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. 

Abstract 

Spermatozoa acquire their fertilizing capacity during a complex maturation process that 

occurs in the epididymis. This process involves a substantial molecular remodeling at the 

surface of the gamete. Epididymis is divided into three regions (the caput, corpus, and cauda) 

or into 19 intra-regional segments based on histology. Most studies carried out on epididymal 

maturation has been performed on sperm samples or tissue extracts. Here, we used MALDI 

imaging mass spectrometry (IMS) in the positive and negative ion modes combined with 

spatial segmentation and automated metabolite annotation to study the precise localization of 

metabolites directly in the rat epididymis. The spatial segmentation revealed that the rat 

epididymis could be divided into several molecular clusters different from the 19 intra-

regional segments. The discriminative m/z values that contributed the most to each molecular 

cluster were then annotated and corresponded mainly to phosphatidylcholines, sphingolipids, 

glycerophosphates, triacylglycerols, plasmalogens, phosphatidylethanolamines and 

lysophosphatidylcholines. A substantial remodeling of lipid composition during epididymal 

maturation was observed. It was characterized in particular by an increase in the number of 

sphingolipids and plasmalogens and a decrease in the proportion of triacylglycerols annotated 

from caput to cauda. Ion images reveal that molecules belonging to the same family can have 

very different localizations along the epididymis. For some of them, annotation was 

confirmed by on-tissue MS/MS experiments. A 3D-model of the epididymis head was 

reconstructed from 61 sections analyzed with a lateral resolution of 50 µm and can be used to 

obtain information on the localization of a given analyte in the whole volume of the tissue. 



. 

Introduction 

In mammals, spermatozoa released from the testis are morphologically complete but neither 

motile nor fertile. They acquire their fertilizing capacity during transit through the 

epididymis, during which a complex maturation process occurs. Such maturation is based on 

interactions of the spermatozoa with the epididymal micro-environment 1,2. Notably, a critical 

remodeling of the proteins and lipids located at the surface of the gamete is observed 

throughout its transit 3,4. The epididymis is comprised of a single convoluted tube composed 

of epithelial cells surrounded by smooth muscle and connective tissue. The complex anatomy 

of the epididymis is conventionally divided into three major regions: the caput (the proximal 

region connected to the testis by efferent ductules), corpus, and cauda (the distal region 

connected to the vas deferens) 5,6. Epithelial cells of the caput are responsible for water and 

ion reabsorption and the secretion of proteins that are adsorbed at the surface of 

spermatozoids. Abundant lipid droplets and vesicles are found in epithelial cells of the corpus 

and may be involved in modification of the lipid composition of the spermatozoan 

membrane. At the end of epididymal transit, spermatozoa are stored in the cauda until 

ejaculation. These three regions can be subdivided into intra-regional segments composed of 

the epididymal tubule coiled into lobules bounded by connective tissue septa. The number of 

intra-regional segments depends on the species 7,8. In the rat, the epididymis can be 

subdivided into 19 distinct morphological segments based on histology 9. 

The highly regionalized organization of the rat epididymis has been studied at the 

transcriptomic, proteomic, and metabolomic levels. In 2001, Jervis et al. 10 used microarray 

technology to reveal specific expression of several genes in the initial segment, caput, corpus, 

and cauda. Jelinsky et al. 9analyzed gene expression along the 19 micro-dissected segments 

of the rat epididymis. They found that the expression of approximately 4,000 genes was 

highly regulated along the various epididymal segments. However, studies carried out at the 

transcriptomic level are not sufficient to fully understand epididymal maturation, as 

spermatozoa are mostly transcriptionally and translationally inactive. Moreover, sperm 

maturation is based on important molecular changes that occur along the epididymal tube, 

particularly at the level of proteins secreted by the epididymal epithelium or present at the 

surface of the spermatozoa 11,12. Yuan et al. thus used a proteomics approach based on 2D-gel 

electrophoresis and mass spectrometry to identify 28 proteins that are differentially expressed 

between the caput, corpus, and cauda of rat epididymal tissue 13.  
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The substantial development of metabolomics over the last several years has also opened new 

perspectives to better understanding the molecular changes involved in epididymal 

maturation. Recent systematic profiling of metabolites from the epididymal fluid in the caput 

and cauda of the mouse epididymis have revealed significant differences in metabolite 

profiles between the caput and cauda lumen fluids 14. Lipid metabolism is known to play a 

particularly crucial role in spermatozoan function and maturation 15. For example, it has been 

demonstrated that the fluidity of the spermatozoan membrane evolves during epididymal 

maturation and depends on its lipid composition 16, of which the modification during 

epididymal maturation has been further studied in the sperm 17,18 and epididymosomes 19 of 

mice. 

Most studies carried out on epididymal maturation have been performed on sperm samples or 

tissue extracts collected from the caput, corpus, and cauda. This leads to the loss of 

information on the precise in-situ localization of the studied molecules. MALDI imaging 

mass spectrometry (IMS) has been applied to various research fields, including reproductive 

biology, because of its ability to simultaneously localize hundreds of molecules directly on 

tissue sections without any labeling 20. In 2003, Chaurand et al. successfully used MALDI 

IMS and profiling, combined with laser capture microdissection, to study the regionalized 

expression of proteins along the mouse epididymis 21. However, although various 

methodologies have been proposed, the identification of proteins detected by MALDI IMS is 

still very challenging 22,23. Unsurprisingly, MALDI IMS of metabolites is rapidly evolving. 

Indeed, the growing use of high-resolution mass spectrometers combined with the 

development of algorithms for the annotation of detected metabolites has opened new 

perspectives for the exploration of metabolomes by MALDI IMS. It was thus recently 

demonstrated that hundreds of metabolites could be automatically annotated from ion images 

using a database-driven algorithm 24. MALDI IMS has also demonstrated its potential in the 

construction of 3D models from sequential 2D data acquired on successive sections of an 

entire organ 25–29. Although mass spectrometers and data analysis are now much faster, the 

key issues of 3D-IMS are still the huge amount of data generated and time-consuming IMS 

measurement and data processing, particularly when mass spectrometers with a high mass 

resolving power are used 29. Nevertheless, Jones et al. 30 recently demonstrated the feasibility 

of 3D reconstruction of a mouse lung from high resolution Fourier transform-ion cyclotron 

resonance (FT-ICR) data. 
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A large number of metabolic events, particularly lipid metabolism, are suspected to be 

involved in the epididymal maturation process. Here, we used spatial segmentation and 

metabolite annotation tools to explore the distribution of metabolites throughout the length of 

the rat epididymis at a resolution of 50 µm by MALDI IMS in the positive and negative ion 

modes. Information concerning the spatial localization of the metabolites was thus preserved 

and hundreds of metabolites could be automatically annotated using the METASPACE 

annotation platform. We also used 3D-MALDI IMS to access and determine the volumetric 

distribution of metabolites detected in the caput of the rat epididymis. 

Experimental 

Chemicals 

All chemicals were of the highest purity obtainable. Sodium carboxymethyl cellulose (CMC) 

was obtained from Thermo Fisher Scientific (Illkirch, France). Methanol, trifluoroacetic acid 

(TFA) and 9-aminoacridine (9-AA) were purchased from Sigma-Aldrich (Saint-Quentin 

Fallavier, France). The MALDI matrix 2,5-dihydroxybenzoic acid (DHB) was obtained from 

Bruker DaltoniK GmbH (Bremen, Germany). 

Animals 

90-day-old male Sprague-Dawley rats (n=2) were obtained from Janvier Labs (Le Genest-

Saint-Isle, France) and reared under ad libitum conditions. Care and handling of all animals 

complied with EU directive 2010/63/EU on the protection of animals used for scientific 

purposes. Protocols were approved by the University of Rennes 1 animal experimentation 

ethics committee. 

Sample preparation for MALDI FT-ICR imaging mass spectrometry 

Whole epididymis were excised from animals immediately post-mortem and loosely wrapped 

in aluminum foil filled with 2% CMC to preserve the shape of the organs and avoid crushing 

and distortion. The organs were snap-frozen in cold isopentane and then liquid nitrogen. The 

frozen tissues were stored at -80°C until use to avoid degradation. The epididymis were cut 

into two parts named: the “head” (corresponding to the caput and upper corpus) and the “tail” 

(corresponding to the corpus and cauda) (Figure 1). Tissue sections (20-μm thick) were 

prepared using a CM3050S cryomicrotome (Leica, Rueil-Malmaison, France), with the 

chamber chilled to -22°C and the specimen holder to -15°C. For 2D experiments, three 
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adjacent sections were collected in the middle of the epididymis head and in the middle of the 

epididymis tail. Each adjacent section was prepared for MALDI analysis in the positive ion 

mode, hematoxyline and eosin (H&E) staining, and MALDI analysis in the negative ion 

mode, respectively. For 3D experiments, 61 tissue sections were collected every 60 µm 

throughout the epididymis head.  

The sections were thaw-mounted onto indium tin oxide (ITO) coated glass slides (Bruker 

DaltoniK GmbH) and immediately desiccated for 5 min under vacuum. Optical images of 

ITO slides were acquired with a CoolScan V (Nikon). For the positive ion mode, the matrix 

solution was composed of 50 mg.mL-1 DHB in 70:30 methanol/H2O and 0.1% TFA. For the 

negative ion mode, the matrix solution was composed of 10 mg.mL-1 9-AA in 70:30 

ethanol/H2O.  For 2D experiments, the DHB and 9-AA solutions were deposited on the slides 

using a HTX M5 Sprayer device (HTXImaging, Chapel Hill). For 3D experiments, the DHB 

solution was deposited using an ImagePrep (Bruker GmbH) device. The methods used for 

matrix deposition are described in Supplementary data 1. 

MALDI imaging mass spectrometry 

The prepared slides were mounted on a slide adaptor (Bruker DaltoniK GmbH) and loaded 

into the MALDI ionization source of a 7 T FT-ICR mass spectrometer SolariX XR equipped 

with a Paracell (Bruker DaltoniK GmbH) and piloted by ftmsControl software, version 2.1.0 

(Bruker DaltoniK GmbH). The instrument was set to a resolving power of 130,000 at m/z = 

400 in the positive or negative ion mode. The Smartbeam-II laser focus was set to ‘small’ 

(20–30 μm). For each pixel, a spectrum was accumulated from 100 laser shots. The laser was 

run at 1,000 Hz and the ions accumulated externally (hexapole) before being transferred into 

the ICR cell for a single scan. Every spectrum was internally calibrated by multipoint 

correction in positive ([C14H9O6+H]+ m/z 273.039364, [C21H13O9+H]+ m/z 409.055408, 

[C34H32FeN4O4+H]+ m/z 616.176804, [C40H80NO8P+H]+ m/z 734.569432, [C42H82NO8P+H]+ 

m/z 760.585082, [C42H82NO8P+Na]+ m/z 782.567026, and [C42H82NO8P+K]+ m/z 

798.540963) 24 and in negative ([C13H10N2-H]- m/z 193.076025, [C21H41O6P-H]- m/z 

419.255702, [C27H53O12P-H]- m/z 599.319091, and [C41H80O12S-H]- m/z 885.548756) ion 

modes. Data were acquired in the m/z 100-1200 mass range followed by single-zero filling 

and sin-apodization. Image analysis and data visualization were performed with FlexImaging 

5.0 software (Bruker Daltonik GmbH). The x-y raster width, defining the lateral resolution of 

ion images, was set to 50 μm. On-line feature reduction was performed by ftmsControl to 
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return only peak centroids and intensities and generate a peak list of the data in SQLite 

format. On-tissue collision-induced dissociation (CID) experiments were performed with an 

isolation width of 2 m/z around the precursor ion of interest and a Q1 CID energy between 10 

and 40 V, depending on the selected precursor ion. 

Spatial segmentation 

After MALDI acquisition, the .mis files generated by FlexImaging from head and tail 

sections were imported into the 2016b version of SCiLS Lab software (SCiLS, Bremen, 

Germany) using the SQLite peak list data. Then, the spatial segmentation process, available 

in SCiLS Lab and already described for 2D MALDI IMS 31,32, was used with the following 

parameters: RMS normalization 33, work on all individual spectra, weak denoising, and a 

minimal interval width of 3 ppm. The bisecting k-means algorithm, consisting of a 

hierarchical top-down clustering method that iteratively divides a set of spectra into two sets 

that are maximally different, was used as the clustering method for faster processing 31,34. 

Briefly, after peak picking, edge-preserving median filter denoising was applied to the m/z-

images of detected peaks. The reduced and processed spectra were thus clustered by their 

spectral similarity. The spatial segmentation results are presented as spatial segmentation 

maps and corresponding hierarchical dendrograms composed of clusters, with pseudo-colors 

assigned to pixels (or individual spectra) belonging to each cluster.  

Determination of discriminative m/z values 

SCILS lab was used to determine m/z values discriminating each of the clusters obtained in 

the positive and negative ion modes from the spatial segmentation maps 32,35. First, the pixels 

(or spectra) constituting each of the clusters were defined as regions by SCILS lab. Then, a 

univariate receiver operating characteristic (ROC) curve analysis was performed for each 

region by defining this region as the first group and all the other regions as the second group. 

All imported peaks from all individual spectra with an interval width of 3 ppm were used. 

Peaks (m/z values) providing an area under the curve (AUC) > 0.80 after the ROC curve 

analysis were considered to be significantly discriminative 35. It is important to note that ROC 

curve analysis measures the discrimination quality of m/z ratios. A given discriminative m/z 

value can thus be found in several clusters with different discrimination qualities. 



. 

Metabolite annotation 

Analyzed sections were exported in the imzML format using SCiLS Lab 2016b and 

submitted to the METASPACE molecular annotation engine 

(http://annotate.metaspace2020.eu/about, 24).  Metabolite annotations were assigned from 

four different databases (HMDB-v4, ChEBI-2018-01, LipidMaps-2017-12-12, and 

SwissLipids-2018-02-02) on the basis of accurate mass and matched isotope distributions 

measured with a high-resolving mass spectrometer, leading to the calculation of a metabolite 

signal match (MSM) score. An MSM score cut-off was applied to reach a false discovery rate 

(FDR) of < 10%. The correlation between the theoretical m/z of annotations provided by 

Metapace and experimental m/z of discriminant ions detected by SCILS was performed on 

the basis of a ∆m/z < 3 ppm. When a ∆m/z < 3 ppm was observed between two annotations 

proposed by Metaspace, manual curation was performed by verifying the co-localization of 

the salt adducts (H+, Na+, and K+). 

3D model construction 

The 3D model was reconstructed with images acquired from the 61 sections collected from 

an epididymis head with a lateral resolution of 50 µm. This 3D model was generated from 

990,369 spectra, representing approximately 550 hours of MALDI FT-ICR acquisition and 

778 GB of raw data. The 2018b version of SCiLS Lab 3D software was used to construct and 

visualize this 3D MALDI IMS model. Each individual imaging analysis (.mis file) was 

combined in sequential order into a single SCiLS experiment. The 3D volume was 

reconstructed by rigid co-registration of individual optical images acquired from each tissue 

section. All optical images were then manually stacked and aligned based on the histological 

knowledge of the epididymal tubule evolution inside each part of the organ. We used the 

“image differentiation” option to assess the quality of the alignment between two consecutive 

sections, as previously described 36. Voxels were defined by the lateral resolution and the 

distance between the sections (50 µm × 50 µm × 60 µm). The 3D model was calculated using 

a classic computer equipped with 32 gigabytes of RAM and a dual processor. The processing 

took almost two weeks and generated a 3D model of approximately 200 GB. 

http://annotate.metaspace2020.eu/#/about
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Results and Discussion 

Different segmentation of the rat epididymis is deduced at the histological and molecular 

levels 

Sections collected in the middle of the epididymis head and the epididymis tail were 

considered to be representative of rat epididymis morphology, typically divided into 19 

distinct intra-regional segments, as described by Jelinsky et al. 9. These segments, 

corresponding to lobules bounded by connective tissue septa, were identified in the optical 

image of these sections (Figure 1A). Spatial segmentation was then performed on MALDI 

IMS data obtained from the epididymis sections analyzed in the positive (Figure 1B) and in 

the negative (Figure 1C) ion modes. This unsupervised clustering approach allows the 

representation of a dataset in different clusters containing similar molecular features without 

any prior histological knowledge 32. This enabled us to consider the epididymis from an 

alternative point of view, based only on molecular and spatial information. The generated 

spatial segmentation maps were then explored with different numbers of clusters. We limited 

the exploration of the spatial segmentation map until a number of clusters representing 

approximately 1% of the total number of pixels was reached to simplify visualization of the 

results. The segmentation maps obtained in the positive (Figure 1B) and negative (Figure 1C) 

ion modes were composed of 24 and 22 clusters, respectively. Clusters of the spatial 

segmentation maps obtained from molecular features based on metabolites (Figure 1B-C) 

were then compared to the 19 intra-regional segments defined from histological observation 

(Figure 1A). This comparison revealed that intra-regional segments determined by histology 

to actually be composed of several molecular clusters of the spatial segmentation maps 

(Table 1).  

In the positive ion mode (Figure 1B), clusters 01 to 08 corresponded to the upper part of the 

caput, comprised of histological segments 1 to 7, whereas clusters 09 to 15 corresponded to 

the lower part of the caput and the upper part of the corpus (segments 8 to 12). Clusters 16 to 

18 could be attributed to the corpus and the beginning of the cauda (segments 13 to 16) and 

clusters 19 to 21 to segments 17 to 19 of the cauda. We also noticed concentric distributions 

of clusters 20 to 24 in segments 18 and 19 (Figure 1E) that could be attributed to different 

histological structures of the cauda discerned on the optical image. Cluster 23 was thus 

observed all around the epididymal duct and could be attributed to connective tissue. Clusters 

20 and 22 were finely located at the edge of the epididymal duct and could correspond to 

smooth muscle and epithelium, respectively. This histological annotation was obtained from 
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an adjacent section stained with H&E (Figure 1D). As smooth muscle and epithelium are 

very thin structures, a better confidence in this annotation could have been obtained by 

staining the epididymis sections analysed by MALDI IMS with H&E after matrix removal 37. 

However, probably due to the absence of dehydration step in the preparation of tissue 

sections for MALDI IMS of metabolites, the integrity of our epididymis sections was not 

sufficiently preserved (particularly in the epithelium area) to be used for the confirmation of 

our histological annotation. Nevertheless, the decrease in the thickness of cluster 22 across 

the cauda is consistent with the fact that the epididymal epithelium is known to be shorter in 

the cauda than the caput or corpus 38, thus reinforcing our confidence this attribution. 

Interestingly, sperm stored in segments 17, 18 and 19 was associated with the distinct clusters 

19, 21 and 24. Experiments performed on another animal provided very similar results, 

suggesting that the reproducibility of the spatial segmentation map is good (Supplementary 

Figure 1). 

The clusters calculated from the spatial segmentation in negative ion mode (Figure 1C) were 

quite different from those obtained in positive ion mode (Figure 1B). Contrary to the positive 

ion mode, no clear differentiation of connective tissue and smooth muscle was observed in 

segments 18 and 19 (Figure 1F). Interestingly, segments 4, 5 and 7 were associated to the 

same clusters in the positive ion mode but also in the negative ion mode (Table 1), suggesting 

a strong molecular similarity between these segments. The same observation can be done for 

segments 10 and 11 but also for segments 13 to 16 (Table 1). 

Annotation of m/z values discriminating each molecular cluster confirms the substantial 

evolution of lipid composition from the caput to cauda 

We performed statistical ROC curve analyses to assess the discriminative quality of m/z 

values detected in each cluster of the spatial segmentation map. ROC curves are constructed 

by calculating the specificity and sensitivity of each m/z ratio when various intensity 

thresholds are applied. The discriminative quality of each m/z value is thus reflected by the 

area under the ROC curve (AUC): an AUC of 0.5 reflects the total absence of discrimination 

whereas an AUC of 1 corresponds to perfect discrimination. For each molecular cluster, m/z 

values presenting an AUC > 0.80 were considered to be significantly discriminative. All 

AUC > 0.8 for which an annotation was obtained are reported in Supplementary Table 1. 
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We first separately compared annotations corresponding to discriminative m/z values in the 

head (segments 1 to 12) and tail (segments 13 to 19) sections. When a m/z value was 

discriminative in several clusters of the same main region (head or tail), only those leading to 

the AUC with the value closest to 1 in this region are reported (Supplementary Table 2). 

When several salt adducts (H+, -H-, Na+, Cl-, or K+) were observed for a given molecular 

formula, the distribution of the salt adducts was inspected manually in Metaspace. Indeed, 

artefacts induced by variation in salts concentration in the different regions of the tissue 

cannot be excluded. Among 218 molecular formula reported in Supplementary Table 1, only 

7 presented some differences in the localization of the salt adducts. The different adducts (H+, 

-H-, Na+, Cl-, or K+) of a given molecular species were thus considered to be duplicates and 

only the adduct providing the AUC with the value closest to 1 was reported.   Donut charts of 

the discriminative m/z annotated in the head (Figure 2A) and tail (and 2B) of the epididymis 

show that the obtained annotations correspond mainly to lipids. This is not surprising, 

because the sample preparation, selected matrix solutions, and mass range used for the 

MALDI IMS experiments were highly favourable for lipid detection. Experiments were 

carried out in the positive and negative ion modes in order to detect complementary 

molecular classes in the rat epididymis. However, as reported in previous studies 17,39, we 

observed that spectra obtained in the negative ion mode were largely dominated by a 

seminolipid (SL(16:0/16:0) [M-H]- m/z 795.5318) but also by glycerophosphoinositol 

([C9H19O11P-H]- m/z 333.0577). These dominant ions were not annotated by Metaspace 

because they are not referenced in the four queried databases. They were thus identified 

thanks to MS/MS experiments performed directly on the tissue section (Supplementary 

Figure 3). Based on accurate mass, two other unannotated m/z could be attributed to 

seminolipids (Supplementary Table 1). However, as their intensity was too low to achieve 

interpretable MS/MS spectra, these annotations should be considered with caution. Despite 

the wide dynamic range of the FT-ICR, the large predominance of m/z 795.5318 and 

333.0577 led unfortunately to a much lower number of annotations in the negative ion mode 

(68) compared to the positive mode (415). However, some species such as 

lysophosphatidylethanolamines (LysoPEs), phosphatidylinositols (PIs) and seminolipids 

(SLs) were only detected in the negative ion mode. 

Half the discriminative m/z values annotated in the epididymis head corresponded to 

phosphatidylcholines (PCs), sphingolipids, glycerophosphates (PAs), triacylglycerols (TGs), 

and plasmalogens in similar proportions (9 to 12%). Phosphatidylethanolamines (PEs), 
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lysophosphatidylcholines (LysoPCs), phosphatidylserines (PSs), phosphatidylglycerols 

(PGs), diacylglycerols (DGs), and LysoPEs represented each 4 to 6% of annotated 

discriminative m/z (Figure 2A). Other lipids (PIs, SLs, fatty acyls, prenol lipids, steroids and 

derivatives, sterol lipids, glycerophosphoglycerophosphoglycerols, and lipid-like molecules) 

and other organic compounds (flavonoids, dipeptides, phenylpropanoids, and nucleosides) 

corresponded to 16% and 6% of the annotations, respectively. In the epididymis tail (Figure 

2B), the proportion of sphingolipids (19%), plasmalogens (17%) and other organic 

compounds (nucleosides, flavonoids, organoheterocyclic compounds, carbohydrates, 

phenylpropanoids, and heme, 17%) strongly increased and was associated to a smaller 

proportion of discriminative TGs, PCs, PAs, DGs and PEs (1 to 8%) (Figure 2B). 

Experiments performed on another animal provided the same trends for PCs, sphingolipids, 

PAs, TGs, plasmalogens, LysoPCs, and other organic compounds representing more than 

75% of annotations, suggesting a good reproducibility of our results (Supplementary Figure 

2). 

We then calculated the distribution of annotations obtained for discriminative m/z ratios for 

each molecular cluster individually to refine the analysis. When different adducts were 

detected for the same molecular species in a given cluster, only the adduct providing AUC 

with the value closest to 1 is reported (Supplementary Table 3). The number of discriminative 

m/z annotated in the negative ion mode (158) was significantly lower than that obtained in the 

positive ion mode (708). The distribution of annotated discriminative m/z presented in Figure 

2C thus corresponds to clusters obtained in the positive ion mode. Clusters 01 to 09 of the 

caput were associated to an important proportion of PCs. A specific apparition of TGs was 

observed in clusters 09 (caput) and 15 (corpus). The number of discriminative m/z was 

globally lower in the corpus (clusters 10 to 18), suggesting that fewer specific molecular 

events occur in this region of the epididymis. In contrast, the cauda (clusters 19 to 24) was 

marked by an increase in the number of discriminative m/z and a diversification of the 

detected molecular classes compared to the caput and corpus. Indeed, sphingolipids, 

plasmalogens, and other organic compounds (mainly nucleosides and analogues) strongly 

increased in these clusters.  
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MALDI IMS reveals the in-situ localization of discriminative m/z ratios  

Spatial segmentation allowed us to observe the evolution of the lipid composition in the rat 

epididymis by determining the molecular clusters. The in-situ localization of a number of 

discriminative m/z ratios was then studied more specifically. Ion images corresponding to 

PC(32:0) [M+K]+ m/z 772.525, PC(34:1) [M+K]+ m/z 798.541, PC(36:2) [M+H]+ m/z 

786.600, and PC(38:5) [M+Na]+ m/z 830.569 are shown in Figure 3A. These putative 

molecular annotations provided by METASPACE are based on accurate mass and matched 

isotope distributions. Only MS/MS experiments can provide characteristic ions for the 

validation of these annotations. MS/MS experiments can be performed either directly on 

tissue sections with the same instrument or on tissue homogenates by liquid chromatography 

(LC) coupled to electrospray ionization tandem mass spectrometry (ESI-MS/MS). The LC-

MS/MS approach results in a higher number of metabolite identifications, due to the addition 

of a separation step, but is based on an ionization technique different from that used in 

MALDI IMS. This can lead to difficulties in correlating LC-ESI-MS/MS and MALDI IMS 

data because it is known that molecular species can have very different behaviors in ESI and 

in MALDI. Here, on-tissue CID experiments were performed directly on tissue sections 

because it did not require a supplementary step of metabolite extraction and was based on the 

same instrumentation. Moreover, MS/MS information could be specifically obtained from the 

same tissue region in which the compound of interest was originally detected. The resulting 

MS/MS spectra are shown in Supplementary Figure 3. PC [M+H]+ ions were identified by 

the characteristic fragment ion observed at m/z 184, corresponding to the protonated 

phosphocholine head, whereas PC [M+Na]+ or [M+K]+ ions led to the characteristic neutral 

losses of 59 (trimethylamine) and 183 Da (neutral phosphocholine head) 40. On-tissue 

MS/MS experiments globally facilitated the correlation between MS/MS and MALDI IMS 

data but were limited, however, to the identification of relatively abundant species and could 

not resolve fatty-acid chains. Nevertheless, our MS/MS spectra were consistent with 

annotations provided by METASPACE, thus strengthening our confidence in the global 

annotation. 

Although they belong to the same lipid family, PC(32:0) [M+K]+, PC(34:1) [M+K]+, 

PC(36:2) [M+H]+, and PC(38:5) [M+Na]+ showed very different localization along the 

epididymis (Figure 3A). PC(32:0) [M+K]+ was almost only detected in the connective tissue 

of segments 18 and 19 of the cauda whereas PC(34:1) [M+K]+, PC(36:2) [M+H]+, and 

PC(38:5) [M+Na]+ were also detected in the caput and/or corpus. PC(34:1) [M+K]+ was 
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abundantly detected in the caput (segments 6, 8 and 9) and corpus (segments 10 to 12). 

PC(36:2) [M+H]+ and PC(38:5) [M+Na]+ were both moderately abundant in segments 1 to 3, 

and 8 but showed opposite trends in the other segments: the abundance of PC(36:2) [M+H]+ 

was low in segments 4 to 7 and very high in segments 9 to 16, whereas the intensity of 

PC(38:5) [M+Na]+ was  strong in segments 4 to 7 but weak in segments 9 to 16. All PCs 

presented in Figure 3A were detected in segments 18 and 19 of the cauda but with a different 

localization: PC(32:0) [M+K]+ and PC(34:1) [M+K]+ were both abundant in the connective 

tissue, whereas PC(36:2) [M+H]+ was detected in the smooth muscle and PC(38:5) [M+Na]+ 

was weakly detected in the sperm stored inside the epididymal tube. On-tissue MS/MS 

experiments confirmed the nature of the PCs but could not provide information on the 

composition of the fatty-acid chains. However, PC(34:1) [M+K]+ m/z 798.541 could be 

attributed to PC(16:0/18:1) [M+K]+ and PC(36:2) [M+H]+ m/z 786.600 to PC(18:0/18:2) by 

comparing our annotations with identifications obtained by electrospray ionization (ESI)-

MS/MS in the study carried out by Sato et al. on epididymal sperm in mice 18.  

LysoPCs can be generated either from PCs by the action of the large family of 

phospholipases A2, which hydrolyze the sn-2 position of PC or reactive oxygen species 

(ROS) generated during inflammation 41. They are known to play a crucial role in 

spermatozoa function and can be considered to be markers of sperm quality 41. Ion images of 

LysoPC(18:0) [M+Na]+ m/z 546.353, LysoPC(18:2) [M+H]+ m/z 520.339, LysoPC(20:4) 

[M+K]+ m/z 582.296, and LysoPC(22:4) [M+H]+ m/z 572.371 are shown in Figure 3B. 

Interpretable on-tissue MS/MS spectra were very difficult  to obtain for LysoPCs because of 

their very low intensities. Nevertheless, on-tissue CID performed on LysoPC(20:4) [M+K]+ 

m/z 582.296 led to a MS/MS spectrum of poor quality but showing a loss of 59 Da, consistent 

with our annotation (Supplementary Figure 3). LysoPCs shown in Figure 3B present very 

different distributions. LysoPC(18:0) [M+Na]+ and LysoPC(22:4) [M+H]+ were both detected 

in the sperm but with opposite trends: LysoPC(18:0) [M+Na]+ intensity decreased from 

segment 4 to 15 whereas LysoPC(22:4) [M+H]+ intensity increased from segments 9 to 19. 

LysoPC(18:2) [M+H]+ and LysoPC(20:4) [M+K]+ were detected in different segments of the 

caput and corpus but also in the last segments of the cauda. These results are quite different to 

that obtained in lipid extracts of mouse caput and cauda spermatozoa by Pyttel et al. 17. 

Indeed, they observed an enhanced content of lysolipids, including LysoPC(18:0), 

LysoPC(18 :2) and LysoPC(20 :4) in the cauda spermatozoa while our ion images suggest a 

more pronounced localization of these lipids in the caput and corpus tissue.   
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Spatial segmentation also revealed marked differences in sphingolipids, plasmalogens and 

TGs composition between the caput and cauda. Molecular images of several sphingolipids 

(SM(d34:1) [M+K]+ m/z 741.531, SM(d42:0) [M+H]+ m/z 675.544, SM(d42:2) [M+H]+ m/z 

813.684, and SM(d36:1) [M+Na]+ m/z 753.588), plasmalogens (PC(P-36:1) [M+H]+ m/z 

772.621 and PC(P-40:4) [M+H]+ m/z 822.637), and TG(50:2) [M+K]+ m/z 869.699 are shown 

as examples in Figure 4. On-tissue CID experiments (Supplementary Figure 3) confirmed the 

annotations of SM(d34:1) [M+K]+, SM(d42:2) [M+H]+, SM(d36:1) [M+Na]+, and PC(P-

40:4) [M+H]+. While SM(d42:2) and SM(d36:1) were moderately detected from the caput to 

cauda, SM(d34:1) and SM(d42:0) were strongly detected in the connective tissue and the 

sperm accumulated in the cauda (segments 16 to 19), respectively. PC(P-36:1) and PC(P-

40:4) were both strongly detected in the cauda but with different localizations. PC(P-36:1) 

showed a very fine distribution in the smooth muscle of segments 18 and 19, whereas PC(P-

40:4) appeared to be specific to the stored sperm. Almost all annotated TGs presented the 

same distribution than TG(50:2) with a strong signal detected in segments 8 to 12 of the caput 

and corpus. Since TGs are specifically hydrolysed by adipose triglyceride lipase to form 

diacylglycerols (DGs) we were interested in the localization of DGs. As exemplified by 

DG(34:2) [M+K]+ m/z 631.469  (Figure 4), all annotated DGs presented the same localization 

than TG(50:2). However, it is important to note that DG can be prompt breakdown products 

of TG. In this case, the mass difference between a TG fragment ion and a true DG is 3 mDa. 

Distribution analogies have thus to be made with caution. 

Although experiments performed in negative ion mode led to a small number of annotations, 

they allowed the detection of PIs, LysoPEs and seminolipids. All PIs and LysoPEs detected 

in the negative ion mode presented very fine localizations around or at the edge of the 

epididymal duct in the different segments as illustrated by PI(16:0) [M-H]- m/z 571.289, 

PI(36:0) [M-H]- m/z 865.580, and LysoPE(18:0) [M-H]- m/z 480.309. Seminolipids presented 

the same localization than SL(16:0/16:0) [M-H]- m/z 795.528 abundantly detected in the 

sperm accumulated in segments 2 to 12 but also in  the last segments 18 and 19 of the cauda. 

All images corresponding to annotated ions can be visualized on the Metaspace platform. 

Our results are in accordance with a substantial remodeling of lipid composition during the 

transit of spermatozoa from the caput to the cauda epididymis. The higher number of 

plasmalogens and sphingolipids observed in the cauda is consistent with the results obtained 

by Pyttel et al. in sperm collected from the mouse cauda epididymis 17. Plasmalogens are 
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glycerol ether phospholipids in which the fatty acid in the sn-1 position is linked to the 

glycerol backbone by an alkenyl ether group. Plasmalogens are considered to be very 

important players in epididymal maturation due to their antioxidative properties 39. Rejraji et 

al. 19 also observed higher amounts of sphingolipids in the mouse cauda epididymis, precisely 

in the membranes of epididymosomes and spermatozoa. Sphingolipids are highly involved in 

the capacitation process before the spermatozoa reach the oocyte and undergo the acrosome 

reaction. Indeed, sphingolipids are known to slow the loss of sterol, which is an early and 

mandatory step of capacitation in humans 42. However, contrary to the results obtained by 

Pyttel et al. on lipid extracts prepared from mouse epididymal sperm, we observed no 

significant increase in the proportion of LysoPCs in the rat cauda epididymal tissue. 

Compared to plasmalogens and sphingolipids, the number and intensity of LysoPCs were 

relatively weak in our study. This could hinder the detection of the increase in the LysoPCs 

proportion observed by Pyttel et al. 17. Moreover, differences between rodent species cannot 

be excluded. In addition, we found that TGs and DGs were co-localized in segments 8 to 12. 

Although we did not found data supporting this hypothesis, this could suggest an important 

activity of adipose triglyceride lipases in this region. Interestingly, Masaki et al. demonstrated 

that the alteration of TG metabolism, obtained by the deletion of the Atgl gene, affects 

spermatogenesis and the maturation process of the male gamete 43. Seminolipids are 

sulfogalactosylglycerolipids 44,45 selectively and very abundantly found in the sperm plasma 

membrane of mammals including humans 46,47. They are essential for completion of the 

spermatogenesis, fertilization and sperm-egg interactions 47. In the mouse testis, Goto-Inoue 

et al. showed that SL(16:0/16:0) was detected throughout the tubules whereas SL(16:0/14:0) 

was mainly found in spermatocytes and SL(17:0/16:0) specifically expressed in spermatids 

and spermatozoa using IMS 48. LC-MS/MS experiments showed that SL(16:0/16:0) is the 

major seminolipid in pachytene spermatocytes, round spermatids and spermatozoa collected 

from caudal epididymis and vas deferens of mice 47. Ion images we obtained show for the 

first time the distribution of seminolipids along the epididymal tissue.  

3D reconstruction of the epididymis head by MALDI FT-ICR imaging  

Despite the implementation of real-time data reduction and an increase in the analysis speed 

of MALDI mass spectrometers, 3D-MALDI IMS studies are still mainly limited to relatively 

small datasets. However, Jones et al. 30 recently performed the 3D reconstruction of a mouse 
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lung from 40 sections analyzed with a lateral resolution of 120 µm on a MALDI-FTICR. 

Given the lateral resolution required for the study of a complex organ such as an epididymis, 

the 3D reconstruction of the entire organ appeared to be a colossal task.  

The 3D models reconstructed for PC(38:4) [M+K]+ m/z 848.557 and PC(38:5) [M+Na]+ m/z 

830.569 in an epididymis head collected from another animal are shown in Figure 5. The 2D-

MALDI IMS data showed that the localization of PC(38:4) [M+K]+ m/z 848.557 was limited 

to segments 1 to 7 (Figure 5A and supplementary data 2). The 3D-model suggests that the 

distribution of PC(38:4) [M+K]+ m/z 848.557 is also limited to these segments in the whole 

volume of the epididymis head. Although PC(38:5) [M+Na]+ m/z 830.569 appeared to be 

very abundant in segments 3 to 7 from the 2D MALDI IMS data, the 3D-model suggests that 

PC(38:5) [M+Na]+ m/z 830.557 can also be found in similar abundances in segments 8 to 10 

in the whole volume of the epididymis head (Figure 5B and supplementary data 3). This 3D 

reconstruction of the epididymis head shows that the localization of an analyte can vary 

across the volume of the tissue and provides information that would have been missed from a 

single section. With the co-registration of 61 2D-ion images obtained at a lateral resolution of 

50 µm, our 3D-model of the rat epididymis represents a more complex dataset than the 3D-

model of mouse lung reconstructed by Jones et al 30.  

Conclusions 

We were able to define an entire new segmentation map based on molecular interpretation 

using new and promising techniques that are already available, i.e., imaging mass 

spectrometry and computational methods. The pixel-to-pixel reduction approach combined 

with clear, noiseless, and smooth segmentation maps already appeared to be an ideal 

technique to delineate complex and detailed histology structures 31,43,44. These computational 

methods enabled automatic determination of the discriminative m/z values that contributed 

the most to a given region and the proposition of molecular annotations, confirmed by on-

tissue CID experiments for some. Our study confirms the substantial remodeling of lipid 

composition during epididymal maturation and the results are highly complementary to those 

of previous analyses performed on sperm or tissue extracts collected from the epididymis 

head and tail. It is noteworthy that MALDI imaging experiments can be subjected to a 

significant technical variability. The introduction of QC samples such as a mimetic tissue 

model or highly structured tissue in the analysis workflow could be used to validate the 

sample preparation and the analytical performances of the instrument, especially when 

https://www.zotero.org/google-docs/?BBfIOl
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images must be taken in different days as is the case with 3D experiments. Moreover, ion 

suppression effects encountered in all MALDI IMS studies can alter qualitatively and 

quantitatively the real distribution of detected ions. As suggested by Leopold et al., the use of 

one internal standard for each major lipid class could be a solution to at least partially reduce 

the impact of ion suppression 49. Further work is currently ongoing in our laboratory to 

integrate our high quality in-situ lipid-distribution dataset with quantitative proteomes 

obtained for the three main epididymal regions, with the aim to identify the key enzymes 

involved in lipid metabolism within the organ. Indeed, this pioneering work opens new 

perspectives for elucidating the role of lipid metabolism in sperm maturation during its transit 

through the epididymis. 
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 Table 1. The 19 intra-regional segments determined from histological observation are 

composed of several molecular clusters obtained from spatial segmentation in positive and in 

negative ion modes.  

Segment Positive ion mode Negative ion mode

1 01 01

2 02

3 02 and 03

4

5

6 08 and concentric distributions of 06 and 07 04, 17 and concentric distributions of 03 and 05

7 04 and 05 04 and concentric distributions of 02 and 03

8 09 and 10 06 and concentric distributions of 07 and 03

13 and concentric distributions of 03 and 05

9 12 and concentric distributions of 10 and 11 06 and concentric distributions of 07 and 03

13 and concentric distributions of 03 and 05

09, 11 and concentric distributions of 08 and 10+12

10

11

12 14 and concentric distributions of 15 and 11 14 and concentric distributions of 07, 03 and 05

13

14

15

16

17 17 and concentric distributions of 22 (epithelium) and 19 

(sperm)

18 23 (connective tissue) and concentric distributions of 20 

(smooth muscle), 22 (epithelium) and 21 (sperm)

18 (connective tissue + smooth muscle) and concentric 

distributions of 19 + 20 (epithelium) and 21 (sperm)

19 23 (connective tissue) and concentric distributions of 20 

(smooth muscle), 22 (epithelium), 24 (sperm)

22 (connective tissue + smooth muscle) and concentric 

distributions of 04 (epithelium) and 05 + 21 (sperm) 

Clusters from the spatial segmentation map

 observed in each intra-regional segments

Cauda

Corpus

Caput

"Tail"

section

"Head"

section

18 and concentric distributions of 16 and 17

12 and concentric distributions of 10 and 11

10 and concentric distributions of 11 and 13

04 and 05

01, 04 and concentric distributions of 02 and 03

04 and concentric distributions of 02 and 03

09, 11 and concentric distributions of 08 and 10+12

13 and concentric distributions of 07, 03, 05 and 12

14 and concentric distributions of 07, 03 and 05

11, 16, 18, 19 and concentric distributions of 21, 10 and 15

11, 16, 18, 19 and concentric distributions of 21, 10 and 17
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Figure 1. Different segmentation of the rat epididymis is observed at the histological and 

molecular levels. A) The 19 intra-regional segments described by Jelinsky et al. 9 are 

represented in the optical images of “head” and “tail” sections analyzed by MALDI IMS. B) 

The spatial segmentation maps obtained at the molecular level are composed of B) 24 clusters 

in the positive ion mode and C) 22 clusters in the negative ion mode. Magnifications of the 

areas located in the blue frames from D) a consecutive section stained with H&E, and from 

the spatial segmentation maps obtained E) in positive and F) in negative ion modes. 
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Figure 2. The lipid composition of the epididymis differs substantially from head to tail. 

Annotations of discriminative m/z values obtained in positive and negative ion modes for the 

epididymis A) head and B) tail. C) Annotations of discriminative m/z values obtained for 

each cluster of the spatial segmentation map in positive ion mode. For each cluster, adducts 

of the same species were considered to be duplicates. 

Abbreviations: PC: phosphatidylcholines, PA: glycerophosphate, TG: triacylgycerol, PE: 

phosphatidylethanolamines, LysoPC: lysophosphatidylcholine, PS: phosphatidylserine, PG: 

phosphatidylglycerol, DG: diacylglycerol, LysoPE: lysophosphatidylethanolamine. 
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Figure 3. MALDI IMS reveals the in-situ localization of several PCs and LysoPCs. Ion 

images of A) PC(32:0) [M+K]+ m/z 772.525, PC(34:1) [M+K]+ m/z 798.541, PC(36:2) 

[M+H]+ m/z 786.600 and PC(38:5) [M+Na]+ m/z 830.569 and B) LysoPC(18:0) [M+Na]+ m/z 

546.353, LysoPC(18:2) [M+H]+ m/z 520.339, LysoPC(20:4) [M+K]+ m/z 582.296 and 

LysoPC(22:4) [M+H]+ m/z 572.371. Ions for which the annotation was confirmed by on-

tissue CID (Supplementary Figure 3) are marked with an asterisk. Numbers indicated on the 

ion images correspond to the 19 intra-regional segments. Ion images are presented in veridis 

color scale automatically adjusted with the hot spot removal option. 
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Figure 4. MALDI IMS reveals the in-situ localization of several lipid classes. Ion images of 

SM(d34:1) [M+K]+ m/z 741.531, SM(d42:0) [M+H]+ m/z 675.544, SM(d42:2) [M+H]+ m/z 

813.684, and SM(d36:1) [M+Na]+ m/z 753.588; plasmalogens PC(P-36:1) [M+H]+ m/z 

772.621 and PC(P-40:4) [M+H]+ m/z 822.637; TG(50:2) [M+K]+ m/z 869.699, DG(34:2) 

[M+K]+ m/z 631.469, PI(16:0) [M-H]- m/z 571.289, PI(36:0) [M-H]- m/z 865.580, 

LysoPE(18:0) [M-H]- m/z 480.309, and SL(16:0/16:0) [M-H]- m/z 795.528. Ions for which 

the annotation was confirmed by on-tissue CID (Supplementary Figure 3) are marked with an 

asterisk. Numbers indicated on the first ion image correspond to the 19 intra-regional 

segments. Ion images are presented in veridis color scale automatically adjusted with the hot 

spot removal option. 
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Figure 5. 3D-MALDI IMS models reconstructed for PC(38:4) [M+K]+ m/z 848.557 and 

PC(38:5) [M+Na]+ m/z 830.569 in the epididymis head. The asterisk indicates that the 

annotation was confirmed by on-tissue CID (Supplementary Figure 3). Numbers indicated on 

the ion image correspond to the intra-regional segments of the epididymis head. 


