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SUMMARY:  27 

The goal of this protocol is to isolate microvessels from multiple regions of the central nervous 28 

system of lissencephalic and gyrencephalic vertebrates.  29 

 30 

ABSTRACT:  31 

Isolation of microvessels from the central nervous system (CNS) is commonly performed by 32 

combining cortical tissue from multiple animals, most often rodents. This approach limits the 33 

interrogation of blood-brain barrier (BBB) properties to the cortex and does not allow for 34 

individual comparison. This project focuses on the development of an isolation method that 35 

allows for the comparison of the neurovascular unit (NVU) from multiple CNS regions: cortex, 36 

cerebellum, optic lobe, hypothalamus, pituitary, brainstem, and spinal cord. Moreover, this 37 

protocol, originally developed for murine samples, was successfully adapted for use on CNS 38 

tissues from small and large vertebrate species from which we are also able to isolate 39 

microvessels from brain hemisphere white matter. This method, when paired with 40 

immunolabeling, allows for quantitation of protein expression and statistical comparison 41 

between individuals, tissue type, or treatment. We proved this applicability by evaluating 42 

changes in protein expression during experimental autoimmune encephalomyelitis (EAE), a 43 

murine model of a neuroinflammatory disease, multiple sclerosis. Additionally, microvessels 44 
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isolated by this method could be used for downstream applications like qPCR, RNA-seq, and 45 

Western blot, among others. Even though this is not the first attempt to isolate CNS microvessels 46 

without the use of ultracentrifugation or enzymatic dissociation, it is unique in its adeptness for 47 

the comparison of single individuals and multiple CNS regions. Therefore, it allows for 48 

investigation of a range of differences that may otherwise remain obscure: CNS portions (cortex, 49 

cerebellum, optic lobe, brainstem, hypothalamus, pituitary, and spinal cord), CNS tissue type 50 

(gray or white matter), individuals, experimental treatment groups, and species. 51 

 52 

INTRODUCTION: 53 

Our brain is the most important organ in our body. For this reason, keeping brain homeostasis 54 

despite external factors that may trigger a deviation from normalcy is a priority. According to 55 

some scholars, about 400−500 million years ago1, vertebrate animals developed what we now 56 

know as the blood-brain barrier (BBB)2,3. This protective “fence” exerts the greatest influence 57 

over central nervous system (CNS) homeostasis and functions by tightly regulating the transport 58 

of ions, molecules, and cells between blood and CNS parenchyma. When the BBB is disrupted, 59 

the brain becomes susceptible to toxic exposure, infection, and inflammation. Therefore, BBB 60 

dysfunction is associated with many, if not all, neurological and neurodevelopmental disorders4-61 
6.  62 

 63 

The sophisticated function of the BBB is attributed to the unique CNS microvasculature 64 

conformed by the neurovascular unit (NVU)2,3. Highly specialized endothelial cells, pericytes, and 65 

astrocytic end-feet are the cellular components of the NVU2,3. The extracellular matrix generated 66 

by these cells is also essential to the NVU and BBB physiology2,3. Although essential cellular and 67 

molecular components of the NVU are conserved among vertebrates, heterogeneity is reported 68 

among orders and species7,8. However, technical limitations impede our ability to fully consider 69 

these differences in neurobiology, biomedical, or translational research.  70 

 71 

Because of this, we expand a CNS region-specific microvessel-isolation method to make it 72 

applicable to numerous species from all five vertebrate groups: fish, amphibians, reptiles, birds, 73 

and mammals. The protocol is described for use on small-lissencephalic and large-gyrencephalic 74 

vertebrates, including species with translational relevance9. Additionally, we include other 75 

regions of the CNS not investigated before within this context, but relevant to neurophysiology 76 

and with tremendous clinical implications: the hypothalmus, pituitary, and white matter. Lastly, 77 

we test the capacity of this isolation method as a reliable tool to identify changes in protein 78 

expression along the NVU and/or BBB9-11. As a proof-of-concept, we showed how to determine  79 

changes in VCAM-1 and JAM-B expression during EAE using the isolation method followed by 80 

immunofluorescence.  81 

 82 

PROTOCOL: 83 

 84 

All procedures of the present study are in accordance with the guidelines set by the University of 85 

California (UC), Davis Institutional Animal Care and Use Committee (IACUC). Animal care at UC 86 

Davis is regulated by several independent resources and has been fully accredited by the 87 

Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC) 88 



   

since 1966. Porcine CNS tissues were obtained from UCD Department of Animal Sciences, Meat 89 

Sciences Laboratory. CNS tissues from rhesus macaques were obtained from the California 90 

National Primate Research Center Pathology Department (NIH P51OD011107). No anesthesia, 91 

euthanasia, or necropsy was performed by laboratory staff. Therefore, there are no particular 92 

recommendations regarding these matters. 93 

 94 

NOTE: This method was validated using mouse and pig tissue. Details pertaining to the optic lobe 95 

do not apply when using mammalian specimens. All biohazardous materials must be handled in 96 

an appropriate biosafety level (BSL) facility. All acutely toxic materials must be handled 97 

underneath a fume hood. All biohazardous medical waste and acutely toxic waste must be 98 

disposed of properly. 99 

 100 

1. Preparation 101 

  102 

1.1. Prepare solutions (Table 1) at least one day ahead.  103 

 104 

NOTE: It is very difficult to dissolve 70 kDa molecular weight (MW) dextran. It is more efficient to 105 

let the solution stir overnight covered with either paraffin film or foil. The protocol requires the 106 

use two different MV-2 solutions depending on the specimen under investigation. The 18% 107 

dextran efficiently separates the myelin from the microvessel pellet when performing the 108 

protocol on small lissencephalic specimens. However, it develops a smear of myelin within the 109 

interface of CNS tissues from large gyrencephalic specimens, as well as the hypothalamus and 110 

the pituitary from small specimens). This smear is prevented by using 20% dextran.  111 

 112 

1.2. Prepare well-slides by loading 50 μL per well of poly-D-lysine and let dry for 2 h at room 113 

temperature (RT), preferably in a biological safety cabinet-class 2 (BSC-2). Do not overdry. Rinse 114 

twice with phosphate-buffered saline (PBS) and keep in the fridge until ready to use. 115 

 116 

2. CNS tissue dissection from small lissencephalic vertebrate specimen 117 

 118 

NOTE: The article demonstrates the application of the protocol on a C57BL6/J, 10 week-old, ~25 119 

g, male mouse. 120 

 121 

2.1. Prepare two 15 mL conical tubes and a 1.7 mL microcentrifuge tube with 5 mL and 1 mL, 122 

respectively, of MV-1 solution per specimen. Keep tubes on ice. 123 

 124 

2.2. Anesthetization 125 

 126 

2.2.1. Anesthetize mice by intraperitoneal injection of a ketamine, xylazine, and acepromazine 127 

anesthetic cocktail at 100/10/3 mg per kg body weight and spray with 70% ethanol. Confirm 128 

anesthesia by assessing the absence of palpebral and pedal reflexes by touching an eye and 129 

pinching a foot, respectively.  130 

 131 

2.2.2. Anesthetize pigeons by inhalation of 5% isoflurane using an induction anesthesia box.  132 



   

 133 

2.2.3. Anesthetize fish and frogs in 1% Tricaine in either a fish holding water tank or amphibian 134 

Ringer’s solution (Table of Materials), respectively.  135 

 136 

2.2.4. Anesthetize lizards by cooling at 4 °C prior to euthanasia. 137 

 138 

2.3. Decapitate the animal with surgical scissors, peel away the skin with forceps to expose the 139 

skull, and cut with LaGrange scissors through the foramen magnum (Figure 1A). 140 

 141 

2.4. Dissect the brain out with a spatula and transfer to a 15 mL conical tube with MV-1 solution. 142 

Keep tube on ice. 143 

 144 

2.5. Retrieve the pituitary from the skull’s sella turcica with forceps and transfer to a 1.7 mL 145 

microcentrifuge tube with MV-1 solution. Keep tube on ice.  146 

 147 

2.6. Remove the skin and muscle to expose the vertebral column. Cut out the limbs, rib cage, and 148 

internal organs (Figure 1B).  149 

 150 

2.7. Dissect the spinal cord by one of the two methods described below. Then, transfer to a 5 mL 151 

conical tube with MV-1 solution. Keep tube on ice. 152 

 153 

2.7.1. Perform laminectomy by cutting in a rostral to caudal direction with LaGrange scissors, 154 

starting through the cervical vertebral foramen, until reaching the lumbar cord.  155 

 156 

2.7.2. Perform flushing in a caudal to rostral direction throughout the lumbar vertebral foramen 157 

with an 18 G needle and 10 mL syringe loaded with MV-1 solution (Figure 1C,D). 158 

 159 

NOTE: This method only works with very small specimens, mostly rodents (<100 g). 160 

 161 

2.8. Using a dissecting scope, cut the dural sac from the spinal cord with spring scissors and 162 

remove the remaining meninges with a double-pronged pick (Figure 2). 163 

 164 

2.9. Transfer the brain to a Petri dish and, using a dissecting scope, remove the meninges with a 165 

double-pronged pick (Figure 2A–C). 166 

  167 

2.10. Excise the olfactory bulbs and thalamus with forceps, iris scissors, and spring scissors. Using 168 

the double-pronged pick, remove the choroid plexus from all the brain ventricles. Make sure to 169 

remove all the choroid plexus. 170 

 171 

NOTE: The choroid plexus and olfactory bulbs are a massive source of contamination. In contrast 172 

to the BBB, these capillaries are highly fenestrated and the results of the subsequent experiments 173 

will be compromised if they are not removed. 174 

 175 



   

2.11. Using forceps, separate the distinct CNS regions: cortex, cerebellum, brainstem, optic lobe 176 

(not on mammalian specimens), and hypothalamus.  177 

 178 

3. CNS tissue dissection from a large gyrencephalic vertebrate specimen 179 

 180 

NOTE: This protocol uses porcine CNS tissues obtained from an abattoir. Therefore, no 181 

anesthesia, euthanasia, or necropsy is described or shown here. 182 

 183 

3.1. Transport porcine CNS tissues in a 0.946 L (32 oz) histology container loaded with MV-1 184 

solution inside an ice chest/bucket. 185 

 186 

3.2. Using a dissecting scope, remove the meninges with a double-pronged pick, forceps, iris 187 

scissors, and spring scissors from each CNS tissue. Make sure to remove any pieces of choroid 188 

plexus from the brain ventricles.  189 

 190 

4. CNS tissue homogenization 191 

 192 

NOTE: It is more efficient when two investigators engage in the homogenization process: one 193 

dissecting the meninges under the stereoscope and the other homogenizing the minced tissues. 194 

This way, the tissues are quickly returned to the ice bucket and kept cold. 195 

 196 

4.1. Place each CNS region on a Petri dish with ~1 mL of MV-1 solution. Using a single-edge blade, 197 

mince the tissue to obtain 1−2 mm pieces. 198 

 199 

4.1.1. For a small vertebrate specimen, use a 100 mm x 20 mm Petri dish. 200 

 201 

4.1.2. For a large vertebrate specimen, use a 150 mm x 15 mm Petri dish. 202 

 203 

4.2. Homogenization of a small vertebrate specimen (Table 2 and Table 3) 204 

 205 

4.2.1. Transfer the cortex, cerebellum, brainstem, optic lobe, and spinal cord to ~1 mL of MV-1 206 

solution in an individual 10 mL Potter-Elvehjem glass tissue grinder with a PTFE pestle using a 207 

transfer pipette. Add 5 mL of MV-1 solution and homogenize each tissue (~10 strokes). Transfer 208 

to individual 15 mL conical tubes. Keep tubes on ice. 209 

 210 

NOTE: For a small vertebrate, 5 or 4, with or without optic lobe, respectively, 10 mL Potter-211 

Elvehjem grinders and 15 mL conical tubes are needed.  212 

 213 

4.2.2. Transfer the hypothalamus and pituitary with forceps to ~100 μL of MV-1 solution in an 214 

individual 1.7 mL tube and carefully homogenize with a glass micropestle. Rinse each micropestle 215 

with ~1 mL of MV-1 solution. Keep tube on ice. 216 

 217 

NOTE: For a small vertebrate, 2 glass micropestles and 1.7 mL tubes are needed. 218 

 219 



   

4.3. Homogenization of a large vertebrate specimen (Table 4 and Table 5) 220 

 221 

4.3.1. Using a transfer pipette, transfer the minced tissue to a 55 mL Potter-Elvehjem glass tissue 222 

grinder with a PTFE pestle and attach to overhead stirrer. Add half of the recommended volume 223 

of MV-1 solution, according to the specific CNS portion being homogenized (Table 5). 224 

 225 

4.3.2. Turn on the overhead stirrer at very low speed (~150 rpm) and carefully move the glass 226 

tube up and down for about 30 s. 227 

  228 

4.3.3. Turn off overhead stirrer, add more MV-1 solution, and repeat step 4.3.2 until obtaining a 229 

homogenous slurry. 230 

 231 

4.3.4. Transfer to a 50 mL conical tube. Keep tube on ice. 232 

 233 

4.3.5. Wash the grinder with deionized water between each CNS tissue homogenization. 234 

 235 

NOTE: For a large vertebrate 5 or 4, with or without white matter, respectively, 50 mL conical 236 

tubes are needed. Likewise, two (2) 15 mL conical tubes are needed for the hypothalamus and 237 

pituitary. 238 

 239 

5. Microvessel purification 240 

 241 

5.1. Centrifuge tissue homogenates resulting from step 4.2.1, 4.2.2, or 4.3.4 at 2,000 x g for 10 242 

min at 4 °C. A large white interface of myelin will form on the top of the reddish microvessels’ 243 

pellets. Discard the supernatants. 244 

 245 

5.1.1. Small vertebrate specimen (Table 2 and Table 3) 246 

 247 

5.1.1.1. Resuspend the cortex, cerebellum, brainstem, optic lobe, and spinal cord pellets in 5 mL 248 

of ice-cold MV-2 solution with a 5 mL serological pipette (~10 flushes). Add 5 mL of ice-cold MV-249 

2 solution to each suspension and carefully mix by flipping the tubes. 250 

 251 

5.1.1.2. Resuspend the hypothalamus and pituitary pellets with 1 mL of MV-2 solution. 252 

 253 

5.1.2. Large vertebrate specimen (Table 4 and Table 5) 254 

 255 

5.1.2.1. Add 20 mL of ice-cold MV-2 solution to the cortex, cerebellum, brainstem, and spinal 256 

cord microvessel pellets. Resuspend the pellets by mixing on a tube revolver shaker, stirring at 257 

40 rpm for ~5 min. Balance the conical tubes' volumes of the cortex, cerebellum, brainstem, and 258 

spinal cord suspensions by adding more MV-2 solution. 259 

 260 

5.1.2.2. Resuspend the hypothalamus and pituitary microvessel pellets in 5 mL of MV-2 solution 261 

with a 5 mL serological pipette (~10 flushes). Add 5 mL of ice-cold MV-2 solution to the 262 

suspensions and carefully mix by flipping the tube.  263 



   

 264 

5.2. Centrifuge at 4,400 x g for 15 min at 4 °C. 265 

 266 

5.3. Carefully detach the thick and dense myelin layer on the liquid interface from each tube's 267 

walls by slowly rotating the tubes and allowing the supernatant to pass along the walls.  268 

 269 

5.4. Discard the myelin and liquid interface and blot the inside wall of each tube with a spatula 270 

wrapped with a low-lint paper wipe. For small vertebrate specimens, remove myelin layer from 271 

each hypothalamus and pituitary tube by suctioning carefully with a transfer pipette.  272 

 273 

5.5. Wipe out excess liquid with a twisted low-lint paper wipe. Resuspend each pellet with 1 mL 274 

of MV-3 solution using low-binding tips. Keep tubes on ice. 275 

 276 

6. Microvessel elution and filtration 277 

 278 

6.1. Pour ice-cold MV-3 solution in individual beakers for each CNS region. Keep at 4 °C. 279 

 280 

6.1.1. For small vertebrate specimens, use 10 mL of MV-3 solution per 50 mL beaker. A total of 281 

6−7 beakers is necessary depending on whether or not the optic lobe is included. 282 

 283 

6.1.2. For large vertebrate specimens, use 30 mL of MV-3 solution per 100 mL beaker. A total of 284 

6−7 beakers is necessary depending on whether or not white matter is included. 285 

 286 

6.2. Place a cell strainer on top of a 50 mL conical tube. Use one per CNS region. Use a 100 µm 287 

strainer for the cortex, brainstem, optic lobe, spinal cord, and pituitary. Use a 70 µm cell strainer 288 

for the cerebellum and hypothalamus. 289 

 290 

6.3. Wet each strainer with 1 mL of ice-cold MV-3 solution.  291 

 292 

6.4. Add more MV-3 solution to the suspensions prepared in step 5.5 with a serological pipette 293 

while mixing to avoid aggregates. Carefully load microvessels on top of the strainer. Rinse with 294 

ice-cold MV-3 solution. 295 

 296 

6.4.1. For small vertebrate specimens (Table 2 and Table 3), add 10–15 mL of MV-3 solution with 297 

a serological pipette and rinse with 5 mL of MV-3 solution. 298 

 299 

6.4.2. For large vertebrate specimens, add 20 mL of MV-3 solution with a serological pipette and 300 

rinse with 10 mL of MV-3 solution. 301 

 302 

6.5. Assemble the filtration unit by placing a 20 µm nylon net filter on a modified filter holder 303 

(Figure 2D), one per CNS region.  304 

 305 



   

6.5.1. For small vertebrate specimens (Table 2 and Table 3), use 25 mm modified filter holders 306 

for the cortex, cerebellum, brainstem, optic lobe, and spinal cord. Use 13 mm modified filter 307 

holders for the hypothalamus and pituitary. 308 

 309 

6.5.2. For large vertebrate specimens (Table 4 and Table 5), use 47 mm modified filter holders 310 

for the cortex, cerebellum, brainstem, and spinal cord. Use 25 mm for the hypothalamus and 311 

pituitary. 312 

 313 

6.6. Place filter on top of a 50 mL conical tube and wet filter with 5 mL of ice-cold MV-3 solution 314 

making sure buffer pours down the filter holder to the conical tube. 315 

 316 

6.7. Transfer the eluted microvessels (from step 6.4) on top of the 20 µm nylon net filter and 317 

rinse the microvessels with 5–10 mL of ice-cold MV-3 solution. 318 

 319 

6.8. Recover the filter using clean forceps and immerse it in the beaker containing the ice-cold 320 

MV-3 solution prepared in step 6.1. 321 

 322 

6.9. Detach the microvessels from the filter by shaking it gently for about 30 s. For small 323 

vertebrate specimens, pour the beaker content in a 15 mL conical tube. For large vertebrate 324 

specimens, pour the beaker content in a 50 mL conical tube.  325 

 326 

6.10. Centrifuge at 2,000 x g for 5 min at 4 °C and resuspend the pellet in 1 mL of ice-cold MV-3 327 

solution using a low-binding pipette tip. 328 

 329 

6.10.1. For small vertebrate specimens, transfer the suspension (from step 6.10) into a 1.7 mL 330 

microcentrifuge tube and centrifuge at 20,000 x g for 5 min at 4 °C.  331 

 332 

NOTE: This spin is performed on a benchtop centrifuge at maximum speed (~20,000 x g) to ensure 333 

a robust yield.  334 

 335 

6.10.2. For large vertebrate specimens, transfer the suspension from step 6.10 into a 5.0 mL 336 

microcentrifuge tube, add 4 mL of MV-3 solution, and centrifuge at 2,000 x g for 5 min at 4 °C. 337 

 338 

7. Immunostaining 339 

 340 

NOTE: Hematoxylin and eosin (H&E) staining was performed on reptile, amphibian, and fish 341 

specimens as a proof-of-concept of the protocol feasibility. Therefore, there is no 342 

recommendation for immunolabeling for these specimens. 343 

 344 

7.1. Remove the supernatant from the microcentrifuge tubes. 345 

 346 

7.2. Resuspend the pellet in 1x sterile PBS using a low-binding pipette tip (Table of Materials). 347 

Keep the microvessels from forming aggregates by pipetting multiple times. For small vertebrate 348 



   

specimens (Table 3), use ~100 μL–2,000 μL according to the pellet size. For large vertebrate 349 

specimens (Table 5), use ~1,000 μL–4,000 μL according to the pellet size. 350 

 351 

7.3. Using a low-binding pipette tip, transfer the microvessels to well slides, being careful to add 352 

them to the center of each well, avoiding the sidewalls.  353 

 354 

7.4. Set the well slides, uncovered, inside a BSC-2, and let dry for 20 to 30 min at RT. 355 

 356 

NOTE: A relatively high volume of 1x PBS is used to avoid aggregate formation. Because of this, 357 

it is necessary to let the slides dry prior to fixation to make sure the microvessels are being held 358 

by the poly-D-lysine coating. 359 

 360 

7.5. Remove residual 1x PBS by pipetting out with a transfer pipette, add 200 μL of 4% 361 

paraformaldehyde (PFA) and incubate for 30 min at RT. 362 

 363 

7.6. Pipette out the fixative solution and wash 3x with 200 μL of 1x PBS for 5 min at RT. 364 

 365 

NOTE: H&E staining on fish, amphibian, and reptile CNS microvessels was performed at this point. 366 

  367 

7.7. Add 200 μL of blocking buffer to the well slide and incubate for 60 min at 37 °C. 368 

 369 

7.8. Remove the blocking buffer with a transfer pipette and add 200 μL of the primary antibody 370 

cocktail in antibody diluent (Table of Materials). Incubate at 4 °C overnight. 371 

 372 

7.9. Pipette out the primary antibody cocktail and wash 3x with 200 μL of 1x PBS for 5 min at RT.  373 

 374 

7.10. Load the secondary antibody cocktail (Table of Materials) diluted in 1x PBS and incubate 375 

for 2 h at RT, protected from light. 376 

 377 

7.11. Pipette out the secondary antibody cocktail and wash 3x with 200 μL of 1x PBS for 5 min at 378 

RT, protected from light. After the last wash detach the well-slide’s frame and blot-dry any excess 379 

1x PBS with a low lint paper wipe. 380 

 381 

7.12. Add a coverslip, liquid antifade mountant medium, and 4′,6-diamidino-2-phenylindole 382 

(DAPI) for nuclear staining. Let dry overnight at RT protected from light. 383 

 384 

7.13. Once dry, keep protected from light on a slide box at 4 °C until ready for confocal 385 

microscopy and data acquisition. 386 

 387 

REPRESENTATIVE RESULTS:  388 

Microvessels isolated from murine CNS showed all intrinsic cellular components of the 389 

neurovascular unit2,3. Using either platelet endothelial cell adhesion molecule-1 (PECAM, also 390 

known as CD31) or isolectin IB4 (a glycoprotein that binds the endothelial cell glycocalyx) for 391 

endothelial cells, platelet derived growth factor-β (PDGFRβ) or neuron-glial antigen 2 (NG2) for 392 



   

pericytes and aquaporin-4 (AQP4) for astrocytic end-feet (Figure 3A,B) demonstrates that these 393 

intrinsic components are present in isolated microvessels. CNS regions visible include the cortical 394 

microvessels (Figure 3B), cerebellum (Figure 3C), pituitary (Figure 3D), hypothalamus (Figure 3E), 395 

brainstem (Figure 3F), and spinal cord Figure (3G). All showed expression of these canonical 396 

markers.  397 

 398 

Likewise, the microvessels showed expression of adherens junction protein VE-cadherin (Figure 399 

4A,C), tight junction proteins claudin-5 and zonula occludens-1 (CLDN5 and ZO-1, Figure 4A,D), 400 

tricellular junction protein angulin-1 (Figure 4A,E) and apicobasal markers C-X-C motif chemokine 401 

ligand 12 and gamma-glutamyltransferase 1 (CXCL12 and GGT1, Figure 4A,F). These findings are 402 

relevant because these proteins are indicators of pivotal BBB-specific properties9,12-14. A limited 403 

presence of astrocytes, oligodendrocytes, and neurons expressing glial fibrillary acidic protein 404 

(GFAP, Figure 4B,C,G), oligodendrocyte specific protein (OSP, Figure 4B and Figure G), and 405 

neurofilament-medium (NFM, Figure 4B,H), respectively, demonstrates that isolated 406 

microvessels had negligible traces of unwanted non-neurovascular unit cells. Moreover, the 407 

majority of the microvessels were devoid of the expression of the -smooth muscle actin (SMA, 408 

Figure 5B,C). This is relevant because SMA is a marker for smooth muscle cells associated with 409 

arterioles and venules (Figure 5A), indicating that this isolation protocol selectively targets small 410 

caliber microvessels15.  411 

 412 

Microvessels obtained from other small lissencephalic vertebrates share some morphological 413 

features, as seen in fish (frog and lizard not shown) and avian microvessels. This suggests that 414 

this method is useful for further characterization of differences in NVU between species (Figure 415 

6). Moreover, avian CNS microvessels (Figure 6H–N) showed crossreactivity with many of the 416 

antibodies developed for human and mouse. This encourages further investigation of avian 417 

specimens for biological and biomedical BBB studies. We observed similar results when we 418 

isolated microvessels from pigs and macaques, two gyrencephalic species (Figure 7). Only NVU 419 

canonical markers in porcine microvessels are shown. In addition to the aforementioned CNS 420 

regions, we were able to isolate microvessels from periventricular white matter (Figure 7B). This 421 

is relevant because white matter is implicated in neuroinflammatory conditions (e.g., multiple 422 

sclerosis16-18). 423 

 424 

We wanted to find out if this method could be used as a reliable tool to determine changes in 425 

protein expression. Knowing that VCAM-1 and JAM-B have been implicated in the 426 

neuroinflammatory process at the spinal cord during EAE, we decided to quantitate the 427 

expression of these proteins at peak and chronic stages of EAE and sham-control mice (10 week-428 

old C57BL/6J mice)9-11. To do this, we measured the arbitrary unit of intensity (AUI) along the 429 

microvessels' diameter. Then, using a threshold of ≤20 AUI for DAPI, we calculated the area under 430 

the curve (AUC) for VE-cadherin, VCAM-1, and JAM-B for 50 microvessels per CNS region (Figure 431 

8A,B). Lastly, we performed two-way ANOVA followed by Sidak’s post-hoc test to determine the 432 

statistical significance of changes in protein expression.  433 

 434 

As anticipated, we observed an increase in VCAM-1 and JAM-B along spinal cord microvessels 435 

during the peak of EAE (Figure 8D,E). However, we observed changes in other CNS regions not 436 



   

previously reported for EAE. VCAM-1 significantly increased in pituitary microvessels and 437 

decreased in the hypothalamus and brainstem microvessels. There were changes during chronic 438 

EAE in all CNS tissues (Figure 8D). JAM-B significantly increased in the hypothalamus and pituitary 439 

microvessels during chronic EAE (Figure 8E). Interestingly, we observed changes in VE-cadherin 440 

along microvessels isolated from the hypothalamus and brainstem during the peak of EAE, the 441 

cerebellum during chronic EAE (Figure 8C), and a decrease in pituitary microvessel width during 442 

peak and chronic EAE. Overall, this data suggests that this method of microvessel isolation is a 443 

useful tool to characterize changes in regional protein expression patterns during health and 444 

disease. 445 

 446 

FIGURE AND TABLE LEGENDS:  447 

 448 

Figure 1: Efficient spinal cord dissection without laminectomy. Dissection of the spinal cord from 449 

small vertebrate specimens (up to 100 g) is performed faster and more efficiently by flushing the 450 

cord in a caudal to rostral direction throughout the vertebral foramen. Using dissecting scissors 451 

the head is removed by the atlas joint and the spine is cut out by the hip (A). All remaing organs 452 

are removed, leaving only the spine (B). The spinal cord within the lumbar vertebral foramen 453 

appears as a very small white circle (<1 mm diameter) compared to the width of the cervical cord 454 

(B, yellow arrows). Keeping a narrow opening at the lumbar vertebral foramen facilitates a 455 

pressure gradient from the lumbar to cervical spine when flushing with an 18 G needle and 10 cc 456 

syringe loaded with 1x PBS (C and D). Once flushed, the spinal cord (D, yellow arrow) is almost 457 

totally devoided of the dural sac, and only pia needs to be removed under the dissecting scope. 458 

 459 

Figure 2: Double-pronged pick dissecting tool and modified filter holder. This 11 cm long 460 

dissecting tool (A) has two very sharp, nearly horizontally opposed points, 2 mm tip-to-tip (B). By 461 

applying gentle downward pressure and twisting slightly in a clockwise fashion (C), the points 462 

embed themselves horizontally into the meninges so that they can be lifted upward. This is 463 

especially useful when removing the meninges from the cerebellum, because it allows access into 464 

the depth of the cerebelli folia. It is also very useful when removing the meninges from cortical 465 

tissue, especially gyrencephalic. In this case, the pia is highly embedded with high caliber 466 

vasculature that will compromise the purity of the microsevessel isolation. Likewise, it facilitates 467 

the removal of the choroid plexus, which is the likeliest source of contamination. Filter holders 468 

of 47 mm, 25 mm, and 13 mm diameter were laser cut to remove the inlet-connector (D) from 469 

the top compartment (E), but keep the sieve component (G). This modification allowed for the 470 

assembly of a filter unit (I,J) by placing the 20 µm nylon filter net over the sieve and bottom part 471 

(G,H), securing the net in place when screwing the top part (E). Only the 25 mm filter holder is 472 

shown. 473 

 474 

Figure 3: Microvessels isolated from multiple CNS regions expressed canonical neurovascular 475 

unit markers. (A) Using immunolabeling and confocal microscopy, intrinsic cellular components 476 

of the NVU are used to identify adult (8–14 week-old C57BL/6J) murine CNS microvessels. As seen 477 

on the merge image for cortical microvessels (B), above the individual confocal images for the 478 

endothelial cell marker CD31 (white), pericyte marker PDGFRβ (red), and astrocytic end-feet 479 

marker AQP4 (green) all these cellular components are retained. Notice that the intimate 480 



   

relationship between endothelial cells and pericytes make them appear magenta on the merged 481 

picture, while the astrocytic end-feet appear to have a halo surrounding them (B). The same 482 

expression pattern is observed for the cerebellum (C), pituitary (D), hypothalamus (E), brainstem 483 

(F), and spinal cord (G, DAPI, nuclear stain = blue; scale bar = 10 µm ).  484 

 485 

Figure 4: Microvessels expressed proteins associated with BBB-specific properties. Endothelial 486 

cells within the neurovascular unit (NVU) are also described by the proteins associated with their 487 

intrinsic barrier properties (A). As seen in the figure, endothelial cells have junctions made of VE-488 

cadherin, CLDN5, ZO-1 (A, yellow), and angulin-1 (A, teal). They also exhibit apicobasal polarity 489 

to multiple proteins including GGT-1 and CXCL12 (A, green and red). Neurons, oligodendrocytes, 490 

and astrocyte-cell bodies may be included in the isolated microvessels, although they are not 491 

intrinsic to the NVU (B). These are identifiable by the expression of NFM (red), OSP (cyan), and 492 

GFAP (lime green), respectively (B). Consistent with these, our isolated microvessels expressed 493 

adherens protein VE-cadherin (C, red), tight junction proteins CLDN5 and ZO-1 (D, red and green, 494 

respectively, merge = yellow), tricellular junction protein LSR (E, green), and apicobasal markers 495 

CXCL12 and GGT1 (F, red and green, respectively). They also exhibited limited amounts of GFAP 496 

(A, green, G, white), OSP (G, green), and NFM (H, red), suggesting negligible retention of non-497 

neurovascular unit cells (DAPI, nuclear stain = blue; scale bar = 10 µm ).  498 

 499 

Figure 5: Most isolated microvessels do not express SMA. The neurovascular unit exhibits a 500 

sophisticated transition from arteriole-capillary-venule (A). SMA anular expression clearly 501 

identifies the arteriole, and as it becomes the capillary, SMA (B, red) expression diminishes, 502 

exposing the mural marker NG2 (B, green). We measured the diameter of SMA+ and SMA- 503 

vessels (white brackets, n = 20), to distinguish them as arterioles or capillaries (DAPI, nuclear stain 504 

= blue, scale bar = 10 µm ). Unpaired t-test analysis of diameter of SMA+ and SMA- vessels 505 

showed a high statistical significance (C, SMA+ = red, SMA- red/green, ****p < 0.0001). 506 

 507 

Figure 6: Successful isolation of CNS microvessels from other lissencephalic species. The CNS 508 

was harvested from a wild-caught frog (8.2 cm), lizard (12.7 cm), tank-raised rainbow trout (2 509 

year old, 35.6 cm), and aviary-raised pigeon (9 month-old, ~300 g). The microvessels from the 510 

frog, fish, and lizard were stained by H&E (only microvessels from trout are shown, scale bar = 20 511 

µm ). Pigeon microvessels were immunolabeled. We were able to identify microvessels on all 512 

regions as labeled on the fish and pigeon CNS outlines: cortex (A and H), optic lobe (B and I), 513 

cerebellum (C and J), pituitary (D and L), hypothalamus (E and K), brainstem (F and M), and spinal 514 

cord (G and N). Additionally, we were able to identify endothelial cells with isolectin IB4 (white), 515 

astrocytic end-feet with AQP4 (green), and adjacent neurons with NFM (red) from the pigeon’s 516 

isolated microvessels (DAPI, nuclear stain = blue, scale bar = 10 µm ). 517 

 518 

Figure 7: Isolation of CNS microvessels from gyrencephalic species. The brain and spinal cord 519 

were dissected from a farm-raised pig (~6 month-old, ~120 kg) for microvessel isolation and 520 

immunolabeling. We were able to identify microvessels positively labeled for IB4 (white), PDGFRβ 521 

(red), and AQP4 (green) on all regions of porcine CNS: cortex (A), periventricular white matter 522 



   

(B), cerebellum (C), pituitary (D), hypothalamus (E), brainstem (F), and spinal cord (G, DAPI, 523 

nuclear stain = blue, scale bar = 10 µm ). 524 

 525 

Figure 8: Example of other application of CNS microvessel isolation. Expression of JAB-B and 526 

VCAM-1 was quantified for murine EAE microvessels. Arbitrary units of intensity (AUI) were 527 

measured for the cortex, cerebellum, hypothalamus, pituitary, brainstem, and spinal cord of mice 528 

at peak and chronic stages of EAE, with sham as control (n = 4). For each CNS region, twelve 529 

microvessels were evaluated per mouse to determine the AUI per fluorochrome and the 530 

diameter of the microvessel (A). White brackets show examples of the confocal microscope 531 

software measuring tool used to determine AUI for VCAM-1 (white), VE-cadherin (green), JAM-B 532 

(red), and DAPI (blue, scale bar = 10 µm ). Then, the resulting AUI were plotted against the 533 

diameter in microns (B) to calculate the area under the curve (AUC) for each immunolabeled 534 

protein as an estimate of protein expression. The mean AUC per group was then analyzed by two-535 

way ANOVA, followed by Sidak’s post hoc test, for a total of 48 microvessels per CNS region. 536 

Except for the pituitary microvessels, we observed no major differences between microvessel 537 

diameter associated with disease status (C, insert), but a significant decrease of VE-cadherin 538 

expression from the hypothalamus and brainstem in EAE mice (C). Similar statistical analysis 539 

showed a significant increase for VCAM-1 (D) and JAM-B (E) at the spinal cord, consistent with 540 

neuroinflammatory status during the peak of EAE. Interestingly, we also observed changes for 541 

VCAM-1 at the hypothalamus, pituitary, and brainstem. These results are under investigation 542 

(black bars and dots = sham, red bars and dots = peak EAE, salmon bars and dots = chronic EAE, 543 

*p<0.05, @p<0.01, #p<0.001, and &p<0.0001).  544 

 545 

Table 1: Solutions used in the protocol.  546 

 547 

Table 2: Layout for small vertebrate microvessels isolation. This chart is an abridged version of 548 

the protocol when using a lissencephalic specimen. 549 

 550 

Table 3: Recommended volume/size. This outline has the recommended volume of solutions for 551 

using a small vertebrate specimen ranging from ~20–~800 g, or more specifically, the ~25 g 552 

mouse shown on the video. Final adjustment of the necessary volumes must be determined by 553 

the researcher according to the specific amount of wet tissue obtained after dissection. Practice 554 

and troubleshooting are highly recommended. CTX = cortex, CBL = cerebellum, BST = brainstem, 555 

OPT = optic lobe (not present in mammals), HYP = hypothalamus, PIT = pituitary, SC = spinal cord.  556 

 557 

Table 4: Layout for large vertebrate microvessels isolation. This chart is an abridged version of 558 

the protocol when using a gyrencephalic specimen.  559 

 560 

Table 5: Recommended volume/size. This outline has the recommended volume of solutions for 561 

using a large vertebrate specimen. More specifically, it applies to CNS tissue biopsies of ~45 cm3 562 

for cortex, cerebellum, white matter, brainstem, spinal cord, and the whole hypothalamus and 563 

pituitary, as shown on the video. Final adjustment of the necessary volumes must be determined 564 

by the researcher according to the specific amount of wet tissue obtained after dissection. 565 



   

Practice and troubleshooting are highly recommended. CTX = cortex, CBL = cerebellum, WM = 566 

white matter, BST = brainstem, HYP = hypothalamus, PIT = pituitary, SC = spinal cord.  567 

 568 

DISCUSSION: 569 

The BBB includes the unique properties of the brain microvasculature endothelial cells coupled 570 

by a sophisticated architecture of tight-, adherens-, “peg-socket”- junctions, and adhesion 571 

plaques critical for CNS homeostasis2,3,19. Endothelial cells properties are induced and maintained 572 

by pericytes and the surrounding astroglia end-foot processes2,3,19. BBB microvasculature 573 

displays polarity (i.e., the asymmetrical expression pattern of proteins localized on luminal or 574 

abluminal endothelial cell surfaces)20. While this may briefly define the BBB, in reality it remains 575 

one of the most enigmatic notions in neuroscience. For example, regional, sex, and age 576 

differences within the NVU may explain CNS regional vulnerabilities to trauma, toxicity, infection, 577 

and inflammation, which can have major clinical consequences3,5,6. Another obstacle in the 578 

understanding of the BBB is the differences observed among multiple taxa7,8. One of the major 579 

hurdles of understanding and investigating the BBB is precisely the difficulty related to the 580 

isolation of the NVU that encompasses the BBB, while still keeping its barrier-specific 581 

properties14. 582 

 583 

In an attempt to accelerate our understanding of the BBB, CNS-regional differences, as well as 584 

species differences, we adapted previously published methods. We successfully adapted these, 585 

in particular Boulay et al.21, to obtain microvessels from single cortical, cerebellar, hypothalamic, 586 

pituitary, brainstem, and spinal tissues on a myriad of lissencephalic small vertebrates: fish, 587 

amphibians, reptiles, birds, and mammals (Figure 3, Figure 4, Figure 5, and Figure 6). One 588 

advantage of this method is that its adaptations are based on the overall size of CNS tissue: the 589 

researcher chooses the amount of solution, size of tissue grinder, conical tube, filter holders, etc. 590 

according to the wet tissue, regardless of species, sex, and age. In our experience with 591 

immunolabeling, a ~20 g specimen yields enough microvessels for an 8 well slide per cortex, 592 

cerebellum, optic lobe, brainstem, and spinal cord and half an 8 well slide per hypothalamus and 593 

pituitary. However, yield of cortical and optic lobe is much higher in comparison to cerebellum, 594 

brainstem, and spinal cord. 595 

 596 

As shown, we performed the necessary adaptations for isolation and immunolabeling of CNS 597 

microvessels of pig and macaque, larger gyrencephalic mammals that are more relevant for 598 

translational research (Figure 7). Notably, we were able to include periventricular white matter 599 

on these species only. Since the CNS in these animals is larger, we collected enough white matter 600 

to allow us to separate a microvessel pellet from the myelin layer during the second 601 

centrifugation (step 5.3, MV-2 with 20% dextran). We speculate that a critical mass is needed to 602 

be able to achive this separation and we are actively seeking how to obtain a similar result with 603 

murine CNS tissue.  604 

 605 

Although omitted for the sake of simplicity, we did perform immunolabeling beyond the NVU 606 

canonical markers on avian, porcine, and macaque microvessels. Notably, all species shared 607 

cellular and molecular markers previously identified on murine samples as relevant for BBB 608 

function (junctional proteins VE-cadherin, CLDN5, ZO-1, and LSR and apicobasal markers CXCL12 609 



   

and GGT1) or in proximity to NVU (NFM, OSP, and GFAP). Again, these findings encourage the 610 

use of this method on other species to further identify NVU orthology and divergence among 611 

species. It also opens the opportunity for further investigation into NVU strain, sex, and age 612 

differences within the same species and the feasibility of using other organisms for BBB 613 

biomedical research. We also show evidence of a successful use of this microvessel-isolation 614 

method to quantitate changes in protein expression levels during neuroinflammation (Figure 8). 615 

Even though we performed this experiment as a proof-of-concept, the approach used here is 616 

currently extensively exploited in our laboratory. We favor this approach over other quantitative 617 

methods (e.g., Western blot) because we want to focus not only on the expression level but 618 

relative protein abundance, relocation of CXCL12 and other apicobasal proteins, linkage of 619 

junctional proteins, etc., within the complicated appearance of CNS microvessels9,13,22. Likewise, 620 

we are presently troubleshooting our method for other applications, such as further isolation of 621 

NVU cellular components (endothelial cells and pericytes), RNA-seq, and proteomics23-26. 622 
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10 mM HEPES 

in 1x Hank's balanced salt solution

(HBSS) with calcium and magnesium

18% 70 kDa molecular weight (MW)

dextran 

in 10 mM HEPES/HBSS (MV-1)

20% 70 kDa MW dextran 

in 10 mM HEPES/HBSS (MV-1)

1% bovine serum albumin (BSA) 

in 10 mM HEPES/HBSS (MV-1)

4% paraformaldehyde (PFA)

in 1x phosphate-buffered saline (PBS)

pH 7.4

Wash buffer 1x PBS pH 7.4

10% BSA

0.25% nonionic surfactant 

in 1x PBS pH 7.4

5% BSA

0.25% nonionic surfactant 

in 1x PBS pH 7.4 

Antibody diluent

Permeabilization 

& blocking buffer 

MV-1

MV-2

MV-2

MV-3

Fixative
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Step(s) Action

4.1 and 4.1.1 Mince in MV-1 solution with a single-edge blade

4.2 to 4.2.2 Homogenize in MV-1 solution using a Potter-ELVJ PTFE or microtube pestle

5.1 Spin at 2,000 x g , 4 °C, 10 min

5.1.1 to 5.1.1.2 Resuspend the pellet in MV-2 solution

5.2 Spin at 4,400 x g , 4 °C, 15 min

5.3 to 5.5 Resuspend the pellet with 1 mL of MV-3 solution

6.2 to 6.4.1
Elute over a 50 mL conical tube through a cell strainer and rinse with MV-3 

solution

6.5, 6.5.1, 6.6, 

and 6.7
Filter with a 20 μm nylon net on the modified filter holder

6.8
Load the nylon net into the 50 mL beaker with 10 mL of MV-3 solution and 

shake for 30 s

6.9 to 6.10 Decant into a 15 mL conical tube and spin at 2,000 x g , 4 °C, 5 min

6.10 Resuspend in 1 mL of MV-3 solution

6.10.1 Transfer to a 1.7 mL microtube and spin at 20,000 x g , 4 °C, 5 min

7.1 to 7.3 Resuspend in 1x PBS and load into well slides
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Step(s) Solution Action CTX CBL OPT BST SC HYP PIT

4.1 MV-1
Mince on 

dish

4.2.1 and 

4.2.2
MV-1 Homogenize

5.1.1.1 and 

5.1.1.2
MV-2 Resuspend

5.5 and 6.4.1 MV-3 Resuspend

Strainer size 100 μm 70 μm 70 μm 100 μm

Rinse

6.5, 6.5.1 

and 6.7
MV-3

Filter size, 

rinse

6.8 MV-3
Shake on 

beaker

6.10 MV-3 Resuspend

7.2 1x PBS Resuspend

7.3 1x PBS
Load per 

well

MV-3
5 mL

5 mL + 5 mL, 18% Dextran 1 mL, 20% dextran

100 mm x 20 mm Petri dish, 1 mL n/a

5 mL, 10 mL Potter-Elvehjem with pestle 1 mL, micropestle

200 μL 100 μL 25 to 50 μL

CTX = cortex, CBL = cerebellum, BST = brainstem, OPT = optic lobe (not present in mammals), HYP = hypothalamus, PIT = pituitary, SC = 

spinal cord. Recommended volumes are for whole tissue from animals ranging in size from 20 g (young mouse) to 800 g (adult rat).

100 μm

25 mm filter, 10 mL 13 mm, 5 mL

10 mL

1 mL

1.5 to 2.0 mL 0.5 to 1.0 mL 0.1 to 0.2 mL

1 mL + 10-15 mL 1 mL

6.2 and 6.4.1
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Step(s) Action

4.1 and 

4.1.2
Mince in MV-1 with a single-edge blade

4.3 to 4.3.4
Homogenize in MV-1 solution using a Potter-Elvehjem grinder with a 

PTFE pestle 

5.1 Spin at 2,000 x g , 4 °C, 10 min

5.1.2 to 

5.1.2.2
Resuspend the pellet in MV-2 solution

5.2 Spin at 4,400 x g , 4 °C, 15 min

5.3 to 5.5 Resuspend the pellet with 1 mL of MV-3 solution

6.2 to 6.4 

and 6.4.2

Elute over a 50 mL conical tube through a cell strainer and rinse with 

MV-3 solution

6.5, 6.5.2, 

6.6 and 6.7
Filter with a 20 μm nylon net on the modified filter holder

6.8
Load the nylon net into a 50 mL beaker with 30 mL of MV-3 solution, 

and shake for 30 s

6.9 and 6.10 Decant into a 50 mL conical tube and spin at 2,000 x g , 4 °C, 5 min

6.10 Resuspend in 1 mL of MV-3 solution

6.10.2 Transfer to a 5 mL microtube and spin at 2,000 x g , 4 °C, 5 min

7.1 to 7.3 Resuspend in 1x PBS and load into well slides
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Step(s) Soution Action CTX CBL WM BST SC HYP

4.1 MV-1 Mince on dish

4.3 to 4.3.4 MV-1 Homogenize

5.1.2 to 

5.1.2.2
MV-2 Resuspend

5.5, 6.4 

and 6.4.2
MV-3 Resuspend

Strainer size 100 μm 70 μm

Rinse

6.5, 6.5.2 

and 6.7
MV-3

Filter size, 

rinse

6.8 MV-3
Shake on 

beaker

6.10 and 

6.10.2
MV-3 Resuspend

7.2 1x PBS Resuspend

7.3 1x PBS Load per well

10 mL

>20 mL, 20% dextran
 5 mL + 5 mL, 20% 

dextran

3−5 mL 1 mL

20−30 mL, 55 mL Potter-Elvehjem with pestle & overhead 

stirrer

5 mL, 10 mL Potter-

Elvehjem with pestle

200 μL 100 μL

CTX = cortex, CBL = cerebellum, WM = white matter, BST = brainstem, HYP = hypothalamus, PIT = pituitary, SC = spinal cord. 

Recommended volumes are for samples of ~45 cm
3
 for CTX, CBL, BST and SC whole HYP and PIT.

100 μm70 μm

47 mm filter, 10 mL 25 mm, 10 mL

30 mL

1 mL + 4 mL

2.0 to 4.0 mL 1.0 to 2.0 mL

1 mL + 20 mL 1 mL + 10 mL

6.2 and 

6.4.2
MV-3
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PIT

100 μm

10 mL

 5 mL + 5 mL, 20% 

dextran

1 mL

5 mL, 10 mL Potter-

Elvehjem with pestle

100 μL

CTX = cortex, CBL = cerebellum, WM = white matter, BST = brainstem, HYP = hypothalamus, PIT = pituitary, SC = spinal cord. 

Recommended volumes are for samples of ~45 cm
3
 for CTX, CBL, BST and SC whole HYP and PIT.

25 mm, 10 mL

30 mL

1 mL + 4 mL

1.0 to 2.0 mL

1 mL + 10 mL



Name of 

Material/ 
Company

Catalog 

Number
Comments/Description

10X PBS ThermoFisher BP39920 Used for blocking and antibody diluent.

20% PFA

Electron 

Microscopy 

Sciences 15713-S Used as fixative (4% PFA)
70,000 MW 

Dextran

Millipore 

Sigma 9004-54-0 Used for MV-2 solution

Adson Forceps

Fine Science 

Tools (FST) 11006-12 Used for removal of muscle and skin
Adson Forceps, 

student quality FST 91106-12 Same as above but cheaper
Bovine serum 

albumin (BSA)

Millipore 

Sigma

A7906-

100G

Used for MV-3 solution, blocking and 

antibody diluent
Corning 100 μm 

Cell strainer

Millipore 

Sigma

CLS431752

-50EA
Corning 70 μm 

Cell strainer

Millipore 

Sigma

CLS431751

-50EA

Corning Deskwork 

low-binding tips

Millipore 

Sigma CLS4151 Same as below but cheaper. 
Cultrex Poly-D-

Lysine R&D

3439-100-

01 Used for slide coating
Donkey anti-Goat 

IgG-ALEXA 555
Thermo A21432

Used as secondary antibody. 

Recommended dilution of 1:200.

Donkey anti-Mouse 

IgG-ALEXA 488
Thermo A21202 Used as secondary antibody. 

Recommended dilution of 1:200.

Donkey anti-Rabbit 

IgG-ALEXA 488
Thermo A21206 Used as secondary antibody. 

Recommended dilution of 1:200.

Donkey anti-Rabbit 

IgG-ALEXA 647
Thermo A31573 Used as secondary antibody. 

Recommended dilution of 1:200.

Donkey anti-Rat 

IgG-DyLight  650
Thermo SA5-10029

Used as secondary antibody. 

Recommended dilution of 1:200.

Double-Pronged 

Tissue Pick FST 18067-11

Used for removal of meninges and 

choroid plexus
Dumont #3c 

Forceps FST 11231-20

Used for more delicate and/or small 

CNS tissue handling (like pituitary)
Dumont #7 

Forceps FST 11274-20

Used for CNS tisssue dissection and 

handling
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Dumont #7 

Forceps, student FST 91197-00 Same as above but cheaper
ep Dualfilter 

T.I.P.S. 

LoRetention Tips Eppendorf 22493008

Better quality than the tips above (more 

expensive).

Extra Fine Graefe 

Forceps, serrated FST 11151-10 Used for bone removal
Fine Scissors, 

sharp FST 14060-09

Used for removal of pig and macaque 

dural sac
Glass Pestle 1.5 

mL 

Microcentrifuge 

Tube Tissue 

Grinder 

Homogenizer, 

Pack of 10

Chang 

Bioscience 

Inc. (eBay) GP1.5_10

Used for small vetebrate hypothalus 

and pituitary.

Goat anti-CXCL12, 

biotinylated
PeproTech 500-P87BGBT

Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended dilution: 1:20.

Goat anti-JAM-B R&D AF1074

Used as primary antibody to assess 

neuroinflammation. Recommended 

concentration: 5 μg/mL.

Goat anti-Mouse 

IgG-ALEXA 488
Thermo A11001

Used as secondary antibody. 

Recommended dilution of 1:200.

Goat anti-Mouse 

IgG-ALEXA 555
Thermo A21424

Used as secondary antibody. 

Recommended dilution of 1:200.

Goat anti-PDGFR

𝛽

R&D AF1042
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Goat anti-Rabbit 

IgG-ALEXA 555
Thermo A21249

Used as secondary antibody. 

Recommended dilution of 1:200.

Goat anti-Rabbit 

IgG-DyLight 488
Thermo 35552

Used as secondary antibody. 

Recommended dilution of 1:200.

Goat anti-Rat IgG-

DyLight 650
Thermo SA5-10021

Used as secondary antibody. 

Recommended dilution of 1:200.

Graefe Forceps, 

curved tip, 1X2 

teeth FST 11054-10

Use for nylon filter net holding and 

shaking
HBSS, 1X buffer 

with calcium and 

magnesium Corning 21-022-CM Used for MV-1 solution



HEPES, 1M liquid 

buffer Corning 25-060-CI Used for MV-1 solution

Isolectin GS-IB4-

Biotin-XX

ThermoFisher 

Scientific 

(Thermo)

I21414 

Glycoprotein isolated from legume 

Griffonia simplicifolia  that binds D-

galactosyl residues of endothelial cell 

glycocalysx. Used for avian and porcine CNS 

microvessels. Recommended 

concentration: 5 μg/mL.

LaGrange 

Scissors, serrated FST 14173-12

Used for skull dissection and 

laminectomy (except pig and macaque)
Millicell EZ slide 8-

well unit

Millipore 

Sigma PEZGS0816

Mouse anti-CLDN5 Thermo 35-2500
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Mouse anti-GGT1 Abcam ab55138
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Mouse anti-Human 

CD31
R&D BBA7

Used as primary antibody on primate CNS 

microvessels. Recommended 

concentration: 16.5 μg/mL.

Mouse anti-NFM Thermo RMO-270
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Mouse anti-

𝛼

SMA Thermo MA5-11547

Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended dilution of 1:200.

Nylon Filter Net, 

roll

Millipore 

Sigma NY6000010

Laser-cut to 13 mm diameter filter net 

discs. Used for small vetebrate 

hypothalus and pituitary.

Nylon Filter Nets, 

25 mm

Millipore 

Sigma NY2002500

Used on most small vertebrates CNS 

tissues, except hypothalamus and 

pituitary. Used for macaque and pig 

hypothalamus and pituitary.

Nylon Filter Nets, 

47 mm

Millipore 

Sigma NY2004700

Used for macaque and pig CNS tissues, 

except hypothalamus and pituitary.



ProLong Gold 

antifade reagent 

with DAPI ThermoFisher P36935 Used to coverslip slides.

Rabbit anti-AQP4 MilliporeSigma A5971

Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended dilution of 1:200.

Rabbit anti-LSR MilliporeSigma SAB2107967
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Rabbit anti-NG2 MilliporeSigma AB5320

Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended dilution of 1:200.

Rabbit anti-OSP Abcam ab53041
Used as primary antibody on CNS 

microvessels from all specimens> 

Recommended concentration: 1 μg/mL.

Rabbit anti-VE-CadherinAbcam ab33168
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Rabbit anti-ZO-1 Thermo 61-7300
Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended concentration: 5 μg/mL.

Rat anti-CD31 Becton Dickinson

BD 550274

Used as primary antibody for murine CNS 

microvessels. Recommended 

concentration: 5 μg/mL.

Rat anti-GFAP Thermo 13-0300

Used as primary antibody on CNS 

microvessels from all specimens. 

Recommended dilution of 1:200.

Rat anti-VCAM-1
Becton 

Dickinson
BD 553329

Used as primary antibody to assess 

neuroinflammation. Recommended 

concentration: 5 μg/mL.

Sterile Ringer's 

Solution, Frog

Aldon 

Corporation IS5066 Used for amfibian anesthesia

Streptavidin-ALEXA 

555
Thermo S32355

Used as secondary antibody to label 

biotinylated primary antibodies. 

Recommended dilution of 1:500.

Streptavidin-ALEXA 

647
Thermo S32357

Used as secondary antibody to label 

biotinylated primary antibodies. 

Recommended dilution of 1:500.



Surgical Scissors, 

sharp FST 14002-12 Used for removal of muscle and skin

Surgical Scissors, 

sharp-blunt FST 14001-16

Used for decapitation (except pig and 

macaque)

Swinnex Filter 

Holder, 13 mm

Millipore 

Sigma SX0001300

Modified by laser-cut. Used for small 

vetebrate hypothalus and pituitary.

Swinnex Filter 

Holder, 25 mm

Millipore 

Sigma SX0002500

Modified by laser-cut. Used on most 

small vertebrates CNS tissues, except 

hypothalamus and pituitary. Used for 

macaque and pig hypothalamus and 

pituitary.

Swinnex Filter 

Holder, 47 mm

Millipore 

Sigma SX0004700

Modified by laser-cut. Used for 

macaque and pig CNS tissues, except 

hypothalamus and pituitary.

Triton X-100 ThermoFisher

50-165-

7277 Used for blocking and antibody diluent.

Wheaton 120 Vac 

Overhead Stirrer

VWR 

(Supplier 

DWK Life 

Sciences)

62400-904 

(DWK 

#903475)

Used for macaque and pig CNS tissues 

with 55 mL tissue grinder, except 

hypothalamus and pituitary.

Wheaton Potter-

Elvehjem tissue 

grinder with PTFE 

pestle, 10 mL

VWR 

(Supplier 

DWK Life 

Sciences)

14231-384 

(DWK 

#357979)

Used on most small vertebrates CNS 

tissues, except hypothalamus and 

pituitary. Used for macaque and pig 

hypothalamus and pituitary.

Wheaton Potter-

Elvehjem tissue 

grinder with PTFE 

pestle, 55 mL

VWR 

(Supplier 

DWK Life 

Sciences)

14231-372 

(DWK 

#357994)

Used for macaque and pig CNS tissues, 

except hypothalamus and pituitary.
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Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.

 
A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

 
CORRESPONDING AUTHOR 
Name:    
 
Department:   
 
Institution:  
 
Title:   
 

Signature:  
 

Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site 
2. Fax the document to +1.866.381.2236 
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140 

 

 

 

 

 

 

 

 

Digitally signed by Lilian Cruz Orengo 
DN: cn=Lilian Cruz Orengo, o, ou, 
email=cruzorengo@ucdavis.edu, c=US 
Date: 2019.05.19 23:21:19 -07'00'

Lillian Cruz-Orengo

Anatomy, Physiology & Cell Biology

University of California, Davis. School of Veterinary Medicine

Assistant Professor

May 19, 2019
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Rebuttal Letter 
July 8, 2019 
 
To:	Dear	Dr.	Xiaoyan	Cao	
Review	Editor	
cc: Ronald Myers,  
Science Editor 
JoVE 
 
From: Dr. Lillian Cruz-Orengo 
 

Hoping that this letter finds you well. I	am	pleased	to	submit	the	revised	version	of	
JoVE60291	manuscript	entitled	“Reliable	isolation	of	central	nervous	system	microvessels	
across	five	vertebrate	groups”	Co-authors: Yinyu	Yuan,	Jacquelyn	R.	Dayton,	Marie-Lena	Freese,	
Bryce	G.	Dorflinger	and	Lillian	Cruz-Orengo	
Name, address and telephone number of corresponding author: 
Lillian Cruz-Orengo, Ph.D. 
School of Veterinary Medicine, Department of Anatomy, Physiology & Cell Biology 
1089 Veterinary Medicine Dr. Davis, CA 95616 
(530) 752-7318 

 
Reply	to	editorial	comments:	
• We	moved	the	antibodies	back	to	the	Table	of	Materials,	adding	the	information	regarding	

primary	or	secondary	antibody	and	recommended	concentration	or	dilution	on	the	
”comments”	column.		

• We	verified	the	accuracy	of	the	current	Table	s	1	to	5.	
• We	addressed	the	specific	comments	marked	in	the	manuscript,	mostly	related	to	the	number	

of	tubes	per	specimen.	We	added	notes	to	better	describe	how	many	tubes	are	needed	per	
specimen	and	CNS	regions.	

 
Please, do not hesitate to contact me if you have any questions or concerns. 
 
Best regards, 

 
Lillian Cruz-Orengo, Ph.D. 
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