functional activity in the cells, are 

dramatically different between brain regions. The difference in the rate of ROS production 

could be explained by a number of factors, including astrocytes/neurons ratio, functional 

activity of the cells etc. 

3.2 Differences in generation of ROS between brain regions are dependent on glia 

To identify how activation of the glial cells and neurons can change the maximal 

rate of ROS production, we applied 100 µM ATP, which mainly activates astrocytes 

through purinergic receptors and the neurotransmitter glutamate (20 µM) to stimulate 

neurons [25]. ATP and glutamate could stimulate calcium signal in astrocytes and neurons 

and, for both neurotransmitters the ability to activate ROS production through the NADPH 

oxidase [26,27] has been reported.  

In agreement with the text books and the images shown in Figure 2 A, the 

examined sections of the brain regions were morphologically heterogeneous and 

characterized by the presence of zones with a higher content of glial or neuronal cells. 

The basal rate of ROS production in neurons or glial cells was identified using the 

rate of increase of Het fluorescence before stimulation in the areas which were specifically 

activated by ATP or glutamate (Figure 2A). Interestingly, the dramatic differences in the 

basal rate of ROS, which we found in the wide field areas of brain regions (Figure 1) was 

observed only in cells that responded to ATP, but not in neurons (cells with response to 

glutamate Figure 2A, B-F, G, H).  

3.3 ATP and glutamate induce highest rate of ROS in midbrain 

Expectably, the application of ATP or glutamate led to a significant increase in the 

rate of HEt fluorescence (Figure 2 B-F) compared to basal rates in the same regions. The 

most profound 5-fold increase was observed in the midbrain (495.3±70.0%; Figure 2 J) in 

glial cells (ATP stimulation) and 4-fold increase (386.7±44.9%; Figure 2 K) in neurons 

(glutamate stimulation, N=4 rats, n=8 slices). Activation of the ROS production in the rest 
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of the regions was characterized by ~ 2-3-fold increase in response to ATP (for the cortex, 

hippocampus, cerebellum and brain stem, respectively: 206.4±25.4%, 262.1±53.0%, 

283.9±55.1%, 243.0±53.9%, N=4 rats, n=8 slices; Figure 2 J) and to glutamate for the 

cortex, hippocampus, cerebellum and brain stem, respectively: 206.8±39.9%, 

282.7±62.1%, 292.7±75.7%, 240.5±57.1%, N=4 rats, n=8 slices (Figure 2K). 

Data presented in the histograms Figure 2 J, K help to compare the values of increase in 

the ROS production in this particular field but does not allow to compare the activated 

ROS production between regions. We normalized the data to the basal rate of ROS 

production from the cortex and found that the increase in the rate of fluorescence in 

response to ATP was diminishing in the sequence "cerebellum – midbrain - brain stem - 

hippocampus - cortex" (respectively 450.5±87.5%; 432.2±61.1% , 297.2±65.9%, 

290.5±58.7%, 206.4±25.4%, N=4 rats, n=8 slices; Figure 2L), and in response to 

glutamate -in the sequence “midbrain - hippocampus - cerebellum - brain stem - cortex" 

respectively 478.1±55.6%, 428.8±94.3%, 377.7±97.6%, 250.1±59.4%, 206.8±39.9%, N=4 

rats, n=8 slices; Figure 2 M.  

Thus, higher ROS production levels in the brain stem and cerebellum are more 

likely to be explained by activated glial cells in these regions. However, the maximal 

stimulation of ROS production was observed in response to ATP or glutamate was 

observed in the midbrain, suggesting the higher importance of redox signaling in this brain 

area. 

3.4 Basal rate of mitochondrial ROS production is highest in cortex 

Mitochondria are one of the major sources of ROS production of the cells in resting 

conditions. The level of ROS production in the electron transport chain (ETC) of 

mitochondria is dependent on the metabolic state and the number of other factors, 

including oxygen level, calcium signal, toxins etc. [28]. To assess the production of 

mitochondrial ROS in acute brain slices, we used fluorescent probe MitoTracker Red CM-

H2Xros (Figure 3A). 

We have found that the rate of ROS production in the matrix of mitochondria was 

the highest in the cortex area from acute brain slices (taken as 100%; Figure 3A, B). 

Mitochondrial ROS production in hippocampus, cerebellum and brainstem was 

significantly lower (72.8±3.8%, 67.3±6.2%, 76.7±4.1% of cortical values respectively, N=5 

rats, n=10 slices; Figure 3A, B). The lowest rate of mitochondrial ROS production was 

found in the midbrain (35.3±2.1% of the level of the cortex, N=5 rats, n=10 slices). 

Interestingly, recently we found that mitochondria in cells from cortical slices had the 

lowest mitochondrial membrane potential compared to other brain regions and midbrain 
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cells the highest metabolic activity [11].  Our results indicate that mitochondrial ROS have 

only a minor impact on the ROS production in neurons and astrocytes ex vivo.  

3.5 The hippocampus and midbrain are characterized by the highest rates of lipid 

peroxidation 

Lipid peroxidation is one of the hallmarks of oxidative stress. However, lipid 

peroxidation and lipid peroxidation products play an important role in cell homeostasis and 

signalling [29,30]. Although the lipid peroxidation level in brain cells depends on the rate of 

lipid metabolism, endogenous vitamin E content, activity of phospholipases, it can be 

activated by ROS production. Therefore, we measured the rate of lipid peroxidation in the 

acute brain slices using a fluorescent probe C11 BODIPY 581/591 (Figure 4 A). 

The rate of lipid peroxidation was most pronounced in the midbrain and 

hippocampus from acute brain slices (250.7±45.0% and 230.8±24.7% of the level of 

cortical slices respectively, n=6 slices; Figure 4 A-C). Lower and approximately equal 

values were obtained for the cerebellum and brainstem (100.1±11.4% and 136.4±15.8% of 

cortical level, n=6 slices: Figure 4 A-C).  

Interestingly, the highest level of lipid peroxidation in the midbrain was not 

comparable with the relatively low basal rate of ROS production in this brain region 

(Figures 1-2). However,  cells from this region had the highest ROS production in 

response to a stimulus (Figure 2) and the highest mitochondrial metabolic rate compared 

to other brain regions [11]. 

3.6 GSH is lower in midbrain and cerebellum 

The maintenance of GSH levels, the main endogenous antioxidant in the brain, is 

dependent on the multiple enzymes and the neuron-glia interactions [31].  

Measurements of GSH in brain slices using MCB as fluorescent indicator showed 

that there was no difference in the levels of GSH between hippocampus, brain stem and 

cortex, (102.7±4.8% and 100.9±3.9% of cortical values respectively; N=3 rats, n=12 slices; 

Figure 5 A-B), while the midbrain and the cerebellum had a significantly lower levels of 

GSH (85.6±4.1% and 56.4±1.3% respectively of the level of the cortex, N=3 rats, n=12 

slices; Figure 5 A-B).  

 

 

4 Discussion 

Here we found that the production of ROS in the brain is not distributed equally 

throughout the brain. The highest rate in resting conditions was in the brain stem and 

cerebellum areas. Interestingly, this effect was mainly dependent on the ROS production 
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in glial cells, and ROS production in neurons from the same brain areas was not higher 

than other parts of the brain. ROS production was not associated with higher number of 

glial cells in these regions – the glia/neuron ratio in cerebellum is lower than in cortex [32] 

and more likely dependent on  more intensive functional activity of glia in the acute slices 

of these brain regions compared to the cortex, midbrain and hippocampus. It was also  

confirmed by experiments with stimulation of the ROS production by physiological neuro-, 

gliotransmitters, – glutamate, and ATP. After stimulation, ROS production in brain stem 

and cerebellum was even lower compared to other brain regions. Although we cannot 

completely exclude more profound effect of cell damage of glia on ROS production 

compard to neurons, but we avoid using measurements from the 1 cellular layer from the 

surface, which is most affected by damage. Additionally, our experiments with the maximal 

activation of ROS production in neurons and glia should also eliminate the difference due 

to spontaneous activation.   

The maximal ROS production in activated neurons and glia in the midbrain was 

found to be much higher compared to other studied brain regions (Figure 2). Although 

glutamate and ATP could activate ROS production in various enzymes, including 

mitochondria – [33], they mainly activate the NADPH oxidase [27,34]. More profound 

activation of NADPH oxidase in the midbrain, compared to other brain regions, could be 

explained by higher expression of this enzyme or by better activation of this enzyme to the 

glutamate and ATP in this brain area.  

Mitochondria is accepted to be one of the main producers of ROS in brain cells [28]. 

Our data suggest that mitochondria in resting conditions have only a minor impact on the 

total ROS production and have almost no effect on the level of GSH or lipid peroxidation. 

The level of ROS production in the matrix of mitochondria was lower in the areas with high 

intracellular production of superoxide. Interestingly, that brain area which is the most 

sensitive to mitochondrial toxins and the most vulnerable to mitochondrial mutations 

[35,36] – the midbrain had the lowest ROS production rates in resting conditions. 

However, activation of ROS production in mitochondria in this area combined with high 

intracellular ROS production could trigger oxidative stress.  

Lower level of GSH was found in the midbrain and cerebellum compared to the 

other studied brain regions. Astrocytes play an important role in the production of GSH in 

the brain and a lower level of GSH in cerebellum and midbrain could be a reflection of the 

lower proportion of glial to neuronal cells  in these areas of the brain [37], but also can be 

associated with differences in metabolic rates and rates of GSH production in these brain 

areas.  



9 
 

Our results on lipid peroxidation measurements in ex vivo slices from various brain 

regions showed no correlation between the level of ROS production in cytosol and/or 

mitochondria and the rate of lipid peroxidation in the same areas (Figure 4). This suggests 

that the difference in lipid peroxidation rates between brain regions could be more 

dependent on the rate of lipid metabolism and the level of endogenous antioxidants, and 

the activity of phospholipases, rather than on oxidation induced by higher levels of ROS in 

the cells. 
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Figure Legends 

Figure 1. Rate of the ROS production in acute slices from different brain regions. A – 

image of the Het fluorescence in acute slice of cerebellum. B, C, D, E, F –average traces 
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from the single representative experiment  of the Het fluorescence in acute slices of 

cortex, hippocampus, midbrain, cerebellum and brain stem. G – rate of Het fluorescence in 

different brain regions normalised to the rate in cortex. The error bars depict mean ± SEM, 

The P value was calculated by ANOVA with the Tukey post hoc test. *p< 0.05.  

Figure 2. Activation of ROS production in different brain regions in response to 

glutamate and ATP. A- representative confocal images of Het fluorescence in acute brain 

slices of brain regions. B, C, D, F, E – representative traces of the Het fluorescence in 

acute brain slices of different brain regions taken from regions with response to 100 µM 

ATP or 10 µM glutamate. Red traces represented more glial, black – neuronal HET 

fluorescence. Basal rate of Het fluorescence increases from the areas with response to 

100 µM ATP (G) or 10 µM glutamate (H) measured before ATP and glutamate were 

added. Data presented as percentage of cortical results. The rate of Het fluorescence after 

application of 100 µM ATP or 10 µM glutamate normalised to basal rate in these areas (I, 

J) or as percentage of the cortical values (K, L). The error bars depict mean ± SEM, The P 

value was calculated by ANOVA with the Tukey post hoc test. *p< 0.05. **p < 0.01; ***p < 

0.001. 

Figure 3. Production of ROS in mitochondria of the cells from acute brain slices 

from different brain regions. A – representative confocal images of MitoTracker Red 

CMXH2ROS from different brain regions. B – the rate of Mito Tracker Red CMXH2ROS 

fluorescence measured in different brain regions. Data presented as percentage of cortical 

values. The error bars depict mean ± SEM, The P value was calculated by ANOVA with 

the Tukey post hoc test. *p< 0.05. 

Figure 4. The rate of lipid peroxidation in acute slices from different brain regions. A 

– Representative images of C-11 BODYPI from acute brain slices of different brain 

regions. B – Typical traces of C-11 BODYPI fluorescence (560 nm/488 nm ratio) from 

acute brain slices of different brain regions. C- quantification of the rate of C-11 BODYPI 

fluorescence (560 nm/488 nm ratio) in acute slices from different brain regions. Data 

presented as percentage of cortical values. The error bars depict mean ± SEM, The P 

value was calculated by ANOVA with the Tukey post hoc test. *p< 0.05. 

Figure 5. The level of GSH in acute brain slices of different brain regions. A – wide 

field images of MCB fluorescence of acute brain slices of different brain regions. B – the 

level of MCB fluorescence in acute brain slices of different brain regions. Data presented 

as percentage of cortical values. The error bars depict mean ± SEM, The P value was 

calculated by ANOVA with the Tukey post hoc test. *p< 0.05. 
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Figure 4
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