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Expression of carbonic anhydrase III and skeletal
muscle remodeling following selective denervation
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Abstract. Carbonic anhydrase IIT (CAIII) is expressed selec-
tively in type I (slow-twitch) myofibers. To investigate the
association between changes in the expression of CAIII and
skeletal muscle structure following denervation, the present
study stained adjacent sections of skeletal muscle for ATPase
and immunohistochemically for CAIII. In addition, differ-
ences in the protein expression and phosphatase activity
of CAIII were examined by western blot and phosphatase
staining between rat soleus and extensol digitorum longus
(EDL) muscles, which are composed of predominantly slow-
and fast-twitch fibers, respectively. Upon denervation, the
EDL muscle showed more pronounced structural changes,
compared with the soleus muscle. There was a transforma-
tion from fast to slow fibers, and a concomitant increase in
fibers positive for CAIIIL. Following denervation, the protein
expression of CAIII initially increased and then decreased in
the soleus muscle, whereas the protein expression of CAIII
in the EDL muscle increased gradually with time. In contrast
to the protein changes, phosphatase activity in the soleus and
EDL muscles decreased significantly following denervation.
These results indicated that, following denervation, changes
in the expression of CAIIl were associated with myofiber
remodeling. Specifically, the change in the expression of
CAIll reflected the conversion to type I myofibers, suggesting
the importance of CAIII in resistance to fatigue in skeletal
muscle.
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Introduction

Carbonic anhydrase (EC4.2.1.1; CAIII) is considered a biolog-
ical marker or therapeutic target for skeletal muscle disorders
in a variety of pathophysiological conditions. Changes in the
expression of CAIII, or the modification of CAIII by carbon-
ylation or oxidation occur in Duchenne's muscular dystrophy,
chronic widespread pain and skeletal muscle disuse (1-3).
In previous years, various epidemiological, pathological
and molecular investigations have demonstrated that CAIII
is also involved in the development of myasthenia gravis
(MG) (4), a neuromuscular autoimmune disorder caused by
anti-acetylcholine receptor antibodies. Our previous investi-
gations (4) showed that the protein and gene expression levels
of CAIII were significantly decreased in the skeletal muscles
of patients with MG. As the severity of MG increased, the
decrease in the expression of CAIII also increased. As CAIII
is expressed mainly in slow-twitch fibers (type I myofibers),
exhibiting oxidative metabolism and having a low contraction
speed and high resistance to fatigue, it was hypothesized that
the changes in CAIII reflect abnormalities of type I myofibers
in patients with MG. This may be the molecular mechanism
underlying muscle fatigability. Compared with other carbonic
anhydrase family isozymes, CAIII shows unique character-
istics in activity and tissue distribution (5). Firstly, CAIII is
a multifunctional enzyme with unique phosphatase activity
in addition to lower specific hydrase activity (~1% of CAII).
Secondly, CAIII is expressed at high levels in tissues with in
high metabolic activity, including fat, liver tissues and skel-
etal muscles. CAIII constitutes ~10% of the soluble protein in
the cytoplasm of slow-twitch fibers, but is largely absent from
fast-twitch fibers. In rodents, the levels of CAIII in skeletal
muscles change with age according to the development of
innervation and contractile activity (6). Specifically, the level
of CAIII increases sharply with age, reaching the peak adult
level at puberty. The levels of CAIII are then maintained for
a time, but eventually decline with aging (7). Comparative
analysis has revealed a correlation between changes in
the levels of CAIII and the development of skeletal muscle
contractility (6).

CAIII may be involved in resistance to fatigue and its
levels are affected by the innervation state (8,9). For example,
neuromuscular dysfunction caused by anti-acetylcholine
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receptor autoantibodies in MG, denervation, or cross innerva-
tion, have an effect on the expression of CAIIL. In previous
studies, the expression of CAIII following denervation was
examined by analyzing its overall protein and mRNA levels
in skeletal muscles. However, whether changes in the levels
of CAIII resulted from changes in expression in the original
type I myofibers or from remodeling of skeletal muscle were
not clarified. Additionally, denervation animal models are
constructed predominantly by transecting the sciatic nerve.
This surgery leads to rapid and complete denervation, but also
causes dysfunction of almost the entire hind limb and impairs
the blood supply to the musculature. These effects interfere
with the examination of denervation-induced changes to skel-
etal muscle (10).

In the present study, to investigate the association between
changes in the expression of CAIII and skeletal muscle char-
acteristics, a highly selective denervation technique was used,
which reduced the interference caused by changes in limb
activity and blood supply. This technique involves transection
of the nerves innervating the soleus (slow-twitch) and extensor
digitorum longus (EDL; fast-twitch) muscles. In this model,
specific skeletal muscles were denervated, but the movement
and blood supply of the affected limb were maintained. This
enables the first investigation, to the best of our knowledge, of
the association between skeletal muscle remodeling and the
expression of CAIII in serial sections.

Materials and methods

Animals and reagents. Male adult Sprague-Dawley rats,
weighing 160-180 g, were obtained from the Experimental
Animal Center of Shanghai Medical College, Fudan
University (Shanghai, China). The rats had free access to
food and water, and were subjected to standard conditions
of humidity (50+10%), temperature (25+2°C) and a 12-h
light/dark cycle. All experiments were approved by the Ethics
Committee of Animal Treatment of Fudan University. All
reagents were purchased from Sinopharm Chemical Regents
(Shanghai, China), unless indicated otherwise. All procedures
performed on the rats were in accordance with the European
Union protocols (86/609/EEC) for the care and use of
laboratory animals.

Selective denervation. The rats were anaesthetized with
pentobarbital (50 mg/kg). The right hind limb was prepared
for surgery and a 1-cm incision was made in the skin along the
axis of the femur. The nerve branches supplying the soleus and
EDL muscles were separated, ligated and truncated distally to
the muscles; this step was performed by visualization using
a dissecting microscope. The nerve stumps were marked by
a knot and buried in the muscles close by to avoid reinnerva-
tion, as described previously with modifications (11,12). Sham
surgery, which involved the same surgical steps without tran-
section of the nerve, was performed on the contralateral hind
limbs of the animals simultaneously, and the soleus and EDL
muscles served as the control. The denervation was verified
by the location of the knots when the muscles were dissected
at 7, 14, 28 or 56 days. At the end of the assigned period, the
soleus and EDL muscles were carefully excised from the
hind limbs, divided into two sections (one for morphological
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analysis and the other for analyses of protein expression and
enzyme activity), cleaned of tendons and connective tissues,
and immediately frozen in liquid nitrogen. The muscles were
stored at -80°C until processing.

ATPase staining. For the myosin ATPase staining, frozen serial
cross sections (thickness, 8 ym) were prepared and staining
was performed according to the method described by Brooke
and Kaiser (13). ATPase stained sections were observed using
an Olympus BX60 microscope (Olympus Corporation, Tokyo,
Japan). Those fibers that stained dark following pre-incubation
in acid and light following pre-incubation in alkali were clas-
sified as type I fibers.

Immunohistochemistry. Freshly obtained skeletal muscle
slices (thickness, 8 ym) were fixed at -20°C in 4% formal-
dehyde. Prior to antibody staining, the tissue sections were
treated with 3% H,O, for 10 min and blocked with 10%
bovine serum for 1 h. The sections were incubated with an
in-house generated anti-CAIII antibody (1:1,000) (14) at 25°C
for 2 h. Subsequently, the sections were incubated with perox-
idase-labeled goat anti-rabbit IgG (1:2,000, ab6721, Abcam,
Cambridge, UK) at 25°C for 1 h. CAIII was visualized with
diaminobenzidene solution (0.5 mg/ml; 0.03% H,0,). Stained
sections were observed using an Olympus BX60 microscope
(Olympus Corporation).

Western blot analysis. The skeletal muscles were homog-
enized in 10 mM sodium phosphate buffer (pH 7.4) containing
a mixture of protease inhibitors. The homogenate was centri-
fuged at 10,000 x g at 4°C for 20 min. The supernatant was
collected and the protein concentration was determined using
Bradford's method with bovine serum albumin as the standard.
For the western blot assays, crude protein extracts (15 ug) were
separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto nitrocellulose membranes.
The nitrocellulose membranes were blocked with 2.5% bovine
serum albumin at 4°C overnight and then incubated with
rabbit anti-rat CAIII antibody (1:1,600) for 3 h at 25°C. This
was followed by incubation with a peroxidase-conjugated
goat anti-rabbit IgG (Chemicon; EMD Millipore, Billerica,
MA, USA; 1:2,000) for 2 h at 25°C. GAPDH (1:1,200, AGO019,
Beyotime Institute of Biotechnology, Shanghai, China) served
as the internal reference.

Phosphatase staining. Staining for phosphatase activity was
performed as reported previously (14). Briefly, following
sodium dodecyl sulfate polyacrylamide gel electrophoresis
in an ice bath, the proteins were transferred onto a nitrocel-
lulose membrane on ice. The membrane was incubated in ABS
buffer containing 20 mM sodium acetate; 0.8% (w/v) sodium
chloride and 0.02% (w/v) potassium chloride (pH 5.5) at 25°C
for 20 min to permit removal of sodium dodecyl sulfate and
refolding of the proteins. Subsequently, 5% (w/v) polyvinyl-
pyrrolidone (40,000 kDa; Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany) in ABS buffer was applied at 4°C
overnight to block the non-specific binding sites. Following
washing with ABS buffer for 5 min, the membrane was dipped
into a 20-ml staining system (pH 5.5) with final concentrations
of 50 mM sodium acetate, 20 mM magnesium chloride and
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Figure 1. Comparative analysis of staining for ATPase and immunohisto-
chemical staining of CAIIl in serial sections of soleus muscles (magnification,
x200). Type I myofibers are shown by dark staining for ATPase at pH 4.6.
Correlation between ATPase staining and CAIIl immunostaining of myofi-
bers in serial sections are shown by solid arrows. No significant changes in
fiber morphology or in the ratio of slow- to fast-twitch fibers were observed
in the control or denervated soleus muscles. CAIII, carbonic anhydrase III;
d, days.

5 mM nitrophenyl phosphate (Fluka; Merck Millipore), and
2 mM Fast Garnet GBC (Sigma-Aldrich; Merck Millipore).
The staining reaction was terminated following incubation at
37°C for 45 min.

Statistical analysis. The results of the western blot analysis and
phosphatase staining were analyzed and quantified using Image
Pro-Plus 6.0 software (Media Cybernetics, Inc., Rockville,
MD, USA). The expression of CAIII was normalized to that of
GAPDH. Data are expressed as the mean + standard error of
the mean. Differences between denervated muscles and sham
controls were analyzed using Student's paired t-test. P<0.05
was considered to indicate a statistically significant difference.

Results

Effect of denervation on skeletal muscle structure and
expression of CAIIl. Comparative analyses of the staining
for ATPase and immunohistochemical staining of CAIII
were performed on serial sections of the soleus and EDL
muscles. The soleus muscles were composed mainly of type
I fibers, as shown by the dark ATPase staining at pH 4.6
(Fig. 1). Throughout the 56-day observation period, there was
a decline in type I fibers, but no significant change in fiber
morphology or the ratio of slow-twitch fibers in the control
or denervated soleus muscle (~83% of type I fibers in the
control muscles and ~80% of type I fibers in the denervated
muscles at day 56; P>0.05). In addition, there was no visible
atrophy, hypertrophy or hyperplasia of connective tissues.
Immunohistochemical staining of the soleus muscle for
CAIII showed that the location of the CAIIIl enzyme was
consistent with the type I fibers in the control group, and this
was maintained following denervation (Fig. 1).

The EDL muscle was composed mainly of fast-twitch
fibers and a small number of type I fibers (Fig. 2). Throughout
the observation period, no significant change was observed in
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Figure 2. Comparative analysis of staining for ATPase and immunohisto-
chemical staining of CAIII in serial sections of EDL muscles (magnification,
x200). Following denervation, the morphology of EDL muscles changed
significantly. In the first 2 weeks, the number of type I fibers increased gradu-
ally. Subsequent reconstruction was demonstrated by non-selective ATPase
staining (28 d and 56 d post denervation). On day 56 post-denervation,
discrepancy between ATPase staining and CAIIl immunohistochemical
staining (indicated by solid arrows) was observed. CAIII, carbonic anhy-
drase III; EDL, extensol digitorum longus; d, days.

the ratio of the two myofiber types, the consistency of type I
myofibers or the location of CAIII in the control EDL tissues.
Following denervation, the morphology of the EDL muscle
changed significantly. Firstly, all denervated muscle fibers
(both type I and other fibers) gradually lost their polygonal
appearance and became rounded, changing from uniform
shapes to different sizes. Secondly, the composition ratio of
the muscle fibers changed following denervation. In the first
2 weeks, the number of type I fibers gradually increased,
indicating the conversion from fast- to slow-twitch fibers.
Further reconstruction was demonstrated by non-selective
ATPase staining, which indicated the appearance of transi-
tional type fibers. During this time course, the expression of
CAIII changed accordingly. In the first 2 weeks, the number
of CAIII-immunoreactive fibers increased, and the location of
the fibers was consistent with the fast-to-slow skeletal muscle
remodeling. During the subsequent 2 weeks, in addition to the
dedifferentiation of EDL muscle, with the exception of typical
type I fibers, CAIIl immunostaining became more diffuse
over time. At 56 days post-denervation, a mismatch between
ATPase staining and CAIIl immunohistochemical staining
was observed.

Effect of denervation on the protein expression of CAIIIl in
skeletal muscles. In the control group, the protein levels of
CAIII in the soleus and EDL muscles increased gradually
over time. This trend was more marked in the soleus than
in the EDL muscle, and the level of CAIII in the soleus was
markedly higher than that in the EDL muscle. Following
denervation, the levels of CAIII in the soleus and EDL
muscles were higher, compared with the levels in the control
groups (Fig. 3). Compared with the increased protein level of
CAIII in the EDL muscle over time following denervation,
the level in the soleus muscle was significantly increased at
2 weeks but then decreased gradually, reaching control levels



8292

HUANG et al: EXPRESSION OF CARBONIC ANHYDRASE III AND SKELETAL MUSCLE REMODELING

Table I. Effect of denervation on the phosphatase activity of carbonic anhydrase III in skeletal muscles.

Group n Day 7 Day 14 Day 28 Day 56
Soleuscontrol 6 16.75+1.25 22.75+1.80 25.26+3.15 25.82+2.97
Soleusdenervation 6 13.29+0.94 14.39+1.93* 11.48+1.46* 9.04+1.46*
EDLcontrol 6 0.98+0.19 1.06+0.21 1.15+£0.16 1.12+0.16
EDLdenervation 6 0.67+0.09 0.96+0.21 0.98+0.19 0.52+0.09°
P<0.05, vs. soleus control; °P<0.05, vs. EDL control. EDL, extensol digitorum longus.
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Figure 3. Effect of denervation on protein expression of CAIII in skeletal
muscles. Differences between the denervated muscles and the sham controls
were analyzed using a paired Student's t-test. "P<0.05 vs. Soleus control,
"P<0.05 vs. EDL control. CAIII, carbonic anhydrase IIT; IOD, integral optical
density; EDL, extensol digitorum longus.

at 28 days and dropping below the control level at 56 days
(P<0.05).

Effect of denervation on the phosphatase activity of CAIIl
in skeletal muscle. The phosphatase activity of CAIII in the
control group increased with time in the soleus and EDL
muscles, maintaining a steady enzyme activity-protein ratio
(Table I). Following denervation, the phosphatase activity
of CAIII in the soleus and EDL muscles decreased sharply,
compared with the previously observed increase in CAIII.
This decrease was more marked with time, particularly in
the soleus muscle (P<0.05). These data indicated a deviation
between the phosphatase activity and protein expression of
CAIII in denervated muscle (Fig. 4A and B).

Figure 4. Comparative analysis of changes in the expression and phosphatase
activity of CAIII following denervation. (A) Soleus muscle (B) EDL. CAIII,
carbonic anhydrase I1I; EDL, extensol digitorum longus; d, days.

Discussion

The present study adopted a selective denervation technique to
assess the impact of nerve conduction on CAIII. Comparative
analyses to examine relative changes in muscle structure
and CAIII location, and to evaluate the expression of CAIII
and its phosphatase activity following denervation, revealed
that: i) CAIII was distributed selectively in type I myofibers;
ii) following denervation, skeletal muscle fibers of the EDL
muscle exhibited significant type transformation (remodeling).
This was followed by a change in the localization of CAIII,
which was more pronounced in the EDL muscle than in the
soleus muscle. Specifically, there was a fast-to-slow conversion of
myofibers staining positively for active CAIII; iii) Protein levels
of CAIII increased to varying extents in denervated muscles,
whereas its phosphatase activity decreased significantly.
Innervation is critical for myofiber differentiation, maturation
and maintenance. Denervation in animals is a common approach
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to assess the impact of innervation on skeletal muscle structure
and functions. Traditionally, sciatic denervation causes near
paralysis of the entire limb and leads to fiber atrophy, including
denervation and disuse atrophy. Myofiber remodeling from
fast-to-slow or slow-to-fast type is also observed as a result of
the conversion of original myofibers and/or newly-formed fibers
from satellite cells (15,16). This change is more markedin the
soleus than in the EDL muscle (17).

In certain studies, selective denervation of a specific
muscle has been performed, which differs from traditional
surgery (12,18). In the present study, following selective
denervation, no significant structural change was observed
in the soleus muscle. By contrast, prominent muscle remod-
eling occurred shortly following denervation of the EDL
muscle, demonstrating that fast fibers were more susceptible
to atrophy than slow fibers (19). Pathologically, the dener-
vated EDL fibers lost their polygonal shape and, over time,
the fibers began to exhibit dedifferentiation (17). These
different effects of selective denervation maybe associated
with the absence of disruption from mechanical forces and
blood supply, which exist in traditional animal denervation
models (10,20,21). It was also apparent that the necessity
of innervation for maintaining muscle morphology is more
important in the EDL muscle than in the soleus muscle.
Considering the differences between the different denerva-
tion animal models, even within the same study (12,21),
it is reasonable and important to consider and evaluate
the differing effects between selective and non-selective
denervation in a selected animal model.

As reported previously, CAIII is expressed selectively in
type I myofibers (5). Following denervation, the localization of
CAIII changed in response to myofiber remodeling, and this
effect was significantly different between the soleus and EDL
muscles. No significant change was observed in the structure
of the soleus muscle following denervation. This was consis-
tent with the absence of changes in the distribution of type I
myofibers and the localization of CAIII during the observation
period. However, the tissue structure and immunostaining for
CAIII altered significantly in the denervated EDL muscle. In
the first 2 weeks (early stage), the localization of CAIII-positive
fibers was consistent with the localization of type I fibers. At
later time points, the ATPase staining showed no complete
or clear distinguished skeletal muscle fiber types, indicating
dedifferentiation (17,18). In addition, there was a lack of
complete overlap between CAIIl immunostaining and ATPase
staining, indicating the existence of transitional myofibers (22)
in which the cells may or may not express CAIIL. Although
immunostaining for CAIII and myosin heavy chain isoforms
was not applied to the serial sections to describe the relative
changes of these two indices, the present study did show
consistent changes in the location of CAIII and type I myofiber
(slow-twitch fiber) distribution.

The remodeling of skeletal muscle is an adaptive change
in response to physiological and pathological signals (23).
Fast-slow and slow-fast transformations occur through intra-
cellular signal transduction, resulting in a change in the gene
expression of specific myosin heavy chain isoforms (15,24). In
the present study, CAIII was localized in type I myofibers, and
the change of its location was consistent with the change in type
I myofibers following denervation. Therefore, it is possible that
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CAIII is regulated by the signaling pathway, which regulates
slow fiber programming (25).

The transformation of muscle structure (CAIII and myofi-
bers) was confirmed in the present study by analyzing the
protein levels of CAIII. Following denervation, the protein
levels of CAIII increased in the slow- and fast-twitch fibers
at an early stage, but long-term changes appeared to differ.
Specifically, at day 14, the protein levels of CAIII began to
decline in the denervated soleus muscle, whereas the levels in
the denervated EDL muscle continued to increase gradually.
This difference may have been caused by the increased release
of CAIII from reserves (i.e., the transcriptional pool) in the
early stage following denervation, followed by the de novo
synthesis of CAIII through gene transcription and translation.
The levels of CAIII are determined by the number of type
I myofibers (CAIII-immunostained myofibers). The number
of type I myofibers in the EDL muscle increased gradually,
leading to a concomitant increase in the level of CAIII.

In contrast to the differential changes in protein levels, the
phosphatase activity of CAIII decreased significantly in the
two types of denervated muscles. Changes in neurotrophic and
contraction activity occur in denervated muscles, resulting in
decreases in muscle metabolism associated with changes in the
levels of enzymes and contraction-associated proteins (26,27).
The selective expression of CAIII in skeletal muscles, liver
tissues and adipose tissues suggests that it is directly or indirectly
involved in energy metabolism (5). Therefore, the significant
reduction inCAIIl phosphatase activity following denerva-
tion may be an adaptive response to reduced skeletal muscle
contraction and cell metabolism. Intracellular redox reactions
and dephosphorylation/phosphorylation in skeletal muscles
are also affected by denervation (28), and the change in CAIII
phosphatase activity maybe a reflection of these changes (29).

In conclusion, the present study demonstrated that the
expression and activity of CAIII, a contraction-associated
enzyme, were regulated by innervation. Following denerva-
tion, the expression and activity of CAIII were altered with
myofiber remodeling. The differences in manifestations
observed in the present study from those in previous studies
on muscle structure following denervation maybe the result
of the maintenance of passive movements of the denervated
muscles in the present study. Therefore, further investigations
are required to assess the effects of movement inhibition,
including tenotomy or suspension, on CAIII. Although the
mechanism requires further investigation, the changes in
the expression of CAIII observed in the present study reflect
changes in type I myofibers, indicating that CAIII is important
for muscle contraction, particularly in resistance to fatigue.
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