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SHORT ABSTRACT: 
We present a surgical method to induce right ventricular hypertrophy and failure in rats.

LONG ABSTRACT: 
Right ventricular (RV) failure induced by sustained pressure overload is a major contributor to morbidity and mortality in several cardiopulmonary disorders. Reliable and reproducible animal models of RV failure are therefore warranted in order to investigate disease mechanisms and effects of potential therapeutic strategies. Banding of the pulmonary trunk is a common method to induce isolated RV hypertrophy but in general, previously described models have not succeeded in creating a stable model of RV hypertrophy and failure. 

We present a rat model of pressure overload induced RV hypertrophy caused by pulmonary trunk banding (PTB) that enables different phenotypes of RV hypertrophy with and without RV failure. We use a modified ligating clip applier to compress a titanium clip around the pulmonary trunk to a pre-set inner diameter. We use different clip diameters to induce different stages of disease progression from mild RV hypertrophy to decompensated RV failure.

RV hypertrophy develops consistently in rats subjected to the PTB procedure and depending on the diameter of the applied banding clip, we can accurately reproduce different disease severities ranging from compensated hypertrophy to severe decompensated RV failure with extra-cardiac manifestations.

The presented PTB model is a valid and robust model of pressure overload induced RV hypertrophy and failure that has several advantages to other banding models including high reproducibility and the possibility of inducing severe and decompensated RV failure. 

INTRODUCTION: 
The right ventricle (RV) can adapt to a persistent pressure overload. In time, however, adaptive mechanisms fail to sustain cardiac output, the RV dilates and eventually the RV fails. RV function is the main prognostic factor of several cardiopulmonary disorders including pulmonary arterial hypertension (PAH), thromboembolic pulmonary hypertension (CTEPH), and various forms of congenital heart disease with a pressure (or volume) overload of the RV. Despite intense treatment, RV failure remains a predominant cause of death in these conditions. 

As a consequence of the unique properties1,2 and embryological development3 of the RV, knowledge derived from left heart failure cannot simply be extrapolated to right heart failure. Animal models of right heart failure are therefore needed in order to investigate the mechanisms of RV failure and potential pharmacological treatment strategies. 

There are experimental models of pulmonary hypertension induced by SU5416 combined with hypoxia (SuHx)4 or monocrotaline (MCT)5, which induce RV failure secondary to disease in the pulmonary vasculature. These models are used to evaluate therapeutic effects of drugs that target the pulmonary vasculature. Both the SuHx and the MCT model are non-fixed afterload models of RV failure. Consequently, it is not possible to conclude if an improvement in RV function after an intervention is secondary to afterload reducing pulmonary vascular effects or if it is caused by direct effects on the RV. In addition, the MCT model has several extra-cardiac effects.

In experimental pulmonary trunk banding models, the afterload of the RV is fixed due to a mechanical constriction of the pulmonary trunk. This allows for the investigation of direct cardiac effects of an intervention on the RV independent from any pulmonary vascular effects6-9. Usually, the banding is performed by placing a needle along the pulmonary trunk. Then a ligature is placed around the needle and the pulmonary trunk and tied with a knot, and the needle is removed leaving the suture around the pulmonary trunk. Depending on the gauge of the needle, different degrees of constrictions can be applied, but despite this approach being widely used, it has some disadvantages. First, the diameter of the banding is not exactly the same as the outer diameter of the needle as the ligature is tied around both the needle and the pulmonary trunk. Second, there may be significant variation to how tightly the knot is tied making it difficult to reproduce a certain degree of banding. This will lead to a variation in banding diameter and thereby a larger dispersion. Finally, the knot may come loose over time. 

One study applies a half-closed tantalum clip around the pulmonary trunk10. They compressed the clip around the pulmonary trunk to an inner area of 1.10 mm2 and compared it to rats subjected to banding with a suture using an 18G needle. Overall, banding with the clip was associated with less peri-surgical complications and data variance. 

Based on the principles described by Schou et al.11, we further developed and characterized the pulmonary trunk banding (PTB) model of RV hypertrophy and failure. Here, we present our experience using this model based on results from previous studies12,13. For this model, a titanium clip is compressed around the pulmonary trunk to an exact preset inner diameter, which may be adjusted in order to induce distinct RV failure phenotypes. 

PROTOCOL: 

All rats were treated according to Danish national guidelines, and all experiments were approved by the Institutional Ethics Review Board and conducted in accordance with the Danish law for animal research (authorization number 2012-15-2934-00384, Danish Ministry of Justice).

1. Adjustment of the Ligating Clip Applier 

Note: The banding of the pulmonary trunk is performed with a modified open ligating clip applier with an angled jaw. The applier is modified with an adjustable stop mechanism to stop the compression when the jaws reach an exact distance from each other. When a small titanium ligating clip is compressed with the modified applier, a lumen persists between the legs of the clip with a specific diameter according to the adjustment of the stop mechanism (Figure 1). 

1.1. Choose the diameter of the desired banding, e.g., 0.6 mm.

1.2. Adjust the ligating clip applier until the distance between the jaws is 1.0 mm when fully compressed. This leaves a lumen of 0.6 mm as the two clip legs have a thickness of 0.2 mm each. 

[Place Figure 1 here]

2. Preparation of the rat

Note: Other regimens of analgesics may be applied. 

2.1. Use Wistar rat weanlings weighing approximately 100-120 g. In order to maintain body temperature during the surgery, use a covered heating pad. 

2.2. For surgery, use a mechanical ventilator set to a tidal volume of approximately 1.75 mL and respiratory rate of 75 per min. 

2.3. Anaesthetize the rat with sevoflurane (7% mix in 1.5 L of O2) in an induction chamber for 5 minutes. Intubate the rat using a 17G IV cannula, where the distal 2 mm of the needle have been cut off in order for the soft catheter to cover the tip. Remove the needle and connect the cannula to the ventilator. 

2.4. Place the rat on its back on the heating pad. Make sure that the intubation is correct by observing the movements of the thorax. These should be without side differences and in pace with the ventilator. 

Note: Absence of movements of the thorax, abdominal contractions and inflation of the stomach in the upper left abdomen are signs of a misplaced tube. Remove the cannula, put the rat back in the induction chamber and re-intubate. 

2.5. After correct intubation, reduce the sevoflurane to maintenance concentration (3.5% mix in O2, 1.5L/min) and fix the paws of the rat to the heating pad. 

2.6. Confirm prober anesthetization by checking withdrawal reflexes of the extremities using a forceps to squeeze the paws of the rat. 

2.7. Inject the rats with buprenorphine (0.1 mg/kg subcutaneously (s.c.)) and carprofene (5 mg/kg s.c.) to relieve post-operative pain. 

2.8. Shave the chest and disinfect with chlorhexidine. 

3. Isolation of the pulmonary trunk

3.1. With a pair of scissors, make a 1 cm incision in the skin along the middle part of the sternum. Identify the major pectoral muscle and cut its sternal attachment. Identify the 2nd, 3rd, and 4th costa below. 

Note: This can be useful if bleeding from the anterior thoracic artery is a recurrent issue.

3.2. Optionally, grab the 2nd costa with a fixation forceps, put a suture (4-0, multifilament, absorbable) around the 2nd costa from the 1st intercostal space to the lower medial part of the 2nd intercostal space. Tie a firm knot in order to ligate the anterior thoracic artery. 

3.3. Cut the 4th, 3rd, and 2nd costa close to the sternum with a pair of scissors and carefully dissect the intercostal muscles until a complete left thoracotomy has been performed. If any bleeding from the anterior thoracic artery occurs, compress with a pean and ligate the artery.

3.4. Insert a retractor between the sternum and the costae and open it to get a good operating field. At the top of the field is the thymus covering the aorta and the pulmonary trunk. Carefully lift the thymus using a pean and flip it upwards in order to expose the aorta and the pulmonary trunk below. 

3.5. Guide the tip of a small surgical hooklet with a 85° angle through the transverse pericardial sinus located behind the left atrial appendage. Pull it halfway back through the sinus and guide the tip of the ear hook upwards until it appears between the ascending aorta and the pulmonary trunk. 

3.5.1. Remove any connective tissue covering the tip with an iris scissor in order to separate the pulmonary trunk from the ascending aorta. 

3.5.2. Repeat the step with a larger hook (optional). 

3.6. Grab the end of an approximately 10 cm ligature (4-0, multifilament) with an angled muscle forceps and guide it around the pulmonary trunk through the passage made with the hooks. Seize the end of the ligature with another forceps and withdraw the first one. Now the pulmonary trunk is separated from the ascending aorta and can be controlled by the ligature around it. 

4. Application of the Clip

4.1. Load the adjusted ligating clip applier with a clip. Carefully guide one of the jaws and one leg of the clip though the passage around the pulmonary trunk. Use the ligature to gently pull the pulmonary trunk upwards and into the fork of the clip. 

4.2. When the pulmonary trunk is in the fork of the clip and the two tips of the clip legs are free of any connective tissue, compress the clip with the applier to apply the banding. 

4.3. Observe how the RV immediately dilates in response to the banding and remove the ligature. 

5. Closing of the Thorax

5.1. Remove the pean from the thymus and reposition it to its natural position. Remove the retractor. 

5.2. Close the thorax in three layers: the intercostal layer, the major pectoral muscle, and the skin with suture (4-0, multifilament, absorbable). Inject 2 mL of saline s.c. to replace fluid lost during surgery. 

5.3. Turn the sevoflurane off and extubate the rat when it starts breathing spontaneously. 

5.4. Treat the rats with buprenorphine (7.4 μg/mL) in the drinking water for the following three days or apply a similar analgesic protocol. After three days, the rats have recovered and are without discomfort. 

6. Sham Surgery

6.1. Perform a sham surgery by following all of the steps above except for the application of the clip (step 4). 

REPRESENTATIVE RESULTS: 
Using the described PTB procedure in previous studies from our group12,13, we induced RV hypertrophy (PTB mild) by banding with a 1.0 mm clip, a moderate degree of RV failure (PTB moderate) by banding with a 0.6 mm clip and a severe degree of RV failure (PTB severe) by banding with a 0.5 mm clip. The rats subjected to the severe banding developed extra-cardiac manifestations of RV failure including liver failure and ascites (Figure 5E). All rats were evaluated seven weeks after the PTB and sham rats underwent the same procedure only without the application of the clip. Perioperative mortality was less than 1 in 6. Seven weeks survival rate was 80% for rats subjected to severe banding and close to 100% in rats subjected to mild or moderate banding or sham surgery.  

For evaluation of the effects of the PTB procedure, we used echocardiography together with cardiac magnetic resonance imaging (MRI) to assess RV volumes and cardiac output. Tricuspid annular plane systolic excursion (TAPSE) was measured as the distance of the tricuspid annular plane with the RV contraction in the apical four-chamber view. An average of three cycles outside respiration was used as a representative value. RV end-diastolic volume (EDV) and end-systolic volume (ESV) was assessed by drawing of the endocardium in a series of short axis images through the RV obtained by MRI for each rat and RV ejection fraction (EF) calculated as EF = (EDV-ESV)/EDV. Cardiac output was measured between the pulmonary valves and the clip using a phase-contrast MRI sequence. Digital recordings of RV pressures were obtained by a micro tip catheter installed in the RV before euthanasia. Further details of the methods have been described previously12. RV hypertrophy was evaluated as the ratio of the RV weight divided by the weight of the left ventricle (LV) plus septum and as the weight of the RV divided by the length of the tibia to correct for the size of the rat. All methods were applied as described previously12. 

In one week, elevated RV pressures and RV dysfunction evident by a decrease in cardiac output and TAPSE had developed in the PTB rats compared to sham operated rats. Accordingly, interventions or pharmacological treatments can be initiated already at this time point if one aims to investigate effects on established RV failure. After additional six weeks, RV pressure had further increased. The differences of the moderate vs the severe RV failure phenotype were even more pronounced shown by a stepwise decrease in both cardiac output and TAPSE with increased severity of the banding (Figures 2 and 3). Detailed hemodynamic differences between PTB mild rats and PTB severe rats 4 weeks after surgery have been published by our group previousely14. 

The PTB procedure also caused RV dilatation evident by an increase in both RV EDV and RV ESV in the moderate PTB rats compared to sham operated rats and in the severe PTB rats compared to both moderate PTB and sham. A stepwise decrease in RV EF was also seen (Figure 4). 

The development of RV hypertrophy was associated to the magnitude of the pressure overload applied by the clip. The ratio of the RV over the LV plus septum weight increased stepwise from rats with a mild banding with a clip of 1.0 mm over rats banded with a moderate 0.6 mm clip to rats banded with a severe 0.5 mm clip. Similar results were seen for the RV weight corrected for the size of the rat by dividing with the length of the tibia. The hypertrophy was also seen as an increase in cardiomyocyte cross sectional area in the PTB rats compared to sham operated rats. Apart from hypertrophy of the cardiomyocytes, the pressure overload also induced other morphological changes of the RV associated with RV failure including RV fibrosis. In rats subjected to severe banding, decompensated RV failure was induced. This phenotype was characterized by signs of backward failure including hepatic congestion seen as a dark discoloration of the liver. Hepatic congestion was usually accompanied by ascites (Figure 5). 

FIGURE AND TABLE LEGENDS: 
Figure 1: The PTB procedure.
(A) The surgical instruments used for the PTB procedure including the ligating clip applier (blue arrow). (B) The adjustable stop mechanism of the ligating clip applier. Turning the cogwheel (blue arrow) will adjust the position of the pin (yellow arrow), which stops the closing of the applier when the jaws reach a certain distance from each other. The distance corresponds to twice the thickness of the legs of the clip plus the inner diameter of the clip, when the clip is compressed, and can be calibrated by using for example a needle with a known outer diameter. (C) The applier compresses a titanium clip to an exact inner diameter pre-specified by adjustment of the applier. (D) The inner diameter of the compressed clip can be adjusted in order to induce different severities of RV hypertrophy and failure. For the data presented, an inner diameter of 1.0 mm was used to induce mild RV hypertrophy, an inner diameter of 0.6 mm was used to induce moderate RV failure, and an inner diameter of 0.5 mm was used to induce severe RV failure. (E) The clip after application around the pulmonary trunk.

Figure 2: Effects of PTB one week and seven weeks after the procedure. 
(A) Right ventricular (RV) systolic pressure (B) cardiac output and (C) tricuspid annular plane systolic excursion (TAPSE) measured one week after sham or PTB operation with a moderate or a severe banding respectively. (C, D and E) The same measures seven weeks after the procedures and further development of RV failure12. Data presented as mean ± SEM. One-way ANOVA with post hoc Bonferroni analysis. **p<0.01, ***p<0.001, and ****p<0.0001 PTB vs sham and PTB severe vs PTB moderate. 

Figure 3: Effects of the PTB procedure assessed by echocardiography. 
(A) A representative four chamber view and (B) measurements of velocity time integral (VTI) in the pulmonary trunk (upper panel) and tricuspid annular plane systolic excursion (TAPSE) (lower panel) in a sham operated rat. (C and D) Similar images for a PTB rat subjected to moderate banding. All images are seven weeks after sham operation or banding. 

Figure 4: Magnetic resonance imaging of PTB rats.
Cardiac magnetic resonance imaging (MRI) of PTB and sham operated rats. (A) Representative four chamber images (upper panel) and short axis views (lower panel) of sham rats (left) and PTB rats with a moderate degree of RV failure (right). In the PTB rat, the high RV pressures caused septum bulging (blue asterisk). (B) The PTB procedure induced RV dilatation evident by an increase in both RV end diastolic volume (EDV) and RV end systolic volume (ESV). (C) RV ejection fraction (EF) decreased12. Data presented as mean ± SEM. n = 11-13 per group. One-way ANOVA with post hoc Bonferroni analysis. *p<0.05, **p<0.01, and ****p<0.0001 PTB vs sham and PTB severe vs PTB moderate. 

Figure 5: Anatomical data and histology.
RV hypertrophy measured as (A) RV divided by the LV plus septum and (B) RV weight divided by tibia length from rats with mild RV hypertrophy, moderate RV failure, and severe RV failure seven weeks after the PTB procedure. (C) Representative images of histological sections stained with hematoxyline eosine for measurement of cardiomyocyte cross sectional area and (D) picrosirius red analyzed under polarized light for fibrosis from sham rats (left) and PTB rats with moderate RV failure (right). (E) A healthy liver (left) and a discolored liver with congestion (right) from a PTB rat with severe RV failure12,13. Data presented as mean ± SEM. One-way ANOVA with post hoc Bonferroni analysis. **p<0.01 and ****p<0.0001 PTB vs sham, PTB moderate vs PTB mild and PTB severe vs PTB moderate. 

DISCUSSION: 
We describe an accessible and highly reproducible method of pulmonary trunk banding using a modified ligating clip applier to compress a titanium clip around the pulmonary trunk. By adjusting the applier to compress the clip to different inner diameters, distinct phenotypes of RV hypertrophy and failure can be induced including severe RV failure with extra-cardiac manifestation of decompensation. 

Although simple, the protocol contains a few critical steps. Importantly, the rats cannot be too big when they undergo the PTB procedure. In our experience, Wistar rat weanlings weighing 100-120 g are suitable for the procedure. In larger rats, application of a severe banding may lead to acute RV failure and death. Other studies6-10,15 have mainly used larger rats (160-260 g) but also larger diameters of their respective bandings (1.27-1.65 mm). 

The application of banding of less severity may also explain the relative modest increases in RV pressures reported by other groups. Banding with an 18G needle (1.27 mm) leads to RV systolic pressures in the range of 70-90 mmHg6-9. In one study6, this was not sufficient to cause RV fibrosis or reduce cardiac output. Here, we report RV pressures of approximately 90 mmHg for a moderate banding and 110 mmHg for a severe banding. With a severe banding, we have also been able to create a phenotype of decompensated RV failure with extra-cardiac manifestations including hepatic congestion and ascites12. Pulmonary trunk banding by ligation using a 20G needle (0.902 mm) caused liver fibrosis, nutmeg-like liver congestion and ascites in Sprague Dawley rats15 despite the relatively mild constriction compared to our study. This may be explained by different rat strains responding differently to the banding. There are significant differences with regards to metabolism16, adrenergic tone and heart rate17 between rat strains. Even within the same rat strain, various characteristics including growth rate may vary with different vendors18. This should always be taken into account. For the specific rat strain used, it is therefore critical that well-designed pilot studies are performed in order to determine the banding diameter and the follow-up time needed for the desired RV failure phenotype to develop. The clip model can potentially be used in rat neonates as opposed to the ligating technique previously used19, but we have no experience with this and the same considerations as mentioned above applies before initiating a study.

The PTB model has a few limitations. Firstly, the very proximal occlusion by the clip around the pulmonary trunk represents the conditions of pulmonic stenosis or CTEPH more than the distal narrowing of the smaller pulmonary arteries seen in PAH. The adaptation of the RV to the increased afterload may vary depending on the location of the obstruction(s)20. Secondly, the application of the clip during surgery causes a very sudden increase in RV afterload different from the gradual increase in pulmonary vascular resistance in PAH. The procedure is, however, performed in rat weanlings (100-120 g) giving rise to a progressively increased RV afterload relative to body weight with growth of the animals. During the seven weeks period after surgery, the body weight of the rats increases approximately fourfold and hence relative RV afterload increases proportionally inducing a progressive disease development6. 

Using a modified ligating clip applier and a titanium clip for banding of the pulmonary trunk, we were able to induce RV failure. The method has several advantages including high reproducibility and the possibility of creating different disease severities from mild RV hypertrophy to decompensated RV failure by adjusting the diameter of the banding clip. Changing the diameter by 0.1 mm resulted in distinct RV failure phenotypes ranging from moderate and compensated RV failure to severe and decompensated RV failure demonstrating accuracy of this pulmonary trunk banding method. 
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