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Intramuscular �2-agonist administration enhances early regeneration
and functional repair in rat skeletal muscle after myotoxic injury

James G. Ryall, Jonathan D. Schertzer, Tammy M. Alabakis, Stefan M. Gehrig, David R. Plant,
and Gordon S. Lynch
Basic and Clinical Myology Laboratory, Department of Physiology, The University of Melbourne, Melbourne, Victoria,
3010, Australia
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Ryall JG, Schertzer JD, Alabakis TM, Gehrig SM, Plant DR,
Lynch GS. Intramuscular �2-agonist administration enhances early
regeneration and functional repair in rat skeletal muscle after myo-
toxic injury. J Appl Physiol 105: 165–172, 2008. First published April
24, 2008; doi:10.1152/japplphysiol.00317.2007.—Systemic adminis-
tration of �2-adrenoceptor agonists (�2-agonists) can improve skeletal
muscle regeneration after injury. However, therapeutic application of
�2-agonists for muscle injury has been limited by detrimental cardio-
vascular side effects. Intramuscular administration may obviate some
of these side effects. To test this hypothesis, the right extensor
digitorum longus (EDL) muscle from rats was injected with bupiva-
caine hydrochloride to cause complete muscle fiber degeneration. Five
days after injury, half of the injured muscles received an intramuscular
injection of formoterol (100 �g). Muscle function was assessed at 7,
10, and 14 days after injury. A single intramuscular injection of
formoterol increased muscle mass and force-producing capacity at
day 7 by 17 and 91%, respectively, but this effect was transient
because these values were not different from control levels at day 10.
A second intramuscular injection of formoterol at day 7 prolonged the
increase in muscle mass and force-producing capacity. Importantly,
single or multiple intramuscular injections of formoterol did not elicit
cardiac hypertrophy. To characterize any potential cardiovascular
effects of intramuscular formoterol administration, we instrumented a
separate group of rats with indwelling radio telemeters. Following an
intramuscular injection of formoterol, heart rate increased by 18%,
whereas systolic and diastolic blood pressure decreased by 31 and
44%, respectively. These results indicate that intramuscular injection
can enhance functional muscle recovery after injury without causing
cardiac hypertrophy. Therefore, if the transient cardiovascular effects
associated with intramuscular formoterol administration can be min-
imized, this form of treatment may have significant therapeutic po-
tential for muscle-wasting conditions.

skeletal muscle injury; muscle repair; adrenoceptor; fatigue; cardio-
vascular system

SKELETAL MUSCLES CAN BE INJURED as a consequence of extrinsic
events, including mechanical stress, crush, contusion, and lac-
eration (3, 4, 13, 31); intrinsic events, such as ischemia and
metabolic deficits; or diseases, such as the muscular dystro-
phies (18, 33). Although skeletal muscles have an intrinsic
ability to regenerate after injury, repair is often slow and
sometimes incomplete (9, 19, 23). Furthermore, regenerating
muscles have a reduced functional capacity and can be more
susceptible to reinjury (14). Thus developing safe and effective
treatments that enhance muscle repair following injury would
improve the quality of life for many patients.

Sympathomimetics such as �2-adrenoceptor agonists (�2-
agonists) have therapeutic potential for conditions in which
muscle wasting and weakness are indicated. These agents
increase muscle size and strength of healthy muscle fibers and
enhance the rate of muscle repair following injury (1, 8, 26,
27). In previous studies using �2-agonists to induce muscle
growth, high doses have been administered systemically over a
period of weeks, either orally, via intraperitoneal injection, or
by subcutaneous infusion (6, 21, 26, 27). However, these
routes of administration, combined with the high doses of these
agents and the lengthy treatment periods required to elicit
skeletal muscle hypertrophy, have been associated with car-
diovascular side effects (especially cardiac hypertrophy) that
have so far limited their clinical applicability (5, 10, 20).

We have demonstrated that the cardiac hypertrophy associ-
ated with �2-agonist administration in rats and mice can be
minimized through use of micromolar doses of highly selective
�2-adrenoceptor compounds, such as formoterol (28). In the
present study, our purpose was to further limit potential sys-
temic effects through single or multiple intramuscular injec-
tions of formoterol while maintaining the beneficial effects on
skeletal muscle regeneration. We tested the hypothesis that
direct intramuscular delivery of the �2-agonist would improve
muscle structure and function after injury. Furthermore, we
hypothesized that a single intramuscular injection of formot-
erol would not be associated with cardiac hypertrophy.

METHODS

Experimental animals. All procedures were approved by the Ani-
mal Experimentation Ethics Committee of The University of Mel-
bourne and conformed to the Guidelines for the Care and Use of
Experimental Animals described by the National Health and Medical
Research Council of Australia. Adult male Sprague-Dawley (SD) rats
were bred and housed in the Biological Research Facility at The
University of Melbourne. Rats were kept in standard cages with
access to food pellets and water ad libitum and were maintained on a
12-h light/12-h dark cycle, operating in light from 0600–1800.

Determination of optimal dose of formoterol for intramuscular
injection. Adult male SD rats (n � 25 rats, body mass � 300–380 g)
were randomly allocated into one of five formoterol-treated groups.
Rats received 0.01, 0.1, 1.0, 10, or 100 �g formoterol (in 0.1 ml
saline) via a single intramuscular injection into the right extensor
digitorum longus (EDL) muscle. The left EDL muscle served as the
untreated control.

The rats were deeply anesthetized (100 mg/kg ketamine and 10
mg/kg xylazine ip at 2 ml/kg; Troy Laboratories, Smithfield, NSW,
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Australia), the EDL muscle was surgically exposed, and formoterol
was administered via intramuscular injection into the mid-belly re-
gion. The wound was then closed with Michel clips (Aesculap,
Tuttlingen, Germany), and rats were allowed to recover.

Five days after the intramuscular formoterol injection, rats were
anesthetized with sodium pentobarbital (60 mg/kg ip; Sigma-Aldrich,
Castle Hill, NSW, Australia), with supplemental doses administered
to maintain an adequate depth of anesthesia, such that there was no
response to tactile stimulation. Both the right (treated) and left
(control) EDL muscles were surgically excised, blotted on filter paper,
trimmed of their tendons, and weighed on an analytical balance. The
still-anesthetized rats were killed by opening of the thoracic cavity
and excising the heart. Muscle mass (as %control) was plotted against
the negative logarithm of dose, and nonlinear regression analysis was
performed by using GraphPad Prism v. 4.02 for Windows (GraphPad
Software, San Diego, CA) using the following sigmoidal dose-re-
sponse (variable slope) relationship, as described previously (28).

Y � Ybot � �Ytop � Ybot�/�1 � �10�logDose50�X� �nH	


where Ybot is the value at the bottom of the plateau, Ytop is the value
at the top of the plateau, and X and Y are the dose-response variables.
The dose of formoterol that caused the greatest increase in EDL
muscle mass was 100 �g, and this was the dose used for the remaining
experiments.

Intramuscular administration of formoterol following myotoxic
injury. Adult male SD rats (420–480g; n � 48) were allocated into
either control (n � 24) or treated (n � 24) groups. Rats were
anesthetized with ketamine and xylazine, such that there was no
response to tactile stimuli. The right EDL muscle was surgically
exposed and injected to holding capacity with 0.5% bupivacaine
hydrochloride [1-butyl-N-(2, 6-dimtthylphenyl)-2-piperidinecarbox-
amide] as described previously (1). The left EDL muscle from control
rats served as the uninjured control, and the right EDL muscle served
as the injured control and was designated as the injured muscle.

Following the surgical procedure, the right EDL muscle of treated
rats was injected with formoterol (100 �g im in 0.1 ml saline) 5 days
after myotoxic injury and was designated as the injured � formoterol
muscle. This time point was chosen because bupivacaine causes
extensive muscle fiber degeneration within the first two days after
administration and myofiber regeneration commences thereafter (24,
25). We have also shown previously that at this time during regener-
ation, �2-adrenoceptor concentration is elevated significantly (1).
Muscle regeneration was assessed at 7, 10, and 14 days after injury.

To determine if there were any crossover effects of intramuscular
formoterol administration, the left untreated EDL muscles from for-
moterol-treated rats were weighed and their muscle mass compared
with that of the left untreated EDL muscles from control rats.

In vitro muscle contractile properties. At the completion of the
treatment period, rats were anesthetized via intraperitoneal injection
of pentobarbital sodium, with supplemental doses administered as
required. The muscles were surgically excised and placed in a custom-
built Plexiglas organ bath containing a modified Krebs-Ringer solu-
tion (in mM: 137 NaCl, 24 NaHCO3, 11 D-glucose, 5 KCl, 2 CaCl2,
1 NaH2PO4 �H2O, 0.487 MgSO4 �7H2O, 0.293 D-tubocurarine chlo-
ride; pH 7.4) thermostatically maintained at 25°C. Contractile param-
eters such as twitch force (Pt), time-to-peak twitch force, one-half
twitch relaxation time (1/2RT), and maximum force of contraction
(Po) were determined as described previously (1, 26, 27). Briefly,
EDL muscles were stimulated by supramaximal square-wave pulses
(0.2-ms duration) that were amplified (40 V, Ebony, dual-channel
power amplifier EP500B; Audio Assemblers, Campbellfield, VIC,
Australia) to increase and sustain current intensity at a sufficient level
to produce a maximum isometric tetanic contraction. All stimulation
parameters and contractile parameters were controlled and measured
by using custom-written software (D. R. Stom Software Solutions,
Ann Arbor, MI) of Labview software (National Instruments, Austin, TX).

Isometric contractions of the EDL muscles were measured at
stimulation frequencies of 10, 20, 30, 50, 80, 100, 120, and 150 Hz to
generate a frequency-force relationship. Po was determined from the
plateau of the frequency-force relationship.

EDL muscles were also subjected to a fatigue protocol whereby the
muscle was stimulated maximally once every 4 s for a period of 4 min
and then maximally stimulated again at 5 min after fatigue to deter-
mine functional recovery after fatigue (1, 26, 27).

At the completion of all contractile measurements, the muscles
were trimmed of their tendons and any adhering nonmuscle tissue,
weighed, and snap frozen in thawing isopentane for cryosectioning
and staining with hematoxylin and eosin for determination of mean
muscle fiber cross-sectional area (CSA). The still-anesthetized rats
were killed by cardiac excision, and the heart was trimmed of its atria
and nonmuscle tissue, blotted, and weighed on an analytical balance.

Myosin heavy chain isoform composition. Myosin heavy chain
(MyHC) isoform composition was determined via SDS-PAGE. Mus-
cle samples were homogenized on ice in phosphate-buffered saline,
and MyHCs were isolated by multiple centrifugation steps as de-
scribed previously (12). Protein concentration was equalized via the
method of Bradford, and a volume containing 10 �g of protein was
added to 90 �l of Guba-Straub buffer and 30 �l of bromophenol blue
solution. Immediately before gel loading, samples were heated at
95°C for 5 min, after which 6 �l of sample was loaded per well.
MyHC isoforms were separated on an 11% acrylamide-bis (50:1) gel
by SDS-PAGE, run at 70 V (at 4°C) for 28 h. Protein bands were
visualized with the Invitrogen Silver Stain kit (cat. no. LC6100;
Invitrogen, Mount Waverly, VIC, Australia), and band densities were
analyzed using the image-analysis software described previously (12).

Quantitative RT-PCR and Western immunoblotting for eyes absent.
Because previous studies have linked increased expression of the
transcriptional cofactor eyes absent (EYA1) to a shift toward a
fast-twitch phenotype (11), we examined EYA1 mRNA and protein
levels at 7 days after injury. Total RNA was isolated from EDL
muscles by using an RNeasy kit according to the manufacturer’s
instructions (Qiagen Fibrous Tissue Mini-kit). Quantitative RT-PCR
was performed by using Random hexamers (SSIII First-Strand Syn-
thesis for RT PCR; Invitrogen). Primers specific for the rat EYA1
gene were designed by using Primer3 software, and mRNA sequences
were obtained via the Entrez Gene database as follows: forward,
5�-AAT TTA TGC CTG GCA ACT GG-3�; reverse, 5�-GCA GAC
CTC CCA CAT TGT TT-3�. EYA1 cDNA levels were compared by
using 25-�l reactions containing 1 SYBR green (Applied Biosys-
tems), 100 nM of each forward and reverse primer for SYBR green,
and 0.3 �M cDNA. PCR was conducted over 40 cycles of 95°C for
20 s, 55°C for 30 s, and 72°C for 30 s, preceded by 3 min at 95°C.
Results were normalized against 18S and compared by relative ex-
pression.

SDS-PAGE was performed to separate proteins according to mo-
lecular mass, as described previously (29). Samples were loaded onto
an 8% polyacrylamide gel, with all samples run in duplicate. Follow-
ing SDS-PAGE, proteins were transferred to a PVDF membrane
(Bio-Rad, Gladesville, NSW, Australia) by semidry transfer (iBlot
module, Invitrogen). Nonspecific binding sites were blocked with
10% nonfat skim milk powder in phosphate buffered saline (pH 7.5)
applied for 60 min at room temperature. Immunoblotting was per-
formed on crude protein homogenates by using a primary antibody
specific for rat EYA1 (Santa Cruz Biotechnology) that was diluted
1:200 in 10% nonfat milk and incubated overnight at 4°C. After
application of an appropriate IgG secondary antibody (diluted 1:2,500
in 10% nonfat milk and applied for 60 min at room temperature),
protein quantification was performed by using an enhanced chemilu-
minescence immunodetection procedure (ECL Plus; Amersham Bio-
sciences, Sydney, NSW, Australia). Blots were visualized and digi-
tized (ChemiDoc XRS; Bio-Rad), and relative protein levels were
determined by scanning densitometry (QuantityOne; Bio-Rad). Val-
ues were normalized to control values. Finally, following immuno-
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blotting, PVDF membranes were stained with Ponceau stain to con-
firm equal protein loading (data not shown).

Successive intramuscular injections of formoterol to injured mus-
cles. A second group of adult male SD rats (300–380 g, n � 11) were
randomly assigned to either an untreated group (n � 5) or a 2
formoterol-treated group (n � 6) to determine the effect of successive
intramuscular injections. The right EDL muscles were injured with
bupivacaine hydrochloride as described previously (see Intramuscular
administration of formoterol following myotoxic injury), with the left
EDL muscles of the untreated group serving as uninjured controls.
Following the surgical procedure, treated rats received two intramus-
cular formoterol injections (100 �g in 0.1 ml saline) at 5 and 7 days
after myotoxic injury. Muscle structure and function were assessed at
10 days after injury. While under deep anesthesia, the rats were killed
by cardiac excision. The hearts were trimmed of atria and any
adhering nonmuscle tissue, blotted, and weighed.

Examination of systemic effects of intramuscular formoterol ad-
ministration. To determine whether intramuscular administration was
associated with any deleterious effects on cardiovascular function, a
group of SD rats (�270 g; n � 4), were instrumented with a surgically
inserted radio telemeter (TA11PA-C40 telemeter; Data Sciences In-
ternational, St. Paul, MN). Rats were anesthetized with pentobarbital
sodium, with supplemental doses administered to maintain an ade-
quate depth of anesthesia such that there was no response to tactile
stimulation. Before surgery, each rat received a subcutaneous injec-

tion of the analgesic meloxicam (Metacam, 0.2 ml/kg; Boehringer
Ingelheim, Ingelheim, Germany). The descending abdominal aorta
was exposed by a midline abdominal incision and was cannulated
rostral to the femoral bifurcation with the arterial pressure cannula of
a radio telemeter. The telemeter body was placed in the abdominal
cavity and was secured to the abdominal musculature. The rats were
allowed to recover from the surgical procedure for 14 days before
taking any readings.

To examine cardiovascular responses after intramuscular formot-
erol administration, we measured heart rate (HR), systolic blood
pressure (SBP), and diastolic blood pressure (DBP) following a single
intramuscular injection of formoterol (100 �g in 0.1 ml saline) while
the rat was anesthetized. Cardiovascular parameters were obtained by
using four receiver pads (Data Sciences International) connected to a
receiver multiplexer (RMX10; Data Sciences International) and one
channel on the consolidation matrix (BCM100; Data Sciences Inter-
national). Data were analyzed using the Dataquest A.R.T. program
(v. 2.2, Data Sciences International). SBP, DBP, and HR parame-
ters were recorded at a sampling rate of 64 Hz for a period of 20 s
every 5 min. Recordings were obtained while the rats were anes-
thetized and were grouped into a 15-min preinjection (baseline)
period, 0 –30 min immediately after formoterol administration, and
30 –90 min after formoterol administration. Telemetry recording
continued for �12 h.

Statistical analyses. All values in the text and tables are reported
as means � SE. Data for groups of muscles were compared
between treatments by using either two-factor ANOVA with Fish-
er’s least significant difference post hoc multiple-comparison pro-
cedure to identify the differences between groups. For the telem-
etry experiments, a single ANOVA was performed. In all cases,
differences between groups were considered significant when
P � 0.05.

RESULTS

Optimal dose of formoterol for intramuscular injection. The
results of the dose-response experiment are presented in Fig. 1.
EDL muscle mass was increased at all doses of formoterol
tested (P � 0.05). The maximal hypertrophic response of the
EDL to a single intramuscular injection of formoterol occurred
at a dose of 100 �g, and this dose was chosen for the remaining
experiments.

Morphometric properties of regenerating EDL following a
single intramuscular injection of formoterol. Injured EDL
muscle mass was reduced by 32 and 15% compared with

Fig. 1. Dose response for extensor digitorum longus (EDL) muscle mass as
%contralateral control muscle following intramuscular formoterol administra-
tion. Formoterol was administered via a single intramuscular injection at doses
of 0.01, 0.1, 1, 10, or 100 �g in 0.1 ml of saline, with muscle mass determined
7 days later. Values are means � SE.*P � 0.05 vs. control.

Table 1. Contractile properties of EDL muscles from control, injured, and injured � formoterol groups at 7, 10, and 14
days after injury

Days Postinjury

7 Days 10 Days 14 Days

Control Injured
Injured �
Formoterol Control Injured

Injured �
Formoterol Control Injured

Injured �
Formoterol

n 8 8 7 8 8 7 5 6 6
Muscle mass, mg 207�8 141�7* 165�8*# 218�8 185�7* 187�9* 215�8 227�3 207�8
Fiber CSA, �m2 2124�148 699�59* 1056�71*# 2678�172 1293�136* 1518�63* 2857�216 1720�130* 1894�102*
Pt, mN 914�44 284�34* 636�45*# 1111�45 534�45* 580�41* 1061�69 738�60* 700�44*
TPT, ms 29�1 28�2 33�1 35�1 32�1 33�2 32�1 32�1 30�1
1/2RT, ms 33�1 42�5* 31�2# 33�2 34�2 33�3 28�1 31�3 29�1
Po, mN 3204�113 977�73* 1867�161*# 3355�68 1792�69* 1879�154* 3335�177 2415�153* 2329�133*
sPo, mN 270�15 129�10* 205�10*# 284�3 168�9* 186�9* 279�6 197�10* 205�8*
Heart mass, mg 838�18 810�17 832�16 854�27 856�25 836�42

Values are means � SE; n � number of animals. EDL, extensor digitorum longus; CSA, cross sectional area; Pt, peak twitch force; TPT, time to peak twitch
force; 1/2RT, one-half relaxation time during twitch; Po, maximal tetanic force; sPo, force per CSA. *P � 0.05 vs. same-day control. #P � 0.05 vs. same-day
injured.
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control values at 7 and 10 days after injury, respectively (P �
0.05). However, by 14 days after injury, there was no differ-
ence in muscle mass between injured and control muscles
(Table 1). The decrease in muscle mass observed at 7 and 10
days after injury was associated with a 67 and 52% decrease in
muscle fiber CSA compared with control values, respectively
(P � 0.05). Muscle mass of injured muscles was restored to
control values by 14 days, but muscle fiber CSA remained 40%
below control values (P � 0.05).

A single intramuscular injection of formoterol (at day 5 after
injury) increased muscle mass by 17% (P � 0.05) at day 7, but
at 10 and 14 days after injury there was no difference in muscle
mass between injured and injured � formoterol groups. The
increase in muscle mass at 7 days after injury in the injured �
formoterol group was associated with a 51% increase in muscle
fiber CSA (P � 0.05). There was no difference in muscle fiber

CSA between injured and injured � formoterol groups at days
10 and 14.

EDL muscle mass in the untreated contralateral limb from
formoterol-treated rats was not different from control EDL
muscle mass at 7, 10, or 14 days (data not shown), indicating
that there were no crossover effects of a single intramuscular
injection of formoterol.

A single intramuscular injection of formoterol did not alter
heart mass at any of the time points examined (Table 1).

Contractile properties after a single intramuscular injection
of formoterol. Injured EDL muscles exhibited a reduction in
maximum isometric Pt at 7, 10, and 14 days (P � 0.05, Table
1). At day 7, injured muscles had a prolonged 1/2RT compared
with uninjured control muscles, but this was restored to control
values by day 10. Po of injured muscles was 31, 53, and 72%
that of uninjured muscles at 7, 10, and 14 days after injury,

Fig. 2. Susceptibility of control and formot-
erol-injected EDL muscles to fatigue, ex-
pressed as raw force data (A–C), or as %initial
force (D–F) at 7 days after injury (A and D),
10 days after injury (B and E), and 14 days
after injury (C and F). Po, maximum force of
contraction. Values are means � SE. *P �
0.05 vs. control. #P � 0.05 vs. injured.
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respectively (P � 0.05). When Po was corrected for changes in
muscle CSA (sPo), injured muscles were 48, 59, and 71% of
uninjured values at 7, 10, and 14 days after injury, respectively
(P � 0.05).

At 7 days after injury, a single intramuscular injection of
formoterol administered to injured muscles at 5 days after
injury increased Pt by 124% compared with untreated injured
muscles (P � 0.05), but Pt of formoterol-treated injured mus-
cles remained below that of uninjured controls. This effect did
not persist beyond day 7. In addition, formoterol treatment
decreased 1/2RT of injured muscles such that there was no
difference compared with uninjured values. Formoterol treat-
ment increased Po and sPo at 7 days after injury by 91 and 59%
compared with untreated injured muscles, but no effect was
observed at 7 days after injury.

Fatigability and recovery of EDL muscles after intramuscu-
lar formoterol administration. Compared with uninjured con-
trol muscles, injured EDL muscles were less susceptible to
fatigue and had a greater recovery of function at 7, 10, and 14
days (P � 0.05, Fig. 2). Interestingly, a single intramuscular
formoterol injection increased the rate of fatigue and impaired
recovery at day 7 compared with untreated injured muscles. By
day 10, fatigability and recovery had returned to injured
control levels (Fig. 2). Similar to untreated injured EDL mus-
cles, formoterol-treated injured muscles were less susceptible

to fatigue and were better able to recover than control muscles
at 7, 10, and 14 days.

MyHC isoforms and EYA1 mRNA and protein levels at day
7 after injury. Control uninjured EDL muscles had a higher
proportion of slow/intermediate type IIa and IId/x MyHC
isoforms than fast type IIb isoforms (58 vs. 42%, respectively;
P � 0.05; Fig. 3). At 7 days after injury, EDL muscles
contained a 24% greater proportion of type IIa and IId/x
MyHCs than control uninjured muscles, with a concomitant
decrease in the proportion of type IIb MyHCs. Importantly, 2
days after a single intramuscular injection of formoterol, there
was no difference in MyHC isoform composition compared
with control EDL muscles at 7 days after injury. Hence
intramuscular injection of formoterol resulted in 24% increase
in the MyHC IIb isoform at 7 days after injury (P � 0.05,
Fig. 3).

At 7 days after injury, both treated and untreated EDL
muscles exhibited a trend toward a reduced EYA1 mRNA
expression, but this was not significant (Fig. 3). At the protein
level, injured EDL muscles exhibited a 37% decrease in the
level of EYA1 compared with control muscles (P � 0.05).
Conversely, there was no significant difference in EYA1 pro-
tein levels at 7 days after injury after a single intramuscular
formoterol injection.

Fig. 3. Changes in myosin heavy chain (MyHC;
A), eyes absent (EYA1) mRNA (B), and EYA1
protein levels (C) in EDL muscles from control,
injured, and injured � treated groups at 7 days
(n � 3–4 muscles per group). Myotoxic injury
shifted the MyHC proportions toward slower type
IIa and IId/x isoforms, whereas 2 days after a
single intramuscular injection, MyHC propor-
tions had returned to control levels. Although
injury was associated with a significant decrease
in EYA1 proteins levels, treatment was not asso-
ciated with an increase in EYA1 mRNA or pro-
tein. Values are means � SE. OD, optical density.
*P � 0.05 vs. control. #P � 0.05 vs. injured.

169INTRAMUSCULAR FORMOTEROL ENHANCES EARLY MUSCLE REGENERATION

J Appl Physiol • VOL 105 • JULY 2008 • www.jap.org

on January 19, 2015
D

ow
nloaded from

 



Successive intramuscular formoterol injections extend the
hypertrophic response. Similar to a single intramuscular for-
moterol injection, two successive intramuscular formoterol
injections did not alter EDL muscle mass at 10 days after injury
(Table 2). In contrast to the single intramuscular results, at 10
days after injury, two intramuscular formoterol injections in-
creased Po and sPo by 29 and 34% compared with untreated
injured muscles (P � 0.05). As with a single intramuscular
injection of formoterol, two intramuscular injections also did
not affect heart mass (data not shown).

Systemic cardiovascular effects of a single intramuscular
formoterol injection. Using radio telemetry, an 18% increase in
HR was observed within 30 min of the single intramuscular
formoterol injection, which was associated with a 31 and 44%
decrease in SBP and DBP compared with baseline values,
respectively (P � 0.05; Table 3 and Fig. 4). Both SBP and
DBP decreased by a further 8 and 7%, respectively, over the
next 60 min (P � 0.05). These cardiovascular parameters
returned to baseline levels within 10–12 h (Table 3).

DISCUSSION

The most important finding of this study was that a single
intramuscular injection of the �2-agonist formoterol increased
regenerating EDL muscle mass and force-producing capacity
at 7 days after injury. In addition, we have demonstrated that
formoterol can elicit a dramatic shift in the MyHC isoform
phenotype of regenerating EDL muscles within 2 days of
intramuscular administration. It should be noted that in a
previous study we showed that daily systemic (intraperitoneal)
administration of a �2-agonist (fenoterol) to rats for 7 days did
not increase Po of injured/regenerating EDL muscles after the
same myotoxic injury (1). In contrast, the findings of the
present study reveal that even a single intramuscular injection
of formoterol can increase muscle fiber size and Po of regen-
erating EDL muscles at 7 days after injury. Although intra-
muscular administration was associated with acute changes in
cardiovascular function, there was no cardiac hypertrophy.

These findings highlight the efficacy of intramuscular formot-
erol administration to increase functional recovery after injury
and support the hypothesis that an intramuscular injection of
formoterol can enhance early skeletal muscle regeneration after
injury without deleteriously affecting heart mass.

Although intramuscular injection of �2-agonists represents a
novel mode of administration for these agents, the results do
support previous findings where systemic administration of
�2-agonists is associated with increased fiber CSA, muscle
mass, and force-producing capacity (8, 26). The skeletal mus-
cle hypertrophy in response to �2-adrenoceptor stimulation is
thought to result from an increase in protein synthesis and a
decrease in protein degradation (18, 22). �2-agonist-induced
hypertrophy has been linked previously to cAMP-dependent
signaling pathways (7, 22), but recent evidence suggests that
the phosphatidylinositol 3-kinase-Akt signaling pathway also
plays a significant role in the hypertrophic response (15, 17).

During early regeneration, skeletal muscle predominantly
expresses the embryonic and neonatal MyHC isoforms of and
a high oxidative capacity, which confer a high degree of
fatigue resistance (32, 34). In the rat EDL muscle, as regener-
ation progresses these embryonic and neonatal MyHC isoforms
are replaced by mature fast-twitch type II fibers, which renders
the EDL muscle more susceptible to fatigue (9). It is interesting
to note that two days after a single intramuscular injection of
formoterol, the fatigue profile of regenerating EDL muscles
closely resembled that of control uninjured muscles. This result
was associated with a shift in MyHC isoform composition from
slow/intermediate isoforms to the fast glycolytic type IIb
MyHC isoforms, such that there was no difference in MyHC
composition between injured treated muscles and control mus-
cles. Although differences in muscle-fatigue characteristics
among groups may be due to variety of adaptive changes, the
results highlight the rapid plastic response of skeletal muscle
following �2-agonist administration.

Although numerous studies have focused on the mechanisms
leading to a shift in MyHC isoform composition toward a
slow-twitch phenotype (16, 30), very few have examined the
underlying mechanisms responsible for a shift toward a fast-
twitch phenotype. Grifone and colleagues (11) showed that a

Table 3. Selected cardiovascular parameters 30 min, 90
min, and 12 h after a single intramuscular injection of 100
�g formoterol

Baseline 0–30 min 30–90 min 12 h

HR, bpm 339�7 399�11* 398�6* 349�6
SBP, mmHg 111�1 77�4* 68�1*# 111�3
DBP, mmHg 82�2 46�2* 40�1*# 77�3

Values are means � SE. HR, heart rate; SBP, systolic blood pressure; DBP,
diastolic blood pressure. *P � 0.05 vs. control. #P � 0.05 vs. 0–30 min.

Table 2. Contractile properties of EDL muscles from
control, injured, and injured �2 formoterol groups at 10
days after injury

Control Injured Injured �2 �ormoterol

n 5 5 6
MM, mg 194�1 185�8 184�7
Po, mN 3402�76 1839�101* 2368�149*#
sPo, mN 262�8 158�14* 211�13*#

Values are mean � SE; n � number of animals. MM, muscle mass. *P �
0.05 vs. same-day control. #P � 0.05 versus same-day injured.

Fig. 4. Sample blood pressure (BP) trace in response to a single intramuscular
injection of formoterol (100 �g). Arrow indicates the time of injection. Note
the immediate drop in BP in response to a single intramuscular injection of
formoterol. Cardiovascular parameters returned to preinjection baseline values
within 10–12 h of intramuscular injection.
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member of the Six/sine occulis family of homeoproteins
(SIX1) and the associated cotranscription factor EYA1 can act
synergistically to drive the transformation of slow fibers to a
fast-fiber phenotype. Although the results of the present study
do not support a role for EYA1 in the formoterol-induced shift
in the MyHC phenotype, it must be noted that we examined
EYA1 mRNA and protein levels 2 days after formoterol
injection. Thus it remains possible that EYA1 (and/or SIX1) is
elevated acutely by formoterol administration. In addition,
EYA1 (and SIX1) is known to be regulated posttranscription-
ally, such that it is transported into the nucleus in fast type IIb
fibers. Therefore it will be important in future studies to
determine the cellular localization of these factors after �2-
agonist administration. Interestingly, at 7 days after injury
there was a significant decrease in EYA1 mRNA and protein
levels, a time when the MyHC isoform composition is shifting
from the slow type IIa and IId/x isoforms to the faster type IIb
isoforms. To our knowledge, this is the first study to implicate
EYA1 in skeletal muscle regeneration, and, although beyond
the scope of the present study, the findings highlight the need
for future studies to examine the interaction between SIX1 and
EYA1 in regenerating skeletal muscle.

The response of injured/regenerating muscles to a single
intramuscular injection of formoterol indicates that this mode
of administration could have therapeutic application for con-
ditions where muscle wasting and weakness are indicated.
However, because of the transient nature of the increases in
muscle size and force-producing capacity, it was important to
determine the effect of successive intramuscular injections.
The results demonstrate that multiple intramuscular injections
can prolong the hypertrophic response observed with a single
intramuscular injection of formoterol and reinforce the thera-
peutic potential of this approach.

One of the major factors limiting the use of �2-agonists for
treating muscle wasting and weakness relates to their cardio-
vascular effects. Chronic systemic �2-agonist administration
has been associated with cardiac hypertrophy and altered
cardiovascular function (10, 26–28). In the present study,
neither a single nor successive intramuscular injections were
associated with cardiac hypertrophy, but it must be noted that
this route of administration did not obviate the acute cardio-
vascular effects. The in vivo radio telemetry data indicate that
intramuscular formoterol administration is also associated with
increased HR and decreased blood pressure, effects that might
preclude this treatment for some patients. However, the dose
used in the current study (100 �g) was chosen so as to
maximize the effects on regenerating skeletal muscle. Because
regenerating skeletal muscle appears more receptive to �-ag-
onist administration (2), further research into the optimal
therapeutic dose of intramuscular formoterol injection in re-
generating muscle may yield more promising results with
respect to limiting unwanted cardiovascular side effects.

Importantly, this study has demonstrated for the first time
that intramuscular administration of formoterol can enhance
early muscle regeneration. Although the improvements in re-
generating fiber size and muscle function associated with a
single intramuscular formoterol injection were transient, these
favorable responses could be prolonged with successive injec-
tions. Of particular importance was the finding that intramus-
cular administration of the �2-agonist did not cause the cardiac
hypertrophy normally associated with intraperitoneal, subcuta-

neous, or oral administration of these compounds. However,
intramuscular formoterol injection did have transient effects on
some cardiovascular parameters, and these must be minimized
before this form of treatment could be advocated for clinical
application. The findings suggest that intramuscular adminis-
tration has therapeutic potential for conditions where muscle
wasting and weakness are indicated.
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