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Abstract

Loss of total muscle force during aging has both atrophic and non-atrophic components. The 

former deficit is a direct consequence of reduced muscle mass while the latter has been attributed 

to a depression of excitation-contraction (EC) coupling. It is well established that age-onset 

reductions in sex hormone production regulate the atrophic component in both males and females. 

However, it is unknown whether the non-atrophic component is influenced by sex hormones. Since 

the non-atrophic component has been linked mechanistically to reduced expression of the skeletal 

muscle L-type Ca2+ channel (CaV1.1), we recorded L-type Ca2+ currents, gating charge 

movements and depolarization-induced changes in myoplasmic Ca2+ from flexor digitorum brevis 
(FDB) fibers of naïve and gonadectomized mice of both sexes. Our first set of experiments sought 

to identify any basal differences in EC coupling or L-type Ca2+ flux between the sexes; no 

detectable differences in any of the aforementioned parameters were observed between FDB 

harvested from either naïve males or females. In the latter segments of the study, ovariectomy 

(OVX) and orchiectomy (ORX) models were used to assess the possible influence of sex 

hormones on EC coupling and/or L-type Ca2+ flux. In these experiments, FDB fibers harvested 

from OVX and ORX mice both showed no differences in L-type Ca2+ current, gating charge 

movement or depolarization-induced changes in Ca2+ release from the sarcoplasmic reticulum. 

Taken together, our results indicate L-type Ca2+ channel function and EC coupling are: 1) 

equivalent between the sexes, and 2) not significantly regulated by sex hormones. Since recent 

NIH review guidelines mandate the consideration of sex differences as a criterion for review, our 

work indicates the suitability of either sex for the study of the fundamental mechanisms of EC 

coupling. Thus, our findings may accelerate the research process by conserving animals, labor and 

financial resources.
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1. Introduction

Age-related decline in muscle force generation is a growing public health issue due to the 

increasing number of frailty-related accidents [1–3]. Adult humans achieve peak muscle 

strength in midlife and gradually lose up to 50% of muscle function by the ninth decade [4]. 

In this regard, sex hormones are established regulators of muscle mass and composition [5–

11]. Females abruptly lose muscle force with the onset of menopause [11–14] whereas 

progressive muscle mass and/or force loss in males parallels decreases in testosterone levels 

with advancing age [7, 12].

Muscle atrophy comprises the major component of age-dependent reductions in total force 

generation [9, 15], but the loss of mass fails to account for the total decrement [16]. This 

non-atrophic component, the specific force, is revealed when the total is normalized by mass 

or cross-sectional area. Work from Osvaldo Delbono’s laboratory has demonstrated that a 

depression of excitation-contraction (EC) coupling underlies this impairment of specific 

force in geriatric FVB mice [17–19].

In skeletal muscle, the L-type Ca2+ channel (CaV1.1) serves as the voltage-sensor for EC 

coupling [20-22, reviewed in 23]. Upon depolarization, translocation of CaV1.1’s voltage-

sensing domains cause subsequent conformational rearrangements in the channel which 

gate, either directly or indirectly, the type 1 ryanodine receptor resident in the membrane of 

the sarcoplasmic reticulum (SR); opening of the ryanodine receptor provides an avenue for 

the Ca2+ efflux from the SR which ultimately binds troponin and engages the contractile 

apparatus. In addition to its function as the EC coupling voltage-sensor, CaV1.1 also 

conducts L-type Ca2+ current [22]. Although the physiological significance of Ca2+ flux via 

CaV1.1 has been the subject of much debate since the 1960’s, some work indicates that L-

type Ca2+ entry maintains myoplasmic Ca2+ levels during repetitive activity [24, 25], 

augments muscle contraction [26], engages excitation-transcription coupling [25], regulates 

metabolism [25, 27], contributes to fiber-type differentiation [25, 28], helps to refill SR Ca2+ 

stores [24, 29] and promotes development of neuromuscular junctions [30, 31]. Moreover, 

knock-down of CaV1.1 in adult tibialis anterior fibers caused profound atrophy, though it 

was not been determined whether the observed atrophy was a consequence of impaired EC 

coupling or reduced L-type Ca2+ flux [32].

While the effects of sex hormones (i.e., estradiol, testosterone) on muscle mass and fiber-

type composition have been fairly-well characterized [9, 11], the influence of sex hormones 

on the non-atrophic component of force loss in aging remain(s) largely unknown. To begin 

to address this knowledge gap, we compared L-type Ca2+ currents, charge movement, and 

changes in myoplasmic Ca2+ recorded from flexor digitorum brevis (FDB) muscle fibers 

harvested from mice of both sexes and from gonadectomized mice.
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2. Materials and methods

2.1 Mice

All procedures involving C57BL/6 mice were approved by the University of Colorado-

Anschutz Medical Campus Institutional Animal Care and Use Committee (91813(05)1D) 

and were in line with the National Institutes of Health guidelines on laboratory animal 

research. All mice were purchased from Charles River Laboratories, Wilmington, MA. 

Orchiectomy male (N = 5), ovariectomy female (N = 4), and respective age-matched 

C57BL/6J mice [(male (N = 6) and female (N = 4)], were used during the course of this 

study. The gonadectomies were performed by Charles River Laboratories personnel at 13 

weeks of age. One month later (i.e., at 17 weeks), mice were euthanized via isoflurane 

overdose followed by cervical dislocation at the University of Colorado-Anschutz Medical 

Campus.

2.2 Muscle fiber preparation

FDB muscles were dissociated as described previously [33].

2.3 Electrophysiology and whole-cell recordings of myoplasmic Ca2+ transients

Borosilicate patch pipettes had resistances of ≤1.0 MΩ when filled with internal solution, 

which consisted of (mM): 140 Cs-aspartate, 10 Cs2-EGTA, 5 MgCl2, and 10 HEPES, pH 7.4 

with CsOH. To record changes in intracellular Ca2+, the pentapotassium salt of Fluo 3 single 

wavelength Ca2+ indicator dye (Invitrogen) was added to the standard internal solution for a 

final concentration of 200 μM. The bath contained (mM): 145 TEA-methanesulfonic acid, 

10 CaCl2, 10 HEPES, 2 MgSO4, 1 4-aminopyridine, 0.1 anthracene-9-carboxylic acid, 0.002 

TTX, pH 7.4 with TEA-OH. 10 μM N-benzyl-p-tolunesulfonamide (Sigma Aldrich, St. 

Louis, MO) was added to the external solution for all experiments to prevent movement 

artifacts. Following the establishment of the whole-cell configuration, the dye was allowed 

to diffuse into the cell interior for no less than 20 minutes. A 100 W mercury illuminator and 

a set of fluorescein filters were used to excite the dye. A computer-controlled shutter was 

used to block illumination in the intervals between test potentials. Fluorescence emission 

was measured by means of a fluorometer apparatus (Biomedical Instrumentation Group, 

University of Pennsylvania). Fluorescence data are expressed as ΔF/F, where ΔF represents 

the change in peak fluorescence from baseline during the test pulse and F is the fluorescence 

immediately prior to the test pulse minus the average background fluorescence. The peak 

value of the fluorescence change (ΔF/F) for each test potential (V) was fitted according to:

(ΔF/F) = (ΔF/F)max/ 1 + exp VF − V /kF , (1)

where (ΔF/F)max is the maximal fluorescence change, VF is the potential causing half the 

maximal change in fluorescence, and kF is a slope parameter.

L-type Ca2+ currents were recorded with the same external solution used to record 

myoplasmic Ca2+ transients described above. 1 mM LaCl3 and 0.5 mM CdCl2 were added 

when recording charge movements. Linear components of leak and capacitive current were 

corrected with -P/4 online subtraction protocols. Output filtering was at 2–5 kHz and 
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digitization was either at 5 kHz (currents) or 10 kHz (charge movements). Cell capacitance 

(Cm) was determined by integration of a transient from −80 mV to −70 mV using Clampex 

10.3 (Molecular Devices). The average value of Cm for all fibers used in the study was 2.02 

± 0.05 nF (n = 104 fibers). The time constant for the decay of the whole-cell capacity 

transient was reduced as much as possible using the analog compensation circuit of the 

amplifier; the average values of τm and Ra were 958 ± 6 μs and 528 ± 16 kΩ, respectively. 

Current-voltage (I-V) curves were fitted according to:

I = Gmax∗ V−Vrev / 1 + exp − V−V1/2 /kG , (2)

where I is the normalized current for the test potential V, Vrev is the reversal potential, Gmax 

is the maximum channel conductance, V1/2 is the half-maximal activation potential and kG is 

the slope factor. For charge movements, QON-V relationships were fitted according to:

QoN = Qmax/ 1 + exp VQ − V /kQ , (3)

where Qmax is the maximal QON, VQ is the potential causing movement of half the maximal 

charge, and kQ is a slope parameter. All experiments were performed ~25° C.

2.4 Analysis

All data are presented as mean ± SEM. All statistical comparisons were made by two-tailed, 

unpaired t-test with P < 0.05 considered significant. Figures were made using SigmaPlot 

(version 11.0, SSPS Inc. San Jose, CA).

3. Results

3.1 CaV1.1 function is equivalent in male and female FDB fibers

To determine whether there are clear differences in EC coupling between sexes, we assessed 

changes in intracellular Ca2+ in response to depolarization in FDB fibers harvested from 

four month-old male and female C57BL/6 mice. In this experiment, Ca2+ transients for 

female and male FDB fibers were found to be similar in amplitude (Fig. 1A-B). Peak 

fluorescence changes were 3.3 ± 0.5 ΔF/F for female and 3.0 ± 0.5 ΔF/F for male fibers 

(both n = 6; P = 0.738; Fig. 1C; Table 1). Recordings of L-type current from female and 

male FDB fibers also showed no differences in CaV1.1 channel function between the sexes 

(Fig. 1D-E). L-type current densities at the peaks of the I-V relationships (i.e., +10 mV) 

were −10.8 ± 0.9 pA/pF for female (n = 11) and −11.1 ± 1.3 pA/pF for male (n = 8) fibers (P 
= 0.843; Fig. 1F). Likewise, maximal charge movement was indistinguishable between male 

and female fibers (Fig. 1G-H). Maximal charge movement registered 34.7 ± 1.8 nC/μF for 

female (n = 11) and 35.0 ± 1.2 nC/μF for male (n = 9) fibers (P = 0.890; Fig. 1I; Table 2).

3.2 CaV1.1 function is little affected by ovariectomy

We next utilized FDB fibers obtained from ovariectomized (OVX) mice to investigate 

whether loss of ovarian function impacts EC coupling and/or L-type channel activity. One 

month post-procedure, there was a non-significant trend towards an increase in mass for the 

OVX group relative to the naïve female control group (25.52 ± 1.50 g vs. 23.86 ± 1.37 g, 

respectively, both N = 4; P > 0.05). There were virtually no discernable differences in Ca2+ 
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transient amplitude between control female and OVX fibers (3.3 ± 0.8 ΔF/F for OVX, n = 7; 

P = 0.970 vs. control female; Fig. 2A-B; Table 1). Peak current densities were also 

unchanged (Idens = −10.0 ± 1.2 pA/pF, n = 7 for OVX fibers; P = 0.569 vs. control female; 

Fig. 2C-D). Consistent with these observations, control female and OVX fibers had similar 

charge movement (Qmax = 33.7 ± 1.6 nC/μF, n = 7 for OVX fibers; P = 0.707 vs. control 

female; Fig. 2E-F; Table 2), though a significantly different slope factor in the Q-V 

relationship was evident (P = 0.035; Table 2).

3.3 CaV1.1 function is unaltered in mice with orchiectomy

Age-related declines in muscle force consequential to lower testosterone production are well 

documented. However, a role for testicular function in the maintenance EC coupling and/or 

CaV1.1 channel function has not been described. To address this knowledge gap, we 

investigated whether myoplasmic Ca2+ transients, L-type current and/or charge movement 

were affected by orchiectomy (ORX). One month post-procedure, ORX males were found to 

be lighter than naïve control males (24.42 ± 0.68 g, N = 5 vs. 28.22 ± 1.30 g, N = 6, 

respectively; P < 0.05). Control male and ORX fibers both displayed robust Ca2+ transients 

upon depolarization (compare Fig. 3A with Fig. 1B). Peak fluorescence amplitudes at were 

similar betwixt control male and ORX fibers (3.2 ± 0.3 ΔF/F, n = 8; P = 0.817 vs. control 

male; Fig. 3C; Table 1). As illustrated by the representative L-type currents shown in Figure 

3D and 1B, there were no differences in L-type current density between control male and 

ORX fibers, respectively (Idens = −10.4 ± 0.9 pA/pF, n = 13 for ORX fibers; P = 0.641 vs. 

control male; Fig. 3F). Maximal charge movement was similar between control male and 

ORX groups (35.7 ± 2.0 nC/μF, n = 12 for ORX fibers; P = 0.777 vs. control male; Fig. 3E-

F; Table 2).

4. Discussion

Although there is some information available on how sex hormones affect cardiac EC 

coupling in rodents [34–36], the current study offers the first direct investigation of sex 

differences in skeletal muscle. To this end, our results indicate L-type channel function and 

EC coupling are: 1) not different between the sexes (Fig. 1), and 2) not significantly affected 

by gonadectomy (Figs. 2 and 3). Our findings are significant because earlier studies found 

that both ovariectomized and orchiomectomized mice generated lower specific force than 

naïve female and male mice, respectively [cf. 37]. Likewise, testosterone and estrogens have 

both been found to influence specific force in humans and in rodents [9, 11, 38, 39]. Thus, 

our results suggest these differences in specific force generation are unrelated to regulation 

of the EC coupling macromolecular signaling complex.

One confounding aspect of our study is the comparison between humans and mice wherein 

the ORX and OVX models likely do not reproduce human age-dependent loss of hormones 

with fidelity. Unfortunately, this comparative strategy is necessary as the performance of 

such experiments with living human tissue is generally not feasible. Moreover, the mice used 

in this study were not geriatric and thus the effects of age-dependent modifiers of sex 

hormone signaling were absent. Another reason for the lack of effect could be a 

consequence of the preparation in that mouse FDB muscles are comprised of ~95% Type 
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IIA, B and X fast-twitch glycolytic fibers [40]. The lack of effect of gonadectomy in both 

OVX and ORX mice may reflect the possibility that Type IIA and Type IIX fibers are more 

resistant to EC uncoupling than Type I slow-twitch oxidative fibers, though earlier work 

indicates that substantial EC uncoupling occurs in geriatric FDB fibers [19].

While no significant differences in EC coupling were observed between male and female 

mice and neither ovariectomy nor orchiectomy influenced L-type current amplitude, charge 

movement or myoplasmic Ca2+ release, the impact of the current study extends beyond the 

raw scientific value of these observations. Specifically, our work indicates the suitability of 

either sex for the study of L-type channel biophysics and EC coupling in skeletal muscle. 

Since recent NIH review guidelines mandate assessment of differences between the sexes as 

a criteria for review (please see https://grants.nih.gov/grants/peer/guidelines_general/

Reviewer_Guidance_on_Rigor_and_Transparency.pdf), our findings may accelerate the 

research process by conserving animals, labor and financial resources.
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Highlights

• Sex differences in skeletal excitation-contraction coupling were investigated.

• No differences were observed in L-current or Ca2+ release within males and 

females.

• L-channel function and EC coupling were unaffected by ovariectomy or 

orchiectomy.

• Our results indicate the suitability of either sex for the study of EC coupling.

• Our findings may accelerate research by conserving animals and other 

resources.
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Fig. 1. Equivalent EC coupling and CaV1.1 channel function in female and male C57BL/6 FDB 
fibers.
Representative myoplasmic Ca2+ transients elicited by 25 ms depolarizations from −80 mV 

to −50 through +10 mV in 10 mV increments from FDB fibers harvested from age-matched, 

C57BL/6J female (A) and male (B) mice. The peak ΔF/F-V relationships for naïve female 

and male fibers are presented in panel (C). Ca2+ transients were evoked at 0.1 Hz by test 

potentials ranging from −70 mV through +60 mV in 10 mV increments. The smooth curves 

in panel (C) are plotted according to Eq. 1 with the respective fit parameters shown in Table 

1. Representative whole-cell recordings of L-type currents elicited by 500 ms step 

depolarizations from −80 mV to −40 through +50 mV in 10 mV increments are shown for 

female (D) and male (E) fibers. (F) Peak I-V relationships corresponding to the current 

families shown in panels (D) and (E). Currents were evoked at 0.1 Hz by test potentials 

ranging from −40 mV through +80 mV in 10 mV increments. Representative recordings of 

charge movements elicited by 25 ms depolarizations from −80 mV to −60 through +20 mV 
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in 10 mV increments are shown for female (G) and male (H) fibers. (I) Q-V relationships 

corresponding to the charge movements shown in panels (G) and (H). Charge movements 

were evoked at 0.1 Hz by test potentials ranging from −70 mV through +50 mV in 10 mV 

increments. The smooth curves in panels (F) and (I) are plotted according to Eq. 2 and Eq. 3, 

respectively, with fit parameters displayed in Table 2. The numbers of analyzed fibers are 

indicated in parentheses. Throughout, error bars represent ±SEM.
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Fig. 2. EC coupling and CaV1.1 channel function in FDB fibers are little affected by ovariectomy.
Representative myoplasmic Ca2+ transients from an FDB fiber harvested from an OVX 
mouse (A). (B) the peak ΔF/F-V relationship for OVX mice (n = 7) is shown with that 

shown for control female mice in Fig. 1C. Representative whole-cell recordings of L-type 

currents are shown for an OVX fiber (C). (D) Peak I-V relationships corresponding to the 

current family shown in panel (C; n = 7) with the I-V relationship for control female mice 

from Fig. 1F. Representative recordings of intramembrane charge movements are shown for 

an OVX fiber (E). (F) Q-V relationships corresponding to the charge movements shown in 
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panel (E; n = 11) with the Q-V relationship for control female mice from Fig. 1I. See Figure 

1 legend for protocol details.
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Fig. 3. EC coupling and CaV1.1 channel function in FDB fibers are little affected by orchiectomy.
Representative myoplasmic Ca2+ transients from an FDB fiber harvested from an ORX 
mouse (A). (B) the peak ΔF/F-V relationship for ORX mice (n = 8) is shown with that 

shown for control male mice in Fig. 1C. Representative whole-cell recordings of L-type 

currents are shown for an ORX fiber (C). (D) Peak I-V relationships corresponding to the 

current family shown in panel (C; n = 13) with the I-V relationship for control male mice 

from Fig. 1F. Representative recordings of charge movements are shown for an ORX fiber 

(E). (F) Q-V relationships corresponding to the charge movements shown in panel (E; n = 
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13) with the Q-V relationship for control male mice from Fig. 1I. See Figure 1 legend for 

protocol details.
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Table 1

Ca2+ transient fit parameters.

ΔF/F-V

ΔF/Fmax VF (mV)
kF

(mV)

control female 3.3 ± 0.5 (6) 9.7 ± 2.6 −20.5 ± 4.6

OVX 3.3 ± 0.8 (7) 12.8 ± 2.4 −15.5 ± 4.3

control male 3.0 ± 0.5 (6) 10.4 ± 1.7 −14.3 ± 4.1

ORX 3.2 ± 0.3 (8) 9.4 ± 1.1 −15.5 ± 2.3

Data are given as mean ±SEM, with the numbers in parentheses indicating the number of fibers tested. Data were fit by Eq. 1. The triple thin lines 
separate two distinct experimental groups: 1) female and 2) male. No significant differences were observed in either group or between male and 
female controls (all P > 0.05, two-tailed unpaired t-tests).
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Table 2

Conductance and charge movement fit parameters.

G-V Q-V

Gmax(nS/nF) V1/2(mV) Vrev(mV) kG(mV) Qmax(nC/μF) VQ(mV) kQ(mV)

control female 231.7 ± 16.8 (11) 1.3 ± 1.2 64.0 ± 2.8 4.1 ± 0.2 34.7 ± 1.8(11) −8.7 ± 0.9 7.5 ± 0.5

OVX 214.4 ± 19.1 (7) 1.6 ± 2.2 66.6 ± 2.4 3.8 ± 0.4 33.7 ± 1.6 (7) −9.6 ± 0.9 9.5 ± 0.6*

control male 218.3 ± 17.8 (8) 0.7 ± 2.3 69.5 ± 1.9 4.4 ± 0.3 35.0 ± 1.2 (9) −5.8 ± 3.2 8.7 ± 0.9

ORX 236.0 ± 15.4 (13) 3.2 ± 1.9 69.1 ± 2.1 3.6 ± 0.4 35.7 ± 2.0 (12) −4.8 ± 2.7 8.7 ± 0.9

Data are given as mean ±SEM, with the numbers in parentheses indicating the number of fibers tested. Conductance and charge movement data 
were fit by Eqs. 2 and 3, respectively. As in Table 1, the triple thin lines separate two distinct experimental groups: 1) female and 2) male. No 
significant differences were observed between male and female controls (all P > 0.05, two-tailed, unpaired t-tests). A significant difference within 
the female group is indicated

*
(denotes P < 0.05).
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