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Abstract The objective of the present study was to
develop a combination of fluorescent stains that would
allow visualisation of the network of mitochondria and
lipid droplets (intramyocellular lipids or IMCL) in human
skeletal muscle fibres by means of conventional and confo-
cal microscopy. Muscle biopsies were taken from the vas-
tus lateralis of three lean, healthy and physically active
male subjects. Frozen muscle sections were stained for
mitochondria using antibodies against three mitochondrial
proteins; porin, cytochrome ¢ oxidase (COX) and NADH-
ubiquinol oxidoreductase and neutral lipids were stained
with oil red O. Anti-COX staining produced images with
the strongest fluorescence signal and the highest resolution
of the mitochondrial network and this stain was success-
fully combined with the antibody against type I fibre myo-
sin. A highly organised matrix arrangement of
mitochondria within the sarcomeres (in pairs at the I-band)
was observed in the oxidative type I fibres. The density of
mitochondria was the highest in the subsarcolemmal
region. Anti-COX staining was combined with oil red O
demonstrating that in type I fibres lipid droplets are mainly
located in the space between the mitochondria.
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Introduction

Although the majority of lipid in the body is stored in adi-
pose tissue a small amount is also stored within skeletal
muscle fibres as lipid droplets. Biochemical extraction
(Stellingwerf et al. 2007; Watt et al. 2002), tracer methodology
(van Loon et al. 2001), immunohistochemistry (van Loon
etal. 2003) and magnetic resonance spectroscopy
(Schrauwen-Hinderling et al. 2003; de Bock et al. 2007)
techniques have all demonstrated that these intramyocellular
lipids (IMCL) are an important substrate that contributes
significantly to total fat oxidation during exercise in
physically active lean individuals (for review see van
Loon 2004). However, obese insulin resistant individuals
exhibit lower rates of fatty acid oxidation (Kim et al.
2000) and they appear unable to oxidise intramuscular
lipid deposits during exercise (van Loon et al. 2005). It
has been hypothesised that impairments in intramuscular
lipid oxidation along with increased fatty acid availability
in obese subjects will result in the accumulation of lipid
metabolites [long-chain acylCoA (LCACoA), diacylgly-
cerols (DAG) and ceramides] which have been implicated
in the development of insulin resistance in muscle
(Shulman 2000; Yu et al. 2002; Itani et al. 2001, 2002).

Koopman et al. (2001) developed a method to quantita-
tively analyse fibre type specific IMCL content in skeletal
muscle using the lipid stain Oil Red O combined with
immunofluorescence. Such a technique is required when
measuring the use of IMCL during exercise as the reduction
in IMCL is specific to type I fibres and may be missed using
biochemical techniques which are unable to discriminate
between fibre types and have a large coefficient of variation
for total IMCL content in repeated biopsies (van Loon
2004; Watt et al. 2002).
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Several studies utilising transmission electron micros-
copy (TEM) have demonstrated that the lipid droplets in
muscle are preferentially located in the spaces immedi-
ately adjacent to the mitochondria, presumably so that
they are readily oxidised during exercise (Hoppeler 1999;
Tarnopolsky et al. 2006). Skeletal muscle mitochondria
form a highly organised network (Kayar et al. 1988b)
with the highest density being present in the subsarcolem-
mal (SS) regions especially adjacent to capillaries (Kayar
et al. 1988a) and around nuclei (Kuznetsov et al. 20006;
Tarnopolsky et al. 2006). According to ultra-high-resolu-
tion scanning electron microscopy images (Ogata and
Yamasaki 1997) intermyofibrillar (IMF) mitochondria
are arranged in a highly organised pattern with the mito-
chondria situated between myofibrils and organised in
pairs on either side of the Z line at the level of the I band
(Ogata and Yamasaki 1997). In confocal mitochondria
specific fluorescent images of intact rat muscle fibres a
characteristic ‘crystal-like matrix’ pattern was observed
(Vendelin et al. 2005) with regular distances between
mitochondria both in the longitudinal and perpendicular
direction.

A decline in mitochondrial density/morphology and
function occurs in many disease states (Ritov et al. 2005)
and also with ageing and is believed to be a contributing
factor to the accumulation of lipids and the development
of insulin resistance (Petersen and Shulman 2006). There-
fore a technique to directly analyse the spatial organisa-
tion of the network of mitochondria and lipid droplets
from human muscle biopsies in terms of content, distribu-
tion and colocalisation with the main lipid metabolising
enzymes could be an important step forward. Such a tech-
nique could also be used to investigate the response to
exercise and intracellular signalling events activating
these enzymes by means of phosphorylation (using phos-
phospecific antibodies) and translocation (e.g. Prats et al.
2006). Further development of these techniques is
required to generate new knowledge about the molecular
mechanisms leading to insulin resistance and disease and
in determining the effectiveness of potential therapeutic
interventions such as exercise, lifestyle changes and meta-
bolic drugs.

The aim of the present study was, therefore, to develop
an immunofluorescent method to visualise the mitochon-
drial network in human muscle fibres that could be com-
bined with stains to identify muscle fibre type and IMCL
content. We targeted three mitochondrial proteins, porin
which is an abundant transmembrane protein that forms
voltage-dependent anion channels (De Pinto etal. 1987)
and two membrane-bound protein complexes involved in
oxidative phosphorylation, NADH-ubiquinol oxidoreduc-
tase and cytochrome c oxidase (COX).
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Materials and methods
Muscle samples

Skeletal muscle samples were obtained from the vastus
lateralis of three healthy lean male volunteers using the
Bergstrom percutaneous needle technique (Bergstrom
1975). Samples were blotted to remove excess blood and
dissected free from visible collagen or fat. The muscle
biopsies were embedded in Tissue-Tek OCT Compound
(Sakura Finetek Europe, Zoeterwoude, The Netherlands)
and immediately frozen in liquid nitrogen-cooled isopen-
tane (Sigma-Aldrich, Dorset, UK). Serial 5 pm sections
were cut at —30°C and collected onto room temperature,
uncoated glass slides (VWR International Ltd, Leicester-
shire, UK) and left to air dry for a minimum of 1 h before
treatment. Initially cross-sections were used to stain mito-
chondria with three different antibodies. Subsequently lon-
gitudinal sections were cut to visualise the arrangement of
mitochondria and IMCL in relation to the sarcomere struc-
ture of the fibres.

Immunofluorescence staining

All chemicals were obtained from Sigma-Aldrich unless
otherwise stated. Phosphate buffered saline (PBS, 137 mM
sodium chloride, 3 mM potassium chloride, 8 mM diso-
dium hydrogen phosphate and 3 mM potassium dihydrogen
phosphate, pH of 7.4.) was used for the dilution of antibod-
ies, reagents and for use in the washing steps of the proto-
col.

Briefly sections were fixed in 3.7% formaldehyde for
1 h, followed by 3 x 30 s washes in deionised water. The
slides were then permeabilised in 0.5% triton-X 100 for
5 min followed by three, 5 min washes in PBS. Muscle
samples were then incubated in appropriate primary anti-
bodies in PBS for 30 min, followed by three, 5 min washes
in PBS. Labelling of fibre type was performed by incubat-
ing sections with mouse anti-myosin type I fibres (A4.840
DSHB, developed by Dr. Blau). Three antibodies against
mitochondria were tested; mouse monoclonal anti-porin,
mouse monoclonal anti-OxPhos Complex I (NADH-ubi-
quinol oxidoreductase), and mouse monoclonal anti-
OxPhos Complex IV (cytochrome ¢ oxidase; COX) (all
from Invitrogen, Paisley, UK). The samples were further
incubated in appropriately targeted secondary fluorescent
conjugated antibodies for 30 min, followed by three, 5 min
washes in PBS. The secondary antibodies used were goat
anti-mouse IgM 350, IgG, 488, 1gG,, 488 and IgG,, 488
(Invitrogen). When investigating fibre type specific mito-
chondrial content both antibodies used were generated in
mouse. Although the secondary antibodies were isotype
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specific to the primary antibody (IgM and IgG,, for anti-
myosin and anti-COX respectively) we employed the
approach used by Granneman et al. (2007) and incubated
the sections with the appropriate primary and secondary
antibodies in a sequential order. Therefore the sections
were treated with the primary and secondary antibodies for
myosin before the antibodies for mitochondria. The success
of this approach is dependent on applying saturating con-
centrations of the first secondary antibody against the first
primary antigen, in this case GAMIgM 488 against anti-
myosin. A control step was performed to eliminate the
chance of cross-reaction between the pair of antibodies
where one of the primary antibodies was omitted. In all
cases this resulted in the removal of the fluorescent signal.
The lipid staining method used the neutral lipid dye Oil Red
O in combination with immunofluorescence as developed
by Koopman and colleagues (Koopman et al. 2001; van
Loon et al. 2003). Sections were incubated in an oil red O
solution for 30 min followed by three 30 s rinses in deion-
ised water and a 10 min rinse with slow running tap water.
A working solution of o0il red O was made up of 500 mg oil
red O in 100 ml of 60% triethylphosphate, 12 ml of which
was diluted to a working solution with 8 ml deionised
water, before being filtered twice to remove oil red O crys-
tals. Coverslips were mounted in a glycerol and mowiol
4-88 solution in 0.2 M Tris-buffer (pH 8.5) with the addition
of 0.1% 1,4-diazobicyclo-[2,2,2]-octane (DABCO) antif-
ade medium.

Fluorescence microscopy

Initial images comparing the effectiveness of the three
mitochondrial stains and the initial fibre type-specific mito-
chondrial network distribution were captured using a Nikon
E600 microscope coupled to a SPOT RT KE colour three
shot CCD camera (Diagnostic Instruments Inc., MI, USA).
In order to visualise the Alexa fluor 350 and 488 fluoro-
phores the DAPI UV (340-380 nm) and FITC (465-495)
excitation filters were used respectively. Sections stained
with oil red O were examined using a Texas red (540-
580 nm) excitation filter. Digital images showing the
detailed structure of the mitochondrial network and the
position of lipid droplets in longitudinal sections of muscle
fibres were acquired with an inverted confocal microscope
(Leica DMIRE2, Leica Microsystems) with a 63x oil
immersion objective. Alexa fluor 488 fluorophore was
excited with a 488 nm line of the argon laser for excitation
and 510-550 nm emission. Oil red O was excited with the
514 nm line of the Helium—Neon laser for excitation and
greater than 520 emission. Images used to investigate colo-
calisation of mitochondria and oil red O were captured
sequentially. Images were processed using Image-Pro Plus
5.1 software (Media Cybernetics, MD, USA) and intensity

thresholds were selected to represent minimum values for
lipid droplets and mitochondria and used uniformly for all
images.

Each longitudinal muscle fibre image was divided into
5 pm wide segments from the sarcolemma to the interior of
the fibre, and the total area and the area occupied by lipid/
mitochondria in the segment were measured. Mitochondrial
and lipid content was expressed as the area fraction by
dividing the stained area in the fibre segment by the total
area of that segment.

In order to make conclusions on the relative position of
mitochondria and lipid droplets on both sides of the myo-
fibrillar sub-bands we have compared our confocal
(immuno)fluorescence images with historic Transmission
Electron Micrograph (TEM) images from the historic files
of Dr. David Jones made at University College London
(Fig. 6). These interpretations are made in the discussion
section.

Statistical analyses

To compare total mitochondria and total IMCL content in
type I and type II muscle fibres, a paired samples 7-test was
performed. Comparisons of mitochondria and lipid content
in successive 5 pm bands from the sarcolemma was per-
formed using a one-factor repeated measures analysis of
variance (ANOVA). Tukey post hoc tests were performed
in the case of a significant F ratio. Statistical significance
was set at P < 0.05. All data are expressed as mean £ SD.

Results

Figure 1 shows representative images of cross-sections of
human skeletal muscle viewed with a standard immunoflu-
orescence microscope following incubation with mitochon-
drial antibodies using a protocol of formaldehyde fixation
and permeabilisation with Triton X-100 used previously for
oil red O staining of IMCL by Koopman et al. (2001). The
antibody against COX successfully stained mitochondria
(Fig. 1) with clear staining between the myofibrils (IMF) in
the deeper layers of the muscle fibres. In addition, large
areas of intense fluorescence signal can be seen in some of
the fibres immediately below the sarcolemma probably
reflecting accumulations of densely packed SS mitochon-
dria. Anti-porin (Fig. 1) showed a similar intense signal in
the SS region of some of the muscle fibres but had a weaker
IMF stain especially in the deeper layers of the muscle
fibres in comparison to the COX antibody. The antibody
against complex I of the respiratory chain (NADH-ubiqui-
nol oxidoreductase) showed very weak staining in both
regions (not shown). All subsequent staining of mitochon-
dria was performed using anti-COX.
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Fig. 1 Conventional immunofluorescence microscopy to visualise
mitochondria in human skeletal muscle using anti-porin (/eff) and anti-
COX (right) (bars = 50 pm). Note that both antibodies show an intense

When the anti-COX mitochondrial stain was combined
with anti-myosin type I and viewed with conventional fluo-
rescence microscopy it became clear that the arrangement
and density of the mitochondrial network differs between
fibre types (Fig. 2).

When viewed with a confocal laser scanning microscope
(CLSM), longitudinal muscle sections of the type I fibres
showed a highly organised pattern, with mitochondria
placed at regular intervals both perpendicularly and longi-
tudinally to the fibre axis (Fig. 3). In the longitudinal direc-
tion the mitochondria appear to be arranged in a line which
is divided by a series of black lines running at right angles
to the axis of the fibre. Towards the edges of the fibre the
mitochondria appear to fuse together to form a continuous
line spanning several sarcomeres. Accumulations of
densely packed mitochondria are seen in the type I fibre
immediately below the sarcolemma (4). The type II fibres
demonstrated a less structured pattern in comparison to
type I fibres (Fig. 4) in that they were not in an ordered pat-
tern perpendicular to the axis of the fibre. It is also notable
that there are fewer pairs of mitochondria in the type II
fibres and areas in which there were no or very few mito-
chondria. In both fibres, the density of IMF mitochondria
was higher in regions close to the sarcolemma (Fig. 4).

Fig. 2 Double immunofluores-
cence staining to visualise fibres
with slow myosin (type 1),
stained blue (/eft) and mitochon-
dria, stained green (right) on
longitudinal muscle sections
(bars = 20 pm). Note the more
regular mitochondrial network,
higher mitochondrial density
and clear cross-striations in the
type I fibres
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signal in subsarcolemmal regions but anti-COX shows a stronger intra-
cellular fluorescence signal in the deeper regions and better spatial res-
olution compared to anti-porin

Quantitative image analysis demonstrated that total
mitochondrial content (expressed as area fraction stained)
was greater in type I fibres compared to type II fibres
(0.172 £ 0.020 vs. 0.098 % 0.015 respectively, P < 0.05).
When the mitochondrial content was quantified in succes-
sive 5 um bands from the sarcolemma towards the interior
of the fibre, both type I and type II fibres showed the great-
est mitochondrial content in the segment closest to the sar-
colemma which gradually decreased towards the interior of
the fibre (0.282 £ 0.085 vs. 0.124 + 0.036 and 0.138 +
0.064 vs. 0.066 £ 0.026 for type I and type II fibres respec-
tively, P < 0.05). The difference between type I and 1I fibres
was most notable in the immediate SS region (0-5 pm).

Figure 3 shows IMCL visualised using CLSM on longitu-
dinal muscle sections in the IMF (Fig. 3) and SS regions
(Fig. 3) of type I fibres. Lipid droplets associated with IMF
mitochondria were located in a similar way to the distribution
of the mitochondria in that they are seen along the length of
the muscle fibre although there are more gaps in the matrix
distribution than seen with the mitochondria. Figure 3 demon-
strates that IMCL are also associated with the accumulations
of mitochondria in the SS region. Image analysis of the
IMCL content and distribution demonstrated that type I fibres
have the greater content (expressed as area fraction stained)
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Fig. 3 Confocal image of a longitudinal section of a type I muscle
fibre stained for anti-COX and intramyocellular lipid droplets in the
interior of the fibre (upper panel) and in areas around the sarcolemma
(lower panel) (bars = 10 um). Note that when images are merged the
lipid droplets appear to be in the space between the intermyofibrillar
mitochondria (upper panel, arrow). Comparison with TEM images

Fig. 4 Confocal image of mitochondrial arrangement in two type I
fibres (left image) and comparison of the mitochondrial arrangement in
a type I fibre (on left) and type II fibre (on right) (right image)
(bars = 10 um). The distribution pattern of the intermyofibrillar mito-
chondria in the type I fibres (left image) is highly ordered. Areas with
dense accumulations of mitochondria can be seen in the subsarcolem-

of IMCL (0.029 4 0.010 and 0.014 4 0.006 for type I and
type II respectively, P < 0.05). The IMCL content in the area
immediately below the sarcolemma was higher
(0.036 £ 0.015 for type I and 0.021 &+ 0.009 for type II
fibres) in comparison to central region of the fibre
(0.025 £ 0.009 for type I and 0.010 % 0.006 for type II
fibres) (Fig. Sb). Combining the Oil Red O stain for lipids
with anti-COX (Fig. 3) allows the position of individual lipid
droplets to be observed in relation to the mitochondria. This
demonstrates that the lipid droplets are mainly situated in the

(Fig. 6) suggests that the mitochondria are oriented in pairs at the
I-band. Only part of the spaces between neighbouring IMF mitochondria
are filled with lipid droplets. Dense accumulations of mitochondria
with a small number of lipid droplets are also visible in some areas
immediately below the sarcolemma (lower panel, arrow)

mal region of the fibres (large arrow, left image). Note the greater den-
sity and apparent interconnections of IMF mitochondria near the cell
border (small arrows). Also note the irregular distribution of mito-
chondria and large areas without mitochondria in the fast fibres (right
image, large arrow) and the lower mitochondrial density in compari-
son to the slow fibres especially in subsarcolemmal regions

space between mitochondria and in very close contact to
them. Only a small fraction of the available lipid positions is
occupied, implying that the network density of IMCL is
lower than that of the mitochondria in trained muscles.

Discussion

In this study we describe a method to identify fibre type
specific differences in the network distribution of mitochon-
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Fig. 5 Type I and type II muscle fibre mitochondria (a) and intramyo-
cellular lipid (b) content (expressed as area fraction stained) in succes-
sive 5 pum bands from the sarcolemma towards the interior of
longitudinal muscle fibres. Data are mean 4+ SD. Twelve type I and
type Il muscle fibres were randomly selected from a longitudinal mus-
cle preparation and analysed for the mitochondria and lipid content.
*Significantly different from subsarcolemmal region (0-5 pm) in type
I fibres, #significantly different from subsarcolemmal region in type II
fibres, P < 0.05

dria and IMCL within human muscle fibres using tradi-
tional and confocal (immuno)fluorescence microscopy. The
methodology combines the use of antibodies against com-
plex IV of the respiratory chain (COX) with a previously
established method to stain IMCL with oil red O. As far as
we are aware this is the first time that the combined net-
work of mitochondria and lipid droplets has been identified
on longitudinal sections of frozen human muscle using this
method. Previous attempts to visualise the mitochondrial
network in rat muscle (Hashimoto et al. 2005) and in
human muscle (He et al. 2004) with (immunofluorescence)
microscopy were applied to muscle cross-sections which do
not provide information on the longitudinal alignment of
the mitochondria and IMCL.

The spatial distribution of mitochondria and IMCL
within muscle fibres has previously been investigated in
human and animal muscle fibres using TEM (Howald et al.
1985; Kayar et al. 1988a, b Tarnopolsky et al. 2006). TEM
also visualises myofibrils and, therefore, is complimentary
to the current method to determine the position of mito-
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chondria and IMCL along the sub-bands of the myofibrils.
However, TEM visualises only a small section within a
muscle fibre and, therefore, is unlikely to represent the
mean network distribution in type I and type II fibres in a
given muscle of a given individual. The immunofluores-
cence method described here covers many fibres in one
preparation, and, therefore gives a better representation of
the entire muscle. This is particularly important when com-
paring differences between subject groups (e.g. trained vs.
sedentary) and for the interpretation of the physiological
consequences of such differences. Quantitation of the frac-
tional mitochondrial content using this fluorescent confocal
technique produces distribution patterns throughout the
fibre (Fig. 5) similar to those previously observed with EM
(Howald et al. 1985; Kayar et al. 1988a). However the frac-
tional content that we report is about two-fold higher than
classical stereological estimates of volume fraction with
EM (Kayar etal. 1988a; Tarnopolsky et al. 2006; Vock
et al. 1996). The most likely causes of this are overprojec-
tion of light to areas adjacent to the mitochondrial border
and because of section thickness. This implies that the
method for the time being is only semiquantitative for esti-
mates of volume fraction and this may explain the differ-
ence with values obtained with the ‘gold standard’ EM
method.

The images obtained with anti-COX on longitudinal sec-
tions (Fig. 2), especially those with confocal microscopy
(Figs. 3, 4) show an ordered structure of the mitochondria
particularly in type I fibres. The mitochondria are arranged
along the longitudinal axis of the fibre and with a clear
cross-striation pattern. When comparing these images with
conventional EM pictures (Fig. 6) the mitochondria seem to
occupy the spaces between myofibrils primarily in the I
band region often with pairs of mitochondria on either side
of the Z line. The dark spaces in the line of mitochondria
(as in Figs. 3, 4) seem to correspond to the A band. In some
instances, and especially towards the edge of the fibres, the
lines of mitochondria coalesce and clearly extend beyond
the I band to include the A band as well. Our interpretation
of the images is consistent with previous work on intact rat
muscle fibres using confocal fluorescence microscopy
(Kuznetsov et al. 2006; Vendelin et al. 2005) and also with
ultra-high-resolution scanning electron microscope images
of individual fixed human muscle fibres (Ogata and Yama-
saki 1997). This distribution of the IMF mitochondria has
been suggested to facilitate ATP-diffusion, keeping to a
minimum the distance between mitochondria, the adjacent
sarcomere, T-tubules and enzymes involved in the process
of substrate utilisation and muscle contraction (Kuznetsov
et al. 2006; Vendelin et al. 2005).

Densely packed accumulations of mitochondria were
also seen in the SS regions (Fig. 4). In agreement with EM
work of Howald et al. (1985) in humans these accumula-
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Fig. 6 Transmission electron micrographs showing mitochondria in
longitudinal muscle fibres. Both images are from a historic file of
David A Jones and made at University College London. Two fibres
from mouse extensor digitorum longus muscle (upper image) showing
pairs of mitochondria at the I band level between the myofibrils. The
fibre on the right is probably a slow twitch fibre (based on the thickness
of the Z lines) and shows a high density of mitochondria in a regular
pairwise arrangement (double arrow). Fast twitch fibre on the left
shows a lower density of mitochondria, with mitochondria only occa-
sionally being seen on both sides of the Z line. Also note intercon-
nected mitochondria that extend over the A band (arrow). Human
vastus lateralis muscle (lower image) showing densely packed areas of
subsarcolemmal mitochondria (SS) adjacent to a capillary (C) and also
the inter-connected lines of intermyofibrillar mitochondria between
myofibrils near the cell border (IMF)

tions were more common in type I fibres. Previous EM
work in various species also suggested that these accumula-
tions of mitochondria are frequently seen in areas adjacent
to capillaries (Fig. 6) and in perinuclear regions (Kayar
etal. 1988a; Kuznetsov etal. 2006; Tarnopolsky et al.
20006).

The mitochondrial stain on longitudinal sections also
combined successfully with the IMCL stain using oil red O
fluorescence (Fig. 3). The combined images show that the
lipid droplets are in close proximity to the IMF mitochon-
dria. This is consistent with TEM observations of Hoppeler

(1999), Tarnopolsky et al. (2006) and Vock et al. (1996).
The lipid droplets according to the TEM images occupy the
gaps between adjacent mitochondria in the A band region
on both sides of the sarcomere. There is evidence that the
close proximity of lipid droplets and mitochondria may
have a functional relationship in that it allows the lipids to
be hydrolysed and oxidised efficiently during exercise
(Hoppeler 1999; Tarnopolsky et al. 2006). van Loon et al.
(2003) have suggested that only the IMCL in type I fibres
(all close to the mitochondria as shown in Fig. 3) are oxi-
dised during exercise in trained subjects. Stellingwerf et al.
(2007) observed greater depletion during exercise of the
IMCL in the region under the sarcolemma than those in the
centre of the fibre. Tarnopolsky et al. (2006) using EM
demonstrated that the number of lipid droplets in direct
contact with the mitochondria can be increased through
regular exercise.

The present study is the first to show that IMCL and
mitochondria have a similar pattern of distribution in
human muscle with the highest density in SS regions and a
progressive decline in deeper regions (Fig. 5a, b). The same
IMCL distribution has been observed before in trained
human muscle by Stellingwerf et al. (2007) but without
measurement of the mitochondrial density. A higher den-
sity of mitochondria within sarcolemmal regions with a
progressive decline towards the central regions was previ-
ously observed with EM in horse (Kayar et al. 1988a) and
with fluorescence in rat fibres (Kuznetsov et al. 2006).

A different arrangement of the distribution network of
mitochondria and IMCL in obese and patient populations
compared to the lean active subjects in this study could play
an important role in the development of insulin resistance
and type II diabetes. A lower content of total mitochondria
(Holloway et al. 2007), a very low content of IMF mito-
chondria in the SS region (Ritov et al. 2005) and a lipid dis-
tribution shift with a higher lipid content in the centre of the
muscle fibres (Malenfant etal. 2001) have all been
observed in the muscle of obese subjects and could lead to a
physical separation of mitochondria and IMCL and contribute
to the accumulation of fatty acid metabolites. The com-
bined staining technique on longitudinal muscle fibres
developed in this study can be ideally used to investigate
whether the physical separation of mitochondria and lipid
droplets is larger in the distribution network observed in the
muscle of obese and patient populations.

In conclusion, we have successfully developed a new
staining method suited to investigate the spatial ‘crystal-
like matrix’ distribution of mitochondria and IMCL in type
I and type II human muscle fibres using confocal immuno-
fluorescence microscopy. The new method provides infor-
mation on the network distribution of mitochondria and
IMCL that are compatible with and extend what has been
learned previously from EM images in several species. The
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new method is more flexible and less time consuming and
allows more fibres to be examined in a single biopsy sam-
ple than EM. This should facilitate future studies investi-
gating the important link between lipid metabolism,
exercise training and insulin resistance in obesity and the
metabolic syndrome.
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