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Abstract The development of powerful analytical tech-
niques for specific molecular characterization of neural
cell types is of central relevance in neuroscience
research for elucidating cellular functions in the central

nervous system (CNS). This study examines the use of
differential protein expression profiling of mammalian
neural cells using direct analysis by means of matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS). MALDI-MS analysis
is rapid, sensitive, robust, and specific for large
biomolecules in complex matrices. Here, we describe
a newly developed and straightforward methodology for
direct characterization of rodent CNS glial cells using
MALDI-MS-based intact cell mass spectrometry
(ICMS). This molecular phenotyping approach enables
monitoring of cell growth stages, (stem) cell differen-
tiation, as well as probing cellular responses towards
different stimulations. Glial cells were separated into
pure astroglial, microglial, and oligodendroglial cell
cultures. The intact cell suspensions were then analyzed
directly by MALDI-TOF-MS, resulting in characteristic
mass spectra profiles that discriminated glial cell types
using principal component analysis. Complementary
proteomic experiments revealed the identity of these
signature proteins that were predominantly expressed in
the different glial cell types, including histone H4 for
oligodendrocytes and S100-A10 for astrocytes. MALDI
imaging MS was performed, and signature masses were
employed as molecular tracers for prediction of
oligodendroglial and astroglial localization in brain
tissue. The different cell type specific protein distribu-
tions in tissue were validated using immunohistochem-
istry. ICMS of intact neuroglia is a simple and
straightforward approach for characterization and dis-
crimination of different cell types with molecular
specificity.
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Introduction

In the human brain, nine out of ten cells are glial cells. Glial
cells provide the brain with support trophic factors and are
involved in basically all processes in brain transmission [1–5].
The various types of glial cells differ from each other in
protein expression, function, and morphology, but much less
is known about their function than that of neurons.
Astrocytes contribute to synapse formation, intercellular
communication, and regulation of neurotransmitter and ion
homeostasis [4, 6, 7]. Oligodendrocytes produce myelin
sheaths that increase signal propagation and may be
important for the survival of neurons [8, 9]. As a large
number of oligodendrocyte precursors are distributed uni-
formly throughout the gray and white matter of the mature
central nervous system (CNS), they may also have other
functions yet to be discovered. Microglia, the tissue-specific
resident macrophages of the CNS, exists in all parts of the
brain as well as spinal cord [10, 11]. Accumulating evidence
suggests that alterations of neuron–glia interactions are
associated with the development of most neurodegenerative
diseases [12–17]. Oligodendrocytes and microglia are
involved in multiple sclerosis, where oligodendrocytes are
attacked by the immune system and microglia act as
phagocytes [18, 19]. Astrocytes may play a role in neuro-
inflammation in Parkinson’s disease [20]and are also
involved in the formation of glial scars after injuries to the
CNS, termed gliosis [21, 22]. In order to better understand
the pathology of neurodegenerative diseases and injuries,
one first has to delineate the responses of the different cell
species as well as the nervous system as one organ.

The development of powerful techniques that facilitate
rapid, sensitive, and specific cellular characterization is of
great interest in current molecular neurobiology. Disease or
trauma-induced protein changes of the CNS can be studied
using mass spectrometry (MS). Proteins that are found to
exhibit characteristic changes may serve as diagnostic
markers as well as therapeutic targets for neuroprotection
[23] and maintenance of the healthy CNS [9, 24, 25].

Direct analysis of intact cells by means of matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) MS
is an emerging technique for routine characterization of
prokaryotic cultures. Intact cell mass spectrometry (ICMS)
allows high throughput identification of bacterial species with
high specificity based on their characteristic protein/peptide
mass profiles [26]. The main feature of this approach is the
simple sample handling, where only limited sample amounts
are required (106–107 cells), easily obtainable from most
routine cell preparation protocols. Commercial solutions for
ICMS-based bacteria identification have been introduced and
include the instrumental platform as well as software tools
and a reference database [27]. Even though ICMS is a well-
recognized approach for analysis of prokaryotic species, very

few studies on eukaryotic cell characterization have so far
been reported [28–31].

The objective of this study was to establish an ICMS
protocol for analysis of different types of glial cells. For this
investigation, we chose to evaluate astrocytes, oligoden-
drocytes, and microglia from the rodent brain. By analyzing
pure fractions of different cell species, we aimed to acquire
template spectra for the different cell types.

The aim was therefore to establish and optimize a rapid
and simple approach for direct analysis of intact rodent glial
cells that allows differentiation of glia types based on
characteristic protein and peptide mass fingerprint spectra.
A further aim is the identification of cell specific protein
markers that facilitate the prediction of the corresponding
cellular phenotypes in brain tissue using MALDI imaging
mass spectrometry (IMS; schematic overview in Electronic
Supplementary Material Fig. S1).

Materials and methods

Chemicals

All chemicals were purchased from Merck (Darmstadt,
Germany) unless otherwise stated. Leibovitz’s L-15 medium,
Dulbecco’s modified Eagle’s medium, and fetal calf serum
glutamine were bought from Invitrogen (Stockholm, Sweden).
Trifluoroacetic acid (TFA), penicillin-streptomycin, urea,
dithiothreitol (DTT), 2′,4′,-dihydroxyacetophenone (DHAP),
and iodoacetamide (IAA) were obtained from Sigma-Aldrich
(Stockholm, Sweden). Water was purified with a Milli-Q
(Millipore, Bedford, MA, USA) purification system. Sinapinic
acid (SA), 2,5-di-hydroxy benzoic acid (DHB), peptide, and
protein calibration standards were purchased from Bruker
Daltonics (Bremen, Germany).

Brain tissue and glial cells

The study was approved by the Regional Ethics Committee
for Research on Animals in Uppsala (Sweden) and carried out
in accordance with the policy of the Society for Neuroscience.
To obtain brain tissue for immunochemical analysis, adult
Sprague–Dawley rats from Tachonic (Lille Skensved,
Denmark) were sacrificed by an overdose of CO2; the brains
were rapidly dissected and frozen on dry ice. Coronal
sections (14 μm) were cut on a cryostat (bregma from 2.04
to −2.52) [32] and stored at −20 °C prior to immunolabeling.

To obtain separate microglial, astroglial, and oligodendrog-
lial cell suspensions, we used a modified version of the method
previously described by McCarthy and de Vellis in 1980 [33].
In brief, the cultures were prepared from both cerebral hemi-
spheres of newborn Sprague–Dawley rat pups (postnatal day 1
or 2) and placed in a 100-mm Petri dish with cold Leibovitz’s
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L-15 medium. Brain tissue was mechanically dissociated
through a glass Pasteur pipette and passed through a 70-μm
nylon cell strainer (BD, Stockholm, Sweden) to remove all
large fragments. Dissociated cells were washed twice in cold L-
15 and centrifuged for 10 min at 1,000 rpm to remove debris.

After centrifugation, the cells were re-suspended in
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, 0.3% L-glutamine, and 1% penicillin-
streptomycin (all from Invitrogen, Stockholm, Sweden).
Cells were then plated at a density of 2×105 cells/cm2 on
poly-L-lysine-coated 75-cm2 cell Falcon cell culture flasks
(Fisher Scientific, Gothenburg, Sweden).

After 7–9 days, the culture flasks were placed in an
oscillatory shaker (Innova 40, New Brunswick Scientific,
Edison, NJ, USA) and shaken at 200 rpm with a 1.5-in. stroke
diameter at 37 °C for 6 h.After this primary shaking procedure,
the culture medium containing microglia was aspirated. Fresh
media was added to the flasks, which were then returned to the
shaker for 18 h. After 18 h, the oligodendrocyte precursors
residing in the culture had detached and can thus be aspirated
together with the medium. Remaining astrocytes were scraped
from the bottom of the flask and diluted with fresh media. The
suspensions of the different glial cells (microglia, oligoden-
drocytes, and astrocytes) reach a purity of 98% [34]. The cells
were then mechanically dissociated using a Pasteur
pipette and filtered through a 70-μm nylon cell strainer
(BD, Stockholm, Sweden). A total cell count to determine the
number of cells in each fraction was performed using direct
microscopic observation in a Bürker chamber (VWR,
Darmstadt, Germany). The cells were rinsed three times with
150 mM ammonium acetate (AmAc), centrifuged at
1,000 rpm, and re-suspended in 150 mM AmAc to a final
concentration of 25,000 cells/μL.

Intact cell MALDI-TOF-MS

Sample preparation

For intact protein analysis, a sandwich target preparation
method using sinapinic acid (SA) was applied. Here, a
polished steel target was prespotted with 1 μL of SA matrix
solution I (1 mg/mL; 100% acetonitrile (ACN)) to give a
thin layer of matrix. A volume of 1 μL cell suspension was
mixed with 1.5 μL SA solution II (10 mg/mL; 50%ACN/
0.1%TFA), and 1 μL of the cell/matrix mixture was spotted
onto the thin layer matrix preparation. The matrix was
allowed to co-crystallize with cells and then washed three
times with 10 μL ice-cold 0.1% TFA for salt removal.

MALDI-TOF-MS

All samples were analyzed on an Ultraflex II MALDI-TOF/
TOF mass spectrometer (Bruker Daltonics) equipped with a

smartbeam® laser. The mass range of 3 to 25 kDa was
analyzed in linear positive mode and delayed extraction of
100 ns. A number of 1,000 shots were acquired automatically
in 100-shot intervals in a random pattern throughout the
sample spot.

Data processing

All spectra were baseline subtracted (Convex Hull V3) and
externally calibrated from calibration spots adjacent to the
sample spots (FlexAnalysis v. 3.0, Bruker Daltonics). The
spectra were exported in .dat and further processed using
the PDS software (Medicwave AB, Halmstad, Sweden).
Here, all spectra were normalized by their total ion current
(TIC), before peak picking (S/N>3) and data binning
(AUC). The resulting data were evaluated in Microsoft
Excel (v. 2007) and Origin Pro (v.8.1, OriginLab, North-
ampton, MA, USA) for statistical evaluation by means of
Student’s t test and analysis of variance (ANOVA) followed
by post hoc analysis using HSD Tukey. Principle compo-
nent analysis (PCA) was performed using the Unscrambler
X software (CAMO Inc., Oslo, Norway).

Protein identification

SDS-PAGE and in-gel digestion

Mixed glial cells (106 cells) were lysed by sonication for
30 min in 50% ACN. The suspension was centrifuged at
10,000×g for 10 min, and the supernatant was collected.
For protein precipitation, six volumes of ice-cold acetone
were added to the supernatant, and the sample was
incubated at −20 °C overnight. The sample was centrifuged
at 10,000×g for 10 min, and the supernatant was removed.
The precipitated protein fraction was reconstituted in 1 mL
1% acetic acid (HAc), and multiple 55-μL aliquots were
taken and mixed with 25 μL XT sample buffer (Bio-Rad,
Hercules, CA, USA), followed by 10 μL 55 mM DTT. The
samples were denatured at 95 °C for 5 min. For alkylation,
a volume of 10 μL 100 mM IAA was added followed by
incubation for 10 min at room temperature in darkness. One
dimensional gel electrophoresis was performed using the
Criterion system (Bio-Rad) according to the manufacturer’s
instructions using commercial precast Criterion XT 4–12%
Bis–Tris 18-comb gel and XTMES (Bio-Rad) running buffer.
The gel was stained with Coomassie Blue R-250 (Bio-Rad).

Nine gel bands covering the region between 2.5 and
20 kDa were excised from the sodium dodecyl sulfate (SDS)
gel according to the illustration in Electronic Supplementary
Material Fig. S1. Gel cubes (2×2×2 mm) were digested
with trypsin (100 ng/μL), in 50 μL ammonium bicarbonate
(50 mM) at 37 °C overnight. The digests were dried under
vacuum, reconstituted in 10 μL 1% HAc, and stored at
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−20 °C until nanoscale liquid chromatography-electrospray
tandem MS (nanoLC-ESI MS/MS) analysis.

NanoLC-ESI MS/MS

Reversed phase nanoLC-ESI MS/MS experiments were
performed on an Ettan MDLC system (GE Healthcare,
Uppsala, Sweden) hyphenated to an HCT ultra iontrap
mass spectrometer (Bruker Daltonics). For reversed
phase peptide separation, a dual column system was
used consisting of a C18 trap column (Zorbax 300SB,
0.3×5 mm, 5 μm, Agilent Technologies, Santa Clara,
CA, USA) for sample stacking and a C18 analytical
column (Zorbax 300SB, 75 μm×150 mm, 3.5 μm,
Agilent Technologies). A volume of 2.5 μL was
automatically injected and separated using a water/
acetonitrile/acetic acid gradient elution at a flow rate of
300 nL/min, starting at 1% HAc and a linear increase of
ACN from 0% to 50% in 50 min. The nanoflow LC was
interfaced to the mass spectrometer via a nano-
electrospray ion-source (NanoSource I, Bruker Daltonics)
using distal metal-coated emitter tips (20 μm, New
Objective, Woburn, MA, USA) operating at a voltage
of 1.5 kV at 200 °C. LC-MS/MS data was acquired using
information-dependent product ion scan of three most
intense peptide masses and processed in DataAnalysis (v.
3.4, Bruker Daltonics) by means of MS and MS/MS data
extraction (Auto MSn), peak annotation, charge decon-
volution, and export of detected compounds in .xml file
format. The .xml datasets were submitted to comprehen-
sive Mascot MS/MS search (v. 2.2, Matrix Science,
Boston, MA, USA) using the BioTools software (v. 3.1
SR2; Bruker Daltonics) and the following specifications:
species (Rattus norvegicus), fixed modifications (carba-
midomethyl), variable modifications (oxidation M), mass
tolerance-MS (1.5), mass tolerance-MS/MS (0.6 Da),
enzyme (trypsin), missed cleavages (1), charge states (2+,
3+), and instrument (ESI-TRAP). The significance thresh-
old was set to p<0.05. MudPIT scoring was applied,
requiring protein identification on at least one unique
significantly identified peptide.

MALDI imaging

Striatal sections (12 μm) from fresh-frozen rat brain were
cut on a cryostat and thaw-mounted on conductive glass
slides for MALDI-IMS analysis (Bruker Daltonics). The
sections were dried under vacuum and stored at −20 °C.
Prior to matrix application, the sections were defrosted for
1 h and washed with 70% ethanol (EtOH) for 30 s, twice
with 95% EtOH for 30 s, and dried in a vacuum desiccator.
Sinapinic acid matrix (20 mg/mL SA, 50% ACN, 0.2%
TFA) was applied with a resolution of 250 μm covering the
whole brain section using a chemical inkjet printer (ChIP
1000, Shimadzu, Kyoto, Japan). A volume of 1,500 pL (15
drops) was applied per spot during each pass, and three
passes of matrix application were performed. Data was
acquired on an Ultraflex II MALDI-TOF/TOF instrument
(Bruker Daltonics) running in linear positive mode using a
delayed extraction of 100 ns. The mass range of 2–20 kDa
was analyzed with a laser frequency of 100 Hz. A total sum
of 200 shots per spot was acquired in steps of ten shots in a
random pattern. Data sequence preparation and MS
acquisition was performed using the FlexImaging software
(v. 2.0, Bruker Daltonics).

Immunolabeling

The expression of different proteins was investigated using
immunochemistry. After fixation, cells as well as cryo-
sections (14 um) were pre-incubated with blocking solution
(1% bovine serum albumin (BSA), 0.3% Triton X-100, and
0.1% NaN3 in PBS) for 1 h at RT. Incubation with primary
antibodies (Table 1) diluted in blocking solution was
performed overnight at 4 °C. The slides with cultures and
brain sections were then washed 3×10 min in the washing
solution (0.25% TritonX-100 in PBS), and secondary
antibodies (anti-rabbit-Alexa488 or anti-mouse-RRX, Jack-
son Immuno Research Lab, Newmarket, UK) were diluted
1:200 in blocking solution and incubated for 4 h at RT.
Samples were washed three times in PBS and mounted in
DTG mounting media (2.5% DABCO, 50 mM Tris–HCl
pH 8.0, 90% glycerol) with 0.375 ng/ml 4′,6-diamidino-2-

Table 1 Primary antibodies

Antibody name Full name Dilution Species Company of purchase

GFAP Glial fibrillary acidic protein 1:500 Mouse Sigma-Aldrich, Stockholm, Sweden

H3 Histone 3 1:200 Rabbit Upstate/Millipore, Stockholm, Sweden

H4(K12) Histone 4 (acetyl K12) 1:200 Rabbit Cell Signaling Technology, Boston, MA, USA

H4(K8) Histone 4 (acetyl K8) 1:200 Rabbit Cell Signaling Technology, Boston, MA, USA

NG2 Chondroitin sulfate proteoglycan 1:500 Mouse Millipore, Stockholm, Sweden

S100A10 S100 calcium binding protein A10 1:200 Chicken Abcam, Cambridge, UK
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phenylindole (DAPI), to visualize cell nuclei. Samples were
analyzed using an Olympus fluorescent microscope and the
Velocity software (Perkin Elmer, Stockholm, Sweden). The
images were processed and arranged in Adobe Photoshop
CS2.

Results

Sample preparation for intact cell MALDI-MS

A mixed culture containing astrocytes, oligodendrocytes,
and microglia was used for initial experiments to optimize
sample handling and target preparation (Electronic Supple-
mentary Material Fig. S1A). Mammalian cells are typically
cultured in serum containing growth media (e.g., fetal calf
serum) to optimize cell growth and survival. Extensive
washing steps, often using PBS, are required prior MS
analysis to avoid contamination from serum proteins.
MALDI-MS is recognized to be a robust technique that is
relatively tolerant towards salt impurities while maintaining
its sensitivity. However, initial experiments of ICMS after
PBS washing demonstrated that PBS impaired protein
analysis (Fig. 1A). For this reason, PBS was replaced by
150 mM ammonium acetate (AmAc) as the washing agent.
AmAc allows removal of media contamination while
maintaining the cellular integrity similarly to PBS. When
substituting the washing solution to AmAc, a dramatic
improvement in spectra quality was observed (Fig. 1B). An
optimal target preparation protocol was determined by
comparing several commonly used techniques for sample
and matrix application including thin layer preparation,
dried droplet, and co-crystallization approaches. The best
results were obtained for using the sandwich method, which
includes initial application of matrix solved solely in highly
volatile organic modifier such as acetone or methanol. This
results in formation of a very thin and homogeneous matrix

layer that is referred to as thin layer or seed layer. Prior to
the application of analyte to the target, the sample is mixed
with matrix solution, and 1 μL of the sample/matrix
solution is spotted onto the seed layer for homogeneous
co-crystallization. For determination of the optimal matrix/
sample concentration ratio, a volume of 1 μL cell
suspension (25,000 cells/μL) was mixed with different
amounts of SA matrix solution prior spotting onto the
MALDI target plate. The optimum peak intensity, peak
area, and signal-to-noise ratio were 1.5 μL SA solution per
1 μL cell suspension (25,000 cells), corresponding to a total
concentration ratio of 6 μg SA/10,000 cells (Fig. 1C).

Intact cell MS of neuroglia

The optimized sample preparation protocol was applied for all
three different glial cell populations. The results demonstrate
spectra that are characteristic for each cell species, as
illustrated in Fig. 2A, B. The reproducibility was evaluated
by means of peak intensity deviation analysis within each
cell population. After MS normalization, an overall 25.9%
relative standard deviation (RSD) was observed for all
repetitive measurements for each cell type. A total of 237
protein peaks that had a signal-to-noise ratio of more than
three was present in more than 10% of all spectra (a total of
60 spectra consisting of two biological repeats×10 technical
repeats×3 cell types). Most protein peaks (232/237) dis-
played differential cell type abundance profiles on a 99%
significance level (ANOVA, p<0.01). PCA revealed that the
replicates from each cell types clustered together (Fig. 2C).
The PCA data allowed identification of mass peaks that were
predominantly increased for one cell type compared to the
other two cell populations (Fig. 2C, D). The PCA loading
plot (Fig. 2D) identified 76 peaks for astrocytes, 45 for
oligodendrocytes, and 29 for microglia that were character-
istically elevated in one cell type in contrast to both of the
other two cell populations. Of these peaks, a number of 74

Fig. 1 Ammonium acetate
buffer improves MS quality.
(A) Typical protocol involving
trice washing with PBS for
maintaining cell integrity. (B)
Substitution of PBS by
150 mM ammonium acetate
results in dramatic improve-
ment of spectral quality. (C)
Optimization of matrix: analyte
display higher peak intensities
(I), signal-to-noise ratio (S/N),
and peak area (A) between 1
and 1.75 μl MALDI matrix per
microliter cell suspension
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protein peaks displayed >2-fold change relative to the other
two cell populations.

Even though a certain number of observed protein peaks
could be assigned due to their accurate mass and with
reference to previously published data (Table 2), these
findings had to be validated using more extensive protein
identification approaches. Therefore, a bottom-up proteo-
mic approach based on 1D SDS-polyacrylamide gel
electrophoresis (PAGE) and nanoLC-ESI-MS/MS was used
for analyzing proteins from a glial cell lysate (Electronic
Supplementary Material Fig. S1B). The MS/MS analysis
resulted in unambiguous identification of 132 proteins
(Electronic Supplementary Material Table S1). The LC-
MS/MS results of each excised gel fraction representing a
certain mass range were compared to the intact protein
mass values obtained by MALDI-ICMS. Here, the results
obtained by bottom-up proteomic analysis confirmed the
presence of protein identities that were preliminary
assigned due to their accurate intact masses (Table 2).

Interestingly, MALDI-MS profiling analysis revealed a
four- to fivefold higher peak intensity/cell for histone
protein masses, including histone H2A, H2B, H31, H33,
and H4 in oligodendrocytes compared with astrocytes and
microglia (Electronic Supplementary Material Fig. S2).
Particularly, mass peaks of 11,308 and 11,350 Da were
found to appear predominantly elevated in oligodendrocyte
spectra and are suggested to match the histone H4 (2×
methylated and singly acetylated, 11,308, H4(Ac); doubly
acetylated, 11,350, H4(2Ac); Fig. 2B, arrow; Table 2). Peak
intensities of several other proteins were increased in
astrocytes compared relative to both oligodendrocytes and
microglia (Electronic Supplementary Material Fig. S2).
These included cytochrome C oxidase (COX), cytochrome
C, ubiquitin, chaperonin 10, macrophage inhibitor factor,
acetyl co-A binding protein, thioredoxin, calmodulin, S100
alpha 10, thymosin beta-10, and ribosomal protein S28
(Table 2 and Electronic Supplementary Material Fig. S2).

Immunocytochemistry

Double immunochemistry was used to investigate if proteins
that had been assigned to certain glial species using MALDI-
MS also could be identified in the different glial cell types
(Electronic Supplementary Material Fig. S1C). The mixed
cultures used for immunocytochemistry were the same type
of cultures as the ones previously used for MALDI-MS
optimization. Since these cultures were generated from P1 rat
pups, it was assumed that a majority of the oligodendroglial
cells would be immature. For this reason, NG2, a marker for
oligodendrocyte precursors, was used to identify oligoden-
droglial cells. For astrocytes, glial fibrillary acidic protein
(GFAP) was used as cell marker. The MALDI-ICMS data
showed a fivefold higher intensity of histone H4 in

oligodendrocytes compared to astrocytes (Fig. 3A). This
was not completely in accordance with the immunocyto-
chemical results obtained from the cell cultures. Using
immunocytochemistry for acetylated histone H4, it was
found that H4(K8) as well as H4(K12) is also expressed in
approximately 10–15% of the astrocyte population (Fig. 3B,
D). Interestingly, only approximately 10% of the NG2-
positive oligodendrocytes were positive for H4(K8) or H4
(K12), but a higher degree of immunoreactivity in NG2-
positive cells indicated a higher concentration of acetylated
histone H4 (Fig. 3C, E). Here, higher levels of immunore-
activity were observed for the K12 acetylated H4. It is also
possible that the MALDI-ICMS results reflect H4 acetyla-
tions of other sites beyond lysine 8 and 12, e.g., on lysine 6,
17, and 20, or a di-methyl H4(K20). While the MALDI
results only indicate the presence of single or multiple post-
translational modifications, immunocytochemistry experi-
ments allow for distinct annotation of the respective
modified amino acid residue if there is an antibody available.
This further highlights the strength of this complementary
approach, combining ICMS and immunocytochemistry.

The ICMS data also showed a fivefold higher peak
intensity of H3 (Fig. 4A) in oligodendrocytes. Double
immunolabeling using an H3 antibody with GFAP
(Fig. 4B) and NG2 (Fig. 4C) failed to demonstrate higher
histone H3 levels in any glia cell type. However, a large
number of H3-positive cells in these cultures were neither
labeled for GFAP nor NG2. This might be a direct
consequence of the limited specificity of the H31 antibody
that has been used for these experiments, which is directed
towards multiple isoforms of H3 including H31, H33, and
H3c2. This lack in specificity leads to a drowning effect and
significant dilution of the H31 immunoreactivity. Another
possible explanation could be that these cells are most likely
stem cells and may have contributed to the increased peaks
in the ICMS data for oligodendrocytes. These cells are often
present together with the oligodendrocytes in the cultures
and may be shaken off together with the oligodendrocyte
fraction (data not shown). The here presented results on
immunohistochemical histone characterization in mixed cell
cultures demonstrate the need for appropriate antibody

Fig. 2 Intact cell mass spectrometry (ICMS) on glial cells. (A)
Characteristic fingerprint spectra for astrocytes (I), microglia (II), and
oligodendrocytes (III). (B) The insert displays the peak at 11,308 and
11,350 Da, corresponding to histone H4 and its acetylated isoform in
oligodendrocyte spectra (arrow). Intensity values on the y-axis are
represented in arbitrary units, and x-axis corresponds to mass to charge
range (m/z). (C) Principle component analysis on binned data from ten
replicate analyses of each cell type reveals characteristic clustering of
different glia cell types (scoring plot PC2/PC1). An average of about
25% CV demonstrates a high degree of precision of MALDI-ICMS and
was evaluated between technical replicates. (D) The loading plot reveals
peaks that can be used to discriminate and identify each glial cell
population. A, astrocytes; M, microglia; O, oligodendrocytes

b
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Table 2 Mass matched proteins identified by bottom-up proteomics

Name Entrya Mass [M+H]+b Modificationsc

Calculated Observed

Acyl-CoA binding protein ACBP_RAT 9,940 9,940 N-term. Ac

Calmodulin CALM_RAT 16,783 16,787 N-term. Ac, N6,N6 dimethyl Lys,

Chaperonin 10 CH10_RAT 10,812 10,811 N-term. Ac

Cytochrome C oxidase COX_RAT 9,979 9,979 N-term Ac+2 disulfide bonds

Cytochrome C oxidase 7A CX7A2_RAT 6,648 6,648 -propeptide

Cytochrome B CYTB_RAT 11,240 11,240 N-term-Ac

Cytochrome C CYTC_RAT 12,132 12,132 Heme group, 1 Ac

Cytochrome C CYTC_RAT 12,168 12,168 Heme group, 1xAc, 2xOx

FK506 binding protein 1A FK506_RAT 11,791 11,793 -N-term. Met

Histone 4 H4_RAT 11,308 11,308 2xMeth, 1xAc

Histone 4 H4_RAT 11,350 11,350 2xMeth, 2xAc

Histone H2A type 1-C H2A1C_RAT 14,016 14,014 N-term. Ac

Histone H2A type 1-C H2A1C_RAT 14,048 14,047 N-term. Ac+2Ox

Histone H2B type 1 H2B1_RAT 13,778 13,776 See reference [34]

Histone H2B type 1 H2B1_RAT 13,818 13,816 1xAc

Histone H3.1 H31_RAT 15,336 15,338 N-term. Ac, Na-adduct

Histone H3.1 H31_RAT 15,354 15,357 N-term.-Ac 1xOx

Histone H3.1 H33_RAT 15,378 15,376 N-term. Ac, 1xAc

Macrophage inhibitory factor MIF_RAT 12,347 12,347 -N-term. Met

Protein S100-A10 S10AA_RAT 10,940 10,939 -N-term. Met

Ribosomal protein S28 RS28_RAT 7,885 7,885 1xAc

Thioredoxin THIO_RAT 11,542 11,542 N-term. Ac

Thymosin beta 10 TYB10_RAT 4,936 4,936 N-term. Ac

Thymosin beta 4 TYB4_RAT 4,963 4,963 N-term. Ac

Ubiquitin UBC_RAT 8,565 8,565 –

a Database entry from the uniprot knowledgebase (www.uniprot.org)
b Observed and theoretical mass to charge values of the matched protein identities
c Known modifications of the proteins as listed in the uniprot database that were found to match the observed protein sequences. Observed masses could
be re-calculated with these modifications based on the theoretical mass. N-terminal acetylation implies always removal of N-term. methionine

Fig. 3 IHC analysis of histone H4 in mixed glia cell cultures. (A)
MALDI-MS analysis shows fivefold higher peak intensity of histone
H4 in oligodendrocytes compared to astrocytes (error bars indicate
standard deviation, n=10). (B–E) Double antigen immunocytochem-
istry for astrocytes (GFAP in red; B, D), oligodendrocytes (NG2 in
red, C, E), and histone H4 acetylation of lysine 8 (K8; B, C) and 12

(K12; D, E). About 10–20% of both oligodendrocytes and astrocytes
were positive for acetylated histone H4; however, higher immunore-
activity was detected in oligodendrocytes (arrow, C, E) compared to
H4-positive astrocytes (arrow, D). A, astrocytes; M, microglia; O,
oligodendrocytes; scale bar, 100 μm
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specificity and a multitude of functional and specific cell
markers. The data from the intact cell MALDI-MS displayed
a fivefold higher peak intensity/cell of S100-A10 protein in
astrocytes (Fig. 4D). Using an antibody for S100-A10, it was
found that this finding was in accordance with our MALDI-
MS data. Double-labeling using S100-A10 with GFAP
demonstrates that a majority of GFAP-positive astrocytes
are S100-A10-positive (Fig. 4E).

MALDI imaging mass spectrometry

Striatal sections of adult rat brain were analyzed by means of
MALDI-IMS and immunohistochemistry (IHC), respectively.
Several peaks localize to specific brain tissue regions, such as
the corpus callosum and ventricles, m/z11,308 (histone H4);
grey matter, m/z7,725 (guanine nucleotide-binding protein G
(I)/G(S)/G(O) subunit gamma-2; GNG2) [35]; or striatum,
m/z7,383 (GNG7) [36] (Fig. 5). Moreover, the distribution of
the targeted identifier masses deduced from the ICMS
experiments could be displayed. High peak intensities of
both histones H4 and H31 and their multiple-acetylated
isoforms were consistently observed in the corpus callosum
and in close proximity to lateral ventricles, as well as medial
part of caudate putamen (Fig. 6A, B). The antibodies for H4
(2× acetylated isoform, H4(2Ac)) and H3 (singly acetylated,
H31(Ac)) displayed nuclear labeling throughout adult brain
tissue, but in particular, intense immunolabeling for the two
forms of H4(2Ac) and H31(Ac) histone was found around
the ventricles, including the sub-ventricular zone and the
medial caudate putamen of adult rat brain confirming
MALDI imaging analysis (Fig. 6C, D). To further charac-
terize H4(2Ac)- and H31(Ac)-positive cells in tissue, we

used double-immunolabeling with known glial markers
(GFAP and NG2). Oligodendrocyte analysis of brain tissue
showed that most of H4(2Ac) and H31(Ac)-IR cells in the
white matter (corpus callosum) were indeed positive for NG2
in adult brain (Fig. 6E, F).

Discussion

In the present study, a MALDI-MS-based approach for fast
and robust identification of intact eukaryotic cells is
presented (Electronic Supplementary Material Fig. S1).
While MALDI-MS-based analysis of microorganisms has
been well established for bacteria strain identification,
where it is currently validated for clinical application [26],
there are few reports on direct analysis of intact mammalian
cells using MALDI-MS [29, 31]. A main obstacle has been
that cell culturing medium contains large amounts of
biological and chemical additives that interfere with MS,
in particular, proteins originating from serum may bias the
analysis. Therefore, extensive washing while maintaining
cellular integrity is necessary. Typically, PBS is used for
removing excessive medium compounds prior MALDI
analysis, since it is providing physiological pH and ionic
strength that maintains cellular integrity. However, PBS is
not optimal for MALDI-MS, due to its content of phosphate
ions and sodium chloride. Here, we demonstrate that a
significant increase in spectral quality was obtained by
replacing PBS with 150 mM ammonium acetate buffer at
physiological pH and ionic strength. The volatility of the
acetate buffer results in little or no interferences with
sample ionization efficiency compared with PBS [37].

Fig. 4 Histone H3 and S100-A10 in mixed cultures. (A) Quantifica-
tion of MALDI data shows fivefold higher peak intensity/cell of
histone H3 protein in oligodendrocytes compared to the other two glia
cell types (error bars indicate standard deviation, n=10). (B, C)
Double labeling of histone H3 (green) with either GFAP (red; B) or
NG2 (red; C) shows co-labeling for the majority of both glia types.

(D) A >10-fold higher MALDI peak intensity for S100-A10 was
detected in astrocytes compared with oligodendrocytes and microglia.
(E) Indeed, strong co-labeling for S100-A10-IR (green) and GFAP
(red) was detected in astrocytes. A, astrocytes; M, microglia; O,
oligodendrocytes; scale bar, 100 μm
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Fig. 5 MALDI imaging mass spectrometry of a rat brain section. (A)
Guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-2
(GNG2) is localized to the septum and cortical areas, whereas GNG7
is mainly distributed in the striatum (B). (C) Histone H4 distribution
pattern in brain tissue. (D) The composite distribution map demon-
strates high histone peak intensity in white matter fiber bundles and
around the lateral ventricles. (E) Average MS trace of spectra from
lateral ventricles and corpus callosum shows several peaks in close

association to the histones detected by ICMS (arrows), including
histone H4 (F; m/z11,308), H2B1 (G; m/z13,776), H2A (H; m/z
14,014), and H3.1 (I; m/z15,338). Ion distribution maps reveal close
to identical anatomical localization of the peaks corresponding to
+42 Da, suggesting 1 acetylation (J–M) and +80 Da, suggesting 1
phosphorylation (N–Q). MALDI matrix was printed at a spatial
resolution of 175 μm (scale bar=1 mm), and the maximum peak
intensity in each image was set to 100%
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The performance of the demonstrated ICMS approach is
primarily characterized by its robustness and its feasibility for
fast, sensitive, and specific cell speciation analysis. The
technique proved to be very reliable with respect to the
observed reproducibility when applying spectra TIC normal-
ization. In fact, the average TIC for ten replicates per group
did not differ significantly between astrocyte and oligoden-
drocyte cell types. No overnormalization effects could be
detected, as several of the assigned peaks were compared
before and after TIC normalization, and the fold-change
difference did not change, whereas the variability was reduced
by 25%. This approach enables characterization of cell
populations due to their exhibited mass signature spectra
using multivariate statistics (Fig. 4C). Here, the protein mass
peaks could be determined that exhibited the biggest differ-
ences in intensity and allowed the cell types to be
significantly distinguished from each other (Fig. 4D).

Among these mass peaks, several protein identities could
be initially assigned based on mass matching, using the
mass accuracy of the TOF analyzer and their theoretical
mass from database listed known sequence data, including
known protein specific post-translational modifications
(Table 2). However, protein identification is complicated
by the fact that many post-translational truncations and

modifications are not yet known, making database searches
impossible, and thus requiring de novo sequencing. Many
groups have demonstrated that true top-down proteomic
MS/MS analysis of highly abundant known peptides and
smaller proteins is possible directly off tissue [34, 38–45].
However, top-down MS/MS analysis on higher molecular
weight proteins is difficult because of the complexity of
fragmentation pattern to be interpreted. Common proteomic
strategies are typically based on enzymatic digestion and
LC-MS/MS analysis of tryptic peptides, preferably after
reduction of sample complexity by gel electrophoresis or
liquid chromatography. For verifying our mass matching
results, we performed bottom-up proteomic analysis using
PAGE for sample complexity reduction. Since most
proteins were present in all glial cell types, albeit at various
concentrations, mixed glial cell lysates were used for
protein identification. In order to cover the corresponding
mass range examined by MALDI-MS, nine consecutive
equidistant gel pieces below 20 kDa were excised,
trypsinated, and further analyzed by means of nanoLC-
ESI MS/MS (Electronic Supplementary Material Fig. S1B).
These findings included, e.g., histone proteins (H2A, H2B,
H31, H33, and H4), thymosins (beta 4 and 10), ubiquitin,
and cytochrome C, which have all been reported previously

Fig. 6 MALDI imaging mass
spectrometry and immunohisto-
chemical localization of histones
in rat brain. (A, B) MALDI
imaging revealed acetylated his-
tone H4 (H4-1Ac, m/z=11,308;
A) and H3 (H31-1Ac, m/z=
15,357; B) in the corpus cal-
losum (CC) as well as in close
proximity to lateral ventricles
and medial part of caudate
putamen (scale bar=1 mm). (C,
D) In concordance with the
MALDI-IMS results, intense
immunolabeling for both H4
and H3 was detected in the sub-
ventricular zone (SVZ) around
the lateral ventricle (scale bar=
500 μm). (E, F) NG2-
immunopositive oligodendro-
cytes (displayed in red) co-
express both H4 and H3 (green)
in the corpus callosum (scale
bar=50 μm)
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where they have been detected by MALDI-TOF-MS in rat
brain tissue (Table 2) [46]. MALDI-IMS can be used for
further verifying the protein identification with the intact
mass observed, for example, all histones reported here
displayed the same anatomical localization pattern in brain
tissue (Fig. 5).

Several of these protein peaks exhibited significantly
higher peak intensity in one specific glial cell population and
may indicate actual differences in protein abundances for the
different glial cell types (Electronic Supplementary Material
Fig. S2). Histone H4 and histone H31 were found to be
characteristically intense in ICMS spectra of oligodendrocytes
and may therefore serve as specific cell marker (Figs. 2B, 3A,
and 4A). Double immunolabeling using histone antibodies
revealed no difference in the number of labeled astrocytes
and oligodendrocytes; however, stronger histone H4 immu-
noreactivity was detected in oligodendrocytes than in
astrocytes, which is in accordance with the findings of the
ICMS experiments. However, one has to keep in mind that
MALDI-MS is not an absolute quantitative technique due to
ion-suppression effects originating from both different
concentrations and ionization preferences of the analyte
molecules depending on their chemical properties [47]. On
the upside, ICMS data can serve as an initial hint for relative
protein abundance that can be further verified using
orthogonal techniques. Despite the mentioned limitations,
MALDI-MS-based cell profiling features many advantages,
like its robustness, speed, simplicity, sensitivity, and partic-
ularly, the feasibility of detecting multiple protein species in
parallel. In contrast to the histone results S100-A10 was
found predominantly elevated in astrocyte ICMS-data, and
high immunoreactivity was observed in GFAP-positive
astrocytes. These observations support the ICMS results
and its potential for rough estimation of protein abundance in
different cell populations but also highlight the need for
orthogonal validation of MS-derived results on protein
abundance changes in biological samples. Furthermore, the
results obtained from the ICMS approach can reveal
potential identifier masses for other MS-based investigations,
such as MALDI-IMS for predicting cellular phenotypes in
situ. To test this hypothesis, we performed MALDI imaging
experiments on striatal sections of adult rat brain tissue. Mass
peaks that were assigned as histones, predominantly abundant
in the ICMS spectra of oligodendrocytes, were characteristi-
cally localized in the white matter (corpus callosum, Figs. 5
and 6A, B). Indeed, high H4 and H31 immunoreactivity was
observed for NG2 immunopositive oligodendrocytes in the
corpus callosum confirming the ICMS results (Fig. 6C–F).
This is of particular interest since it is well known that
oligodendrocytes are enriched in the corpus callosum, where
they ensheath axons in myelin to ensure fast axonal
transmission of electric signals. No distinct spatial distribu-
tion pattern was observed for S100-A10 (data not shown),

which is not surprising since astrocytes are evenly distributed
in the brain and do not exert characteristic localization
patterns except in for example brain injury.

Taken together, the improved methodology for cellular
profiling proved to be a promising approach for the discrim-
ination of different glial cell types due to their characteristic
protein mass peak fingerprint. Furthermore, distinct signature
proteins that constitute the most cell type characteristic feature,
upon which the different cell types can be distinguished, could
be identified. When performing MALDI-IMS, these signature
masses could be employed as molecular cell markers in order
to predict the respective cell types in brain tissue.

Providing the possibility for instantaneous localization and
identification of complex protein composition, the presented
MALDI-MS-based approach offers the unique possibility to
analyze intracellular processes in health and disease.

Conclusion

In conclusion, this elegant, quick, and sensitive method
proved to be a suitable approach for neural cell profile
characterization as demonstrated for neuroglia subtypes.
Moreover, observation and identification of unique pro-
teins, as well as changes in protein expression in vitro and
in situ, may make this technique attractive as a future
diagnostic tool in neuroscience research.
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