
Acta Derm Venereol 96

INVESTIGATIVE REPORT

Acta Derm Venereol 2016; 96: 303–308

© 2016 The Authors. doi: 10.2340/00015555-2249
Journal Compilation © 2016 Acta Dermato-Venereologica. ISSN 0001-5555

See also In-this-Issue, p. 291

Improved knowledge of the topology of lamellar bodies 
is a prerequisite for a molecular-level understanding of 
skin barrier formation, which in turn may provide clues 
as to the underlying causes of barrier-deficient skin di-
sease. The aim of this study was to examine the key ques-
tion of continuity vs. discreteness of the lamellar body 
system using 3 highly specialized and complementary 
3-dimensional (3D) electron microscopy metho dologies; 
tomography of vitreous sections (TOVIS), freeze-substi-
tution serial section electron tomography (FS-SET), and 
focused ion beam scanning electron microscopy (FIB-
SEM) tomography. We present here direct evidence that 
lamellar bodies are not discrete vesicles, but are part of a 
tubuloreticular membrane network filling out the cyto-
plasm and being continuous with the plasma membrane 
of stratum granulosum cells. This implies that skin bar-
rier formation could be regarded as a membrane fol-
ding/unfolding process, but not as a lamellar body fusion 
process. Key words: skin barrier; CEMOVIS; TOVIS; FS-
SET; FIB-SEM.

Accepted Sep 30, 2015; Epub ahead of print Oct 6, 2015

Acta Derm Venereol 2016; 96: 303–308.

Lars Norlén, Department of Cellular and Molecular Bio-
logy (CMB), Karolinska Institutet, von Euler’s v 1, SE-171 
77 Stockholm, Sweden. E-mail: lars.norlen@ki.se

The body’s barrier against water loss via evaporation 
and against penetration of certain exogenous substances 
is constituted by lipids that fill the extracellular space 
of the skin’s surface layer, the stratum corneum (SC). 
These lipids have a unique molecular architecture, being 
organized as stacked bilayers of fully extended ceramides, 
with cholesterol associated with the ceramide sphingoid 
moiety (1).

Several skin diseases, such as eczema, psoriasis and 
the ichthyoses, are characterized by a deficient barrier 
function. Perturbed skin barrier formation may thus be 
an aetiological factor in barrier-deficient skin disease (2).

The formation of the skin barrier depends on deposi-
tion of lipids into the extracellular space between the 
viable and cornified epidermis (3). Prior to deposition, 

the lipids are located to, and delivered by, a membrane-
bound organelle system termed the lamellar body sys-
tem (synonyms: lamellar granules, membrane coating 
granules, Odland bodies (3–11)). Two models have 
been proposed for skin barrier formation; the Landmann 
model (8) and the membrane-folding model (12). The 
fundamental difference between the 2 models is that 
the Landmann model proposes that the lamellar body 
system is constituted by a multitude of discrete vesicles, 
while the membrane-folding model proposes that it is 
constituted by a single and coherent tuboloreticular 
membrane network. The Landmann model advocates 
that the physiological process underlying skin barrier 
formation belongs to the group of diffusion/fusion pro-
cesses, like that of, for example, synaptic vesicle fusion 
(13), while the membrane-folding model infers that li-
pid secretion into the extracellular space takes place via 
unfolding of invaginations of the stratum granulosum 
(SG) cell plasma membrane. The seemingly discrete 
lamellar bodies seen in 2-dimensional (2D) electron 
micrographs are, according to the membrane-folding 
model, merely 2D projections of a single tubuloreticular 
membrane network. The lamellar bodies are thus not 
discrete vesicular structures, but are continuous with 
each other and with the plasma membrane, which in 
turn would profoundly affect the chemical and physical 
processes controlling skin barrier formation (12).

In this study, the discreteness vs. continuity of the 
lamellar body system was directly addressed using 3 
different highly specialized and complementary 3D 
electron microscopy methodologies: tomography of 
vitreous sections (TOVIS) (14–16), freeze-substitution 
serial section electron tomography (FS-SET), and 
focused ion beam scanning electron microscopy (FIB-
SEM) tomography (17), using cryo-electron microscopy 
of vitreous sections (CEMOVIS) (18–22) as a near-
native high-resolution 2D reference.

MATERIALS AND METHODS
A more detailed description of experimental procedures is 
given in Appendix S11.

Skin Lamellar Bodies are not Discrete Vesicles but Part of a 
Tubuloreticular Network
Lianne DEN HOLLANDER1, HongMei HAN1,2, Matthijs DE WINTER3, Lennart SVENSSON4, Sergej MASICH1, Bertil DANE-
HOLT1 and Lars NORLÉN1,5*
1Department of Cell and Molecular Biology (CMB), Karolinska Institutet, Stockholm, Sweden, 2Max-Planck-Institut für molekulare Physiologie, Systemic 
Cell Biology, Dortmund, Germany, 3Biomolecular Imaging, Faculty of Science, Utrecht University, Utrecht, The Netherlands, 4Centre for Image Analysis, 
Uppsala University, Uppsala, and 5Dermatology Clinic, Karolinska University Hospital, Stockholm, Sweden

1https://doi.org/10.2340/00015555-2249

https://doi.org/10.2340/00015555-2249


304 L. den Hollander et al.

All human studies were approved by the authors’ Institutional 
Review Board and followed the protocols of the Declaration 
of Helsinki. All subjects gave their written informed consent.

Skin biopsies (~1.0 × 1.0 × 0.2 mm3) were taken from the volar 
forearm of 5 Caucasian males (median age 47 years; age range 
40–57 years old) with no history of skin disease themselves or 
among first-degree relatives. The samples were immediately 
vitrified using a Leica EMPACT2 high-pressure freezer (Leica, 
Vienna, Austria) and cryosectioned at –140°C.

CEMOVIS images were recorded at –180°C with a Philips 
CM200 FEG electron microscope (Philips, Eindhoven, The Nether-
lands) equipped with a cooled slow scan 2,048 × 2,048 TVIPS 
TemCam-F224 HD CCD camera (pixel size 24 μm) at magnifica-
tions between 15,000 and 88,000, at a defocus be tween –0.5 μm and 
–3 μm, and with an electron dose between 3,000 and 3,000 e–/nm2.

TOVIS tilt series (n = 7) from 60° to –60° with 1° increment 
(i.e. each tilt-series containing 120 images), were recorded at a 
defocus of –2 μm under low-dose conditions (in total approx-
imately 4,000 e–/nm2 per 120 image tilt-series) at a magnifica-
tion of 20,000 on an area of approximately 1,600 × 1,700 nm2. 
Tomographic 3D-reconstruction by weighted back-projection, 
low-pass filtering to 15 Ångström and segmentation, were 
performed with the IMOD software package (28).

Five sequential FS-TEM dual-axis tomograms, each compo-
sed of 240 images, were collected from 70° to –70° tilt, with a 
magnification of 20,000 and a defocus of –0.5 µm, from an area 
of approximately 1,700 × 1,600 nm2. The combined serial section 
tomogram was then visualized by isosurface rendering, with the 
grey level set by using CEMOVIS post-tomography micrographs 
obtained at zero tilt angle from the same section area, as an 

internal reference. Membrane structures connected in 3D were 
segmented out using watershed segmentation (29). Isosurface 
rendering and segmentation were done in USCF Chimera (30).

Three FS-FIB-SEM data-sets were collected in 3 different areas 
from 2 skin samples using a FEI Nova Nanolab600 Dualbeam 
(FEI, Eindhoven, The Netherlands). Imaging was performed using 
a 2,000 eV beam (0.21 nA) with a pixel size of 3.57 nm. For each 
data-set, approximately 50 cross-sections were viewed with a 
dwell time of 60 μs. The stack of 50 2D images created with FS-
FIB-SEM was combined into a single 3D volume using ImageJ 
(31) with the TomoJ plug-in and manually aligned with IMOD 
(28). Lanczos re-sampling (32) was used to lower the resolution 
of the aligned image stack. The re-sampled volume was visualized 
using isosurface rendering. The settings for the grey level were 
determined by measuring an easily distinguishable feature, like 
a lamellar body, in the original 2D image. The same feature in 
the reconstructed 3D volume was made to fit the corresponding 
features in the original 2D images by setting correctly the grey-
scale intensity value. All the connected features were segmented 
using watershed segmentation. Both the isosurface rendering and 
segmentation were done in UCSF Chimera (30).

RESULTS

Cryo-electron microscopy of vitreous sections

In total more than 300 CEMOVIS micrographs of the 
interface between viable and cornified epidermis were 
obtained from the forearm and abdominal skin of 5 

Caucasian males in their 40s and 50s with 
no history of skin disease.

For an account of the general ultrastructure 
of the interface between the SG and the SC, 
see (18, 22). Fig. 1 shows that apparent active 
sites of skin barrier formation were constituted 
by lamellar bodies and associated complex 
membrane structures, corresponding with data 
earlier reported (18). Lamellar bodies (Fig. 1; 
inset) were highly heterogeneous with respect 
to size, shape and interior electron-density 
patterns. They contained lamellar material, 
multigranular material and complex material 
in varying proportions. No clear demarcation 
was observed between lamellar, multigranular 
and complex material.

Fig. 1. Cryo-electron microscopy of vitreous sections 
(CEMOVIS) electron density map of the interface between 
viable and cornified epidermis. Multiple apparent active 
sites of skin barrier formation (black boxes) can be seen, 
constituted by lamellar bodies (white asterisk) and associated 
complex membrane structures (black asterisk). Lamellar 
bodies (white asterisk; inset) contain lamellar material (inset 
white arrow), multigranular material (inset black arrow) 
and complex material (inset white-lined black arrow) in 
varying proportions. White dotted line marks the interface 
between viable and cornified epidermis. Inset: enlarged 
view of lamellar body; SC: stratum corneum; SG: stratum 
granulosum; Black-lined white arrows: widened areas of the 
extracellular space; Open black arrow: cryo-section cutting 
direction; Section thickness: 50 nm; Defocus: –2 μm; Scale 
bar: 500 nm; Inset scale bar: 100 nm.
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Highly heterogeneous membrane material, similar to 
the content of lamellar bodies, was found associated with 
invaginations of the plasma membrane in widened areas 
of the extracellular space between SG and SC (see Fig. 1). 

TransGolgi networks were identified in association 
with lamellar bodies (Fig. S1A1) and in association 
with the extracellular space (Fig. S1B1) at the interface 
between the SG and the SC.

Tomography of vitreous sections 

For the best view of the 3D-reconstructed TOVIS data 
we refer the reader to Movie SI1 TOVIS.avi.

In total, 3 near-native skin sample volumes of ap-
proximately 1,000 × 500×50 nm3 were 3D-reconstructed. 

In the 3D-reconstructed TOVIS data, sections of tu-
bules were omnipresent, while no vesicular structures 
were identified in any TOVIS data-set.

Membrane continuity between the cell plasma mem-
brane and lamellar bodies and between lamellar bodies 
themselves was identified (best visualized in Movie SI1  
TOVIS. avi) (Fig. 2; Fig. S21; Movie SI1 TOVIS.avi).

The median diameter of the connections was 40.5 nm 
(range 3–90 nm; n = 8). Connections were not observed 
between all identified lamellar body sections in the 
3D-reconstructed 50-nm thick skin sample sections. 
No discrete lamellar body structures were observed in 
any 3D-reconstructed sample. All lamellar bodies were 
represented as tubular sections with varying tubular 
diameters (Fig. 2C).

TransGolgi networks were, as for the CEMOVIS (Fig. 
S1A1) and the FS-SET (Fig. S1C1) data, identified in the 
TOVIS data (Fig. S1B1). Due to the limited thickness 
(approximately 50 nm) of the observable reconstructed 
3D volume using high-resolution TOVIS, we were not 
able to obtain 3D-reconstructions containing both a 
transGolgi network and the adjacent plasma membrane 
concomitantly.

Stacked lamellar material with a lamellar periodicity 
of approximately 5 nm was resolved in the extracellular 
space and inside the lamellar body system in the TOVIS 
3D-reconstructions (Fig. 2C). Multi-granular material 
associated with the stacked lamellar material observed in 
CEMOVIS 2D micrographs inside lamellar bodies and 

inside the adjacent extracellular space between 
viable and cornified epidermis (18, 22) (see Fig. 
1; Fig S1A1) was not resolved in the TOVIS 3D-
reconstructions.

Freeze-substitution serial section electron 
tomography 

For the best view of the 3D-reconstructed FS-SET 
data we refer the reader to Movie SII1 FS_SET.
mov. A skin sample volume of approximately 
1,500 × 1,500 × 400 nm3, consisting of 5 indi-
vidual stacked sequential sample volumes of 
approximately 1,500 × 1,500 × 80 nm3 each, was 
3D-reconstructed.

Fig. 2. Fifty nanometre thick tomography of vitreous sections 
(TOVIS) 3D-reconstruction of the interface between viable and 
cornified epidermis (see Movie SI1 TOVIS.avi). (A) Post-tilt series 
zero-tilt TOVIS image of the region from which a tomographic tilt-
series was obtained at the interface between viable and cornified 
epidermis. (B) Overlay of the surface-rendered tomographic 
3D-reconstruction (green) with the zero-tilt TOVIS original data 
(grey). (C) Enlargement of the tomographic 3D-reconstruction 
in (B). Invaginations of the plasma membrane (green) can be 
seen in association with sections of elongated tubular-like 
structures (green). Both invaginations and tubular-like structures 
partly contain stacks of lamellar structures (blue stacks) with 
dimensions compatible with stacked lipid bilayers. Black dots 
in (A) and (B) represent 10-nm quantum dots (PbS) used as 
fiducial markers for alignment of the tilt series images during 
3D-reconstruction. White dotted line in (B) marks the interface 
between viable and cornified epidermis. White asterisk in (A): 
lamellar body-like structures; Black asterisk in (A): membrane 
complexes associated with ribosome complex-like structures; 
White box in (A): area shown enlarged in Fig. S2A1; SC in (A): 
stratum corneum; SG in (A): stratum granulosum; Defocus: –2 
μm; Scale bar in B: 500 nm.
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Low-intensity cellular regions, corresponding to 
lipid-rich material, formed a continuous tubular network 
expanding throughout the cell cytoplasm and were con-
tinuous with the extracellular space, to approximately 
5-nm resolution (Fig. 3; Movie SII1 FS_SET.mov).

The median diameter of the tubular network was 35 
nm (range 5–165 nm; n = 322). Several tubular networks 
were identified (Fig. 3 and Movie SII1 FS_SET.mov).

No discrete vesicular structures were observed in 
any 3D-reconstructed sample. TransGolgi networks as-
sociated with the extracellular space were identified in 
the FS-SET data (Fig. S1C1). Stacked lamellar material 
as well as multi-granular material was not resolved in 
the FS-SET 3D-reconstruction. 

Focused ion beam scanning electron microscopy 
tomography

Two FIB-SEM tomograms were obtained, each with a skin 
sample volume of approximately 10,000 × 5,000 × 1,000 
nm3.

Low-intensity cellular regions, corresponding to lipid-
rich material, formed a large continuous tubular network 
expanding throughout the cell cytoplasm and were con-
tinuous with the extracellular space (Fig. 4; Movie SIII1 

FIB_SEM.mov).
The median diameter of the tubular network was 70 

nm (range 40–230 nm; n = 270). At the approximately 

40-nm resolution level (i.e. 2 × the FIB milling section 
thickness of 20 nm), continuity of the tubular network of 
adjacent cells was observed occasionally (Fig. 4; Movie 
SIII1 FIB_SEM.mov).

No discrete lamellar body structures were observed in 
any 3D-reconstructed sample. Stacked lamellar material 
as well as multi-granular material was not resolved in 
the FS-SET 3D-reconstruction.

DISCUSSION

A better knowledge of the skin barrier formation process 
is called for to understand the development of barrier-
deficient skin disease (2). A key question is related to 
the topology of the SG cells’ lipid secretory system 
(the lamellar body system (8, 25)), and the consequent 
compartmentalization of the different physical and 
chemical (26) events taking place during skin-barrier 
formation.

The first published model suggests a multi-vesicular 
system (8), similar to that of synaptic vesicle fusion 
(13). More recently, this idea has been challenged, and 
lipid delivery via folding/unfolding of a single tubu-
loreticular membrane system has been proposed (12), 
but only indirectly supported experimentally (3, 18, 22, 
27). Most data of the architecture of the lamellar body 
system has been derived from 2D electron microscopy. 

The question as to whether lamellar bodies are 
discrete vesicular structures in 3D or merely 
2D representations of a single tubuloreticular 
membrane network thus remains open. We 
have addressed this question directly by vi-
sualizing the 3D architecture of the lamellar 
body system using 3 highly specialized and 
complementary 3D electron microscopy met-
hods (TOVIS, FS-SET, FIB-SEM), and used 
CEMOVIS as a near-native high-resolution 2D 
reference. The resolution limit of CEMOVIS 

Fig. 3. Four-hundred nanometre thick freeze-substitution serial 
section electron tomography (FS-SET) 3D-reconstruction 
of the interface between viable and cornified epidermis (see 
Movie SII1 FS_SET.mov). Connected structures (coloured 
3D volumes in (B) and (C)) segmented out with automated 
watershed segmentation in a serial tomogram composed of 5 
sequential dual-tilt tomograms obtained from the same area 
in a freeze-substituted plastic-embedded human skin sample. 
(A) IMOD 3D-reconstruction of the combined FS-SET data-
set. (B) Overlay of surface-rendered tomographic 3D volumes 
obtained by watershed segmentation (coloured 3D volumes) 
with the original combined IMOD 3D-reconstructed FS-SET 
data-set (grey). (C) Enlargement of the watershed segmented 
3D volume marked by a black box in (B). Note that structures 
that are continuous with each other in 3D are assigned the same 
colour by the automated watershed segmentation algorithm 
procedure. White dotted line in (A) marks the interface between 
viable and cornified epidermis. SC in (A): stratum corneum; 
SG in (A): stratum granulosum. Defocus –0.5 μm; Scale bar 
in (A): 500 nm.
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is approximately 0.5 nm (1), while the resolution limit 
of TOVIS is approximately 2–5 nm (16), of FS-SET ap-
proximately 5 nm, and of FIB-SEM approximately 40 
nm (i.e. 2 × the FIB milling section thickness of 20 nm)2.

Our TOVIS data strongly favour the presence of 
tubules, not vesicles, in the near-native material (best 
visualized in Movie SI1 TOVIS.avi) (Figs 2 and S21; 
Movie SI1 TOVIS.avi). Further ramifications and con-
nections between the tubules themselves and between 
the tubules and the cell plasma membrane were clearly 
visualized in 3D (Figs 2 and S21; Movie SI1 TOVIS.
avi), indicating the presence of a tubuloreticlar net-
work. This is further supported by the observation 
that the stacked lamellar content of the tubules (Figs 
2 and S21, and Movie SI1 TOVIS.avi) was structurally 
identical with the content of the invaginations of the 
cell plasma membrane in widened areas of the extra-
cellular space. Finally, no discrete vesicular structures 
with dimensions compatible with lamellar bodies were 
observed by TOVIS, FS-SET or by FIB-SEM in any of 
the 3D-reconstructed skin samples.

Both FS-SET (Fig. 3) and FIB-SEM (Fig. 4) showed 
a low-intensity tubuloreticular network with tubular 
dimensions varying between 5 and 230 nm protruding 
throughout the SG cellular space and being continuous 
with the extracellular space between viable and cor-
nified epidermis. Although the membrane structures 
visualized with FS-SET and FIB-SEM dimensionally 
fit well with corresponding membrane structures vi-
sualized with CEMOVIS and TOVIS (cf. Fig. S31), it 
cannot be excluded that membrane structures other than 
lamellar bodies and transGolgi networks contribute to 
the low-intensity signal. However, using watershed 
segmentation on FS-SET tomograms it was shown, 
to approximately 5 nm resolution, that all these mem-
brane structures, whether defined as lamellar bodies, 
transGolgi networks or other membrane structures, are 
connected into a continuous tuboloreticular network 

spanning a large portion of the cellular space and be-
ing continuous with the extracellular space between 
viable and cornified epidermis (Fig. 3). This finding 
was further supported by the FIB-SEM data in a larger 
volume, but at a lower resolution (Fig. 4). 

FS-SET and FIB-SEM 3D-reconstructions are ob-
tained from stained freeze-substituted skin samples, 
and not, as for CEMOVIS and TOVIS, directly from 
near-native vitreous skin samples. Therefore, influence 
from preparation-induced artefacts derived from solvent 
extraction, plastic embedding and staining cannot be ex-
cluded. However, the similar dimensions of lamellar bo-
dies seen in TOVIS 3D-reconstructions and CEMOVIS 
2D micrographs, with those seen in FS-SET projections 

2TOVIS (16) has the advantage of high resolution and of preserving the near-
native structure of skin. The epidermal tissue volume that can be studied is 
however limited by the thin skin section thickness (about 50 nm) needed 
for high-resolution work and by the method’s extreme technical difficulty, 
not practically allowing for serial section tomography. FS-SET overcomes 
these problems, but preserves the skin tissue to a lesser degree than does 
TOVIS. Both TOVIS and FS-SET are further restricted by a limited tilt-range 
(about ±60–70 degrees), resulting in a smearing of the point-spread function 
in the section thickness dimension (16, 23). This problem is overcome by 
FIB-SEM that does not depend on tomographic section tilting. Another 
advantage is that larger tissue volumes can be 3D reconstructed than with 
TOVIS or FS-SET. A drawback is, however, that the resolution in the section 
thickness dimension is limited by the FIB slice thickness (about 20 nm). Like 
for FS-SET, skin tissue preservation is lower than for TOVIS. In addition to 
the 3D methods listed above, we used cryo-electron microscopy of vitreous 
sections (CEMOVIS) for obtaining 2D electron micrographs of the interface 
between stratum granulosum and stratum corneum, to serve as near-native 
very high-resolution references for the 3D reconstructions performed with 
TOVIS, FS-SET and FIB-SEM.

Fig. 4. One-thousand nanometre thick focused ion beam scanning electron 
microscopy (FIB-SEM) tomography 3D-reconstruction of the interface 
between viable and cornified epidermis (see Movie SIII1 FIB_SEM.mov). 
Connected structures (coloured 3D volumes in (B) and (C)) segmented out 
with automated watershed segmentation in a 3D-reconstructed FIB-SEM 
tomogram. (A) Scanning electron microscopy image (SEM) of the FIB-SEM 
data-set composed of 50 sequential SEM images. (B) Overlay of surface-
rendered tomographic 3D volumes obtained by watershed segmentation 
(coloured 3D volumes) with the original SEM image (grey) shown in (A). 
(C) Enlargement of the watershed segmented 3D volume marked by a white 
box in (B). Note that all structures that are continuous with each other in 
3D are assigned the same colour by the automated watershed segmentation 
algorithm procedure. White dotted line in (A) marks the interface between 
viable and cornified epidermis. White lines in (A) mark the intercellular 
spaces in viable epidermis. SC: stratum corneum; SG: stratum granulosum. 
Scale bar in (A): 500 nm.
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and in FIB-SEM micrographs, respectively (Fig. S31), 
support that possible preparation-induced artefacts may 
not play a major role with respect to the ultrastructure 
of the lamellar body system at the resolution level of 
FS-SET and FIB-SEM tomography (5–40 nm).

The presence of a cytoplasmic tubuloreticular mem-
brane system represented as deep interconnected inva-
ginations of the SG cell plasma membrane implies that 
skin barrier formation does not proceed via vesicular 
transport and fusion, as previously believed. It further 
implies that the extracellular space at the interface bet-
ween viable and cornified epidermis may spatially be 
closely associated with the transGolgi network as well 
as with other intracellular organelle systems. Different 
physical and chemical events related to the formation 
of the skin barrier lipid matrix could thus be broadly 
distributed within the cell cytoplasm and still be directly 
associated with the extracellular space. Also, due to the 
continuity of the tubuloreticular membrane system, the 
coordination and control of the barrier formation process 
could be mediated by membrane dynamics (12).

A challenge for the future will be to localize spatially 
in 3D the different physical and chemical events control-
ling skin barrier formation, and thus map their 3D distri-
bution in the SG cell, their mutual spatial relations as well 
as their spatial relations to the tubuloreticular membrane 
system. To this end, one possible experimental approach 
could be the use of freeze-substitution immuno-electron 
tomography (FS-IET) (16).

Conclusion

The lamellar body system is represented by a tubulo-
reticular membrane network filling out a large portion 
of the cytoplasm and being continuous with the plasma 
membrane of the outermost SG cells. This implies that 
the extracellular space reaches deep within the cyto-
plasm of SG cells, which, in turn, will have a major 
impact on the physical and chemical events controlling 
skin barrier formation at the molecular level. It further 
implies that skin barrier formation could be regarded 
as a membrane folding/unfolding process, but not as a 
diffusion/fusion process, at the cellular level.
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