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Lipid mapping of colonic mucosa by cluster TOF-SIMS
imaging and multivariate analysis in cftr knockout mice®
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Abstract The ¢ftr knockout mouse model of cystic fibrosis
(CF) shows intestinal obstruction; malabsorption and in-
flammation; and a fatty acid imbalance in intestinal mucosa.
We performed a lipid mapping of colon sections from CF
and control (WT) mice by cluster time of flight secondary-
ion mass spectrometry (TOF-SIMS) imaging to localize lipid
alterations. Data were processed either manually or by mul-
tivariate statistical methods. TOF-SIMS analysis showed a
particular localization for cholesteryl sulfate at the epithe-
lial border, C16:1 fatty acid in Lieberkiihn glands, and C18:0
fatty acid in lamina propria and submucosa. Significant in-
creases in vitamin E (VE) and C16:0 fatty acid in the epithe-
lial border of CF colon were detected. Principal component
analysis (PCA) and partitioning clustering allowed us to
characterize different structural regions of colonic mucosa
according to variations in C14:0, C16:0, C16:1, C18:0, C18:1,
C18:2, C20:3, C20:4, and C22:6 fatty acids; phosphatidyl-
ethanolamine, phosphatidylcholine, and phosphatidylino-
sitol glycerolipids; cholesterol; vitamin E; and cholesteryl
sulfate. PCA on spectra from Lieberkiihn glands led to sep-
aration of CF and WT individuals.Hf This study shows for
the first time the spatial distribution of lipids in colonic mu-
cosa and suggests TOF-SIMS plus multivariate analyses as a
powerful tool to investigate disease-related tissue spatial
lipid signatures.—DBrulet, M., A. Seyer, A. Edelman, A.
Brunelle, J. Fritsch, M. Ollero, and O. Laprévote. Lipid map-
ping of colonic mucosa by cluster TOF-SIMS imaging and
multivariate analysis in cftr knockout mice. J. Lipid Res. 2010.
51: 3034-3045.
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The morphology of colonic mucosa can be a crucial pa-
rameter in the characterization of diverse diseases, from
cancer, to Crohns disease, to inflammatory bowel disease,
to diverticular disease, to microscopic colitis, to cystic fi-
brosis, and a checkpoint in the evaluation of potential
therapies. Cystic fibrosis (CF), an autosomal recessive in-
herited disorder caused by mutations in the cystic fibrosis
transmembrane regulator (CFIR) gene. Among other
symptoms, it is characterized by meconium ileus, one of
the earliest manifestations, and in adults, distal intestinal
obstruction (1), abnormal absorption and assimilation of
nutrients (2), and chronic intestinal inflammation (3, 4).
CFTR is mainly expressed in colonic crypts and largely
contributes to C1™ and fluid secretion in this section of the
intestine (5). Among the different CF animal models de-
veloped, the exon 10-knockout represents a particularly
useful model to address the gastrointestinal aspects of the
disease. CF mice show mucus accumulation in intestinal
crypts and subsequent lethal obstruction (6), as well as in-
creased inflammation markers (7). Yet the pathogenesis
of these conditions is not clear. The functions of CFTR, a
chloride channel, in the intestine include fluid secretion
and pH regulation by modulation of Cl Na', and bicar-
bonate transport through the epithelium (8). However,
these two functions are not sufficient to explain all the
pathologic manifestations associated with CF.

Abbreviations:  CF, cystic fibrosis; CFTR, cystic fibrosis transmem-
brane regulator; CS, cholesteryl sulfate; GA, genetic algorithm; KO,
knockout; LG, Lieberkithn glands; MSI, mass spectrometry imaging;
PC, phosphatidylcholine; PC1-4, principal component 1-4; PCA, prin-
cipal component analysis; PE, phosphatidylethanolamine; PI, phos-
phatidylinositol; ROI, region of interest; ST, sulfatide; TOF-SIMS, time
of flight secondary-ion mass spectrometry; vE, vitamin E; WT, wild-
type.
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Another aspect that is hardly explained as a conse-
quence of CFTR dysfunction is the presence of alterations
in the metabolism and in the blood and tissue content of
certain lipids (9) (polyunsaturated fatty acids (10, 11),
phospholipids (12, 13), sphingolipids (14, 15), and cho-
lesterol (16)). Nevertheless, these findings have been
addressed by biochemical methods on total tissue homo-
genates or by chemical imaging of lipid analogs in cell
models. As a consequence, little is known about the local
distribution in tissue of lipid alterations in CF.

The advent of mass spectrometry-based imaging tech-
niques, namely, MALDI and TOF-SIMS, has opened new
perspectives in the combination of morphological analysis
and molecule localization. Their particular suitability for
the analysis of small molecules opens up the possibility of
targeting lipids in the search for mechanistic insights lead-
ing to the discovery of therapeutic approaches or biomark-
ers by these techniques. TOF-SIMS was first developed in
the 1960s for surface analysis (17, 18). This technology
consists of the bombardment of the sample by a beam
of mono- or polyatomic ions, which induces desorption/
ionization of secondary ions from the sample surface. Poly-
atomic ion beams have been used successfully in the
analysis of organic surfaces with a resolution of some hun-
dreds of nanometers (19-24), which makes the technol-
ogy particularly fit for the analysis of tissue sections (19,
22, 25-32). Conversely, MALDI uses a matrix to allow soft
desorption/ionization of intact compounds upon laser
absorption; it is also adapted to imaging analysis but at a
spatial resolution limited to ~50 pm with the current state-
of-the-art.

The approach of mass spectrometry imaging (MSI) is
usually based on univariate analysis of ion images. This
represents a limitation in global studies where there are
no particular targeted molecules. Multivariate approaches,
like principal component analysis (PCA), allow distin-
guishing spatial structures and establishing correlations
between tissue molecules (33-35). In this study, we per-
formed a thorough analysis of mouse colonic mucosa by
TOF-SIMS imaging in tissue samples from CF and wild-
type (WT) mice, and we processed the data by PCA and
other multivariate approaches. We established the spatial
distribution and the covariation of lipids of interest in the
tissue. We also evaluated potential differences in lipid con-
tent and distribution, which can be attributed to the pres-
ence or absence of functional CFTR, between both groups
of animals. The results obtained represent the first lipid
mapping of colon mucosa, as well as the first lipid imaging
study in the context of CF, and establish a starting point
for future analyses on those pathologies that target colon.

MATERIALS AND METHODS

Biological material and sample processing

Wild-type (WT) and Cftr-exon 10-knockout (CF) C57BL/6]
mice were obtained from the Centre de Distribution, de Typage
et d’Archivage Animal (Orléans, France). After weaning, mice
were fed a standard laboratory diet and water. Experiments were

performed on 8-12-week-old mice in conformity with the Public
Health Service (PHS) Policy on Humane Care and Use of Labo-
ratory Animals and in accordance with Necker Faculty of Medi-
cine Animal Care and Use Committee (Paris Descartes University).
Animals were sacrificed by cervical dislocation. Colon was har-
vested, washed in phosphate buffer saline, and snap-frozen in
liquid nitrogen. Serial transversal sections (10 pm thick) were cut
at —20°C with a CM3050-S cryostat (Leica Microsystems, Nan-
terre, France) and immediately deposited on 2 in diameter pol-
ished silicon wafers (ACM, Villiers-Saint-Frédéric, France) for
TOF-SIMS experiments. Samples were dried under vacuum at a
pressure of a few hectopascals for 10 min before analysis. Optical
images were recorded with an Olympus BX51 microscope (Run-
gis, France) equipped with 1.25x to 50x lenses and a Color View
I camera, monitored by Cell® software (Soft Imaging System,
Miinster, Germany). Adjacent tissue sections were stained by
hematoxilin-eosin and used as morphology controls. A total of 13
sections of mouse colon were used for the different analyses, 6
corresponding to three WT mice and 7 to three CF mice.

TOF-SIMS imaging

A standard commercial TOF-SIMS IV (ION-TOF, Munster,
Germany) reflectron-type TOF mass spectrometer was used for
MSI experiments. The primary ion source was a bismuth liquid
metal ion gun. Bis cluster ions were selected. The ion column
focusing mode ensured both a 1-2 pm beam focus and short
pulse duration of less than 1 ns. Such short pulses are a prerequi-
site for high-mass resolution, accurate mass measurements, and
structure assignments. Because of the very low initial kinetic en-
ergy distribution of the secondary ions, the relationship between
the time-of-flight and the square root of the mass-to-charge ratio
(m/z) of secondary ions is always linear over the whole mass
range. The mass calibration was always internal; signals used for
initial calibration were those of G, CH , C, , and CoH for the
negative ion mode. Signals of fatty acid carboxylate ions and
deprotonated vitamin E were used for the calibration refine-
ment. Structure attributions or assignments of ion peaks were
made according to the instrument resolution (M/AM = 104, full-
width half-maximum [FWHM] at m/z 500), accuracy, and the va-
lence rule. Moreover, mass spectra of reference compounds were
recorded and compared with spectra recorded in situ to confirm
the assignments. Finally, the biological relevance of the attribu-
tion was also taken into account, and many mass assignments
were also confirmed or at least reinforced with the help of the
literature (20-22, 31, 32, 36-39).

Images were recorded with a field of view of 500 x 500 me and
256 x 256 pixels, giving a pixel size of 2 x 2 pm2. A color scale bar
indicates the amplitude and ion counts of each ion image. The
data acquisition and processing software was IonSpec and IonIm-
age (ION-TOF).

Negative ion mode images were successively recorded for each
selected area. All the images were recorded with a primary ion
fluence (also called primary ion dose density) of 2 x 10"
ions-cm %, an ion rate higher than in our usual imaging experi-
ments but still below the so-called static-SIMS limit, which en-
sured little sample damage and the maximum of intact secondary
ion emission (40). A low-energy electron flood gun was activated
to neutralize the surface during the analysis (41).

Multivariate analysis

The classical approach in mass spectrometry-based imaging
consists of univariate analyses. This approach presents its limita-
tions in studies where there is not an a priori molecular target or
in the absence of a known disease marker. The alternative strat-
egy is the use of multivariate analyses, where the effects of more
than one statistical variable on the parameter of interest are
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analyzed simultaneously. Our study was based on two main multi-
variate techniques: PCA and partitioning clustering.

PCA explores the links between variables and similarities
between individuals. It is defined as an orthogonal linear trans-
formation of data to a new coordinate system. The new axes are
defined by the eigenvectors of the variance-covariance matrix.
Each axis is associated with a linear form that explains the vari-
ability of the new axis and a variable that contains coordinates
corresponding to the projections of individuals on the axis called
‘principal component’. PCA is a powerful technique used to re-
duce the dimensions of large sets of data. In the present study,
the main source of variability within an image is due to chemical
compositions of the different parts of the tissue, while between
images it corresponds to the WT or CF mouse genotype.

Clustering analyses assign each individual to a subclass (clus-
ter), such that all individuals in a subclass present a degree of
similarity. These are unsupervised learning processes based on
the calculation of inertia between individuals of the dataset. Iner-
tia is a generalized measure of the variance in the system. The
total inertia is equal to the sum of the intraclass inertia and inter-
class inertia. Intraclass inertia is the amount of inertia of the sepa-
rate clusters, and interclass inertia is the amount of inertia
between clusters. The latter can be seen as a measure of the dif-
ference between classes. Therefore, the goal of clustering is to
maximize interclass inertia to obtain the most distinct classes pos-
sible. The two types of clustering used in this study are partition-
ing clustering, to regroup pixels in clusters defining biochemical
zones, and hierarchical clustering, to classify mice by their spec-
tral similarities.

In addition, we used genetic algorithms, which can serve as an
early step in data analysis. This is a supervised learning method
that selects a small number of highly predictive variables; in our
study, to discriminate WT and CF mice.

Multivariate analyses were carried out on TOF-SIMS-MSI data
using Solo+MIA, the standalone versions of PLS_Toolbox and
MIA_Toolbox (www.eigenvector.com, Eigenvector Research,
Wenatchee, WA) for Matlab (MathWorks, Natick, MA).

Two kinds of datasets were analyzed: the first one correspond-
ing to TOF-SIMS images to characterize different structural re-
gions, and the second one corresponding to concatenated areas
of TOF-SIMS spectra to differentiate CF and WT individuals.
Both datasets needed a different preprocessing step.

TOF-SIMS image datasets came from colon sections of CF
mice. Data acquisition was performed using the Ionlmage soft-
ware to generate images from peaks of interest. Import of images
to Solo+MIA software was made in binary format. Regions of in-
terest (ROI) were defined manually with the lasso tool. The areas
corresponding to the lumen of colon were excluded (56,546 out
of 65,536 pixels were included in the example shown in Figs. 2-5,
which represents about 86.3% of total area). The preprocessing
step consisted of centering, scaling, and normalizing using the
Euclidian distance. This last step allowed, in this case, a better
discrimination of the distinctive histochemical features. A total of
15 variables in the m/z range 100-900 were selected for PCA and
partitioning clustering (Table 1; supplementary Fig. I). They
were chosen according to ions of interest cited in the literature
(10, 12, 13) and because they possessed a distinct spatial distribu-
tion and a reasonable intensity.

The TOF-SIMS-spectra dataset came from 13 colon sections of
three WT and three CF mice. Data acquisition for each ROI spec-
tra was performed using the IonSpec software (supplementary
Fig. I). All 13 ROI spectra were generated according to the distri-
bution of the m/z253.24 ion (carboxylate ion of palmitoleic acid
C16:1n-7), which delineates the glands of Lieberkithn (Fig. 1).
All spectra were further normalized according to the number of
pixels of each ROI spectra. Areas were computed for 12 ions of
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interest, corresponding to the same as in the image dataset (Ta-
ble 1), excluding carboxylate ions C14:0 (m/z227.22), C20:3 (m/z
305.26), and C22:6 (m/z 327.15). The dataset was centered and
rescaled prior to PCA.

Principal component analysis

PCA was applied to TOF-SIMS image datasets from colon sections
after preprocessing. Score plots show the values for each pixel on
the associated principal component axis. The false color scale indi-
cates the level of contribution of each pixel to the axis. Pixels that
correspond to the same histochemical structure (i.e., pixels showing
similar mass spectra) are expected to have a similar contribution to
different principal components, and they appear with the same
color. Loading plots show the positive and negative correlations of
each original variable with the respective principal component. In
the end, it is the coevolution of the original variables that explains
the discrimination of pixels on the principal component.

PCA was also applied to TOF-SIMS spectra datasets after pre-
processing. Biplots synthesize the information by superimposing
the samples (i.e., the spectra) and the original variables (i.e., the
selected ion peaks) on a common space. Here we used the PC1-
PC2 factorial plane (Figs. 6 and 7A). This graph allows visualizing
the affinities between the different spectra (representing each
individual mouse) and explaining the correlation between the
original variables and the principal component.

Partitioning clustering

Partitioning clustering, which was performed by the K-means
algorithm on the TOF-SIMS image dataset after preprocessing,
assigns each point to the nearest cluster represented by its
barycenter. The K-means algorithm requires as input the deter-
mination of a number of wished “k” clusters. The algorithm clas-
sifies each pixel into one of these “k” clusters either by minimizing
the sum of distances from their respective centers or by maximiz-
ing interclass distance, which ultimately leads to the most distinct
clusters possible.

Hierarchical clustering

After preprocessing, the TOF-SIMS spectra dataset was subjected
to hierarchical clustering analysis using the Euclidean metric as the
distance metric and Ward’s criterion as the agglomerative criterion.
In hierarchical clustering, a hierarchy of clusters is represented by a
structure (dendrogram) that resembles the shape of a tree. The
trunk of the tree corresponds to the cluster regrouping the totality
of individuals (i.e., mice) and the leaves to the unique individuals.
This graph (Fig. 7B) enables visualizing the similarity between
two individuals and/or clusters as a function of the number of
branches separating them from a common junction. By cutting off
the dendrogram at a specific level, the dataset can be characterized
by the corresponding number of classes.

Genetic algorithm analysis

Genetic algorithm (GA) analysis is a supervised learning
method that allows the selection of a small number of highly pre-
dictive variables among an initial list of variables. In the present
study, the initial list of variables was chosen according to known
m/z values of ions and fragments. GA analysis was performed on
TOF-SIMS spectra of ROI corresponding to Lieberkiithn glands.
Spectra preprocessing is detailed above. From the different ran-
dom combinations of variables tested by the algorithm, the one
that provided the best discrimination between the two classes of
mice was chosen. The selected ions were reexamined and vali-
dated according to their intensity and spatial distribution charac-
teristics. The final list of ions (Table 2) was subsequently subjected
to PCA and hierarchical clustering analysis.
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TABLE 1. Selected ions for the principal component analysis on TOF-SIMS/MSI data

Ion Species Lipid Family Localization

m/z
140.03 [C,H,NO,P] PE LG, border
168.07 [CHNOP] SM, PC Lamina propria, submucosa
227.22 C14:0" FA >
253.24 Cl16:1 FA LG
255.25 C16:0 FA Mucosa
259.07 [phosphoinositol] ~ or ST fragment ST, PI Mucosa
279.25 C18:2 FA Border
281.27 C18:1 FA Border, LG
283.28 C18:0 FA Lamina propria, submucosa, border
303.26 C20:4" FA Border, submucosa
305.26 C20:3" FA LG
327.15 C22:6 FA Homogeneous distribution
385.39 [Cholesterol-H] ST LG, border
429.4 [Vitamin E-H] vE Border
465.35 [cholesteryl sulfate-H] ST Border

LG, Lieberkithn glands; MSI, mass spectrometry imaging; PC, phosphatidylcholine; PE, phosphatidylethanol-
amine; PI, phosphatidylinositol; TOF-SIMS, time of flight secondary-ion mass spectrometry; SM, sphingomyelin;

ST, sulfatide; vE, vitamin E.

“Ion species excluded from the PCA on TOF-SIMS spectra data analysis.

RESULTS

Lipid mapping of mouse colon by univariate analysis
Colon sections from three WT and three CF mice were
analyzed by TOF-SIMS in the negative ion mode. Fig. 1
shows images corresponding to the spatial localization of
fatty acid carboxylate ions C16:1 (m/z 253.20, Fig. 1A, I),
C18:0 (m/2283.27, Fig. 1C, K), and C18:2 (m/z279.24, Fig.
1B, ]), vitamin E (VE, m/z 429.37, Fig. 1D, L), cholesteryl
sulfate (CS, m/z465.32, Fig. 1E, M), and the sulfatide and/
or phosphoinositol fragment (m/z259.05, Fig. 1F, N) from
WT and CF mice (supplementary Fig. II). Note that the
detected fatty acid carboxylate ions correspond to both
free fatty acids and acyl fragments from more complex
molecules. Some ion signatures are characteristic of the
lamina propria and submucosa (C18:0) of Lieberkiihn
glands (LG) (C16:0) and the epithelial border (CS, C18:2).
This distribution in three regions is illustrated by the
merged three-color image (Fig. 1H, P). The distribution
of ions corresponding to cholesterol (not shown) and vE
is mostly uniform. Arachidonic acid (AA, C20:4, m/z
303.26) was localized to submucosa, lamina propria, and
border, while its fatty acid precursor (C20:3, m/z 305.26)
was mainly present in LG in both WT and CF sections
(supplementary Figs. III, IV, V). Although some minor dif-
ferences in spatial localization were observed between WT
and CF colon, they were not consistently present in all in-
dividuals. In addition, no significant differences were ob-
served between total spectra from WT and CF mice.

Lipid mapping by PCA on a TOF-SIMS image

The main objective of PCA applied to mass spectrome-
try imaging data is to identify underlying structures in the
(X,Y) space by their spectral similarity, to identify correla-
tions between ions characterizing the main structures,
and ultimately, to discriminate different structural areas
biologically relevant in the tissue based on their mass
spectral fingerprint. For this study, we selected the first

four principal components. PC1 accounts for 20.90%,
while PC2, PC3, and PC4 capture 14.16, 9.89, and 7.45%,
respectively, of total inertia (which represents the relative
amount of information captured by each principal com-
ponent). Their respective spatial distributions are shown
in Fig. 2, where each panel shows both the score (left)
and loading (right) plot for each principal component.
From the score plot it can be inferred that PCI delineates
a structure consistent with the morphology and spanning
of Lieberkiihn glands (red to yellow pixels), discriminat-
ing in a general way the mucosa from the epithelial edge
(blue pixels) (Fig. 2A). Dark-blue pixels correspond to
those removed from the analysis. The loading plot indi-
cates the contribution of each ion to PC1 (Fig. 2E). In
fact, the coevolution of the increased concentration of
C14:0, C16:1, and C16:0 with respect to the decreased
concentration of CS and C18:0 is responsible for this dis-
crimination. As shown in the corresponding score plot
(Fig. 2B), PC2 delineates a structure consistent with the
apical part of Lieberkithn glands, as well as some border
elements (red to yellow), in contrast with lamina propria
and submucosa (blue). This is due to increased amounts
of phosphoethanolamine (a fragment of PE), an ion de-
tected at m/z 259 and attributed as a fragment of either PI
or a sulfated lipid (sulfatide, ST), C18:1 in combination
with decreased levels of phosphocholine (fragment of PC
and/or SM), as shown in the loading plot (Fig. 2F). PC3
is consistent with the localization of lamina propria, bor-
der, and submucosa (red-to-yellow pixels on Fig. 2C),
mainly due to increased C20:4, C18:0, phosphocholine
(fragment of PCand/or SM), vE, C18:1, C18:2, and C16:0,
and decreased ST or PI fragment, as shown by the loading
plot (Fig. 2G). PC4 is mostly localized at the epithelial
edge, the lamina propria, and submucosal structures (red-
to-yellow pixels), with a contribution of increased choles-
terol, C22:6, and phosphoethanolamine (fragment of PE)
concomitant with a decrease in CS and C18:2 (Fig.
2D, H). However, the interpretation of the score plot

Lipid imaging of cystic fibrosis mouse colon 3037
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Fig. 1. Localization of individual lipids in WT and CF mouse colonic mucosa. Images from one WT (A-H) and one CF (I-P) mouse colon
section are shown. Cluster TOF-SIMS images correspond to C16:1 ([M-H] , A and I), C18:0 ([M-H] , B and J), C18:2 ([M-H] , C and K),
vE ([M-H] , D and L), CS ([M-H] , E and M), sulfated lipid fragment and/or phosphoinositol ([M-H] ', F and N) are shown. The name
of the compound, the m/z value of the peak centroid, the maximal number of counts in a pixel (mc), and the total number of counts (tc)
are written below each image. The amplitude of the color scales correspond to the interval [0, mc]. G and O: Optical images (bar size =
200 pm). H and P: Three-color overlay for C16:1, C18:0, and CS. CF, cystic fibrosis; CS, cholesteryl sulfate; TOF-SIMS, time of flight second-

ary-ion mass spectrometry; vE, vitamin E; WT, wild-type.

becomes more and more subjective for the later principal
components.

Another way of visualizing the results is to represent the
pixels in the space of scores, evaluate the differences be-
tween groups of pixels, and define specific biological struc-
tures as a function of their spectral similarity. Figure 3

3038 Journal of Lipid Research Volume 51, 2010

synthesizes the information contained in the principal
plane PC1-PC2, represented in the center, where pixels are
defined by their coordinates on the PC1 and PC2 axes. The
color scale indicates the density of pixels having similarities
in their spectra. This plane contains 35.06% of total inertia
and embodies three major regions of pixels grouped in
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TABLE 2. Ions selected by GA analysis for further PCA and
hierarchical clustering analysis

Ion Species Lipid Family
m/z

109.99 [CH;0.P] PE, PC, SM
164.92 Fragment PI
168.08 [C,H; ) NOP] PC, SM
215.92 Fragment CS, ST
220.91 Fragment PI, ST
227.22 C14:0 carboxylate FA
255.25 C16:0 carboxylate FA
429.40 [Vitamin E-H] VE
861.70 [TG52:0-H] TG

CS, cholesteryl sulfate; GA, genetic algorithm; PC, phospha-
tidylcholine; PCA, principal component analysis; PE, phosphatidyl-
ethanolamine; PI, phosphatidylinositol; SM, sphingomyelin; ST, sulfatide;
vE, vitamin E.

clusters (Areas 1, 2, and 3), mainly discriminated by PC1. As
seen in Fig. 3, the left cluster (Area 1) is constituted of pix-
els of the epithelium border region. This cluster covers
5,142 pixels, which represent approximately 9.1% of the to-
tal tissue area. The epithelium border is characterized by an
increased amount of CS, C18:0, and C18:2, and decreased
amounts of C14:0, C16:0, and C16:1 fatty acids compared
with the rest of the tissue. The right cluster (Area 2) con-
tains mainly pixels of Lieberkiihn glands. This cluster cov-
ers 12,788 pixels, which represent approximately 22.6% of
the total tissue area. LG are characterized by increased
C14:0, C16:0, and C16:1 amounts, and decreased CS and
C18:0 amounts compared with the rest of the tissue. This
nearly reverse lipid fingerprint, with respect to Area 1, is
due to the fact that the PCl1 is the main discriminating axis
that separates LG from the epithelium border pixel cluster,
as can be seen on the PC1-PC2 score plane (Fig. 3, center
image). The bottom cluster (Area 3) is mainly generated by
pixels from the submucosa and some from the lamina pro-
pria. This cluster covers 5,695 pixels, accounting for approx-
imately 10.1% of total tissue area. This cluster is mainly
carried out by the PC2 on the negative value area. The sub-
mucosa is characterized by increased phosphocholine and
decreased phosphoethanolamine, ST, or PI fragment, and
C18:1 content compared with the rest of the tissue. The last
area (Area 4) is characterized by a rather vague contour
compared with the three other areas. It is located between
Areas 2 and 3 and corresponds to the lamina propria. This
cluster covers 1,895 pixels, which represent approximately
3.4% of total area, and is characterized by increased phos-
phocholine and C16:0 content, as well as decreased CS,
C18:2, and C18:1 fatty acids, phosphoethanolamine, and ST
or PI fragment amounts.

A three-color overlay of the first three principal compo-
nents provides a better contrast between the different his-
tochemical areas according to their spectral profiles (Fig.
4). The color of pixels is determined by their contribution
score on each principal component (red for PC1, green
for PC2, and blue for PC3). All different histochemical
substructures can be distinguished: lamina propria and
submucosa are colored in blue-magenta, indicating that
these two regions are primarily defined by a positive con-
tribution of PC3 and some PC1; the border is divided into

two regions: a light-blue layer in contact with the epithe-
lium, characterized by a positive contribution PC2 and
PC3, and a green area in contact with the lumen, probably
due to secreted mucus and characterized by a positive
contribution of PC2; Lieberkiihn glands are mainly yellow
colored, indicating major contributions of PC1 and PC2.
Some color variation can be observed from yellow-green
and yellow-red, characterizing the proximal and distal
part of LG, respectively. Finally, some dark-green pixels
located inside the glands suggest a contribution of PC2
and PC3, which could be interpreted as the presence of
secreted mucus.

Lipid mapping by partitioning clustering on a
TOF-SIMS image

In the partitioning clustering study, the K-mean algo-
rithm was used on the same variables as those for PCA
(Table 1). The result is shown in Fig. 5 as a palette of im-
ages representing the partitioning into 2, 3, 4, and 5 clus-
ters, respectively. The dark-blue area corresponds to pixels
of the colon lumen, which were excluded from the analy-
sis. The two-class clustering (Fig. bA) distinguishes the
Lieberkiihn glands (brown) from the rest of structures
(green). The three-class (Fig. 5B) separates border (light
blue) and LG (brown) from lamina propria and submucosa
(yellow-red). The four-class (Fig. 5C) discriminates the
apical part of LG (brown) from the rest of the gland (or-
ange), the lamina propria submucosa (green), and the epi-
thelial border (light-blue). The five-class clustering (Fig.
5D) results in the discrimination of a brown area corre-
sponding to the external part contiguous to the lumen, a
middle-blue area corresponding to the epithelial border, a
green-blue surface corresponding to the lamina propria
and submucosa, and finally, the LG in two clusters, orange
and yellow for the distal and proximal part, respectively.
This analysis confirms the results obtained by PCA.

Differences between CF and WT mice are revealed by
TOF-SIMS

A semiquantitative analysis of potential differences in
lipid content between CF and WT was performed by select-
ing several ROI from each tissue section and comparing
their associated spectra. These regions correspond to the
epithelial border, the crypts, and the lamina propria, accord-
ing to the localization of CS, C16:1, and C18:0, respectively.
The corrected area for each peak of interest was divided by
the number of pixels accounting for each ROI. The C16:0
amount was significantly increased (by 23%) in the border
of CF versus WT mice, whereas the vE amount was signifi-
cantly increased in CF both in the border (by 52%) and in
the lamina propria (by 52%). The rest of peaks presented no
significant differences between the two mouse types.

Discrimination of CF and WT mice by PCA on TOF-SIMS
spectra from LG region

To establish a comparison between WT and CF tissues,
spectra from selected ROI corresponding to LG from the
13 sections were analyzed by PCA. The choice of this ROI
is due to the fact that CFTR is mostly expressed in this
area. The ions listed in Table 1 were subjected to PCA
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Fig. 2. Score and loading plots of the first four principal components in a CF mouse colon section. Score
(left panels) and loading (right panels) plots corresponding to PC1 (A and E), PC2 (B and F), PC3 (C and G),
and PC4 (D and H) are represented. CF, cystic fibrosis; PC1-4, principal component 1-4.

analysis. PC1 and PC2, which carry the greatest variance
among the 13 sections, account for 41.49% and 20.91% of
total inertia, respectively. The three main principal com-
ponents accumulate 81.65% of total inertia. Assuming that
the greatest source of variability between mice corresponds
to CFTR expression, this feature is expected to be the
main contributor to the potential discrimination between
the two classes of mice and should be expressed in the first
two principal components. The biplot shown in Fig. 6
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synthesizes the results by superimposing the individuals
and the original variables (selected ions) on a common
space representing the principal plane built from PCI and
PC2, where WT individuals are represented in green and
CF in red. Both classes of mice seem to be separated by the
first principal component, even though the separation is
not very distinct. The main contribution to the separation
is due to an increase in CF mice of CS, C16:1, C16:0, phos-
phoethanolamine, phosphoinositol (PI fragment) or ST,
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Fig. 3. Distribution of clusters on the PC1 and PC2 plane. Visual-
ization of the four different clusters of pixels manually selected on
the principal plane constituted by the two first principal compo-
nents. Those clusters represent the four main histochemical struc-
tures, namely, the epithelial border (Area 1), the Lieberkiihn
glands (Area 2), the submucosa and lamina propria (Area 3), and
the lamina propria (Area 4). The total ion current image was used to
represent the different selected clusters of pixels. The color scale
of the center image corresponding to the PC1-PC2 score plot rep-
resents the density of pixels having the same PC1 and PC2 score
coordinate. PC1-4, principal component 1-4.

phosphocholine, and to a lesser extent, cholesterol and
vE, accompanied by a decrease in C18:2.

In addition, PCA and hierarchical clustering were car-
ried out on the 12 ions listed in Table 2. This list was pro-
duced by GA analysis, providing the best combinations of
variables discriminating WT and CF mice. The PC1-PC2
biplot (Fig. 7A) shows a perfect separation between CF
and WT based on the first principal component. These
results indicate that CF mice are characterized by increased
amounts of C14:0 and C16:0 carboxylate ions (m/z 227.22
and 255.25, respectively), VE ion fragment (m/z 429.40),
and ion fragments (m/z 109.99 and 168.07) of different

Fig. 4. Overlay of the score images of PC1, PC2, and PC3. The
color scale represents the contribution for each pixel on the se-
lected principal axes. Red, green, and blue indicate a strong posi-
tive contribution of PCI1, PC2, and PC3, respectively. PC1-4,
principal component 1-4.

3 clusters

—

A 2 clusters B

Fig. 5. Distribution of partitioning clusters. Partitioning cluster-
ing was performed on a CF mouse colon section using the K-mean
algorithm. Images correspond to partitioning into two (A), three
(B), four (C), and five (D) clusters. The dark blue area corresponds
to pixels excluded from the analysis. CF, cystic fibrosis; PC1-4, prin-
cipal component 1-4.

phospholipids (PE, PC, and SM) in LG with respect to WT
mice. Hierarchical clustering analysis (Fig. 7B) provided a
very satisfactory separation between WT and CF mice pres-
ent at the first branching. Similarly, different sections from
the same mice are paired, indicating that the analysis is
reproducible within the same individual.

DISCUSSION

In the present work, we combined a mass spectrometry-
based lipid imaging method with several multivariate sta-
tistical analyses to provide a detailed mapping of lipids in
the mouse colon and to establish potential differences in
lipid content and distribution between WT and CF mice.
As aresult, we found a distinct lipid pattern that characterizes

v KO
* WT
lons (m/z)

0.3 T T T T T

0.24 i
279 @
[ ]

0.1

0.0

[ kos2 @465
WT401 Z 0429
Ko80Y

-0.14 X | 4
WT48 |

PC 2 (20.97%)

-0.2 4 ' ~WT36 .
S
WT68

T T
05 -04 03 02 01 00 01 02 03
PC 1 (41.49%)

Fig. 6. Biplot on the first two principal components. This
graphic permits to simultaneously represent the WT and CF
scores and the loadings on the first two principal components.
WT mice are represented in green and CF mice in red. CF, cystic
fibrosis; KO, knockout; PC1-4, principal component 1-4; WT,
wild-type.
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Fig. 7. Separation of WT and CF mice by PCA, and hierarchical clustering of ions selected by GA analysis and listed in Table 2. WT mice
are represented in green and CF in red. A: Biplot simultaneously representing WT and CF scores and the loadings on the first two principal
components. B: Dendrogram showing the separation of WT and CF mice obtained by hierarchical clustering analysis. This distinction oc-
curs at the first branching, indicating that it is the most characteristic feature among the 13 experiments. CF, cystic fibrosis; GA, genetic
algorithm; KO, knockout; PC1-4, principal component 1-4; PCA, principal component analysis; WT, wild-type.

the different histological structures of colonic mucosa,
some of them attributable to the differentiation state of
intestinal epithelial cells. In addition, slight differences be-
tween CF and WT mice in fatty acids, vE, and several phos-
pholipid fragments have been recurrently shown by both
univariate and multivariate approaches.

Nevertheless, the results presented in this article cannot
be assumed in terms of absolute quantitative data. Note
that cluster TOF-SIMS does not allow an absolute quantifi-
cation. As an imaging technique, only the relative quanti-
fication of an individual ion on a surface can be provided.
In addition, quantitative comparison between different
ions is possible only if they are physicochemically close.

Intestinal mucosa is characterized by intense cell differ-
entiation and turnover. In our study, this fact is suggested
by the color variations observed in the different parts of
the LG (Fig. 4). Differential lipid content of intestinal epi-
thelial cells related to their differentiation status has been
reported (42, 43). Activity of fatty acid desaturases (44)
and lipid content is also modified in colonic Caco-2 cells
(45) as a function of differentiation. These changes can be
associated with the development of the mucosal barrier, as
well as the permeability and functional properties of the
intestinal mucosa. Nevertheless, our technique eliminates
the bias due to cell purification and introduces the analyti-
cal accuracy of mass spectrometry. Interestingly, in the
case of fatty acid desaturases (44), our results suggest an
intense Ab-desaturase activity in lamina propria, border,
and submucosa, according to the presence of AA and ab-
sence of its precursor C20:3 (supplementary Fig. II).

To our knowledge, the present study constitutes the first
attempt to establish a detailed mapping of the lipid con-
tent in colonic mucosa. Our results seem to be in agree-
ment with a recent report based on TOF-SIMS imaging of
rat duodenum (46). In this seminal study, strong signals
corresponding to C16:0 and to the PI polar head (m/z

3042 Journal of Lipid Research Volume 51, 2010

241) were found in the Lieberkiihn crypt region; whereas
the C18:2 signal was weak in the crypt and strong in the
villus, C18:1 was predominant in villi, and C18:0 was ubig-
uitous (46). In our study, C18:2, an essential fatty acid, was
mainly found in the epithelial border (Fig. 1B, J; supple-
mentary Fig. VI). Even though most of the nutrient ab-
sorption takes place at the jejunum, the presence of an
essential fatty acid, (i.e., exogenous) in this area may de-
note an intense absorptive activity. In fact, medium chain
fatty acids, in particular C18, have been reported to be
readily absorbed in the colon (47). The authors suggest
that this could compensate for alterations in fatty acid ab-
sorption in the small intestine. It has also been demon-
strated that the mucin presentin the lumen of the digestive
tract are able to bind fatty acids and that these could act as
a shield against oxygen radicals (48, 49). Note that in our
study C20:4 (supplementary Figs. III, IV, V) also presented
this type of distribution. This result is consistent with a pre-
vious report indicating higher n-6 polyunsaturated fatty
acid content in differentiated versus nondifferentiated
CaCo-2 cells (45). A more intense biosynthetic activity of
differentiated border cells could account in part for this
particular distribution.

A remarkable finding in our study is the partial colocal-
ization of C18:2 and CS at the epithelial border (Fig. 1B,
E, ], M; supplementary Fig. VII). CS is known to be present
in the intestinal epithelium of different animal species
(50). It has also been shown, along with other sulfated lip-
ids, to inhibit pancreatic trypsin, chymotrypsin (51), and
elastase (50) in a mechanism aimed at protecting the epi-
thelium against the enzyme-rich environment that charac-
terizes the intestinal lumen. However, this is the first time,
to our knowledge, that the precise localization of CS at the
colon epithelial border is reported.

Particularly surprising was the distribution of the ion at m/z
259 (Fig. 1F, N; supplementary Fig. VIII) with localized

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2010/07/08/jir.M008870.DC1

clusters, not spatially correlated with any other ion or tis-
sue structure. This ion could correspond to the PI polar
head (phosphoinositol), or an ST ion, or both. The fact
that it colocalizes with the sulfate ion (m/z 79.96, not
shown) favors the second option. STs are a class of sulfated
galactocerebrosides that are characteristic of the periph-
eral nervous system but are also present in other tissues.
However, little is known about their presence and func-
tion in the intestine, apart from participating in special-
ized microdomains involved in the apical trafficking in
polarized cultured enterocytes (52). This does not discard
the contribution of phosphinositol to the particular distri-
bution of this ion. In fact, phosphatidylinositol kinase
plays a pivotal role in the regulation of differentiation, sur-
vival, and anoikis of enterocytes, colonocytes, and goblet
cells, associated with the Aktl signaling pathway (53-58).
Therefore, it could be expected that a differential content
of phosphoinositides was present, depending on the differ-
entiation status of cells. Techniques like the one described
in the this article may help to increase the knowledge on
the spatial distribution and regulation of differentiation
and other important events in intestinal physiology, such as
proliferation, apoptosis, anaikis, and electrolyte transport.

The second main objective of the present study was to
establish differences in the lipid content and/or in the
lipid spatial distribution between WT and CF mice. The
differences found were limited to a slight but significant
increase in C16:0 and vE in CF colon border. The former
can be consistent with an increased saturation of mem-
branes concomitant with a decrease in the presence of
polyunsaturated species, while the latter can be attributed
to an increased oxidative stress scenario. In fact, the well-
documented lipid alterations associated with CF consist,
for the most part, of decreased essential and polyunsatu-
rated fatty acid levels in blood (59) and tissues (59, 60)
from patients, animal (13, 60), and cell models (61), with
a trend toward an imbalance favoring n-6 series biosynthe-
sis (11, 61), as well as decreased choline-containing phos-
pholipids in plasma (12). In our study, no significant
differences were detected in either polyunsaturated acid
content or distribution. Note that the only reference to
date on a fatty acid imbalance in the intestine corresponds
to the ileum (60); the reported imbalances corresponded
to total tissue homogenates, and in our study, to restricted
regions of interest. It is known that other pathologies af-
fecting the colon also present alterations in fatty acid con-
tent. Colonic adenocarcinoma has been associated with
increased saturated fatty acid ratios (62). The fatty acid
content of Crohn’s diseased ileal and colonic mucosa has
been characterized (63), showing that inflamed mucosa is
characterized by a decrease in C18:2 and C18:3 accom-
panied by a substantial increase in the highly polyun-
saturated fatty acids C20:4n-6, C22:4n-6, and C22:6n-3.
Ceramide accumulation and lysophosphatidylcholine de-
crease have been reported as a consequence of experi-
mental colonic inflammation in mouse (64). However, it
must be pointed out that inflammation is not the main
alteration in the CF knockout mouse model, and similar
lipid alterations are not likely to be present.

With respect to VE changes, a deficit in serum vE in CF
patients, attributed to intestinal malabsorption, is widely
accepted (65, 66). This is believed to contribute to a redox
imbalance, and vE supplementation is routinely provided
to patients (67). In addition, serum vE content is decreased
in pancreatic-insufficient patients at the onset of pulmo-
nary exacerbations (68). These results are consistent with
a decrease of VE in liver (69). However, to our knowledge,
the content of this vitamin in intestinal mucosa had not
been addressed before. The fact that only the ROI delin-
eating the epithelial border shows this difference points to
the hypothesis of a potential deficit in absorption.

Whether the observed differences are indicative of an
epithelial dysfunction remains to be demonstrated. It is
assumed that the small number of samples can be a limit-
ing factor. In any case, the lack of dramatic differences
may also be due to the fact that most of absorptive func-
tion happens in the small intestine. Subsequently, the con-
sequences of malabsorption should be less remarkable in
the colon. Therefore, in this part of the intestine, it would
be expected that any differences found in lipid content
and/or distribution would be due, for the most part,
to defective CFTR-related electrolyte transport. In view
of this, it could be argued that lipid abnormalities associ-
ated with CF are not directly linked to the regulation
of electrolyte transport by CFTR but with other CFTR
functions (8).

The main added value of our study is the detailed map-
ping of lipids obtained by the combined approach of mass
spectrometry imaging and multivariate statistical analysis.
The analysis of lipids in colonic mucosa has seldom been
addressed and employed classic techniques, consisting
mostly of a fatty acid profiling (62, 63). PCA and parti-
tioning clustering applied to mass spectrometry imaging
data enables us to distinguish the different tissue regions
according to their histochemical lipid profiles without re-
sorting to invasive chemicals, such as histological staining
(70, 71). In our study, K-mean partitioning into five areas
(Fig. 5D) is in good agreement with the histochemical
structure shown by optical microscopy (Fig. 1G, O), as
well as with the overlay image obtained with PC1, PC2,
and PC3 (Fig. 4). In our study, PCA differentiated the
main histological areas of the colon section and identified
the lipid profiles responsible for this distinction. Our re-
sults highlight the very heterogeneous distribution of lip-
ids within the tissue and represents a perfect example of
differential lipidome associated with differential function
and metabolic state of the cell types present in colon mu-
cosa. This observation can be attributed to the differentia-
tion status of epithelial cells in a tissue were the turnover
is especially fast. Our data can provide clues about differ-
entiation mechanisms and a model for other tissues. The
differences found between proximal and distal parts of
LG present in the four- and five-class clusters (Fig. 5C, D),
as well as the color shift in the superposed PC1-PC2-PC3
ion images (Fig. 4), can serve as putative markers of cell
differentiation.

It is noteworthy that, in spite of the limited number of
samples subjected to our study and the slight differences
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between WT and CF obtained by semiquantitative univari-
ate analyses, PCA and hierarchical clustering were able to
somehow discriminate the two types of mice. This result is
in accordance with the fact that the main information in a
dataset usually is not carried by a single variable but, rather,
by how each variable changes in comparison with other
variables (i.e., not how a single lipid is modified but how a
subset of lipids covaries). The discriminating set of vari-
ables must be considered like a single lipid signature.
However, the results reported must be taken cautiously, as
some of the variables selected by the genetic algorithm
analysis, which allows a better separation (Fig. 7; Table 2),
correspond to low abundance fragments of ambiguous
origin as their masses are not specific to a particular lipid
class. Thus, ion identification as a crucial step in the inter-
pretation of the results provided by this technique.

Nevertheless and despite that the robustness of our
study needs to be validated by a series of experiments, it
can be concluded that multivariate approaches, such as
PCA, are of particular interest to establish differences be-
tween models corresponding to two or more pathological
states. This study can be considered a proof of concept for
further tissue analysis in CF, for pathologies affecting co-
lon, and for tissue-scale functional investigations in the
intestinal environment. A
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