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SUMMARY: 27 
Subarachnoid hemorrhage continues to carry a high burden of mortality and morbidity in man. 28 
To facilitate further research into the condition and its pathophysiology, a pre-chiasmatic, single 29 
injection model is presented. 30 
 31 
ABSTRACT: 32 
Despite advances in treatment over the last decades, subarachnoid hemorrhage (SAH) continues 33 
to carry a high burden of morbidity and mortality, largely afflicting a fairly young population. 34 
Several animal models of SAH have been developed to investigate the pathophysiological 35 
mechanisms behind SAH and to test pharmacological interventions. The pre-chiasmatic, single 36 
injection model in the rat presented in this article is an experimental model of SAH with a 37 
predetermined blood volume. Briefly, the animal is anesthetized, intubated, and kept under 38 
mechanical ventilation. Temperature is regulated with a heating pad. A catheter is placed in the 39 
tail artery, enabling continuous blood pressure measurement as well as blood sampling. The 40 
atlantooccipital membrane is incised and a catheter for pressure recording is placed in the 41 
cisterna magna to enable intracerebral pressure measurement. This catheter can also be used 42 
for intrathecal therapeutic interventions. The rat is placed in a stereotaxic frame, a burr hole is 43 
drilled anteriorly to the bregma, and a catheter is inserted through the burr hole and placed just 44 
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anterior to the optic chiasm. Autologous blood (0.3 mL) is withdrawn from the tail catheter and 45 
manually injected. This results in a rise of intracerebral pressure and a decrease of cerebral blood 46 
flow. The animal is kept sedated for 30 min and given subcutaneous saline and analgesics. The 47 
animal is extubated and returned to its cage. The pre-chiasmatic model has a high reproducibility 48 
rate and limited variation between animals due to the pre-determined blood volume. It mimics 49 
SAH in humans making it a relevant model for SAH research. 50 
 51 
INTRODUCTION: 52 
Non-traumatic subarachnoid hemorrhage (SAH) is a form of stroke, representing around 5% of 53 
all cases. The most common cause of non-traumatic SAH is the sudden rupture of an aneurysm 54 
(aSAH), which accounts for 85% of SAHs. Other causes include the rupture of an arterio-venous 55 
malformation, coagulopathies, and rupture of veins in perimesencephalic hemorrhage1. The 56 
incidence rate is 9 per 100,000 person-years with mortality around one in three and another third 57 
requiring the support of daily living following SAH2,3. 58 
 59 
Following initial stabilization and diagnosis confirmation, treatment depends on the severity of 60 
the hemorrhage. The most severely afflicted patients will have an extra-ventricular drain inserted 61 
into the ventricles to reduce the intracerebral pressure (ICP) and be admitted to the 62 
neurointensive care unit, where they are monitored closely. Patients will undergo an angiography 63 
to identify the (probable) aneurysm and afterward have the aneurysm coiled or clipped to 64 
prevent rebleeding4. Despite numerous trials of pharmacological therapies, only nimodipine, a 65 
calcium-channel antagonist, has shown to improve outcomes5. Multiple clinical trials are 66 
currently underway. Please see the review by Daou and colleagues for an extensive list6. 67 
 68 
The rupture of an aneurysm has been described as the sudden onset of the worst headache ever 69 
experienced or a thunderclap headache. The rupture results in a steep rise in the ICP followed by 70 
a reduction in the cerebral blood flow (CBF). This reduction results in global ischemia of the brain, 71 
which can result in a loss of consciousness. This more mechanistic pathway, along with the 72 
initiated breakdown of the extravasated elements of blood, gives rise to cytokine release and 73 
activation of the innate immune system resulting in sterile neuroinflammation. Furthermore, 74 
breakdown of the blood-brain barrier, resulting in cerebral edema and disturbance in the ion 75 
homeostasis, is often observed. All these changes and more, coined early brain injury (EBI), occur 76 
within the first couple of days and results in neuronal loss and apoptosis7. 77 
 78 
Approximately 1/3 of patients afflicted with aSAH will develop delayed cerebral ischemia (DCI) 79 
between day 4–148. DCI is defined as either the debut of a focal, neurological impairment or a 80 
drop of minimum two points on the Glasgow coma scale lasting for a minimum of 1 h, when other 81 
causes, including seizures and re-bleeding is excluded. DCI is associated with an increased risk of 82 
death and decreased functional outcome following aSAH9. Cerebral vasospasm (CVS), the 83 
narrowing of the cerebral arteries, has been known to be associated with DCI for decades and 84 
was formerly thought to be the sole reason for DCI. It has since been shown that CVS can occur 85 
without the development of DCI and more factors, including microvascular thrombosis and 86 
constriction, cortical spreading depression, and an inflammatory response of EBI have since been 87 
identified10–12. 88 



 

 89 
Due to the large influence of EBI and DCI on the course of the disease and the outcome of the 90 
patients afflicted, animal models need to mimic these to the largest degree possible, while still 91 
being reproducible. Researchers have employed a wide range of different models in a variety of 92 
animals from mice to non-human primates to try and simulate aSAH. Sprague-Dawley and Wistar 93 
wildtype rats are currently the most commonly used laboratory animals, and the most common 94 
models are the endovascular perforation model, the cisterna-magna double injection model, and 95 
lastly the pre-chiasmatic single injection model, which will be described in this article13. 96 
 97 
The pre-chiasmatic, single injection model was originally developed by Prunell and colleagues to 98 
counter some of the shortcomings of the other experimental models14. The surgery, when 99 
mastered, is highly reproducible and minimizes variation between animals. The model mimics 100 
SAH in humans on multiple points, including the sudden rise in ICP following the injection of 101 
blood, resulting in transient global ischemia due to a fall in the CBF15,16. It affects the anterior 102 
circulation, which is where most aSAH in humans occur17. The mortality ranges from 10%–33% 103 
depending on the study and amount of blood injected14,18. Delayed cell death and 104 
neuroinflammation can be detected on day 2 and 7 thereby providing variables to study the 105 
consequences of EBI and DCI19,20. 106 
 107 
The study presents an updated description of the pre-chiasmatic single injection model in the rat 108 
along with a description of how to utilize the ICP-probe as a port for intrathecal administration 109 
of pharmaceutics. 110 
 111 
PROTOCOL: 112 
 113 
This procedure is done in accordance with the European Union’s Directive 2010/63/EU regarding 114 
the protection of animals used for scientific purposes and approved by the Danish Animal 115 
Experiments Inspectorate (license no. 2016-15-0201-00940). Surgery is performed using aseptic 116 
technique to the widest extent possible, including sterile instruments, catheters, and sutures. 117 
The study used male and female Sprague-Dawley rats weighing 230–350 g, group housed in 12-118 
h light/dark cycle, with constant temperature of 22 °C (± 2 °C), and humidity of 55% (± 10%). The 119 
animals are provided with standard chow and water ad libitum. The animals are housed in single 120 
cages following surgery but can be returned to group caging when the ICP-probe has been 121 
removed. The anesthetic in this protocol is isoflurane gas but a 1.5 mL/kg of 3:2 intraperitoneal 122 
mixture of ketamine (100 mg/mL) and xylazine (20 mg/mL) is also effectful21. 123 
 124 
1. Preparations 125 
 126 
1.1. Modify a 16 G peripheral vein catheter for intubation. To modify, shorten the needle by 127 
1 cm and bend the remaining distal 1 cm by 30° toward the injection valve. Remove the catheter 128 
wings (multiple use). 129 
 130 
1.2. To make an ICP probe, cut a 20 mm piece of polythene tubing (inner diameter (ID): 0.58 131 
mm, outer diameter (OD): 0.96 mm) and burn one end to make a circular plate, keeping an open 132 



 

lumen. Circumvent the polythene tubing with 1 mm of silicone tubing (ID: 1.0 mm, OD: 3.0 mm) 133 
before connecting 10 mm of silicone tubing (ID: 0.76 mm, OD: 2.4 mm) to the end of the 134 
polythene tubing. 135 
 136 
1.3. Power on the laptop and open the data acquisition software. Calibrate the blood pressure 137 
(BP) and intra cerebral pressure (ICP) transducers, and the Laser-Doppler according to the 138 
manufacturer’s instructions. 139 
 140 
1.4. Prepare the blood gas analyzer apparatus. 141 
 142 
CAUTION: Make sure there is enough isoflurane in the vaporizer. 143 
 144 
1.5. Turn on the O2 and N2O flow. Set the flow of O2 at 30% and N2O at 70%. 145 
 146 
1.6. Place the heating pad and set the temperature to 37 °C. 147 
 148 
2. Anesthesia 149 
 150 
2.1. Place the rat in the anesthesia chamber with a flow of 30% of O2 and 70% of N2O. 151 
Administer 5% of isoflurane gas into the chamber. Adequate anesthesia will take around 4 min. 152 
Control the breathing carefully. 153 
 154 
2.2. When anesthetized, place the rat in supine position on a heavy plate circumvented by a 155 
rubber band. Place the front teeth of the rat below the rubber band. 156 
 157 
2.3. Draw the tongue out carefully with curved forceps. Clean the larynx with a cotton tip. 158 
Place an external light in the midline of the throat to visualize the vocal cords. 159 
 160 
2.4. Intubate during inspiration using the modified 16 G peripheral vein catheter. When 161 
correctly inserted, remove the stiletto. Connect the catheter to the ventilator. 162 
 163 
NOTE: Correct placement of the tube is confirmed by chest movements in sync with respiration 164 
rate. If movements of the abdomen are seen, extubate and reintroduce the rat into the 165 
anesthesia bell. Do not repeat the procedure more than three times due to the risk of damaging 166 
the airways. 167 
 168 
2.5. When intubated, keep the animal on artificial respiration with 30% of O2 and 70% of N2O. 169 
Maintain the anesthesia at 1.5%–2% of isoflurane. Adjust the isoflurane to keep the blood 170 
pressure between 80–100 mmHg. 171 
 172 
2.6. Keep the inspiratory volume of the respirator at 3 mL and the frequency at 40–45 173 
inspirations/min. Adjust the inspiratory volume according to the blood gas analysis. 174 
 175 



 

2.7. Make a stitch through the inner soft tissue of the cheek with a 2-0 suture. Tie the suture 176 
around the injection tube and the injection valve of the peripheral vein catheter to fasten the 177 
catheter. 178 
 179 
2.8. Move the rat to the operating field and place it in supine position with the tail facing 180 
toward the surgeon. 181 
 182 
2.9. Apply the eye gel when needed to counter dry eyes. 183 
 184 
3. Tail catheter 185 
 186 
3.1. Disinfect the proximal 3–4 cm of the tail with 0.5% of chlorhexidine ethanol. 187 
 188 
NOTE: From now on, use the surgical microscope upon the surgeon’s discretion. 189 
 190 
3.2. Make a 15–20 mm skin incision in the proximal end of the tail on the ventral side. Be 191 
careful not to incise the artery. 192 
 193 
3.3. Loosen the skin from the underlying connective tissue using a curved forceps. 194 
 195 
3.4. Carefully penetrate the fascia exposing the artery. 196 
 197 
3.5. Carefully release the tail artery from the underlying tissue using a curved forceps. 198 
 199 
3.6. Slip three black silk threads under the vessel. Place one thread as distally as possible and 200 
tie a surgical knot tightly around the artery. Hold the loose ends of the thread with a hemostat. 201 
 202 
3.7. Tie the two remaining threads loosely around the artery. 203 
 204 
3.8. Push the proximal thread as proximally as possible. Apply a hemostat to hold the ends of 205 
the proximal thread. Pull the hemostat lightly, but enough to restrict and block the blood flow. 206 
Place the hemostat on the abdomen. 207 
 208 
3.9. Cut the tip of the catheter at a 45° angle. Cut the sharp point to prevent arterial wall 209 
penetration. 210 
 211 
3.10. Using a Vannas scissor, make an artery incision 1/3 of the artery’s diameter at a 30° angle, 212 
3–5 mm from the distal knot. 213 
 214 
3.11. Insert the catheter into the artery using two straight forceps. Use one forceps to hold the 215 
catheter and the other to carefully pull the artery over the catheter. 216 
 217 



 

3.12. Insert the catheter up the vessel to the proximal knot and loosen the knot from the 218 
hemostat. Visualize the blood flow in the catheter. Fasten the middle thread loosely to the 219 
catheter. 220 
 221 
3.13. Continue insertion to, and if possible, just beyond, the point where the artery is covered 222 
again by fascia. 223 
 224 
3.14. Fasten the two proximal threads using surgical knots. 225 
 226 
3.15. Control the catheter placement and possible leak by flushing with saline. 227 
 228 
NOTE: The blood pressure measurement needs to be pulsatile; if not, the catheter is not properly 229 
placed. 230 
 231 
3.16. Fasten the catheter at the end of the incision by tying a surgical knot using the distal 232 
thread. 233 
 234 
3.17. Stitch the skin incision loosely together with two non-resorbable monofilament 4-0 235 
suture. Be careful not to penetrate the catheter. 236 
 237 
NOTE: Throughout the surgery be aware of the amplitude of pulsation. If this is low, flush the 238 
catheter with saline. 239 
 240 
3.18. Loosen the arterial catheter from the pressure transducer to allow blood flow for blood 241 
gas sampling. Place a micro capillary tube at the end of the catheter. Let the blood flow into the 242 
tube. Re-attach the catheter to the transducer after blood collection and flush the catheter. 243 
 244 
3.19. Insert the capillary tube in the blood gas analyzer. Measure the pH, pCO2, and pO2 and 245 
note them down. 246 
 247 
NOTE: Depending on the blood gas and blood pressure values, change the ventilation rate. If 248 
the mean arterial pressure (MAP) is too low, try to turn down the flowrate of isoflurane. Test 249 
the reflexes to ensure proper depth of anesthesia. 250 
 251 
4. ICP probe 252 
 253 
4.1. Place the rat in the stereotaxic frame. It is important to position the rat symmetrically. 254 
 255 
4.2. Place a cylindrical pillow under the stereotaxic frame to create anterior flexion of the 256 
neck. 257 
 258 
4.3. Shave the rat’s scalp, neck, and the area behind the ears. Remove the superfluous hair. 259 
 260 
4.4. Disinfect the area with 0.5% of chlorhexidine ethanol. 261 



 

 262 
4.5. Anesthetize locally with 0.7 mL of 10 mg/5 µg/mL lidocaine with adrenaline, insert the 263 
needle at the caudal end of the skull in the midline. Inject into the musculature of the neck with 264 
0.3–0.4 mL. Inject the rest subcutaneously around and anterior to the bregma. 265 
 266 
4.6. Make a skin incision from the needle puncture ~8 mm caudally in the midline. 267 
 268 
4.7. Dissect all the muscles bluntly in layers to identify the atlantooccipital membrane (marble 269 
colored triangle caudally to the skull in the midline). 270 
 271 
4.8. Use the Alm retractor to restrain the neck musculature. Place the pronged retractor 272 
caudally if needed. 273 
 274 
4.9. Check whether the sterile ICP-probe is connected to the ICP transducer. Flush the ICP 275 
probe with saline. Ensure no air bubbles are present in the ICP probe. 276 
 277 
4.10. Incise the atlantooccipital membrane using a 23 G needle. Make a hole to coax the ICP 278 
probe through the membrane. 279 
 280 
4.11. Coax the probe through the atlantooccipital membrane gently. Pull the probe lightly and 281 
ensure that it shows a pulsating curve ranging between 0–5 mmHg. If not, remove the probe, 282 
check the connection to the transducer, and confirm the flow through the lumen. 283 
 284 
4.12. Apply two drops of the tissue glue. Move the 1 mm silicone tubing forward to the 285 
membrane and apply additional glue to minimize the risk of ICP-probe displacement. 286 
 287 
4.13. Remove the retractor(s). 288 
 289 
4.14. Make one horizontal mattress suture to the cephalic end of the incision and one simple 290 
interrupted suture to the caudal end using a non-resorbable monofilament 4-0 suture. 291 
 292 
5. Placement of the needle and the Laser-Doppler probe 293 
 294 
5.1. Make an incision in the midline just anterior to the eyes, 15 mm caudally. 295 
 296 
5.2. Remove the connective tissue and the muscles with forceps. Use the end of a sterile 297 
cotton swab as a rougine making it possible to identify the bregma and the coronal sutures. 298 
 299 
5.3. Place the Alm retractor. 300 
 301 
5.4. Place a 25 G spinal needle in the stereotaxic frame. Place the needle exactly on the 302 
bregma and note the position. 303 
 304 
NOTE: Place the midline joint of the stereotaxic frame at 30° toward the animal in the vertical 305 



 

plane. 306 
 307 
5.5. Remove the needle from the bregma, move the frame by 65 mm anteriorly and then 308 
replace the needle in the midline to mark the site of drilling. 309 
 310 
5.6. Drill until the dura mater is identified below the bone. Gently remove the bone 311 
fragments using straight forceps and fill the cavity with bone wax. 312 
 313 
5.7. Drill another hole 3–4 mm lateral to the right of the bregma and just anterior to the 314 
coronal suture for the Laser-Doppler. It is not necessary to drill all the way through the bone. Be 315 
careful not to penetrate the dura mater. 316 
 317 
5.8. Look for the vessels where the laser-doppler can measure the blood flow. Place the 318 
laser-doppler and check the values. A minimum value of 100 FU is required. Remove the 319 
microscope (artificial light). 320 
 321 
5.9. If the values are still acceptable, add one drop of glue to fix the probe. 322 
 323 
5.10. Recheck to confirm whether the value is above 80 FU. If the value is below 80 FU, 324 
remove and reposition the probe to reach a value above 80 FU. 325 
 326 
NOTE: The value, FU, is an arbitrary unit showing cerebral blood flow (CBF). 327 
 328 
6. Induction of SAH 329 
 330 
6.1. Insert the needle gently through the skull in the midline between the hemispheres until 331 
resistance of the base of the skull is felt. Retract the needle by 1 mm to ensure correct 332 
placement just anteriorly to the optic chiasm. 333 
 334 
6.2. Turn the needle 90° clockwise so that the needle tip points to the right to ensure the 335 
most homogenous result when injecting the blood. Remove the stiletto (Figure 3). 336 
 337 
6.3. Equilibrate for 15 min and adjust the level of anesthesia to obtain a mean arterial blood 338 
pressure in the range 80–100 mmHg. 339 
 340 
6.4. Perform a blood gas analysis. Adjust the level of anesthesia accordingly. 341 
 342 
6.5. Withdraw 500 µL of blood from the tail catheter using a 1 mL syringe with a blunt 23 G 343 
needle. 344 
 345 
6.6. Fill the dead space of spinal needle chamber with blood to avoid injection of air. 346 
Remove the 23 G needle from the blood-filled syringe and confirm that the syringe contains 300 347 
µL of blood. 348 
 349 



 

6.7. Connect the syringe to the spinal needle. Grasp firmly and inject the blood manually to 350 
surpass MAP. 351 
 352 
6.8. Observe a steep rise in ICP and a steep fall in CBF on the laptop. 353 
 354 
NOTE: CBF should be 50% or lower compared to the baseline score for at least 5 min for the 355 
surgery to be successful, see Figure 4. 356 
 357 
7. Recovery and awakening 358 
 359 
7.1. Administer 0.1 mL/100 g of animal weight of 5.0 mg/mL of carprofen and 1 mL/100 g of 360 
animal weight of isotonic saline subcutaneously. Make sure the liquids are at least at room 361 
temperature before administering. 362 
 363 
7.2. Subsequently keep the rat under anesthesia for 30 min following the SAH. 364 
 365 
7.3. Remove the needle, the laser doppler probe, and then fill the cavities with bone wax. 366 
Close the incision using two horizontal mattress sutures with non-resorbable monofilament 4-0 367 
suture. 368 
 369 
7.4. To use the ICP probe for injections into the cisterna magna, remove the silicone tubing 370 
and insert a pinpoint adapter to the polythene tubing. 371 
 372 
7.5. If no intervention is planned, cut the simple, interrupted suture. Shorten the ICP probe as 373 
much as possible using a scissor and then glue the end to prevent leak of cerebrospinal fluid (CSF). 374 
Close the incision with a non-absorbable monofilament 4-0 suture. 375 
 376 
7.6. Remove the rat from the stereotaxic frame and place in a supine position. Remove the 377 
loose sutures from the tail incision. 378 
 379 
7.7. Place a single suture proximal and deep to the arterial catheter. Remove the catheter and 380 
tie the suture to prevent bleeding. Suture the tail-incision with a non-absorbable monofilament 381 
4-0 suture. 382 
 383 
7.8. Turn off the isoflurane. 384 
 385 
7.9. Clean the rat and its fur as much as possible. 386 
 387 
7.10. When the pedal withdrawal reflex is regained and the rat has spontaneous respiration 388 
when decoupled from the ventilator, extubate it. 389 
 390 
7.11. Place the rat in a single cage with food and water ad libitum. Place one half of the cage 391 
under a heating plate and place the rat in this area of the cage. 392 
 393 



 

7.12. Perform intrathecal administration by adapting the pinport injector to a precision syringe 394 
and administer the treatment through the pinport adapter. This intervention is feasible in 395 
animals that are awake. See Figure 5. 396 
 397 
8. ICP-probe removal (if not removed during surgery) 398 
 399 
NOTE: Use a surgical microscope upon the surgeon’s discretion. 400 
 401 
8.1. Place the rat in the anesthesia chamber as described earlier. 402 
 403 
8.2. When anesthetized, place the rat in supine position in the operation field with heating 404 
pad. 405 
 406 
8.3. Place the nose in the anesthesia mask. Set the levels of O2 to 30%, N2O to 70%, and 407 
isoflurane to 2%. 408 
 409 
8.4. Continuously apply the eye gel to counter dry eyes. 410 
 411 
8.5. Cut the caudal simple interrupted suture. Open the incision and remove the possible 412 
necrotic tissue or blood clots. 413 
 414 
8.6. Shorten the ICP probe as much as possible using a scissor and glue the end to prevent the 415 
leak of cerebrospinal fluid (CSF). Close the incision with a non-absorbable monofilament 4-0 416 
suture. 417 
 418 
8.7. Turn off the isoflurane. 419 
 420 
8.8. When the rat starts to move, place it in a single cage with food and water ad libitum. Place 421 
one half of the cage over a heating plate and place the rat in this area. 422 
 423 
8.9. When returned to habitual state, reintroduce the animals to each other in a joint cage 424 
under supervision for the first 15 min. 425 
 426 
NOTE: Sham rats do not undergo the steps 6.1–6.7, thereby omitting the introduction of the 427 
spinal needle into the cerebrum, minimizing possible spontaneous hemorrhage, and iatrogenic 428 
brain damage. 429 
 430 
REPRESENTATIVE RESULTS: 431 
Women have an increased risk of aSAH compared to men. Despite this, male rodents are 432 
primarily used in experiments due to possible bias from heterogeneity of estrus cycle in females. 433 
The representative results presented here are from a recent publication comparing female and 434 
male rats, confirming that the model produces similar results in female animals compared to 435 
male21. The study included 34 female Sprague-Dawley rats (18 SAHs and 16 shams). Shams did 436 
not have the spinal needle descended to the optic chiasm or blood injected. All other procedures 437 



 

were performed on Shams identical to SAHs. All the physiological parameters between groups 438 
were comparable. Lastly, a meta-analysis of data from previous experiments on the male rats 439 
was done and compared with the results of the present study21. 440 
 441 
The rotating pole test is a test of gross sensorimotor function. The animal is placed on one end 442 
of a 150 cm by 45 mm pole, which can rotate up to 10 rpm. The goal is to reach the far end of the 443 
pole where a cage is placed. SAH rats did significantly worse on day 1 and 2, compared to sham 444 
animals on the rotating pole (Figure 1). 445 
 446 
Following SAH, both the ET-1 and 5-HT receptor family are upregulated in the cerebral arteries 447 
resulting in an increased contraction when stimulated and thereby contributing to CVS22,23.The 448 
basilar artery (BA) and middle cerebral arteries (MCA) were removed following decapitation and 449 
used for myograph experiments. Both endothelin 1 (ET-1), an agonist for the ET-1 receptor family 450 
and 5-carboxamidotryptamine (5-CT), an agonist for the 5-HT-receptor family produced 451 
significantly increased vascular contraction in SAH compared to sham (Figure 2). Sensitivity can 452 
be observed by the lower concentrations needed to elicit contraction following SAH in both 453 
sexes. 454 
 455 
Increased water content (edema) following SAH is a measure of reduced functional outcome in 456 
humans24. Significantly increased cerebral edema was found in SAH compared to sham on day 2. 457 
There was also a tendency toward increased edema in the hippocampus, but this was not 458 
statistically significant (p = 0.0508)21. 459 
 460 
When comparing the above-mentioned data to historical male data, the results are comparable. 461 
The metadata shows increased contractility in male SAHs following addition of ET-1 or 5-CT 462 
(Figure 2). Furthermore, the SAH rats performed significantly worse compared to shams when 463 
doing the rotating pole test. The result indicated a decreased sensorimotor function (Figure 1). 464 
 465 
Figure 5A shows the distribution of the autologous, injected blood following saline perfusion 30 466 
min after induction of the SAH. The figure shows that the blood has been distributed in the 467 
subarachnoid space following pre-chiasmatic injection. 468 
 469 
Figure 5B and Figure 5C shows the distribution of intrathecally injected dyes, followed by whole 470 
body saline perfusion for 30 min after the injection. Figure 5B shows the distribution of 25 µL of 471 
20 mM Evans Blue (water soluble) and Figure 5C shows the distribution of 25 µL of 10 mM Oil 472 
Red O (water insoluble). Both dyes were found to be distributed in the subarachnoid space 473 
following the injection into the cisterna magna, confirming that this is a feasible model of 474 
intrathecal injection of both water soluble and insoluble compounds. Worth noticing is the 475 
formation of deposits around the arteries for the water insoluble compound. 476 
 477 
FIGURE AND TABLE LEGENDS: 478 
Figure 1: Analysis of sensory-motor cognition in the first 2 days after SAH in male and female 479 
rats. Rotating pole test was performed on day 1 and day 2 after SAH. Rats of both genders had 480 
significant deficits compared to sham-operated rats of the same gender. Statistical differences in 481 



 

behavior between groups were tested by 2-way ANOVA on day 0, day 1, and day 2. Female no 482 
rotation and 3 rpm: p < 0.05. Female 10 rpm and all male data: p < 0.01. Values are means ± SEM. 483 
Republished with permission from Spray, S. et al.21. 484 
 485 
Figure 2: Analysis of increased sensitivity to ET-1 and 5-CT induced contractions in the basilar 486 
artery (BA) and middle cerebral artery (MCA) 2 days after SAH in male and female rats. (A,B) 487 
60 mM K+-evoked (K+

max) contractile responses were used as reference values for normalization 488 
of agonist-induced responses. The sensitivity to ET-1 was significantly increased 2 days after SAH 489 
compared to sham-operated rats of the same gender in both the BA and MCA. (C,D) The 490 
sensitivity to 5-CT was significantly increased 2 days after SAH compared to sham-operated rats 491 
of the same gender in both the BA and MCA. The concentration-response curves were statistically 492 
compared with two-way ANOVA. All data: p < 0.001. Values are means ± SEM. Republished with 493 
permission from Spray, S. et al.21. 494 
 495 
Figure 3: Overview of the setup before induction of SAH. From the top of the picture, note that 496 
the 1) injection needle, 2) laser-Doppler probe, and 3) the ICP probe are all in place. 497 
 498 
Figure 4: Sample trace following intrathecal injection. The red graph shows the blood pressure 499 
in mmHg. The blue graph shows the ICP in mmHg and the green graph shows the CBF in the 500 
arbitrary unit FU. The spike in ICP is the result of blood injection. Notice that this results in a drop 501 
in the CBF > 50% of baseline for more than 5 min. The ICP rise furthermore results in a small rise 502 
in blood pressure which normalizes within seconds. 503 
 504 
Figure 5: Distribution of intrathecally injected blood and colored dyes. (A) Distribution of 505 
autologous blood 30 min after SAH induction. (B) Distribution of 25 µL of 20 mM Evans Blue 506 
following intrathecal injection through ICP-catheter. (C) Distribution of 25 µL of 10 mM Oil Red O 507 
following intrathecal injection through ICP-catheter. All animals were anesthetized with 508 
intraperitoneal ketamine/xylazine mixture followed by saline perfusion. 509 
 510 
DISCUSSION: 511 
The pre-chiasmatic single injection model of SAH mimics several important elements of human 512 
SAH, including the spike in ICP, reduction of CBF, transient global ischemia, upregulation of 513 
neuroinflammatory markers, and CVS14–16,18–20. The ICP-probe was also used as a port for 514 
intrathecal administration (Figure 5). Furthermore, the study shows that the model performs 515 
similarly in male and female animals21. The model does not include the development of and the 516 
subsequent rupture of an aneurysm. A range of models have attempted to produce SAH from a 517 
ruptured aneurysm by induction of systemic hypertension either surgically or pharmacologically 518 
and by weakening the arterial wall using elastase25–27. All attempts have produced aneurysmal 519 
SAH in a subset of animals, but these models have an inherent variability including the inability 520 
to predict when the aneurysm will rupture. The models are not very suitable for pre-clinical 521 
research on SAH18,28. 522 
 523 
Among other murine, SAH models, the endovascular perforation model includes the rupture of a 524 
vessel, somewhat mimicking the rupture of an aneurysm, but prone to high variability and 525 



 

mortality. The model described here is better traceable and more reproducible as the blood 526 
volume is pre-determined and injection pressure can be controlled. The double injection model 527 
has a higher probability of producing delayed CVS, but primarily affects the posterior circulation 528 
and includes an unphysiological second blood injection. In comparison, this model resembles SAH 529 
in humans as it is a single injection of the anterior circulation and it produces a reproducible ICP 530 
rise18. 531 
 532 
The influence of different anesthesia regimes on experimental SAH is unclear and the 533 
experimental data is contradictory. One study reported possible inhibition of cytokines and 534 
general neuroinflammation in an endovascular perforation model in mice when using isoflurane 535 
inhalations29. Another rodent model resulted in reduced respiratory parameters and increased 536 
brain edema along with reduced regional CBF when using isofluranes30. However, a meta-analysis 537 
comparing mortality in mouse models showed no difference in mortality between isoflurane and 538 
other types of anesthesia31. In agreement, the above protocol has successfully used either 539 
isoflurane inhalation or an intraperitoneal ketamine/xylazine mixture with similar results in both 540 
groups21. 541 
 542 
To ensure high reproducibility and proper data acquisition, overall emphasis is on the steps 543 
regarding placement of the monitoring equipment. Correct placement of the tail catheter 544 
facilitates continuous monitoring of blood pressure and the ability to do blood gas analyses. 545 
Proper placement of the ICP catheter ensures correct ICP monitoring and the subsequent 546 
possibility of intrathecal intervention. Appropriate placement of the Laser-Doppler probe 547 
ensures that the reduction of CBF can be monitored, where a reduction of 50% or lower of 548 
baseline score for at least 5 min following SAH induction ensures a strong ischemia32. By ensuring 549 
that all monitoring steps are in order, the researcher can secure correct data collection following 550 
the SAH induction. 551 
 552 
The protocol describes the pre-chiasmatic single injection model of subarachnoid hemorrhage 553 
with updates and modification. The model has been valuable for SAH-research and will probably 554 
continue to contribute toward a better understanding of subarachnoid hemorrhage, including 555 
early brain injury and delayed cerebral ischemia. 556 
 557 
ACKNOWLEDGMENTS: 558 
The work was supported by the Lundbeck Foundation and the Lundbeck Grant of Excellence (no. 559 
R59-A5404). Funders had no role in any part of the manuscript. 560 
 561 
DISCLOSURES: 562 
The authors have no conflicting interests to declare. 563 
 564 
REFERENCES: 565 
1. van Gijn, J., Kerr, R. S., Rinkel, G. J. Subarachnoid haemorrhage. Lancet (London, England). 566 
369 (9558), 306–318 (2007). 567 



 

2. de Rooij, N. K., Linn, F. H. H., van der Plas, J. A., Algra, A., Rinkel, G. J. E. Incidence of 568 
subarachnoid haemorrhage: a systematic review with emphasis on region, age, gender and time 569 
trends. Journal of Neurology, Neurosurgery, and Psychiatry. 78 (12), 1365–1372 (2007). 570 
3. Feigin, V. L., Lawes, C. M., Bennett, D. A., Barker-Collo, S. L., Parag, V. Worldwide stroke 571 
incidence and early case fatality reported in 56 population-based studies: a systematic review. 572 
The Lancet, Neurology. 8 (4), 355–369 (2009). 573 
4. Maher, M., Schweizer, T. A., Macdonald, R. L. Treatment of spontaneous subarachnoid 574 
hemorrhage: guidelines and gaps. Stroke. 51 (4), 1326–1332(2020). 575 
5. Pickard, J.D. et al. Effect of oral nimodipine on cerebral infarction and outcome after 576 
subarachnoid haemorrhage: British aneurysm nimodipine trial. British Medical Journal (Clinical 577 
Research ed.). 298 (6674), 636–642 (1989). 578 
6. Daou, B. J., Koduri, S., Thompson, B. G., Chaudhary, N., Pandey, A.S. Clinical and 579 
experimental aspects of aneurysmal subarachnoid hemorrhage. CNS Neuroscience and 580 
Therapeutics. 25 (10), 1096–1112 (2019). 581 
7. Fujii, M. et al. Early brain injury, an evolving frontier in subarachnoid hemorrhage 582 
research. Translational Stroke Research. 4 (4), 432–446 (2013). 583 
8. Roos, Y. B. et al. Complications and outcome in patients with aneurysmal subarachnoid 584 
haemorrhage: A prospective hospital based cohort study in the Netherlands. Journal of 585 
Neurology, Neurosurgery, and Psychiatry. 68 (3), 337–341 (2000). 586 
9. Vergouwen, M. D. I. et al. Definition of delayed cerebral ischemia after aneurysmal 587 
subarachnoid hemorrhage as an outcome event in clinical trials and observational studies: 588 
proposal of a multidisciplinary research group. Stroke. 41 (10), 2391–2395 (2010). 589 
10. Brown, R. J., Kumar, A., Dhar, R., Sampson, T. R., Diringer, M. N. The relationship between 590 
delayed infarcts and angiographic vasospasm after aneurysmal subarachnoid hemorrhage. 591 
Neurosurgery. 72 (5), 702–707 (2013). 592 
11. Dhar, R. et al. Relationship between angiographic vasospasm and regional hypoperfusion 593 
in aneurysmal subarachnoid hemorrhage. Stroke. 43 (7), 1788–1794 (2012). 594 
12. Macdonald, R. L. Delayed neurological deterioration after subarachnoid haemorrhage. 595 
Nature Reviews. Neurology. 10 (1), 44–58 (2014). 596 
13. Marbacher, S. et al. Systematic review of in vivo animal models of subarachnoid 597 
hemorrhage: species, standard parameters, and outcomes. Translational Stroke Research. 10 (3), 598 
250–258 (2019). 599 
14. Prunell, G. F., Mathiesen, T., Svendgaard, N.-A. A new experimental model in rats for study 600 
of the pathophysiology of subarachnoid hemorrhage. Neuroreport. 13 (18), 2553–2556 (2002). 601 
15. Prunell, G. F., Mathiesen, T., Diemer, N. H., Svendgaard, N. A. Experimental subarachnoid 602 
hemorrhage: subarachnoid blood volume, mortality rate, neuronal death, cerebral blood flow, 603 
and perfusion pressure in three different rat models. Neurosurgery. 52 (1), 165–176 (2003). 604 
16. Prunell, G. F. et al. Experimental Subarachnoid Hemorrhage: Cerebral blood flow and 605 
brain metabolism during the acute phase in three different models in the rat. Neurosurgery. 54 606 
(2), 426–437 (2004). 607 
17. Velthuis, B. K. et al. Subarachnoid hemorrhage: Aneurysm detection and preoperative 608 
evaluation with CT angiography. Radiology. 208 (2), 423–430 (1998). 609 
18. Leclerc, J. L. et al. A comparison of pathophysiology in humans and rodent models of 610 
subarachnoid hemorrhage. Frontiers in Molecular Neuroscience. 11, 71 (2018). 611 



 

19. Prunell, G. F., Svendgaard, N. A., Alkass, K., Mathiesen, T. Inflammation in the brain after 612 
experimental subarachnoid hemorrhage. Neurosurgery. 56 (5), 1082–1091 (2005). 613 
20. Prunell, G. F., Svendgaard, N. A., Alkass, K., Mathiesen, T. Delayed cell death related to 614 
acute cerebral blood flow changes following subarachnoid hemorrhage in the rat brain. Journal 615 
of Neurosurgery. 102 (6), 1046–1054 (2005). 616 
21. Spray, S., Haanes, K. A., Edvinsson, L., Johansson, S. E. Subacute phase of subarachnoid 617 
haemorrhage in female rats: increased intracranial pressure, vascular changes and impaired 618 
sensorimotor function. Microvascular Research. 135, 104127 (2020). 619 
22. Ansar, S., Vikman, P., Nielsen, M., Edvinsson, L. Cerebrovascular ETB, 5-HT1B, and AT1 620 
receptor upregulation correlates with reduction in regional CBF after subarachnoid hemorrhage. 621 
American Journal of Physiology - Heart and Circulatory Physiology. 293 (6), H3750–H3758 (2007). 622 
23. Hansen-Schwartz, J. et al. Subarachnoid hemorrhage enhances endothelin receptor 623 
expression and function in rat cerebral arteries. Neurosurgery. 52 (5), 1188–1194 (2003). 624 
24. Hayman, E. G., Wessell, A., Gerzanich, V., Sheth, K. N., Simard, J. M. Mechanisms of global 625 
cerebral edema formation in aneurysmal subarachnoid hemorrhage. Neurocritical Care. 26 (2), 626 
301–310 (2017). 627 
25. Miyata, H. et al. Vasa vasorum formation is associated with rupture of intracranial 628 
aneurysms. Journal of Neurosurgery. 1–11 (2019). 629 
26. Tada, Y. et al. Roles of hypertension in the rupture of intracranial aneurysms. Stroke. 45 630 
(2), 579–586 (2014). 631 
27. Nuki, Y. et al. Elastase-induced intracranial aneurysms in hypertensive mice. Hypertension 632 
(Dallas, Tex.: 1979). 54 (6), 1337–1344 (2009). 633 
28. Marbacher, S., Wanderer, S., Strange, F., Grüter, B. E., Fandino, J. Saccular aneurysm 634 
models featuring growth and rupture: A systematic review. Brain Sciences. 10 (2), 101 (2020). 635 
29. Altay, O. et al. Isoflurane on brain inflammation. Neurobiology of Disease. 62, 365–371 636 
(2014). 637 
30. Hockel, K., Trabold, R., Schöller, K., Török, E., Plesnila, N. Impact of anesthesia on 638 
pathophysiology and mortality following subarachnoid hemorrhage in rats. Experimental and 639 
Translational Stroke Medicine. 4 (1), 5 (2012). 640 
31. Kamp, M. A. et al. A Systematic and meta-analysis of mortality in experimental mouse 641 
models analyzing delayed cerebral ischemia after subarachnoid hemorrhage. Translational 642 
Stroke Research. 8 (3), 206–219 (2017). 643 
32. Povlsen, G. K., Johansson, S. E., Larsen, C. C., Samraj, A. K., Edvinsson, L. Early events 644 
triggering delayed vasoconstrictor receptor upregulation and cerebral ischemia after 645 
subarachnoid hemorrhage. BMC Neuroscience. 14, 34 (2013). 646 
 647 



Figure 1 Click here to access/download;Figure;new new figure 1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1322168&guid=2e5e8148-3bff-412a-8b29-003c7f053983&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1322168&guid=2e5e8148-3bff-412a-8b29-003c7f053983&scheme=1


Figure 2 Click here to access/download;Figure;Figure 2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1322162&guid=8cbcc6ae-f392-4eec-af3e-6a50907010e0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1322162&guid=8cbcc6ae-f392-4eec-af3e-6a50907010e0&scheme=1


1

2

3

Figure 3 Click here to access/download;Figure;new new figure 3.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1322169&guid=84b650c8-d32e-46a7-b35b-29f116554e38&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1322169&guid=84b650c8-d32e-46a7-b35b-29f116554e38&scheme=1


Blood pressure (mm Hg)

ICP (mm Hg)

CBF (FU)

Figure 4 Click here to access/download;Figure;new new figure 4.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1322170&guid=be45d918-8dfa-488a-be82-5252c025b880&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1322170&guid=be45d918-8dfa-488a-be82-5252c025b880&scheme=1


   

Figure 5 Click here to access/download;Figure;Figure 5.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1322163&guid=d470d54e-651a-48da-bfd9-eeb71c0fa25b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1322163&guid=d470d54e-651a-48da-bfd9-eeb71c0fa25b&scheme=1


Name of material/ Equipment Company Catalog Number
16 G peripheral vein catheter BD Venflon 393229

Anesthesia bell/ chamber Unknown

Blood gas analyzer Radiometer ABL80

Blood pressure (BP) monitor Adinstruments ML117

Curved forceps, 12 cm x 3 F.S.T 11001-12

Cylindrical pillow, 28 cm x 4 cm Homemade

Data acquisition hardware Adinstruments ML870 Powerlab

Data acquistion software Adinstruments LabChart 6.0

Drill KMD 1189

Drill controller Silfradent 300 IN

Flexible light Schott KL200

Heating pad Minco 1135

Hypodermic needle, 20 G KD Medical 301300

ICP monitor Adinstruments ML117

Isoflurane vaporizer Ohmeda TEC3

Laptop Lenovo T410

Laser doppler monitor Adinstruments ML191

Laser doppler probe Oxford Optronics MSF100XP

Needle holder, 13 cm F.S.T 12001-13

Precision syringe, 0.025 mL Hamilton 547407

Stereotaxic frame Kopf Instruments M900

Surgical microscope Carl Zeiss F170

Suture needle Allgaier 1245

Temperaure controller CWE,INC. TC-1000

Transducer x 2 Adinstruments MLT0699

Ventilator Ugo Basile 7025

Veterinary clipper Aesculap GT421

3-pronged Blair retractor, 13.5 cm Agnthos 17022--13

Blunt Alm retractor F.S.T 17008-07

Curved forceps, 12 cm x 2 F.S.T 11001-12

Needle holder, 13 cm F.S.T 12001-13

Straight Dumont forceps, 11 cm F.S.T 11252-00

Straight Halsted-Mosquito hemostat x 2 F.S.T 13008-12

Straight Iris scissor, 9 cm F.S.T 14090-09

Straight Vannas scissor, 10.5 cm F.S.T 15018-10

Absorpable swabs Kettenbach 31603

Black silk thread, 4-0, 5 x 15 cm Vömel 14757

Bone wax Aesculap 1029754

Carbomer eye gel 2 mg/g Paranova

Cotton swab Heinz Herenz WA-1

Cotton tipped applicator x 4 Selefa 120788

Hypodermic needle, 23 G x2 KD Medical 900284

Hypodermic needle, 23 G x3 KD Medical 900284

ICP probe: Homemade

Polythene tubing, 20 mm Smiths medical 800/100/200
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Silicone tubing, 10 mm Fisher 15202710

Silicone tubing, 2 mm Fisher 11716513

Micro hematocrit tubes Brand 7493 11

OP-towel, 45 cm x75 cm Mölnlycke 800430

PinPort adapter, 22 G Instech PNP3F22

PinPort injector Instech PNP3M

Polythene tubing, 2 x 20 cm Smiths medical 800/100/200

Rubberband Unknown

Scalpel, 10 blade Kiato 23110

Spinalneedle, 25 G x 3.5'' Braun 5405905-01

Stopcock system, Discofix x 2 Braun 16494C

Suture, 4-0, monofil, non-resorbable x 3 Ethicon EH7145H

Syringe, 1 mL BD Plastipak 1710023

Syringe, luer-lock, 10 mL x 4 BD Plastipak 305959

Tissue adhesive glue 3M 1469SB

0.5% Chlorhexidine spirit Faaborg Pharma 210918

Carprofen 50 mg/mL ScanVet 43715

Isoflurane Baxter

Isotonic saline Amgros 16404

Lidocaine-Adrenaline 10 mg/5 µg/mL Amgros 16318



Comments/Description
Needle shortened, distal 1 cm curved. Wings removed

Connects to Powerlab

For anesthesia 

Made from surgical towels

Connects to stereotaxic frame

Connects to Powerlab

Connects to laser doppler monitor

For anesthesia 

For anesthesia 

Connects to BP and ICP monitor

Connects to stopcock. Remove distal end

Remove distal end. 2 connects to stopcock, 1 to syringe

Made of the following:

Inner diameter (ID): 0.58 mm, Outer diameter (OD): 0.96 mm. 



ID: 0.76 mm, OD: 2.4 mm.

ID: 1.0 mm, OD: 3.0 mm.

Connects to syringe. ID: 0.58 mm, OD: 0.96 mm. 

Connects to transducer

Connects to transducer

Diluted 1:10
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