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Abstract

Quantitative methods for detection of biological molecules are needed more than ever before in the 

emerging age of “omics” and “big data.” Here, we provide an integrated approach for systematic 

analysis of the “lipidome” in tissue. To test our approach in a biological context, we utilized brain 

tissue selectively deficient for the transcription factor Specificity Protein 2 (Sp2). Conditional 

deletion of Sp2 in the mouse cerebral cortex results in developmental deficiencies including 

disruption of lipid metabolism. Silver (Ag) cationization was implemented for infrared matrix-

assisted laser desorption electrospray ionization (IR-MALDESI) to enhance the ion abundances 

for olefinic lipids, as these have been linked to regulation by Sp2. Combining Ag-doped and 

conventional IR-MALDESI imaging, this approach was extended to IR-MALDESI imaging of 

embryonic mouse brains. Further, our imaging technique was combined with bottom-up shotgun 

proteomic LC-MS/MS analysis and western blot for comparing Sp2 conditional knockout (Sp2-

cKO) and wild-type (WT) cortices of tissue sections. This provided an integrated omics dataset 

which revealed many specific changes to fundamental cellular processes and biosynthetic 

pathways. In particular, step-specific altered abundances of nucleotides, lipids, and associated 

proteins were observed in the cerebral cortices of Sp2-cKO embryos.
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Introduction

In the age of biological “omics” and the consequent “big data,” there is an immediate need 

for development of analytical methods to systematically elucidate molecular mechanisms 

that underlie various loss-of-function and gain-of-function biological perturbations in living 

animal models. Current mass spectrometry-based techniques combined with new 

bioinformatics tools allow collection of large datasets and contextual interpretation of 

biological information. Here, we report the development and evaluation of a new method for 

mass spectrometric tissue imaging and its application in forebrain tissues from mouse 

embryos. We illustrate the integration of our method with LC-MS-based proteomics 

discovery for quantitative assessment of lipids and their associated proteins in a genetic 

mouse model in which lipid metabolism is disrupted selectively in the developing cerebral 

cortex through conditional deletion of the transcription factor Specificity Protein 2 (Sp2) in 

the cerebral cortex. Sp2-dependent transcription regulates a variety of housekeeping, tissue-

specific, developmental, and fundamental cell cycle processes [1, 2]. In a past study, we 

showed that Sp2 expression is critical for cortical development through regulation of the cell 

cycle in neural progenitors [3], in part through presumptive regulation of cholesterol 

metabolism [2].

Infrared matrix-assisted electrospray ionization (IR-MALDESI) is a mass spectrometry-

based imaging technique developed in our lab [4–6] which employs an IR laser tuned to 

excite water molecules deposited evenly in the form of an ice matrix coating the tissue 

sample. The excitation ablates the tissue, allowing molecules to partition into an electrospray 

droplet. This approach provides many advantages over conventional MS-based imaging 

techniques by avoiding sample preparation that involves organic matrices. Moreover, IR-

MALDESI is performed under ambient pressure and utilizes a softer method of ionization 

than MALDI, providing sensitive detection and high spatial resolution of molecules within a 

tissue. Due to their high abundance and hydrophobic nature, lipids are ideal targets for IR-

MALDESI. While lipids have been analyzed by chromatographic techniques [7–11], many 

of these studies have focused on specific classes of lipids due to their diverse chemical 

properties. Additionally, many lipids are not soluble or easily extracted in LC-MS-

compatible solvents. Furthermore, nano-LC analyses of lipids present a greater difficulty due 

to carryover [12]. Direct shotgun analysis has removed the challenges of separation 

techniques [13]; however, none of these approaches provide spatial information regarding 

these molecules. Additionally, our recently published results on the direct analysis of 

vitamin D in human serum demonstrated an enhancement of sensitivity and selectivity in IR-

MALDESI direct analysis of unsaturated lipids by silver cationization [14].

Tissue-specific LC-MS-based shotgun proteomics provides an additional dimension in 

which reverse-phase nanoflow liquid chromatography can be used to analyze nanogram 

quantities of sample obtained from tissues, separating peptides by hydrophobicity using a 
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gradient elution. Moreover, high-resolving-power tandem mass spectrometry, and speed of 

data-dependent acquisition provided by the Orbitrap technology, has the capability to 

confidently identify thousands of peptides and proteins within a complex biological mixture 

in a single run [15–18]. Complementary to MS imaging of lipids which provides spatial 

information regarding the lipidome, LC-MS-based proteomics utilizes tandem mass 

spectrometry that enables extraction of sequence-specific information regarding the 

proteome. Additionally, both approaches have the capacity to provide quantitative 

information regarding the lipidome/proteome. Here, we report that combining Ag-doped and 

conventional IR-MALDESI imaging with LC-MS-based proteomics allows for a systems 

approach to studying changes to fundamental cellular and molecular pathways involved in 

lipid biosynthesis under the control of Sp2-dependent mechanism in the mouse embryonic 

cerebral cortex.

Experimental procedures

Materials

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich (St. Louis, MO). 

HPLC-grade solvents were purchased from Honeywell Burdick & Jackson (Muskegon, MI), 

and silver nitrate (99.85 % p.a.) was purchased from Fisher Scientific (Nazareth, PA, USA). 

All materials were used as purchased.

Tissue samples

Sp2-floxed mice were generated and genotyped as described previously [3] and successively 

crossed to Emx1cre mice (Jackson Laboratory, Bar Harbor, ME, USA; catalogue #005628) to 

generate Emx1cre:Sp2F/F mice (Sp2-cKO). Cre-negative embryos were used as littermate 

controls (WT). Genotyping for cre was performed using the primers generic cre F: 5′ 

CACCCTGTTACGTATAGCCG 3′ and generic cre R: 5′ GAGTCATCCTTAGCGCCGTA 3′ 

using standard polymerase chain reaction (PCR) conditions. Pregnant dams were sacrificed 

on embryonic day 13.5 (E13.5) by cervical dislocation, prior to immediate removal of 

embryos from the uterus. Harvested embryos were rapidly decapitated on ice in 0.1 M 

phosphate-buffered saline (PBS), heads fresh frozen over isopentane cooled in a dry ice/

methanol bath and stored at −80 °C until sectioning. Ten-micrometer-thick coronal sections 

were prepared at −20 °C using a CM1950 cryostat (Leica, Buffalo Grove, IL, USA). The 

tissue sections were thaw mounted on either standard microscope slides (VWR) for IR-

MALDESI imaging or PEN membrane slides for laser capture microdissection and stored at 

−80 °C until needed.

Histochemistry

Adjacent 10-μm-thick tissue sections from embryonic mouse brains were collected for 

immuno-histology. Thaw-mounted tissue sections were fixed in 4 % paraformaldehyde in 

0.1 M PBS for 5 min. Following a washing step in 0.1 M PBS for 2 min, nucleic bases were 

stained in a 1-μg/mL solution of the fluorescent probe 4′,6-diamidino-2-phenylindole 

(DAPI) in 0.1 M PBS for 1 min. The tissue sections were then washed twice in 0.1 M PBS, 

embedded in mounting medium, and covered with a glass coverslip. Fluorescence imaging 

was conducted using an Olympus Fluoview FV1000 (Center Valley, PA, USA).

Loziuk et al. Page 3

Anal Bioanal Chem. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Laser capture microdissection

Fresh frozen 10-μm mouse brain tissue sections on individual PEN membrane slides were 

allowed to warm up to room temperature for 20 s and processed immediately. The tissue 

sections were fixed in 70 % ethanol (anhydrous KOPTEC USP, VWR, Radnor, PA) at 

−20 °C for 30 s. After the slides were washed in cold H2O for 10 s, the tissues were stained 

with Mayer’s hematoxylin for 10 s and then washed again in H2O for 10 s. Each slide was 

subsequently rinsed with 70 % ethanol for 10 s, 95 % ethanol for 10 s, and 100 % ethanol 

for 30 s. The slide was then placed into xylene for approximately 5 min for complete 

dehydration of the tissue section. Rostral forebrain cortex tissue sections (see Electronic 

Supplementary Material, ESM) were excised utilizing a laser microdissection system (LMD 

7000, Leica Microsystems, Buffalo Grove, IL).

Sample preparation for LC-MS/MS

Mircodissected tissue sections were lysed and reduced in 3 μL of 100 mM DTT, 4 % SDS, 

and 0.1 M Tris/HCl at pH 8.0 per 10 nL (106×10 μm3) tissue for 5 min at 95 °C (mixed for 1 

min before incubation). Tissue lysate was transferred to a 30-kDa MWCO-filter unit 

(Vivaproducts, Littleton, MA) and diluted with 200 μL 8 M urea in 0.1 M Tris/HCl pH 8.0. 

Samples were centrifuged at 14,000×g for 10 min at 20 °C, washed with 200 μL of 8 M urea 

in 0.1 M Tris/HCl pH 8.0, and centrifuged again at 14,000×g for 10 min. Samples were then 

alkylated on the filter with 100 μL of 0.05 M iodoacetamide and 8 M urea in 0.1 M Tris/HCl 

pH 8.0, mixed and incubated for 20 min in the dark. Samples were then centrifuged at 

14,000×g for 10 min, washed twice with 100 μL 8 M urea in 0.1 M Tris/HCl pH 8.0, and 

centrifuged at 14,000×g for 10 min. Filter units were then equilibrated with 3×100 μL of 50 

mM Tris/HCl at pH 7.0 and centrifuged at 14,000×g for 10 min. The collection tube was 

changed, and 50 μL of modified porcine trypsin (reconstituted in 50 mM Tris/HCl pH 7.0) 

was added at an enzyme to protein ratio of 1:50, mixed for 1 min (assumed approx. 1 μg 

protein/sample). Parafilm was wrapped around the filters to prevent evaporation of sample 

during digestion. Digestion was performed overnight in an incubation chamber at 37 °C. 

Digestion was quenched with 50 μL of 1 % formic acid (v/v) and 0.001 % Zwittergent 3–16 

(Calbiochem, La Jolla, CA), and the sample was centrifuged at 14,000×g for 10 min. 

Samples were then rinsed with 400 μL of 1 % formic acid (v/v) and 0.001 % Zwittergent 3–

16 and centrifuged at 14,000×g for 15 min. The eluate was frozen, dried (Speed Vac), and 

stored at −80 °C prior to LC-MS analysis.

IR-MALDESI imaging

Detailed information on the construction and operation of the IR-MALDESI imaging source 

has been published elsewhere [5, 6]. In brief, the sample is placed on a cooled Peltier stage 

at −10 °C in an enclosed housing. The enclosed housing allows controlling the inner 

atmosphere in a way that a defined ice layer can be deposited on the tissue section and the 

number of ambient ions is reduced during MS analysis. For IR-MALDESI imaging of the 

embryonic mouse brain sections, the region of interest was rasterized at a spot-to-spot 

distance of 100 μm with a tunable mid-IR laser (IR-Opolette 2371, Opotek, Carlsbad, CA, 

USA) to thermally desorb neutrals, which were post-ionized in charged droplets of an 

electrospray plume. The electrospray solvent was 50 % MeOH/50 % H2O (v/v) doped with 
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either 0.2 % formic acid (referred to as conventional IR-MALDESI) or 100 μmol/L AgNO3 

(Ag-doped IR-MALDESI) as optimized previously [14].

The IR-MALDESI source was coupled to a QExactive mass spectrometer (Thermo 

Scientific, Bremen, Germany), which was operated in positive ion mode and fully 

synchronized with the IR laser to acquire one scan per voxel [19]. The ion injection time was 

fixed at 150 ms, allowing trapping of ions from two consecutive laser pulses at 20 Hz prior 

to a single Orbitrap measurement at a resolving power of 140, 000 at m/z 200. Tissue 

samples were analyzed at m/z 300–1200 (Ag-doped IR-MALDESI) or m/z 250–1000 

(conventional IR-MALDESI). To increase the mass measurement accuracy, the acquired 

mass spectra were automatically recalibrated by the Thermo acquisition software using two 

ambient ions (protonated and sodiated diisooctyl phthalate at m/z 391.2843 and m/z 
413.2662) as lock-masses [20].

IR-MALDESI data analysis

The QExactive. RAW data files were first converted into either the mzXML or the imzML 

format (for concatenated heat maps) as described previously [14] and further processed in 

the MSiReader software environment, which allows exporting ion heat maps, to extract 

unique peaks from a user-defined region of interest (ROI) as well as to normalize heat maps 

pixel per pixel. In our recent study about Ag MALDESI, we found that the distinctive ion 

abundance ratio and mass difference of [M+107Ag+]+ and [M+109Ag+]+ can be applied as 

effective peak filter criteria and thus increase the confidence in mass spectral peak 

assignments [14]. Here, we extend the previously developed methodology to tissue imaging 

using the in-house software GlycoHunter and MatLab R2012b (MathWorks, Natick, MA, 

USA) to identify peak pairs and to investigate covariance of the two isotopic peaks.

For a statistical comparison of the IR-MALDESI datasets from wild-type and Sp2-cKO 

embryonic mouse brains, two-dimensional ion abundance matrices were exported from a 

user-defined ROI or the whole imaging dataset. The matrix entries corresponded either to the 

maximum ion abundance in a defined bin width or, if exported for defined m/z values 

associated with a peak list, the maximum ion abundance within 5 ppm tolerance. JMP Pro 

11.0.0 (SAS Institute, Cary, NC, USA) “multivariate analysis of variance” (MANOVA) and 

“response screening” functionalities were applied to perform univariate statistical tests and 

false discovery rate (FDR) corrections.

For the histology-independent analysis, a peak list was first generated from the ROI to 

extract ion abundance matrices from the whole imaging dataset. This strategy strictly 

excluded non-tissue-related background ions as well as low abundant species from the 

computational analysis without, however, compromising the mass resolution. Principal 

component analysis on the extracted ion abundance matrices was performed using the 

MatLab R2012b built-in princomp function in “econ” mode without modification. Principal 

component score maps were compiled from the score matrix, and corresponding loading 

plots were generated from the coefficient matrix.

Peaks of interest were tentatively assigned to molecular species based on accurate mass data 

and METLIN database search results with a maximum mass tolerance of ±10 ppm. For 
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conventional IR-MALDESI, the search comprised [M+H+]+, [M+H+−H2O]+, [M+Na+]+, 

and [M+K+]+ species; for silver cationized species, the search was performed with 

calculated neutral masses for [M+Ag+]+ and [M+Ag+−H2O]+.

Histology-defined analysis of IR-MALDESI imaging data

For the histology-driven strategy, peaks unique to the cerebral cortex were extracted 

accordingly. In total, six embryos (n = 3 per genotype) were analyzed in duplicates via IR-

MALDESI and the data from each hemisphere were examined separately (N = 24). To 

obtain aligned spectra across all samples, a concatenated peak list was generated by 

combining extracted peak lists from each embryo. The original list contained a total of 288 

unique m/z values of ions that were coincident with the embryonic brain outlines. Absolute 

ion abundances associated with the peak list were subsequently extracted for each sample 

from each voxel in the dorsolateral cortex within a 5-ppm mass measurement accuracy 

window. To account for phenotypical differences in the thickness of the cortex between Sp2-

cKO and WT [3], the ion abundances were individually normalized by the number of voxels 

and low abundant m/z values were excluded from further analysis by introduction of an 

average ion abundance threshold of 100 a.u. Eight m/z values with more than 15 % of the 

observations below the threshold value were thus removed from the dataset. For the 

remaining 280 m/z values, ion abundances below the threshold (0.4 %) were set to 100 a.u.

The reduced dataset was subsequently normalized to ensure the comparability between the 

samples and to minimize experimental biases. Several normalization strategies have been 

proposed in the scientific discussion and applied to MSI datasets [21, 22]. The most 

common normalization strategy is normalization to summed intensities of all detected m/z 
values [21, 22]. This approach is straightforward to implement and sufficiently corrects for 

global effects, e.g., fluctuations in the ionization process. However, we reasoned that 

alterations in the abundance of ambient ions in IR-MALDESI might mask variation in the 

lower abundant tissue-related ions. To overcome this limitation, only a small subset of the 

total ion current (280 tissue-related m/z values) was selected for normalization in the present 

study (“TIC of informative peaks”) [22]. No significant differences in the summed and TIC 

normalized abundances of these ions were observed. The reduced and normalized dataset 

was subsequently grouped into WT and Sp2-cKO samples.

Applying the ANOVA [23] functionalities of JMP Pro 11, each m/z value was independently 

tested against the null hypothesis that the corresponding mean values from Sp2-cKOs and 

WTs were derived from the same sample population [24]. The t test revealed 66 m/z values 

with significantly changed means (p value <0.05). A Benjamini-Hochberg FDR adjustment 

was subsequently applied to correct for multiple comparisons [25]. FDR correction refined 

the list to 25 unique m/z values that exhibited significantly different relative abundances in 

the dorsolateral cortex of WT and Sp2-cKO mouse embryos. Six m/z values were 

additionally removed as they were assigned to 13C isotopes by manual revision of the raw 

mass spectra. The list of the remaining 19 m/z values was subjected to a METLIN database 

search [26].

The workflow developed above was subsequently applied to the Ag-doped IR-MALDESI 

imaging dataset of adjacent tissue sections from the same embryos. To avoid redundancy 
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with the previous section, the analysis was exclusively limited to potential Ag+ adducts. In 

total, 133 unique peak pairs were extracted from the six brain sections, whereas only the 

lower m/z value ([M+107Ag+]+) was considered for further analysis. Ion abundances were 

extracted from the cerebral cortices for each m/z value and normalized to the sample area. 

Nine m/z values were removed from the dataset as more than 15 % of the averaged ion 

abundances were below the threshold of 100 a.u. For the remaining 124 m/z values, 

observations below the threshold (0.8 %) were set to 100 a.u. as described above. Prior to 

performing ANOVA, the dataset was normalized to the sum of all extracted ion abundances 

and grouped into WT and Sp2-cKO cohorts. ANOVA yielded nine distinct m/z values with p 
values <0.05. FDR correction and manual inspection of the raw mass spectra refined this list 

to only one significant hit, m/z 491.2457.

LC-MS/MS analysis

Samples were reconstituted in 30 μL of 0.001 % Zwittergent 3–16. Eight microliters of 

tryptic digest was subjected to online desalting and reverse-phase nano-LC separation using 

a direct inject column configuration on a Thermo Easy nano-LC 1000 system coupled to a 

QExactive High Field mass spectrometer (Thermo Scientific, Bremen, Germany). Analytical 

columns were created using 75 μm×20 cm PicoFrit columns (New Objective, Woburn, MA) 

which were self-packed with Kinetex C18 2.6-μm particles (Phenomenex, Torrance, CA, 

USA). The sample was loaded using a 12-μL injection volume of mobile phase A (98 % 

water, 2 % acetonitrile, and 0.2 % formic acid) with a flow rate achieved at a maximum 

pressure of 500 bar. A 120-min gradient from 5 to 30 % mobile phase B (98 % acetonitrile, 

2 % water, 0.2 % formic acid) was performed at a flow rate of 300 nL/min. A full-MS top 20 

data-dependent MS/MS (dd-MS/MS) analysis was performed with the following parameters: 

a spray voltage of +2000 V, a capillary temperature of 300 °C, an S-lens voltage of 55 V, a 

300–1600 m/z scan range, 120k MS resolving power, 3E6 MS AGC target, 50 ms MS fill 

time, 15k MS/MS resolving power, a 1E5 MS/MS AGC target, 30 ms MS/MS fill time, 2.0 

m/z isolation window, 27 normalized collision energy, a 1 % underfill ratio, and a dynamic 

exclusion of 20 s. Unassigned and +1 charges were excluded from selection for MS/MS and 

peptide match was set to “preferred.”

LC-MS/MS data analysis

Raw data were searched using Sequest HT and Proteome Discoverer with Percolator to filter 

at a 1 % FDR peptide confidence, along with precursor ions area detector for label-free 

quantification. Spectra were filtered at 350–5000 Da and a signal-to-noise threshold of 1.5 

with a minimum peptide length of six amino acids. Data was searched using the Mus 
musculus Uniprot database containing 16,718 reviewed sequences. The enzyme used was 

trypsin, allowing two missed cleavages. Precursor mass tolerance was set to 5 ppm and 

fragment mass tolerance was 0.02 Da. Dynamic modifications included deamidation (NQ) 

and oxidation (M) with a maximum of four modifications per peptide. Carbamidomethyl (C) 

was set as a static modification. Strict parsimony principle was applied to the dataset which 

requires protein groups to have at least one unique peptide in order to label it as a distinct 

protein group. Peak area used to quantify protein groups was calculated based on an average 

of up to the three most abundant peptides for a given protein group. Peak area data was 

summed for each injection and each sample then normalized to the run with the greatest total 
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peak area. Spectral counts were normalized to the total spectral counts for each sample and 

filtered prior to analysis, removing any protein groups below an average of five normalized 

spectral counts (NSpC) in both WT and Sp2-cKO samples. Peak area and normalized 

spectral counts were compared using Student’s t test for equal variances. Protein groups 

determined to be significantly different (p < 0.05) by peak area and spectral counts were 

then functionally analyzed by the DAVID algorithm to obtain biological process and 

molecular function information [27]. Fold change in peak area and normalized spectral 

counts was calculated with respect to the wild type.

Western blot confirmation of identified lipid metabolic pathways

Pregnant dams were sacrificed at E13.5, embryos were removed from the uterus, and 

cortices were microdissected in 1×Hank’s balanced salt solution (HBSS, Gibco) on ice. 

Cortices were collected in radioimmunoprecipitation assay (RIPA) buffer containing 1 % 

Triton X-100, protease inhibitors (Roche Diagnostics Corporation, Indianapolis, IN), and 

phosphatase inhibitors (Thermo Scientific, Rockford, IL). Samples were homogenized in a 

bullet blender at setting 8 for 3 min then continued lysis on a rocker for 1 h. Supernatant was 

collected after samples were centrifuged at 13,000 rpm for 20 min at 4 °C. Pierce BCA 

analysis (Thermofisher Scientific, Rockford, IL) was performed to determine protein 

concentration. Samples were resolved in an SDS-PAGE gel, transferred to a PVDF 

membrane, and blotted with the indicated antibodies. Antibodies used in this study are rabbit 

anti-LSS (1:1000, Abcam, Cambridge, MA), rabbit anti-GPDH (1:1000, Abcam, 

Cambridge, MA), rabbit anti-AACS (1:1000, Novus Biologicals, Littleton, CO), rabbit anti-

Sp2 (1:750, Sigma-Aldrich, St. Louis, MO), and Actin-HRP (1:2000, Santa Cruz 

Biotechnologies, Dallas, TX). Binding of anti-rabbit HRP-conjugated secondary antibodies 

was detected using the chemiluminescent HRP substrate Clarity (BioRad, Hercules, CA). 

Images were captured by film (Kodak, Rochester, NY).

Results

Examination of lipid species in the developing mouse forebrain via IR-MALDESI

Based on our past results from direct analysis of serum samples [14], we reasoned that 

combining IR-MALDESI and Agdoped IR-MALDESI may significantly enhance the lipid 

coverage in tissue analyses as well. Since Sp2 is suggested to have a role in cholesterol 

metabolism [2], we specifically aimed to increase sensitivity toward detection of olefins, 

such as sterols and unsaturated fatty acid esters, via Ag cationization.

In an initial experiment, we examined the mass spectra acquired from the forebrain of 

embryonic mouse brains via IR-MALDESI as well as Ag-doped IR-MALDESI in detail 

(ESM Fig. S2). To facilitate mass spectral interpretation and highlight tissue-related ions, 

off-tissue electrospray background was subtracted using Thermo Excalibur software tools. 

Applying conventional IR-MALDESI conditions (i.e., 50:50 MeOH/H2O + 0.2 % FA as 

electrospray solvent) yielded a complex mass spectrum dominated by the cholesterol [M

+H+−H2O]+ peak at m/z 369.3517 (ESM Fig. S2A). This finding concurs the biological 

abundance of cholesterol in the brain, which is the most cholesterol-rich organ and contains 

almost 25 % of total cholesterol present in the body [28, 29]. A precise regulation of 
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cholesterol homeostasis is crucial to maintain the physicochemical properties of membranes 

in both neurons and glia [4, 30, 31]. In particular, this is pivotal during early embryonic 

development, when a remarkable cellular expansion takes place [32, 33].

The second major constituent of neuronal and glial membranes is phospholipids [30], which 

yielded an abundant mass spectral pattern of sodiated, potassiated, and protonated molecules 

between m/z 700 and 900. The most abundant signals in this regime corresponded to 

phosphatidic acids (PA), phosphatidylethanolamines (PE), phosphatidylcholines (PC), and 

phosphatidylserines (PS). The high resolving power of the Orbitrap mass analyzer assisted 

in peak assignment and distinguished different species at the same nominal m/z (for instance 

PE(38:6) at m/z 764.5225 and PS(34:0) at m/z 764.5436). However, structural isomers that 

exhibit the same molecular formula remained unresolved. In particular, PC (n:m) and PE (n

+3:m) were indistinguishable. A differentiation between the two isobars would require 

tandem mass spectrometry, which is, as for MSI, limited to a relatively small number of pre-

selected ions [34], requires re-interrogation of the sample [35], or comes at the expense of 

spatial information [36]. These restrictions contradict the untargeted and unbiased study 

design proposed in here as well as the demand for high spatial resolution. However, previous 

tandem MS experiments from rat brain tissue indicated a prevalent detection of PCs in the 

CNS as compared with PEs [37]. Based on this information, m/z 732.5548 was assigned to 

PC(32:1) while 760.5859, 782.5684, and 798.5420 were tentatively assigned to PC(34:1) [M

+H+]+, [M+Na+]+, and [M+K+]+ respectively.

In total, 288 individual ions that coincided with the tissue outline were extracted using the 

MSiReader software. A simple METLIN database search based on accurate mass yielded 

tentative identifications for 205 m/z values within 5-ppm mass measurement accuracy (ESM 

Table S1). Identified species included small molecules with critical cellular functions, such 

as glutathione (m/z 308.0912) or intermediates of fatty acid metabolism, e.g., acylcarnitines 

(m/z 400.3421, 450.3574), as well as several lipid species. The list of lipids comprised 

phospholipids, as well as ceramides, sulfatides, and acylglycerides. These results are in 

excellent accordance with previous studies from adult mouse brains, e.g., [38, 39], as well as 

previous IR-MALDESI studies from different tissue types [5, 40].

To evaluate the capabilities of Ag-doped IR-MALDESI, adjacent tissue sections were 

analyzed using previously optimized electrospray conditions (100 μM AgNO3 in MeOH/

H2O) [14] (ESM Fig. S2B). In agreement with previously described results by conventional 

IR-MALDESI, the base peak at m/z 369.3521 corresponded to [M+H+−H2O]+ of 

cholesterol. Additionally, a large number of Ag cationized species were detected, as 

confirmed by the characteristic isotopic pattern. Cholesterol yielded the most abundant silver 

adduct at m/z 493.2598 and 495.2582 ([M+107Ag+]+ and [M+109Ag+]+) at a relative 

abundance of approximately 50 %. Interestingly, abundant silver adducts of squalene and 

lanosterol were observed (m/z 517.2970, [M+107Ag+]+ and 533.2916, [M+107Ag+]+). 

Squalene is a triterpene and a biosynthetic precursor of the sterol family. In the course of 

cholesterol biosynthesis, squalene is oxidized to epoxysqualene, which subsequently 

undergoes isomerization into lanosterol [41]. With respect to the proposed influence of Sp2-

dependent transcription on sterol biosynthesis, these two key intermediates were of special 

interest for the present study [2].

Loziuk et al. Page 9

Anal Bioanal Chem. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Additional peak doublets in the 700–900 m/z region corresponded to the following silver 

cationized lipid species: PA(36:2) at m/z 807.4115, PC(32:1) at m/z 838.4542, PC(34:1) at 

m/z 866.4858, and PC(36:2) at m/z 892.5011 ([M+107Ag+]+ for each). In total, 133 unique 

peak pairs ([M+107Ag+]+ and [M+109Ag+]+) were extracted from the brain region by 

applying the previously developed peak picking algorithm based on the exact mass 

difference of 1.99965 Da and the isotopic abundance ratio of 0.93 [14]. A METLIN database 

search yielded tentative identifications for 65 of the calculated neutral masses (ESM Table 

S2). In line with the results obtained under conventional IR-MALDESI conditions, the list 

comprised acylglycerides, phosphatidylcholines, phosphatidic acids as well as ceramides. As 

expected from the distinct affinity of silver cations toward olefins, unsaturated compounds 

were exclusively observed. Forty-four compounds were exclusively silver cationized (22 if 

only considering [M+Ag+]+), whereas 52 (36 if only considering [M+Ag+]+) compounds 

were equally detected by both approaches. Compounds that were exclusively detected via 

Ag-doped IR-MALDESI comprised eight compounds for which the calculated m/z values 

were below the lower limit of the m/z range for conventional IR-MALDESI, thus limiting 

comparability. Remarkably, cholesteryl esters (CE) and other cholesterol derivatives were 

exclusively detected as silver adducts. This is an enticing result with regard to the regulatory 

effect of Sp2 on cholesterol metabolism.

The mass spectrum between m/z 700 and 900 was strongly interfered by protonated and, to a 

lesser extent, sodiated and potassiated lipid molecules (ESM Fig. S2B). These signals 

matched those observed in the absence of silver cations, for instance, [PC(30:0)+H+]+ at m/z 
706.5405 and [PC(32:1)+ H+]+ at m/z 732.5564. It was therefore concluded that the gas 

phase equilibrium of silver cationized vs. protonated molecules was not entirely shifted 

toward the metal adduct even though Ag+ was added in large excess. This was particularly 

pronounced for compounds which were easily protonated on the one hand, and exhibited 

mediocre affinities toward silver cations on the other. This included lipid species with only 

one double bond, e.g., cholesterol or PC(34:1), the latter of which was predominantly 

detected in its protonated form at m/z 760.5873. In contrast, the corresponding silver adduct 

([M+107Ag+]+, m/z 866.4858) was observed at approximately 40 % relative abundance of 

the protonated species.

Molecular imaging of embryonic mouse rostral forebrain

A simple comparison of the spatial dimensions of postnatal and embryonic mouse brains 

highlights the need for high spatial resolution to adequately address anatomical features 

(Fig. 1). The typical width of a coronal section of an adult mouse brain is approximately 9 

mm [42]. In contrast, the width of embryonic sections examined here typically ranged from 

2 to 3 mm. To examine molecular differences in the cerebral cortex of developing mouse 

brains in which Sp2 was conditionally deleted [3], a sufficient resolution of physiological 

features in the embryonic forebrain was thus prerequisite. Focus was placed on base-line 

characterization of rostral forebrain sections for this part of the study as a prelude to 

comparison of control and Sp2-cKO cortices in these sections. Representative examples for 

IR-MALDESI images of coronal sections of an embryonic mouse brain at E13.5 are 

depicted in Fig. 2. As evident from these results, the distinct localization of tissue-specific 

ions correlated well with the histochemical annotation of major anatomical features. Both 
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hemispheres of the rostral forebrain yielded unique lipid profiles and were readily 

distinguished from adjacent areas of the tissue section. Importantly, the lateral ventricles as 

well as the thin dorsolateral and medial cortices were well resolved at the examined spot-to-

spot distance of 100 μm. One example for the highly abundant class of glycerophospholipids 

is the ion at m/z 766.5384 corresponding to the [M+H+]+ ion of PC(35:5) and/or PE(38:5) 

(Fig. 2a). According to the generic biological role of glycerophospholipids as membrane 

lipids [30], the signal was observed across the tissue section in high frequency and with high 

signal-to-noise ratios. However, the lipid appeared slightly more abundant in the brain 

regions of the sliced tissue as compared with the remainder of the body, with abundant 

signal exhibited in the ventricular zones of the cortex and the lateral ganglionic eminence in 

the ventral telencephalon.

A more distinct spatial distribution was obtained for the silver adduct of diacylglyceride 

(DAG) 38:4 at m/z 751.4452 (Fig. 2b). DAGs are well established intracellular second 

messengers and are known to regulate protein kinase C [43–45]. As such, DAGs are also 

thought to play important roles in neural development [46]. DAG(38:4) appeared specifically 

localized in the marginal zones of several ventral areas. Most strikingly, the signal was not 

observed in the ventricular zones of the entire brain, whereas it was abundant in outer 

superficial regions of the developing forebrain.

The lateral ganglionic eminence was predominantly characterized by a highly abundant ion 

at m/z 367.3365 (Fig. 2c), which was tentatively identified as [MH−H2O]+ of a cholesterol 

precursor (7-dehydrocholesterol, zymosterol, or desmosterol). Previous studies of 

cholesterol metabolism in early central nervous system development of mice found up to 

30 % of total sterol content comprised of desmosterol for the first 2 weeks of life [47]. 

Interestingly, a second biosynthetic precursor of cholesterol, epoxysqualene (or lanosterol, 

cf. above), exhibited a very similar spatial distribution. The silver cationized molecule was 

detected in high abundance at m/z 533.2917 and 535.2914 in the lateral ganglionic eminence 

(Fig. 2d). In addition, abundant signals were observed in the ventricular zones of the medial 

cortex and, to a lesser extent, the dorsolateral cortex. However, the ion signal was not 

exclusively limited to the forebrain, and was moderately abundant throughout the entire 

tissue section.

Mapping unsaturated lipids via specific silver adduct formation

Based on the applicability of both Ag-IR-MALDESI and conventional IR-MALDESI for a 

comprehensive analysis of lipids in embryonic mouse rostral forebrain, we further 

hypothesized that the distinct ionization characteristics and mass spectral features observed 

in Ag-doped IR-MALDESI will permit MSI of unsaturated lipid species, which would 

otherwise fail to be detected due to low gas phase basicity and low binding affinities to alkali 

cations. Moreover, we postulated that Ag-doped IR-MALDESI would facilitate the 

assignment of MS signals due to the soft ionization and the distinctive natural abundance of 

silver isotopes. Three examples for unsaturated lipids that are involved in metabolic 

pathways of cholesterol are shown in Fig. 3. Squalene as well as CE(16:1) and CE(18:2) 

formed abundant silver adducts, which was confirmed throughout the tissue section by 

examination of the distinctive isotopic ion abundance ratio (107Ag/109Ag 1:0.93) as well as 
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the high spatial correlation of the isotopic peaks indicated by Pearson correlation 

coefficients >0.95. In the absence of silver cations, the protonated molecule of squalene was 

detected, whereas both cholesteryl esters were predominantly potassiated.

The Ag+ adduct of squalene was observed throughout the tissue section with high signal-to-

noise ratios. Squalene was particularly abundant in the brain as compared with different 

areas of the tissue section (Fig. 3, top panel). Strikingly, squalene was highly abundant in the 

ventricular zones of the lateral ganglionic eminence and the medial cortex. This spatial 

distribution was far less apparent under conventional IR-MALDESI conditions. In highly 

abundant areas, the spatial distribution of the protonated molecule and the silver adduct was 

coincidental. However, squalene was less frequently detected in areas with low abundant 

squalene and the signal-to-noise ratio of the protonated molecule was generally lower as 

compared with the silver adduct. These results indicated a decreased limit of detection 

through silver cationization and highlight the specific benefits for mapping less abundant 

unsaturated lipid species.

Similar observations were made for both cholesteryl esters. Mapping of the silver adducts 

indicated an accumulation of cholesteryl esters in the marginal zones of the ventral 

telencephalon (Fig. 3, middle and bottom panel). Interestingly, the spatial distribution of the 

two cholesteryl esters appeared virtually congruent, which is in accord with their 

complementary biological function. Subtle differences were observed in the absolute ion 

abundance, as CE(16:1) appeared slightly less abundant. In contrast, the biological 

abundance of cholesteryl esters appeared close to the LOD of the conventional IR-

MALDESI approach. The potassium adduct of CE(16:1) was merely detected in a 

diminishing number of voxels, which precluded a proper assignment of the spatial 

distribution to anatomical features. CE(18:2) was detected in higher frequency; however, the 

spatial information was still diminishing. This example greatly illustrates the increased 

sensitivity through silver adduct formation which ultimately enabled the mass spectral 

imaging of otherwise not accessible compounds.

Resolving conflicts in peak assignment by Ag cationization

In addition to elevated ionization efficiencies, silver cationization facilitated the mass 

spectral peak assignment since these ions are readily identified by their characteristic 

isotopic ratio and are less susceptible to in-source decay [14]. As discussed above, peak 

assignment and compound identification in the present study is limited to accurate mass 

data. This approach is thus limited to the elucidation of molecular compositions, which a 

priori precludes the identification of structural isomers. However, uncertainties in the 

assignment of molecular formulae arise when the formation of various adducts is taken into 

account. Phospholipids, for instance, were readily detected as protonated, sodiated, or 

potassiated species applying conventional IR-MALDESI conditions. However, the 

equilibrium between these species is not at a fixed ratio and may vary throughout an imaging 

experiment in response to altered salt concentrations in the examined tissue areas [48, 49]. 

Consequently, all three possibilities have to be considered when searching databases for 

potential compound IDs based on accurate mass.
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For example, m/z 768.5537 was observed in high abundance throughout the embryonic 

tissue section. According to a METLIN database search within 5 ppm mass measurement 

accuracy, this signal could be traced back to [M+H+]+ of PC(35:4)/PE(38:4) and/or [M

+Na+]+ of PC(33:1)/PE(36:1) (ESM Fig. S3). A further discrimination between both species 

was not possible based on accurate mass alone. However, Ag+ adduct formation 

circumvented this conflict, as Ag+ cationized species were readily identified based on the 

characteristic ion abundance ratio and mass difference, with both species being detected. 

Strikingly, both species were colocalized, whereas [PC35:4/PE(38:4)+107Ag+]+ yielded the 

more abundant signal as compared with [PC33:1/PE(36:1)+107Ag+]+. Assuming that 

protonation and Na+ adduct formation occurred simultaneously in the absence of Ag+, m/z 
768.5537, the data likely represents the sum of both lipids. In contrast, the corresponding 

Ag+ adducts were readily separated on the m/z scale. The colocalization is in accord with 

the structural and functional similarities of both lipids, confirmed by the spatial distribution 

of the respective [M+H+]+ ion of PC(33:1)/PE(36:1), which was observed colocalized but 

less abundant.

Our previous study indicated that Ag+ cationization in IR-MALDESI preserves the intact 

molecule, whereas insource decays were frequently observed under conventional conditions 

[14]. Therefore, special care must be taken to avoid false peak assignments. Close inspection 

of m/z 409.3830 and 411.3983 as detected using 50:50 MeOH/H2O+0.2 % FA as 

electrospray solvent revealed a conflict that can result from in-source decay (ESM Fig. S4). 

A metabolite database search for m/z 409.3830 yielded two possible hits: [M+H+]+ of 

C30H48 and [MH−H2O]+ of C30H50O. Similarly, m/z 411.3983 corresponded to either [M

+H+]+ of C30H50 or [MH−H2O]+ of C30H52O. Note that in the first case C30H48 could have 

been tentatively excluded from the list, as the corresponding compound (dehydrosqualene) 

does not occur in mammalian metabolism; however, the molecular formulae C30H50 and C30 

H52O match those from squalene and dihydrolanosterol, both of which are key metabolites 

in the cholesterol biosynthesis [41] and thus likely to be detected in embryonic mouse 

brains. A further differentiation based on accurate mass was unfeasible as the corresponding 

accurate masses differ by less than 1 ppm.

Ag+ adduct formation readily resolved this conflict. Out of the four different candidates, 

C30H52O (m/z 533.2916) and C30H50 (m/z 517.2970) were detected as [M+107Ag+]+. 

However, there was no detectable presence of silver cationization of C30H48 or C30H52O. 

Note that dehydrosqualene and dihydrolanosterol are both unsaturated compounds, which is 

why Ag cationization would have been expected. Strikingly, the detected silver adducts were 

coincident with the ions at the nominal m/z 409.3830 and 411.3983. Based on these results, 

m/z 409.3830 and 411.3983 were assigned to [MH−H2O]+ of lanosterol (C30H52O) and [M

+H+]+ of squalene (C30H50), respectively.

Comparison of Sp2-cKO and WT mouse embryonic cortices via IR-MALDESI imaging and 
histology-dependent analysis

Our application of IR-MALDESI for MSI of embryonic mouse forebrain revealed several 

key intermediates of the cholesterol biosynthesis pathway. Here, the developed IR-
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MALDESI imaging approaches were applied to elucidate differences between Sp2-cKO and 

WT embryonic mouse cerebral cortices in rostral forebrain sections at the molecular level.

Stringent histology-defined and histology-independent (unsupervised) data analysis 

strategies were applied autonomously to investigate the effect Sp2 deletion on lipid 

metabolism in the cortex. Consecutive coronal sections of Sp2-cKO and WT mouse brains 

were collected and subsequently analyzed via conventional and Ag-doped IR-MALDESI. To 

guarantee the inter-embryo comparability, the sections were collected from equivalent 

regions on the rostral-to-caudal axis for each embryo. The correct spatial orientation was 

confirmed via histochemical analysis of adjacent tissue sections using DAPI staining. 

Univariate and multivariate statistical tests were subsequently employed to analyze the MSI 

dataset as described in “Materials.”

In total, eight ions were significantly upregulated between two- and sevenfold in Sp2-cKO 

embryos as compared with the corresponding control samples (Table 1). The ion at m/z 
309.0498 was tentatively identified as 2, 4-dioxotetrahydropyrimidine D-ribonucleotide as 

the other possible matches for the m/z value were drugs and thus not expected to be 

abundant in the samples. Interestingly, Terrados et al. reported that genes involved in 

nucleotide metabolism were repressed in Sp2-deficient mouse embryonic fibroblasts (MEFs) 

[2], which may be linked to the accumulation of a precursor molecule observed in our data. 

The dicarboxylic fatty acid hexacosanedioic acid and unsaturated lipid heneicosadiene were 

also upregulated. Other dicarboxylic fatty acid structures have been identified by previous 

studies [50] and while less abundant, odd carbon long-chain lipids have been associated with 

disease states in mammals and can be obtained from dietary sources as well as de novo lipid 

biosynthesis and alpha oxidation pathways [51, 52]. Other upregulated ions observed 

corresponded to small lipid molecules and phosphatidylglycerol 36:0 (m/z 779.5789).

Eleven compounds were significantly reduced in Sp2-cKO cortices. The fold changes ranged 

from 0.5 to 0.7, and the corresponding ions were identified as phosphatidic acids (PA) and 

phosphatidylcholines (PC). PAs are involved in the biosynthesis of triacylglycerides and 

phosphatidylethanolamines. Transcriptome data from Terrados et al. [2] indicated that the 

biosynthesis of lipids is elevated in the absence of Sp2, which would be consistent with a 

lower abundance of PAs as intermediates in these pathways. On the contrary, the ions at m/z 
806.5101 and 826.5736 were also found to be downregulated and identified as alkali metal 

adducts of PCs and/or PEs. However, the corresponding (more abundant) protonated species 

did not yield significant alterations in the Sp2-cKO cortices. The statistical analysis Ag-

doped IR-MALDESI data revealed only one significantly altered ion at m/z 491.2457 (FDR 

corrected), which corresponded to [M+107Ag+]+ of desmosterol or other cholesterol 

precursor. The Ag+ adduct formation was confirmed by plotting the 109Ag/107Ag ion 

abundance ratio and determination of the Pearson correlation coefficient of the two isotopes 

(>0.99). The statistical significance of the observed 0.7-fold change of desmosterol or other 

cholesterol precursor (Fig. 4) was exclusively determined for the silver cationized molecule. 

For the corresponding [MH −H2O]+ ion under conventional IR-MALDESI conditions, a 

FDR corrected p value of 0.058 was calculated.
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Histology-independent strategy: principal component analysis

The analysis described above was strictly guided by histology. In contrast, the ‘histology-

independent’ strategy reveals latent regions within a tissue section that exhibit correlated MS 

spectra, without the requirement for prior histological information. In particular, rodent brain 

sections have been successfully subjected to such strategies due to their intrinsic and defined 

compartmentalization [53, 54]. Here, we applied principal component analysis (PCA) to an 

IR-MALDESI imaging dataset from an embryonic mouse rostral forebrain preparation 

(ESM Fig. S5). Each of the three principal components highlighted distinct regions of the 

dataset that exhibited correlated mass spectra. The first principal component differentiated 

the tissue from off-tissue background areas, which was in agreement with the large number 

of ions generated from the tissue. The subsequent principal components highlighted distinct 

areas within the tissue. The lateral ganglionic eminence, for instance, was clearly 

differentiated from adjacent forebrain regions as well as from non-brain tissue by principal 

component 3. Principal component 7 highlighted the medial and dorsolateral frontal cortices. 

Given that the highlighted regions exhibit distinct mass spectral features, we searched for 

potential marker ions responsible for the observed mass spectral correlation by 

reconstructing loading plots of principal components 3 and 7 (ESM Fig. S6). High absolute 

loadings indicate a high contribution to the principal component and thus to the 

differentiation visualized by the principal component. The largest contribution to the 

principal component 3 was given by m/z 367.3366. This was in excellent agreement with the 

distinct localization of desmosterol or other cholesterol precursor in the lateral ganglionic 

eminence (LGE). Further contributions to this principal component were seen from lipids 

detected at the nominal m/z 732, 734, 739, and 760. These ions corresponded to the 

protonated species of PC(32:1), PC(32:0), PA(36:2), and PC(34:1), which were found to be 

predominantly abundant in the brain by our initial study of wild-type tissue.

The dorsolateral and medial frontal cortices were largely characterized by PC(32:1) ([M

+H+]+, m/z 732.5545) as indicated by principal component 7, but also exhibited 

contributions from potassium adducts of PC(34:1) (m/z 798.5416) and PC(32:1) (m/z 
770.5100). This lipid profile differentiated the frontal cortex from the LGE and other areas 

of the tissue section, as the latter exhibited distinct contributions from different lipid species, 

namely PC(32:0) (m/z 734.5709), PC(36:1) (m/z 788.6173), and PC (38:4) (m/z 810.6011). 

These results indicated that the unsupervised PCA workflow developed here readily 

highlights correlated tissue areas and provides a rapid readout of the corresponding mass 

spectral features. We thus aimed to extend this workflow to differentiate WT and Sp2-cKO 

sample cohorts efficiently. Therefore, two imaging datasets from a WT and a Sp2-cKO 

embryo were concatenated prior to exporting a total ion current (TIC) normalized ion 

abundance matrix.

Two principal components in particular highlighted shared features and differences between 

both brain sections (Fig. 5). Upon interpretation of the loading plots, it was found that the 

highly abundant signal for m/z 367.3367 in the LGE accounted the most for the similarity 

between both samples. This finding was in accord with the observations reported above. In 

addition, both samples shared the distinct abundance of a testosterone derivate at m/z 
465.3342 and PC(32:1) at m/z 732.5546. With respect to the ultimate goal of the study to 
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elucidate molecular differences between Sp2-cKO and WT cortices, it was tempting to 

search a principal component that discriminated against one phenotype. However, there was 

no clear differentiation between both imaging datasets found. Principal component 7 showed 

some differentiation between both embryos, as the signals at m/z 465.3342, 732.5546, and 

760.5856 appeared specifically associated with the Sp2-cKO brain. However, this result was 

ambiguous and not clearly limited to the cortex, where the largest variance was expected 

based on the biological model. In addition, the histology-dependent strategy did not confirm 

these results, as no significant changes in the ion abundance were observed for the 

highlighted species.

PCA was likewise applied to the Ag+ doped IR-MALDESI imaging dataset. To facilitate the 

interpretation, exclusively, the low m/z values from detected peak pairs were considered. 

Similar to the previous results, the LGE and the cortex exhibited strongly correlated mass 

spectra as visualized by principal components 2 and 8 (ESM Fig. S7). In accordance with 

the previous results, the LGE (principal component 2) was predominantly characterized by 

the signal associated to desmosterol or other cholesterol precursor (m/z 491.2457). In 

addition, the silver cationized species of squalene (m/z 517.2970), lanosterol (m/z 
533.2917), and distinct lipids contributed to the principal component. The cortical areas 

(principal component 8) were predominantly characterized by lanosterol and PC(32:1) (m/z 
838.4542), PC(34:1) (m/z 866.4858) as well as PA(36:2) (m/z 807.4115). In general, these 

results correlated well with the manual analysis of the Ag-doped IR-MALDESI dataset and 

the multivariate analysis of the conventional IR-MALDESI dataset.

Ultimately, we aimed to compare Sp2-cKO and WT species via PCA (Fig. 6). In agreement 

with the previous observations, the lateral ganglionic eminences of both species largely 

contributed to the similarity of both datasets. The loadings for the second principal 

component thus did not differ from those obtained for a single tissue section. Interestingly, a 

better differentiation of both forebrains was obtained from the Ag-doped approach as 

compared with the conventional one. Principal component 6 differentiated the ventricular 

zones of the WT from the Sp2-cKO brain. In particular, squalene and lanosterol contributed 

to the WT, whereas PA(36:2) (m/z 807.4115) was associated to the Sp2-cKO.

Comparative proteomic profiling of Sp2-cKO and WT cortices via label-free quantification 
by LC-MS/MS and western blot

Proteins identified in Sp2-cKO and WT cortical samples were compared by label-free 

quantification of normalized spectral counts and peak area. Based on the normalization 

factor, Sp2-cKO biological replicate “3” was determined to be an outlier and removed from 

further analysis. Between two remaining biological replicates, 3350 proteins were 

quantifiable by peak area and 1450 proteins were shared by both WT and Sp2-cKO samples 

(see ESM). In comparing proteins by normalized spectral counts (NSpC), 33 protein groups 

were significantly different (p < 0.05) based on t test; 17 upregulated, 16 downregulated in 

Sp2-cKO) and normalized peak area indicated, and 147 protein groups were significantly 

different (p < 0.05; 63 upregulated, 84 downregulated). Between the two methods, NSpC 

and normalized peak area shared 7 protein groups which were significantly different (p 
<0.05). In searching the Reactome pathway browser [55], 10 of these proteins were involved 
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with lipid biosynthesis (Table 2). Additionally, several signaling pathways were enriched for 

including EGFR, FGFR, P13/AKT, ERBB2, PDGF, VEGF, and NGF signaling pathways.

Annotation information for molecular function obtained from the DAVID algorithm 

indicated that ~83 % of the downregulated proteins and 74 % of those upregulated in Sp2-

cKO cortices were nucleotide binding (Table 3). With respect to biological processes, 

proteins involved in macromolecule biosynthesis comprised 39 % of those upregulated in the 

Sp2-cKO cortices. Of the proteins downregulated in Sp2-cKO cortices, the most highly 

represented biological processes included: cellular biosynthetic processes, macromolecule 

metabolic processes, transport, nitrogen compound metabolic processes, nucleobase 

metabolic processes, and gene expression (Table 4). Further analysis of KEGG pathways 

(ESM Table S3) revealed the following pathways were upregulated in Sp2-cKO cortices: 

ubiquitin-mediated proteolysis, glycolysis/gluconeogenesis, and spliceosome and cell cycle 

pathways. The following KEGG disease pathways were also found to be downregulated in 

Sp2-cKO mice: Alzheimer’s disease, oxidative phosphorylation, Parkinson’s disease, 

proteasome, Huntington’s disease, prion diseases, and ribosomal related.

Integrating omics datasets for pathway analysis

LC-MS/MS proteomic and IR-MALDESI metabolomics datasets were integrated to perform 

lipid pathway analysis. Several proteins and metabolites involved in steroid and steroid 

hormone biosynthesis were significantly different between WT and Sp2-cKO cortices (Fig. 

7). Lanosterol synthase (LSS) was upregulated nearly eightfold in Sp2-cKO cortices. In 

addition, the enzyme lanosterol demethylase (LDM) which converts LSS into intermediates 

of the cholesterol pathway was downregulated 0.4-fold. Eight steps following LDM, the 

cholesterol precursor (demosterol or other) was downregulated 0.7-fold in Sp2-cKO 

forebrains by IR-MALDESI. Cholesterol then acts as a substrate for steroid hormone 

biosynthesis which includes reversible formation of estradiol-17β/estriol and irreversible 

formation of 11-β-hydroxytestosterone by estradiol dehydrogenase (EDH); which was found 

downregulated 0.4-fold in Sp2-cKO cortices by LC-MS/MS.

Several proteins and metabolites belonging to the glycerophospholipid pathway were 

identified as differing significantly between WT and Sp2-cKO cortices (Fig. 8). One that 

directly emerged from correlations between metabolomics and proteomic data sets was 

lysophosphatidylcholine acyltransferase 1 (LPCAT1), found to be downregulated 0.6-fold in 

Sp2-cKO cortices. The products of this enzyme, phosphocholine and phosphatidic acid, 

were both downregulated 0.6-fold in Sp2-cKO cortices. Lipid phosphate phosphohydrolase 

(PPAP2) which converts phosphatidic acid to 1,2-diacyl-sn-glycerol was also found to be 

downregulated 0.6-fold. Contrastingly, phosphatidylglycerol, an end product of the 

glycerolphospholipid pathway, was upregulated approximately twofold in Sp2-cKO cortices.

Proteins and metabolites involved in long-chain fatty acid biosynthesis were also found to 

differ significantly (p <0.05 unless otherwise stated) between WT and Sp2-cKO cortices 

(Fig. 9). Very-long CoA reductase (synonymous with EDH), which catalyzes the second step 

in the pathway, was found to be downregulated 0.4-fold in Sp2-cKO cortices. In contrast, 

trans-2,3-enoyl-CoA reductase (TECR) which catalyzes the fourth step in this pathway, was 

found to be upregulated twofold in Sp2-cKO cortices. Accompanying these findings, IR-
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MALDESI found the long-chain dicarboxylic fatty acid hexacosanedioic acid was 

upregulated fourfold in Sp2-cKO cortices. The fatty acid precursor hexacosanoic acid is 

produced by single enzymatic step following trans-2,3-enoyl-CoA reductase in which the 

acyl-CoA is hydrolyzed to the free fatty acid form. Hexacosanedioic acid could be a product 

of omega oxidation of hexacosanoic acid. This could suggest a defective β-oxidation since 

this is typically the primary pathway of degradation or a possible response to the 

accumulation of fatty acids.

To validate these findings, three of the proteins involved in fatty acid biosynthesis found to 

differ significantly by label-free quantification were selected for comparative analysis by 

western blotting (Fig. 10). Lanosterol synthase, the enzyme responsible for formation of 

lanosterol (a steroid precursor) which was found to be upregulated nearly eightfold (p= 

0.055) in Sp2-cKO forebrains, also displayed a twofold increase in abundance by western 

blot chemiluminescence. Glycerol-3-phosphate dehydrogenase, the enzyme responsible for 

the reversible hydroxylation of glycerone phosphate (a glycerophospholipid precursor) 

which was found to be significantly increased twofold (p=0.056) by label-free 

quantification, was also upregulated twofold by western blotting. Acetoacetyl-CoA 

synthetase, the enzyme responsible for the generation of coenzyme-A for de novo fatty acid 

biosynthesis, was found to be downregulated 0.7-fold by label-free quantification and also 

found to be downregulated twofold by western blot analysis.

Discussion

Integrated LC-MS proteomic and IR-MALDESI lipidomic imaging data from comparative 

analysis of WT and Sp2-cKO mice revealed many pathways which were altered by the 

absence or presence of Sp2. While proteomic analysis discovered changes in many vital 

pathways (e.g., macromolecule biosynthesis, nucleotide biosynthesis, signaling, and 

transcription), imaging data revealed alterations to the abundance of 20 lipid species. 

Correlation of MS and western blot data lends support to the hypothesis that these proteins 

are differentially regulated in Sp2 cKO and WT samples. Furthermore, the proteins 

identified within the long-chain fatty acid, steroid/steroid hormone, and glycerophospholipid 

biosynthesis pathways are also supported as being Sp2 targets by previous transcript studies 

by Terrados et al. [2]. The direction and magnitude of proteomic changes between WT and 

Sp2-cKO cortices varied from −0.7-fold to +8-fold. With the exception of the enzyme LSS 

involved in steroid biosynthesis and TECR involved in glycerophospholipid biosynthesis, 

precursor and intermediates were primarily downregulated (phosphatidylcholine, 

phosphatidic acid, and desmosterol/cholesterol precursor) in Sp2-cKO mice while pathway 

end products were found to be primarily upregulated (phosphatidylglycerol, heneicosadiene, 

and hexacosanedioic acid). These findings support Sp2 as a direct activator of many lipid 

biosynthetic enzymes and a repressor of LSS and TECR. Additionally, analysis of changes 

within the lipidome and proteome highlight the importance of collecting multiple omics 

datasets for effective elucidation of metabolic steps which are dynamic under physiologic 

conditions.

Using a novel in-tissue mass spectrometric imaging platform, we successfully elucidated the 

molecular impact of Sp2-cKO on lipid biosynthesis in developing mouse cortex. Imaging 
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revealed the spatial distribution of these molecules within the rostral forebrain. Further, 

comparative analysis of Sp2-cKO and WT mice yielded a list of metabolites which differed 

in abundance within this particular region. Of particular interest, sterol compounds were 

implicated to be under Sp2 control based on previously reported alterations at the 

transcriptome level. Even though it is well established that more than 95 % of the brain’s 

cholesterol is synthesized de novo in the brain [29, 31], the outstanding accumulation of the 

precursor molecules in the lateral ganglionic eminence of developing mouse brains has not 

been reported previously. We speculate that this region-specific abundance is linked to 

distinct proliferation and migratory activity in the LGE which generates distinct classes of 

neurons for the olfactory bulbs and the ventral forebrain [56–58]. As the generation and 

gestation of neurons require cholesterol to build plasma membranes [59, 60], this could 

explain the high abundance of the corresponding molecular precursors within the LGE. It 

will be interesting to determine whether the same abundance is observed in the medial 

ganglionic eminence (MGE) in which interneurons destined for the cerebral cortices and 

several subcortical structures are generated.

Ag-doped IR-MALDESI together with advanced data processing tools were implemented 

for MSI of embryonic mouse forebrains. Oversampling at a spot-to-spot distance of 100 μm 

sufficiently resolved major anatomical features of the mouse rostral forebrain without losing 

spectral sensitivity. Both conventional IR-MALDESI and Ag-doped IR-MALDESI yielded 

numerous tissue-related ions that were coincident with the physiological fine structure of the 

tissue sections. By doping trace amounts of AgNO3 into the electrospray solvents, 133 

unique peak pairs were detected from the tissue sections, as identified by the peak filtering 

methods developed above. In accordance with results from conventional IR-MALDESI as 

well as previous MSI studies of rodent brains, phospholipids were predominantly detected. 

Most strikingly, Ag dopants decreased the LOD for unsaturated compounds, e.g., cholesteryl 

esters, and thus enabled imaging of these species. Moreover, as silver adducts are less 

susceptible to in-source decays, the assignment of mass spectral peaks was clearly 

facilitated. In this way, multiple biosynthetic precursors of cholesterol, including squalene, 

lanosterol and desmosterol or other cholesterol precursor, were identified. Interestingly, 

close inspection of the corresponding ion maps revealed the specific accumulation of these 

compounds in the lateral ganglionic eminence. This enticing finding will be the subject of 

further biological studies.

Ultimately, Ag-doped and conventional IR-MALDESI imaging were applied for molecular 

comparison of Sp2-cKO and WT mouse cortices in sections obtained from the rostral 

forebrain. Therefore, two complementary data analysis strategies were elaborated. Virtual 

microdissection of the dorsolateral frontal cortices indicated the regulation of distinct 

nucleotides and small lipids, which was tentatively correlated with changes in the 

transcriptome of Sp2 deficient cells. Most strikingly, Ag-doped IR-MALDESI revealed the 

downregulation of desmosterol or other cholesterol precursor in the dorsolateral frontal 

cortex of Sp2-cKO mouse embryos, which was presumably linked to alterations in the 

cholesterol biosynthesis. A second, unsupervised data analysis strategy was applied to reveal 

latent features in the molecular histology of the tissue sections. PCA readily indicated 

regions that exhibited distinct mass spectral correlations and provided a rapid readout for 

those ions that contributed the most to intra-tissue variance.
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In conclusion, two complementary data analysis strategies were applied above to determine 

statistically sound differences between Sp2-cKO and WT sample cohorts. The histology-

defined virtual microdissection of the dorsolateral rostral cortices yielded a rich list of 

compounds that were potentially affected by the conditional deletion of Sp2. This strategy 

was readily implemented and yielded statistically significant correlations. Histology-

independent strategy efficiently reduced the dimensionality of the dataset and yielded a rapid 

readout for distinct marker ions. Tissue regions that were indicated by principal components 

correlated well with the histological tissue annotation as well as with manual inspection of 

the imaging dataset.

Supplementing the molecular information afforded by IR-MALDESI, LC-MS proteomic 

data revealed many pathways that were significantly different in Sp2-cKO mice by label-free 

peak area and spectral counting. In agreement with previous research by Terrados et al., 

nucleoside, RNA, and transcriptional processes in these data also appear to be 

downregulated in Sp2-cKO mice. Another common finding was that metabolic biosynthetic 

processes also appeared to be upregulated in Sp2-cKO mice. Previous findings of disrupted 

cell proliferation phenotypes in Sp2-cKO mice are consistent with the finding that mitotic 

and cell cycle processes were found to be upregulated and chromosomal organization, gene 

expression, and cell morphogenesis were downregulated [2]. Moreover, many other 

fundamental pathways and processes previously identified by Terrados et al. as Sp2 targets 

were also altered significantly in Sp2-cKO mice including downregulation of protein 

transport and intracellular transport. Further, other pathways not previously identified as 

being associated with Sp2 regulation were identified including upregulation of ubiquitin-

mediated proteolysis, carbohydrate catabolic processes, spliceosome and downregulation of 

dsRNA response, proteasome and oxidative phosphorylation. Furthermore, proteins differing 

in abundance between groups were enriched for cell proliferation and disease-associated 

signaling, suggesting Sp2 may play a regulatory role in these pathways.

Closer examination of integrated LC-MS proteomic and IR-MALDESI metabolomics 

datasets revealed that while many pathways were found to be upregulated/downregulated, 

within these pathways, a more detailed view highlights the complexity of these changes as 

they are not unidirectional. While 50 % of all 10 lipid biosynthetic proteins and 40 % of the 

5 associated metabolites were found to be upregulated in Sp2-cKO mice, 50 % of the 

proteins and several metabolites were also found to be downregulated. This suggests that 

Sp2 role in regulating lipid biosynthesis may not be as a global repressor or activator but 

more pathway and enzyme specific. Several proteins and metabolites involved in steroid 

biosynthesis differed in abundance in Sp2-cKO mice. Lanosterol synthase (LSS) which was 

found to be upregulated by proteomic and western blot analysis is a precursor to cholesterol 

associated with increased oxidative stress [61]. This suggests Sp2 is a direct repressor of 

LSS which is in agreement with previously published transcript data [2]. Subsequent steps in 

the pathway including lanosterol 14-alpha demethylase (LDM), estradiol 17-beta-

dehydrogenase (HSD17B12), and desmosterol or other cholesterol precursor were all found 

to be downregulated. These findings could be a result of upregulated LSS. Additionally, the 

observed downregulation of cholesterol biosynthetic enzymes in Sp2-cKO mice contrasts 

previous transcript data which suggests Sp2 is a repressor of cholesterol biosynthetic genes 

(specifically LDM and HSD17B12) in mouse embryonic fibroblasts [2]. This stresses the 
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importance of obtaining measurements of the proteome and lipidome as transcript 

information alone does not always directly correlate with what is occurring at subsequent 

levels.

Protein and metabolites involved in the glycerolphospholipid pathway were also found to be 

altered in abundance. Downregulation of pathway intermediates lysophosphatidylcholine 

acyltransferase (LPCAT) and its product, phosphatidic acid was the most direct connection 

between imaging MS and LC-MS proteomic data. Furthermore, subsequent metabolite 

phosphocholine and the enzyme lipid phosphate phosphohydrolase (PPAP2) were 

downregulated as well. Downregulation of PPAP2 has been associated with accumulation of 

lysophosphatidic acid (LPA), proliferation of cells, and cancer [62]. Contrasting this, 

imaging MS data also found one of the end products of the pathway, phosphatidylglycerol 

(PG), to be upregulated. PG has been shown to be an activator of nuclear protein kinase C 

which is necessary for G2 progression of mitosis (a process also upregulated in Sp2-cKO 

mice) [63]. These observations also suggest a possible shift in lipid class preference in the 

absence of Sp2 toward PGs. In addition, glycerol-3-phosphate dehydrogenase was 

determined to be upregulated by proteomic data and western blot. This suggests that the 

pathway not entirely downregulated but that the flux utilized within this pathway is altered.

An enzyme involved in steroid hormone and long-chain fatty acid biosynthesis, very-long-

chain CoA reductase (HSD17B12 or EDH), was found to be downregulated. This suggests 

Sp2 could be an activator of HSD17B12, an enzyme necessary for normal embryonic 

development [64]. In HSD17B12KO mice, the absence of this enzyme has been shown to 

result in lethal effects [65]. Successive steps of long-chain fatty acid biosynthesis also 

revealed an upregulated trans-2,3-enoyl-CoA reductase (TECR) and hexacosanedioic acid. 

This suggests Sp2 may also act as a repressor of long-chain saturated fatty acid biosynthesis 

and/or fatty acid oxidation. Additionally, Sp2 could provide a protective effect by inhibiting 

saturated fatty acid production which has been associated with stimulation of cytokines and 

inflammatory pathways [66]. Finally, acetyl-CoA synthetase (AACS), an enzyme 

responsible for de novo lipid biosynthesis, was also confirmed by MS and western blot to be 

downregulated in Sp2-cKO mice. Sp2 may activate AACS which has been shown to be 

developmentally regulated and important during embryogenesis [67]. This finding could also 

reflect global histone acetylation, a process important in preventing transcriptional errors 

[68].

Conclusion

The development of a powerful Ag-doped and conventional IR-MALDESI combined 

analytical tool, allowed for global imaging and label-free quantification of biologically 

important metabolites, while LC-MS-based proteomics allowed for the identification and 

quantification of thousands of proteins within specific brain tissue. Integration of data 

demonstrated the capacity of our approach to provide complementary information, allowing 

for a better global understanding of complex dynamic changes inherent to metabolic 

pathways. This analysis revealed fundamental cellular processes altered in Sp2-cKO cortices 

in proteomics, metabolomics, and lipidomics contexts. Thus, our study represents a new 

foundation toward solving complex biological problems from a systems perspective, 
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utilizing multiple omics datasets to improve methods for the discovery of important 

biological pathway targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Fluorescence (DAPI, white) image of a coronal section of an E13.5 embryonic mouse brain 

at the level of the rostral forebrain. Major anatomical features are outlined with dashed lines 
and annotated accordingly
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Fig. 2. 
IR-MALDESI imaging of coronal sections of an E13.5 embryonic mouse brain. The ion 

maps show the spatial distribution of a [PC(35:5)+H+]+, b [DAG(38:4)+107Ag+]+, c 
[desmosterol+H+−H2O]+, and d [lanosterol+107Ag+]+ (cf. text for details on the peak 

assignment)
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Fig. 3. 
Comparison of silver cationization with ion formation under conventional IR-MALDESI 

imaging conditions. Ion maps of [M+107Ag+]+ species show the spatial distribution of 

squalene, CE(16:1), and CE(18:2) in coronal embryonic brain sections. Ion abundance ratios 

close to the theoretical abundance ratio of 0.9291 (NIST Atomic Weights and Isotopic 

Compositions, version 3.0) and the high spatial correlation of the detected silver isotopes 

(Pearson correlation coefficients r > 0.95) confirm the formation of Ag+ adducts. Ion maps 

on the right refer to the most abundant species that were formed using an electrospray 

solvent composition of MeOH/H2O (1:1)+0.2 % FA
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Fig. 4. 
Comparison of WT and Sp2-cKO mouse embryos via Ag-doped IR-MALDESI imaging. a 
Box plot of averaged and normalized ion abundances of m/z 491.2457 (desmosterol or other 

cholesterol precursor) from dorsolateral cortex (N = 24). b IR-MALDESI imaging of 

491.2457 m/z ion in coronal brain sections from WT and Sp2-cKO embryos
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Fig. 5. 
Principal component analysis of a concatenated IR-MALDESI imaging dataset of Sp2 WT 

and cKO embryonic brain sections. Score plots of principal components 4 (top) and 7 

(bottom) indicate mass spectral correlation and anti-correlation between WT and cKO 

samples. Loading plots on the right visualize the contribution of MS signals to the respective 

principal component. Dashed lines and arrows indicate the outline and orientation of the 

tissue sections
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Fig. 6. 
Principal component analysis of a concatenated Ag-doped IR-MALDESI imaging dataset of 

Sp2 cWT and cKO embryonic brain sections. Score plots of principal components 2 (top) 

and 6 (bottom) indicate mass spectral correlation and anti-correlation between WT and cKO 

samples. Loading plots on the right visualize the contribution of MS signals to the respective 

principal components. Dashed lines and arrows indicate the outline and orientation of the 

tissue sections
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Fig. 7. 
Integrated data analysis of steroid and steroid hormone biosynthesis. LC-MS proteomic data 

revealed an upregulation of lanosterol synthetase and downregulation of lanosterol 14-alpha 

demethylase and estradiol 17-beta-dehydrogenase in Sp2-cKO mice while imaging MS data 

found a decrease in the cholesterol precursor (desmosterol or other). Steroid biosynthesis 

KEGG pathway (http://www.genome.jp/kegg/pathway/map/map00100.html) and steroid 

hormone biosynthesis KEGG pathway (http://www.genome.jp/keggbin/show_pathway?

map00140)
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Fig. 8. 
Integrated analysis of glycerophospholipid biosynthesis. LC-MS proteomic data revealed 

downregulation of lysophosphatidylcholine acyltransferase (LPCAT) and lipid phosphate 

phosphohydrolase in Sp2-cKO mice. Imaging MS data demonstrated a direct correlation 

with proteomic data with a downregulation of LPCAT products phosphocholine and 

phosphatidic acid while the subsequent metabolite, phosphatidylglycerol, was found to be 

upregulated in Sp2-cKO mice. KEGG glycerophospholipid metabolism (http://

www.genome.jp/kegg/pathway/map/map00564.html)
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Fig. 9. 
Integrated analysis of fatty acid elongation pathway. LC-MS proteomic data indicated a 

significant decrease (p < 0.05) in very-long-chain 3-oxoacyl-CoA reductase and a significant 

increase (p < 0.05) in the subsequent protein in the pathway, trans-2,3-enoyl-CoA reductase, 

while imaging MS data showed an increase (p < 0.05) in the long-chain dicarboxylic fatty 

acid, hexacosanedioic acid, in Sp2-cKO mice. KEGG pathway long-chain fatty acid 

biosynthesis (http://www.genome.jp/keggbin/show_pathway?map00062)
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Fig. 10. 
Analysis of three proteins involved in lipid biosynthesis by LC-MS label-free quantification 

using peak area and western blot showed agreement with an increase in lanosterol synthase 

(LSS) and glycerol-3-phosphate dehydrogenase (GPDH) abundance and a decrease in 

acetyl-CoA synthetase (AACS) in Sp2-cKO mice. Sp2 was confirmed to be approximately 

10-fold lower in Sp2-cKO mice by western blot
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Table 2

Proteins involved in lipid biosynthesis which were significantly different (p < 0.1) identified by shotgun LC-

MS analysis of Sp2-cKO and WT tissue sections

Protein targets involved in lipid biosynthesis

Fold change in Sp2-c KO Accession Protein p value

−0.6 Q3TFD2 Lysophosphatidylcholine acyltransferase 1 0.025

−0.4 O70503 Very-long-chain 3-oxoacyl-CoA reductase/estradiol 17-beta-dehydrogenase 12 0.007

+2.0 Q9CY27 Trans-2,3-enoyl-CoA reductase 0.025

−0.7 Q9D2RO Acetoacetyl-CoA synthetase 0.004

+1.1 Q91V92 ATP-citrate synthase 0.027

+1.6 O54734 Dolichyl-diphosphooligosaccharide–protein glycosyltransferase 0.041

+7.9 Q8BLN5 Lanosterol synthase 0.055

+2.1 Q64521 Glycerol-3-phosphate dehydrogenase 0.056

−0.4 Q8KOC4 Lanosterol 14-alpha demethylase 0.096

−0.6 Q99JY8 Lipid phosphate phosphohydrolase 0.055

Proteins selected for western blot analysis are italicized
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