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Abstract

The gastrointestinal tract, including luminal content, harbors a complex mixture of
microorganisms, host dietary content, and immune factors. Existing imaging approaches remove
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luminal content and only visualize small regions of the Gl tract. Here, we demonstrate a
workflow for multimodal imaging using matrix-assisted laser desorption/ionization imaging mass
spectrometry, autofluorescence, and bright field microscopy for mapping intestinal tissue and
luminal content. Results comparing tissue and luminal content in control murine tissue show both
unique molecular and elemental distributions and abundances using multimodal protein, lipid, and
elemental imaging. For instance, lipid PC(42:1) is 2x higher intensity in luminal content than
tissue, while PC(32:0) is 80x higher intensity in tissue. Additionally, some ions such as the protein
at mlz 3443 and the element manganese are only detected in luminal content, while the protein at
mlz 8564 was only detected in tissue and phosphorus had 2x higher abundance in tissue. These
data highlight the robust molecular information that can be gained from the gastrointestinal tract
with the inclusion of luminal content.
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INTRODUCTION

Within the United States, over 62 million people are diagnosed with a digestive disease
annually.! The human gastrointestinal (GI) tract is the largest interface between the

host, gut microbiota, and environmental factors within the body and plays a major role

in human health and disease.? All of the regions of the small intestine—duodenum,
jejunum, and ileum—as well as the large intestine, have unique functions and molecular
characteristics, owing in part to the dramatically different bacterial burden in proximal
and distal regions of the small intestine.3 In addition, the gastrointestinal tract includes
luminal content that contains healthy gut microbiota, dietary constituents such as ingested
fats, as well as pathogenic bacteria such as Clostridioides difficile*> Previous spatial
analyses of the Gl tract have focused on histological analysis, which does not offer novel
molecular information unless paired with other modalities. Matrix-assisted laser desorption/
ionization (MALDI) imaging mass spectrometry (IMS)® has been employed to provide
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spatially associated molecular information in mammalian Gl tissue.”~10 These studies do not
encompass the entirety of the Gl tract, since either an incomplete portion of the tissue is
probed or the luminal content is removed. One effective approach for sample preparation of
this organ when preparing tissue for cryosectioning is the use of a “Swiss roll” architecture
in which intestinal tissue is rolled into a spiral pattern.1112 This approach enables imaging
of more intestinal tissue (~16 cm of total 33 cm in length) and allows comparisons between
additional regions of the Gl tract. Unfortunately, traditional Swiss roll protocols remove
luminal content.}2 Feces have a high fat and water composition, which leads to difficulties
with slide retention during sample preparation protocols, such as aqueous tissue washes,
for MALDI IMS.13 In this report, we present a modified sample preparation workflow for
multimodal imaging of the murine small intestine, which includes the luminal content, to
measure the full molecular complexity of the gut using IMS, autofluorescence microscopy,
and bright field microscopy.

EXPERIMENTAL SECTION

Additional instrument and sample preparation information is included in Supplemental
Tables 1 and 2.

Sample Preparation.

Murine small intestines were rolled into a spiral shape, without being cut, termed a modified
Swiss roll, and embedded in 2.6% carboxymethylcellulose (CMC) in water. Tissue and
CMC were shap frozen over liquid nitrogen at =80 °C, cryosectioned at 10 um thickness
using a CM3050 S cryostat (Leica Biosystems, Wetzlar, Germany), and thawmounted onto
1% poly L-lysine coated ITO slides (Delta Technologies, Loveland, CO) for lipid and protein
imaging or vinyl slides for elemental imaging (VWR, Radnor, PA). Autofluorescence
microscopy images were acquired using EGFP, DAPI, and DsRed filters on a Zeiss
AXxioScan Z1 slide scanner (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) prior

to matrix application.

Polylysine Slide Coatings.

Poly-L-lysine solution was prepared with a 1:10 ratio of polylysine/distilled water. Slides
were then fully covered in solution for 10 min and then dried in a 60 °C oven for 1 h.

MALDI FT-ICR Imaging MS of Proteins.

Samples for protein analysis were washed using graded ethanol washes and Carnoy’s

Fluid (6 ethanol/3 chloroform/1 acetic acid) to remove salts and lipids (70% EtOH, 100%
EtOH, Carnoy’s Fluid, 100% EtOH, H,0, 100% EtOH). Samples were sprayed with 2”,6"-
dihydroxyacetophenone (DHA). Following matrix application, high-mass-resolution IMS
of intact intestinal samples was performed using a Solarix 15T MALDI FT-ICR mass
spectrometer (Bruker Daltonics, Billerica, MA). Data and box plots were visualized using
SCIiLS Lab 2020 (Bruker Daltonics, Billerica, MA).
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LA-ICP Imaging MS of Trace Elements.

Trace element imaging was performed as previously described.14 Samples were ablated
using an LSX-213 laser ablation system (Teledyne CETAC, Omaha, NE) and analyzed

using a coupled Element 2 high-resolution sector field ICP-MS (Thermo Fisher Scientific,
Waltham, MA) operated in medium-resolution mode. Helium gas was used to assist in
transport of ablated sample particles from the ablation chamber to the ICP-MS. The
resulting data were converted into vender-neutral imzML format and visualized using SCiLS
Lab 2020.

MALDI timsTOF Imaging MS of Lipids.

Samples for lipid analysis were washed with ammonium formate and distilled H,O prior

to matrix application. 1,5-Diaminonapthalene (DAN) matrix was sublimated onto the tissue.
IMS was performed using a timsTOF Pro equipped with a dual ESI/MALDI and operated
in gTOF mode with TIMS deactivated (Bruker Daltonics, Billerica, MA).1> All tentative
lipid identifications were made based on mass accuracy using the LIPIDMAPS database
(lipidmaps.org) with a 5 ppm mass tolerance.

RESULTS AND DISCUSSION

Imaging of Proximal and Distal Regions of Small Intestine with Intact Luminal Content.

Regions of the Gl tract can have dramatically different molecular makeups due in part to the
higher microbial burden in the distal small intestine.3 Microbiota contribute greatly to the
molecular diversity within the mouse Gl tract, including unique metabolites and interactions
with dietary fats. The length of the Gl tract prevents analysis of the entire tissue on one
slide. The small intestine of a mouse is approximately 33 cm long.16 The modified Swiss
roll conformation, as shown in Figure 1, allows for half (~16 cm) of this organ to be imaged
at once with only one tissue section.

Luminal content adds additional sample preparation considerations for IMS analysis. For
example, with washing protocols there is loss of luminal content and/or poor tissue retention
with glass and ITO-coated slides. To address this sample loss, a polylysine coating was
applied to indium tin oxide (ITO) coated slides.}” ITO slides, with and without a polylysine
coating, and glass microscope slides were compared for tissue and luminal content retention
following two different washing protocols (Figure S1). For lipid imaging, retention was
tested after an agueous ammonium formate (AF) wash to remove salts that lead to adduct
formation (Figure S1a). For imaging proteins, retention was tested following a Carnoy wash,
consisting of graded ethanol washes and Carnoy’s fluid to remove lipids (Figure S1b).18
Using glass slides tissue dropout was observed, luminal content was removed with an
ammonium formate wash, and luminal content was also lost during a Carnoy wash. An ITO
surface alone did not provide enough adherence to maintain luminal content during both
washes. Overall, poly L-lysine coating improved tissue adherence and luminal content when
implementing an ammonium formate wash and to a lesser degree with a Carnoy wash. These
data suggest that utilizing a polylysine coating when working with intestinal tissue increases
the spatial integrity of the sample.
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Tissue and Luminal Content in the Gastrointestinal Tract Show Unique Multimodal
Molecular Profiles.

To fully elucidate the molecular differences between gut tissue and luminal content,
several IMS modalities were applied to proximal small intestinal tissues. Using the
polylysine coating, and respective washing methodologies (summarized in Figure S2),
unique distributions of proteins, lipids, and elements were identified, which alludes to

the molecular complexity of the gut microenvironment. Autofluorescence images of these
tissues are shown in Figure S3. Figure 2a shows proteins that localize either exclusively to
the tissue or to luminal content, highlighting the unique molecular profile of the luminal
content and its distinction from tissue-only samples. Figure 2b shows tentatively identified
phosphatidylcholines with distinct localization patterns, despite being from the same lipid
class, suggesting a difference between host lipids and diet-derived fecal lipids. For instance,
tentatively identified PC(32:0) is approximately 80x higher intensity in tissue compared to
luminal content, while PC(42:1) is approximately 2.5x higher intensity in luminal content
(Figure S4). This method informs analysis of the gastrointestinal tract using morphological
cues provided by complementary microscopy to enable pixel-to-pixel comparisons of
molecular intensity, for instance, between lipids that were observed to be specific to lumen
and tissue regions of the sample. Figure 2c shows elemental imaging contrasting dietary
metals in the feces (manganese) and elements within the tissue (phosphorus, 2x higher
intensity in tissue). Average intensities per region for each represented ion are shown in
Figure S4. These multimodal IMS images highlight the reproducibility of polylysine coating
for tissue retention as well as the value in studying luminal content alongside intestinal
tissue as a unique microenvironment.

Overall, this workflow to collect and analyze multimodal imaging mass spectrometry data
from intestinal tissue with luminal content offers a more comprehensive insight into the
gastrointestinal tract through improved molecular/elemental coverage and luminal content
retention. This application can be applied to further our understanding of various digestive
diseases and how the complex dynamic of the Gl tract may change from the internal and
external factors that act upon it.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Autofluorescence and hematoxylin and eosin stains of a proximal small intestine sample

with intact luminal content in a modified Swiss roll conformation.
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Figure2.
Multimodal IMS shows unique molecular profiles between tissue and luminal content

regions. (A) Protein imaging shows a tissue-specific localized protein, a luminal content-
specific protein, and overlaid proteins (image selection window: values +31 mDa). (B) Lipid
imaging shows tissue and lumen associated localizations, tentatively identified as [PC(32:0)
+ H]* (2.99 ppm error) and [PC(42:1) + H]* (0.80 ppm error) (image selection window:
values £22 mDa). (C) Elemental imaging using LA-ICP IMS shows unique elemental
distributions between tissue-specific (P) and lumen-specific (Mn) elements and an overlaid
image (image selection window: values £58 mDa).
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