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Denervated fast skeletal muscles undergo atrophy, which is associated with an increase in sarcolemma perme-
ability and protein imbalance. However, the mechanisms responsible for these alterations remain largely un-
known. Recently, a close association between de novo expression of hemichannels formed by connexins 43
and 45 and increase in sarcolemma permeability of denervated fast skeletal myofibers was demonstrated. How-
ever, it remains unknown whether these connexins cause the ionic imbalance of denervates fast myofibers. To
elucidate the latter and the role of hemichannels formed by connexins (Cx HCs) in denervation-induced atrophy,
skeletal myofibers deficient in Cx43 and Cx45 expression (Cx43fl/flCx45fl/fl:Myo-Cre mice) and control (Cx43fl/
flCx45fl/fl mice) were denervated and several muscle features were systematically analyzed at different post-
denervation (PD) times (1, 3, 5, 7 and 14 days). The following sequence of events was found in denervated
myofibers of Cx43fl/flCx45fl/flmice: 1) from day 3 PD, increase in sarcolemmal permeability, 2) from day 5 PD, in-
creases of intracellular Ca2+ andNa+ signals aswell as a significant increase in protein synthesis and degradation,
yielding a negative protein balance and 3) from day 7 PD, a fall in myofibers cross-section area. All the above al-
terations were either absent or drastically reduced in denervated myofibers of Cx43fl/flCx45fl/fl:Myo-Cre mice.
Thus, the denervation-induced Cx HCs expression is an early event that precedes the electrochemical gradient
dysregulation across the sarcolemma and critically contributes to the progression of skeletal muscle atrophy.
Consequently, Cx HCs could be a therapeutic target to drastically prevent the denervation-induced atrophy of
fast skeletal muscles.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Denervated fast skeletal muscles undergo several metabolic, struc-
tural and functional alterations, which are characteristic of muscle
waste [1–4]. During the first post-denervation (PD) week, myofibers
show an increase in intracellular Na+ concentration and reduction in
intracellular K+ concentration [5–10]. These alterations might be
explained by a Na+/K+ ATPase deficiency. However, denervated
myofibers treated with ouabain, a Na+/K+ ATPase inhibitor, show a
further reduction in resting membrane potential (RMP) of approxi-
mately 10% [11], suggesting the presence of Na+/K+ ATPase activity.
Consequently, a reduction in Na+/K+ ATPase activity does not fully
explain the decrease in RMP of denervated myofibers. Notably,
decreased RMP may also be facilitated by the down-regulation of
ClC-1 chloride channels, which are crucial in membrane repolarization
[12]. An alternative explanation could be the de novo expression of
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non-selective membrane channels induced by denervation. In this
regard, at 7 days PD myofibers were shown to express connexin
hemichannels (Cx HCs), TRPV2 channels and P2X7 receptors, and to
upregulate the pannexin1 channel levels [4]. Interestingly, the simulta-
neous deficiency in connexins (Cxs) 43 and 45 drastically diminishes
the reduction in cross sectional area (CSA) of skeletalmyofibers induced
by denervation [4], suggesting strongly that these two Cx HCs play a
relevant role in the mechanism that leads to muscle atrophy. However,
it remains unknown if the expression of Cxs occurs simultaneous to or
precedes the reduction in CSA of myofibers. It also remains unknown
whether the expression of Cx HCs is involved in the increase in
intracellular Na+ signal of denervated myofibers.

Under normal conditions, the muscle mass results from a balance
between protein synthesis and protein degradation rates, both of
which are enhanced in denervation-induced atrophy with predomi-
nance of protein degradation rate [13–15]. The increase in protein
synthesis results from activation of the mTOR pathway [16,17]. On the
other hand, at least four intracellular metabolic pathways involved
in protein degradation are activated by Ca2+ in skeletal muscles:
(1) calpains [18], (2) caspases [19], (3) cathepsins [20], and (4)ubiquitin
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proteasome [21]. The role of these metabolic pathways in protein
degradation during muscle atrophy has been demonstrated in several
reports [22–24]. During atrophy, the expression of both ubiquitin ligase
atrogin-1 and MuRF-1 are activated [25]. The greatest increase in
expression of these proteins occurs at about 3 days PD in rat medial
gastrocnemius muscles [26]. Accordingly, overexpression of MuRF-1 in
myotubes produces atrophy, whereas mice deficient in any of these
ligases exhibit less atrophy PD [25,27,28]. The possible role of Cx HCs
in activation of protein synthesis and degradation pathways induced
by denervation remains unproven.

A common condition that activated the protein degradation
pathways aforementioned is an increase in intracellular free Ca2+.
With regard to denervated myofibers, an increase in total intracellular
calcium has been found [29], but to our knowledge the intracellular
free Ca2+ signal has not been described. Since Cx43 HCs are permeable
to Ca2+ [30], it is possible that the increase in total intracellular calcium
found in denervated muscles is, at least in part, the consequence of
enhanced Ca2+ influx through Cx43 HCs. However, and to our knowl-
edge the intracellular free Ca2+ signal of denervated muscles and the
possible role of Cx HCs as membrane pathways for Ca2+ influx have
not been evaluated. In this work, a sequence of PD events was studied.
Cx43 and Cx45 HCs were detected as early as 3 days PD, followed by
simultaneous increases the intracellular Ca2+ and Na+ signals and
evident protein imbalance at day 5 PD. Later on, a clear decrease
in CSA of myofibers was evident from day 7 PD and on. All these
alterations were not detected or greatly reduced in denervated muscles
of Cx43fl/flCx45fl/fl:Myo-Cre mice, strongly suggesting that Cx43 and 45
HCs play a critical role in denervation-induced atrophy of skeletal
muscles, and their inhibition could drastically reduce the degenerative
changes of denervated fast myofibers.

2. Methods

2.1. Reagents

Ehidium (Etd+) bromide, n-benzyl p-toluenesulfonamide (BTS),
suramin sodium salt, 1-Nitroso-2-naphthol, 1,2-dichloroethane and
cycloheximide were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Fluoromount-G with DAPI was purchased from Electron Micros-
copy Science (Hatfield, PA, USA). Dulbecco's modified Early medium
(DMEM), fetal bovine serum (FBS) and collagenase type I were
purchased from Invitrogen (Camarillo, CA, USA). FURA-2 AM and
SBFI AM were purchased from Molecular Probes (Eugene, OR, USA).
4′, 6-diamidino-2-phenylindole (DAPI) and Halt Protease and
Phosphatase Inhibitor Cocktail (100X) were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Bio-Rad Protein Assay Dye
Reagent Concentrate was purchased from Bio-Rad (Hercules, CA,
USA). Ketamine hydrochloride was purchased from Troy Laboratories
Australia Pty Ltda. (Glendenning, Australia). Xylazine hydrochloride
was purchased from Centrovet Ltda. (Santiago, Chile). L-(4,5-3H(N))
leucine (3H-leu) was purchased from PerkinElmer (Waltham, MA,
USA). Ecoscint H was purchased from National Diagnostics (Atlanta,
Georgia, USA). L-tyrosine was purchased from Biological Industries
(Kibbutz Beit-Haemek, Israel). Monoclonal anti-phospho-p70 S6 kinase
(p-p70S6K) was purchased from Cell Signaling Cat: #2708 (Danvers,
MA, USA). Polyclonal anti-atrogin-1 was purchased from ECM
Biosciences Cat: #AP2041 (Versailles, KY, USA). Monoclonal anti-μ-
calpain was purchased from Sigma-Aldrich Cat. #C5736 (St. Louis,
MO, USA). Secondary antibody conjugated to Cy3 was purchased
from Jackson Immuno Research Cat. #111-166-003 (Indianapolis,
IN, USA).

2.2. Animals

All procedures were approved by the Institutional Bioethics
Committee of the Pontificia Universidad Católica de Chile.
Previously described muscle specific Cx43 and Cx45 deficient
(Cx43fl/flCx45fl/fl:Myo-Cre) and control (Cx43fl/flCx45fl/fl) mice
were used [4]. Wild type C57 BL/6 (C57) mice of the same age were
also used for comparison with (Cx43fl/flCx45fl/fl) mice, and since these
were found to present no significant differences in all parameters stud-
ied in this work, we used (Cx43fl/flCx45fl/fl) mice as control animals in
order to reduce the total number of euthanized animals. All mice used
in the experiments were 2-month-old males, which were maintained
under light:dark 12:12 cycles with food and water ad libitum. In total,
132 mice were used.

2.3. Unilateral hind limb denervation

Under anesthesia with a mix 100 mg/kg ketamine and 10 mg/kg
xylazine, a complete transection of the sciatic nerve in the left hind
limb was done. The right hind limb was used as sham surgery. After 1,
3, 5, 7 and 14 PD days, the flexor digitorum brevis (FDB) and tibialis
anterior (TA) muscles were carefully dissected from anaesthetized
animals and different assays were performed. Then, animals were
euthanized by cervical dislocation.

2.4. Isolation of myofibers from FDB muscles

Since myofibers of FDB muscles are easy to isolate and manipulate,
freshly dissected FDB muscles were incubated for 30 min at 37°C in
culture medium (DMEM/F12 supplemented with 10% FBS) containing
2% collagenase type I, 200 μM suramin, an inhibitor of P2 receptors
that might result from ATP release to the extracellular milieu from
damaged cells [4,31,32], and 10 μM BTS to reduce muscle damage
caused by spontaneous contractions [33]. Then, the muscle tissue was
transferred to a 15mL tube (Falcon) containing 5mLof culturemedium,
in which the tissue was gently triturated 10 times, using a Pasteur
pipette with a wide tip to disperse single myofibers. Dissociated
myofibers were centrifuged at 1,000 rpm for 15 s and washed twice
with Krebs-HEPES solution (containing in mM: 145 NaCl, 5 KCl, 3
CaCl2, 1 MgCl2, 5.6 glucose, 10 HEPES-Na and pH 7.4) with 10 μM BTS
(Krebs-HEPES-BTS). Finally, myofibers were resuspended in 5 mL
of Krebs-HEPES-BTS solution, plated in plastic culture dishes or
placed in 1.5 mL Eppendorf tubes, and kept at room temperature for
time-lapse recording of Etd+ uptake or evaluation of intracellular
Ca2+ and Na+ signals.

2.5. Time-lapse recording of Etd+ uptake

Cellular uptake of Etd+ was evaluated by time-lapse measurements
as described previously [4,34]. In brief, freshly isolatedmyofibers plated
in plastic culture dishes were washed twice with Krebs-HEPES-BTS
solution. For time-lapse measurements, myofibers were incubated in
Krebs-HEPES-BTS solution containing 5 μMEtd+. The Etd+ fluorescence
was recorded in regions of interest that corresponded to nuclei of
myofibers by using a Nikon Eclopse Ti inverted microscope (Japan)
with NIS-Elements software acquisition, while image processing was
performed with ImageJ 1.46r software (National Institutes of Health).

2.6. Intracellular free-Ca2+ and Na+ signals

Myofibers isolated from FDB muscles were loaded with 5 μM FURA-
2-AM (Ca2+) or SBFI-AM (Na+) in culture medium without serum for
45 min at 37 °C, and then washed three times with Krebs-HEPES-BTS
solution. The experimental protocol for imaging involved data acquisi-
tion of light emission at 510 nm due to excitation at 340 nm
and 380 nm. The ratio was obtained by dividing the emission fluores-
cence image value at 340-nm by the 380-nm excitation on a pixel-by-
pixel base (Δ = F340 nm/F380 nm).
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2.7. Protein synthesis assay

Protein synthesis was determined in freshly dissected TAmuscles by
incorporation of 3H-leu into myofibrillar proteins and expressed as
count per minutes (c.p.m.)/proteins as described [35,36]. Briefly, dis-
sectedmuscles were incubated in Krebs-HEPES-BTS solution containing
5 μCi/mL 3H-leu for 30 min at 37 °C in 5% CO2. Then, muscles were
washed twice with Krebs-HEPES-BTS solution and frozen in liquid
nitrogen and finally homogenized inmortar. Proteinswere precipitated
with 0.5% trichloroacetic acid and the supernatant was discarded.
The precipitated proteins were resuspended in 0.1 N NaOH and 0.1%
sodium dodecyl sulfate at 60 °C for 1 h to determine c.p.m. The protein
concentration was determined using the Bradford's method.

2.8. Protein degradation assay

Protein degradationwas determined in freshly dissected TAmuscles
by quantifying the fluorescence of tyrosine released from myofibrillar
proteins and expressed as AU/proteins as described [37,38]. Briefly,
dissected muscles were incubated with Krebs-HEPES-BTS solution
containing 0.5 mM cycloheximide for 30 min at 37 °C in 5% CO2. Then,
the fluorescence of tyrosine was determined (excitation ʎ = 460 nm
and emission ʎ = 620 nm). A standard curve was obtained using
L-tyrosine. Protein concentration was determined by the Bradford's
method mentioned above.

2.9. Immunofluorescence analysis

Myofibers isolated from FDB muscles were fixed with 4% formalde-
hyde for 10 min at room temperature. Next, muscles were incubated
for 3 h at room temperature in blocking solution (50 mM NH4Cl,
0.025% Triton, 1% BSA on PBS), then incubated overnightwith appropri-
ate dilutions of primary antibody (p-p70S6K [1:400], atrogin-1 [1:100],
μ-calpain [1:500]), washed five times with PBS solution followed by 1 h
incubation with secondary antibody conjugated to Cy3 (1:100), and
mounted in Fluoromount G with DAPI. Immunoreactive binding sites
were localized under a Nikon Eclipse Ti microscope.

2.10. Myofiber cross-sectional area (CSA) measurements

The CSA ofmyofiberswas determined in cross-sections of TAmuscles
fixed with 4% paraformaldehyde and stained with hematoxylin:eosin
using the ImageJ 1.46r software (National Institutes of Health).

2.11. Statistical analysis

Results are presented as mean± standard error of the mean (SEM).
For statistical analysis of percentage values, the arcsine transformation
was performed. For multiple comparisons, a non-parametric one-way
ANOVA followed by the Bonferroni test were used. Analyses were
carried out using GraphPad software. p b 0.05 was considered
statistically significant.

3. Results

3.1. The increase in sarcolemmal permeability of denervated skeletal
myofibers is an early change mediated by functional Cx43 and Cx45 HCs

At day 7 PD, we have previously demonstrated that fast skeletal
muscles present de novo expression of Cxs 43 and 45 and functional
HCs formed by these proteins mediate the increase in sarcolemma
permeability to Evans blue and Etd+ [4]. However, the time course of
this change remained unknown. To explore this issue, we performed
unilateral denervation of hind limbmuscles and analyzed the sarcolem-
mapermeability of freshly isolatedmyofibers at days 1, 3, 5, 7 and 14 PD
using the Etd+ uptake method previously described [4]. Etd+ is a
molecule of 314.4 g mol−1 that does not permeate the lipid bilayer of
the cell membrane but permeates Cx HCs, and when it is intercalated
into nucleic acids, it emits fluorescence that can be quantified in real
time [30,39].

The assays were performed in isolated myofibers of FDB muscles
from Cx43fl/flCx45fl/fl (Fig. 1A) and Cx43fl/flCx45fl/fl:Myo-Cre mice
(Fig. 1C). In each experiment, the Etd+ uptake was first evaluated
under basal conditions (10 min), then myofibers were treated with
200 μM La3+, a blocker of Cx HCs [40] and Etd+ uptake was recorded
during additional 5 min. At day 1 PD, the Etd+ uptake of myofibers
from Cx43fl/flCx45fl/fl mice was very low and similar to what was
previously reported, consistent with the lack of Cx expression and
thus absence of functional Cx HCs [4,34]. However, from day 3 PD
the Etd+ uptake increased progressively reaching maximal values at
days 7 and 14 PD (Fig. 1A). In contrast, denervated myofibers from
Cx43fl/flCx45fl/fl:Myo-Cre mice showed an increase in Etd+ uptake at
day 3 PD and remained similar at later PD time periods (Fig. 1C).
Notably, the Etd+ uptake recorded at all PD days in myofibers from
Cx43fl/flCx45fl/fl and Cx43fl/flCx45fl/fl:Myo-Cre mice was completely
blocked by La3+ (Fig. 1).

Calculations of the Etd+ uptake rate confirmed the qualitative
changes described above (Fig. 1B and D). In myofibers from
Cx43fl/flCx45fl/fl mice, at day 3 PD an increase in Etd+ uptake rate
of 104% above that measured at day 1 PD was observed and in-
creased even more at day 5 PD (255%) and day 7 PD (321%),
reaching a nadir up to at least day 14 PD (308%). In all denervated
myofibers, La3+decreased the Etd+ uptake rate to about baseline levels.
In contrast, denervated myofibers of Cx43fl/flCx45fl/fl:Myo-Cre mice
showed only a small increase in Etd+ uptake rate at days 5, 7 and 14
PD as compared to 1 PD (Day 5 PD: 53%, day 7 PD: 64%, day 14 PD:
55%) (Fig. 1D). Notably, the Etd+ uptake of these myofibers was
completely inhibited by La3+, suggesting the presence of functional
Cx39 HCs as previously observed at day 7 PD [4]. These results indicate
that the denervation-induced expression of Cx43 and Cx45 HCs de-
scribed previously at day 7 PD is significant at a much earlier time peri-
od (day 3 PD) and is not a transient change since it persisted at least for
an additional week.

3.2. The intracellular Ca2+ and Na+ signals increase in denervated skeletal
myofibers by ion influx through connexin hemichannels

Besides being permeable to small molecules, Cx HCs also allow
the passage of ions driven by their electrochemical gradients [42].
Therefore, it is possible that alterations in intracellular ion concentra-
tions found in denervated muscles [8,10] are due to the Cx43 and
Cx45 HCs. To evaluate this possibility, the intracellular Ca2+ and Na+

signals were evaluated using the radiometric fluorescent probes
FURA-2AM and SBFI-AM, respectively.

Measurements of the intracellular Ca2+ and Na+ signal were per-
formed in isolated myofibers of FDB muscles from Cx43fl/flCx45fl/fl

(Fig. 2A and E) and Cx43fl/flCx45fl/fl:Myo-Cre mice (Fig. 2C and G) at
different PD time periods. Measurements of 340/380 ratio with
FURA-2 in Cx43fl/flCx45fl/fl mice did not differ on day 3 PD compared
to the values recorded on day 1 PD myofibers. However, from day 5
PD an increase of 182% was observed, which reached a plateau at day
7 PD to 165% as similar values were recorded at day 14 PD to 180%. In
all myofibers from Cx43fl/flCx45fl/fl mice, La3+ treatment decreased the
340/380 ratio to values close to those of control innervated myofibers
(Fig. 2). A similar trend was observed in the 340/380 ratio measured
with SBFI (Fig. 2F). At days 1 and 3 PD there was no difference, but at
day 5 PD, it increased 244%,meanwhile at day 7 PD the increase in signal
was slightly lower, 180%, as it also was for day 14 PD, 161%. In all
denervated myofibers, La3+ treatment decreased the 340/380 ratio
close to the control value recorded in innervated myofibers (Fig. 2F).
In contrast, myofibers of Cx43fl/flCx45fl/fl:Myo-Cre mice did not show
significant changes in the intracellular Ca2+ signal (Fig. 2D) or Na+



Fig. 1. Time-course of denervation-induced increase in sarcolemma permeability mediated by Cx HCs. Unilateral transactions in sciatic nerve of Cx43fl/flCx45fl/fl (A) and
Cx43fl/flCx45fl/fl:Myo-Cre (Cx43fl/flCx45fl/fl:MC) (C) mice were performed. Freshly dissociated myofibers of flexor digitorum brevis (FDB) muscles were obtained and their
ethidium (Etd+) uptake were recorded in real time at days 1 (red circles), 3 (yellow circles), 5 (blue circles), 7 (black circles) and 14 (green circles) (post-denervation:
PD). After 10 min of recording under basal conditions, 200 μM La3+ was added and fluorescence intensity was recorded for additional 5 min. B and D, Etd+ uptake rates
were obtained from records as in A and C. The Etd+ uptake rate value of innervated myofibers is represented as dashed line (100%). Data obtained from myofibers of
denervated FDB from Cx43fl/flCx45fl/fl mice are represented by white bars and that of denervated FDB from Cx43fl/flCx45fl/fl:MC mice by black bars. In B, C and F each
value is the mean ± SEM, and the digits within the bars correspond to the number of muscles used in independent experiments. *p b 0.05; ***p b 0.001 compared to the
1 PD myofibers.
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signal (Fig. 2H) at all PD time points studied. These results indicate
that functional Cx43 and Cx45 HCs are critically involved in the ion
unbalance detected from day 5 PD and on.

3.3. The activity of Cx43 and Cx45 HCs leads to the protein unbalance in
denervated skeletal myofibers

Since the intracellular Ca2+ andNa+ signals increased fromday 5 PD
and Ca2+ is actively involved in the processes of synthesis and degrada-
tion [43,44], we decided to assess whether the expression of Cx43 and
Cx45 was involved in the negative protein balance characteristic of
denervated skeletal muscles [45]. To this end, protein synthesis was
assessed ex vivo by metabolic labeling tests with 3H-leu in TA muscles
from Cx43fl/flCx45fl/fl (Fig. 3A) and Cx43fl/flCx45fl/fl:Myo-Cre (Fig. 3D)
mice, after 1, 3, 5, 7 and 14 days of unilateral denervation. The protein
synthesis in Cx43fl/flCx45fl/fl mice in day 3 PD did not differ from day 1
PD myofibers. However, at day 5 PD, a significant increase of 51% was
observed, and at day 7 PD (79%) and day 14 PD (113%) (Fig. 3B). In con-
trast, up to day 7 PD muscles of Cx43fl/flCx45fl/fl:Myo-Cre mice showed
no significant differences in protein synthesis compared to their
respective controls (Fig. 3E). Only at day 14 PD, these muscles showed
a significant increase in protein synthesis (Fig. 3E), but it was
much less pronounced than that measured in denervated muscles of
Cx43fl/flCx45fl/fl mice (Fig. 3B). These results indicate that Cx43 and
Cx45 are critically involved in the increase in protein synthesis response
from day 7 PD and on.

To further check if denervation affects the protein synthesis path-
way, the immunoreactivity for p-p70S6K belonging to the mTORC1
pathway [16] was evaluated in myofibers isolated from FDB muscles.
The myofibers of Cx43fl/flCx45fl/fl mice showed low immunoreactivity
of p-p70S6K on days 1 and 3 PD (Fig. 3C). In contrast, from day 5 PD,
the immunoreactivity of p-p70S6K was evident and remained similarly
high on days 7 and 14 PD (Fig. 3C). On the other hand, in all myofibers
from Cx43fl/flCx45fl/fl:Myo-Cre mice the immunoreactivity remained
low and comparable to that of innervated muscles (Fig. 3F).

Protein degradation was assessed ex vivo by quantifying the
fluorescence intensity corresponding to tyrosine released from TA
muscles of Cx43fl/flCx45fl/fl (Fig. 4A) and Cx43fl/flCx45fl/fl:Myo-Cre mice
(Fig. 4D) under unilateral denervation. On day 3 PD, the TA muscles of
Cx43fl/flCx45fl/fl mice showed similar protein degradation compared to
day 1 PD muscles. However, from day 5 PD a significant increase was
observed (212%). The increase in protein degradation was even more
pronounced on day 7 PD (307%), and on day 14 PD (314%) (Fig. 4B).
Additionally, TA muscles of Cx43fl/flCx45fl/fl:Myo-Cre mice did not
show significant differences in protein synthesis compared to the
corresponding innervated contralateral muscles (Fig. 4E). Hence, Cx43
and Cx45 play a relevant role in protein degradation from day 5 PD.

To further check if denervation affects the protein degradation
pathway, immunoreactivity for μ-calpain (Ca2+ dependent protease)
and atrogin-1 (E3 ubiquitin ligase) was evaluated in myofibers
isolated from FDB muscles. The myofibers of innervated TA muscles
from Cx43fl/flCx45fl/fl mice showed low immunoreactivity of μ-calpain
and atrogin-1 on days 1 and 3 PD (Fig. 4C). From day 5 PD, the immuno-
reactivity of both proteins increased and remained high on days 7 and
14 PD (Fig. 4C). In contrast, myofibers of denervated TA muscles from
Cx43fl/flCx45fl/fl:Myo-Cre mice showed low μ-calpain and atrogin-1
immunoreactivity at all PD time periods studied and was comparable
to that of innervated myofibers (Fig. 4F).

Finally, protein balancewas calculated by comparing the normalized
protein synthesis to the normalized protein degradation. The denervat-
ed TA muscles from Cx43fl/flCx45fl/fl mice showed a protein balance
close to 0% on days 1 and 3 PD. From day 5 PD, a significant negative
protein balance of −161% was observed, which further decreased at
day 7 PD to −220%, and day 14 PD to −205% (Fig. 4G). Additionally,
denervated TA muscles from Cx43fl/flCx45fl/fl:Myo-Cre mice revealed
only a small negative protein balance at days 7 and 14 PD (Fig. 4H).



Fig. 2. The absence of Cx43 and Cx45 in skeletal myofibers prevents the increase in cytoplasmic Ca2+ and Na+ signals of denervated skeletal myofibers. Unilateral transactions of sciatic
nerve in Cx43fl/flCx45fl/fl and Cx43fl/flCx45fl/fl:Myo-Cre (Cx43fl/flCx45fl/fl:MC)micewere performed.Myofibers of flexor digitorum brevismuscleswere isolated fromboth limbs (innervated:
Inne, post-denervated: PD) at days 0, 1, 3, 5, 7 and 14 and cytoplasmic free Ca2+ andNa+ signals were recordedwith FURA-2 and SBFI, respectively. After the baseline recording,myofibers
were treated acutelywith 200 μMLa3+ for 60min and recorded again (insets).A and C, Ca2+ signal inmyofibers isolated fromCx43fl/flCx45fl/fl andCx43fl/flCx45fl/fl:MCmice, respectively.B
and D, 340/380 ratio of FURA-2 in myofibers isolated from Cx43fl/flCx45fl/fl (white bars) and Cx43fl/flCx45fl/fl:MC (black bars) mice, respectively. E and G, Na+ signal in myofibers isolated
from Cx43fl/flCx45fl/fl and Cx43fl/flCx45fl/fl:MC mice, respectively. F andH, 340/380 ratio of SBFI inmyofibers isolated from Cx43fl/flCx45fl/fl and Cx43fl/flCx45fl/fl:MCmice, respectively. The
value of innervatedmyofibers is representedwith a dashed line at 100%. In B, D, F andH each value is themean± SEM, and the digits within the bars correspond to the number ofmuscles
used in independent experiments. **p b 0.005; ***p b 0.001 compared to the 1 PD myofibers.
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These results indicate that Cx43 and Cx45 HCs are involved in the
negative protein balance of denervated muscles from day 5 PD and on.
3.4. Cx43 and Cx45 play a critical role in denervation-induced atrophy of
skeletal myofibers

Myofibers deficient in Cx43 and Cx45 expression have been
previously shown to present a drastic reduction in atrophy after day 7
PD [4]. However, it remained unknown whether this change occurred
sequentially or simultaneously with other muscle alterations. To
unravel this issue, we determined the timing of muscle atrophy by
evaluating the cross-sectional area of myofibers in TA muscles from
Cx43fl/flCx45fl/fl (Fig. 5A) and Cx43fl/flCx45fl/fl:Myo-Cre mice (Fig. 5B)
after 1, 3, 5, 7 and 14days of unilateral denervation. The CSA of innervat-
ed muscles did not show significant differences over time. The CSA of
denervated myofibers from Cx43fl/flCx45fl/fl mice was similar at day 1,
3 and 5 PD. From day 7 PD, a significant decrease of 64% was observed
and a similar reductionwas found at day 14 PD (55%) (Fig. 5C). Further-
more, the CSA of myofibers from denervated TA muscles of Cx43fl/
flCx45fl/fl:Myo-Cre mice did not change significantly compared to their
respective controls (Fig. 5D). These results indicate that the increase of
sarcolemmal permeability and the ionic and protein unbalance are
prior to the fall in CSA in denervated muscles.

3.5. Time-course of skeletal muscle changes recorded in denervated
myofibers

In order of appearance, the activity of Cx43 and Cx45 HCs gradually
increased in the sarcolemma from day 3 PD, followed by an increase in
intracellular Ca2+ and Na+ signals from day 5 PD. Almost in parallel
with the latter, a negative protein balance was detected. Finally, CSA
decreased from day 7 PD (Fig. 6).

4. Discussion

It has been previously described that at day 7 PD there is simulta-
neous expression of Cx39, Cx43 and Cx45 HCs that explained the
increase in sarcolemma permeability of fast skeletal myofibers along
with a reduction of the myofibers CSA [4]. In the present work, we
uncovered the time course of each of these changes and, in addition,
evaluated new related parameters. All changes were found to occur in
a sequential order as follows: 1) increase in Cx HC activity (3rd PD),
2) increase in intracellular Ca2+ and Na+ signals and in protein



Fig. 3. The absence of Cx43 and Cx45 in skeletal muscles drastically prevents the increase in protein synthesis in denervated skeletal myofibers. Unilateral transactions of sciatic
nerve in Cx43fl/flCx45fl/fl (A) and Cx43fl/flCx45fl/fl:Myo-Cre (Cx43fl/flCx45fl/fl:MC) (D) mice were performed. Tibialis anteriormuscles were dissected from both limbs (innervated:
Inne [△,▲], post-denervated: PD [○,●]) at days 0, 1, 3, 5, 7 and 14 and protein synthesis was ex vivomeasured usingmetabolic labeling with 3H-leu. B and E, protein synthesis in
muscles from Cx43fl/flCx45fl/fl (white bars) and Cx43fl/flCx45fl/fl:MC (black bars) mice, respectively. The value of Inn muscles is represented with a dashed line at 100%. In B and E
each value is the mean ± SEM, and the digits within the bars correspond to the number of muscles used in independent experiments. *p b 0.05; **p b 0.005 compared to the 1 PD
muscles. Furthermore, myofibers of flexor digitorum brevis muscle were isolated from both limbs in Cx43fl/flCx45fl/fl (C) and Cx43fl/flCx45fl/fl:MC (F) mice and were
immunostained for protein phospho-P70 S6 kinase (p-p70S6K) (red). Nuclei were stained with DAPI (blue). Bar scale: 50 μm.

Fig. 4. The absence of Cx43 and Cx45 specifically in skeletal muscles drastically prevents the increase in protein degradation and protein imbalance in denervated skeletal myofibers.
Unilateral transactions in sciatic nerve in Cx43fl/flCx45fl/fl (A) and Cx43fl/flCx45fl/fl:Myo-Cre (Cx43fl/flCx45fl/fl:MC) (D) mice were performed. Tibialis anterior muscles were dissected
from both limbs (innervated: Inne [△, ▲], post-denervated: PD [○, ●]) at days 0, 1, 3, 5, 7 and 14 and protein degradation was ex vivo measured through quantification of released
tyrosine. B and E, protein degradation in muscles from Cx43fl/flCx45fl/fl (white bars) and Cx43fl/flCx45fl/fl:MC (black bars) mice, respectively. The value of innervated muscle is
represented as a dashed line at 100%. In B and E each value is the mean ± SEM, and the digits within the bars correspond to the number of muscles used in independent experiments.
*p b 0.05; ***p b 0.001 compared to the 1 PD muscles. Furthermore, myofibers of flexor digitorum brevis muscles were isolated from both limbs in Cx43fl/flCx45fl/fl (C) and Cx43fl/
flCx45fl/fl:MC (F) mice and were immunostained for atrogin-1 or μ-calpain (red). Nuclei were stained with DAPI (blue). Bar scale: 50 μm. The protein balance was calculated by
subtracting the value of protein degradation to value of protein synthesis in every experimental condition. G and H, Cx43fl/flCx45fl/fl (white bars), Cx43fl/flCx45fl/fl:Myo-Cre (Cx43fl/
flCx45fl/fl:MC) (black bars) mice, respectively. The value of innervated muscle is represented with a dashed line at 100%. In G and H each value is the mean ± SEM, and the digits
within the bars correspond to the number of muscles used in independent experiments. *p b 0.05 and **p b 0.005 compared to the 1 PD muscles.
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Fig. 5. Cx43 and Cx45 expression play a relevant role in denervation-induced muscle atrophy. Unilateral transactions in sciatic nerve in Cx43fl/flCx45fl/fl (A) and Cx43fl/flCx45fl/fl:Myo-Cre
(Cx43fl/flCx45fl/fl:MC) (B) mice were performed. Tibialis anterior muscles were dissected from both limbs (innervated: Inne, post-denervated: PD) at days 0, 1, 3, 5, 7 and 14
and cross-sectional area (CSA) was measured. Bar scale: 50 μm. C and D, CSA. The value of innervated myofibers is represented with a dashed line (100%). The results obtained with
Cx43fl/flCx45fl/fl mice are represented by white bars and Cx43fl/flCx45fl/fl:MC mice with black bars. In C and D each value is the mean ± SEM, and the digits within the bars correspond
to the number of muscles used in independent experiments. *p b 0.05 compared to the 1 PD muscles.
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synthesis and protein degradation with a resulting negative protein
balance and 3) reduction in myofiber CSA. While denervated myofibers
deficient in Cx43 and Cx45 expression did not show changes in Na+ and
Ca2+ signal, all other parameters evaluated were drastically reduced,
suggesting that Cx43 and Cx45 proteins play a critical role in triggering
the development of changes elicited by denervated myofibers.

Despite the efforts of ~50 years of research, the intracellular ion
imbalance elicited by denervated myofibers has not been explained
satisfactorily. In the present work, it became evident that changes in
ionic signals of denervatedmyofibers occur subsequent to the increased
in sarcolemma permeability, which is somewhat paradoxical because
the membrane is already permeable to molecules such as Etd+. The
inhibition of Cx HCs with La3+ reversed the increase in Ca2+ and Na+

signals, indicating that Cx HCs play a critical role in these changes.
Relevant to this issue, it is known that Cx43 HCs are permeable to
Ca2+ [30] and Na+ [46] and thus their inhibition should stop the influx
of these ions so the cells could recover their normal intracellular
Fig. 6. Cartoon illustrating the time course of changes for most parameters analyzed in de
Na+i: intracellular Na+ signal, Ca2+i: intracellular Ca2+ signal, CSA: cross-sectional area of
denervation (PD) the connexin hemichannel (Cx HC) activity increases, between 3 and
between5 and7days themyofiber cross-sectional area (CSA) decreases. After reachingmaximal v
concentration of ions. In agreement with this notion, denervated
myofibers deficient in Cx43 and Cx45 expression did not show signifi-
cant changes in Na+ and Ca2+ signals.

The paradox of sarcolemmal permeability increase without ion
signal changes might result from an overload and/or decrease in the
expression of systems that handle the intracellular ion concentrations.
In support of these possibilities, denervated myofibers show reduced
Na+/K+ ATPase expression [11] and intracellular ATP levels [47]. Thus,
these two changes could drastically reduce the cell capacity to efficient-
ly handle Na+ and K+ transport across the sarcolemma. In addition,
denervated myofibers have been shown to present a drastic reduction
in SERCA levels [48]. Consequently, the electrochemical imbalance
could result first from an increase in Na+ and Ca2+ influx and K+ efflux
through non-selectivemembrane channels such as CxHCs,whichmight
be counteracted by the normal functioning of Na+/K+ ATPase and
SERCA among others. However, at later PD times, cells might not be
able to handle these changes due to the reduction in expression and
nervated skeletal myofibers over time. Cx HCs: hemichannels formed by connexins,
myofibers. The sequence of change events is as follows: between 1 and 3 days post-

5 days PD the Na+ and Ca2+ signal increases and the protein balance decreases and
alue, themagnitude of each change remains at about the samevalueuntil day 14PD at least.
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activity of handling ionmechanisms leading to aNa+ and Ca2+overload
reflected in the increase in Na+ and Ca2+ signals.

Multiple intracellular signaling pathways involved in protein
synthesis or degradation are activated by the increase in [Ca2+]i.
In this context, the increase in [Ca2+]i is sufficient to activate
mTORC1-p70S6K signaling and thereby promotes protein synthesis
[49]. Simultaneously, the increase in [Ca2+]i activates μ-calpain [29],
which belongs to a Ca2+-dependent protease family that degradesmyo-
fibrils [50–52]. This myofibrillar wasting increases the activity of the
ubiquitination/deubiquitination machinery, up-regulating in turn the
activity of the ubiquitin proteasome system that degrades cell
component into amino acids [43]. All the above is supported by our
finding that denervated myofibers of Cx43fl/flCx45fl/fl:Myo-Cre mice
show only a minor activation of p-p70S6K, atrogin-1 and μ-calpain. It
is noteworthy that about 25% of atrophy cannot be explained by the
expression of Cx HCs and possibly corresponds to autophagy as
proposed by others [53].

In previous reports, using similar methods to assess synthesis and
protein denervation, it has been demonstrated that under denervation,
degradation always predominates over protein synthesis [13,54–56],
and although the magnitude of these changes is variable, in all cases
they yield a negative protein balance as demonstrated in the present
work. The difference in the intensity of the final response might be
partially explained by the use of different techniques, animal models
and timing of readout among others. To our knowledge this is the first
reported study in mice and the net results obtained validate the exper-
imental approaches used herein.

Among the evaluated parameters studied in denervated myofibers,
the decrease in CSA was the last one altered upon denervation (from
day 7 PD), suggesting that the decrease in CSA reflects the negative
protein balance that was evident two days before (day 5 PD). Our
findings indicate that denervation-induced negative protein balance
and reduction in CSA are mediated to a great extent by the expression
of Cx43 and Cx45 because both parameters were drastically diminished
in denervated myofibers of Cx43fl/flCx45fl/fl:Myo-Cre mice.

It is remarkable that all parameters evaluated in denervatedmuscles
show a transient change and reached a new steady-state which is
consistentwith the lack of reduction in total cell [57], indicating absence
of cell death within the analyzed PD time period (day 14 PD). In this
work, it was shown that muscle atrophy induced by denervation is the
result of a sequence of events and all of them depend on the initial
Cx43 and Cx45 expression. Thus blocking Cx HCs may prevent
activation of the events and largely avoid atrophy.
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