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Abstract

Purpose: Optic nerve degeneration is a feature of neurodegenerative eye diseases and causes irreversible vision loss. Therefore,
understanding the degeneration patterns of the optic nerve is critical to identify potential therapeutic targets for optic neuropathy.
However, the traditional method of analyzing optic nerve degeneration by histology has the limitation of losing information about
spatiotemporal tissue changes. Light sheet fluorescence microscopy (LSFM) is a fluorescence microscopy technique that allows cap-
turing 3D images rapidly with high spatial optical resolution. In this study, we evaluated the application of LSFM on the optic nerve

in a mouse model of N -methyl-D-aspartate (NMDA)-induced retinal injury.

Methods: NMDA or vehicle was injected to the vitreous of Thy1-CFP mice that express cyan fluorescent protein (CFP) in retinal
ganglion cells (RGCs) and their axons. At 7 days after the injection, the retina and optic nerve were collected and immunostained
with anti-Ibal antibody. Retinal flatmounts were observed using confocal microscopy. The immunostained optic nerve was optically
cleared with 2,2'-Thiodiethanol and mounted for LSFM imaging.

Results: We found significant loss of CFP-expressing RGCs and axon degeneration in retinal flatmounts at 7 days after NMDA injec-
tion. These data verified that NMDA induces the loss of RGCs and their axons, NMDA excitotoxicity induced microglial activation and
leukostasis, including increased microglia number, the transformation of microglial morphology to amoeboid or rounded shape, and
the increase of attached leukocytes to the vessel wall. Using LSFM, we observed that CFP-expressing nerve fiber was well organized
and arranged in parallel in vehicle-treated optic nerve. In contrast, in NMDA-treated eyes, optic nerve showed axonal swelling and
fragmentation, and loss of axonal density from the proximal to the distal regions. Furthermore, LSFM enabled the observation of
microglial phenotypic transformation in the entire optic nerve. In NMDA-treated eyes, microglia displayed larger soma and shorter

process with higher Ibal expression within the entire optic nerve than those in the optic nerve of vehicle-treated eyes.

Conclusion: In summary, we demonstrated the applicability of LSFM to acquire 3D images of the optic nerve and revealed the com-
plex spatial relationships between the axons and microglia within the entire optic nerve by single acquisition. We successfully ob-
tained high-resolution 3D images of NMDA-induced optic neuropathy, including the clues for optic nerve degeneration such as axon
swelling, axonal fragmentation, and microglial activation. Our study suggests that LSFM could be a useful technique to investigate the

pathology of the optic nerve in neurodegenerative diseases.
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Introduction

The optic nerve has a critical role in connecting the eye and brain and transmitting the visual signal from the eye to the brain. Optic
nerve degeneration is irreversible and is one of the characteristics of neurodegenerative diseases such as glaucoma, diabetes, Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, etc [1-5]. Understanding the pathophysiological changes of optic nerve degeneration is
critical to find the potential therapeutic targets for neurodegeneration. The traditional method to analyze optic nerve degeneration relies
on confocal imaging which depends on tissue sectioning as depth of imaging is limited to tens of microns. This prohibits true volumetric
3D analysis of the complex tissue structure beyond a few cell layers. Moreover, tissue distortions, axonal fragmentation and loss of 3D

spatial relationships among axons, vessels and glia cells may occur during the preparation of thin and flattened optic nerve tissue sections.

In order to analyze tissue with preserved spatial information, techniques allowing for whole-tissue 3D imaging are required. Light
sheet fluorescence microscopy (LSFM) with whole-mount optical clearing offers a solution. LSFM is a microscopy technique that enables
the rapid capture of 3D images with a high spatial optical resolution but minimal photobleaching and phototoxicity [6-8]. Moreover, unlike
confocal microscopy, which relies on point scanning imaging to acquire images, LSFM can rapidly capture 3D images across optical cleared
tissue with multiple fluorescent channels due to illumination of planes of light to induce fluorescence in the full plane at once [9,10].
Optical clearing reduces the light scattering of normally turbid tissues to enable deep penetrance of the illumination [11]. Therefore, a
technical improvement allowing the study of the optic nerve at high resolution in its entirety can be achieved through the combination of

optical clearing and LSMF.

N -methyl-D-aspartate (NMDA)-mediated excitotoxicity plays a role in neurodegenerative diseases [12-14]. In the retina, activation of
the NMDA pathway results in retinal ganglion cell (RGC) death and optic neuropathy [15,16]. Intravitreal injection of NMDA is a reliable
model to study the excitotoxicity in the retina [15,17-19]. In this study, we combined optical clearing and LSMF to evaluate the pathologi-
cal changes along the whole optic nerve of intravitreal NMDA-treated mice.

Materials and Methods
Animals

All experimental procedures and use of animals were performed in accordance with the Association of Research for Vision and Oph-
thalmology Statement for the Use of Animals in Ophthalmic and Vision Research, and animal protocols were approved by the Institutional
Animal Care and Use Committee at the University of Texas Medical Branch. B6. Cg-Tg(Thy1-CFP)23]Jrs/] (Thy1-CFP mice, Stock number:
003710) were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were maintained on a 12:12 light/dark cycle with food and water

available ad libitum.
NMDA injection

Mice were anesthetized by intraperitoneal injection with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg). Eyes were
topically dilated with tropicamide and phenylephrine, then 0.5% proparacaine hydrochloride was applied for topical anesthesia. NMDA
(160 puM in water, 0.5 pl/eye, Sigma-Aldrich, St. Louis, MO) or vehicle control (water, 0.5 pl/eye) was delivered by intravitreal injection.
Then, neomycin ophthalmic ointment was used to prevent eye infection. At 7 days after intravitreal injections, eyes and optic nerves were

collected for further analysis.
Leukostasis assay

Leukostasis assay was performed as described previously [20,21]. At 7 days after NMDA intravitreal injection, mice were anesthetized

by intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg), and the chest cavity was opened. The perfu-
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sion cannula was inserted into the left ventricle, and the right atrium was cut for drainage. After phosphate-buffered saline (PBS) was
perfused to remove the blood and nonadherent leukocytes, rhodamine-labeled concanavalin A (ConA) lectin (40 pg/mL in PBS, pH 7.4;
Vector Laboratories, Burlingame, CA) was perfused to label adherent leukocytes and vessels. Next, PBS was perfused to remove residual
unbound Con A. Finally, eyes and optic nerves were collected. The total number of the adherent leukocytes per retina was counted under

fluorescent microscopy.
Retinal whole mount staining

After leukostasis assay, eyes were collected and fixed with 4% PFA at 4°C overnight. The next day, retinas were dissected and washed
with PBS, and retinas were blocked and permeabilized with PBS containing 5% normal goat serum and 0.3% Triton-X-100 for 3 hours.
After blocking, retinas were stained with rabbit anti-Ibal antibody (1:400, 019-19741, FUJIFILM Wako Chemicals, Richmond, VA) at 4°C
overnight. Retinas were washed and incubated with Alexa Fluor 647-conjugated goat anti-rabbit secondary antibody (1:400, Thermo
Fisher Scientific, Waltham, MA) at 4°C for 4 hours. At last, retinas were mounted, and images were captured by confocal microscopy (LSM
800, Carl Zeiss Inc, Thornwood, NY).

Optic nerve whole mount staining

After leukostasis assay, optic nerves were collected and fixed with 4% PFA for 5 hours at 4°C and washed with PBS containing 1% Tri-
ton (PTX). After blocking with 10% normal goat serum in PTX at 4°C overnight, optic nerves were incubated with an anti-Ibal antibody
(1:100) for 72 hours at 4°C. Subsequently, optic nerves were washed with PTX for 6 hours at room temperature, and PTX was changed ev-
ery hour. Then, optic nerves were incubated with Alexa Fluor 647-conjugated secondary antibody (1:200) at 4°C for 48 hours and washed

with PTX for 6 hours at room temperature with changing the PTX every hour, and then washed with PTX overnight at 4°C.
Optic nerve optical clearing

Optic nerves were cleared by incubating in increasing concentrations (from 10% to 70%) of 2,2'-Thiodiethanol (TDE, 88561-2.5L,
Sigma-Aldrich) at 10% intervals and 0.5% dimethyl sulfoxide (DMSO, 472301-500ML, Sigma-Aldrich). Optic nerves were incubated for 1

hour in each concentration, with 70% mixture being refreshed for microscopy mounting,.
Light sheet fluorescent microscopy (LSMF) imaging

Samples were embedded in 1% agarose (16520100, Thermo Fisher Scientific) and held inside a glass capillary with Teflon plunger
(Sutter Instruments). Imaging was performed with a Zeiss Lightsheet Z.1 (Carl Zeiss AG, Jena, Germany) with 5X and 20X objectives with
lasers centered at 445 nm, 561 nm, and 638 nm. Acquisitions used dual sided light sheet illumination with images captured using a dual
detector setup (PCO.Edge sCMOS, Wilmington, DE). ZEN Black software was used for acquisition and ZEN Lite with arivis Vision4D) for
visualization and 3D reconstructions. Image processing and final image reconstructions were made using FIJI/Image] software (v1.53M,

NIH Image) and Imaris 3D analysis software (v9.72, Bitplane, Belfast, United Kingdom).
Statistics

Data were presented as mean * standard error of mean (SEM) and analyzed by student’s t-test. Statistical analysis was conducted using

GraphPad Prism program (GraphPad Software Inc., La Jolla, CA). A p value < 0.05 was considered statistically significant.
Results

NMDA excitotoxicity induced degeneration of RGCs and their axons accompanied by microglial activation and vascular inflammation

in the retina.
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Thy1-CFP mice express Cyan Fluorescent Protein (CFP) under the Thy1l promoter, therefore RGC and its axon are labeled with CFP
across the retina and optic nerve, allowing the evaluation of RGC and its axonal loss by fluorescence microscopy in acute or chronic eye
injuries [22-28]. We intravitreally injected NMDA to Thy1-CFP mice to characterize NMDA excitotoxicity in the retina. Since the retina is
transparent and can be flat mounted, we directly observed retinal changes using confocal microscopy with our well-established protocols
[20,21,29,30]. We found that there was 53% loss of CFP-expressing RGCs in Thy1-CFP mice at 7 days after NMDA injection (Figure 1A).
Moreover, thinner axonal fiber and a significant decrease of axonal bundle number were observed in the central retina of NMDA-treated

mice (Figure 1B).

Microglial morphology represents different activation states. When activated, ramified quiescent microglia with thin process changes
to rounded morphology or amoeboid morphology with larger soma and shorter processes. We examined the changes of microglia by
labeling them with anti-Ibal antibody [30]. We found that microglial cell number was increased and their morphology was changed
from ramified structure to amoeboid or rounded shape with more hypertrophic processes in NMDA-treated retina, indicating that NMDA
excitotoxicity also increased microglial recruitment and activation (Figure 1C). Because leukostasis is a major complement of an inflam-
matory response [20,21,29], we labeled retinal vascular structure and leukocytes adherent to vessel walls with rhodamine-conjugated
concanavalin A lectin (Con A). We found there were no noted changes in retinal vasculature. However, the number of adherent leukocytes
was significantly increased in the retina after NMDA injection. Taken together, these data indicate that NMDA treatment not only induces

RGC loss and axonal degeneration but also causes significant inflammation in the retina.
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Figure 1: NMDA induces RGC and its axon loss, microglial activation, and increased leukostasis. NMDA was intravitreally
introduced to the eye of Thy1-CFP mice. At 7 days after NMDA injection, retinas were immunostained with anti-Ibal antibody
after leukostasis assay. Representative images of RGC loss in the peripheral retina (A), axonal loss in the central retina (B),
microglial activation in the peripheral retina (C), leukostasis in the central retina (D). Green: CFP expressing RGC and axon.
Purple: Microglia. Red: ConA labeled vasculature and adherent leukocyte. Arrow indicates adherent leukocytes to the vessel. Bar graphs
represent the quantified data. Scale bar = 50 um. n = 3 per group. *p < 0.05, **p < 0.01.
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LSFM enables 3D imaging of the patterns of NMDA induced axon degeneration and microglia activation in the optic nerve.

Since LSFM is a fluorescence microscopy technique that is able to acquire deep tissue images with 3D information of the entire opti-
cally cleared organ, we utilized it to analyze axon degeneration and microglial activation in the optic nerve at 3 different regions (proximal
(close to eye globe), middle, and distal (close to chiasma)) at 7 days after NMDA injection. In vehicle-treated eyes, we observed that CFP-
expressing nerve fibers were well organized and arranged in parallel in the whole optic nerve (Figure 2A). In contrast, in NMDA-treated
eyes, the optic nerve showed axonal swelling and fragmentation, and marked loss of axons from the proximal to the distal regions (Figure
2B). Furthermore, using LSFM, we were able to observe an increase in microglial cell number and distinguish microglial phenotypic
changes in NMDA-injected optic nerve, such as larger soma and shorter process with higher Ibal expression from the proximal to distal
regions of the optic nerve than those in the optic nerve of vehicle-treated eyes (Figure 2B). We did not observe vascular change and leu-
kocyte attachment to the vessel in the optic nerve. These results suggest that LSFM will help explore optic nerve pathological changes in
diseases by providing detailed 3D information of optic nerve, including axon’s morphology and density, microglial number and morphol-

ogy, and vasculature.

Figure 2: 3D imaging of the patterns of NMDA-induced axon degeneration and microglial activation in the optic nerve.
At 7 days after NMDA intravitreal injection to the eye of Thy1-CFP mice, optic nerves were immunostained with anti-lIbal
antibody after leukostasis assay. (A) Representative images of LSFM images in proximal, middle, and distal regions of
vehicle-injected optic nerve. (B) Representative images of LSFM images in proximal, middle, and distal regions of NMDA-injected

optic nerve. Green: CFP expressing axon. Purple: Microglia. Red: ConA labeled vasculature. Scale bar = 50 um. n = 3 per group.

Discussion and Conclusion

RGC loss and optic nerve degeneration cause irreversible vision loss in eye diseases. NMDA-mediated excitotoxicity is a common path-

way in neurodegenerative diseases [12-14,31]. Consistent with previous reports, we confirmed that NMDA treatment induced RGC and
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its axon loss in the retina. In addition, we found NMDA induced recruitment and activation of microglia and vascular inflammation in the
retina. Using optic clearing and LSFM, we succeeded in acquiring high-resolution 3D images at three regions in the whole optic nerve and
identified striking changes including axonal swelling, fragmentation and degeneration, and microglial activation. The concurrent changes
in the retina and optic nerve suggest a close connection and communication between them during retinal neuronal injury. Future studies

are needed to understand its underlying mechanisms.

A suitable optical clearing technique can reduce light scattering, absorption and allow for whole tissue imaging. Recently several
studies have reported optical clearing protocols such as ScaleS, SeeDB, CLARITY, 3DISCO, Clear T, and CUBIC, which are able to acquire
deep tissue images of an entire organ without losing spatiotemporal information by tissue sectioning [32-37]. Although these methods
have been used for other organs, their compatibility with the optic nerve has not been evaluated yet. Among tissue clearing methods,
2,2’-thiodiethanol (TDE) is inexpensive and compatible with immunostaining by not quenching the fluorescence of fluorophores [38].
Moreover, the incremental use of TDE concentrations allows for a gradual penetration of TDE to equalize the tissue’s refractive index
while avoiding tissue deformation that is seen in some other optical clearing methods [39]. These steps allow for completion of tissue
clearing in less than 2 days compared to other methods taking up to 7 days. In this study, we tested the modified TDE exchange method
for optic nerve tissue clearing and found that this protocol successfully enabled the imaging of the entire optic nerve using LSFM without

tissue distortions and loss of fluorescent information.

LSFM is a powerful tool to capture deep tissue images of the whole organ with preserved spatial tissue information. In addition,
LSFM could capture high resolution 3D images with multiple fluorescent channels across the entire tissue with low photobleaching and
phototoxicity, overcoming the common limitations of confocal microscopy [6-10]. Due to these advantages of LSFM, several studies have
reported the benefits of LSFM in organ imaging such as brain, heart, and kidney, etc [40,41]. However, its feasibility for optic nerve imag-
ing remains little explored. Our data suggest that LSFM will help explore therapeutic targets for vision restoration by providing detailed

3D information of the optic nerve.

In summary, LSFM is applicable to acquire 3D images of the optic nerve and revealed the complex spatial relationships between the
axons and microglia within the entire optic nerve by single acquisition. High-resolution 3D images of NMDA-induced optic neuropathy
were successfully obtained, including the clues for optic nerve degeneration such as axon swelling, axonal fragmentation, and microglial

activation. Therefore, LSFM could be a useful technique to investigate the pathology of the optic nerve in neurodegenerative diseases.
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