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SUMMARY:  32 
Three-photon microscopy enables high-contrast fluorescence imaging deep in living biological 33 
tissues, such as mouse and zebrafish brains, with high spatiotemporal resolution. 34 
 35 
ABSTRACT:  36 
Multiphoton microscopy techniques, such as two-photon microscopy (2PM) and three-photon 37 
microscopy (3PM), are powerful tools for deep-tissue in vivo imaging with subcellular resolution. 38 
3PM has two major advantages for deep-tissue imaging over 2PM that has been widely used in 39 
biology laboratories: (i) longer attenuation length in scattering tissues by employing 1,300 nm or 40 
1,700 nm excitation laser; (ii) less background fluorescence generation due to higher-order 41 
nonlinear excitation. As a result, 3PM allows high-contrast structural and functional imaging deep 42 
within scattering tissues such as intact mouse brain from the cortical layers to the hippocampus 43 
and the entire forebrain of adult zebrafish.  44 
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 45 
Today, laser sources suitable for 3PM are commercially available, enabling the conversion of an 46 
existing two-photon (2P) imaging system to a three-photon (3P) system. Additionally, multiple 47 
commercial 3P microscopes are available, which makes this technique readily available to biology 48 
research laboratories. This paper shows the optimization of a typical 3PM setup, particularly 49 
targeting biology groups that already have a 2P setup, and demonstrates intravital 3D imaging in 50 
intact mouse and adult zebrafish brains. This protocol covers the full experimental procedure of 51 
3P imaging, including microscope alignment, prechirping of 1,300 and 1,700 nm laser pulses, 52 
animal preparation, and intravital 3P fluorescence imaging deep in adult zebrafish and mouse 53 
brains.  54 
 55 
INTRODUCTION:   56 
In life science, multiphoton microscopy (MPM) techniques, such as 2PM and 3PM, have been 57 
powerful tools for deep in vivo imaging with high spatiotemporal resolution and high contrast in 58 
scattering tissues. Additionally, these methods cause less photobleaching when compared to 59 
one-photon confocal microscopy1–4. 3PM is advantageous for deeper-tissue imaging when 60 
compared to 2PM due to two major features : (i) employment of longer wavelength excitation 61 
(~1,300 nm or ~1,700 nm) reduces tissue scattering, and (ii) the higher-order excitation process 62 
(i.e., fluorescence signal depends on the cube of the excitation power in 3PM instead of the 63 
square of the excitation power in 2PM) that suppresses the unwanted background fluorescence3. 64 
Consequently, 3PM enables high-contrast imaging at deeper regions in living tissues such as the 65 
hippocampus in an intact adult mouse brain3,5–11 and the entire forebrain of adult zebrafish12, 66 
including Ca2+ activity recording and multicolor observations. Moreover, high-contrast images 67 
have been obtained with 3PM through the intact skulls of mouse and adult zebrafish12,13.  68 
 69 
Today, excitation laser sources suitable for three-photon (3P) excitation at ~1,300 and ~1,700 nm 70 
are commercially available. As the laser scanning system is essentially the same for 2PM and 71 
3PM, converting an existing a two-photon (2P) setup to a 3P setup is possible in biology 72 
laboratories with the installation of a commercially available laser for 3P excitation. The 3P 73 
fluorescence signal is dependent on the laser power, pulse duration, laser repetition rate, and 74 
numerical aperture (NA) of the objective lens. Assuming a diffraction-limited focus (i.e., the back 75 
aperture of the objective lens is overfilled by the excitation beam), Eq (1) describes the time-76 
averaged fluorescence photon flux from the focal volume resulting from 3P excitation. 77 

⟨F(3)(t)⟩ = 
1

3

gp
(3)

(fτ)2
ϕησ3Cn0

a3(NA)2〈P(t)〉3

8λ3 𝑒−
3𝑧

𝐸𝐴𝐿 (1) 

Where f is the laser repetition rate, τ is the laser pulse duration (full width at half maximum), ϕ 78 
is the system collection efficiency, η is the fluorescence quantum efficiency, σ3 is the 3P 79 
absorption cross-section, C is the fluorophore concentration, n0 is the reflective index of the 80 
sample medium (e.g., water), λ is the excitation wavelength in vacuum, NA is the numerical 81 
aperture of the objective lens, a3 is the spatial integration constant of the focal volume, 〈P(t)〉 is 82 
the time-averaged excitation photon flux (photons/s) under the objective lens, z is the imaged 83 
depth, and EAL is the effective attenuation length14. Here we have assumed that the EAL (typically 84 
> 100 µm) is much greater than the axial resolution of the microscope (typically < 10 µm). Under 85 
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paraxial approximation, a3 is equal to 28.114. gp
(3) is the 3rd-order temporal coherence of the 86 

excitation source, and gp
(3) is 0.41 and 0.51 for hyperbolic-secant-squared pulses and gaussian 87 

pulses, respectively. The collection efficiency ϕ can be estimated by considering the fluorescence 88 
collection by the objective lens, transmittance of the objective lens, the reflectivity of the dichroic 89 
mirror, the transmittance of the filters, and the detection efficiency of the detector (e.g., 90 
photomultiplier tube, or PMT). As the 3P fluorescence intensity is highly dependent on various 91 
parameters, optimization of the 3P setup is required to maximize the 3P fluorescence signals. 92 
 93 
This protocol illustrates the optimization process of a typical 3P setup, which will be useful 94 
particularly for biology laboratories that have a 2P setup and plan to expand its capability to 3P 95 
imaging or to maintain their commercial 3P setup at optimal performance. This video article also 96 
demonstrates deep-tissue 3P imaging in living animal brains. The first section addresses the 97 
optimization of a typical 3P setup with a commercially available laser source and multiphoton 98 
microscope. The second and third sections describe zebrafish and mouse preparation, 99 
respectively, for 3PM of neuronal structures and activities. The mouse craniotomy surgery has 100 
been previously reported in protocol papers as well15–17. The fourth section demonstrates 101 
intravital 3P imaging in zebrafish and mouse brains.  102 
 103 
PROTOCOL:  104 
 105 
All animal experimentation and housing procedures for zebrafish and mice were approved and 106 
conducted in accordance with the Cornell University Institutional Animal Care and Use 107 
Committee (IACUC) guidance. Zebrafish and mice were euthanized by high-concentration tricaine 108 
solution and carbon dioxide asphyxiation, respectively, after the experiment. 109 
 110 
1. Three-photon microscopy setup 111 
 112 
NOTE: Wear laser safety glasses for eye protection. Block the laser beam with a beam blocker 113 
when optics are placed or moved. To visualize the laser, use an infrared viewer or an infrared 114 
detector card.   115 
  116 
1.1. Turn the laser on and set the center wavelength of the idler output of the non-collinear 117 
optical parametric amplifier (NOPA) at ~1,300 nm or ~1,700 nm.  118 
 119 
1.2. Place a thin cover glass on the beamline from the signal port of NOPA (i.e., ~700–900 nm) 120 
to reflect a small fraction of the laser beam to a Si photodiode to obtain triggering signals (Figure 121 
1). Place a beam blocker in the transmission path of the cover glass.  122 
 123 
1.3. Place pulse compressors on the light path to prechirp the femtosecond laser to optimize 124 
the pulse duration for 3PM. For ~1,300 nm beam, place a prism-pair compressor18,19 (e.g., N-SF11 125 
prism pairs). For ~1,700 nm laser, place a Si plate of ~3 mm in thickness20. Set the angle between 126 
the Si plate and the laser path at the Brewster’s angle (~73.9° for 1,700 nm) to maximize the laser 127 
transmittance. Rotate the Si plate to achieve the Brewster’s angle by minimizing the reflection. 128 
 129 



   

4 
 

1.4. Place flipper mirrors to enable convenient switching between the ~1,300 nm and ~1,700 130 
nm beam lines.  131 
 132 
1.5. Place a half waveplate (e.g., an achromatic half waveplate suitable for ~1,300 and ~1,700 133 
nm) mounted on a rotation stage and a polarizing beam splitter (PBS) to control the intensity of 134 
the laser. Place a beam blocker in the reflection path of the PBS.  135 
 136 
NOTE: The laser needs to pass through the PBS perpendicularly to achieve a high extinction ratio. 137 
The laser power for 3PM is controlled by rotating the half waveplate.  138 
 139 
1.6. Place a thin cover glass in the light path after the power controller and before the optical 140 
shutter to reflect a small fraction of the laser beam to a power meter. Use the power meter as a 141 
‘reference power meter’ to calculate the laser power under the objective during imaging (see 142 
step 1.12). 143 
 144 
1.7. Align the laser path by adjusting the mirrors to propagate the beam into the 3PM system.  145 
 146 
1.8. Measure the beam size at the position of the back aperture of the objective using a knife-147 
edge on a translation stage and a power meter. Ensure that the beam size is not too small or too 148 
large.  149 
 150 
NOTE: Typically, the beam slightly underfills the high NA objective lens to achieve high power 151 
throughput for deep tissue imaging. For example, a beam size of ~10–13 mm (1/e2) at the back 152 
aperture of the Olympus objective (~15 mm back aperture diameter) helps achieve an effective 153 
NA of ~0.7–0.9. When the beam size is too small, the 3P signal becomes weak, and the spatial 154 
resolution worsens because of the low effective NA. When the beam size is too large, the 155 
maximum available excitation power under the objective becomes weak due to the power loss 156 
at the back aperture of the objective. For deep-tissue imaging, the marginal rays also suffer a 157 
higher loss due to the longer path in the tissue. 158 
 159 
1.9. If the beam size at the back aperture of the objective is not appropriate, place appropriate 160 
optical elements, such as convex lenses, in the laser beam path to adjust the beam size.  161 
 162 
NOTE: Ensure that the laser beam is not larger than the galvo mirrors to prevent unnecessary 163 
power loss.  164 
 165 
1.10. Place the objective lens on the 3PM setup. 166 
 167 
1.11. Measure the pulse duration after the objective using an autocorrelator. Adjust the pulse 168 
compressor to achieve shorter pulses if the pulse duration is too long (e.g., >70 fs). Use ~50–70 169 
fs pulses for 3PM and a Michelson interferometer placed between the laser and the microscope 170 
to provide the delay for autocorrelation measurements.  171 
 172 
NOTE: A photodiode with a proper spectral response (e.g., a silicon photodiode for wavelength 173 
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greater than 1,200 nm) placed at the focus of the objective can conveniently serve as a nonlinear 174 
detector, and the two-photon photocurrent from the photodiode can be used to obtain the 175 
autocorrelation traces20. The prism-pair compressor for ~1,300 nm can be adjusted in two ways: 176 
(1) changing the distance between the two prisms; (2) changing the pathlengths of the laser beam 177 
in the prism glass by moving the prism(s) perpendicularly to the baseline of the prism. The Si 178 
compressor for ~1,700 nm can be adjusted by replacing the Si plate with a thicker or thinner Si 179 
plate.  180 
 181 
1.12. Place a power meter at the output of the objective lens. Measure the laser power under 182 
the objective and read the value of the reference power meter (from step 1.6). Calculate the ratio 183 
of the power under the objective and at the reference power meter.  184 
 185 
NOTE: During imaging, the actual laser power under the objective can be calculated from the 186 
power ratio and the value of the reference power meter.  187 
 188 
1.13. Take out the power meter from under the objective. 189 
 190 
1.14. [Optional] Verifying photon shot-noise limited performance of the imaging system 191 
 192 
1.14.1. Convert the pixel values (i.e., the pixel count in the image) into photon counts (i.e., the 193 
number of photons detected by the PMT). 194 
 195 
1.14.2. Verify that the photon counts follow a Poisson distribution21.  196 
 197 
1.14.3. Use a dye pool to provide a uniform signal under the objective lens.  198 
 199 
1.14.3.1. Place the dye pool sample under the 3PM objective lens. 200 
 201 
1.14.3.2. Carefully lower the objective lens onto the dye pool until the distance is less than 202 
the working distance of the objective lens. 203 
 204 
1.14.3.3. Place water between the lens and the cover glass of the dye pool. 205 
 206 
1.14.3.4. Set the output power of the microscope to a small amount (e.g., <1 mW with ~1 MHz 207 
pulse repetition rate) to locate the surface of the dye pool. 208 
 209 
1.14.3.5. Start the Live session of the microscope and set the z location to zero. 210 
 211 
1.14.3.6. Slowly move the objective away from the sample to reach the top of the dye pool 212 
(as indicated by the third harmonic generation (THG) produced by the cover glass).  213 
 214 
1.14.3.7. Set the z location to zero at the position of the cover glass. 215 
 216 
1.14.3.8. Lower the objective a bit until a clear fluorescence signal is visible in the 217 
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fluorescence channel. 218 
 219 
1.14.4. To obtain a conversion factor from photon count to pixel value, compare pixel values to 220 
photon counts from a photon counter obtained in the same length of acquisition time.  221 
 222 
1.14.4.1. Lower the objective slightly until a clear fluorescence signal is visible in the 223 
fluorescence channel. 224 
 225 
1.14.4.2. Connect the output of the PMT to a BNC splitter. Connect the outputs of the 226 
divider to the photon counter and the image acquisition system. 227 
 228 
1.14.4.3. Set the laser power to a value where the photon counts per second are lower than 229 
5% of the laser repetition rate (e.g., ≲50,000 photons/s when a 1 MHz laser is used).  230 
 231 
1.14.4.4. Reduce the field of view to the minimum possible with the software and ensure 232 
that the brightness is uniform across the image. 233 
 234 
1.14.4.5. Set the frame rate to 1.0 frame per second. 235 
 236 
1.14.4.6. Set the acquisition period of the photon counter to 𝑡 =237 
 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑝𝑒𝑟 𝑓𝑟𝑎𝑚𝑒 × 𝑝𝑖𝑥𝑒𝑙 𝑑𝑤𝑒𝑙𝑙 𝑡𝑖𝑚𝑒 and an appropriate discriminator level. 238 
 239 
1.14.4.7. Record one image. 240 
 241 
1.14.5. Subtract the offset values (dark counts) and offset pixel counts.  242 
 243 
1.14.5.1. Collect the photon count and pixel counts simultaneously for an equivalent period. 244 
To obtain the pixel count, collect average pixel values of the entire image, as well as the mean 245 
and standard deviation values.  246 
 247 
1.14.5.2. Repeat step 1.14.4.6, blocking the excitation laser to obtain the dark photon count 248 
and pixel counts. 249 
 250 
1.14.5.3. Stop the Live acquisition of the software. 251 
 252 
1.14.6. Compare the standard deviation and the average of the pixel values produced from the 253 
dye pool by converting them to photon counts. 254 
 255 
NOTE: To perform this task, the following elements are needed: 1) one fluorescein or Texas Red 256 
dye pool (e.g., ~10 µM), 2) a photon counter, and 3) an oscilloscope.  257 
 258 
1.14.6.1. Subtract the dark counts (obtained in step 1.14.5.2) from the photon counts 259 
(obtained in step 1.14.5.1) and the total pixel count (obtained in step 1.14.5.1).  260 
 261 
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1.14.6.2. Divide the dark-subtracted total pixel count by the dark-subtracted photon count 262 
(obtained in step 1.14.6.1). Use the obtained value as the ‘conversion factor’ (i.e., pixel 263 
values/photon) from a pixel value to a photon count.  264 
 265 
1.14.6.3. Convert the mean and standard deviation of the pixel counts (obtained in step 266 
1.14.5.1) to photon counts, i.e., dividing them by the ‘conversion factor’ (obtained in step 267 
1.14.6.2). Compare the mean and standard deviation of the photon counts. Ensure that the 268 
standard deviation is approximately equal to the square root of the mean of the photon counts 269 
if the imaging system performance is close to the shot-noise limit.  270 
 271 
1.15. [Optional] Verify the signal detection efficiency of the microscope. 272 
 273 
1.15.1. To test the microscope performance and the signal detection efficiency, follow steps 274 
1.14.3.1–1.14.3.8, steps 1.14.4.1–1.14.4.7, steps 1.14.5.1–1.14.5.3, and step 1.14.6.1 to obtain 275 
photon counts. For step 1.14.5.2, create a blank sample made of the solvent for the dye and 276 
obtain the photon counts for the blank sample with the laser on and at the same power as for 277 
the dye pool. Subtract the blank counts from the photon counts from the dye pool to obtain the 278 
fluorescence photon counts.  279 
 280 
1.15.2. Use the known 3P cross-sections of fluorescein or Texas Red10,22 and Eq. (1) (with an 281 
effective NA to account for the back aperture filling properly) to calculate the expected photon 282 
counts and then compare the calculated value with the photon counts measured experimentally. 283 
Record both photon counts in the lab notebook as test results for the microscope for future 284 
references. 285 
 286 
NOTE: Ensure that the calculated and measured values are close to each other (e.g., within a 287 
factor of 2). Such quantitative tests of the system are particularly useful to ensure consistent 288 
imaging performance over time. 289 
 290 
2. Fish preparation for 3PM  291 
 292 
NOTE: Wear gloves and a lab coat for this procedure. Choose the adult zebrafish according to the 293 
experiment. Finish the entire preparation (steps 2.1 to 2.7) within ~15 min. 294 
 295 
2.1. Prepare a Petri dish with ~0.5 cm of 2% high-melting-point agar. Cut a rectangular hole in 296 
the agar longer and slightly wider than the fish. Use wax to attach thin tubing (for perfusion of 297 
water into the fish’s mouth) to the Petri dish with one end in the rectangle. Use wax to attach 298 
larger diameter tubing (for removal of water) to the edge of the Petri dish. 299 
 300 
2.2. Choose fish for the experiment. Anesthetize the fish with 0.2 mg/mL tricaine solution (pH 301 
7.2) in Hank’s solution. 302 
 303 
2.3. Place the fish on its side on a wet sponge. Using a microsyringe, retro-orbitally inject 3 μL 304 
of pancuronium bromide (0.4 μg/μL in Hank’s solution) to paralyze the fish. Place the fish in 305 
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Hank’s solution briefly to ensure it is fully paralyzed. 306 
 307 
2.4. Place the fish dorsal side-up in the Petri dish with the head toward the tubing. Using 308 
forceps to manipulate the tubing, gently open the fish’s mouth and slide the tubing into the 309 
mouth. Gently slide the fish toward the tubing so that the tubing will be at the back of the fish’s 310 
mouth. 311 
 312 
2.5. Quickly but gently dry the agar around the fish and remove the water on top of the fish. 313 
Dip a small piece of laboratory tissue into laboratory glue and put the tissue onto the agar on 314 
both sides of the fish and over the fish’s back caudal to the gills.   315 
 316 
NOTE: Do not push on the fish or apply pressure. Be careful to avoid getting glue on the gills. 317 
 318 
2.6. Apply a small drop of bupivacaine directly on the surface of the head to anesthetize the 319 
fish’s skin. 320 
 321 
2.7. Bring the Petri dish with the fish to the microscope, fill it with fish-facility water, and 322 
connect the tubing to a water pump to pump system water at 2 mL/min into the fish’s mouth 323 
and simultaneously remove the water from the dish at the same rate. Ensure that the water is 324 
oxygenated with a bubbler and warmed to ~30  ͦC with an aquarium heater. 325 
 326 
NOTE: The fish is now ready for imaging. Monitor the fish’s health by monitoring blood flow in 327 
the third harmonic generation (THG) signal while imaging (see section 4.1). 3P imaging should 328 
also be compatible with more sophisticated fish preparations such as those used in 2P imaging 329 
to fix the head and allow body movements while imaging during virtual reality23.  330 
 331 
3. Mouse preparation for 3PM  332 
 333 
NOTE: Wear gloves, surgical mask, and lab coat during the following procedures. Choose the 334 
mouse line according to the experiment. The mouse should be housed under a 12:12 h light-dark 335 
cycle before the surgery. The entire surgery (steps 3.2–3.11) is aseptic, and all surgery tools 336 
should be sterilized before use. The craniotomy takes ~1 h. 337 
 338 
3.1. Place a donut-shaped (4.5–6.5 mm diameter) coverslip and a coverslip disk (5 mm 339 
diameter) on clean parafilm. Use a needle to apply a small amount of optical adhesive to glue the 340 
donut-shaped coverslip onto the coverslip disk. Cure the disk–donut coverslip on the parafilm 341 
under ultraviolet light for 10–20 min. Remove the entire disk–donut coverslip from the parafilm, 342 
and use tweezers to scratch away excess glue and 70% ethanol to remove debris. 343 
 344 
NOTE: The coverslips are ~0.17 mm thick. The donut-shaped coverslip is used to apply 345 
appropriate pressure on the brain for chronic imaging.  346 
 347 
3.2. Anesthetize the mouse with 3% isoflurane and 20% O2 gas mixture in an induction 348 
chamber. Weigh the mouse. Place the mouse in a prone position on a heating pad. Set the 349 
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temperature of the heating pad to ~37 °C.  350 
 351 
3.3. Fix the upper teeth into the mouth hole of a stereotaxic apparatus with the placement of 352 
an anesthetic mask. Fix the ear bars to the ears. Maintain anesthesia with 2% isoflurane and 20% 353 
O2 gas mixture during the surgery. 354 
 355 
NOTE: Adjust the concentration of isoflurane by monitoring the mouse’s response. Check the 356 
anesthesia level by watching the breathing rate (~1 Hz for deep sleep) and pinching the feet to 357 
check for any reaction before surgery. 358 
 359 
3.4. Apply eye ointment to the eyes for lubrication. Close the eyelids. Turn on all the surgery 360 
lights. Inject ketoprofen, dexamethasone, and glycopyrrolate based on the mouse body weight 361 
before surgery.  362 
 363 
NOTE: The drug doses are 2 mg/mL, 0.1 mg/mL, and 0.1 mg/mL for ketoprofen, dexamethasone, 364 
and glycopyrrolate, respectively. The injection volumes for ketoprofen, dexamethasone, and 365 
glycopyrrolate depend on body weight and are 2.5 µL/g, 2 µL/g, and 2 µL/g, respectively.  366 
 367 
3.5. Remove hair on the crown of the head and near the ears. 368 
 369 
3.5.1. Clip as much hair as possible with scissors or a hair clipper. 370 
 371 
3.5.2. Apply an appropriate amount of depilatory cream. Wait for 1 min. 372 
 373 
3.5.3. Remove hair and cream by using a cotton swab soaked in saline. 374 
 375 
3.5.4. Repeat steps 3.5.2 and 3.5.3 until the hair is completely removed. 376 
 377 
3.5.5. Apply 5% povidone-iodine solution and then 70% ethanol on the skin to sterilize the area. 378 
Repeat the process three times. 379 
 380 
3.6. Give a subcutaneous injection of atropine (dose based on body weight, 0.02–0.05 mg/kg) 381 
on the head. Wait for 1 min. 382 
 383 
3.7. Cut the skin on the crown of the head to expose the skull. Ensure the bregma point and 384 
the lambda point are both exposed. Glue the remaining skin tissue on the edge to the skull by 385 
using biocompatible glue to avoid drilling dust from entering underneath the skin (which may 386 
elicit an immune response). 387 
 388 
3.8. Use a surgical marker to draw a 5 mm diameter circle over the area of interest. For 389 
example, choose the center of the area ~2.5 mm lateral and 2 mm caudal to the bregma, which 390 
covers most of the somatosensory cortex and the visual cortex. 391 
 392 
3.9. Drill along the circle slowly and apply saline to hydrate the skull when halfway done. Slow 393 
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the drilling speed for the last half and cover the skull with saline before removing the skull. Open 394 
the skull gently with forceps and apply a small piece of sterile gelfoam soaked in saline to 395 
immediately stop any bleeding in the brain. Keep the brain hydrated by using saline. 396 
 397 
3.10. Apply a drop of saline on the side of the prepared disk–donut coverslip facing the brain 398 
tissue. Place the protruded disk part of the disk–donut coverslip into the cranial window. Use a 399 
long bar held by the stereotaxic apparatus to gently press the disk part of the coverslip cranial 400 
window onto the brain surface, ensuring that the donut part tightly covers the skull. Dry the area 401 
around the disk-donut coverslip with a cotton swab. 402 
 403 
3.11. Apply a layer of biocompatible glue under the donut-shaped edge. Apply a layer of dental 404 
cement mix under and around the donut part of the disk-donut coverslip. Apply another layer of 405 
glue above the dental cement. 5% glucose (dose based on body weight, 10 µL/g) can be injected 406 
every hour during the surgery to provide animal energy.  407 
 408 
3.12. Shut down the anesthesia system. Release the mouse from the stereotactic apparatus. 409 
Transfer the mouse to a customized compact stereotactic apparatus immediately, with a heating 410 
pad at ~37 °C and an anesthesia apparatus.  411 
 412 
3.13. Place the mouse in a prone position on the heating pad of the customized compact 413 
stereotaxic apparatus. Set the temperature to ~37 °C. Fix the upper teeth into the mouth hole of 414 
the stereotactic apparatus and the ear bars to the ears of the mouse. Put on the anesthetic tubes, 415 
and maintain anesthesia with 1.5% isoflurane and 20% O2 gas mixture. 416 
 417 
NOTE: The mouse is now ready for imaging. Keep the mouse anesthetized during the following 418 
imaging procedures. Adjust the concentration of isoflurane by monitoring the mouse’s response. 419 
 420 
4. Intravital imaging in fish and mouse  421 
 422 
4.1. Intravital imaging in zebrafish 423 
 424 
NOTE: To properly locate the fish brain under the objective lens, a secondary charge-coupled 425 
device (CCD) camera is used on the same path as the excitation light for widefield imaging. 426 
 427 
4.1.1 Set up the microscope and calibrate the power (as described in section 1). 428 
 429 
4.1.2 Place a low magnification (typically 4x) objective on the microscope. 430 
 431 
4.1.3 Place the Petri dish containing the fish and the tubes under the microscope.  432 
 433 
4.1.4 Use a light-emitting diode (LED) light source to illuminate the Petri dish. 434 
 435 
4.1.5 Open the Camera mode of the image acquisition software (Figure 2). 436 
 437 
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4.1.6 Click Live. 438 
 439 
4.1.7 Choose channel A on the right side of the screen. 440 
 441 
4.1.8 Adjust the histogram settings to see the image clearly.  442 
 443 
NOTE: These need to be updated as needed. 444 
 445 
4.1.9 Set the motor setting on the motor controller to Base. 446 
 447 
4.1.10 Lower the objective until the fish is visible.  448 
 449 
NOTE: Ensure that the objective lens does not make any physical contact with the head. 450 
 451 
4.1.11 Place the center of the fish head at the center of the field of view. 452 
 453 
4.1.12 Move the objective up and away from the fish head. 454 
 455 
4.1.13 Replace the low magnification objective lens with the high NA objective lens for 3PM. 456 
 457 
NOTE: The low magnification lens and the high NA objective lens do not need to be parfocal but 458 
must be close enough to ensure the fish is within the field of view of the high NA objective lens. 459 
 460 
4.1.14 Slowly lower the objective lens, ensuring that the objective does not make any physical 461 
contact with the head. In the CCD camera software, stop moving the objective when the top of 462 
the head is visible. Set the z location to 0 μm.  463 
 464 
NOTE: Ensure that there are no air bubbles under the objective lens when using a water-465 
immersion objective. 466 
 467 
4.1.15 Turn off the LED light source and close the dark curtain around the system. 468 
 469 
4.1.16 Set the imaging acquisition software to Multiphoton GG mode for 3P imaging and set the 470 
power under the objective lens to less than 1 mW (with ~1 MHz pulse repetition rate). 471 
 472 
4.1.17 Change the motor setting button from Base to Objective on the motor controller. 473 
 474 
4.1.18 Turn down the lights in the room. 475 
 476 
4.1.19 Turn on the PMTs and open the 3PM excitation source shutter. Ensure that an outline of 477 
the bone appears in the fluorescence signal channel due to autofluorescence and in the THG 478 
signal channel due to THG of the bone (Figure 2C). 479 
 480 
4.1.20 Perform imaging at different depths by increasing the power levels when imaging deeper. 481 
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 482 
4.2. Intravital imaging in mouse 483 
 484 
NOTE: Inject 5% glucose into the anesthetized mouse every hour during imaging; the dose is 485 
based on body weight (10 µL/g). 486 
 487 
4.2.1. Set the imaging acquisition software to Multiphoton GG mode for 3P imaging and set the 488 
power under the objective lens to less than 1 mW (with ~1 MHz pulse repetition rate). 489 
 490 
NOTE: Ensure that the surgery window is placed perpendicular to the objective lens to reduce 491 
aberration. Fine adjustment is performed by tilting the stereotaxic apparatus. 492 
 493 
4.2.2. Move the objective lens close to the window and apply water between the objective and 494 
the cranial window; set axis values of all motors to zero.  495 
 496 
NOTE: Light absorption in H2O at ~1,700 nm is large, which significantly reduces the ~1,700 nm 497 
laser power after a depth of ~1–2 mm of water. For ~1,700 nm excitation, use D2O, which has 498 
much smaller absorption at 1,700 nm, for water immersion to reduce absorption by water.  499 
 500 
4.2.3. Click on the Live button in the image acquisition software and open PMT channels, e.g., 501 
one fluorescence signal channel and one THG signal channel. Adjust the PMT gain and 502 
background level as needed.  503 
 504 
4.2.4. Slowly move up the objective lens to locate the window surface by monitoring the THG 505 
channel from the large blood vessels and the window glass surface. Adjust the window 506 
orientation (see the note in step 4.2.2) if needed. Zero the motors to define the surface of the 507 
brain.  508 
 509 
4.2.5. Perform imaging and adjust the power level according to the imaging depth.  510 
 511 
REPRESENTATIVE RESULTS:   512 
The successful completion of this protocol will result in a properly aligned microscope with 513 
optimal light parameters (e.g., pulse duration, NA) and animal preparations appropriate for in 514 
vivo 3PM. The commercially available 3P setup comprises appropriate mirrors and lenses for both 515 
~1,300 nm and ~1,700 nm; therefore, no change in optics is required when the excitation 516 
wavelength is switched between 1,300 nm and 1,700 nm. If the lenses in a 3P setup do not have 517 
an appropriate coating for 1,300 and 1,700 nm, these need to be replaced with appropriate ones 518 
to reduce laser power loss. With the optimized 3PM and proper animal preparation, in vivo 519 
fluorescence and THG images with high contrast can be collected deep within the brains.  520 
 521 
Figure 3 shows representative 3P images of intact adult zebrafish. High-resolution, non-invasive, 522 
and deep imaging of genetically labeled neurons in the adult zebrafish brain is achieved using 523 
3PM. Although imaging in the telencephalon region has been reported in the adult zebrafish 524 
brain using 2PM24–27, 3PM enables access to the entire telencephalon and regions that are more 525 
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challenging or impossible to observe using other techniques. The distribution of cell layers in the 526 
optic tectum and cerebellum can be observed in Figure 3C. In a successful imaging session, the 527 
bone is visible in the THG channel and neurons visible in the fluorescence channel. For adult 528 
zebrafish imaging, the camera feature of the microscope was used to locate the fish (Figure 3A). 529 
This step is not necessary for mouse brain imaging as the glass window is large enough to make 530 
the brain easily accessible. High-resolution structural images of adult zebrafish brain were 531 
obtained using the system described in the previous sections. The skull is seen in the THG channel 532 
(Figure 3B), which helps navigate the brain and find the top surface. As observed in Figure 3C, 533 
neurons are distinguishable with a high signal-to-background ratio (SBR) deep in the adult brain. 534 
The tissue above the brain is visible in the fluorescence channel due to autofluorescence. 535 
 536 
Figure 4 shows multicolor 3P images of GCaMP6s-labeled neurons (green) and Texas Red-labeled 537 
blood vessels (red) together with THG (blue) signals in the adult mouse brain with 1,340 nm 538 
excitation10. The images are reproduced from previous work10. In Figure 4, the pulse energy at 539 
focus was maintained at ~1.5 nJ in the entire depth to obtain sufficient fluorescence and THG 540 
signals, and the maximum average laser power was ~70 mW. The pulse duration was adjusted to 541 
~60 fs, and the effective NA was ~0.8. With optimization of the 3PM setup, high-contrast images 542 
were successfully obtained down to 1.2 mm from the brain surface, in the CA1 hippocampus 543 
region (Figure 4A,B). Figure 4C,D show Ca2+ activity traces of GCaMP6s-labeled neurons at a 544 
depth of 750 μm for a 10 min recording session, showing high recording fidelity.  545 
 546 
If the excitation laser is misaligned, nonuniformity in signal brightness across the field of view 547 
may be observed. Additionally, if the laser parameters, such as the pulse duration, the excitation 548 
pulse energy at focus, and the effective NA, are not optimized, the THG image from the fish skull 549 
or the craniotomy window of the mouse brain will not be visible and/or requires high excitation 550 
pulse energy (e.g., >2 nJ/pulse at focus). Hence, the THG signals at the brain surface can be used 551 
as an indicator for an optimized 3PM setup before starting deep-tissue imaging. 552 
 553 
FIGURE AND TABLE LEGENDS:  554 
Figure 1: Schematic illustration of a 3PM setup. The wavelength of the excitation laser is set at 555 
~1,300 nm or ~1,700 nm, output from the idler port of the NOPA. The prism-pair compressor and 556 
the Si plate compressor are used for the ~1,300 nm and ~1,700 nm laser, respectively, to prechirp 557 
the excitation laser pulse. The ~1,300 nm and ~1,700 nm laser beams can be switched with flipper 558 
mirrors. The signal port of the NOPA is used to obtain the triggering signal. A half waveplate and 559 
a PBS are used to control the excitation power. The fluorescence and THG are detected by GaAsP 560 
PMTs. Appropriate combinations of dichroic mirrors and bandpass filters are used to separate 561 
the fluorescence and THG signals. Abbreviations: 3PM = three-photon microscopy; NOPA = non-562 
collinear optical parametric amplifier; PBS = polarizing beam splitter; THG = third-harmonic 563 
generation; DAQ = data acquisition; PMT = photomultiplier tube.  564 
 565 
Figure 2: Representative screenshots for intravital Imaging in fish (protocol section 4.2). (A) 566 
Camera mode view of the image acquisition software with 4x objective lens in place. Key features 567 
of the software are outlined and numbered as follows: 1. Imaging mode of the image acquisition 568 
software. The mode options are Camera, Multiphoton, and Multiphoton GG. For white light 569 
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imaging with CCD camera, the Camera mode is chosen. 2. Clicking the Live button turns on the 570 
camera (or PMTs if in multiphoton options), and a real-time view of the microscope can be 571 
observed. 3. In Capture Setup tab, the desired imaging parameters (power, location, depth) are 572 
set. 4. In Capture tab, a folder location is assigned for the images to be saved. The imaging can 573 
be started in this tab. 5. The Z Control setting controls the depth of imaging by moving the z stage 574 
motor. 6. Representative image of a zebrafish head. The rostral side of the head is on the left. (B) 575 
Representative view of Camera mode with 25x objective lens. (C) Representative view of 576 
Multiphoton GG mode containing the THG image of image seen in (B). Abbreviations: CCD = 577 
charge-coupled device; PMT = photomultiplier tube; THG = third-harmonic generation.  578 
 579 
Figure 3: Representative images of the adult zebrafish brain acquired with the image 580 
acquisition software. (A) Camera mode image of adult zebrafish head acquired with a 4x 581 
objective lens. The top of the image is the rostral direction. The OT lobes and CB are outlined. (B) 582 
Representative image acquired in Multiphoton GG mode with a 25x objective lens containing the 583 
THG image of (A). (C) Fluorescence images of adult zebrafish brain at the intersection of the 584 
cerebellum and the optic tectum where GFP is expressed in cytoplasm of neurons in various 585 
depths. Scale bars = 100 μm. Abbreviations: OT = optic tectam; CB = cerebellum; THG = third-586 
harmonic generation; GFP = green fluorescent protein.  587 
 588 
Figure 4: Multicolor 3PM of GCaMP6s-labeled neurons (green), Texas Red-labeled blood vessels 589 
(red), and third-harmonic generation (blue) upon 1,340 nm excitation. (A) Z-stack images down 590 
to 1,200 µm from the brain surface with a field-of-view of 270 x 270 µm (512 x 512 pixels per 591 
frame). The laser power was varied according to the imaging depth to maintain ~1.5 nJ pulse 592 
energy at the focus. Maximum average power under the objective was 70 mW. (B) Selected 2D 593 
images at various imaging depths. (C) Activity recording site at 750 µm beneath the dura with a 594 
field-of-view of 270 x 270 µm (256 x 256 pixels). (D) Spontaneous brain activity traces recorded 595 
in an awake mouse from the labeled neurons indicated in (C). The frame rate was 8.3 Hz, with a 596 
pixel dwell time of 0.51 µs. The laser repetition rate was 2 MHz, and the average power under 597 
the objective lens was 56 mW. Each trace was normalized to its baseline and low-pass filtered 598 
using a hamming window of 0.72 s time constant. Scale bars = 50 µm. This figure and the figure 599 
legend are reproduced from 10. Abbreviation: 3PM = three-photon microscopy.  600 
  601 
Figure 5: Effective attenuation length in the neocortex of the mouse brain. EAL (magenta line) 602 
is calculated from the tissue scattering (red line) and the water absorption in the tissue (blue 603 
line), assuming 75% water composition. The black stars indicate reported experimental data of 604 
EAL in the neocortex of the mouse brain3,21,28,29. Note that EAL varies in different tissues. 605 
Abbreviation: EAL = effective attenuation length. 606 
 607 
Table 1: Typical 3P excitation conditions for mouse cortex imaging.  608 
*With a high NA (~1.0) objective, pulse width of  ~50 fs, and typical fluorophores such as 609 
fluorescent proteins (e.g., GFP and RFP). 610 
** With the assumption that the EAL is uniform in the entire cortex. 611 
*** To achieve ~1 nJ/pulse at focus, calculated from the EAL and the imaging depth.   612 
**** Calculated from the pulse energy under the objective and the maximum permissive laser 613 
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power. 614 
Abbreviations: 3P = three-photon; NA = numerical aperture; GFP = green fluorescent protein; RFP 615 
= red fluorescent protein; EAL = effective attenuation length.  616 
 617 
DISCUSSION:  618 
This protocol explains step-by-step procedures for setting up 3P imaging with a commercial 619 
microscope and laser source. Compared to 2PM, 3PM has an advantage in applications requiring 620 
optical access in the deeper regions such as in the mouse brain hippocampus. Although 3PM is 621 
mostly used in neuroscience, 3PM can be potentially applied in other tissues such as lymph 622 
nodes, bones, and tumors for deep-tissue observation. 623 
 624 
It is important to verify that the imaging system performs at close to the shot-noise limit, which 625 
ensures that the detection and data acquisition electronics contribute negligible noise to the 626 
image after the PMTs. The uncertainty in the number of photons detected is fundamentally 627 
limited by photon shot noise. Shot-noise limited performance can be achieved in a typical 628 
multiphoton microscope using a high-gain photodetector (e.g., a PMT). Photon shot noise follows 629 
a Poisson statistical distribution, wherein the standard deviation of the distribution is equal to 630 
the square root of the mean of the distribution. To verify the shot-noise limited performance, 631 
follow step 1.14 in the protocol section.  632 
 633 
To avoid light attenuation by H2O, using D2O for immersion is helpful, particularly for ~1,700 nm 634 
excitation. When D2O is used, it is essential to refresh D2O every ~10 min or use a large volume 635 
of D2O to avoid D2O/H2O exchange during imaging. One can also seal the D2O from the room 636 
environment3. If a long working distance (WD) objective lens (e.g., WD at 4 mm or longer) is used 637 
for imaging, the immersion liquid thickness can exceed 2–3 mm. The increased thickness makes 638 
H2O absorption non-negligible even at ~1,300 nm21. Therefore, D2O may be necessary even for 639 
1,300 nm 3PM when using a long WD objective lens. 640 
 641 
As the 3P fluorescence intensity depends on the cube of the excitation pulse energy at the focus 642 
(Eq. (1)), setting the appropriate laser power is particularly important to obtain adequate 3P 643 
fluorescence signals while avoiding thermal and nonlinear damage in living tissues. The average 644 
laser power should be kept below the thermal damage threshold. In the mouse brain, for 645 
example, to avoid thermal tissue damage, the average power on the mouse brain surface should 646 
be kept at or below ~100 mW for ~1,300 nm excitation at a depth of 1 mm and with a field-of-647 
view (FOV) of 230 μm x 230 μm21. Similarly, the average power at ~1,700 nm should be kept at 648 
or below ~50 mW at ~1 mm depth and a FOV of ~230 μm x 230 μm (unpublished data). Further, 649 
to avoid excitation saturation and potential nonlinear damage, the excitation pulse energy should 650 
be kept at ≲2 nJ and ≲3 nJ for ~1,300 nm and ~1,700 nm excitation, respectively30.  651 
 652 
Due to light absorption and scattering in tissues, the pulse energy at focus is attenuated to 1/e 653 
(~37%) after penetration of tissues by 1 EAL. The EAL varies in different tissues and with the 654 
excitation wavelengths, e.g., in the neocortex of the mouse brain, the EAL is ~300 μm and ~400 655 
μm at ~1,300 nm and ~1,700 nm, respectively3,29 (Figure 5). Therefore, to keep the same pulse 656 
energy at focus (e.g., 1 nJ/pulse) at a depth of n EALs, the surface pulse energy needs to be 657 
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multiplied by 1 nJ × en. For fast imaging of structural and functional dynamics, an excitation laser 658 
with a high repetition rate (at 1 MHz or higher) is desirable to achieve a high frame rate5–7,10. 659 
However, the pulse energy requirement and the average laser power limit constrain the 660 
applicable repetition rate.  661 
 662 
For example, when we image a moderately deep region at 4 EALs (i.e., ~1.2 mm in the mouse 663 
cortex with 1,300 nm excitation), ~55 nJ/pulse at the surface is required to keep 1 nJ/pulse at 664 
focus. When the average power limitation is 100 mW, we can apply a ~2 MHz laser repetition 665 
rate. However, to image deeper at a depth of 7 EALs, ~1,100 nJ/pulse is required at the surface 666 
to maintain 1 nJ/pulse at focus. Assuming the maximum average power is 100 mW to avoid 667 
thermal damage, the laser repetition rate should be reduced to 0.1 MHz to achieve a 1,100 668 
nJ/pulse at the surface. Table 1 summarizes typical imaging conditions in the mouse brain cortex. 669 
Note that the imaging depths in Table 1 assume that the EAL is uniform in the entire mouse 670 
cortex. 671 
 672 
Moreover, because of the laser power limitation in deep-tissue 3PM, a trade-off exists between 673 
the frame rate and the image pixel size, which is particularly important for functional imaging 674 
such as calcium imaging. The maximum available laser repetition rate is decided at each depth 675 
based on the required pulse energy at focus and the applicable average laser power as discussed 676 
above, e.g., 2 MHz at a depth equivalent to ~4 EALs with 1,300 nm excitation. In general, imaging 677 
requires at least one pulse per pixel. Accordingly, the minimum available pixel dwell time is 678 
determined by the laser repetition rate, e.g., 0.5 μs/pixel with 2 MHz excitation.  679 
 680 
To keep the high spatial resolution (~1 μm in lateral) in 3P images, it is ideal to set 1 pixel to an 681 
area of ~1 μm2, e.g., 256 x 256 pixels for a FOV of 250 x 250 μm2. Hence, to perform fast imaging 682 
with a considerably large FOV (e.g., 250 x 250 μm2 with 256 x 256 pixels), 0.5 MHz, 1 MHz, and 2 683 
MHz pulse repetition rates give theoretical maximum frame rates of ~7.6, ~15, and ~30 frames/s, 684 
respectively. Likewise, the optimization of the laser repetition rate is essential, depending on the 685 
target depth, scan speed, and FOV, to apply adequate pulse energy under the thermal damage 686 
threshold. To increase the imaging speed, an adaptive excitation source can be used to 687 
concentrate all the excitation pulses on the neurons (i.e., regions of interest) by delivering laser 688 
pulses on demand to the neurons31.  689 
 690 
3PM is advantageous when compared to 2PM in deep imaging within living tissues and through 691 
highly scattering media such as a skull, bones, and the white matter layer (i.e., the external 692 
capsule) of the mouse brain. The longer EAL and the higher-order nonlinear excitation of 3PE 693 
benefits deep-tissue imaging. For example, to image GCaMP6 in the mouse cortex, 2PE 694 
fluorescence signal with 920 nm excitation is higher than 3PE fluorescence signal with 1,300 nm 695 
excitation in shallow regions at ≲690 μm (i.e., ~2.3 EALs at 1,300 nm)21. However, due to the 696 
longer EAL at 1,300 nm compared to 920 nm, 3PE gives stronger fluorescence than 2PE at a depth 697 
of ~690 μm and deeper21. This depth is defined as ‘signal crossover depth,’ at which the 698 
fluorescence signal strengths of 2PE and 3PE are identical with the same repetition rate and the 699 
same maximum allowable average powers21. The signal crossover depth depends on the 700 
excitation wavelengths for 2PE and 3PE and the fluorophore.  701 
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 702 
In practice, 920 nm excitation allows higher average laser power than 1,300 nm excitation due 703 
to less water absorption. However, the higher average power of 2PE would push the signal 704 
crossover depth only by 0.9 EALs4. In addition, when the sample is densely labeled, 3PE has the 705 
additional advantage of much higher SBR. Therefore, even before reaching the signal crossover 706 
length, 3PM can be better for imaging than 2PM. For example, when imaging the mouse brain 707 
vasculature, which has a volume fraction (i.e., labeling density) of ~2%, 1,300 nm 3PM with 100 708 
mW excitation power outperforms 920 nm 2PM with 200 mW excitation power at a depth of 709 
~700 μm for fluorescein.  710 
 711 
3PM also has an advantage when imaging through a thin but highly scattering layer that may 712 
distort the point-spread function of the excitation beam and generate a defocus background4. 713 
For example, through the intact skull of the mouse brain, 2PM images suffer from the defocus 714 
background even at the shallow depth of <100 μm from the brain surface13. A similar defocus 715 
background was observed in 2PM with 1280 nm excitation through the white matter in the 716 
mouse brain32. Therefore, when tissues are imaged through turbid layers, 3PM is preferable to 717 
2PM for high-contrast imaging regardless of the labeling density.  718 
 719 
We recently reported a beads phantom and theoretical analysis showing that the imaging depth 720 
limit of 3PM is over 8 EALs33; 8 EALs are equivalent to ~3 mm with ~1,700 nm excitation in the 721 
mouse cortex. However, the currently available laser does not have enough pulse energy to 722 
achieve 8 EALs in the mouse brain. Further development of stronger lasers will push the current 723 
imaging depth limit of 3PM.   724 
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Excitation 

wavelength 

(nm)

Immersion 

water

Maximum 

laser 

power 

(mW)

Maximum 

pulse 

energy at 

focus* (nJ)

Typical 

EAL in the 

mouse 

cortex 

(µm)

Imaging 

depth in 

the 

mouse 

cortex** 

(mm)

Pulse 

energy 

under the 

objective*

** (nJ)

Maximum 

laser 

repetition 

rate**** 

(MHz)

1300 H2O or D2O ≲100 ≲2 ~300 0.8 ~14 ~7

1.2 ~55 ~2

1.6 ~210 ~0.5

2.1 ~1100 ~0.1

1700 D2O ≲50 ≲3 ~400 0.8 ~7 ~7

1.2 ~20 ~2.5

1.6 ~55 ~1

2.1 ~190 ~0.3
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