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SUMMARY 27 
The rodent left pneumonectomy is a valuable technique in pulmonary hypertension research. 28 
Here, we present a protocol to describe the rat pneumonectomy procedure and postoperative 29 
care to ensure minimal morbidity and mortality. 30 
 31 
ABSTRACT 32 
In this protocol, we detail the correct procedural steps and necessary precautions to successfully 33 
perform a left pneumonectomy and induce PAH in rats with the additional administration of 34 
monocrotaline (MCT) or SU5416 (Sugen). We also compare these two models to other PAH 35 
models commonly used in research. In the last few years, the focus of animal PAH models has 36 
moved towards studying the mechanism of angioproliferation of plexiform lesions, in which the 37 
role of increased pulmonary blood flow is considered as an important trigger in the development 38 
of severe pulmonary vascular remodeling. One of the most promising rodent models of increased 39 
pulmonary flow is the unilateral left pneumonectomy combined with a “second hit” of MCT or 40 
Sugen. The removal of the left lung leads to increased and turbulent pulmonary blood flow and 41 
vascular remodeling. Currently, there is no detailed procedure of the pneumonectomy surgery in 42 
rats. This article details a step-by-step protocol of the pneumonectomy surgical procedure and 43 
post-operative care in male Sprague-Dawley rats. Briefly, the animal is anesthetized and the chest 44 
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is opened. Once the left pulmonary artery, pulmonary vein, and bronchus are visualized, they are 45 
ligated and the left lung is removed. The chest then closed and the animal recovered. Blood is 46 
forced to circulate only on the right lung. This increased vascular pressure leads to a progressive 47 
remodeling and occlusion of small pulmonary arteries. The second hit of MCT or Sugen is used 48 
one week post-surgery to induce endothelial dysfunction. The combination of increased blood 49 
flow in the lung and endothelial dysfunction produces severe PAH. The primary limitation of this 50 
procedure is that it requires general surgical skills.  51 
 52 
INTRODUCTION 53 
Pulmonary arterial hypertension (PAH) is a progressive and fatal disease characterized by an 54 
increase in pulmonary blood flow, increased vascular resistance, inflammation, and remodeling 55 
of small pulmonary blood vessels1. This remodeling usually results in vascular lesions that 56 
obstruct and obliterate small pulmonary arteries, causing vasoconstriction and increasing right 57 
ventricle afterload2. Few successful pharmacological treatments of PAH exist; as a consequence, 58 
PAH-related mortality remains high. Recently, the focus of research on the pathobiology of 59 
pulmonary hypertension has moved towards a mechanism of angioproliferation in which the role 60 
of increased pulmonary blood flow is considered as an important trigger in the development of 61 
pulmonary vascular remodeling3,4. 62 
 63 
Animal models of pulmonary hypertension have provided critical insights that help to explain the 64 
pathophysiology of the disease and have served as a platform for drug, cell, gene, and protein 65 
delivery. Traditionally, the chronic hypoxia-induced pulmonary hypertension model and the MCT 66 
lung injury model have been the main models used to study PAH pathophysiology5. However, 67 
they are not sufficient to produce increased pulmonary blood flow and neointimal pattern of 68 
remodeling compared to alterations described in human patients. The chronic-hypoxia model in 69 
rodents results in thickening of vessel walls with hypoxic vasoconstriction without angio-70 
obliteration of small pulmonary vessels6. Additionally, the hypoxia condition is reversible. Thus, 71 
the hypoxia model is also not sufficient to produce severe PAH. The MCT lung injury model does 72 
elicit some endothelial dysfunction but the complex vascular obliterative lesions found in humans 73 
with severe primary PAH do not develop in the rats2. Additionally, MCT-treated rats tend to die 74 
from MCT-induced lung toxicity, veno-occlusive liver disease and myocarditis rather than from 75 
PAH2. Finally, the pneumonectomy alone is not sufficient to produce neointimal lesions in the 76 
small pulmonary vessels in a short period of time. After the pneumonectomy, there is minimal 77 
elevation in pulmonary arterial pressure7. In humans, the pneumonectomy is well tolerated when 78 
the contralateral lung is healthy7.  79 
  80 
However, the left pneumonectomy procedure combined with MCT or Sugen is advantageous 81 
since it mimics increased pulmonary blood flow and results in pulmonary vascular remodeling 82 
comparable to severe clinical PAH. In the pneumonectomy-MCT model, neointimal pattern of 83 
remodeling develops in over 90% of operated-animals treated7. Similarly, the combination of 84 
Sugen and pneumonectomy results in severe PAH, characterized by angio-obliterative vascular 85 
lesions, proliferation, apoptosis, and RV dysfunction8. The left pneumonectomy procedure is also 86 
advantageous compared to other surgical procedures to induce PAH. Previously described 87 
models in rats to increase pulmonary blood flow to the lungs include the aorto-caval shunt or 88 



subclavian-pulmonary artery anastomosis. These models are extremely complicated7,9-11. To 89 
perform an aorto-caval shunt, the animal’s abdomen has to be opened. The shunt is placed in 90 
the abdominal aorta, which increases blood flow to all abdominal organs instead of just the lungs, 91 
thus, PAH takes much longer to develop. Additionally, it is difficult to determine the blood flow 92 
through the shunt, whereas with the pneumonectomy the blood flow to the remaining lung 93 
doubles. The subclavian-pulmonary artery anastomosis also has many complications. The flow of 94 
arterial blood into the vein can lead to thrombosis of anastomosis and bleeding. Like the aorto-95 
caval shunt, it is difficult to determine the blood flow through the anastomosis. Furthermore, it 96 
is an expensive and difficult technique that requires vascular surgical skills. The unilateral left 97 
pneumonectomy doubles blood flow and shear stress in the contralateral lung and, in 98 
combination with MCT or Sugen, causes the typical hemodynamic and histopathological findings 99 
of PAH which is endothelial cell damage8,12.  100 
 101 
The novelty of this manuscript is presented in the very detailed and comprehensive surgical 102 
protocol of the left pneumonectomy in rats and in the discussion of the technical and 103 
physiological challenges of these models. Because this protocol is not currently available, many 104 
investigators believe the model is too difficult use. Investigators who have performed the left 105 
pneumonectomy have faced high mortality and morbidity rates associated with the unnecessary 106 
loss of animals, compromising scientific assessment. Instead, many will use classical models such 107 
as MCT injection, chronic-hypoxia, or just the pneumonectomy to create PAH. However, these 108 
models are much less effective than the combination of MCT or Sugen with the left 109 
pneumonectomy. The primary purpose of this article is to provide the first detailed and 110 
reproducible surgical protocol for the left unilateral pneumonectomy in rats and provide the best 111 
surgical model of PAH. Combining this protocol for left unilateral pneumonectomy with MCT or 112 
SU5416 will allow investigators to create a far more effective and clinically relevant model of 113 
severe PAH to study the pathogenesis of this fatal disease.  114 
 115 
PROTOCOL 116 
The procedures described below have been approved by the Institutional Animal Care and Use 117 
Committee (IACUC) of the Icahn School of Medicine at Mount Sinai. All rats received humane 118 
care in compliance with the Mount Sinai “Guide for the Care and Use of Laboratory Animals”.  119 
 120 
1. Preparation for Surgery 121 
 122 
1.1. Autoclave Cooley-Mayo curved scissors (large scissors), straight Iris scissors (small 123 
scissors), McPherson-Vannas Iris scissors (back scissors), Wangensteen tissue forceps (atraumatic 124 
forceps), Gerald tissue forceps, plain wire speculum (self-retaining retractor), small vessel 125 
cauterizer, gauze, double-ended probe, thin vascular needle holder, and Micro-Jacobson 126 
mosquito hemostatic forceps (mosquito). 127 
 128 
2. Preparation and Intubation of Rats 129 
 130 
2.1. Administer a subcutaneous injection of buprenorphine analgesia (0.1 mg/kg) in 6-8-week 131 
old male, Sprague-Dawley rats, 30 min prior to surgery. 132 



 133 
2.2. Place the rat individually in a chamber exposed to isoflurane 4% and oxygen (1 L/min) for 134 
3-4 min until the rat is properly anesthetized (i.e., unconscious, breathing slowly, and 135 
unresponsive to touch or sound).  136 
 137 
2.3. Intubation of Rats 138 

 139 
2.3.1. Remove the rat from the chamber and tape the rat to a board so the rat lays flat on its 140 
back, with the mouth at the edge of the board. Use string to hold the rat by the two front teeth 141 
so that the neck remains flat/straight. 142 
  143 
2.3.2. Place a fiber optic goose light source above the neck over the larynx, lift and hold the 144 
tongue with fingers, and move the epiglottis up to visualize the vocal cords. The trachea should 145 
be brightly lit behind the vocal cords; adjust the position of the light until the trachea is bright. 146 
 147 
2.3.3. Intubate the rats by inserting a 16 G catheter into the larynx.  148 
 149 
2.3.4. Confirm the intubation using a cold mirror to observe condensation of the humidity in the 150 
exhaled breath from the catheter. Make sure the animal is still breathing by the expansion of the 151 
chest.  152 
 153 
2.4. Connect the rat to the ventilator. Set the oxygen to flow at 1 L/min. Set the ventilation 154 
rate to 70 breaths/min with a tidal volume of 0.35-0.45 mL. Set positive end expiratory pressure 155 
(PEEP) to 2-4 cm H2O. Reduce isoflurane to 2-3%.  156 
 157 
2.5. Place the rat in the right decubitus position on a heating pad at 37 °C. Tape the front legs 158 
down. Shave the left thorax behind the front leg until the end of the rib cage with clippers. Clean 159 
the surgical area with gauze and 10% povidone-iodine solution, followed by 70% ethanol (three 160 
times). 161 
 162 
2.6. Place the pulse oximeter on the rat’s foot and monitor the heart rate and oxygen 163 
saturation throughout the surgery. Heart rate should be between 200-500 bpm and oxygen 164 
saturation should be >95%. 165 
 166 
3. Preparation of Sterile Environment 167 
 168 
3.1. Visualize the surgical area under the microscope. This must be done first because the 169 
microscope cannot be adjusted once the environment is sterile. 170 
 171 
3.2. Place a sterile drape over the rat’s body and on the instrument tray to create a sterile 172 
environment.  173 
 174 
3.3. Put on sterile, surgical gloves. Do not touch anything besides the sterilized instruments, 175 
the surgical drapes, and the surgical area of the rat’s body.  176 



 177 
3.4. With sterile gloves, place sterile instruments on the sterile instrument tray. 178 
 179 
4. Left Pneumonectomy Surgical Procedure 180 
 181 
4.1. Use Cooley-Mayo scissors and Gerald tissue forceps to cut a small hole in the surgical 182 
drape. The hole should be about 2-3 cm in diameter to fully visualize the incision but not too 183 
large so that only sterilized skin is exposed. 184 
 185 
4.2. Make a 2 cm long lateral incision in the left thorax using a surgical blade. Use gauze and 186 
the electrocautery pen to manage bleeding/maintain hemostasis. Use the Cooley-Mayo scissors 187 
to cut each layer of tissue until the ribs and intercostal muscles are exposed. 188 
 189 
4.3. Entering Intercostal Space 190 
 191 
4.3.1. Use the mosquito to make a hole through the muscle of the third intercostal space.  192 
 193 
4.3.2. Use the double-ended probe to move the lung out of the way to visualize the pulmonary 194 
artery. The investigator may enter another intercostal space if the pulmonary artery is not 195 
accessible. 196 
 197 
4.3.3. Use iris scissors and McPherson-Vannas iris scissors (back scissors) to open the intercostal 198 
muscles to about 1-2 cm. Use the electrocautery pen to stop any bleeding.  199 
 200 
4.3.4. Place a small, self-retaining retractor to hold the ribs and muscles open.  201 
 202 
4.4. Open only the left pleura and move the left lung down lower in the abdomen to allow 203 
access to the pulmonary artery and bronchus. Load a medium hemoclip into the ligating clip 204 
applicator. 205 
 206 
4.5. Ligation of the Left Main Bronchus and Left Main Pulmonary Artery 207 

 208 
4.5.1. Lift the upper portion of the left lung carefully with the Wangensteen atraumatic forceps 209 
to expose the pulmonary artery.  210 
 211 
4.5.2. Clip the pulmonary artery by closing the clip and applicator around the artery. Be careful 212 
not to close or rupture the left azygos vein. Do not clamp too forcefully otherwise, the vessel can 213 
rupture.  214 
 215 
4.5.3. Open the incision further using the tonsil to separate the muscle fibers. 216 
 217 
4.5.4. Load another medium hemoclip into the ligating clip applicator so that it is ready.  218 
 219 
4.5.5. Use the atraumatic forceps to lift the lower portion of the lung out of the incision until 220 



the left main bronchus and left pulmonary vein are visualized. Atraumatic forceps must be used 221 
pull to move the lung up and out of the incision. Since the lung is too large to be pulled out in 222 
one motion without tearing the tissue, the issue forceps are necessary to hold the lung in place 223 
while the atraumatic forceps are used carefully to pull more lung out.  224 
 225 
4.5.6. Ligate the left main bronchus and left main pulmonary artery together by closing the 226 
applicator around them. Do not clamp the artery and bronchus too forcefully otherwise, the 227 
vessel can rupture.  228 
 229 
4.6. Remove the lung with scissors. Be careful not to cut or tear out the clip. Use a small piece 230 
of sterile gauze to absorb any blood and make sure there is no bleeding.  231 
 232 
4.7. Closure of the Ribs and Intercostal Muscles 233 
 234 
4.7.1. Once the bleeding has subsided, begin closure of the ribs and intercostal muscles with a 235 
4-0 prolene suture. Hold the ends of the sutures closed with the mosquito.  236 
 237 
4.7.2. Before tying the sutures closed, insert a 14 G catheter into the thoracic cavity away from 238 
the surgical incision and into the seventh intercostal space. Make sure the investigator can 239 
visualize the needle so as not to puncture any vital organs or vessels.  240 
 241 
4.7.3. Immediately remove the needle, leaving the catheter in place. This will be used as a chest 242 
tube.  243 
 244 
4.7.4. Place a 5-0 suture (Table of Materials) into the skin and around the chest tube so when 245 
the chest tube is removed, the hole will be tied shut. 246 
 247 
4.7.5. Close the ribs together by tying the sutures.  248 
 249 
4.7.6. Close the skin and subcutaneous space with a running 5-0 suture (Table of Materials). 250 
 251 
4.8. Evacuate the air from the pleural cavity with a 3 mL syringe through the catheter to regain 252 
the negative normal pressure in the thorax. Immediately clamp the catheter with a needle holder 253 
to prevent air from going back into the thoracic cavity. Quickly remove the catheter and tie the 254 
suture to close the hole. 255 
 256 
5. Post-Operative Recovery 257 
 258 
5.1. Place the animal in the sternal position. Turn off the isoflurane but continue giving the rat 259 
oxygen via endotracheal tube. Do not leave the animal unattended at any point until it has 260 
regained sufficient consciousness to ambulate and the animal is safely in its cage. 261 
 262 
5.2. Administer 2-3 mL of sterile lactated Ringer’s solution subcutaneously.  263 
 264 



5.3. Monitor the heart rate (≈200-500 bpm), oxygen saturation (≥95%), and animal color to 265 
confirm the animal is breathing well.  266 
 267 
5.4. When the animal starts making spontaneous breathing motions and neck movements and 268 
responds to physical stimuli (such as eyes widening, nose moving, and ears responding to sound), 269 
extubate the animal by pulling out the catheter and disconnect the ventilator.  270 
 271 
5.5. Return the animal to an empty cage, away from the company of other animals. The animal 272 
should be alone for at least 3 days.  273 
 274 
5.6. For pain control, administer 0.1 mg/kg of Buprenorphine subcutaneously every 12 h for 3 275 
days. 276 
 277 
6. Administration of “Second Hit” MCT or Sugen 278 
 279 
6.1. Administer 1 mL of MCT (60 mg/kg) or 1 mL of Sugen (25 mg/kg) via subcutaneous 280 
injection, 1 week after the surgery. 281 
 282 
7. Terminal Harvest 283 
 284 
7.1. Place the animal in the chamber with flowing oxygen (1 L/min) and 4% isoflurane. 285 
 286 
7.2. Connect the animal to the ventilator via nose cone. Keep oxygen flowing and lower the 287 
isoflurane to 2.5-3%. Lay the animal on his back and tape down all limbs. 288 
 289 
7.3. Shave the animal along the entire abdomen. 290 
 291 
7.4. Opening the Chest 292 
 293 
7.4.1. Make an incision down the abdomen with a scalpel from the subclavian notch to the 294 
xyphoid. 295 
 296 
7.4.2. Use the tissue forceps to hold the xyphoid. Cut through the sternum with the Cooley-297 
Mayo scissors until the heart and pulmonary artery are fully accessible. Use the electrocautery 298 
to stop the bleeding. Hold the ribs open with a retractor. 299 
 300 
7.5. Identify the pulmonary artery. Adjust the orientation of the heart, if necessary, by adding 301 
gauze underneath. Use a 20 G IV catheter to puncture the pulmonary artery between the 302 
pulmonary valve and the bifurcation of the main pulmonary artery. Advance only the 20 G 303 
catheter into the artery and remove the needle.  Advance the 1.2 Fr transonic pressure catheter 304 
into IV catheter that is in the pulmonary artery. Once the PA curve is steady, record the pressure 305 
for at least 10 s. Repeat these steps to record the pressure in the right ventricle. 306 
 307 



7.6. Remove the heart and lungs. Place pieces of the lung in formalin to be fixed in paraffin and 308 
stained with hematoxylin and eosin. 309 
 310 
REPRESENTATIVE RESULTS 311 
According to the accepted classification system, pulmonary hypertension is characterized by a 312 
mean pulmonary artery pressure (mPAP) exceeding the upper limits of normal pulmonary artery 313 
pressure (i.e., 25 mm Hg). In the pneumonectomy + MCT group, severe PAH developed by day 314 
21 with an increased mPAP (Figure 1). The mPAP is calculated by the formula:  315 
 316 

PAsystolic pressure + 2PAdiastolic pressure

3
 317 

 318 
Systolic and diastolic RV and PA pressures and were measured with the pressure catheter in the 319 
main pulmonary artery connected to the ADVantage PV system. The mean pulmonary arterial 320 
pressures (mPAP) was calculated using the formula above. In the control group, the mean PA 321 
pressure was 18.6±1.76 mm Hg (Figure 1). In the pneumonectomy + MCT group, the mPAP 322 
increased 2.25 times more compared to the control group (41.9±2.89 mm Hg) (Figure 1). In the 323 
pneumonectomy + Sugen group, the mPAP was three times higher than in the control group 324 
(53±6.60 mm Hg). In both the MCT and Sugen groups, the RVSP was much higher compared to 325 
the control group (Figure 1).  326 
 327 
Histopathology of rat lung tissue was performed using hematoxylin and eosin staining followed 328 
by imaging with an optical light microscope. In the normal lung, there is space between the alveoli 329 
and the alveolar structures are apparent. The vessels are clear and of normal thickness (Figure 330 
2A). In the PAH lung, there is evidence of remodeling, thickening of vessel walls, severe 331 
constriction of vessels, inflammation and focal pulmonary arteritis (Figure 2B, C). 332 
 333 
FIGURE LEGENDS: 334 
Figure 1: Severe pulmonary arterial hypertension in the left pneumonectomy combined with 335 
MCT model. Significant differences in mPAP and RVSP between the control group and 336 
pneumonectomy + MCT group and the control group and pneumonectomy + Sugen group. Data 337 

are presented as mean  SEM. The p-values were calculated using a one-way ANOVA and Tukey 338 
post hoc test. 339 
 340 
Figure 2. Representative photomicrographs of H&E staining of lung tissue. (A) Normal lung 341 
tissue. In the normal rat lung, the arteries (red arrow) are open and the vessel walls are normal 342 
sized. (B) Pathological vascular remodeling in pulmonary arterial hypertension rats treated with 343 
pneumonectomy and MCT. The lung shows focal pulmonary arteritis and inflammation, 344 
concentric medial thickening of the vessel walls (white arrow), and concentric intimal thickening 345 
of vessel walls (black arrow), resulting in severely constricted vessels. (C) Pathological vascular 346 
remodeling in PAH rats treated with pneumonectomy and Sugen. These lungs also show focal 347 
pulmonary arteritis and inflammation, concentric medial thickening of vessel walls (white arrow), 348 
and concentric intimal thickening of vessel walls (black arrow). The lumens of these vessels are 349 
severely constricted and/or entirely closed. 350 



 351 
DISCUSSION 352 
In PAH-affected lungs, vascular proliferation with neointimal formation and obliteration of the 353 
pulmonary arteries result in severe hemodynamic changes, right ventricular failure and early 354 
mortality7,8. The changes to the vessel walls increase resistance to blood flow, increasing arterial 355 
and right ventricular pressure. In the early stages of PAH, usually 3 weeks after administering 356 
MCT or Sugen, rats developed nonspecific histological changes like medial hypertrophy, 357 
adventitial thickening, and muscularization of the small arteries and arterioles. These changes 358 
are potentially reversible. In the later stages, about 6-8 weeks after administering MCT or Sugen, 359 
the rat’s lungs have neointimal and plexiform vasculopathy that obstruct and obliterate medium 360 
and small pulmonary arteries and arterioles, cellular intimal proliferation, and concentric intimal 361 
fibrosis. Plexiform lesions usually consist of a plexus of channels lined by endothelial cells and 362 
myofibroblasts. In many cases, these changes are associated with interstitial edema and fibrosis, 363 
thromboembolic obstruction of distal small pulmonary arteries, partial recanalization of a 364 
thrombosed muscular vessels, and fibrinoid necrosis12.  365 
 366 
As stated previously, rats in other PAH models do not develop vascular obliteration of the small 367 
vessels, neointimal and plexiform lesions, and high PA and RV pressures. Treatment with the 368 
chronic-hypoxia PAH model was found to produce some thickening of vessels but the vessels 369 
remain open and there are no vascular obliterative lesions and little inflammation5. RVSP and 370 
mPAP values are slightly elevated compared to control5. Similarly, treatment with either MCT or 371 
pneumonectomy resulted in pulmonary arterial pressures that were not significantly higher than 372 
control rats and slightly remodeled vessels7,9.  373 
 374 
Conversely, we found that the left pneumonectomy combined with MCT or Sugen is an effective 375 
model to create severe PAH. Compared to the control group, the mean pulmonary arterial 376 
pressure (mPAP) and the right ventricular systolic pressure (RVSP) in rats with severe PAH nearly 377 
doubled (Figure 1). Additionally, these rats developed plexiform lesions, concentric medial and 378 
intimal thickening, thromboembolic obstruction of distal small pulmonary arteries, inflammation, 379 
and very elevated pulmonary artery and right ventricular pressures (Figure 2). Compared to the 380 
chronic-hypoxia, MCT injection, and pneumonectomy only models of PAH performed in other 381 
studies, the pneumonectomy combined with MCT or Sugen model creates a clinically relevant 382 
condition. Furthermore, this model, if performed correctly, only has a 5-10% mortality rate. 383 
 384 
In order to successfully perform the left pneumonectomy and create PAH, there are several 385 
critical steps in this protocol that must be completed. First, it is very important to monitor the 386 
animal's oxygen saturation, capnography, and counting heart rate throughout the entire 387 
procedure to ensure the animal is breathing and his heart is beating. Monitoring oxygen 388 
saturation further confirms proper endotracheal intubation. Intubating the animal is absolutely 389 
necessary for this procedure. When the animal's chest cavity is opened, the negative pressure 390 
that normally exists in the thoracic cavity is shifted to atmospheric positive pressure. Thus, rats 391 
need to be provided with positive pressure via artificial ventilation. Without proper intubation, 392 
the animal's lungs will collapse from the positive atmospheric pressure. 393 
 394 



The surgical incision has to be made laterally or posterolaterally and in the third intercostal space. 395 
Depending on the rat’s anatomy, the surgeon may have to open a different intercostal space in 396 
order to access the lung and visualize the vessels. Using other approaches will make it very 397 
difficult to reach the left pulmonary artery. When opening the chest cavity, it is very important 398 
to use an electrocautery pen to stop bleeding from the skin, muscles, and surrounding vessels. If 399 
the investigator skips this step, the animal will lose blood and less oxygen will circulate. The 400 
incision must be a minimum of 2 cm long so that there is enough space to take out the entire 401 
lung when ligating. Otherwise, the investigator will tear the tissue when trying to remove the 402 
lung from a small opening. It is also essential to use atraumatic forceps when moving the lung in 403 
order to avoid rupturing the tissue and hemorrhaging. The pulmonary artery is closed first to 404 
prevent bleeding from manipulation of the lungs. The investigator should be very careful when 405 
ligating the vessels to avoid closing the left azygos vein or tearing the vessels otherwise, the 406 
animal will die. Additionally, it is much easier for the surgeon to use titanium hemoclips rather 407 
than sutures to ligate the left pulmonary artery, left main bronchus, and left pulmonary veins 408 
with a suture. Because the investigator has to make a relatively long incision in the intercostal 409 
space, it is necessary to close the intercostal muscles and ribs with sutures. Once the chest is 410 
closed, air has to be evacuated from the chest to restore negative pressure and it is important to 411 
prevent contralateral lung and heart distortion with a closed pneumothorax. 412 
 413 
Finally, recovery is one of the most critical steps after the rat pneumonectomy. A thoracotomy is 414 
considered a very painful surgery and analgesics are essential to promote adequate ventilation, 415 
improve lung excursions in the post-operative period, and reduce pain. Rats should be recovered 416 
in sternal position to maximize lung inflation. After 10 min, the investigator can decrease the 417 
ventilation rate to help stimulate the animal to breathe on its own and wake up. If the animal 418 
becomes cyanotic and oxygen saturation levels decrease, it is necessary to increase the oxygen, 419 
ventilation rate, and increase tidal volume to 5 mL or more depending on the capacity of the 420 
ventilator. Extubation of the rats should be done as late as possible, once the animal is fully 421 
awake. The investigator may put the extubated rat into a chamber with just flowing oxygen to 422 
further aid recovery. 423 
 424 
If the technique is executed correctly and the aforementioned considerations are addressed, 425 
performing a left unilateral pneumonectomy combined with MCT or Sugen creates a reliable 426 
model of severe PAH than MCT alone, hypoxia or other methods. When the pneumonectomy is 427 
performed correctly, the animal survives, the procedure has a short duration (15-30 min), and 428 
the investigator does not need specific vascular surgical skills. Furthermore, the investigator is 429 
able to successfully create PAH. The limitations of this method are that a thoracotomy is an 430 
invasive procedure, endotracheal intubation is required, and the investigator does need some 431 
general surgical skills. The neointimal pulmonary vascular occlusive lesions and the pronounced 432 
increases in pulmonary artery pressure similar to human pulmonary hypertension patients are 433 
evident in rats after the combination of pneumonectomy with MCT or SU5416 injection7-9. The 434 
present model is a reliable method to study the role of pulmonary overflow in the contralateral 435 
lung and flow-induced pulmonary hypertension. 436 
 437 



This protocol may be useful for studying other diseases. It is possible to use this model to study 438 
the compensatory growth of pulmonary tissue in the contralateral lung. This technique can also 439 
be used to study and develop treatments for right ventricular failure (RVF). Severe right ventricle 440 
hypertrophy develops in animals that develop neointimal lesions from increased arterial 441 
pressure7. RVF causes death in about 70% of patients with PAH13. Increasing pulmonary blood 442 
flow can be useful for studying and developing treatments for patients who suffer from 443 
congenital cardiac diseases as well. 444 
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Name of Material/ Equipment Company Catalog Number Comments/Description

Surgical Blade Bard-Parker 371215 Incision

Forane (Isoflurane, USP) Baxter NDC 10019-360-40 anesthesia

BD Angiocath 14 G BD 382268 chest tube 

BD Angiocath 16 G BD 381157 intubation tube

BD 1 mL Insulin Syringe BD 329652 administer buprinex post-operatively

Biogel Surgeons Surgical Gloves Biogel 30460-01 sterile surgical gloves

Wahl BravMini+ Trimmer
Braintree 

Scientific
CLP-41590 P shave surgical site

SU5416
Cayman 

Chemical
13342 Sugen 

Fiber Optic Illuminator Cole-Parmer EW-41723-02 light for intubation

Surgipro II 4-0 Suture Covidien VP831X Closing intercostal muscles

Polysorb 5-0 Suture Covidien GL-885 Closing skin

Medium Slide Top Induction 

Chamber
DRE Veterinary 12570 oxygen & isoflurane delivery

DRE Compact 150 Rodent 

Anesthesia Machine
DRE Veterinary 373 oxygen & isoflurane delivery

Small Vessel Cauterizer Kit
Fine Science 

Tools
18000-00 cauterizer to minimize bleeding

VentElite Small Animal Ventilator
Harvard 

Apparatus
55-7040 ventilator

MouseSTAT Jr Kent Scientific MSTAT-JR pulse oximeter & heart rate monitor

Mouse Paw Pulse Oximeter Sensor Kent Scientific SPO2-MSE
pulse oximeter & heart rate paw 

sensor

PhysioSuite RightTemp Kent Scientific PS-02 temperature pad

PVP Prep Solution Medline MDS093944 Cleaning surgical site

Poly-lined Drape Medline NON21002Z cover animal
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3 mL syringe Medline SYR103010 administer fluids post-operatively

Microsurgical Kits, Integra Miltex 95042-540

surgical tools: plain wire speculum, 

double-ended probe, McPherson-

Vannas Iris scissors straight, straight 

iris scissors
Hemostatic forceps - Micro-

Jacobson-Mosquito
Miltex 17-2602 mosquito

Buprenorphrine HCl 0.3 mg/mL
Par 

Pharmaceutical
NDC 42023-179-01 Pain relief

Cooley-Mayo curved scissors Pilling 352090 Large scissors

Gerald Tissue forceps Pilling 351900 forceps

Wangesnsteen Tissue Forceps Pilling 342929 atraumatic forceps

Pilling Thin Vascular Needle 

Holder
Pilling 354962DG needle holder

Crotaline Sigma-Aldrich C2401-1G MCT

Surflash 20 G IV Catheter Terumo SR*FF2051
For pressure reading during organ 

harvest
ADVantage PV System with 1.2 Fr 

Catheter
Transonic Inc ADV500

Record pulmonary artery and right 

ventricle pressure

Medium Hemoclip Weck 523700 ligate vessels

Open Ligating Clip Applicator; 

Medium, curved
Weck Horizon 237081 hemoclip applicator

Surgical Microscope Zeiss OPMI MD 1808 magnification
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