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SUMMARY: 31 
This protocol describes the surgical and technical procedures that enable real-time in vivo 32 
multiphoton fluorescence imaging of the rodent brain during focused ultrasound and 33 
microbubble treatments to increase blood-brain barrier permeability. 34 
 35 
ABSTRACT: 36 
The blood-brain barrier (BBB) is a key challenge for the successful delivery of drugs to the brain. 37 
Ultrasound exposure in the presence of microbubbles has emerged as an effective method to 38 
transiently and locally increase the permeability of the BBB, facilitating para- and transcellular 39 
transport of drugs across the BBB. Imaging the vasculature during ultrasound-microbubble 40 
treatment will provide valuable and novel insights on the mechanisms and dynamics of 41 
ultrasound-microbubble treatments in the brain. 42 
 43 
Here, we present an experimental procedure for intravital multiphoton microscopy using a 44 
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cranial window aligned with a ring transducer and a 20x objective lens. This set-up enables high 45 
spatial and temporal resolution imaging of the brain during ultrasound-microbubble treatments. 46 
Optical access to the brain is obtained via an open-skull cranial window. Briefly, a 3–4 mm 47 
diameter piece of the skull is removed, and the exposed area of the brain is sealed with a glass 48 
coverslip. A 0.82 MHz ring transducer, which is attached to a second glass coverslip, is mounted 49 
on top. Agarose (1% w/v) is used between the coverslip of the transducer and the coverslip 50 
covering the cranial window to prevent air bubbles, which impede ultrasound propagation. When 51 
sterile surgery procedures and anti-inflammatory measures are taken, ultrasound-microbubble 52 
treatments and imaging sessions can be performed repeatedly over several weeks. Fluorescent 53 
dextran conjugates are injected intravenously to visualize the vasculature and quantify 54 
ultrasound-microbubble induced effects (e.g., leakage kinetics, vascular changes). This paper 55 
describes the cranial window placement, ring transducer placement, imaging procedure, 56 
common troubleshooting steps, as well as advantages and limitations of the method. 57 
 58 
INTRODUCTION:  59 
A key challenge to treating neurological disorders is the presence of the blood-brain barrier 60 
(BBB). The BBB limits hydrophilic, charged, polar, and large (> 400 Da) molecules from entering 61 
the brain parenchyma1. One method currently used to deliver therapeutics across the BBB into 62 
the brain parenchyma is to use stereotactic intracranial injections2. Other less invasive methods 63 
under investigation are hindered by the complexity of the techniques used, such as designing 64 
drugs for the receptor-mediated delivery across the BBB3 or are limited in the spatial precision of 65 
targeted areas, such as intranasal injections4 or administration of hyperosmotic solutions5.  66 
 67 
The use of ultrasound in conjunction with systemically injected microbubbles, an ultrasound 68 
contrast agent, has been developed as a noninvasive means to transiently increase the 69 
permeability of the BBB6. By using a focused transducer7 or a steerable phased array of 70 
transducers8,9, ultrasound can be targeted to selected areas in the brain with millimeter level 71 
precision, minimizing off-target effects.  Ultrasound-microbubble treatments can be customized 72 
to each subject’s brain anatomy by using magnetic resonance imaging guidance7,10–14 or 73 
stereotactic frames15. Furthermore, the extent of increase in BBB permeability can be controlled 74 
in real-time by monitoring acoustic emissions from microbubbles16–18. Clinical trials investigating 75 
the safety and feasibility of ultrasound-microbubble treatments are currently in progress 76 
worldwide (e.g., ClinicalTrials.gov identifier NCT04118764).  77 
 78 
Ultrasound-microbubble BBB treatments are typically evaluated by confirming treatment 79 
induced increases in BBB permeability, visualized in contrast-enhanced magnetic resonance 80 
imaging, or by dye extravasation in in vivo imaging or ex vivo histology. However, most 81 
microscopic analyses have been performed ex vivo, following the completion of ultrasound-82 
microbubble treatments11,19, thereby missing the dynamic biological responses during, and 83 
immediately following, ultrasound exposure. Real-time imaging conducted during ultrasound 84 
exposure may aid in understanding the mechanisms driving ultrasound-microbubble BBB 85 
treatments as well as downstream responses, which may increase our understanding of its 86 
therapeutic applications. Furthermore, the use of chronic cranial windows with in vivo imaging 87 
techniques would enable longitudinal studies to evaluate temporal aspects of ultrasound-88 



   

microbubble treatments.  89 
 90 
The goal of this protocol is to describe the surgical and technical procedures required to conduct 91 
real-time multiphoton imaging of ultrasound-microbubble treatments for acute and chronic 92 
studies in rodents (Figure 1). This is achieved in two parts: first, to create a cranial window to 93 
enable in vivo imaging, and second, to mount a ring transducer on the top to enable concurrent 94 
sonication and imaging. Cranial windows have been extensively used by neuroscientists for in 95 
vivo imaging of neurovascular coupling20, β-amyloid pathogenesis21, and neuroimmunology22 96 
among others. In this protocol, surgical procedures for creating acute (non-recovery) and chronic 97 
(recovery) cranial windows in the mouse and rat skull are described. Cranial window 98 
methodologies, particularly for chronic experiments, have been well-documented23–25. To be 99 
consistent with existing literature, the terms ‘acute’ and ‘chronic’ will be used throughout this 100 
protocol. The design of ring transducers for in vivo imaging has also been previously described26. 101 
Despite the availability of these techniques and the insights that can be gained from real-time 102 
imaging of ultrasound-microbubble treatments, there are very few research laboratories that 103 
have successfully published literature using this technique26–32. As such, in this protocol, the 104 
surgical and technical details of conducting these real-time ultrasound-microbubble experiments 105 
are described. While the specified sonication and imaging parameters have been optimized for 106 
BBB experiments, other effects of ultrasound exposure to the brain, such as 107 
neuromodulation33,34, β-amyloid plaque monitoring31, and immune cell responses32, can also be 108 
investigated using this technique. 109 
 110 
PROTOCOL: 111 
All the following experimental procedures were approved by and conducted in accordance with 112 
the Norwegian Food and Safety Authority, Sunnybrook Research Institute’s Animal Care 113 
Committee, and the Canadian Council on Animal Care. 114 
 115 
1. Material preparation 116 
 117 
1.1. Prepare the materials needed for the cranial window surgery and ultrasound-118 
microbubble treatments. For chronic cranial windows, sterilized tools and materials, a sterile 119 
surgical space, and pre- and post-surgery drug administration are necessary23–25. 120 
 121 
1.2. Transducer and coverslip preparation 122 
 123 
1.2.1. Check the physical integrity of the transducer: look for cracks and dents. Ensure the 124 
electrodes on the top and side of the transducer are intact. 125 
 126 
1.2.2. Deposit cyanoacrylate glue into a small dish. Use an applicator to spread a thin layer of 127 
glue onto the surface of the transducer.  128 
 129 
1.2.3. Place the transducer onto the glass coverslip. Press down firmly for 20–30 s. 130 
 131 
NOTE: A 3D-printed mold can be used to facilitate the alignment of the glass coverslip with the 132 



   

ring transducer, ensuring firm and even pressure on the coverslip and ring transducer (Figure 2).  133 
 134 
1.2.4. Check for bubbles between the transducer and the coverslip. If there are bubbles, take 135 
the coverslip off and repeat from step 1.2.3., as air impedes ultrasound propagation. Cure 136 
overnight at room temperature.  137 
 138 
1.2.5. Once adhered to a glass coverslip, match the transducer (Figure 3). 139 
 140 
NOTE: This protocol uses an in-house manufactured lead zirconate titanate ring transducer (10 141 
mm outer diameter, 1.4 mm thickness, 1.2 mm height)35, matched to a 50 Ω impedance and 0° 142 
phase load with a custom matching circuit. The transducer is driven at 0.82 MHz in thickness 143 
mode, producing a circular focal spot approximately 1 mm beneath the coverslip. Ring 144 
transducers of similar properties (10 mm outer diameter, 1.5 mm thickness, 1.1 mm height) have 145 
been characterized26 and used extensively for multiphoton microscopy experiments27–29,31,32,36.  146 
 147 
1.3. Transducer reuse and coverslip replacement 148 
 149 
1.3.1. Replace the coverslip if it is cracked or has debris (e.g., fur, glue) from the previous 150 
experiment. To remove the coverslip, dissolve the glue by submerging the transducer and 151 
coverslip in acetone for 20 min.  152 
 153 
NOTE: Acetone may affect the integrity of the transducer and/or electrodes. Check with the 154 
manufacturer before proceeding with this step. 155 
 156 
1.3.2. Check if the acetone has dissolved the glue by gently pulling on the coverslip with forceps. 157 
Check once every 10 min to avoid prolonged acetone exposure. 158 
 159 
2. Animal preparation 160 
 161 
2.1. Anesthetize the animal by using a mix of medical air, oxygen, and isoflurane in an 162 
induction chamber.  163 
 164 
NOTE: Use of oxygen as a carrier gas has been reported to affect the half-life of microbubbles37,38 165 
and diminish the magnitude of ultrasound-microbubble induced increases in BBB permeability27, 166 
but may also reduce the risk of hypoxia and mortality39. Choose carrier gases based on project 167 
aims and veterinarian advice. Injectable anesthetics such as a ketamine/xylazine cocktail may 168 
also be used; however, it is easier to control the plane of anesthesia and blood oxygen levels 169 
when using inhalable anesthetics. 170 
 171 
2.2. Check that the animal has achieved a sufficient plane of anesthesia by performing a toe 172 
pinch. Weigh the animal to determine the dosage of dextran, microbubbles, and drugs to 173 
administer.  Remove the fur from animal’s head and place the animal onto a stereotactic frame.  174 
 175 
2.3. For acute experiments, access to the systemic circulation must be established for dextran 176 



   

and microbubble injections. To achieve this, insert a 27 g catheter into a tail vein. 177 
 178 
NOTE: While retro-orbital injections are also possible, tail veins are recommended due to the 179 
limited working space in the head area during multiphoton imaging.  180 
 181 
2.4. Transfer the animal onto the stereotactic frame and switch the anesthesia to the nose 182 
cone. Maintain the animal’s core temperature of 37 ˚C using a heat source, such as a heating pad 183 
or a glove filled with warm water. 184 
 185 
2.5. Monitor animal temperature by using a rectal probe, and animal physiology by using a 186 
pulse oximeter. Apply ophthalmic ointment. Inject appropriate pre-surgery analgesic and/or anti-187 
inflammatory drugs (see Table of Materials).  188 
 189 
2.6. Prior to starting the cranial window surgery, check the plane of anesthesia and the 190 
animal’s heart rate, O2 saturation, respiratory rate, and temperature.  191 
 192 
2.7. To begin the cranial window surgery, remove the fur on the head by applying a depilatory 193 
cream and/or using fur clippers. Remove the fur from between the eyes to the anterior half of 194 
the neck (Figure 4A).  195 
 196 
NOTE: Prolonged contact with the depilatory cream will burn the skin. For chronic cranial window 197 
surgeries, wash the scalp with alternating wipes of betadine and 70% EtOH following fur removal. 198 
Prepare the surgical space for sterile surgery. Sterility must be maintained until Step 2.15. 199 
 200 
2.8. To remove the scalp, lift the skin between the eyes using forceps held in the non-201 
dominant hand, along the sagittal suture. Using curved scissors, remove the skin to expose the 202 
parietal bones (Figure 4B). Apply firm pressure with a cotton swab if there is bleeding from the 203 
skull or scalp; bleeding must be stopped before progressing to the next step. 204 
 205 
NOTE: For acute surgeries, the skin can be pushed back and adhered to the skull using liquid 206 
cyanoacrylate glue or tissue adhesive.  207 
 208 
2.9. Remove the periosteum covering the outer surface of the skull cotton swabs. 209 
 210 
2.10. Using an operating microscope (6–25x) and a dental drill (0.5 mm drill burr, medium 211 
speed), outline a circle onto the parietal bone to mark the desired location of the cranial window 212 
on the skull (Figure 5). Avoid the sagittal suture, lambda, and bregma, as these areas are thinner 213 
and overlay large blood vessels.  214 
 215 
NOTE: To facilitate drilling, an outline of the cranial window can be drawn onto the skull using a 216 
marker and stencil (Figure 5A). For rats, it may be easier to drill a rectangular, instead of a circular, 217 
cranial window. Due to the thickness of the rat skull bone, use a 0.7 mm drill bit to outline the 218 
cranial window in the compact bone prior to using a 0.5 mm drill bit to complete the drilling 219 
process. 220 



   

 221 
2.11. Apply gentle pressure with the drill bit; excessive pressure increases the risk of causing 222 
damage to brain tissue. To prevent the skull from overheating during drilling, drip saline onto the 223 
skull using a syringe, or apply a piece of surgical sponge soaked in saline. 224 
 225 
2.12. Alternate between drilling and cooling the skull until the resulting bone island separates 226 
from the rest of the skull. Check the drilling progress by applying gentle pressure onto the bone 227 
island using forceps or the drill bit. Continue drilling until the bone island separates from the rest 228 
of the skull.  229 
 230 
NOTE: Small cracks in the thinnest areas of the skull are a good indication that drilling is almost 231 
complete. Attempting to remove the bone island prematurely can cause pieces of bone to 232 
penetrate into the brain tissue, damaging the dura and causing inflammation and bleeding. 233 
 234 
2.13. Remove the bone island by using a pair of fine forceps to grasp the edges, or the upper 235 
compact bone layer, of the bone island (Figure 6A). Ensure that the brain is kept moist by applying 236 
a piece of surgical sponge that has been pre-soaked in saline. If bleeding is observed, place the 237 
surgical sponge on the region that is bleeding. Do not proceed to the next step until bleeding has 238 
ceased. 239 
 240 
NOTE: If bleeding persists after 5 min, the animal cannot be used for multiphoton imaging 241 
experiments. For rats, it may be necessary to remove the dura if it is thick. To remove the dura, 242 
use high magnification on the operating microscope and a pair of fine forceps.  243 
 244 
2.14. To place a cranial window, pick up a glass coverslip with a pair of forceps, place a drop of 245 
saline onto one side, and maneuver it over the hole in the skull. Ensure that there are no air 246 
bubbles under the coverslip. 247 
 248 
NOTE: Use a 5 mm glass coverslip for mice, and 8 mm for rats. For rats, due to the thickness of 249 
the skull bone, use an agarose solution instead of saline to fill in the space between the coverslip 250 
and brain. The transducer and its coverslip can also be adhered directly onto the skull, instead of 251 
using a separate coverslip for the cranial window. For this option, proceed to step 3.1. Refer to 252 
Figure 1 for details. 253 
 254 
2.15. Spread a layer of cyanoacrylate glue around the perimeter of the coverslip (Figure 6B) to 255 
attach it to the skull. Ensure that there is no glue under the coverslip. Apply pressure onto the 256 
coverslip to ensure that glue does not come into contact with the brain.  257 
 258 
2.16. Once the glue is completely dry, even out the surface of the glue by using the dental drill. 259 
Ensure all glue debris is removed from the surgical area.  260 
 261 
NOTE: For chronic cranial windows, inject the necessary post-surgical drugs (see Table of 262 
Materials), provide ointment for wound care and soft foods, and recover the animal under a heat 263 
lamp. 264 



   

 265 
3. Placement of the ring transducer 266 
 267 
3.1. Prepare the 1% (w/v) agarose solution. In a small beaker or Erlenmeyer flask, add 0.1 g of 268 
agarose and 10 mL of PBS (1x) or saline. Boil the solution until the agarose has fully dissolved by 269 
placing the beaker onto a hotplate or heating the solution in a microwave oven (30–45 s).  270 
 271 
3.2. Steps 3.2–3.5 are time-sensitive as the agarose solution cools quickly. Withdraw ~ 0.5 mL 272 
of agarose into a 1 mL syringe.  273 
 274 
NOTE: To protect the integrity of the brain, ensure that the temperature of the agarose 275 
approximates body temperature before use.  276 
 277 
3.3. Deposit the agarose liberally onto the coverslip of the cranial window. 278 
 279 
NOTE: If the tissue blanches, the temperature of the agarose was too high; the animal must be 280 
euthanized. If there is no separate coverslip covering the brain (i.e., the transducer and its 281 
coverslip are placed directly onto the brain, see step 2.13), then agarose should be deposited 282 
onto the surface of the brain in this step.   283 
 284 
3.4. Place the transducer over the cranial window (Figure 6C). Apply firm pressure such that 285 
there is minimal agarose between the transducer and the cranial window. Ensure that the 286 
transducer is centered (XY-plane) and parallel (Z-plane) to the cranial window, and that there are 287 
no air bubbles in the agarose.  288 
 289 
3.5. When the agarose has cooled to a jello-like consistency, cut away excess agarose from 290 
the circumference of the transducer’s coverslip using a spatula or scalpel. Ensure that there are 291 
no air bubbles underneath the transducer’s coverslip.  292 
 293 
3.6. Using a spatula, spread a layer of cyanoacrylate glue over the circumference of the 294 
transducer’s coverslip, extending to the skull, such that the transducer is firmly adhered to the 295 
skull.  296 
 297 
3.7. Maintain firm pressure on the transducer until the glue has completely dried (10–15 min). 298 
 299 
4. Multiphoton microscopy imaging 300 
 301 
4.1. Position the animal under the objective lens (Figure 7A). Ensure that the objective lens is 302 
centered in the ring transducer, and parallel with the transducer (Figure 7B). If a water-303 
immersion objective lens is used, fill the center of the ring transducer with deionized and 304 
degassed water.  305 
 306 
NOTE: Degassed water is important for proper ultrasound propagation. 307 
 308 



   

4.2. Start with the objective lens in its highest position, and then slowly lower the objective 309 
lens until it is within the ring transducer (Figure 7A, B). Ensure that objective lens does not collide 310 
with the transducer or coverslip.  311 
 312 
NOTE: Alternate between the eyepiece to check if the Z-position of the objective lens is in-plane 313 
with the surface of the brain, and by eye to ensure that the objective lens does not collide with 314 
the transducer or coverslip. It may be easier to visualize the pial vessels through the eyepiece 315 
following injection of fluorescent dextran through the tail vein (Figure 7C).  316 
 317 
4.3. Prepare the multiphoton microscope for imaging.  318 
 319 
NOTE: This protocol uses an upright multiphoton microscope and a 20–25x objective lens that 320 
has a working distance of 2 mm, which is sufficient to focus beyond the coverslip(s), into the brain 321 
parenchyma. 322 
 323 
4.4. Prepare the dextran. Add the appropriate amount of PBS to the vial of dextran, as per the 324 
manufacturer’s instructions. Vortex the dextran solution for 1–3 min to ensure that the dextran 325 
powder is fully dissolved. Inject the dextran solution into the tail vein.  326 
 327 
4.5. Setting up an image scan 328 
 329 
4.5.1. Using the eyepieces, ensure that the objective lens is parallel to the brain. Tilt the animal 330 
to correct for XZ and YZ misalignments. 331 
 332 
4.5.2. Select a field-of-view in a multiphoton microscope. Set up an XYZ scan before ultrasound 333 
exposure to have a baseline image of the vasculature prior to ultrasound exposure.  334 
 335 
NOTE: Typical imaging parameters are as follows: 300–800 µm in depth, 2–5 μm step-size, and 336 
10–20 time stacks. Ensure that the objective lens does not come into contact with the transducer 337 
or coverslip at its lowest point during the imaging sequence. 338 
 339 
5. Ultrasound exposure 340 
 341 
5.1. Ensure all the BNC cables are connected correctly (Figure 3).  342 
 343 
5.2. Set up an XYZT image scan that is sufficiently long enough to capture image stacks before, 344 
during, and after ultrasound-microbubble treatments. 345 
 346 
5.3. Prepare the microbubbles by following the manufacturer’s instructions. Inject the 347 
microbubbles into the tail vein and begin imaging. 348 
 349 
NOTE: Microbubble injections can be done with an infusion pump to ensure consistent injection 350 
rate and to enable concurrent microbubble injection and imaging. If microbubbles are to be 351 
injected during imaging, ensure that the tail vein can be easily accessed without exposing the 352 



   

detectors to ambient light. 353 
 354 
5.4. Begin sonication.  355 
 356 
NOTE: Typical sonication parameters are as follows: 10 ms cycles, mechanical index of 0.2–0.4, 357 
and pulse repetition frequencies between 1–4 Hz. Sonication and microbubble parameters used 358 
in preclinical ultrasound-microbubble studies have been extensively studied and are well 359 
documented in literature (e.g. see 40 for a review).  360 
 361 
5.5. Continue multiphoton imaging throughout the duration of sonication and following the 362 
end of sonication. Be observant for dextran extravasation from blood vessels, as this is indicative 363 
of increases in BBB permeability.  364 
 365 
NOTE: If dextran is detected in the extravascular space, but in the periphery of the field-of-view, 366 
then there may be affected blood vessels outside of the field-of-view. This can result from 367 
misalignment of the transducer with the focus of the objective lens. In this scenario, it is easier 368 
to adjust the field-of-view by moving the objective lens or by repositioning the animal, than to 369 
realign the transducer. 370 
 371 
5.6. Once imaging is completed, euthanize the animal cervical dislocation under deep 372 
anesthesia or CO2 asphyxiation. For chronic cranial windows, spread a layer of dental cement 373 
onto the exposed skull.  374 
 375 
NOTE: For chronic cranial windows, the skin surrounding the window can be sutured, although 376 
this is not necessary, due to the removal of the scalp in step 2.8. 377 
 378 
6. Image analysis 379 
 380 
6.1. Export image stacks.  381 
 382 
6.2. Analyze images with image analysis software (e.g., Olympus Fluoview, ImageJ/FIJI, 383 
Bitplane Imaris, ThermoFisher Scientific Amira) and/or programming tools (e.g., Python, 384 
MATLAB).  385 
 386 
REPRESENTATIVE RESULTS:  387 
Successful ultrasound-microbubble treatments can be detected by the extravasation of 388 
fluorescent dextran from the intravascular to the extravascular space (Figure 8), indicating an 389 
increase in BBB permeability. Depending on the pressure field of the ring transducer, pial vessels 390 
and/or capillaries will be affected.  391 
 392 
To evaluate the vascular changes induced by ultrasound-microbubble treatments, the diameter 393 
of the vessel of interest can be measured before, during, and after ultrasound-microbubble 394 
treatment (Figure 9). This can be done manually in a commercially available software (e.g., 395 
Olympus Fluoview software). During image acquisition, bolus dextran injections and line scans 396 



   

can also be used to assess blood flow30,41. To evaluate kinetics of dextran leakage as a 397 
representative model for drug delivery, the signal intensity between the intra- and extravascular 398 
spaces can be evaluated using tools such as MATLAB 26, 27, 29, 41 (Figure 10). 399 
 400 
Further image processing can be achieved using ImageJ/FIJI. ImageJ/FIJI is an open-source 401 
software that is compatible with MATLAB and is well-suited to conduct common analyses in 402 
biological image analysis, such as measuring vascular changes, or the lengths of or distance 403 
between fluorescent objects (e.g., β-amyloid plaques to blood vessels). Image processing 404 
pipelines created in ImageJ/FIJI can be automated by writing custom macros. 405 
  406 
More complex analyses, such as 3D segmentation of blood vessels and cell tracking, can be 407 
achieved using more advanced, semi-automated software (Figure 11). Following segmentation, 408 
more specific analyses can be conducted, such as classifying blood vessels as arterioles, venules, 409 
or capillaries, based on diameter, branching, tortuosity patterns, and flow direction42,43. Machine 410 
learning algorithms have also been developed to automate blood vessel segmentation22,44. 411 
 412 
FIGURE AND TABLE LEGENDS: 413 
 414 
Figure 1: General workflow of intravital multiphoton ultrasound-microbubble brain 415 
experiments. A general workflow of the intravital multiphoton ultrasound-microbubble brain 416 
experiments described in this protocol is shown. There are 6 steps: (A) Animal preparation for 417 
(A1) mice and (A2) rats, (B) Dextran injection, (C) Microbubble injection, (D) Pre-treatment 418 
imaging, (E) Treatment and imaging, (F) Post-treatment imaging and data analysis. 419 
 420 
Figure 2: Cross-section and top view of 3D-printed mold. (A) Cross-section of the mold. A thin 421 
layer of cyanoacrylate glue is applied on the top surface of the ring transducer, and a coverslip is 422 
placed on top. A stamp may be used to apply firm, even pressure on the coverslip and ring 423 
transducer. (B) Top view of the mold. A notch can be added in the mold to facilitate removal of 424 
the prepared transducer. 425 
  426 
Figure 3: Ultrasound set-up. Typical hardware for ultrasound experiments are shown. Ultrasound 427 
parameters are set and triggered by the signal generator and amplified by the amplifier. A power 428 
meter can be used to record forward and reflected powers prior to sending the signal to the 429 
matching box, which is matched to the transducer. All connections are achieved using BNC cables 430 
unless stated otherwise. 431 
 432 
Figure 4: Area of fur removal and scalp removal.  (A) Fur removal should start from between the 433 
eyes and extend until the anterior half of the neck. (B) Scalp removal should be sufficient to 434 
expose the parietal bones. Bleeding must be stopped before proceeding. 435 
 436 
Figure 5: Outline of the cranial window. The cranial window is situated on a parietal bone. (A) 437 
An outline of the cranial window can be drawn onto the skull to aid in the drilling process. (B) The 438 
outline of the cranial window can be seen following drilling through the compact bone. 439 
 440 



   

Figure 6: Cranial window and transducer alignment. (A) The cranial window is created on a 441 
parietal bone. The bone island has been removed, exposing the brain underneath. (B) The cranial 442 
window is complete when a glass coverslip is sealed onto the skull using cyanoacrylate glue. (C) 443 
The transducer is centered to the cranial window and adhered using cyanoacrylate glue. 444 
 445 
Figure 7: Positioning of objective lens and transducer. (A,B) The objective lens is centered to the 446 
ring transducer. (C) Blood vessels filled with fluorescent dextran are visible through the 447 
eyepieces, under epifluorescence. 448 
  449 
Figure 8: Maximum projection multiphoton images of ultrasound-microbubble induced 450 
increases in BBB permeability. Maximum projection images of vasculature (A) before and (B) 451 
after ultrasound-microbubble treatments. Successful ultrasound-microbubble treatments can be 452 
confirmed by observing increases in BBB permeability following treatment, visualized as 453 
fluorescent dextran extravasation (arrows). Scale bar: 50 μm. 454 
 455 
Figure 9: Analysis of vasomodulation induced by ultrasound-microbubble treatments. 456 
Maximum projection images of cerebral blood vessels before, during, and after ultrasound-457 
microbubble treatments. Microbubbles are present in all images. Compared to (A) pre-treatment 458 
conditions, clear vasomodulation can be observed (B) during ultrasound-microbubble treatments 459 
(red arrows). Ultrasound-microbubble mediated increases in BBB permeability are also evident 460 
following treatment from the leakage of fluorescent dextran from the intravascular to the 461 
extravascular space (yellow arrows). (C) When ultrasound is turned off, vascular diameters return 462 
to pre-treatment, baseline sizes. (D) Vascular changes can be analyzed by plotting the diameter 463 
of the vessel of interest before, during, and after ultrasound-microbubble treatment. Scale bar: 464 
100 μm. (Unpublished work). 465 
 466 
Figure 10: Analysis of leakage kinetics following ultrasound-microbubble treatments. Increase 467 
in BBB permeability is visualized as leakage of fluorescent dextran from the intravascular to the 468 
extravascular space. Changes in BBB permeability are evident when comparing image stacks 469 
acquired (A) before and (B) after ultrasound-microbubble treatments. (C) Leakage kinetics can 470 
be analyzed by tracking the intensity, volume, and speed of dextran in extravascular 471 
compartments (yellow rectangle). Scale bar: 50 μm. (Unpublished work.) 472 
 473 
Figure 11: Blood vessel segmentation of multiphoton microscopy XYZ stack. (A) Depth (XYZ) 474 
stack of blood vessels in a transgenic EGFP rat. Blood vessels are visualized via intravenous 475 
injection of fluorescent Texas Red 70 kDa dextran (red). The green channel shows fluorescent 476 
cells and tissue autofluorescence. (B) 3D reconstructions of blood vessels are created, and then 477 
color-coded according to blood vessel type to facilitate type-specific analyses. Vein/venules are 478 
blue, arteries/arterioles are red, and capillaries are cyan. Scale bar: 50 μm. Reconstructions 479 
created using Bitplane Imaris.  480 
 481 
DISCUSSION: 482 
Intravital multiphoton microscopy monitoring of the brain is a valuable tool to study brain 483 
responses during ultrasound exposure. To our knowledge, the protocol described here is the only 484 



   

method of conducting multiphoton microscopy imaging of the brain parenchyma during 485 
ultrasound-microbubble treatments. The creation of cranial windows and the use of ring 486 
transducers allow real-time monitoring of vascular, cellular, and other downstream responses to 487 
ultrasound-microbubble treatments at high spatial and temporal resolution. Other groups have 488 
performed multiphoton microscopy imaging following the completion of ultrasound-489 
microbubble treatments, thereby missing the real-time response of the brain parenchyma to 490 
treatments19. The procedure described offers improved temporal control, allowing the collection 491 
of data that may help illuminate the acute mechanisms behind ultrasound-microbubble 492 
treatments. Quantitative and qualitative data can be extracted and analyzed from the acquired 493 
image stacks, such as extravasation kinetics27,29,30, changes in β-amyloid plaque volume31, and 494 
cell dynamics32. 495 
 496 
Several troubleshooting steps were highlighted throughout the protocol. First, surgical steps that 497 
are particularly susceptible to operator error were emphasized, such as use of agarose during 498 
cranial window surgery and placement of the transducer. Steps to prevent animal discomfort and 499 
death were also provided, including monitoring animal physiology during surgery, and thoroughly 500 
vortexing the dextran prior to injection. Second, physical specifications of the transducer, and 501 
alignment of the objective lens, transducer, and cranial window, were also highlighted. The 502 
specifications of the ring transducer and its acoustic properties must be determined in 503 
consideration of the objective lens used as well as the animal model. Specifically, the inner 504 
diameter of the ring transducer must be large enough to surround the objective lens, but small 505 
enough to be mounted securely onto the animal’s skull. In addition, the focal area of the 506 
transducer must align with the range of the objective lens used.  507 
 508 
A common challenge is that the cranial window and ring transducer are angled relative to the 509 
objective lens. Proper centering (XY) and alignment (Z) of the objective lens with the cranial 510 
window and transducer ensures that the focal area of the transducer, and thus the region of 511 
treated brain tissue, aligns with the imaging field-of-view, and reduces the risk of collision 512 
between the objective lens and transducer during imaging. Alignment can be achieved by 513 
adjusting the head position of the animal and/or by rotating the stereotactic frame that it is fixed 514 
in.  515 
 516 
Microscope components (e.g., detectors, beam splitters) and image acquisition parameters 517 
should be selected based on the aim of the study. Here, an objective lens with a long focal length 518 
(> 2 mm) is used due to the presence of the coverslip(s) and ring transducer located between the 519 
objective lens and the brain. An upright microscope is also recommended as it allows for more 520 
space to maneuver the animal, particularly for brain experiments. To capture the kinetics of 521 
ultrasound-microbubble induced leakage of the intravascular dye, a high temporal resolution is 522 
favorable, which can be achieved by using a resonance scanning system. Combining this with a 523 
high sensitivity detection system, such as gallium arsenide phosphide (GaAsP) detectors, will also 524 
result in more favorable images. 525 
 526 
The experimental procedure presented has several limitations. First, the surgical procedure is 527 
quite invasive, and has been reported to cause inflammation45, although inflammation can be 528 



   

minimized46. Moreover, immune responses induced by cranial window surgeries were observed 529 
to resolve by 2–4 weeks following surgery23–25. In addition, the drilling process, particularly when 530 
conducted with excessive force or speed, can cause damage to underlying tissue due to the 531 
generation of heat, vibration, and pressure applied. Cranial window surgeries and multiphoton 532 
imaging have also been observed to affect brain temperature47. These limitations can be reduced 533 
to an extent through careful creation of pristine cranial windows, proper recovery of animals with 534 
chronic cranial windows, and maintenance of normothermic body temperature using a heating 535 
source with feedback control. Second, the imaging depth is limited by the microscope and 536 
objective lens used. For example, the effect of ultrasound-microbubble treatment in deeper brain 537 
structures, such as the hippocampus, cannot be studied without more invasive measures, such 538 
as the removal of overlying cortical tissue48, or the use of microlenses in conjunction with cortical 539 
penetration49. Using an objective lens with a long working distance could resolve this issue to an 540 
extent, but light penetration is also limited at greater depths.  541 
 542 
While the representative images of this protocol were acquired from wild-type rodents, the 543 
presented experimental procedure can also be applied to transgenic animals and disease models, 544 
such as Alzheimer’s disease31. Ultrasound experiments unrelated to BBB modulation, such as 545 
ultrasound-induced neuromodulation, can also be monitored using this protocol33,34. Other 546 
possible applications can be achieved by using different microscope or detector set-ups, such as 547 
pairing a confocal microscope with an ultra-high-speed camera50. While photobleaching and 548 
phototoxicity are comparatively worse in confocal microscopes due to the large excitation 549 
volume, ultra-high-speed imaging may enable visualization of brain capillary endothelial cell-550 
microbubble interactions with high temporal resolution, which could further illuminate the 551 
mechanisms driving ultrasound-microbubble BBB treatments. To conclude, the protocol 552 
described provides a method to monitor vascular and cellular effects induced by ultrasound-553 
microbubble BBB experiments in real-time, providing a tool to further determine the mechanisms 554 
driving these treatments, as well as illuminating the downstream responses of the brain 555 
parenchyma to ultrasound-microbubble treatments. 556 
 557 
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Editorial comments: 
 
Thank you for your comments. Please see our responses in blue. 
 
Text. 

1. The editor has formatted the manuscript to match the video. Please retain 

We note that the editor has edited the manuscript text without Tracking. The edits were not 
limited to typical stylistic and typesetting edits, or those related to, "The editor has formatted 
the manuscript to match the video. Please retain". Some of the edits changed the protocol 
itself, such that it was no longer correct.  

We have responded to each incorrect edit in the manuscript to explain why they are not 
incorrect for our protocol.  

Because the editor's edits were not Tracked, we have also combed through the manuscript to 
ensure that no other steps were incorrectly altered, deleted, or added. 

We note that all the highlighted areas, which we were asked to include as part of the 
Guidelines for Authors, have also been removed from the manuscript. We have re-highlighted 
these areas. 

We do not expect any further edits. If any are to be made, we request that edits be made with 
Tracking On. This can be set in Review tab in Microsoft Word > Tracking > Track Changes 
'ON'. 

 
2. Please address specific comments marked in the manuscript. 
 

Our responses can be found under each comment in the manuscript. 
 
Video: 
 

 Please use title case for the title in the video i.e., Please capitalize first letter of every 
important word in the title.  

o Done. 
 

Video Comments: 
 

 2:26 to 2:33 is too long for there to be footage playing without underlying audio, as per JoVE 
video submission guielines. To maintain pacing and narrative, consider removing 2:26-2:31 
(just repositioning the scissors) and adding a cross dissolve to imply the time spent 
repositioning the scissors.  

o Done. 

 2:45 – consider adding an edit point here and fading immediately to the footage at 2:53-2:55 
(beginning of drilling), so that the voiceover “begin drilling…” plays underneath the footage of 
the drilling, and removing the redundant footage showing the marking and drilling (2:45-2:52). 
These changes may seem small, but more than a second or so of footage without audio can 
seriously detract from viewers’ ability to parse and maintain interest in the video. 

o Done. 

 3:10 – consider removing 3:09-3:19 to maintain pacing 
o Done. 

 3:25-3:33 consider removing this and adding a crossfade between the footage preceding and 
following it to maintain pacing 

o Done. 

 3:38-3:42 consider removing this and adding a crossfade between the footage preceding and 
following it to maintain pacing 

o This cannot be done because the audio would be longer than the video. 

 5:10-5:12 consider removing these 2 seconds before the audio starts 
o Done. 
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https://www.editorialmanager.com/jove/download.aspx?id=1403211&guid=64995228-4f64-4d75-a873-3c82b9dc97ac&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1403211&guid=64995228-4f64-4d75-a873-3c82b9dc97ac&scheme=1


62235: Real-Time Intravital Multiphoton Microscopy to Visualize Focused Ultrasound and 
Microbubble Treatments to Increase Blood-Brain Barrier Permeability 
 
 
Text: 
1. The editor has formatted the manuscript to match the journal's style. Please retain and 
use the attached version for revision.  
2. Please address specific comments marked in the manuscript. 
We have responded to manuscript comments in the manuscript. 
 
Video: 
We have changed the video according to the video editing suggestions except for the ones 
listed below: 
• 5:08 - footage allowing, consider holding on this shot until the end of the sentence since it 
is still describing what the clip is showing. Proceeding to the next clip before the 
corresponding audio concludes can make the video seem rushed and confuse viewers.  -- 
Thank you for the comment. We believe that the current format allows for a clear explanation 
and smooth transition. 
• 5:35 - footage allowing, consider holding on this shot until the end of the sentence since it 
is still describing what the clip is showing. Proceeding to the next clip before the 
corresponding audio concludes can make the video seem rushed and confuse viewers. (i.e. 
green scope should appear after narrator finishes "... or coverslip")  
Thank you for the comment. The reason why we show 2 frames (animal under objective 
lens, and researcher looking through the eyepieces) during the audio segment, 'ensure that 
the objective does not collide with the transducer or the cover slip', is because it corresponds 
with a highlighted note in the manuscript, located after Step 3.9, copied below. We believe 
that the current form best preserves homogeneity between the manuscript and the video. 

NOTE: Alternate between the eyepiece to check if the Z-position of the objective lens is in-
plane with the surface of the brain, and by eye to ensure that the objective lens does not 
collide with the transducer or coverslip. It may be easier to visualize the pial vessels through 
the eyepiece following injection of fluorescent dextran through the tail vein (Figure 7C). 

 
 
 
Vet review 
Second page of vet review comment #2 is not addressed. Please include a rebuttal letter for 
this. 
We apologize. We have included a rebuttal letter for Vet Review Comment #2. 
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Responses to Vet Review 

JoVE62235 

August 17th, 2021 

#  Time 

in the 

video 

comment Change 

in video 

required 

Yes/No 

Change 

in text is 

sufficient 

Yes/No 

Suggested 

Changes 

Video          

1 2:33 - 

2:42 

 

5:22- 

5:31 

During these 

segments the 

mouse’s respiratory 

rate is noticeable 

increased from the 

previous or 

subsequent 

segments  

No No Just an 

observation, but 

increased RR 

may be 

interpreted as 

inadequate depth 

of anesthesia. 

 

Thank you for 

the observation. 

We are careful to 

ensure that the 

animal is 

sufficiently 

anesthetized 

throughout the 

experiment.  

      

Publication      

1 Line 

134 

Improvement: 

Suggest changing 

“breath rate” to 

“respiratory rate”. 

No Yes The text has 

been changed. 

      

2 Lines 

191-

193 

Improvement: In 

section 2.15 

recovery 

procedures are 

listed for “chronic” 

studies.  They did 

not include any 

procedures to close 

the skin around the 

cranial window.      

No Yes Suggest adding a 

statement about 

closing the 

wound to section 

2.15. 

 

Thank you for 

your comment. 

We do not suture 

the skin for 

recovery 

Old rebuttal letter for vet comment 2 Click here to access/download;Rebuttal
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1. Please be specific in your comments. If possible, divide your comments into 2 

categories:  

a) Absolutely not acceptable - for serious errors and deviations from the animal 

research standards.  

b) Improvement requires - for minor deviations, missing parts, etc....  

 

For each comment, please specify if the changes in video are required, or if only 

changes in the complementary text are necessary. Obviously, changes in the 

video are more difficult so it is important to note if changes in the text are 

sufficient. Please use the chart below to provide details on each issue (replace 

examples listed): 

 

surgeries. We 

monitor the 

animals closely 

following 

surgery for two 

weeks alongside 

Comparative 

Research 

employees and 

the veterinarian 

and have not 

observed post-

operative 

contamination or 

infection. We 

remove the scalp 

that overlies the 

cranial window 

(step 2.8); there 

is not much skin 

left to suture.  

 

      

      

      


