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Abstract We investigated the efficiency of a single
plasmid transfection along the longitudinal axis of the
regenerating soleus of young rats. This also reflected
transfection efficiency along the fibers because the soleus
is a nearly fusiform muscle in young animals. The com-
plete regeneration was induced by notexin and the
transfection was made by intramuscular injection of
enhanced green fluorescent protein- or Discosoma red-
coding plasmids after 4 days. One week after transfection
the number of transfected fibers was higher at the place of
injection (i.e., in the muscle belly) and lower or absent at
the ends of the muscle. The inspection of longitudinal
sections and neuromuscular endplates indicated that one
of the reasons of uneven transfection might be the
shortness of transfected myotubes and the other reason
might be the limit of diffusion of transgenic proteins from
the expressing nuclei. As a result, the efficiency of
transfection in the whole regenerating muscle was much
lower than it could be estimated from the most success-
fully transfected part.
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Introduction

Since the first report of in vivo transfection of mouse
skeletal muscle [1], a number of methods have been
developed in order to improve transgene introduction into
the manipulated organ. These techniques utilized electro-
poration [2], treatment with hyaluronidase [3, 4], ultra-
sound [5], polymers [6, 7], gene gun [8], and hydrodynamic
plasmid delivery [9]. Although these efforts remarkably
improved efficiency but further studies might still help to
optimize transfection for therapeutic and experimental use.
One of the main questions of muscle transfection is that
will the transgene be expressed along the fibers? Muscle
fibers are synthitia containing hundreds or thousands of
nuclei, most of these are not likely to take up foreign DNA
uniformly. This results in an uneven distribution of the
transgene which makes difficult to measure transfection
efficiency and the transgene expression along the fibers.
When investigating transfection efficiency, many arti-
cles compare cross sections from certain parts of the
muscle [3, 4] or measure the amount of the expressed
transgenic protein in the whole muscle homogenate [2, 7].
Both of these methods have drawbacks; since the trans-
versal sections do not reveal transfection efficiency along
the muscle, and measuring transgenic protein in the whole
muscle homogenate misses the transgene distribution and
the morphological effect. However, only a few laboratories
have investigated transfection efficiency on longitudinal
sections [10] and in whole-mount preparations of mice
muscles [2, 10, 11]. They showed that the expression of the
transgene was restricted to the place of transfection,
meanwhile others found that the expressed GFP diffused
along single fibers after injection [12]. These results show
variance, although come from mice, which have a shorter
muscle than that of rat. Therefore it is relevant to study
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how the transfection efficiency changes along the muscle
of larger animals, i.e., of rat.

The regenerating skeletal muscle of the rat can be
transfected efficiently by intramuscular injection of naked
plasmid DNA without any further manipulations [10]. Such
transfection is effective in 1 % of the fibers, as it has been
estimated from transversal sections of the central part of
the regenerating rat soleus muscle [13, 14]. Our aim was to
further characterise the transfection efficiency along the
whole regenerating rat soleus. This was particular inter-
esting because previously we found that the expression of
certain transgenes in only a few fibers stimulates regener-
ation in the whole soleus muscle [15, 16]. We have seen
impressive muscle growth, apparently due to autocrine—
paracrine effect. In order to describe such mechanism, it is
important to characterise the efficiency of the transfection
used in the same muscle regeneration. In connection with
this, we also aimed to study the fiber length in the regen-
erating soleus compared to that of the normal muscle. This
question has relevance since the fiber length is nearly equal
to muscle length in the young soleus [17]. Similarly, in
regeneration, the fiber length could also determine trans-
fection efficiency along the soleus.

Materials and Methods
Animal Treatment and Freeze Sectioning

Male Wistar rats (320-390 g) were treated as described by
Zador et al. [18]. In brief, animals were anesthetized by
intraperitoneal injection of 4 % chloral hydrate (1 ml/
100 g bodyweight). After a small incision on the lateral
side of the left hind limb, the soleus muscle was explored
and injected with 0.15 ml notexin (100 pg/ml solution;
Sigma-Aldrich) which induced a complete necrosis in the
whole muscle, abolishing a number of muscle specific
markers, and followed by an even regeneration in the
whole soleus [13-16, 19]. No intact or partially damaged
adult fibers were found i.e., after 4 days of notexin injec-
tion. We found this particularly important since gradation
of injury made more difficult to standardize transfection
therefore to evaluate the result. After the wound was closed
animals could move, eat, and drink according to their
demands. For transfection the soleus was re-explored
4 days after the notexin treatment and injected at the mid-
belly with a total volume of 50-pl plasmid (1 pg/pl; 20 %
sucrose in DEP water) by Hamilton Microsyringe. The
central part of the soleus was chosen for injection to make
easier to monitor plasmid distribution along the muscle
toward the proximal and distal ends. This was not the most
efficient way of transfection, a higher efficacy could be
achieved by piercing the needle longitudinally from

proximal-to-distal end into the soleus, then withdrawing it
with continuously injecting the plasmid [10]. However
such perfusion often resulted in random transfected seg-
ments along the muscle and fibers which hampered the
statistical analysis of distribution therefore we did not
apply it. On the 11th day of notexin-induced regeneration
and 7 days after transfection at mid-belly, the muscles were
dissected, fixed on small wooden sticks by thread, cooled
in liquid nitrogen chilled in isopentane and stored at
—70 °C. For acetylcholine esterase (AChE) staining,
before the 11th day of regeneration, muscles were removed
on the 5th or 7th days after notexin treatment. Animals were
killed with an overdose of chloral hydrate. Experiments
with animals were approved by the Ethical Committee of
Animal Treatment of the Medical Faculty of the University
of Szeged.

Frozen soleus muscles were cut into 6 approximately
equal segments. After embedding the segments in Tissue
Tek, 10-pm thin frozen cross sections were performed by
Reichert-Jung Cryostat. Native sections were air-dried on
glass slides and stored at —25 °C until microscopic eval-
uation or staining.

Plasmids

pEGFP (3.4 kb) and pDsRed (3.3 kb) plasmids (Clontech)
were used for transfection. Driven by CMV promoter they
expressed green or red fluorescent proteins in myofibers
which allowed the direct investigation of transgene
expression under fluorescent microscope. Plasmids were
purified by Qiagen Plasmid Maxi Kit from 100-ml bacte-
rium culture. The concentration of purified plasmid was
measured and its quality assessed by the absorbance ratio at
260/280 nm on NanoDrop ND-1000. This ratio was
between 1.78 and 1.87 for both plasmids. The quality of the
purified plasmid preparations was also checked on agarose
gel.

Calculating Transfection Efficiency

Results presented here have been collected from 11 suc-
cessfully transfected muscles from which 6 were injected
with pEGFP, and 5 with pDsRed. An advantage of the
green and red fluorescent proteins is the easy visualization
without further staining procedures, difficulty in fiber
identification happens only in extreme cases (very low
emission vs. background autofluorescence; high emis-
sion—Ilight contamination in the surrounding fibers).

The number of transfected fibers was counted on 2—4
sections from each of the 6 segments on Nikon Labophot-2
fluorescent microscope (RO or FITC filter) equipped with
Olympus DP71 camera connected to computer with Cell*
B imaging software.
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Staining Soleus Sections

Hematoxilin-eosin staining was performed to prove the
stage of regeneration by measuring fiber cross-sectional
areas (CSA) and to count myofibers. AChE histochemistry
was prepared after Tago et al. [20] but after washing sec-
tions with 3 % H,0,, they were rinsed in PBS two times
and incubated in ethopropazine (2 x 10~* M) for 30 min
in dark to block aspecific cholinesterase activity [21].
Neuromuscular junctions (NMJs) were counted under light
microscope. Schematic drawings were prepared by MS
Office PowerPoint 2007.

Counting Fibers Associated with AChE Positive
Staining

ACHE is bound to the basal lamina in the post-synaptical
cleft [22, 23] so it is an indicator of the NMJs. The other
AChE-stained phenomenons (i.e., myotendinous junctions
(MTJs) and proprioceptors [24, 25] have different mor-
phology. AChE was stained on at least 4 cross sections
from each segment of six muscles, and those with the
highest number of AChE were selected and compared.
Sections spanned at least 40-100 um distance.

Statistics

Comparison of the means were done by ANOVA and
Bonferroni post-hoc test (Software: SPSS 15.0), data was
presented by SPSS 15.0.

Results
Transfection Efficiency Along the Muscle

The transfection was evaluated at 7 days after plasmid
injection and 11 days after notexin injection. Transfected
fibers were easy to distinguish from non-transfected ones by
their high fluorescence, they stood alone or associated in
groups as it was reported by Doh et al. [11]. Interestingly,
the fluorescence intensity of transfected fibers changed on
consecutive sections even within one segment (Fig. 1). The
maximum number of transfected fibers varied between 10
and 86 per section. There was no significant difference
between the enhanced green fluorescent protein (EGFP) and
Discosoma red (DsRed plasmids) in respect of transfection
efficiency in the same segments (Fig 2). Sections with the
highest transfection rate were found in segments 2—4, and
only one muscle had its peak transfection efficiency in the
5th segment. Data from the individual muscles (Table 1)
also show a decline in the number of transfected fibers
toward the proximal and the distal ends. In summary, EGFP
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in the 3rd and 4th segments, while DsRed in the 2nd and 3rd
segments had significantly more transfected fibers than in
the first and the last segments (Fig. 2). This correlated well
with the place of injections at the muscle mid-bellies.
However, it is worth to note that the transfection was also
restricted near to muscle ends, i.e., in muscles ¢ and i
(Table 1) not only at the mid-belly (segments 3—4).

The soleus is a nearly fusiform muscle [17] which
suggests that if the transfection is partial along the muscle,
the transfected nuclei are also not evenly distributed along
the fibers. However, an average soleus contains up to 3,000
fibers in the central segments [14, 16], while only about
1,000 fibers were found in the terminal areas (data not
shown). Also, at the time of transfection, the myotubes
might be shorter than later in regeneration [26]. Further-
more, it is possible that the regenerating myotubes do not
fuse with each other but stay divided by MTJs) [27].

Staining of Neuromuscular Endplates (NME)
on Longitudinal Section

In order to find out whether the uneven transfection along
the muscle was due to shortness of myotubes at the time of
the intramuscular plasmid injection, we stained NME for
AChE. In mammals, each muscle fiber is innervated only
by one endplate, therefore, if myotubes did not fuse with
each other in regeneration, the position and the number of
the endplates would be the same as in the normal muscle.
Since innervation is a prerequisite for the successful
regeneration [28] the position of endplates should imply
any major change in the average fiber length in the
regenerating muscle.

The pattern of AChE positive endplates in 11-days
regenerated transfected soleus was similar to that of the
normal muscle, except, they were less organized and more
diffused, i.e., they followed less even diagonal line on lon-
gitudinal sections than in the normal soleus. This diagonal
line was a lateral view of the elliptical pattern of NMEs in
the muscle mid-belly [29-31]. The number of NMEs in the
different segments (Table 2) reveals that NMEs are central
positioned in regenerating muscles as in the normal soleus.
This suggests that fiber length is nearly restored by day 11 of
regeneration. Accordingly, matured endplate potentials have
been measured by others at this stage in the same type of
regeneration of the soleus [32]. Therefore, the movement of
plasmids and transgenic proteins is probably not limited by
fiber length along the 11-days regenerating muscle. How-
ever, on longitudinal sections of 5-days regenerating soleus
(1 day after transfection), the primitive fibers/myotubes
were much shorter (Fig. 3) than at day 11 (when the trans-
fection was inspected) or in the normal muscle [17]. This
suggests that the efficient transfection in the full length of the
11-days regenerating muscle might be limited by the
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Fig. 1 Consecutive transversal sections taken from one segment of regenerating soleus muscle transfected with EGFP. The order of 1-24
sections is indicated. Note that transfection intensity in many fibers changes already after a few sections therefore within a short distance

shortness of myotubes at day 4, at the time of transfection.
Therefore, anatomical borders like position of transfected
nuclei and myotube length at the time of transfection may
limit transfection efficiency along the regenerating muscle.

Discussion

Transversal sections taken systematically along the soleus
muscle showed that the number of transfected fibers was

higher in the central parts and decreased toward the prox-
imal and distal ends; this finding was independent of the
used reporter genes. One of the explanations is that the
transfected plasmids, the expressed RNAs, and proteins are
not transported within muscle fibers. Indeed, in regenerat-
ing muscle, the young myotubes are divided by MTJs and
later develop into longer fibers [27]. To monitor transfec-
tion along the fibers, we divided the fusiform soleus muscle
in length into six equal segments (4—-5 mm, 1/6 of muscle
length). EGFP and DsRed expressions in the fibers
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Fig. 2 Summary of transfected fibers in segments of (pEGFP or
pDsRed, n = 11) transfected muscles. At each segment 2 vertical box
plots demonstrate the transfected fiber counts. Empty boxes refer to
muscles transfected with pEGFP, patterned ones to those with
pDsRed. Length of boxes presents the interquartile range (IQR)
computed from Tukey’s hinges. Whisker caps indicate minimum and
maximum values. Circles mark outlier values (more than 1.5 IQR’s
but <3 IQR’s from the end of the box). There was no significant
difference between pEGFP and pDsRed transfection efficiency within
the same segment. Highest mean of transfected fibers is in segment 3
(both pEGFP and pDsRed). The peripheral segments 1 and 6 contain
significant less fibers then segment 3 and 4 in case of pEGFP
transfection and segment 2 and 3 in case of pDsRed transfection.
Asterisks marks significant differences (p < 0.05; Bonferroni post-
hoc test)

declined already along a single segment. Such an uneven
transgene expression has been reported previously along
the fibers of mouse rectus femoris [11]. The distal and
proximal fiber ends showed pronounced pf-galactosidase
expression 3—6 h after transfection which turned out to be
somehow more evenly distributed along the fibers at 4 days
after plasmid treatment. In another study, the transfected
f-galactosidase exhibited segmental differences within the
fibers of regenerating rat soleus muscles on serially cross
and longitudinal sections [10]. This latter finding has not
been supported by the whole-mount analysis of extensor
digitorum longus muscles in mice, where the GFP occupied
the whole fiber [33] and a similar observation was made
after single fiber transfection [12].

To interpret the declining expression levels along the
fibers, we should consider that plasmids are not homoge-
nously distributed along the entire muscle after being
injected. Doh et al. [11] hypothesized that DNA could
accumulate in “pockets” which could be responsible for
the varying expression pattern. In our opinion, such pockets
could be even more frequent in regenerating than in normal
muscles, which often contain split fibers [34]. In addition,
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Table 1 Number of transfected fibers in the segments of 11 trans-
fected muscles

Muscle ID Segments
1 2 3 4 5 6
pEGFP
a 8 13 6 4 2 3
b 5 13 51 49 22 6
c 1 8 11 17 44 11
d 0 21 86 39 9 0
e 6 19 40 20 0
f 0 0 10 9 4 3
pDsRed
g 0 12 10 26 11 0
h 8 18 31 11 6 0
i 13 35 22 9 2 0
j 8 37 38 49 21 1
k 3 23 26 10 11 4

Data represents average number of transfected fibers on cross sections.
Muscles transfected with pEGFP or pDsRed are shown separately.
Note that transfection efficiency is different in each muscle, but the
number of transfected fibers declines toward the muscle ends

Table 2 Number of fibers associated with AChE positive NMJ
staining in transfected soleus cross sections at day 11 of regeneration

Muscle ID Segments
1 2 3 4 5 6

al 0 0 66 91 11 5
b 7 5 27 36 67 5
c! 4 2 21 55 18 1
d! 0 11 38 88 22 0
e? 4 0 0 82 37 3
2 0 0 17 16 19 10

The highest numbers of NMJ associated fibers are in segments 3-5, in
the muscle belly. The normal muscles also exhibit endplates in the
central belly, therefore it is likely that transfected regenerating mus-
cles have the similar innervation pattern to the normal soleus. '
Muscles transfected with pEFGP and > with pDsRed

if we consider that 95 % of the plasmids degraded in the
first 6 h in the interstitial space [35], the chance of long-
term diffusion is indeed extremely low. Plasmids have to
be incorporated next to the site of injection and this hap-
pens in case of only a few nuclei [12]. The nuclear resident
plasmids express the transgene in the vicinity called
myonuclear domain. We are not aware of transport
mechanism that would span the fibers with transcribed
RNA or translated proteins. Since fibers in mice muscles
are smaller than in rat muscles, the transgene concentration
can be equalized more efficiently in mice than in rat
muscles [12, 33]. The distance of DNA-containing
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Fig. 3 Images of AChE-stained longitudinal sections (magnification
x40) are composed to reconstruct a complete view of the section. A
schematic drawing marks the AChE positive endplates under each
section. Regenerating soleus on day 5 (a), day 7 (b) and day 11 (c),

“pockets” from transfectable nuclei and the diffusion-
limits of the expressed gene products seem to be plausible
explanations for the uneven transgene distribution along
the fibers.

The other explanation is that the myotubes were shorter
at the time of transfection than at the time of monitoring of
GFP expression. Plasmid injected to the central part of the
regenerating soleus, had little chance to get to muscle ends

and normal soleus (d). Note that the pattern and distribution of the
NMIJs are similar in normal and regenerating muscles, suggesting that
by the time of established innervation (day 7-11) the fiber length is
similar in both conditions (see table 2)

because the myotubes/young fibers were much shorter than
the whole muscle length [26]. Later, when the young fibers
fused with each other the transfected nuclei still remained
on spot [36—40].

Since each fiber has one innervation in mammals [41],
we used NMJs to test the fusion of myotubes as an indirect
control of fiber length. If the myotubes did not fuse by day
11 of regeneration (when the transfection was inspected)
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the number of NMJs would increase at muscle ends. On the
contrary, if the myotubes managed to fuse, the NMlJs
should still be in the mid-belly like in the normal soleus
[29]. Our results showed that the NMJs were approxi-
mately in the same position in the regenerating and normal
muscles on longitudinal and cross sections. The innervation
of most fibers is completed by day 7 of regeneration
[32, 42], fibers interrupted by MTlJs after this time are less
likely to occur. We analyzed regenerating muscles at day 5,
(1 day after transfection) and day 11 (when the transfection
was inspected). We found that the fiber length was rela-
tively short on day 5, it appeared longer at day 7 and even
longer at day 11, almost as long as in the untreated soleus;
though fiber CSAs were significantly behind that of normal
muscles.

Therefore, as a consequence, we can say that the uneven
distribution of transfection in the regenerating muscle is
probably due to the fixed position of transfected nuclei and
to the limited diffusion of the expressed transgenic pro-
teins. The regional changing of transfection means that the
efficiency can not be estimated accurately from one part of
the muscle even if it is the most transfected part. This
highlights the vagueness of assumption of transfection in
skeletal muscle, especially in gene therapies applied in
degenerative-regenerative disorders like Duchenne type
muscle dystrophy. Considering that shape, pennation and
anatomical structure in most muscles are more complicated
than in the soleus, the estimation of transfection efficiency
in other muscles looks even more dubious. Strategies
aiming transfection of a certain percentage of fibers must
count on this insecurity. Interestingly, our novel method, in
which growth stimulation of the entire regenerating soleus
is reached by transfection of only a few fibers with signal
pathway inhibitors [15, 16], can overcome the low trans-
fection efficiency. We must note that in this case the effect
is probably also initiated from a smaller part of the muscle
than it seemed previously.
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