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ABSTRACT

Dynamic biological processes in the brain involve complex interactions between various cell types, and these interactions span
multiple biological scales. Each of these domains are crucial in maintaining brain health. Traditional methods, such as transcrip-
tomics and protein labeling, provide valuable insights but fail to capture the full molecular landscape of neurological function.
Multimodal imaging, combining multiple imaging techniques, offers a more comprehensive approach to studying biological
systems by integrating different omics technologies. Spatial metabolomics involves using techniques like mass spectrometry
imaging to enable detection of metabolites within their native tissue context and reveals functional roles that are crucial for un-
derstanding disease. Spatial transcriptomics and proteomics contribute information on gene expression and protein function but
face challenges in resolution and integration with other omics approaches. Combining metabolomics, transcriptomics, and pro-
teomics will enhance our understanding of cellular interactions, but challenges remain in optimizing sample preparation, main-
taining molecular integrity, and integrating data across omics layers. Future advancements in spatial multiomics, incorporating
epigenetics and extending to whole-body or nanoscale imaging, will significantly advance our understanding of neuroscience

and complex diseases like Alzheimer's disease or autism spectrum disorder.

1 | Overview

Dynamic biological processes generally involve the active co-
ordination of different, but functionally relevant, cell types.
Memory, cognition, and learning are fundamental neurolog-
ical processes that involve chemical communication between
neurons and other cells, such as adjacent neurons, astrocytes,
oligodendrocytes, and microglia [1-6]. These interactions
span across size domains, ranging from organ systems to sub-
cellular organelles and everything in between (Figure 1A).
Neurons are involved in receiving, integrating, and commu-
nicating electrical signals that enable a variety of functions,
including memory, and motor control [7-9], and are gener-
ally the most well studied. Within healthy systems, neuronal
communication is reinforced and influenced by astrocytes,
oligodendrocytes, microglia, and other adjacent cells [10-14].

These cells are often considered “passive,” but I hypothesize
that these cell types are the key to understanding neurological
diseases. Each of these cell types of several subgroups vary
as a function of brain region (e.g., hippocampus and cortex
cerebellum) and developmental stage [15-17]. Clearly, this dy-
namic community of cells is spatially and molecularly com-
plex, often involving multiple types of molecules, and any
level of dysfunction within these communities often leads to
disease or disorder. While important, this is a nontrivial pur-
suit that will proceed on for decades to come.

A great example of this complexity is Alzheimer's disease
(AD), and the focus of many scientific pursuits. AD is a neu-
rological disorder characterized by loss of memory, motor
impairment, and fatality [18]. AD is pathologically character-
ized by the accumulation of AS plaques within multiple brain
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Biological systems are highly complex systems on both physical (A) and molecular (B) scales. (A) Understanding neurological func-

tion and its transition toward disease requires a multipronged approach that spans from how the brain interacts with other organs, brain regions and

subregions (e.g., cortex, hippocampus, cortex, and cerebellum), cellular interactions and communities, single cell responses, and to organelles. (B)

At each of these domains, the molecular features also play unique, functional roles that are difficult to interpret by only studying one omics space.

Indeed, metabolites are the broadest omics class, and they interact with all previous steps within the central dogma of biology.

regions, and it is still heavily debated if these plaque features
are disease causing or a symptom. Indeed, unanswered ques-
tions like these are fundamental but difficult to study, par-
ticularly by a single approach/perspective. For instance, the
cellular microenvironment/neighborhood surrounding these
plaques is cellularly and molecularly complex, heterogenous,
and dynamic. Very similar observations can be drawn for
many different neurological diseases, including Parkinson's
disease [19], autism spectrum disorder [20], post-traumatic
stress disorder [21], bipolar [22], and schizophrenia [23].
While understanding these different cellular processes has
obvious implications, it is highly complicated and challeng-
ing. I believe that one of the only ways to understand neuro-
science involves using multiple analytical techniques to assay
multiple molecular classes. Traditional means of exploring the
brain has often leaned on independent experiments involving
transcriptomics-based analyses or antibody-labeling of pro-
tein markers [24, 25]. Because of this, brain cell types and
subtypes are often defined by their protein or transcriptomic
profiles. While overly reductive, it is still more related to func-
tion than cellular shape under a microscope (e.g., astrocytes
are named for being star shaped). One additional means of
stratifying cell types and subgroups would be to incorporate
metabolites, which are the work horses of biological systems
and interact with all other omics spaces. From an analytical
perspective, there are few (if any) technologies that can di-
rectly measure more than a small subset of molecular features
(e.g., mRNA, proteins, or lipids) within a complex matrix. One
alternative strategy includes multimodal imaging, which can
span across multiple omics spaces (Figure 1B) and will be the
focus of this perspective.

2 | Multimodal Imaging

Multimodal imaging is the combination of two or more imaging
technologies that access orthogonal information, providing a
more comprehensive picture of the system than either individual
approach alone [26-28]. In practice, however, multimodal imaging
israther complex; it consists of a delicate balance between the sam-
pling and analytical requirements associated with each technique
[27]. For example, most histological assessment is performed on
formalin-fixed paraffin-embedded (FFPE) tissue as it best pre-
serves tissue morphology, but mass spectrometry (MS)-based ap-
proaches prefer fresh-frozen tissues since any chemical additives
can complicate resultant spectra, and the fixation process can re-
move molecules detectable by MS, including labile or chemically
unstable molecules. What exactly is removed or crosslinked is still
relatively unknown and likely depends on the sample and specific
fixation protocol. Experiments that rigorously assess which mol-
ecules are removed and how will make these experiments more
reproducible. As such, combining these two approaches requires
strategically developing workflows that marry the sampling re-
quirements without compromising data quality. While this takes
extra planning, generally, the combination of two or more omic
spaces improves classifications and better coverage of what consti-
tutes biological systems [29-32].

Techniques that are relevant for neuroscience-based research
and should be considered for spatial multiomics include next
generation sequencing (genomics) [33, 34], spatial transcrip-
tomics (gene expression/transcriptomics) [35, 36], microscopy
(histology/proteomics/fluorescent molecules) [37-40], and MS
imaging  (proteomics/lipidomics/glycomics/metabolomics)
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[41, 42]. Generally, most examples of multimodal imaging per-
form each approach on different samples to easily accommo-
date the different sampling requirements. While convenient,
the data is not inherently registered nor integrated. These
methods prevent single cell or organelle analysis, which are
critical for neuroscience projects. As such, marrying these
sampling requirements is often essential for performing
multiple imaging experiments on the same tissue and will
be discussed in detail within the sections below. I anticipate
the community to continually push toward using the same
sample. As this field develops, there will be additional issues
associated with computationally combining and interpreting
these datasets, including miss-matched spatial resolutions,
drastically different dynamic ranges, and image registration.
Largely, these computational approaches are spearheaded by
academic and/or government institutions with commercial
options severely lagging. From my experience, whenever new
equipment is released, often, the commercial software that
comes with it is ineffective. Often, it takes several years for
the software to catch up with the hardware.

2.1 | Spatial Metabolomics

Of all the omics spaces, metabolomics is the least developed
and would benefit the most from inclusion of orthogonal in-
formation. While excluded from the central dogma of biology,
metabolites are some of the most important features of the
brain. Metabolites are a class of biological molecules, such as
lipids and signaling molecules, that participate in many criti-
cal physiological and disease processes [43-46]. Despite their
importance, less is known about these molecules compared to
their protein and gene counterparts. The chemical space that
the term “metabolites” covers is huge both numerically and
chemically. This often prevents holistic detection [47] as well
as contributes to difficulties performing de novo identifica-
tion and assessment of their exact function. From a stability
standpoint, metabolites are often easily degraded or diffused
[48-50]. Unlike DNA and RNA, metabolites cannot be ampli-
fied and often do not ionize as well as peptides/proteins. These
differences have caused an incorrect assumption that genom-
ics, transcriptomics, and proteomics are more important than
metabolomics. I think metabolomics has lagged behind be-
cause of its difficulty.

There are dozens of analytical methods for detecting metabolites,
but few are capable of spatial analysis at cellular resolutions.
This is critical for neuroscience applications, where individual
cells have unique functions. MS imaging is arguably one of the
most widely used methods for spatially assaying metabolites,
including matrix-assisted laser desorption/ionization (MALDI)
[51-55], secondary ion MS (SIMS) [56, 57], and desorption elec-
trospray ionization (DESI) [58, 59]. Of these, my lab primarily
uses MALDI MSI, which is capable of measuring hundreds to
thousands of molecules within a tissue without disturbing their
spatial context [60, 61]. The tissue is coated in a UV-absorbing
chemical matrix to enhance and facilitate desorption and ion-
ization of endogenous metabolites. One of the benefits of this
matrix is that it can be reactive toward specific metabolite
classes [62-64], acts as a preservative [65, 66], and buffers the
tissue from laser damage [67]. All of these features facilitate the

addition of orthogonal imaging approaches. I believe that there
are analogs that can be incorporated within SIMS and DESI
workflows that would enable spatial multiomics. In particular,
the preservation of different molecular classes is arguably the
most important. SIMS experiments occur in a vacuum, while
DESI occurs at ambient conditions, where alternative stabili-
zation may need to be considered. SIMS is inherently the most
destructive of the three, and any tissue damage will alter the re-
sults obtained by other spatial approaches, whereas DESI is the
least destructive. Regardless, without orthogonal training, MSI
is not the canonical method for cell classification and must be
trained using other approaches, such as spatial transcriptomics
and/or proteomics, for cell typing.

2.2 | Spatial Transcriptomics and Cell States

Advances in next generation sequencing technologies
have changed our understanding of biological systems.
Transcriptomics provides extremely rich information on the
physiological state of cells and tissues by measuring mRNA that
encode for specific proteins [68-71]. Moreover, many cells and
their subtypes are classified by their genetic profiles, and they
often participate in unique functions in many organ systems
[72-74]. Single-cell spatial transcriptomics technologies can
quantify the transcripts of thousands of genes with a resolution
close to 200nm, although most technologies having a spatial
resolution closer to hundreds of microns [75, 76]. While there
are many other types of spatial transcriptomics technologies,
they almost all rely on fluorescence-based instrumentation [35],
are limited in imaging areas, and/or are expensive. These lim-
itations have prevented their regular use in the clinic and diag-
nostics. Even within basic research, they are inappropriate for
assaying large patient cohorts or even large pieces of tissue.

In the context of multiomics, there is some disconnect between
gene expression profiles and abundance of proteins and metab-
olites [77]. I believe this discrepancy reduces the reproducibil-
ity and rigor of spatial transcriptomic experiments and has led
to delayed biological understanding. There are many potential
causes for this discrepancy, ranging from technical variables to
downstream biochemical regulators, but understanding how
gene expression affects secondary metabolites is critical for un-
derstanding healthy function and disfunction, especially in the
brain, where these connections often span cellular communities.
To date, few studies have successfully combined these two ap-
proaches [78-80], particularly in a spatial context for large tissue
areas. One reason for this is the mismatched sample preparation
methods for transcriptomics and metabolomics. Single-stranded
mRNA is easily degraded [81] at ambient conditions and from
RNases. As such, RNase inhibitors are added. While not known,
I anticipate that adding these inhibitors may cause diffusion of
small metabolite and that some types of MSI can cause mRNA
degradation. Additionally, traditional spatial transcriptomics
experiments require fixation [82], which crosslinks and/or re-
moves metabolites [52]. The combination of spatial transcrip-
tomics with spatial proteomics is straight forward as these two
approaches follow similar protocols, unlikely standard spatial
metabolomic protocols. While straightforward, I think there is
a significant overlap between the types of information spatial
proteomics and spatial transcriptomics can provide.
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While the combination of transcriptomics and MSI is difficult,
this is a promising direction for both communities. For one, MSI
can analyze large pieces of tissue and could be used to guide
where spatial transcriptomics should be performed. Their com-
bination comes down to mass spectrometrists learning what
factors contribute to their degradation, such as not using RNase
free water, contamination/degradation that occurs at atmo-
sphere, and original tissue integrity. Generally, RNA integrity
numbers (RIN) are critical for assessing if sample preparation
methods affect mRNA integrity, but these are often not mea-
sured on tissue undergoing MSI experimentation. While dif-
ficult, I think the most compelling results that can come from
the combination of transcriptomics and metabolomics is under-
standing the mechanisms behind their discrepancy, as it may
come from cellular interactions that are unknown. Additionally,
the combination may lead to the development of more effective
gene therapies for psychiatric diseases.

2.3 | Spatial Proteomics and Relation to Cell Type

Within the central dogma of biology, mRNA is translated into
protein features and these proteins often interface with metab-
olites. Unlike the other omics spaces, proteins are responsible
for structural integrity, chemical catalysis, and transport within
biological systems and are intricating involved in function with
neuroscience [83, 84]. Because of a protein's connection to func-
tion, proteins are often used to define different types of cells
[85, 86]. Traditional means of spatial detection proteins involve
the use of antibodies that are attached to a fluorophore or an-
other measurable label [87, 88]. By targeting these antigens,
cells can be visualized by a variety of common microscopy ap-
proaches for large tissue areas. Traditional immunofluorescence
experiments are limited in plexity to ~4-7 markers because of
the spectral overlap between fluorescent channels [89]. Most or-
gans have dozens of cell types that can be further divided into
subtypes, requiring highly multiplexed labeling approaches for
appropriately studying a tissue.

There are numerous examples of combining spatial metabolom-
ics or transcriptomics with spatial proteomics [67, 90-93], and
this has been exceptionally fruitful in understanding metabo-
lism as well as posttranslational regulations. Often, these exper-
iments are performed on fixed tissue and/or embedded tissue,
which requires antigen retrieval. Antigen retrieval has detri-
mental effects on metabolomics [94] because proteins are inher-
ently more stable [95] and can withstand the chemical washes
and pressure associated with antigen retrieval. A side effect of
their stability is that this has readily enabled the combination
of spatial proteomics with spatial metabolomics. This must be
taken into consideration when determining the order of opera-
tions within multiomic experiments. Indeed, targeting proteins
first in an imaging sequence will most likely result in degrada-
tion or removal of other chemical species, including mRNA and
metabolites. Additionally, validating the specificity of an anti-
body is also important if MSI is performed first as the effects of
UV on the epitope of a protein is often unknown. While mini-
mally published and studied [67], MALDI matrix choice is also a
critical feature that influences protein integrity and epitope sta-
bility. I encourage those combining MSI with spatial proteomics
to include both the clone and lot associated with each antibody.

Ultimately, I think the direction that is most compelling is the
combination of spatial metabolomics with highly multiplexed
spatial proteomics, which has not been robustly explored.
Indeed, the combination of proteomics with metabolomics en-
ables cell-specific contextualization of small molecules. This
usually requires 20 or so protein targets and their respective
antibodies, making this a costly endeavor. Another exciting di-
rection is direct detection of proteins by MSI for connection with
metabolites. This provides insight into any post-translational
modifications that may occur. While important, these post
translational modifications are probably the reason why spatial
proteomics by MSI is difficult. Each ion is difficult to identify,
and few instruments can resolve these ions without the addi-
tion of multiple charges. This, ultimately, makes DESI MSI the
standout choice for these experiments. Initial steps toward this
will require greater consideration for sample integrity during
long imaging runs as well as how to handle highly abundant
proteins, such as albumin, that prevent the detection of other
proteins related to cell typing, such as glial fibrillary acid pro-
tein that is used to identify astrocytes.

2.4 | Future Directions

The future of multimodal imaging is bright. Most exciting is the
concept of understanding what discrete metabolites are func-
tionally doing within complicated cellular systems. Largely,
function is only related to bulk molecular classes as opposed to
discrete molecules. While I discussed some of the exciting di-
rections of spatial metabolomics with both spatial transcriptom-
ics and spatial proteomics, I think the combination of all three
omics spaces on one tissue will be game changing for our under-
standing of neurological diseases as well as other diseases. This
would allow us to trace a biochemical pathway from the genome
all the way to secondary metabolism and everything in between.
Additionally, I think spatial multiomic measurements that in-
corporate aspects of epigenetics are the next major advancement
in the field. In brief, epigenetics is the study of DNA regulation,
where DNA or histones are chemically modified to change
which genes are transcribed into mRNA. Spatial epigenetics is
an up and coming field [96] and likely explains some discrepan-
cies between genomics and proteomics or metabolomics. A gene
can have drastically changed expression based on epigenetics
and likely occurs on the single-cell level in neurological systems.
Beyond epigenetics, the integration of other molecules, includ-
ing glycans and carbohydrates, will also be critical, since these
molecules are key when thinking about immune responses.

Finally, most multiomics measurements are performed on only
a single organ (or even just a single section from a portion of
an organ) in an imaging context or are single-cell profiling ap-
proaches. These experiments ignore the connection between
organ systems as well as organelles. Indeed, organs are con-
nected; the brain bidirectionally interfaces with every other
organ in an organism. The central and peripheral nervous sys-
tem spans the entire body, and brain health is maintained by
organs, such as the heart, kidney, and liver. Thus, viewing the
brain in isolation is a very narrow view of neuroscience. With
that, there are significant methodological and computational
challenges associated with datasets that are exceptionally large,
such as whole body or 3D in nature, making them natural next
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directions for spatial multiomics. Methods have to be incredibly
reproducible, as any artifact or missing tissue will be apparent in
the final 3D stack. These datasets are also incredibly large (>Tb
for the MSI alone) and require alignment and 3D segmentation,
of which no current commercial software will do. Currently,
spatial proteomics and spatial metabolomics are the only fields
capable of imaging such large volumes of tissue. Spatial tran-
scriptomics has to almost be redesigned to enable this type
of work.

On the other end of the spectrum is targeting features that are in
the range of nanometers in diameter, such as mitochondria and
extracellular vesicles (EVs), that are functional in nature and
can lead to different diseases. While important, these small sizes
make them incredibly difficult to study. From a MS standpoint,
there are often only tens to hundreds of copies of every discrete
molecule in EVs. As a natural first step, MALDI or DESI MSI
can learn from the SIMS community and connect to ion-based
microscopies like scanning electron microscopy and tunneling
electron microscopy. There are certainly computational difficul-
ties with this; the spatial resolution is an order of magnitudes
different between the approaches. From a methodological stand-
point, this could be aided by incorporating fiduciaries that are
active in both modalities that will help with image alignment.

Finally, and arguably most importantly, I think that spatial mul-
tiomics will cause these different, often siloed communities, to
connect. Through this, we will be able to learn and obtain in-
sight that will otherwise remain siloed. For instance, as MALDI
and DESI MSI reach smaller and smaller spatial resolutions,
our stages will need the accuracy and precision to accommo-
date those spatial resolutions. Microscopes and spectroscopic
stages regularly achieve high precision within those spatial
scales. Microscopists have already developed computational ap-
proaches for 3D stacking and rendering as well as segmentation
across these stacks that can probably be adapted for MSI. Spatial
transcriptomics and proteomics also have methods for calcu-
lating and assessing cellular neighborhoods, which can also be
commandeered. Regardless of these points, neuroscience and
other biological fields will benefit by the combination and devel-
opment of spatial multiomic methods.
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