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Abstract

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) has
emerged as a label-free analytical tool for fast biomolecule profiling on tissue sections. Among
various functional molecules, mapping neurotransmitters and related metabolites is of tremendous
significance, as these compounds are critical to signaling in the central nervous system. Here, we
demonstrated the use of both derivatization and reaction-free approaches that greatly reduced
signal complexity and thus enabled complementary signaling molecule visualization on crab brain
sections via MALDI-LTQ-Orbitrap XL platform. Pyrylium salt served as a primary amine
derivatization reagent and produced prominent signal enhancement of multiple neurotransmitters,
including dopamine, serotonin, y-aminobutyric acid, and histamine that were not detected in
underivatized tissues. Molecules with other functional groups, such as acetylcholine and
phosphocholine, were directly imaged after matrix application. The identities of discovered
neurotransmitters were verified by standards using LC-MS/MS. This study broadens our
understanding of metabolic signaling in the crustacean nervous system and highlights potential of
multifaceted MS techniques for unambiguous neurotransmitter characterization.
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Neurotransmitters and related low molecular weight metabolites (MW < 1000 Da) are
distributed among the nervous system and possess diverse physiochemical properties.
Specifically, neurotransmitters are released from synaptic vesicles in neuronal axons and
then bind to receptors on a dendrite of another neuron. The synthesis and degradation of
neurotransmitters are regulated by sophisticated metabolic pathways where numerous small
molecules are associated. These molecules have been extensively studied due to their
essential roles involved in neuronal development and cellular communication. The changes
in expression profiles of neurotransmitters and metabolites are relevant to neural
malfunction. For instance, dopamine depletion is related to extrapyramidal disorders,! and
progressive serotonergic neuron loss occurs in Parkinsonism.2 Therefore, deeper
understanding toward neurotransmitters and regulatory metabolites in situ distribution offer
insights into neurological functions, neuro-modulation processes as well as potential
treatments to nervous system diseases.

For a long time, the crustacean nervous system model has been extensively applied in
neurological studies owing to the well-studied and relatively simple anatomical structures.
The distribution of multiple neurotransmitters in the crustacean nervous system has been
uncovered by a constellation of approaches. For example, monoamines are visible after
fluorescence histochemical treatment.3# Later on, the utilization of immunocytochemical
techniques permitted more reliable and precise localization of compound of interest.
Although these techniques require specialized tools and skills, their widespread use with
proven findings demonstrated their unique leverage in neuroscience. However, research and
discovery in the modern era are in high demand of advanced techniques for simultaneous
molecular visualization of multiple compounds on tissues. Thus, the development of a user-
friendly and unequivocal imaging method is essential to better understanding of
neurotransmitter metabolism and regulatory pathways.

Mass spectrometry has been widely adapted for the study of biomolecules in diverse
disciplines owing to its high sensitivity, selectivity, and analysis speed. While liquid
chromatography (LC) mass spectrometry (MS) is the gold standard for metabolomics
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research, tissue undergoes extensive sample preparation where tissue-specific morphology
and anatomical context is lost. Alternatively, matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI MSI) facilitates molecule visualization with simple-
step matrix pretreatment without sacrificing sensitivity. Unlike immunology imaging
techniques that require target-specific antibodies, MALDI MSI allows untargeted profiling
in the tissue area. Numerous /m/z distribution patterns can be acquired in a single MSI
experiment to reveal biomolecular in situ localization. Since the first report of MALDI MSI
by Caprioli et al. in 1997, MSI has undergone prosperous development and generated
fruitful applications in mapping a wide variety of biomolecules, including proteins,’2
peptides,10-12 metabolites,13-18 and lipids.19-24 Utilizing this technique, we have
successfully visualized several amino acids, nucleotides, and organic acids in the crustacean
nervous system in a previous study2> that improved our understanding of crustacean
metabolism. Nevertheless, a rapid and highly sensitive method is still lacking to map
neurotransmitters inside the crustacean central nervous system.

While matrix compounds facilitate molecule ionization, the in situ MSI of low mass
compounds via MALDI presents enormous challenges. One of the major difficulties comes
from matrix background signal interference. Typically, matrices are sprayed onto tissue
section before MS analysis. As commonly used matrices are small molecules,
neurotransmitter and metabolite signals are largely suppressed by abundant matrix. Another
obstacle is caused by compounds of interest themselves. Low molecular weight molecules
spanning broad dynamic range of concentrations consist of diverse functional groups that
can contribute to distinct ionization efficiencies in MALDI experiments. Extensive efforts
have been devoted to address these issues. For instance, low-background and background-
free matrices have been utilized for small molecule imaging.26-28 Other useful approaches
include selectively derivatizing typical functional groups via on tissue chemical reaction for
signal enhancement. For example, 4-hydroxy-3-methoxycinnamaldehyde?® and pyrylium
salts efficiently react with primary amines,39-32 1,1"-thiocarbonyldiimidazole was used for
3-methoxysalicylamine derivatization,33 and carboxyl groups can be derivatized by amine.34
Those derivatization approaches benefit compound detection by reducing spectral
complexity and increasing compound molecular weight to keep molecules away from
intensive matrix signal region. The addition of acryl groups to small molecule
neurotransmitters tremendously increases compound ionization efficiency and promotes
energy transfer from matrix to analytes and in return enhance signal intensity.

Herein, we applied derivatization reagent 2,4-diphenylpyranylium tetrafluoroborate (DPP-
TFB) and, for the first time, simultaneously detected major primary amine-containing
neurotransmitters and metabolites with enhanced sensitivity, in the crustacean brain.
Additionally, other types of metabolites were imaged directly without derivatization using
improved sample preparation methodology, resulting in better identi-fication rate. In
addition to accurate mass matching using high resolution accurate mass (HRAM) MALDI
Orbitrap instrument, neurotransmitter identities were further confirmed by MS/MS
information and retention times obtained from standard compounds via LC-MS/MS. The
integration of multifaceted mass spectrometric approaches allowed simultaneous localization
via imaging and identification via LC-MS/MS of neurotransmitters in the crustacean brain.
The localization information on neurotransmitters provides deeper insights into crustacean
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neurobiological and physiological studies and demonstrates a facile approach for future
neuroscience research.

RESULTS AND DISCUSSION

To investigate performance of labeling and label-free MSI approaches, a pilot experiment
was performed by acquiring MS1 profiles after a laser was randomly fired 12 times across
crab brain sections. The HRAM feature of this Orbitrap platform allows both spectral
differentiation and confident compound identification. The accurate mass detection permits
reliable low-mass molecule characterization using both approaches with small ppm error
(most compounds were detected at mass error < 2 ppm, Supporting Information Table S1).
The MS1 spectrum obtained from the pyrylium labeled tissue is shown in Figure 1a. Due to
the derivatization reaction selectivity, primary amines were detectable with enhanced
signals. Several amino acids, as well as metabolites with amines, were displayed in the
spectrum, such as phenylalanine and dopa. Moreover, several representative
neurotransmitters like histamine, GABA, serotonin, and dopamine were detected, while they
remained invisible with direct matrix application approach without derivatization (Figure
1b). The derivatization step has efficiently boosted signals of amines with the addition of the
C17H11 group to the original molecular structure. With a molecular mass increase of
215.0855, the low-mass molecules are free from interference of the intensive matrix peaks as
well as phosphocholine, an abundant lipid the brain tissue. Another advantage enabled by
derivatization in situ MS2 fragmentation. For example, the on-tissue labeled GABA
precursor ion was selected for further HCD fragmentation, and the generated MS2 spectrum
(Figure 1c) contained an intense peak b originated from derivatization reagent as well as
peak a belonging to GABA structure. The MS2 spectrum matched well with fragments from
pyrylium reacted GABA standard (Figure 1d), further supporting confident identification of
GABA, an inhibitory neuro-transmitter in the crustacean brain. Without derivatization,
GABA could not be detected at the MS1 level, making impossible to perform on-tissue MS2
fragmentation with MALDI source. Via the replacement of primary amine group with
conjugated aromatic group in neurotransmitters, laser energy transfer efficiency may be
enhanced that could lead to improved full MS scan signals for these neurotransmitters. The
conjugation structure could better stabilize attached proton, producing enhanced precursor
signals and lead to high intensity fragments generated in MS2 scans. It is also noticeable
that, in the spectrum from derivatized tissue (Figure 1a), the sodium and potassium adduct
peaks were barely detectable whereas they were commonly observed in tissues samples only
sprayed with matrix (Figure 1b). This is another benefit of derivatization as it generates less-
complex spectra. This proof-of-principle experiment demonstrates the usefulness of the on-
tissue derivatization reaction for neuro-transmitter and monoamine detection. However, the
non derivatization method should not be abandoned, as it complements molecular
identification. As shown in Figure 1b, acetylcholine (one of major neurotransmitters) and
carnitine (a critical metabolite) exhibited reasonable intensity in the spectrum, while after
derivatization they could not be detected, most likely due to signal suppression from excess
derivatization reagent. Furthermore, this matrix coating process could be performed directly
after sample collection and tissue section to best preserve physiological states, while the
derivatization reaction required overnight reaction where degradation could occur. To
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maximize information collected from brain tissue and gain an in-depth understanding about
the crustacean nervous system, the utilization of complementary derivatization and
nonderivatization approaches is essential. Unlike immunohistochemical approaches that
require specific antibodies to visualize certain molecules, MS-based methods demonstrate
their unique advantages via a less time-consuming and more cost-effective manner. Within a
few hours, the MALDI MSI approach enabled simultaneous recording of m/zvalues of more
than hundreds of compounds along with corresponding abundances and location
information. The ease of use for the MSI workflow also minimizes errors during sample
handling thus ensures authenticity of the collected information. While immuno-based
fluorescence imaging provides better spatial resolution, recent advancements in MALDI
MSI have enabled cellular and subcellular resolution.3®

By employing on-tissue derivatization, the primary amine-containing molecules demonstrate
distinct localization patterns in the crustacean central nervous system (Figure 2). Previously
researchers have localized both serotonin and dopamine immunoreactivity in female mud
crab brain.38 To the best of our knowledge, our study represents the first study on crustacean
brain that allows simultaneous visualization of multiple primary amine neurotransmitters
and metabolites. The crab brain anatomy (Supporting Information Figure S1) facilitates
better understanding of tissue-specific in situ distribution. Some neurotransmitters are
specifically localized in certain regions on the brain section; e.g., histamine (Figure 2c) is
only distributed in the olfactory lobes (ON) and serotonin (Figure 2m) exhibits localization
in ON, median antenna | neuropil (MAN), anterior medial protocerebral neuropil (AMPN),
and posterior medial protocerebral neuropil (PMPN). In comparison, some neurotransmitters
exhibit more widespread distribution throughout the brain where abundance level varies. For
example, GABA (Figure 2b) exhibits distribution throughout the whole brain region with the
ON showing the most abundant signal. Additionally, dopamine (Figure 2k) exhibits the most
intense signals in the MAN, AMPN, and PMPN regions, while tryptamine (Figure 2l) is
more abundant in MAN and PMPN. The revealed distribution patterns of these compounds
together with corresponding molecular identity enable deeper understanding about
crustacean neurochemical signaling and region-specific functions. For instance, GABA,
histamine, serotonin, and dopamine all have distributions in the ON region. This observation
suggests that ON is a highly active brain region where many neurotransmitters are involved
in neuromodulation and signal transmission. While neurotransmitters are featured with
shared distribution area, localization differences may be explained by distinct roles signaling
molecules play in the central nervous system. It is also interesting to note that dopa (Figure
2n), the precursor of dopamine, has more widespread distribution in the crab brain but the
localization pattern does not perfectly overlap with dopamine. This slight discrepancy might
be resulted from region-specific enzymatic activities in neurotransmitter synthesis pathway
across the nervous system. Different metabolites also display various in situ localization
patterns. Metabolites with ubiquitous distribution include phenethylamine (Figure 2e),
methylhistamine (Figure 2f), and lysine (Figure 2j), indicating their involvement in a wide
range of metabolic activities. In contrast, the localization of threonine (Figure 2d), agmatine
(Figure 2g), adenine (Figure 2h), and tyramine (Figure 2i) all differ from each other,
indicating their distinct roles in the nervous system. Overall, this simple on-tissue
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derivatization method enabled localization of multiple primary amines in a single MALDI
MSI experiment with enhanced throughput and chemical specificity.

Molecular imaging could also be achieved by directly applying DHB matrix without
performing derivatization, as shown in Figure 3. A drier matrix application method3” was
utilized to reduce molecule delocalization and produce fine matrix crystals. Using a robotic
nozzle, DHB was sprayed preprogrammed moving patterns via relatively high moving
velocity and low spray flow. This approach guaranteed prompt solvent evaporation during
matrix application thus minimized molecular diffusion. Matrix application step is extremely
important to reduce compound diffusion probabilities because crustacean brains are of
higher water content than typical model system, such as mouse brain. Sample handling
another determinant of high-quality images in MALDI experiments. In our study, tissue
sectioning was performed the same day of brain collection to best prevent molecular
degradation. Through these improved sample preparation processes, we successfully
localized a key neurotransmitter acetylcholine (Figure 3c) not reported in a previous study?>
of the crab central nervous system. Unlike classical approaches indirectly revealing
acetylcholine distribution by mapping acetylcholine metabolism-related enzymes,38:39
MALDI MSI offers fast and straightforward visualization of acetylcholine (Figure 3c).
Although acetylcholine metabolite choline (Figure 3b) has ubiquitous distribution among the
whole brain, acetylcholine displays more specific localization pattern. By comparing
acetylcholine with typical crab brain anatomy (Supporting Information Figure S1), the most
acetylcholine-rich region is found to be AMPN. In addition to neuro-transmitter, the direct
matrix deposition method allows putative identification and visualization of many
metabolites with functional groups other than amines. Rich distribution information can be
extracted, including lipids (Figure 3e, 1), nucleotide metabolites (Figure 3k), organic acid
(Figure 3i), isoquinoline (Figure 3d), and amino acid metabolites (Figure 3h, j). The location
of these molecules together derivatized-amines offer more comprehensive understanding
about the nervous system. Unlike chemical derivatization method that is free from adduct
ions, applying matrix directly generates adduct ion bound metabolites, such as glutamine +
K* (Figure 3f) and methylhistidine + NH4* (Figure 3g). interference of adduct ions (e.g.,
NH,4*, Na*, and K*) and matrix signals can complicate low-MW MS spectra. Therefore,
some compounds of interest remain buried and undetectable in this direct matrix application
approach.

LC-MS/MS experiments were performed to further confirm putatively identified
neurotransmitters. It is naturally difficult to conduct on-tissue MS2 for each neurotransmitter
as relatively high abundance level is required to generate high quality MS2 spectra. To verify
identities of molecules, utilized LC-MS/MS to achieve confident identification with both
retention time in the chromatography domain and structural fragments in the MS2 domain.
By comparing these features with those of standard compounds, one can easily identify
unknown molecules and more confidently characterize the analytes of interest. To reduce
sample complexity, crab brain extract was cleaned using an MCX SPE after extraction.4°
Figure 4 illustrates representative spectra acquired from crab brain extract and the
comparison with corresponding standard compound. MS2 information was acquired to
differentiate isomers that might coelute with compound of interest. As different molecules
are composed of distinct structures, MS2 fragmentation patterns reveal structural variations
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among molecules. The detected MS2 fragments from crab brain extract matched well with
those generated from standards. For instance, GABA MS2 fragments (shown in Figure 4a)
include the loss of NH3 (/m/287.0445) and the loss of both NH3 and H,O (m/269.0342).
Tryptamine (Figure 4b) and serotonin (Figure 4c) MS2 spectra show the major
fragmentation products after losing NH3 (/7/z 144.0807 for tryptamine and /2 160.0756 for
serotonin, respectively). Figure 4d demonstrates histamine product (/7/z 95.0608) after loss
of NH3 and product (//z83.0609) most likely due to loss of CH,=NH. Excellent match was
found between target compound retention time in the crab brain extract and that of standard,
as well as their resulting MS2 fragmentation spectra, indicating the effectiveness of this 16
min LC-MS/MS method. Given dopamine’s extremely low abundance, we were only able to
detect an extracted ion chromatogram of /m/z 154.0863 while MS2 fragments suffered from
abundant noise interference. The well-matched retention time suggested identity of detected
ion at m/z 154.0863 to be dopamine (Supporting Information Figure S2). Overall, LC-
MS/MS facilitates the neurotransmitter identification in this complex biological sample.

In conclusion, our study established and demonstrated a viable HRAM platform to visualize
in situ localization of neurotransmitters as well as to achieve their confident identifications
in the central nervous system of rock crab, Cancer irroratus, a classical model organism. The
employment of on-tissue chemical derivatization and direct matrix application was
advantageous as the combined approach generated comprehensive coverage of small
signaling molecules. HILIC LC-MS/MS enabled further separation and confirmation of
detected molecules in MALDI MSI experiments, demonstrating the necessity of utilizing
multifaceted mass spectrometric techniques in the investigation of complex biological
systems. The novel findings of neurotransmitters and their metabolites enabled by HRAM
MSI are anticipated to advance related neuroscience areas and offer effective approaches to
probe a plethora of neurochemical signaling molecules.

METHODS

Chemicals and Materials.

2,5-Dihydroxybenzoic acid (DHB) was from Acros Organics (Morris Plains, NJ). a-
Cyano-4-hydroxycinnamic acid (CHCA) and DPP-TFB were from Sigma-Aldrich (St.
Louis, MO). Optima grade methanol (MeOH), acetonitrile (ACN), formic acid (FA), water,
and microscope glass slides (25 mm x 75 mm x 1 mm) were purchased from Fisher
Scientific (Fair Lawn, NJ). Mixed-Mode Cation eXchange (MCX) solid phase extraction
(SPE) 1 cm? cartridges were obtained from Waters Corporation (Milford, MA). Standard
compounds were purchased from Sigma-Aldrich unless specified otherwise.

Animal Tissue Collection.

Rock crabs Cancer irroratus were purchased from Ocean Resources Inc. (Sedgwick, ME)
and maintained in man-made saline water. All animal experiments were performed under
institutional guidelines (University of Wisconsin—Madison IACUC). Before animal
dissection, the crab was anesthetized in ice for ~15 min. For MALDI MSI experiment, the
isolated brain was rinsed by deionized water for removal of salt then embedded in 100
mg/mL gelatin in water and snap-frozen in dry ice. For LC-MS/MS experiment, brain tissue
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was transferred into 100 pL acidified MeOH (MeOH/H,O/HAc = 90/9/1, viviv). All
samples were stored at —80 °C and processed the same day of collection to minimize
degradation and best preserve fast-degrading neuro-transmitters.

MALDI MSI Sample Preparation.

The crab brain was sectioned by a cryostat (Thermo Scientific Microm HM 525) at —20 °C
into 16 um thickness and thaw-mounted onto microscope glass slides. The tissue slides were
dried for 30 min at room temperature inside a desiccator. TM-Sprayer (HTX Technologies,
Carrboro, NC) was utilized for on-tissue derivatization reagent and matrix application. For
on tissue derivatization, the nozzle temperature was set to 80 °C and moving velocity to
1100 mm/min. Then 1.33 mg/mL DPP-TFB (9.6 mg compound dissolved in solvent with 5.4
mL MeOH, 1.8 mL H,0 and 3.5 /L triethylamine) was homogeneously sprayed for 30
passes (6 s dry time between each pass) with 3 mm tracking space and flow rate of 0.08 mL/
min. The tissue slide after derivatization was kept in a desiccator at room temperature for 24
h before spraying the DHB matrix. Here, 40 mg/mL DHB matrix (MeOH/H,O/FA =
49.95/49.95/0.1, v/viv) was sprayed on the tissue slide following the method previously
described.3’ Briefly, nozzle moving velocity was set to 1250 mm/min with temperature at
80 °C, and DHB was sprayed for 24 passes with 0.05 mg/mL flow rate and 3 mm tracking
space. For experiments without on-tissue derivatization, tissue slides were sprayed with
DHB matrix directly after sectioning. Tissue slides were dried at room temperature in the
desiccator before instrumental analysis.

MALDI MSI Data Acquisition and Data Analysis.

All MALDI MSI experiments were performed on the MALDI-LTQ-Orbitrap XL platform
(Thermo Scientific, Bremen, Germany) with a 60 Hz 337 nm N laser. Mass resolution was
set to 60 K (at /m/z400) for full MS scan with microscan of 1, raster step of 75 gm and laser
energy of 15 zJ. Mass range was set to /772 270-1300 for derivatized tissue and /772 50-600
for nonderivatized tissue. On-tissue profiling data were analyzed and searched against small
molecule theoretical masses using home-built Python program with 5 ppm error window.
The MALDI MSI images were generated using Thermo ImageQuest 1.1.0.

MALDI Spot Analysis of Derivatized GABA Standard.

A volume of 10 gL of GABA solution (3.2 mg/mL in water) was mixed with 90 s of DPP-
TFB (concentration same as on-tissue derivatization) and reacted at room temperature for 30
min. Reaction was quenched with 1 gL of acetic acid. Then 1 gL of mixture was added to 9
L of CHCA (3.5 mg/mL in 0.1% FA H,O/EtOH/ACN = 3/13/84, v/v/v). Then 1 L of
solution was spotted on MALDI plate for MS2 analysis.

Tissue Processing for LC-MS/MS.

Crab brain was probe sonicated in acidified MeOH, and the extract was further separated by
using a 3K MWCO filter and cleaned up using SPE as stated previously.4? Briefly, small
molecules were extracted in 100 L of acidified MeOH by using a sonic dismembrator
(Fisher Scientific, Pittsburgh, PA) for three cycles with 8 s pulse on and 15 s pulse off. The
supernatant was mixed with 85 gL of Optima water and then separated by using a 3K
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MWCO filter. The flow-through was dried down, resuspended in 1 mL 2% FA water, and
loaded into a MCX SPE cartridge preconditioned with MeOH then water. Basic compounds
were eluted by 5% ammonia in MeOH after washing with FA water and MeOH. The
collected basic elution was dried down and stored at —20 °C until further handling.

LC-MS/MS Analysis.

Chromatographic separation was performed at 40 °C using a Waters Acquity UPLC BEH
Amide column (2.1 mm x 150 mm, 1.7 zm) on a Dionex UltiMate 3000 LC system coupled
to a Thermo Q Exactive Orbitrap mass spectrometer. The binary gradient consists of mobile
phase A (0.1% FA H,0 with 2.5 mM ammonium formate) and mobile phase B (95/5
ACN/H,0 with 0.1% FA and 2.5 mM ammonium format). The flow rate was 0.4 mL/min
with gradient set as 0-3 min, 100% B; 3—-13 min, 100-50% B; 13-13.1 min 50-100% with
2.9 min equilibrium at the end. Full MS and parallel reaction monitoring (PRM) mode were
utilized during mass spectrometry data acquisition. Full MS scans (/m/z 70-1000) were
performed with mass resolution of 70 K, automatic gain control (AGC) target 1e6, and
maximum injection time 100 ms. In PRM mode, targeted ions were isolated with 0.5 m/z
and MS2 spectra were acquired with isolation window 0.5 m/z, normalized collision energy
30%, resolution 17.5 K, AGC target 1e5, and maximum injection time 100 ms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Distinct and complementary identification of low-MW molecules provided by derivatization
and reaction-free approaches after on-tissue profiling with the MALDI-LTQ-Orbitrap XL
platform. (a) Detected primary amines after DPP-TFB derivatization by accurate mass
matching with 5 ppm error window. (b) Detected metabolites with DHB as matrix without
derivatization by accurate mass matching with 5 ppm error window. Derivatized GABA (c)

on-tissue and (d) standard MS2.
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Figure2.
Selected ion images showing in situ distribution of biogenic amines after DPP-TFB

derivatization. Major neurotransmitters are illustrated, including GABA, histamineg,
serotonin, and dopamine.
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Figure 3.
Selected ion images showing spatial distributions of neurotransmitters and metabolites

revealed directly with DHB matrix.
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Figure 4.

Neurotransmitters verified via hydrophilic interaction liquid chromatography (HILIC) LC-
MS/MS. The top panel shows detected chromatogram peaks and corresponding MS2 spectra
in crab brain extract. The bottom panel illustrates retention times and MS2 fragments from
corresponding standard compounds. (2) GABA. (b) Tryptamine. (c) Serotonin. (d)

Histamine.
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