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ABSTRACT: Gangliosides are classified as acidic glycosphingolipids, containing ceramide moieties and oligosaccharide chains 
with one or multiple sialic acid residue(s). The presence of multiple sialylation sites gives rise to highly diverse isomeric 
structures with distinct biological roles. Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) 
enables the untargeted spatial analysis of gangliosides, among other biomolecules, directly from tissue sections. Integrating 
trapped ion mobility mass spectrometry (TIMS), a gas-phase separation technology, with MALDI IMS allows for the investi-
gation of isomeric lipid structures in situ. Here we demonstrate the gas-phase separation of disialoganglioside isomers GD1a 
and GD1b that differ in the position of a sialic acid residue, in a standard mixture of both isomers, a total ganglioside extract, 
and directly from thin tissue sections. The unique spatial distributions of GD1a/b (d36:1) and GD1a/b (d38:1) were deter-
mined from rat hippocampus, as well as in a spinal cord tissue section. 

    Gangliosides are acidic glycosphingolipids, highly abun-
dant in the mammalian nervous system.1,2 They are critical 
components of neuronal and glial cells, and as such, play an 
essential role in neuronal development and maturation, as 
well as cellular signalling.3,4 These molecules have been im-
plicated in brain injury5, as well as in neurological diseases 
including Guillain-Barre syndrome6,7, Alzheimer’s8,9 and 
Huntington’s10 disease, and remain an active area of interest 
for developing therapeutics.  
    Gangliosides consist of a hydrophobic ceramide lipid 
backbone and an oligosaccharide chain of varying length 
with one (mono-) or many (poly-) sialic acids residues (Fig-
ure S1).2 The major mammalian brain gangliosides share 
the same tetrasaccharide core, and have multiple sialylation 
sites, giving rise to many possible isomeric forms. For exam-
ple, GM1, GD1a, GD1b, and GT1b share the same tetrasac-
charide core (Figure S1) and make up over 80% of the en-
tire mammalian ganglioside content.11 Of the highlighted 
gangliosides, GD1a and GD1b differ in the position of a sin-
gle sialic acid, where GD1a has a sialic acid on the internal 

and terminal galactose units, and GD1b has both sialic acids 
in a chain attached to the internal galactose (Figure S2). In 
addition to the sialic acid location, the diversity in 
ceramide/oligosaccharide chain composition also contrib-
uted to the large number of ganglioside isomers. This 
greatly increases the structural complexity and presents a 
challenge for comprehensive analysis of this class of bio-
molecules.12 
    Traditionally, ganglioside distributions in murine brain 
tissues have been characterized using immunohistochemis-
try (IHC) approaches. These techniques provide carbohy-
drate epitope information, but have a risk of cross reaction 
with glycoproteins carrying similar sugar chains.13,14 A 
drawback of IHC is that it provides no information on 
ceramide backbone composition. Since the biological func-
tion of gangliosides is dictated by both the carbohydrate 
chain and the ceramide moieties, analyzing gangliosides in 
their intact form is crucial for understanding their roles in 
different physiological processes.11,14,15 Mass spectrometry 
(MS) has been a critical tool for the detection and 
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characterization of gangliosides, due to its high specificity 
and sensitivity.16 However, some MS approaches cause ex-
tensive precursor ion fragmentation in gangliosides, where 
the sialic acid links are particularly labile. Soft ionization 
techniques, including electrospray ionization (ESI) and ma-
trix-assisted laser desorption/ionization (MALDI)17,18 have 
therefore been preferred for ganglioside analysis.11,18 
MALDI imaging mass spectrometry (IMS) enables highly 
specific mass analysis while retaining analyte spatial infor-
mation.19 In a typical MALDI IMS experiment, tissues are 
thinly sectioned, mounted on a conductive glass slide, and 
coated with a UV-absorbing matrix. An individual mass 
spectrum is collected at each position (pixel), and molecular 
images are generated by plotting the ion intensity as a heat 
map across all the pixels sampled from the tissue.20 MALDI 
IMS has previously been employed to map the localization 
of gangliosides within biological tissues, including murine 
and human central nervous system tissues17,21–24 However, 
obtaining comprehensive structural information remains a 
significant challenge without the use of additional tech-
niques.22–27 
   Liquid chromatography (LC), fragmentation (MSn), and 
ion mobility separations can be integrated with MALDI IMS 
to address the structural complexity of gangliosides.28  Alt-
hough highly informative, MSn and LC techniques are often 
highly targeted and/or require lengthy acquisition times. 
Alternatively, ion mobility enables gas-phase separation of 
molecules according to their shape, size, and charge on 
timescales (µs-ms) compatible with typical MALDI IMS 
throughput. Ion mobility separation techniques, include 
drift tube ion mobility spectrometry (DTIMS)29,30, traveling 
wave ion mobility spectrometry (TWIMS)31,32, structures 
for lossless ion manipulations (SLIM)33,34, field asymmetric 
ion mobility spectrometry (FAIMS)35–37, and trapped ion 
mobility spectrometry (TIMS).38,39 Each of these technolo-
gies, with the exception of SLIM, have been coupled to 
MALDI IMS.40,41 
    Of the mentioned ion mobility approaches, TWIMS MS has 
been used for in-depth analysis of gangliosides. Clemmer 
and coworkers have used ESI TWIMS MS for comprehensive 
untargeted analysis of human brain gangliosides.42–44 In the 
context of structural characterization of ganglioside iso-
mers, Ekroos and coworkers recently demonstrated the 
separation of isomers GD1a(d36:1) and GD1b(d36:1) using 
a prototype SLIM-MS instrument.45 The isomeric gangli-
osides were resolved both in a 1:1 mixture, as well as in a 
wild-type hemi-brain mouse brain extract.45   Jackson et. al. 
have demonstrated the combination of ion mobility and 
MALDI for the analysis of GD1a and GD1b, where they show 
higher drift times for the GD1a isomer.26 Woods and 
coworkers have reported the distributions of GD1(d36:1) 
after a water loss (m/z 1817), to provide some insight into 
the possible spatial localizations of GD1b. This was possible, 
as GD1b more readily undergoes a water loss than GD1a. 46 
However, the spatial distributions of a- an b- ganglioside 
isomers have not been directly demonstrated in a MALDI 
imaging context thus far. 
    To our knowledge, the spatial distributions of 
GD1a/GD1b isomers with ceramide composition infor-
mation have not been measured directly. Here, we 

demonstrate the MALDI TIMS IMS analysis of ganglioside 
isomers GD1a and GD1b from tissue. Briefly, TIMS utilizes 
an electric field gradient (EFG) applied to an ion tunnel to 
trap and separate ions against a carrier gas. Following ion 
trapping, the EFG is gradually reduced to sequentially elute 
ions with ascending mobilities.38,47 Previous MALDI TIMS 
IMS experiments have demonstrated the utility of the plat-
form for enhanced sensitivity and specificity of lipids imag-
ing experiments, as well as the separation/localization of 
isobaric and some isomeric phospholipid species in 
situ.39,47–52  
    Here we demonstrate the use of MALDI TIMS IMS to dis-
tinguish GD1a and GD1b using a 1:1 mixture, a total gangli-
oside extract, and directly from a thin tissue section. Fur-
thermore, we mapped the unique spatial distributions of 
GD1a/b(d36:1) and GD1a/b(38:1) in both rat brain and spi-
nal cord samples at 20 µm spatial resolution.  
 
METHODS 
    Materials: 2’,5’-dihydroxyacetophenone (DHA), ammo-
nium sulfate, and anti-GD1a ganglioside antibody were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-
grade acetonitrile, methanol, ethanol, and chloroform were 
purchased from Fisher Scientific (Pittsburgh, PA, USA). Gan-
glioside extracts were purchased from Avanti Polar Lipids 
(Alabaster, AL, USA), control rat brain was purchased from 
BioIVT (Westbury, NY, USA), and control rat spinal cord was 
purchased from Pel-Freeze Biologicals (Rogers, AZ, USA). 
goat anti-mouse IgG secondary antibody conjugated to 
Alexa Fluor Plus 647 was purchased from Invitrogen (Wal-
tham, MA, USA) and DAPI fluoromount-G mounting media 
was purchased from SouthernBiotech (Birmingham, AL, 
USA) 
    Sample Preparation: Control rat brain and spinal cord 
were cryosectioned to 10 µm thickness using a CM3050 S 
cryostat (Leica Biosystems, Wetzlar, Germany) and thaw-
mounted onto conductive indium tin oxide-coated glass 
slides (Delta Technologies, Loveland, CO, USA). Matrix dep-
osition protocols were based on Woods and coworkers: 
2’,5’- DHA with 62.5µM ammonium sulfate in 60% ethanol-
water was sprayed for a final matrix density of 1.23 
µg/mm2.24 Matrix was applied using a robotic sprayer – M5 
Sprayer equipped with a sample heating tray (HTX Technol-
ogies, LLC, Chapel Hill, NC, USA). Specific spraying condi-
tions are listed in Table S1. GD1a and GD1b ganglioside ex-
tracts (powder) were dissolved in chloroform, aliquoted in 
vials, dried down with nitrogen, re-dissolved in 80% meth-
anol for a final extract concentration of 2 mg/mL. The total 
ganglioside extract had a final concentration of 10 mg/mL. 
The mixtures were spotted on indium tin oxide-coated glass 
slides and sprayed with matrix. 
    MALDI TIMS MS: All experiments were carried out on a 
prototype MALDI timsTOF Pro mass spectrometer (Bruker 
Daltonics, Bremen, Germany).50 The 1/K0 range, EFG scan 
time and rate, m/z range,  and other specific imaging param-
eters are listed in Tables S2 and S3. Standards: Data were 
acquired at 20 µm spatial resolution with ~80% laser 
power at 10 kHz, 200 shots per pixel, and ~300 pixels per 
sample. MALDI TIMS IMS specific data are listed in Tables 
S2 and S3. 
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    Histology, Microscopy & Tissue Annotation: Following 
MALDI IMS experiments, matrix was removed from samples 
and tissues were stained using a modified cresyl violet 
stain(Table S4).53 Brightfield microscopy of stained tissues 
was obtained using a Zeiss AxioScan Z1 slide scanner (Carl 
Zeiss Microscopy GmbH, Oberkochen, Germany). Annota-
tions of anatomical regions were made on histologically 
stained tissue sections with the help of  The Allen Mouse 
Brain Atlas54,55, The Rat Brain in Stereotaxic Coordinates56, 
and The Atlas of Rat Spinal Cord57. Immunofluorescence: 
Immunofluorescence was performed to verify the localiza-
tion of GD1a in rat brain and spinal cord tissue sections. Se-
rial tissue sections were fixed with 4% paraformaldehyde 
in phosphate buffered saline (PBS) for 10 minutes, followed 
by blocking in PBS containing 1% bovine serum albumin 
and 0.5% Tween 20. The sections were hybridized with 
monoclonal anti-GD1a ganglioside antibody (1:50 dilution) 
in PBS containing 1% bovine serum albumin and 0.5% 
Tween 20 for 16 hours. Antibody binding was detected us-
ing goat anti-mouse IgG secondary antibody conjugated to 
Alexa Fluor Plus 647 (1:500 dilution) for 1 hour. Tissue sec-
tions unexposed to primary antibody were used to deter-
mine the level non-specific secondary antibody binding. 
Sections were mounted with DAPI fluoromount-G mounting 
media prior to fluorescent imaging. Microscopy was col-
lected using a Zeiss AxioScan Z1, with channels: DAPI, EGFP, 
and Cy5 (Figures S3 and S4). 
   Identifications & Data Processing: Serial tissue sections 
were analyzed for further structural investigation. To elim-
inate the possibility of isobaric interference, a tissue sec-
tions was analyzed using ultrahigh-spectra resolution FT-
ICR MS (resolving power ~200 000 at m/z 1544) (Figure 
S5). MALDI TIMS MS/MS was used to show diagnostic and 
preferential a- / b-series fragments from standards (Figure 
S6), and to confirm ganglioside identification from serial 
tissue section (Figure S7). MALDI TIMS IMS data were ana-
lyzed using DataAnalysis (Bruker Daltonics) and visualized 
using SCiLS (Bruker Daltonics) and a custom in-house de-
veloped software.  

 

Figure 1. MALDI TIMS extracted ion mobilograms of deproto-
nated GD1(d36:1): GD1a- (blue) and GD1b- (red), were sepa-
rated in a 1:1 mixture of both (black) standards (A); and depro-
tonated GD1(d38:1): GD1a- (blue) and GD1b- (red), were sep-
arated in a 1:1 mixture of both (black) standards (B) 

 
 

RESULTS AND DISCUSSION 
    MALDI TIMS analysis of GD1a/GD1b isomer from ex-
tracts: Ganglioside extracts were analyzed under two dif-
ferent conditions: high TIMS resolving power (scan rate < 
0.01 V/ms, with a 1100 ms tramp time), and high throughput 
(scan rate – 0.03 V/ms, with a 550 ms tramp time) (Table S2). 
Isomeric GD1a and GD1b were first analyzed individually to 
determine their respective mobilities under MALDI TIMS 
conditions. The two major GD1 species observed in both 
GD1a and GD1b standards have ceramide backbones of 
d36:1 and d38:1. Both species were detected as [M-H]-, [M-
CO2-H]-, [M-H2O-H]-, and [M+Na-2H]- adducts (Figure S8). 
The deprotonated forms of GD1a/b(d36:1) and 
GD1a/b(d38:1), detected at m/z 1835.96 and m/z 1863.99, 
respectively, were analyzed to investigate the isomer sepa-
ration. Under the high TIMS resolving power conditions, the 
individual 1/K0-values of the deprotonated species 
GD1b(d36:1) and GD1a(d36:1) were determined to be 1.18 
and 1.28, respectively (Figure 1A). From the extracted ion  
 

 
Figure 2. A cresyl violet stain of a sagittal rat brain section 
highlights features of interest in the hippocampus: Ammon’s 
hors regions – CA1, CA2, and CA3 (in red), and the dentate gy-
rus, as well as the molecular layer (mo), polymorph layer (po), 
pyramidal layer (sp), granule cell layer (sg), stratum radiatum 
(sr), stratum oriens (so), and the subiculum (sub) (A). Overlaid 
ion images of m/z 1835.96 (purple), and m/z 1863.99 (green), 
show the different distribution of GD1(d36:1), and GD1(d38:1), 
respectively, where both distributions are composite of both a- 
and b- series gangliosides (B). 
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Figure 3. Extracted ion mobilograms of m/z 1835.96 (A) and m/z 1863.99 (B) demonstrate the partial separation of GD1b- (red) 
and GD1a (d36:1) (blue) in rat hippocampus tissue section. Ion images of GD1b (red), GD1a (blue) isomers, and an overlay of both 
ions can be seen for both GD1(d36:1) (A) and GD1(d38:1) (B). 
 
mobilogram of the mixture, a partial separation of the two 
isomers was observed. Under the same TIMS conditions, the 
extracted ion mobilograms of GD1b(d38:1) and 
GD1a(d38:1) determined the individual 1/K0 values to be 
1.14 and 1.15, respectively (Figure 1B), where the two iso-
mers were partially resolved in a 1:1 mixture. Additionally, 
we analyzed a total ganglioside extract demonstrating the 
partial separation of GD1a/b for both (d36:1) and (d38:1) 
species (Figure S9). As this data were acquired with the 
goal of maximizing the TIMS resolving power, the experi-
ment was repeated to show a separation that was more 
amenable to a MALDI IMS throughput (550 ms tramp time, ~ 
600 ms/pixel) (Figure S10). Our findings indicate that 
GD1b and GD1a isomers can be partially resolved in a 1:1 
mixture, and in a total ganglioside extract, where the b-se-
ries isomers have more compact structures leading to a 
lower 1/K0 values. These findings are consistent with previ-
ous MALDI-ion mobility experiments by Jackson et. al.26, as 
well as SLIM MS experiments by Ekroos and coworkers. 45 
 
MALDI TIMS IMS separation and localization of 
GD1a/GD1b in rat brain and spinal cord tissue.  
    RAT BRAIN: GD1a and GD1b species are the most abun-
dant ganglioside species in the mammalian brain.46 Both a- 
and b-series disialogangliosides have distinct localizations 
within the brain, previously characterized using immuno-
histochemistry (IHC) approaches. MALDI TIMS IMS data 
was collected from a sagittal rat brain section (left hemi-
sphere, lateral value~ 0.8-0.9 mm), at 20 µm spatial resolu-
tion. The average mass spectrum shows that ~ m/z 1800-
1900 was dominated by the GD1(d36:1) and GD1(d38:1) 
species, detected as [M-H]-, [M-CO2-H]-, [M-H2O-H], and 
[M+Na-2H]- adducts (Figure S2).  A cresyl violet stain was 
used to highlight the regions of interest in the hippocampus 
that were analyzed by MALDI IMS (Figure 2A). Ion images 
of m/z 1835.96 (purple) and m/z 1863.99 (green) show the 
different distributions of GD1(d36:1) and GD1(d38:1), 

respectively, in the hippocampus (Figure 2B). Comparing 
the ion images with the annotated stain, we observed that 
GD1(d36:1) was more pronounced in the granular layer of 
the dentate gyrus, the pyramidal layer of the CA3 and CA2  
regions, and along the fiber tracks. GD1(d38:1), on the other 
hand, was more pronounced in the molecular layer of the 
dentate gyrus, in the midbrain, and along the edges of the 
subiculum. The overlaid ion images represent a composite 
image of a- and b-series isomers for both 36:1 and 38:1. Fur-
ther investigation using the TIMS mobility dimension rev-
eled two partially resolved peaks for m/z 1835.96, corre-
sponding to deprotonated GD1a(d36:1) and GD1b(d36:1). 
Individual standards, GD1a and GD1b, were also acquired 
using the same conditions to aid in identification (Figure 
S12). Ion images of each of the ion mobility peaks (Figure 
3A) show the unique spatial distributions of both a-(blue) 
and b-(red) series isomers.  GD1a and GD1b were expressed 
in all layers of the hippocampus but differed in their relative 
intensities in specific subregions. In the ion images we ob-
served that the a-isomer was more pronounces in the gran-
ular layer of the dentate gyrus, while the b-isomer was more 
abundant in the subiculum, as well as the midbrain, and 
thalamus, where the signal from the a-series was noticeably 
absent. Similarly, the extracted ion mobilogram of m/z 
1863.99, highlighted two partially resolved ions, corre-
sponding to a- and b-series GD1(d38:1) (Figure 3B). Alt-
hough, the two ions were not as well resolved in the gas 
phase, their localizations within the rat brain tissues were 
very different. The a-isomer was observed in the granular 
layer of the dentate gyrus and was more pronounced in the 
striatum radiata and striatum oriens of the CA3 region. 
GD1b was also more pronounced in the granular layer of the 
CA1 and CA2 regions, where GD1a was below the limit of 
detection. GD1a was, however, present in the striatum radi-
ata and the striatum oriens of CA1 and CA2. Similar to 
GD1a/b(d36:1), the most significant distinction between 
the two isomers was the detection of the a-series in the 



5 

 

 
Figure 4. Overlay ion images of a and b-series isomers for GD1(d36:1) and GD1(d38:1): GD1a(d36:1) and GD1a(d38:1) (A), 
GD1a(d36:1) and GD1b (d38:1) (B), GD1b(d36:1) and GD1a(d38:1) (C), and GD1b(d36:1) and GD1b(d38:1) (D). 

thalamus, but not the midbrain or the subiculum. These 
findings are consistent with previous IHC experiments of 
mouse and rat brains, showing GD1a and GD1b localiza-
tions14,58, and with previous IMS data, highlighting the dif-
ferences between GD1(d36:1) and of GD1(d38:1).24,25 
Woods and coworkers had previously reported mapping of 
GD1b(d36:1) by imaging the water-loss at m/z 1817.95, 
which is more preferential for the b-series gangliosides.46 
Here we highlight the subtle differences of GD1 subspecies 
that differ in both ceramide composition and sialic acid lo-
calizations. This work shows that with the combination of 
MALDI IMS and ion mobility separations the spatial distri-
butions of GD1a(d36:1), GD1b (d36:1), GD1a(d38:1), 
GD1b(d38:1) and any combination of thereof can be visual-
ized directly from thin tissue sections (Figure 4A-D). In ad-
dition to the two overlaid ion images in Figure 2, there are 
four additional ion overlay combinations possible, high-
lighted in Figure 4. As ganglioside role and function is influ-
enced by the ceramide moieties and the carbohydrate 
chains, this level of structural specificity in an imaging con-
text is important to further understand their role in biology 
and disease. 
 

SPINAL CORD: To further highlight the unique distribu-
tions of GD1a and GD1b isomers in murine nervous tissue, 
rat spinal cord tissue was analyzed. A transverse section of 
the sympathetic intermediolateral horn (roughly T6 – T11 
region) was selected, as the a- and b-series GD1 localiza-
tions have been previously highlighted in literature by 
IHC.14 A cresyl violet microscopy image was annotated to 
show the regions of interest (Figure S13). Considering the 
relatively small size of the tissue section, MALDI TIMS pa-
rameters were optimized to maximize the separations, and 
demonstrate the highest resolution separation of GD1a/b 
isomers in situ. 
    The extracted ion mobilograms of the GD1(d36:1) and 
GD1(d38:1) revealed two isomeric species (Figure 5A and 
5B, respectively). From the ion images of m/z 1835.96 (Fig-
ure 5A) we can see that the b-series was found throughout 
the gray matter with higher intensity in the rexed laminae 1 
and 2 of the dorsal horn. The a-series isomer, on the other 
hand, was only present in the rexed laminae. The ion images 
of m/z 1863.99 (Figure 5B) revealed that GD1b was de-
tected throughout the gray matter. The a-series isomer was 
more pronounced in the rexed laminae, but could also be 
detected in the gray matter, specifically around the central 
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Figure 5. Extracted ion mobilograms of m/z 1835.96 (A) and m/z 1863.99 (B) demonstrate the partial separation of GD1b- (red) 
and GD1a (d36:1) (blue) in rat spinal cord section. Ion images of GD1b (red), GD1a (blue) isomers, and an overlay of both ions can 
be seen for both GD1(d36:1) (A) and GD1(d38:1) (B). Overlay ion images of GD1a (d36:1) and (d38:1), as well as GD1b (d36:1) and 
(d38:1) are highlighted in (C) and (D), respectively. 
 
canal (Figure 5B). An overlay of GD1b(d36:1) and 
GD1b(d38:1) (Figure 5C) revealed that the signal in the 
rexed laminae was mostly due to the d36:1, where the d38:1 
was more pronounced in the gray matter. The overlay of 
GD1a(d36:1) and GD1a(d38:1) (Figure 5D) shows that 
GD1a(d36:1) was more intense in the lamiae than the d38:1, 
which was detected throughout the gray matter. 
    Our findings are consistent with previous IHC studies that 
show GD1a and GD1b, and with MALDI IMS studies that 
show the spatial distribution of  GD1(d36:1) vs GD1(d38:1) 
localization within murine spinal cord tissue.14  Neither of 
the latter two approaches can resolve the nuanced differ-
ences in ceramide composition and carbohydrate chain sim-
ultaneously. For example, the composite ion images of 
GD1a(d36:1) and GD1a(d38:1) could not be resolved with 
traditional IHC approaches. Similarly, mapping the localiza-
tions of GD1a(d36:1) and GD1b(d38:1), as well as 
GD1b(d36:1) and GD1a(d38:1), could not be achieved with 
either MALDI IMS, or IHC alone. These examples highlight 
the utility of MALDI TIMS IMS for the gas-phase separation 
of GD1a- and b-series isomers in situ.  
 
CONCLUSIONS 
This work demonstrates the capabilities of MALDI TIMS IMS 
in elucidating the spatial distribution of both GD1a/b(36:1) 
and GD1a/b(38:1) species in tissue samples which cannot 
be achieved through standard IHC experiments, nor typical 
MALDI IMS workflows. We demonstrated the unique spatial 
distribution of these gangliosides directly from rat brain 
and spinal cord tissues, using this MALDI TIMS IMS. This 
level of structural and spatial characterization directly from 
biological tissue sections may offer new insight in the roles 
gangliosides play in different physiological processes. 
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