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Objective: Intramyocellular lipid droplets (LD) and their coat proteins PLIN2 and PLIN5 are involved in lipolysis,
with a putative role for PLIN5 in mitochondrial tethering. Reportedly, these proteins co-localize and cover the
surface of the LD. To provide the spatial basis for understanding how these proteins possess their distinct roles,
we examined the precise location of PLIN2 and PLIN5 and explored PLIN5 presence at LD-mitochondria contact
sites using Stimulated emission depletion (STED) microscopy and correlative light-electron microscopy (CLEM)
in human skeletal muscle sections.
Methods: LDs were stained by MDH together with combinations of mitochondrial proteins and PLINs.
Subcellular distribution and co-localization of PLIN proteins and mitochondria was imaged by STED microscopy
(Leica TCS SP8) and quantiﬁed using Pearson's correlation coeﬃcients and intensity proﬁle plots. CLEM was
employed to examine the presence of PLIN5 on mitochondria-LD contact sites.
Results: Both PLIN2 and PLIN5 localized to the LD in a dot-like, juxtaposed fashion rather than colocalizing and
covering the entire LD. Both STED and CLEM revealed a high fraction of PLIN5 at the LD-mitochondria interface,
but not at mitochondrial cristae, as suggested previously.
Conclusion: Using two super-resolution imaging approaches, this is the ﬁrst study to show that in sections of
human skeletal muscle PLIN2 and PLIN5 localize to the LD at distinct sites, with abundance of PLIN5 at LDmitochondria tethering sites. This novel spatial information uncovers that PLIN proteins do not serve as lipolytic
barriers but rather are docking sites for proteins facilitating selective lipase access under a variety of lipolytic
conditions.

1. Introduction
Virtually all eukaryotic cell types can store fat in cellular lipid
droplets (LDs). In muscle, stored fat is dispersed throughout the myoﬁbers in droplets ranging in size and subcellular location in a muscle
ﬁber type speciﬁc fashion [1]. Total muscle fat content correlates with
insulin resistance, a hallmark for type 2 diabetes development. Data
from endurance trained athletes [2,3] and from diet and training intervention studies (for review see e.g., Daemen et al. [4]) seem to
suggest that storage of muscle fat in LDs that are highly dynamic does

not impede with insulin sensitivity. The dynamic nature of LDs requires
the interaction of LDs with proteins involved in LD turnover (the continuous process of lipid synthesis and hydrolysis). In addition, the potential of LDs to sequester bioactive (insulin desensitizing) lipid moieties seems to alleviate the lipotoxic eﬀects of lipids to insulin
sensitivity [1]. Thus, it is of direct clinical relevance to have a detailed
understanding of how myocellular LDs interact with proteins involved
in LD lipolysis, or in directing (bio-active) lipid moieties to oxidation or
storage.
Confocal immunoﬂuorescence microscopy revealed muscle-ﬁber
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isopentane (2-methyl butane) and stored at −80 °C. Five μm thick
sections were cut and mounted on glass slides.

type speciﬁc diﬀerences in coating of myocellular LDs with PLIN2 and
PLIN5, proteins of the perilipin family [5–7]. Furthermore, confocal
and wideﬁeld immunoﬂuorescence microscopy suggests that PLIN2 and
PLIN5 envelop myocellular lipid droplets in an unremitting labeling
pattern [5,8–10], indicative of co-localization of PLIN2 and PLIN5.
Although PLIN2 and PLIN5 both are involved in LD lipolysis, PLIN2
appears to shield the LD from lipolysis by hindering interaction of the
major triacylglycerol lipase ATGL [11] while PLIN5 appears to regulate
PKA-mediated increased lipolysis by actively recruiting multiple lipolytic players to the LD surface [12,13]. Thus, PLIN5 (co)regulates elevated lipolysis to fuel fat oxidation in periods of increased myocellular
energy demand. In support of this notion, we observed a tight correlation between PLIN5 content in muscle homogenates and mitochondrial respiration on a lipid derived substrate, an association that was
absent for PLIN2 [14]. Moreover, PLIN5 and mitochondrial marker
proteins seem to co-localize when using wideﬁeld ﬂuorescence microscopy. An observation that was conﬁrmed using protein-A based immunogold electron microscopy (IEM) [14], and which was not made for
PLIN2. It has been shown that tethering of LDs and mitochondria requires the ﬁnal 20 C-terminal amino acids of PLIN5 [12], suggesting a
role for PLIN5 in promoting LD mitochondrial interaction. Somewhat
surprisingly, our IEM also revealed PLIN5-derived signal on mitochondrial cristae [14], suggesting import of the PLIN5 protein into
the mitochondrial inner-membrane.
These clear distinct roles of PLIN2 and PLIN5 in LD dynamics suggest a distinct spatial distribution of these proteins, rather than what is
indicated by images showing that PLIN2 and PLIN5 are enveloping the
LDs. For a better understanding of how LDs and LD dynamics interact
with insulin sensitivity, detailed spatial information of the location of
PLIN2 and PLIN5 at the LD surface, and the putative location of PLIN5
to mitochondria is needed. In addition, the PLIN5 association with the
mitochondrial cristae, which we reported previously [14] has not been
conﬁrmed by others [15] or solidly established, hence requires further
examination. Thus, the aim of the present study is threefold;

2.2. Method details
2.2.1. Staining procedures
2.2.1.1. Dual labeling of LDs with Bodipy and MDH. Based upon the
reported spectral properties and its photo-stability we chose to test
monodansylpentane (MDH; SM1000a, Abgent, San Diego, USA) as a LD
dye. This dye permits reliable investigation of dynamic LD regulation
within living cells using ﬂuorescence microscopy [20], but has not yet
been applied to muscle sections and has not been tested for interference
with STED speciﬁc dyes.
Five μm thick sections were cut and ﬁxed with 3.7% formaldehyde
(Merck, Darmstadt, Germany) in PBS for 30 min and treated with
0.25% Triton X-100 (TX100, Merck, Darmstadt, Germany) in PBS for
5 min. To identify individual cells, the sections were incubated with a
primary antibody against laminin (L9393, Sigma, St. Louis, USA) diluted 1:25 in 0.05% Tween20 (Sigma, St. Louis, USA) in PBS for 1 h.
Sections were washed and incubated for 1.5 h at 37 °C with Bodipy
493/503 (D3922, Molecular Probes, Leiden, The Netherlands) 1:100,
MDH 1:1000 and the appropriate conjugated secondary antibody
AlexaFluor555 (AF555) (Invitrogen, Groningen, The Netherlands).
After washing, sections were mounted with Mowiol (Merck, Darmstadt,
Germany) and covered with #1.5 coverslips.
2.2.1.2. Immunohistochemistry for combined confocal and two-color STED
imaging. Five μm thick sections were cut and ﬁxed for 30 min with 3.7%
formaldehyde/PBS. Subsequently, sections were blocked in 1% BSA
(Sigma, St. Louis, USA) in PBS for 45 min and treated with 0.25%
TX100/PBS for 5 min. Primary antibodies against PLIN5 (GP31, Progen,
Heidelberg, Germany), TOMM20 (ab56783, Abcam, Cambridge, UK),
PLIN2 (03-610102, American Research Products, Oxfordshire, UK),
and/or OXPHOS (ab110411, Abcam, Cambridge, UK) were used and
incubated for 1 h. This was followed by incubation with MDH 1:1000,
and the appropriate conjugated secondary antibodies AF488
(Invitrogen, Groningen, The Netherlands) and Abberior Star 440SX
(AS440) (Sigma, St. Louis, USA) for 1 h at 37 °C. Sections were mounted
with Mowiol and covered with #1 coverslips.

a. to examine PLIN2 and PLIN5 localization on the LD.
b. to study the hypothesis that in human skeletal muscle PLIN5 locates
at the LD-mitochondrial interface.
c. to examine if location of PLIN5 to the mitochondrial cristae observed by IEM can be conﬁrmed using other modes of microscopy.

2.2.1.3. Staining procedure for CLEM experiments. Human muscle tissue
was chemically ﬁxed with a mixture of 2% paraformaldehyde and 0.1%
glutaraldehyde in PHEM (240 mM PIPES, 100 mM HEPES, 40 mM
EGTA and 8 mM Magnesium Sulphate Heptahydrate) buﬀer at 4 °C.
After washing with 50 mM glycine in PHEM, the tissue was embedded
in 12% gelatine and inﬁltrated with 2.3 M sucrose. Mounted gelatine
blocks were frozen in liquid nitrogen. Thin sections of 60 nm thick were
cut in an ultra cryo-microtome (Leica EM Ultracut UC6, Vienna,
Austria) and collected with 2% methylcellulose in 2.3 M sucrose and
50 mesh formvar-coated Cu grid. All incubations were performed at
room temperature unless stated otherwise. Grids were placed on a 2%
gelatin in PB plate for 10 min at 37 °C. Sections were incubated
2 × 5 min with 0.15% Glycine in PHEM. Subsequently sections were
washed with 1% BSA in PHEM for 5 min. First antibodies (PLIN5 1:50;
Laminin 1:50; OXPHOS 1:25 in 1% BSA in PHEM) were applied for 1 h.
Sections were washed 4 × 5 min with 1% BSA in PHEM and
subsequently incubated for 1 h with appropriately conjugated
secondary
antibodies
(AlexaFluor405,
AlexaFluor488
and
AlexaFluor555) all diluted 1:200 in 1% BSA in PHEM. Sections were
washed 2 × 5 min with 1% BSA in PHEM and subsequently 6 × 5 min
with PHEM. After staining for STED imaging, grids were sandwiched
between an object glass and a coverslip. A 20 μl drop of PHEM was
placed on the object glass. The grid with the section on top (the section
will be on the side of the coverslip) was put into the drop of PHEM.
Subsequently, the drop of PHEM with grid was sealed oﬀ with a
coverslip which was ﬁrst placed on a lid with grease. This grease seals

To achieve these aims, we took advantage of recent developments in
super-resolution microscopy. With stimulated emission depletion
(STED) microscopy one can image well below the diﬀraction limit of
light microscopy [16–18] down to lateral resolution of 60 nm [19]. This
gives detailed information about the precise location of proteins on
organelles, which contributes to understanding their function. This is
particularly useful, when examining human tissue slides, where the
proteins of interest cannot readily be genetically manipulated.
2. Methods
2.1. Experimental model and subject details
To identify and test a probe suitable to image LDs in muscle tissue
sections along with STED-based imaging of related proteins, m. tibialis
anterior samples of 12-week old male ZDF rats were used. These samples were obtained from a previously performed study which was approved by the institutional Animal Care and Use Committee of
Maastricht. For the combined confocal imaging of LDs with two-color
STED imaging, muscle biopsies were used from the m. vastus lateralis of
multiple male volunteers (age range: 24–61 years) from previously
performed studies approved by the institutional Medical Ethical
Committee in which these subjects signed an informed consent. In
samples derived from rats as well as the human muscle samples, fat and
blood were removed and samples were immediately frozen in melting
1424
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AF405 and OXPHOS-AF555) and STED (PLIN5-AF488). To prevent any
bleaching of the AF555 by the STED laser (592 nm), a sequential image
was taken. The ﬁrst sequence contained all the confocal imaging and
the second sequence the STED imaging of PLIN5. The same excitation
and emission wavelengths as for the overview image were used. The
STED laser was used at 29.5% laser intensity. Both the overview and
detailed images consisted of multiple z-slices from which a maximal
intensity projection was made in ImageJ [21].
After STED imaging, samples were prepared for the FEI T12 transmission electron microscope as described above. Based on the grid and
confocal overview image taken by confocal microscopy the same cell
was searched back inside the TEM. Images were acquired at 120 kV
with a FEI Eagle CCD camera. First a low resolution overview image
was taken for initial image alignment. Subsequently a high-resolution
20 k × 20 k image mosaic was acquired with a pixel size of 1.66 nm
using the MyMesh software and reconstructed to one large high-resolution image using MyStitch [22].

the drop of PHEM and prevents dehydration of the sample.
After STED imaging, the coverslip was removed and the grid with
sample was quickly dried on a ﬁlter paper. Grids were washed
2 × 5 min with PHEM and subsequently incubated with 1% glutaraldehyde in PHEM for 5 min. PHEM was applied on the grids for
2 × 5 min followed by 6 × 1 min of H2O. Sections were incubated with
methyl cellulose and uranyl acetate for 3 × 5 s followed by a single 10min incubation at 4 °C. Grids were dried and stored until imaging with
transmission electron microscopy (TEM).
2.2.2. Imaging procedures
2.2.2.1. Confocal imaging of LDs. Sections were imaged on a Leica TCS
SP8 STED microscope using the confocal mode with a 63× oil
immersion/1.4 N.A. objective using a 1.1 optical zoom. Images of
2048 × 2048 pixels were obtained, resulting in a pixel size of
82 × 82 nm. For imaging MDH, a 405 nm laser line was used and
emission was collected at 415–460 nm. A white light laser (range
470 nm–670 nm) was used to image Bodipy 493/503 and lamininAF555. To excite Bodipy 493/503 and laminin-AF555 wavelengths of
488 nm and 555 nm were used, while emission was collected at
500–530 nm and 565–650 nm, respectively. Emission was detected
with a PMT detector. Gain and oﬀ-set were set at values which
prevented saturated and empty pixels. After image acquisition,
images were deconvolved using Huygens Professional Software
(Scientiﬁc Volume Imaging B.V., Hilversum, the Netherlands).

2.3. Quantiﬁcation and statistical analysis
2.3.1. Colocalization analysis of confocal and STED images
To test whether MDH can be used for LD labeling in human skeletal
muscle sections, images with a dual labeling with MDH and Bodipy
493/503 were analyzed in ImageJ by determining the Pearson's correlation coeﬃcient with the Manders Coeﬃcients plugin [23]. Before
performing colocalization analysis, images were background corrected.
The analyses were performed in several regions in each image to prevent any eﬀect of imaging/staining artifacts. Pearson's correlation
coeﬃcient analysis was also performed to test whether STED is better
suitable to spatially resolve proteins in near proximity than confocal
imaging. Thus, we also examined if STED microscopy has suﬃcient
resolving power to discriminate proteins at the inner (OXPHOS-AF488,
antibody cocktail against all ﬁve respiratory electron transport chain
complexes) and outer (TOMM20-AS440) mitochondrial membrane. The
same colocalization analyses were performed on STED images of PLIN5AF488/TOMM20-AS440, and PLIN5-AF488/OXPHOS-AS440. To examine the spatial distribution of PLIN2 and PLIN5 at the LD surface,
intensity proﬁle plots were created based upon manually drawn outer
contours of individual LDs. The same was done for the combined MDH
and Bodipy 493/503 staining. To put the observed Pearson's correlation
coeﬃcients into perspective we performed a couple of positive and
negative controls. For the positive control for protein-protein colocalization we analyzed the Pearson's correlation coeﬃcients for OXPHOS
labeled with generic IgG secondary antibodies (Alexa Fluor 488 and
Abberior Star 440) or with IgG speciﬁc isoforms (Alexa Fluor 488 IgG1
and Alexa Fluor 555 IgG2a). In addition, we double stained LDs for MDH
and Bodipy 493/503 as a positive control. For negative controls we
analyzed Pearson's correlation coeﬃcients for Laminin and PLIN2, two
proteins that do not colocalize at all. In addition, we performed this
analysis on the same MDH-Bodipy images, but rotated the Bodipy
channel 180 degrees, which would reﬂect random colocalization.

2.2.2.2. STED imaging of LDs and related proteins. To acquire STED
images, a Leica TCS SP8 STED microscope was used with a 100×/
1.4 N.A. orange objective. Images consisted of 1024 × 1024 pixels and
a 5× optical zoom was used, resulting in a pixel size of 23 × 23 nm.
Both the white light laser and the 592 nm depletion laser are pulsed and
were aligned before use to get an optimal STED result. LDs were imaged
in the confocal modus as described above based upon the MDH derived
signal. The combinations PLIN5-AF488/TOMM20-AS440, PLIN5AF488/OXPHOS-AS440, PLIN5-AF488/PLIN2-AS440, and OXPHOSAF488/TOMM20-AS440 were imaged using STED. AS440 and AF488
were excited with a wavelength of 470 nm and 514 nm, respectively.
The combination of excitation wavelength intensity and gain was set
such to prevent pixel saturation. Emission was detected with a hybrid
detector and collected between 480 and 500 nm for AS440 and between
535 and 550 nm for AF488. The intensity of the STED laser was
empirically set at 29.5% to obtain proper spatial resolution
improvements, but preventing bleaching of the ﬂuorophores. Images
were obtained using a pixel dwell time of 100 ns. Only photons with a
lifetime between 0.3 and 6.0 ns were collected (gating). In addition, a
pinhole of 0.9 Airy Unit was used. For comparing confocal and STED
microscopy, the combination OXPHOS-AF488/TOMM20-AS440 was
also imaged in confocal mode. Confocal imaging took place at the
same spot and with the same settings as used for STED microscopy, but
with the STED laser turned oﬀ. All images were deconvolved with
Huygens Professional Software (Scientiﬁc Volume Imaging B.V.,
Hilversum, The Netherlands) using the deconvolution express modus
after checking all parameters.

2.3.2. Aligning STED and TEM images
To examine whether PLIN5 is present in the mitochondria and/or at
the LD-mitochondrion interface STED images and TEM images were
aligned using the ec-CLEM plugin [24] in Icy [25]. The workﬂow for
aligning the STED and TEM image is shown in Supplemental Fig. S2.
First the overview images acquired with confocal and TEM were
aligned based on cell membranes and mitochondria resulting in the ﬁrst
CLEM overview image. Subsequently the high detailed combined confocal and STED image of respectively OXPHOS and PLIN5 was aligned
with this CLEM overview image based on the OXPHOS immunoﬂuorescence staining present in both images. This resulted in a second
CLEM overview image. Subsequently, this second CLEM overview
image was aligned with the high resolution 10 × 10 stitched TEM
image based on morphological characteristics present in both TEM

2.2.2.3. CLEM experiments. First an overview image of the grid was
acquired with the 25×/0.95 N.A. water objective in the bright ﬁeld
modus. In this image the approximate location of the STED image was
marked and was used to ﬁnd the imaged muscle ﬁber on the TEM
quickly. STED imaging was performed with a 100×/1.4 N.A. oil
objective. In addition, an overview image (no zoom) in confocal
mode only was taken of Laminin-AF405, PLIN5-AF488 and OXPHOSAF555. Excitation wavelengths used were respectively 405 nm, 488 nm
and 555 nm. Emission was detected at 415–460 nm, 500–550 nm and
565–625 nm for respectively Laminin-AF405, PLIN5-AF488 and
OXPHOS-AF555. Subsequently a high detailed image was obtained at
5× zoom. This detailed image consisted a combined confocal (Laminin1425
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resolution of our super-resolution microscopy set-up suﬃces to spatially
separate recognized outer-mitochondrial membrane proteins from
proteins known to sit in the inner-mitochondrial membrane. Therefore,
we used an antibody cocktail against individual structural components
of all 5 respiratory chain complexes as a marker of inner-mitochondrial
membrane proteins (OXPHOS) and translocase of the outer-mitochondrial membrane 20 (TOMM20) as an outer mitochondrial membrane
protein. Imaging of these proteins in the confocal mode of our STED
system, falsely suggests a high degree of co-localization (Fig. 2A, confocal panels and Fig. 2B Pearson's correlation plot and bar graph,
coeﬃcient: 0.657 ± 0.136, mean ± SD). As anticipated and by design
of the equipment, the images captured in the STED mode possess
strikingly better spatial resolution than images captured in the confocal
mode, permitting making the distinction between the location of outermitochondrial membrane proteins (TOMM20) and inner-mitochondrial
membrane proteins (OXPHOS) (Fig. 2A STED panels, Fig. 2B correlation plot and bar graph, Pearson's coeﬃcient: 0.189 ± 0.173,
mean ± SD; p < 0.001 vs. confocal).
These data indicate that our STED set-up permits making the distinction between outer-mitochondrial membrane proteins vs. proteins
that associate with the inner-mitochondrial membrane. Thus, our STED
microcopy set-up can be used to examine if the LD coat protein PLIN5
also localizes to outer- and/or inner-mitochondrial membrane.

images (overview and high-resolution stitched TEM), resulting in a
high-resolution CLEM image containing PLIN5 imaged by STED, OXPHOS imaged by confocal, and the mitochondria, LDs and contractile
elements imaged at high-resolution by TEM.
2.3.3. Statistical analysis
Results of the Pearson's correlation coeﬃcients are presented as
mean ± SD. For statistical testing SPSS, version 21.0 (IBM Corp.,
Armonk, NY, USA) was used. A paired t-test was performed to test
whether the Pearson's correlation coeﬃcient obtained with confocal
imaging was signiﬁcant diﬀerent from the Pearson's correlation obtained with STED imaging. A one-way ANOVA with a Bonferroni posthoc test was performed to statistically compare the Pearson's correlation coeﬃcients of the positive controls and the negative controls. A pvalue < 0.05 was considered to be statistically signiﬁcant.
3. Results
3.1. MDH as a blue lipid droplet dye in skeletal muscle
Currently available LD dyes emit green or red light and are excited
by either the excitation wavelengths used for the STED probes (470 nm
and 518 nm) or by the depletion laser (592 nm). In a one-depletion laser
system like ours, these LD dyes will interfere with STED probes or with
the depletion laser. As LDs are relatively large, STED microscopy is not
required for imaging LDs. Thus, LDs can theoretically be imaged with a
blue LD dye without interference with STED probes. MDH is a commercially available blue LD dye, used in cell cultures [20], yeast [26]
and ﬁxed fruit ﬂies [27] only. We developed a protocol to visualize LDs
in skeletal muscle sections by MDH and tested this against the widely
used Bodipy 493/503. MDH stains LDs in skeletal muscle tissue in a
pattern that upon visual inspection was similar to the Bodipy 493/503
signal (Fig. 1A) and upon quantiﬁcation resulted in a high Pearson's
correlation coeﬃcient (0.842 ± 0.057, mean ± SD, Fig. 1B). The colocalization of the MDH and Bodipy 493/503- derived signal was further substantiated by intensity proﬁle plots, showing peaks for MDH
and Bodipy in the same pixels (Fig. 1C). Theoretically, these markers of
co-localization can originate from bleed through of the Bodipy 493/503
signal into the blue (MDH) channel. To rule out this option, we costained MDH-labeled LDs along with PLIN2 as a LD coat protein using a
secondary antibody emitting green light of similar wavelength as
Bodipy493/503. Clearly, this combined staining showed LDs with and
without PLIN2-derived signal (Fig. 1D), indicating we can image these
channels without major bleed-through. As negative controls and to
value the high Pearson's correlation coeﬃcient for MDH and Bodipy
493/503 (see Supplemental Fig. S1), we computed the Pearson's correlation coeﬃcient for the LD coat protein PLIN2 and the basement
membrane marker laminin (supposed to stain completely diﬀerent cell
areas) resulting in a coeﬃcient of −0.091 ± 0.031 (mean ± SD).
Moreover, we re-computed the Pearson's correlation coeﬃcient of
Bodipy and MDH upon 180 degrees rotation of the Bodipy image, resulting in a coeﬃcient of −0.218 ± 0.065 (mean ± SD, Supplemental
Fig. S1). Jointly, these data clearly indicate that MDH is a STED-compatible valid LD dye detecting LDs in skeletal muscle sections similarly
well as the classical Bodipy 493/503 dye.

3.3. PLIN5 is present at the mitochondrion-lipid droplet interface
PLIN5 has been observed at the LD surface as well as at LD-mitochondria interaction sites [12,14]. Using Tokuyasu-based immunogold (protein A‑gold) electron microscopy, we showed that PLIN5
was also associated with the mitochondrial inner-membrane [14]. To
substantiate these laborious EM-based ﬁndings in another system, we
applied STED microscopy on human skeletal muscle sections stained for
PLIN5 and OXPHOS or TOMM20. Strikingly, co-staining of PLIN5 and
the OXPHOS proteins (Fig. 3A) shows PLIN5 presence in proximity of
mitochondria, but does not support the previous IEM-based ﬁndings of
PLIN5 being present at the cristae of the mitochondria (Pearson's correlation coeﬃcient of PLIN5 with OXPHOS 0.208 ± 0.153, mean ±
SD, Fig. 3A). Next, we examined if PLIN5 was located directly to the
mitochondrial outer-membrane. Although, some of the PLIN5 was
present in direct vicinity of the TOMM20 derived signal (Fig. 3B), colocalization according to Pearson's, was minimal (Fig. 3B, Pearson's
correlation coeﬃcient of PLIN5 with TOMM20 0.185 ± 0.159,
mean ± SD). To put a low Pearson's correlation coeﬃcient into perspective, we also computed the Pearson's correlation coeﬃcient for a
variety of positive controls. In skeletal muscle mitochondria complex I,
III and IV can form supercomplexes [28]. We used an OXPHOS antibody
cocktail detecting structural components in all 5 electron transport
chain complexes, this cocktail contains diﬀerent IgG isoforms. First, we
used the generic IgG antibodies AF488 and AS440. These secondary
antibodies theoretically bind competitively to all the primary antibodies in the cocktail which represent the spatially very closely related
Complex I-V in the inner mitochondrial membrane. This positive control resulted in a Pearson's correlation coeﬃcient of 0.696 ± 0.045
(Supplemental Fig. 1). A similar coeﬃcient (0.740 ± 0.044, Supplemental Fig. 1) was obtained when using IgG subtype speciﬁc secondary
antibodies (IgG1to detect complex I and III and IgG2a to detect complex
II and IV). The highest Pearson's correlation coeﬃcient we observed
was not when staining diﬀerent proteins or staining the same protein
with diﬀerent secondary antibodies, but upon examining two diﬀerent
lipid soluble dyes on the same lipid droplet (double staining of lipid
droplets using Bodipy 493/503 and MDH), resulting in a Pearson's
coeﬃcient of 0.842 ± 0.057. All these Pearson's correlation coeﬃcients were signiﬁcantly higher than the correlation coeﬃcients obtained with STED microscopy for OXPHOS/PLIN5 and TOMM20/PLIN5
(p < 0.001, Supplemental Fig. 1), indicating that PLIN5 does not colocalize with OXPHOS or TOMM20.

3.2. Two-color STED imaging of near proximity mitochondrial proteins in
human skeletal muscle
By immunogold electron microscopy (protein-A gold) we previously
observed localization of PLIN5 at the mitochondrial outer membrane as
well as at mitochondrial cristae [14], an observation that could not be
conﬁrmed by others using other methodology [15]. Therefore, we
wanted to test if these observations could be conﬁrmed using technology that is not depending on protein-A gold, like immunoﬂuorescence-based STED microscopy. Thus, we need to show that the
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B
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MDH

Composite

C

D

Fig. 1. MDH as a blue lipid droplet dye in skeletal muscle sections. (A) Co-staining of MDH and Bodipy 493/503 in ZDF rat m. tibialis anterior to test speciﬁcity
of MDH as a blue LD dye in skeletal muscle sections. Right panel shows the merged confocal laser scanning image of MDH (blue), Bodipy 493/503 (green), and
Laminin-AF555 (red). Middle and left panel show the individual channels of Bodipy 493/503 and MDH. (B) Plot of Pearson's correlation of pixel intensities of MDH
and Bodipy 493/503, indicating that staining with Bodipy 493/503 or MDH results to a large extent in identiﬁcation of the same lipid droplets. In the correlation plot
Ch1 represents Bodipy493/503 and Ch2 represents MDH. The Pearson's correlation coeﬃcient of Bodipy 493/503 and MDH and negative controls are shown in
Supplemental Fig. S1. (C) Intensity plots of Bodipy 493/503 (green) and MDH (blue) along a line drawn through three lipid droplets. Each peak represents a LD. The
overlapping peaks indicates that Bodipy 493/503 and MDH are staining the same LDs. (D) Confocal laser scanning image showing that MDH also stains lipid droplets
in human skeletal muscle sections, MDH (blue) and Laminin-AF555 (red), left panel. In the right panel PLIN2 is shown in green and is only present at the LD surface,
conﬁrming that MDH stains LDs.

shows PLIN5 and OXPHOS proteins in proximity (Fig. 3C). Interestingly, the overlay image clearly shows that PLIN5 is located outside the
mitochondria (Fig. 3C) and in contrast to our previous immunogold
TEM approach, not at the cristae or at the outer mitochondrial membrane.
Zooming in on the overview STED image of a longitudinal section of
human skeletal muscle (Fig. 3D) identiﬁes presence of PLIN5 in 3 pools;
PLIN5 that is present in the cytosol but that is not bound to LDs nor to
mitochondria (e.g., the encircled parts of Fig. 3E), PLIN5 in close association to mitochondria but not to LDs (e.g., see Fig. 3B) and a pool of

Although mitochondrial inner-membrane proteins (like proteins in
the electron transport chain as shown in Fig. 3A) can be detected with
STED, the cristae structure cannot be resolved. Similarly, also TOMM20
is just one of the proteins sitting at the mitochondrial outer membrane
and does not fully represent the complete membrane. Hence, we set-up
CLEM with STED and TEM, to visualize the mitochondrial outer
membrane and the cristae structure in a protein label-free manner. This
permitted us to examine whether PLIN5 is present at the mitochondrial
cristae and/or at the outer mitochondrial membrane. The TEM image
clearly shows the mitochondrial cristae structure and the STED image
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Fig. 2. Two-color STED imaging of near proximity mitochondrial proteins in human skeletal muscle. (A) Two-color confocal and STED imaging of OXPHOSAF488 (red) and TOMM20-AS440 (green) in human skeletal muscle sections. (B) Plots of Pearson's correlation of pixel intensities of OXPHOS-AF488 and TOMM20AS440 imaged with confocal (left-hand graph) and STED microscopy (right-hand graph). In the correlation plots Ch1 represents OXPHOS-AF488 and Ch2 represents
TOMM20-AS440. The bar graph shows the Pearson's correlation coeﬃcient quantiﬁcation. In confocal images there appears to be partial overlap between the
OXPHOS and TOMM20 proteins (as indicated by the yellow pixels in the image and by the Pearson's coeﬃcient (0.657 ± 0.136, mean ± SD)), the higher resolving
power of super-resolution microscopy indeed reveals diﬀerential location of OXPHOS and TOM20 proteins (Pearson's coeﬃcient 0.189 ± 0.173, mean ± SD).

4. Discussion

PLIN5 decorating the LD in a punctate fashion exactly at LD-mitochondria contact sites (Fig. 3E). The presence of cytosolic as well as
PLIN5 on tethering sites of mitochondria to LD in human skeletal
muscle was conﬁrmed by CLEM (Fig. 3F). Although the previously reported location of PLIN5 on mitochondrial cristae was not conﬁrmed
using the STED based approach of the present study, we do see PLIN5 at
the interaction sites of LDs and mitochondria.

Using two diﬀerent super-resolution microscopy-based approaches
we showed in human skeletal muscle sections that PLIN2 and PLIN5 do
not co-localize but both locate to the LD surface in a punctate, dot-like,
fashion rather than covering the entire LD as has previously been
suggested. In contrast to PLIN2 which only localized to the LD surface,
we identiﬁed three spatially separated pools of PLIN5; A cytosolic pool
not associated with mitochondria or LDs, a pool in close proximity of
mitochondria but not with LDs and a pool decorating the LD at the
mitochondria-LD interface. These data could only be obtained upon
developing and validating new protocols to stain LDs in human skeletal
muscle sections. To this end, we imaged myocellular LDs with the blue
LD dye MDH and employed correlative light-electron microscopy of
STED images with transmission electron microscopy.
We applied STED microscopy to show that PLIN2 and PLIN5 coat
the LD in a dot-like fashion rather than a rim-like structure as previously reported [5,8,14]. This is in line with recent observations of
Dejgaard & Presley [29] who modelled that upon PLIN1-, PLIN2- and
PLIN3-GFP transfection of HeLa cells, PLIN proteins do not completely
cover the LD surface. The observed dot-like structure of PLIN2 and
PLIN5 at the LD surface is in support of their diﬀerent roles in lipolysis.
The suggested role of PLIN2 in lipolysis is to shield the LD against lipolysis. Thus, in vitro and animal studies have shown overexpression of
PLIN2 induces steatosis [9], compromises docking of ATGL to the LD
and reduces lipolytic rate [11,30]. Conversely, PLIN2 knock-down in
myotubes resulted in a lower lipid content [9,31] due to elevated LD
hydrolysis, potentially via enriched docking of ATGL to the LD [31].
The STED based approach presented here -along with the observed dotlike location of PLIN2 at the LD surface and its physical disconnection
from PLIN5- provides novel spatial information that is relevant to our

3.4. On lipid droplets, PLIN2 and PLIN5 do not co-localize and present in a
punctate fashion
Our third aim was to examine if PLIN2 and PLIN5 co-localize at the
LD and to examine if these proteins envelop the entire LD as has been
suggested by wideﬁeld and confocal microscopy, or if their distinct role
in lipolysis is reﬂected in diﬀerential location at the LD. Our combined
confocal and STED approach reveals that both PLIN2 and PLIN5 decorate the LDs in a dot-like fashion (Fig. 4A), for PLIN5 this was conﬁrmed by CLEM (Fig. 3F). Upon performing colocalization analysis we
observed a very low Pearson's correlation coeﬃcient (0.117 ± 0.203,
mean ± SD; data not shown). Since PLIN5 is not only present at the LD
surface but on other subcellular locations as well, the Pearson's correlation coeﬃcient can be biased by non-LD bound PLIN5 signal. Hence,
we also created intensity proﬁle plots at the outer contours of the LD as
shown in Fig. 4B. In line with the Pearson's correlation coeﬃcient, these
intensity proﬁle plots of PLIN2 and PLIN5 at the rim of the LDs indicated very limited overlap of the peaks of PLIN2 and PLIN5 (Fig. 4B).
This suggests that PLIN proteins are spatially separated and are juxtaposing on the LD rather than co-localizing.
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Fig. 3. PLIN5 is present at the mitochondrionlipid droplet interface. (A) PLIN5 is in near vicinity
of proteins at the inner mitochondrial membrane,
PLIN5-AF488 is shown in red and OXPHOS-AS440 in
green. Plot of Pearson's correlation coeﬃcient analyses of pixel intensities of PLIN5-AF488 vs.
OXPHOS-AS440 is shown on the right-hand side.
Ch1 represents PLIN5-AF488 and Ch2 represents
OXPHOS-AS440. (B) PLIN5 is in the near vicinity of
TOMM20, a protein on the outer mitochondrial
membrane (PLIN5-AF488 (red) and TOMM20AS440 (green)). On the right-hand side a plot of the
Pearson's correlation coeﬃcient analysis of pixel
intensities is shown. Ch1 represents PLIN5-AF488
and Ch2 represents TOMM20-AS440. (C) CLEM
image consisting of a combined PLIN5 STED image
and OXPHOS confocal (PLIN5 in green and OXPHOS
in red) and a high-detailed TEM image of mitochondria (mitochondria marked by m). The insert
shows a higher magniﬁcation of a mitochondrion
where the cristae is clearly visible. See Supplemental
Fig. S2 the workﬂow for alignment of the STED and
TEM images. (D) Confocal imaging of MDH (blue)
combined with STED imaging of TOMM20-AS440
(green). (E) Detailed image of randomly selected
LDs, revealing PLIN5-AF488 (in red) at the LD-mitochondrial interface. Mitochondria are stained by
TOMM20-AS440 (green). Not all PLIN5, however, is
in direct vicinity of mitochondria (e.g., see the
punctate PLIN5 staining in the encircled areas). (F)
CLEM image consisting of a combined PLIN5 STED
image and OXPHOS confocal (PLIN5 in green and
OXPHOS in red) and a high-detailed TEM image of
mitochondria and a lipid droplet (mitochondria
marked by m, and lipid droplet by LD).
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Fig. 4. PLIN5 is present as a dot-like structure on lipid
droplets. (A) Combined confocal images of MDH (blue) and
STED images of PLIN5-AF488 (red) and PLIN2-AS440
(green). PLIN5 and PLIN2 are juxtaposing a dot-like fashion
on the surface of the lipid droplet. (B) Intensity plots of PLIN2
(green line) and PLIN5 (red line) of the outer contours (see
white line in image above the graphs) of randomly selected
LDs. The numbers in the composite image in panel A correspond with the numbers in the upper right corner of intensity
proﬁle plots of PLIN2 and PLIN5 in panel B. The peaks of the
intensity proﬁle plots of PLIN2 and PLIN5 are not overlapping, indicating spatially diﬀerential position of PLIN2
and PLIN5 on the LD surface.
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almost completely absent in human adipocytes [41]. This stresses the
notion to perform dedicated studies how native endogenous proteins
are involved in human lipolysis.
The use of super-resolution microscopy has some limitations. STED
microscopy reaches spatial resolutions closely to the size of the antibody-tree of the primary and secondary antibody. Thus, the spatial
resolution might be limited by the use of antibodies. Unlike confocal
microscopy, the commercially available pool of ﬂuorescent probes that
can be applied in STED is still limited (yet readily expanding). In our
STED-system with one depletion laser we can only use two probes at the
same time for STED imaging. STED microscopy can also be applied in
live-cell imaging, with the advantage that processes and exogenous
proteins (if tagged with a STED-able probe) can be monitored in realtime. The disadvantage, though, is that examination of lipolysis and
endogenous proteins involved with STED is not yet feasible. Another
disadvantage that can readily bias the interpretation of live-cell experiments is the phototoxicity that may come with the high power of
the depletion laser of the STED system used. Despite these limitations,
STED microscopy or other super-resolution microscopy techniques can
be used to study subcellular protein localization in (human) tissues.
Knowing the subcellular protein distribution provides valuable insights
in the contribution of proteins to subcellular processes, like myocellular
lipid droplet lipolysis.

understanding of how PLIN2 can recruit and dock proteins involved in
lipolysis. This is particularly relevant in human studies where tagging
proteins or genetically modifying protein content to examine protein
function is not a feasible tool and endogenous proteins must be studied
in their native environment.
Under basal conditions, PLIN5 decorating the LD serves as a lipolytic barrier [32–34]. Here, we identiﬁed three spatially separated pools
of PLIN5, including a non-LD bound cytosolic pool. This is in line with
previous ﬁndings of others performing PLIN5 overexpression in in vitro
models [35,36]. Similar ﬁndings were observed in tissue from animals
in sucrose density fractions [35]. Application of quantitative microscopy to examine the eﬀect of physiological perturbations, further
substantiates our observation of the existence of a non-LD bound pool
of PLIN5. Thus, it was shown in human skeletal muscle that under
conditions of elevated free fatty-acids levels, such as prolonged fasting
[37] and intralipid infusion [7] the fraction of PLIN5 coated LDs increased signiﬁcantly, without aﬀecting total PLIN5 myocellular content. This indicates redistribution of PLIN5 from a non-LD bound pool
to the LD surface. The redistribution of PLIN5 coincides with increases
in LD size [7,37] and may serve to maintain the ratio of PLIN5 at the LD
surface over LD volume to maintain lipolytic control. The existence of a
LD-bound pool of PLIN5 ﬁts this concept and explains the increase in LD
size. The presence of PLIN5 at mitochondrial tethering sites, as observed in the present study, supports a role for PLIN5 in channeling
fatty-acids derived from PKA-stimulated and PLIN5-facilitated LD lipolysis to fuel mitochondrial fat oxidation [14,34].
The observation of a pool of PLIN5 in close proximity with mitochondria not tethered to LDs is intriguing and not yet understood.
Interestingly, it has recently been shown in brown adipose tissue
(where the primary role of mitochondria is in heat- rather than ATP
generation) that PLIN5 decorated LDs tether mitochondria to fuel triglyceride synthesis in the LD [38]. Conversely, in exercising muscle, LD
derived fatty-acids fuel mitochondrial oxidation (for review see [4]).
Physically connecting LDs with mitochondria associated with PLIN5
may promote LD-mitochondrial interaction and targeted delivery of
fatty-acids to mitochondria for oxidation upon conditions of increased
demand. This model ﬁts with the observation that upon endurance
exercise degradation of LDs is particularly prominent in PLIN5 coated
LDs [6].
Thus, the spatially separated pools of PLIN5 may serve complimentary roles depending on the physiological condition. Under basal
conditions and in the fed state, PLIN5 at the LD surface may control
basal lipolysis and recruitment of cytosolic PLIN5 to the LD serves to
maintain lipolytic control when excess fatty-acid availability makes the
LD grow, while PLIN5 at mitochondria and LD-mitochondria interaction sites may serve to facilitate direct delivery of LD lipolysis released
fatty-acids to mitochondria for oxidation.
While the role of PLIN2 and its interaction with lipolytic proteins is
well established, exactly how PLIN5 is involved in regulating lipolysis is
less well understood. Under lipogenic situations, PLIN5 interacts with
CGI-58 [13,39], while upon lipolytic stimulation CGI-58 dissociates
from PLIN5 and colocalizes with ATGL resulting in lipolysis [13]. It has,
however, also been reported that PLIN5 binds to CGI-58 and ATGL
[34], albeit in a mutually exclusive manner [40]. This may suggest a
role for PLIN5 in facilitating colocalization of ATGL and CGI-58 upon
lipolytic stimulation. Using two super-resolution imaging approaches,
this is the ﬁrst study to show that in sections of human skeletal muscle
PLIN2 and PLIN5 do not co-localize at the LD surface, but are present at
the LD surface in a juxtaposed fashion, which permits the spatial separation needed for selective docking of lipolytic proteins or blocking
docking sites for these proteins. Thus, PLINs may regulate lipase access
under a variety of lipolytic conditions.
(Dys)regulation of lipolysis is an important player -and hence target
of treatment- in many metabolic disorders. A small molecule inhibitor
of ATGL, Atglistatin has recently been shown to block ATGL activity by
95% in murine adipocytes. Disappointingly, however, this eﬀect was

5. Conclusion
To conclude, PLIN2 and PLIN5 coat the LD in a dot-like fashion, thus
creating individual docking sites for e.g. lipases, rather than creating a
lipolytic barrier as has previously been suggested. We also observed
that PLIN2 and PLIN5 do not co-localize at the LD, but reside at the LD
membrane juxtaposed. This provides the physical prerequisite for
PLIN2 and PLIN5 to exert diﬀerential roles e.g., during basal or stimulated lipolysis. Super-resolution microscopy (STED and CLEM) revealed that, next to cytosolic localization of PLIN5, PLIN5 is present
near mitochondria and at the interaction sites of mitochondria and the
lipid droplet, supporting the notion that PLIN5 is involved in facilitating liberating fatty acids from the LD for mitochondrial fat oxidation. We foresee that application of the novel procedures outlined in
this paper, along with the reported spatial distribution of PLIN2 and
PLIN5 made, will contribute to our understanding of myocellular lipid
droplet lipolysis under physiological and pathophysiological conditions.
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