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ABSTRACT

The eye is an elegant organ consisting of a number of tissues and fluids with specialised functions
that together allow it to effectively transmit and transduce light input to the brain for visual
perception. One key determinant of this integrated function is the spatial relationship of ocular
tissues. Biomolecular distributions within the main ocular tissues cornea, lens and retina have been
studied extensively in isolation, yet the potential for metabolic communication between ocular
tissues via the ocular humours has been difficult to visualise. To address this limitation, the current
study presents a method to map spatial distributions of metabolites and small molecules in whole
eyes, including ocular humours. Using a tape-transfer system and freeze-drying, the spatial
distribution of ocular small molecules was investigated in mouse, rat, fish (black bream) and rabbit
eyes using negative ion mode MALDI imaging mass spectrometry. Full-scan imaging was used for
discovery experiments, while MS/MS imaging for identification and localisation was also
demonstrated. In all eyes, metabolites such as glutathione and phospholipids were localised in the
main ocular tissues. In addition, in rodent eyes, major metabolites were distributed relatively
uniformly in ocular humours. In contrast, both uniform and spatially-defined ocular metabolite
distributions were observed in the black bream eye. Tissue and ocular humour distributions were
reproducible, as demonstrated by the three dimensional analysis of a mouse eye, and able to be
captured with high spatial resolution analysis. The presented method could be used to further
investigate the role of inter-tissue metabolism in ocular health, and to support the development of

therapeutics to treat major ocular diseases.
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INTRODUCTION

Imaging mass spectrometry (IMS) using matrix-assisted laser desorption/ionisation (MALDI) is now
an established imaging modality for the spatial mapping and relative quantitation of proteins,
peptides, lipids, pharmaceuticals, metabolites and some post-translational modifications *”.
Originally demonstrated by detecting peptide distributions in the rat pancreas and pituitary gland *,
MALDI-IMS has been applied to a wide range of biological tissues from many organisms. In a typical
MALDI-IMS experiment, tens to hundreds of individual analytes are detected and spatially mapped
simultaneously from a single thin tissue section, allowing their relative abundance across the
section, and their spatial relationship to other analytes within the tissue section to be measured.
While this has been useful in some tissues for protein and peptide analysis, with subsequent
verification using antibody labelling and optical microscopy detection methods?, the application of

MALDI-IMS to study analytes for which no specific antibodies exist, such as lipids and metabolites, is

particularly exciting.

One challenge in tissue preparation for MALDI-IMS is the routine generation of high-quality tissue
sections, particularly from tissue that is highly biochemically heterogeneous or contains air- or fluid-
filled compartments. Generally, MALDI-IMS is performed on fresh frozen tissue sections, and
embedding media used routinely in sectioning for e.g. optical microscopy, such as optimal cutting
temperature compound (OCT), is not recommended primarily due to its PEG composition and the
subsequent ionisation and detection of this compound in the low mass range by MALDI mass
spectrometry’. While many fresh frozen tissues lend themselves to cryosectioning, such as the brain
presumably due to its high fat content, other tissues are not as conducive to cryosectioning, such as

the ocular lens which contains tissue regions with very different hydration and mechanical
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properties. The challenge is even greater when the experiment requires the generation and analysis
of whole bodies or whole organs, such as the eye, which contain tissues of multiple different
densities, hydration states, and biochemical composition. A number of strategies have been
demonstrated to improve the sectioning of delicate tissue for subsequent MALDI-IMS analysis.
Embedding using alternative compounds to OCT, such as ice', gelatin!, and
carboxymethylcellulose®, support the exterior of the cryosection, but do not support intricate
structures within the tissue. Tissue fixation by chemical cross-linking agents, such as
paraformaldehyde, have also been demonstrated. While this has a limited effect on ionisation of

13, 14

some molecules, such as N-glycans and some phospholipid classes®, the detection of proteins

can be perturbed and require additional tissue preparation steps, such as on-tissue enzymatic

digestion™® V’

to restore protein detection via peptide mapping. The effect of either chemical or
dehydration fixation of tissues on metabolites is less clear, although one study showed that ~72% of

metabolite distributions are retained after the fixation process.'®

The moment of section collection is also crucial for generation of cryosections that will produce high
quality MALDI-IMS data. For collection of delicate tissue, such as the ocular lens, both a methanol
landing strategy, where a thin film of methanol is applied to the MALDI target plate just prior to
section collection'®, and double-sided, electrically conductive carbon tape to physically stick the
section to the tape?® have been successful. In the case of methanol landing, the concern is that small
molecules may be delocalised during the section collection process if the methanol volume is
excessive. Finally, stabilisation of the tissue section prior to cutting, by using a tape transfer system'®
! has been useful for the collection of fresh frozen sections from some tissue types. Recently,
22,23

methods for collection and MALDI-IMS analysis of plant tissue sections using tape transfer were

reported. Importantly, while the transfer tape is non-conductive, analysis of small molecules and
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metabolites was possible using MALDI-FT-ICR mass spectrometry, for which the use of a conductive

target plate is not required.

The eye is a highly specialised, delicate organ that contains a variety of tissues and fluids that
facilitate vision. Major structures include the main, transparent light focussing elements (cornea and
lens), the photoreceptor cells which transduce light into electrical signals (retina), and the ocular
fluids (humours). The vitreous humour (VH) provides structural properties to the ocular globe and
interfaces posteriorly with the retina, and anteriorly with the posterior surface of the lens. The
aqueous humour (AH) bathes the anterior surface of the lens and nourishes the specialised tissues of
the anterior eye to maintain intraocular pressure homeostasis and the refractive and optical
properties of the eye. The metabolic constituents of these important ocular fluids have been studied
previously in healthy eyes and in disease models by both NMR** **> and MS-based”® *’ approaches.
However, these studies have not maintained any spatial information. Previously, specific tissues of
the eye have been dissected, isolated, and subjected to MALDI-IMS analysis. Proteins®® 253!
peptides®, lipids>>>>, and metabolites®®*® have been studied in the ocular lens of a range of species
to understand the effects of aging on the lens and implications for lens cataract formation. In the

retina, both layer analysis via lipid detection® *°

, and surface analysis of retinal flat mounts using
metabolite detection®** have been studied to investigate some of the mechanisms involved in
macular degeneration®. Analysis of the whole eye has also been demonstrated for lipids®,

oligonucleotides*, and used to trace drug penetration and movement in the eye*>°

. However, a
limitation of these whole eye studies is the lack of spatial information in the ocular humours
themselves. This information could have particular interest to both functional studies of how the eye

acts as an integrated organ, and in the analysis of drug administration and penetration. In this study,

we aimed to develop a method to allow MALDI-IMS analysis of whole, unfixed eyes that maintained
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the spatial relationships of all major ocular tissue structures and the aqueous and vitreous humours,
and that could be applied to eyes from a range of species using a variety of metabolite MALDI

matrices.
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MATERIALS AND METHODS

Tissue and Reagents

All reagents were purchased from Sigma-Aldrich (St Louis, MO). Juvenile black bream
(Acanthopagrus butcheri) were caught via otter trawl in the Gippsland Lakes, Australia
(37°51'28.3572"S, 147°44'39.0984"E) in July 2017. Adult bream were caught via gill net on the
Werribee River, Australia (37°57'45.6"S, 144°40'02.9"E) in March 2018. Fish were measured
(juveniles, 5-7 cm fork length; adults 30-38 cm fork length), euthanised and decapitated at the first
cervical vertebra. Following decapitation, the eyeballs were carefully incised from the skull and
individually stored on dry ice in labelled falcon tubes. Upon return from the field, all samples were
stored at -80 °C at the University of Melbourne. Fish were collected under Arthur Rylah Institute
Animal Ethics Committee approval 14/12 and the State of Victoria, Australia Department of
Environment and Primary Industries’ Fisheries research permits #1135 and #1204. Wild-type mouse
eyes (C57BI/6, 23 weeks) were obtained from the carcass of a mouse that had been culled as part of
an experiment conducted with approval from the Animal Ethics Committee of the Florey Institute of
Neuroscience and Mental Health (FINMH-17-055). Eyes from Wistar rats (p21) were obtained from
animals that had been culled by CO, asphyxiation and decapitation as part of an experiment
conducted with approval from the University of Auckland Faculty of Medical and Health Sciences
Animal Ethics Committee (AEC 001748). Eyes from New Zealand white rabbits (Oryctolagus
cuniculus, weight 5.5kg) were obtained from the carcass of a rabbit that had been culled by
anaesthesia (i.v. pentobarbital overdose) as part of an experiment conducted with approval from the
University of Auckland Faculty of Medical and Health Sciences Animal Ethics Committee. Whole eyes

were removed immediately following death, and frozen using one of several gentle freezing
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strategies to avoid sample cracking. Techniques used were liquid nitrogen vapour freezing, placing
tissue in a -80 °C freezer, or dipping the embedding tool holding the sample into an isopropanol dry-
ice slurry. Where required, samples were stored on dry ice before being transferred to a -80 °C

freezer for storage until use.

Tissue sectioning and preparation

Sectioning supplies including Menzel-Glaser Superfrost Ultra Plus Glass slides, Optimal Cutting
Temperature (OCT) compound and Feather® C35 tungsten microtome blades were purchased from
Grale HDS (Ringwood, Australia). Fresh-frozen eyes were embedded in carboxymethylcellulose
(CMC, 2%) and mounted on cold specimen holders using CMC. Eyes were oriented lateromedially in
order for collected cryo-sections (20-50 um thick) to contain the entire light path. Once a smooth
cutting plane was established, cryofilm (2C(9), Section-Lab Ltd, Japan) was applied to the cut surface,
and a cryo-section cut. For the mouse eye 3D model every second 35 um thick section was taken and
applied to cryofilm. The cryofilm containing the cryo-section was attached to a pre-cooled glass slide
with double-sided copper foil tape. Once multiple sections were collected on each glass slide,
mounted tissue sections were transferred to a freeze dryer (Christ Alpha 1-4 LD plus Freeze Drier
(John Morris Scientific, Australia) for 10-15 mins to remove water. Freeze-dried sections were then
brought to atmospheric pressure and temperature then transferred to a vacuum desiccator for

storage until matrix deposition.

Matrix Deposition

N-(1-naphthyl) ethylenediamine dihydrochloride (NEDC, 7mg/mL in 90% MeOH) or 1,8-

bis(pyrolidinyl)naphthalene (BPYN, 5mg/mL in 100% acetone) was applied to the tissue sections
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using a TM-Sprayer (HTX Technologies, Carrboro, NC). The spray settings for NEDC application were:
solvent flow rate 0.1 mL/min, nozzle speed 1300 mm/min, nozzle temperature 30°C, track spacing
2mm, dry time 0.5 min, 4 passes with 90° rotation on passes 2 and 4. The spray settings for BPYN
application were: solvent flow rate 0.15 mL/min, nozzle speed 1300 mm/min, nozzle temperature
30°C, track spacing 2mm, 1 mm offset for repeat passes, 8 passes with 90° rotation on passes 2, 4, 6
and 8. NEDC was used for rat, rabbit and black bream samples. BPYN was used for mouse samples.

Following matrix deposition, samples were stored in a vacuum desiccator until data collection.

MALDI Imaging mass spectrometry

MALDI-IMS was carried out on a Bruker Solarix-XR 7T FT-ICR mass spectrometer (Bruker Daltonics,
Billerica, MA) using fleximaging v4.1. MALDI-IMS data sets were collected in negative ion mode from
m/z 50 — 1000, with a spatial resolution of 30-50 um. Laser beam size was set to minimum, and a
random movement within a 25-45 um radius of each sampling location used to collect each mass
spectrum, which was the sum of 300 laser shots. Black bream and mouse sample analysis at the
University of Melbourne used a transient length of 2M across the mass ranges 100-2000, providing a
mass resolving power of 130000 at m/z 400. Rat and rabbit sample analysis at the University of
Auckland used a transient length of 1M across the mass ranges 100-1000, providing a mass resolving
power of 66000 at m/z 400. Single eyeball section imaging times varied depending on sample size
and spatial resolution, from ~30 min (mouse/rat) to ~150 min (rabbit). An additional mouse eye
high-spatial resolution MALDI-IMS data set was collected on a Bruker MALDI timsTOF Flex (Bruker
Daltonik, Bremen, Germany) operated in MS (QTOF) negative ion mode from m/z 200 — 2000, with a
minimum laser spot providing a spatial resolution of 10 um. Putative identification of signals

detected in the MALDI-IMS datasets was made using database interpretation (LipidMaps, Metlin)
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and online metabolite annotation via Metaspace (metaspace2020.eu)’ of accurate masses matching
to the HMDB, ChEBI, LipidsMaps and SwissLipids databases (Table 1). Tandem mass spectrometry
experiments (CID) using the Bruker Solarix-XR mass spectrometer where possible were used to
identify a subset of the observed metabolites, the spatial resolution was set to 100 um with a
random movement within a 95 um radius, an isolation window of 10 m/z and CID energy of 25 V

were used.

Data analysis

Data sets were imported into SCiLS Lab Pro (version 2019¢c, SCiLS GmbH, Bremen, Germany), each
spectrum was normalised using the root mean square method, and MALDI images plotted at the
predicted m/z +/- 0.005 Da with weak de-noising on for FT-ICR data and no denoising for timsTOF
data. Three-dimensional data was assembled from registration of 2D data from serial sections. 3D
registration was performed by manual shift and rotation transformation (so-called rigid image
registration) based on ion images at m/z 885.5519. After ion images of m/z 885.5519 from all serial
sections were registered, the whole cube of MALDI-IMS data was aligned using the same rigid
transformation. Principal components analysis was computed on a subset of 37 annotated
metabolites, error is represented at the 95% quantile. The selected 37 metabolites for PCA analysis
were manually selected from metaspace annotation results of mid-eye sections (sections 18 and 19)
representing a range of tissue localisations with signals from low-to-high mass range (see Table S1
Supplemental Information). For assignment of lipid identifications, precursor ion masses were loaded
in to the LipidMAPS MS analysis tool to generate a list of possible identifications based on accurate

mass. The LipidMAPS MS/MS spectrum prediction tool was then used to generate predicted MS/MS

10
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spectra for each putative identification and each combination of fatty acid tail groups, and then

manually matched with detected MS/MS spectra from imaged retinal regions.

11
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RESULTS

The reproducible collection of thin tissue sections is crucial for generation of high quality MALDI-IMS
data. This is particularly challenging for tissue that is highly biochemically heterogeneous or that
contains air- or fluid-filled compartments. The aim of this study was to develop a tissue preparation
method that allowed the reproducible collection of tissue sections from the whole eye, and to then
map the spatial distributions of small molecules in the ocular tissues and humours using MALDI-IMS.
We hypothesised that since the eye is an integrated organ, its humours would contain gradients of
small molecules that may reflect local or inter-tissue communication between the major ocular

tissues.

Initial experiments aimed at optimising eyeball sectioning utilised rat tissue. A variety of section
thicknesses (20-70 um) were trialled, however sections from whole fresh-frozen eyeball sections
could not be collected consistently without additional sectioning aid. While the ability to study small
molecule distributions from fixed tissue has been shown, generally these distributions have been

18,5233 Therefore, whole eyeball fixation (cross-linking or dehydration)

generated from tissue areas
was not considered since the more water-soluble small molecules and metabolites were unlikely to
maintain their in vivo localisation during the fixation process, particularly in the highly aqueous
ocular humours. A tape-transfer system (Cryofilm, Section-Lab, Japan) provided sufficient support
for eyeball sections (20-50 um thick, typically 35 um was used) to be consistently collected and
mounted on double-sided copper tape (Figure 1). Appropriate tissue section drying was then trialled
(Figure 2) and sections coated with NEDC matrix. NEDC has previously been shown to work

exceptionally well for the quantification of glutathione (GSH) and other small metabolites in lens

tissues®®. Application of NEDC also adds a 1:1 molar ratio of Cl anion allowing observation of a

12

This article is protected by copyright. All rights reserved.



significant number of Cl adducts. MALDI images of different classes of small molecules (putative
sugar, peptide, nucleotide, lipid) were compared between rat eye sections dried at room
temperature (Figure 2A-E) or freeze-dried (Figure 2F-J). Generally, within the spatial resolution
parameters that the tissues were sampled at, small molecule localisation was maintained in freeze-
dried sections, and delocalised following room temperature drying. The degree of delocalisation
varied with tissue location and solubility of the analytes in water, the main solvent in biological
tissue and ocular humours in particular. For example, putative glucose and GSH (identified by on-
tissue MS/MS, see Supplemental Information) in the VH and lens, respectively (Figure 2B and 2C),
are very water soluble (1200 mg/mL and 292.5 mg/mL, respectively) and were badly delocalised in
room temperature-dried sections (Figure 2G and H). Interestingly, the intensity and localisation of
putative glucose signal from the cornea (e.g. Figure 2B) was very similar between drying methods,
although the cornea is difficult to distinguish from AH in the freeze-dried section since the signal
intensity from AH and cornea is similar (Figure 2G). Putative adenosine mononucleotide (AMP),
which localised to multiple ocular tissues but was enriched in the iris (Figure 2D), is less water
soluble (10 mg/mL) and was less affected by room-temperature drying (Figure 2l). The spatial
distribution of a putative phospholipid detected in the retina, which is not water soluble, was largely

unaffected by the drying methodology (Figure 2E and J).

To test the suitability of the tissue preparation technique in different species, the eye from juvenile
black bream (A. butcheri), a teleost fish, was used (Figure 3). There are some important differences
between the mammalian eye and the teleost eye. For example, in the mammalian eye the lens is
held in place by suspensory ligaments, while in the teleost eye the lens is suspended by a ligament
on its superior surface and a muscle on its inferior surface. In the presented example, the ligament

of the teleost eye is clearly identifiable above the spherical lens in the tissue section (Figure 3A,

13
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asterisk). The common major anatomical regions (tissues and fluids) of the juvenile black bream eye
were user defined in the analysis software (SCiLS Lab 2019c Pro, Bruker, Bremen), and the included
co-localisation analysis pipeline used to highlight detected m/z ratios that were present in each
region. While some abundant molecules were common between rat and black bream, a different set
of black bream small molecule distributions are presented (Figure 3) that define similar ocular

anatomical regions in the rat eye (Figure 2).

Many signals localised to major anatomical structures of the black bream. In the posterior eye, a
signal at m/z 261.9428 was localised to the uvea (i.e. choroid and iris, Figure 3B) while a putative
phospholipid detected at m/z 834.5264, phosphatidyl serine PS(40:6), was abundant in the neural
retina (Figure 3C). The lens contained many signals localised to either the cortex, such as m/z
438.1429 (Figure 3D), or the nucleus, for example m/z 902.4642 (Figure 3E). Some signals were
found in multiple tissues, such as m/z 196.0740, which was confirmed by on-tissue MS/MS as N-
acetyl histidine (see Supplemental Information), a common small molecule found in fish tissue
(Figure 3F). N-acetyl histidine was detected in the lens cortex and at lower levels in the neural retina
and humours. A signal detected at m/z 426.0256, putative ADP, was localised to the lens, retina, and
ocular musculature (Figure 3G). Interestingly, co-localisation analysis of the aqueous and vitreous
humours gave a variety of different small molecule distributions within each ocular fluid. No m/z
signal was found exclusively in the AH, however some m/z signals were more abundant in this fluid,
(Figure 31, m/z 374.9788). This m/z signal was not due to background signal from the cryofilm
transfer tape, since cryofilm-associated m/z signals produced MALDI images that showed signal
throughout both humours that was most intense in regions that contained no humour, i.e. where
signal from cryofilm alone was being sampled (Figure 3H, m/z 405.1888, putative [octaethylene

glycol+Cl]’, a possible PEG component of the cryofilm). One m/z signal was closely associated with

14
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the lens periphery (Figure 3J, m/z 380.0046), while several m/z signals showed distributions that
were relatively uniform in the VH (m/z 385.0870, Figure 3L), or that were more abundant in the
posterior region that interfaces with the retina (Figure 3K, m/z 411.9880). Any perceived dorso-
ventral intensity differences (see Figure 3L) could be environmental, due to the majority of light
entering the fish eye from above. Interestingly, several m/z signals were most abundant in the
humour surrounding the iris. One distribution was relatively diffuse, with signal most abundant in
the spaces between the iris and lens (Figure 3M, m/z 360.9983). A second distribution was more
concentrated around both the anterior and posterior surfaces of the iris, which diminished but
remained present in the VH (Figure 3N, m/z 504.0359). Together, these distributions suggest a

complex mixture of small molecule gradients exist in the ocular humours of the teleost eye.

Having established whole eyeball MALDI imaging in small eyeballs, larger eyeballs from rabbits were
tested for their compatibility with the protocol. The larger eyeball size allowed for overview MALDI
imaging datasets to be collected at lower spatial resolution (200 um), and more detailed
investigation of specific regions of the eyeball (50 um spatial resolution) due to their larger size
(Figure 4). At the overview level, similar distributions were seen for the putative phospholipid
PS(40:6) detected at m/z 834.5365 (Figure 4B) to the smaller eyeballs, where it was most abundant
in the retinal tissue. The same was true for ADP, detected at m/z 426.0224, where it was most
abundant in the lens and retina (Figure 4C). Interestingly, some signals were detected specifically in
distinct ocular fluid compartments. Putative taurine (m/z 124.0070) and cystine (m/z 239.0165),
both sulphur-containing small molecules that play a role in redox balance in the eye, were localised
to the VH (Figure 4D) and AH (Figure 4E), respectively. When the irido-corneal angle region was

analysed at higher spatial resolution (50 um), this molecular compartmentalisation was also evident.
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GSH, detected at m/z 306.0766, was localised to both humours, iris and cornea, but was most
abundant in the lens (Figure 4F), while putative PS(40:6) (Figure 4G) and ADP (Figure 4H)
localisations were to multiple tissues and were consistent with the low resolution analysis (c.f.
Figures 4B and 4C, respectively). A signal at m/z 191.0193, assigned citric acid, was detected in both
ocular humours (Figure 4l), and at highest abundance in the AH, while putative uric acid (m/z
202.9976) was found solely in the AH (Figure 4J). On-tissue MS/MS was performed to confirm
identifications where possible (see Supplemental Information). However, some identifications
remain putative, and while they are consistent with known ocular biology, they are unconfirmed

since their signal level is relatively low and therefore difficult to analyse by on-tissue MS/MS.

However, to demonstrate that tandem mass spectrometry imaging experiments could be performed
on the prepared whole eyeball sections to identify and map small molecule signals, the posterior
eyeball of an adult black bream eye was targeted (Figure 5). The larger adult black bream eye was
chosen for practical considerations, and small regions of the whole eyeball section were analysed
that encompassed both tissues (choroid, retina) and ocular fluid (VH). Putative phospholipid signals
at nominal m/z 834 were analysed using MS/MS (CID) MALDI-IMS. A wide isolation window of 10
m/z was utilised to optimise signal intensity. One phosphatidylethanolamine (Figure 5A) and two
phosphatidylserine (Figure 5B) species were identified by matching predicted and observed CID lipid
fragments (Table 2, LipidMAPS), and localised to different structures at the back of the eye.
Phosphatidylethanolamine PE(22:6/22:6) was found predominantly in the choroid, with evidence of
it also distributed at lower concentrations in the retina and VH (Figure 5C, left). The two
phosphatidylserines (PS(22:6/18:0) and PS(22:5/18:1)) were localised predominantly in the retina,
potentially in different retinal cell layers, and at lower concentration in the underlying muscle

(Figure 5C, middle and right).
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To demonstrate that the developed methodology was reproducible, every second serial section
through a whole mouse eye spaced at 35 um was taken and prepared for 3D MALDI imaging (Figure
6). A total of 47 sections were mounted onto 4 slides (Figure 6A), and data collected at 35 um spatial
resolution. To demonstrate that other MALDI matrices could be utilised, we analysed the sections
using BPYN as matrix in negative ionisation mode. We were able to annotate between 160-174
metabolites for sections 18 and 19 using Metaspace matching to the HMDB, ChEBI, LipidsMaps and
SwissLipids databases, from small molecule metabolites through to larger gangliosides. We were
able to map distinct m/z’s throughout the 3D model to identify specific tissue types (Figure 6B)
including a putative dipeptide PhePhe (orange, m/z 311.1401) to the lens core, GSH (red, m/z
306.0766) predominantly to the lens periphery, PS(44:12) (yellow, m/z 878.4977) to the retina and
optic nerve bundle, a putative mass matching to a prostaglandin E (PGE, green, m/z 353.233) found
distributed throughout the AH and VH, and surrounding tissues, and known to be expressed in the
eye®® >, Finally, an unknown metabolite (dark blue, m/z 464.3143) was found predominantly
localised to the VH. Overlay of all signals demonstrates the distinct spatial distributions and in some
cases co-localisation of PGE and the unknown metabolite shown as a light blue signal. To determine
reproducibility across the 47 imaged sections, we generated a principal component analysis (PCA)
using data from 37 annotated metabolites (Figure 6C). In this analysis, each data point in the PCA
plot corresponds to a single pixel in the entire 3D data set. The data shows a high degree of section-
to-section reproducibility within a single organ, indicated by the numerous intersections and large
overlaps of ellipses, which represent the standard deviation for each consecutive section (95%
guantile), with the majority of data points contained within. Image alignment of each serial section,
then 3D rendering enables the examination of the distribution of the same molecules throughout

the eye (Figure 6D). A slice through the image volume, taken in the sagittal plane to show the optical
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axis, demonstrates the tissue specific localisation of each of the metabolites. For example, the
localisation of GSH to the periphery of the lens tissue forming a hollow sphere delineates the highly
metabolically active outer fibre cells of the lens cortex, from the older, less metabolically active
nuclear fibre cells (Figure 6D ii), while the entirety of the neuronal retinal layer can be defined by the
highly abundant PS(44:12) lipid species (Figure 6D iv). An additional perspective of the 3D image

volume is available in the Supplemental Information (Figure S7).

Finally, to demonstrate that the method has utility at high lateral resolutions, 10 um spatial data on
equivalent mouse eye sections coated with BPYN matrix was collected on the newly released
timsTOF Flex system®®. Spatial segmentation of the resulting data (Figure 7 A and D) is able to
describe all major tissues types within the eye, including cornea (epithelium and stroma), iris, lens
including anterior pole epithelial cell monolayer and outer-, mid-, inner-cortical and nuclear regions,
retinal layers, optic nerve bundle and choroid/sclera. Selected ions demonstrate selectivity for
certain cell types. For example, putative oleic acid m/z 281.2498 (Figure 7B) was observed
predominantly in the outer tissues of the eye (retinal pigmented epithelium, ciliary body, corneal
epithelium and iris) but also in high concentrations within the cortex of the lens. Distribution within
the lens cortex is consistent with prior observations of highly oleated Aquaporin-0 within other
mammalian lens tissues®. Docosahexaenoic acid (DHA) m/z 327.2309 was found throughout the
retina, iris, and corneal stroma but at low abundance in the lens (Figure 7C). DHA is highly abundant
in retinal layers and is the major PUFA component (up to 60%). The major tissue phosphatidyl
inositol PI(38:4) m/z 885.5497 was found predominantly confined to the photoreceptor cell layer
(inner and outer segments), consistent with the functional role of Pls in rod outer segmentssg, and at
lower abundances throughout other tissues types (Figure 7E). The ganglioside, GM1(38:1) m/z

1572.9090, was detected at low abundance and localised in the inner retinal layers (nerve fibre layer
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and ganglion cell layer) and optic nerve bundle, consistent with its previous detection in mammalian

retinae®® ®.,
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DISCUSSION

In this study, a combination of tissue section collection via adhesive cryofilm, copper foil tape
mounting of cryofilm to glass slides, and freeze-drying of sections allowed the concentration
gradients of small molecules in whole eye sections to be analysed by MALDI-FT-ICR IMS. While small
molecules and metabolites have previously been detected in major ocular tissues, this study
revealed that small molecule gradients exist in the ocular humours, particularly in the teleost eye. In
addition, the relative positions of the major ocular tissues was well preserved, including tissue fine
structure to the level of retinal layers (see Figures 5 and 7), albeit with some tissue cracking
following freeze drying. This tissue cracking appeared to be along natural fissure lines, possibly
through the disruption of cell-to-cell junctions. In comparison to the eyeballs from rat, mouse and
juvenile black bream, the rabbit eye was more challenging to routinely collect sections from,
requiring thicker sections (50 um). In addition, the higher spatial resolution data sets exacerbated
the visualisation areas of tissue cracking (e.g. lens tissue). Speckling of some signals from the ocular
humours was also present (c.f. Figure 4E and Figure 4J). This speckling may be an artefact of the
freezing/freeze-drying process of the larger eye, or of the in solution matrix spray deposition
process. This suggests that while the current protocol can be applied to larger eyes, further
optimisation is required. This could include, for example, matrix deposition via vacuum sublimation,
possibly with subsequent recrystalisation, as an alternative matrix application technique to limit
speckling from small molecules in the ocular fluids. Nevertheless, the current protocol was
compatible with a range of eyeball sizes, and allowed the distributions of small molecules present in
tissues and humours to be compared and the potential for ocular inter-tissue metabolism to be

assessed.
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One advantage of the presented approach was the use of copper foil tape to adhere the cryofilm to
the target slide. Previous studies have utilised double-sided carbon tape®, such as that used in the
mounting of EM tissue sections, while a recent study in plants has also reported the use of copper
foil tape to adhere tape-transferred sections to MALDI targets>. The carbon tape surface is not flat,
and contains frequent pits of varying sizes that can create variable ion signal in a MALDI mass
spectrometer due to the fixed nature of the laser focus. While the effect of this tape surface is
mitigated somewhat by data normalisation and low spatial resolution sampling (i.e. ~150 um),
higher resolution sampling is likely to be compromised. The copper foil tape is considerably flatter,
facilitating more consistent spectrum-to-spectrum quality and therefore better quality MALDI-IMS
data. We were able to demonstrate high lateral (10 um) resolution imaging in mouse eyes using the
MALDI timsTOF Flex MS on sections mounted using this method. Presumably, non-conductive tapes
that are flat could also be used in MALDI-IMS instruments with de-coupled ion sources, while
conductive metal foil tapes should be used in e.g. time-of-flight instruments that require a
conductive target, thus facilitating higher voltages. In this study, we were able to use non-conductive
cryofilm tape due to the source of the MALDI-FT-ICR and timsTOF instruments not requiring a
conductive tissue mounting surface. For those instruments that do require a conductive surface, a

conductive cryofilm transfer tape® would be required for optimal spectral quality and consistency.

Initially, our sampling resolution was set to 50 um, primarily due to the dimensions of the laser
beam, instrument sensitivity and required acquisition time. While this allowed multiple ocular
tissues, such as the retina and choroid, to be defined in the juvenile black bream eye based on
unique small molecule signals present in each tissue, including multiple regions of the lens, layers of

39, 40

the retina that are known to contain unique small molecule signatures were not resolved.
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MS/MS analysis of the adult black bream showed that more than one retinal cell layer could be

3990 This was not a limit of the

resolved, but this was still limited in comparison to previous studies
cryofilm or freeze-drying process. Subsequent analysis demonstrated that we were able to resolve

the retinal layers of the mouse eye on an instrument with much higher spatial resolution.

The presented protocol was compatible with different metabolite matrices (i.e. NEDC, BPYN and
DHB (data not shown)). Other matrices could be used to expand the range of small molecules
detected in the ocular humours, however they would have to be salt tolerant to avoid any tissue
washing steps that would likely destroy small molecule gradients in the ocular humours. As with any
MALDI imaging analysis of biological tissue, the detected distributions are a result of the choice of
matrix, the ability of molecules to be ionised from a heterogeneous tissue section, and the sensitivity
of the mass spectrometer. It is likely that some ions are differentially suppressed in the different
regions of whole eyeball sections (c.f. tissue and humours). One way to address this is to first
identify molecules of interest using tandem mass spectrometry approaches, then implement a
targeted analysis using a spray-deposited stable isotopically-labelled standard approach to produce
more accurate ion distributions which would account for tissue section regions and molecules prone

to ion suppression.

However, one limitation that remains is the unequivocal identification of small molecule signals
detected in MALDI IMS experiments. On-tissue MS/MS was successfully used to identify
phospholipid signals in the posterior eye. The identification of these phospholipids in the retina was
consistent with previous analysis of phospholipids in fish brain and retina tissue, where a higher
degree of unsaturation of polyunsaturated fatty acids was observed.® However, the majority of m/z

signals remain unidentified, particularly in the black bream potentially due to the lack of ocular
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humour analysis of teleost eyes, and their identification would allow additional interpretation of
their possible biological significance to be made. In the rabbit eyeball analysis, the trends of our
provisionally identified ocular humour metabolite distributions were consistent with previous
studies, where cystine (the more stable, oxidised form of cysteine), uric acid, and citric acid have

27, 64, 65

been detected in AH at higher abundance than VH , and taurine, as an important molecule that

supports retinal photoreceptor cell function, has been detected at higher levels in the VH than AH®*®
67

. Complementary orthogonal LC-MS metabolomics studies would aid greatly in identifying

endogenous metabolites but are beyond the scope of this method.

Despite the spatial resolution and identification limitations, in the teleost eye a number of small
molecule signals were localised in the AH either around both anterior and posterior surfaces of the
iris, or primarily in the iridocorneal angle (see Figures 3M and 3N). This was in contrast to the rodent
eyes where equivalent molecular distributions were not observed, suggesting that the distributions
observed in the teleost eye are not an artefact of analysis. Moreover, in mammals the iridocorneal
region contains the ciliary body (posterior chamber) and trabecular meshwork (anterior chamber),
which circumferentially produces and drains AH, respectively. As a filtrate of the blood, AH contains

2627 n teleosts the ciliary body is absent®®, and the AH is instead

hundreds of small molecules
produced from the posterior epithelium adjacent to the iris®. In zebrafish, AH has been proposed to
undergo vectorial flow from the dorsal ciliary epithelium to the iridocorneal and ciliary openings of
the ventral canalicular network and ventral vitreal-retinal vessels”®. The patterns observed in the
current study suggest accumulation and concentration of several small molecules in these locations,

and therefore may be established or produced by this vectorial flow. This level of detail has not been

reported in previous studies of the AH due to the lack of spatial information.
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In the relatively smaller mouse eye, we were able to collect data at 35 um spatial resolution on FT-
ICR and at 10 um with timsTOF. Serial sectioning and sequential collection of images enabled us to
demonstrate the first 3D IMS model of the eye. Similar distributions and localisations of molecules
could be observed throughout the tissues of the eye including within the AH and VH. Individual cell
layers of the neural retina were not distinctly resolved at 35 um but could be resolved at 10 um, as
has been previously demonstrated®. For 3D imaging, there is a significant cost in instrument time
when there are requirements for both high spatial and mass resolving power. In our 3D example,
approximately 5 days of continuous acquisition on the MALDI FT-ICR MS were required to collect a

full set of images.
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CONCLUSIONS

A highly reproducible methodology for the spatial mapping of small molecules in tissue containing
fluid-filled compartments has been developed, using the example of whole eyeballs from teleost fish
and common laboratory animals. The presented results suggest that a complex array of small
molecule concentration gradients exist in the ocular humours of the teleost eye, and that
compartmentalisation of some small molecules occurs in the ocular humours of the rabbit. In the
future, this approach could be trialled with eyeballs from larger animals which more closely model
the dimensions and physiology of the human eye, such as the porcine eye, to establish whether
similar small molecule concentration gradients are present. This should assist in elucidating the role
of these small molecules in the integrated functioning of the eye, and may also be useful for tracing
the intraocular pathways and binding sites of exogenous small molecules, such as pharmaceuticals
developed as ocular therapeutics. The development of 3D images in various degenerative disease
models such as diabetic retinopathy and aged related macular degeneration will enable detailed

examination of biochemical features and progression of disease in a spatial manner.
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Figure 7
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TABLES

Table 1: Observed and predicted m/z and putative identifications for ocular metabolites

Metabolite Adduct Observed m/z Predicted m/z | Error (ppm) Localisation
Mouse
Oleic Acid [M-H] 281.2498 281.2486 4.3 retina, lens
Glutathione* [M-H] 306.0761 306.0754 2.3 lens
Phe-Phe [M-H] 311.1401 311.1390 3.5 lens nucleus
DHA [M-HY 327.2309 327.2330 6.4 retina
PGE [M-HY 353.2330 353.2323 2.0 humours
unknown - 464.3143 - - vitreous humour
PS(44:12) [M-HY 878.4977 878.4967 1.1 retina
PI(38:4) [M-HY 885.5497 885.5493 0.5 retina
Ganglioside | -\ - | 1572.9090 1572.9007 5.3 retina
GM1
Rat
Glucose M+CII” | 215.0324 215.0317 33 vitreous humour
Myo-inositol
Glutathione* [M-HY 306.0761 306.0754 2.3 lens
AMP* [M-HY 346.0554 346.0547 2.0 iris
PS(40:6)* [M-HY 834.5302 834.5291 1.3 retina
Black Bream
N-acetyl- | i | 196.0740 196.0717 11.7 lens cortex, retina
histidine*
unknown t[M+CI] 261.9428 - - uvea
Glutathione* [M-HY 306.0792 306.0754 10.1 lens
unknown t[M+CI] 360.9988 - - humour, near iris
unknown t[M+CI] 374.9787 - - aqueous humour
unknown t[M-H] 380.0046 - - perilenticular
unknown t[M-H] 385.0870 - - vitreous humour
unknown t[M-H] 405.1886 - - cryofilm
unknown t[M+CI] 411.9880 - - vitreous humour
ADP [M-HT 426.0256 426.0210 8.2 lens cortex, retina
unknown t[M-H] 438.1429 - - lens cortex
unknown t[M-H] 504.0363 - - hu.rT\our, near
ciliary body
PS(40:6)* [M-H] 834.5264 834.5291 3.2 retina
unknown t[M-H] 902.4642 lens nucleus
Rabbit
Taurine [M-H] 124.0069 124.0063 4.8 vitreous humour
Citric acid* [M-H] 191.0193 191.0186 3.7 aqueous humour
Uric Acid [M+CIT 202.9976 202.9966 49 aqueous humour
Cystine [M-H] 239.0165 239.0155 4.2 aqueous humour
34
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Glutathione* [M-H] 306.0766 306.0754 3.9 lens
ADP* [M-H] 426.0224 426.0210 3.3 lens, cornea
PS(40:6)* [M-H] 834.5365 834.5291 8.9 retina

* confirmed by on-tissue MS/MS, T putative adduct

This article is protected by copyright. All rights reserved.
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Table 2: lons detected in MS/MS MALDI-IMS analysis of adult black bream posterior eye

Observed m/z Predicted m/z Error (ppm) Description
[M-H] [M-H]
PE(22:6/22:6) 834.5074 834.5079 0.60 Precursor
524.2774 524.2783 1.72 Loss of sn1/sn2
acyl chain
506.2668 506.2677 1.78 Neutral loss of
sn1/sn2 RCOOH
group
327.2325 327.2330 1.53 sn1/sn2 RCOO
283.2429 283.2431 0.71 Loss of CO2 from
sn1l/sn2 RCOO
PS(22:6/18:0) 834.5277 834.5291 1.68 Precursor
747.4975 747.4970 0.67 Loss of serine
437.2670 437.2674 0.91 Loss of sn1 acyl
chain and serine
419.2565 419.2568 0.72 Neutral loss of
snl RCOOH group
and serine
283.2641 283.2643 0.71 sn2 RCOO ion
PS(22:5/18:1) 834.5277 834.5291 1.68 Precursor
747.4975 747.4970 0.67 Loss of serine
435.2516 435.2517 0.23 Loss of sn2 acyl
chain as ketene
and serine
417.2411 417.2412 0.24 Neutral loss of
sn2 RCOOH group
and serine
281.2483 281.2486 1.07 sn1 RCOO
36
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FIGURE LEGENDS

Figure 1. Schematic diagram of whole eye sectioning and MALDI-IMS protocol.

Figure 2. Freeze-drying of sections maintains spatial integrity of ocular metabolites. Optical scans
of rat eyeball section following (A) drying at room temperature, and (F) freeze-drying. MALDI images
of metabolites localised to vitreous humour (m/z 215.0324, B and G), lens (m/z 306.0761, C and H),
iris (m/z 346.0554, D and 1), and retina (m/z 834.5302, E and J), are delocalised in tissue sections
dried at room temperature (B-E) in comparison to freeze-dried tissue (G-J). Intensity scaling is

indicated below each set of MALDI images. Scale bar = 600um.

Figure 3. MALDI images of the juvenile black bream eye. (A) Optical scan of the fish eye section
prepared for MALDI-IMS. Representative MALDI images from ocular tissue - (B) uvea (m/z 261.9428),
(C) retina (m/z 834.5264), (D) lens cortex (m/z 438.1429), (E) lens nucleus (m/z 902.4642), (F) lens
and retina (m/z 196.0740) and (G) multiple tissues (m/z 426.0256). MALDI images were also
generated from — (H) cryofilm (m/z 405.1886) and the ocular fluids (l) aqueous enriched (m/z
374.9787), (J) around the lens (m/z 380.0046), (K) vitreous proximal to the retina (m/z 411.9880), (L)
vitreous (m/z 385.0870), (M) near the iris (m/z 360.9988) and (N) ciliary body (m/z 504.0363).
Intensity scaling is indicated below each MALDI image. Asterisk = suspensory ligament. Scale bar = 4-

00um.
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Figure 4. Small molecule concentration gradients are present in the New Zealand white rabbit
ocular fluids. (A) Optical scan of a rabbit eye section prepared for MALDI-IMS. Representative MALDI
images from ocular tissue - (B) predominantly retina (m/z 834.5365), (C) multiple tissues (m/z
426.0224), and the (D) vitreous (m/z 124.0069) and (E) aqueous (m/z 239.0165) humours. MALDI
images from the regions marked in panel A show (F) GSH (m/z 306.0766), (G) phospholipid (m/z
834.5365), (H) putative ADP (m/z 426.0223), () putative citric acid signal predominantly in the
aqueous humour (m/z 191.0193) and (J) putative uric acid in the aqueous humour only (m/z
202.9976). Intensity scaling is indicated below each MALDI image. Scale bars = 2 mm (A-E), 600 um

(F-J). L=lens, | = iris, C = cornea, VH = vitreous humour, AH = aqueous humour.

Figure 5. Identification and localisation of lipid signals in the adult black bream eye. MS/MS
spectra identifying phospholipids (A) PE(22:6/22:6) and (B) PS(40:6) detected at the back of the black
bream eye. (C, left) MS/MS MALDI images of PE(22:6/22:6) indicated it was localised predominantly
in the choroid (c) with some signal also detected in the retina (r) and vitreous humour (v). MS/MS
MALDI images showed that PS(40:6) was localised predominantly in the retina, and showed that
both PS(22:6/18:0) (C, middle) and PS(22:5/18:1) (C, right) were present, possibly in different retinal

layers. All MALDI images scaled 0—100%. Scale bar = 200 um.

Figure 6. Reproducibility of whole eyeball MALDI-IMS: Mouse eye metabolic mapping in three
dimensions. (A) Optical scan of all tissue sections prepared for MALDI-IMS analysis. (B) Multi-signal

MALDI images of sections, including putative dipeptide PhePhe (m/z 311.1401, orange), GSH (m/z
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306.0766, red), unknown metabolite (m/z 464.3143, dark blue), PS(44:12) (m/z 878.4977, yellow),
and putative prostaglandin E (PGE, m/z 353.2330, green), all MALDI images scale 0-100%. (C) A
principal component analysis showing component 1 (x-axis) vs component 2 (y-axis), derived from 37
annotated metabolites across all 47 sections. Coloured ellipses and data points correspond to
individual metabolites and represent the 95% quantile. (D) 3D volume renderings (i-vi) of the signals
presented in panel B. The image volume is sliced parallel to the optical axis and orientated such that

the anterior eye is to the right, and posterior eye to the left.

Figure 7. High Lateral Resolution: MALDI timsTOF image of mouse eye section acquired at 10 pm
lateral resolution. (A) Unsupervised Segmentation map with clustering based on similarity.
Segmentation is able to describe all major tissue types including Cornea (epithelium and stroma),
Iris, Epithelial layer of the lens anterior pole, Outer-, Mid-, Inner-cortical and Nuclear regions of the
lens, Retinal Layers, Optic nerve bundle and Sclera. Scale Bar = 3000 um. Dotted box represents
zoomed area in panel D. (B) Oleic acid m/z 281.2498 (annotation from metaspace) localised
predominantly to the retinal pigmented epithelium, iris, corneal epithelium, and lens cortex. (C)
Docosahexaenoic acid (m/z 327.2309) was more widely distributed in the retina, and in the lens
outer cortex, iris, and corneal stroma. (D) Zoomed region of the segmentation map displaying
several tentatively-assigned retinal layers. Scale bar = 60 um. (E) Phosphatidyl inositol PI(38:4) (m/z
885.5497), localised predominantly to the photoreceptor inner and outer segments. (F) Ganglioside
GM1(38:1) (m/z 1572.9090) localised to the nerve fibre layer of the retina. All MALDI images were
scaled 0-100%. NFL = nerve fibre layer, GCL = ganglion cell layer, IPL = inner plexiform layer, INL =

inner nuclear layer, OPL = outer plexiform layer, ONL = outer nuclear layer, RPE = retinal pigmented
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epithelium, OS = photoreceptor outer segments, IS = photoreceptor inner segments, C = choroid, S =

sclera.
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