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Observational Study
Characterization of optimal resting tension in human pulmonary arteries
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Abstract
AIM: To determine the optimum resting tension (ORT) for in vitro human pulmonary artery (PA) ring preparations. 

METHODS: Pulmonary arteries were dissected from disease free sections of the resected lung in the operating theatre and tissue samples were directly sent to the laboratory in Krebs-Henseleit solution (Krebs). The pulmonary arteries were then cut into 2 mm long rings. PA rings were mounted in 25 mL organ baths or 8 mL myograph chambers containing Krebs compound (37 °C, bubbled with 21% O2: 5% CO2) to measure changes in isometric tension. The resting tension was set at 1-gram force (gf) with vessels being left static to equilibrate for duration of one hour. Baseline contractile reactions to 40 mmol/L KCl were obtained from a resting tension of 1 gf. Contractile reactions to 40 mmol/L KCl were then obtained from stepwise increases in resting tension (1.2, 1.4, 1.6, 1.8 and 2.0 gf).

RESULTS: Twenty PA rings of internal diameter between 2-4 mm were prepared from 4 patients. In human PA rings incrementing the tension during rest stance by 0.6 gf, up to 1.6 gf significantly augmented the 40 mmol/L KCl stimulated tension. Further enhancement of active tension by 0.4 gf, up to 2.0 gf mitigate the 40 mmol/L KCl stimulated reaction. Both Myograph and the organ bath demonstrated identical conclusions, supporting that the radial optimal resting tension for human PA ring was 1.61 g.

CONCLUSION: The radial optimal resting tension in our experiment is 1.61 gf (15.78 mN) for human PA rings.
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Core tip: Pulmonary artery (PA) vasoconstriction is an important physiological process to regulate blood flow in the lungs but it also manifests in pathological conditions. Different models have been implemented to assess the baseline molecular and cellular functions of pulmonary ailments. However, a great deal of the research was undertaken on animals with little similarity to human tissue. Isolation of human PA and measurement of pulmonary vascular tension are vital to understand the pathophysiology of human pulmonary vessels. The objective behind this research is to assess the underlying resting tension for undertaking studies of the PA rings in humans.
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INTRODUCTION
The vascular wall is constituted by three sections or layers; the tunica intima, tunica media, and tunica externa, also otherwise known as the internal, middle and outer layer, respectively[1]. Endothelial cells are located in the intima and play an important role in regulating vascular operations through reacting to neurotransmitters, hormones and vasoactive elements[2]. The endothelium and smooth muscle are the vital components for maintenance of arterial tone and blood pressure directive. The arteries main purpose is to deliver the blood to the organs with high pulse pressure. Arteries are generally classified into conducting arteries, conduit arteries (macrovasculature) and resistance arteries (microvasculature) sourced on size, anatomical position and functionality[3]. Conducting arteries are the largest in size and rich in elastic tissues which support the vessels to expand and recoil to accommodate high changes in blood pressure. The aorta, pulmonary artery (PA) and carotid arteries are the main examples of conducting arteries[4]. Conduit arteries e.g. femoral, radial and brachial arteries are the subdivisions of conducting arteries, and their role is regulating the flow of blood to particular organs and sections of the body[5]. Conduit arteries advance more through separating into resistance arteries that mainly consist of smooth muscles and are highly innervated by sympathetic nerves. Resistance vessels regulate the blood flow to tissues through constricting or dilating as reaction to sympathetic simulation or dissimulation[6]. 
Hypoxic pulmonary vasoconstriction (HPV) is a fundamental physiological mechanism to redirect the blood from poorly to better-aerated areas of lungs to optimize the ventilation perfusion matching[7]. Persistent hypoxia leads to increased pulmonary vascular opposition and right ventricular afterload that leads to hypoxic pulmonary hypertension (HPH)[8]. HPV initially thought to be caused by alveolar hypoxia by means of local lung mechanism but recent advances suggest that PA smooth muscle cells (PASMC) constitute both the sensor and the transducer of the hypoxic signal as well as its contractile effector[9]. A series of experiments performed to explain the phenomenon on macroscopic and microscopic level has been reported although the underlying mechanism is not clear[10-12]. However, vast majority of experiments performed in animals with little data available from humans. Experiments performed on animals are generally inapplicable on humans so we need to adapt new methodologies for use in human to understand the human disease biology.
The objective of this research is assessing the tension in human PA to facilitate future experiments and also to provide a methodology of isolation of PA and their use in studies in the form of arterial rings.

MATERIALS AND METHODS 
All patients undergoing a lung lobectomy by a Consultant Cardiothoracic Surgeon at Castle Hill Hospital were consented for resected lung tissue to be included in this study prior to their operation at the time of their consent for surgery. Patients under the age of 18 and who cannot give informed consent were excluded from the study. Local research ethics committee and local research and development department approval was obtained for the use of human tissue for this study.

Isolation of PA rings
Tissue samples were collected from patients undergoing surgical lung resection for cancer and immediately moved to the laboratory in Krebs-Henseleit solution (consisting of 113.8 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L MgSO4, 25 mmol/L NaHCO3, 1.2 mmol/L KH2PO4, 11.4 mmol/L glucose, and 2.4 mmol/L CaCl2 dissolved in distilled water). Pulmonary arteries were dissected from disease free areas of lung resection and after careful removal of adipose and connective tissues cut into 2 mm long rings. The Internal diameter of vessels ranged between 2-4 mm.

Mounting of PA rings
A multiwire myograph system (DMT 620M) and an organ bath system (Radnotti) were used for mounting of PA rings and measurement of ORT. The Multi wire myograph system consists of 4 individual myograph units. Each unit is created with aluminum and has a centralized placement of 8 ml stainless steel chamber (Figure 1A). Pins to support the tissue were placed within the chamber, one end being connected to a force transducer whilst the other connected with a micrometer. PA rings were mounted between the pins. All units were subject to administered gas inflow and suction. Connections for vacuum and gassing, as well as heating are provided in the myograph interface, allowing for all chambers to be smoothly maintained under physiological settings (37 °C, and bubbled with 21% O2: 5% CO2) (Figure 1B). The myograph system was connected to a PC via an amplifier (Power Lab 8/35, AD Instruments) for continuous measurement of isometric tension using data acquisition software (Lab Chart Pro Version 8.0).
The organ bath system consists of 4 organ baths connected to a gas inlet where gas mixtures can be bubbled through (Figure 2A). Surrounding each bath is a heat exchanger that recreated the physiological temperatures of the human body. Each organ bath contained Krebs’s solution and the PA rings were mounted between two hooks. One hook was fixed and the other connected with a force transducer (Harvard UF1), which was linked to a PC for continuous measurement of isometric tension (Figure 2B). 

Determination of optimal resting tension
After mounting of PA rings the resting tension was set at 1 gf and the vessels left to equilibrate under 21% O2: 5% CO2 at 37 °C for 60 min. When a stable resting tension was achieved the vessels were contracted to 40 mmol/L KCl by direct addition to the organ bath. The maximum contraction to KCl was recorded when the contractile response reached a plateau. Active tension was calculated as maximum tension at plateau (gf) - resting tension (gf). Vessels were then washed for 30 min by rapidly replacing the Krebs solution in the chambers with fresh solution three times every five minutes. When a stable resting tension was achieved a repeat reaction with 40 mmol/L KCl was obtained and the vessels again washed before obtaining a third reaction to 40 mmol/L KCl for the purpose of confirming reproducibility in the response. When a reproducible response was obtained the maximum contraction to 40 mmol/L KCl had been established from increasing resting tensions of 1.2, 1.4, 1.6, 1.8 and 2.0 gf with the vessels being washed for 30 min between responses.
At the end of each experiment the integrity of endothelium was confirmed by the addition of 1 umol/L acetylcholine. Rings that did not contract to KCl were excluded from the study.

Chemicals and reagents
Five percent of carbon dioxide/balance air (10 lt cylinders) was sourced from BOC Limited. All reagents were obtained from Fischer Scientific and acetylcholine from Sigma Aldrich. 

Statistical analysis 
Data are presented as mean ± SD and n represents the number of PA rings used.

RESULTS
Twenty PA rings (internal diameter 2-4 mm) were obtained from 4 patients. Results showed that in human PA rings increasing the basal tension from 1.0 to 1.6 gf significantly augmented the 40 mmol/L KCl induced active tension. Increasing the active tension from 1.6 to 2.0 g mitigate the 40 mmol/L KCl induced response (Figures 3). The myograph and organ bath demonstrated identical conclusions (Figure 4), confirming that the most efficient resting tension for human PA rings is 1.61 gf (Figure 5).

DISCUSSION
The pulmonary circulation carries deoxygenated blood from right section of heart towards lungs, under which it is subject to oxygenation while carbon dioxide is filtered, thereafter returning the clean blood onto the left section of the heart prepared for dissemination[13] (Figure 6). The pulmonary circulation is in series and reliant not only on the systemic blood flowing to right section of the heart, rather also the outflow from the left section[14]. Therefore, in case of an increment under the left atrium pressure or increase in afterload like in aortic stenosis, greater pressure will be observed in the PA[15]. PA vasoconstriction is an important physiological process to regulate blood flow in lungs but it also results in pathologies. Various models are utilized for assessing the baseline molecular and cellular functions of lung ailments, particularly pulmonary vascular affliction. However, a great deal of researches is undertaken on animals with little similarity to humans. Few centers have the luxury to utilize human tissue to study this phenomenon. Isolation of human PA and measurement of pulmonary vascular tension are vital to understand the pathophysiology of human pulmonary vessels. The objective behind this research is to assess the optimal resting tension for undertaking studies on human PA rings.

COMMENTS
Background
Pulmonary artery (PA) vasoconstriction is an important physiological process to regulate blood flow in the lungs but it also manifests in pathological conditions. Isolation of human PA and measurement of pulmonary vascular tension are vital to understand the human pulmonary vessels disease especially pulmonary hypertension.

Research frontiers
Further research is required to confirm the conclusion of this research, and also to evaluate if whether the optimum tension varies between various sizes of pulmonary arteries.

Innovations and breakthroughs
The authors yields the base optimal resting tension (ORT) for conducting studies on human PA rings and the ORT measured was 1.61 gf (15.78 mN) for vessels with internal diameter ranged between 2-4 mm. 

Applications
This study provides a baseline ORT to facilitate future experiments on human PA rings and also provide a methodology of isolation of PA and their use in studies in the form of arterial rings.

Terminology
Pulmonary hypertension is a hemodynamic state elaborated by defined by a resting mean PA pressure at or above 25 mmHg.

Peer-review
[bookmark: _GoBack]It is a valuable paper for physiology and pathology pulmonary arteries. The system will provide a basic for further research about pulmonary arteries and its-related diseases.
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Figure 1 Multiwire Myograph System (DMT 620 M) (A) and Multiwire Myograph Unit (B).
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Figure 2 Radnotti (A) and Schematic (B) Organ Bath system.





Figure 3 Measurement of Optimal Resting Tension using Multi-wire Myograph (A) and Organ Bath system (B). A: Total 12 PA rings from four patients were used to perform the experiment. Increasing the resting tension from 1.0 gf to 1.6 gf significantly augmented the 40 mmol/L KCl induced active tension. Increasing the active tension from 1.6 to 2.0 gf initially plateaued off than decreased the 40 mmol/L KCl induced response; B: Total 8 PA rings from four patients were used to perform the experiment. Increasing the resting tension from 1.0 to 1.6 gf significantly augmented the 40 mmol/L KCl induced active tension. Increasing the active tension from 1.6 to 2.0 gf either decreased the 40 mmol/L KCl induced response. 




Figure 4 Comparison of Optimal Resting Tension measurement in Organ Bath and Myograph system. Total 20 PA rings from four patients were used to perform the experiment. Increasing the resting tension from 1.0 to 1.6 gf significantly augmented the 40 mmol/L KCl induced active tension. Increasing the active tension from 1.6 to 2.0 gf either decreased or plateaued off the 40 mmol/L KCl induced response. Both organ bath and myograph shows similar result and confirmed that radial optimal resting tension for human pulmonary artery ring was 1.61 g.







Figure 5 Combined result of Optimal Resting Tension measurement. Total 20 PA rings from four patients were used to perform the experiment. Increasing the active tension from 1.6 to 2.0 gf decreased the 40 mmol/L KCl induced response. The radial optimal resting tension for human pulmonary artery ring measured was 1.61 g. PA: Pulmonary artery.
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Figure 6 Schematic representation of pulmonary circulation.
Optimum Resting Tension (Myograph n=12)
Optimum Resting Tension	0.899694674640101	0.894009202718549	0.911492366031297	0.875438833680088	0.789058832349712	0.691578202891246	0.899694674640101	0.894009202718549	0.911492366031297	0.875438833680088	0.789058832349712	0.691578202891246	0.816	0.96875	1.201	1.396666666666666	1.5915	1.789916666666667	1.99475	1.413583333333333	1.5295	1.638166666666667	1.754333333333333	1.77325	1.679125	Resting Tension (gf)
Active Tension to 40mM KCl (gf)
Optimum Resting Tension (Organ Bath n=8)
Optimum Resting Tension	0.427694595087039	0.372662404673644	0.407459178498726	0.458819272698957	0.490050562260088	0.113137084989847	0.427694595087039	0.372662404673644	0.407459178498726	0.458819272698957	0.490050562260088	0.113137084989847	1.09278125	1.209125	1.417875	1.626125	1.921	1.9915	0.736666666666667	0.787875	0.916125	1.062625	0.973125	0.693	Resting Tension in (gf)
Active Tension to 40mM KCl (gf)
Comparision of Optimum Resting Tension in Organ Bath and Myograph System
Organ Bath n=8	0.427694595087039	0.372662404673644	0.407459178498726	0.458819272698957	0.490050562260088	0.113137084989847	0.427694595087039	0.372662404673644	0.407459178498726	0.458819272698957	0.490050562260088	0.113137084989847	1.0	1.2	1.4	1.6	1.8	2.0	0.736666666666667	0.787875	0.916125	1.062625	0.973125	0.693	Myograph n=12	0.217665454310049	0.899694674640101	0.894009202718549	0.911492366031297	0.875438833680088	0.789058832349712	0.691578202891246	0.217665454310049	0.899694674640101	0.894009202718549	0.911492366031297	0.875438833680088	0.789058832349712	0.691578202891246	0.8	1.0	1.2	1.4	1.6	1.8	2.0	1.413583333333333	1.5295	1.638166666666667	1.754333333333333	1.77325	1.679125	Resting tension (gf)
Active Tension to 40 mM KCl (gf)



Optimum Resting Tension Combined(n=20)
Optimum Resting Tension	0.217665454310049	0.807329968519796	0.807984970873775	0.820898562552036	0.801332461065876	0.781454756746739	0.789640628528081	0.217665454310049	0.807329968519796	0.807984970873775	0.820898562552036	0.801332461065876	0.781454756746739	0.789640628528081	0.816	1.0183625	1.20425	1.40515	1.60535	1.84235	1.9941	1.142816666666667	1.23285	1.34935	1.47765	1.4532	1.4419	Resting Tension (gf)
Active Tension to 40 mM (gf)
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