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Abstract

Estradiol effects on skeletal muscle are multifactorial including the preservation of mass, 

contractility and regeneration. Here, we aimed to determine the extent to which estradiol 

deficiency affects strength recovery when muscle is challenged by multiple BaCl2-induced injuries 

and to assess how satellite cell number is influenced by the combination of estradiol deficiency 

and repetitive skeletal muscle injuries. A longitudinal study was designed, using an in vivo 
anesthetized mouse approach to precisely and repeatedly measure maximal isometric torque, 

coupled with endpoint fluorescent-activated cell sorting to quantify satellite cells. Isometric torque 

and strength gains were lower in ovariectomized mice at several time points after the injuries 

compared to those treated with 17β-estradiol. Satellite cell number was 41-43% lower in placebo- 

than estradiol-treated ovariectomized mice, regardless of injury status or number of injuries. 

Together, these results indicate that the loss of estradiol blunts adaptive strength gains and that the 

number of satellite cells likely contributes to the impairment.
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Estradiol, the primary female sex hormone, is classically known to regulate reproductive 

organ development and function. It is also recognized that estradiol plays an important role 

in regulating skeletal muscle strength (Greising et al., 2009). For example, muscle strength 
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of women declines at a time corresponding to menopause (i.e., the cessation of estradiol 

production), and estradiol-based hormone therapy in post-menopausal women has been 

shown to maintain muscle strength (Phillips et al., 1993; Greising et al., 2009). A common 

approach to study estradiol in rodent models is the surgical removal of the ovaries 

(ovariectomy; Ovx) and subsequent treatment with or without 17β-estradiol (E2), the most 

biologically active form of estrogen. Using this approach, strength loss has been measured in 

Ovx mice (Moran et al., 2007; Greising et al., 2009), similar to post-menopausal women 

(Phillips et al., 1993; Greising et al., 2009). Loss of muscle strength in females due to E2 

deficiency is attributed to inadequate preservation of skeletal muscle mass (Kamanga-Sollo 

et al., 2017) and reduced quality of the remaining skeletal muscle (Moran et al., 2007; 

Qaisar et al., 2013; Lai et al., 2016). Although E2 likely works through various mechanisms, 

leading candidates contributing to strength loss are apoptotic-induced reductions in muscle 

mass (La Colla et al., 2017; Laakkonen et al., 2017; Collins et al., 2019), modifications to 

myosin heavy chain function (Moran et al., 2007; Qaisar et al., 2013) through 

phosphorylation of the regulatory light chain (Lai et al., 2016; Collins et al., 2018), 

abnormal inflammation (Tiidus et al., 2001), and impaired mitochondrial function (Ribas et 

al., 2016; Valencia et al., 2016).

Estradiol also affects recovery of muscle following injury and thus, E2 deficiency in females 

would theoretically further exacerbate loss of strength via this mechanism. In support of this 

theory, muscles from Ovx mice have been shown to be weaker following various injuries 

(e.g., freeze injury, eccentric contraction-induced injury) compared to control or Ovx+E2 

mice (Schneider et al., 2004; Kosir et al., 2015; Le et al., 2018; Collins et al., 2019). 

Estradiol may influence recovery of strength by regulating various pathways of skeletal 

muscle degeneration and regeneration. These include, but are not limited to, immune cells 

(Tiidus et al., 2001; Le et al., 2018) and muscle stem cells (i.e., satellite cells) (Tiidus et al., 

2005). For instance, following a freeze-induced injury, a moderate dose of E2 given to Ovx 

mice increased neutrophil recruitment and recovery of muscle strength over that of a placebo 

treatment (Le et al., 2018). While acute inflammation including neutrophils and 

macrophages dominate the initial degenerative phase following injury (Arnold et al., 2007), 

the capacity for muscle to regenerate is largely due to the satellite cell population (Rathbone 

et al., 2003; Lepper et al., 2011). Satellite cells are small, mitotically quiescent stem cells 

that reside under the basal lamina of the muscle fiber (Mauro, 1961) and express the 

transcription factor Pax7 (Seale et al., 2000; Bosnakovski et al., 2008). Depleting satellite 

cells prevents skeletal muscle regeneration following injury (Lepper et al., 2011; Fry et al., 

2015). Thus, the regenerative capacity of skeletal muscle requires maintenance of the 

satellite cell population. We recently reported that loss of E2 or estrogen receptor-α (ERα) 

in satellite cells reduces satellite cell number in skeletal muscles of female mice through a 

process involving apoptosis (Collins et al., 2019). These data indicate E2 regulates satellite 

cell maintenance in females under steady-state conditions, and likely muscle regeneration 

and recovery of strength following a single, isolated injury from an insult such as 

cardiotoxin or barium chloride (BaCl2).

In a physiological setting, skeletal muscle does not typically sustain a single injury, but 

rather numerous injuries over a lifetime. Repeated injuries have previously been used to 

assess skeletal muscle stress resistance, resilience, and adaptability in healthy and diseased 
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mouse models, such as muscular dystrophy and malignant hypothermia (Corona et al., 2008; 

Baumann et al., 2020). However, is it unclear how repeated injuries to E2 deficient skeletal 

muscle impacts recovery, satellite cell number, and subsequent strength gains. Therefore, the 

purpose of this study was to (1) determine the extent to which E2 deficiency affects strength 

recovery when muscle is challenged by multiple injuries and, (2) assess how satellite cell 

number is influenced by the combination of E2 deficiency and repetitive skeletal muscle 

injuries. Considering that skeletal muscle regeneration following injury requires satellite 

cells and E2 maintains satellite cell number, in this study we hypothesized that recovery of 

strength following repeated injuries is impaired in mice without E2.

METHODS

Ethical approval

All animal procedures were approved by the Institutional Animal Care and Use Committees 

at the University of Minnesota (A3456). For all in vivo procedures (Ovx surgery and torque 

measurements), mice were initially anesthetized in an induction chamber using isoflurane, 

and then maintained by inhalation of isoflurane via a nose cone (1.25%, 125 mL O2 per 

min). Mice were euthanized with an overdose of sodium pentobarbital (IP injection at 200 

mg/kg) at the completion of the study. Investigators understand the ethical principles and 

ensure that the work complies with the animal ethics checklist of the journal.

Experimental animals and design

Female wildtype (C57Bl/6) mice were obtained from Jackson Laboratory (Bar Harbor, ME, 

USA) at 12 wk of age, and aged to 16 wk prior to the initiation of the study. Mice were 

housed in groups of 4-5 and had access to phytoestrogen-free rodent chow (Harlan-Teklad 

#2019; Indianapolis, IN, USA) and water ad libitum. The housing room was maintained on a 

14:10 h light:dark cycle with controlled temperature and humidity.

Mice were randomly assigned to one of two treatment groups: Placebo (n=24) or E2 (n=21). 

Four hours prior to the surgery, mice were given a subcutaneous injection of slow-release 

buprenorphine. Immediately following the Ovx surgery, mice received a placebo or slow-

release E2 pellet. Three weeks following Ovx surgery, mice were tested for in vivo maximal 

isometric torque of the anterior crural muscles [tibialis anterior (TA), extensor digitorum 

longus, extensor hallucis muscles] (Pre; Figure 1) and retested weekly four times in a 

repeated measures design (i.e., pre-injury, and 7, 14 and 21 d post-injury). Immediately after 

recording in vivo maximal isometric torque during the pre-injury and each of the 21-d 

assessments, TA muscles were injured with intramuscular injections of BaCl2. Thus, over a 

10-wk period TA muscles were injured three times with BaCl2 and assessed for maximal 

isometric torque production on 10 separate occasions (Figure 1). Mice were monitored daily 

for 3 d following all surgical procedure (ovariectomy or BaCl2 injections). TA muscles that 

were injured once or three times were given 63 or 21 d to recover, respectively. A subset of 

mice within each group served as uninjured controls. At the end point, uteri and TA muscles 

were dissected and weighed. Uterine mass <30 mg was used as an inclusion parameter to 

indicate successful Ovx surgery (Wood et al., 2007).
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The total number of satellite cells in TA muscles was measured by FACS, with muscles 

designated as uninjured, injured once or injured three times. To determine adaptive strength 

gains, defined as the gain in torque from the initial pre-injury torque (Pre; Figure 1) to 21 d 

post-injury for each injury, a percent change was calculated as: ((21 d Post-Injury Torque − 
Pre-Injury Torque of Injury #1) / Pre-Injury Torque of Injury #1) * 100. Torque data 

expressed as fractional change following the first and second injuries for a subset of mice 

were previously reported (Collins et al., 2019).

Experimental methodology

Ovx surgery and treatment pellets—Under aseptic conditions, bilateral Ovx was 

performed through two small dorsal incisions between the iliac crest and the lower ribs 

(Moran et al., 2007). Immediately after Ovx, mice were implanted with pellets containing 

placebo or 0.18 mg E2 released over a 60-d period (Innovative Research of America, 

Sarasota, FL). This dose of E2 has been shown to mimic physiological levels in female mice 

(Greising et al., 2011; Le et al., 2018).

In vivo analysis of muscle torque—As previously described (Baumann et al., 2014), 

anesthetized mice were placed on a temperature-controlled platform to maintain core body 

temperature. The left knee was clamped and the left foot was secured to an aluminum “shoe” 

that is attached to the shaft of a 300B servomotor (Aurora Scientific, ON, Canada). 

Sterilized platinum needle electrodes were inserted through the skin for stimulation of the 

left common peroneal nerve. Stimulation voltage and needle electrode placement were 

optimized with isometric tetanic contractions (200 ms train of 0.1 ms pulses at 200 Hz). 

Contractile function of the anterior crural muscles was then assessed by measuring isometric 

torque as a function of stimulation frequency, with the highest recorded torque defined as 

maximal isometric torque.

BaCl2-induced injury—To induce skeletal muscle injury several methods have been used 

previously, including natural toxins (cardiotoxin, notexin), chemical reagents (BaCl2), 

physical injury (freeze or crush injury), medications (bupivacaine), and eccentric-contraction 

induced injury (Tierney & Sacco, 2016). Here, we use local exposure of BaCl2 (1.2% in 

sterile demineralized water; ~57mM) (Ricca Chemical Company, Arlington, TX) to induce 

muscle injury because, unlike freeze injury, BaCl2 causes myofiber necrosis through 

calcium-induced proteolysis, which does not affect the surrounding mononuclear population 

(i.e., satellite cells and fibroblasts) (Hansen et al., 1984; Caldwell et al., 1990; Cornelison et 

al., 2004; Murphy et al., 2011; Hardy et al., 2016; Morton et al., 2019). BaCl2 is a widely 

used method of injury due to its ability to cause consistent, repeatable muscle injury, as well 

as the absence of regulatory restrictions that accompany the purchase and use of natural 

toxins. Briefly, to induce injury, a small incision was made to expose the TA muscle, the 

Hamilton syringe needle was inserted at a 30° angle into the distal end of the TA muscle, 

pulled parallel to the tibia and 25 μL of BaCl2 was slowly injected. The syringe was held in 

place for 30 s following the injection to prevent fluid loss and the skin incision was closed 

with a single suture. To determine the volume of 1.2% BaCl2 to completely injure the TA 

muscle, we performed preliminary experiments with 25 μL or 50 μL injections via insulin or 

Larson et al. Page 4

Exp Physiol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hamilton syringe. We found that > 90% of the TA myofibers were affected histologically 

after injecting 25 μL 1.2% BaCl2 and preferred delivery with Hamilton syringe.

Isolation, staining, and FACS analyses of satellite cells—Isolation of satellite cells 

from TA muscles was performed as described in detail previously (Collins et al., 2019). 

Briefly, TA muscles were digested with collagenase type II and dispase (17101-015 and 

17105-041, respectively; Gibco, Grand Island, NY). Mononuclear cells were stained using 

an antibody mixture of PE-Cy7 rat anti-mouse CD31 (clone 390), PE-Cy7 rat anti-mouse 

CD45 (clone 30-F11), Biotin rat anti-mouse CD106 (clone 429(MVCAM.A)) and PE 

Streptavidin from BD Biosciences (San Diego, CA); and alpha7 integrin 647 (clone R2F2) 

from AbLab (Vancouver, B.C., Canada). Samples were incubated with antibody cocktail, 

washed, and resuspended with FACS staining medium containing propidium iodide for 

analysis on a FACSAriaII SORP (BD Biosciences, San Diego, CA). Total satellite cells 

(lineage negative; VCAM, alpha7 double positive cells) were analyzed while draining the 

entire sample from each TA muscle sample (Figure 2).

Statistical analyses

To analyze the effect of treatment (Placebo vs. E2) on torque (Pre, 7 d, 14 d, 21 d for Injuries 

#1-#3) or adaptive strength gains (Pre and 21 d following Injuries #1-#3) across time, a 

repeated measures two-way analysis of variance (ANOVA) was utilized (with time as the 

repeated measure). A two-way ANOVA was used to assess the effect of treatment across 

time (Uninjured, Post-Injury #1 and Post-Injury #3) for satellite cell number and TA muscle 

mass. Bonferroni post hoc tests were performed in the event of a significant interaction or 

main effect of time. T-tests were used to detect difference in body mass and uterine mass 

between treatment or across time (study start and end times). An α level of <0.05 was used 

for all analyses. Data are presented as mean±SD. All statistical testing was performed using 

SigmaPlot version 12.5 (Systat Software, San Jose, CA).

RESULTS

Mouse body and uterine masses

Body mass did not differ between mice designated to Placebo or E2 groups (20.2±0.9 vs. 

20.3±1.5 g; p=0.780) prior to the Ovx surgery. Both groups gained body mass 12 weeks 

following the surgery (p<0.001), however the Ovx+Placebo mice weighed 20% more than 

the Ovx+E2 mice (30.3±4.4 vs. 25.1±2.3 g; p<0.001). Uterine mass was ~9-fold less in Ovx

+Placebo than Ovx+E2 mice (16.1±4.9 vs. 141.3±40.3 mg; p<0.001) with all uteri being < 

25 mg in Ovx+Placebo mice.

Maximal isometric torque

To assess recovery of strength after injuries, in vivo isometric torque was measured in Ovx

+Placebo and Ovx+E2 mice at several time points. An interaction between treatment and 

time was observed for maximal isometric torque (p<0.001). Isometric torque did not differ 

between groups prior to the first injury (Pre; 2.09±0.27 vs. 1.91±0.13 mN·m, p=0.146) and 

was greater in Ovx+Placebo than Ovx+E2 mice at day 7 following injury #1 (p=0.046; 

Figure 3A & B). In contrast, at 7, 14 and 21 days after the second injury, Ovx+Placebo mice 
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produced 13-22% less isometric torque than Ovx+E2 mice (p≤0.021). Isometric torque 

following the third injury tended to be lower in Ovx+Placebo mice at day 14 (p=0.070), and 

was 11% less than Ovx+E2 mice by day 21 (2.67±0.23 vs. 3.01±0.40 mN·m, p=0.029; 

Figure 3A & B).

Because in vivo maximal isometric torque appeared to increase above the initial pre-injury 

torque during the latter recovery periods (unshaded area, Figure 3B), we calculated adaptive 

strength gains at 21 d after each injury. When expressed as a percent change relative to Pre, 

both groups experienced an increase in isometric torque by the end of the study (p=0.005). 

These adaptive strength gains were not significantly different between the Ovx+Placebo and 

Ovx+E2 mice following first injury (14 vs. 26%; p=0.194). However, after the second and 

third injuries, adaptive strength gains at the 21 d post-injuries were less in Ovx+Placebo 

mice, with strength only increasing by 26-29% vs. 57-58% in Ovx+E2 mice relative to their 

respective Pre torque values (p≤0.002).

TA muscle mass and satellite cell numbers

To determine if the differences observed in maximal isometric torque were due to 

differences in muscle hypertrophy, we assessed mass of the uninjured and recovered TA 

muscles following the single and triple injury. An interaction between treatment and time 

was detected for TA muscle mass (p=0.006). Following the third injury, TA muscles of the 

Ovx+Placebo mice weighed 20% less than that of the Ovx+E2 mice (p<0.001; Figure 4A). 

Within the Ovx+E2 group, TA muscle mass was greater following injuries #1 and #3 

compared to uninjured muscles indicating hypertrophy at the 21-d recovery times (p≤0.012; 

Figure 4A).

To quantify satellite cells, we used flow cytometry to count the number of lineage negative; 

VCAM, alpha7 integrin positive cells in entire TA muscles. The number of satellite cells in 

TA muscles was approximately 42% lower in Ovx+Placebo than Ovx+E2 mice (treatment 

effect; p<0.001; Figure 4B). The number of times that the TA muscle was injured did not 

alter the absolute number of satellite cells (time effect; p=0.230; Figure 4B). No treatment 

by time interaction was detected (p=0.849).

As with absolute satellite cell number (Figure 4B), satellite cell number per mg of TA 

muscle mass was lower in Ovx+Placebo than Ovx+E2 mice (treatment effect; p<0.001; 

Figure 4C). In contrast to absolute numbers, when accounting for hypertrophy as measured 

by muscle mass, there was a main effect of time (p=0.002). Satellite cell number per muscle 

mass was 26-40% less after injury #1 and #3 compared to that of uninjured muscles. No 

treatment by time interaction was detected (p=0.174).

DISCUSSION

The purpose of this study was to determine the extent to which E2 deficiency affects 

recovery of skeletal muscle strength and satellite cell number when challenged by multiple 

injuries. This report is the first to measure recovery of strength at several time points 

following three injuries in ovariectomized mice with and without estradiol treatment (Ovx

+E2 and Ovx+Placebo, respectively). It is also one of few studies to measure total muscle 
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satellite cell number by FACS using a repetitive injury model. The major findings of this 

study are: 1) after repeated injuries, muscles from Ovx+Placebo mice exhibit a blunted 

ability to adapt as indicated by smaller and weaker muscles compared to those from Ovx+E2 

mice, and 2) satellite cell number is lower in Ovx+Placebo mice compared to Ovx+E2 mice 

regardless of injury status (uninjured or injured) or the number of injuries (1, 2 or 3). Taken 

together our data support the notion that the loss of E2 blunts adaptive strength gains and 

that the number of satellite cells likely contributes to the impairment. However, considering 

that recovery of strength occurred in Ovx mice, we are unable to support the hypothesis that 

recovery of strength would be impaired in mice without E2.

One of the more salient mechanisms that regulates skeletal muscle regeneration is the 

homeostatic maintenance of the satellite cell pool (Shefer et al., 2006), with loss of satellite 

cells being detrimental to regeneration. Decrements in satellite cell number can arise from 

changes in the muscle environment (Dumont et al., 2015), such as loss of E2-ERα signaling 

(Collins et al., 2019). In the present study, BaCl2-induced injuries were used to evaluate 

skeletal muscle regeneration with parallel analyses of strength recovery and adaptability. 

Hardy et al. reported that satellite cell number decreased 53% 18 h after a BaCl2–induced 

injury followed by an increase in proliferation resulting in a 4-fold increase in satellite cell 

number (Hardy et al., 2016). By three months post-injury, satellite cell number returned to 

baseline (Hardy et al., 2016). We quantified satellite cell number in TA muscles that were 

uninjured or recovered following a single or triple injury. The results presented here show 

that absolute satellite cell number remains low in Ovx+Placebo mice after a single injury or 

three repeated injuries, while the absolute satellite cell number in Ovx+E2 muscle remains 

consistently higher (Figure 4B). Since further decrements in absolute satellite cell number 

with E2 deficiency were not observed with repeated injuries, our data suggest that the 

remaining population of satellite cells in the Ovx+Placebo muscle are resilient to pro-

apoptotic signals and maintain their ability to self-renew.

Several studies have investigated factors that influence satellite cell number and muscle 

regeneration, yet the link between satellite cells and recovery of strength has been minimally 

studied. Combining satellite cell ablation and hindlimb casting to model muscle 

contractures, Dayanidhi et al. (2020) showed that a reduced number of satellite cells 

impaired muscle’s ability to add sarcomeres in series and recover from the immobilization-

induced contracture. That study suggested that there is a relationship between satellite cell 

number and muscle growth. Using an eccentric contraction-induced injury model and 

irradiation to eliminate satellite cells, Rathbone et al. (2003) reported that recovery of in vivo 
maximal isometric torque 35 d after a single injury was 25% less when satellite cells were 

eliminated. We are aware of no studies that determined the effect of reduced satellite cell 

number on strength recovery following multiple injuries. The results presented here show 

that regardless of BaCl2 injury number, maximal isometric torque of Ovx+Placebo mice 

fully recover and increase 21 d post-injury compared to that of their pre-injury torque. 

However, when E2 was present and satellite cell number was maintained, Ovx+E2 mice were 

able to produce more torque as well as greater strength gains following repeated injures 

compared to Ovx+Placebo mice (Figure 3). We suggest that satellite cells that survived in 

the E2 deficient muscle were resilient and capable of regenerating injured muscle to support 

recovery of strength, yet were insufficient to induce adaptive strength gains (i.e., 
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hypertrophy) as measured in TA muscle of Ovx+E2 mice (Figure 4A). These data are in 

agreement with Egner et al., (Egner et al., 2016) who showed that overload hypertrophy was 

prevented in satellite cell-deficient mice indicating that satellite cells are necessary for 

effective muscle hypertrophy. Overall, our data suggest that E2 deficiency impairs the ability 

of muscle to adapt after repeated injuries and that mechanistically satellite cell number 

contributes to this functional deficit.

In summary, we report that E2 deficiency impairs the adaptive potential of skeletal muscle 

following repeated BaCl2-induced injuries, as measured by skeletal muscle mass and 

strength. The blunted ability of E2 deficient muscle to recover and adapt to repeated injuries 

is likely multifactorial, however our data suggest one mechanism is reduction in the number 

of satellite cells. We highlight the role of E2 in maintaining muscle strength, an important 

consideration in the context of aging because repeated injuries accumulate over a lifetime 

and can contribute to age-related strength loss (Brooks & Faulkner, 1994). Thus, our 

findings have implications for aging, hormone replacement and regenerative medicine in 

regards to maintaining satellite cell number and ultimately the preservation of skeletal 

muscle’s adaptive potential.
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NEW FINDINGS

What is the central question of this study?

Estradiol (E2) plays an important role in regulating skeletal muscle strength in females. 

Here, we asked to what extent E2 deficiency affects recovery of strength and satellite cell 

number when muscle is challenged by multiple injuries.

What is the main finding and its importance?

E2 deficiency impairs the adaptive potential of skeletal muscle following repeated 

injuries, as measured by muscle mass and strength. The impairment is likely 

multifactorial with our data indicating that one mechanism is reduction in satellite cell 

number. Our findings have implications for aging, hormone replacement and regenerative 

medicine in regards to maintaining satellite cell number and ultimately the preservation 

of skeletal muscle’s adaptive potential.
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Figure 1. Experimental timeline for treatment, assessment of in vivo isometric torque, injury 
induction and tissue collection.
Mice were randomly assigned to one of two treatment groups prior to an ovariectomy (Ovx) 

surgery: Placebo or 17β-estradiol (E2). In vivo isometric torque of the anterior crural 

muscles was then measured before (Pre), and 7, 14 and 21 d following repeated BaCl2-

induced injuries. After recovery from the first or third injuries, tissues were collected and 

satellite cell number of injured and uninjured tibialis anterior (TA) muscles was measured 

using FACS.
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Figure 2. Representative FACS plots of cells isolated from TA muscles of Ovx mice with and 
without 17β-estradiol treatment.
FACS plots show total satellite cells in TA muscles from Ovx+E2 and Ovx+Placebo mice 

that were quantified by lineage negative; VCAM, alpha7 integrin double positive cells. All 

gated events from individual TA muscles are shown.
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Figure 3. Mice that lack E2 are weaker following repeated injuries.
(A) Representative tracings of maximal isometric torque by anterior crural muscles before 

(Pre) and 21 d following one, two or three BaCl2-induced injures. (B) Repeated in vivo 
isometric torque measurements were made on Ovx+E2 and Ovx+Placebo mice before injury, 

and at 7-d intervals after one, two and three BaCl2–induced injuries. Data points above 

shaded area represent adaptive strength gains. Ovx; ovariectomized, E2; 17β-estradiol. 

Sample size per group, n=7 mice. Values are presented as mean±SD. Post hoc results 

following a significant interaction between treatment and time are shown in B (p<0.05). 

*Significantly different from Ovx+E2 at given time point.
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Figure 4. E2 improves the maintenance of satellite cell number before and after injuries.
(A) Differences in TA muscle masses due to estradiol treatment depend on the number of 

injuries (interaction effect; p<0.006). (B) The total number of satellite cells in TA muscles, 

quantified by FACS as lineage negative;VCAM, alpha7 double-positive cells, is greater in 

ovariectomized mice treated with estradiol (main effect of treatment; p<0.001). (C) The total 

number of satellite cells normalized to muscle mass is greater in ovariectomized mice 

treated with estradiol (main effect of treatment; p,0.001) and lower with injury (main effect 

of time; p=0.002). Data was derived from the TA muscles of Ovx+E2 and Ovx+Placebo 

mice that were not injured, or from TA muscles that had recovered from one or three BaCl2-

induced injuries. Sample size per group, n=7-16 mice. Ovx; ovariectomized, E2; 17β-

estradiol. Values are presented as mean±SD. For A, following the significant interaction 

pairwise post-hoc results are indicated by: *Significantly different from Ovx+E2 at given 
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time point; #Significantly different from Uninjured within treatment group. Main effects of 

two-way ANOVAs are indicated above each set of bars in B and C.
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