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Influence of acute hypoxia on current of voltage-gated potassium channel in pulmonary artery smooth muscle cells of rats
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Abstract: Objective: To study influence of acute hypoxia on the current of voltage-gated potassium channel (IK) in pulmonary artery smooth muscle cells (PASMC) of rats. Methods: A total of 20 male SD rats were randomly and equally divided into normoxic control group and acute hypoxia group. The rats in acute hypoxia group were kept in hypoxic chamber for 8 h before experiment. Whole cell patch-clamp technique was used to record IK in PASMC. Results: Acute hypoxia significantly decreased the IK density in PASMC of rats. During -60mV to -10mV of resting membrane potential（RMP）, acute hypoxia did not significantly decrease peak IK density in PASMC of rats, P>0.05; At 0 mV, acute hypoxia significantly decreased the peak IK density in PASMC [from（38.1 ± 5.2） pA / pF decreased to（9.82 ± 2.1） pA / pF ,P<0.05], then along with RMP increase in PASMC, the decreasing amplitude of peak IK density in PASMC gradually increased（P<0.05）; From + 30 mV to+ 60 mV, the decreasing amplitude of peak IK density in PASMC further significantly increased（P<0.01）; At + 60 mV the peak IK density decreased from（38.1 ± 5.2） pA / pF  to（9.82 ± 2.1） pA / pF , and the decreasing amplitude reached (46.8±3.3)%. Conclusion: Acute hypoxia can decrease Kv current in PASMC of rats, leading to hypoxic pulmonary vasoconstriction.
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摘要：目的：研究急性缺氧对大鼠肺动脉平滑肌细胞电压门控钾通道（Kv）电流的影响。方法：雄性SD大鼠20只随机分为常氧对照组和急性缺氧组（各10只）。急性缺氧组大鼠在低氧仓中缺氧停留8 h后进行实验。应用全细胞膜片钳技术记录肺动脉平滑肌细胞电压门控钾通道电流（IK）。结果：急性缺氧显著降低大鼠肺动脉平滑肌细胞的IK密度。在大鼠肺动脉平滑肌细胞静息膜电位- 60 mV至-10mV时，急性缺氧降低大鼠肺动脉平滑肌细胞的IK密度不明显（P> 0.05）。在0 mV时，大鼠肺动脉平滑肌细胞的峰值IK密度显著下降 [从（38.1 ± 5.2） pA / pF  → （9.82 ± 2.1） pA / pF ,P<0.05）], 此后随着细胞静息膜电位的增加，平滑肌细胞的IK密度下降 幅度逐渐增加（P<0.05）;从+ 30 mV至+ 60 mV时，平滑肌细胞的IK密度下降 幅度更大（P<0.01）。在+ 60 mV时，IK密度峰值从（135.4 ± 16.5） pA / pF降到（73.1 ± 10.6）pA / pF，降幅达（46.8 ± 3.3）%。结论：急性缺氧可降低肺动脉平滑肌细胞Kv电流,导致肺血管缺氧性收缩。
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Response of systemic circulation arterioles to hypoxia is dilating vessels to increase oxygen supply for tissues. On the contrary, the response of pulmonary circulation small resistance artery is constricting vessels, leading to so-called hypoxic pulmonary vasoconstriction (HPV). Occurrence of HPV is at least partially caused by inhibition of family oxygen-sensitive voltage-gated potassium channel (Kv), which leads to depolarization of cell membrane, open of type L calcium channel and pulmonary vasoconstriction. Kv is an important link during pathogenesis of pulmonary artery hypertension (PAH) and HPV. Therefore, the present study used traditional whole cell patch-clamp technique to study influence of acute hypoxia on the current of Kv (IK) in single pulmonary artery smooth muscle cell (PASMC) of rat, in order to further clarify pathologic mechanism of HPV and PAH and establish basis for development and usage of drugs. 

1. Materials and methods

1.1 Animals and grouping

A total of 20 male SD rats (200~250g) provided by experimental animal center of Tongji medical college of Huazhong University of Science and Technology were randomly and equally divided into normoxic control group and acute hypoxia group. Rats of acute hypoxia group were kept in hypoxic chamber for 8 h. Oxygen concentration of hypoxic chamber was (10±0.5)% (oxygen was replaced by nitrogen), oxygen sensor (RSS-5100, Shanghai Longtuo Instrument Co., Ltd) was used to monitor oxygen concentration in the hypoxic chamber. Soda lime was used to eliminate carbon dioxide in the air and anhydrous calcium chloride was used to maintain low humidity. 

1.2 Separation of single PASMC

During experiment, fresh PASMC of rats were separated everyday. Resistance pulmonary arteries with diameter 300~700µm were separated, placed in “calcium-free” phosphate buffered saline (PBS) at 4 ℃ for 20min. Components of PBS were (mmol/L): NaCl 130, KCl 5, MgCl2 1.2, CaCl2 1.5, hydroxyethyl piperazine ethanesulfonic acid (HEPES) 10, glucose 10 and the pH was 7.4. Then the arteries were transferred into “calcium-free” PBS solution （contained 4mg/ml type Ⅰcollagenase, 4mg/ml papain, 1mg/ml bovine serum albumin and 0.5mg/ml dithiothreitol）to digest for 30~40min at 37 ℃. Finally, self-made glass dropper was used to blow and strike for 10~15 min, and prepare single PASMC. Cell suspension was stored at 4 ℃ and used within 6h. 
1.3 Record of electrophysiological indexes

Cell suspension was dripped in perfusion slot of inverted microscope (Zeiss, Germany) to perform routine record of whole cell membrane patch-clamp. After cells adhering to wall for 10~15min, the perfusion was performed by normoxic (filled with air) “calcium-free” PBS solution (pH 7.39~7.41) or hypoxic (filled with nitrogen) “calcium-free” PBS solution (pH 7.39~7.41). Microelectrode (Bedford, NH) was used to measure partial pressure of oxygen (PaO2), PaO2 was 120mmHg under normoxic condition and 27mmHg under hypoxic condition. Range of electrode resistance was 3~5 m[image: image1.png]


, components of inner perfusion of electrode were (mmol/L): KCl 125, Na2ATP 5, Na2GTP 0.5, MgCl2 4, HEPES 10, EGTA 10 and triethanolamine（TEA） 1 (pH was regulated to 7.2 using KOH). 
The cells voltage were clamped at -70mV, the square wave stimulus was given with range from -60mV to +60mV, and step 10mV, width of wave 400ms and frequency 0.2 Hz. Sample was taken when 2 kHz was filtered for 10 kHz. When measuring cell resting membrane potential（RMP）, cell voltage should be clamped at resting potential by current clamp (not current input). Axon 200A amplifier was used and data were recorded by ISO2 sampling software. All experiments were performed at room temperature (22~25℃). Current at the end of stimulating voltage was measured (cell membrane capacity was 21 pF), and its relationship with measuring voltage was I-V curve. When measuring voltage was +60 mV, its inhibition percentage (P) was calculated, the formula was: P= 1 - [(IK after hypoxia) / ( IK before hypoxia)]. 

1.4 Statistical analysis

SigmaStat 2.03 software (Systat Software, San Jose, CA) was used to perform statistical analysis. IK density was expressed as mean ± standard deviation (
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), its comparison within a group was performed using paired t test and its comparison between two groups was performed using analysis of variance. P<0.05 was regard as possessing significant difference. 
2. Results

2.1  Characteristics of voltage-gated potassium channel current (IK) in PASMC
In order to avoid inference from calcium-activated potassium channel and ATP sensitive potassium channel, calcium-free electrode inner solution was used, and 10 mmol/L EGTA, 5 mmol/L Na2ATP and 1 mmol/L TEA were added. A specific Kv channel blocker 4-amiopyridine (4-AP) was used and added into the culture dish to validate that the recorded current was Kv current. A control current graph without drug was recorded at first, then certain amount of 4-AP was added into the culture dish to obtain the final concentration of 5 mmol/L, and current graph was recorded again at about 4 min after adding 4-AP. After 4-AP was added, Kv channel was inhibited and current significantly decreased. They were shown in figure 1. The IK density can be inhibited by 5 mmol/L 4-AP.When RMP was at +60mV, inhibition percentage was (75.3 ± 8.4) % (P<0.01), while 1mmol/L TEA had no significant influence on IK density. 
[image: image3.jpg]



Fig. 1 Characteristics of IK in PASMC (effects of 4-AP and TEA on IK density)
4-AP: 4-amiopyridine, TEA: Triethanolamine, IK: Current of voltage-gated potassium channel, PASMC: pulmonary artery smooth muscle cells. Similarly hereinafter. 
2.2 Influence of acute hypoxia on IK in PASMC

    The IK is very sensitive to acute hypoxia. Acute hypoxia significantly decreased the IK in PASMC of rats. Along with RMP increase in PASMC of rats, decreasing amplitude of IK caused by acute hypoxia gradually increased and the I-V curve gradually shifted downward to the right. They were shown in table 1 and figure 2. When RMP was at+ 60mV, the decreasing amplitude of peak IK density reached (46.8±3.3) %. 
Table 1  Acute hypoxia significantly decreased the peak IK density in PASMC of rats
Resting membrane potential               Peak IK                                               P
- 60 mV to -10mV                   IK decrease was not significant                      > 0.05
0 mV             from （38.1 ± 5.2） pA / pF  → （9.82 ± 2.1） pA / pF            < 0.05

+ 10 mV          from （52.1± 9.3）  pA / pF  → （17.4 ± 2.8）pA / pF             < 0.05

+ 20 mV          from（67.6 ± 11.2） pA / pF  → （28.9 ± 3.4） pA / pF             < 0.05

+ 30 mV          from（85.4 ± 12.9） pA / pF  → （38.5 ± 4.9） pA / pF             < 0.01
+ 40 mV          from（99.7 ± 14.2） pA / pF  → （48.9 ± 9.7） pA / pF             < 0.01
+ 50 mV          from（114.5 ± 14.7）pA / pF  → （63.2± 9.9） pA / pF             < 0.01
+ 60 mV          from（135.4 ± 16.5）pA / pF  → （73.1 ± 10.6）pA / pF）           < 0.01
→ decrease to 

[image: image4]
Fig2 A  Original Ik traces in PASMC of the rats in control group and acute hypoxic group
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Fig2 B  Current-voltage relationships in PASMC of rats between control group and 
acute hypoxic group

Summarized data show IK density elicited by a test potential from –60 mv to +60 mv (*P<0.05, **P<0.01 vs. control group).

3  Discussion

According to biophysical and pharmacologic features, potassium channels in PASMC are mainly divided into four types: ATP sensitive potassium channel (KATP), inward rectifier potassium channel (Kir), large conductance calcium-activated potassium channels (BKca) and voltage-gated potassium channel (Kv). Among above four potassium channels, Kv plays an important role in maintenance of RMP of PASMC, promotion of repolarization, maintenance of vascular tone and regulation of vascular function [1, 2]. It is also the target of many vasoactive substances, and it plays an important role in pathologic mechanism of PAH and HPV. 

The IK density recorded in the present study was consistent with its electrophysiological features, which were similar with the results of Zhou M et al [3]. The 4-amiopyridine (4-AP) is a specific inhibitor of Kv channel. The present study indicated that IK density didn’t further decrease by hypoxia after decreased by 5 mmol/L 4-AP, suggesting that hypoxia has effect on 4-AP sensitive Kv. 

The present study indicated that acute hypoxia significantly decreased the IK density in PASMC of rats. Along with the increase of resting membrane potential in PASMC of rats, decreasing amplitude of IK density caused by acute hypoxia gradually increased and the I-V curve gradually shifted downward to the right. From -60mV to -10mV of RMP, acute hypoxia didn’t significantly decrease IK density in PASMC of rats, P>0.05; from 0mV to +20mV, it significantly decreased the IK density, P<0.05; from +30mV to +60mV, it further significantly decrease the IK density, P<0.01. At +60mV, acute hypoxia can decrease peak IK density from (135.4 ± 16.5) pA/pF to (73.1 ± 10.6) pA /pF, and the decreasing amplitude reached (46.8±3.3) %. So, why acute hypoxia can decrease IK density? The current explanation is: there exist different kinds of Kv in PASMC, namely hypoxia-sensitive Kv and non-hypoxia-sensitive Kv. Compared with non-hypoxia-sensitive Kv, hypoxia-sensitive Kv is opened at lower RMP under normoxic condition. Acute hypoxia can decrease number of potassium channels, especially hypoxia-sensitive Kv via inhibiting potassium channels, making IK density decrease [4-6]. The IK density decrease, PASMC membrane depolariztion make voltage-gated calcium channel open, therefore, calcium influx increases, intracellular calcium concentration increases, so trigger intracellular calcium bank to release calcium, then intracellular calcium concentration further increases, leading to constriction of PASMC, and HPV is triggered eventually [7, 8].

In summary, acute hypoxia can decrease Kv channel current in PASMC, promote hypoxic pulmonary vasoconstriction, and finally lead to PAH or even pulmonary heart disease. Understanding of role of potassium channel in PAH may provide thinking for developing new anti-PAH drugs and methods. 
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