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 In recent years, MALDI imaging MS (IMS) has become a 
common method in lipid analytics. It enables visualization 
of the differential distribution of lipids varying only in their 
acyl chain with good spatial resolution ( � 7  � m/pixel), as 
well as with high mass accuracy (<3 ppm rms) and high 
mass resolution ( R  = 100.000 at  m/z  200) ( 1 ). Although 
much work has been put into increasing the sensitivity of 
this method by the use of different matrix substances ( 2–7 ) 
or improved sample preparation ( 8–14 ) that achieves more 
homogeneous cocrystallization ( 15 ), reliability of the semi-
quantitative read out remains a matter of debate: Differ-
ences in the tissue structure ( 16 ) as well as specifi c matrix 
analyte interaction ( 17 ) are suspected to cause ion suppres-
sion followed by unreliable signal response ( 18 ). Ionization 
behaviors of specifi c molecules are hard to predict because 
they are infl uenced by a number of parameters ( 16, 19 ). 
Initially, Burnum et al. ( 2 ) picked up this issue in their work 
on spatial and temporal alterations of phospholipids during 
mouse embryo implantation. They compared the MALDI 
IMS data with LC-ESI-MS 2  data obtained in positive or nega-
tive mode after laser microdissection ( 2 ). Shortly after-
wards, Hankin and Murphy ( 20 ) demonstrated the direct 
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correlation between MALDI IMS ion intensities and the 
concentrations of phosphatidylcholines determined after 
laser microdissection and LC-ESI-MS 2  quantifi cation from 
different parts of rat brain. In this case, using dihydroxyben-
zoic acid as MALDI-matrix in positve mode, a good correla-
tion between the two methods was observed for molecules 
with high abundance in the sample.   Also, quantities of olan-
zapine, determined by LC-ESI-MS 2  out of tissue homoge-
nates, could be recovered by MALDI IMS in homogeneous 
liver tissue ( 21 ). However, it remains to be seen if this be-
havior can be transferred directly to other tissues with struc-
tural diversity, e.g., kidney, to other compounds, to the 
negative ionization mode, and to different matrices. One of 
these substances is 9-aminoacridine (9-AA), which is de-
scribed to prefer sulfated glycosphingolipids in the negative 
ionization process ( 17 ) because of its basic character ( 22 ). 

 Recently, several publications especially focused on sulfa-
tides using different imaging mass spectrometric methods 
( 5, 23–28 ). Most of these studies addressed sulfatides of the 
central and peripheral neural system that predominantly 
contain simple galactosylceramide I 3 -sulfate (SM4s). Mam-
malian kidneys are rich in sulfatides. Like human kidneys, 
mouse or rat kidneys also contain the two simple sulfatides 
SM4s and lactosylceramide II 3 -sulfate (SM3  ) (  Fig. 1  ).  How-
ever, mouse and rat additionally express more complex sul-
fatides ( 29 ). By far, the most abundant sulfatide is in mouse 
SM4s, followed by SM3 and minor amounts of gangliote-
traosylceramide II 3 -, IV 3 -bis sulfate   ( 30 ). Depending on 
their sulfated glycan moiety, sulfatides are differentially dis-
tributed in the kidney ( 31–33 ). However, the large struc-
tural diversity of mammalian renal sulfatides mainly stems 
from differences in their ceramide anchor compositions, 
which cannot be distinguished by immunohistochemistry. 
Using MALDI IMS instead, a diverse sulfatide distribution 
to the papillae, medulla, and cortex was elucidated recently, 
especially with respect to their ceramide anchor composi-
tion ( 5, 34 ). Similar observations have been obtained in the 
brain, where distinct distributions of nonhydroxylated sulfa-
tides [ceramide anchor with a nonhydroxy acyl chain and a 
sphingosine (NS)] and hydroxylated sulfatides [ceramide 
anchor with an alpha-hydroxy acyl chain and a sphingosine 
(AS)] were also observed using MALDI IMS   ( 26 ). 

 With regard to the sulfatide-preferring properties of 
9-AA, the complexity of renal sulfatide distribution, and 
the possibility of dissecting mouse kidney into the three 
different regions for classical analysis, the investigation of 
renal sulfatides with 9-AA in different parts of the kidney 
seemed to be an interesting model system for evaluating 
MALDI IMS quantitatively. 

 MATERIALS AND METHODS 

 Chemicals and reagents 
 Chemicals and solvents (acetonitrile, chloroform, methanol) 

used for lipid extraction and preparation of solutions and sam-
ples were generally obtained from Merck (Darmstadt, Germany) 
in the highest available purity. Sodium carbonate for lipid extrac-
tion was obtained from Fluka (part of Sigma-Aldrich, Taufkirchen, 

  Fig.   1.  Structural diversity of renal sulfatides. Sulfatides are com-
posed of a lipophilic ceramide anchor linked via a  � -glycosidic 
bond to a polar glycan head group, which is sulfated. The most 
prominent murine and human renal sulfatides are sulfatide SM4s 
with a monosulfated galactosyl head group and sulfatide SM3 with 
a monosulfated lactosyl moiety. In mouse kidneys, a variety of ce-
ramide anchors are found in sulfatides. In SM4s, combinations of 
the major sphingoid base C18-sphingosine (d18:1  ) with nonhy-
droxyl acyl chains (NS) and with  � -hydroxyl acyl chains (AS) are 
found. [The ceramide anchor of sphingolipids often is detailed in 
parentheses following the abbreviation for ceramide (Cer), e.g., 
Cer(d18:1;16:0) or Cer(t18:0;h16:0). In parentheses, the descrip-
tion of the sphingoid base is followed by the description of the 
N-linked acyl chain after the semicolon. The sphingoid base is 
described fi rst with a letter referring to the amount of hydroxy groups 
within the base (m, mono; d, di; t, tri; and te, tetra). Then the 
number of C-atoms follows, separated by a colon to the number of 
double bonds within the sphingoid base. After the semicolon, 
the fatty acid is described in analogy, but “h” indicates here 
the presence of one hydroxylation.] SM3 also appears with an 
NS-ceramide anchor, but, in addition, also anchors combining 
a C18-phytosphingosine (t18:0) with nonhydroxyl acyl chains (NP) 
are detected. Ceramide anchors with  � -hydroxyl acyl chains are 
not observed for SM3.   

Germany). Either deionized water [Milli-Q, Millipore (part of 
Merck)], fully desalinated water (B. Braun AG, Melsungen, 
Germany), or water with HPLC-grade (Sigma-Aldrich) was used 
throughout this study. The 9-AA used as MALDI matrix was 
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(Bruker Daltonics, Bremen, Germany), dried by vacuum desicca-
tion without prior washing steps, and used immediately or stored 
at  � 80°C. The 9-AA [20 mM in acetonitrile/water (80:20, v/v)] 
was deposited on slides using an ImagePrep matrix sprayer 
(Bruker Daltonics). Mass spectrometric measurements were per-
formed using an Autofl ex III MALDI TOF/TOF instrument 
(Bruker Daltonics) with the adjustments described in the quanti-
fi cation section of the Materials and Methods. Mass spectra were 
obtained in negative ion-refl ector mode in the  m/z  range from 
700 to 1,200 Da. Images were acquired at a spatial resolution of 
50  � m with 200 laser shots per position. Spectra were saved and 
the images constructed using fl exImaging 3.0 software (Bruker 
Daltonics). Mass fi lters were chosen with a width of 0.2 Da. In all 
analyses, blood-derived lipids were not separately taken into ac-
count. However, serum sulfatide levels are less than 0.2% of kid-
ney sulfatide levels and therefore negligible ( 36 ). 

 Evaluation of regions of interest in MALDI IMS 
 Representative regions of interest (ROIs) from each renal re-

gion, papillae, medulla, or cortex, containing 180–200 measure-
ment points, were assigned in fl exImaging 3.0 software (Bruker 
Daltonics). Average spectra of each ROI were calculated using 
ClinProTools version 3.0 (Bruker Daltonics). 

 Quantifi cation by MALDI on-target 
 The 9-AA [20 mM in methanol/water (90:10, v/v)] was pre-

pared freshly before use. Kidney lipid extracts were mixed with 
the internal standards of nonendogenous SM4s and SM3 species 
containing the ceramide anchors (d18:1;14:0), (d18:1;19:0), and 
(d18:1;27:0), dried under an air stream (37°C), and dissolved in 
methanol/water (90:10, v/v). Samples were mixed 1:1 (v/v) with 
matrix solution. Two microliters per spot were deposited on 
a steel target and dried under an air stream. All mass spectromet-
ric measurements were performed using an Autofl ex III MALDI 
TOF/TOF instrument (Bruker Daltonics) equipped with a Smart-
beam laser (200 Hz) and controlled by fl exControl 3.4 software 
(Bruker Daltonics).The extraction voltage was 19 kV, and gated 
matrix suppression (<650 Da) was applied to prevent saturation 
of the detector with matrix ions. Spectra were acquired in nega-
tive refl ector mode using delayed extraction. On one sample spot, 
20,000 laser shots were accumulated by random walk with one 
hundred shots per position. Baseline subtraction was performed, 
and peak intensities, signal-to-noise ratios, and spectral mass 
resolutions were determined with flexAnalysis 3.4 software 
(Bruker Daltonics). The mass spectrometer was calibrated inter-
nally using the theoretical masses of the nonendogenous stan-
dards SM4s(d18:1;14:0), SM4s(d18:1;19:0), SM4s(d18:1;27:0), 
SM3(d18:1;14:0), SM3(d18:1;19:0), and SM3(d18:1;27:0). These 
internal standards were also used for quantifi cation. 

 Quantifi cation by ultra-performance LC-ESI-MS 2  
 Sulfatides were analyzed on a ultra-performance (UP)LC Aquity 

I system comprising an autosampler with cooled tray (15°C) 

purchased from Merck. The semisynthetic glycosphingolip-
ids, SM4s(d18:1;14:0), SM4s(d18:1;19:0), SM4s(d18:1;27:0), 
SM3(d18:1;14:0), SM3(d18:1;19:0), and SM3(d18:1;27:0), used 
as internal standard, have been described elsewhere ( 30 ). 

 Animals 
 All animal procedures were performed in accordance with the 

guidelines for the care and use of laboratory animals and were ap-
proved by Department 35 of the Regierungspräsidium Karlsruhe. 
Female wild-type (wt) C57BL/6N mice were obtained from the 
German Cancer Research Center. Kidneys of a specifi c knockout 
of cerebroside sulfotransferase (Cst) in renal tubular epithelial 
cells [Cst f/f Pax8 Cre  ( � / � )] mice have been described before ( 34 ). 

 Preparation of lipid extracts from kidneys of wt and 
mutant mice 

 Lipids were extracted according to a previously reported pro-
cedure ( 35 ), with slight modifi cations. Briefl y, one frozen kidney 
(C57BL/6N mouse) was homogenized for 2 min on ice in 2 ml 
methanol and 300  � l water with an Ultra Turrax T25 basic (IKA 
Labortechnik, Staufen, Germany) at 24,000 rpm in a 15 ml poly-
propylene vial  . The homogenate was transferred into a glass vial 
and the polypropylene vial was rinsed two times with 500  � l meth-
anol. Afterwards, 3 ml of chloroform were given to the homoge-
nate to get a solvent mixture of chloroform/methanol/water 
(10:10:1, v/v/v). The extract was centrifuged for 10 min at 3,000 
rpm, and the supernatant was collected in a separate glass vial. 
Extraction was completed by repetition of this procedure twice, 
one time with 3 ml chloroform/methanol/water (10:10:1, v/v/v) 
and once with a 30:60:8 (v/v/v) mixture. Every extraction step 
included 2 min of sonication. The pooled extracts were dried 
under nitrogen stream (37°C). Finally, the extract was dissolved 
in 100  � l chloroform/methanol/water (10:10:1, v/v/v) per 100 mg 
kidney wet weight and stored at  � 20°C. For lipid extraction 
from separated renal regions (papillae, medulla, cortex), fresh 
kidneys (C57BL/6N) were rapidly prepared after euthanization. 
Between 7.4 mg and 18.4 mg of each region were carefully sepa-
rated under a light microscope. Lipids were extracted from the 
freeze-dried homogenate as described above. The pooled ex-
tracts were dried under nitrogen stream (37°C). Finally, the ex-
tracts were dissolved in 100  � l chloroform/methanol/water 
(10:10:1, v/v/v) per 100 mg kidney wet weight and stored at 
 � 20°C. 

 For lipid extraction of kidneys from Cst f/f Pax8 Cre  ( � / � ) mice, 
one frozen kidney was homogenized six times for 2 min on ice in 
1 ml sodium carbonate buffer (200 mM, pH 9.3) with an Ultra 
Turrax T25 basic (IKA Labortechnik) at 24,000 rpm with pauses 
of 2 min in between. The homogenate was freeze-dried overnight 
( � 49°C; 0.2 mbar) and the dry weight was determined. Glyco-
sphingolipids were extracted from the freeze-dried homogenate 
twice with 500  � l chloroform/methanol/water (10:10:1, v/v/v) 
and once with a 30:60:8 (v/v/v) mixture. The pooled extracts 
were dried with a rotary evaporator at 50°C, dried under nitro-
gen stream (37°C), and stored at  � 20°C. 

 MALDI IMS 
 Kidneys from female (C57BL/6N) and Cst f/f Pax8 Cre  ( � / � ) 

mice were frozen without prior perfusion and sliced into 10  � m 
sections using a Leica CM1510S cryostat (Leica Biosystems, Nuss-
loch, Germany) at  � 20°C. To prevent interference of embed-
ding medium (OCT; Sergipath, Richmond, IL) with mass 
spectrometric analysis, the frozen kidneys were fi xed on the car-
rier by carefully dipping only one side of the organ in the em-
bedding medium. Thereby, the side from which sections were 
obtained was free of embedding medium. Tissue sections were 
mounted onto indium tin oxide-coated conductive glass slides 

 TABLE 1. Gradient conditions for the separation of 
sulfatides on UPLC    

Time (min) Solvent A (%) Solvent B   (%)

Initial 100 0
0.1 100 0
0.2 85 15
4.0 25 75
4.5 25 75
5.0 100 0
6.5 100 0
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corrected with a factor of 1.114 prior to quantifi cation using the 
NS-sulfatide standards. 

 Statistics 
 All statistic calculations (mean, SD, unpaired Student’s  t -tests, 

one-way ANOVA post hocTukey tests, and correlation factors) 
were calculated with GraphPad Prism version 5.04 software. Iso-
tope distributions were calculated with the isotope distribution 
calculator from the webpage of Scientific Instrument Service, 
Ringoes, New Jersey  . 

 RESULTS 

 MALDI IMS of renal sulfatides, semi-quantitative 
depiction and signal validation 

 Our analysis started up with the question of normaliza-
tion. In order to analyze not only the local distribution of 
a single sulfatide, but also to compare the relative concen-
trations of related sulfatides with each other by MALDI 
IMS, we had to normalize our data. As described before, in 
heterogeneous tissue like the kidney, normalization to the 
total ion count or vector normalization may generate mis-
leading results ( 38 ). To avoid this problem, we normalized 
the color code of intensity for all sulfatide signals to the 
same absolute signal counts. To determine this maxi-
mum value for the color code of intensity, we picked the 

(Waters, Manchester, England) coupled to a Xevo TQ-S triple-
quadrupole mass spectrometer equipped with an ESI source 
(Waters). The system was controlled by MassLynxs software 
v4.1. Separation was performed on an Aquity UPLC bridged-eth-
ylene-hybrid C18 1.7  � m column (2.1 × 50 mm) at 40°C. The fl ow 
rate was set to 500  � l/min and the column was equilibrated 
with methanol:water (95:5, v/v). A sample volume of 10  � l was 
injected and eluted with a gradient between solvent A, consist-
ing of methanol:water (95:5), and solvent B, consisting of 
isopropanol:water (99:1). The chromatographic conditions were 
as described in   Table 1  .  

 Tandem MS experiments were performed with argon as 
collision gas at a fl ow rate of 0.15 ml/min. The source tempera-
ture was set to 150°C, while the desolvation temperature was 
set to 350°C. The spray was started in negative ion mode by 
applying 2.5 kV to the fi xed capillary; the cone voltage was set 
to 50 V. Deprotonated sulfatide ions were detected by single 
reaction monitoring with their transition to the negatively 
charged product ion  m/z  96.8 (HSO 4  

 �  ) using a collision energy 
of 70 eV for the collision-induced dissociation (for the single 
reaction monitoring list see supplementary Table I.). The inter-
nal NS-sulfatide standards SM4s(d18:1;14:0), SM4s(d18:1;19:0), 
SM4s(d18:1;27:0), SM3(d18:1;14:0), SM3(d18:1;19:0), and 
SM3(d18:1;27:0), added prior to measurement, were used to 
determine calibration curves for retention times of sulfatide 
subclasses (supplementary Fig. I) and for quantifi cation. As de-
scribed earlier ( 37 ), additional product ions occur in AS-sulfa-
tide (supplementary Fig. II), thereby reducing the probability 
for the transition to HSO 4  

 �   in AS- as compared with NS-sulfa-
tides  . Therefore, transitions of AS-sulfatides to HSO 4  

 �   were 

  Fig.   2.  MALDI IMS of renal sulfatides in wt (left) and sulfatide-deprived (right) mice. Kidneys were dis-
sected vertically to the longitudinal axis so that sections contained papillae, medulla, and cortex. The fi rst 
picture of each series represents light microscopy of the analyzed renal section. Areas attributed to papillae 
(P), inner medulla (IM), and outer medulla together with cortex (OM+C) are marked with dotted lines. 
Individual sulfatide species are plotted with the false color red and are sorted by head group and type of 
ceramide anchor, as well as by length of the acyl chain. MS signal intensities relate to color intensity, which 
was normalized for all sulfatides of the identical head group (either SM4s or SM3) to the same color intensity 
per absolute signal counts; see color code on the right. Likewise, the signal intensities for PI (38:4), repre-
sented with the false color green, were normalized to the same intensities in wt and mutant sections. Note 
the loss or strong reduction of signals attributed to sulfatides in mutant (right) as compared with wt 
kidney.   
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  Fig.   3.  Comparison of relative sulfatide levels obtained by MALDI IMS, MALDI on-target MS, and UPLC-
ESI-MS 2  for papillae (P), medulla (M), and cortex (C) of mouse kidneys. Relative concentrations of indi-
vidual sulfatides were normalized to the sum of all members of the corresponding sulfatide subgroup 
within papillae for NS-sulfatides, medulla for AS-sulfatides, or cortex for NP-sulfatides, which was set to 
100% (n = 3).   
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  Fig.   4.  Statistical correlation of the relative quantity of renal sulfatides (see  Fig. 3 ) in between the mass 
spectrometric methods. Correlation of MALDI IMS and UPLC-ESI-MS 2  (A), MALDI IMS and MALDI on-
target (B), and UPLC-ESI-MS 2  and MALDI on-target (C) data. A correlation of R 2  > 0.9 was considered trust-
ful. Linear regression (continuous line) and hypothetical linear regression of R 2  = 1 (dotted line) are 
indicated for each dataset. The assignment of each point is shown in detail in the supplementary section 
(supplementary Figs. V–VII, supplementary Table V) (n = 3 for each, MALDI IMS, UPLC-ESI MS 2 , and 
MALDI on-target). Note, although the low intensity values alone do not correlate between the methods 
[lower small graph in (A–C)], they support the correlation of the more abundant values [upper small graph 
in (A–C)], which results in a better R 2  value when all values are taken into account [main graph of (A–C)].   
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 To compare the relative amounts obtained by MALDI 
IMS with the absolute amounts obtained by the other two 
MS methods, data of each method were normalized to the 
sum of values obtained within the kidney region, where 
the corresponding sulfatide subclass was most abundant; 
i.e., NS-SM4 and NS-SM3 were normalized to the sum of 
their signals in the papillae, AS-SM4s to the sum of their 
signals in the medulla, and ceramide anchor with a nonhy-
droxy acyl chain and a phytosphingosine (NP)-SM3 to the 
sum of their signals in the cortex (  Fig. 3  ).  As a result, all 
three methods refl ect the abundance of very long chain 
(C40–C44) over long chain (C34–C38) sulfatides, as al-
ready suggested by the IMS pictures ( Fig. 2 ). All three 
methods mirror the accumulation of nonhydroxylated 
very long chain sulfatides (NS-SM4 and NS-SM3) in the 
papillae, while hydroxylated sulfatides, AS-SM4, are highly 
expressed in medulla and nonhydroxylated, but phyto-
sphingosine-containing sulfatides, NP-SM3s, are restricted 
to the cortical region ( Fig. 3 ). 

 The overall relative data obtained by MALDI IMS cor-
relate nicely with the corresponding UPLC-ESI-MS 2  (R 2  = 
0.93,   Fig. 4A  )  and MALDI on-target (R 2  = 0.96,  Fig. 4B ) 
data. These correlations are similar to the one obtained 
between the data sets of MALDI on-target and UPLC-ESI-MS 2  
(R 2  = 0.96,  Fig. 4C   ). In general, the less abundant com-
pounds of each group (<10%) varied more between meth-
ods than the more abundant group members (see small 
graphs for partial data sets in  Fig. 4A–C ). 

 A quantitative comparison of AS-sulfatides with NS-
sulfatides turned out to be more diffi cult, as signifi cantly 
different results were obtained between MALDI and ESI 
methods. Using NS-SM4s internal standards for quantifi -
cation, MALDI on-target MS delivered twice as high con-
centrations of AS-sulfatides as compared with analysis by 
UPLC-ESI-MS 2 , independent of the renal region investi-
gated (  Fig. 5A  ).  Likewise, MALDI IMS analysis resulted in 
twice as high a ratio of AS- over NS-sulfatide signals, when 
compared with UPLC-ESI-MS 2  data ( Fig. 5B ). 

 The total average negative ion concentration turned 
out to be highest in the medulla, followed by the papillae, 
and was the lowest in the cortical region. Hence, it may be 
assumed that quenching effects due to competition of 
compounds for charge and detection are strongest in the 
medulla and are comparatively negligible in the cortex. 
Therefore, we normalized ion intensities determined in 
the papillae and the medulla to the average intensities 
measured in the cortex for each compound class and 
method. Indeed, as compared with UPLC-ESI-MS 2 , signifi -
cantly fewer AS-sulfatide intensities were detected in the 
medulla by MALDI IMS ( Fig. 5C ). Likewise, 2- to 4-fold 
less phosphatidylinositol (PI) was measured in the papil-
lae and medulla by IMS, as compared with UPLC-ESI-MS 2  
( Fig. 5D ). As most of the ion counts were due to sulfatide 
signals, we compared these data with IMS data obtained 
from the kidneys of mice lacking sulfatides in the renal 
tubular epithelia. In line with our hypothesis, relative in-
tensities for PI increased in mutant papillae to values simi-
lar to those obtained by the ESI method for wt kidneys. In 
mutant medullas, IMS values more than doubled, but 

sulfatide with the highest signal from the average spectra 
of the three ROIs. For this compound, we identifi ed the 
individual spectra/locations with highest intensity on the 
tissue section and set its value as maximum color code in-
tensity for all sulfatides. With these settings, the resulting 
pictures suggested a prominent expression of sulfatides 
with C22- and C24-acyl chains  3   (sulfatides with 42 and 44 
C-atoms in their ceramide moiety), especially as compared 
with those with a C18-acyl chain (sulfatides with 36 C-at-
oms in their ceramide moiety). Furthermore, the pictures 
imply a similar high sulfatide concentration in the papillae 
and medulla, although the ceramide anchors contain a 
different type of acyl chain in these two regions (  Fig. 2  , 
wt).  Finally, these pictures refl ect the relative low abun-
dance of SM3 over SM4 sulfatides in agreement with the 
literature ( 30, 39 ). 

 To validate the specifi city of these MS 1    MALDI IMS sig-
nals, we used mice lacking cell-specifi c cerebroside sulfo-
transferase (Cst) in the renal epithelium ( 34 ), an enzyme 
required for sulfatide formation ( Fig. 2 , right) ( 29 ). In these 
mice, most of the signals were gone, verifying their sulfatide 
origin. Only residual signals implying AS-SM4s with hydrox-
ylated arachidic acid, behenic acid, or lignoceric acid re-
mained in the inner medulla. Hence, these signals either 
corresponded to other compounds with the same nominal 
mass ( m/z  value) or were due to residual renal sulfatides in 
the cell not targeted by the corresponding cell-specifi c 
mouse model. To differentiate, corresponding renal lipid 
extracts were analyzed by UPLC-MS 2 . This method is more 
specifi c, as in addition to the  m/z  of the molecular ions, 
chromatographic retention times and the  m/z  of the specifi c 
fragment ions of sulfatides at the defi ned collision energy 
are also taken into account. Indeed, LC-MS 2  analysis con-
fi rmed the presence of residual sulfatide amounts (roughly 
10%) of exactly these three sulfatide species in the mutant 
kidneys (supplementary Fig. III), and by that verifi ed the 
sulfatide specifi city of the residual MALDI IMS signals. In 
addition, we were able to image a kidney from a mouse with 
systemic Cst defi ciency. In this case, all sulfatide-related sig-
nals were absent (supplementary Fig. IV). 

 Correlation of relative amounts of individual sulfatides as 
determined by tissue MALDI IMS and MALDI on-target 
or LC-MS 2  from extracts 

 To obtain relative concentrations of sulfatides to each 
other by tissue MALDI IMS, the overall spectra from the 
MALDI IMS dataset were grouped into three ROIs, i.e., 
cortex, medulla, and papillae, and the average intensity 
per area for each compound and region was determined. 
To compare these results with the other two MS methods, 
MALDI on-target MS and UPLC-ESI-MS 2 , renal cortex, 
medulla, and papillae were dissected carefully with a scal-
pel followed by lipid extraction and quantifi cation of the 
sulfatide compositions using internal sulfatide standards. 

 3  These acyl chain lengths are derived from the molecular ion weight 
when assuming the most prominent sphingoid base, C18-sphingosine, 
as part of the structure. Our recent ESI-MS 2  data of the precursors ce-
ramide and galactosylceramide   support the abundant presence of C18-
sphingosine in total renal extracts ( 43 ).
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reached only about two-thirds of the level determined by 
the ESI method for wt kidneys. However, it may be noted 
that mutant kidneys still contained residual AS-sulfatide 
levels in the medulla ( Fig. 2 , supplementary Fig. III). In 
order to exclude an infl uence of different osmolarities 
and ion compositions between renal regions and between 
wt and mutant mice, we repeated the IMS measurement 
with and without a washing procedure ( 40 ) prior to matrix 
deposition. However, the decreased PI signals in the me-
dulla and papillae of wt as compared with mutant kidneys, 
remained after washing the sections with aqueous solu-
tions, suggesting that ion suppression depended on sulfa-
tides (supplementary Fig. VIII). 

 DISCUSSION 

 As described previously, negative ion mode analysis of 
mouse kidneys by MALDI IMS using 9-AA as matrix re-
fl ected, predominantly, signals of sulfated lipids. Besides 
these compounds, only a few signals corresponding to PI 
were observed. When recording IMS spectra in MS 1  mode 
three questions came up:  1 ) Are the recorded signals spe-
cifi c for the compound attributed to them?  2 ) Does the ra-
tio of signal intensities for two similar compounds refl ect 
their ratio of concentrations within the same tissue spot? 
 3 ) Do signal intensities obtained at different locations 
directly refl ect local relative compound concentrations? 

 The problem of signal specifi city may be addressed in 
three ways:  1 ) use of a mass spectrometer with high accu-
rate mass and high mass resolution, unless stereoisomers 
have to be differentiated;  2 ) use of tandem (or even MS 3 ) 
MS screening for compound-specifi c fragments (here, 
drawbacks are strongly reduced sensitivity and eventually 
loss of information for other compounds); and  3 ) parallel 
analysis of a negative control. Because the mass resolution 
of the instrument used here was not suffi cient for com-
pound identifi cation and because the MS 2  mode was lim-
ited by a large precursor ion selector window and did not 
allow simultaneous screening of more than one com-
pound by IMS, we decided to prove signal specifi city with 
a negative control. For this, we took kidneys of mutant 
mice defi cient in renal tubular epithelium sulfatides and 
compared them with wt sections on a single indium tin 
oxide-coated glass slide within one run  . When such tissue 

  Fig.   5.  Variances in detection sensitivity arise from structural dif-
ferences and regional total ion intensities. A, B: Structural differ-
ences infl uence detection sensitivity. A: Absolute quantities of 
NS- and AS-SM4s sulfatides determined in the different renal loca-
tions by MALDI on-target and UPLC-ESI-MS 2  with the help of an 
internal NS-sulfatide standard. AS-SM4s values obtained with 
MALDI on-target are signifi cantly higher than those determined 
with the UPLC-ESI-MS 2  method. B: Relative ratio of AS- over NS-
sulfatides as determined for all three methods. Intensities obtained 
for AS-sulfatides in each region were divided by those obtained for 
NS-sulfatides within the papillae. Then all AS/NS ratios were nor-
malized to those obtained by UPLC-ESI-MS 2  for each region, re-
spectively. Note, both MALDI methods result in AS/NS levels that 

are twice as high as the ESI method. C, D: Regional differences in 
sensitivity. Values obtained for AS-sulfatides or for PI(38:4) in pa-
pillae (P) and medulla (M) were normalized to corresponding val-
ues obtained in the cortical (C) region, which contained the lowest 
total ion concentrations due to low sulfatide levels. The graphs re-
fl ect the relative regional intensities of AS-sulfatides (C) and PI, 
PI(38:4) (D), as obtained by the different MS techniques. With 
MALDI IMS, signifi cantly lower values for PI were obtained in the 
sulfatide rich papillae and medulla as well as signifi cant lower val-
ues for AS-sulfatides in the medulla as compared to UPLC-ESI-MS 2   . 
Note, this effect reversed when PI was analyzed in sulfatide-de-
prived kidney, having only residual AS-sulfatides in the medulla. 
(MALDI IMS Cst f/f Pax8Cre , n = 3; MALDI IMS, n = 3; UPLC-ESI MS 2 , 
n = 3; MALDI on-target, n = 3; * P  < 0.05; ** P  < 0.01; *** P  < 0.001).   
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quenching effects for AS-sulfatides within the medulla and 
for the most prominent PI, PI(38:4), within the medulla 
and papillae. Compared with sulfatides (pKa sulfatide   ≈  
 � 1.8), PIs (pKa PI  = 2.5) are less acidic and, therefore, are 
more prone to quenching effects when competing for de-
protonation  . This may explain the stronger reduction of 
PI signals (26 and 47% of the UPLC-ESI-MS 2  signal in the 
medulla and papillae, respectively) in regions of high total 
ion current as compared with AS-sulfatide signals (57% or 
no difference to the UPLC-ESI-MS 2  signals in the medulla 
and papillae, respectively). The fact that PI signals almost 
reached the expected values in the papillae and medulla, 
when the kidneys strongly deprived of sulfatides were ana-
lyzed, proved sulfatides to quench the IMS signals for PI 
strongly in these regions. These quenching effects were 
not observed in MALDI on-target analysis, which may be 
due to the enrichment of lipids and the dilution of these 
compounds by on-target spotting. Even more importantly, 
the ratio of matrix to analyte drops from on-target to IMS 
analysis, and preferred matrix analyte interactions may 
lead to preferential cocrystalization of analytes (here 
AS-sulfatides), by that suppressing intensities of other 
compounds (here PI). These effects complicate the inter-
pretation of IMS data: a direct conversion of signal intensi-
ties into regionally different concentrations may lead to 
severe misinterpretation  . Differing with up to a factor of 4 
for PI in the medulla from the expectations of the stan-
dard method (LC-ESI-MS), our data are in contrast to 
publications reporting variations of less than 30% from 
the expected values. For example, Takai et al. ( 41 ) had a 
recovery rate of 76–127% for a therapeutic peptide in liver 
and kidney. Furthermore, they published a signifi cant cor-
relation coeffi cient of  R  = 0.94 for IMS-based signal inten-
sity of raclopride in whole-body sections compared with 
the concentration of the drug in the tissue samples of six 
different organs measured by LC-MS 2  ( 42 ). 

 In summary, IMS is an invaluable tool to analyze the 
lipid distribution within tissue sections, primarily because 
no other tools are able to differentiate the lipid anchor 
moieties while addressing location. Our data demonstrate 
that the technique allows comparison of chemically similar 
compounds within defi ned regions. However, our results 
also point out that signal intensities may not directly cor-
relate with analyte concentrations from region to region, 
especially when strong differences in total ion current occur. 
Therefore, we think it is still mandatory to confi rm IMS 
results subsequently by other techniques, if possible.  
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Rothermel, German Cancer Research Center (DKFZ) Heidelberg, 
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University of Applied Sciences Mannheim, for critical comments  . 
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