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Objective: Brain-derived neurotrophic factor (BDNF), a member of the neurotrophic family that plays a vital role in regulating neuronal activity and synaptic plasticity in the brain, affects attention. However, studies investigating the association between BDNF and attention in long-term high-altitude (HA) migrants are limited in the literature. As HA affects both BDNF and attention, the relationship between these factors becomes more complex. Therefore, this study aimed to evaluate the relationship between peripheral blood concentrations of BDNF and the three attentional networks in both behavioral and electrical aspects of the brain in long-term HA migrants.

Materials and methods: Ninety-eight Han adults (mean age: 34.74 ± 3.48 years, 51 females and 47 males, all have lived at Lhasa for 11.30 ± 3.82 years) were recruited in this study. For all participants, the serum BDNF levels were assessed using enzyme-linked immunosorbent assay; event-related potentials (N1, P1, and P3) were recorded during the Attentional Networks Test, which was used as the measure of three attentional networks.

Results: Executive control scores were negatively correlated with P3 amplitude (r = −0.20, p = 0.044), and serum BDNF levels were positively correlated with executive control scores (r = 0.24, p = 0.019) and negatively correlated with P3 amplitude (r = −0.22, p = 0.027). Through grouping of BDNF levels and three attentional networks, executive control was found to be significantly higher in the high BDNF group than in the low BDNF group (p = 0.010). Different BDNF levels were associated with both orienting scores (χ2 = 6.99, p = 0.030) and executive control scores (χ2 = 9.03, p = 0.011). The higher the BDNF level, the worse was the executive function and the lower was the average P3 amplitude and vice versa. Females were found to have higher alerting scores than males (p = 0.023).

Conclusion: This study presented the relationship between BDNF and attention under HA. The higher the BDNF level, the worse was the executive control, suggesting that after long-term exposure to HA, hypoxia injury of the brain may occur in individuals with relatively higher BDNF levels, and this higher BDNF level may be the result of self-rehabilitation tackling the adverse effects brought by the HA environment.
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1. Introduction

Brain-derived neurotrophic factor (BDNF), a member of the family of secreted proteins that support the growth, survival, and differentiation of neurons (1), is vital for regulating synapses and synergistic interactions between neuronal activity and synaptic plasticity in the brain (2). BDNF can enhance neurorestorative effects in the prefrontal cortex and hippocampus, including newborn cell proliferation and survival, granule cell neurogenesis, synaptogenesis, and increased dendritic integrity (3, 4). Because cognitive functions such as learning, memory, and attention rely on the operation of the prefrontal cortex and hippocampus (5, 6), when the BDNF level is reduced or when BDNF activity is compromised in the prefrontal cortex and hippocampus, dysfunction of these cognitive functions might occur. Previous studies have reported that BDNF level in peripheral blood is associated with cognitive functions, that peripheral BDNF levels were positively correlated with performance in tasks measuring working memory and negatively correlated with the severity of learning impairment (7, 8), and that external supplementation of BDNF can reverse learning deficits in hippocampal neurons (9). More studies have found that BNDF is associated with attention and that decreased BDNF activity can cause dysfunction in midbrain dopaminergic, neuronal migration, and neuronal plasticity (10, 11). This further leads to attention-deficit hyperactivity disorder (ADHD) (12), a mental disorder characterized by generalized and developmentally unbefitting inattention (11, 12). Moreover, other studies have found that an increase in BDNF level may be the reason for the improvement in attentional function (13, 14). However, other researchers found no correlations between serum and plasma levels of BDNF and attention in any measure (15).

Based on the above evidence, inconsistencies have been noted in the association between BDNF and attention. Attention is a fundamental function of cognition, which refers to a system that selectively concentrates on a discrete aspect of information while ignoring other perceivable information (16). Fan proposed dividing the attentional process into the following three diverse but interrelated networks: alerting, orienting, and executive control. To better study each attention process, the Attentional Network Test (ANT), a particular test combining the cue-target paradigm and Flanker task, has been designed to measure these three subdivisions of attention (17), and different attention systems were found to have different neural bases that are related to BDNF. Alerting the sense that produces and maintains optimal vigilance and performance in the course of tasks is the early stage of attention (18). The activation region of alerting is mainly distributed in the dorsolateral prefrontal cortex (19), which can be disturbed without persistent network activity mediated by the synergy of BDNF and its receptor tropomyosin-related kinase B (TrkB) (20). Orienting is a network that emphasizes on the ability to prioritize sensory input by selecting a modality or location (18), and the main activation regions of orienting are in the parietal and frontal cortex and the temporoparietal junction area of the right hemisphere (21). Executive control is the dominant network that represents the ability to accomplish target tasks by inhibiting interference and resolving conflicts among thoughts, feelings, and behaviors (22). According to previous brain imaging studies, the executive control network was mainly distributed in the anterior cingulate gyrus and dorsolateral prefrontal cortex (23), and BDNF can sustain neuronal survival in these regions by enhancing the cannabinoid receptor 1 (CB1R) transcripts (24, 25). The above evidence suggests that attention is a series of processes and that BDNF is related to the brain areas concerning these attentional networks. Therefore, this study speculates that the association between BDNF and attention in previous studies is actually the association between BDNF and parts of the whole attention process, as the different tasks used in these studies might only access one or some parts of the whole attention process. Zhang et al. explored the relationship between BDNF and attention networks using the ANT paradigm and found that BDNF was differentially associated with attention sub-networks, with lower BDNF levels being suggestive of poorer orientation and executive functioning, whereas no such results were found for alerting (26).

The human brain is highly sensitive to oxygen supply and can be easily affected at high altitude (HA) (27–29), an environment characterized by hypoxia (30). So that the dependence of attention function on the brain makes it susceptible to HA. Among the 4,200-m residents, the orienting function declined, but the executive control improved, while in the 2,438.4-m simulated facility, superior efficiency was noted in orienting compared with that noted at sea level (26, 31). In another study, alerting was significantly declined in the HA cohort than in the low-altitude (LA) cohort, but no significant differences were noted in orienting or executive control between the HA and LA groups (32). Event-related potential (ERP), which originates from electroencephalography, can offer temporal information about attentional processes (33). Moreover, evidence has been found in ERP studies, further testifying that HA can influence attentional functions. The N1 and P1 components, indicators of alerting and orienting, were found to be declined at HA (34, 35). P3, the marker of executive control (36), was found to be declined in one study and improved in another study in an HA environment (26, 35). These facts indicate inconsistency in results reported for attention variations when exposed to HA.

The above evidence suggests that in the HA environment, different experimental settings, such as exposure duration and altitude, cause different changes in brain nerves, resulting in different changes in attention function. BDNF, a prominent factor associated with attention function, may also play a role in the inconsistency of attention variation in HA. BDNF level can be reportedly elevated by both acute hypoxia and intermittent hypobaric hypoxia to promote neurogenesis through BDNF-mediated signaling (1, 37, 38), while chronic hypoxia can result in a decrease in BDNF level (39). An increase in BDNF can improve attention impairment and some studies have found that increased BDNF levels are associated with inattentive problems (40, 41). It is worth noting that attention dysfunction may represent the presence of brain damage (42), which can induce an increase in BDNF to promote neuronal survival and reverse brain damage (43–45). In HA, both BDNF and attention can be affected, and there is an interaction between them. This bi-directional influence makes the association between them at HA more complicated than that at sea level; therefore, inconsistency in variations of attention function have been noted. However, only few studies have been conducted to explore the relationship between BDNF and attention function in the HA environment, especially on the relationship between the three attention sub-networks measured by the ANT paradigm and BDNF. To further understand the relationship between attention and BDNF in the HA environment, this study used the ERP technique, time-frequency representation (TFR) analysis technique, and ANT paradigm to analyze the relationship between BDNF expression and attentional function in both behavioral and EEG aspects of long-term HA migrants through a cluster analysis method to classify the attentional function performance of migrants exposed to HA environments for a long time and evaluate the difference in attentional networks in HA by BDNF level.



2. Materials and methods


2.1. Participants

A total of 98 Han adults in Tibet were recruited (51 females, mean age 35 ± 3.65 years; 47 males, mean age 34.74 ± 3.48 years). All of them have lived in Lhasa for 11.30 ± 3.82 years (4.57–21.08 years), with 10.12 ± 0.66 months each year (9–12 months). Each of them was born in an LA area and have never been to any HA places other than Lhasa before they moved to Lhasa to work and live, and the first arrival to Lhasa occurred after adulthood. The participants had normal or corrected vision, no color impairment, no history of mental illness, traumatic brain injury, hypertension, heart disease, or other major diseases. This study adhered to the guidelines of the Declaration of Helsinki and was approved by the Government of the Tibet Autonomous Region and the Local Ethics Committee of Tibet University. All participants joined the experiment voluntarily, signed informed consent forms before the experiment, and received certain remuneration after the experiment. The whole process of the experiment is displayed in Figure 1.


[image: Figure 1]
FIGURE 1
 Flow chart of the experiment. ANT, Attention Network Test; BDNF, brain derived neurotrophic factor; EEG, electroencephalo-graph; ERP, event-related potential; TFR, time-frequency representation.




2.2. Measurement of BDNF

Fasting venous blood samples from 98 participants were collected at the Faking Hospital of Lhasa, and the collectors and analysts were qualified or professionally trained. The venous blood samples were coagulated for 30 min and then separated at 15°C by high-speed centrifugation for 15 min to obtain the serum, which was stored at −20°C until analysis. BDNF level was measured using enzyme-linked immunosorbent assay with The Quantikine® Total BDNF Immunoassay (Catalog: DBNT00, SBNT00, PDBNT00, R&D Systems, Minneapolis, Minnesota, USA), and the parameters for analysis were: absorbance as 450 nm, calibration wavelength as 570 nm.



2.3. Collecting and analysis of data from Attention Network Test

The Attention Network Test (ANT) paradigm was adopted in this study to measure the efficiency of the three brain attention network functions (alerting, orienting, and executive control). The ANT paradigm was programmed using E-Prime 2.0 (Carnegie Mellon University, University of Pittsburgh and Psychology Software Tools, Inc, Pittsburgh, USA) and analyzed using IBM® SPSS® Statistics 27 software (SPSS, International Business Machines Corporation, New York, USA). The details are shown in Figure 2, wherein the paradigm included three cue conditions (no cue, central cue, and spatial cue) and two stimulus conditions (consistent and inconsistent). In the consistent stimulus condition, five arrows were pointing in the same direction, whereas in the inconsistent stimulus condition, the arrows (3rd) in the center faced opposite directions with the arrows on both sides (1st, 2nd, 4th, and 5th). If there are clues, they will appear before the target stimulus is presented. In the center cue condition, the cue covered at the fixation point with only alerting included, while in the spatial cue condition, the cue appeared above or below the central fixation point with both alerting and orienting included. All the stimuli have a black background, the stimulus material is white, each small arrow has a viewing angle of 0.58°, and the distance between adjacent arrows is 0.06°. The whole target is presented as five arrows with a viewing angle of 3.27°, and the arrows have two orientations, 1.06° from the central fixation point and below or above the central fixation point. All trials were designed in a modular manner, and the probability of occurrence of the six conditions in each module was the same, including two stimulus types (consistent and inconsistent) and three cues (no cue, central cue, and spatial cue). There were six modules in the experiment, and each module comprised 108 trials. Stimulus conditions and cue conditions were combined to presented in each trail and the frequency of each stimulus conditions and cue conditions occurred equally. The participants were instructed to sit quietly in front of the experiment computer and to determine the direction of the central arrow, with the “F” key corresponding to the middle arrow pointing left and the “J” key to the middle arrow pointing right in each trail. The practice modules were presented before the formal experiment.


[image: Figure 2]
FIGURE 2
 Flow chart of ANT. ANT, Attention Network Test.


The ANT Neuro device was used to record the electroencephalographic (EEG) and DC samples according to the extended 64 conducting caps of the International 10–20 system. The signal was recorded at a sampling rate of 500 Hz, using CPz as an online reference. The scalp resistance at the electrode was kept below 5 Kω, the filter band pass was kept at 0.05–100 Hz, and the sampling rate was kept at 500 Hz.

The reaction time (RT) of the six conditions was measured using the ANT paradigm, and data other than ±3 SD were excluded (excluded number: 0). The effect values of the three sub-networks were calculated according to the calculation formula of attention network efficiency as follows:

Alertness effect = RTnocue – RTcentralcue, wherein the higher the value, the better promotion effect of the center cue, the higher the alertness efficiency; Orientation effect = RTcentralcue – RTspatialcue, wherein the larger the value, the higher the orientation efficiency; Executive control effect = RTinconsistentstimulus – RTconsistentstimulus, wherein the smaller the value, the higher the executive control efficiency.



2.4. Collection and analysis of EEG data

Matlab R2016b and EEGLAB toolbox were used for data preprocessing, and the EEG signal was filtered at 0.1–40 Hz and converted to bilateral mastoid mean reference offline. The duration of the ERP analysis was 200 ms before and 1,000 ms after the presentation of the target stimulus, and the baseline correction was 200 ms before the presentation of the stimulus. Independent Component Analysis was used to remove the horizontal and vertical electroencephalograms and artifacts, and other artifacts were removed manually. Finally, spurious signals with amplitudes of ±100 μV were excluded.

The ERPLAB toolbox was used for component processing. The conditions before and 100 ms after the presentation of the target stimulus and the selected time window are shown in Figure 3. The time window for the calculation of the P1 component was 100–150 ms. The superimposed average values of this component on the parietal lobe (P3, Pz, and P4) and the occipital lobe (O1, Oz, and O2) electrodes were used to analyze alertness and orientation. The time window of the N1 component calculation was 150–230 ms, and the superimposed average of the component was calculated for the parietal lobe (P3, Pz, and P4) and the occipital lobe (O1, Oz, and O2) electrodes to analyze alertness and orientation. The P3 component was analyzed under consistent and inconsistent conditions, and the calculated time window was 620–720 ms. Stacking averages were calculated for the electrodes of the component in the middle line (Fz, Cz, FCz, Fp1, Fp2, and Fpz) to analyze the executive control function.


[image: Figure 3]
FIGURE 3
 Schematic diagram of EEG components. EEG components, electroencephalographic components.




2.5. Analysis of time-frequency data

MATLAB R2017a and the FieldTrip toolbox were used for the time-frequency analysis. The short-time Fourier Hanning window analysis method was used in this study, with a time window of 200–700 ms, frequency range of 1–30 Hz, and step size of 1 Hz. Based on the total mean map and differential wave topographic map, the TFR results of each electrode, and relevant literature, we defined the following three regions of interest in the directed network: parietal lobe (P3, Pz, and P4), occipitotemporal lobe (PO3, PO4, PO7, and PO8), and occipital lobe (O1, Oz, and O2). The beta band (12–25 Hz) in the 500–700-ms time window was analyzed. The electrodes of the executive control network were set as Fz, FCz, Cz, and Pz, and the theta frequency band (4–7 Hz) in the 300–700-ms time window was analyzed (Figure 4).


[image: Figure 4]
FIGURE 4
 Time window and frequency band for time-frequency analysis.




2.6. Data analysis

The statistical analyses were conducted using IBM® SPSS® Statistics 27 software. Pearson's correlation Percentile grouping was used to group different levels of BDNF and attention functions scores, two-factor analysis of variance (ANOVA) was conducted with gender (male, female) and BDNF groups (low and high) as between-subjects factors to test the effect of gender and different BDNF levels on behavior and EEG. Pearson's chi-square tests were used to further determine the associations between attention functions and BDNF.




3. Results


3.1. Relationship between behavior, EEG, and BDNF

In the correlation analysis of attention function and EEG components and frequency band energy, only the executive control score and P3 wave were negatively correlated (r = −0.20, p = 0.044); that is, the better the executive function, the greater the amplitude of the P3 wave. Other attentional networks were not correlated with EEG components or frequency band energy. Correlation analysis of attention function and BDNF showed that the executive control score was positively correlated with BDNF (r = 0.24, p = 0.019) (Figure 5), that is, the higher the BDNF level, the worse the executive function, while the correlations between alerting (r = −0.02, p = 0.850), orienting (r = −0.03, p = 0.800) and BDNF were not significant. Correlation analysis between the mean amplitude of P3 and BDNF showed that the mean amplitude of P3 was negatively correlated with BDNF (r = −0.22, p = 0.027) (Figure 5); that is, the higher the BDNF level, the lower the mean amplitude of P3. BDNF had no correlation with other EEG components or frequency band energy.


[image: Figure 5]
FIGURE 5
 Correlations between executive control, P3 amplitude and BNDF. BNDF, brain-derived neurotrophic factor.




3.2. Effect of sex and BDNF on attention network/EEG component/time-frequency energy

BDNF levels were grouped according to the percentile grouping approach. Overall, 0%−30% of the participants were in the low BDNF group, 30%−70% were in the medium BDNF group, and 70%−100% were in the high BDNF group (46, 47). Table 1 shows the basic information of participants in the three BDNF groups and only low and high groups (N = 58) were used in the following ANOVA and Pearson's chi-square test analysis (48, 49).


TABLE 1 Basic information of participants in the high and low BDNF groups.

[image: Table 1]

ANOVA was used to analyze the influence of sex and high/low BDNF group (hereinafter, referred to as “group”) on the indicators of attention network/EEG component/time-frequency energy. The results are presented in Table 2 and Figure 6. The results showed that the main effect of gender on alertness function was significant and that the alertness scores of males were significantly lower than those of females (p = 0.023). Executive control scores in the high BDNF group were significantly higher than those in the low BDNF group (p = 0.010). In other attentional networks, EEG components and time-frequency main effects were not significant, and the interaction was not significant.


TABLE 2 Two-factor ANOVA of network/EEG component/time-frequency energy.

[image: Table 2]


[image: Figure 6]
FIGURE 6
 The gender effect in alerting and the BDNF effect in executive control. *p < 0.05. BNDF, brain-derived neurotrophic factor.


Based on the results above, to further determine the relationship between executive function and BDNF expression, executive control scores were grouped like BDNF grouping. Pearson's chi-squared test was used to analyze the correlation between BDNF levels and executive control scores, and the results (Table 3) indicated that different BDNF levels were associated with executive control scores (χ2 = 9.03, p = 0.011). We also determined the relationship between alerting, orienting and BDNF expression through Pearson's chi-squared test and found different BDNF levels were associated with orienting scores (χ2 = 6.99, p = 0.030) too.


TABLE 3 Chi-square test of BDNF and three attentional networks.

[image: Table 3]




4. Discussion

In this study, ANT and ERP techniques were adopted to focus on the relationship between the level of BDNF and three attentional networks among individuals exposed to long-term HA environments. Through correlation analysis, executive control was found to be positively correlated with the P3 amplitude and the BDNF level was negatively correlated with executive control and the P3 amplitude. This means that executive control in the behavioral aspect is consistent with the electrical aspects of the brain, wherein the higher the BDNF level, the worse the executive function. In addition, executive control scores were grouped into three groups according to the percentile grouping approach and were found to be associated with different BDNF levels, indicating that individuals with worse executive function have relatively higher BDNF levels. These findings imply that the relationship between BDNF and attentional function is bi-directional. Further, using two-factor ANOVA, a gender difference in alerting was found, indicating that females had better alerting function than males after long-term HA exposure.

The main result of this study was the positive relationship between executive control and the P3 amplitude and the negative relationship between BDNF and both executive control and the P3 amplitude. This depicts that after long-term HA exposure, individuals with higher BDNF levels have worse executive function in both behavioral and ERP aspects. First, the relationship between executive control and the P3 amplitude demonstrated an association between attentional behavior and brain activity, as reported previously (50). Attention, especially executive function, has long been proven to be a brain function that relies on the activation of the frontal lobe (51, 52). The ERP components N1, P1, and P3, measured by the average of the electrodes of the component in the parietal and occipital lobes and the middle line, which mostly represent the frontal lobe (35), have been found to be indicators of attentional sub-networks. N1 indicates the function of alerting, P1 indicates the function of orienting, and P3 is an indicator of executive control (34–36). These facts prove the strong association between attention function and the frontal brain. Recently, an increasing number of studies have used ERP components to represent attention function to examine its association with other factors (26, 35, 53). Although no correlations of alerting and orienting have been found with N1 and P1 in this study, we should not rush to the conclusion that alerting and orienting in behavioral aspects do not have associations with corresponding brain regions for consideration of all the facts found in previous studies.

Based on the result that executive control and P3 were positively correlated, the present study also found a negative association between BDNF and both executive control and the P3 amplitude, indicating that the higher the BDNF level, the poorer the executive control. These results are inconsistent with the findings of most previous studies, which mainly reported a positive relationship between BDNF and cognition function (7, 9). BDNF is involved in neuronal growth and survival; it regulates synapses and synergistic interactions between neuronal activity and synaptic plasticity (1, 2) and is considered to be protective for attention function. Lower BDNF levels were reported to be correlated with executive control dysfunction, which was measured using verbal fluency tests and Wisconsin card sorting tests in patients with schizophrenia (54, 55). Based on these findings, the initial hypothesis of the present study was that BDNF expression at HA is positively correlated with attentional networks and corresponding ERPs components. However, the present study analyzing this association found the opposite outcome, wherein a negative association was found between executive control and BDNF, revealing that individuals with higher BDNF levels tend to have poorer executive control functions. Although the negative result was somewhat unexpected, the present study is not the first to draw such a conclusion, and the negative correlation has merits. In 1999, Croll et al. (56) found that over-expressed BDNF transgenic mice showed significant impairment in learning and hyperexcitability in the CA3 area of the hippocampus, suggesting that excessive BDNF expression interferes with memory and learning, similar to that reported in human children (15). These results demonstrate that BDNF levels may be negatively related to cognitive function. The negative association was explained by the fact that the higher expression of BDNF can cause overall membrane hyperexcitability in brain structures, and the hyperexcitability is toxic to normal plasticity (56) and further leads to abnormalities in brain function. However, this explanation is not suitable for the negative association between BDNF and attention with a long-term exposure of hypoxia, as it's been reported that elevation in BDNF level often occurs when the exposure time to HA is short (37). Long-term exposure to hypoxia, as previous studies have observed that BDNF levels were significantly decreased after an exposure of hypoxia of around 2.3 years compared to sea level (39). In this work, we describe that after 11 years of hypoxia mean BDNF levels are 268.1 ± 115.4 pg/ml, which is lower than after 2.3 years of hypoxia or at sea level. Therefore, the negative association of BDNF with attention is unlikely to be caused by abnormally increased BDNF levels.

As correlation does not imply a causal relationship, we not only found higher executive control scores (worse executive control function) in people with higher BDNF levels in this study but also noted that different BDNF levels were associated with different orienting scores and executive control scores. This indicates that, there could be a two-way interaction between BDNF and attention, besides the normal thinking that the BDNF can affect attention, attention function could also induce the change of BDNF level. For its characteristics on neurons and synapses, BDNF has been discovered to play a momentous role in neuronal survival and synaptogenesis that occur in reparative processes after traumatic brain injury (45). Approximately 1–6 h after traumatic brain injury, BDNF level reportedly increased maximally in the ipsilesional hippocampus (43), whereas Matzilevich et al. (57) found increased BDNF expression at 26 h after brain trauma, and the increase in BDNF mRNA expression in the hippocampus can be sustained for 2 weeks after injury, as reported previously (44). This evidence suggests that brain injury could elevate BDNF expression for self-rehabilitation by mimicking the endogenous protective response of the brain. It has been found in previous studies that hypoxia can cause injuries in several brain areas and dysfunctions in cognition performance can be an external manifestation of brain injury (58, 59), so we suspected poorer executive function could represent more injuries of the brain at HA in this study. Individuals with worse executive function may have more endogenous protective response in the brain by elevating BDNF level, making the negative association between BDNF and attention function reasonable. However, other researchers have also discovered different cases, wherein brain injury may not exert a significant influence on BDNF expression in some cases (60), while some researchers found decreased BNDF expression after injury (61, 62). Therefore, this mechanism is only one possible reason and is not a firm conclusion that BDNF and attention function are negatively associated.

Apart from the main result that worse executive function is associated with higher BDNF levels, this study found a gender difference in alerting: males have lower scores than females, indicating that females have better alerting function than males after long-term HA exposure. Alerting is the sense that produces and maintains optimal vigilance and performance in the course of tasks and the early stage of the attentional process (18). Jung et al. (63) conducted a meta-analysis of studies on the effects of hypoxia on cognition in HA and found gender differences in this effect; males showed significant cognitive impairment compared with females. A possible explanation could be that females have relatively higher peripheral oxygen saturation (SpO2) and estrogen hormone levels than males, and both of the factors have neuroprotective effects and provide greater resistance to hypoxia. However, as no study has investigated the hypoxia-cognition interaction in women during a specific timing of the menstrual cycles (estrogen levels are lower than usual), the protective effect of estrogen hormones should be considered with caution and needs to be further verified by discovering whether cognitive functions are declined in females who are in the menstrual cycles under hypoxia. Moreover, previous studies have found that hypoxia can cause oxidative stress and that males tend to be more susceptible to oxidative stress compared with females (64, 65). As oxidative factors can contribute to depression, individuals with depression are prone to have an attentional bias (66, 67). It can be suspected that hypoxia is partially involved in causing more impairment in attentional function among males than among females with oxidative factors, with depression being the intermediary factor.


4.1. Limitations and prospects

Limitations also appear in this study. This study does not have longitudinal data, and the lack of BDNF and attention data at sea level and other time periods of hypoxia exposure, makes it impossible to determine the time effect of the association between BDNF and attention function. Previous studies found the influence of long-term hypoxia exposure on cognitive function exists in two types of circumstances. Cognition may continue to be damaged or it could return to an undamaged state owing to the offset effects of the adaptive process (68), the lack of sea level data making it hard to draw firm conclusion of the variations of attention function. However, the results of the present study show that individuals with poorer executive function have higher BDNF levels. Revealing to us that individuals with relatively worse functions may be still go through adapting, while individuals with better functions have already completed the adaptive process. Therefore, to more comprehensively understand the relationship between BDNF and attention at different hypoxia exposure times, the mechanism of association between BDNF and executive control in short-term migrants and the mechanism of the negative correlation between BDNF and executive control in long-term migrants, future studies should consider the BDNF level in participants at sea level, the early days, and various periods of HA exposure if experimental conditions permit.



4.2. Conclusions

In summary, this study used ANT and ERP techniques to explore the relationship between BDNF and attentional functions (namely alerting, orienting, and executive control) among long-term HA migrants. We found that executive control is positively correlated with the P3 amplitude and that both these factors are negatively correlated with BDNF level, implying that the worse attention function, the higher the BDNF level in HA migrants, which may be a self-rehabilitation. In addition, females had better alerting function than males, as females may experience fewer negative effects of hypoxia. To the best of our knowledge, this study is the first to explore the relationship between BDNF and the three attentional networks among long-term HA migrants, providing a more comprehensive view of BDNF and attention function under long-term hypoxia.




Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Government of the Tibet Autonomous Region, the Local Ethics Committee of Tibet University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

HM and HL obtained funding, provided general guidance, and approved the final manuscript. RS and FG conceived and designed the experiment. NW and DC collected and analyzed the data. JF drafted the manuscript. All authors contributed to the manuscript and approved the submitted version.



Funding

This research was supported by the Science and Technology Major Project of Tibetan Autonomous Region of China (grant numbers XZ202201ZD0001G and XZ202301YD0032C), the National Natural Science Foundation of China (grant numbers 32260212 and 82060588), the Scientific Development Funds for Local Region from the Chinese Government in 2022 (grant number XZ202201YD0018C), Key Science and Technology Project of Lhasa, Tibet (grant number LSKJ202309), and Science and Technology Project of Tibet Autonomous Region of China (grant number 2023ZYJM001).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Kushwah N, Jain V, Deep S, Prasad D, Singh SB, Khan N. Neuroprotective role of intermittent hypobaric hypoxia in unpredictable chronic mild stress induced depression in rats. PLoS ONE. (2016) 11:e0149309. doi: 10.1371/journal.pone.0149309

 2. Lu B, Nagappan G, Lu Y. BDNF and synaptic plasticity, cognitive function, and dysfunction. Handb Exp Pharmacol. (2014) 220:223–50. doi: 10.1007/978-3-642-45106-5_9

 3. Liu DY, Shen XM, Yuan FF, Guo OY, Zhong Y, Chen JG, et al. The physiology of BDNF and its relationship with ADHD. Mol Neurobiol. (2015) 52:1467–76. doi: 10.1007/s12035-014-8956-6

 4. Vitaliano GD, Kim JK, Kaufman MJ, Adam CW, Zeballos G, Shanmugavadivu A, et al. Clathrin-nanoparticles deliver BDNF to hippocampus and enhance neurogenesis, synaptogenesis and cognition in HIV/neuroAIDS mouse model. Commun Biol. (2022) 5:236. doi: 10.1038/s42003-022-03177-3

 5. Buschman TJ, Miller EK. Top-down versus bottom-up control of attention in the prefrontal and posterior parietal cortices. Science. (2007) 315:1860–2. doi: 10.1126/science.1138071

 6. Anacker C, Hen R. Adult hippocampal neurogenesis and cognitive flexibility—linking memory and mood. Nat Rev Neurosci. (2017) 18:335–46. doi: 10.1038/nrn.2017.45

 7. Asevedo E, Gadelha A, Noto C, Mansur RB, Zugman A, Belangero SI, et al. Impact of peripheral levels of chemokines, BDNF and oxidative markers on cognition in individuals with schizophrenia. J Psychiatr Res. (2013) 47:1376–82. doi: 10.1016/j.jpsychires.2013.05.032

 8. Siuda J, Patalong-Ogiewa M, Zmuda W, Targosz-Gajniak M, Niewiadomska E, Matuszek I, et al. Cognitive impairment and BDNF serum levels. Neurol Neurochir Pol. (2017) 51:24–32. doi: 10.1016/j.pjnns.2016.10.001

 9. Sun W, Wu Y, Tang D, Li X, An L. Melamine disrupts spatial reversal learning and learning strategy via inhibiting hippocampal BDNF-mediated neural activity. PLoS ONE. (2021) 16:e0245326. doi: 10.1371/journal.pone.0245326

 10. Shim SH, Hwangbo Y, Kwon YJ, Jeong HY, Lee BH, Lee HJ, et al. Increased levels of plasma brain-derived neurotrophic factor (BDNF) in children with attention deficit-hyperactivity disorder (ADHD). Prog Neuropsychopharmacol Biol Psychiatry. (2008) 32:1824–8. doi: 10.1016/j.pnpbp.2008.08.005

 11. Faraone SV, Biederman J. Neurobiology of attention-deficit hyperactivity disorder. Biol Psychiatry. (1998) 44:951–8. doi: 10.1016/S0006-3223(98)00240-6

 12. Bergman O, Westberg L, Lichtenstein P, Eriksson E, Larsson H. Study on the possible association of brain-derived neurotrophic factor polymorphism with the developmental course of symptoms of attention deficit and hyperactivity. Int J Neuropsychopharmacol. (2011) 14:1367–76. doi: 10.1017/S1461145711000502

 13. Erickson KI, Miller DL, Roecklein KA. The aging hippocampus: interactions between exercise, depression, and BDNF. Neuroscientist. (2012) 18:82–97. doi: 10.1177/1073858410397054

 14. Wang DC, Lin HT, Lee YJ Yu HF, Wu SR, Qamar MU. Recovery of BDNF and CB1R in the prefrontal cortex underlying improvement of working memory in prenatal DEHP-exposed male rats after aerobic exercise. Int J Mol Sci. (2020) 21:3867. doi: 10.3390/ijms21113867

 15. Yeom CW, Park YJ, Choi SW, Bhang SY. Association of peripheral BDNF level with cognition, attention and behavior in preschool children. Child Adolesc Psychiatry Ment Health. (2016) 10:10. doi: 10.1186/s13034-016-0097-4

 16. Zhang J. Cognitive functions of the brain: perception, attention and memory. arXiv [Preprint] arXiv:1907.02863 (2019).

 17. Fan J, McCandliss BD, Sommer T, Raz A, Posner MI. Testing the efficiency and independence of attentional networks. J Cogn Neurosci. (2002) 14:340–7. doi: 10.1162/089892902317361886

 18. Petersen SE, Posner MI. The attention system of the human brain: 20 years after. Annu Rev Neurosci. (2012) 35:73–89. doi: 10.1146/annurev-neuro-062111-150525

 19. Fan J, McCandliss BD, Fossella J, Flombaum JI, Posner MI. The activation of attentional networks. Neuroimage. (2005) 26:471–9. doi: 10.1016/j.neuroimage.2005.02.004

 20. Lewis DA, Hashimoto T, Volk DW. Cortical inhibitory neurons and schizophrenia. Nat Rev Neurosci. (2005) 6:312–24. doi: 10.1038/nrn1648

 21. Shulman GL, Tansy AP, Kincade M, Petersen SE, McAvoy MP, Corbetta M. Reactivation of networks involved in preparatory states. Cereb Cortex. (2002) 12:590–600. doi: 10.1093/cercor/12.6.590

 22. Rothbart MK, Posner MI. The developing brain in a multitasking world. Dev Rev. (2015) 35:42–63. doi: 10.1016/j.dr.2014.12.006

 23. Matsumoto K, Tanaka K. The role of the medial prefrontal cortex in achieving goals. Curr Opin Neurobiol. (2004) 14:178–85. doi: 10.1016/j.conb.2004.03.005

 24. Maison P, Walker DJ, Walsh FS, Williams G, Doherty P. BDNF regulates neuronal sensitivity to endocannabinoids. Neurosci Lett. (2009) 467:90–4. doi: 10.1016/j.neulet.2009.10.011

 25. Ceccarini J, Casteels C, Ahmad R, Crabbé M, Van de Vliet L, Vanhaute H, et al. Regional changes in the type 1 cannabinoid receptor are associated with cognitive dysfunction in Parkinson's disease. Eur J Nucl Med Mol Imaging. (2019) 46:2348–57. doi: 10.1007/s00259-019-04445-x

 26. Zhang D, Zhang X, Ma H, Wang Y, Ma H, Liu M. Competition among the attentional networks due to resource reduction in Tibetan indigenous residents: evidence from event-related potentials. Sci Rep. (2018) 8:610. doi: 10.1038/s41598-017-18886-7

 27. Yan X, Zhang J, Shi J, Gong Q, Weng X. Cerebral and functional adaptation with chronic hypoxia exposure: a multi-modal MRI study. Brain Res. (2010) 1348:21–9. doi: 10.1016/j.brainres.2010.06.024

 28. Zhang J, Yan X, Shi J, Gong Q, Weng X, Liu Y. Structural modifications of the brain in acclimatization to high-altitude. PLoS ONE. (2010) 5:e11449. doi: 10.1371/journal.pone.0011449

 29. Zhang J, Zhang H, Li J, Chen J, Han Q, Lin J, et al. Adaptive modulation of adult brain gray and white matter to high altitude: structural MRI studies. PLoS ONE. (2013) 8:e68621. doi: 10.1371/journal.pone.0068621

 30. Murray AJ, Montgomery HE, Feelisch M, Grocott MPW, Martin DS. Metabolic adjustment to high-altitude hypoxia: from genetic signals to physiological implications. Biochem Soc Trans. (2018) 46:599–607. doi: 10.1042/BST20170502

 31. Thropp JE, Buza PW. Cumulative cyclic exposures to 8000-ft pressurization equivalence and attention network responses. Aerosp Med Hum Perform. (2019) 90:513–23. doi: 10.3357/AMHP.5232.2019

 32. Li S, Han C, Asmaro K, Quan S, Li M, Ren C, et al. Remote ischemic conditioning improves attention network function and blood oxygen levels in unacclimatized adults exposed to high altitude. Aging Dis. (2020) 11:820–7. doi: 10.14336/AD.2019.0605

 33. Solís-Marcos I, Kircher K. Event-related potentials as indices of mental workload while using an in-vehicle information system. Cogn Tech Work. (2019) 21:55–67. doi: 10.1007/s10111-018-0485-z

 34. Sur S, Sinha VK. Event-related potential: an overview. Ind Psychiatry J. (2009) 18:70–3. doi: 10.4103/0972-6748.57865

 35. Ma H, Huang X, Liu M, Ma H, Zhang D. Aging of stimulus-driven and goal-directed attentional processes in young immigrants with long-term high altitude exposure in Tibet: an ERP study. Sci Rep. (2018) 8:17417. doi: 10.1038/s41598-018-34706-y

 36. Groom MJ, Cragg L. Differential modulation of the N2 and P3 event-related potentials by response conflict and inhibition. Brain Cogn. (2015) 97:1–9. doi: 10.1016/j.bandc.2015.04.004

 37. Morishima M, Fujita T, Osagawa S, Kubota H, Ono K. Enhanced BDNF actions following acute hypoxia facilitate HIF-1α-dependent upregulation of Cav3-T-type Ca2+ channels in rat cardiomyocytes. Membranes. (2021) 11:470. doi: 10.3390/membranes11070470

 38. Zhu XH, Yan HC, Zhang J, Qu HD, Qiu XS, Chen L, et al. Intermittent hypoxia promotes hippocampal neurogenesis and produces antidepressant-like effects in adult rats. J Neurosci. (2010) 30:12653–63. doi: 10.1523/JNEUROSCI.6414-09.2010, PMID: 20861371.

 39. Gao YX Li P, Jiang CH, Liu C, Chen Y, Chen L, et al. Psychological and cognitive impairment of long-term migrators to high altitudes and the relationship to physiological and biochemical changes. Eur J Neurol. (2015) 22:1363–9. doi: 10.1111/ene.12507

 40. Kim BN, Cummins TDR, Kim JW, Bellgrove MA, Hong SB, Song SH, et al. Val/Val genotype of brain-derived neurotrophic factor (BDNF) Val66Met polymorphism is associated with a better response to oros-MPH in Korean ADHD children. Int J Neuropsychopharmacol. (2011) 14:1399–410. doi: 10.1017/S146114571100099X

 41. Li H, Liu L, Tang Y, Ji N, Yang L, Qian Q, et al. Sex-specific association of brain-derived neurotrophic factor (BDNF) Val66Met polymorphism and plasma BDNF with attention-deficit/hyperactivity disorder in a drug-naïve Han Chinese sample. Psychiatry Res. (2014) 217:191–7. doi: 10.1016/j.psychres.2014.03.011

 42. Bartolomeo P, Seidel Malkinson T. Hemispheric lateralization of attention processes in the human brain. Curr Opin Psychol. (2019) 29:90–6. doi: 10.1016/j.copsyc.2018.12.023

 43. Wang Y, Ma H, Fu S, Guo S, Yang X, Luo P, et al. Long-term exposure to high altitude affects voluntary spatial attention at early and late processing stages. Sci Rep. (2015) 4:4443. doi: 10.1038/srep04443

 44. Rostami E, Krueger F, Plantman S, Davidsson J, Agoston D, Grafman J, et al. Alteration in BDNF and its receptors, full-length and truncated TrkB and p75(NTR) following penetrating traumatic brain injury. Brain Res. (2014) 1542:195–205. doi: 10.1016/j.brainres.2013.10.047

 45. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and function. Annu Rev Neurosci. (2001) 24:677–736. doi: 10.1146/annurev.neuro.24.1.677

 46. Saeed M, Villarroel M, Reisner AT, Clifford G, Lehman L-W, Moody G, et al. Multiparameter intelligent monitoring in intensive care II: a public-access intensive care unit database. Critic Care Med. (2011) 39:952–60. doi: 10.1097/CCM.0b013e31820a92c6

 47. Merchant S, De Civita M, Gupta M. Social determinants of health and health equity: a survey of public perspectives. Int J Equity Health. (2017) 16:1–12. doi: 10.1186/s12939-017-0577-4

 48. Shen XM, Yan CH, Guo D, Wu SM Li RQ, Huang H, et al. Low-level prenatal lead exposure and neurobehavioral development of children in the first year of life: a prospective study in Shanghai. Environ Res. (1998) 79:1–8. doi: 10.1006/enrs.1998.3851

 49. Lentin G, Cumming S, Piscione J, Pezery P, Bouchouicha M, Gadea J, et al. A comparison of an alternative weight-grading model against chronological age group model for the grouping of schoolboy male rugby players. Front Physiol. (2021) 12:670720. doi: 10.3389/fphys.2021.670720

 50. Brydges CR, Fox AM, Reid CL, Anderson M. Predictive validity of the N2 and P3 ERP components to executive functioning in children: a latent-variable analysis. Front Hum Neurosci. (2014) 8:80. doi: 10.3389/fnhum.2014.00080

 51. Stuss DT, Alexander MP. Is there a dysexecutive syndrome? Philos Trans R Soc Lond B Biol Sci. (2007) 362:901–15. doi: 10.1098/rstb.2007.2096

 52. Arredondo MM, Hu XS, Satterfield T, Kovelman I. Bilingualism alters children's frontal lobe functioning for attentional control. Dev Sci. (2017) 20:12377. doi: 10.1111/desc.12377

 53. Wangler S, Gevensleben H, Albrecht B, Studer P, Rothenberger A, Moll GH, et al. Neurofeedback in children with ADHD: specific event-related potential findings of a randomized controlled trial. Clin Neurophysiol. (2011) 122:942–50. doi: 10.1016/j.clinph.2010.06.036

 54. Xiu MH, Wang DM, Du XD, Chen N, Tan SP, Tan YL, et al. Interaction of BDNF and cytokines in executive dysfunction in patients with chronic schizophrenia. Psychoneuroendocrinology. (2019) 108:110–7. doi: 10.1016/j.psyneuen.2019.06.006

 55. Wei C, Sun Y, Chen N, Chen S, Xiu M, Zhang X. Interaction of oxidative stress and BDNF on executive dysfunction in patients with chronic schizophrenia. Psychoneuroendocrinology. (2020) 111:104473. doi: 10.1016/j.psyneuen.2019.104473

 56. Croll SD, Suri C, Compton DL, Simmons MV, Yancopoulos GD, Lindsay RM, et al. Brain-derived neurotrophic factor transgenic mice exhibit passive avoidance deficits, increased seizure severity and in vitro hyperexcitability in the hippocampus and entorhinal cortex. Neuroscience. (1999) 93:1491–506. doi: 10.1016/s0306-4522(99)00296-1

 57. Matzilevich DA, Rall JM, Moore AN, Grill RJ, Dash PK. High-density microarray analysis of hippocampal gene expression following experimental brain injury. J Neurosci Res. (2002) 67:646–63. doi: 10.1002/jnr.10157

 58. Yan X, Zhang J, Gong Q, Weng X. Prolonged high-altitude residence impacts verbal working memory: an fMRI study. Exp Brain Res. (2011) 208:437–45. doi: 10.1007/s00221-010-2494-x

 59. Zhang X, Xie W, Du W, Liu Y, Lin J, Yin W, et al. Consistent differences in brain structure and functional connectivity in high-altitude native Tibetans and immigrants. Brain Imaging Behav. (2023) 2023:1–11. doi: 10.1007/s11682-023-00759-5

 60. Gustafsson D, Klang A, Thams S, Rostami E. The role of BDNF in experimental and clinical traumatic brain injury. Int J Mol Sci. (2021) 22:3582. doi: 10.3390/ijms22073582

 61. Boone DR, Sell SL, Micci MA, Crookshanks JM, Parsley M, Uchida T, et al. Traumatic brain injury-induced dysregulation of the circadian clock. PLoS One. (2012) 7:e46204. doi: 10.1371/journal.pone.0046204

 62. Dobrachinski F, Gerbatin RR, Sartori G, Golombieski RM, Antoniazzi A, Nogueira CW, et al. Guanosine attenuates behavioral deficits after traumatic brain injury by modulation of adenosinergic receptors. Mol Neurobiol. (2019) 56:3145–58. doi: 10.1007/s12035-018-1296-1

 63. Jung M, Zou L, Yu JJ, Ryu S, Kong Z, Yang L, et al. Does exercise have a protective effect on cognitive function under hypoxia? A systematic review with meta-analysis. J Sport Health Sci. (2020) 9:562–77. doi: 10.1016/j.jshs.2020.04.004

 64. Pialoux V, Foster GE, Ahmed SB, Beaudin AE, Hanly PJ, Poulin MJ. Losartan abolishes oxidative stress induced by intermittent hypoxia in humans. J Physiol. (2011) 589:5529–37. doi: 10.1113/jphysiol.2011.218156

 65. Netto CA, Sanches E, Odorcyk FK, Duran-Carabali LE, Weis SN. Sex-dependent consequences of neonatal brain hypoxia-ischemia in the rat. J Neurosci Res. (2017) 95:409–21. doi: 10.1002/jnr.23828

 66. Kandola A, Ashdown-Franks G, Hendrikse J, Sabiston CM, Stubbs B. Physical activity and depression: towards understanding the antidepressant mechanisms of physical activity. Neurosci Biobehav Rev. (2019) 107:525–39. doi: 10.1016/j.neubiorev.2019.09.040

 67. Keller AS, Leikauf JE, Holt-Gosselin B, Staveland BR, Williams LM. Paying attention to attention in depression. Transl Psychiatry. (2019) 9:279. doi: 10.1038/s41398-019-0616-1

 68. Ando S, Komiyama T, Sudo M, Higaki Y, Ishida K, Costello JT, et al. The interactive effects of acute exercise and hypoxia on cognitive performance: a narrative review. Scand J Med Sci Sports. (2020) 30:384–98. doi: 10.1111/sms.13573





OPS/images/fneur-14-1144959-g005.gif





OPS/images/fneur-14-1144959-g006.gif
aas
aor

o
oo

e

—






OPS/images/fneur-14-1144959-g003.gif
T .






OPS/images/fneur-14-1144959-g004.gif





OPS/images/fneur-14-1144959-t003.jpg
BDNF group Alerting group (%)

Moderate

Chi-square test of BDNF and alerting

Low 29 8 (44.44) 13 (52.00) 8(53.33) x2=033 p=0848

High 29 10 (55.56) 12 (48.00) 7 (46.67)
BDNF group rienting group (%)
Moderate

Chi-square test of BDNF and orienting
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BDNF group Executive control group (%)

Low Moderate High

Chi-square test of BDNF and executive control
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High 29 6(35.29) 7(35.00) 16 (76.19)

BNDE, brain-derived neurotrophic factor.
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BNDEF, brain-derived neurotrophic factor.





OPS/images/fneur-14-1144959-t002.jpg
BDNF group Gender*BDNF group

F1,50) P F,50) P MS
Alerting* 550 0023 0001 0.10 0758 <0001 045 0505 <0001
Orienting 056 0457 <001 0.1 0738 <0001 068 0412 <0001
Executive control* 000 0972 <0.01 7.5 0010 001 201 0.162 <0001
Nl orienting 252 0.118 368 0.003 0385 005 008 0781 0.1
Pl alert 034 0563 031 138 0245 125 0.6 0,69 0.14
Pl orienting 205 0.158 348 030 0585 051 009 0762 0.6
N1 alert 108 0303 081 301 0089 225 0.1 0747 008
P3 exccutive control | 0.17 0.679 051 358 0.064 1049 0.3 0724 037
Theta 0.6 0500 0.8 023 0635 009 265 0.109 103
Beta 0.4 0714 004 064 0427 0.18 003 0.860 001

BNDE brain-derived neurotrophic factor; EEG components, electroencephalographic components. *Indicates the existence of a significant effect, p < 0.05.
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