Impact of diet and aging on the mouse corneal innervation at the epithelial-stromal interface

By
Justin Andrew Courson

A dissertation submitted to the College of Optometry,
University of Houston
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

in Physiological Optics and Vision Science

Chair of Committee: Alan R. Burns Ph.D.
Committee Member: Nimesh Patel O.D., Ph.D., FAAO
Committee Member: Rachel Redfern O.D., Ph.D., FAAO

Committee Member: C. Wayne Smith M.D.

University of Houston
May 2021



Dedication

“Curiouser and curiouser!”

- Lewis Carroll, Alice’s Adventures in Wonderland

“The important thing is not to stop questioning. Curiosity has its own reason for existence. One
cannot help but be in awe when he contemplates the mysteries of eternity, of life, of the marvelous
structure of reality. It is enough if one tries merely to comprehend a little of this mystery each

day.
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General Abstract

Purpose: The cornea is the most highly innervated structure in the body, undergoing changes in
sensitivity and distribution throughout life and in response to insult such as the introduction of an
obesogenic diet. However, the mechanisms governing corneal nerve reorganization are currently
unknown. While imaging corneal nerves using SBF-SEM, we discovered a novel event whereby
axons fused with basal epithelial cells such that portions of the nerve bundle do not penetrate into
the epithelium. Here we morphologically define neuronal-epithelial cell fusion, and determine its
correlation with age and obesogenic diet-induced nerve loss.

Methods: Corneas were collected from C57BL/6 mice, prepared for either SBF-SEM or light-
microscopy, and evaluated for neuronal-epithelial cell fusion frequency. In aim 1, 9 week-old mice
were evaluated for fusion frequency. In aim 2, 9, 16, and 24 week-old mice were assessed for
correlation between aging and frequency of fusion. In aim 3, 5 week-old C57BL/6J mice were fed
a normal diet, or an obesogenic diet, for 10 weeks before being assessed for a correlation between
diet and fusion frequency.

Results: In 9 week-old animals 47% of central cornea stromal nerve bundles contain axons that
fuse with basal epithelial cells. The average surface-to-volume ratio of a penetrating nerve was
3.32, while the average fusing nerve was 1.39. Fusing axons were swollen, electron-translucent,
contained autophagic vesicles, and lacked mitochondria near sites of fusion. Penetrating and fusing
nerves passed through similar sized basal lamina discontinuities. Most corneal nerves labeled with
Dil (membrane tracer) after trigeminal ganglion application, and fusion sites were identified by
Dil transfer to basal epithelial cells. Fusion frequency increased with aging and the introduction

of an obesogenic diet. 74% of central nerves showed fusion in 24 week-old animals, 82% showed



fusion in 6 week-old mice fed a 10 week obesogenic diet, and 57% contained fusion in 16 week-
old normal diet controls.

Conclusion: This is, to our knowledge, the first report of neuronal-epithelial cell fusion in the
mouse cornea. The fusion event is positively correlated with nerve loss reported in aging and
obesogenic-diet fed mice and as such, it represents a potential mechanism for nerve organization

and loss in the central cornea.
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1. General Introduction



1.1 Importance of understanding the role of corneal nerves in

corneal health and homeostasis.

The cornea is the most highly innervated structure in the body [1]. The nerves of the cornea
not only provide sensory information from the corneal surface, but also play a major role in the
general health and homeostasis of the cornea by providing trophic factors to resident epithelial
cells [2, 3]. Innervation and organization of the cornea occurs early in development, with an
extremely high density of innervation at birth, and slowly diminishes throughout life beginning as
early as age 15 in humans [4]. While studies on corneal innervation have not been conducted on
individuals younger than 15, in mice corneal innervation has been shown to increase steadily
during development until maturity (postnatal week 8) before reaching a peek between 8 and 12
weeks of age, and undergoing steady loss of innervation with age [5]. While proper innervation of
the cornea occurs early in development and continues to change throughout life, the mechanism
by which these nerve terminals are organized in the corneal epithelium is not well known [6].
Additionally, the healthy innervation of the adult cornea can be disrupted by environmental
changes such as the introduction of an obesogenic diet [7-9]. Regardless of how the process of
nerve loss and organization occurs, proper innervation is paramount to the health of the cornea.
Corneal nerve fibers provide sensory information from the cornea, produce autonomic responses
such as tearing and blinking, and assist in maintaining corneal epithelial homeostasis [10].

In fact, this homeostatic relationship between corneal nerves and the corneal epithelium is
a two-way street. Corneal nerves and epithelial cells mutually support one another, via the release
of neurotransmitters and neuropeptides from corneal nerves that promote epithelial cell
proliferation and migration, and the release of soluble factors from epithelial cells that promote

nerve repair, extension and survival [11, 12]. Corneal nerves release factors such as substance P,



promoting epithelial cell maintenance and wound healing response, as well as stimulating cell
proliferation, migration, and adhesion [13]. Corneal nerves also release neurotrophins, such as
nerve growth factor (NGF), neurotrophin-3 (NT-3), and brain-derived neurotrophic factor (BDNF)
which contribute to sustained ocular surface health in addition to epithelial cell migration and
proliferation during healing and regeneration [14-17]. Corneal epithelial cells, on the other hand,
release glial-cell line derived neurotrophic factor (GDNF), neurotrophin-4 (NT-4), semaphorin 7a
(Sema7a), calcitonin gene-related peptide (CGRP), and vascular endothelial growth factor
(VEGF), which support nerve tropism and regeneration, axonal outgrowth, and nerve repair [16-
22]. As will be seen in the body of this dissertation, the interaction between corneal epithelial cells
and nerve projections is more complex than previously thought. Our discovery of cell-cell fusion
between corneal nerves and basal epithelial cells adds an additional layer of interaction that should
be considered when discussing corneal innervation [23]. Clearly the health of corneal nerves and
epithelium relies on the interaction between these cell populations. When this process is
interrupted, or when corneal innervation becomes insufficient for the rapid and responsive
detection of foreign objects and insults, the health and safety of the cornea, along with the visual

system which depends on it, is compromised.

1.2 Corneal Anatomy and Physiology

The human cornea is a transparent, stratified tissue located at the anterior apical surface of
the eye. This tissue consists of five layers; a nonkeratinized stratified squamous epithelium at the
surface, followed by the underlying anterior limiting lamina (ALL), stroma, posterior limiting
lamina (PLL), and endothelium. The surface epithelium consists of 2-3 superficial squamous
epithelial cell layers immediately followed by 2-3 layers of intermediate wing cells. Below this is

found a monolayer of basal epithelial cells which are anchored to the basal lamina which separates



it from the underlying anterior limiting lamina [24]. These basal epithelial cells originate from
progenitor cells found in the limbal stem cell niche, which divide and travel centripetally. A portion
of these traveling cells retain their ability to divide and are known as transit amplifying cells
(TACs) [25, 26]. As these cells travel towards the corneal apex, they both mature and divide to
become the overlaying wing cells [27]. These cells continue to mature before becoming the surface
squamous epithelial cells and eventually sloughing off into the tear film [28, 29]. This process
occurs relatively quickly, as basal epithelial cells migrate centripetally at a speed of 1.7 to 32 um
a day and the lifespan of corneal epithelial cells, post-terminal differentiation, is roughly 6-11 days
[1, 30-32]. Studies have shown that the majority of corneal basal epithelial cells become terminally
differentiated within a 6 day period [32].

Corneal basal epithelial cells are attached via hemidesmosome plaques to the underlying
basal lamina, a layer primarily made up of collagens, laminins, heparan sulfate proteoglycans, and
nidogens that lies between the epithelium and stroma [33]. This layer is important not only as a
scaffolding on which the migration, differentiation, and maintenance of epithelial cells occurs, but
also as a barrier for the penetration of cytokines from the epithelium to the stroma (e.g.,
transforming growth factor B1) or vice versa (e.g., keratinocyte growth factor) [34]. The underlying
stroma makes up 90% of the thickness of the cornea and consists of ~78% water, ~16% collagen,
and 7% non-collagenous proteins such as fibrillin, proteoglycans and salts [35, 36]. While the
cornea is primarily acellular it does support a dense network of keratocytes, making up 7-14% of
stromal volume density and ranging from 48,000 cell/mm? in mice to 23,000 cells/fmm?2in humans
[37-40]. Keratocytes are aligned with stromal fibers, and are organized into a communicating
network throughout the cornea, connected via their dendritic morphology and extensive

intercellular contacts and gap junctions [38, 41-44]. It is also in the stroma that nerves enter into



the cornea before extending projections towards the corneal surface and ending with nerve
terminals throughout the corneal epithelium.

The transparency of the cornea is a result of a number of factors including the homogeneous
spacing of the abundant stromal collagen, as well as its relatively acellular nature [33]. Within the
cornea, transmission of visible light is greater than 90% [45]. Interestingly, little to no light
scattering occurs in the corneal epithelium, and light scatter within the stroma is limited to
keratocyte nuclei due to the presence of corneal crystallines within the cell bodies of both cell
populations [40, 46]. Furthermore, despite stromal collagen and their surrounding
proteoglycans/glycosaminoglycans having refractive indices of 1.47 and 1.35 respectively, the
lattice arrangement of this collagen matrix is uniquely suited for the uninterrupted transmission of
light [47]. Because collagen fibrils are so small in diameter (32 nm), and the distance between
collagen fibrils (64nm) is less than half the wavelength of visible light (400-700nm), light is
allowed to pass unhindered [48-50]. To further avoid the obstruction or scattering of light as it
passes through the cornea, vasculature is relegated to a peripheral region of the cornea known as
the corneal limbus. The cornea is, along with its tear film, the first and primary optical element in
the visual system providing roughly 75% to 80% of the refractive power in the human visual
system [51]. As such, the cornea plays an incredibly important role in the viability of the visual
system. In order to properly refract light on its way to the retina, the cornea is at once one of the
only transparent tissue in the mammalian body (The lens and mesentery are transparent as well)
and one of the few avascular tissues (Tendons and cartilage are other examples).

1.2.1 Comparative Anatomy
While the mouse is accepted as an excellent model for human corneal biology, there are

important anatomical differences between these two species [52-54]. While the human cornea



contains an anterior limiting lamina between the epithelial basal lamina and the stroma, the mouse
cornea is devoid of an ALL [55]. Rather, the basal epithelial cells are only separated from the
stroma by a thin basal lamina. Despite this difference, corneal nerves are able to successfully
penetrate from the stroma into the corneal epithelium in both species [56]. Additionally, while the
human corneal epithelium is thinner in the central cornea and thicker at the periphery, the mouse
corneal epithelium is thinner in the periphery and becomes thicker towards the center [57]. Rather
than the 5-7 layers found in humans, the mouse corneal epithelium consists of 9-14 layers, though
both species maintain a single layer of basal cells [58]. Finally, while the anatomy of the corneal
nerves is thought to be the same between humans and mice, the distances the nerves span are
significantly different between the two species. While the distance from soma to nerve terminal in
mice can be measured in millimeters, the distances in humans are ten-fold larger and better
measured in centimeters [59, 60].
1.2.2 Corneal Innervation

The nerves of the cornea originate in two separate ganglia; the ophthalmic branch of the
trigeminal ganglion situated under the brain between the meninges and the underlying bone of the
skull, and the superior cervical ganglion located within the neck [61]. The trigeminal ganglion
provides sensory innervation to the cornea, while the superior cervical ganglion is thought to
provide sympathetic innervation to the cornea [17, 62]. While the cell bodies of these nerves are
located within their respective ganglia, long projections extend from these cell bodies into the
cornea. These nerves enter radially into the corneal periphery, where they form a pericorneal nerve
ring associated with the limbal vasculature from which they send projections into the corneal
stroma towards the center of the cornea [61]. In humans, 30-70 large nerve bundles (9-17 in mice)

originating from both the long and short ciliary nerves, enter into the peripheral cornea [63, 64].



Within these neuronal projections microtubules, the transport system of the cell, and mitochondria,
the cellular powerhouses, can be found [65-67]. It is generally accepted that corneal stromal nerves
penetrate through the epithelial basal lamina to form intra-epithelial nerves. These nerve trunks
and their stromal branches, known as the stromal plexus, extend toward the central cornea before
sending up verticals which penetrate into the epithelium primarily in the mid-periphery of the
cornea. After penetrating the basal lamina, horizontal leashes form and become enveloped by basal
epithelial cells, constituting the sub-basal nerve plexus, which extends anteriorly and laterally
between the wing and superficial-wing cells where they give rise to the epithelial nerve plexus [68,
69]. This sub-basal nerve plexus forms a swirl-like pattern that extends to the corneal center [64].
In the peripheral stroma, nerve bundles are supported by Schwann cells which provide mechanical
support, and protection from mechanical forces imparted by daily activities or traumatic events,
by surrounding them with cellular processes, as well as providing homeostatic support to the
nerves that they are in contact with [70-72]. Corneal nerve bundles consist of both myelinated and
non-myelinated nerves, as they are supported by myelinating and non-myelinating Schwann cells
respectively [73]. Shortly after entering the corneal stroma, roughly 2-3 mm in humans and 1 mm
in mice, myelinated nerves loss their myelination, and as nerves enter into the corneal epithelium

they leave their supporting Schwann cells behind altogether [12, 74].

1.3 Serial Block-Face Scanning Electron Microscopy (SBF-SEM)

Serial block-face scanning electron microscopy is a relatively young microscopy method
that plays an important role in the body of work discussed in this dissertation, and as such it will
be important to understand what makes SBF-SEM unique and where it stands in relation to other
methodologies in the field of microscopy (Figure 1.1). The study of cellular ultrastructure has

been
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Figure 1.1. Serial block-face scanning electron microscopy publications and citations over
time.

Analysis of publication and citation of papers utilizing serial block-face scanning electron
microscopy shows an exponential increase in the usage of SBF-SEM methodology. SBF-SEM
provides a truly unique view of biological tissues, and as such allows for the study of unique or
rare cell-cell interactions and biological process previously difficult or impossible to assess.



dominated by electron microscopy methods ever since the first electron micrographs of biological
tissue were published in 1945 [75]. The use of an electron beam rather than light to produce images
of biological tissue allows for a significant increase in the theoretical limits of image resolution,
with electron microscopes achieving resolutions as small as 50 picometers (0.05 nm) while the
theoretical limit for light microscopy is 200 nm [76, 77]. While super-resolution light microscopy
systems using specialized algorithms to increase resolution are available, they are not capable of
achieving anywhere near the resolution available with basic electron microscopy systems [78-81].
When choosing a microscopy method, resolution is not the only consideration, and both light and
electron microscopy come with their benefits and limitations.

Fluorescence microscopy is an essential tool for studying biological systems, allowing for
the study of specific proteins in either fixed or living tissue through the use of fluorescent antibody
staining or endogenous fluorescence expression models, respectively. However, fluorescence
microscopy is limited by low resolution (micron scale) and does not allow for precise subcellular
localization of molecules [82-85]. The resolution equation argues that lens-based light microscopy
cannot resolve two objects separated by less than ~200nm [76]. Because of this, any objects that
lie closer than 200nm apart will become blurred together into a single diffracted spot and often
cannot be definitively assigned to a specific structure. This resolution limit is based on the use of
high numerical aperture (NA ~ 1.4) resulting in a resolution limit of 200 nm laterally and 500 nm
in the axial plane [86]. Aside from poorer resolution in the axial plane, chromatic aberration
inherent in utilizing multiple fluorescence channels further diminishes the ability for exact
localization of fluorophores [87]. In relation to electron microscopy, light microscopy benefits to
a much greater degree from immunohistochemistry, a methodology by which visible markers are

bound to antibodies specific for proteins of interest. Using this methodology, proteins of interest



can be identified visually and studied within samples. Furthermore, light microscopy can allow for
the imaging of multiple proteins in one sample using different wavelengths of light. Electron
microscopy can take advantage of immunohistochemistry, but is limited in the scope of its
application as all labeled proteins will be seen as the same value on the gray-scale electron
microscopy images.

An additional benefit of light microscopy is the ability to capture large fields of view in
comparison to electron microscopy. Light microscopy can allow for fields of view as large as 25
mm in some imaging systems, while electron microscopy provides a field of view ranging from 1
mm down to the picometer scale [88, 89]. Because of this, light microscopy can allow for the study
of whole tissue and complete cell populations where electron microscopy often cannot.
Additionally, light microscopy has the added benefit of producing 3D stacks of images capturing
the three-dimensionality of biological tissue. Until the advent of SBF-SEM, electron microscopy
was primarily capable of only two dimensional (2D) imaging of ultra-thin samples. While serial
sectioning using transmission electron microscopy (TEM) is possible, the technical challenge of
collecting serial sections is demanding and is typically limited to less than 50 serial images
spanning a depth of no more than 5 microns [90, 91].

With SBF-SEM it is possible to have the benefit of electron microscopy levels of resolution
with the three-dimensional context that is usually reserved for light microscopy. Using this
methodology we have been able to reconstruct cellular structures with high resolution that reliably
reproduce the 3D structure expected from light microscopy studies (Figure 1.2). Furthermore,
with the advent of SBF-SEM, it is now possible to collect 3D ultrastructural data with relative
ease. Routine automated collection of a thousand or more serially-registered images spanning a

depth
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Figure 1.2. Comparison of light microscopy and SBF-SEM reconstruction of a corneal
nerve penetrating the basal lamina of the corneal epithelium.

Reconstruction of a corneal nerve bundle passing through the epithelial basal lamina using serial
block-face scanning electron microscopy, with inset image of light microscopy of a similar event
using anti-beta-tubulin 111 labeling. SBF-SEM faithfully captures the expected nerve morphology
as seen using light microscopy. SBF-SEM allows for the appreciation of cellular ultrastructure
however, where light microscopy does not. Furthermore, quantitative data such as organelle
localization and count, volumetric data, surface area calculation, and precise length and distance
allowance are all possible using SBF-SEM.
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of 50 to 100 microns allows for superior 3D reconstructions and improved ultrastructural
interpretation [62]. In addition to providing the ability to produce 3D reconstruction of tissue at an
ultrastructural level, the context provided by serial section imaging allows for the identification of
complex cell-cell interactions at an ultrastructural level that cannot be seen using light microscopy
or single section electron microscopy. As a result, SBF-SEM has been applied across a great deal
of tissue in the literature but, prior to the work covered in this dissertation, had yet to be utilized
in the study of corneal nerves.

SBF-SEM relies on the detection of backscatter electrons that originate from tissue when
it is hit with an electron beam [92]. Tissue preparation for ultrastructural imaging requires non-
specific staining with heavy metals, and it is these heavy metals that lead to the backscatter of
electrons and the level of contrast seen in EM images [93]. After the electron beam scans the
sample surface, a new surface is cut, and in this manner a series of images can be collected
producing a 3D sampling of tissue [92, 94]. These image stacks can then be analyzed using
stereological methods, or via reconstruction (the process of segmenting structures of interest and
producing virtual 3D representations). While SBF-SEM offers a 100-fold improvement in
resolution, compared to light microscopy (nanometer scale), and is capable of revealing proteins
and their spatial organization in relation to cellular structure, it cannot detect fluorescence, is
limited to a small field of view, and 3D segmentation and reconstruction is presently a very labor-
intensive process [82, 90, 95, 96].

Segmentation is the act of outlining, image by image, structures of interest. Once a structure
has been outlined throughout an image stack, software is used to construct a 3D representation of
that structure. It is possible to collect terabytes of image data from tissue within the span of a single

week, however identifying, segmenting, and pulling data from these image stacks can take
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anywhere from weeks, to months, to years depending on the questions being asked. For example,
Blue Brain, a Swiss initiative to reconstruct the mouse cortex, began in 2005 and is predicted to
complete its first draft of the reconstruction between the years 2024 and 2028 [97, 98]. Despite
this, SBF-SEM offers a wholly unique and highly detailed perspective on biological tissue that

was not possible before its advent.

1.4 Obesogenic Diet and the Cornea

Obesity is a global epidemic and risk factor for type Il diabetes that has a profound effect
on innervation. It is estimated that roughly 10% of the population of the United States has diabetes,
with almost a quarter of those individuals undiagnosed [99]. Most studies of corneal changes in
obesity focus on hyperglycemia and insulin resistance, both late-stage aspects of metabolic
syndrome [100-108]. However, using an established mouse model of diet-induced obesity, we
observed loss of corneal sensitivity after only 10 days and a marked reduction in corneal nerve
density after 10 weeks of feeding mice an obesogenic diet. At 10 days, the ability of the cornea to
heal after an epithelial abrasion was significantly delayed [7]. These pathological changes in the
cornea begin prior to the onset of sustained hyperglycemia and diabetes. It is currently unknown
how this process of corneal nerve leash reduction occurs in mice fed an obesogenic diet.

Diabetic keratopathy is a chronic pathological neuronal condition of the cornea found in
up to 70% of diabetic patients, often presenting as a loss of corneal sensitivity and diminished
capacity to heal after wounding [109]. The obesity epidemic has markedly increased the incidence
of type Il diabetes worldwide. Approximately one in three U.S. adults over 18 years of age
(estimated 88 million individuals) has prediabetes, a condition with blood glucose or hemoglobin
Alc levels higher than normal but not high enough to be classed as diabetes [99]. Pre-diabetic

individuals often have an associated metabolic syndrome with systemic inflammatory changes in
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adipose tissue, muscle, liver and other tissues that contribute to diverse pathologies [110-112]. In
the pre-diabetic obese individual, the extent to which metabolic syndrome contributes to the
development of diabetic keratopathy is unknown. Pre-clinical studies of type Il diabetes in animals
have confirmed and extended observations potentially relevant to human keratopathy. These
models have been very limited, though, in considering possible pathogenic roles of the early
obesogenic diet-induced changes that precede the development of type Il diabetes [113].
Understanding the role nerves play in the progression of this disease is particularly important, as
the aforementioned reductions in corneal sensitivity and nerve density occur very early in mouse
models of obesity. Corneal neuropathy can compromise the health of the corneal epithelium, as
well as the quality of life of individuals. Many infectious and non-infectious corneal diseases lead
to compromised innervation which can result in neurotrophic keratopathy and blindness [7, 63,
114-119]. Loss of corneal innervation has been shown to diminish the barrier function of the
corneal epithelium via ulceration or thinning of the surface epithelium, while also slowing the
healing rate of the epithelium post-wound [8]. This can lead to stromal swelling or scarring
resulting in opacification of the cornea and loss of vision, or allow infectious agents into the deeper
structures of the cornea and eye [119-122]. Understanding the ultrastructural changes that occur
in the corneal nerves of individuals who regularly consume an obesogenic diet may aid in

combating the corneal complications of this global epidemic.

1.5 Aging and the Cornea

Aging is the continual decline in age-specific fitness of an individual over time. The aging
process can be boiled down to three different categories of deterioration within biological tissue;
the aging of proteins and the means of their production, the aging of dividing cell populations, and

the aging of non-dividing cells [123]. Examples of dividing cell populations within the cornea are
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found in the corneal epithelium and the keratocyte network within the stroma. Corneal epithelial
cells divide continuously with the majority of basal cells becoming terminally differentiated every
6 days followed by a post-differentiation lifespan of roughly 6-11 days, while stromal keratocytes
undergo conditional differentiation, having an extremely low proliferation rate (quiescent) under
normal conditions but dividing rapidly in response to injury [124]. While the soma of corneal
nerves are found in the trigeminal and superior cervical ganglion, they are non-dividing cells with
slender processes (nerve projections) that terminate in the cornea. An example of non-dividing
cells with processes found in the cornea, and the focus of this dissertation, is found in the corneal
nerve population.

The aging process results in both structural and functional changes in the cornea [4]. These
changes can affect the ability of the cornea to protect itself from injury, repair itself, and can even
alter its ability to refract light. Aging has been associated with corneal steepening and increased
against-the-rule astigmatism (astigmatism with an axis at 90° rather than the more typical 180°),
along with increased thickness in the posterior limiting lamina [123]. The capacity of the cornea
to heal following injury has been observed to decline with age, and the refractive outcomes and
final visual acuity resulting from laser refractive surgery have been shown to be less favorable in
the elderly [125-127]. Additional studies have shown a steady decrease in endothelial cell density
with age, as well as a compensatory increase in endothelial cell size (polymegathism) and loss of
their regular hexagonal shape (pleomorphism) [128]. These changes coincide with a decrease in
stromal keratocyte density in all regions of the cornea [4].

Studies in both humans and mice have shown an age-related decline in corneal nerve
density as well, concurrent with a loss in corneal sensitivity. Studies in humans have shown a

steady decline in corneal innervation from the age of 15 until death, with an approximate loss of
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0.9% of sub-basal nerve fiber density per year [4, 129, 130]. Studies in mice reveal that there is an
increase in basal epithelial vertical nerve density from 10 days of age until 8 weeks, after which
there is a plateau in corneal innervation between 8 weeks and 12 weeks of age, followed by a
decline in nerve density as the mice continue to age [5]. Loss of corneal nerves can lead to corneal
diseases such as dry eye disease or Sjogren's syndrome, pathologies that increase in prevalence
with age [131-133]. Additionally, age-related loss of corneal innervation can leave the cornea
prone to injury, infection and disease, such as dry eye, which has the potential to lead to a
diminished quality of life or even vision loss. With age-related corneal nerve loss an individual’s
ability to properly respond to and avoid ocular injury is diminished, the lacrimal response to ocular
dryness can be reduced leading to painful dry eye and mechanical stress to the ocular surface, and
the barrier function of the corneal epithelium can be compromised as the cellular homeostasis
between the epithelium and corneal nerves is lost [116, 126, 134-137]. Similar to the corneal nerve
changes resulting from obesity, the mechanisms regulating age-related changes in corneal

innervation are unknown.

1.6 Cell-cell Fusion

This dissertation discusses the fusion between corneal basal epithelial cells and corneal
nerves and is, to our knowledge, the first report of this heterotypical cell-cell interaction in the
cornea. Cell-cell fusion is a widespread biological phenomenon found in organisms ranging from
yeast to humans [138]. Cell-cell fusion was first described by Dr. Schwann in 1839 while studying
superficial dorsal muscle in pig embryos and has since been described in other systems [139-142].
Neurons can fuse with themselves or neighboring neurons after injury, while mesenchymal stem
cells can fuse with neurons in what is thought to be a method of cell reprogramming [143-146].

Giant cell formation through macrophage fusion is central to granuloma formation, and sperm-egg
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fusion is a required process for sexual reproduction [147]. However, all previous reports of cell-
cell fusion in the literature either occur during development or in disease states. Our discovery of
neuronal-epithelial cell fusion, on the other hand, has been detected in normal C57BL6/J adult
mice. The only previous example of two heterotypic cells fusing would be the fusion of neurons
and mesenchymal stem cells. In the corneal epithelium, transiently amplified cells are basal
epithelial cells that retain stem-like properties [148]. Migrating towards the central cornea, these
cells retain their ability to divide outside of the limbal stem-cell niche [149]. As cell-cell fusion
has been reported between neurons and stem cells during development, it is possible that these
TAC cells play a role in neuronal-epithelial cell fusion. Interestingly, nerve-stem cell fusion has

been described as a method of reprogramming nerve cells during development [146].

In this study of neuronal-epithelial cell fusion, the stromal neurons are devoid of both
neurotubules and mitochondria near fusion sites. However, a great number of mitochondria can be
seen clustering further from the site of fusion. Cell-cell fusion has been shown to result in high
intracellular calcium levels near sites of fusion. This increase in intracellular calcium leads to the
breakdown of microtubules and the inability of mitochondria to approach the site of fusion [67,
146]. It is possible that this phenomenon could explain the intracellular phenomenon reported in
this dissertation. Regardless, the similarities between the literature reporting heterotypical cell-cell

fusion and the phenomenon reported here are too great to be ignored.

1.7 Summary and Specific Aims

The cornea is the most highly innervated structure in the body. The nerves of the cornea not only
provide sensory information from the corneal surface, but also play a major role in corneal
homeostasis by providing trophic factors to resident epithelial cells [150-152]. In humans, corneal

innervation begins early in development with the formation of stromal and epithelial nerve
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plexuses at a high density that slowly diminishes after the age of 15 years until death, however the

mechanism by which these corneal nerve plexuses are organized throughout life is unknown.

Moreover, it has become apparent that the healthy innervation of the adult cornea can also be
disrupted by consumption of an obesogenic diet. The diet contributes to the development of
metabolic syndrome, a compound set of risk factors for developing Type Il diabetes and, of
relevance to this dissertation, an estimated 70% of diabetics exhibit a corneal neuropathy [109].
Obesity, and its associated metabolic syndrome, is a global epidemic and a significant healthcare
problem. Using a mouse model of diet-induced obesity, our data show corneal sensitivity is
diminished as early as 10 days after diet-initiation and by 10 weeks, reductions in corneal nerve

density are evident [7]. The mechanism behind diet-induced loss of neuronal density is unknown,

but it occurs prior to the onset of sustained hyperglycemia (i.e., before diabetes).

Initially, 1 set out to develop a 3D understanding of corneal nerves using serial block-face scanning
electron microscopy on normal, healthy mouse corneas. Almost immediately, I noticed an unusual
event that became the focus of my dissertation. | observed a subset of central stromal nerves giving
rise to axons that fuse with basal epithelial cells rather than passing into the corneal epithelium
and giving rise to the epithelial nerve plexus. These nerve axons fuse with basal epithelial cells,
such that the epithelial cytoplasm directly abuts the neuronal axoplasm with no membrane
interface. Using SBF-SEM, | investigated this phenomenon more thoroughly and found 47% of
nerves in the central cornea undergo neuronal-epithelial cell fusion, suggesting this is a relatively
common phenomenon. Ex vivo, a fluorescent tracer (Dil) applied to the trigeminal ganglion was
able to travel along the neurons, reach the central cornea and, in some cases, the tracer transferred

to basal epithelial cells, thus confirming the fusion event. These observations, and the resulting
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publication in PLOS One, became Aim 1 of this dissertation which gave rise to Aims 2 and 3
below.

Our working hypothesis is that corneal neuronal-epithelial cell fusion effectively organizes nerve

propagation in response to age-dependent and diet-related factors. The specific aims are:

Aim 1: To morphologically define the neuronal-epithelial cell fusion event, and evaluate its
frequency and distribution across the cornea.

Aim 2: To evaluate the relationship between neuronal-epithelial cell fusion and corneal aging.
Aim 3: To evaluate the effect of an obesogenic diet on neuronal-epithelial cell fusion frequency
and distribution in the cornea.

Rationale: Aims 2 and 3 seek to provide a novel mechanistic explanation for alterations in corneal
nerve density. While the stromal nerve plexus does not change with age, the density of the basal
and epithelial nerve plexuses decline with age [153-156]. This suggests axonal
rearrangement/pruning occurs even in the normal, uninjured cornea which is consistent with our
finding of neuronal-epithelial cell fusion in healthy 9 week old mice. Additional published
evidence from our laboratory supports the concept that corneal nerve density is reduced by

consumption of an obesogenic diet [7].
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2. General Methodology
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2.1 Mouse Model of Obesogenic Diet and Aging
2.1.1 Animals

Male C57BL/6J mice were purchased from Jackson Labs (Sacramento, CA) and housed at
the University of Houston, College of Optometry vivarium. Mice fed an obesogenic diet, as well
as their normal diet controls, were housed at the Baylor College of Medicine Children’s Nutrition
Research Center vivarium. Male mice were used as female mice show sex-associated differences
in diet response, and do not exhibit metabolic syndrome when fed an obesogenic diet as compared
to their male counterparts [157-161]. As we were interested in comparing data across all aims in
this dissertation, and the obesity aim of the dissertation requires male mice, it was important to
remain consistent in the genotype and sex of mice used in all of the studies contained herein. All
animals were handled according to the guidelines described in the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in Vision and Ophthalmic Research
and the University of Houston College of Optometry animal handling guidelines. All animal
procedures were approved by the Animal Care and Use ethics committees at Baylor college of
Medicine (IACUC #AN2721) and the University of Houston (IACUC number: 16-005).
2.1.2 Diet and Aging

C57BL/6J mice were fed an obesogenic diet (41.31% kcal milk-fat, 29.85% kcal sucrose,
11.8% kcal carbohydrate, and 15.26% kcal protein; Diet #112734; Dyets Inc., Bethlehem, PA)
consistent with our previously published studies. Male C57BL/6J mice were used as they exhibit
obesity and metabolic syndrome on this diet, while female mice do not. Additionally, the estrous
cycle of female mice has been shown to alter hormone levels affecting the inflammatory response
and providing a protective effect against weight gain and the development of diet-induced co-

morbidities [162-164]. As inflammation plays a major role in the pathogenesis of obesity, this

21



could be a complicating factor in our studies using an obesogenic diet [159-161]. Mice were fed
the obesogenic diet for 10 weeks, at which time nerve density was expected to be reduced by ~30%
compared to normal diet controls based on previous data [7]. Control mice, and mice in the aging
and 9 week old groups, were fed a normal chow diet (14.79% kcal fat, 0.31% kcal sucrose, 61.81%
kcal carbohydrate, and 23.09% kcal protein; Advanced Protocol PicoLab Select Rodent 50 IF/6F
5V5R; LabDiet, St Louis, MO). Aged mice were allowed to age up to 24 weeks before data and

tissue collection.

2.1.3 Evaluation of Mouse Weight and Body Composition

Mice from each conditions across all aims of the dissertation were weighed prior to
euthanization, and their epididymal fat-pads collected and weighed, to document expected weight
gain and increase in adiposity. Body adiposity index was calculated as the ratio of whole-body

weight to epididymal fat-pad weight.

2.1.4 Euthanasia

Mice were euthanized by CO: asphyxiation followed by cervical dislocation. In
experiments where perfusion fixation occurred, mice were euthanized using an overdose of a 2:1
mixture of 20% ketamine, 20% xylazine followed by transcardial sequential perfusion of
heparinized saline prior to perfusion with either 2% paraformaldehyde in PBS (pH 7.2) for light
microscopy studies or 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.2) for electron
microscopy studies. Perfusion fixation must be done with the appropriate physiological pressure
for the animal model being used. In mice, 100 mmHg (100 cm H20) of pressure is recommended
and this is accomplished by placing the perfusion fluids 100 cm above the animal. After
administering the anesthetic overdose and checking for lack of responsiveness, the body cavity is

opened and heart exposed. A surgical needle attached to the perfusion fluids is placed in the left
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ventricle and held there with a clamp, a cut is made in the right atrium, and the perfusion fluid
allowed to perfuse through the animal. Tissue of interest will become pale as blood is replaced
with fixative. If all or a portion of the tissue does not blanche then the tissue may not be

appropriately fixed and ultrastructure may not be preserved.

2.2 Serial Block-Face Scanning Electron Microscopy
2.2.1 Tissue Processing

Mice were euthanized by CO: asphyxiation followed by cervical dislocation. Tissue
fixation and resin-embedding were performed as previously described [165, 166]. Briefly,
following enucleation, the eyes were placed in primary fixative (0.1M sodium cacodylate buffer,
pH 7.2, containing 2.5% glutaraldehyde and 2mM calcium chloride) for 2 hours at room temperate.
Fixed corneas, with the limbus intact, were carefully excised from the whole eye and cut into four
equal quadrants. These quadrants were then washed in buffer before serial contrasting in potassium
ferrocyanide, osmium tetroxide, thiocarbohydrazide and osmium tetroxide. The contrasted tissue
was stained in uranyl acetate at 4°C overnight before being placed in a lead aspartate solution for
30 minutes at 60°C. Finally, the tissue was dehydrated through an acetone series before embedding
in Embed 812 resin (Embed-812, Electron Microscopy Sciences, Hatsfield, PA) containing
Ketjenblack (Ketjenblack EC600JD, Lion Specialty Chemicals Co., Tokyo) in order to reduce
tissue charging [93]. The block-face was trimmed to a 1 mm x 1 mm size and the tissue block was
then glued to an aluminum specimen pin, and covered in silver paint to further reduce charging.
Following application of silver paint, a thin layer of gold was applied to the sample block using a
Denton Desk-11 Vacuum Sputtering Device equipped with a standard gold foil target. The
sputtering device was run for 2 minutes with a chamber pressure of 200 millitorr (Argon gas) and

40 milliamps, resulting in a 20 nm thick gold coating.
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2.2.2 Block Preparation and Imaging

For an in-depth description of tissue block preparation and the imaging process, please see
Chapter 3 titled, “Serial Block-Face Scanning Electron Microscopy (SBF-SEM) of Biological
Tissue Samples.” This chapter has been published in the Journal of Visualized Experiments (JOVE)
[167].

2.2.3 Post-processing of Image Stacks

Tissue blocks were sectioned using a Gatan 3View2 system (Gatan, Pleasanton, CA)
mounted in a Mira 3 field emission scanning electron microscope (SEM, Tescan, Pittsburgh, PA).
Back scatter electron (BSE) detection was used to image the block-face. Serial imaging was
conducted under high vacuum (0.047 Pa) using a Schottky emitter. Imaging under high vacuum
has the effect of decreasing noise in collected images, but introduces the potential for tissue
charging. However, the inclusion of Ketjenblack to the resin greatly diminishes the capacity for
charging within the tissue. This allowed us to image our tissue under conditions that normally
result in unacceptably charged images. Beam intensity ranged from 5-7 on a scale ranging from 1-
20, with a pixel dwell time of 12 ps, and a spot size of 4-7 nm. Resolution improves with smaller
spot sizes [168]. With a spot size of 4-7 nm the plasma membrane of cells and organelles is clearly
visible as a single electron-dense structure (Figure 2.1). The z-step distance between each serial
image in these stacks was 100 nm. Magnification ranged from 3000-5500x and pixel size from 4-
15 nm.

The central cornea was defined as having a diameter of 2 mm; the peripheral cornea
occupied the region (1.5 mm) between the central cornea and the limbal vasculature (Figure 2.2).
Serial images of the block-face were monitored at low magnification for stromal nerves that

approached the corneal epithelium at which point the microscope was switched to high
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Figure 2.1. The resolution of membrane profiles using SBF-SEM.

Stromal nerve bundle fusion with a basal epithelial cell (A). This image was taken at 9 kV in high
vacuum. A spot size of 4.9 nm and pixel size of 7.3 nm were used, with a magnification of 37,000x.
Enlargement of the uppermost inset of panel A reveals the double membrane of the nuclear
envelope (white arrow), the single membrane of the endoplasmic reticulum (black arrow), as well
as a section of the interdigitating double membrane present at the cell-cell border between the
fused epithelial cell and its neighbor (black arrowheads) (B). Enlargement of the middle inset in
panel A reveals a continuation of the double membrane of the nuclear envelope (white arrow), an
additional portion of the single membrane of the endoplasmic reticulum (black arrow), as well as
the double membrane of a mitochondrion (white arrowhead) with visible internal cristae (C).
Enlargement of the bottommost inset in panel A reveals a lack of membrane between the two cells
at the site of fusion, a finding common to all serial images of fusion events. If membranes were
present, they would be visible as the double membrane of an axonal and epithelial cell border. The
slight electron density visible is most likely accounted for by the organized cytoskeleton seen
above the hemidesmosomes (Panel A, *) which appears to extend across the fusion site. Scale bars
=500 nm [23].
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Figure 2.2. Delineation of the central and peripheral mouse cornea.

Cartoons depicting the central and peripheral regions of the cornea using en-face (A) or tangential
(B) views. The central cornea was defined as having a diameter of 2 mm, with the remaining 1.5
mm between the central cornea and the limbus defined as the peripheral cornea.
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magnification imaging and serial images were collected and used to document nerve-epithelial
interactions (i.e., penetration and fusion). Image stacks were post-processed for spatial drift
removal using Gatan Digital Micrograph (version 2.31.734.0) software (Gatan; Pleasanton, CA).
Some volumetric data sets were imported into syGlass virtual reality visualization software
(syGlass; Morgantown, WV) for histogram-based reconstruction. This was done by importing both
araw and gray-scale inverted copy of the volumetric data into the software to be treated as separate
color channels. Each channel was contrasted to isolate either the electron-translucent portion of
the nerve bundle or electron-dense material within the image series.

Subsequent three-dimensional segmentation and reconstruction was conducted using
Amira 6.0.1 software (FEI Company, Hillsboro, OR). The contours of structures of interest were
manually traced for each image in the image stack using a digitizing pen connected to a Wacom
tablet (Model #CTL-490) (Wacom; Kazo, Saitama, Japan). Traced profiles were used to produce
three dimensional volumetric reconstructions. Volumetric data were extrapolated from these
digital reconstructions using the “material statistics module” in the Amira 6.0.1 software package,
and surface meshes applied via the “generate surface module” were used to create digital models
of each reconstruction. Images and videos of reconstructions were generated using the “animation”
module. Segmentation and reconstruction using the Amira 6.0.1 software was conducted by a four-
person reconstruction team. Care was taken to reconstruct the electron-translucent axons
separately from the electron-dense axons within each nerve bundle, this was accomplished by
assigning a different material (i.e., color) to each structure of interest. The basal lamina was
identified by its characteristic electron-density (lamina densa) at the stromal face of basal epithelial

cells, and neuronal mitochondria by their electron-dense double membrane and size.
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2.3 Transmission Electron Microscopy

In some cases, tissue blocks prepared for SBF-SEM containing verified neuronal-epithelial
cell fusion and nerve penetration into the basal epithelium were removed from the Gatan 3View2
system and ultra-thin sections 100 nm thick were cut, set on single slot copper grids, and imaged
on a Tecnai 12 G2 Spirit BioTWIN electron microscope (FEI Company, Hillsboro, OR). Nerve

bundles were imaged and assessed for the presence of microtubules and cellular organelles.

2.4 Dil Labeling of the Trigeminal Ganglia
2.4.1 Tissue Processing

Dil crystals were placed on the trigeminal ganglia of 6 C57BL/6J mice. Mice were
euthanized by CO> asphyxiation followed by cervical dislocation. The head was then removed, the
skin covering the skull removed (making sure to carefully cut around the tissue surrounding the
orbit), and the skull was cut down the medial line and removed along with the brain up to the
cerebellum, pons, and medulla. The head was then placed in 2% paraformaldehyde overnight. The
following day, the trigeminal ganglion was located [169], severed at the ophthalmic branch, and
Dil crystals (1, 1—dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate, ThermoFisher,
Waltham, MA) were crushed into the ganglia using surgical tweezers (Figure 2.3). The region
around the ganglia was dried using chem-wipes prior to Dil application, as Dil is a hydrophobic
substance [170, 171]. The skull was then filled with 5% low-melting temperature agarose using a
pipette, allowed to harden at 4°C for 2 minutes. The tissue was then placed in 2%
paraformaldehyde (to prevent tissue breakdown) and allowed to sit at 4°C for 26 weeks. Following
this period, the eyes were enucleated, corneas isolated, stained with DAPI, and flat-mounted for
imaging. Control mice, where Dil was excluded from the tissue preparation, were included in the

study.
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Figure 2.3. Application of Dil to the trigeminal ganglia of the mouse.

A dissected view of the mouse cranial cavity showing trigeminal ganglia (*) straddling the optic
chiasm. The trigeminal branches are labeled as 1, 2 and 3 and correspond to the ophthalmic,
maxillary, and mandibular branches. Dil crystal was applied to the severed ophthalmic branch
[23].
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2.4.2 Imaging of Dil Labeled Corneal Nerves and Basal Epithelial Cells

Previous studies have utilized Dil in order to conduct anterograde tracing of peripheral
neurons [171, 172], and the Dil work discussed in this dissertation demonstrate that Dil crystals
placed on the trigeminal ganglion results in strong, specific staining of stromal nerves and points
of neuronal-epithelial cell fusion. The primary benefit to using Dil, aside from it being an excellent
established fluorescent tracer, is the method by which it diffuses through neuronal axons [170,
172-174]. Dil is a lipophilic dye which binds to lipids in the plasma membrane of the cell and
travels through fixed tissue via diffusion (Figure 2.4). This dye does not transfer between cell
plasma membranes, making it a suitable stain for documenting plasma membrane continuity at
sites of neuronal-epithelial fusion. Thus, any epithelial cells fluorescing in the Dil channel would
only fluoresce due to the plasma membrane continuity inherent in a neuronal-epithelial cell fusion
event.

Corneas were imaged using a DeltaVision wide field deconvolution fluorescence
microscope (GE Life Sciences, Pittsburg, PA) with a 60x immersion oil lens. Corneas were then
scanned for fusion events identified as a basal epithelial cell, or cluster of cells, containing Dil
labeled plasma membrane immediately adjacent to a Dil labeled stromal nerve projection. The
central cornea was defined as the centermost 2 mm of the cornea. The remaining 1.5 mm region,

defined at its edge by the limbal vasculature, was considered the peripheral cornea.

2.5 Morphometric Analysis and Stereology

Morphometric analysis using standard stereological techniques was performed as
previously described [175, 176]. Stereology is an aspect of morphometry that takes advantage of
the inherent mathematical relationships between three-dimensional objects and their two-

dimensional representations (e.g., electron micrographs) [177]. These relationships are based on
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Figure 2.4. The theoretical process of neuronal-epithelial cell fusion and Dil transfer from

neuronal axon to basal epithelial cell.

Cell-cell fusion begins with fusogen-assisted approach of two cellular membranes (A). When
membranes approach within a 2 nm distance, the outer leaflets of the plasma membranes fuse (B).
The fusion of the outer leaflets of cellular membranes leads to “stalk formation,” as the inner
leaflets of the membranes are pulled in close contact (C). The inner leaflets of the fusing cells fuse
as a result of this close contact, completing the cell fusion process (D). Fused membranes allow
for the transfer of neuronal (red) and epithelial (blue) plasma membrane lipids and proteins (E).
This transfer can be taken advantage of using neuronal tracers (yellow), which pass freely from

one cellular membrane to the next at points of cell-cell fusion (F).
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the reasoning of geometric probability and statistics, and the practice of using stereological grids
has been used extensively over the past 50 years to obtain unbiased and accurate estimates of
geometric features such as cell (or organelle) number, length, surface area, and volume [178-184].
In order to estimate the surface-to-volume ratio of fusing and penetrating nerves, a cycloid grid
was used. Briefly, serial electron images were obtained of both fusing and penetrating nerve events
as they approach/interact with the corneal basal epithelium. The serial images in which the nerve
is visibly interacting with the epithelium were identified, and an image was selected at random for
analysis. This was done by assigning each image a sequential numerical identifier and utilizing a
random number generator for selection. Digital micrographs were analyzed in Adobe Photoshop
(Adobe Systems Inc., San Jose, CA) using a cycloid grid [185]. The vertical axis of the grid was
oriented in parallel to the basal lamina within each image in order to account for the anisotropic
properties of the cornea. Line intersections with the nerve bundle of interest were counted, as well
as target points located within the nerve bundle (Figure 2.5). In order to avoid counting line
intercepts and target points within nerves located on the epithelial side of the basal lamina, a
restriction line was drawn from one end of the basal lamina pore to the other and counts were only
made on the stromal side of each nerve. The ratio between line intersections with the nerve and
target points within the nerve was used to calculate the cell surface density, or surface-to-volume

ratio using an established stereology formula:
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Figure 2.5. Morphometric analysis of corneal nerve surface-to-volume ratio using a cycloid
grid.

A single image from an SBF-SEM series showing a nerve that has fused with a basal epithelial
cell (A). A micrograph from this series was selected at random and a cycloid grid was randomly
cast onto the image while maintaining the orientation of the grid (defined by the vertical white
arrow) parallel to the epithelial basal lamina (B). The intersection of the grid lines with the surface
of the nerve bundle are marked with blue dots (surface area) while grid points falling within the
nerve bundle are marked with green dots (volume); the inset, enlarged in panel (C), offers a
magnified view of the grid. Scale bars = 2 um [23].
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where | is the number of intersections between the grid lines and nerve bundle, P is the number of
grid points falling within the target nerve, and I/p is the length of test line per grid point (corrected
for magnification) [185].

Interactions between nerve and epithelium (fusion or penetration) include a discontinuity
in the basal lamina. The maximum dimension of each discontinuity (i.e., basal lamina pore

diameter) was identified within each image stack and measured using Fiji (ImageJ) [186].

2.6 Aesthesiometry

Corneal sensitivity was measured using a Cochet-Bonnet monofilament aesthesiometer in
awake mice. Aesthesiometry is the practice of measuring tactile sensitivity of biological tissue; for
example measuring the sensitivity of skin, the surfaces within the mouth, or the surface of the eye.
This is generally done using an aesthesiometer, a device designed to measure tactile sensitivity. In
the context of the cornea, the aesthesiometer measures the sensitivity of corneal nerves originating
in the ophthalmic branch of the trigeminal ganglion (V cranial nerve) [12]. The Luneau Cochet-
Bonnet Aesthesiometer, used in the work presented here, is an ophthalmic instrument designed for
rapid corneal sensitivity examinations and it is used in the clinic and in animal studies (e.g., rats,
mice, horses). The principle behind the measurement is that the pressure transmitted axially by a
nylon monofilament pressed against the ocular surface varies with its length. At full extension the
nylon monofilament length is 6.0 cm and it can be incrementally shortened to increase its stiffness.
When the filament tip (of known diameter) is pressed against the corneal surface, it transmits a
known amount of pressure determined by its length. If the mouse blinks (positive response) the
length of the filament will be recorded. If the mouse does not blink then the nylon filament is
shortened by 0.5 cm and the test repeated until a positive response is recorded. The process is

repeated for each eye three times to obtain an average response. The monofilament length ranges
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from 0.5 cm to 6.0 cm, covering a transmitted pressure range from 15.9 g/mm?to 0.4 g/mm?
respectively. The filament length is converted to pressure (g/mm?) using a conversion chart (Table
2.1). Increased pressure indicates decreased corneal sensitivity.

Table 2.1. Cochet-Bonnet Aesthesiometer Conversion Table

Nylon filament

length (cm) 6 |55 5 (45 4 35| 3 (25| 2 |15 1 [05

Pressure (g/mm?) | 0.4 |05|055( 07 [ 08 | 1.0 | 1.4 | 1.8 | 2.8 | 5.1 | 10.3|15.9

2.7 Statistical Analysis

A power calculation was used to calculate sample size. Based on preliminary data gathered
from normal diet fed mice, we predict there will be ~125 fusion events in the cornea with a
variability of + 15. Based on preliminary data gathered from mice fed an obesogenic diet for 10
weeks we anticipate a doubling in the number of fusion events recorded. Given an alpha of 0.05
and 80% power, the resulting sample size is 6 animals/condition (Table 2.2). To compare
frequency of neuronal-epithelial cell fusion across conditions a Chi-squared test was used with an
alpha < 0.05 considered significant. To compare between each condition a Fisher’s exact post-hoc
test was performed. A two-tailed Student’s t-test was performed to compare surface-to-volume
ratios between penetrating and fusing nerves, while a Mann Whitney U Test (Wilcoxon Rank Sum
Test) was used to compare the basal lamina pore size between the two groups. A p-value of <0.05
was considered to be statistically significant. To compare corneal sensitivity and mouse total-body
weight across conditions a two-way ANOVA test was used followed by a Tukey’s post-hoc test to
compare between conditions. As the eAT weight and BAI data sets contained non-parametric data,
a Kruskal-Wallis test was performed followed by a Bonferroni modified Mann Whitney test.
GraphPad Prism 3.02 (GraphPad Software. San Diego, CA, USA) was used for statistical analysis
and data represented as the mean * standard error of the mean.
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Table 2.2. List of Animals/Aim

Aim 1 — Discovery & Morphology

SBF-SEM Animals 10
Dil Animals 6
Total Animals 16
Aim 2 — Obesogenic Diet Study
Normal Diet Animals 8
Obesogenic Diet Animals 8
Total Animals 16
Aim 3 - Age Study
24 Week Old Animals 8
Total Animals 8
All Aims
Total Animals 40
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3. Serial Block-Face Scanning Electron Microscopy (SBF-
SEM) of Biological Tissue Samples
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3.2 Summary

This protocol outlines a routine method for using serial block-face scanning electron
microscopy (SBF-SEM), a powerful 3D imaging technique. Successful application of SBF-SEM
hinges on proper fixation and tissue staining techniques, as well as careful consideration of
imaging settings. This protocol contains practical considerations for the entirety of this process.

SBF-SEM allows for the collection of hundreds to thousands of serially-registered
ultrastructural images, offering an unprecedented three-dimensional view of tissue microanatomy.
While SBF-SEM has seen an exponential increase in use in recent years, technical aspects such as
proper tissue preparation and imaging parameters are paramount for the success of this imaging
modality. This imaging system benefits from the automated nature of the device, allowing one to
leave the microscope unattended during the imaging process, with the automated collection of
hundreds of images possible in a single day. However, without appropriate tissue preparation

cellular ultrastructure can be altered in such a way that incorrect or misleading conclusions might
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be drawn. Additionally, images are generated by scanning the block-face of a resin-embedded
biological sample and this often presents challenges and considerations that must be addressed.
The accumulation of electrons within the block during imaging, known as “tissue charging,” can
lead to a loss of contrast and an inability to appreciate cellular structure. Moreover, while
increasing electron beam intensity/voltage or decreasing beam-scanning speed can increase image
resolution, this can also have the unfortunate side effect of damaging the resin block and distorting
subsequent images in the imaging series. Here we present a routine protocol for the preparation of
biological tissue samples that preserves cellular ultrastructure and diminishes tissue charging. We
also provide imaging considerations for the rapid acquisition of high-quality serial-images with

minimal damage to the tissue block.

3.3 Introduction

Serial block face scanning electron microscopy was first described by Leighton in 1981
where he fashioned a scanning electron microscope augmented with an in-built microtome which
could cut and image thin sections of tissue embedded in resin. Unfortunately, technical limitations
restricted its use to conductive samples, as non-conductive samples such as biological tissue
accumulated unacceptable levels of charging (electron buildup within the tissue sample) [187].
While coating the block-face between cuts with evaporated carbon reduced tissue charging, this
greatly increased imaging acquisition time and image storage remained a problem as computer
technology at the time was insufficient to manage the large file sizes created by the device. This
methodology was revisited by Denk and Horstmann in 2004 using a SBF-SEM equipped with a
variable pressure chamber [166]. This allowed for the introduction of water vapor to the imaging
chamber which reduces charging within the sample, making imaging of non-conductive samples

viable albeit with a loss of image resolution. Further improvements in tissue preparation and
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imaging methods now allow for imaging using high vacuum, and SBF-SEM imaging no longer
relies on water vapor to dissipate charging [188-194]. While SBF-SEM has seen an exponential
increase in use in recent years, technical aspects such as proper tissue preparation and imaging
parameters are paramount for the success of this imaging modality.

SBF-SEM allows for the automated collection of thousands of serially-registered electron
microscopy images, with planar resolution as small as 3-5 nm [195, 196]. Tissue, impregnated
with heavy metals and embedded in resin, is placed within a scanning electron microscope (SEM)
containing an ultramicrotome fitted with a diamond knife. A flat surface is cut with the diamond
knife, the knife is retracted, and the surface of the block is scanned in a raster pattern with an
electron beam to create an image of tissue ultrastructure. The block is then raised a specified
amount (e.g., 100 nm) in the z-axis, known as a “z-step,” and a new surface is cut before the
process is repeated. In this way a 3-dimensional (3D) block of images is produced as the tissue is
cut away. This imaging system further benefits from the automated nature of the device, allowing
one to leave the microscope unattended during the imaging process, with the automated collection
of hundreds of images possible in a single day.

While SBF-SEM imaging primarily uses backscattered electrons to form an image of the
block-face, secondary electrons are generated during the imaging process [197]. Secondary
electrons can accumulate, alongside backscattered and primary-beam electrons that do not escape
the block, and produce “tissue charging,” which can lead to a localized electrostatic field at the
block-face. This electron accumulation can distort the image or cause electrons to be ejected from
the block and contribute to the signal collected by the backscatter detector, decreasing the signal-
to-noise ratio [92]. While the level of tissue charging can be decreased by reducing the electron

beam voltage or intensity, or reducing beam dwell time, this results in a diminished signal-to-noise
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ratio [198]. When an electron beam of lower voltage or intensity is used, or the beam is only
allowed to dwell within each pixel space for a shorter period of time, less backscattered electrons
are ejected from the tissue and captured by the electron detector resulting in a weaker signal. Denk
and Horstmann dealt with this problem by introducing water vapor into the chamber, thereby
reducing charge in the chamber and on the block face at the cost of image resolution. With a
chamber pressure of 10-100 Pa, a portion of the electron beam is scattered contributing to image
noise and a loss of resolution, however this also produces ions in the specimen chamber which
neutralize charge within the sample block [166]. More recent methods for neutralizing charge
within the sample block use focal gas injection of nitrogen over the block-face during imaging, or
introducing negative voltage to the SBF-SEM stage to decrease probe-beam-lading energy and
increase signal collected [191, 192, 199]. Rather than introducing stage bias, chamber pressure or
localized nitrogen injection to decrease charge buildup on the block surface, it is also possible to
increase the conductivity of the resin by introducing carbon to the resin mix allowing for more
aggressive imaging settings [93]. The following general protocol is an adaptation of the Deerinck
et al. protocol published in 2010 and covers modifications to tissue preparation and imaging
methodologies we found useful for minimizing tissue charging while maintaining high resolution
image acquisition [188, 200-202]. While the previously mentioned protocol focused on tissue
processing and heavy metal impregnation, this protocol provides insight into the imaging, data
analysis, and reconstruction workflow inherent to SBF-SEM studies. In our laboratory, this
protocol has been successfully and reproducibly applied to a wide variety of tissues including
cornea and anterior segment structures, eyelid, lacrimal and harderian gland, retina and optic nerve,
heart, lung and airway, kidney, liver, cremaster muscle, and cerebral cortex/medulla, and in a

variety of species including mouse, rat, rabbit, guinea pig, fish, monolayer and stratified cell
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cultures, pig, non-human primate, as well as human [23, 165, 203, 204]. While small changes may
be worthwhile for specific tissues and applications, this general protocol has proven highly

reproducible and useful in the context of our core imaging facility.

3.4 Protocol

3.4.1 Ethics Statement

All animals were handled according to the guidelines described in the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals in Vision and
Ophthalmic Research and the University of Houston College of Optometry animal handling
guidelines. All animal procedures were approved by the institutions in which they were handled:
Mouse, rat, rabbit, guinea pig, and non-human primate procedures were approved by the
University of Houston Animal Care and Use Committee, zebrafish procedures were approved by
the DePauw University Animal Care and Use Committee, and pig procedures were approved by
the Baylor College of Medicine Animal Care and Use Committee. All human tissue was handled
in accordance with the Declaration of Helsinki regarding research on human tissue and appropriate
institutional review board approval was obtained.

3.4.2 Tissue Processing

1. Prepare a stock solution of 0.4 M sodium cacodylate buffer by mixing sodium cacodylate
powder in ddH20. Thoroughly mix buffer and pH adjust the solution to 7.3. This buffer is used
to make fixative (composition described below in step 1.3), washing buffer, as well as osmium
and potassium ferrocyanide solutions.

2. Perfusion fixation is often the best method of fixation for SBF-SEM studies, as fixation occurs
rapidly and throughout the body. If perfusion fixation is not possible within your study design,

skip to step 1.3. Perfusion fixation must be done with the appropriate physiological pressure
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for your animal model [205-207]. This is done via transcardial sequential perfusion with
heparinized saline followed by fixative, each placed at a specific height (e.g., 100 cm) above
the organism (appropriate to the physiological pressure of the vascular system in your animal
model), with fixative flowing into the left ventricle, and exiting out of an incision made in the
right atrium. Tissue of interest will become pale as blood is replaced with fixative, if all or a
portion of your tissue does not blanche then tissue may not be appropriately fixed and
ultrastructure may not be preserved.

Use a razor blade or sharp scalpel to trim tissue samples into blocks no larger than
2mmx2mmx2mm. If step 1.2 was skipped this must be done swiftly so that tissue can be
immersion fixed as quickly as possible. Alternatively, tissue can be dissected under fixative
and transferred to fresh fixative to complete the immersion process. The final composition of
the fixative consists of 0.1 M sodium cacodylate buffer containing 2.5% glutaraldehyde and 2
mM calcium chloride, and fixation is allowed to proceed for a minimum of 2 hours at room
temperature and a maximum of overnight at 4°C. If possible, use a rocker/tilt plate to gently
agitate samples while fixing. Alternatively, if an inverter microwave is available, fix tissue in
aforementioned fixative under vacuum at 150 watts for 4 cycles of 1 minute on, 1 minute off.
Microwave fixation is the preferred method for step 1.3 as it rapidly fixes tissue and preserves
tissue ultrastructure [208]. NOTE: Tissue should never be allowed to dry during this
protocol, care should be taken to transfer tissue quickly from one solution to the next.
Wash fixed tissue 5x3 minutes (15 minutes total) at room temperature in 0.1 M sodium
cacodylate buffer containing 2 mM calcium chloride.

The following osmium ferrocyanide solution must be made fresh, preferably during the

previous wash steps. Combine a 4% osmium tetroxide solution (prepared in ddH20) with an
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6.

10.

equal volume of 3% potassium ferrocyanide in 0.2 M cacodylate buffer with 40 mM calcium
chloride. After the previous wash step, place the tissue in this solution for 1 hour on ice in the
dark, and in the fume hood. NOTE: Osmium tetroxide is a yellow crystalline substance that
comes in an ampule. To create the osmium tetroxide solution crack open the ampule, add
ddH20, and sonicate for 3-4 hours in the dark until the crystals are completely dissolved.
Osmium tetroxide solution is a clear yellow solution, if the solution is black the osmium
has been reduced and should no longer be used.

While the tissue is incubating in the osmium ferrocyanide solution, begin preparing the
thiocarbohydrazide (TCH) solution. It is important that this solution be prepared fresh, and be
readily available at the end of the 1 hour osmium ferrocyanide fixation period. Combine 0.1 g
of thiocarbohydrazide with 10 ml ddH20 and place this solution into a 60°C oven for 1 hour.
To ensure the solution is dissolved, gently swirl every 10 minutes. Prior to use, filter this
solution through a 0.22 pum syringe filter.

Prior to incubating in TCH, wash the tissue with room temperature ddH20 for 5 x 3 minutes
(15 minutes total).

Place the tissue in the filtered TCH solution for a total of 20 minutes at room temperature
(Figure 3.1A-C).

Following incubation in TCH, wash the tissue 5 x 3 minutes (15 minutes total) in room
temperature ddH-0.

Place tissue in ddH20 containing 2% osmium tetroxide (not osmium reduced with potassium
ferrocyanide) for 30 minutes at room temperature. This should be done in the fume hood and

in the dark as osmium can be reduced by light (e.g., under aluminum foil) (Figure 3.1D-F).
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Figure 3.1. SBF-SEM and TEM comparisons at various steps in the protocol.

This protocol contains multiple steps in which sample tissue is stained with heavy metals. This
affects not only tissue contrast and appreciation of cellular structures and organelles, but also the
levels of charging that occurs when the tissue is imaged. This figure contains three distinct views
of prepared tissue: a low magnification view (A, D & G), a high magnification view (B, E & H),
and a TEM comparison of prepared mouse cornea (C, F & ). It can be noted that higher
magnification images can result in increased tissue charging, as the electron beam is concentrated
in a smaller region of tissue. The top row (A-C) is a representative sample from tissue processed
through the completion of step 1.8, and has been impregnated with potassium ferrocyanide,
osmium tetroxide, and thiocarbohydrazide. The arrows in the first two columns show the
epithelial-stromal interface as a reference point. Note the low level of contrast in comparison to
the bottom two rows, as well as the increased levels of tissue charging. The sample in the middle
row (D-F) was processed through the completion of step 1.10 and benefits from an additional
osmium tetroxide step, and is visibly more contrasted than the sample in the top row. While cellular
structures are discernible, charging is still present. The sample in the bottom row (G-I) benefits
from the full staining protocol and has minimal tissue charging. TEM imaging reveals tissue
contrast levels imparted by the heavy metals present at each step (right column): organelles in the
corneal endothelium (*) are more contrasted and apparent as tissue processing continues through
the protocol. Additionally, stromal collagen and fibrillin details become more visible (arrowhead)
as the protocol is completed. Panel A, D & G scale bar = 50 um. Panel B, E & H scale bar = 10
um. Panel C, F & I scale bar =1 um [167].
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Following osmium tetroxide incubation, wash tissue 5 x 3 minutes (15 minutes total) in room
temperature ddH-0.

Place tissue in 1% aqueous uranyl acetate (uranyl acetate powder mixed in ddH20) overnight
in a refrigerator at 4°C.

Just before removing tissue from the refrigerator, prepare fresh Walton’s lead aspartate
solution. Begin by dissolving 0.066 g of lead nitrate in 10 ml 0.03 M aspartic acid solution
(0.04 g aspartic acid in 10 ml distilled water) and adjust pH to 5.5 with 1IN KOH (0.5611 g in
10 ml distilled water). Caution: a precipitate can form when adjusting the pH. This is not
acceptable. So, using a stir bar, slowly add the 1 N KOH drop wise while monitoring pH.
Pre-heat the finished clear lead aspartate solution in a 60°C oven for 30 minutes (If a precipitate
forms the solution cannot be used and another solution must be prepared).

Remove the tissue from the refrigerator and wash 5 x 3 minutes (15 minutes total) in room
temperature ddH-0.

After washing, place the tissue in the warmed Walton’s lead aspartate solution for 30 minutes
while maintaining the temperature at 60°C.

After incubation in Walton’s lead aspartate, wash the tissue 5 x 3 minutes (15 minutes total) in
room temperature ddH.0 (Figure 3.1G-1).

Dehydrate the tissue through an ice-cold acetone series (30%, 50%, 70%, 95%, 95%, 100%,
100%, and 100% acetone (in ddH>O where applicable) allowing 10 minutes for each step in
the series.

Following the ice-cold dehydration series, place tissue in room temperature acetone for 10
minutes. During this time, Embed 812 ACM resin is formulated. The “hard mix” recipe should

be used as it is more resistant to beam damage. Mix the resin thoroughly, and place the tissue
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20.

21.

into Embed 812:acetone (1:3 mix) for 4 hours, followed by Embed 812:acetone (1:1 mix) for
8 hours or overnight, and finally Embed 812:acetone (3:1 mix) overnight. These resin-
embedding steps should be done at room temperature.

The next day, place the tissue in 100% Embed 812 for 4-8 hours, then in fresh 100% Embed
812 overnight, and finally into fresh 100% Embed 812 for 4 hours. These resin-embedding
steps are done at room temperature. Just before embedding, place a small amount of resin into
a mixing container and slowly mix (a wooden stick can be used for stirring) in carbon black
powder until the resin is saturated with the powder but is still fluid and does not become grainy.
It should resemble thick ink and be able to slowly drip from the wooden stick without visible
clumps.

Orient the tissue samples in a silicone rubber mold and take a picture so that sample orientation
within the resin block is recorded and can be referenced. Cover the samples in carbon black
saturated resin at the tip of the silicone mold and place the mold in an oven for ~1 hour at 65°C.
Place the mold at an incline so as to contain the resin at the tip of the mold where it covers the
tissue sample. Place a label with an experiment/tissue sample identifier in the mold at the
opposite end of the resin (Figure 3.2A).

Remove the silicone mold from the oven and fill the remainder of the mold with clear resin
(no carbon black) making sure that the label remains visible. The resin infused with carbon
black must be cured enough as to not readily mix with the clear resin. In order to test this it is
good practice to prepare an extra well within the mold that does not contain tissue. Beginning
with the extra well, fill the remainder of the mold with clear resin. If the carbon black infused
resin begins to bleed into the clear resin, place the silicone mold back into the oven for

additional time (e.g., 15 minutes). Once all of the tissue samples have been topped off with
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Figure 3.2. Schematic of embedded tissue block, specimen pin, and final preparation.

(A) Tissue should be placed in a known orientation at the very tip of the resin mold and the upper
third of the mold filled with carbon black saturated resin. The region of the mold furthest from the
tissue should remain clear so that the experiment label can be clearly seen. (B) Specimen pin
surface should be scratched to produce a grid pattern, this allows for a greater area of contact for
the cyanoacrylate glue to harden between the prepared specimen block and pin. (C) The carbon
black saturated resin should make a wide area of contact with the specimen pin head, however the
region that is cut by the diamond knife should be no greater than 1x1 mm. It is good practice to
taper the block towards the tip. This minimizes cutting forces on the diamond knife and by having
a wider base, the block is more resistant to separating from the pin during sectioning [167].
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clear resin, place the silicone mold back into the oven (flat, no incline) at 65°C for 48 hours to

complete the curing process.

3.4.3 Block Preparation

1. The method will depend on how the sample is oriented in the block and how the sectioning is

to take place. However, the most common tissue orientation finds the tissue centered in the tip
of the resin block, perpendicular to the long end of the resin block.
In most cases it will first be necessary to trim the end of the block to locate the tissue. This is
done by first placing the specimen block in the microtome chuck with the tapered end sticking
up approximately 5-6mm out of the chuck. Lock it in place with the set screw and place it
under a heat lamp.

2. After several minutes the block will be malleable and easy to trim. Place the chuck in the
stereomicroscope holder and use a new double-edge razor blade to make thin sections parallel
with the block face until the tissue is visible. This is best seen by angling light across the block
face, the tissue sample will be less reflective and granular compared to those portions of the
resin that are devoid of tissue. Consult the photograph taken of tissue samples prior to
introduction of carbon black saturated resin for an idea of how and where the tissue is located.
Set one specimen pin holder aside for trimming purposes. This pin holder is never placed into
the SEM chamber and can therefore be handled without gloves, this will be referred to as the
trimming pin holder. Any specimen holder destined to be placed into the imaging chamber
should never be touched without gloves. This avoids introducing grease and oil into the
microscope chamber.

3. Place an aluminum specimen pin in the trimming pin holder and slightly tighten the set screw

with the face (flat surface) of the pin held 3-4mm above the pin holder.
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Make several deep, crisscrossing scratches in the face of the pin to provide a larger surface
area for the glue used to hold the specimen in place. If an aluminum pin is used, a small steel
flathead screwdriver is recommended for this step (Figure 3.2B).

Place the chuck containing the tissue sample back under the heat lamp until the resin becomes
soft and malleable, then place it into the chuck-receptacle under the stereomicroscope.

Using a double-edged razor blade to trim away excess resin from the portion of the resin block
containing the tissue sample. Ultimately the size of tissue block attached to the pin will be
approximately 3 mm in diameter and 2-3 mm in height. To do this, carefully push the razor
straight down into the resin block roughly 1-2 mm, then carefully push the razor horizontally
into the resin block at a depth equal to the previous cut. This must be done slowly and with
great care, as it is possible to damage or cut away the portion of the block containing the tissue
sample. As the two cuts meet, the excess resin will separate from the block. Continue to remove
resin until only a 3x3 mm raised area remains.

After this initial trimming, place the block (still in the chuck) under the heat lamp for several
minutes.

Once the resin becomes soft and malleable, place the block back under the stereomicroscope.
Using a new double-edge razor blade, cut off the top of the resin block, roughly 1 mm below
the trimmed portion, with a single smooth cut. A flat surface is preferable as this will be glued
to the specimen pin. Be careful not to allow the sample to become lost, as this step requires
some force which can transfer to the removed portion of the block and cause it to fly away.
Place the cut and trimmed sample aside.

Place the trimming pin holder containing the cut aluminum pin in the stereomicroscope

receptacle. Apply a thin layer of cyanoacrylate glue to the pin face such that it completely
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11.

12.

13.

covers the pin without forming a visible meniscus. Pick up the trimmed piece of the tissue
block with forceps and place in on the pin face. Center the tissue sample on the specimen pin.
Push it down and hold it for several seconds. Allow the glue to set for several minutes.
When the glue is thoroughly dry, place the trimming pin holder back under the
stereomicroscope. Using a fine file, file away excess resin so that no resin is overhanging the
pin. The resin shape should resemble the circular pin head.
Locate the tissue on the raised portion of your resin block, oblique lighting is useful for this.
Using a double-edge razor, the raised portion of the resin containing the tissue sample must be
trimmed to an area no larger than 1 mm?. If possible, the block-face can be trimmed even
smaller, this will reduce stress on the diamond knife and improve its longevity. It is best
practice to remove as much excess resin as possible, leaving the block slightly longer in one
dimension. This is done slowly and with care, as it is possible for the resin containing the tissue
sample to break away if too much force is applied. While a razor is recommended, a fine metal
file can be used for this step.
With a fine metal file angle the excess resin, in the area outside the raised portion containing
the tissue sample, down towards the edge of the pin (Figure 3.2C).
Remove resin particles and dust from the prepared sample before applying silver paint
followed by gold sputtering. Mix silver with acetone so that it is an easily spreadable liquid,
akin to nail polish (but not so thin that it drips off of the applicator) and apply a thin coat to the
entire sample block surface. Acetone evaporates rapidly, so it may be necessary to add
additional acetone as the silver paint begins to thicken.

13.1. Allow the silver paint to dry overnight before loading into the microscope. This

silver layer must be thin in order to avoid expanding the block-face beyond
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Immx1mm, and while the silver paint has never damaged our diamond knife, smaller
block-faces are still recommended to preserve the longevity of the diamond knife.
The acetone mixed in with the silver must evaporate completely before gold-
sputtering or loading the sample into the microscope to avoid introducing acetone
vapor into the imaging chamber.

13.2. Following application of silver paint a thin layer of gold is applied to the sample
block. Using a standard vacuum sputtering device equipped with a standard gold foil
target, a chamber pressure of 200 millitorr (Argon gas) and 40 milliamps running for
2 minutes will result in a 20 nm thick gold coating.

14. After coating, place the mounted and trimmed block in a tube with the appropriate
experiment label attached. Custom tubes can be created using disposable transfer pipettes.
Cut the transfer pipette just below the bulb, leaving a short portion of the transfer pipette
tube attached bellow the bulbous end. Shorten the tubular portion that was cut away, and
cut the pipette tip back enough so that the aluminum specimen pin can be pushed snuggly
inside of it. The end containing the aluminum specimen pin can then be placed within the
bulbous end of the modified transfer pipette.
15. Before loading a prepared tissue block, carefully trim away excess silver paint from the
surface of the block face.
3.4.4 SEM Settings for Imaging the Block Face
The imaging settings that follow were produced on the device used by the authors, which is
listed in the table of materials provided. While this device is capable of variable pressure

imaging, best results were captured under high vacuum.
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Dwell Time — 12 ps/px during serial sectioning. When a region of interest has been identified
a higher resolution image can be acquired at 32 ps/px.

. Vacuum Settings — Gun pressure: 9e-008 Pa. Column Pressure: 1.1e-004 Pa. Chamber
Pressure: 9.5e-002 Pa.

Capture Time — With the above settings, a 2048x2048 px image stack can be captured at a
rate of 50 seconds per image. Higher resolution images of regions of interest can be captured
at 4096x4096 px at just under 9 minutes per image.

Section Thickness — 100-200 nm. Less is possible, but may require lower beam voltage,
intensity, or dwell time.

High Voltage (HV) — 7-12 kV. While increasing the voltage reduces the spot size and increases
resolution, it introduces more possibility for beam damage. Higher kV increases the beam
penetration which results in loss of details. However, lowering the kV degrades the signal to
noise ratio (Figure 3.3) [198].

Beam Intensity (BI) — The author’s SBF-SEM device offers a beam intensity scale ranging
from 1-20. On this scale, values of 5-7 give quality images without excessive charging and
beam damage. The higher the Bl the greater the resolution however, there is more chance of
charging and beam damage [198].

Spot Size and Image Magnification— As noted above, the spot size is determined by the beam
intensity and voltage level. Ideally, the spot size should not be larger than the pixel size used.
The pixel size is determined by dividing the field of view (FOV) by the number of pixels. For
example, a 25 pm FOV with an image size of 2048x2048 px would give 12.2 nm per pixel.
Therefore spot size should be no greater than 12.2 nm. Figure 3.4 shows how HV, Bl and spot

size are related.
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Figure 3.3. Comparison of image capture settings.

(A & B) Panels A and B compare image quality and resolution as a function of pixel dwell time.
Panel A was created using a 32 ps/pixel dwell time at 4 kV and suffers from a diminished signal
to noise ratio as is apparent in the “grainy” appearance of the enlarged inset. Panel B was created
using a 100 ps/pixel dwell time at 4 kV. Increasing the pixel dwell time increases the signal to
noise ratio and reveals an increased level of cellular detail, however increased pixel dwell time has
the potential to lead to tissue charging and/or heat build-up which softens the block and introduces
cutting artifacts (chatter) when sectioning. Panels C and D compare images captured under
identical exposure conditions but with two different beam kV values. Tissue in these panels was
impregnated with gold-toned nanogold particles to make differences in beam-penetration depths
more apparent. Panel C was captured at 9 kV while panel D was captured at 21 kV. Increased kV
has the advantage of increased contrast (D), however details are lost as result of gathering electrons
from a greater depth of tissue (C). As a result of sampling a larger cross section, larger numbers
of immunogold particles specific for GAP 43 are visible while non-specific labeling remains the
same resulting in an increased signal-to-noise ratio. Panel A & B scale bar = 2 um. Panel C & D
scale bar =1 um [167].
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Figure 3.4. Beam intensity, kV and spot size.

(A) Upon contacting the tissue sample, the electron beam (light blue) yields a teardrop-shaped
interaction volume, from which varying forms of energy are produced from the interaction
between beam electrons and the tissue sample. The teardrop shape is a function of tissue density
and heavy metal staining along with beam energy, and the tilt angle of the electron beam [209].
While x-rays, auger electrons, and tertiary electrons are produced during SBF-SEM imaging, the
primary concern is with backscattered (dark blue) and secondary (green) electrons [92]. The image
produced with SBF-SEM imaging is produced by collecting backscattered electrons. These
electrons originate from elastic interactions between the beam and the sample, and the signal
collected is highly dependent on the atomic number of atoms interacted with — hence the need for
heavy metal staining [210]. Secondary electrons originate from inelastic interactions between the
beam and the sample and detection of their signal is highly dependent on surface orientation.
Because the block-face is flat in SBF-SEM, secondary electrons do not contribute meaningfully to
the signal collected [92]. In fact, secondary electron accumulation on the surface of the block can
be a major source of charging and has a deleterious effect on image quality [166]. (B) This graph
shows the relationship between beam intensity, beam kV, and spot size. The spot size is the spatial
resolution of the beam, and determines the resolution limit of the images being produced.
Lowering kV increases the spot size, but also decreases the imaging depth allowing for finer
appreciation of detail. This has the effect of decreasing the detectable signal as well. Increasing
beam intensity offers an initial improvement on spot size and signal detection, but rapidly increases
levels of tissue charging. Ultimately, the beam intensity and kV values chosen are sample
dependent and best determined empirically in relation to the scientific question being asked [167].
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8. Working Distance (WD) — With block face imaging the working distance is not adjustable. It
is simply a factor of focus. It will be nearly identical for all blocks imaged. While the working
distance is not adjustable, it plays a critical role in the resolution of the image captured. As
working distance decreases, the resolution limit on images captured increases. In some cases
it may be possible to decrease the working distance by making modifications within the
imaging chamber, however these modifications must be made at the user’s discretion. In order
to decrease our working distance and increase image resolution, we loosened the door mount
microtome screws and repositioned the microtome so that it rested ~2 mm closer to the beam
detector after retightening the screws.

9. Resolution — Using the above settings, x & Yy resolution as high as 3.8 nm is possible. It is
important to note that resolution is limited by beam spot size as well as the pixel resolution of
the image captures (e.g., a 20 um field of view captured in a 2048x2048 pixel image has a pixel
resolution of 9.8 nm, even if a 3.8 nm spot size was used). Image resolution in the z-plane is

dependent on sectioning thickness, we find that 100-200 nm works well with this protocol.

3.5 Representative Results

Mouse Cornea

This protocol has been applied extensively to the mouse cornea. Using SBF-SEM imaging
a network of elastin-free microfibril bundles (EFMBs) were shown to be present within the adult
mouse cornea. It was previously believed that this network was only present during embryonic and
early postnatal development. SBF-SEM revealed an extensive EFMB network throughout the
cornea, with individual fibers found to be 100-200 nm in diameter when measured in cross-section.
It was also found that this EFMB network was organized in distinct layers, with fibers closely

associated with keratocytes, even lying within shallow invaginations on the keratocyte surface
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(Figure 3.5). The discovery of EFMB fibers in the adult cornea led to immunogold-labeling
transmission electron microscopy (TEM), fluorescence and confocal studies to further understand
the nature of this network [204].

Further application of this protocol led to the discovery of a previously unknown
population of central corneal nerves that fuse with basal epithelial cells at the stromal-epithelial
border (Figure 3.6). Previously, it was believed that all nerves interacting with the epithelium at
this border penetrated into the corneal epithelium and ramified producing the sub-basal and
epithelial plexuses. In this study, ~45% of central nerves interacting with the basal epithelium
underwent cell-cell fusion rather than simple penetration. Using stereological methods applied to
SBF-SEM data sets, it was possible to show this novel nerve population had a surface-to-volume
ratio roughly half that of penetrating nerves, consistent with their “swollen” appearance (Nerve
Fusion - 3.32+0.25, Nerve Penetration — 1.39+0.14, p < 0.05). 3D reconstructions of penetrating
and fusing nerve bundles and their mitochondria were created, highlighting the lack of
mitochondria in fused portions of the nerve bundles. The discovery of neuronal-epithelial cell
fusion using SBF-SEM led to fluorescence studies verifying membrane continuity between the
two fused cells [23].

The central cornea is an avascular tissue, and as such the peripheral limbal vasculature is of
particular importance to the overall health of the cornea. The cell-cell relationships and
ultrastructure of this region is complex, however the ability to appreciate these cell-cell
interactions and ultrastructural connections has been limited in fluorescence and single section
TEM studies. For this reason an SBF-SEM image stack containing limbal vasculature, nerve
bundles, and associated cells was manually segmented for 3D reconstruction (Figure 3.7). In this

image the close association between vascular endothelial junctions and an overlaying pericyte, the
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Figure 3.5. Elastin-free microfibril bundle network in the mouse cornea.

3D reconstruction of microfibrils (white) closely associated with keratocytes (yellow, orange &
green) within the corneal stroma. The microfibrils can be seen adjacent to, and in some cases
within shallow grooves in, corneal keratocytes (arrows) (A). This network of elastin-free
microfibrils are organized in distinct layers within the corneal stroma (B). Scale bar = 2 um. The

image block reconstructed is 45x45 pm in the x & y axis, and 30 um in the z axis with voxel a
resolution of 22x22x100 nm [167].
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Figure 3.6. Reconstruction of corneal nerves passing through basal lamina at the stromal-
epithelial border.

3D reconstruction of a penetrating nerve (purple) as it passes through the basal lamina (green).
This nerve can be seen to bifurcate prior to penetration. After penetrating into the epithelium, both
nerve branches underwent ramification. Mitochondria (yellow) are visible in the stromal and
epithelial portions of the nerve bundle. Scale bar = 2.5 pm. The image block reconstructed is 25x25
um in the X & y axis, and 14 um in the z axis with a voxel resolution of 12x12x100 nm [167].

63



64



Figure 3.7. Limbal vasculature and associated cells in the peripheral mouse cornea.

A single image (A) from a 3D image block (B) can be seen through which a vessel, nerve bundle,
and associated cells travel. Panel C shows a reconstructed vessel (red) with an associated pericyte
(gray) wrapped around it covering the endothelial cell junctions. A nerve bundle (blue) bifurcates
in close proximity to this vessel as it travels through the tissue. A neutrophil (yellow) can be seen
parallel to the long axis of the vessel, with its polymorphic nucleus visible within its cell body and
the trailing uropod visible as a protrusion towards the right of the image. A mast cell (magenta) is
visible on the underside of the vessel. Panel D isolates this mast cell, where its granules (green)
can be more easily seen overlaying the nucleus (purple) within the cell. Panel E highlights the
cellular structures overlaid on the cellular reconstructions, with endothelial nuclei denoted in blue,
and adherent microparticles visible in the vessel lumen (orange). Arrows show cell-cell borders
between endothelial cells, which can be further seen as raised ridges extending along the cells on
the luminal side of the vessel. Panel A scale bar =2 um. The image block used to reconstruct these
cells is 30x30 um in the x & y axis, and 42.5 pum in the z axis with a voxel resolution of
14.6x14.6x100 nm [167].
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individual granules of a perivascular mast cell, the nucleus and leading edge of a neutrophil
crawling along the outer surface of the blood vessel wall, as well as a passing nerve bundle can be
seen.

Taken together, this body of work demonstrates the capability of this protocol to produce
high quality 3D electron microscopy data sets in tissues rich in extracellular matrix and epithelium,
as well as vasculature and associated cells.

Higher Order Primate Retina — Nerve Plexus and Vascular Network

The retinal nerve fiber layer (RNFL) of higher order primates contains and depends on an extensive
vascular network. Often, diseases of the retina involve changes in both parameters of the retinal
nerve fiber layer as well as the vasculature found within it. Understanding the relationship between
the RNFL and its vascular network in healthy, non-pathological tissue is the first step to
understanding any changes that may occur as a result of disease. In order to better understand this
relationship, the SBF-SEM protocol was applied to normal higher order primate retina and the
reconstruction of the vascular network was performed and volumetric data extracted from this
reconstruction (Figure 3.8). This 4,642,307 um? region of the RNFL contained a vascular bed
1.207x10* pL in volume, making up 2.6% of the total volume of the RNFL. This work
demonstrates the capability of this protocol to produce high quality 3D electron microscopy data
sets in dense neurological tissue.

Zebrafish and Giant Danio Heart — Striated Muscle and Developing Vasculature

Both the zebrafish and the giant danio are important models for heart development and
regeneration. Historically, the zebrafish heart is considered to consist of two anatomically distinct
myocardial segments functioning together in support of the physiological demands of the

zebrafish. However, the interface between these two ventricular layers was not well understood.
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Figure 3.8. Reconstructed vascular network of the non-human primate retinal nerve fiber
layer.

(A) A 200x200 um SBF-SEM image of the primate retina taken at 8192x8192 px. The location
sampled is ~500 microns from the inferior temporal rim margin of a healthy eye with no pathology.
The image series reconstructed in panels C & D were captured at 2048x2048 px, with imaging
paused so that regions of interested could be imaged at 8192x8192 px. Panel B is the inlayed region
of panel A, taken directly from the original image. Note the large number of axons and their
mitochondria. (C) Orthoslice section through a 200x200x200 um tissue volume of a control eye
inferior temporal nerve fiber layer, with vasculature segmented. (D) Z-projection of the nerve fiber
layer vasculature. This series illustrates the resolution possible in a large field using this
methodology. Panel A scale bar =20 pm. Panel B scale bar =2 um. Image series voxel resolution
is 97.6x97.6x500 nm. Region of interest pixel resolution is 24.4x24.4 nm [167].
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This protocol has been utilized in further work examining the vascular network of the developing
giant danio heart (Figure 3.9). This method allows for the 3D appreciation of the developing
cardiac myocyte network and its relationship with developing microvasculature. Taken together,
this work demonstrates the capability of this protocol to produce high quality 3D electron
microscopy data sets in muscle and highly vascularized tissues.

Image Settings, Charging, and Resolution

While appropriate fixation and heavy metal staining is necessary for quality SBF-SEM imaging,
equally important is the use of conductive resin and proper imaging settings for the questions being
addressed. In this protocol, the use of carbon black is employed in order to increase the
conductivity of the sample block and provide a conduit to the mounting pin for the clearance of
secondary electrons from the block-face. This has proven effective in combating tissue charging
which often degrades image quality in tissues not prepared with carbon black [93]. In addition, the
silver paint and gold sputtering applied to the block provides a dissipation pathway for electron
buildup. Some devices allow for the addition of a focal charge compensator, which reduces
charging by applying a puff of nitrogen over the block-face, however we have had similar success
with the use of carbon black and the application of silver paint and gold sputtering to the block
[199]. Lack of sample conductivity can lead to electron buildup visible as tissue charging (Figure
3.1), as well as discharges that are visible as abrupt image shifting and warping which dramatically
diminish image quality (Figure 3.10B & F). The use of carbon black allows for imaging under
high-vacuum and the use of image settings that result in high signal-to-noise ratio and improved
image resolution. One such setting that leads to improved image quality is pixel dwell time. The
SBF-SEM imaging process involves the raster scanning of an electron beam across the sample

surface to generate backscattered electrons which the microscope detector can collect and interpret
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Figure 3.9. Segmentation and 3D volume rendering of vessels in the giant danio (Devario
malabaricus) compact heart.

(A) Two-dimensional micrograph in an image stack, showing the profile of a central venular-size
vessel (arrow) and an endothelial nucleus (arrowhead), with surrounding cardiac myocytes rich in
mitochondria and well organized sarcomeres (*). (B) Two-dimensional micrograph of the image
stack with a capillary-size vessel (arrow). (C) Biorthogonal projections of the micrograph stack
showing the capillary in panel B projected through one orthogonal slice. (D) 3D rendering of
segmented endothelial cells lining the reconstructed vessel. Illustrated in green, red, blue, and
purple are four separate endothelial cells; the endothelial cell depicted in blue can be seen in cross
section in panel B (arrow), while the endothelial cells depicted in red (arrow) and green
(arrowhead) are seen in cross section in panel A. Panels A & B scale bar =2 um. The image block
reconstructed is 30x30 pum in the x & y axis, and 16 um in the z axis with a voxel resolution of
14.6x14.6x100 nm [167].
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Figure 3.10. Imaging complications and artifacts.
(A) The wavy and distorted nature of this image is the result of imaging using a pixel dwell time
that is too long. This heats the resin block, leaving the block face soft and rubbery which results
in a distorted image upon cutting. (B) This image contains a host of artifacts. The asterisk indicates
a wavy distortion caused by prior imaging at a higher magnification and similar to panel A,
concentrating the beam on a smaller region with a longer pixel dwell time has softened the resin
in this region of interest. While the higher magnification image collected was free of artifacts, this
can lead to a subsequent series of images where the sample underlying the region of interest
appears distorted. This panel also illustrates the issue of debris accumulation on the block face
(arrow) during imaging, also denoted by the arrow in panel E. If this becomes a persistent imaging
problem, it will be necessary to break the vacuum, open the chamber and blow away debris
accumulated on the diamond knife and around the sample. Small discharges of electrons from the
block-face can lead to the rapid contrast changes and lines denoted by the white arrowhead. (C)
This image illustrates knife scratches on the block face. This can occur due to a damaged knife, or
debris accumulation on the edge of the knife. (D) The artifact denoted (arrow) is a result of the
electron beam focused on (without sectioning) the block face for an extended period of time with
the sample still in the imaging chamber. (E) Improper fixation of tissue can lead to separation of
cellular structures and connective tissue (*). (F) If a large amount of charging occurs in your tissue
or resin block, subsequent accumulation and discharge can occur which leads to the image
“skipping” as is seen in this image. Note the distortion of the tissue in the image at these skipping
points (arrows). Panel A scale bar = 1 um. Panel B scale bar = 2 um. Panel C scale bar = 5 pm.
Panel D scale bar =2 um. Panel E scale bar =25 um. Panel F scale bar =50 um [167].
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as signal. The length of time this beam is allowed to dwell within the space of each pixel leads to
a more accurate pixel value being assigned to each pixel location (Figure 3.3A & B) [166]. There
is a balance that must be struck between increased signal-to-noise, resolution and damage dealt to
the block-face however. The beam effectively irradiates the block-face with high energy electrons
which can break down and soften resin resulting in image degradation and cutting complications
(Figure 3.10) [211]. The thinner the z-resolution required, the more difficult it becomes to
maintain high-resolution imaging. We generally use z-steps of 100-200 nm, however z-step sizes
of 25-50 nm have been reported [190, 212-214]. With z-steps of this size, the break-down and
softening of resin due to beam damage can lead to either compression of the resin causing the knife
to miss a cut or cut the block-face but with “chatter” where the knife skips across the surface of
the block creating ripples and bands [92]. While small z-steps are an attractive prospect, it is
important to keep the specific research question in mind when choosing an appropriate z-step.
Over-sampling can lead to substantial data-storage considerations as well as an increase in time
required to produce 3D reconstructions.

Tissue fixation and Staining

Prior to heavy metal incubation, tissues must be fixed in glutaraldehyde. While we highly
recommend microwave fixation under vacuum for the preservation of tissue ultrastructure [208],
if a laboratory grade microwave is not available a commercial inverter microwave with variable
wattage can be substituted [215-218]. If this is done, extra care should be employed to ensure that
tissue distortion does not occur. Improper tissue fixation can result in altered tissue morphology
as can be seen in Figure 3.10E. This protocol, like most modern SBF-SEM staining protocols, has
been adapted from the staining procedure outlined by Deerinck in 2010 [200], based on the

osmium-thiocarbohydrazide-osmium stains created by Willingham and Rutherford in 1984 [219].
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The heavy metals utilized in this protocol add contrast to the cellular structures within a tissue
sample (Figure 3.1). The initial osmium incubation occurs with reduced osmium which binds to
C=C bonds in unsaturated fats leading to membrane and lipid staining [220, 221]. Osmium is
reduced by potassium ferrocyanide, which assists in the staining of saturated lipids and also acts
to stabilize phospholipids [222, 223]. Thiocarbohydrazide is subsequently added as a mordent that
binds to the osmium from the first incubation, acting as a bridge on which further osmium is bound
at a later stage in the protocol [224]. Uranyl acetate, which is a uranium salt, is an effective
contrasting agent for lipids, nucleic acids and proteins, while lead citrate enhances contrast of
proteins and glycogens. The varying affinities of these agents for cellular components further
enhances the overall contrast within tissues over and above the osmium incubations [225].
Imaging the Block-Face

Figures 3.11-13 illustrate the combined effects of voltage, pixel dwell time and beam intensity.
Conventional practice suggests a combination of low voltage, short dwell time and low beam
intensity are necessary for optimal imaging and preventing beam damage to the sample block.
Contrary to these settings, figures 3.11-13 illustrate that higher voltages (e.g., 7 kV), longer dwell
times (32 ps/px) and higher beam intensities (setting 6 in our case) can produce superior image
quality over conventional settings.

SBF-SEM allows for the collection of serial electron microscopy images which can be
collected as a 3D data set comprised of voxels. While this is an incredibly powerful use of SBF-
SEM, this method also allows for the rapid and repeatable imaging of rare biological events or
cells. Image acquisition using SBF-SEM can be monitored for rare events, and imaging paused in
order to collect higher magnification/resolution images of these events. Furthermore, the block can

be removed from the microscope chamber and the block-face sectioned for transmission electron
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Figure 3.11. Imaging tissue at 3 kV using various pixel dwell times and beam intensities.

All images were collecting using a 3 kV beam, beam intensity is on a device-specific scale ranging
from 1 to 20. The field imaged is of the vascular lumen containing white and red blood cells. At
this low kV it is difficult to appreciate cellular detail. Increasing the pixel dwell time had little
effect. Increasing beam intensity to 6 improved image contrast [167].
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Figure 3.12. Imaging tissue at 7 kV using various pixel dwell times and beam intensities.

All images were collected using a 7 kV beam, beam intensity is on a device-specific scale ranging
from 1 to 20. The field imaged is of the vascular lumen containing white and red blood cells. At 7
kV, increasing beam intensity and pixel dwell time contributed to higher quality imaging [167].
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Figure 3.13. Imaging tissue at 12 kV using various pixel dwell times and beam intensities.

All images were collected using a 12 kV beam, beam intensity is on a device-specific scale ranging
from 1 to 20. The field imaged is of the vascular lumen containing white and red blood cells. At
12 kV, imaging is optimized by adjusting pixel dwell time and beam intensity. Charging is
reduced/absent at shorter pixel dwell times while cellular detail and image contrast are best with a
longer pixel dwell time and higher beam intensity [167].
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microscopy (TEM) imaging. In this way large datasets of rare events can be collected using SBF-

SEM as well as appreciated at the angstrom scale using TEM.

3.6 Discussion

The purpose of this methods paper is to highlight the tissue preparation and imaging
methodology that has allowed our lab to reliably capture high-resolution serial electron
microscopy images, and to point out critical steps that lead to this outcome as well as potential
pitfalls that can occur when conducting SBF-SEM imaging. Success using this protocol requires
proper fixation of tissue, impregnation of heavy metals into the sample, modifications of the
embedding resin to reduce charging, as well as an understanding of the microscope and imaging
settings used to collect images. The maxim, “quality in, quality out” is an appropriate axiom for
SBF-SEM imaging. As the goal of SBF-SEM often is the appreciation or quantification of
ultrastructural detail, extra care must be given to fixation strategy in order to ensure that tissue
distortion does not occur. If tissue becomes distorted at any point in the preparation of samples
(i.e., undergoes swelling, shrinking, or disruption of cellular morphology), then tissue
reconstruction and quantization will not yield accurate data. Furthermore, the use of incorrect
imaging settings can lead to loss of data that cannot be recaptured as SBF-SEM imaging is a
destructive process. Additionally, care must be used when loading a tissue sample as the delicate
diamond knife can be damaged by hasty or incorrect sample preparation. This can result in chips
or breaks in the knife, which can leave visible scratch marks in images (Figure 3.10C). The
diamond knife can also be damaged by calcified structures, hard granules, or accidentally
embedded glass (e.g., from reagent ampules).

While the majority of SBF-SEM literature to date uses beam acceleration voltages in the

range of 1 to 3 kV alongside pixel dwell times closer to 1-5 ps/px (Figure 3.11) [226-230], the
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current protocol uses acceleration voltages of 7-12 kV and a pixel dwell time of 12 ps/px for serial
imaging and 32 ps/px for imaging regions of interest (Figures 3.12 & 3.13). These settings,
coupled with a slice thickness of 100-200 nm allows for high-quality and high resolution imaging
of a wide range of biological tissue. Increased acceleration voltage allows for an increase in
contrast, resolution, as well as signal-to-noise ratio. Increased dwell time further increases
resolution and signal-to-noise ratio, while increased slice thickness leads to decreased charging on
the block surface during sectioning and combats beam-induced damage in subsequent images
[198]. While this imaging method may differ from convention, the images and datasets produced
speak for themselves. If we had to speculate on the reason for this success, it is possible that it is
a result of our unique combination of high kV values, longer pixel dwell times, and block
preparation. Increasing imaging kV results in an increased interaction volume between the electron
beam and the sample. This interaction volume is both deeper as well as wider resulting in a
theoretical increase in the number of electrons detected that originate from deeper within the
sample block, or from a wider cross section of tissue as the spot size teardrop increases in diameter.
As SBF-SEM is interested in the surface detail of the block, this results in a theoretical decrease
in signal-to-noise ratio. However, the increase in kV also pushes electrons deeper into the sample
where they are less likely to escape the block and contribute to the electrons collected by the
detector. With the added benefit of an increased signal via longer pixel dwell times and higher
beam intensity, it is possible that this imaging method results in a greater increase in signal from
the sample surface in relation to noise originating within the interaction volume. Additionally, the
increased sample conductivity introduced with carbon black as well as silver and gold coating
helps to ameliorate charge buildup which now occurs deeper within the block and further from the

block-face. Indeed, figures 3.11-13 show that as kV is increased sample charging begins to
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diminish as it is potentially pushed deeper into the block. Samples imaged at low magnification
can be captured with adequate contrast using the conventional settings, however these images often
lack detail upon close inspection. Our data clearly show that when using relatively high
magnification where the goal is cellular detail, increasing the conventional settings can produce
exceptional results. The 2020 article by P. Goggin, et al provides a useful table outlining the effect
of changing imaging settings on final image quality, and is a helpful reference to consult if
optimizing the protocol for novel tissues becomes necessary [198]. The 100-200 nm slice thickness
recommended in this protocol has the added benefit of allowing the collection of large SBF-SEM
data sets at a rapid rate. While collecting images at 12us/px for example, imaging through a 100
um depth at 2048x2048 px requires ~14 hours while sectioning at 100nm/section but would require
~56 hours if sectioned at 25nm/section. While X,y resolution remains unchanged as a result of
section thickness, not accounting for the added ability to image using higher kV values and pixel
dwell times that come with larger sections, it is important to note that the resolution along the z-
axis does suffer. The loss of z-resolution is an important consideration and should be contemplated
when deciding how tissue should be oriented in the resin block and in relation to the imaging plane,
and has the potential to preclude the study of smaller cell features or interactions (e.g., synaptic
invaginations or intracellular features on the scale of tens of nanometers). However, in addition to
rapid imaging time, this protocol has additional added benefits in that it rapidly produces ideal
datasets for stereological analysis as well as the study of rare biological events or cells. Larger
section thickness can also aid in manual 3D reconstruction, as a 100 um region sectioned at 100
nm/section would require manual segmentation of 1,000 images while the same region sectioned

at 25 nm/section would require manual segmentation of 4,000 images.

79



SBF-SEM has the benefit of generating large datasets in a relatively short period. While
data analysis can be performed using quantitative methods such as stereology, which will be
discussed below, it can often be informative to create 3D reconstructions via image segmentation.
An image stack created using SBF-SEM can be thought of as a collection of voxels, while
segmentation is the process of assigning these voxels to user-defined objects thereby creating 3D
representations of tissue structures. These reconstructions often provide a heretofore unseen
perspective on tissue ultrastructure and cell-cell interaction (Figures 3.5-9). Furthermore, once
reconstructions have been created it is possible to use data inherent in the reconstructions to extract
a wealth of information from segmented tissue. Parameters ranging from surface area, volume,
length and distance, as well as angular data are all readily available once a reconstruction has been
created [231, 232]. While this can be incredibly useful, especially when paired with videos and
images pulled from reconstructed data sets, the time required for manual segmentation is an
important consideration when attempting to extrapolate data from SBF-SEM datasets. There are
currently a host of both free and purchasable software available for the manual and semi-manual
segmentation of SBF-SEM image stacks. One free option for reconstruction software is the image
processing package Fiji for ImageJ, an open source image processing program, which contains a
segmentation editor plugin that allows for manual segmentation [186, 233]. Additionally, the
software Reconstruct offers an alternative free segmentation option [234] (Figure 3.8). While
potentially expensive, purchasable options often contain more robust feature sets, such as semi-
automated segmentation processes or movie and image creation suites. One such option was used
to create the reconstructions found in figures 3.5-7 and 3.9 (Details available in Table 9.1).
Additionally, tools are available for the creation, analysis, and rendering of contrast-based 3D

reconstructions using virtual reality with the potential to greatly speed up the reconstruction
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process [203, 235]. While not always available for all applications, a host of software tools are
available for computer assisted manual segmentation which have the potential to greatly decrease
the time required for segmentation [236-238]. Regardless of the software used, considerable
forethought and an understanding of the question being answered, or gap in knowledge to be filled,
by serial reconstructions should precede segmentation, as the process is laborious and time-
intensive.

The production of 3D reconstructions comes with its own considerations. With larger data
sets processing power can be a limiting factor, and so optimizing the use of system resources can
be critical for maintaining a productive workflow and speeding up the reconstruction and rendering
process. When rendering a 3D reconstruction, most software converts segmented image stacks into
a surface comprised of interconnected triangles. If a reconstruction project is large or intricate, the
rendering of these triangles can require a great deal of computing power. While working on a 3D
reconstruction, it can be helpful to limit the number of triangles the reconstruction software can
use to convert the segmented images into reconstructed surfaces. This can be useful for monitoring
the progress of a 3D reconstruction during the segmentation process. Once segmentation is
complete, the triangle limit can be removed before rendering images or videos of reconstructions.
Alternatively, and if the reconstruction software allows for it, we have found success monitoring
the progress of a reconstruction using volume rendering rather than surface generation. Volume
rendering, while not as suitable for images or videos meant for publication or presentation, requires
far less processing power and as such can be helpful in providing a smooth experience when
reconstructing and preparing images and videos of reconstructions. Additionally, it is best practice
when manually segmenting an SBF-SEM data set to define every object to be reconstructed with

its own unique identifier. If a field of epithelial cells is being reconstructed for example, rather
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than assigning all epithelial cells to a voxel group entitled “epithelium,” each epithelial cell should
be assigned its own moniker (i.e., Epil, Epi2, Epi3, etc.). This affords greater freedom when the
reconstruction is complete, as each cell can be either included or excluded from the final rendering,
assigned different colors or transparencies, or removed or introduced individually if a video is
being produced. Furthermore, this allows metrics such as surface area or volume to be collected
from each reconstructed object rather than the object group as a whole.

Another incredibly powerful tool for extracting quantitative data from SBF-SEM image
stacks is the practice of stereology. Stereology takes advantage the inherent mathematical
relationships between three-dimensional objects and their two-dimensional representations, i.e.,
electron micrographs. SBF-SEM data sets are ideal for the application of stereology, as this method
for extracting 3D information from large datasets is considerably less time- and labor-intensive
when compared to segmented reconstruction. Stereology generally consists of applying geometric
grids to random, uniformly sampled images and has been used extensively over the past 50 years
in order to produce accurate and unbiased estimates of cell/organelle number, length, surface area,
and volume [23, 178-182]. While 3D reconstructions can be impressive and provide a novel
perspective on biological tissues, it is often quicker, more accurate, reproducible, and conducive
for large sample sizes to use a stereological approach to data extraction. While there are a many
papers discussing the practical application of stereology [183, 184, 239], a number of textbooks
provide useful, in-depth overviews of the methodology as well as provide a number of
stereological grids which can be applied to the study of tissue ultrastructure [177, 185, 240].

SBF-SEM is a powerful imaging method that allows for the three-dimensional appreciation
of tissue ultrastructure. While the ability to create 3D datasets with SEM resolution puts previously

unanswerable questions within our reach, proper tissue preparation and an understanding of SBF-
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SEM imaging is paramount for the success of studies that utilize this microscopy method. It is our
hope that the application of this protocol to future studies will lead to greater and greater insight
into the biological mysteries that surround us, and continue to push us further into the frontiers of

human knowledge.
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4. Serial block-face scanning electron microscopy reveals
neuronal-epithelial cell fusion in the mouse cornea
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4.2 Introduction

The cornea is the most highly innervated tissue in the mammalian body [69]. The nerves
of the cornea provide autonomic responses such as tearing and blinking and assist in maintaining
corneal epithelial homeostasis through the release of trophic factors [151]. Sympathetic
innervation comes from nerve fibers originating in the superior cervical ganglion while sensory
information is transmitted from the corneal epithelium to cell bodies located in the trigeminal
ganglion [241-244]. It is well-established that corneal stromal nerves enter the cornea in the
peripheral stroma and travel horizontally before branching to give rise to vertical axons that
penetrate the epithelial basal lamina [1, 12]. Penetrated nerves ramify shortly after entering the
corneal epithelium (in a process known as leash formation), and these ramifications constitute the
sub-basal plexus. Axons in the sub-basal plexus travel anteriorly and laterally between the wing
and superficial-squamous cells of the corneal epithelium, after which they give rise to the epithelial

nerve plexus in addition to axon terminals [74, 245]. Corneal innervation is a dynamic process,

85



constantly changing as a result of aging and in response to pathology or injury [246]. The
mechanisms by which corneal nerve patterning is regulated are not well established.

In addition to data gathered from studies on neurotransmission, our understanding of
corneal innervation is largely based on light and electron microscopic imaging. While transmission
electron microscopy (TEM) makes it possible to appreciate corneal nerve ultrastructure from
single ultrathin sections, it provides only a two-dimensional perspective [247]. For a three-
dimensional context, serial sections are needed and while serial sectioning using TEM is possible,
the technical challenge of collecting serial sections is demanding and typically limits three-
dimensional (3D) reconstructions to less than 50 serial images spanning a depth of no more than
5 microns [248]. To our knowledge, no serial sectioning electron microscopy studies have been
reported on the nerves of the cornea.

With the advent of a relatively new technique known as serial block-face scanning electron
microscopy (SBF-SEM) it is now possible to collect 3D ultrastructural data with relative ease.
Routine automated collection of a thousand or more serially-registered images spanning a depth
of 50 to 100 microns allows for superior 3D reconstructions and improved ultrastructural
interpretation [62]. In addition to providing the ability to produce 3D reconstruction of tissue at an
ultrastructural level, the context provided by serial section imaging allows for the identification of
complex cell-cell interactions at an ultrastructural level that cannot be seen using light microscopy
or single section electron microscopy. As a result, SBF-SEM has been applied across a great deal
of tissue in the literature, but has yet to be used to study corneal nerves.

The purpose of the current study was to use the 3D capabilities of SBF-SEM to directly examine
stromal nerve penetrations into the corneal epithelium of mice. Shortly after initiating the study,

we observed for the first time a novel neuronal-epithelial cell interaction in which stromal nerves
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approach the epithelium and fuse with basal epithelial cells. Herein we use SBF-SEM to describe
and compare two types of neuronal-epithelial interactions, simple neuronal penetration into the
corneal epithelium and the novel fusion event that also occurs between stromal axons and basal

epithelial cells.

4.3 Materials and Methods
4.3.1 Animals

Male C57BL/6J mice aged 9 weeks were purchased from Jackson Labs (Sacramento, CA)
and housed at the University of Houston, College of Optometry (UHCO). All animals were
handled according to the guidelines described in the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Vision and Ophthalmic Research and the
University of Houston College of Optometry animal handling guidelines. All animal procedures
were approved by the University of Houston Animal Care and Use Committee (IACUC number:

16-005).

4.3.2 Electron Microscopy

4.3.2.1 Tissue Processing

Mice were euthanized by CO. asphyxiation followed by cervical dislocation. Tissue
fixation and resin-embedding were performed as previously described [165, 166]. Briefly,
following enucleation, the eyes were placed in primary fixative (0.1M sodium cacodylate buffer
containing 2.5% glutaraldehyde and 20mM calcium chloride) for 2 hours at room temperate. Fixed
corneas, with the limbus intact, were carefully excised from the whole eye and cut into four equal
quadrants. These quadrants were then washed in buffer before serial contrasting in potassium
ferrocyanide, osmium tetroxide, thiocarbohydrazide and osmium tetroxide. The contrasted tissue

was stained in uranyl acetate at 4°C overnight before being placed in a lead aspartate solution for
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30 minutes at 60°C. Finally, the tissue was dehydrated through an acetone series before embedding
in Embed 812 resin (Embed-812, Electron Microscopy Sciences, Hatsfield, PA) containing
Ketjenblack (Ketjenblack EC600JD, Lion Specialty Chemicals Co., Tokyo) in order to reduce
tissue charging [93]. The block-face was trimmed to a 1 mm x 1 mm size and the tissue block was
then glued to an aluminum specimen pin, and covered in silver paint to further reduce charging.
4.3.2.2 Serial Block-Face Scanning Electron Microscopy (SBF-SEM)

Tissue blocks were sectioned using a Gatan 3View2 system (Gatan, Pleasanton, CA)
mounted in a Mira 3 field emission scanning electron microscope (SEM, Tescan, Pittsburgh, PA).
Back scatter electron (BSE) detection was used to image the block-face. Serial imaging was
conducted under high vacuum (0.047 Pa) using a Schottky emitter and an accelerating voltage of
8-21 keV. Imaging under high vacuum has the effect of decreasing noise in collected images, but
introduces the potential for tissue charging. However, the inclusion of Ketjenblack to the resin
greatly diminishes the capacity for charging within the tissue. This allowed us to image our tissue
under conditions that normally result in unacceptably charged images. Beam intensity ranged from
5-7 on a scale ranging from 1-20, with a pixel dwell time of 32 ps, and a spot size of 4-7 nm.
Resolution improves with smaller spot sizes [168]. With a spot size of 4-7 nm the plasma
membrane of cells and organelles is clearly visible as a single electron-dense structure (Figure
2.1). The z-step distance between each serial image in these stacks was 100 nm. Magnification
ranged from 3000-5500x and pixel size from 4-15 nm.

The central cornea was defined as having a diameter of 2 mm; the peripheral cornea
occupied the region (1.5 mm) between the central cornea and the limbal vasculature. The block-
face was monitored at low magnification for stromal nerves that approached the corneal epithelium

at which point high magnification was used to document nerve-epithelial interactions (i.e.,

88



penetration and fusion). Image stacks were post-processed for spatial drift removal using Gatan
Digital Micrograph software.

Subsequent three-dimensional segmentation and reconstruction was conducted using
Amira 6.0.1 software (FEI Company, Hillsboro, OR). The contours of structures of interest were
manually traced for each image in the image stack using a digitizing pen connected to a Wacom
tablet. Traced profiles were used to produce three dimensional volumetric reconstructions.
Volumetric data was extrapolated from these digital reconstructions using the “material statistics
module” in the Amira 6.0.1 software package, and surface meshes applied via the “generate surface
module” in order to create digital models of each reconstruction. Images and videos of
reconstructions were generated using the “animation” module. Segmentation and reconstruction
using the Amira 6.0.1 software was conducted by a four-person reconstruction team. Care was
taken to reconstruct the electron-translucent axons separately from the electron-dense axons within
each nerve bundle, this was accomplished by assigning a different material (i.e. color) to each
structure of interest. The basal lamina was identified by its characteristic electron-density (lamina
densa) on the stromal face of basal epithelial cells, and neuronal mitochondria by their electron-
dense double membrane and size.
4.3.2.3 Morphometric Analysis

Morphometric analysis using standard stereological techniques was performed as
previously described [175, 176]. Stereology is an aspect of morphometry that takes advantage of
the inherent mathematical relationships between three-dimensional objects and their two-
dimensional representations (e.g., electron micrographs) [177]. These relationships are based on

the reasoning of geometric probability and statistics, and the practice of using stereological grids
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has been used extensively over the past 50 years to obtain unbiased and accurate estimates of
geometric features such as cell/organelle number, length, surface area, and volume [178-184].

In order to estimate the surface-to-volume ratio of fusing and penetrating nerves, a cycloid
grid was used. Briefly, serial electron images were obtained of both fusing and penetrating nerve
events as they approach/interact with the corneal basal epithelium (10 animals per group, with 20
nerves assessed in the fusing group and 23 nerves assessed in the penetrating group). The serial
images in which the nerve is visible were identified, and a section was selected at random for
analysis. Digital micrographs were analyzed in Adobe Photoshop (Adobe Systems Inc., San Jose,
CA) using a cycloid grid [185]. The vertical axis of the grid was oriented in parallel to the basal
lamina within each image in order to account for the anisotropic properties of the cornea. Line
intersections with the nerve bundle of interest were counted, as well as target points located within
the nerve bundle (Figure 2.5). In order to avoid counting line intercepts and target points within
nerves located on the epithelial side of the basal lamina, a restriction line was drawn from one end
of the basal lamina pore to the other and counts were only made on the stromal side of each nerve.
The ratio between line intersections with the nerve and target points within the nerve was used to
calculate the cell surface density, or surface-to-volume ratio using an established stereology

formula:
2 Y 1

where | is the number of intersections between the grid lines and nerve bundle, P is the number of

sz

grid points falling within the target nerve, and I/p is the length of test line per grid point (corrected

for magnification) [185].
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Interactions between nerve and epithelium (fusion or penetration) include a discontinuity
in the basal lamina. The maximum dimension of each discontinuity (i.e., basal lamina pore
diameter) was identified within each image stack and measured using Fiji (ImageJ) [186].
4.3.2.4 Transmission Electron Microscopy (TEM)

Tissue blocks containing verified neuronal-epithelial cell fusion and nerve penetration into
the basal epithelium were removed from the Gatan 3View2 system and ultra-thin sections 100 nm
thick were cut, set on single slot copper grids, and imaged on a Tecnai G2 Spirit BioTWIN electron
microscope (FEI Company, Hillsboro, OR). Nerve bundles were imaged and assessed for the

presence of microtubules and cellular organelles.

4.3.3 Dil Labeling of Trigeminal Ganglia

4.3.3.1 Tissue Processing

Dil crystals were placed on the trigeminal ganglia of 6 C57BL/6J mice. Mice were
euthanized by CO> asphyxiation followed by cervical dislocation. The head was then removed, the
skin covering the skull removed (making sure to carefully cut around the tissue surrounding the
orbit), and the skull was cut down the medial line and removed along with the brain up to the
cerebellum, pons, and medulla. The head was then placed in 2% paraformaldehyde overnight. The
following day, the trigeminal ganglion was located [169], severed at the ophthalmic branch, and
Dil crystals (1, 1—dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate, ThermoFisher,
Waltham, MA) were crushed into the ganglia using surgical tweezers (Figure 2.3). The region
around the ganglia was dried using chem-wipes prior to Dil application, as Dil is a hydrophobic
substance [170, 171]. The skull was then filled with 5% low-melting temperature agarose using a
pipette, allowed to harden at 4°C for 2 minutes. The tissue was then placed in 2%

paraformaldehyde and allowed to sit at 4°C for 26 weeks. Following this period, the eyes were
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enucleated, corneas isolated, stained with DAPI, and flat-mounted for imaging. Control mice,
where Dil was excluded from the tissue preparation, were included in the study.
4.3.3.2 Imaging of Dil labeled corneal nerves and basal epithelial cells

Corneas were imaged using a DeltaVision wide field deconvolution fluorescence
microscope (GE Life Sciences, Pittsburg, PA) with a 60x immersion oil lens. Corneas were then
scanned for fusion events defined as a basal epithelial cell/cells with Dil labeled plasma membrane
immediately adjacent to a Dil labeled stromal nerve. The central cornea was defined as the
centermost 2 mm of the cornea. The remaining 1.5 mm region, defined at its edge by the limbal
vasculature, was considered the peripheral cornea.
4.3.3.3 Statistics
GraphPad Prism (GraphPad Software. San Diego, CA, USA) was used for statistical analysis and
data represented as the mean + standard error of the mean. A two-tailed Student’s t-test was
performed to compare surface-to-volume ratios between penetrating and fusing nerves, while a
Mann Whitney U Test (Wilcoxon Rank Sum Test) was used to compare the basal lamina pore size

between the two groups. A p-value of < 0.05 was considered to be statistically significant.

4.4 Results

4.4.1 SBF-SEM imaging of mouse corneal nerves revealed conventional nerve

penetration as well as novel neuronal-epithelial cell fusion events

Using SBF-SEM we were able to image conventional nerve penetration through the epithelial basal
lamina, where a stromal nerve bundle containing multiple axons passes through the epithelial basal
lamina to form a leash point whereby the nerve bundle gives rise to multiple smaller axonal
projections which extend between epithelial cells and give rise to the sub-basal and epithelial

plexuses. In addition to conventional nerve penetration through the basal lamina, a novel neuronal-
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epithelial cell fusion event was observed (Figure 4.1A). Nerve bundles involved in fusion contain
axons whose plasma membrane is fused and continuous with that of a basal epithelial cell such
that the axoplasm comes into direct contact with the cytoplasm of the fused epithelial cell (Figure
4.1B). In all cases of neuronal-epithelial cell fusion (43 total events across 10 animals), the fusing
axons were accompanied by conventional penetrating axons within the same nerve bundle. In other
words, these nerve bundles contained a mixture of fusing and penetrating axons. Penetrating axons
were easily distinguishable amongst fusing axons as their axoplasm was characteristically
electron-dense compared to the diffuse, electron-translucent axoplasm associated with fusing
axons (Figure 4.2). Most often, a single nerve bundle fused with multiple basal epithelial cells;
however, fusion with single basal epithelial cells was also observed. Whether fusion was initiated
by the nerve or the epithelium could not be determined.

After the initial discovery of neuronal-epithelial cell fusion, we sought to determine the
frequency and distribution of neuronal-epithelial cell fusion events using SBF-SEM on C57BL/6J
mice (n=6). Serial transverse images were collected from the central and peripheral cornea and
nerves that approached the epithelial basal lamina were identified. Of 21 stromal nerve bundles
that interacted with the central corneal epithelium, 9 contained axons that fused with basal
epithelial cells (42.8% of nerves observed) while the remaining 12 nerve bundles only gave rise to
conventional nerve penetration and leash formation. In contrast, stromal nerve bundles that
engaged the basal epithelium in the peripheral cornea (21 interactions) showed no evidence of
fusion as they penetrated the basal lamina and gave rise to the sub-basal and epithelial nerve

plexuses.

93



Figure 4.1. Stromal nerve fusion with the basal epithelium.

A stromal nerve fused with two basal epithelial cells (black arrowheads) through two distinct pores
in the basal lamina (Electron density; white arrowheads) (A). Enlargement of panel (A) inset
showing magnified view of one basal lamina pore (B). Note the continuity between neuronal and
epithelial plasma membranes at the site of fusion (arrows). Electron-dense Schwann cell nuclei
(N) were visible near the fusion site. The axoplasm (*) was electron-translucent, lacked
mitochondria and mixing between axoplasm and epithelial cell cytoplasm (E) was not evident.
Scale bars =2 um [23].
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Figure 4.2. Neuronal-epithelial cell fusion involved mixed bundles of fusing and penetrating
axons.

Four examples of neuronal-epithelial cell fusion (A-D). The electron-translucent portion of each
nerve bundle (*) was fused with a basal epithelial cell. Penetrating nerves that continued into the
epithelium (visible in Panel A) contributed to the sub-basal plexus and were recognized by their
greater electron density (arrow). Scale bar =2 um [23].
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4.4.2 3D Reconstruction of conventional nerve penetration and neuronal-

epithelial cell fusion

To better characterize the ultrastructural organization of neuronal-epithelial cell fusion and
document how it differed from conventional nerve penetration, SBF-SEM was used to collect
serial image stacks suitable for segmentation and 3D reconstruction. When segmenting neuronal-
epithelial cell fusion, care was taken to trace the electron-translucent portion of the fusing axon
separately from the penetrating axons with their characteristic electron-dense axoplasm.

In regards to conventional penetration events, 3D reconstruction revealed a stromal nerve
bundle bifurcating before extending into the epithelium through two holes, or pores, in the basal
lamina (Figure 4.3). The basal epithelial cells protrude into the stroma through the basal lamina
pore (Figure 4.3B and C) while stromal axons pass through the pore into the corneal epithelium
before ramifying and establishing the sub-basal nerve plexus (Figure 4.3G and H). By
comparison, 3D reconstruction of a fusing nerve bundle reveals a mixed population of fusing and
penetrating axons (Figure 4.4). In this example, the neuronal-epithelial cell fusion event occurred
at the junction between three basal epithelial cells, commonly referred to as a Y-junction or
tricellular corner. The electron-dense axons within this nerve bundle passed into the basal
epithelium through a pore in the basal lamina at this tricellular junction, and produced four
ramifications (Figure 4.4h). The electron-translucent axons within this nerve bundle did not
penetrate into the epithelium, but rather fused with three separate basal epithelial cells through this

basal lamina pore (Figure 4.41).
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Figure 4.3. 3D reconstruction of nerve penetration through the epithelial basal lamina.

A series of SBF-SEM images showing a penetrating electron-dense corneal nerve (*; A-F) that
entered the epithelium through a discontinuity in the basal lamina (Panels B-E; arrows). A
continuous basal lamina was present on either side of the penetration point (A & F). 3D
reconstruction of the penetrating nerve (white) as it passed through the basal lamina (green; G &
H). The nerve bifurcated prior to penetration (H; arrowheads). After penetrating into the corneal
epithelium, both nerve branches underwent ramification. Scale bar =2 pm [23].
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Figure 4.4. 3D reconstruction of neuronal-epithelial cell fusion at the epithelial basal
lamina.

A series of SBF-SEM images showing a mixed nerve bundle in which fusing (*) and penetrating
axons (arrows) were evident (A-F). The electron-dense penetrating axons passed through the basal
lamina and contributed to the sub-basal plexus (F). 3D reconstruction of a mixed nerve bundle
showing fusing (purple) and penetrating (white) axons (G). A large fusion area (blue) denotes
neuronal fusion involving three separate epithelial cells and both penetrating (H) and fusing (1)
axons. Scale bar =2 um [23].
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4.4.3 Nerve bundles containing neuronal-epithelial cell fusion were

morphologically distinct from conventionally penetrating nerve bundles

Stromal nerve bundles that interacted with the epithelium were comprised of penetrating nerves
only or a mixture of penetrating and fusing nerves. In addition to their more electron-dense
axoplasm, the diameter of penetrating nerve bundles was noticeably smaller than their fusing
counterparts (Figure 4.5A and B). This resulted in a marked difference in their surface-to-volume
ratio (Figure 4.5C). Stromal nerve bundles that only penetrated the basal lamina and extended into
the epithelium exhibited a small diameter and a high surface-to-volume ratio that was more than
twice that of nerve bundles containing fusion. The smaller surface-to-volume ratio of the fused
nerve bundles was consistent with the “swollen” appearance of their axoplasm (Figure 4.5B).
Despite the marked differences in surface-to-volume ratios, the basal lamina pore size through
which penetrating or fusing nerve bundles passed through was not different (Figure 4.5D).
Volumetric and surface data was extracted from the 3D reconstruction of fusion and
conventional penetration seen in figures 4.3 and 4.4. Over the same length of reconstructed nerve,
the volume of axons penetrating into the epithelium was comparable, with a volume of 28.58 pum?
in the conventional penetration event and 24.64 um? in the fusing nerve bundle. However, the
volume of fusing axons within the fusing nerve bundle accounted for three-fourths of the total

nerve volume, with a volume of 75.42 pm?®.
4.4.4 Axons fused to basal epithelial cells lacked microtubules and

mitochondria proximal to sites of fusion

In penetrating axons, mitochondria were distributed throughout the axoplasm of the
stromal nerve as well as the ramified epithelial projections (Figure 4.6A and B). This was true

whether the nerve bundle consisted of only penetrating axons or whether the penetrating axons
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Figure 4.5. Fusing nerves had smaller surface-to-volume ratios than penetrating nerves.

A penetrating nerve bundle which has passed through the epithelial basal lamina giving rise to the
sub-basal plexus (A). The axoplasm was electron-dense and contained numerous mitochondria. A
nerve bundle containing fusion that has merged with a basal epithelial cell (B). The axoplasm was
electron-translucent and devoid of mitochondria. The surface-to-volume ratio of nerve bundles
containing fusion were significantly smaller than that of penetrating nerve bundles consistent with
their “swollen” appearance (C). The diameter of the basal lamina pores through which these nerves
interact with the corneal epithelium was similar (D). Scale bars =2 um [23].
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Figure 4.6. 3D reconstruction confirmed fusing axons lack mitochondria at the site of
fusion.

Segmentation and 3D reconstruction of penetrating and fusing nerves (A-D). Mitochondria
(yellow), penetrating axons (white), fusing axons (purple), and basal lamina (green) are shown.
Conventional nerve penetration of the basal lamina involving multiple axons (A) or a single axon
(B). In both cases, mitochondria were present throughout the nerve bundle on either side of the
basal lamina. Mixed nerve bundle at the basal lamina showing penetrating and fusing axons (C).
Mitochondria are clearly absent from the fusing axons. Isolation of the penetrating axons shows
mitochondria to be distributed throughout the axoplasm (D) [23].
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were grouped alongside fusing axons, (i.e., a mixed nerve bundle). Fusing nerves contained
mitochondria but only in locations distal to the fusion site (Figure 4.7). The axoplasm in close
proximity to the fusion site was always devoid of mitochondria (Figure 4.6C). At higher
resolution, the transmission electron microscope revealed the axoplasm of penetrating nerves was
not only rich in mitochondria, but also microtubules (Figure 4.8A and B). By comparison, the
axoplasm of fused nerves lacked microtubules near the site of fusion; the axoplasm appeared to be
composed solely of dispersed and unidentifiable material (Figure 4.8C and D).
4.4.5 Anterograde labeling confirms corneal nerve fusion with the basal
epithelium

SBF-SEM imaging had proved useful for documenting nerve fusion at an ultrastructural
morphologic level. Because of the novelty of the observation, we sought to confirm it using a
functional method. The ultrastructure suggests the plasma membrane of the nerve fuses with the
plasma membrane of the basal epithelial cell (Figure 4.1) and predicts that a lipid membrane dye,
Dil, applied to the nerve should be able to diffuse into the lipid membrane of the fused epithelial
cell. Dil is a commonly used neuronal tracer because it diffuses along the plasma membrane [174,
249] and cannot pass from the neuron to another cell in fixed tissue unless their plasma membranes
are contiguous and this only occurs at sites of cell-cell fusion [250].

We placed the lipophilic dye Dil at the trigeminal ganglia of 6 C57BL/6J mice and allowed
it to diffuse along and label neuronal projections that reached into the cornea. (Figure 4.9). Dil
labeling revealed axons penetrating the corneal basal lamina, ramifying, and giving rise to the sub-
basal plexus (Figure 4.9A). Importantly, Dil labeling was also seen in the plasma membrane of a
sub-population of basal epithelial cells associated with stromal nerves at the level of the basal

lamina (Figure 4.9B-D). Dil labeled basal epithelial cells were found primarily in the central 2
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Figure 4.7. 3D reconstruction showed mitochondria are present within the distal portion of
fusing axons.

Serial images show three levels (A-C) within the 3D reconstruction (D) of the distal portion of the
mixed nerve bundle shown in Fig 4. The most distal portion of the nerve within the image series
(A) was located ~60 um distal to the site of fusion and it contained numerous mitochondria and an
electron-dense axoplasm. As the nerve bundle approached the fusion site, it increased in diameter
(B & C). At ~35 um distance from the fusion site, mitochondria (blue) were no longer present in
the fusing axons whereas mitochondria (yellow) were retained within the penetrating axons (D).
White arrowheads denote the locations of panels A-C within the reconstructed nerve [23].

105



Figure 4.8. High resolution TEM showed an absence of microtubules in fusing neurons.

A conventional stromal nerve bundle (A) in which the inset is enlarged (B) to show cross-sectional
views of microtubules identified by their size and distinctive hollow-ring appearance (arrows).
Mitochondria are also present and identified by their double-membranes and internal cristae (*).
A fusing nerve bundle (C) with an electron-translucent axoplasm in which the inset is enlarged
(D) to show the distinct lack of microtubules and mitochondria. Scale bar for panels A & C =2
um. Scale bar for panels B & D = 0.2 pm [23].
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Basal Epithelium - DAPI| Basal Epithelium - Dil | Sub-basal Plexus - Dil Stroma - Dil

Figure 4.9. Dil applied to the trigeminal ganglion labeled corneal axons and a sub-
population of basal epithelial cells.

While conventional nerve penetration (A) showed Dil labeling extending from the stromal nerve
to the sub-basal plexus, the overlying basal epithelium remained unlabeled. In addition, Dil-
labeled stromal nerves approached the epithelium and labeled a sub-population of basal epithelial
cells (B-D). DAPI staining confirmed the basal location of these epithelial cells and the arrows
(column 1) denote nuclei belonging to Dil labeled basal epithelial cells (column 2). Scale bar = 2
um [23].
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mm of each cornea. Single labeled cells as well as clusters of labeled cells were observed (Figure
4.10). Cross-sectional projections of Dil labeled epithelial cells revealed the continuity of Dil

labeling from stromal nerve to basal epithelial cell (Figure 4.10D).

4.5 Discussion

The purpose of this study was to describe and compare two types of neuronal-epithelial
interactions, conventional neuronal penetration into the corneal epithelium and the novel neuronal-
epithelial cell fusion that also occurs between corneal neurons and basal epithelial cells. To our
knowledge, this is the first study to document fusion between neurons and basal epithelial cells in
the cornea. Segmentation and reconstruction of serial images collected using SBF-SEM allowed
us to unequivocally identify neuronal-epithelial cell fusion events as the merging of neuronal and
epithelial plasma membranes and respective cytoplasms. Plasma membrane fusion was
independently confirmed by fluorescence microscopy imaging of lipid membrane dye transfer
from the neuronal plasma membrane to the epithelial cell plasma membrane. Documenting
neuronal-epithelial cell fusion in the mouse cornea adds a new layer of complexity to our
understanding of corneal innervation and offers new insight into the regulation of corneal nerve
patterning.

Using SBF-SEM we were able to visualize the penetration of stromal nerves through the
epithelial basal lamina to contribute to the epithelial plexus. These nerves were electron-dense,
had a high surface-to-volume ratio, and contained abundant microtubules as well as mitochondria.
The high surface-to-volume ratio of these penetrating nerves is characteristic of nerves throughout
the body, and conducive to the cellular processes required for neuronal signaling [251-253]. Often,
nerve bundles approaching the epithelium consist of a mixed bundle of penetrating and fusing

neurons. Despite the intimate contact between penetrating and fusing axons within these bundles,
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Figure 4.10. Orthogonal projection confirmed Dil transfer from corneal neuron to a single
basal epithelial cell.

Two fluorescence images from a Z-stack showing a Dil (red) labeled basal epithelial cell (A)
located above a Dil labeled stromal nerve (B). An orthogonal slice through the stack taken between
the two dashed lines is shown in panel (C) where the Dil labeling extended uninterrupted from the
neuronal plasma membrane into the epithelial cell membrane. DAPI (blue) staining denotes cell
nuclei. Scale bars = 10 um [23].
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no obvious morphological changes were seen in the penetrating axons. Whatever the mechanism
responsible for neuronal-epithelial cell fusion, it is selective even within the same nerve bundle.
Penetrating axons within a bundle containing fusion appear morphologically indistinguishable
from axons present within penetrating bundles. Despite the termination of fusing axons, these
fusing bundles are still able to contribute to the epithelial plexus through their subpopulation of
penetrating axons.

Within the cornea, neuronal-epithelial cell fusion is fairly common and occurs primarily in
the central cornea between stromal nerves that are morphologically distinct from nerves that
simply penetrate into the epithelium. Fusing nerves were shown to have a significantly lower
surface-to-volume ratio, an electron-translucent appearance, and a distinct lack of microtubules
and mitochondria in close proximity to sites of fusion. Fusion was defined as the continuity
between neuronal and epithelial plasma membrane such that the epithelial cytoplasm and neuronal
axoplasm are in direct contact.

While this study is the first to our knowledge to describe heterotypic neuronal-epithelial
fusion in normal adult tissue, the history of cell-cell fusion can be traced back to Schwann in 1839.
Ironically, given that Schwann contributed so much to the study of neurons and their associated
cells, he noted this cell-cell fusion between myoblasts while studying superficial dorsal muscle in
pig embryos [254]. Cell-cell fusion has since been described in many other cellular systems [141-
145, 255, 256]. A search of the literature reveals that neuron fusion has been reported to occur
between neurons in the central nervous system [141], as well as between nerves and mesenchymal
stem cells during development [139]. Neurons can fuse with themselves or neighboring neurons
after injury, while stem cells can fuse with neurons in what is thought to be a method of cell

reprogramming [144]. Giant cell formation among fusing macrophages is central to granuloma
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formation [147, 257] and fusion also plays a central role in sperm-egg dynamics during sexual
reproduction [258, 259]. The importance of cell-cell fusion in development and disease cannot be
overstated, being involved in a wide array of biological processes, ranging from fertilization to the
development of bone, muscle, and placenta, it has been implicated in the immune response,
tumorigenesis, as well as aspects of stem cell-mediated tissue regeneration [138, 260-268].
Regarding heterotypical cell-cell fusion, the fusion between neurons and stem cells during
development is particularly noteworthy in relation to the fusion events outlined in this paper.
Within the cornea there is a population of cells known as transient amplifying cells (TACs) which
retain stem-like properties. TACs retain the ability to divide as they migrate towards the cornea
center [25]. While it is not known whether these fused epithelial cells are in fact TACs, this is a
possibility that warrants further study.

Neuronal-epithelial cell fusion occurs within nearly half of all nerve bundles penetrating
the epithelial basal lamina in the central cornea. To our knowledge, no prior electron microscopic
study has identified neuronal-epithelial cell fusion in either the cornea or other tissues within the
body. Two factors likely account for this, and the first is the sparse and random nature of sampling
inherent in transmission electron microscopy. To this point, in 2005 it was estimated that if all
material that had ever come into focus in all of the transmission electron microscopes worldwide
were gathered together the total tissue volume would account for less than one cubic centimeter of
volume [185]. The likelihood of a section passing through a corneal nerve bundle just as it
penetrates or fuses with the epithelium is rare given the small size of the nerve, the small size of
the tissue block and the random nature of sampling. The second factor is the 2D nature of routine
transmission electron microscopy and the uncertainty of identifying a cell profile as a neuron rather

than an epithelial cell, a leukocyte or a keratocyte. The interpretation of a single electron
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micrograph is often subjective and always open to criticism. Such is not the case with SBF-SEM
where the three dimensional context allows, for the first time, accurate and unambiguous
ultrastructural detection of the neuron and its interaction with the basal epithelium.

Regarding light microscopy, the lack of a body of literature on neuronal-epithelial cell
fusion can be linked to two primary factors. First, without an ultrastructural understanding of the
morphology of fusing nerves, any detection of neuronal-epithelial cell fusion at the light
microscopic level would be difficult to interpret as such. For example, Al-Agaba et al. may have
observed neuronal fusion when noting “the termination of sub-basal nerves into characteristic
bright bulb-like thickenings” roughly the size of basal epithelial cells using confocal microscopy
in human corneas [269]. These characteristic bulb-like thickenings are visible, but not discussed,
in several other published confocal images [31, 270-272]. Second, the common fluorescent
markers used to locate and study corneal nerves typically do not target membranes (e.g. Thyl-YFP
and anti-beta-tubulin 111 antibody). Towards this point, detection of neuronal-epithelial cell fusion
using fluorescence microscopy necessitates using a continuous plasma-membrane bound dye or
antibody specific to the neuronal lipid bilayer within the corneal tissue. And while Dil
administered at the trigeminal ganglion fulfills this requirement, the technical and temporal
requirements for this methodology are a limiting factor in its use. For most studies of corneal
nerves an endogenous fluorescent marker such as Thyl-YFP, or an easily applied fluorescent
antibody such as beta-tubulin 111 suffice for nerve localization, are well established methodologies
within the tissue, and require marginal time and effort to use [273, 274]. For this reason,
anterograde Dil labeling of corneal nerves remains an esoteric technique. However, given the
extensive use of Dil in the literature for studying cell-cell fusion, this methodology was uniquely

suited for our purposes [275-280].
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When viewed using electron microscopy, fusing nerve bundles are morphologically
distinct from nerve bundles simply penetrating into the basal epithelium. Fusing neurons exhibit
an electron-translucent “salt and pepper” axoplasm that is devoid of mitochondria and
microtubules in the cytoplasm immediately surrounding the site of fusion. Stromal nerves involved
in fusion have a significantly smaller surface-to-volume ratio, indicative of a large or swollen axon.
Distal to the site of fusion however, these nerve bundles are morphologically indistinguishable
from other stromal nerves, containing both mitochondria and microtubules. These observations
may be linked to a calcium effect. It is well known that membrane fusion is often accompanied by
an increase in intracellular calcium near the site of fusion [140, 146, 281, 282]. Increased levels of
intracellular calcium have been shown to lead to the breakdown of microtubules and the inability
of mitochondria to associate with kinesin and dynein (motor proteins responsible for intracellular
transport), which may explain why neither mitochondria nor microtubules are present proximal to
sites of neuronal-epithelial cell fusion, but can be seen in abundance distal to sites of fusion [67,
283, 284]. Interestingly, this buildup of mitochondria has been shown to occur in injury models
and plays a role in supporting the regeneration of injured axons [66]. Though, without
mitochondrial support or functional microtubules to traffic mitochondria and intracellular proteins
near the site of fusion, axonal swelling occurs. However, the fate of these fusing axons is not
known [285]. Given that fusing nerves appear morphologically typical distal to sites of fusion, the
fate of these neurons cannot be assumed. In fact, similar axonal responses have been seen to be
both transient and reversible in a variety of models [286-290]. It is possible that fusion with basal
epithelial cells denies a subpopulation of stromal nerves the ability to innervate the epithelium,
causing them to undergo a form of Wallerian degeneration followed by continued growth, and

subsequent attempts to penetrate into the basal epithelium [291].
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While the lack of mitochondria and microtubules near sites of fusion suggest the fused
axons may be neurologically inactive, it is important to consider this alternative. If fused axons
are neurologically active, gap junction communication between a fused basal epithelial cell and its
neighbors would surely “short-circuit” transmission unless the gap junctions switched to a
“closed” state. The switch from an “open” to a “closed” state can occur in response to a variety of
stimuli, including changes in the levels of intracellular calcium, pH, transjunctional applied
voltage, phosphorylation, and in response to activation of membrane receptors [292-294]. Gap
junction closure would also serve to mitigate the risk of infectious agent and/or toxin transfer from
basal epithelial cells into fused stromal axons. If fused axons are capable of creating action
potentials, then the fused epithelial cell may function as its terminal.

While the function of neuronal-epithelial cell fusion in the cornea is open to speculation,
we favor the idea that this interaction plays a role in limiting and shaping the neuronal network.
The rationale behind this idea comes from noting that although the stromal nerve plexus does not
change with age, the basal and epithelial nerve plexuses are constantly in flux, changing tortuosity
and losing density as we age [4, 6, 153-156]. This suggests that axonal rearrangement occurs even
in the normal, uninjured cornea. Given the relatively high frequency of fusion in the normal mouse
cornea, it seems reasonable to suppose that neuronal-epithelial cell fusion is a determinant of
axonal patterning which in turn would affect corneal sensitivity and epithelial proliferation (e.g.,
through neuropeptide release). Additionally, as the corneal epithelial cells migrate towards the
central cornea, the sub-basal and epithelial plexuses are dragged along with them [270]. This
creates the possibility of overabundant or improper innervation of the central cornea and the
necessity of neuronal rearrangement. It is possible that neuronal-epithelial cell fusion plays a role

in this, and this may account for the localization of fusion events within the central cornea. Rather
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than the complete degeneration and loss of a neuron spanning the distance between trigeminal
ganglion and corneal surface, neuronal-epithelial cell fusion would allow a neuron to maintain the

integrity of its soma during the process of axonal rearrangement.

4.6 Conclusion

Here we provide evidence for the novel neuronal-epithelial cell fusion event within the
cornea. This event is primarily defined by the fusion between the plasma membrane of a stromal
nerve with that of one or more basal epithelial cells such that axoplasm and cytoplasm are no
longer separate. This event is morphologically distinct in that fusing nerves exhibit electron
translucency, a lack of mitochondria and microtubules proximal to the site of fusion, and a
significantly smaller surface-to-volume ratio. This cell-cell interaction may play a role in
regulating neuronal patterning changes that accompany aging and tissue damage. Conceivably,
within the cornea, neuronal fusion may influence corneal sensitivity and epithelial homeostasis

throughout the life of an individual.
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5. Impact of Diet and Aging on Mouse Corneal Innervation
at the Epithelial-Stromal Interface
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5.2 Introduction

The cornea is the most highly innervated structure in the body, and is 20-40x more densely
innervated than tooth pulp and 300-600x more densely innervated than skin [1, 12, 69]. The nerves
of the cornea not only provide sensory information from the corneal surface, but also play a major
role in the general health and homeostasis of the cornea by providing trophic factors to resident
epithelial cells [2, 3]. Innervation and organization of the cornea occurs early in development, with
an extremely high density of innervation at birth that slowly diminishes throughout life, beginning
as early as 15 years of age in humans [4]. While proper innervation of the cornea occurs early in
development and continues to change throughout life, the mechanism by which these nerve
terminals are organized in the corneal epithelium is not well understood [6].

Corneal nerve fibers provide sensory information from the cornea, produce autonomic
responses such as tearing and blinking [10], and assist in maintaining corneal epithelial
homeostasis [12]. It is generally accepted that corneal stromal nerves penetrate through the
epithelial basal lamina to form intra-epithelial nerves. Stromal nerves extend from the peripheral
cornea and branch to form the stromal plexus. As the plexus approaches the central cornea,
additional nerve extensions are directed anteriorly toward the corneal epithelium. After penetrating

the basal lamina, penetrating nerves send out numerous axons oriented parallel to the basal lamina
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which become enveloped by basal epithelial cells before traveling anteriorly and laterally between
the wing and superficial-wing cells where they give rise to the epithelial nerve plexus [68, 69].

Our previously published ultrastructural observations of mouse corneal nerves show a
subset of central stromal nerves giving rise to axons that fuse with basal epithelial cells, rather than
passing into the corneal epithelium to contribute to the epithelial nerve plexus [23]. Using SBF-
SEM to image stromal nerves interacting with corneal epithelial cells at the epithelial basal lamina,
we found 42% of central corneal nerves showed signs of epithelial cell-fusion. In contrast,
peripheral corneal nerves penetrating the epithelial basal lamina did not show evidence of
epithelial fusion [23]. In all cases of neuronal-epithelial cell fusion, the fusing axons were
accompanied by conventional, electron-dense and mitochondria-rich axons which pass seamlessly
from the stroma into the epithelium. In other words, these nerve bundles contained a mixture of
fusing and penetrating axons. It was found that fused nerves were morphologically unique and
easily distinguishable from penetrating axons. Fusing nerves had a higher surface-to-volume ratio,
indicative of large or swollen structures, and were electron-translucent and devoid of mitochondria
when compared to penetrating nerves. Postmortem labeling of trigeminal ganglia using the
neuronal tracer Dil successfully labeled the majority of corneal stromal nerves and, consistent with
our ultrastructural observations, fusion sites recognized as Dil-labeled basal epithelial cells were
located at points of stromal nerve truncation, an observation consistent with neuronal-epithelial
cell fusion.

Loss of corneal innervation has been shown to diminish the barrier function of the corneal
epithelium via ulceration or thinning of the surface epithelium, while also slowing the healing rate
of the epithelium post-wound [8]. This can result in stromal swelling or scarring resulting in

opacification of the cornea and loss of vision, or allow infectious agents into the deeper structures
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of the cornea and eye [119-122]. While nerve density and corneal sensitivity are diminished in
aging individuals and individuals consuming an obesogenic diet, the mechanism(s) by which this
loss occurs is currently unknown [6, 9, 130].

Obesity is a global epidemic and risk factor for type Il diabetes that has a profound effect
on innervation. It is estimated that roughly 10% of the population of the United States has diabetes,
with almost a quarter of those individuals undiagnosed [99]. Approximately one in three U.S.
adults over 18 years of age (estimated 88 million individuals) has prediabetes, a condition with
blood glucose or hemoglobin Alc levels higher than normal but not high enough to be classed as
diabetes [99]. Pre-diabetic individuals often have an associated metabolic syndrome with systemic
inflammatory changes in adipose tissue, muscle, liver and other tissues that contribute to diverse
pathologies [110-112]. In the pre-diabetic obese individual, the extent to which metabolic
syndrome contributes to the development of diabetic keratopathy is unknown. Pre-clinical studies
of corneal manifestations of type 11 diabetes in animals have confirmed and extended observations
potentially relevant to human keratopathy. The obesity epidemic has markedly increased the
incidence of type Il diabetes worldwide. This epidemic is further complicated by the presence of
corneal keratopathy in 70% of diabetic patients. Diabetic keratopathy is a chronic pathological
neuronal condition of the cornea, often presenting as a loss of corneal sensitivity and diminished
capacity to heal after wounding [109]. Most studies on the corneal changes that result from obesity
focus on hyperglycemia and insulin resistance, both late stage aspects of metabolic syndrome [100-
108]. These models have been very limited, though, in considering possible pathogenic roles of
the early obesogenic diet-induced changes that precede the development of type 1l diabetes [113].
Our recently published data show that corneal nerve density and sensitivity are diminished in mice

who consumed an obesogenic diet, but that corneal nerve density and sensitivity can be restored
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after diet reversal [7]. This is further supported by a study in humans examining the effect of
bariatric surgery in obese individuals. This study shows that obese individuals with normal levels
of hemoglobin Alc still suffer from corneal degeneration, suggesting that the detrimental effects
of diet and obesity occurs much earlier than previously thought and is not primarily dependent on
elevated glucose [295].

By using an established mouse model of diet-induced obesity, we observed loss of corneal
sensitivity after only 10 days and a marked reduction in corneal nerve density after 10 weeks of
feeding mice an obesogenic diet. At 10 days, the ability of the cornea to heal after an epithelial
abrasion was significantly delayed [7]. These pathological changes in the cornea begin prior to the
onset of sustained hyperglycemia and diabetes [295]. Understanding the role nerves play in the
progression of this disease is particularly important, as we have seen the aforementioned early
reductions in corneal sensitivity and nerve density in mice. Corneal neuropathy can compromise
the health of the corneal epithelium, as well as the quality of life of individuals. Many infectious
and non-infectious corneal diseases that affect the compromised cornea can lead to compromised
innervation which can result in neurotrophic keratopathy and blindness [7, 63, 114-119].

Similar to the consumption of an obesogenic diet, the aging process results in both
structural and functional changes in the cornea [4]. These changes can affect the ability of the
cornea to protect itself from injury, repair itself, and can even alter its ability to refract light. Aging
has been associated with corneal steepening and increased against-the-rule astigmatism
(astigmatism with an axis at 90° rather than the more typical 180°), along with increased thickness
in the posterior limiting lamina [123]. The capacity of the cornea to heal following injury has been
observed to decline with age, and the refractive outcomes and final visual acuity resulting from

laser refractive surgery have been shown to be less favorable in the elderly [125-127]. Studies in
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both humans and mice have shown an age-related decline in corneal nerve density as well,
concurrent with a loss in corneal sensitivity. Studies in humans have shown a steady decline in
corneal innervation from the age of 15 until death, with an approximate loss of 0.9% of sub-basal
nerve fiber density per year [4, 129, 130]. Studies in mice reveal that there is an increase in basal
epithelial nerve density from 10 days of age until 8 weeks, after which there is a plateau in corneal
innervation between 8 weeks and 12 weeks of age, followed by a decline in epithelial nerve density
throughout the remainder of the animals’ life [5]. Loss of corneal nerves can lead to corneal
diseases such as dry eye disease or Sjogren's syndrome, pathologies that increase in prevalence
with age [131-133]. Generally, age-related loss of corneal innervation can leave the cornea prone
to injury, infection and diseases which all have the potential to lead to a diminished quality of life
or even vision loss. With age-related corneal nerve loss, an individual’s ability to properly respond
to and avoid ocular injury is diminished, the lacrimal response to ocular dryness can be reduced
leading to painful dry eye and mechanical stress to the ocular surface, and the barrier function of
the corneal epithelium can be compromised as the cellular homeostasis between the epithelium
and corneal nerves is lost [116, 126, 134-137]. The exact mechanisms regulating these age-related
changes in corneal innervation are unknown.

Understanding the ultrastructural changes that occur in corneal nerves as a result of obesity
or aging may aid in combating their respective corneal complications. While the mechanisms
responsible for corneal nerve reduction are unclear, this study proposes that neuronal-epithelial
cell fusion is a mechanism for neuronal pruning, and it tests the hypothesis that the frequency of

neuronal-epithelial fusion increases with obesity and age.
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5.3 Materials & Methods
5.3.1 Animals

Male C57BL/6J mice were purchased from Jackson Labs (Sacramento, CA) and housed at
the Baylor College of Medicine Children’s Nutrition Research Center vivarium. All animals were
handled according to the guidelines described in the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Vision and Ophthalmic Research and the
Baylor College of Medicine animal handling guidelines. All animal procedures were approved by
the Animal Care and Use ethics committees at Baylor college of Medicine (IACUC #AN2721)
and the University of Houston (IACUC number: 16-005).
5.3.2 Diet and Aging

C57BL/6J mice were fed an obesogenic diet (41.31% kcal milk-fat, 29.85% kcal sucrose,
11.8% kcal carbohydrate, and 15.26% kcal protein; Diet #112734; Dyets Inc., Bethlehem, PA)
consistent with our previously published studies. Male mice were used as female mice show sex-
associated differences in diet response, and do not exhibit metabolic syndrome when fed an
obesogenic diet as compared to their male counterparts [157-161]. The estrous cycle of female
mice has been shown to alter hormone levels affecting the inflammatory response and providing a
protective affect against weight gain and the development of diet-induced co-morbidities [162-
164]. As inflammation plays a major role in the pathogenesis of obesity, this could be a
complicating factor in our studies using an obesogenic diet and thus female mice were excluded
from the study [159-161]. Mice were fed the obesogenic diet for 10 weeks, at which time nerve
density was expected to be reduced by ~30% compared to normal diet controls [7]. Control mice,
and mice in the aging and 9 week old groups, were fed a normal chow diet (14.79% kcal fat, 0.31%

kcal sucrose, 61.81% kcal carbohydrate, and 23.09% kcal protein; Advanced Protocol PicoLab
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Select Rodent 50 IF/6F 5V5R; LabDiet, St Louis, MO). Aged mice were allowed to age up to 9,
16, or 24 weeks before data and tissue collection.
5.3.3 Evaluation of Mouse Weight and Body Composition

Mice were weighed prior to euthanization, and their epididymal adipose tissue (eAT)
excised and weighed, to document expected weight gain and increase in adiposity. Body adiposity
index (BAI) was calculated as the ratio of whole-body weight to eAT weight.
5.3.4 Tissue Processing

Mice were euthanized by CO: asphyxiation followed by cervical dislocation. Tissue
fixation and resin-embedding were performed as previously described [166, 167]. Briefly,
following enucleation, the eyes were placed in primary fixative (0.1M sodium cacodylate buffer,
pH 7.2, containing 2.5% glutaraldehyde and 2mM calcium chloride) for 2 hours at room
temperature. Fixed corneas, with the limbus intact, were carefully excised from the whole eye and
cut into four equal quadrants. These quadrants were then washed in buffer before serial contrasting
in potassium ferrocyanide, osmium tetroxide, thiocarbohydrazide and osmium tetroxide. The
contrasted tissue was stained in uranyl acetate at 4°C overnight before being placed in a lead
aspartate solution for 30 minutes at 60°C. Finally, the tissue was dehydrated through an acetone
series before embedding in Embed 812 resin (Embed-812, Electron Microscopy Sciences,
Hatsfield, PA) containing Ketjenblack (Ketjenblack EC600JD, Lion Specialty Chemicals Co.,
Tokyo) in order to reduce tissue charging [93]. The block-face was trimmed to a 1 mm x 1 mm
size and the tissue block was then glued to an aluminum specimen pin, and covered in silver paint
to further reduce charging. Following application of silver paint, a thin layer of gold was applied

to the sample block using a Denton Desk-11 Vacuum Sputtering Device equipped with a standard
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gold foil target. The sputtering device was run for 2 minutes with a chamber pressure of 200
millitorr (Argon gas) and 40 milliamps, resulting in an estimated 20 nm thick gold coating.
5.3.5 Serial Block-Face Scanning Electron Microscopy (SBF-SEM)

Tissue blocks were sectioned using a Gatan 3View2 system (Gatan, Pleasanton, CA)
mounted in a Mira 3 field emission scanning electron microscope (SEM, Tescan, Pittsburgh, PA).
Back scatter electron (BSE) detection was used to image the block-face. Serial imaging was
conducted under high vacuum (0.047 Pa) using a Schottky emitter and an accelerating voltage of
6-9 keV. Imaging under high vacuum has the effect of decreasing noise in collected images, but
introduces the potential for tissue charging. However, the inclusion of Ketjenblack to the resin
greatly diminishes the capacity for charging within the tissue which allowed for satisfactory
imaging. Beam intensity ranged from 5-7 on a scale ranging from 1-20, spot size ranged from 4-7
nm, and a pixel dwell time of 12 ps/px was used for real-time imaging during serial sectioning or
32 us/px when capturing regions of interest for analysis. Resolution improves with smaller spot
sizes [168]. With a spot size of 4-7 nm the plasma membrane of cells and organelles is clearly
visible as a single electron-dense structure. The z-step distance between each serial image in these
stacks was 100 nm. Magpnification ranged from 3000-5500x and pixel size from 4-15 nm.

The central cornea was defined as having a diameter of 2 mm; the peripheral cornea,
including the limbus, occupied the surrounding region (0.6 mm wide) immediately adjacent to the
central cornea. The block-face was monitored at low magnification for stromal nerves that
approached the corneal epithelium at which point high magnification was used to document nerve-
epithelial interactions (i.e., penetration and fusion).

5.3.5.1 Post-processing of Image Stacks

Image stacks were post-processed for spatial drift removal using Gatan Digital Micrograph
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(version 2.31.734.0) software (Gatan; Pleasanton, CA). Subsequent three-dimensional
segmentation and reconstruction was conducted using Amira 6.0.1 software (FEI Company,
Hillsboro, OR). The contours of structures of interest were manually traced for each image in the
image stack using a digitizing pen connected to a Wacom tablet. Traced profiles were used to
produce three dimensional volumetric reconstructions. Surface meshes were applied via the
“generate surface module” in the Amira 6.0.1 software package in order to create digital models
of each reconstruction. Images and videos of reconstructions were generated using the “animation”
module. Care was taken to reconstruct the electron-translucent axons separately from the electron-
dense axons within each nerve bundle, this was accomplished by assigning a different material
(i.e. color) to each structure of interest. The basal lamina was identified by its characteristic
electron density (lamina densa) on the stromal face of basal epithelial cells, and neuronal
mitochondria by their electron-dense double membranes, cristae and size. Some volumetric data
sets were imported into syGlass virtual reality visualization software (syGlass; Morgantown, WV)
for histogram-based reconstruction. This was done by importing both a raw and gray-scale inverted
copy of the volumetric data into the software to be treated as separate color channels. Each channel
was contrasted to isolate either the electron-translucent portion of the nerve bundle or electron-
dense material within the image series.

5.3.6 Transmission Electron Microscopy (TEM)

Corneas were collected and fixed in 100 mM cacodylate buffer (pH 7.2) containing 2.5%
glutaraldehyde overnight at 4°C. Corneas were washed the next day in cacodylate buffer and stored
at 4°C for processing. Corneas were post-fixed in 1% tannic acid and transferred to 1% osmium
tetroxide, dehydrated in an acetone series, and embedded in Embed-812 resin (Electron

Microscopy Sciences, Hatsfield, PA). Ultra-thin 100 nm thick sections were cut, set on single slot
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copper grids (Formvar-coated and carbon stabilized), and imaged on a Tecnai G2 Spirit BioTWIN
electron microscope (FEI Company, Hillsboro, OR). Nerve bundles were imaged and assessed for
the presence of Schwann cell nuclei, organelles and axon-associated processes. In some cases,
tissue blocks prepared for SBF-SEM containing verified neuronal-epithelial cell fusion and nerve
penetration into the basal epithelium were removed from the Gatan 3View2 system and ultra-thin
sections 100 nm thick were collected and imaged on the Tecnai 12.
5.3.7 Morphometric Analysis and Stereology

Morphometric analysis using standard stereological techniques was performed as
previously described [175, 176]. Stereology is an aspect of morphometry that takes advantage of
the inherent mathematical relationships between three-dimensional objects and their two-
dimensional representations (e.g., electron micrographs) [177]. These relationships are based on
the reasoning of geometric probability and statistics, and the practice of using stereological grids
has been used extensively over the past 50 years to obtain unbiased and accurate estimates of
geometric features such as cell (or organelle) number, length, surface area, and volume [178-184].
In order to estimate the surface-to-volume ratio of fusing and penetrating nerves, a cycloid grid
was used (Figure 5.1). Briefly, serial electron images were obtained of both fusing and penetrating
nerve events as they approach/interact with the corneal basal epithelium. The serial images in
which the nerve is visibly interacting with the epithelium were identified, and an image was
selected at random from this subset of images for analysis. This was done by assigning each image
a sequential numerical identifier and utilizing a random number generator for selection. Digital
micrographs were analyzed in Adobe Photoshop (Adobe Systems Inc., San Jose, CA) using a

cycloid grid [185]. The vertical axis of the grid was oriented in parallel to the basal lamina within
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ve surface-to-volume ratio in the central cornea

Figure 5.1. Stereological analysis of ner
using a cycloid grid.

A single image from an SBF-SEM series showing a nerve bundle interacting with the basal
epithelium (A). A micrograph from this series was selected at random and a cycloid grid randomly
cast onto the image while maintaining the orientation of the grid (defined by the vertical white
arrow) parallel to the epithelial basal lamina at the point of interaction (B). The cycloid grid
contains lines and points, where lines intersections are used to calculate surface and points are used
to calculate volume. Points of nerve intersection with the cycloid grid lines are marked with blue
dots (surface area) while grid points falling within the nerve bundle are denoted with green dots
(volume); the inset, enlarged in panel (C), offers a magnified view of the grid. Panel A & B scale
bars = 5 um, panel C scale bar = 2.5 um.

v
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each image in order to account for the anisotropic properties of the cornea. Line intersections with
the nerve bundle of interest were counted, as well as target points located within the nerve bundle
(Figure 5.1). In order to avoid counting line intercepts and target points within nerves located on
the epithelial side of the basal lamina, a restriction line was drawn from one end of the basal lamina
pore to the other and counts were only made on the stromal side of each nerve. The ratio between
line intersections with the nerve and target points within the nerve was used to calculate the cell

surface density, or surface-to-volume ratio using an established stereology formula:
n }
n .

where | is the number of intersections between the grid lines and nerve bundle, P is the number of

SV:

grid points falling within the target nerve, and I/p is the length of test line per grid point (corrected
for magnification) [185].
5.3.8 Aesthesiometry

Corneal sensitivity was measured using a Cochet-Bonnet monofilament aesthesiometer in
awake mice. Aesthesiometry is the practice of measuring tactile sensitivity of biological tissue; for
example measuring the sensitivity of skin, the surfaces within the mouth, or the surface of the eye.
This is generally done using an aesthesiometer, a device designed to measure tactile sensitivity. In
the context of the cornea, the aesthesiometer measures the sensitivity of corneal nerves originating
in the ophthalmic branch of the trigeminal ganglion (Cranial nerve V) [12]. The Luneau Cochet-
Bonnet Aesthesiometer, used in the work presented here, is an ophthalmic instrument designed for
rapid corneal sensitivity examinations and it is used in the clinic and in animal studies (e.g., rats,
mice, horses). The principle behind the measurement is that the pressure transmitted axially by a

nylon monofilament pressed against the ocular surface varies with its length. At full extension the
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nylon monofilament length is 6.0 cm and it can be incrementally shortened to increase its stiffness.
When the filament tip (of known diameter) is pressed against the corneal surface, it transmits a
known amount of pressure determined by its length. If the mouse blinks (positive response) the
length of the filament will be recorded. If the mouse does not blink then the nylon filament will be
shortened by 0.5 cm and the test repeated until a positive response is recorded. The process was
repeated for all animals in both eyes three times to obtain an average response. The monofilament
length ranges from 0.5 cm to 6.0 cm, covering a transmitted pressure range from 15.9 g/mm?to
0.4 g/mm? respectively. The filament length is converted to pressure (g/mm?) using a conversion
chart (Table 2.1). Increased pressure required to elicit a blink indicates decreased corneal
sensitivity.
5.3.9 Statistical Analysis

All data were assessed to determine if the data met the assumptions of parametric statistics
(normal distribution with equal variance). In all cases, alpha was set at 0.05 for significance. To
compare frequency of neuronal-epithelial cell fusion across conditions a Chi-squared (X?) test was
conducted and to compare between each condition a Fisher’s exact post-hoc test was performed.
To compare corneal sensitivity and mouse total-body weight across conditions a two-way ANOVA
test was used followed by a Tukey’s post-hoc test to compare between conditions. As the eAT
weight and BAI data sets contained non-parametric data, a Kruskal-Wallis test was performed
followed by a Bonferroni modified Mann Whitney test. To compare surface-to-volume ratios
between penetrating and fusing nerves across all groups, a two-way ANOVA test was used
followed by a Tukey’s post-hoc test to compare between conditions. GraphPad Prism 3.02
(GraphPad Software. San Diego, CA, USA) was used for statistical analysis and data are shown

as the mean + standard error of the mean.
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5.4 Results

5.4.1 The consumption of an obesogenic diet as well as the aging process led to

an increase in total body weight and eAT weight in mice.

Mice fed an obesogenic diet for 10 weeks starting at 6 weeks of age had a significant increase in
total body weight compared to normal diet controls (Figure 5.2). Mice gained a significant amount
of weight across all time points, with total body weight increasing from 9 to 16 to 24 weeks of age
(Figure 5.2a). Mice gained a significant amount of eAT weight and body adiposity when fed a 10
week obesogenic diet compared to normal diet controls (Figure 5.2b & c). At 24 weeks of age
mice gained a significant amount of eAT weight and body adiposity when compared to 9 week old
animals.

5.4.2 Obesogenic diet and aging resulted in loss of corneal sensitivity, and
corneal sensitivity was negatively correlated with animal total body weight,
epithelial adiposity, and body adiposity index.

Assessment of corneal sensitivity was conducted using a Cochet-Bonnet aesthesiometry
device (Figure 5.3). Analysis of corneal sensitivity measurements revealed a significant decrease
in corneal sensitivity in 24 week old animals compared to their 9 week old counterparts, which
was not apparent at 16 weeks of age. 16 week old animals that had been fed a 10 week obesogenic
diet suffered a significant decrease in corneal sensitivity when compared to their 16 week old
normal diet controls. Furthermore, this loss of corneal sensitivity was significantly greater than the
loss found in 24 week old animals, despite being 8 weeks younger at the time of assessment

(Figure 5.3a). Regardless of the age and diet of the animal, loss of corneal sensitivity was

significantly correlated with total body weight and adiposity (Figure 5.3b, Table 5.1).
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Figure 5.2. Age lead to an increase in animal weight, while the introduction of an
obesogenic diet leads to an increase in both weight and adiposity.

As mice age they increase in total body weight, eAT weight and BAI. Mice fed a 10 week
obesogenic diet have a significant increase in total body weight, eAT weight and BAI. 16 week
old animals fed a 10 week obesogenic diet gained more total body weight, eAT weight and have a
higher BAI than 24 week old animals that did not consume an obesogenic diet. **p<.0125,
***pn<.001.
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Figure 5.3. Aging and the introduction of an obesogenic diet lead to a significant loss of
corneal sensitivity.

24 week old mice have a significantly decreased corneal sensitivity compared to 9 week old. While
16 week old mice do not undergo a significant decrease in corneal sensitivity, the consumption of
a 10 week obesogenic diet (16 week old mice) did in fact lead to a decrease in corneal sensitivity
greater than that seen in 24 week old mice. Loss of sensitivity was significantly correlated with
body adiposity index, with an r? value of 0.42 (p < 0.0001). Sensitivity correlation with total body
weight had an r? value of 0.48 (p < 0.0001), while correlation with eAT weight had an r? value of
0.46 (p < 0.0001). *p<0.05, **p<.01, ***p<.001.
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Table 5.1. Increased total body weight and epididymal adipose tissue are significantly
correlated with corneal sensitivity loss.

Total Body Weight | Epididymal Fat Weight (eAT) | Body Adiposity Index (BAI)

r’> Value 0.477 0.458 0.421

p Value < 0.0001 < 0.0001 < 0.0001

5.4.3 Increased frequency of neuronal-epithelial cell fusion is correlated with

the introduction of an obesogenic diet.

In order to assess whether frequency of neuronal-epithelial cell fusion is correlated with
the introduction of an obesogenic diet, animals were fed either a normal or obesogenic diet for 10
weeks beginning at 6 weeks of age and their corneas assessed using SBF-SEM. Mice fed an
obesogenic diet for 10 weeks were found to have a significant increase in neuronal-epithelial cell
fusion frequency, X? (3, N=188) = 16.35, p < 0.05 (Figure 5.4). 9 week old mice were found to
have a 47% frequency of neuronal-epithelial cell fusion, with 20 out of 43 nerves assessed
containing axons that fused with basal epithelial cells. 16 week old mice fed a 10 week normal diet
were found to have a 57% frequency of neuronal-epithelial cell fusion, with 30 out of 53 nerves
assessed containing axons that fused with basal epithelial cells (Figure 5.4b). Comparatively, 16
week old mice fed an obesogenic diet for 10 weeks had a significant increase in fusion frequency
with 82% frequency of neuronal-epithelial cell fusion, with 47 out of 57 nerves assessed containing
axons that fused with basal epithelial cells (Figure 5.4d). Mice fed a 10 week obesogenic diet
were found to have a significant increase in frequency of neuronal-epithelial cell fusion (p =
0.0037) when compared to normal diet controls. Furthermore, the frequency of neuronal-epithelial
cell fusion found in mice fed a 10 week obesogenic diet were not significantly different from 24

week old animals (p = 0.2978). These data suggest neuronal-epithelial cell fusion is correlated
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Figure 5.4. The frequency of neuronal-epithelial cell fusion was correlated with the

introduction of an obesogenic diet.

The frequency of neuronal-epithelial cell fusion was significantly increased at 24 weeks of age
compared to 9 week old animals, and the introduction of a 10-week obesogenic diet (16 week old
mice) resulted in a higher frequency of fusion than was found in 16 week old control animals fed
a normal diet. There was no significant difference in the frequency of fusion found in 16 week old

animals fed an obesogenic diet and 24 week old animals.
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with the loss in corneal sensitivity and corneal nerve-density that results from the consumption of
an obesogenic diet. Furthermore, 10 week consumption of an obesogenic diet resulted in a
frequency of neuronal-epithelial cell fusion akin to that found in 24 week old animals, suggesting
that consumption of an obesogenic diet results in the premature aging of the cornea in mice.
5.4.4 The frequency of neuronal-epithelial cell fusion increases with age.

In order to assess whether frequency of neuronal-epithelial cell fusion is correlated with the aging
process, animals were allowed to age to 9, 16, and 24 weeks and their corneas assessed using SBF-
SEM (Figure 5.4). Aged mice were found to have a significant increase in neuronal-epithelial cell
fusion frequency, X? (3, N=188) = 16.35, p < 0.05. 9 week old animals were found to have a 47%
frequency of neuronal-epithelial cell fusion, with 20 out of 43 nerves assessed containing axons
that fused with basal epithelial cells (Figure 5.4a). 16 week old animals were found to have a 57%
frequency of neuronal-epithelial cell fusion, with 30 out of 53 nerves assessed containing axons
that fused with basal epithelial cells (Figure 5.4b). 24 week old animals were found to have a 71%
frequency of neuronal-epithelial cell fusion, with 25 out of 35 nerves assessed containing axons
that fused with basal epithelial cells (Figure 5.4c). While fusion frequency was not significantly
increased at 16 weeks of age when compared to 9 week old animals (p = 0.4118), frequency of
neuronal-epithelial cell fusion was significantly increased in 24 week old animals compared to 9
week old animals (p = 0.0381). This data suggest that neuronal-epithelial cell fusion is correlated

with the loss in corneal sensitivity and corneal nerve-density that occurs during the aging process.

5.4.5 Surface-to-Volume ratio was significantly lower in fused nerves.

Surface-to-volume ratio is a useful metric for assessing axon swelling, and can be used to

quantify the apparent difference in appearance between penetrating (Figure 5.5) and fusing
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Figure 5.5. Nerves penetration through the basal lamina into the basal epithelial layer in
the absence of neuronal-epithelial cell fusion.

Examples of nerve penetration through the epithelial basal lamina in the absence of neuronal-
epithelial cell fusion (A-F). Nerves can be seen entering the epithelium through a discontinuity in
the basal lamina (arrow), with a continuous basal lamina present on either side of the point of
penetration. In all cases portions of the penetrating axons can be seen successfully entering the
basal epithelium (arrowhead). Panels A-D & F scale bars = 2 um, panel E scale bar = 1 um.
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(Figure 5.6) nerve bundles. Surface-to-volume ratio of nerve bundles interacting with the basal
epithelium was significantly decreased in nerve bundles containing fused axons, compared to those
only containing penetrating axons, across all groups with the exception of the obesogenic diet
condition (Figure 5.7). The surface-to-volume ratio was not found to be significantly different
between fusing and penetrating nerve bundles in mice fed a 10 week obesogenic diet, however the
lack of significance may be a result of the limited number of penetrating events found in these
animals. The surface-to-volume ratio of penetrating axons was significantly lower in 16 week old
mice compared to 9 week old mice, however all other comparisons did not reach significance.
There was no significant difference between the surface-to-volume ratios of fused nerve bundles

between any conditions.
5.4.6 Fusing axons are electron-translucent, swollen, and contain

accumulations of autophagic vesicles

SBF-SEM and TEM imaging of fusing axons reveals the presence of autophagic vesicles at various
stages of degradation within the swollen, electron-translucent axoplasm (Figure 5.8). Autophagic
vesicles accumulated close to sites of fusion, and in some cases contained multilamellar bodies
(Figure 5.8A, C & D). Out of the 24 fusion events found to contain multilamellar bodies (97
fusion events total), 13 (54%) were found in mice who were fed a 10 week obesogenic diet. 5
(21%) were found in the normal diet controls, and 5 (21%) were found in 24 week-old aged
animals. Only 1 (4%) event was found to contain multilamellar bodies in 9 week old animals. TEM
confirmed the lack of microtubules at points of autophagic vesicle accumulation, making it
unlikely that retrograde transport and maturation of these vesicles occurs. Additional observations

showed damaged and degenerative mitochondria in swollen and fusing axons (Figure 5.8G-I).
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Figure 5.6. Neuronal-epithelial cell interactions involving both penetrating and fusing
axons within the nerve bundle.

Examples of neuronal-epithelial cell interaction at the stromal-epithelial interface (A-F). In each
event, a large electron-translucent portion of the nerve bundle can be seen interacting with the
basal epithelium spanning the entire discontinuity in the basal lamina. The electron-dense portion
of the nerve bundles (arrow) successfully penetrate into the basal epithelium, and in some cases
can be seen enveloped by the basal epithelium and extending branches contributing to the sub-
basal plexus (arrowhead). Scale bars = 2 um.

138



bd
1

Surface-to-Volume Ratio

*¥

e

4 <

|
!

«
+*

9wk.P  9wk.F 16wk.P 16wk.F 24wk.P 24wk.F Ob.D.P Ob.D.F

Figure 5.7. Stereological analysis reveals that nerves involving neuronal-epithelial cell
fusion exhibit a decreased surface-to-volume ratio.

A graph depicting the surface-to-volume ratios of corneal nerves penetrating the epithelial basal
lamina. 9, 16, and 24 week old animals were fed a normal diet, while Ob.D mice were fed a 10
week obesogenic diet beginning at 6 weeks of age. Groups denoted with an F include nerves
involving neuronal-epithelial cell fusion, while groups denoted with a P include nerves which
simply penetrate into the corneal epithelium in the absence of fusion. With the exception of mice
fed an obesogenic diet, the interactions involving neuronal-epithelial cell fusion had a significantly
lower surface-to-volume ratio compared to penetrating interactions. **p<.01, ***p<.001.
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Figure 5.8. Fusion events often contain autophagic vesicle accumulation proximal to points
of fusion.

TEM images of nerve bundles verified to contain fusing axons using SBF-SEM (A-I). Panel A
shows a nerve bundle containing a swollen, electron-translucent axon as well as an additional
electron-translucent axon profile containing an accumulation of autophagic vesicles. Panel B
shows a magnified view of the upper-most inset in panel A. Thin Schwann cell projections can be
seen wrapped the swollen, electron-translucent axon (B). Panel C shows a magnified view of the
lower-most inset in panel A where autophagic vesicle accumulation can be seen; note the absence
of microtubules. Autophagic vesicles within fusing axons appear morphologically diverse, with
multilamellar bodies (C & D), vesicles containing cytosol and degraded organelles (E, F & 1), and
degenerating mitochondria (G & H).
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5.4.7 The basal lamina pore though which fusion events occur is primarily

occupied by fused axons.

In all cases of neuronal-epithelial cell fusion, the majority of the basal lamina pore through
which nerve bundles and basal epithelial cells interact is primarily occupied by the fusion
interaction (Figures 5.9 & 5.10). Additionally, in all cases of fusion, a subset of axons successfully
penetrate into the epithelium to contribute to the epithelial plexus (Figures 5.7 & 5.9).
Interestingly, the majority of the volume of fusing nerve bundles can be accounted for by the
electron-translucent fusing axons within the bundle, with the electron-dense, penetrating axons

often penetrating at tricellular junctions between overlying basal epithelial cells (Figure 5.10).
5.4.8 Schwann cells envelope stromal axons at the point of interaction between

stromal nerves and basal epithelial cells.

With the presence of Schwann cell nuclei near the sites of neuron-epithelium interaction in both
fusing and penetrating nerve bundles (Figures 5.6 & 5.11), it became important to identify whether
the large, electron-translucent portion of the bundle was indeed neuronal as we conjectured in our
original discovery, or whether it belonged to the associated Schwann cell. TEM of the axon-
Schwann cell interaction verified the presence of slender Schwann cell projections enveloping
axons within the corneal nerve bundles (Figure 5.12). Contrast-based 3D reconstruction of fusion
captured via SBF-SEM reveals this slender Schwann cell projection extending between the large,
electron-translucent regions of the nerve bundle (Figure 5.13). In this reconstruction the Schwann
cell has a typical morphology, with a thin and elongated nucleus and thin cytoplasmic projections

extending throughout the bundle.
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Figure 5.9. 3D reconstruction of nerve branching and interaction with basal epithelial cells
at the stromal-epithelial border over a 50 pm distance.

A single nerve bundle was imaged over a 50 um distance whereupon 4 axons penetrate the basal
lamina (green) at separate 3 points (denoted by the arrow, arrowhead & asterisk) (A). The
electron-translucent portion of the bundle is depicted in white while the electron-dense portion is
depicted in purple. A Schwann cell nucleus can be seen reconstructed in blue. A view from the
stromal side of the basal lamina is seen in panels B-D. A view from the epithelial side of the basal
lamina is seen in panels E-G. The holes in the basal lamina are isolated in panel H, with a close
up of the fusion point denoted by the arrowhead in panel I, and a close up of the fusion point
denoted by the arrow in panel J. Single electron micrographs of the three interaction points,
denoted with an asterisk (K), an arrowhead (L), and an arrow (M) are shown in panels K-M,
with the electron-dense portion of the bundles denoted by arrows. The majority of each basal
lamina discontinuity is filled with the electron-translucent portion of the nerve bundle. Scale bars
=2 um.
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Figure 5.10. 3D reconstruction of basal lamina pores through which fusing and penetrating
axons interact with the basal epithelium.

Reconstructions of the basal lamina pores associated with a nerve bundle containing fusion (A &
B), and a nerve bundle penetrating in the absence of neuronal-epithelial cell fusion (C & D). The
majority of the basal lamina pore associated with a fusing nerve bundle is filled by the fusing
axons. Here we see the fusion between the nerve bundle and three separate epithelial cells (Red,
yellow & blue) at a tricellular junction at the basal lamina (green). Penetrating axons (purple) can
be seen entering the epithelium (B). Small discontinuities in the basal lamina can be seen in close
proximity to sites of nerve-epithelium interaction (arrows) (A). Penetrating axons pass through a
similarly sized hole in the basal lamina (D). As is seen with the fusing nerve bundle, small
discontinuities in the basal lamina can be seen in close proximity to the site of nerve-epithelium
interaction (arrows) (C).
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Figure 5.11. Schwann cells are closely associated with sites of neuronal-epithelial
interaction at the stromal-epithelial border.

Images showing close proximity of Schwann cell nuclei and points of neuronal-epithelial
interaction (A-F). In each image Schwann cell nuclei are denoted with a white “n.” In each SBF-
SEM series the Schwann cell nucleus is visible less than 5 um from the point of neuronal-epithelial
interaction, and in some cases come within microns of the basal epithelium. Panels A, D-F scale
bars = 2 um, panels B & C scale bars = 2.5 um.
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Figure 5.12. High resolution TEM of Schwann cells enveloping axons within nerve bundles.

A TEM image of a stromal nerve bundle with nerve axons and Schwann cell visible (A). The inset
image (B) shows Schwann cell cytoplasm. A Golgi apparatus (*) is visible as are thin projections
between and surrounding the associated axons (arrowheads). In panel C an additional nerve
bundle is shown where Schwann cell processes (arrowheads) visibly wrap nerve axons (examples
denoted with asterisks). It should be noted that these Schwann cell projections responsible for
enveloping axons are very thin and in no way share similar characteristics to the electron-
translucent and swollen portions of the axons at sites of neuronal-epithelial cell fusion. Panel A
scale bar =1 um, panels B & C scale bars = 0.5 um.
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Figure 5.13. Contrast-based reconstruction methods verify Schwann cell interaction near
points of neuronal-epithelial cell fusion.

An SBF-SEM image series depicting neuronal-epithelial cell fusion was used to create a two-
channel contrast-based reconstruction of the event (A & B). The Schwann cell nucleus is denoted
by a white “n,” while the Schwann cell projections (arrow) are visible between the electron-
translucent (red) portions of the nerve bundle. Single electron micrographs from the SBF-SEM
series are shown in panels C-E where Schwann cell nucleus is denoted by a white “n,” the point
of neuronal-epithelial cell interaction by an arrowhead, and the Schwann cell projection shown
in panel B denoted by an arrow. Panel C scale bar = 5 um, panels D & E scale bars = 2.5 um.
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5.5 Discussion

The purpose of this study was to determine if neuronal-epithelial cell fusion is correlated
with the corneal sensitivity and nerve density loss that results from the introduction of an
obesogenic diet as well as the natural aging process. Mice were either aged to 9, 16, or 24 weeks
of age or fed a 10 week obesogenic diet beginning at 6 weeks of age. Mice gained a significant
amount of weight both in response to the introduction of an obesogenic diet as well as aging, while
also gaining a significant amount of epididymal adipose tissue. This change coincided with a
significant decrease in corneal sensitivity which was found to be correlated with weight and
adiposity regardless of condition. Using SBF-SEM we were able to observe stromal nerves passing
through the epithelial basal lamina in 9, 16, and 24 week old mice as well as in 16 week old mice
fed an obesogenic diet, and assess these events for penetrating and fusing axons. It was found that
neuronal-epithelial cell fusion is positively correlated with the loss of sensitivity and nerve density
found in aging and obesogenic diet-fed mice. In 9 week old animals, 47% of central corneal nerves
were found to involve fusion compared to 71% in 24 week old animals. 57% of central corneal
nerves involved fusion in 16 week old mice fed a normal diet compared to 82% of central corneal
nerves in 16 week old mice fed a 10 week obesogenic diet. The data suggests that neuronal-
epithelial cell fusion represents a potential mechanism for nerve re-organization and loss in the
cornea, and adds a new level of complexity to the current understanding of corneal innervation.
Nerve bundles containing fusing axons are morphologically distinct from those only containing
penetrating axons. Fusing bundles contain axons that exhibit an electron-translucent *“salt and
pepper” axoplasm devoid of mitochondria and microtubules in the cytoplasm immediately
surrounding sites of fusion, and have a decreased surface-to-volume ratio indicative of a swollen

cell. This morphological expression is compartmentalized exclusively to the axons which fuse;
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however, penetrating axons within the same bundle look characteristically dark and electron-
dense, with evident mitochondria and microtubules and a smaller surface-to-volume ratio. While
fusing axons terminate at the stromal-epithelial interface, these penetrating axons pass into the
basal epithelium before traveling laterally towards the corneal center. In addition to their swollen,
“salt and pepper” morphology, fusing axons often contain autophagosomes (Figure 5.8) [296-
302]. Autophagy is a lysosomal degradation pathway responsible for clearing damaged or aged
cellular components from cells [303-305]. As neurons are post-mitotic cells, they are particularly
vulnerable to the buildup of unnecessary or dysfunctional organelles, damaged proteins, and
cytotoxic material [299, 306, 307]. While mitotic cells can dilute out toxins via cell division, this
IS not an option for the vast majority of neurons in the body. As such, neurons rely heavily on
autophagy to maintain cellular homeostasis and ensure their long-term viability and functionality.
Indeed, autophagy in neurons is constitutively active and baseline levels of autophagy are
necessary for axonal homeostasis and survival. In studies where autophagosome activity was
blocked, axons quickly degenerated. This degeneration is characterized by axonal swelling,
followed by retraction and, if autophagy is not restored, neuronal death results [308-312].
Interestingly, autophagic vesicles have also been linked with axonal pruning and axonal outgrowth
[313-316]. Furthermore, studies show that autophagy is enriched in distal axons, such as the axonal
projections present in the cornea. During axonal reorganization, autophagic vesicles are enriched
in neuronal growth cones, and within retracting regions in particular [299, 314, 317]. Given the
dynamic nature of corneal innervation under homeostatic conditions, along with the increase in
neuronal-epithelial cell fusion in response to an obesogenic diet and aging, it is likely that the
phenomenon of neuronal-epithelial cell fusion is associated with the presence of autophagic

vesicles in corneal nerves. In fact, it has been shown that cell-cell fusion leads to enhanced
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autophagy [318-320]. It may be that the fusion between neuron and epithelial cell serves to enhance
autophagy within corneal nerves. This may play a homeostatic role in young, healthy animals, as
autophagy has been associated with robust neuronal regeneration under favorable conditions [321,
322]. However, in the presence of an obesogenic diet, or in aged mice, autophagy may be
dysregulated, leading to the loss of corneal innervation. The early signs of pathological autophagy
are axonal swelling and dystrophy, and as neuronal-epithelial cell fusion and its associated axonal
swelling are up-regulated in mice fed a 10 week obesogenic diet, it seems reasonable to posit that
dysregulated autophagy plays a role in this pathology. Indeed, increased numbers of
autophagosomes, indicative of dysregulated autophagy, is associated with pathology and neuronal
death and had been implicated in the neuropathy that accompanies aging [302, 323].
Dysregulation of autophagy can occur for three primary reasons; increased autophagic
activity via the induction of autophagosome formation, decreased autophagosome-lysosome
fusion resulting in decreased removal of autophagosomes, or defects in autophagosome transport
impairing autophagosome maturation and content degradation [308]. Once autophagosomes are
formed, their sequestration toward the cell soma is facilitated by the microtubule-associated motor
protein dynein, where they mature into degradative organelles via lysosome fusion [314, 317, 324,
325]. This process is important, as it allows the sequestration of toxic or waste material from the
cytosol as well as the recycling of essential biosynthetic building blocks in order to sustain cell
viability [299, 300]. This is particularly important in neurons, as proteins and organelles in the
distal axon are far from the primary protein synthesis sites located in the neuronal soma, and may
be more susceptible to aging and damage [299]. To this point, it has been shown that the
mitochondria of the distal axon are older than mitochondria found in proximity to the neuronal

soma [326]. Furthermore, cytosolic proteins in the neuron must be newly synthesized in the soma
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before being transported toward distal axons via slow axonal transport (1-10 mm/day), ensuring
that the distal proteome is aged compared to the proteome proximal to the neuronal soma [327].
Under pathogenic conditions, autophagosome accumulation occurs within axon swellings, and
damaged organelles and proteins cannot be effectively removed from the axon. In the fusion events
found in this paper, the lack of intact microtubules suggests that retrograde transport of autophagic
vesicles is unlikely. This accumulation is a hallmark of disease progression in many
neurodegenerative diseases, and can lead to oxidative damage and apoptotic cascades which leave
the axon susceptible to degeneration. As such, this process, which is conducive to nerve growth
and rearrangement under homeostatic conditions, may lead to a loss of nerve density and
sensitivity within the cornea. Neuronal-epithelial cell fusion may serve to enhance autophagy,
though whether fusion occurs prior to autophagy or vice versa is currently unknown.

In both fusing and penetrating nerve bundles, Schwann cells identified by their nuclei and
thin, axon-encompassing cytoplasmic projections are seen in intimate contact with nerve axons in
the stroma up to the point of contact with the basal epithelium. Because of this intimate association,
it was important that we identify whether the swollen, electron-translucent portion of the nerve
bundle was axonal or part of associated Schwann cells. Ultrastructural examination however,
reveals thin Schwann cell cytoplasmic projections encompassing electron-dense and electron-
translucent axons alike (Figures 5.8 & 5.12). Furthermore, contrast-based reconstruction identifies
these thin projections, continuous with the portion of the bundle containing the Schwann cell
nucleus, between and separate from the electron-translucent portions of the nerve bundles. The
close association between axon and Schwann cell at the point of contact with the basal lamina and

basal epithelial cells is interesting however, and the role, if any, the Schwann cell plays in the
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penetration of axons into the corneal epithelium, and in the fusion between the two cell
populations, deserves further investigation.

Previously published data from our lab show corneal sensitivity is diminished and the
corneal circadian rhythm of neutrophil influx into the limbus is blunted as early as 10 days into an
obesogenic diet, with a decline in nerve density, over-expression of corneal inflammatory
mediators, and dysregulation of the wound healing process evident following 10 weeks of
obesogenic-diet feeding. Furthermore, this pathology precedes the onset of sustained
hyperglycemia, a risk-factor for type Il diabetes [7]. This study finds that a 10 week obesogenic
diet is also correlated with an upregulation in neuronal-epithelial cell fusion. While the reason for
this correlation is unknown, there are interesting cellular interactions of note in the cornea that
might play a role in the diminished nerve density and sensitivity of the cornea as a result of an
obesogenic diet. Our previous data show a blunting of the circadian accumulation of neutrophils
in the corneal limbus following an obesogenic diet [7]. It is well established that neutrophils are
potent sources of vascular endothelial growth factor (VEGF), a critical growth factor for the health
of the vertebrate nervous system which promotes neurogenesis, neuronal patterning,
neuroprotection and glial cell growth [328]. It is possible that the dysregulation of the homeostatic
neutrophil response plays a role in the increase in neuronal-epithelial cell fusion, and the loss of
corneal nerve density and sensitivity that result from obesogenic diet consumption and aging.
Additionally, resident macrophages and dendritic cells have been shown to be negatively affected
by obesity [329, 330]. This is important to note as changes in these populations have been
correlated with diminished nerve density and delayed nerve regeneration [331-336].

While fusion is more frequent in aged mice, and autophagic vesicle accumulation increases

with age, it is important to note that weight gain is a component of the natural aging process [337,
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338]. This is of particular interest as increased frequency of neuronal-epithelial cell fusion is
statistically correlated with weight and adiposity. Furthermore, the accumulation of autophagic
vesicles, as is seen in fusing axons, is correlated with age-related changes to metabolism and the
regulation of autophagy has been shown to change in response to environmental cues such as
changes in nutrient levels within the body [339]. While these changes can occur in response to
diet, they are also correlated with the normal aging process. As such, it is possible that the changes
seen in the aging arm of this study result from the increase in weight and adiposity that occurs
during the natural aging process. This is an intriguing proposition that deserves further study, as
aging is correlated with the accumulation of reactive-oxygen species which can lead to cell damage
and senescence, as well as mitochondrial and DNA damage, all of which are associated with
dysregulation of the autophagic process. Regardless, the extent to which obesity plays a role in the
increases in neuronal-epithelial cell fusion in aging mice corneas warrants further study.

The literature linking obesity to peripheral neuropathy provides an interesting context for
the data presented here. While obesity has been shown to lead to metabolic syndrome, low-grade
systemic inflammation and peripheral neuropathy, studies show that bariatric surgery may
significantly reduce pathology [7, 295, 340, 341]. Obesity-related neuropathy is believed to result
from mitochondrial dysfunction, oxidative stress, and inflammation with a significant decrease in
corneal nerve density and sensitivity [342-344]. However, bariatric surgery was shown to
significantly improve neuropathy symptom scores, and improve corneal nerve parameters such as
nerve fiber density, corneal nerve branching, and nerve fiber length, indicative of nerve
regeneration [295, 345]. Markers of low-grade inflammation, such as elevated serum IL-6 and
hsCRP, are also diminished after bariatric surgery, alongside lower levels of triglycerides and

higher levels of HDL [295]. If this results from bariatric surgery, it is also possible that dietary
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intervention may be enough to reverse corneal neuropathy and decrease the frequency of neuronal-
epithelial cell fusion events in the cornea. It may be that there is a mechanistic link between obesity
and diminished corneal health, rather than a simple correlation, and that reducing obesity leads to
improvements in corneal health.

This study sheds light on underutilized clinical tools that have the potential to be used to
assess and diagnose peripheral neuropathy much earlier than is widely believed possible. The
presence of elevated levels of hemoglobin Alc is currently one of the early diagnostic criteria for
detecting metabolic syndrome, and the neuropathy that accompanies diabetes can be detected in
the retina months after diagnosis. Unfortunately, once retinopathy has been detected, often it is too
late to rescue functional loss. As previously stated, data from our lab shows measurable changes
in corneal nerve density and sensitivity as early as 10 days into an obesogenic diet [7].
Furthermore, enhanced frequency of neuronal-epithelial cell fusion occurs as early as 10 weeks
into an obesogenic diet, before sustained elevation of hemoglobin Alc and well before the
development of diabetes. Human studies show this corneal degeneration in obese patients without
elevated levels of hemoglobin Alc as well [295]. The loss of corneal sensitivity can be detected
using the Cochet-Bonnet aesthesiometer, a device almost exclusively used in dry eye patients or
patients with extensive keratopathy. It is possible that the use of Cochet-Bonnet aesthesiometry
during standard, yearly optometric visits would allow early detection of peripheral neuropathy
long before irreversible loss of function. Furthermore, studies using confocal imaging of the cornea
regularly identify sub-basal nerves which terminate in clusters of “bulb-like thickenings” at the
basal epithelium. It is possible that these are sites of neuronal-epithelial cell fusion, shown here to
correlate with corneal nerve loss and loss of sensitivity. If so, confocal imaging of the cornea could

be utilized as a method for early detection of peripheral neuropathy. Further studies are required
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to determine if these often-overlooked bulbs are in fact sites of neuronal-epithelial cell fusion, but
if this is in fact found to be the case confocal imaging would represent a novel non-invasive

screening method for age and diet related peripheral neuropathy.

5.6 Conclusion

In conclusion, the data show neuronal-epithelial cell fusion is positively correlated with
losses in nerve density and corneal sensitivity during obesogenic-diet feeding and aging in mice.
As such, we believe it represents a potential mechanism for nerve re-organization and loss within
the cornea. Under normal conditions, a baseline level of neuronal-epithelial cell fusion may play
a homeostatic role allowing for the pruning and regrowth of neuronal projections into the corneal
epithelium, especially in the corneal center where the corneal epithelium and nerve plexuses are
known to be dynamic and continually shifting throughout life. In the presence of an obesogenic
diet, or as a result of the aging process, the rate of neuronal-epithelial cell fusion is increased
alongside a loss in nerve density and corneal sensitivity. A greater understanding of the process of
neuronal-epithelial cell fusion and autophagic vesicle accumulation in corneal nerves might pave
the way for the creation of novel treatments for corneal neuropathy. Furthermore, changes in
neuronal-epithelial cell fusion and corneal sensitivity occur long before alternative markers for
diet and age related neuropathy. As such, Cochet-Bonnet aesthesiometry and confocal imaging
represent potentially underutilized tools for diagnosing peripheral neuropathy long before

irreversible damage occurs.

5.7 Acknowledgments and Supporting Information

We would like to thank Dr. Sam Hanlon, Evelyn Brown, and Margaret Gondo for their
excellent technical assistance. This research was supported in part by National Institutes of Health
(NIH) RO1 EY-018239 and P30 EY007551 (National Eye Institute), the Sigma Xi Grants-in-Aid-

of-Research, and in part by the Lion’s Foundation for Sight.

154



6. General Discussion

155



To our knowledge, the data presented in this dissertation show for the first time that
neuronal-epithelial cell fusion occurs and is present in the central cornea. In fact, to our knowledge
this is the first study specific to the penetration of nerves through the epithelial basal lamina at an
ultrastructural level. Prior to these studies, it was known that corneal nerves penetrate the basal
lamina and enter the corneal epithelium, and that corneal nerves are dynamic throughout life.
Furthermore, corneal nerves are susceptible to degeneration in response to an obesogenic diet as
well as the natural aging process, however the mechanisms by which this occurs is unknown [7,
9, 136, 247, 346-348]. Here we show the frequency of neuronal-epithelial cell fusion is inversely
correlated with nerve density and sensitivity, and the fusion frequency is sensitive to diet and age.
The presence of fusion under homeostatic conditions suggests it may play a role in the organization
of central corneal nerves throughout life. Neuronal-epithelial cell fusion involves axons that are
electron-translucent that contain a lower surface-to-volume ratio compared to penetrating axons
which is indicative of a large or swollen morphology. Fusing axons are devoid of mitochondria
and frequently contain accumulations of autophagic vesicles. A review of the literature on cell-
cell fusion reveals that it is associated with increased intracellular calcium levels as well as
enhanced autophagic activity [67, 146, 318, 319, 349]. As autophagy is associated with axonal
regeneration and nerve reorganization under homeostatic conditions, it may be that neuronal-
epithelial cell fusion functions to enhance this autophagic activity [299, 307, 309]. However, the
associated increase in intracellular calcium can lead to mitochondrial damage and the breakdown
of neuronal microtubules possibly accounting for the accumulation of autophagic vesicles as they
rely on retrograde transport for eventual degradation at the neuronal soma [146, 282, 300]. High
levels of intracellular calcium in axons can cause autophagic vesicles to be derived from the outer-

membranes of damaged or dysfunctional mitochondria [350]. During corneal homeostasis, this
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may be a natural part of the reorganization process, allowing the neuron to recycle material from
axonal projections that no longer provide appropriate feedback from the corneal surface. This
material can then be utilized in the production of a new axonal projection into the corneal
epithelium. In a cornea affected by an obesogenic diet or age, this process may become
pathological resulting in the loss of the neuron rather than axonal reorganization [299]. Neurons
rely on neurotrophic factors provided by the epithelium, as well as continual feedback from their
terminals [15, 152]. If too many axons from a single neuron undergo this process of fusion and
swelling, it is possible that this could result in the degeneration of the neuron as neurotrophic
support and feedback are lost, or the process of reorganizing too many axons concurrently
overwhelms the cell. Regardless, the process of neuronal-epithelial cell fusion occurs during
corneal homeostasis at an age where nerve density loss is not apparent, and is up-regulated in the
presence of an obesogenic diet and during aging where significant nerve density and corneal
sensitivity loss occurs.

Consuming an obesogenic diet results in diminished epithelial cell division within the
corneal epithelium [7]. While the homeostatic interaction between nerves and corneal epithelial
cells is interesting, as they release neurotrophic factors such as GDNF, VEGF, NT-4, Sema7a, and
CGRP supporting nerve regeneration, repair, and outgrowth, it is important to bear in mind a
number of other known cellular interactions affecting nerves within the cornea [2]. Age and
increased adiposity have been associated with low-grade systemic inflammation, which results in
changes to blood cells affecting the cornea [351, 352]. One such cell is the neutrophil. The
consumption of an obesogenic diet leads to a blunting of the circadian accumulation of neutrophils
in the corneal limbus [7]. This is of note as neutrophils provide growth factors such as VEGF

which is necessary for nerve regeneration as well as epithelial cell division in mouse models of
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corneal injury [5]. Blunting of the circadian influx of neutrophils may play a role in the loss of
corneal innervation seen in response to obesogenic diet consumption, as homeostatic levels of
VEGF released by extravascular neutrophils is diminished. The blunting of the circadian cycle in
the cornea is further supported by a reduction in the daily cycle of Rev-erba, a cellular clock gene.
Studies on aging have also shown blunting of the circadian rhythm as a function of age, and even
in aging paradigms diet and metabolism are implicated in this change [353-356]. In nerve recovery
following corneal wounding (epithelial abrasion), it has also been demonstrated that yo T cells are
necessary for efficient nerve regeneration most likely via recruitment of neutrophils and platelets
at the corneal limbus. While a yd T cell influx into the cornea occurs post-wound, it is important
to note that a population of resident yd T cells exists within the normal unwounded cornea [357].
Furthermore, changes in yd T cell populations resulting from an obesogenic diet have been reported
elsewhere in the body and may play a role in the low-grade inflammation that accompanies obesity
[358]. With this in mind, it is possible that changes yd T cells resulting from an obesogenic diet
may contribute to the changes in corneal nerves discussed in this dissertation.

We conjecture that what we are seeing in this event is the mechanism by which axons are
organized and maintained in the cornea. It is possible that the axons penetrating the basal lamina
in the periphery are less prone to diet- and age-related changes due to their proximity to the limbal
vasculature (Figure 6.1), and are not as drastically affected by diminished levels of neurotrophic
support. Axons penetrating into the corneal epithelium in the periphery do not contain long regions
of their axons not closely associated with either vasculature prior to penetration, or epithelium
post-penetration. Conversely, axons penetrating near the corneal center have portion of their axons
traveling through the avascular stroma. As neutrophils and epithelial cells are rich sources of

growth factor for nerves, this may be an important distinction between these two nerve
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Figure 6.1. Electron micrograph of a nerve bundle associated with the limbal vasculature
passing through the epithelial basal lamina.

Nerves (arrowhead) that penetrate the basal lamina (arrow) in the peripheral cornea are closely
associated with limbal vasculature. Here, a nerve can be seen in contact with limbal vasculature
(*) close to where it traverses the stromal-epithelial border (A). Another micrograph in this SBF-
SEM series shows the point at which the nerve penetrates the basal lamina (B).
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populations. As such, nerves penetrating in the central and mid-peripheral regions of the cornea
may be more susceptible to diet- and age-related loss of neurotrophic support, in addition to
requiring more active maintenance as a result of the ever-shifting epithelium in which the axons
penetrate into the epithelium and terminate. As axons and their terminals move towards the corneal
center with the flow of surrounding epithelial cells, they would require pruning and re-organization
[359]. If these axons and their terminals were not pruned the central cornea would quickly become
hyper-innervated leaving sparse innervation in the mid-periphery. It has become clear that corneal
nerves are in a constant state of flux throughout the lifetime of an individual, with the sub-basal
and epithelial nerve plexuses changing their patterns constantly and in response to corneal
pathology [153, 154, 359]. The presence of neurotrophic factors is important in this constant
maintenance and reorganization of corneal nerves. Interestingly, the levels of neurotrophic factors
is significantly higher near the limbal vasculature and in the limbal epithelium compared to the
central corneal epithelium [360]. As such, the level of neurotrophic support provided to axons
within in the central cornea is diminished. As individuals age, and in the presence of an obesogenic
diet, it is possible that corneal nerves penetrating in the central cornea, containing axonal
projections with diminished neurotrophic support, are more susceptible to the neurotrophic
changes that result from these conditions, leading to increases in neuronal-epithelial cell fusion,
nerve density loss, and loss of corneal sensitivity (a biometric measured at the central cornea).
We report that nearly half of all nerve bundles penetrating the epithelial basal lamina in the
central cornea involve neuronal-epithelial cell fusion, with increased frequency of fusion after
obesogenic diet feeding or aging. To our knowledge, this cell-cell interaction has not been
identified or discussed previously in the literature. This begs the question; why has this not been

identified before? We believe that the answer to this question lies in the deficiencies of prior
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methodology compared to serial block-face scanning electron microscopy. Regarding electron
microscopy, prior studies of corneal nerve ultrastructure relied on transmission electron
microscopy. While TEM provides excellent ultrastructural data, TEM micrographs lack three-
dimensional context and as such can be difficult to interpret. Furthermore, the small field-of-view
afforded by TEM alongside the random nature of sampling make it difficult to study the
penetration of nerves through the basal lamina. In support of this fact, it was estimated in 2005
that all material studied in the history of TEM accounted for less than one cubic centimeter of
volume [185]. Despite this, hints of neuronal-epithelial cell fusion can be found in the literature.
In the seminal 1996 article by Miiller et al., entitled Ultrastructural Organization of Human
Corneal Nerves, the authors noted that “some nerve bundles consist of nerve fibers with a
significantly larger diameter... and a smaller number of organelles.” Additionally, they noted
nerve bundle heterogeneity, with nerve bundles containing “fibers with different sizes and
outlooks,” also noting “fibers of different sizes showing both clear and dense vesicles” [247].
While the authors noted these distinctions, they also stated central corneal nerves were “observed
frequently in frontal sections but [were] observed less frequently in cross-sections” such as were
used in the studies contained in this dissertation. This is further punctuated in the articles
discussion, where the authors conjecture that nerve “passage through [the basal lamina] in the
central cornea occurs only in humans, which would suggest that the epithelium is not only
innervated by nerve fibers from the conjunctiva but also by those from the central stroma.” Further
stating that “only serial sections can prove such passage.” Of course, the penetration of central
corneal nerves into the epithelium has been well documented at this point, our study is the first

serial EM study to our knowledge. And while Muller et al. noted axons morphologically similar

161



to those found in our studies to fuse with basal epithelial cells, it truly is the three-dimensional
context provided by SBF-SEM that allowed for these axons to be properly defined.

The lack of prior evidence in the literature for neuronal-epithelial cell fusion using light
microscopy comes down to the methods by which corneal nerves have been typically studied.
Confocal microscopy has been used to study corneal nerves, however this method lacks the
resolution required to reliably image sub-basal nerves and as such this methodology has been
primarily relegated to the study of stromal nerves. Despite this, as was discussed previously a
search through the literature identifies clusters of bulb-like thickenings at points of basal lamina
nerve penetration [31]. While only a few papers discuss these bulbs, this is most likely due to a
lack of context with which to interpret them. The studies within this dissertation seek to provide
that context, and in our view provide intriguing evidence that these bulb-like thickenings may in
fact be points of neuronal-epithelial cell fusion. Immunohistological studies, on the other hand,
historically utilize antibody markers that are not specific to the neuronal plasma membrane. This
makes it impossible to study neuronal-epithelial cell fusion using the most commonly used
antibody for corneal nerves; anti-beta-tubulin 11l. Beta-tubulin 111 is a subunit of the axonal
microtubule, and as our data identifies a lack of microtubules in proximity to points of neuronal-
epithelial cell fusion, the use of anti-beta-tubulin 111 would not identify points of fusion. In this
dissertation the neuronal tracer Dil was used to label corneal nerves originating from the trigeminal
ganglion. However, the use of anterograde Dil labeling in studies on corneal innervation have been
limited by the technique and time required to conduct them. This is exacerbated by the ease by
which anti-beta-tubulin 111 studies can be conducted. While Dil and SBF-SEM were necessary for
the discovery and initial study of neuronal-epithelial cell fusion, the data in this dissertation

provide insight into antibodies that might be used to successfully image sites of neuronal-epithelial

162



cell fusion in future studies. The presence of autophagic vesicles in fusing axons is interesting,
given that neuronal autophagy has been studied extensively since the early 1990°s and is rife with
potential proteins of interest that might be useful in identifying sites of fusion in the cornea. Now
that the presence of neuronal-epithelial cell fusion in the cornea is known, along with the presence
of autophagic vesicle accumulation within fusing axons, it may now be possible to study this
phenomenon using immunohistological methods.

The work presented in this dissertation also serves to highlight two possibly underutilized
clinical tools which have the potential to assess peripheral neuropathy in the early stages of disease
progression. The data in this dissertation alongside previously published data from Dr. Burns’
laboratory, clearly show that corneal nerve density and sensitivity are diminished in mice
consuming an obesogenic diet, as well as mice suffering age-related nerve degeneration. In fact,
mice were found to have diminished nerve sensitivity as early as 10 days on an obesogenic diet
and suffered from corneal nerve density loss when the obesogenic diet was extended to 10 weeks.
It is important to note that these changes occur prior to sustained hyperglycemia and elevated
hemoglobin A1C levels, and that these mice never develop type 11 diabetes. Human studies also
show that obesity, and its related corneal degeneration, can occur in the absence of elevated levels
of hemoglobin A1C [295]. Furthermore, this loss in sensitivity can be detected via Cochet-Bonnet
aesthesiometry. The Cochet-Bonnet aesthesiometer is a standard clinical tool which is easy to use,
is in no way uncomfortable or painful to patients, and provide a rapid means for measuring corneal
sensitivity. Unfortunately, this device is not currently part of the standard eye exam. In fact,
Cochet-Bonnet aesthesiometry is only used regularly in individuals suffering from dry eye or

advanced corneal neuropathy or keratopathy. This study clearly shows that integrating the Cochet-
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Bonnet aesthesiometer to standard eye exams has the potential to detect peripheral neuropathy
long before irreversible nerve loss occurs.

Another potentially underutilized clinical tool is found in confocal microscopy. A search
of the literature shows clusters of round, bulb-like thickenings at points of nerve penetration
through the basal lamina [31, 269-271, 361]. It is possible that these represent points of neuronal-
epithelial cell fusion, a phenomenon shown here to be correlated with nerve density loss and
diminished corneal sensitivity. If this is the case, then regular assessment for the presence of an
increased number of these bulb-like thickenings using confocal microscopy may serve to detect
the early stages of nerve loss within the cornea. It has been said that the eye is the window into the
health of the individual, with early presentations of systemic pathologies apparent in the retina
before they are found elsewhere. Interestingly, the changes found in the cornea resulting from an
obesogenic diet occur long before they are found in the retina. This is an important point, as retinal
signs of diabetes are already considered early indications of disease progression. Aside from the
benefits of detecting corneal nerve loss as early as possible, it is conceivable that changes in
peripheral nerves similar to what was found here in the cornea are happening throughout the body.
If this is the case, then the use of Cochet-Bonnet aesthesiometry and confocal microscopy in
healthy individual may be an indispensable tool in detecting systemic peripheral neuropathy early,
allowing for a greater window in which interventions can be implemented.

In summary, neuronal-epithelial cell fusion occurs in the central mouse cornea between
corneal nerves and basal epithelial cells at the stromal-epithelial interface. Fusing axons are
electron-translucent, swollen, devoid of mitochondria, and can contain accumulations of
autophagic vesicles. Neuronal-epithelial cell fusion frequency increases in response to

consumption of a 10 week obesogenic diet as well as during natural aging, and correlates with
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nerve density and sensitivity loss. This is, to our knowledge, the first report of neuronal-epithelial
cell fusion and its presence in the central cornea. This discovery adds to the complexity of our
understanding of corneal innervation, and paves the way for a greater understanding of corneal

neuropathy and its diagnostic tools.
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7. Future Directions
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7.1 Human and Higher-Order Primate Studies

The studies found within this dissertation were all conducted in C57BL/6 mice, and while
the mouse is widely accepted as a model organism for the study of corneal nerves, the question as
to whether neuronal-epithelial cell fusion occurs in humans and higher-order primates is an open
one. One major difference between mice and primates, possibly important regarding neuronal-
epithelial cell fusion, is the lack of the anterior limiting lamina (ALL) in mice which is present in
primates. While this marks a distinct anatomical difference, it is important to note that corneal
nerves pass from the stroma to the corneal epithelium regardless. Preliminary study of human
corneal nerves reveals nerve bundles which have passed through the ALL before travel in a small
pocket under the basal epithelium (Figure 7.1C). Further preliminary studies in higher-order
primate cornea reveal basal epithelial cells reaching through the ALL toward the collagen of the
stroma (Figure 7.2D). To these points, there is no reason to believe that neuronal-epithelial cell
fusion would be restricted by the ALL in humans and higher-order primates. In fact, the presence
of bulb-like nerve termination at the level of the basal epithelium in confocal studies of human
cornea are intriguing and hint at the potential for the frequency of neuronal-epithelial cell fusion
to be used as a marker for corneal neuropathy in the early stages of its development.

One barrier to the study of neuronal-epithelial cell fusion in humans is the difficulty of
getting fresh corneal tissue samples. Corneal nerves begin to degenerate within 14 hours post-
mortem, and as such the use of human corneas has not typically been used to study corneal nerve
ultrastructure [362]. Despite this, it would be possible to identify the presence, or lack thereof, of
neuronal-epithelial cell fusion in human corneal buttons removed during surgery and rapidly fixed
for SBF-SEM. Studies would be limited in the fact that, with little exception, corneal tissue derived

in this manner would be removed as a result of disease or debilitating wound.
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Figure 7.1. Study of human corneal nerves reveals the presence of neuronal-epithelial cell
fusion.

SBF-SEM series capturing a nerve passing through the epithelial basal lamina and interacting with
the basal epithelium (A-C). This event was captured in the corneal button of a middle-aged human
male, removed and immediately fixed during corneal transplant. Transplant was conducted as a
result of corneal scarring. Panels A & B depict points of interaction between the nerve bundle and
basal epithelial cells. This event involves both electron-dense, penetrating axons (arrowhead)
adjacent to sites of neuronal-epithelial cell fusion involving the electron-translucent (*) portions
of the nerve bundle. Note the presence of a multilamellar body (arrow) indicative of autophagy
(A). Panel C shows a deeper section of the same event depicted in panels A & B, where the nerve
can be seen invaginating a pocket of between the anterior limiting lamina and the basal epithelium.
Within the epithelium, a morphologically typical leukocyte (1) can be seen which interacts with
the nerve bundle as it passes through the basal lamina.
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Figure 7.2. Preliminary study of macaque central corneal nerves.

Preliminary study of macaque central corneal nerves reveals complex neuronal-epithelial cell
interaction including electron-dense, penetrating axons (*) and end electron-translucent regions
(arrows) proximal to the epithelial basal lamina (A-C). In all cases, this interaction occurred
within the anterior limiting lamina. Basal epithelial cell projections into the anterior limiting
lamina were also identified (D).
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Despite this, verifying the presence of neuronal-epithelial cell fusion in the human cornea would
be an important step in the continuation of the studies found in this dissertation. In fact, preliminary
study of a corneal button removed and freshly fixed during a corneal transplant shows what appears
to be neuronal-epithelial cell fusion in the human cornea (Figure 7.1A & B) Higher-order primate
models are an additional resource for the study of neuronal-epithelial cell fusion in primates. In
fact, preliminary exploration of the macaque cornea has provided interesting images of the
interaction between corneal nerves and basal epithelial cells (Figure 7.2) The discovery of
neuronal-epithelial cell fusion in the higher-order primate cornea would verify that this is not a
phenomenon specific to the mouse, and would also provide an understanding of how this

phenomenon would occur in the presence of the ALL.

7.2 The Effects of Diet-Reversal

Neuronal-epithelial cell fusion is correlated with the loss of nerve density and sensitivity
that occurs in response to the consumption of an obesogenic diet. Interestingly, diet-reversal has
been shown to restore the loss of nerve density and sensitivity in mice. Despite this, the cornea
remains in a heightened inflammatory state after prolonged diet reversal [7]. Furthermore, human
studies on bariatric surgery show that weight loss results in the reversal of corneal degeneration
alongside diminished peripheral neuropathy [295, 340, 345]. This begs the question, does diet
reversal return the frequency of neuronal-epithelial cell fusion to normative levels? If the cornea
remains in a heightened inflammatory state, does this exacerbate the development of points of
neuronal-epithelial cell fusion resulting from the natural aging process? Studies using a model of
obesogenic diet reversal would allow for further insight into this process and what role low-grade
inflammation plays in the development of points of neuronal-epithelial cell fusion within the

cornea.
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7.3 Neuronal-Epithelial Cell Fusion and Youth

The consistent loss of corneal nerve density as individuals age made the aging mouse
cornea an interesting model for the study of neuronal-epithelial cell fusion. However, prior to 8
weeks of age mice undergo a steady increase in the density of corneal innervation [5]. It would be
interesting to see what role, if any, neuronal-epithelial cell fusion plays in the developing mouse
cornea. How does the frequency of neuronal-epithelial cell fusion correlate with increases in
corneal innervation, and how does this compare to levels found in the normal and aging cornea?
Does neuronal-epithelial cell fusion play a role in the initial innervation of the presumptive cornea?
Studies on developing corneas would help shed light on the potential benefit or detriment of
neuronal-epithelial cell fusion, and would be an interesting addition to the data found in this

dissertation.

7.4 Integration into the Autophagy and Cell-Cell Fusion Literature

The presence of cell-cell fusion and autophagic vesicle accumulation in corneal nerves are
novel findings within this dissertation. However, the literature pertaining to neuronal autophagy
and cell-cell fusion both reveal well established and active fields of study. As such, a wealth of
markers have been classified and are available for the study of both cell-cell fusion and autophagy.
Cell-cell fusion relies on the close association (~2 nm) between cellular plasma membranes [363].
However, as plasma membranes are similar across cells, and are negatively charged, they tend to
repel each other when close association occurs. Thus, cell-cell fusion relies on proteins known as
fusogens in order to facilitate the close contact necessary for fusion. Cell-cell fusion can require
fusogens on only one of the fusing membranes, or it may require the same or different fusogens
on both fusing membranes [266]. These fusogens rely on either hydrophobic domains, facilitating

membrane-membrane contact, or coiled-coil domains, where proteins integrated into each
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membrane coil around each other to draw the membranes into close contact [138, 364]. One such
family of proteins is found in the sensitive factor activating protein receptors, or SNARESs. These
proteins are utilized in the fusion of intracellular vesicles, however “flipped” SNARES are capable
of mediating cell-cell fusion [138, 365]. In addition, the proteins EFF-1 and AFF-1 have been
shown to facilitate cell-cell fusion [138, 266, 364]. Of note, EFF-1 and AFF-1 have been shown
to facilitate epithelial cell-cell fusion in C. elegans studies, and have also been implicated in
neuronal fusion during axonal remodeling [146, 266, 366-370]. The transmembrane proteins CD44
and CD47 have also been implicated in the fusion of macrophages in giant cell formation [257,
371]. The literature on cell-cell fusion is extensive and rich and provides potential for the study of
novel neuronal-epithelial cell fusion in the cornea, and studies on the proteins responsible for
facilitating this event would not only benefit studies on corneal innervation, but the field of cell-
cell fusion as a whole.

Autophagy can rely on protein and organelle ubiquitination and anti-ubiquitin antibodies
may assist in the light-microscopic study of neuronal-epithelial cell fusion and autophagic vesicle
accumulation [372]. Furthermore, p62/SQSTML1 association with LC3+ autophagosomes has been
associated with impaired autophagy under a variety of pathological conditions, and may be useful
in discriminating regenerative and degenerative autophagy in the cornea [372]. Studies have found
that GFP-tagged LC3 can be used to identify and follow autophagosomes within axons, and has
been used for live-cell imaging [299, 373]. Studies have shown that LC3B-negative
autophagosomes become stalled, leading to autophagosome accumulation, while LC3B-positive
autophagosomes are successfully transported to the neuronal soma for degradation, making LC3B
a potential marker for pathological autophagy in corneal nerves [302]. In addition, the lysosome

tracker LysoTracker can be used to determine if autophagosomes have fused with lysosomes,
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while autophagosome-dynein co-localization would identify active autophagic vesicle transport,
both of which would assist in identifying the maturation status of autophagosomes in corneal
nerves [316, 374]. Interestingly, MAP1B is a protein that plays an important role in microtubule
stability. In addition, MAP1B may play a role in neurite extension, and has been implicated in
autophagic vesicle formation. As microtubules were found to be absent in fusing axons, along with
the presence of autophagic vesicles, this may be a protein that could be used to identify the
formation of fusing axons [297, 300, 314, 372, 375, 376]. Cellular pathways involving autophagy
have been identified that are associated with neuronal regeneration and cell death, with full-length
nicotinamide mononucleotide adenylyl-transferaces (NMNATS), SIRT1, and SCG10 acting as
pro-survival factors while sterile alpha and toll-interleukin 1 receptor motif containing 1
(SARM1), collapsing response mediator protein 2 (CRMP2), and calpain acting as pro-
degenerative factors [373]. As can be seen, the existing literature on neuronal autophagy provides
a wealth of potential protein and light-microscopy studies of both axons within the cornea, as well
as neuronal populations in the trigeminal ganglion and superior cervical ganglion, that may help

shed light on neuronal-epithelial cell fusion and associated autophagy within the cornea.

7.5 Role of the Schwann Cell

This dissertation discusses the fusion between corneal nerves and epithelial cells, and
shows the 3D ultrastructure of nerve penetration into the basal epithelium. As such, the presence
and role of the Schwann cell at sites of fusion and penetration is of interest. What role does the
Schwann cell play in the location of sites of penetration into the epithelium, and what is the
mechanism by which the basal lamina is broken down to allow the passing of nerves from the
corneal stroma to epithelium? Schwann cells are intimately associated with both points of fusion

as well as simple penetration into the epithelium, and could conceivably play an active role in these
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events. Further studies are required in order to tease out the exact role Schwann cells play, however
having a greater understanding of the role this neuronal support cell plays may open up additional

avenues for clinical intervention in diseases involving corneal neuropathy.

7.6 Clinical Directions

In this dissertation we have discussed possible clinical implications for the data presented.
Both Cochet-Bonnet aesthesiometry, and in vivo confocal microscopy, are potentially
underutilized clinical tools for the early detection of corneal, and possibly systemic, peripheral
neuropathy. Cochet-Bonnet aesthesiometry rapidly tests corneal sensitivity, is easy to administer
on human patients, and at worst results in a tickling sensation at the corneal surface. In vivo
confocal microscopy allows the imaging of the sub-basal nerve plexus, and is capable of detecting
bulb-like phenomenon at the level of the basal epithelium, resembling sites of neuronal-epithelial
cell fusion. Studies on the use of these devices in normal populations are lacking, however.
Longitudinal studies on normal populations would be necessary to confirm the utility of these tools
in the early diagnosis of disease progression, and could easily be integrated into the standard
clinical examination. If successful, these clinical tools could be utilized to detect corneal
neuropathy very early in disease progression, possibly allowing for clinical intervention long
before irreversible nerve loss occurs. Detecting elevated levels of hemoglobin A1C is currently
the primary method of diagnosing hyperglycemia and diabetes, however corneal neuropathy
begins in the absence of elevated hemoglobin A1C. The data discussed in this dissertation show
that loss of corneal sensitivity and enhanced levels of neuronal-epithelial cell fusion occur as a
result of obesogenic diet consumption long before sustained hyperglycemia or elevated levels of
hemoglobin A1C. In humans, these states occur in the very early stages of metabolic syndrome,

long before possible diabetes diagnosis or the retinal degeneration that this prognosis can precede.
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As such, the clinical application of these devices has incredible potential for the early diagnosis of

disease progression and warrants further study.

7.7 Other Observations of Interest

As this is, to our knowledge, the first comprehensive serial EM study on corneal nerves,
there were a number of observations of interest that were noted during the data gathering process.
While they do not relate directly to neuronal-epithelial cell fusion, I believe they may be of interest
to the field and deserve further study. As such, | felt it necessary to include them here.

While corneal nerve bundles traveled within corneal lamellae escorted by non-myelinating
Schwann cells (and myelinating Schwann cells in the periphery), they were also found to utilize
the keratocyte network to traverse the corneal stroma. Axons were seen traversing long stretches
attached to keratocytes without accompanying Schwann cell support (Figure 7.3). This is
interesting, as corneal nerves have not been reported to travel through the corneal stroma without
Schwann cell ensheathment. In what ways do these axons and keratocytes interact? Does the
keratocyte act as a support cell for the nerve in any way? At what point do these nerves lose their
Schwann cell association? This novel cell-cell interaction deserves further study, as this
preliminary study is the first report of this interaction to our knowledge.

Under basal conditions, the cornea contains a population of resident dendritic cells in the central
cornea [377]. Furthermore, studies have shown an association between corneal dendritic cells and
sub-basal nerves, as well as an increased dendritic cell density in the presence of disease [330, 334,
336, 378, 379]. In our studies dendritic cells, identified via morphology, were captured traversing
the epithelial-stromal interface and associating with sites of nerve penetration into the basal
epithelium (Figure 7.4). The interaction between dendritic cells and corneal nerves at sites of

penetration through the basal lamina is interesting in the context of corneal nerve damage and
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Figure 7.3. Nerves were found to traverse the corneal stroma utilizing the keratocyte
network, without apparent association with Schwann cells.

In multiple instances, nerve bundles verified to have penetrated through the epithelial basal lamina
were found to be associated with the keratocyte network without apparent Schwann cell support,
passing from keratocyte to keratocyte (A-F). Panels A through C depict a single nerve bundle as
it associates with a keratocyte (A), and as it continues to associate with the keratocyte network
over a 70 um distance (B & C) before it was no longer possible to follow this event. Panels D
through F show three additional examples of nerves found to associate with the keratocytes of the
central anterior stroma.
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Figure 7.4. Dendritic-like cells were seen closely associated with sites of nerve penetration
through the epithelial basal lamina.

In many instances, dendritic-like cells were seen at sites of nerve interactions with the basal
epithelium. Dendritic-like cell nuclei (arrows) can be seen in panels A-D and F-I in close
association with electron-translucent axons (*) within the basal epithelium.
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degeneration. The question as to how degenerating axons within the epithelium are cleared is still
an open question. A theory regarding the epithelial cell phagocytosis of damaged corneal nerves
has been put forth, however the data are inconclusive and the theory does not attempt to
discriminate between axons which merely invaginate epithelial cells from what may be
phagocytosed fragments [74, 380]. These studies rely on fluorescence co-localization of beta-
tubulin 111 and LAMP-1, stating that this identifies nerve fragments being degraded within corneal
epithelial cells. However, it has been well established that corneal nerves contain LAMP-1+
organelles, which play a pivotal role in intracellular autophagy in both homeostatic and pathologic
states [300, 316, 381]. Furthermore, it has been shown that up to 70% of LAMP-1+ organelles are
not involved in degradation [381]. Additionally, co-localization would be better demonstrated
using FRET (fluorescence resonance energy transfer), a method developed specifically for
detecting co-localization in light microscopy studies, as points of fluorescence are visible as point-
spread functions which increases the likelihood of falsely identifying points of co-localization
[382].

A more intriguing theory involves the clearance of axonal debris by dendritic cells within
the epithelium. In fact, these same studies implicate dendritic cells in the clearance of axonal debris
in the cornea, and dendritic cells have been found to be necessary for the clearance of cellular
debris as well as herpes simplex virus-1 in the cornea, a virus found within neurons [380, 383l,
384-386]. Studies on the ultrastructural association between degenerating corneal nerves and
dendritic cells would greatly assist in our understanding of the nerve loss suffered in disease as
well as in response to wound.

In our ultrastructural studies of the cornea, a population of thin, electron-dense,

mitochondria rich, and spiny-shaped cells were found in the basal epithelium (Figure 7.5). These
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Figure 7.5. In some instances, electron-dense, mitochondria rich and spiny cells were found
to be associated with sites of neuronal-epithelial cell fusion.

A sparse yet distinct population of cells at the basal epithelium (*) were found to be associated, in
some instances, with sites of neuronal-epithelial cell fusion (arrows). These cells were found
without associated nerves, and this was not seen in all cases of neuronal-epithelial cell fusion.
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cells were only found in the basal layer of the epithelium, were found in clusters, and were often
identical in height to the surrounding basal epithelial cells. These cells were often associated with
sites of axon penetration into, or fusion with, the epithelium. Are these transit amplifying cells
(TACs), the stem cell-like population within the basal corneal epithelium? Understanding what
population of cells this morphological presentation represents may assist in our understanding of

the stratified epithelium as well as the penetration of nerves through the basal lamina.
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Table 9.1. SBF-SEM Protocol Table of Materials

Name of Material/ Equipment Company Catalog Number Notes
1/16 x 3/8 Aluminum Rivets Industrial Rivet & Fastener Co. BN37RFLAP/1100 |Used as specimen pins.
2.5mm Flathead Screwdriver Wiha Quality Tools 27225
Acetone Electron Microscopy Sciences RT 10000 Used to dilute silver paint.
Aspartic Acid Sigma-Aldrich Ag949
Calcium Chlaride FisherScientific €79-500
Conductive Silver Paint Ted Pella 16062
Denton Desk-1l Vacuum Sputtering Device equipped with standard gold foil targg Denton Vacuum N/A This is the gold-sputtering device used by the authors, alternates are acceptable.
Double-edged Razors Fisher Scientific 50-949-411
Embed 812 Electron Microscopy Sciences 14120
Gatan 3View2 mounted in a Tescan Mira3 Field emission SEM Gatan & Tescan N/A This is the SBF-SEM device used by the authors, alternates are acceptable.
Glass Shell Vials, 0.5 DRAM (1.8 ml) Electron Microscopy Sciences 72630-05
Gluteraldehyde Electron Microscopy Sciences 16320
Gorilla Super Glue - Impact Tough NA NA Refered to as cyanoacrylate glue in text.
Ketjen Black HM Royal EC-600/D Refered to as carbon black in text.
KOH FisherScientific 18-605-593
Lead Nitrate Fisher Scientific 162-100
Microwave Pelco BioWave Pro  [This is the microwave used by the authors, alternates are acceptable.
Osmium Tetroxide Sigma-Aldrich 201030
Potassium Ferrocyanide Sigma-Aldrich Po3g7
Silicone Embedding Mold Ted Pella 10504
Sodium Cacodylate Trihydrate Electron Microscopy Sciences 12300
Samco Transfer Pipette ThermoFisher Scientific 202 Used to make specimen pin storage tubes.
Swiss Pattern Needle Files Electron Microscopy Sciences 62115
Thiocarbohydrazide Sigma-Aldrich 223220
Uranyl Acetate Palysciences, Inc. 21447-25

Reconstruction Software

Amira Software Thermo Scientific N/A Used to create the reconstructions found in figures 5-7 and 9.
Fiji (Fiji is Just Imagel) ImageJ.net N/A TrakEM2 can be added to Fiji to asist in manual segmentation.
Microscopy Image Browser (MIB) University of Helsinki, Institute of Biotechnology N/A
Reconstuct Software Meural Systems Lab N/A
SURVoS Workbench Diamond Light Source & The University of NottinghamN/A
SyGlass IstoVisio, Inc. n|N}'A Allows for reconstruction in virtual reality and histogram-based reconstruction methods.
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