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Abstract Oestrogen receptor  (ERf) is expressed in
human skeletal muscle tissue. In the present study, we
have developed an immunohistochemical method to
reveal if ERf is located within the muscle fibres as well
as within capillaries. Skeletal muscle biopsies were
obtained from m. quadriceps femoris vastus lateralis in
four healthy young subjects. Immunohistochemical tri-
ple staining was applied to transverse sections of par-
affin-wax-embedded tissue. The basement membrane of
muscle fibres and capillaries was identified by using an
antibody to collagen IV, endothelial cells using an
antibody to CD34 and ERf using a corresponding
antibody. The ER f-positive (ER +) nuclei were located
within the muscle fibre defined by the localisation of
collagen IV. ERf+ nuclei were also, for the first time,
found in endothelial cells of capillaries in skeletal muscle
tissue. Quantification was performed on transverse
cryostat sections after performing a double staining
(collagen IV and ERp). It was shown that 24% of the
ERf+ nuclei were located within capillaries, and 76%
were located within muscle fibres. In conclusion, ERf in
human skeletal muscle tissue is expressed not only in the
muscle fibres themselves, but also within the capillary
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endothelial cells. This observation might improve
understanding of the physiological role of oestrogen and
its receptor.
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Introduction

Recently, it was demonstrated for the first time that the
oestrogen receptor f (ERp) is expressed in human
skeletal muscle tissue with a nuclear localisation (Wiik et
al. 2003). However, with the applied immunohisto-
chemical protocol in the above-mentioned study, it was
not possible to determine whether some of the receptors
were localised in endothelial cells of the capillaries, or if
all receptors were localised in the nuclei of the muscle
fibres.

Oestrogen has been shown to improve endothelial
function in women (Farhat et al. 1996), and increase
endothelial proliferation in rat heart muscle (Jesmin et al.
2002). Furthermore, endothelial cells have been identi-
fied as a target for oestrogen, and oestrogen receptors are
present in various vascular beds (Kim-Schulze et al.
1996). For example, ERf has been found in human
endothelial cells from umbilical vein, coronary artery,
myometrium and endometrium (Crithchley et al. 2001;
Gargett et al. 2002; Taylor and Al-Azzawi 2000). How-
ever, very little is known about the expression of oes-
trogen receptors and their role in the vascular system of
skeletal muscle tissue. Thus, the specific aim of the
present study was to develop an immunohistochemical
method by which it is possible to differentiate between
ER f-localisation in muscle fibres and/or in capillaries
within skeletal muscle tissue. The application of such a
method may lead to improved understanding of the
physiological role of oestrogen and its receptors in
muscle tissue. It may also be a valuable tool for studying
the localisation of other proteins in human muscle tissue.
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Table 1 Overview of details regarding the immunohistochemistry staining protocols applied on cryostat and paraffin sections

Primary antibody Secondary antibody Chromogens/
fluorochromes
Antigen Antibody Species Dilution Supplier Labelling Dilution Supplier
and species
Cryostat ERp P Chicken 1:50 Saji et al. Peroxidase-conj. 1:1,000  Sigma AEC
sections, (2000) rabbit anti chicken Chemicals,
light USA
microscopy Coll IV P Rabbit  1:800 Rockland, Biotinylated 1:20 Dako A/S, Vector SG
USA swine anti rabbit Denmark
CD3 M Mouse  1:40 Becton-Dickson, Biotinylated 1:200 Vector DAB
USA horse anti mouse Laboratories,
USA
CDIlb M Mouse  1:40 Biosource Biotinylated 1:200 Vector, DAB
AMS, horse anti mouse Laboratories,
USA USA
Paraffin ERp P Chicken 1:45 Saji et al. FITC-donkey 1:100 FITC
sections, (2000) anti chicken
fluorescence Coll IV P Rabbit  1:450 Rockland, AMCA-donkey 1:100 AMCA
microscopy USA anti rabbit
CD34 M Mouse 175 Serotec Ltd., Rhodamine 1:100
Scandinavia, Red-X-donkey
Nor. anti mouse
Cbh45s M Mouse  1:30 Dako A/S, Rhodamine 1:100
Denmark Red-X-donkey
anti mouse

Materials and methods
Muscle biopsies

Muscle biopsies from four young healthy adults (two
women and two men), mean age 25 years, were obtained
at rest from the m. quadriceps femoris vastus lateralis
using the percutaneous needle technique (Bergstrom
1962). One portion of each biopsy was frozen in
isopentane, pre-cooled with liquid nitrogen and stored at
—80°C until analysis. The remaining part of each biopsy
was processed and paraffin embedded after fixation in
4% paraformaldehyde, in 0.1 M phosphate buffer
(pH 7.2) for 3 h.

The Committee of Ethics at the Karolinska Institute
approved the study. All subjects gave their informed
consent prior to their inclusion in the study.

Triple-fluorescence staining procedure on transverse
paraffin sections (for details see Table 1)

Sections of 3-pum thickness from the muscle biopsies
were deparaffinised, rehydrated and processed in citrate
buffer pH 6.0 for antigen retrieval by microwave treat-
ment. Endogenous peroxidase activity was quenched
using aqueous hydrogen peroxide (0.77%). The base-
ment membrane, ERf, endothelial cells and immune
cells were detected with an antiserum to collagen IV,
ERp 503 antiserum, CD34 antibody and a CD45 anti-
body (leucocyte common antigen), respectively. Dilu-
tions were made in phosphate-buffered saline (PBS)
containing 1% bovine serum albumin (BSA) and 0.3%

Triton X-100. Two different triple-staining protocols
were applied on consecutive sections. One section was
stained by a combination of the collagen IV, ERf and
CD34 antibodies. On the consecutive section, the colla-
gen IV, ERf and CD45 antibodies were used in com-
bination. The sections were incubated overnight at 4°C
and thereafter extensively rinsed in PBS followed by a
secondary antibody mixture, all diluted in the same
buffer as above, and thereafter again extensively rinsed
in PBS. The sections were mounted in Vectashield
(Vector Laboratories, Burlingame, CA, USA) and
evaluated with a fluorescence microscope (Olympus BX
60, Tokyo, Japan; digital camera, Sony CDK-500,
Tokyo, Japan) equipped with the appropriate filters. As
a negative control, the three antibodies were replaced
with PBS containing 1% BSA.

Double-staining procedure on transverse sections
from frozen tissue (For details see Table 1)

Cryostat sections of 5-pm thickness from muscle biop-
sies were fixed in cold methanol followed by cold ace-
tone. Endogenous peroxidase activity was quenched
using aqueous hydrogen peroxide (0.77%). To block
non-specific binding, the sections were treated with
normal swine serum (Dako A/S, Glostrup, Denmark)
for 20 min and diluted 1:20 in Tris-buffered saline (TBS)
containing 1% BSA. The basement membrane was
detected with an antibody to collagen IV (Kalluri 2003)
diluted in the same buffer as above, followed by a
secondary antibody. Thereafter, the sections were
incubated with avidin—biotin-peroxidase complex (Vec-
tastain Elite ABC-kit, Vector Laboratories). As a neg-



ative control, the two antibodies were replaced with TBS
containing 1% BSA. The same ERf 503 antiserum, pre-
absorbed, was also used in a previous study and proved
to be negative (Wiik et al. 2003).

Further investigations were carried out to show the
absence or presence and nature of immune cells in the
tissue. Two consecutive transverse cryostat sections were
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Fig. 1 Immunohistochemical triple staining of two consecutive
paraffin-embedded human muscle tissue sections. a The green
colour marks ERf+ nuclei. The star indicates a localisation within
a muscle fibre, while the white arrows point at endothelial nuclei.
The blue colour marks the collagen IV + basement membrane of
the muscle fibres and capillaries. Endothelial cells (CD34) are
demonstrated by pink colour where the pink arrows point at
capillary endothelial cells. Co-localisations of ERf and CD34
appear in yellow. b A marker for inflammatory cells (CD45) is used
instead of CD34 and demonstrated by pink colour (no CD45 + cells
within this area). ¢ Demonstrates a positive area of CD45 (pink). b
and ¢ ERf and collagen IV are visualised with the same colours as
in (a). Bars = 1 um

probed, the first using an antibody to CD3 for T cells,
and the second using an antibody to CD11b for T cells,
granulocytes, monocytes and natural killer (NK) cells.
The protocol used Vectastain ABC Elite reagents in a
similar staining procedure to that above, except for the
chromogen.

Separate sections were stained with the ERf antibody
and haematoxylin, to determine histologically if the ERf
immunoreactivity was only located in the nuclei.

Blood smear staining

A peripheral blood smear was also stained with the ERf8
antibody to investigate whether erythrocytes contain
ERS.

Quantification of relative proportions

The double-stained cryostat sections were chosen for the
quantification of relative proportions, as their colour is
stable with time. The fluorescence labelling of the par-
affin sections has a tendency to fade. The proportion of
ERfS+ nuclei in muscle fibres and capillaries, respec-
tively, was calculated by the total number of ERf+
nuclei in an area of a transverse cryostat section and the
number of ERfS+ nuclei within the capillaries. For the
quantification of the immunoreactive structures, an im-
age analysis system was used (Leica Microsystems,
Sollentuna, Sweden). Sections were viewed at a magni-
fication of 500x and readings taken until an area con-
taining a total of approximately 50 muscle fibres had
been included for the following variables: number of
muscle fibres (A4), total number ERf+ nuclei (B) and
the number of ER + nuclei within capillaries (C). Three
calculations were conducted from these measurements as
follows: (1) the proportion of ERf+ nuclei located in
capillaries (C/Bx100), (2) the proportion of ERf+
nuclei located in muscle fibres ((B — C)/Bx100) and (3)
the proportion of ERf + nuclei in capillaries per muscle
fibre (C/A). The ERf+ nuclei that were neither located
within muscle fibres nor capillaries were less than 1% of
the total number of ERf+ nuclei and therefore not
included.
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Results
Qualitative analysis

Using ERf immunohistochemistry and haematoxylin
histology, it was revealed that ERf only had a nuclear
localisation, confirming the previous findings of Wiik
et al. (2003).

Immunohistochemical evaluation revealed that the
ERfB+ nuclei were located within the muscle fibre as
supported by the collagen IV+ basement membrane
staining. ERf+ nuclei were also, for the first time,
found to be located in the capillary endothelial cells in
human skeletal muscle tissue (based on the concomitant
staining of collagen IV and CD34) (Fig. la). ERS+
nuclei were also seen in endothelial cells of larger blood
vessels. Since these vessels were too few, no calculations,
however, were performed to determine the proportion
that was ERf+.

The consecutive section showed ERf+ nuclei both
within the muscle fibre and within the capillaries, while
no CD45+ immune cells could be identified (Fig. 1b).
In Fig. 1c, a CD45+ /ERf+ cell is shown in order to
illustrate that sometimes such double staining was seen.

The frequency of CD3+ and/or CD11b+ immune
cells in the cryostat sections and CD45+ immune cells
in the paraffin sections was shown to be less than 0.05
cells per muscle fibre in each case.

ERf was not shown in erythrocytes as stained in a
blood smear.

Quantitative analysis

ERf+ nuclei were shown in muscle fibres and capil-
laries, respectively (Fig. 2a; red colour). The basement
membrane of the capillaries was identified by collagen
IV antibodies (Fig. 2a; grey/blue colour). The negative
control showed no staining of ERf and collagen 1V
(Fig. 2b).

Quantification of the four muscle samples revealed
that 24% (median) (range 16-26%) of the ERf+ nuclei
were located within the capillaries and as interpreted
from the qualitative analyses the vast majority of these
were endothelial cell nuclei. Since extremely few ERf +
nuclei were found in the interstitium, that is, outside
both the muscle fibre and the capillary compartments,
we estimated that 76% (74-84%) of the ERf+ nuclei
were located within the muscle fibres. It was also found
that approximately 0.5 capillaries per muscle fibre were
ERfS+.

Discussion

This is the first study demonstrating the expression of
ERp in nuclei of both muscle fibres and capillaries in
human skeletal muscle tissue. The study was carried out

Fig. 2 a Immunohistochemical double staining of two different
areas of a frozen human muscle tissue section demonstrating ERf
(red) and collagen IV (blue/grey) of the muscle fibres and
capillaries. An ERf+ nuclei within the muscle fibre is indicated
by a star. Insets show ERf+ nuclei in the capillaries. Bars =
10 um. b Negative control for the staining demonstrated in (a).
Bars = 50 pm

by the development of immunohistochemical double-/
triple-staining methods suitable for this particular tissue
type. The collagen IV staining of the basement mem-
brane associated with muscle cells made the identifica-
tion of ERf+ nuclei within the muscle fibres easier. The
capillary basement membrane was also identified with



greater certainty using this collagen staining. The ERf +
nuclei within the capillaries were interpreted as being
those of endothelial cells based on the criteria below.

The study excluded one potential source of error in
the interpretation of the double-stained biopsies (ERf
and collagen IV). This was that certain immune cells
could be misclassified as endothelial cells, since immune
cells also were found to be ERf+. However, in a study
by Malm et al. (2000), and unpublished data from the
same author, it was shown that immune cells, such as
granulocytes, monocytes, T cells and macrophages, were
in the range of 0.02-0.05 per muscle fibre in resting
skeletal muscle biopsies from healthy individuals. Our
own data from the present study reveal such a low
number of CD3+, CD11b+ and CD45+ immune cells
(less than 0.05 cells per muscle fibre). However, we
found approximately 0.5 ERf+ capillaries per muscle
fibre, that is, more than ten times the immune cells.
Thus, it is most likely that only a small number of the
ERf+ nuclei within capillaries were immune cells. In
the present study, the erythrocytes as stained in a blood
smear were negative for ERff and can thus be excluded
as a possible source of error. Therefore, in our view, the
ERf+ capillary nuclei in our set of biopsies do repre-
sent endothelial cell nuclei. This was also confirmed in
the present study by the two triple staining investiga-
tions, where ERf+ nuclei were shown not only within
muscle fibres but also within endothelial cells together
with negative staining for immune cells (Fig. 2a, b).

The relative distribution of ERf between muscle fi-
bres and capillaries may be crucial in the physiological
response to ER-mediated transcriptional activity, and
thereby a determinant of the biological effects. However,
at this stage, one may only speculate upon the physio-
logical role of ERf in skeletal muscle tissue. For
instance, the gene for vascular endothelial growth factor
(VEGF) has a functional oestrogen response element.
VEGF is known to enhance both myogenesis and
angiogenesis (Arcic et al. 2004; Gustafsson and Kraus
2001). Such ER-mediated effects may favour muscle
tissue repair and also muscle adaptation to physical
training.

The application of these double-/triple-staining
methods may in future studies be a tool helping to give
us better understanding of the physiological role of
oestrogen and its receptors in muscle tissue, as well as its
possible association with angiogenesis. The current
staining protocols may also be a tool for investigating
the localisation of other molecules in muscle tissue.
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In conclusion, ERf is expressed in human skeletal
muscle tissue not only in the muscle fibres themselves,
but also in the capillary endothelial cells.
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