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Mice expressing .345P mutant desmin exhibit morphological
and functional changes of skeletal and cardiac mitochondria
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Abstract Desmin mutations underlie inherited myopa-
thies/cardiomyopathies with varying severity and involvement
of the skeletal and cardiac muscles. We developed a trans-
genic mouse model expressing low level of the L345P
desmin mutation (DESMUT mice) in order to uncover
changes in skeletal and cardiac muscles caused by this
mutation. The most striking ultrastructural changes in mus-
cle from DESMUT mice were mitochondrial swelling and
vacuolization. The mitochondrial Ca®" level was signifi-
cantly increased in skeletal and cardiac myocytes from
DESMUT mice compared to wild type cells during and after
contractions. In isolated DESMUT soleus muscles, con-
tractile function and recovery from fatigue were impaired. A
SHIRPA screening test for neuromuscular performance
demonstrated decreased motor function in DESMUT com-
pared to WT mice. Echocardiographic changes in DESMUT
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mice included left ventricular wall hypertrophy and a
decreased left ventricular chamber dimension. The results
imply that low levels of L345P desmin acts, at least partially,
by a dominant negative effect on mitochondria.
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DESMUT Mice transgenic with L345P mutated desmin
WT Wild type mice

Introduction

Desmin is a major intermediate filament protein of muscle
tissue, expressed in all three types of muscle cells: skeletal,
cardiac and smooth (Lazarides 1980). Being one of the Z-
disk associated proteins in striated muscles it encircles the
myofibrils at the level of the Z-line and connects them to
the plasma and nuclear membranes. In cardiomyocytes
desmin participates in formation of costameres and inter-
calated disks. It is also known to be tightly associated with
various intracellular organelles and structures, such as
mitochondria and thin filaments (Lazarides 1982). Indeed
in desmin null mice, mitochondrial function is markedly
impaired (Milner et al. 2000). During contraction, desmin
assists in the simultaneous shortening of different myofi-
brils and facilitates force transmission along the cell
minimizing shear stress. Finally, desmin has been shown to
be involved in signal transduction and apoptosis (Chen
et al. 2003; Ingber 1997).

Desmin mutations are implicated in several skeletal and
cardiac disorders. Desmin-positive inclusions were noted
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first in inherited distal myopathies with protein accumula-
tions (Barohn 1993; Fidzianska et al. 1999). Subsequently,
the first genetic identification of a desmin mutation was
described in a patient with distal inherited myopathy
(Munoz-Marmol et al. 1998). Later, Li et al. (1999)
described a missense mutation in the desmin gene as a
cause of dilated cardiomyopathy without skeletal muscle
involvement. Since then, a total of 27 desmin mutations
have been identified giving rise to either discrete skeletal or
cardiac myopathy or most commonly, a concomitant
skeletal-cardiac phenotype (Fidzianska et al. 2005; Gold-
farb etal. 2004). Currently, genotype-phenotype
correlations are poorly understood.

Earlier, we reported a L345P desmin mutation in a six-
generation Ashkenazi family (Sjoberg et al. 1999). The
mutation is located in the 2B part of the desmin rod
domain, which is known to be important in filament for-
mation and the polymerization process (Herrmann et al.
2000; Strelkov et al. 2002). This missense mutation has a
dominant-negative effect on filament formation resulting in
desmin malformations and characterized by myopathy and
cardiomyopathy. We constructed a transgenic mouse
model, carrying a L345P desmin mutation driven by a
native desmin promoter in order to mimic normal desmin
expression pattern in skeletal muscle and heart. Our pri-
mary aim was to identify the early specific skeletal and
cardiac muscle dysfunctions resulting from the L345P
desmin mutation. We were particularly interested in
changes in mitochondrial and contractile function. Our
animals displayed a relatively low level of expression of
mutant desmin. Despite this, we found marked changes in
mitochondrial structure and function.

Material and methods
DNA constructs and generation of transgenic mice

Animal care and experiments were approved by the
Stockholm North local animal ethics committee. The T to
C mutation in codon 345, causing an amino acid change
from leucine to proline (L345P), was introduced into the
mouse desmin cDNA by site-directed mutagenesis (Quik-
Change™ from Stratagene). From in vitro experiments we
know that this mutation causes severe alteration of the
desmin polymerization process (Bér et al. 2005). We tag-
ged the desmin construct at the 5" end with a hemagglutinin
sequence (HA tag) of 30 nucleotides coding for the amino
acid sequence YPYDVPDYAS, which is specifically rec-
ognized by a HA antibody. A poly A tail was finally
attached to the desmin 3’ end and the whole construct was
inserted downstream of the 4 kB mouse desmin promoter
(kind gift of Dr. Denise Paulin; see Fig. 1c). The desmin
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Fig. 1 Southern blot analysis of mouse genomic DNA for L345P
desmin transgene. (a) Hybridization with a 500 bp probe, covering
exon—exon borders of desmin gene. WT desmin is not detected with
this probe. Positive hybridization in founder 3 and founder 13. L345P
transgenes, located as tandem repeats correspond to the 6.4 kb band
and L345P transgenes, located at the ends of tandem repeats
correspond to the 9.4 kb band. Note absence of L345P transgenes
in WT mice. (b) Hybridization with a 460 bp probe, containing the
mouse desmin exon 1 sequence. This probe recognizes both mutated
and wild-type desmin. Positive 8.5 kb signal from hybridization with
WT desmin and the 6.4 kb signal from hybridization with L345P
desmin. Negative control (WT mice) contains only WT desmin gene
copies. The ratio between WT and L345P desmin is 1:10 for founder
3 and 1:8 for founder 13. (¢) Schematic drawing of the transgenic
construct. The mutation was introduced by site-directed mutagenesis
and a hemagglutinin (HA) tag was placed at the N-terminus of the
gene. This construct was then inserted distal to the 4 kB terminal part
of the mouse desmin promoter

gene and promoter was then cleaved out from the cloning
vector and purified for introduction into J-129 mouse
pronuclei. Stable transgenic line (DESMUT mice) was
established by mating with C57 Bl/6 mice. Wild type
animals (C57 B1/6) were used as a control (WT mice). For
all experimental procedures animals were killed by cervical
dislocation.

Genomic DNA analysis
Genotyping analysis

Total genomic DNA was extracted from tail tips after
overnight incubation in lysis buffer, containing 0.2 M
NaCl, 0.1 M Tris 8.3, 5 mM EDTA, 0.2% SDS and
100 mg of proteinase K. Primers, covering the HA
sequence and the exon—exon borders were used for geno-
typing by PCR reaction.

Southern blot analysis

Following overnight digestion with EcoR1, mouse geno-
mic DNA was separated by size on an agarose gel and
transferred to a nylon membrane according to a standard
protocol. In order to confirm the transgenic status of the
founder animals, a membrane was hybridized with a
500 bp P**-labeled probe, covering the exon—exon borders
of the mouse desmin gene, allowing the distinction of
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transgenic desmin construct from the wild type gene. For
identification of transgene copy numbers, DNA from dif-
ferent founders was hybridized with a 460 bp P**-labeled
probe containing the exon 1 sequence of mouse desmin
gene. To determine the ratio between wild type and
transgenic copy number, images were obtained with an
isotope scanning camera (Fujifilm, Tokyo, Japan) and
quantification was performed using ImageGuard 3.45
software.

Western blot analysis

Tissue samples were homogenized on ice in intermediate
filament suspension buffer, containing phosphate buffered
saline (PBS, pH 7.4), 1% Triton X, 5 mM EDTA and
protease inhibitors. After centrifugation at 4°C, the super-
natant (containing the soluble desmin fraction) was
removed and saved. The remaining pellet was resuspended
in SDS-PAGE loading buffer, boiled, centrifuged, and the
supernatant (containing the insoluble filamentous desmin
fraction) was saved. Both soluble and insoluble fractions
were run on a 10% SDS-polyacrylamide gel, followed by
transfer to a nitrocellulose membrane. For detection of
desmin, the membrane was incubated overnight at 4°C with
an anti-desmin polyclonal antibody (DAKO), diluted
1:6,000 in blocking solution. This was followed by wash-
ing in TBS-0.1% Tween and incubation with a secondary
anti-rabbit-HRP conjugated antibody (1:10,000) for 1 h at
room temperature. For detection of the HA-tag, rat
monoclonal anti-HA antibodies conjugated to HRP
(Roche) diluted to 5 mU/ml were applied to the membrane
for 1 h at room temperature. After washing the membranes
in TBS-0.1% Tween, the signal was detected by Enhanced
Chemi Luminescence Advance (Amersham Pharmacia
Biotech) and visualized with a CCD camera (Fujifilm,
Tokyo, Japan). All quantifications were done using Im-
ageGuard 3.45 software.

The relative amount of total protein was estimated by
staining the membrane in Ponceau reagent with subsequent
destaining in distilled water and blocking in 8% non-fat
milk in TBS-0.1% Tween. Signal intensity from antibody
stained membranes were recalculated in the computer
program according to minor difference in protein loading,
visualized by Ponceau.

Tissue preparation and morphological examination

Tissue samples for light microscopy were immediately
excised, washed in PBS, mounted in Tissue Tec, and frozen
in liquid nitrogen. Separate samples from the left ventricle
lateral wall, right ventricle and interventricular septum
were obtained. For skeletal muscle examination cross
sections of soleus, tibialis anterior, extensor digitorum

longus (EDL), and diaphragm were used. Conventional
staining with hematoxyline—eosin for skeletal and cardiac
muscles was performed according to standard protocols.
Sections were examined using Zeiss Axioscop 2 micro-
scope with a 20x or 40x lens.

Electron microscopy was performed on samples from
the left ventricle, tibialis anterior and soleus muscles. After
fixation in 3% glutaraldehyde in phosphate buffer samples
were cut in blocks approximately 1 mm x 0.5 mm and
postfixed in OsO4 in PBS, dehydrated in alcohol and
embedded in LX-112. Semi-thin sections (0.5 um) were
stained with toluidine blue. Areas of interest were selected
for ultrathin sections (60-70 nm) and contrasted with
uranyl acetate and lead citrate. Sections were examined in a
1235 Jeol transmission electron microscope (Jeol Ltd.,
Tokyo, Japan) at 60 kV. For each tissue sample, a mini-
mum of four sections were studied and three animals from
each group were examined.

Immunohistochemistry

Cryosections of heart and skeletal muscles were air-dried,
blocked with 15% goat serum at room temperature for 1 h,
and incubated overnight at 4°C with a primary anti-desmin
polyclonal antibody (Sigma) diluted 1:40 in blocking
solution. After being washed in PBS, sections were incu-
bated with an anti-rabbit FITC-conjugated secondary
antibody (Sigma), diluted 1:200 in blocking solution for
1 h at room temperature. For detection of tissue macro-
phages sections were incubated with anti-CD68 rat
monoclonal (Santa Cruz) antibody for 1 h at room tem-
perature with subsequent staining with HRP-conjugated
goat anti rat secondary antibody followed by DAB staining
visualization. Sections (10 pm) were examined on a Zeiss
Axioscop 2 microscope.

Measurement of mitochondrial Ca>*

Mice were killed and the heart or soleus muscle was
excised. Single cardiomyocytes were enzymatically iso-
lated from the ventricles as described previously
(Fauconnier et al. 2005). Mitochondria were loaded with
the Ca?*-sensitive dye rhod-2 as follows. Cardiomyocytes
were incubated in 5 pM rhod-2-AM (Molecular Probes) for
60 min at 4°C and then washed for 20 min at 24°C. Single
intact muscle fibres were mechanically dissected from the
soleus muscle (Bruton et al. 2003). Soleus fibres were
incubated in 5 uM rhod-2-AM (Molecular Probes) for
120 min at 24°C and then washed for 30 min. A BioRad
MRC 1024 and a Nikon Diaphot 200 inverted microscope
with a Nikon Plan Apo 40x oil immersion objective lens
(N.A. 1.3) were used. Rhod-2 was excited with 568 nm
light and the emitted light collected through a 585 nm
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long-pass filter. Confocal images were taken of the muscle
fibres at rest and then at regular intervals during and after a
series of contractions. Confocal images were stored and
analysed offline with ImageJ (available at http://rsb.info.
nih.gov/ij/). Changes in mitochondrial rhod-2 intensity at
each time point (F) were expressed as a ratio of that
measured in the rested fibre (F). This procedure allowed
comparison of the mitochondrial rhod-2 signal in different
cells.

Skeletal muscle contractile function

The contractile function was studied in isolated skeletal
muscles from 70 weeks old female WT and DESMUT
mice. Animals were killed and the soleus and the fast-
twitch EDL muscles were removed. Muscles were mounted
in the stimulation chambers in Tyrode solution at 25°C.
The muscle length was adjusted to that giving maximum
tetanic force response. Muscles were then allowed to rest
for 30 min. The force—frequency relationship was obtained
as described earlier (Belluardo et al. 2001). After the
force—frequency relationship, fatigue was produced with
intermittent tetani contractions and finally the extent of
force recovery was monitored for 30 min after fatigue.

Behavioural and functional analysis

The SHIRPA primary screening protocol (Rafael et al.
2000) was used for behavioural and phenotypic assessment
of the mice (for further details see http://www.mgu.har.
mrc.ac.uk/mutabase/shirpa). Within the SHIRPA protocol,
the wire manoeuvre test is the most important to asses hind
limb function. In this test, a suspended mouse is allowed to
grasp the metallic wire with its fore limbs and is then
released. Animals are expected to grasp the wire with their
hind-legs immediately or within several seconds. Mutant
and control groups (n = 10 in both cases) were examined
at different ages. The protocol was performed blind, with
the examiner being unaware of the mouse’s identity.

Echocardiography and electrocardiography

Animals were anesthetized with 1.2% isoflurane and main-
tained on a heated platform. Two-dimensional guided M
mode images were obtained at the level of papillary muscles
using a Philips ATL HTISO0OE echocardiograph equipped
with a 15 MHz probe, CL 15-7. Parameters were averaged
over several cardiac cycles. Left ventricular end-systolic
(LVESD) and end-diastolic (LVEDD) diameters as well as
systolic (LVPWs) and diastolic (LVPWd) posterior wall
thickness were measured using leading edge-to-leading edge
convention. Left ventricular fractional shortening (FS) was
calculated as [(LVEDD — LVESD)/LVEDD] x 100%.
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ECG was recorded simultaneously with two-lead limb con-
nections. Baseline recordings were obtained for 15 min
before starting echocardiography. ECG analysis was per-
formed with PcLaB 5.0 software.

Statistical analysis

Data were obtained from indicated number of mice and
expressed as mean == SEM. Statistical significance
between DESMUT and WT groups were analyzed using a
Student’s t-test. Statistical analysis of SHIRPA protocol
was performed by using one-sided Fisher’s exact test. In all
tests, the level of significance was set as P < 0.05.

Results

Generation of transgenic mice expressing L.345P
mutant desmin (DESMUT mice)

Totally five transgenic founders expressing HA-tagged
L345P desmin were identified by PCR genotyping and T to
C substitution was confirmed by DNA sequencing. Based
on the results of Southern blot (see Fig. 1) and Western
blot (data not shown), the two founders with the highest
number of transgene copies and level of transgene
expression were chosen for further experimental studies (f3
and f13, Fig. 1a). The ratio between L345P and wild type
(WT) desmin gene copies was 10 for f3 and 8 for f13
(Fig. 1b). Further genotyping of the subsequent litters was
done using PCR only. The DESMUT mice had a life span
similar to WT animals. Their litter sizes were normal and
the body weight did not differ from the control group at any
of the studied time points (Table 1).

Mutant desmin protein is expressed at low level
in transgenic animals

In DESMUT mice, expression of L345P desmin was
detected in all analysed muscle tissues, except for the
urinary bladder (Fig. 2b). However, in all muscles exam-
ined the average expression level of L345P desmin was

Table 1 Body weight (g) of male and female wild type (WT) and
desmin mutant (DM) mice

Males Females

WT (n=6) DM (n=6) WT (n=10) DM (n = 13)

25 weeks 377+ 1.0 365+14 266+14 28.8 £ 1.0
39 weeks 439+ 18 437+25 324+£18 337+ 13
77 weeks 488 £1.1 463 +26 405+19 38 £ 1.6

Values are mean = SEM
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Fig. 2 Western blot analysis of muscle tissue from DESMUT mice.
(a) Expression of WT desmin (anti desmin polyclonal antibody) in
heart, skeletal muscles and urinary bladder. Insoluble protein fraction
of WT mice. (b) Expression of HA-tag (anti HA monoclonal
antibody), linked to transgenic L345P desmin, detected in all studies
muscle tissues of DESMUT mice except for bladder. Insoluble
protein fraction of transgenic animals. (¢) Expression of WT and
transgenic L345P desmin (anti desmin polyclonal antibody) in
insoluble protein fraction of DESMUT mice. Transgenic desmin
detected as higher molecular weight protein due to HA tag. The level
of L345P desmin in the insoluble fraction is approximately 5 & 0.3%
of WT desmin in all studied muscle tissues. (d) Proportions of WT
and L345P desmin in soluble and insoluble fractions of heart protein
extracts from DESMUT mice. One hundred percent is defined as the
total staining intensity of both mutated and wild type desmin in the
insoluble fraction. (e) Expression of WT and L345P desmin in soluble
and insoluble fractions of heart muscle from DESMUT mice

low (Fig. 2¢) and constituted 5.0 £ 0.3% of the WT des-
min in the insoluble fraction. This low level was
independent on founder and animal age. However, in the
soluble protein fraction the level of L345P desmin was
significantly higher being 17.4 + 1.5% of that of WT
desmin (P < 0.05, Fig. 2d). The overall level of WT des-
min expression did not differ between DESMUT and WT
groups. The expression of L345P desmin was highest in the
heart and diaphragm, a pattern similar to WT desmin
expression in striated muscle (Fig. 2a and b).

Mild morphological aberrations but absence of desmin
aggregates in DESMUT mice

In desmin myopathy, accumulation of desmin aggregates
and streaming of the Z line in muscle biopsies are often
observed (Goldfarb et al. 2004). However in the present
study immunostaining of all skeletal and cardiac muscles
with anti-desmin antibody revealed no detectable differ-
ence in the pattern or intensity of staining between
DESMUT and WT mice (Fig. 3). In DESMUT mice a
regular cross-striated intermediate filament pattern with no
desmin aggregates was observed in heart and skeletal
muscle, similar to that observed in WT mice. In DESMUT
heart samples, anti-desmin antibody showed that desmin
was also clearly localized to the intercalated discs. We
could not detect any difference in the intensity of Z-line
desmin staining or background non-Z-line associated
staining between DESMUT and WT mice.

Despite the absence of desmin aggregates, other subtle
morphological alterations of heart muscle were noted. In
DESMUT mice there was an increased interstitial cellu-
larity due to non-myogenic cells, minor perivascular
oedema and focal myocytolysis together with cardiomyo-
cyte disorganization (Fig. 4b). Cell infiltrations were
observed in perivascular and intermyocyte spaces. The most
typical feature of the cardiac muscle in the DESMUT group
was local accumulation of protein depositions in foci of
muscle fibre disruption, in perivascular spaces and in the
extracellular matrix (arrows in Fig. 4c). The latter were
accompanied by interstitial non-myogenic cell and macro-
phage infiltration and caused a disruption of overall tissue
architecture (Fig. 4c and d). Additionally, Sirius red stain-
ing indicate increased fibrosis in the hearts of DESMUT
mice (Fig. 4e and f). Cardiomyocyte disorganization varied
from mild to moderate, being more prominent in areas of
fibre disruption and protein depositions. These findings
were found both in left and right ventricles, sometimes
being even prevailing in the latter and were consistent in all
animals analysed from DESMUT group.

Morphological examination of skeletal muscle in DE-
SMUT animals showed no obvious pathological signs.
There were no signs of muscle atrophy, dystrophy,
inflammation, degeneration/regeneration, or fibrosis.

Electron microscopy revealed severe mitochondrial
abnormalities in DESMUT mice

Electron microscopy examination of DESMUT heart,
soleus, and tibialis anterior muscle, revealed no signs of
myofibrillar major disturbance or misalignment. Sarcomere
structure was normal, showing regular and non-streamed
Z- and M-lines. The most striking changes appeared in the
mitochondria of skeletal and cardiac muscles. These
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Fig. 3 Immuno-detection of desmin in left ventricular heart tissue
from DESMUT and WT mice (a) Overview electron micrograph of
section from DESMUT mouse illustrating normal Z-line structure of
the sarcomeres. 30,000x (b) Immuno-EM staining of DESMUT
mouse using gold conjugated anti-desmin antibodies. Note that the

changes included reduced cristae density (Fig. 5c¢) and
significant vacuolization of mitochondrial matrix resulting
in the formation of circular membrane structures (Fig. 5d),
and giant mitochondria (Fig. 5f). Groups of abnormal
mitochondria usually appeared as clusters, together with
pools of mitochondria of normal appearance. In such areas,
there were altered myofibril distribution and thinning of
myofibrils (Fig. 5b). In such cases the inter-myofibrillar
space was filled with amorphous unstructured material
(Fig. 5e). All of these changes were consistently observed
in all samples from both cardiac and skeletal muscle of
DESMUT mice, and were not present in WT mice.

Abnormal Ca*" handling by mitochondria in skeletal
and cardiac muscle cells

Structural and functional changes of mitochondria have
been suggested to be caused by excessive mitochondrial
Ca’ loading in many cell types (Bernardi 1999). Thus, we
decided to study mitochondrial Ca** uptake in DESMUT
animals. Mitochondrial Ca** increased in both DESMUT
and WT soleus muscle fibres. Figure 6a shows that during
a series of 500 tetani, mitochondrial Ca®* increased and
reached its peak value after 50 tetani (DESMUT 4.1 £ 0.3
versus WT 2.7 & 0.7). Thereafter mitochondrial Ca>*
decreased by about 30—40% during the remainder of the
series of 500 tetani in both groups. However, even at the
end of the period of stimulation, mitochondrial Ca** was
more than 80% greater in DESMUT compared to WT
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gold particles are localized at the Z-lines (arrows). 80,000 (c) Anti-
desmin immuno-EM staining of WT mouse. Arrows indicate Z-line.
80,000x (d) Anti-desmin immunofluorescence staining of DESMUT
left ventricle. 2,000x (e) Anti-desmin immunofluorescence staining
of WT left ventricle. 2,000 x

soleus muscle fibres. Mitochondrial Ca®" returned more
slowly to its resting level in DESMUT than in WT fibres.

A similar alteration in mitochondrial Ca®" handling was
seen also in DESMUT cardiomyocytes during 1 min of
stimulation at 1 Hz. The increase in calcium uptake in
DESMUT cardiomyocytes was twice that measured in WT
cardiomyocytes (Fig. 6b). Five minutes after the end of
stimulation, mitochondrial Ca®* had returned to its initial
value in WT cardiomyocytes, but remained significantly
elevated in DESMUT cardiomyocytes. Thus, during stim-
ulation, the increase in mitochondrial Ca®" is more
pronounced and is less readily reversed in DESMUT
compared to WT cardiomyocytes. In conclusion, stimula-
tion induced increases in mitochondrial Ca** in both
skeletal and cardiac myocytes that were greater and slower
to reverse in DESMUT than in WT fibres.

Contractile function of isolated skeletal muscle
in DESMUT mice

Muscle weight was not significantly different in DESMUT
compared to WT mice. In the soleus, absolute tetanic force
at 70 Hz did not significantly differ in DESMUT and WT
mice (171 £ 36 and 193 £+ 8 mN, respectively, P > 0.05).
Relative force at 1, 15 and 20 Hz was significantly lower in
DESMUT compared to WT (Fig. 7a, P < 0.05). During the
induction of fatigue with 100 tetani (600 ms, 50 Hz tetani
given every 2 s), there was no significant difference in
tetanic force between DESMUT and WT soleus (Fig. 7b).
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Fig. 4 Morphological
alterations of left ventricular
cardiac muscle in 70 week
DESMUT mice, compared to
WT group. Bars correspond to
50 pm. (a) Cardiac muscle of
WT mouse. Normal myocardial
structure, (b) Cardiac muscle of
DESMUT mouse.
Disorganization of overall tissue
architecture and increased
cellularity, (c¢) Cardiac muscle
of DESMUT mouse. Note
cellular infiltration and
depositions of amorphic
material (arrows), (d) Cardiac
muscle of DESMUT mouse.
Muscle fibre disruption and
cellular infiltration. Positive CD
68 staining in brown indicating
macrophage infiltration. (e)
Sirius red staining of DESMUT
mouse cardiac muscle showing
increased amount of connective
tissue. (f) Sirius red staining of
WT mouse cardiac muscle

During recovery from fatigue, force was significantly lower
(P < 0.05) in the soleus of DESMUT animals compared to
WT at 5 and 10 min of recovery (Fig. 7c). There were no
differences in relative force, fatigue or recovery in the EDL
of DESMUT compared to WT mice (data not shown).

SHIRPA test reveals reduced muscle strength
in DESMUT mice

A SHIRPA test was performed on all animals as a
screening of neuromuscular performance. DESMUT mice
were found to differ from their WT counterparts in per-
formances of the wire manoeuvre test, which is an
indicator of hind limb muscle strength. Already at the age
of 14 weeks there was a tendency in DESMUT mice to
perform the wire manoeuvre test worse than WT. At the
age of 25 weeks only 36% of DESMUT mice managed to
grasp the wire compared with 100% in control group

(P < 0.05, Fig. 8a). At the age of 40 weeks only 45% of
DESMUT mice were able to lift their hind-legs to the wire
and 18% able to grasp the wire, compared with 100% and
55% of WT mice, respectively (P < 0.05) (Fig. 8b). At the
age of 58 weeks only 27% of DESMUT mice were able to
lift the hind-legs, compared with 82% in control group
(P < 0.05) (Fig. 8c). Importantly, in all other tests and
parameters (gait, posture, motor control and co-ordination,
excitability and aggression, salivation, piloerection and
locomotor activity) there were no significant differences
between mice from DESMUT and WT groups.

Cardiac function analysis
At the age of 40 weeks, echocardiography revealed a sig-
nificant increase of left ventricular posterior wall thickness

(LVPW) in DESMUT compared to WT mice (P < 0.05)
(Table 2). Systolic (LVESD) and diastolic (LVEDD)
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Fig. 5 Electron micrographs of
muscle tissue from WT and
DESMUT mice. (a) Left
ventricle sample from 80 weeks
old WT mouse. Clusters of
dense non-damaged
mitochondrias in the
intermyofibrillar space,
10,000x. (b) Left ventricle
sample from 80 weeks old
DESMUT mouse. Aggregates
of swollen and disrupted
mitochondria, alteration of
regular myofibril distribution
and thinning of myofibrils,
10,000x. (c¢) Left ventricle
sample from 80 weeks old
DESMUT mouse. Swelling and
disruption of mitochondrial
matrix, 40,000x. (d)
Vacuolisation of mitochondrial
matrix in tibialis anterior of

80 weeks old DESMUT mouse,
20,000x. (e) Left ventricle
sample from 80 weeks old
DESMUT mouse. Amorphous
material, filling intermyofibrillar
space close to swollen and
disrupted mitochondria,
40,000x. (f) Giant
mitochondria in left ventricular
sample from 80 week old
DESMUT mouse, 12,000x

dimensions of left ventricle as well as its contractility as
measured by fractional shortening (FS) did not differ
between DESMUT mice and the control group. Also at the
age of 70 weeks a thickening of the LVPW was noticed in
DESMUT mice. At the same time LVEDD was signifi-
cantly smaller in DESMUT mice (P < 0.05), compared to
WT mice. There was no significant difference in FS. The
PR interval, recorded by ECG, was not significantly dif-
ferent between DESMUT and WT groups.

Discussion
Here we describe a new transgenic mouse model, carrying

the L.345P mutation of the desmin gene previously shown
to cause myopathy and cardiomyopathy in humans

@ Springer

(Sjoberg et al. 1999). The aim of our study was to identify
muscle changes caused by this mutation. Indeed we found
that this model gave us intriguing new information on
mutated desmin protein influencing skeletal and heart
myocytes in spite of the lack of desmin aggregates seen in
patients with the human desminopathy disease.

We utilized a native desmin promoter in order to obtain
the most natural profile of L345P desmin expression in
various muscle tissues. This promoter has previously been
shown to induce GFP expression in muscle cells in culture
and to recapitulate expression of endogenous desmin, i.e.
not to confer expression in non-muscular tissues (Merics-
kay et al. 1999). Our results show that the expression
profile of L345P desmin in various muscle tissues was
highest in heart and diaphragm, i.e. similar to desmin
expression in WT animals. We did not observe L345P
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Fig. 6 Mitochondrial Ca*" uptake in skeletal and cardiac myocytes
from 70 weeks old animals (a) Comparison of mitochondrial Ca>*
uptake and release in soleus fibres during and after a series of 500
tetanic contractions at 2 s intervals in WT (n = 5) and DESMUT
(n = 3) cells. F/F: relative increase in the fluorescence level. Values
are mean £ SEM., *P < 0.005. (b) Comparison of mitochondrial
Ca”" uptake and release in cardiomyocytes after one min of 1 Hz
stimulation in normal Tyrode solution in DESMUT (n = 10) cells
and WT (n = 16) cells. F/F,: relative increase in the fluorescence
level. Values are mean £ SEM. All values significantly different
between groups, *P < 0.005 except for 5 min value where
+P < 0.05

desmin protein in urinary bladder, with very low expres-
sion in smooth muscles detected by RT-PCR (data not
shown), and no protein expression detected by Western
blot analyses. This corresponds with data earlier reported
by Mericskay et al. that a 4 kb regulatory region controls
expression in the heart, skeletal muscles and blood vessels,
but is not enough to induce expression in bladder (Mer-
icskay et al. 1999). Consistent with this, we did not find
any mechanical alterations in smooth muscles obtained
from urinary bladder or micro-arterial vessels from
DESMUT mice (data not shown). The average L345P
desmin content in the insoluble protein fraction in skeletal
and cardiac muscle was low, corresponding to approxi-
mately 5% of WT desmin. In line with this, HA-tagged
transgenic desmin was undetectable by immunohisto-
chemistry (not presented). The reason for the low level of
transgene expression is not clear. However, one likely
cause is a relative lack of sufficient regulatory sequences
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Fig. 7 Contractile function of isolated soleus muscles in 70 weeks
old DESMUT and WT animals. All values shown are mean 4= SEM,
*indicates significant difference between DESMUT (n = 4) and WT
(n = 3) muscles with P < 0.05. (a) Force frequency curve showing
force expressed as a percent of that produced at 70 Hz. (b) Tetanic
force developed during a series of 100 tetanic contractions at 2 s
intervals. (¢) Recovery of tetanic force during 30 min after the
induction of fatigue

and enhancer elements in the construct, necessary to
recapitulate normal activation of the desmin promoter (Gao
et al. 1998; Li et al. 1993; Mericskay et al. 2000).
Interestingly, the proportion of L.345P desmin to normal
desmin in the soluble protein fraction was approximately
three times higher than in the insoluble fraction of
DESMUT muscle. Under normal physiological conditions,
desmin forms highly insoluble polymers (Lazarides 1980,

@ Springer



34

J Muscle Res Cell Motil (2008) 29:25-36

100 -
25 weeks

75

50

0 H :
2 3 4 5

100 -

40 weeks

75 1 D)\

50

25 | “

0 ‘ ‘
2 3 4 5

Percent of animals giving response (%)

(o
1 .

00 58 weeks

75 A

50 -

) m m

0 ‘ Tl
1 2 3 4 5

Score

Fig. 8 SHIRPA protocol. Wire Manoeuvre test. Wire manoeuvre
activity was graded 1-4: 1, active grip with hind legs; 2, difficulty to
grasp with hind legs; 3, unable to grasp with hind legs; 4, unable to lift
hind legs; falls within seconds; 5, fall immediately. (a) 25 weeks of
age. Number of animals: DESMUT = 20, WT = 16; (b) 40 weeks of
age, Number of animals: DESMUT = 20, WT = 16; (c) 58 weeks of
age, Number of animals: DESMUT = 11, WT = 11

1982). It was shown previously that L345P mutant desmin,

as well as several other mutant desmin isoforms, are not
able to polymerize properly (Bir et al. 2005; Sjoberg et al.
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1999; Sugawara et al. 2000), and this is the most likely
explanation of the higher abundance of mutant desmin in
the non-filamentous soluble fraction.

It was showed that the mixture of the equal ratios of
wild type and mutant desmin isoforms leads to the for-
mation of desmin aggregates and collapse of the
filamentous network (Bér et al. 2006a, b). In the earlier
described model of desmin transgenic mice with 3:1 ratio
of the over expressed transgenic desmin to the wild type
desmin formation of intracellular desmin aggregates was
also detected by electron microscopy and lead to cardiac
hypertrophy and functional cardiac alterations (Wang et al.
2001). However, in our study the amount of the transgenic
mutant desmin was very low which probably was the
reason for the absence of morphological features typically
seen in skeletal muscle from humans with desmin L345P
mutation. These include IF aggregate formation and myo-
pathic changes with large variability in fibre size and fibre
maturation, as well as increased amount of fat and con-
nective tissue (Carlsson et al. 2002).

Despite the low expression of mutant protein and the
absence of desmin aggregates there was a striking abnor-
mality in L345P desmin transgenic mice, namely a severe
alteration of mitochondrial morphology and Ca®* handling.
This was seen both in skeletal and cardiac muscles, sug-
gesting a common mechanism, by which desmin mutation
influences mitochondrial integrity in muscle cells. This
observation agrees well with data obtained on desmin
knock-out mice, where marked changes of mitochondrial
morphology, as well as of mitochondrial proteomics and
enzyme activity, were reported by several groups (Milner
et al. 2000; Fountoulakis et al. 2005; Linden et al. 2001).
Together with our data it implies that mitochondrial
abnormalities constitute a sensitive sign of compromised
desmin cytoskeleton in muscle (Milner et al. 2000). It is
important to note that in our study these abnormalities were
induced not by absence of desmin, but rather by the pres-
ence of low levels of abnormal desmin protein. This
suggests that the mitochondrial changes observed in the
present study reflects a dominant-negative effect of mutant
desmin filaments.

The mechanism leading to alteration of mitochondrial
morphology in L345P desmin mice is not clear. It is well
known that mitochondrial structure and function are highly
dependent on the cytoskeleton (Rappaport et al. 1998).
Further, the function of the outer mitochondrial membrane
has been reported to be dependant on the cellular cyto-
skeleton (Kay et al. 1997; Saks et al. 1995). Since desmin
is known to play an important role in mitochondrial posi-
tioning and function (Capetanaki 2002), we speculate that
the altered physical properties and function of desmin fil-
aments due to copolymerization with L345P desmin
compromises the outer mitochondrial membrane and leads
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Table 2 Echocardiographic parameters of WT and DM

40 weeks 70 weeks

WT (n = 12) DM (n = 12) WT (n =5) DM (n =5)
Heart/body index (%) N/A N/A 0.45 + 0.03 0.37 + 0.04*
LVEDD (mm) 39+12 38+ 15 39£09 3.5 £ 1.5%
LVESD (mm) 26+ 1.3 24+ 1.7 2.6 +£0.8 24£18
LVPWd (mm) 0.76 + 0.03 0.92 £+ 0.05* 0.80 = 0.04 1.03 £ 0.01*
LVPWs (mm) 1.1 £0.04 1.3 £ 0.08* 1.2 £ 0.04 1.4 £ 0.01%
FS% 334+ 14 350+ 22 344 £22 334 £22

Values are mean = SEM; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; LVPWd, left ven-
tricular posterior wall thickness in diastole; LVPWs, left ventricular posterior wall thickness in systole; FS, fractional shortening; N/A, not

analyzed; * P < 0.05, compared to WT

to the matrix swelling. Several desmin-associated proteins
(plectin, synemin and paranemin) have been described as
potential linkers between desmin filaments and mitochon-
dria (Reipert et al. 1999). Precisely how the desmin
filaments alone, or through linker proteins influence phys-
ical and biochemical properties of the outer mitochondrial
membrane remains elusive.

Aside from their important role as energy suppliers,
mitochondria may also play a role to modulate the cytosolic
free [Ca®"]. This has been demonstrated in many tissues
including neurons (David et al. 1998), cardiac myocytes
(Duchen et al. 1998) and frog skeletal muscle fibres (Lén-
nergren et al. 2001). Our results show that mitochondrial
Ca*t uptake is increased, and release slowed, both in skeletal
muscle fibres and cardiomyocytes of DESMUT mice, com-
pared to WT. It may be speculated that the greater Ca®"
loading of the mitochondria in DESMUT compared to nor-
mal mice contributes to the changes seen in DESMUT mice.
Ca”* is reported to be a potential stimulator of mitochondrial
function, and an increased level of Ca®" stimulation of
mitochondrial respiration can lead to formation of reactive
oxygen species (ROS) (Brookes et al. 2004). It was reported
that formation of ROS due to impaired mitochondrial
function might be a trigger of cardiac hypertrophy, mito-
chondrial-induced metabolic cardiomyopathy and diabetic
cardiomyopathy (Esposito et al. 1999; Russell et al. 2005;
Ye et al. 2004). This process was described in several mouse
models of mitochondrial dysfunction (Russell et al. 2005).
Altered mitochondrial function together with formation of
ROS might also results in the poor recovery of soleus after
fatigue. Mouse soleus normally predominantly consists of
slow oxidative type I muscle fibers highly dependent on
mitochondrial function. For this reason it seems reasonable
that soleus muscle is the muscle type most compromised in
DESMUT mice. However the reason for such selective
injury of slow oxidative muscle fibers remains unknown. The
impaired force generation in skeletal muscles from DE-
SMUT mice can partly explain their bad performance in
SHIRPA protocol.

In conclusion, we present a mouse model with a mild
desminopathy due to transgenic expression of L345P
mutated desmin protein. We found that the L345P desmin
has a dominant negative function in skeletal and cardiac
muscles even at very low level of expression. The primary
effect of the mutated desmin appears not to be on the force
generation per se (i.e. sarcomere contraction and force
transmission through the cytoskeletal filaments), but rather
on the mitochondrial structure and altered Ca?* handling.
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