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Abstract  33 

Retinal ganglion cells (RGCs) exhibit compartmentalized organization, receiving synaptic 34 

inputs through their dendrites and transmitting visual information from the retina to the 35 

brain through the optic nerve. Little is known about the structure of RGC axon bundles 36 

extending from individual RGC somas to the optic nerve head and how they respond to 37 

disease insults. We recently introduced visible-light optical coherence tomography 38 

fibergraphy (vis-OCTF), a technique for directly visualizing and analyzing mouse RGC 39 

axon bundles in vivo. In this study, we validated vis-OCTF’s ability to quantify RGC axon 40 

bundles with an increased number of RGCs using mice deficient in BCL2-associated X 41 

protein (BAX-/-). Next, we performed optic nerve crush (ONC) injury on wild-type mice 42 

and showed that the changes in RGC axon bundle width and thickness were location-43 

dependent. Our work demonstrates the potential of vis-OCTF to longitudinally quantify 44 

and track RGC damage at single axon bundle level in optic neuropathies. 45 

 46 

Significance Statement  47 

Nearly all clinical and preclinical studies measure the retinal nerve fiber (RNFL) 48 

thickness as the sole indicator of retinal ganglion cell (RGC) damage without 49 

investigating RGC axon bundles directly. We demonstrated visible-light optical 50 

coherence tomography fibergraphy (vis-OCTF) to directly quantify global and regional 51 

RGC axon bundle organizations in vivo as a new biomarker for RGC health. We 52 

validated in vivo vis-OCTF measures using both confocal microscopy of the 53 

immunostained flat-mounted retina and numerical simulations. Vis-OCTF for monitoring 54 

RGC axon bundle organization has the potential to bring new insight into RGC damage 55 

in optic neuropathies. 56 

  57 
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Introduction 58 

Retinal ganglion cells (RGCs) are highly specialized cells with sub-compartments, each 59 

with unique functions (Sernagor et al., 2001; Donato et al., 2019). RGCs receive 60 

synaptic inputs through their dendritic trees in the inner plexiform layer (IPL) and send 61 

the output to the brain via their axons (Sernagor et al., 2001; Cang et al., 2018). Under 62 

disease conditions, RGCs have distinct self-destructive programs that are also spatially 63 

compartmentalized (Whitmore et al., 2005; Syc-Mazurek and Libby, 2019). Extensive 64 

studies have focused on the degeneration of RGC dendrites and soma and regeneration 65 

of RGC axonal projections to the brain (Feng et al., 2013; Chen et al., 2015a; Della 66 

Santina and Ou, 2017; Tran et al., 2019). Yet, the part of the RGC axon extending from 67 

the RGC soma toward the optic nerve head (ONH) in the retinal nerve fiber layer (RNFL) 68 

had been understudied. Little is known whether and how these axon bundles degenerate 69 

in response to disease insult. Because the RGC axon bundles are located in the RNFL 70 

along the inner surface of the retina, which makes them easily accessible to noninvasive 71 

retinal imaging, we explored whether we could characterize the RGC axon bundle 72 

morphology in vivo as a new indicator for RGC health. 73 

Optic nerve damage induced by trauma or diseases, such as glaucoma or optic 74 

neuritis, causes RGC loss leading to often irreversible vision loss (Quigley, 2011; Jonas 75 

et al., 2017). Different techniques, including optical coherence tomography (OCT) (Dong 76 

et al., 2017; Hood, 2017), confocal scanning laser ophthalmoscopy (cSLO) (Wollstein et 77 

al., 1998; Wollstein et al., 2000), and scanning laser polarimetry (Anton et al., 1997; Da 78 

Pozzo et al., 2009), are applied to detect the morphological changes associated with 79 

RGC damage, such as neuroretinal rim and RNFL thinning. However, RNFL thickness 80 

measurements can be inconsistent due to variations in axial resolution (from 5 μm to 10 81 

μm) and segmentation algorithms used across various imaging platforms (Dong et al., 82 
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2017). Moreover, detectable RNFL thinning by clinical OCT often reflects an already 83 

significant RGC loss and irreversible damage in glaucomatous human and rodent eyes 84 

(Kerrigan-Baumrind et al., 2000; Rovere et al., 2015; Yi et al., 2016; Schuman et al., 85 

2020). For example, we showed that more than 30% of RGCs are lost before detectable 86 

RNFL thickness change three days after optic nerve crush (ONC) injury (Yi et al., 2016). 87 

Therefore, rather than investigating bulk RNFL thickness, we set out to examine whether 88 

we could directly monitor the changes of individual RGC axon bundles as a more 89 

sensitive and accurate indicator for RGC damage. 90 

Clinical near-infrared (NIR) OCT systems, operating at center wavelengths from 91 

830 nm to 1330 nm, cannot easily satisfy the need due to (1) axial resolution is not high 92 

enough to accurately measure minute RNFL thinning and (2) optical contrast between 93 

retinal layers is too low to measure individual RGC fiber bundle damages (Shu et al., 94 

2017). Visible-light OCT (vis-OCT), which operates between 510 nm and 610 nm, offers 95 

new anatomical and functional imaging capabilities (Yi et al., 2013; Yi et al., 2015; Chen 96 

et al., 2017; Shu et al., 2017; Rubinoff et al., 2019). Specifically, vis-OCT provides 97 

improved axial resolution (1.3 μm in the retina) and greater optical contrast without using 98 

adaptive optics (Chong et al., 2018; Rubinoff et al., 2019; Zhang et al., 2019b). We 99 

recently established vis-OCT fibergraphy (vis-OCTF) to visualize and quantify RGC axon 100 

bundles in mice (Miller et al., 2020). This new capability enables the development of 101 

metrics, including bundle width and density, previously overlooked in mouse eyes (Miller 102 

et al., 2020). 103 

In this study, we applied vis-OCTF to quantify and track global and regional RGC 104 

axon bundle changes in mice in vivo. We developed a novel circumpapillary B-scan 105 

reconstruction technique to visualize and measure the thickness of individual RGC axon 106 

bundles. These thickness measurements, combined with individual bundle width and 107 
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density measurements from fibergrams, allowed us to assess RNFL health more 108 

holistically. We validated vis-OCTF’s ability to detect and quantify RGC axon bundle 109 

changes in retinas with an increased number of RGCs in mice deficient in BCL2-110 

associated X protein (BAX-/-), and RGC damage following the optic nerve crush (ONC) 111 

injury. The ONC model offers the advantage of investigating rapid RGC loss within a 112 

short time (2-4 weeks) (Templeton and Geisert, 2012; Puyang et al., 2016; Feng et al., 113 

2017), which is particularly beneficial for vis-OCTF technical validation. Lastly, we used 114 

the RGC axon bundle width measurements gathered from our test subjects to simulate 115 

various bundle organizations and demonstrated the potential of Sholl regression 116 

coefficient estimates. 117 

 118 

Materials and Methods 119 

We used healthy C57BL/6 wild-type (WT), and homozygous BAX-/- (BAXtmlSjk, referred to 120 

as BAX-/-, Stock No: 002994; The Jackson Laboratory, Bar Harbor, ME) of either sex in 121 

this study. Animal protocols were approved by the University of Virginia and 122 

Northwestern University institutional animal care and use committees. All animal 123 

protocols complied with the National Institutes of Health (NIH) guidelines. 124 

 125 

Visual acuity and intraocular pressure measurements (IOP) 126 

We quantified visual acuity using an optomotor response test (PhenoSys, qOMR, 127 

PhenoSys, GmbH, Berlin, Germany) as reported previously (Thomson et al., 2020). 128 

Briefly, we placed each free-moving mouse on a platform surrounded by four LCD 129 

displays. After 1-2 minutes of gray screen adaptation, vertical black and white stripes 130 

began moving horizontally with increasing spatial frequency from 0.05 cycles/degree 131 

(c/d) to 0.5 c/d. These stripes were rotated alternating every 10 seconds between 132 
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clockwise and anticlockwise (Rangarajan et al., 2011; Feng et al., 2013; Thomson et al., 133 

2020). We recorded the animal’s head motion using an IR-camera for further analysis 134 

(Thomson et al., 2020). For IOP measurement, we restrained the animals in a soft 135 

plastic cone and measured the IOP values from each eye using a Tonolab rebound 136 

tonometer (iCare, Raleigh, NC, USA) as described previously (Feng et al., 2013; 137 

Thomson et al., 2020).  138 

 139 

Optic nerve crush surgery 140 

We performed the ONC procedure as described previously (Puyang et al., 2016; Yi et 141 

al., 2016; Feng et al., 2017; Liu et al., 2020). In brief, 2-6-month-old WT mice of either 142 

sex were anesthetized with an intraperitoneal injection of ketamine (114 mg/kg; Henry 143 

Schein Animal Health, Dublin, OH, USA) and xylazine (17 mg/kg; Akorn, Lake Forest, IL, 144 

USA). We performed a lateral canthotomy on one eye after a small cut in the superior 145 

and lateral bulbar conjunctiva. The optic nerve was exposed through a small window 146 

made between the surrounding muscle bundles and fatty tissues and then clamped with 147 

a pair of Dumont No. 7 reverse grip tweezers (Ted Pella Inc., Redding, CA) for 7-10 148 

seconds. After the procedure, we applied antibiotic ointment to the surgical site and 149 

monitored the mice until they were fully awake. 150 

 151 

Vis-OCT imaging 152 

We anesthetized the mice following the same protocol and dilated the pupils using 153 

tropicamide drops (1%; Henry Schein Animal Health, Dublin, OH, USA). During imaging, 154 

we kept the mice warm using an infrared heat lamp and applied artificial tears (1.4%; 155 

Rugby Laboratories, Inc., Hempstead, NY, USA) after each image acquisition to prevent 156 

corneal dehydration. 157 
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 We imaged mice on a small animal vis-OCT system (Halo 100; Opticent Health, 158 

Evanston, IL, USA), as previously reported (Miller et al., 2020). This system used a 1-159 

mW illumination power on the cornea. The axial resolution was 1.3 μm in the retina, the 160 

lateral resolution was 4.5 μm at the center of the field of view (FOV), and 8.7 μm at 350 161 

μm from the center, and the A-line rate was 25 kHz. The total vis-OCT image volume 162 

was 700 μm (x) × 700 μm (y) × 1500 μm (z). For each mouse, we acquired four vis-OCT 163 

volumes (512 A-lines/B-scan, 512 B-scans/volume) from the same eye with the ONH 164 

aligned in each of the four corners in the FOV to cover different areas of the retina. We 165 

adjusted the optical focus for each FOV if needed and processed each vis-OCT volume, 166 

as previously described (Soetikno et al., 2018). Image acquisition was guided by a built-167 

in quality index estimator to ensure that images above a pre-determined threshold were 168 

included in this study (Stein et al., 2006). After the acquisition, only montaged fibergrams 169 

with <10% missing area were included for further analysis.  170 

 We generated vis-OCT fibergrams from each vis-OCT volume (Miller et al., 171 

2020). We used an intensity-based threshold method to detect the surface of the retina. 172 

We then cropped the RNFL by selecting the first ~16 μm in depth. Next, we calculated 173 

the mean intensity projection along the axial (z) direction to generate the fibergram 174 

image composed of RGC axon bundles and surrounding vasculature. We montaged the 175 

four images after fibergram processing for each FOV, covering approximately 1.2 mm × 176 

1.2 mm in total. All image processing was performed using MATLAB (MathWorks, Inc., 177 

version 2019b). 178 

 We digitally resampled the four OCT volumes from each retina to generate a 400 179 

μm radius circumpapillary scan centered on the ONH. To do so, we manually marked 180 

the ONH and plotted an 11-pixel thick (~15 μm) arc around the ONH. We sorted the 181 

pixels as a function of the angle measured between each A-line and the nasal direction 182 
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with the ONH as the vertex. Adjacent A-lines were averaged within a 0.2° sector to 183 

reduce speckle noise while preserving spatial density. Lastly, we montaged the four arc 184 

B-scans to reconstruct a full circumpapillary scan. For 5-days after crush samples, we 185 

generated central (250 μm from ONH) and peripheral (500 μm from ONH) 186 

circumpapillary B-scans following the same protocol. 187 

 Traditional circumpapillary scans in the mouse retina were acquired along a 188 

continuous circular path centered on the ONH (Soetikno et al., 2018). However, such a 189 

scan pattern does not consistently scan orthogonally to the axon bundles throughout the 190 

entire B-scan, which causes the signal intensity from the axon bundles to fluctuate due 191 

to low bundle reflectance in certain regions of the scan. More importantly, this scan 192 

pattern does not ensure perfect centering of the ONH, which may lead to measurement 193 

error. A comparison between the traditionally acquired circumpapillary scan and 194 

circumpapillary scan resampled from the rectangular scan is shown in Extended Data 195 

Figure 1-1. The path of the resampled scan is shown in red, and the estimated path of 196 

the traditionally acquired circumpapillary scan is shown in blue (Figure 1-1A). The 197 

reconstructed B-scan images are shown in Figure 1-1B for the resampled scan (top 198 

panel) and traditional scan (bottom panel). Compared to the traditional scan, individual 199 

RGC axon bundles in the resampled scan can be clearly visualized throughout the entire 200 

B-scan. As shown in Figure 1-1C, RGC axon bundle thickness measurements from the 201 

resampled scan have a 25% lower standard deviation than measurements from the 202 

traditional circumpapillary B-scan, which could be explained by the reduced speckle 203 

noise, precise centering on the ONH, and/or maximized reflectance from the bundles in 204 

the resampled scan. 205 

 206 

RGC axon bundle organization analysis 207 
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We recently established a novel technique based on semi-log Sholl analysis for 208 

analyzing the RGC axon bundle network (Miller et al., 2020). This technique consists of 209 

drawing concentric circles centered on the ONH, as demonstrated in the inset in Figure 210 

2C, and counting the number of RGC axon bundles intersections (N) along each circle 211 

with the radius (r). After normalizing the number of intersections by the area of each 212 

circle (A) and plotting on a semi-log axis as a function of radius, we used a first-order 213 

polynomial fit to estimate the Sholl regression coefficient (k), as shown in Figure 2C. 214 

This relationship can be summarized as log(𝑁/𝐴) = −𝑘𝑟 + 𝑚, where m describes the 215 

initial bundle density. RGC axon bundle networks with a more rapid decrease in bundle 216 

density with the distance from the ONH will have a higher k value than networks with a 217 

slower decrease. We analyzed each fibergram with a radius range of 250 to 450 μm and 218 

incremented each circle by one pixel (~1.4 μm), resulting in a total of 142 analysis 219 

circles.  220 

 221 

RGC axon bundle size quantification 222 

We measured the thickness of the retina, ganglion cell–inner plexiform layer (GCIPL) 223 

and individual RGC axon bundles using ImageJ. The overall retinal thickness was 224 

measured as the distance between the vitreous/RNFL and RPE/choroid boundary, as 225 

indicated by the green arrows in Figure 1B. The thickness of GCIPL was a measure 226 

between the top edge of the vitreous/RNFL and the bottom edge of the IPL, as indicated 227 

by the blue arrows in Figure 1B. To keep the measurement technique consistent for all 228 

structures, we sampled the retinal and GCIPL thickness at evenly spaced intervals (~150 229 

μm). The thickness of the RGC axon bundles was measured as the center thickness of 230 

each bundle (highlighted by the orange arrows in Figure 1B). The number of individual 231 
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measurements for retina, RGC axon bundle, and GCIPL thickness is thus presented 232 

rather than the number of mice. 233 

 To measure the RGC axon bundles' width, we first manually selected axon 234 

bundles located approximately 400 μm from the ONH in the fibergram images 235 

(highlighted by the red dots in Figure 2-1A). We manually marked the center axis of the 236 

bundle for each selected point and plotted the average intensity profile orthogonal to the 237 

center axis, as shown in Figure 2-1B. Figure 2-1C shows the normalized average 238 

intensity profile of the selected axon bundle, and we used the full width at 1/e2 as the 239 

bundle width. We measured the RGC axon bundle widths at 250 μm (central) and 500 240 

μm (peripheral) from the ONH five days after ONC. Blood vessels appeared as dark 241 

shadows in the B-scan images and had uniquely distinguishable branching structures 242 

compared to surrounding axon bundles in fibergram images. Therefore, they were easily 243 

excluded from analysis.  244 

 245 

Immunohistochemistry and confocal microscopy 246 

After acquiring vis-OCT data, we euthanized the mice with Euthasol (15.6 mg/mL; 247 

Virbac, Greely, CO, USA) and perfused them with 4% paraformaldehyde (PFA) in 248 

phosphate-buffered saline (Miller et al., 2020). We then enucleated the eyes and marked 249 

the orientations. The eyecups were fixed in PFA for 30 minutes and blocked in 5% 250 

donkey serum with 2.5% BSA and 0.5% Triton X-100 in Tris-buffered saline (pH 7.5) for 251 

2 hours at room temperature. The primary antibody, anti-Tuj-1 (1:200; a gift from 252 

Anthony J. Spano (Miller et al., 2020)), was incubated overnight at 4°C and secondary 253 

antibody, donkey anti-mouse immunoglobulin G conjugated to Alexa TM 488 (1:1000; 254 

ThermoFisher Scientific, Waltham, MA, USA), was incubated overnight at 4°C. The 255 

retinas were flat mounted on a coverslip with Vectashield mounting medium (Vector 256 
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Laboratories Inc., Burlingame, CA, USA) (Feng et al., 2013; Miller et al., 2020). Confocal 257 

microscopy was performed using the 3D Z-stack mode on a Zeiss LSM 800 microscope 258 

(Carl Zeiss AG, Oberkochen, Germany) (Miller et al., 2020; Thomson et al., 2020). At 259 

least 25 tiles across the whole retina were imaged to cover a total volume of 5.99 mm (x) 260 

× 5.88 mm (y) × 30 μm (z) at a pixel size of 1.24 μm/pixel. Z-stack slices were then 261 

projected to create 2D en-face confocal microscopy images.  262 

 263 

Experimental Design and Statistical Analyses 264 

All statistical analyses were performed using MATLAB. We used a linear mixed-effects 265 

model for all thickness and width comparisons to remove influence from individual 266 

subjects. We used t-tests to compare Sholl analysis data. For BAX experiments, we 267 

used unpaired t-tests, and for ONC experiments, we used paired t-tests. The Spearman 268 

correlation coefficient (ρ) was used for comparing confocal and vis-OCT bundle width 269 

measurements. A significance level of 0.05 was used for all statistical comparisons 270 

unless specified otherwise. All results were reported as mean ± standard deviation.  271 

 272 

Results 273 

BAX-/- mice have increased retinal and RGC axon bundle layer thickness 274 

The RNFL thickness is not a sensitive biomarker for RGC survival as discussed in the 275 

introduction. Therefore, we analyzed the RGC axon bundle thickness directly by taking 276 

advantage of vis-OCT’s high axial resolution and our novel post-processing technique 277 

for enhancing axon bundle visualization in B-scan images. BAX-/- mice exhibit an 278 

increased number of RGCs by more than 200% in adults by preventing developmental 279 

cell death (Libby et al., 2005; Maes et al., 2017). Thus, BAX-/- mice have thicker and 280 

more densely distributed RGC axon bundles. We tested whether we could detect an 281 



 

 

13 

 

increased overall retinal thickness, GCIPL thickness, and RGC axon bundle layer 282 

thickness using the resampled circumpapillary B-scans (Figure 1A). The red arrows 283 

overlaid on the fibergrams show the resampled circumpapillary scan path, and the blue 284 

arrow indicates the left-most A-line in the resampled B-scans. The magnified B-scans in 285 

Figure 1B highlight the dramatic difference in retinal structure for BAX-/- mice compared 286 

to the littermate control group. The average overall retinal thickness in BAX-/- mice was 287 

261.4±8.5 μm (n=133), which is significantly thicker (17%) compared to littermate 288 

controls (220.3±6.1 μm, n=166, p=1.9.0e-49, Figure 1C). The GCIPL thickness in BAX-/- 289 

mice was also significantly thicker (34%) compared to the controls (BAX-/-: 89.7±5.9 μm, 290 

n=232; CTRL: 63.4±3.2 μm, n=218; p=2.6e-100, Figure 1D). Importantly, the RGC axon 291 

bundle layer in BAX-/- mice was significantly thicker (36%) compared to the controls 292 

(BAX-/-: 19.5±5.0 μm, n=174; CTRL: 13.5±3.2 μm, n=201; p=1.2e-35, Figure 1E).  293 

Histograms were generated from the data by grouping measurements into 2-μm 294 

wide bins. The overall retinal thickness distributions shown in Figure 1C indicate 295 

significantly greater retinal thickness for BAX-/- mice with greater variation compared to 296 

their littermate controls (BAX-/-: n=5; CTRL: n=4 mice). Interestingly, even though there 297 

are more RGCs in adult BAX-/- (n=5), they exhibited a dramatic loss in visual acuity, 298 

compared to BAX+/+ (n=4) and BAX+/- mice (n=4) (p<0.0001, one-way ANOVA, Extended 299 

Data Figure 1-2A). We also tested the intraocular pressure (IOP), which could affect 300 

retinal function, and found no significant difference among the three groups (Extended 301 

Data Figure 1-2B). Because there was no significant difference between BAX+/+ and 302 

BAX+/- mice, we combined them into one control group (CTRL) for the remainder of the 303 

study. 304 

 305 
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Vis-OCTF revealed increased RGC axon bundle width and slower change in 306 

bundle density in BAX-/- mice 307 

The montaged vis-OCT fibergram images of a CTRL (top panel) and BAX-/- mouse 308 

(bottom panel) are shown in Figure 2A. Immediately following vis-OCT imaging, the 309 

same retinas were immunostained with Tuj-1 for RGC axons and imaged by confocal 310 

microscopy. Side-by-side comparison of the vis-OCT fibergram and confocal images of 311 

the same retinas confirmed that the RGC axon bundle organization was captured 312 

similarly by both in vivo and ex vivo imaging methods. The magnified view of the areas 313 

highlighted by red boxes in Figure 2A demonstrates how RGC axons in the BAX-/- 314 

(bottom panels) group form large bundles compared with the CTRL mice (top panels, 315 

Figure 2B). 316 

 We quantified the change in RGC axon bundle density with distance from the 317 

ONH using semi-log Sholl analysis (Miller et al., 2020), as shown in Figure 2C. The 318 

average Sholl regression coefficient, k, for BAX-/- mice is decreased compared with the 319 

CTRL mice (CTRL: 2.5±0.9 mm-1, n=4 mice; BAX-/-: 1.4±0.2 mm-1, n=5 mice; p=0.07, 320 

unpaired t-test), indicating a slower change in RGC axon bundle density moving outward 321 

from the ONH to the periphery. Figure 2E shows the projected number of RGC axon 322 

bundle intersects based on the average k values for the BAX-/- and CTRL mice. Figure 323 

2F shows the average normalized semi-log Sholl regression plots for BAX-/- (red line) 324 

and CTRL (black line) mice. BAX-/- mice have a lower slope than CTRL mice, indicating 325 

a slower change in axon bundle density moving outward from the ONH. 326 

 Next, we characterized the RGC axon bundle size by measuring lateral bundle 327 

width in the fibergram at 400 μm from the ONH (Extended Data Figure 2-1). The orange 328 

arrows in Figure 2B indicate axon bundles, and red arrows indicate blood vessels, which 329 

appeared in the confocal images due to non-specific immunostaining, denoted by the 330 
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asterisk in Figure 2A. The widths of the axon bundles in the CTRL fibergram are (1) 22 331 

μm, (2) 21 μm, (3) 18 μm, and (4) 20 μm (Spearman correlation coefficient ρ=0.74), 332 

whereas the axon bundles in the BAX-/- fibergram (6-8) correspond to widths of (6) 25 333 

μm, (7) 22 μm, (8) 26 μm, and (9) 35 μm (ρ=0.73). Figure 2G shows the distribution of 334 

the lateral RGC axon bundle widths measured from the BAX-/- (red bars) and CTRL 335 

(black bars) mice, which indicates an increase in axon bundle width for the BAX-/- mice 336 

compared to the CTRL mice (BAX-/-: n=5 mice; CTRL: n=4 mice). The average axon 337 

bundle width (Figure 2H) was significantly larger (21%) in BAX-/- mice (17.1±6.1 μm, 338 

n=162) compared to controls (13.9±4.5 μm, n=151; p=1.4e-7). 339 

 340 

Retina and RGC axon bundle size decreased, and bundle density decreased more 341 

rapidly 12 days after ONC injury 342 

We assessed vis-OCTF’s ability to detect RGC axon bundle damage following ONC 343 

injury. Figure 3A shows the example fibergrams and circumpapillary B-scan images 344 

before and 12 days after ONC. The red circular arrows on the fibergrams show the path 345 

of the resampled circumpapillary scan, and the blue arrow indicates the left-most A-line 346 

in the resampled B-scan.  347 

 We quantified retinal and RGC axon bundle thickness before and after ONC 348 

injury. Figure 3B shows a magnified view of the boxes in Figure 3A before (blue box) 349 

and 12 days after ONC (red box). As seen in the magnified B-scans, there was a 350 

significant reduction in overall retinal thickness (green arrows), as well as GCIPL (blue 351 

arrows) and bundle thickness (orange arrows) after ONC. Further, the retinal tissue 352 

appeared thinner and uneven, and the RGC axon bundles presented faint and smaller 353 

bundles at 12-days after ONC (Figure 3B). Prior to ONC, the retinal thickness was 354 

219.1±4.2 μm (n=196), and at 12 days after ONC, the retinal thickness decreased by 2% 355 
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to 215.6±10.2 μm (n=169) (p=7.5e-6). Similarly, the GCIPL thickness decreased by 12% 356 

at 12 days after ONC (before ONC: 59.1±3.6 μm, n=280; after ONC: 51.9±5.7 μm, 357 

n=243, p=1.1e-71; Figure 3D). The distribution plot in Figure 3E also indicates a 358 

significant decrease in RGC axon bundle thickness at 12 days after ONC. Before ONC, 359 

the RGC axon bundle thickness was 12.6±3.1 μm (n=278), and 12 days after ONC the 360 

bundle thickness was 11.3±2.7 μm (n=218), corresponding to a 10% reduction (p=1.7e-361 

6). Together the results indicate the thickness of the retina, GCIPL, and RGC axon 362 

bundles was significantly reduced 12 days after ONC with greater variation. The greater 363 

retinal thickness variation may be partially attributed to the formation of edema, as 364 

indicated by the orange arrows in Figure 3A. 365 

To quantify the detailed changes in the RGC axon bundle layer, we compared 366 

the montaged post-ONC vis-OCT fibergrams with their corresponding confocal images 367 

of flat-mounted retinas, immunostained for RGC axons. The top panel of Figure 4A 368 

shows the in vivo fibergram before ONC (left panel), in vivo fibergram 12 days after 369 

crush (middle panel), and ex vivo confocal microscopy image acquired after vis-OCT 370 

imaging on the 12th day after ONC (right panel). Retina orientation was tracked by 371 

dividing the en-face RGC axon bundle images into superior (S), inferior (I), nasal (N), 372 

and temporal (T) quadrants. The magnified views, indicated by red boxes in the top 373 

panel of Figure 4A, are shown in the bottom panels of Figure 4A, in which the orange 374 

arrows (1 to 4) highlight axon bundles and the red arrows (5 and 6) highlight blood 375 

vessels. We compared the k values at 12-days after ONC in vis-OCTF and confocal 376 

microscopy and found they agree with each other (vis-OCTF: 3.0±0.4 mm-1, n=5; 377 

confocal:  2.9±0.3 mm-1, n=5). The mean k value was changed from 2.8±0.6 mm-1 before 378 

ONC (n=5) to 3.0±0.4 mm-1 after ONC (n=5 mice; p=0.53, paired t-test, Figure 4B). Of 379 

the five mice we tracked, three mice showed an increase, and two showed a decrease in 380 
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their k values following ONC injury. Figure 4D shows the averaged semi-log Sholl 381 

regression plots for mice before (black) and after ONC (blue). As demonstrated in Figure 382 

4D, the blue line corresponds to a higher slope than the black line in the semi-log Sholl 383 

regression plot, suggesting an overall fast decrease in RGC axon bundle density moving 384 

outward from the ONH following ONC injury.  385 

 We observed a 25% reduction in RGC axon bundle width 12 days after ONC. 386 

This decrease is further detailed in the bottom panels of Figure 4A where the widths of 387 

bundles 1-4 decreased after ONC (1) 28.4 μm to 23.3 μm, (2) 22.2 μm to 14.0 μm, (3) 388 

22.8 μm to 18.5 μm, and (4) 17.1 μm to 15.6 μm. Additionally, the bundle width 389 

measurements 12 days after ONC agreed well with the confocal microscopy width 390 

measurements (ρ=0.79). We further quantified the axon bundle width for all five mice 391 

and plotted their distribution before and after ONC in Figure 4E. As indicated by the 392 

distribution curves, the RGC axon bundle width is significantly reduced 12 days after 393 

ONC (blue) compared to before (black) (before ONC: 13.1±4.2 μm, n=279; after ONC: 394 

10.2±2.6 μm, n=234; p=6.7e-18). Together, at 12 days after ONC, the RGC axon 395 

bundles showed 10% and 25% reduction in thickness and width, respectively. 396 

 397 

Regional changes in axon bundle thickness were observed five days after ONC 398 

injury 399 

Previous studies observed overall RNFL thickness exhibited no significant change in the 400 

first week after ONC, despite substantial RGC loss (Feng et al., 2013; Yi et al., 2016; 401 

Huang et al., 2017). In addition, because the partial ONC procedure may produce 402 

uneven optic nerve damage in individuals (Liu et al., 2020), we tested whether we could 403 

quantify and track regional changes in axon bundle thickness following ONC. We divided 404 

our thickness analysis into eight regions, consisting of four retinal quadrants at 250 μm 405 
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(central) and 500 μm (peripheral) from the ONH (Figure 5A). For each region, we 406 

generated a resampled circumpapillary B-scan and measured overall retinal and axon 407 

bundle thickness, as described in Methods. Figure 5B shows an example of resampled 408 

B-scans for one eye before (left panels) and five days after ONC (right panels) in the 409 

central (top panels), and peripheral (bottom panels) analysis regions. 410 

 We grouped thickness measurements from all six mice to determine whether 411 

thickness changes at five days after ONC depend on the distance from the ONH. The 412 

overall retinal thickness distributions in the central and peripheral analysis regions are 413 

shown in Figures 5C-5D. We observed a 3% reduction in retinal thickness 5 days after 414 

ONC in the central region (before ONC: 215.8±4.5 μm, n=312; after ONC: 209.5±7.5 415 

μm, n=238; p=5.8-42). Conversely, we found a 1% increase in retinal thickness 5 days 416 

after ONC in the peripheral region (before ONC: 220.0±4.9 μm, n=515; after ONC: 417 

221.4±7.2 μm, n=436; p=2.3e-4). The GCIPL thickness distributions in the central and 418 

peripheral analysis regions are shown in Figures 5E-5F. A decrease (3%) in GCIPL 419 

thickness 5 days after ONC was found in the central region (before ONC: 62.6±4.6 μm, 420 

n=340; after ONC: 60.7±5.7 μm, n=219; p=1.0e-5). In the peripheral region, the GCIPL 421 

followed the same trend, a thinning (5%) of the GCIPL was found after ONC (before 422 

ONC: 60.1±3.7 μm, n=387; after ONC: 57.3±4.0 μm, n=331; p=1.1e-23). The RGC axon 423 

bundle thickness distributions of the central and peripheral analysis regions are shown in 424 

Figures 5G- 5H, respectively. There was no significant change in axon bundle thickness 425 

in the central region 5 days after ONC (before ONC: 17.1±4.3 μm, n=299; after ONC: 426 

17.4±5.6 μm, n=213; p=0.55). However, there was a 5% increase in axon bundle 427 

thickness in the peripheral region after ONC (before ONC: 13.0±3.2 μm, n=410; after 428 

ONC: 13.7±3.5 μm, n=395; p=2.0e-3).  429 
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 To further characterize the local changes in RGC axon bundle thickness, we 430 

generated thickness heatmaps for the eight analysis regions in each retina. Example 431 

heatmaps for two different eyes are shown in Figures 6A-6B. The left heatmaps show 432 

mean bundle thickness before ONC, the middle heatmaps show mean bundle thickness 433 

after ONC, and the right heatmaps show the relative change in bundle thickness before 434 

and after ONC. The relative change heatmap in Figure 6A shows a significant increase 435 

in bundle thickness in the central temporal quadrant (p=2.2e-3, unpaired t-test) and the 436 

peripheral nasal quadrant (p=0.03, unpaired t-test). The relative change heatmap in 437 

Figure 6B shows a decrease in bundle thickness in the central inferior quadrant (p=0.03, 438 

unpaired t-test). These results show that we could detect the local changes in RGC axon 439 

bundles, highlighting the potential for in vivo tracking of region-dependent changes in the 440 

neural retina following disease insult in individuals. 441 

 442 

RGC axon bundle width reduced, but no change in bundle density five days after 443 

ONC injury 444 

We compared the vis-OCT fibergrams before and five days after ONC for six mice. 445 

Figure 7A shows example fibergrams for one eye before (left panel) and five days after 446 

ONC (right panel). At five days after ONC, the RGC axon bundles in the fibergram 447 

appeared thinner and less reflective than before ONC. For example, the widths of the 448 

axon bundles labeled 1-4 in Figure 7A decreased as follows: (1) 26.0 μm to 27.0 μm, (2) 449 

23.3 μm to 18.9 μm, (3) 35.0 μm to 32.9 μm, and (4) 11.0 μm to 10.8 μm.  450 

 Next, we compared the RGC axon bundle width in the central and peripheral 451 

analysis regions. The axon bundle width distribution in the central region (Figure 7C) 452 

shows a 13% reduction in bundle width 5 days after crush (before ONC: 11.8±3.0 μm, 453 

n=142; after ONC: 10.3±2.8 μm, n=133; p=1.5e-5). In the peripheral region, bundle width 454 
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reduced by 12% after ONC (before ONC: 12.1±3.2 μm, n=316; after ONC: 10.6±2.7 μm, 455 

n=300; p=6.9e-10). The distribution in Figure 7C-7D showed that the variation in width 456 

did not change much before and after ONC, suggesting a more uniform reduction in 457 

bundle width in both central and peripheral regions. 458 

 We further analyzed fibergram images using Sholl analysis. Although no 459 

significant difference was detected, the Sholl regression was changed from 2.9±0.4 mm-1 460 

before ONC (n=6) to 2.5±0.7 mm-1 after ONC (n=6; p=0.07, paired t-test, Figure 7B). 461 

This result suggests that the RGC axon bundle density pattern may not change 462 

significantly with increasing distance from the ONH. Taken together, we observed 463 

location-dependent changes in RGC axon bundle thickness at 5 days after ONC injury - 464 

a 2% increase in RGC axon bundle thickness and a 13% reduction in width in the central 465 

retina, and a 5% increase in thickness and a 12% reduction in width in the peripheral 466 

retina. 467 

 468 

Modeling the organization of RGC axon bundle network 469 

We performed a simulation to better understand the relationship between the axon 470 

bundle parameters and the measured k values. The layout of the RGC axon bundles 471 

was simulated by randomly plotting lines of various thickness uniformly distributed about 472 

the center of a 1.5 mm × 1.5 mm area. We then tuned the size and number of the 473 

simulated bundles independently and measured the k value. Each simulation was 474 

repeated 20 times. Examples of bundle distributions are shown in Figure 8A. 475 

 First, we varied the number of bundles by 20% from a baseline of 250 bundles. 476 

The baseline plots resulted in a k value of 2.9±0.3 mm-1 (n=20) and increasing the 477 

number of bundles resulted in a 21% decrease in k (2.3±0.3 mm-1, n=20). Conversely, 478 

reducing the number of bundles resulted in a 21% increase in k (3.5±0.4 mm-1, n=20). 479 
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Next, we varied the thickness by 20% from a baseline of 13 μm. Increasing the thickness 480 

resulted in a 21% decrease in k (2.3±0.4 mm-1, n=20), whereas decreasing the thickness 481 

resulted in a 28% increase (3.7±0.2 mm-1, n=20). 482 

 These k value changes are reflected as changing slopes in the semi-log Sholl 483 

regression plot in Figure 8B. In increased bundle number and thickness, the slopes are 484 

decreased compared to the CTRL. This result suggests a more gradual change in 485 

bundle density moving outward from the ONH. Conversely, when the axon bundles are 486 

fewer and thinner, the slope is greater than the baseline, suggesting a sharper change in 487 

bundle density moving outward from the ONH to the periphery.  488 

 The overall number of intersects as a function of radius is shown in Figure 8C. As 489 

expected, when more bundles are added, the number of detected bundles at each 490 

radius increases, and when fewer bundles are present, decreases. However, when the 491 

number of bundles is held constant and the thickness is varied, the overall number of 492 

counted bundles changes. Furthermore, the number of simulated bundles is not 493 

reflected in the total number of bundle intersects. This occurs for two reasons: (1) when 494 

bundles are touching, they are only counted as one bundle, and (2) when a bundle is too 495 

small (below the lateral resolution), it does not get counted. 496 

 Finally, we repeated the simulation using actual RGC axon bundle width 497 

measurements from the WT, BAX-/-, and ONC (5 and 12 days after crush) mice 498 

presented in this study. For each condition, we tuned the number of simulated bundles 499 

until the simulated k values fell within the range of the measured k value. The number of 500 

RGC axon bundles for each condition was 250 (WT), 280 (BAX-/-), 300 (12 days after 501 

crush), and 300 (5 days after crush). The k values for each condition are presented side 502 

by side in Figure 8D. Both measured (km) and simulated (ks) k values agreed with each 503 

other for the CTRL mice (km=2.7±0.6 mm-1, n=15; ks=2.7±0.3 mm-1, n=20; p=0.98, 504 
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unpaired t-test). BAX-/- mice had thicker and more RGC axon bundles resulting in lower k 505 

values (km=1.4±0.6 mm-1, n=5; ks=1.7±0.3 mm-1, n=20). In the case of ONC mice, the 506 

bundles became narrower and began to separate from each other, resulting in higher k 507 

values at 12 days after crush (km=3.0±0.3 mm-1, n=5; ks=3.1±0.2 mm-1, n=20; p=0.42, 508 

unpaired t-test) and at 5 days after crush (km=2.4±0.6 mm-1, n=5; ks=3.0±0.2 mm-1, n=20; 509 

p=0.09, unpaired t-test).  510 

 511 

Discussion  512 

Vis-OCT could improve the detection and management of RGC damage in 513 

glaucoma 514 

Vis-OCT operates from 510 nm to 610 nm (Yi et al., 2013; Yi et al., 2015; Chen et al., 515 

2017; Shu et al., 2017; Soetikno et al., 2018; Rubinoff et al., 2019; Shu et al., 2019), 516 

where the optical scattering coefficients of biological tissues are much higher than the 517 

near-infrared spectral range. As a result, vis-OCT offers new anatomical and functional 518 

imaging capabilities to improve disease detection and management. Vis-OCT, combined 519 

with temporal speckle averaging (TSA), has also been used for visualizing RGC soma in 520 

wild-type rats, among other retinal cells (Pi et al., 2020), the IPL sublayers (Zhang et al., 521 

2019b), and outer retina sublayers (Rubinoff et al., 2019). Using spectroscopic analysis, 522 

researchers applied vis-OCT to quantify retinal hemoglobin saturation in rodents (Yi et 523 

al., 2013; Chen et al., 2015b; Pi et al., 2020) and humans (Chen et al., 2017; Chong et 524 

al., 2017). Building on these demonstrated high-resolution and high-sensitivity imaging 525 

capabilities, we developed vis-OCTF to satisfy the need to map, quantify, and track the 526 

RGC axon bundle organization and damages throughout the entire fundus in mice 527 

following optic nerve injury. In future studies, we plan to develop and test vis-OCTF in 528 

human glaucoma patients. Several other groups, including us, have demonstrated the 529 
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application of vis-OCT in humans (Chen et al., 2017; Song et al., 2018; Rubinoff et al., 530 

2019; Zhang et al., 2019b; Song et al., 2020), which is an essential first step in 531 

translating vis-OCTF from mouse to human subjects. 532 

The acute ONC injury model was used in this study because it offers the 533 

advantage of examining neural degeneration in a relatively short time (2-4 weeks) 534 

(Puyang et al., 2016; Yi et al., 2016; Feng et al., 2017; Norat et al., 2021). As each crush 535 

surgery may produce varying degrees of optic nerve damage (Liu et al., 2020; Norat et 536 

al., 2021), it provides an ideal system to identify and track axon bundle changes in vivo 537 

in individuals. Figure 4E shows that the large bundles disappeared post ONC, which 538 

could be due to (1) one large bundle breaking down to two or more small ones, and/or 539 

(2) a bundle shrinking due to RGC loss. When bundles get smaller and the total bundle 540 

density does not change significantly, it is more likely due to the second scenario. 541 

Interestingly, we detected a 5% increase in RGC axon bundle layer thickness at five 542 

days post ONC (Fig. 5H), which has been reported in another study (Li et al., 2020). 543 

Such an increase in thickness could be caused by the initial inflammatory response 544 

induced by the ONC procedure, though the underlying mechanisms remain unclear (Mac 545 

Nair and Nickells, 2015; Williams et al., 2017).  546 

The Sholl analysis results we obtained from ONC mice did not match our 547 

hypothesis in terms of statistical significance. This could be explained by the severity of 548 

ONC, low sample size, and/or variable image quality between subjects. To further 549 

explore the idea of using Sholl analysis to quantify RGC axon bundle network 550 

organization, we performed a simulation using the bundle width measurements we 551 

collected as input. We were able to simulate various possible bundle distributions for 552 

each condition investigated in this study. For each condition, the simulated and 553 

measured k values agreed well with each other. The simulation results demonstrate how 554 



 

 

24 

 

the reduced bundle size after optic nerve crush leads to a higher k, suggesting a more 555 

rapid decrease in bundle density moving outward from the ONH. The simulation also 556 

explained how increased bundle size leads to a lower k, as with the BAX-/- mice. Overall, 557 

these findings from the simulation demonstrate the potential of Sholl analysis for 558 

characterizing the progression of RGC axon bundle damage.  559 

One technical innovation in this study was introducing the circumpapillary B-560 

scans with reduced speckle noise and increased sensitivity to track subtle changes in 561 

the retinal layer structure. However, the outcomes of this study were limited by manually 562 

performed measurements, missing portions of the montaged fibergram images, and 563 

optical defocus leading to measurement uncertainty. Impacts of manual measurement 564 

limitations were mitigated by closely following the measurement protocol described in 565 

Methods and reverifying outlier measurements. The impacts of the image quality 566 

limitations were reduced by excluding datasets with >10% missing area in the montaged 567 

fibergrams and datasets with low image quality. In the future, such limitations can be 568 

addressed by implementing new algorithms to automatically identify and measure the 569 

size parameters of individual bundles. Lastly, fibergram image quality can be improved 570 

using temporal speckle averaging (TSA) (Zhang et al., 2019a; Pi et al., 2020). 571 

 572 

Morphological changes of RGCs with disease development and progression  573 

Studies, including ours, suggested that changes in dendritic structure and synaptic 574 

functions of RGCs precede cell death in mice with experimental glaucoma (Puyang et 575 

al., 2015; Della Santina and Ou, 2017). Therefore, characterization of morphological and 576 

functional degeneration of RGCs at early stages of glaucoma may open a time window 577 

for treatment to prevent subsequent vision loss. OCT has been increasingly applied to 578 

obtain objective measurements of the RNFL, ONH, macula, and GCIPL for assessing 579 
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glaucoma progression for patients (Tatham and Medeiros, 2017; Schuman et al., 2020). 580 

However, two main concerns remain to be addressed: (1) whether the imaging 581 

technology offers high enough resolution and sensitivity to detect subtle changes in 582 

retinal substructure as discussed above, and (2) how the RGC morphological changes 583 

are relevant to vision loss. 584 

The GCIPL thickness has also been used as an indicator for glaucoma 585 

progression (Hou et al., 2013; Hammel et al., 2017; Hou et al., 2018). However, clinical 586 

studies reflect inconsistences between GCIPL and RNFL thickness changes and visual 587 

field (VF) progression with glaucoma development (Tatham and Medeiros, 2017; 588 

Schuman et al., 2020). For example, Hou and colleagues followed the RNFL and the 589 

GCIPL thinning and VF progression in 136 patients (231 eyes) with primary open-angle 590 

glaucoma for approximately six years (Hou et al., 2018). About 25% eyes showed 591 

progressive GCIPL thinning, 29% with RNFL thinning, and 15% showed both RNFL and 592 

GCIPL thinning, which were connected to an increased risk of VF progression. Seth and 593 

colleagues suggested that the structural change appears to be more useful in detection 594 

of progression in early disease states, whereas functional change is a better indicator as 595 

the disease progresses (Seth et al., 2018). 596 

The changes in GCIPL thickness in mice could be due to changes in the RNFL, 597 

GCL, and/or the IPL. However, our current imaging system cannot separate individual 598 

layers clearly nor visualize sublayer changes (see the example in Figure 1B). A 599 

thickening of the GCIPL was found in BAX-/- mice (Figure 1D) which reflects the 600 

increased thickness of the RGC axon bundle layer, and possibly the increased IPL 601 

and/or GCL thickness (Figure 1E). On the other hand, in the ONC model we observed a 602 

thinning of the GCIPL (Figure 3D), coherently with the reduction of the RGC axon bundle 603 

layer thickness (Figure 3E) and a thinner IPL following ONC injury. Future work is 604 
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needed to visualize the sublayer structure of the IPL and the border of GCL/IPL. For 605 

example, TSA (Zhang et al., 2019a; Pi et al., 2020) could enhance image quality by 606 

visualization of RGC cellular structures and quantification of RGC soma loss associated 607 

with optic neuropathies in the living mouse retina.  608 

Because individual RGCs respond differently to disease insult (Quigley et al., 609 

1987; Troy and Shou, 2002; Feng et al., 2013; Chen et al., 2015a; Puyang et al., 2015), 610 

it is not surprising that the selective loss of a small number of RGCs and their dendritic 611 

trees may lead to a subtle change in the GCIPL thickness, especially at the early stages 612 

of glaucoma. For example, we showed that the dendritic branching of a subtype of ON 613 

cells, the SMI-32-positive ON cells, from the superior area of the retina was significantly 614 

reduced in the laser-photocoagulation induced ocular hypertensive mice (Feng et al., 615 

2013). By contrast, one subtype of the intrinsically photosensitive retinal ganglion cells 616 

(ipRGCs), the M1 ipRGC, showed an increased dendritic field size at 7 and 60 days 617 

following the optic nerve transection (Pérez de Sevilla Müller et al., 2014). Moreover, the 618 

IPL can be divided into the ON and the OFF sublayers. The changes in the ON and OFF 619 

pathways may also contribute to the differences in the sublayer structural changes. Della 620 

Santina and colleagues showed that OFF-transient RGCs exhibited decreased dendritic 621 

length and number of dendrites at 2-4 weeks post IOP elevation (Della Santina and Ou, 622 

2017). At 6-8 weeks post IOP elevation, our studies showed that the dendritic coverage 623 

of mono-laminated ON cells decreased (Feng et al., 2013). A better visualization and 624 

tracking of changes in the sublayer structure in glaucomatous mice could present a 625 

fundamental advancement in glaucoma diagnosis and management.  626 

 627 

RGC axon bundle morphology as a novel indicator for RGC health 628 
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Every RGC extends one single axon projecting to higher visual centers in the brain. In 629 

humans, the total number of RGCs varies from 0.7 to 1.5 million (Curcio and Allen, 630 

1990). Within each retina, the spatial distribution of RGCs is not even, e.g., densities in 631 

the nasal region are three times higher than the temporal region in the peripheral area of 632 

human retinas (Curcio and Allen, 1990). Similarly, the total number and spatial 633 

distribution of RGCs also vary in mice and monkeys (Spear et al., 1996; Jeon et al., 634 

1998). In other words, individuals may develop a unique axon bundle density and 635 

organization; thus, characterization of RGC axon bundle structure could offer an 636 

accurate and unique reference point for tracking RGC changes for individuals with 637 

disease development.  638 

It is also largely unknown whether and how RGC axon bundles change in 639 

response to different disease insults. For example, RGC axons fasciculate using cell 640 

adhesion molecules such as Down syndrome cell adhesion molecule (DSCAM), which 641 

promotes fasciculation of axons in the developing mouse optic pathway through 642 

homotypic interactions (Erskine and Herrera, 2007; Yamagata and Sanes, 2008; Bruce 643 

et al., 2017). In rats injected with hypertonic saline to induce glaucoma-like conditions, 644 

defasciculation of axon strands off the main axon fascicles was observed, and 645 

prevention of axon bundle defasciculation reduced RGC loss with glaucoma 646 

development (Mata et al., 2015). Within individual axons, the cytoskeletal structure, 647 

including microtubules and F-actin filaments, shows signs of distortion at the early 648 

stages of ocular hypertension, which may contribute to changes in RNFL optical 649 

properties (Huang and Knighton, 2005; Huang et al., 2017). Combining vis-OCT imaging 650 

and genetic tools to manipulate molecules involved in bundle formation and breakdown, 651 

we may start to understand how axon bundles change with RGC degeneration and 652 

death in diseased conditions.  653 
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Figure Legends 843 

 844 

Figure 1. BAX knockout mice (BAX-/-) showed increased retinal and RGC axon 845 

bundle thickness. (A) example fibergrams (left panels) and circumpapillary B-scans 846 

(right panels) of littermate controls (BAX+/+ and BAX+/-, labeled as CTRL) (top panel) and 847 

BAX-/- (bottom panel). The blue arrow highlights the left-most A-line of circumpapillary B-848 

scans, and the red arrows indicate the direction and location of reconstructed 849 

circumpapillary B-scans. (B) magnified view of the boxed regions indicated in panel A. 850 

The green arrows exemplify retinal thickness measurements, the blue arrows exemplify 851 

the GCIPL measurements, and the orange arrows exemplify RGC axon bundle 852 

measurements. (C) distribution of retinal thickness measurements for CTRL (black) and 853 

BAX-/- (red) mice. (D) GCIPL thickness measurements for CTRL (black) and BAX-/- (red) 854 

mice. (E) RGC axon bundle thickness measurements for CTRL (black) and BAX-/- (red) 855 

mice (****p < 0.0001). σ values represent standard deviation. Extended Data Figures 1-1 856 

and 1-2 are for Figure 1. 857 

 858 

Figure 2. Vis-OCTF revealed BAX-/- mice had increased RGC axon bundle width 859 

and density. (A) comparing mouse RGC axon bundle organization between CTRL (top 860 

panels) and BAX-/- (bottom panels) retinas using in vivo vis-OCTF (left panels) and ex 861 

vivo confocal microscopy imaging of flat-mounted retinas immunostained for RGC axons 862 

(right panels). (B) magnified view of highlighted areas in panel A (red boxes). The 863 

orange arrows indicate RGC axon bundles, and the red arrows indicate blood vessels. 864 

The widths of individual axon bundles were measured (also see Extended Data Figure 865 

2-1 and Results). (C) An example plot of the semi-log Sholl regression analysis using the 866 

fibergram image of a control retina shown in the inset. (D) measured k values for CTRL 867 
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(black triangles) and BAX-/- (red triangles) mice. (E) The average number of RGC axon 868 

bundles (intersects) recorded as a function of distance from the ONH (radius) for CTRL 869 

(black) and BAX-/- (red) mice. (F) average k value for CTRL (black) and BAX-/- (red) mice 870 

represented as slope of semi-log Sholl regression plot. (G) distribution of RGC axon 871 

bundle width measurements for CTRL (black) and BAX-/- (red) mice. σ values indicate 872 

standard deviation. (H) average RGC axon bundle width for CTRL (black) and BAX-/- 873 

(red) mice (****p<1e-4). σ values represent standard deviation. Yellow scale bars: 250 874 

μm; blue scale bars: 100 μm; S: superior; N: nasal; T: temporal; I: inferior. Extended 875 

Data Figure 2-1 is for Figure 2. 876 

 877 

Figure 3. At 12 days after optic nerve crush (ONC) injury, mice exhibited reduced 878 

retinal and RGC axon bundle thickness. (A) fibergrams and circumpapillary B-scans 879 

before (top panels) and 12 days after ONC (bottom panels). The blue arrow indicates the 880 

left-most A-line in circumpapillary B-scans, and the red arrows indicate the direction and 881 

location of reconstructed circumpapillary B-scans. The orange arrows in the bottom 882 

panel indicate localized edema. (B) magnified view of boxed regions indicated in panel 883 

A. The green arrows exemplify retinal thickness measurement, the blue arrows 884 

exemplify the GCIPL measurements, and the orange arrows exemplify RGC axon 885 

bundle thickness measurement. (C) distribution of retinal thickness measurements in 886 

retinas before (black) and 12 days after crush (blue). (D) GCIPL measurements in 887 

retinas before (black) and 12 days after crush (blue). (E) RGC axon bundle thickness 888 

measurements in retinas before (black) and 12 days after crush (blue) (****p < 0.0001). 889 

σ values represent the standard deviation of distributions. 890 

 891 
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Figure 4. In vivo tracking of RGC axon bundle organization by vis-OCTF revealed a 892 

reduction in both axon bundle width and density at 12 days after ONC. (A) 893 

comparing RGC axon bundle organization before (left panels) and after crush (middle 894 

and right panels) in vivo with vis-OCTF (left and middle panels) and ex vivo with confocal 895 

microscopy images of flat mounted retinas stained for RGC axons (right panels). Bottom 896 

panels show the magnified views of highlighted regions in top panels (red boxes). The 897 

orange arrows in the bottom panels indicate axon bundles, and the red arrows indicate 898 

blood vessels. Yellow scale bars: 250 µm; blue scale bars: 100 µm. (B) tracking the k 899 

values for individual retinas before (black) and after crush (blue). (C) the average 900 

number of RGC axon bundles (intersects) recorded as a function of distance from the 901 

ONH (radius) for mice before and after ONC. (D) average k value for mice before and 902 

after ONC represented as slope of semi-log Sholl regression plot. (E) distribution of RGC 903 

axon bundle width measurements for mice before and after ONC. σ values indicate 904 

standard deviation. The black arrow points to that large bundles disappeared after ONC. 905 

(F) average RGC axon bundle width for mice before and after ONC (****p<1e-4). 906 

 907 

Figure 5. Regional thickness measurements showed changes in RGC axon bundle 908 

thickness at five days after ONC. (A) schematic representation of 8 retinal regions 909 

from which RGC axon bundle thickness was measured. Measurements were recorded in 910 

each retinal quadrant near the center (C, 250 μm from the ONH) and in the periphery (P, 911 

500 μm from the ONH). (B) example circumpapillary B-scan sections taken near the 912 

center (top panels) and periphery (bottom panels) before (left panels) and 5 days after 913 

(right panels) ONC. The green arrows exemplify retinal thickness measurements, the 914 

blue arrows exemplify the GCIPL measurements, and the orange arrows exemplify RGC 915 

axon bundle thickness measurements. (C-D) distribution of retinal thickness 916 
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measurements from the central (C) and the peripheral regions (D). (E-F) GCIPL 917 

thickness measurements from the central (E) and the peripheral regions (F). (G-H) RGC 918 

axon bundle thickness measurements from the central (G) and the peripheral regions 919 

(H) (NS: no significance; **p <0.01; ***p <0.001; ****p <0.0001). σ values in all 920 

distribution plots denote standard deviation.  921 

 922 

Figure 6. Heatmaps revealed location-dependent changes in RGC axon bundle 923 

thickness Heatmaps from two example mice (A: mouse #1; and B: mouse #2) show the 924 

mean thickness of RGC axon bundles before crush (left), after crush (middle), and 925 

change in thickness (right) (*p < 0.05; **p < 0.01). 926 

 927 

Figure 7. At five days after ONC, RGC axon bundle width reduced, but no change 928 

in bundle density. (A) vis-OCT fibergrams before (left) and five days after (right) ONC. 929 

The orange arrows indicate RGC axon bundles, and the red arrows indicate blood 930 

vessels. (B) The k values for mice before (black) and after ONC (blue). The black 931 

dashed lines track measurements for individual retinas before and after ONC. (C-D) 932 

RGC axon bundle width distributions measured from the central (C) and the peripheral 933 

retina (D) (NS: no significance; ****p < 1e-4). σ values indicate standard deviations. 934 

 935 

Figure 8. Model for simulating the relationship between the k value and the axon 936 

bundle width and number. (A) simulated RGC axon bundle distributions. Simulated 937 

distributions include (from left to right): control (CTRL), low bundle density, high bundle 938 

density, thinner bundles, and thicker bundles. (B) average semi-log k value for each 939 

simulated condition shown in panel A. (C) average number of simulated intersects for 940 

simulated conditions shown in panel A. (D) comparison between simulated k values 941 
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(open shapes) and measured k values (filled shapes) for control (black), BAX-/- (red), 942 

and ONC (blue) mice. Simulations were performed based on the measured width of 943 

RGC axon bundles for each condition (NS: no significance). 944 

 945 
 946 
  947 
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Extended Data 948 
 949 
Figure Legends 950 

 951 

Figure 1-1. Resampled circumpapillary scans improved the quality of retinal B-952 

scan images compared to traditional continuous acquisition circumpapillary 953 

scans. (A) fibergram showing paths of circumpapillary scan acquired via continuous 954 

circular scan around optic nerve head (blue) and circumpapillary scan generated from 955 

four rectangular OCT volumes (red). (B) circumpapillary B-scans resampled from four 956 

rectangular OCT volumes (top panel) and traditional circumpapillary B-scan (bottom 957 

panel). (C) RGC axon bundle thickness distribution measured from resampled (red) and 958 

traditional continuous acquisition (blue) circumpapillary B-scans. σ values indicate 959 

standard deviations. This is related to Figure 1. 960 

 961 

Figure 1-2. Visual acuity and intraocular pressure measurement in BAX mutant 962 

mice. (A) BAX mutant mice exhibited low or no optomotor response compared to 963 

littermate controls. (B) The IOP values of BAX mutant mice were comparable to 964 

littermate controls (NS: no significance; ****p< 0.0001 as determined using one-way 965 

ANOVA followed by Tukey’s method for multiple comparisons). This is related to Figure 966 

1.  967 

 968 

Figure 2-1. RGC axon bundle width measurement procedure. (A) a fibergram 969 

showing 400 μm radius analysis ring. Red dots indicate individual fibers from which 970 

thickness was measured. (B) magnified view of RGC axon bundle in panel A (green 971 

box). The red box shows the area to measure individual axon bundle width. The red 972 

lines highlight the locations to extract axon bundle intensity profiles. (C) average 973 
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intensity profile of RGC axon bundle shown in panel B. The width of the axon bundle is 974 

measured at 1/e2 decay, as indicated by the red arrow. This is related to Figure 2. 975 

 976 


















