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SUMMARY:  28 

Here we demonstrate a novel approach to using high resolution spectral-domain optical 29 

coherence tomography (HR-SD-OCT) to assist delivery of gene therapy agents into the subretinal 30 

space, assess its areal coverage, and characterize photoreceptor vitality.   31 

 32 

ABSTRACT: 33 

HR-SD-OCT is utilized to monitor the progression of photoreceptor degeneration in live mouse 34 

models, assess the delivery of therapeutic agents into the subretinal space, and to evaluate 35 

toxicity and efficacy in vivo. HR-SD-OCT uses near infrared light (800-880 nm) and has optics 36 

specifically designed for the unique optics of the mouse eye with sub-2-micron axial resolution. 37 

Transgenic mouse models of outer retinal (photoreceptor) degeneration and controls were 38 

imaged to assess the disease progression. Pulled glass microneedles were used to deliver sub 39 

retinal injections of adeno-associated virus (AAV) or nanoparticles (NP) via a trans-scleral and 40 

trans-choroidal approach. Careful positioning of the needle into the subretinal space was 41 

required prior to a calibrated pressure injection, which delivers fluid into the sub retinal space. 42 

Real time subretinal surgery was conducted on our retinal imaging system (RIS). 43 

HR-SD-OCT demonstrated progressive uniform retinal degeneration due to expression of a toxic 44 
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mutant human mutant rhodopsin (P347S) (RHOP347S) transgene in mice. HR-SD-OCT allows 45 

rigorous quantification of all the retinal layers. Outer nuclear layer (ONL) thickness and 46 

photoreceptor outer segment length (OSL) measurements correlate with photoreceptor vitality, 47 

degeneration, or rescue. The RIS delivery system allows real-time visualization of subretinal 48 

injections in neonatal (~P10-14) or adult mice, and HR-SD-OCT immediately determines success 49 

of delivery and maps areal extent. HR-SD-OCT is a powerful tool that can evaluate the success of 50 

subretinal surgery in mice, in addition to measuring vitality of photoreceptors in vivo. HR-SD-OCT 51 

can also be used to identify uniform animal cohorts to evaluate the extent of retinal 52 

degeneration, toxicity, and therapeutic rescue in preclinical gene therapy research studies.  53 

 54 

INTRODUCTION: 55 

Researchers are developing gene therapies for a variety of retinal and retinal degenerative 56 

diseases with hopes of translating novel therapeutics into treatments for human disease1-11. Time 57 

domain or spectral domain optical coherence tomography (SD-OCT) has been used to investigate 58 

the aspects of outer retinal degeneration in specific mouse models of disease12-14. HR-SD-OCT 59 

has not, however, been extensively used in the context of optimizing evaluation of mouse models 60 

to determine the rate and spatial uniformity of retinal degeneration, or in the context of 61 

preclinical evaluation of gene based therapeutics, for example, to assess rescue, toxicity, or the 62 

spatial extent of vector delivery8,15,16. Once a mouse model is fully characterized, the HR-SD-OCT 63 

data can serve as an informative and reliable resource to measure the impact of therapeutics to 64 

exert rescue or toxicity in mouse models of retinal degeneration17. Many groups are using 65 

subretinal injection as a method of vector delivery due to its efficiency at transducing 66 

photoreceptors and retinal pigment epithelium (RPE) cells. However, this remains a difficult 67 

method to master, given that it is typically done by free-hand surgery from the corneal surface, 68 

and is often fraught with cataracts, bleeding, and unintended retinal detachments occurring 69 

simply by manipulation of the posterior vitreous. Many groups still attempt subretinal injections 70 

blindly and deliver the virus using manual injections with relatively large diameter stainless steel 71 

needles (34G)8,17,18,19,20,21,22, and a few uses optical coherence tomography (OCT) imaging to 72 

confirm proper delivery of vector to the retina8,17,20,22. Some improvements in the method have 73 

recently been described using microscale needles driven by a micromanipulator22.  74 

 75 

We present an integrated approach which aids in the positioning of the needle, and the injections 76 

are facilitated by a custom directed stereo ophthalmoscope designed in the lab specifically for 77 

visualizing inside the small eye of the mouse17,23. The use of pulled glass micro needles in 78 

conjunction with the stereotaxic micromanipulator provide better control of needle placement 79 

with no surgical cut down required (i.e., through conjunctivae and connective tissue) prior to 80 

injection. The use of the pressure regulated micro injector helps deliver consistent injection 81 

volumes, and the injection can be done with much greater stability, precision, and much slower 82 

than manual injections performed by a hand-held syringe, thereby decreasing the occurrence of 83 

bubble injection into the eye. The smaller needle helps prevent leakage following needle 84 

withdrawal because the path is self-sealing. To assess the extent of injection/delivery, many 85 

investigative groups rely on finding and assessing the areal extent of enhanced green 86 

fluorescence protein (EGFP) expression in the retina (expression construct delivered by the 87 

vector) at the experimental end point (euthanasia) to confirm successful injections11,19,20,24. This 88 



 

 

approach (not utilizing OCT) to verify surgical success wastes an enormous amount of resources 89 

in surgical procedural time and animals, since all animals with (unknown) surgical failures need 90 

to be maintained, followed with repetitive measures until euthanasia and eye harvest (when 91 

EGFP is measured). Confirmation of the location of injection in the retina can be improved using 92 

HR-SD-OCT to demonstrate that the injection is located between the correct layers of the retina 93 

(i.e. the subretinal space). HR-SD-OCT can also be used to immediately delineate unsuccessful 94 

attempts (surgical failures) to identify relevant variables in real surgical time to improve upon the 95 

approach. We found that HR-SD-OCT provides numerous advantages in preclinical gene therapy 96 

studies by allowing rapid quantitative evaluation of outer retinal degeneration, allowing 97 

identification/culling of study animals which do not meet experimental criteria (e.g., incorrect 98 

subretinal injection), and to direct follow-up imaging to the region of the eye where vector was 99 

delivered (where preclinical effect is most likely) as well as control regions where vector was not 100 

delivered. Since its development, the use of SD-OCT has continued to be accepted and used by 101 

ophthalmology researchers and is now considered the standard of retinal imaging in retinal 102 

scientific studies in mouse or rodent models13, 25. HR-SD-OCT and its software capabilities were 103 

utilized in unique integrated ways to further the goal of successful quantitative gene therapy in 104 

mouse models at every step in the process, including animal model selection, characterization of 105 

degeneration in chosen disease models, therapeutic delivery, mapping of vector delivery, and 106 

toxicity/efficacy evaluation. The use of HR-SD-OCT allows for more efficient drug discovery at 107 

every level of the process. Here we describe these approaches that are used in our RNA Drug 108 

Discovery program. 109 

 110 

PROTOCOL: 111 

Animal protocols were reviewed and approved by the Institutional Animal Care and Use 112 

Committees of the VA WNY HCS and the University at Buffalo-SUNY. Animals were used 113 

according to the stipulations of the Association for Research in Vision and Ophthalmology 114 

(ARVO) and the Declaration of Helsinki.  115 

 116 

1. Mouse Models  117 

 118 

1.1. Identify mouse models to be evaluated including controls.  119 

 120 

Note: Imaging was performed for a C57BL/6(J), hC1/hC1//mWT/mWT, a partially humanized 121 

mouse retinal degeneration model homozygous for human mutant RHOP347S hC1 alleles on the 122 

wild-type (WT) mouse RHO+/+ genotype26,27, hC1 x BL/6(J), a partially humanized model with a 123 

single copy of the mutant human RHOP347S hC1 allele on the WT mouse RHO+/+ genotype (hC1/-124 

//mWT/mWT) (obtained by crossing hC1/hC1//mWT/mWT with C57BL/6(J) mice). The above 125 

autosomal dominant retinitis pigmentosa (adRP) models are on the C57BL/6(J) background. A 126 

mouse model that is homozygous for two copies of the human WT RHO gene on the mouse 127 

RHO knockout background was also used28,29. This line is on the 129Sv background. When this 128 

line was crossed with a mouse RHO knockout on the 129Sv background, a single dose of human 129 

RHO occurs on the mouse RHO background.  130 

 131 

1.2. Maintain the animals following the conditions pertinent to the experimental design. 132 



 

 

 133 

Note: The animals were maintained in the Veterinary Medical Unit (VMU) at the VA WNY HCS. 134 

Mice were fed standard lab chow and grown under 12 h:12 h light: dark cycles with soft 135 

fluorescent overhead white lights with approximately 300 lux at cage level at approximately 72 136 

˚F.  137 

  138 

2. Mouse Eye Gel  139 

 140 

2.1. Prepare the optical gel used for retinal imaging30 and surgical procedures. 141 

 142 

2.2. Combine 2 mg/mL w/v high molecular weight (4 x 106 g/mol carbomer in sterile 1x  143 

Phosphate Buffered Saline (PBS).  144 

 145 

2.3. Mix at room temperature until the gel forms a viscous optically transparent gel.  146 

 147 

2.4. Transfer the gel into small sterile bottles and centrifuge in a swinging bucket tabletop  148 

centrifuge at 350 x g to remove trapped air bubbles.  149 

 150 

2.5. Apply the gel directly to the cornea to create an interface between the mouse cornea  151 

and a premium cover glass (18 mm x 18 mm).  152 

 153 

3. HR-SD-OCT Imaging  154 

 155 

3.1. See the HR-SD-OCT device (Figure 1). 156 

 157 

3.2. Weigh the animal to determine the proper dose of anesthetic. Then anesthetize the mouse 158 

using 25 µL/g of body weight of the Avertin solution and add the eye drops to dilate the pupils 159 

after the animal is immobilized. 160 

 161 

3.3. Confirm that the animal is fully anesthetized by a toe pinch, and be certain the animal does 162 

not react.                                                               163 

 164 

3.4. Trim the whiskers and place the mouse onto the HR-SD-OCT sled.             165 

 166 

3.5. Position the mouse’s eye directly in front of the headpiece lens and manipulate the stage 167 

controls until the cornea and iris are located. Keep the cornea hydrated by applying artificial 168 

tears.  169 

 170 

Note: The fine adjustment micromanipulators on the HR-SD-OCT sled are used to position the 171 

mouse such that the pupil aperture is centered and oriented. The optical headpiece is then 172 

advanced until the retina becomes visible and the animal is further adjusted to obtain the best 173 

possible image.   174 

                 175 



 

 

3.6. First, open the software program “Mouse” and click “patient/exam”. Second, click “add 176 

patient” and enter the pertinent information to identify the animal in the new patient window 177 

and “save and Exit”. Third, click “add exam” followed by “start exam”. Fourth, click “add custom 178 

scan” and select “rectangular volume”, choose OD or OS for the eye being imaged, then click 179 

“add exam”. Finally, start aiming the instrument and positioning the animal to obtain the region 180 

of interest. After finding the correct region, remove any excess fluid from the eye surface using 181 

a sterile cotton tipped applicator just prior to image acquisition in order to further enhance 182 

image quality, then click “start snapshot”, and if a good image is obtained, click “save scan”. 183 

 184 

Note: Typical parameters for rectangular HR-SD-OCT images are 900 a-scans/b-scan and 90 b-185 

scans/image. Acquired images are 1.4 mm x 1.4 mm. The region of the retina imaged depends 186 

on the specific experiment, but most images are centered on the optic nerve head (ONH). 187 

 188 

4. Assessing the Presence, Rate, and Uniformity of Model Outer Retinal Degenerations 189 

 190 

4.1. Outer Retinal Degeneration Model Evaluation by HR-SD-OCT  191 

 192 

4.1.1. Obtain animals with a wide spectrum of ages for both the control and experimental 193 

subjects to assess the presence, rate, and uniformity of outer retinal degeneration.  194 

 195 

4.1.2. Perform HR-SD-OCT imaging on multiple animals at each age from both cohorts (disease 196 

and normal). Use the method described in 3.1.6 to obtain the OCT images. 197 

 198 

Note: Data can be collected from a large cohort of animals all at once, which have distributed 199 

birthdays spanning a wide period of time (1 year), or a small cohort of animal can be used to 200 

collect multiple images over a long period of time (1 year) to obtain similar results. 201 

 202 

4.1.3. Open a recorded HR-SD-OCT rectangular volume image, and identify the first b-scan to be 203 

measured (ideally will include the ONH or other identifiable landmark) from the ensemble of 204 

images. Enlarge the image to fill the screen using the zoom feature in the software. 205 

 206 

4.1.4. Open the desired number of calipers by right clicking on the image of the b-scan and then 207 

clicking on “Calipers” and finally clicking on as many calipers as desired (they are numbered 1 208 

through 10). Ensure that the calipers show up in lower right corner of the image. Using the 209 

“Configure Caliper” feature, assign them all as “vertical” in the angle block column and turn on 210 

the “Display Caliper Location” to facilitate uniform placement across the retina and finally, click 211 

apply. 212 

 213 

Note: The 1st caliper should be placed on the left side of the image when processing the oculus 214 

dexter (OD) right eye and the 1st Caliper should be placed on the right side of the image when 215 

processing the oculus sinister (OS) left eye images. This results in a nasal to temporal 216 

orientation of all the data for both the left and right eyes when plotting.  217 

 218 



 

 

4.1.5. Using the computer mouse, move each caliper to the desired location (2.0 mm apart) 219 

across the b-scan, being sure to place one caliper in the center of the optic nerve head, in b-220 

scan images that include it (set this caliper to zero). Then use the mouse to click and drag the 221 

caliper to length to span the region of interest. Arbitrarily set calipers that do not overlay 222 

measurable regions of the b-scan to maximum length, and ignore during the data analysis.  223 

 224 

4.1.6. Measure the ONL thickness using the Caliper tools, by placing the top of the caliper at the 225 

external limiting membrane (ELM) and the bottom of the caliper at the bottom of the outer 226 

plexiform layer (OPL). Repeat this for each caliper across the retina at 0.2 mm increments. Save 227 

the measurements.   228 

 229 

4.1.7. After all calipers have been placed and adjusted to size, right click on the image and click 230 

“Save Caliper Data”.  231 

 232 

4.1.8. Repeat measurements on subsequent b-scans (every 10th scan works well) from the same 233 

rectangular volume OCT image spanning the entire retina from inferior to superior regions. 234 

Calipers should remain open and at the same location in the X-axis. Adjust the length of the 235 

calipers without moving them in the X-direction.  236 

 237 

4.1.9.  Open the save data files by clicking the small file icon next to the processed b-scan image 238 

and click “Go to Data”. Click “Date Modified to arrange the files in order based on time saved, 239 

and open all the files for each b-scan measured. 240 

 241 

4.1.10. Compile the raw data from each b-scan into a single file in order from lowest to highest 242 

based on frame number. Select the columns of data including “Caliper name”, “Length”, and 243 

“Center X”.  244 

 245 

4.1.11. Ensure that the center X is the same for all b-scans measured for each rectangular 246 

volume OCT image processed. Delete any data from calipers that were not used to record 247 

measurements, and set the caliper located at the center of the optic nerve head to zero.  248 

 249 

4.1.12. Plot the data for X vs. multiple Y data sets to get a 3D plot function to plot the overall 250 

thickness of the ONL or another measured retinal layer.    251 

 252 

4.1.13. Compare ONL measurements between control and experimental animals with 253 

corresponding ages to determine the rate and uniformity of any potential retinal degeneration.  254 

 255 

4.1.14. Repeat the process for OSL measurements using the same b-scan images. Follow the 256 

same methodology used to measure the ONL, except placing the calipers between ELM and 257 

Bruch’s membrane (BM). 258 

 259 

Note: An example of how to place the caliper is shown in Representative Results section (Figure 260 

3B). This should be done on a zoomed in image to decrease error.   261 

 262 



 

 

4.1.15. Repeat the data analysis for multiple animals for each birthday for both experimental 263 

and control cohorts.   264 

 265 

4.2. Comprehensive measurement and 3D mapping of the ONL or OSL thickness using the 266 

software calipers tool     267 

 268 

4.2.1. Review the post injection OCT images and make note of any identifiable landmarks, like 269 

the ONH or blood vessels in the retina. Then position the mouse to obtain a follow-up SD-OCT 270 

from the same region, and be sure to include the same identifiable landmarks. 271 

 272 

Note: Ensure that the region of the retina imaged and involved in the retinal detachment is 273 

identified in the post injection SD-OCT images. Record a rectangular volume SD-OCT image and 274 

save it. 275 

 276 

4.2.2. Process the recorded images as described above in steps 4.1.3. to 4.1.14. Save the caliper 277 

data and plot as described above.  278 

 279 

Note: The resulting array of ONL measurements is used to create a 3D plot depicting the ONL 280 

thickness. The position of the calipers along the X-axis allow one to replot the graph placing the 281 

optic nerve at the origin (0) along the X-axis. The Y-axis is plotted using the b-scan number and 282 

the optic nerve is then used to define the starting point, which allows one to properly position 283 

the optic nerve at the origin on the Y-axis. Identifying the optic nerve in each data set allows 284 

follow-up images to be aligned reliably.   285 

 286 

4.3. Mapping the extent of the injection site onto the fundus image 287 

 288 

4.3.1. Perform post injection rectangular volume OCT to confirm the success of the injection. 289 

Follow the method described in 3.6. 290 

  291 

4.3.2. Use the Caliper feature in the software to identify the inflection point at the border of the 292 

detached retina from a number of b-scans spanning the entire OCT image. Use the method to 293 

open calipers described in 4.1.4. 294 

 295 

4.3.3. Record the fundus images with the mapped location of the OCT b-scan and 296 

corresponding caliper position on the fundus image, which corresponds to its location. 297 

  298 

4.3.4. Compile all of the fundus images into a composite image, including the caliper positions, 299 

which results in a precise map of the injection site onto the fundus image (Example in 300 

Representative Results section, Figure 5A).   301 

  302 

5. Intraocular Injections 303 

 304 

Note: Details on use of the RIS are further elaborated in a recent study23. 305 

 306 



 

 

5.1. Preparing glass injection needles  307 

 308 

5.1.1. Autoclave the capillary tubes with filaments in small batches, using the dry cycle.  309 

 310 

5.2.2. Use a pipette puller and set-up a program that will produce a glass tip with the sharpest 311 

angle, and a diameter in the range of 2-5 µm.  312 

 313 

Note: A sample 5 step program which produced effective needles on our pipette puller is 314 

shown in Table 1.    315 

 316 

5.2.3. Store the pulled glass needles in a sterile pipette needle jar at room temperature.   317 

 318 

5.3. Fill the injection needle with the desired solution for injection 319 

 320 

5.3.1. Mount the needle into the needle holder, leaving approximately 5/8” protruding beyond 321 

the end of the holder. 322 

 323 

Note: A distance less than 5/8” will make it difficult reach the injection solution to fill the 324 

needle, because the needle holder does not fit readily into the opening of 0.2 mL tubes. Also, 325 

having the needle protrude more than 5/8” results in significantly larger oscillation or 326 

precession of the tip, making real time imaging difficult since the tip leaves the focal plane or 327 

the field of view (FOV), while attempting to puncture the eye.  328 

 329 

5.3.2. Prepare the injection solution in a sterile 0.2 mL tube. Add a 1:10 dilution of sterile 330 

fluorescein sulfate (10 mg/mL in 1x PBS) to the injection solution to obtain a final concentration 331 

of fluorescein at 1 mg/mL.  332 

 333 

Note: The exact dye used is specific to the user and can be anything that is non–toxic and 334 

visible to the naked eye under white light illumination to help facilitate precise placement of 335 

the needle tip at the level of the RPE and subretinal space.  336 

 337 

5.3.3. Visualize the needle through the stereo microscope while using the control knobs of the 338 

3-axis micromanipulator to position the needle so that it is aligned with the center of the tube 339 

containing the injection solution to be used for filling the needle.  340 

 341 

5.3.4. Carefully drive the needle tip into the 0.2 mL tube until the tip of the needle is 342 

submerged in the fluid. Draw up the desired volume of injection fluid (e.g. 1 µL) into the needle 343 

necessary for a single injection. Maintain the remaining solution in the tube placed in ice.  344 

 345 

5.4 Preparing the animal for injection  346 

 347 

Note: The RIS microscope is kept clean, and is a non-contact system. The heating plate is 348 

covered with a clean adsorbent pad and needles are autoclaved prior to being pulled. After 349 

they are pulled by a self-sterilizing heated metal strip, they are kept in a closed sterilized 350 



 

 

chamber designed to hold pulled glass needles. The needles are only handled using gloved 351 

hands, and care is used to prevent touching the tip of the needle while mounting it into the 352 

holder. The injected solutions are prepared using sterile technique, and are tested for 353 

contamination by streaking a sample of the virus preparations onto LB agar plates and 354 

incubating them over night at 37 ˚C.  355 

 356 

5.4.1. Weigh the animal (g) to determine the appropriate dose of anesthetic analgesic.  357 

 358 

5.4.2. Administer anesthetic (2.5% solution of buffered 2,2,2-tribromoethyl alcohol (Avertin)) 359 

via intraperitoneal injection (IP).  360 

 361 

5.4.3. Immediately apply anticholinergic drugs (e.g., cyclopentylate) to both eyes to dilate the 362 

pupils.  363 

 364 

5.4.4. Trim the animal’s whiskers and number the animal using ear punch or other method.  365 

 366 

5.4.5. Wash the eye and surrounding area with diluted betadine. 367 

 368 

Note: Avoid getting any solution around the nose, as this can result in unintentional drowning.    369 

 370 

5.4.6. Place the mouse on the heating pad, maintained at 39 ˚C, in the pre-molded modeler’s 371 

clay mouse holder with the eye to be injected towards the needle. 372 

 373 

5.4.7. Make sure the mouse is unresponsive using a pinch test of the hind foot.  374 

 375 

5.5. Performing subretinal injection 376 

 377 

5.5.1. Use a pair of sterile blunt iris forceps to gently induce proptosis of the globe by placing 378 

the tips of the forceps at 7 and 10 o’clock positions on the eye lids while pushing open and 379 

downward at the same time.  380 

 381 

5.5.2. Use the forceps to coax the eyelids under the eye globe to keep it out of the socket 382 

during the injection process.  383 

 384 

Note: Animals 10 to 14 days old will often hold the eye out of the socket more easily than older 385 

animals.  386 

 387 

5.5.3. Direct the tip of the needle about 1-1.5 mm below the edge of the corneal limbus and 388 

carefully drive it into the eye through the conjunctiva until it creates a scleral depression as the 389 

needle penetrates into the tissue of the sclera, and allows manipulation of the eye.  390 

 391 

5.5.4. Rotate the eye downward with the micromanipulator to visualize the scleral depression 392 

through the dilated pupil with the RIS stereo microscope. 393 

 394 



 

 

5.5.5. Apply a drop of sterile eye gel or 1x PBS solution and cover with a sterile coverslip.  395 

 396 

5.5.6. Focus on the scleral depression created by the tip of the needle (2-5 µm), and drive the 397 

needle forward until a sharp peak of the retina forms at the injection site.  398 

 399 

5.5.7. Rotate the needle using the holder until the tip bores through the sclera and the 400 

fluorescein in the needle is visible under the retina in the immediate vicinity of the RPE cell 401 

monolayer.  402 

 403 

5.5.8. Drive the tip of the needle so it is tangential to the globe, and then activate the injection 404 

pump with the foot pedal switch.  405 

 406 

5.5.9. After the desired volume has been delivered (0.5-1 µL) to the subretinal space, withdraw 407 

the needle and check if the bleb is stable and that fluid does not leak out of the injection site, 408 

which is the first criteria of a successful injection.  409 

 410 

Note: Maintaining a proper tip diameter (2-5 µm diameter) is critical to avoid leakage from 411 

injection site. 412 

  413 

5.5.10. Place the animal on the imaging platform of the OCT instrument. Follow the directions 414 

for HR-SD OCT Imaging to record a rectangular volume image.  415 

 416 

5.5.11. Confirm that the injected fluid is located in the subretinal space, and save the images for 417 

determining the extent of the bleb.  418 

 419 

5.5.12. Remove the animal from the holder and apply an ample amount of antibiotic ointment 420 

to the injected eyes.  421 

 422 

5.5.13. Place the animal onto a heating pad until it completely recovers, then place it back into 423 

the original cage where it came from.  424 

 425 

Note: Our animals are usually injected prior to weaning, therefore the animals need to be 426 

returned to the cage with the mother.  427 

 428 

5.6. Mapping the extent of the subretinal bleb using OCT instrument software tools. 429 

 430 

5.6.1. Obtain a rectangular volume OCT image, using methods described earlier, of the bleb and 431 

position it to include a recognizable landmark within the eye such as the ONH.  432 

 433 

Note: Recording 90 b-scans works well for mapping the bleb, but could be used depending 434 

upon the desired resolution.  435 

 436 

5.6.2. Add a single caliper to the figure and place it at the inflection point where the retina 437 

detaches from the RPE and choroid.  438 



 

 

 439 

Note: The software automatically maps a corresponding point to a line onto the fundus image 440 

representing the caliper and the b-scan being evaluated.  441 

 442 

5.6.3. Capture the screen following placement of the calipers, and compile the images to 443 

effectively map the border of the injection bleb onto the fundus image, which precisely maps 444 

the injection site. Save the compiled image for reference to help in locating the regions of 445 

interest during follow-up imaging.  446 

 447 

Note: Alternatively, the caliper data can be saved, complied, and plotted using a similar method 448 

for plotting 3D data sets of ONL thickness.  449 

 450 

5.7. Intravitreal Injection 451 

 452 

5.7.1. Place the tip of the needle using a similar surgical approach as sub retinal injection, 453 

except that the needle is driven entirely through the sclera at the pars plana about 0.25 mm 454 

behind the corneal limbus and into the vitreous.  455 

 456 

5.7.2. Following needle placement, apply the injection pulse with the foot pedal.  457 

 458 

Note: A rapid diffusion of the fluorescein dye throughout the vitreous of the eyecup is 459 

observed, filling the dilated pupil aperture with fluorescence.  460 

 461 

REPRESENTATIVE RESULTS: 462 

 463 

Assessing the Presence, Rate and Uniformity of Model Outer Retinal Degeneration 464 

Measurements of the ONL were recorded from the OPL to the ELM, defining the limits of the ONL 465 

using the caliper tool provided in the instrument software. The goal was to map the progression 466 

of outer retinal degeneration in a partially humanized adRP mouse model. Comparable images 467 

from a control C57BL/6(J) mouse and an hC1/hC1//mWT/mWT mouse model, expressing two 468 

copies of the mutant human rod opsin (RHOP347S) genes, were shown to exhibit both the control 469 

retinal findings and those of a severe and rapidly progressive retinal degenerative condition. The 470 

3-week-old adRP (hC1 x BL/6(J)) animal, having only a single copy of the mutant human RHOP347S 471 

gene and two copies of the mouse WT RHO genes, had near normal ONL thickness. However, the 472 

follow-up HR-SD-OCT scans at 10 and 37 weeks demonstrated temporally progressive and 473 

spatially uniform retinal degeneration that resulted in approximately 60% loss of photoreceptors 474 

recognized as ONL thinning over this time frame. In the hC1 x BL/6(J) adRP model, the retinal 475 

degeneration has an approximate time constant (1/e) of 13 weeks. Homozygous hC1 animals, 476 

with two doses of the toxic mutant human transgene on the mouse WT RHO background, suffer 477 

a much more rapid degeneration as demonstrated by extensive retinal thinning and the 478 

essentially complete loss of all the photoreceptors by 3 weeks of age (Figure 2).  479 

 480 

The ONL measure is only one component of outer retinal normality as an index of photoreceptor 481 

vitality. The OSL of the photoreceptors and the inner segment/outer segment (IS/OS) line or 482 



 

 

ellipsoid line provide evidence in support of both photoreceptor vitality and function. 483 

Comparisons in animals which have been bred to contain either one (N129R- x 129R-) or two 484 

(2HRho 1T1T) copies (doses) of the human WT RHO genes on the mouse WT RHO knockout 485 

background were measured for outer retina thickness. A statistically significant increase of ~8 486 

µm in the ONL was observed in mice with two copies of the human WT RHO gene compared to 487 

mice with only one copy of the human gene. A statistically significant increase of ~5 µm in the 488 

OSL was observed in mice with two vs. one copy of the human WT RHO gene on the mouse WT 489 

RHO knockout background. An example of how ONL and OSL measurements were made is shown 490 

in Figure 3. The high resolution of the images captured with the HR-SD-OCT system allow 491 

accurate measurements of the ONL or OSL allowing discrimination of small differences with solid 492 

statistical reliability in the humanized WT RHO mouse models. 493 

 494 

Range of Surgical Outcomes Detailed by OCT when Attempting Subretinal Injection 495 

HR-SD-OCT evaluation of attempted subretinal injections yielded a variety of outcomes. First, the 496 

most common experience was confirmation that the injected fluid was successfully delivered 497 

within the sub-retinal space. The opening of the implicit subretinal space (which closes during 498 

development) created a bleb that could be clearly visualized both in the en face view of the HR-499 

SD-OCT and in the b-scan images. The hypo-reflective fluid was bordered by the neural retina 500 

above, and the hyper-reflective RPE cell layer still opposed to BM, below (Figure 4). The extent 501 

of the subretinal injection could be determined if the animal was imaged by HR-SD-OCT 502 

immediately after injection (see below). Second, the injection could occur in the choroidal space 503 

(beneath BM) rather than into the subretinal space. This resulted in a hyper-reflective layer (RPE) 504 

bounding the dome of the fluid-displaced region of the retina, and no hyper-reflectivity at the 505 

posterior limits of the eye in the OCT b-scans. Third, another potential result that could occur 506 

while attempting subretinal injection was a retinal schisis (splitting) at the nerve fiber layer. This 507 

result yielded a normal outer retina anatomy, but the inner layer of the retina encapsulated the 508 

bleb, which may or may not have invaded the vitreous. In principle, such a schisis pattern could 509 

occur with injection anywhere within the laminations of the neural retina proper, but we have 510 

only seen nerve fiber layer schisis to date. Fourth, an intravitreal injection may also occur, which 511 

has no impact on the OCT. All of these failures result from the initial misplacement of the tip of 512 

the glass needle, or perhaps some small motion of the needle during injection, due to the 513 

pressure head of the switched flow injection device.  514 

 515 

Characterizing the Location of Subretinal Injection 516 

A critical factor in determining efficacy or toxicity of candidate therapies is the ability to compare 517 

retinal regions that have received vector vs those that have not. We directed significant efforts 518 

into developing a means to mark the region of the retina involved in the subretinal injections so 519 

that during follow-up examinations, we could identify the areal extent of the retina where 520 

therapies were applied, and hence where transduction was feasible. Gold NPs allowed a high 521 

level of confidence in identifying regions of the retina which were or were not injected. However, 522 

the specific particles or their formulation appeared to be toxic and resulted in a severe localized 523 

retinal degeneration at the site of subretinal injection by 24 hours post injection (data not 524 

shown). Therefore, we developed an alternative method of mapping the injection site directly 525 

from the HR-SD-OCT imaging data. A method for precisely identifying the injection site borders 526 



 

 

was developed using the measurement tools (calipers) in the software package of the instrument 527 

(Figure 5). We could identify the edge of the bleb precisely by examining the individual b-scans 528 

(from inferior to superior retina) used to create the fundus image. When placing a caliper at the 529 

point where the bleb intersects the attached retina, the position of the caliper is automatically 530 

mapped onto the corresponding b-scan of the en face fundus image at the precise position along 531 

the x-axis where the caliper was placed on the b-scan. Repeating this process allows one to trace 532 

the edge of the bleb onto an en face fundus image. The alignment process requires that similar 533 

regions of the retina are imaged every time, relative to the constant optic nerve head, and the 534 

images may need to be rotated to align the retinal blood vessels from the multiple images prior 535 

to data segregation. Following the alignment process of the post injection image and subsequent 536 

follow-up images, the injection region was superimposed over the data point grid to identify the 537 

position of the measurements within the region involved in the retinal detachment. This data 538 

could be plotted as a surface map, which provided a visual tool to identify data points inclusive 539 

of the injection site relative to regions outside of the injection site.  540 

 541 

Mapping the ONL Thickness in 3D 542 

Finally, we record measurements of the ONL, OSL, or other retinal layers from across the entire 543 

imaged region of the retina, and then plot the data using a surface plot (Figure 5). Superimposing 544 

the border map of the injection site allows the segregation of the two data sets, including the 545 

injected region and the region which was not detached during the injection process. Further 546 

processing and data analysis could then be performed on these two data sets to test hypotheses 547 

that specific therapeutic agents can rescue retinal degeneration or induce toxicity. This approach 548 

potentially allows for experimental and control data to be collected from a single eye, comparing 549 

injected vs non-injected regions of the same eye. 550 

 551 

FIGURES AND TABLES: 552 

 553 

Figure 1: UHR-SD-OCT Device. The HR-SD-OCT device used is shown. The instrument rack (A) 554 

contains the computer monitor (a), the keyboard and mouse (b), the probe interface box (c), the 555 

OCT engine (d), the computer (e), the control device for the super luminescent emitting diodes 556 

(infrared) (f), and the uninterruptible power supply (g). The optical bench (B) contains the imaging 557 

probe optical head (for mouse retina) (h), the multi-axis (linear and rotational) manipulator (i), 558 

and a mouse subject (j).  559 

 560 

Figure 2: Progressive Outer Retinal Degeneration in partially humanized adRP model as 561 

measured by HR-SD-OCT. (A) HR-SD-OCT images of the retina were obtained for the adRP model 562 

(hC1 x BL/6 (J)) at different ages, the C57BL/6(J) control at 14 weeks, and the homozygous hC1 563 

mutant line at 3 weeks. The outer retina had a normal appearance at 3 weeks in the adRP model, 564 

but there was evidence of progressive ONL thinning and disorganization at and beyond 10 weeks 565 

of age. By 37 weeks, the (hC1 x BL/6(J)) demonstrated extensive outer retinal degeneration. All 566 

OCT scans were in vicinity of optic nerve. (B) The ONL thickness (in mm) along the horizontal axis 567 

through the optic nerve was plotted for control (C57BL/6(J)), hC1, and adRP animals of differing 568 

ages. There was progressive loss of ONL thickness in the partially humanized adRP model. ONL 569 



 

 

loss was greater than 60% by 37 weeks of age. Error bars = standard error of the mean. Red scale 570 

bar = 200 µm and all the images are the same scale.  571 

 572 

Figure 3: Quantitative measures of Outer Nuclear Layer and Outer segment length using HR-SD-573 

OCT. (A) Mouse lines used to demonstrate ONL and OSL measures. Representative OCT images 574 

from 2HRho1T/1T (2 doses HRho) on mouse RHO knockout background) (Left panel) and N129R- 575 

x 129R- (one dose human RHO on mouse RHO knockout background) (Right panel). (B) An 576 

example of how calipers were placed to measure the ONL (red) and OSL (blue) is shown. (C) The 577 

data obtained from three animals of each line for ONL thickness was plotted in bar graph format 578 

showing comparison of 2HRho1T/1T line and N129R- x 129R- (Left panel). The 2HRho1T/1T line 579 

has ~8 µm thicker ONL. To demonstrate differences in OSL, multiple measurements (seven) were 580 

made from one b-scan from each mouse line from the ELM to the BM as in B (blue line) in 9-581 

week-old animals (Right panel). This demonstrated a ~5 µm difference in the OSL between 582 

animals with 1 vs 2 copies of the HRho gene. Both ONL and the OSL measures were statistically 583 

significant, ONL p-value = 1.7e-5 and OSL p-value = 6.4e-5. Error bars = standard error of the 584 

mean. Red scale bar = 100 µm both the b-scans in 3A have the same scale, 3B is zoomed to 585 

improve clarity of the retinal layers and to provide a qualitative demonstration of how the 586 

measurements were acquired.  587 

  588 

Figure 4: Types of intraocular Injections in mice identified by HR-SD-OCT. (A). A (hC1xBL/6(J)) 589 

mouse was injected with ~1 µL of fluid via Inferonasal transcleral transchoroidal injection. The 590 

resulting retinal detachment is seen as the green lower right region of the en face image, creating 591 

a sharp border at the leading edge of the bleb on the right side of the image. The OCT fundus 592 

image of an injection site only exhibits subtle differences depending upon the position of the fluid 593 

filled cavity, because the image is a compilation of all the b-scans from the entire retinal thickness. 594 

In addition, the injection bleb changes the distance of the retinal surface from the OCT headpiece, 595 

producing an unfocused region at the injection site. (B) The OCT b-scan of a non-injected retina 596 

is demonstrated. The ONH is labeled. (C) A subretinal injection is demonstrated. The ONH is 597 

labeled, and arrows in the en face image (right panels) show the posterior border of the 598 

detachment. (D) A choroidal injection is demonstrated with a clear elevation (upward 599 

displacement) of the RPE layer (hyper-reflective curve) of the lower border of the retina (arrows) 600 

and significant loss of hyper-reflectivity of the RPE and choroid layers below the injected fluid. 601 

Compare arrows in the images (C vs. D). (E) A retinal schisis is demonstrated near the nerve fiber 602 

layer.  Observe the very thin hyper-reflective membrane encapsulating the injected fluid, while 603 

the retina remains attached to the RPE.  Subtle differences between the three different 604 

detachments can also be visualized in the en face images (C, D, and E). The subretinal detachment 605 

has a border which is difficult to visualize (arrows in C), while the choroidal injection creates a 606 

blurred hyper reflective rim at the leading edge of the bleb, and the retinal schisis is evident by 607 

the sharp demarcation of its leading edge (E). Both red scale bars = 200 µm in 4B. All images 4B 608 

through 4E are scaled equally.  609 

 610 

Figure 5: Mapping and Quantifying Outer Retinal Changes following Subretinal injection. A 611 

method was developed to identify regions of interest during follow-up examination of mice that 612 

had subretinal injection of vector, with 3D-plotting of ONL measurements from multiple OCT b-613 



 

 

scans. A 2HRho1T/1T animal was injected with a self-complementary adeno-associated virus 614 

expressing both GFP and the lead candidate hammerhead ribozyme (scAAV-GFP ad6 hhRz 725) 615 

(OS eye) in a toxicity screen. (A) Imaged immediately following, the areal extent of the injection 616 

was mapped by placing calipers at the leading edge of the bleb at the point where the outer 617 

segments separate from the RPE in the b-scans (Left panel (red caliper)). The position of the 618 

caliper tool is automatically mapped to the fundus image, and this is repeated and compiled for 619 

as many b-scans as necessary, which depend upon the desired resolution (every 5th scan in (A) 620 

(right panel)). Subsequent OCT studies (every 2 weeks) imaged the same region of the retina to 621 

allow superimposition; the ONH and retinal blood vessels are landmarks to facilitate the Cartesian 622 

or rotational adjustments. The entire region of the retina was measured for ONL thickness 623 

provided the required boundaries (OPL and ELM) were visible. (B) To map the ONL length over 624 

the injected surface the caliper positions (color coded) are again mapped onto the fundus image 625 

and compiled into a composite image. Every 5th b-scan from the OCT images was measured with 626 

built-in calipers at up to ten points across the retina. (C) Pre- and post-compiled images are 627 

rotated, using imaging software to align retinal vasculature, which allows data points within the 628 

detached retinal region retina to be identified by image overlay and separated. (D) The data set 629 

is mapped into a table format, identical to the fundus image array, and divided into two groups 630 

(measurements within the bleb (red highlights) and those that are not). (E) Data is presented 631 

using a 3D surface plotting feature, which allows visualization of ONL thickness over the entire 632 

imaged region. This allows assessment of quantitative differences between injected and non-633 

injected regions of the eye. The crevice in the 3D plot (E) provides a convenient way to segregate 634 

the data set of ONL measurements within the region of the detached retina from the region that 635 

remained attached immediately following injection.   636 

 637 

Table 1: Program used to pull the glass needles. Program parameters to achieve glass needles 638 

useful for subretinal by trans-scleral, transchoroidal approach. 639 

 640 

DISCUSSION: 641 

HR-SD-OCT provides a simple method for characterization of potential animal models of human 642 

disease to determine their usefulness in testing potential therapeutics. The ability to quickly and 643 

reliably characterize a potential animal model of human disease is critical to the process of 644 

therapeutic drug discovery (e.g., replacement gene therapy, ribozyme or shRNA knockdown gene 645 

therapy, combined gene therapy). HR-SD-OCT provides a simple, quick, and non-invasive method 646 

for evaluating retinal health that can be used to characterize and monitor the progression of the 647 

retinal degeneration in almost any mouse model. The OCT images can be used to obtain 648 

measurements of any or all of the different layers of the retina, which may provide a detailed 649 

assessment of an outer retinal (photoreceptor) degeneration over time or the impact of 650 

therapeutic rescue attempts on the degeneration extent or kinetic timeline. HR-SD-OCT can also 651 

be used to assess toxicity of delivered vector or materials. The most significant impact on a 652 

photoreceptor retinal degeneration research program is the ability to make refined 653 

measurements of ONL over time in live animals. One can plot a retinal degeneration timeline to 654 

extract a time constant, which is a critical first step to evaluate the efficacy and toxicity of 655 

candidate therapeutics in the same models over a temporal window of therapeutic opportunity. 656 

This technology also allows for significant savings of precious resources (animals and time) 657 



 

 

relative to classical endpoint histology by allowing the researcher to identify abnormalities in the 658 

animal cohort prior to entering a study and eliminating animals that do not meet experimental 659 

criteria (e.g., successful subretinal delivery).  660 

 661 

The need for precise delivery of certain therapeutics into the subretinal space of the mouse eye 662 

is challenging, and HR-SD-OCT provides an accurate visual confirmation of successful subretinal 663 

injections as a criterion for ongoing inclusion of animals in the pre-clinical study design. Extensive 664 

effort is required to frequently follow animals injected in gene therapy studies over time, since 665 

these models often simulate human retinal degenerative diseases where disease timelines 666 

emerge over decades. Numerous follow-up examinations are required to determine therapeutic 667 

efficacy or to assess toxicity. A solution to this critical challenge is to have the ability to identify 668 

and remove animals from study designs, which are surgical failures for delivery of the therapeutic 669 

vector. The ability to deliver a successful injection for a well-trained technician with years of 670 

experience has approached 90% if injecting one eye per animal, and approximately 80% success 671 

if injecting both eyes. With this efficiency level, removal from the study design of animals with 672 

unsuccessful injections is advantageous to hypothesis testing. This not only saves critical time but 673 

also allows for more consistent and predictable outcomes. Additionally, HR-SD-OCT allows one 674 

to decrease the number of animals required for any one experiment by allowing the same 675 

animals to be followed over time, which decreases the animal-to-animal variability in both 676 

experimental and control groups, and allows more robust statistical evaluation of hypotheses 677 

about the potential efficacy and toxicity of candidate therapeutics. 678 

  679 

The extent of retinal coverage by a subretinal injection is typically not 100%, which may itself be 680 

toxic31,32,33,34. Hence, the ability to distinguish between transduced and non-transduced regions 681 

is critical to proper testing of hypotheses of rescue and toxicity for a given candidate therapeutic. 682 

The creative use of available software tools allows for precise mapping of subretinal injections in 683 

the mouse eye. The immediate imaging of the injected eye provides direction for follow-up 684 

imaging to regions of interest, and the ability to compare regions which have been transduced to 685 

regions which have not been treated within the same globe. Depending on the mapping precision 686 

desired, this process can be performed for each b-scan or periodically sampling from the 687 

ensemble of b-scans collected immediately post injection and compiling all the fundus images 688 

into a single image using graphics software so that the piecewise continuous border is carefully 689 

mapped onto the fundus image. Comparing the images from immediately after injection to 690 

follow-up images requires that the images be aligned so that measurement positions can be 691 

mapped onto the fundus image, and the data points can be segregated into injection site and 692 

non-injected regions of the retina. The mapping of the optic nerve head and the retinal blood 693 

vessels can also be accomplished using this same methodology, which aids in the orientation of 694 

the eye when attempting to align the post-injection images with subsequent follow-up images. 695 

This information can be used in subsequent imaging to identify the region of the retina where 696 

the injection had occurred. Of course, when the animals are euthanized, the location of EGFP 697 

expression, delivered by an AAV vector also containing a candidate therapeutic gene (e.g., 698 

ribozyme), can also be used to compare the location of transduction with the area determined 699 

by image mapping that relies on the location of blood vessels. This will allow the identification of 700 



 

 

diffusion of vector in the subsequently closed subretinal space beyond areas of anatomic 701 

detachment. 702 

 703 

Our success with the use of gold NPs to label the subretinal bleb was limited due to toxicity 704 

induced by the materials used. We would encourage further investigation of such materials to 705 

label the extent of subretinal blebs, if alternative preparations (varying dimensions, surface 706 

modifications) can be found that do not induce toxicity.  707 

 708 

The HR-SD-OCT provides an enormous amount of information with significantly less time and 709 

resources, and can be quantitated to provide more information about efficacy and toxicity of 710 

potential therapeutics compared to traditional methodologies like histology. The use of this 711 

technology enables the researcher to alleviate one of the severe bottlenecks in preclinical retinal 712 

drug discovery 35. The mouse RIS and HR-SD-OCT are powerful tools to aid preclinical retinal gene 713 

therapy studies as a component of our RNA Drug Discovery program. These tools can be broadly 714 

applied.  715 
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Table #1    Values used in program to pull the glass needles.  

Heat Pull Velocity Time

Step 1 780 25 5 250

Step 2 780 40 10 250

Step 3 780 10 5 250

Step 4 790 10 10 250

Step 5 780 0 23 250
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Materials / Equipment Company

C57BL6 (J) Jackson Laboratories

N129R- N/A

2HRho 1T/1T N/A

Retinal Imaging System (RIS) In-house

Stemi 2000C Microscope Zeiss

P-97 Flaming/Brown micropipette puller Sutter Instrument Co

MMN-33 micro manipulator Narishige USA

PLI-100  micro injector Harvard Apparatus

Micropipette Holder (Rotating) In-house

Micropipette Storage Receptacle World Precision Instruments Inc.

 Borosilicate glass capillary tubes 1.5-1.8 X 

100mm, 
Harvard Apparatus

2,2,2-Tribromoethanol SIGMA Aldrich

Tert-amyl Alcohol SIGMA Aldrich

Atropine Sulfate Ophthalmic Solution, USP 

1%
Akorn Inc.

Goniovisc BioVision Limited

Cyclopentolate Hydrochloride Ophthalmic 

Solution, USP  2%
Akorn Inc.

Gentamicin Sulfate Ointment USP, 0.1% Perigo

Systane Ultra Alcon Laboratories, Inc.

Tetracaine Hydrochloride

Ophthalmic Solution, USP 0.5%

DPBS Gibco Life Technologies

Envisu R-2200 Ocular Coherence 

Tomography Instrument (OCT)
Bioptigen

Bausch and Lomb

Materials Table Click here to download Materials Table Materials  Equipment
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Virus Preparations ViGene /UNC

Gold nanorods NANOPARTz

Fluorescein Sulfate AK-FLUOR 25% Akorn Inc.

Coverslips Fisher Scientific

Forceps Milton

Needles 30 guage Beckton Dickenson  

Syringes Beckton Dickenson  

Bioptigen software Package Bioptigen

Proparacaine Hydrochloride Ophthalmic 

Solution, USP 0.5%
Akorn Inc.

Windows Excel Microsoft

Adobe Illustrator Adobe 

Scale Mettler

Scissors World Precision Instruments

Ear punch Nat’l band

CL 100 Light source Welch Allyn

Nitrogen Gas Jackson Welding Supply

Heated Water bath Neslab

Heating plate In House

Heating mat Cincinnatti Sub Zero

Clay mouse holder Plast.i.clay American Art Clay Co.

Betadine MedLine 

Cotton Tip Applicators American Health Service

EtOH 70% Fisher Scientific

Gloves Nitrile VWR



Diagnosys ERG Color Dome instrument Diagnosys Inc.

Contact lenses In-house

Diagnosys Software Diagnosys Inc.

Origin 6.1 software OriginLab Corp.

Reference electrodes Ocuscience
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We are resubmitting the revised manuscript titled:  “Ultrahigh Resolution Mouse Optical 

Coherence Tomography to Aid Intraocular Injection in Retinal Gene Therapy Research” 
for publication in Journal of Visualized Experiments (JoVE).  The current identifier for the 

manuscript is:  JoVE55894R1. 

 

We would like to thank the editor and the reviewers for their careful review of our manuscript, 
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publication.    We believe that we have addressed all of the concerns of the editor and the two 

reviewers (which are detailed below with our responses).  We would appreciate a rapid review of 
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Response to the Editorial comments  

Editorial comments: 
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300dpi). 
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4. Please answer all the specific comments marked in manuscript. 

A response to each critique box in the MS (.DOC) file was made.  Some text added was left in 

red font. 

 

5. After all formatting, please ensure that the highlight remains 2.75 pages or less (hard cut limit) 

of the Protocol (including headings and spacing) that identifies the essential steps of the 

protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of 

the Protocol. Presently it is 3 pages. 

 

The highlighted component is now 2.75 pages or less (without the notations).  Critical parts of 

the protocol for video were maintained and others were left unhighlighted (e.g. preparing the 

animal). 

 

We are looking to enhance Fig. 5E for better presentation of the 3D figure.  We will send this to you as 

soon as we have it. 
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