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Abstract

The N-Methyl-D-aspartate (NMDA) receptor is a crucial mediator of pathological glutamate-

driven excitotoxity and subsequent neuronal death in acute ischemic stroke. Although the roles of 

the NMDAR’s composite GluN2A-C subunits have been investigated in this phenomenon, the 

relative importance of the GluN2D subunit has yet to be evaluated. Herein, GluN2D−/− mice were 

studied in a model of ischemic stroke using MALDI FT-ICR mass spectrometry imaging to 

investigate the role of the GluN2D subunit of the NMDA receptor in brain ischemia. GluN2D−/− 

mice underwent middle cerebral artery occlusion (MCAO) and brain tissue was subsequently 

harvested, frozen, and cryosectioned. Tissue sections were analyzed via MALDI FT-ICR mass 

spectrometry imaging. MALDI analyses revealed increases in several calcium related species, 

namely vitamin D metabolites, LysoPC, and several PS species, in wild type mouse brain tissue 

when compared to wild type. In addition, GluN2D−/− mice also displayed an increase in PC, as 

well as a decrease in DG, suggesting reduced free fatty acid release from brain ischemia. These 

trends indicate that GluN2D−/− mice show enhanced rates of neurorecovery and neuroprotection 

from ischemic strokes compared to wild type mice. The cause of neuroprotection may be the result 

of an increase in PGP in knockout mice, contributing to greater cardiolipin synthesis and 

decreased sensitivity to apoptotic signals.
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Introduction

N-methyl-D-aspartate receptors (NMDAR) are glutamate-gated ion channels, which play a 

critical role in cellular signaling in the mammalian nervous system [1], contributing to 

synaptic plasticity, memory, and learning functions [2]. However, these receptors are also 

involved in processes related to neurodegenerative diseases and brain trauma [1, 3]. 

Composed of two GluN1 subunits and two GluN2 subunits, most NMDA receptors are 

heterotetramers, with both GluN1 and GluN2 subunits consisting of different splice variants. 

GluN1 subunits may be expressed by eight different splice variants (a-h), while GluN2 

subunits are expressed by four different splice variants (A-D) [1, 4]. These variations 

contribute to the great diversity of NMDA receptors present in mammalian neurons, each 

with distinct biochemical properties [5, 6]. Because each subunit variant exhibits their own 

unique chemical properties, the type of subunit present in the NMDA receptor determines 

the receptors’ functional properties and its involvement in biological processes, including its 

role in neurological diseases [7, 8].

Previous studies have shown that following an induced ischemic stroke, ischemia is 

attenuated in GluN2A−/− and GluN2A−/−/GluN2B−/− mice when compared to wild-type 

mice [9]. In addition, previous studies in the Castellino laboratory have found that mice that 

do not express the GluN2C subunit displayed decreased cerebral edema and an enhanced 

rate of neurological recovery following ischemic stroke when compared to WT mice [10]. 

These neuroprotective changes corresponded to decreased expression of Fyn kinase and thus 

decreased phosphorylation of the GluN2B subunit. Although many of the ischemic roles of 

the GluN2A, GluN2B, and GluN2C subunits have been heavily studied, the role of the 

GluN2D subunit, with respect to ischemic strokes, has not been thoroughly investigated. 

Here, we investigate the effects of ischemic strokes on GluN2D/- mice using MALDI FT-

ICR mass spectrometry imaging (MSI).
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MALDI MSI is an effective tool for mapping proteins [11, 12, 13], peptides [13, 14], lipids 

[15, 16], and metabolites [17, 18, 19] in biological samples, allowing detection of these 

species while gaining valuable information about their spatial localization within a tissue 

sample. In addition, MALDI MSI enables determination of molecular and spatial 

information for a variety of species without prior knowledge of their presence, effectively 

allowing one to screen hundreds of species simultaneously during a single acquisition [20, 

21]. The objective of this study is to investigate metabolomic and lipidomic changes in 

GluN2D−/− mice after an ischemic stroke using MALDI MSI. By doing so, we gain valuable 

information about the GluN2D subunit of the NMDA receptor and its effect on brain 

ischemia.

To accomplish this goal, we utilized the annotation platform, Metaspace. Metaspace is a 

platform which hosts a search engine for metabolite annotation of mass spectrometry 

imaging data, allowing users to search their data and obtain peak annotations from several 

public databases simultaneously. By doing these searches, Metaspace provides the user with 

several false discover rate (FDR)-controlled annotations for their imaging data within a 

matter of minutes [22, 23]. In addition, the Metaspace workflow can be utilized to annotate 

metabolites and lipids from a number of different samples and from many different 

organisms [24, 25, 26]. Imaging data may be from both 2D and 3D datasets acquired in both 

negative and positive ion modes [27]. By utilizing MALDI MSI coupled with a Metaspace 

workflow, we detected and identified metabolomic and lipidomic changes in ischemic mice 

and organized them by location within the healthy or damaged brain tissue in order to 

understand the off target effects of the GluN2D subunit during brain ischemia.

Materials and Methods

Chemicals and Materials

Alpha-cyano-4-hydroxycinnamic acid (CHCA) matrix was purchased from Sigma Aldrich 

(St. Louis, MO). ITO-coated glass slides were purchased from Delta Technologies 

(Loveland, CO). All unspecified reagents were purchased from Sigma Aldrich.

Mice

Male postnatal (day 21–33) wild type mice (C57B1/6J; Jackson Laboratories, Bar Harbor, 

ME) and GluN2D knockout/nβ-galactosidase knock in mice (GluN2D−/−) (NIH). Mice were 

housed on a 12 hour light-dark cycle with ad libitum access to food and water. All animal 

procedures were to accordance with the University of Notre Dame animal care committee’s 

regulations.

Stroke Induction

Mice were anesthetized with isofurane before the main carotid and internal carotid arteries 

were ligated with a 6–0 suture to prevent blood flow. Coated-tip sutures (#602334, Doccol 

Corporation, Sharon, MA) were then inserted to occlude the middle carotid artery via the 

external carotid artery. After 90 minutes, mice were anesthetized again to remove the 

occluder and to allow reperfusion. Mice were then sacrificed 24 hours after stroke induction.
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Tissue Preparation

Brain samples from GluN2D−/− and wildtype mice that had and had not undergone ischemic 

strokes were collected and flash frozen using liquid N2 immediately following sacrifice. 

Tissue from B (frontal lobe and temporal lobe) and C (parietal lobe and temporal lobe) 

regions of the brain were then sectioned. All mouse brain tissues were sectioned into 

consecutive 15 μm slices using a cryostat sectioning device at −20°C. Mouse brain tissue 

sections were thaw mounted onto ITO-coated glass slides and coated with 10 mg/mL CHCA 

matrix using an HTX Imaging M5 TM-Sprayer (Chapel Hill, NC). Matrix was applied at 

80°C for 4 passes over the sample. The flow rate of matrix was 0.1 mL/min at a velocity of 

1000 mm/min, track spacing of 2 mm, pressure 10 psi, gas flow rate of 3 L/min, nozzle 

height 40 mm, and a drying time of 20 seconds between each pass. Tissue slides were stored 

in a vacuum desiccator until MALDI FT-ICR mass spectrometry imaging analysis.

MALDI MSI

A 15T Solarix FT-ICR (Bruker Daltonics, Billerica, MA) was operated in positive and 

negative ion modes with a mass range set to acquire at m/z 100–1000. The laser spot size 

was set to medium with the raster distance set to 100 μm along both the x and y axes. Laser 

power was adjusted to just above the MALDI threshold to avoid fragmentation. To obtain 

optimal signal intensity, each pixel is the result of 500 consecutive laser shots with external 

calibration performed using a red phosphorous mixture on a CHCA-coated slide. The 

images were processed using ftmsControl 2.1, flexImaging 4.1, and SCiLS Lab 2016b 

(Bruker Daltonics, Billerica, MA). All spectra were normalized against total ion count, 

defined as the sum of all intensities in the mass range analyzed to reduce influences by 

matrix hot spots. To generate reliable comparisons, one tissue section from each condition 

(knockout stroke, knockout control, wild-type stroke, wild-type control) in the same relative 

regions of the brain (B region) was analyzed at the same time to minimize day-to-day 

variability. To generate intensity plots and ion maps, SCiLS Lab 2016b was used to compare 

four tissue sections that were run on the same day, each from a different condition, as 

representative sections to compare intensities. Consecutive tissue sections from all four 

conditions were analyzed in both positive and negative ion modes for both B and C regions 

of the brain, resulting in 32 total tissue sections analyzed by MALDI-FT-ICR MSI (Figure 

1).

Metaspace

All 32 mouse brain tissue sections were processed in SCiLS Lab and exported to Metaspace 

for lipid and metabolite annotation. Detection parameters for Metaspace annotation used a 

resolving power of 200,000 at m/z 500. Annotations were collected by searching the mass 

spectrometry imaging data against the Human Metabolome Database (HMDB) v4, BraChem 

Database 2018, and the Pseudomonas aeruginosa Database (PAMDB) v1.0. All annotations 

were acquired in MS1 and thus correspond to Level 2 of the Metabolomics Standards 

Initiative Guidelines [28].
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Results

Comprehensive Analysis of Metaspace Results

Resulting annotations from Metaspace were compared and the results are provided in Figure 

2. Metabolite annotations from all conditions show correlation, as 42 of the 207 total 

annotations are found in mice from all four conditions. These species mostly consist of PE, 

PC, and other lipids (see Electronic Supplementary Material (ESM) Table S1). The high 

number of species that were detected in all four conditions indicates the reproducibility of 

the Metaspace annotation workflow, even in samples from different conditions.

Several species were detected in only one of the four conditions. The knockout control mice 

had 13 unique annotations (ESM Table S2), knockout stroke mice had 12 unique annotations 

(ESM Table S3), wild-type control mice 18 unique annotations (ESM Table S4), and wild-

type stroke mice had 22 unique annotations (ESM Table S5). When comparing the lists of 

uniquely annotated species in the four different conditions, knockout control mice have a 

greater number of annotated phosphoinositide (PI) lipids, while knockout stroke mice had a 

greater number of unique phosphatidylglycerol (PG) annotations than the other three 

conditions.

Discussion

It is important to note that although a species may not have been annotated in a given 

sample, this absence does not necessarily indicate that it is not present in the sample. In 

order to annotate a given analyte, Metaspace assigns an MSM score to a set of peaks 

detected in the sample. MSM scores are assigned based on spatial, spectral, and chaos 

parameters [22]. Spatial scores are assigned based on whether or not a set of peaks match up 

spatially to form a substructure, while spectral scores are assigned by relative isotope 

intensities. It is possible for an analyte to be present, but not necessarily be annotated due to 

limited isotope intensity or structure within the tissue sample. Thus, the presence or absence 

of annotated analyte was determined by comparing intensity plots for an analyte’s respective 

parent ion.

Comparing annotations from B and C sections of the same mouse showed very little overlap 

(ESM Fig. S1), suggesting both structural and molecular differences between the two 

regions of the brain. However, comparing annotations from all mouse sections from the 

same cohort showed improved agreement, as seen in ESM Fig. S2, with control mice having 

significantly more overlap than mice that had undergone a stroke. This difference in overlap 

was attributed to stroke mice having varying degrees of neurological deficit. Comparing 

annotations even further, knockout mice, as a whole, displayed significantly greater overlap 

than wildtype mice as a whole (ESM Fig. S3). Knockout mouse sections had nearly twice as 

many annotations in common as wild type mouse sections when comparing stroke versus 

control. This suggests that knockout stroke mice are more similar to knockout control mice 

and that wild type control mice and wild type stroke mice are quite different.

Although knockout control mice appeared to have unique PI annotations with parent ions at 

m/z 909.5498 and 835.5342, comparing intensity plots for these parent ions show that m/z 
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909.5498 is actually much more intense in the knockout stroke model than in the other three 

conditions, while m/z 835.5342 exhibits relatively equal intensities in all four conditions 

(Figure 3). In addition, when comparing intensity plots for all five PI annotations obtained in 

Metaspace, we see that PI species in general appear to be relatively equal in abundance in all 

four conditions, with the exception of m/z 909.5498. The annotations for all five PI species 

are displayed in ESM Table S6. When comparing the intensity plots for all PI species, m/z 
909.5498 appears to be much more intense in knockout stroke mouse brains when compared 

to the other three conditions. PI plays an important role in membrane function and 

trafficking by regulating the activity of many integral membrane proteins and ion channels 

[29]. PI variation between the knockout and wild type mice is logical, as the knockout 

mouse model did not express the GluN2D subunit of the NMDA receptor, which is a 

calcium ion channel.

Metaspace Identification of Calcium-Related Species

During ischemic strokes, high blood flow rates cause sudden neuron depolarization [30, 31]. 

This depolarization results in a sudden influx of calcium to enter the cells through ion 

channels such as the NMDA receptor. Elevated intracellular calcium then begins to overload 

the mitochondria, reducing its capacity for oxidative phosphorylation [32]. Because of these 

calcium-related effects that occur during ischemia, several calcium-related species identified 

using Metaspace were specifically examined in this study.

Of the 207 unique annotations retrieved via Metaspace, several calcium-related species were 

identified. The presence and absence of these species were expected to vary in wild type and 

knockout mouse models, as the knockout model is missing a subunit of a calcium ion 

channel. The collected data supported this hypothesis. Annotations for 25-

hydroxytachysterol3, lysophosphatidylcholine (LysoPC), and several phosphatidylserine 

(PS) species were obtained using Metaspace. Heat maps for these species in knockout and 

wild type stroke mouse brains are displayed in Figure 4. The first species, 25-

hydroxytachysterol3, was only detected in the damaged half of wild type stroke brain tissue. 

In addition, this species was completely absent in knockout stroke mouse brain tissue. 

Hydroxytachysterol3 is a biologically active metabolite of vitamin D3. When biologically 

active, hydroxytachysterol3 is characterized by its ability to elevate serum calcium 

concentrations [33, 34, 35]. In addition, previous studies have shown that serum calcium 

levels can be used as a prognostic indicator of ischemic strokes, as its presence directly 

correlates with ischemia in patients [36]. It is worth noting that accurate mass isotope 

matching gives several other possible annotations for this species, many of which, are also 

vitamin D metabolites such as alfacalcidol and calcidiol. The presence of these vitamin D 

metabolites in wild type mouse brains after ischemic stroke agree with the results of 

previous studies. In addition, the absence of these metabolites in ischemic knockout mouse 

brains suggest an enhanced rate of neurological recovery following ischemic stroke, as 

previously observed in GluN2C−/− mice [10].

A similar trend was also observed when analyzing lysoPC levels in knockout and wild type 

mouse brains after ischemic stroke. Although lysoPC is produced by a number of different 

pathways, one of the main biological methods of lysoPC synthesis is via hydrolysis of an 
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oxidized phosphocholine (PC) fatty acid by lipoprotein-associated phospholipase A2 (Lp-

PLA2) [37, 38] Lp-PLA2 has been shown to be a predictor for ischemic stroke severity, as 

well as early neurological deterioration in patients with acute ischemic strokes [39, 40, 41]. 

Because Lp-PLA2 is the main producer lysoPC in most biological systems, lysoPC could 

reasonably be an acceptable indicator of Lp-PLA2 activity. The presence of lysoPC in wild 

type ischemic stroke mouse brains, as well as the absence of lysoPC in knockout ischemic 

stroke mouse brains, agree with the previous findings that suggest that GluN2D−/− mice 

show similar neuroprotection from ischemia as GluN2C−/− mice.

In addition, the same trend that was observed for the vitamin D metabolites and lysoPC was 

also observed for several PS species, as seen in Figure 4. Three of the eight PS species 

annotated using Metaspace were more abundant in wildtype ischemic stroke mouse brains 

when compared to knockout stroke mouse brains. Two of these PS species (m/z 830.5308 

and 702.4316) were detected at very low levels in the knockout stroke mouse brains. These 

data agree nicely with our previous findings, as PS lipid species are widely known to have 

the ability to chelate calcium [42, 43, 44, 45]. Interestingly enough, intracellular calcium 

concentration has been shown to regulate PS synthesis as well [46]. Because ischemic 

strokes result in an increase in intracellular calcium, eventually resulting in cell death, these 

results again agree that GluN2D−/− mice show some degree of neuroprotection from 

ischemic strokes, as PS was far lower in the knockout mouse brains when compared to the 

wildtype mouse brains.

Lipid Pathway Analysis

Using accurate mass annotations for the 207 unique species annotated by Metaspace, we 

analyzed lipid pathways by tracking specific sets of lipid side chains to gain for information 

about other possible effects of the GluN2D−/− knockout mutation during ischemia. One such 

pathway is displayed in Figure 5, where phosphatidylethanolamine N-methyltransferase 

catalyzes the production of phosphatidylcholine (PC) from phosphatidylethanolamine (PE) 

[47]. Using accurate mass isotope matching, Metaspace generated several possible side 

chains for both of these PE and PC species. By matching the side chains, we determined that 

this particular PE is converted to PC via this pathway. PE was detected to be relatively 

abundant in both knockout and wild type mouse brains; however, its PC counterpart is much 

more abundant in knockout stroke samples when compared to the other three conditions. 

Previous studies have shown that during ischemia, PC is broken down into free fatty acids 

[48, 49, 50]. These free fatty acids generate radicals that potentiate ischemic injury [51]. The 

absence of these PC species in wild type mice suggests greater ischemic injury in these 

mouse brains when compared to knockout mice. In addition, when comparing intensity plots 

for all 19 annotated PC species, 9 of the annotated PC species were detected with higher 

abundance in the knockout mice when compared to wildtype mice (ESM Fig. S4). In 

addition, 5 of the 19 annotated species were far less abundant in the wild type stroke mice 

than the other three conditions (ESM Fig. S5); the remaining four PC species were relatively 

equal in all four conditions. The abundance of PC in knockout mice and relative absence of 

PC in ischemic wild type mice further supports the hypothesis that GluN2D−/− mice show 

increased neuroprotetion and recovery from ischemic strokes when compared to wild type 

mice.
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A similar trend was also observed when comparing annotated diacylglycerol (DG) species in 

wildtype and GluN2D−/− mouse brains. Of the four unique DG species annotated in 

Metaspace, three were far more abundant in wildtype stroke mouse brains when compared to 

the other three conditions (Figure 6). Several studies have reported an increase in DG 

species accompanying the increase in free fatty acids that result from PC degradation during 

ischemia [52, 53, 54, 55]. This observed increase in DG species in only the wildtype stroke 

mice supports the hypothesis of increased neuroprotection in GluN2D−/− mice.

Mitochondrial Stability

When conducting lipid pathway analysis, several trends relating to mitochondrial stability 

were observed as well. Of the three PS lipid species that are more abundant in wildtype 

stroke mouse brains, one species (m/z 716.4473) can be converted into PE (m/z 688.4314) 

via a calcium-dependent reaction in the inner mitochondrial membrane, catalyzed by 

phosphatidylserine decarboxylase [56]. When comparing both of these species, both PE and 

PS appear to be more abundant in the wild type stroke mouse brains (Figure 7). Previous 

studies report that PE and PS species translocate from the inner leaflet to the outer leaflet 

after ischemia [57, 58, 59] and have also found a direct correlation between non-bilayer 

preferring PE abundance and the degree of cell damage observed during ischemia [60]. 

Decreased detection of PE and PS species in the stroked regions of knockout mouse brains 

further support increased neuroprotection as a result of the GluN2D−/− mutation. In addition, 

these same lipid chains were also identified in a phosphatidyl glycerophosphate (PGP) lipid 

species. This particular lipid species was far more abundant in knockout mouse brains when 

compared to wild type.

In mammalian cells, PGP acts as one of the main precursors for cardiolipin synthesis. 

Phosphatidylglycerophosphatase catalyzes the conversion of PGP to phosphaidylglycerol, 

which is the immediate precursor of cardiolipin in a reaction catalyzed by cardiolipin 

synthase [61, 62]. Cardiolipin is a dimeric phosphoglycerolipid predominantly present in the 

inner mitochondrial membrane, but has also been reported to be present in the outer 

mitochondrial membrane as well [63]. In the mitochondria, cardiolipin has pivotal functions 

in cellular energy metabolism and the initiation of apoptotic pathways [64]. During 

mitochondrial dysfunction, superoxide production causes cardiolipin to become peroxidized, 

resulting in the release of cytochrome c [65, 66]. Previous studies have reported that 

cardiolipin deficient cells display increased sensitivity to apoptotic signals and accelerated 

rates of apoptosis [67]. This further supports the hypothesis that GluN2D−/− mice display 

increased neuroprotection from ischemic strokes. Increased abundance of PGP in knockout 

mice may contribute to increased cardiolipin synthesis, and thus, decreased sensitivity to 

apoptotic factors.

Conclusion

After MALDI FT-ICR MSI analysis of 32 mouse brain tissue sections, several trends 

relating to neuroprotection in GluN2D−/− mice were observed. When compared to wild type 

mice, GluN2D−/− mice displayed decreases in several calcium-related species including 

several possible vitamin D metabolites, LysoPC, and several PS species. GluN2D−/− mice 

also displayed an increase in PC abundance and a decrease of DG, indicating reduced 
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ischemic free fatty acid and DG release. In addition, an increase in PGP abundance was 

observed in all knockout mice, suggesting decreased sensitivity to apoptotic factors. All of 

these observations suggest an enhanced rate of neurological recovery and neuroprotection 

from ischemic strokes when compared to wild type mice, just as previously observed in 

GluN2C−/− mice. Furthermore, these observations in MALDI MSI data that contribute to 

neuroprotection could not be detected through microscopy alone. Future directions for this 

project will be to directly analyze cardiolipin content in GluN2D−/− and wildtype mice to 

further investigate the causes of neuroprotection in the GluN2D−/− mouse model.

Supplementary Material

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

Figure 1. 
Schematic of experimental setup to investigate ischemic effects of the GluN2D subunit of 

the NMDA receptor using MALDI-FT-ICR MSI. GluN2D−/− and wild type mice either did 

or did not experience ischemic strokes. Both B and C regions of the brain were isolated from 

each mouse and sectioned using a cryostat. Resulting consecutive tissue sections were then 

analyzed using MALDI-FT-ICR MSI in both positive (+) and negative (−) ion modes, 

resulting in 32 tissue sections for analysis. These 32 different sets of imaging data were then 

annotated using Metaspace.
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Figure 2. 
Comprehensive comparison of all annotations from 32 mouse brain tissue sections annotated 

using Metaspace. Annotations from all tissue sections collected from all mice of the same 

condition were pooled together to compare annotations from knockout control, knockout 

stroke, wild type control, and wild type stroke mice.
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Figure 3. 
MALDI-MSI heat maps for phosphatidylinositol (PI) species in knockout (Kn) control (C), 

knockout stroke (S), wild type (Wt) control, and wild type stroke mouse brains, annotated 

using Metaspace. All heat maps were acquired using a 15T FT-ICR mass spectrometer with 

a mass window of ±10 mDa. Mass-to-charge ratios in red indicate that samples were 

acquired in negative ion mode. PI species appeared to be in a) relatively equal abundance in 

all four conditions b) with the exception of m/z 909.5498.
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Figure 4. 
MALDI MSI heat maps for calcium related species: 25-hydroxytachysterol3 (m/z 
423.3233), lysoPC (m/z 520.3398), and two PS species (m/z 702.4316 and 716.4473). Ion 

intensity bar and scale bar are displayed in the top panel. All four calcium-related species 

appeared to be more abundant in the wild type stroke mouse brains when compared to the 

knockout stroke mouse brains. An example of PS species detected exclusively in wild type 

stroke tissue (m/z 702.4316) and detected in both mouse stroke models (m/z 716.4473) are 

displayed. MALDI MSI analysis was conducted using a 15T FT-ICR mass spectrometer 

with a mass window of ±10 mDa. Mass-to-charge ratios in green indicate that samples were 

acquired in positive mode.
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Figure 5. 
MALDI MSI heat maps for phosphatidylethanolamine and phosphatidylcholine for lipids 

with identical side chains. Both PE and PC species appear to be more abundant in knockout 

mouse models than wild type mouse models. Possible identifications for each m/z are listed 

to the right of the ion heat maps. MALDI MSI analysis was conducted using a 15T FT-ICR 

mass spectrometer with a mass window of ±10 mDa. Mass-to-charge ratios in green indicate 

that samples were acquired in positive mode, while red indicates negative mode. Ion 

intensity bar and scale bar are displayed in the top panel
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Figure 6. 
MALDI MSI ion heat maps and intensity plots for DG species in knockout and control 

mouse brain tissue that have and have not undergone ischemic stroke. A) Three of the DG 

species annotated in Metaspace are far more intense in wildtype stroke mouse brains when 

compared to the other three conditions. B) One of the four DG species annotated in 

Metaspace appears to be relatively equal in abundance in both wild type and knockout mice 

after ischemia. Experiments were conducted on a15T FT-ICR mass spectrometer with a 

mass window of ±10 mDa Ion intensity bar and scale bar are displayed in the top panel
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Figure 7. 
Lipid pathway analysis and MALDI MSI heat maps for particular PE, PS, and PGP species 

annotated using Metaspace. PE and PS species appeared to be more intense in wild type 

stroke mouse brains, while PGP appeared to be more intense in knockout mouse brains. 

Possible side chain identifications are listed to the right of each respective heat map. 

Identifications that match other lipid species are bolded. Experiments were conducted on 

a15T FT-ICR mass spectrometer with a mass window of ±10 mDa. Mass-to-charge ratios in 

green indicate that samples were acquired in positive mode.
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