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Abstract In skeletal muscle, the resting chloride conductance
(gCl), due to the ClC-1 chloride channel, controls the sarcolem-
ma electrical stability. Indeed, loss-of-function mutations in
ClC-1 gene are responsible of myotonia congenita. The ClC-1
channel can be phosphorylated and inactivated by protein ki-
nases C (PKC), but the relative contribution of each PKC
isoforms is unknown. Here, we investigated on the role of
PKCθ in the regulation of ClC-1 channel expression and

activity in fast- and slow-twitch muscles of mouse models
lacking PKCθ. Electrophysiological studies showed an increase
of gCl in the PKCθ-null mice with respect to wild type. Muscle
excitability was reduced accordingly. However, the expression
of the ClC-1 channel, evaluated by qRT-PCR, was not modified
in PKCθ-null muscles suggesting that PKCθ affects the ClC-1
activity. Pharmacological studies demonstrated that although
PKCθ appreciably modulates gCl, other isoforms are still active
and concur to this role. The modification of gCl in PKCθ-null
muscles has caused adaptation of the expression of phenotype-
specific genes, such as calcineurin and myocyte enhancer
factor-2, supporting the role of PKCθ also in the settings of
muscle phenotype. Importantly, the lack of PKCθ has prevented
the aging-related reduction of gCl, suggesting that its modula-
tion may represent a new strategy to contrast the aging process.
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Abbreviations

PKCθ Protein kinase C theta
PKCα Protein kinase C alpha
gCl Chloride conductance
gK Potassium conductance
EDL Extensor digitorum longus
Sol Soleus
WT Wild type
CN Calcineurin
MEF2 Myocyte enhancer factor-2
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Introduction

Skeletal muscle sarcolemma is characterized by a large resting
conductance for chloride ions (gCl) important for its function
[6]. Several studies demonstrate that gCl is sustained by the
chloride channel (ClC-1), since the pharmacological inhibi-
tion or reduced expression of this channel results in a reduc-
tion of gCl [10, 26, 37, 42, 51]. Voltage-gated ClC-1 muscle
chloride channel is a member of the CLC channel family. It
allows chloride ion permeation across the sarcolemma, and its
open probability increases with membrane depolarization,
thus leading to repolarization and maintenance of the resting
potential. The pivotal role of ClC-1 chloride channel in deter-
mining muscle function is clear in the myotonia congenita, a
rare inherited disorder characterized by muscle membrane
hyperexcitability, due to loss-of-function mutations in CLCN1
gene [25]. A lower expression and activity of ClC-1 charac-
terize the postural slow-twitch muscles with respect to the fast
ones, thus contributing to the higher excitability and better
resistance to fatigue which is typical of the slow fibers [12,
36]. Resting gCl is also abnormally reduced in skeletal muscle
during aging process [42, 38].

It has been found that in skeletal muscle, the ClC-1 channel
is regulated by a calcium and phospholipid dependent protein
kinase C (PKC) and that its activation contributes to maintain
a low gCl in slow-twitch muscles with respect to the fast ones
[44]. However, PKC activation has been also found to be
responsible for ClC-1 malfunction observed in senescent mus-
cle and in statin drug-induced myopathy [42, 41]. Pharmaco-
logical activation of PKC, by the application of phorbol esters,
decreases the resting gCl in fast muscle fibers of mouse, rat,
and goat [5, 6, 56] and reduces chloride currents supported by
the ClC-1 channel in a mammalian cell line [45]. The effect of
phorbol esters is mediated by the phosphorylation of the ClC-
1 channels [11, 21]. In contrast, the application of
chelerythrine, inhibitor of PKC activity, induces an increase
in the resting gCl in soleus (Sol) muscle, demonstrating the
pivotal role of PKC in the inactivation of ClC-1 channels in
basal conditions [44, 13]. Accordingly, chelerythrine or
staurosporine, another PKC inhibitor, had a slight effect on
resting gCl in rat fast muscle, in which ClC-1 channels are
basically fully active and maintain the high gCl typical of fast
muscles [43]. Since the resting gCl controls the electrical
threshold of the sarcolemma, variation of the gCl amplitude
modulates muscle excitability and, in turn, the response of the
myofiber to specific nerve stimulus. Recent studies have also
elegantly demonstrated the role of the PKC in the modulation
of the first phase of the action potential through the inhibition
of ClC-1, showing that muscle activity is associated with a
downregulation of gCl [37].

PKC family of serine/threonine protein kinases is widely
distributed in different tissues, where they regulate numerous
cellular functions. This family is classified into three groups

on the basis of the arrangement of their regulatory domains:
the conventional calcium- and phospholipid-dependent
cPKCs (α, β, and γ), the novel calcium-independent nPKCs
(δ, ε, η, and θ), and the atypical calcium- and phospholipid-
independent aPKCs (ι, ζ, and λ). Different PKC isoforms are
expressed in skeletal muscle, including the novel isoform
PKCθ. Actually, PKCθ is the nPKC isoform predominant in
skeletal muscle, where it mediates various cellular responses
required for complete histogenesis, differentiation, and ho-
meostasis of skeletal muscle [9, 19, 23, 27, 29, 30, 34, 48,
54, 60]. Immunohistochemical studies in skeletal muscle
showed the presence of PKCθ in the neuromuscular junction
suggesting an important role in the development and function
of the neuromuscular synapse [19].

Although the PKCθ is predominantly expressed in skeletal
muscle, whether it has a role in the regulation of ClC-1 activity
is still unknown. Our previous studies have demonstrated [44]
reduced expression of PKCθ and other isoforms (i.e., α, ε) in
rat skeletal muscle during unloading. Interestingly, the gCl is
also highly sensible to disuse condition and its modification
represents one of early events in phenotype transition [13, 39].
The aim of the present study was to verify whether PKCθ
plays a role in the regulation of the ClC-1 channel and of
muscle phenotype. In concomitance, we evaluated the influ-
ence of the other PKC isoforms present in skeletal muscle.
Thus, we measured ClC-1 channel expression and activity in
extensor digitorum longus (EDL) and in soleus (Sol) muscles,
as well as the expression level of several genes involved in the
regulation of muscle phenotype, in two different models of
PKCθ-null mouse models: the PKCθ knockout model (KO),
in which the PKCθ gene was inactivated in all cells [53] and
the mPKCθ-K/R (K/R) transgenic model, in which a
dominant-negative mutant inactive form of PKCθ is
expressed under the control of a muscle-specific promoter
and prevails over the endogenous one [48]. Finally, to clearly
address the influence of PKCθ in causing aging-related alter-
ation of gCl and muscle function, we measured ionic conduc-
tances and excitability parameters in skeletal muscle of senes-
cent PKCθ-null mice.

Methods

Animal model

PKCθ knockout (KO) mice were kindly provided by Dan
Littman (New York University, New York, NY, USA). In
these mice, the gene-encoding PKCθ was inactivated in all
cells of the body, as described previously [53]. The mPKCθ-
K/R (K/R) transgenic mice were generated as previously
described [48]. These mice express a PKCθ kinase dead
mutant form which acts as dominant negative, specifically in
muscle. C57BL6 wild-type (WT) mice (Charles River) were
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used as control. The animals were housed in the department-
accredited animal facility. The experiments have been per-
formed in accordance with the Italian Guidelines for the use
of laboratory animals, which conforms with the European
Union Directive for the protection of experimental animals
(2011/63/EU) and received approval from the Italian Health
Department. Accordingly, during the experiments, all efforts
were made to minimize suffering.

Experimental plan

Six- to nine-month-old transgenic (initially weighing 30 g)
and wild-type (WT) (initially weighing 30 g) mice as well as
30- to 33-month-old transgenic and WT (weighing 27–31 g)
mice (Charles River Laboratories, Calco, Italy) were housed
individually in appropriate cages in an environmentally con-
trolled room. All mice had water ad libitum and received 8 g a
day of standard rodent chow (Charles River, 4RF21). Three to
seven animals for each group were used for the experiments.
Soleus (Sol) and Extensor Digitorum Longus (EDL) muscles
were removed from mice deeply anesthetized by intraperito-
neal injection of urethane (1.2 g/kg body weight) and used to
perform the electrophysiological experiments or the FURA-2
cytofluorimetric experiments. The contralateral Sol and EDL
muscles were also removed in the same conditions, frozen in
liquid nitrogen and stored at −80 °C for messenger RNA
(mRNA) and protein expression measurements. EDLmuscles
were also stored for histochemical staining. After surgery,
animals were euthanized by an overdose of urethane.

Resting ionic conductances and excitability parameters
measured by the two intracellular microelectrodes technique

EDL and Sol muscles were dissected from wild-type and
transgenic animals, immediately placed in a muscle contain-
ing bath immersed in normal or chloride-free physiological
solution maintained at 30 °C, and perfused with 95 % O2/5 %
CO2 [11, 44, 40]. The normal physiological solution contained
(in mM) NaCl 148, KCl 4.5, CaCl2 2.0, MgCl2 1.0, NaHCO3

12.0, NaH2PO4 0.44, glucose 5.5 (pH 7.2). The chloride-free
solution was prepared by equimolar substitution of
methylsulfate salts for NaCl and KCl and nitrate salts for
CaCl2 and MgCl2. The cable parameters of myofiber sarco-
lemma were determined from the electrotonic potentials elic-
ited by square wave hyperpolarizing current pulse of 100-ms
duration, using two intracellular microelectrodes in current-
clamp mode, as previously described [11, 44, 40]. From the
values of input resistance, space constants and time constant
and assuming a myoplasmic resistivity of 140 Ωcm, the fiber
diameter (dcalc), the membrane resistance (Rm), and the total
membrane capacitance (Cm) were then calculated. The recip-
rocal of Rm, from each fiber in normal physiological solution
was assumed to be the total membrane conductance (gm) and

the same parameter measured in chloride-free solution was
considered to be the potassium conductance (gK). The mean
chloride conductance (gCl) was estimated as the mean gm
minus the mean gK [11, 44, 40].

The excitability characteristics of the sampled fibers were
determined by recording the intracellular membrane potential
response to a square-wave constant (100 ms) current pulse. In
each fiber, the membrane potential was set by a steady holding
current to −80 mV before passing the depolarizing pulses. By
increasing the amplitude of the pulse, we were able to elicit
first a single action potential, fromwhich the AP (amplitude of
action potential, in mV), Ith (threshold current, in nA), and Lat
(latency of action potential, delay from the beginning of the
current pulse to the onset of an action potential at threshold, in
ms) were calculated. By further increasing current intensity in
the same fiber, a train of action potentials (N spikes) was then
generated [44].

Chelerythrine (Tocris Bioscience, Bristol, UK) 1 μM was
applied in vitro on EDL and Sol muscles dissected from WT,
KO, and K/R mice, and the electrophysiological measures
were done after 30 min incubation. Similarly, the effects of
fluvastatin (Calbiochem, Milan, Italy) 50 μM and simvastatin
(Tocris) 10 μM in vitro application were recorded in EDL or
Sol muscle fibers after 30 min incubation.

Fluorescence measurements of resting intracellular Ca2+

concentration

Fluorescence measurements were performed on small bundles
of five to ten fibers lengthwise dissected from mice EDL and
Sol muscles, as described elsewhere [15]. The muscle fibers
were incubated with the fluorescent calcium probe fura-2 for
45–60min at 22 °C in physiological solution containing 5 μM
of the acetoxymethyl ester (AM) form of the dye mixed to
10 % (v/v) Pluronic F-127 (Molecular Probes, Leiden, The
Netherlands). A QuantiCell 900 integrated imaging system
(VisiTech International Ltd) was used to acquire pairs of
background-subtracted images of the fura-2 fluorescence
emission (510 nm) excited at 340 and 380 nm. The equation
used to transform fluorescence ratio in [Ca2+]i values was
[Ca2+]i=(R−Rmin)/(Rmax−R)·KD·β, where R is the ratio
of fluorescence excited at 340 nm to that excited at 380 nm;
KD=145 nM; β, Rmin, and Rmax were determined in situ in
ionomycin-permeabilized muscle fibers [15].

Western blot analysis

EDL and Sol muscles were dissected from 7-month-old WT
and PKCθ−/−mice (2/genotype), and homogenized in ice-cold
H-buffer containing 20 mM Tris (pH 7.5), 2 mM EDTA,
2mMEGTA, 250mM sucrose, 5 mMdithiothreitol, leupeptin
a t 200 mg/ml , Apro t in in a t 10 mg/ml , 1 mM
phenylmethylsulfonyl fluoride, and 0.1 % Triton X-100 (all
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from Sigma-Aldrich, St. Louis, MO, USA), as previously
described [30]. The obtained homogenate was disrupted by
sonication, incubated for 30 min on ice with repeated
vortexing, and then centrifuged at 15,000×g for 15 min. The
pellet was discarded, and the supernatant was used for West-
ern blot analysis. An equal amount of protein from each
sample was loaded onto 10 % SDS-polyacrylamide gels and
transferred to a nitrocellulose membrane (Schleicher &
Schuell, Dassel, Germany). The membranes were then incu-
bated with the appropriate primary antibodies. Alkaline phos-
phatase (ALP)-conjugated goat anti-mouse IgG (Roche Ap-
plied Science, IN, USA) or ALP-conjugated goat anti-rabbit
IgG (Zymed Laboratories, South San Francisco, CA, USA)
were used as secondary antibodies, and immunoreactive
bands were detected using CDP-STAR solution (Roche Ap-
plied Science), according to the manufacturer’s instructions.
Densitometric analysis was performed using Aida 2.1 Image
software (Raytest, Straubenhardt, Germany). The following
primary antibodies were used: the anti-myosin heavy chain
fast or slow (Sigma), the anti-PKC-α, −ε, −θ, and the anti-
phosphoThr538 PKCθ (Cell Signaling) [30].

Isolation of total RNA, reverse transcription and real-time
PCR

Sol and EDLmuscles were snap frozen in liquid nitrogen soon
after removal and stored at −80 °C until use. For each muscle
sample, total RNA was isolated by RNeasy Fibrous Tissue
Mini Kit (Qiagen C.N. 74704) and quantified by using a
spectrophotometer (ND-1000 NanoDrop, Thermo
Scientific). To performed reverse transcription, for each sam-
ple, 400 ng of total RNA, was added to 1μl dNTPmix 10mM
each (Roche, NC 11277049001), 1 μl Random Hexamers
50 μM (Life Technologies C.N. n808-0127) and incubated
at 65 °C for 5 min. Afterward, 4 μl 5X First Standard Buffer
(Life Technologies C.N. Y02321), 2 μl 0,1 M DTT (Life
Technologies C.N. Y00147), and 1 μl Recombinant RNasin
Ribonuclease Inhibitor 40 U/μl (Promega, C.N. N2511) were
added and incubated at 42 °C for 2 min. To each solution, it
was added 1 μl SuperScript II Reverse Transcriptase 200 U/μl
(Life Technologies C.N. 18064–014) and incubated at 25 °C
for 10 min, at 42 °C for 50 min and at 70 °C for 15 min. Real-
time PCR was performed in triplicate using the Applied
Biosystems Real-time PCR 7500 Fast system, MicroAmp
Fast Optical 96-Well Reaction Plate 0.1 mL (Life Technolo-
gies C.N. 4346906) and MicroAmp Optical Adhesive Film
(Life Technologies C.N. 4311971). Each reaction was carried
in triplicate on as single plex reaction. The setup of reactions
consisted of 8 ng of cDNA, 0.5 μl of TaqMan Gene Expres-
sion Assays (Life Technologies), 5 μl of TaqMan Universal
PCRmaster mix No AmpErase UNG (2×) (Life Technologies
C.N. 4324018), and Nuclease-Free Water not DEPC-Treated
(Life Technologies C.N. AM9930) for a final volume of 10μl.

Under the following RT-TaqMan-PCR conditions: step 1:
95 °C for 20 s; step 2: 95 °C for 3 s; and step 3: 60 °C for
30 s, steps 2 and 3 were repeated 40 times. The results were
compared with relative standard curve obtained by 5 points of
1:4 serial dilutions. The mRNA expression of the genes was
normalized to the best housekeeping genes hypoxanthine
phosphoribosyltransferase 1 (HPRT1) selected from beta-
actin (Actb) and HPRT1. TaqMan Hydrolysis primer and
probe gene expression assays were ordered with the following
assay IDs: (Hprt1) ID assay: Mm00446968_m1; muscle
R ING - f i n g e r p r o t e i n - 1 (MURF1 ) ID a s s a y :
Mm01185221_m1; histone deacetylase 5 (HDAC5) ID assay:
Mm01246076_m1; myostat in (MSTN) ID assay:
Mm01254559_m1; nuclear factor of activated T-cells, cyto-
plasmic1 (Nfatc1) ID assay: Mm00479445_m1; nuclear fac-
tor of kappa light polypeptide gene enhancer in B-cells 1
(Nfkb1) ID assay: Mm00476361_m1; pyruvate kinase, mus-
cle 2 (Pkm2) ID assay: Mm00834102_gH; myosin heavy
chain 1 (MHC1) ID assay: Mm00600555_m1; insulin recep-
tor substrate 1 (IRS1) ID assay: Mm01278327_m1; myocyte
enhancer factor 2D (MEF2D) ID assay: Mm00504931_m1;
calcineurin (CN) ID assay: Mm01317678_m1. For Actin beta
we found following primer For: 5′-CCAGATCATGTTTGAG
ACCTTCAA-3′, primer Rev: 5′-CATACAGGGACAGCAC
AGCCT-3′, probe: VIC-ACC CCA GCC ATG TAC GTA-
MGB. For chloride channel one (ClC-1) found following
primer For: 5′-TCATGCTCGGTGTCCGAAA-3′, primer
Rev: 5′-CAGGCGGTGCTTAGCAAGA-3′, probe: 6-FAM-
ATT GGC TGA GAC ACT TGT-MGB [40].

NADH-tetrazolium reductase histochemical staining
of skeletal muscle sections

For NADH-tetrazolium reductase (NADH-TR) staining, EDL
cryosections were incubated for 15 min with NADH-TR
reaction solution in 0.2 M Tris pH 7.4 (Sigma-Aldrich, St.
Louis, MO, USA) at 37 °C, as described [2, 28]. The percent-
age of NADH-TR-positive fibers was determined by counting
all fibers in the entire section (three sections/muscle from three
mice), and a mean was calculated for each mouse. With
NADH-TR staining, three types of fibers were observed:
unstained, moderately stained, and darkly stained. Fibers that
were darkly stained were classified as NADH-TR positive.

Statistical analysis

To compare the various experimental groups of animals, sta-
tistical analysis was performed using two-way analysis of
variance (ANOVA) followed by ad hoc Bonferroni’s t test.
When needed, comparison of means between two experimen-
tal conditions was done using unpaired Student’s t-test. A
P value minor to 0.05 was considered statistically significant.
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Results

Evaluation of the expression of different PKC isoforms
in skeletal muscle ofWTand PKCθ-KOmice byWB analysis

As first, the expression level and activation of PKCθ was
analyzed in Sol and EDL muscles from WT mice and in the
KO. As shown in Fig. 1, PKCθ is highly expressed in both
muscles, and a comparable fraction of it is phosphorylated. As
expected, no PKCθ immunoreactivity was detectable in mus-
cles derived from PKCθ-KO mice. Among the other isoforms
analyzed, PKCα and PKCε are similarly expressed in both
muscles of WT mice. Lack of PKCθ resulted in a slight
increase in PKCα expression in both muscles, as compared
to WT, while PKCε expression was slightly decreased in Sol
muscle. We had already shown that the expression of PKCα
and other PKC isoform were not modified in skeletal muscle
of mPKCθ-K/R transgenic mice [48].

Modification of resting membrane chloride and potassium
conductance (gCl and gK) in Sol and EDL muscles
of PKCθ-null mice

We found that the resting gCl was higher in skeletal muscle of
PKCθ-KO mice with respect to WT. In particular, this param-
eter was significantly increased by 38.0±3.8 % and by 13.0±
2.9 % in Sol and EDL muscles, respectively, as compared to
WT (Fig. 2b and Fig. 3b). Also a significant increase of the
resting gK was observed in EDL muscle of KO mice with

respect to WT (Fig. 3b). However, resting gK was not signif-
icantly modified in Sol muscle (Fig. 2b). Representative traces
of the electrotonic potential (measured at a distance of
0.05 mm between the two microelectrodes) evoked in normal
physiological solution to measure resting membrane conduc-
tance (gm) and in chloride-free solution to measure resting gK
from Sol and EDL muscles of KO and WTmice are shown in
Fig 2a and Fig. 3a, respectively. As detailed in the methods
section, the resting gCl was calculated as the difference be-
tween gm and gK. Slightly minor effects were found in
mPKCθ-K/R transgenic (K/R) mice as compared to WT.
Indeed, gCl was significantly increased by 21.0±6.8 % in
Sol muscle and by only 6.0±3.7 % in EDL muscle of these
mice (Supplementary Fig. S1b and S2b). Resting gKwas only
slightly increased in EDL muscle and unchanged in Sol mus-
cle of K/R mice (Supplementary Figs. S1b and S2b). Repre-
sentative traces of electrotonic potential from which gCl was
calculated in Sol and EDL muscle of K/R mice are shown in
the Supplementary Figs. S1a and S2a.

Effects of chelerythrine and statins in vitro application
on resting gCl in Sol and EDL muscles of PKCθ null mice

Chelerythrine, a known PKC inhibitor, was applied in vitro to
Sol and EDL muscle fibers dissected from WT, PKCθ-KO,
and mPKCθ-K/R mice. As shown in the Fig. 4a, the PKC
inhibitor induced a significant increase in the resting gCl in
Sol muscle of WT mice by 63.0±8.1 %. In muscle of PKCθ-
KO mice, being the basal resting gCl already higher than that
ofWT, chelerythrine in vitro application increased it by 25.8±
3.7 %, reaching the same value reached in WT muscle in the
presence of chelerythrine. A similar significant increase of
resting gCl (by 31.5±7.4 %) was observed by addition of
chelerythrine on Sol muscle of mPKCθ-K/R mice (Supple-
mentary Fig. S3a). In the EDLmuscle, the increase of gCl due
to chelerythrine in vitro application was less marked (Fig. 4a).
In particular, it was significant only in the muscle of the WT
mice. In muscles of KO as well as in K/R mice, chelerythrine
application slightly increased gCl, reaching the same value
reached in WT muscle in the presence of chelerythrine
(Fig. 4a and Supplementary Fig. S3a). In accord with the
minor effect of chelerythrine on gCl in EDL muscle, we have
previously demonstrated [44] that the application of
chelerythrine in fast muscles produces smaller effects because
ClC-1 channels, in normal resting conditions, are mainly in
the active state.

We also evaluated the role of PKCθ in statin-induced gCl
decrease. In fact, we had previously shown that in vitro appli-
cation of fluvastatin to EDL/Sol muscle fibers of Wistar rats
decreases the resting gCl through the activation of PKC [41].
We observed here that fluvastatin in vitro application to Sol
and EDL muscles of WT as well as of KO mice significantly
decreased gCl with respect to the value measured in the

Fig. 1 Expression of nPKC specific isoforms in soleus (Sol) and extensor
digitorum longus (EDL) muscles of wild-type (WT) and PKCθ-knock-
out (PKCθ−/−) transgenic mice. Western blot analysis of protein extracts
was prepared from muscle cells. The blots were reacted with antibodies
specific for the different nPKC isoforms, as indicated. An anti-GAPDH
antibody was used to normalize the blot
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absence of the drug (Fig. 4b). Similarly, the in vitro applica-
tion of simvastatin, another hypolipidaemic compound, pro-
duced a significant reduction of gCl both in Sol and EDL
muscles of mPKCθ-K/R mice (Supplementary Fig. S3b).

Modification of excitability parameters in Sol and EDL
muscles of PKCθ-null mice

Since gCl is determinant for muscle excitability and its per-
turbation affects these events, in parallel, we measured the
excitability parameters in Sol and EDL muscle fibers from
PKCθ-null mice, both KO and K/R mice and compared it to
WT. Thus, we measured the amplitude of the action potential
(AP), the current necessary for the triggering of one action
potential (Ith), the latency of the action potential (Lat), and the
maximum number of action potentials elicited by raising the

intensity of a long-duration pulse (N spikes). As shown in
Fig. 5a, both Sol and EDL muscle fibers from KO mice were
less excitable with respect to WT animals. Indeed, a signifi-
cant decrease in the Lat in Sol and in EDL muscle fibers was
observed in KO mice, as compared to WT. A significant
decrease in the N spikes was also observed in EDL muscle
fibers of KO mice (Fig. 5a). No significant differences were
observed in AP, and Ith in KO mice, as compared to WT
(Supplementary Fig. S4). Similar but smaller effects were
found in K/R mice (Supplementary Fig. S5 and S6). At this
regard, it is known that a modification of gCl exceeding 30 %
of control is required before significant alteration of mem-
brane excitability can be observed [1, 8]. Accordingly, the
modification of the excitability parameters agreed with the
observed reduction of gCl. A representative experiment is
shown in the Fig. 5b, where the first action potential as well

Fig. 2 Resting chloride conductance (gCl) and resting potassium con-
ductance (gK) measured in soleus (Sol) muscle of wild-type (WT) and
PKCθ-knock-out (KO) mice. a Representative traces of the electrotonic
potentials recorded in Sol muscle fibres by standard two microelectrodes
technique at 0.05 mm distance between electrodes, in response to hyper-
polarizing square-wave current pulse. The electrotonic potential recorded
in normal physiological solution allows to measure membrane resistance
Rm and its reciprocal, the total membrane conductance (gm). The elec-
trotonic potential recorded in chloride-free solution allows to measure the
potassium conductance (gK). The chloride conductance (gCl) is the mean
gm minus the mean gK. b Measure of resting component conductances
for Cl− and K+. Each bar represents the mean value±S.E.M. of 15–57
fibers from 3–7 animals. Statistical analysis was performed using
ANOVA followed by Bonferroni’s t-test. Significantly different (asterisk)
with respect to WT (at least P<0.05)

Fig. 3 Resting chloride conductance (gCl) and resting potassium con-
ductance (gK) measured in extensor digitorum longus (EDL) muscle of
wild-type (WT) and PKCθ-knock-out (KO) mice. a Representative traces
of the electrotonic potentials recorded in EDL muscle fibres by standard
two microelectrodes technique at 0.05 mm distance between electrodes,
in response to hyperpolarizing square-wave current pulse. The electro-
tonic potential recorded in normal physiological solution allows to mea-
sure of membrane resistance Rm and its reciprocal, the total membrane
conductance (gm). The electrotonic potential recorded in chloride free
solution allows to measure the gK. The gCl is the mean gm minus the
mean gK. bMeasure of resting component conductances for Cl− and K+.
Each bar represents the mean value±S.E.M. of 15–57 fibers from 3–7
animals. Statistical analysis was performed using ANOVA followed by
Bonferroni’s t-test. Significantly different (asterisk) with respect to WT
(at least P<0.05)
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as the maximum number of spikes was measured in the EDL
muscle of WT and KO mice.

The effects of in vitro application of chelerythrine on the
excitability parameters were also investigated. The PKC in-
hibitor significantly reduced the Lat of AP in Sol muscle of
WT mice and not significantly in EDL muscle of WT (Sup-
plementary Fig. S5 and S6). However, it had slight effects on
the Lat and on the N spikes in Sol and EDL of KOmice, being
the value similar to that measured in the absence of the
compound (Fig. 5a). Slight changes of the excitability

parameters were also induced by chelerythrine in Sol and
EDL muscle of K/R mice (Supplementary Fig. S5 and S6).

Modification of calcium homeostasis in Sol and EDLmuscles
of PKCθ-null mice

Because the resting cytosolic calcium concentration depends
on muscle phenotypes, we evaluated its concentration in Sol
and EDL muscles dissected from WT and PKCθ-null mice,
both KO and K/R mice. As expected, the resting cytosolic
calcium concentration was higher in the Sol muscle, as com-
pared to the EDL, in WT animals [15]. Interestingly, this
parameter was significantly reduced in the Sol muscle of both
PKCθ-KO (Fig. 6) and PKCθ-K/R (Supplementary Fig. S7)
mice, when compared to WT mice. Also in the EDL muscle
the lack of expression or activity of PKCθ resulted in a
reduction of cytosolic calcium concentration, although the
difference was not significant (Fig. 6 and Supplementary
Fig. S7).

Gene expression modification in Sol and EDL muscles
of PKCθ-null mice

Since gCl is sustained by the ClC-1 channel, we measured
mRNA expression in muscles of PKCθ-null mice, both KO
and K/R mice. We found that ClC-1 expression was not
significantly modified in EDL and Sol muscles of PKCθ-
KO and in mPKCθ-K/R animals, as compared to WT
(Fig. 7 and Supplementary Fig. S8).

To further characterize the adaptation changes in gene
expression due to the lack of PKCθ in Sol and EDL muscles,
the mRNA level of selected genes involved in muscle plastic-
ity and atrophy, as well as in glucose homeostasis was also
explored (Fig. 7 and Supplementary Fig. S8). We found that
the mRNA level of the slow myosin heavy chain type-1
(MHC-1) was slightly increased in Sol of K/R mice and
slightly decreased in EDL of both KO and K/R mice. The
expression of calcineurin (CN), a protein phosphatase in-
volved in the activation of several muscle-specific slow gene
promoters, was significantly increased only in Sol muscle of
KO mice and decreased in EDL muscle of the same animal
model. Myocyte enhancer factor 2d (MEF2d), another impor-
tant modulator of muscle gene expression, was significantly
increased in Sol muscle and was significantly decreased in
EDL muscle of both KO and K/R mice. We also evaluated the
mRNA level of the histone deacetylase 5 (HDAC5), and of the
nuclear factor of activated T cells (NFAT), the translocation of
which is also implicated in muscle plasticity. HDAC5 was not
modified in Sol and EDL muscles of both animal models and
NFAT was significantly increased in the Sol of KO mice. A
slight decrease of NFAT was observed in EDL muscle of
either KO or K/R mice (Fig. 7 and Supplementary Fig. S8).

Fig. 4 Effects of chelerythrine and statin in vitro application on resting
chloride conductance (gCl) measured in soleus (Sol) and extensor
digitorum longus (EDL) muscles of wild-type (WT) and PKCθ-knock-
out (KO) mice. a Chelerythrine (1 μM), a PKC inhibitor, was applied
acutely on muscle bath 30 min before the electrophysiological recordings
in all the experimental conditions. Each bar represents the mean value±
S.E.M. of 10–27 fibers from 3–7 animals. Statistical analysis was per-
formed using ANOVA followed by Bonferroni’s t-test. Significantly
different (asterisk) with respect to the value recorded in the absence of
chelerythrine (at least P<0.05). b Fluvastatin (50 μM), previously dem-
onstrated to stimulate PKC activity [39], was applied acutely on muscle
bath 30 min before the electrophysiological recordings in all the experi-
mental conditions. Each bar represents the mean value±S.E.M. of 9–21
fibers from 3–7 animals. Statistical analysis was performed using
ANOVA followed by Bonferroni’s t-test. Significantly different (asterisk)
with respect to the value recorded in the absence of drug (at least P<0.05)
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We also found a modification of the expression of the
piruvate kinase M2 (PKM2) and insulin receptor substrate 1
(IRS1) involved in glucose homeostasis. In fact, a significant
increase of PKM2 was found in Sol muscle of both KO and
K/R mice. However, no significant modifications were found
in the EDL muscle. The mRNA expression of IRS1 was
significantly reduced only in the EDL muscle of KO and
K/R mice (Fig. 7 and Supplementary Fig. S8).

Since the PKCθ may be involved in the regulation of
catabolic pathways [49] and the change of phenotype may
be associated to muscle atrophy, the expression of atrophy
genes were also analyzed. However, no modification of the
atrogene MuRF1 and of myostatin mRNAwas found (Fig. 7
and Supplementary Fig. S8). Moreover, the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB),
which can be activated during muscle atrophy [3], was, in

Fig. 5 Excitability parameters
measured in soleus (Sol) and
extensor digitorum longus (EDL)
muscles of wild-type (WT) and
PKCθ-knock-out (KO) mice. a
The latency (Lat) of the first
action potential and the maximum
number of spikes (N spikes)
elicitable with a maximal
stimulation were measured. The
effects of 1 μM chelerythrine
(indicated as ch) in vitro
application on skeletal muscle of
PKCθ-KO mice were also
measured. Each bar represents the
mean value±S.E.M. of 8–21
fibers from 3–7 animals.
Statistical analysis was performed
using ANOVA followed by
Bonferroni’s t-test. Significantly
different (asterisk) with respect to
WT (at least P<0.05). b
Representative example of the
first action potential elicited by
threshold current as well as of the
maximum number of spikes
elicitable by increasing the
amplitude of the current measured
in the EDL muscle of PKCθ KO
with respect to WT mice. Action
potentials were recorded in
skeletal muscle fibers using two-
microelectrode current clamp
method

Fig. 6 Resting cytosolic calcium concentration (restCa) measured in
soleus (Sol) and extensor digitorum longus (EDL) muscles of wild-type
(WT) and PKCθ-knock-out (KO) mice. RestCa was measured in skeletal
muscle by using fura-2 fluorescence method. Each bar represents the
mean value±S.E.M. of 9–55 fibers from 3–7 animals. Statistical analysis
was performed using ANOVA followed by Bonferroni’s t-test. Signifi-
cantly different (asterisk) with respect to WT (at least P<0.05)
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contrast, significantly reduced in EDL muscle of K/R mice
(Fig. 7 and Supplementary Fig. S8).

Evaluation of the oxidative fibers percentage by NADH-TR
staining in EDL muscles of PKCθ-null mice

We stained EDL transverse sections from WT and PKCθ-
null−/− mice to verify whether lack of PKCθ determined any
change in the percentage of NADH-TR-positive fibers, as a
result of fiber type modification. As shown in Fig. 8, the
percentage of dark stained (oxidative) fibers was significantly
decreased inmuscle derived from PKCθ−/−mice, as compared
to that derived from WT mice, according to a change of
phenotype towards the fast one.

The age-related modification in resting gCl and excitability
parameters was prevented in EDL muscle of senescent
PKCθ-null mice

Since the resting gCl is reduced in skeletal muscle of aged
subjects and this reduction was partially attributed to an in-
crease of PKC activity, we recorded the resting gCl in EDL
muscle of 30–33-month-old PKCθ-KO mice. As expected, a
significant reduction of the resting gCl by 80 % was found in
EDL muscle of senescent WT animals with respect to the
adults (Fig. 9a). On the other hand, the gCl was significantly
higher in the EDL of senescent PKCθ-KO mice with respect
to age-matched WT, toward the adult value. In contrast, the
resting gK remained higher than that of WT in aged muscle

(Fig. 9b). Accordingly to gCl reduction, the EDL muscle of
aged WT animals was more excitable with respect to the
adults, being the max number of spikes 12.8±1.2 (n=9) and
5.9±1.0 (n=10), respectively. This parameter was ameliorated
in EDL muscle of senescent PKCθ-KO mice being more
similar to that of the adults (8.3±1.4, n=12). Representative
traces of action potentials (AP) are showed in Fig. 9c.

Discussion

In mammalian skeletal muscle, the protein kinase C (PKC)
controls the ClC-1 channel activity and the related chloride
conductance. Different PKC isoforms are expressed in this
tissue. The PKCα, a Ca2+-activated and phospholipid-
dependent protein kinase, is the most expressed isoform
among the conventional PKC isoforms (α, β, γ) in mouse
skeletal muscle. This isoform was found to be more elevated
in EDLmuscle than in Sol muscle [22]. Experiments using the
calcium ionophore A23187 and dantrolene, a calcium channel
blocker, suggested the cPKCα, as the isoform controlling the
resting gCl [11, 24, 37, 41]. Also the Ca2+-independent PKCθ,
a member of the group of the novel PKCs, is highly expressed
in skeletal muscle, but its specific role in the ClC-1 regulation
was not established. Our previous studies suggest an impor-
tant role for this isoform in the progression of the slow-to-fast
transition typical of muscle disuse [9, 44].

Identification of the putative role of PKCθ isoform in skeletal
muscle function by the use of animal models

The results of the present study, obtained by using two differ-
ent mouse models lacking PKCθ, give us important informa-
tion on the role of this isoform in signal transduction pathway
in skeletal muscle. These models are critically important to
address PKC function since specific inhibitors are not avail-
able. Indeed, both models have been successfully used to
investigate the role of PKCθ onmuscle function. For instance,
it has been found that PKCθ is important for muscle regener-
ation, as it is upregulated after freeze-induced injury and
myofiber regeneration is impaired in PKCθ-null mice [29].
It has been also demonstrated that PKCθ ablation ameliorates
muscular dystrophy in the mdx mouse model [30].

Here, we found that, in addition to cPKCα, also the PKCθ
has a role in the regulation of chloride channel activity and of
skeletal muscle function. The lack of PKCθ in the KOmice and
the inhibition of its activity in the K/R mice [48] moves the
resting gCl to higher values with respect to theWT. The increase
of resting gCl accounts for the lack of the PKCθ inhibitory effect
on the ClC-1 channel. This effect has been observed either in Sol
or EDL muscles of transgenic mice, being more pronounced in
the slow-twitch muscle, probably because the PKC isoforms
present in this muscle are basically more active [37, 44].

Fig. 7 Gene expression modification in soleus (Sol) and extensor
digitorum longus (EDL) muscles of wild-type (WT) and PKCθ-knock-
out (KO) mice. Transcript levels were determined by real-time PCR for
selected genes indicated with the abbreviation on the left. The numbers on
the abscissa indicate the fold change in gene expression normalized for
housekeeping gene. The bars indicate the fold change in gene expression
in KO vs. WT. The number of animals examined was 3–7 for each group.
Statistical analysis was performed using ANOVA followed by
Bonferroni’s t-test. Significantly different (asterisk) with respect to WT
(at least P<0.05). ClC-1 ClC-1 chloride channel, MyHC1 myosin heavy
chain type-1, CN calcineurin, MEF2D myocyte enhancer factor 2d,
HDAC5 histone deacetylase; NFAT, nuclear factor of activated T cells;
PKM2, piruvate kinase M2; IRS1, insulin receptor substrate 1, MURF-1
muscle RING-finger protein-1,MSTN myostatin, NFKB1, nuclear factor
kappa-light-chain-enhancer of activated B cells
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Although the results obtained from the two animal models
go in the same direction, the effects are slightly lower in the
transgenic K/R mice with respect to the KO mice. This can be
due to the presence of the endogenous form of PKCθ in
muscle, although it was showed to be 2- or 3-fold lower with
respect to the mutated one [48]. Although the mutant protein
can easily compete for the activity of the wild-type enzyme,
our results suggest that the endogenous PKCθmay conserve a
partial activity on ClC-1. It cannot be fully excluded that the
lower effect observed in K/R mice may stem from the lack of
PKCθ inhibition in non-muscular tissues. However, the PKCθ
isoform is far less expressed in non-muscular tissues, includ-
ing the nervous system [33, 35], thus its inhibition in these
tissues may have only marginal effect on skeletal muscle
properties.

Cross-talk between PKCα and PKCθ and modulation
of muscle electrophysiological parameters and phenotype

It is worth to note that the application of chelerythrine to
skeletal muscle of PKCθ-null mice further increases resting
gCl, demonstrating that other PKC isoforms are able to mod-
ulate ClC-1 activity in the absence of PKCθ. After application
of chelerythrine, the gCl reached a similar maximal value in

WT, KO and K/R mice, showing that gCl cannot be further
increased. This is in accord with the observation that modifi-
cation of gCl in PKCθ-null mice is not related to the modifi-
cation of ClC-1 mRNA expression. However, the maximal
gCl value was different between Sol and EDL muscle types,
being lower in Sol muscle, because of the lesser chloride
channel expression typical of this muscle phenotype [39].
Muscle excitability, index of muscle function, is also reduced
in the transgenic mice and chelerythrine in vitro application
further reduced it, although not markedly, according to the
increase of resting gCl. The in vitro application of two differ-
ent hypocholesterolemic drugs, already demonstrated to re-
duce gCl by stimulating the calcium-dependent PKC [24, 41],
further reduced gCl, again corroborating the finding that dif-
ferent PKC isoforms modulate gCl. In this case, the effect was
more pronounced in the fast EDL muscle, where an elevated
concentration of inactive PKC is present in the cytosol and can
be recruited in the membrane when needed. We demonstrated
that the expression of the other PKC isoformswas not strongly
modified in PKCθ-lacking mice. In addition to gCl, a signif-
icant increase of resting gK was observed in the EDL of KO
mice, and a similar trend was also observed in the K/R mice.
This suggests a PKCθ-mediated modulation of some potassi-
um channels that are typically expressed in the fast-twitch

Fig. 8 Lack of PKCθ reduces the
number of oxidative/NADH-TR
positive fibers in EDL muscle. a
NADH-TR histochemistry
analysis of EDL muscle derived
from 6-month-old WT or PKCθ−/
− mice. Representative pictures
are shown. b Mean number of
NADH-TR positive (darkly
stained) or negative (unstained,
moderately stained) fibers in EDL
muscle from WT or PKCθ−/−

mice (three sections/muscle from
three mice/genotype)
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muscles [55, 57]. The intracellular resting calcium (restCa)
was also decreased in muscles of PKCθ-lacking models pref-
erentially in slow-twitch muscles, accordingly with the change
of phenotype toward the fast one. The increase of gCl and
consequent excitability reduction is likely responsible for the
change in phenotype through a reduced release of calcium
from sarcoplasmic reticulum and reduced stimulation of cal-
cineurin [4, 39, 44, 47]. The change in phenotype probably
includes the modulation of expression and activity of proteins
involved in Ca2+ homeostasis, which set the restCa level.

PKCθ-mediated pathways involved in the regulation
of muscle gene program

It has been demonstrated that PKCθ cooperates with CN in
the activation of molecular pathways inducing slow muscle

specific gene program [9]. A current hypothesis suggests that
tonic motor nerve activity modifies the intracellular free cal-
cium and CN. PKCθ is localized at the neuromuscular junc-
tion and its expression is likely regulated by nerve function
[48] suggesting a role in mediating nerve–muscle interaction
[19, 20]. CN and NFAT act as sensors of nerve activity and
control slow muscle promoter activation [31] through the
increase of their molecular target MEF2 [58]. Thus, the in-
crease of MEF2 shifts gene expression towards the oxidative
phenotype. The increase of diacylglycerol (DAG) may con-
stitute a switch signal for PKCθ resulting in the modulation of
both MEF2 transcriptional complex formation and HDACs
nucleus/cytoplasm shuttling [7, 9, 32]. Interestingly, a pheno-
type transition was also observed in conditions where the
resting gCl was altered; the genetic inhibition of ClC-1 in
myotonic muscles leads to fast-to-slow phenotype transition
[59], while the increased gCl in Sol muscle after disuse is
accompanied by a slow-to-fast phenotype transition [44, 39].
It is worth to note that an abnormal increase ofMEF2 has been
observed in myotonic muscle fibers, a pathological condition
characterized by a low gCl [59], suggesting a correlation
between these parameters. Thus, we hypothesized that the
increase of resting gCl in PKCθ-null mice may have a role
in the modification of muscle phenotype, and we analyzed the
expression of factors that contribute to muscle phenotype
development.

In mice lacking PKCθ, we found a reduction of CN,
MEF2, and NFAT expression in the fast-twitch EDL muscle.
This is in accord with a shift toward a fast-to-faster phenotype,
which correlates with a reduction of the slow-type MHC and,
with an increase of gCl as well as with a decrease in excitabil-
ity. These findings suggest a role of PKCθ in the modulation
of parameters involved in the phenotype settings although the
ClC-1 channel mRNA expression was not modified. A more
important transition was expected in Sol muscle of mice
lacking PKCθ. Such a phenotype shift is indeed documented
by the gCl increase, excitability and restCa decrease. Surpris-
ingly, the expression of CN, MEF2, and NFAT appeared to be
increased in mice lacking PKCθ. We suppose that this may
constitute a compensatory effect aimed at the preservation of
slow phenotype in the soleus muscle of PKCθ-KO mice, in
which the reduced excitability may result in a severe loss of
function. However, this tentative appeared to be insufficient to
maintain the slow phenotype, probably because PKCθ is
lacking totally. On the basis of these results, we can
hypothesize that the interruption of PKCθ-mediated sig-
naling pathways in the transgenic mice, modify ClC-1
activity and in consequence muscle phenotype. In favor
of this hypothesis, we previously found that the increase
in gCl precedes the slow-to-fast transition during muscle
disuse [39].

Also, a reduction of IRS1 expression has been found in the
EDL muscle of the PKCθ-lacking mice, accordingly with

Fig. 9 Resting chloride conductance (gCl) (a) and resting potassium
conductance (gK) (b) measured in extensor digitorum longus (EDL)
muscles of 30–33 month-old aged wild-type (WT) and 30–33 month-
old aged PKCθ-knock-out (KO) mice. Each bar represents the mean
value±S.E.M. of 15–30 fibers from three animals. Statistical analysis
was performed using ANOVA followed by Bonferroni’s t-test. Signifi-
cantly different (asterisk) with respect to WT (at least P<0.05). c Repre-
sentative example of the maximum number of action potentials elicitable
by raising the intensity of a depolarizing current pulse measured in the
EDL muscle of aged WT and aged PKCθ-KO mice
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muscle phenotype transition [46, 52]. Moreover, as MEF2 is
important for GLUT4 expression in skeletal muscle, MEF2
reduction in the EDL may modify glucose homeostasis in fast
muscle of PKCθ-lacking mice with an impairment of func-
tion. These results corroborate the hypothesis that PKCθ plays
a role in the regulation of glucose metabolism and insulin
action in skeletal muscle, although the molecular mechanism
remains to be clarified [48]. Interestingly, the lack of PKCθ
increases the expression of PKM2, a glycolytic enzyme in-
volved in proliferative processes, in Sol muscle. It was found
that the upregulation of this enzyme induces changes in type 1
muscle fibers associated with increased glucose consumption,
reduced oxidative metabolism, and muscle atrophy during
pathological states such as myotonic dystrophy [16, 18].
However, we found that the expression of MuRF1, a muscle
atrogene, and of myostatin, a negative regulator of myoblast
proliferation and differentiation [14], was not modified in Sol
muscle lacking PKCθ although the increase of PKM2.

Concluding remarks

These results provide the first evidence that PKCθ contributes
to the fine tuning of the muscle ClC-1 chloride channel
activity and sarcolemma excitability, as well as of specialized
myofiber phenotype either in slow-twitch or in fast-twitch
muscle fibers. The abolition of PKCθ expression or activity,
in the animal models used here, causes the shift of muscle
phenotype toward the fast one and can contribute to a modi-
fication of phenotype-specific function. Our hypothesis is that
the ClC-1 channel is under the control of at least two PKC
isotypes, i.e., PKCθ and the PKCα, that are regulated by
distinct input and/or modulators. This double regulation can
be due to different reasons. For instance it is known that the
PKCα is localized in the the cytosol and is recruited under
stimulus, while the PKCθ is present in the sarcolemma [33]
and can be immediately available for cell needs. In addition,
since the PKCθ is regulated by nerve activity, it can directly
influence muscle fiber phenotype. It has been also proposed a
functional cross-talk for the integration of signaling networks
in cells, in terms of opposite role of the two different isoforms
in the regulation of fast and slow phenotype [17, 49, 50].
Figure 10 summarizes all the results obtained in this study
and hypothesizes the sequence of events involved in the
mechanism by which PKCθ controls muscle ClC-1 channel
and muscle phenotype. A modification of this pathway was
found in our animal model lacking PKCθ activity, similarly to
that observed during muscle disuse [44] in which the PKCθ-
mediated inhibitory control of ClC-1 is lost and a slow-to-fast
phenotype transition takes place, especially in soleus muscle.
Interestingly, the lack of PKCθ prevents the abnormal reduc-
tion of gCl observed in skeletal muscle during aging process
and maintains a normal sarcolemma excitability. This result
suggests the possibility to slow sarcopenia process by
counteracting the reduction of gCl through pharmacological
modulation of PKCθ. In conclusion, this study strongly indi-
cates PKCθ as a useful target for pharmacological interven-
tion aimed at preventing and/or counteracting chloride chan-
nel malfunction and/or phenotype change.
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