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Dorsey SG, Lovering RM, Renn CL, Leitch CC, Liu X, Tallon
LJ, Sadzewicz LD, Pratap A, Ott S, Sengamalay N, Jones KM,
Barrick C, Fulgenzi G, Becker J, Voelker K, Talmadge R, Harvey
BK, Wyatt RM, Vernon-Pitts E, Zhang C, Shokat K, Fraser-
Liggett C, Balice-Gordon RJ, Tessarollo L, Ward CW. Genetic
deletion of trkB.T1 increases neuromuscular function. Am J Physiol
Cell Physiol 302: C141–C153, 2012. First published August 24, 2011;
doi:10.1152/ajpcell.00469.2010.—Neurotrophin-dependent activation
of the tyrosine kinase receptor trkB.FL modulates neuromuscular
synapse maintenance and function; however, it is unclear what role
the alternative splice variant, truncated trkB (trkB.T1), may have in
the peripheral neuromuscular axis. We examined this question in
trkB.T1 null mice and demonstrate that in vivo neuromuscular per-
formance and nerve-evoked muscle tension are significantly in-
creased. In vitro assays indicated that the gain-in-function in
trkB.T1�/� animals resulted specifically from an increased muscle
contractility, and increased electrically evoked calcium release. In the
trkB.T1 null muscle, we identified an increase in Akt activation in
resting muscle as well as a significant increase in trkB.FL and Akt
activation in response to contractile activity. On the basis of these
findings, we conclude that the trkB signaling pathway might represent
a novel target for intervention across diseases characterized by deficits
in neuromuscular function.
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WITHIN THE NEUROMUSCULAR SYSTEM, the neurotrophins brain-
derived neurotrophic factor (BDNF) and NT-4/5 are released
by motor neurons and muscle fibers, respectively, both exerting
their effects via the cell surface receptor tropomyosin-related
kinase B (trkB). There are several alternatively spliced iso-
forms of trkB, including a full-length, catalytically active
kinase receptor (trkB.FL) and several truncated isoforms, with
trkB.T1 being the most abundant. trkB.T1 receptors bind
neurotrophins with the same affinity as trkB.FL receptors, but
they lack the catalytic intracellular tyrosine kinase domain
necessary to transduce signals via classical pathways (50).
Several studies have suggested that trkB.T1 acts in a dominant

negative fashion to decrease signaling through full-length re-
ceptors (24–25), while other studies have suggested unique
signaling roles for trkB.T1, for example, by modulating Ca2�

signaling mechanisms (63).
BDNF and NT-4 signaling through trkB.FL has been sug-

gested to be activity-dependent, involving signals that provide
trophic support, modulation of neuromuscular synaptic struc-
ture and function (5, 14, 38, 45, 59), and regulation of satellite
cell function and muscle regeneration(17). For example, mice
lacking NT-4 expression (5), or in which trkB.FL signaling
was decreased in muscle fibers by overexpression of
trkB.T1(25) or reduction in trkB.FL(38), show impaired neu-
romuscular synaptic maintenance and/or function. Further-
more, the genetic ablation of BDNF in the muscle resulted in
a decrease in the regenerative capacity of muscle following
chemical injury (17). While these functions appear to be
modulated by the well-described intracellular signaling cas-
cades downstream of trkB.FL (12, 35, 61), a role for truncated
trkB.T1 receptors remains unclear.

In this report, we investigate the physiological role of
trkB.T1 in the neuromuscular axis in vivo by examining the
functional consequences of the genetic deletion of trkB.T1. We
show that in vivo assays of neuromuscular performance and
nerve-evoked muscle force showed significant enhancements
in trkB.T1�/� compared with trkB.T1�/� littermates, with in
vitro assays ruling out motor neuron and neuromuscular junc-
tion (NMJ) synaptic function as an explanation for the neuro-
muscular phenotype. Isolated muscle and single-myofiber as-
says in vitro demonstrated that the enhanced muscle contrac-
tility was generated from within the muscle fiber, where both
an increase in myofiber size as well as an increase in electri-
cally evoked Ca2� release were demonstrated. Furthermore,
we demonstrate an enhancement of activity-dependent Akt and
p70/S6 kinase (sk6) phosphorylation in the trkB.T1�/� muscle,
a finding consistent with both the hypertrophy and contractility
gain-of-function phenotype. Finally, we demonstrate that
trkB.T1 deletion proffered protection from acute eccentric
injury, a finding consistent with recent reports (8, 58) showing
that overexpression of constituently active Akt protected mus-
cle from eccentric injury by upregulating mRNA and proteins
involved in cytoskeleton stability and membrane repair. On the
basis of these novel findings, we conclude that the trkB
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signaling pathway may represent a new opportunity for inter-
vention across diseases that are characterized by deficits in
muscle contractility or increased susceptibility to muscle in-
jury.

MATERIALS AND METHODS

Animal Models

The Institutional Animal Care and Use Committee of the Univer-
sity of Maryland School of Medicine approved these experiments.

trkB.T1. The strategy to target the trkB.T1-specific coding exon has
been previously described (22). For the current study, we used
homozygous and wild-type littermates obtained from heterozygote
trkB.T1 mice backcrossed 14 times into C57BL/6 mice.

trkBF616A. The trkBF616A mice were obtained from Dr. David Ginty
(Johns Hopkins University, Baltimore, MD). Targeting of the trkB
locus and the chemical-genetic strategy have been previously de-
scribed (13). We backcrossed progeny from the F1 hybrid into the
C57BL/6 line for 10 generations. To abrogate trkB.FL signaling, mice
were given 300 �g of 1NMPP1 or an equivalent volume of vehicle
intraperitoneally once per day for 4 days. Briefly, 1NMPP1 was
prepared in DMSO as a 100 mM stock. We diluted the stock in sterile
0.9% saline plus 2.5% Tween-20 and calculated volume to administer
per body weight of each mouse.

Gross Neuromuscular Performance

Basal locomotor activity was assessed in a VersaMax Animal
Activity Monitor Chamber (Accuscan Instruments, Columbus, OH).
Adult male mice (25–30 g), either wild-type or trkB-T1�/�, were in a
420 � 420 � 310 mm enclosed Plexiglas box equipped with water
bottle and food dispenser at the beginning of the dark half of their
light-dark cycle. Animals were allowed to move freely with ad libitum
access to food and water for 72 h. Motor activity was monitored using
infrared beams and measured by the number of beams broken by the
animals.

Forepaw grip strength was determined on a commercial rodent grip
strength meter (Columbus Instruments). Peak grip strength was as-
sessed in five successive trials separated by 10–15 s by a single rater
blinded to genotype. The highest two values were averaged, normal-
ized to body weight, and used as a measure of the peak grip strength.

In Vivo Neuromuscular Function

Functional performance specific to the peripheral neuromuscular
axis was determined in vivo using direct nerve stimulation as previ-
ously described in detail (31). Nerve-evoked muscle contractility of
the ankle dorsiflexor muscles (i.e., tibialis anterior, or TA, and
extensor digitorum longus, or EDL) was assessed in the deeply
anesthetized mouse (isoflurane anesthesia) in which the knee was
immobilized with a clamp and the foot secured (90° to the tibia) to a
2 cm footplate on a 305B-LR servomotor (Aurora Scientific). The
moment arm of the ankle joint was taken as 1 mm (10).

Nerve-evoked isometric muscle contractility was assessed by per-
cutaneous stimulation (0.1-ms sq. wave pulse at �10% threshold
voltage) of the common peroneal nerve with a tetanic train of pulses
(500-ms pulse train at 150 Hz). A sequence of three successive tetanic
pulses (30-s rest interval) was evaluated. The peak response, normal-
ized to either body weight or TA wet weight, was used for analysis.

Neuromuscular Synaptic Morphology

Mice were deeply anesthetized with pentobarbital sodium (Nem-
butal) and intracardially perfused with saline followed by 4% para-
formaldehyde in Ringer solution, pH � 7.4. Muscles with a segment
of nerve (2–3 mm) were carefully excised, postfixed in paraformal-
dehyde, rinsed, and processed for immunostaining as previously
described (25). Postsynaptic acetylcholine receptors (AChRs) were

stained with tetramethylrhodamine isothiocyanate (TRITC)-conju-
gated �-bungarotoxin (Calbiochem) followed by labeling of motor
nerve terminals and axons with anti-SV2 or -synaptophysin (Devel-
opmental Studies Hybridoma Bank) and anti-heavy neurofilament
antibodies (SMI-32, Sternberger Monoclonals) as well as anti-S100�
to label perisynaptic Schwann cells (54) and the appropriate fluores-
cently conjugated secondary antibodies (Jackson Immunologicals).
After they were coverslipped in anti-fading medium (Vector Labora-
tories), individual NMJs were imaged using confocal microscopy
(Leica TCS system). Single plane projections were constructed from
a Z series of 20–40 images. Neuromuscular synaptic area, length,
width, and number of discrete postsynaptic AChR regions [as de-
scribed previously (25)] were determined using interactive software
(Metamorph, version 7, Molecular Devices) and analyzed using
ANOVA followed by post hoc tests (SigmaStat, version 3.1).

Analyses of Neuromuscular Synaptic Transmission

trkB.T1�/� and �/� mice were anesthetized by intraperitoneal
injection of 0.05 ml of a mixture of 17.4 mg/ml ketamine and 2.6
mg/ml xylazine (Phoenix Pharmaceuticals, St. Joseph, MO), and the
soleus muscle and its innervation were dissected under oxygenated
(95% O2-5% CO2) Rees’ Ringer (RR) solution. Muscles were pinned
in a Sylgard-lined petri dish and superfused with oxygenated RR, and
the muscle nerve was placed into a suction electrode.

Physiological analyses were performed as described previously
(37). Briefly, nerve-evoked muscle contractions were visualized by
stimulating the nerve with 0.1- to 0.2-ms-duration rectangular pulses
at 0.5–1 Hz. The stimulus voltage was adjusted from 0.1 to 10 V, and
muscle contractions were visually monitored through a dissecting
microscope. To determine whether spontaneous and evoked neu-
rotransmitter release is present, skeletal muscle fibers were superfused
with u-conotoxin to inhibit muscle fiber activation. Intracellular re-
cordings were performed using glass microelectrodes filled with 3 M
KCl (30–570 M	 resistance) with all experiments performed at room
temperature. Electrical potentials were amplified using an Axoprobe
1A amplifier (Union City, CA), low-pass filtered at 1 kHz, and
digitized at 10 kHz using an analog-to-digital converter (DigiData)
and interactive software (Axoscope; Molecular Devises). Muscle fiber
resting membrane potential was continuously monitored, and only
fibers with resting potentials more hyperpolarized than �40 mV and
in which the resting potential did not change by �5 mV during the
course of the experiment were studied further. Muscle fiber input
resistance was calculated as voltage-current after injection of a
100-ms hyperpolarizing current pulse. Mini-end-plate potentials
(mEPPs) were recorded for 10–20 min and analyzed using interactive
software (Mini Analysis; Synaptosoft, Decatur, GA). To characterize
nerve-evoked end-plate potentials (EPPs), the stimulation voltage to
the nerve was varied from 0.01 to 2.00 V. Quantal content was
determined under conditions of reduced Ca2� (1 mM CaCl) and
elevated Mg2� (10 mM MgCl2) using the method of failures (19–20,
37) or expressed as the ratio of mean end-plate potential amplitude/
mean mEPP amplitude. The EPP amplitudes were corrected for
nonlinear summation (48) using an f value of 0.8. The quantal content,
i.e., the number of ACh quanta released after a single nerve impulse,
was calculated at each NMJ by dividing the mean corrected EPP
amplitude by the mean mEPP amplitude (48). Mean, median, and
standard deviation were determined for populations of fibers (n �
8–12/group; n � 4 mice/genotype) in each condition. Significance
between parameters was evaluated with conventional statistical meth-
ods (t-test, ANOVA; SigmaStat version 3.1).

In Vitro Muscle Contractility

Muscle performance of the EDL or soleus was assessed in vitro
using methods described previously (73). In brief, single EDL or
soleus muscles were surgically excised with ligatures at each tendon
(5-0 silk suture) and mounted in an in vitro bath between a fixed post
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and force transducer (Aurora 300B-LR) operated in isometric mode.
The muscle was maintained in physiological saline solution (pH 7.6)
containing (in mM) 119 NaCl, 5 KCl, 1 MgSO4, 5 NaHCO3, 1.25
CaCl2, 1 KH2PO4, 10, HEPES, 10 dextrose, and maintained at 30°C
under aeration with 95% O2-5% CO2 throughout the experiment.
Resting tension and stimulation current were iteratively adjusted for
each muscle to obtain optimal twitch force. During a 5-min equili-
bration, single twitches were elicited at every 30 s with electrical
pulses (0.2 ms) via platinum electrodes running parallel to the muscle.
Optimal resting tension was determined and isometric tension was
evaluated by 250-ms trains of pulses delivered at 1, 10, 20, 40, 60, 80,
100, and 150 Hz. After the experimental protocol, the muscle rested
for 5 min at which time muscle length was determined with a digital
micrometer and muscle was trimmed proximal to the suture connec-
tions, blotted, and weighed. The cross-sectional area (CSA) for each
muscle was determined by dividing the mass of the muscle (g) by the
product of its length (Lo, mm) and the density of muscle [1.06 g/cm3;
(49)] and is expressed as cm2. Muscle output was then expressed as
isometric tension (N/cm2) determined by dividing the tension (N) by
the CSA. Statistical comparisons between groups were performed
using ANOVA procedures (SigmaStat version 3.1) for tension (force
frequency). Significance was set at P 
 0.05.

Muscle Fiber Morphology and Fiber Type

Flash frozen (i.e., isopentane ��40°C) EDL or soleus muscles
(n � 4 each) from each genotype were serially sectioned (8 �m)
perpendicular to the fiber axis using a Microm cryostat and stained
immunohistochemically for fast or slow myosin heavy chain (MHC)
isoforms using either antifast or antislow MHC monoclonal antibodies
(Sigma) (68, 70) and counterstained with TRITC-conjugated wheat
germ agglutinin (WGA) to visualize cell membrane boundaries. The
sections were then imaged on a confocal fluorescence microscope
(Zeiss Radiance 2100). Image analysis routines (ImageJ; National
Institutes of Health, Bethesda, MD) were used to measure the CSA of
MHCI and -II positive myofibers from a sample of at least 100
individual muscle fibers per muscle.

A detailed examination of MHC composition was conducted in
both EDL and soleus muscles from both genotypes using SDS-PAGE
for analysis of MHC isoforms as detailed by Talmadge and Roy (69).

Myofiber Calcium Signaling

Electrically evoked calcium (Ca2�) transients were assayed in
single flexor digitorum brevis (FDB) myofibers using methods previ-
ously described (9, 11, 15). In brief, FDB muscles were dissected
from adult (�8 wk) trkB.T1�/� (n � 4) or trkB.T1�/� (n � 4) mice.
Single, intact myofibers were enzymatically isolated (2 mg/ml colla-
genase Type A), plated on extracellular matrix (Sigma)-coated imag-
ing dishes (Matek), and maintained in DMEM (Invitrogen) supple-
mented with 0.2% BSA and 100 mM gentamicin (Sigma). Fibers were
kept overnight at 37°C in a 5% CO2 incubator, and experiments were
conducted within 12–24 h of plating. Following passive loading of
FDB myofibers with the low-affinity Ca2� indicator MagFluo-4AM
(5 �m; 45 min), at 20–22°C electrically evoked fluorescent transients
(excitation: 488 nm, emission: �515 nm; Ionoptix PMT system;
sampled at 1 KHz) were evaluated by either a single 500-�s square
pulse or a 200-ms train of pulses, both delivered with field electrodes
placed �2 mm apart across the myofiber. Following the normalization
of the fluorescence transient to �F/F, the peak amplitude of the twitch
transient was evaluated as the peak Ca2� release from the sarcoplas-
mic reticulum (SR). The decay time constant of the tetanic train of
pulses, fit by a monoexponential decay function (OriginPro 7.5), was
assayed as the rate of SR Ca2� uptake. Following a prolonged train of
pulses, most diffusible and nondiffusible Ca2� buffers are saturated
and the rate of uptake is mostly dependent of sarco(endo)plasmic
reticulum Ca2�-ATPase (SERCA) uptake back into the SR (11).

Eccentric Injury

Adult trkB.T1�/� and trkB.T1�/� mice weighing 24.3 
 2.5 g
were anesthetized with isoflurane (2% with oxygen flow rate of 0.5
l/min). The injury model results in a significant and reproducible
injury and has been described previously (44, 62). In brief, anesthesia
was confirmed by lack of response to a normally painful stimulus
(pinching the foot); the left hindlimb was stabilized and the foot was
secured onto a footplate. The axis of the footplate was attached to a
stepper motor (T8904 NMB Technologies, Chatsworth, CA), a po-
tentiometer to record angular position, and a torque sensor (QWFK-
8M, Sensotec, Columbus, OH) to measure torque. The peroneal nerve
was stimulated via subcutaneous needle electrodes (Harvard Appara-
tus 723742, Cambridge, MA), and proper electrode position was
determined by a series of isometric twitches. In addition to visual
confirmation of isolated dorsiflexion, an increase in twitch torque in
response to increasing voltage indicated that opposing plantar flexor
muscles were not being simultaneously stimulated. A custom program
was used (Labview version 8.5, National Instruments, Austin, TX) to
synchronize contractile activation and onset of ankle rotation. Im-
pulses generated by an S48 square pulse stimulator (Grass Instru-
ments, West Warwick, RI) were 0.1 ms in duration and passed
through a PSIU6 stimulator isolation unit (Grass Instruments).

To obtain maximal isometric torque measurements before and after
injury, the foot was passively positioned at 30° by the stepper motor,
which corresponds with the optimal length (L0) of the muscle, and
therefore maximal isometric tension (P0) due to the length-tension
relationship of skeletal muscle. A maximal tetanic stimulus (250-ms
duration) was induced and torque was recorded. To induce injury in
the TA muscle, the foot was placed orthogonal to the leg and we
superimposed a lengthening contraction onto a maximal isometric
contraction. Specifically, a maximal isometric contraction was ob-
tained in the dorsiflexors and after 200 ms, they were lengthened
through a 60° arc of motion at 900°/s, well within physiological limits.
The majority of torque produced by the dorsiflexors is from the TA
(32–33) and we have shown previously that this model results in
injury to this muscle (28, 44, 62). The TA remained stimulated
throughout lengthening and was injured by performing 20 lengthening
(eccentric) contractions, with at least 1 min between each contraction.
To ensure that fatigue was not a factor, isometric contractions de-
scribed above were induced 3 min after the injury protocol.

Immunoblot Analysis

Muscle samples were flash frozen in iosopentane cooled on dry ice.
Muscles were pulverized and homogenized in 10–15 wt/vol of a
Tris-buffered saline with 0.1% Tween-20 (TBST) containing 1%
Triton X-100, 10% glycerol, and a protease (Minicomplete Tablet;
Roche) and phosphatase (PhosStop Tablets, Roche) tablet. Equal
volumes of homogenate were resolved on 4–12% SDS-PAGE and
transferred to nitrocellulose or PVDF membranes (Invitrogen). Non-
specific binding was blocked using 5% milk or bovine serum albumin
in TBST. Membranes were interrogated with primary antibodies
directed against Akt, pAkt (Ser473), or phospho-trk (Y490), which
were purchased from Cell Signaling Technologies (Beverly, MA).
The trkB antibody was purchased from Upstate Biotechnology. Mem-
branes were incubated with primary antibody overnight. After incu-
bation with the appropriate rabbit or mouse secondary antibody
(Amersham), we exposed the membrane to enhanced chemilumines-
cence with SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL) to develop immunoblots. Following autora-
diography, tools in ImageJ were used to quantitate the density of
protein bands on the immunoblots. All blots were stripped using
Strong strip solution (Amersham) and reprobed with anti-actin
(Sigma) to control for differences in protein loading across lanes.
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RNA Extraction

Tibialis anterior muscle was extracted from each genotype (n � 3)
and flash frozen in isopentane on dry ice. Frozen samples were
pulverized and RNA was extracted using standard TRIzol methods.
Following extraction, RNA was column-purified (Qiagen) and RNA
quality and quantity were assessed via spectrophotometry (Nanodrop).

Digital Gene Expression Profiling

We utilized Illumina’s Digital Gene Expression Tag Profiling Kit
to construct the libraries according to the supplied manufacturer
protocol. Briefly, we incubated 1 �g of total RNA with magnetic
oligo(dT) beads to isolate poly-A RNA. While attached to the beads,
first- and second-strand cDNA synthesis was accomplished and sam-
ples were digested with the DpnII restriction enzyme. Next, the GEX
DpnII adaptor 1 was ligated to the 5=-end of the RNA and a MmeI
digest was performed to create the 16-bp tag. The fragments were
detached from the beads and the GEX adaptor 2 ligation was per-
formed on the 3=-end of the tag. A PCR amplification using primers
complementary to the adaptor sequences was performed to selectively
enrich the DNA library. The PCR amplicons were gel purified for
sequencing and the library was validated.

We conducted 16 cycles of sequencing on the Illumina Genome
Analyzer II. To align and annotate the tagged sequences, we down-
loaded the pregenerated DpnII tag set for Mouse Ensembl V52 from
the Stowers Institute for Medical Research (http://research.stowers-
institute.org/microarray/tag_tables/; Ariel Paulson), stripped out the in
silico tag prefix GATC from the sequence data, and generated two
separate eland_tag files from canonical and noncanonical tags. These
files were used in Illumina Pipeline ELAND analysis to annotate the
data set and quantify the number of reads per gene for each sample.
Briefly, the eland_tag files (canonical and noncanonical) were format-
ted using the Genome Analyzer Pipeline 1.0 squash genome utility.
Next, base calling was conducted by Bustard starting from IPAR1.0
folder using the Phix174 lane as a control. The eland_tag alignments
were conducted using GERALD on the canonical and noncanonical
squash genomes, respectively. Results in the format of s_N_
sequence.txt files were generated for each lane, and summary files
were generated using a combination of Linux shell and Perl scripts.
Finally, annotations were added to the tag count files and the data
were aggregated by genotype.

RESULTS

Gross Neuromuscular Performance Is Enhanced
in trkB.T1�/� Mice

As trkB.T1 is widely expressed in the central nervous
system (CNS), peripheral nervous system, and peripheral or-
gans including muscle, the consequences of the genetic dele-
tion of trkB.T1 were initially assessed by measures of gross
motor behavior and neuromuscular performance. We first as-
sessed basal locomotor activity as a measure of the level of
spontaneous motor activity. Over a 72-h period, there was no
significant difference (P � 0.05, Student t-test) in horizontal
activity (394,424 
 18,302 vs. 388,644 
 16,355 beam
breaks), vertical activity (46,460 
 3,484 vs. 48,126 
 3,050
beam breaks) or total distance traveled (172,489 
 1,742 vs.
171,377 
 9,495 cm) for trkB.T1�/� (n � 12) vs. wild-type
littermate controls (n � 12).

Forepaw grip strength, a sensitive assay used to detect
dysfunction in several murine models of motor neuron (1, 29,
67) and muscle disease (56), was used as an indirect measure
of gross neuromuscular performance. The peak force in each of
five successive trials within 2 min was determined and the two

highest values were averaged and normalized to body weight
(Fig. 1A). Despite the mean body weights being slightly
smaller for the trkB.T1�/� mice compared with littermate-
matched trkB.T1�/� mice (21.51 
 0.71 vs. 23.90 
 0.85 g),
the mean peak tension was �15% greater in trkB.T1�/�

(4.88 
 0.22 g/body wt; n � 12) compared with trkB.T1�/�

littermates (4.13 
 0.14 g/body wt; n � 11; P 
 0.05,
Student’s t-test).

trkB.T1�/� Mice Exhibit Enhanced Peripheral
Neuromuscular Function

It is possible that genetic deletion of trkB.T1 results in an
altered central motor activation of neuromuscular function as
trkB.T1 is expressed within the CNS. To eliminate the contri-
bution of a centrally derived motivation or motor unit recruit-
ment component in these mice, neuromuscular performance
was further evaluated in vivo in anesthetized mice. The iso-
metric tetanic torque (Fig. 1B) generated by the ankle dorsi-
flexors (i.e., TA and EDL) secondary to transcutaneous stim-
ulation of the common peroneal nerve was measured (31). The
peak nerve-evoked isometric torque, normalized to body
weight, was �16% greater in trkB.T1�/� mice compared with
wild-type littermates (Fig. 1B, 93.58 
 7.42 vs. 110.8 
 10.65
N·mm�1·kg�1) despite a smaller body weight (26.4 
 2.1 vs.

Fig. 1. In vivo neuromuscular performance in trkB.T1 null mice. A: peak
forepaw grip force (right) corrected for body weight (left) was evaluated in
trkB.T1�/� (gray bar, 4.13 
 0.14, n � 12) and trkB.T1�/� (black bar, 4.88 

0.22, n � 12) mice. Peak force (g) was assessed in each of 5 successive trials,
and the 2 highest values were averaged and normalized to body weight
(grip/bdywt). Bars represent mean peak tension and error bars represent SE.
*P 
 0.05 by Student’s t-test. B, left: nerve-evoked muscle force was assessed
in ankle dorsiflexors in response to transcutaneous stimulation of the common
peroneal nerve. Representative isometric tetanic torque from trkB.T1�/� (gray)
and trkB.T1�/� (black) is shown. B, right: peak isometric tetanic torque
(500-ms train at 100 Hz) was assessed in trkB.T1�/� vs. trkB.T1�/� and
normalized to either body weight (26.4 
 2.1 vs. 24.2 
 1.8 g, n �
6/genotype) of mice or wet weight of the excised tibialis anterior muscle
(47.91 
 4.12 vs. 41.29 
 4.32 mg, n � 6/genotype), respectively. Compared
with trkB.T1�/�, trkB.T1�/� mice exhibited significantly greater tetanic torque
when normalized to either body weight (93.58 
 7.42 vs. 110.8 
 10.65
N·mm�1·kg�1) or muscle weight (51.56 
 1.09 vs. 64.83 
 5.06
N·mm�1·g�1). *P 
 0.05 by ANOVA.
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24.2 
 1.8 g). When normalized to the wet weight of the TA,
the trkB.T1�/�still demonstrated a significant enhancement in
muscle torque of �18% (51.56 
 1.09 vs. 64.83 
 5.06
N·mm�1·g�1) despite the trkB.T1�/� having a smaller muscle
mass (47.91 
 4.12 vs. 41.29 
 4.32 mg).

Muscle Contractility Is Increased in trkB.T1�/� Mice

To evaluate the muscle specific contribution to the enhance-
ment seen in neuromuscular function assays, we examined
muscle-specific contractility in vitro, as we have previously
described (18, 73). Individual EDL or soleus muscles were
surgically excised, ligatures were placed around each tendon,
and muscles were mounted in a bath between a fixed post and
a torque sensor (isometric mode) and superfused with oxygen-
ated physiologic saline. Isometric tension was evaluated with
400-ms trains of pulses delivered at 1, 30, 50, 80, 100, and 150
Hz, and the absolute isometric tension produced was normal-
ized to muscle CSA as described (49). In both the EDL and the
soleus muscles from trkB.T1�/� mice, muscle-specific tension
was significantly greater at stimulation frequencies above �30
Hz compared with muscles from wild-type littermates (Fig. 2).
At maximal activation (150 Hz), the EDL and soleus muscles
from trkB.T1�/� mice exhibited a 30.1% and 21.2% increase in
isometric force. This increase in force was observed without an
alteration in the relative position of the force-frequency curve
(relationship not shown) or significant alterations in the kinet-
ics of the force transients (Supplemental Table S1; Supplemen-
tal Material for this article is available on the Journal website),
a result suggestive of a lack of fiber type alteration across
genotypes.

Muscle Fiber Type and Size in trkB.T1�/� Mice

In our first two experiments we report increases in grip
strength and nerve-evoked muscle force in trkB.T1�/� animals
that have the same or slightly smaller body weights than
littermate trkB.T1�/� animals (Fig. 1). Previous reports have

identified neurotrophins as being involved in the maintenance
of muscle mass and fiber type following denervation (23, 51,
66). Because an increase in muscle-specific force was observed
with nerve-evoked as well as direct muscle stimulation, we
asked whether the absence of trkB.T1 produced an alteration in
muscle fiber type and/or size, which might underlie the in-
crease in muscle specific contractility.

Myofiber CSA was assayed in cryosections taken from the
mid-belly of soleus and EDL muscles and stained with WGA-
conjugated Texas-Red to define fiber boundaries. Figure 3A
displays normalized population histograms of fiber sizes within
EDL and soleus muscles between genotypes. Across both EDL
and soleus muscle groups, myofibers from trkB.T1�/� mice
revealed a larger CSA than trkB.T1�/� as evidenced by a
rightward shifted distribution of fiber sizes (Table 1).

Experiments in which MHC isoforms were electrophoreti-
cally separated (Fig. 3B) revealed that MHC type I as well as
the MHC type II isoform expression was not significantly
different between EDL or soleus muscles across genotypes
(Table 2). Taken together, we conclude that trkB.T1�/� mus-
cles exhibit mild myofiber hypertrophy without any detectable
change in MHC fiber type.

Electrically Evoked Ca2� Release Is Greater
in trkB.T1�/� Myofibers

Given that muscle contractility was increased without a
significant change in fiber type, we explored other possible
explanations for the increase in muscle contractility. As Ca2�

release from the SR is a positive predictor of myofiber con-
tractile force (6), we next asked whether alterations in myofiber
Ca2� handling, specifically Ca2� release and uptake from the
SR, contributed to the increase in muscle contractility seen in
muscles from trkB.T1�/� mice. Electrically evoked SR-depen-
dent Ca2� release was assayed in single enzymatically disso-
ciated FDB skeletal myofibers from trkB.T1�/� mice and
wild-type littermates (Fig. 4A). Myofibers loaded with the

Fig. 2. In vitro contractility of single extensor digi-
torum longus (EDL) or soleus muscles. EDL and
soleus muscles from trkB.T1�/� and trkB.T1�/�

mice (body weight, 39.14 
 1.4 vs. 34.24 
 1.5,
respectively) were maintained in physiological sa-
line solution, and isometric tension was evaluated
with 1-s trains of pulses delivered at 1, 30, 50, 80,
100, and 150 Hz. A and B, top: representative twitch
and tetanic transients in trkB.T1�/� (gray) and
trkB.T1�/� mice (black). A and B, bottom: force
(N/cm2) vs. stimulation frequency relationship of
trkB.T1�/� (gray, n � 5) and trkB.T1�/� (black, n �
6) mice is shown for EDL (muscle weight, 12.54 

1.53 vs. 11.40 
 1.24 mg; n � 6) and soleus muscle
(muscle weight, 11.83 
 2.33 vs. 8.25 
 0.66 mg;
n � 6). Symbols represent mean force per fre-
quency, with whiskers representing SE. *P 
 0.05
by ANOVA.
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low-affinity fluorescent Ca2� indicator MagFluo-4AM (11)
were evaluated with either a single action potential (500 �s
square pulse; Fig. 4B) or trains of action potentials delivered at
100 Hz for 200 ms (Fig. 4C) through field electrodes placed
�2 mm apart across the myofiber.

The peak amplitude of the fluorescent transient generated by
single action potential stimulation was measured as an indica-
tor of the magnitude of Ca2� release. Ca2� release was signif-
icantly greater in trkB.T1�/�mice (0.32 
 0.02 �F/F; n � 24)
compared with wild-type littermates (0.25 
 0.02 �F/F; n �
14; Fig. 4D). The decay phase of the Ca2� transient after a
tetanic train of pulses was assessed as the rate of Ca2� uptake
back into the SR after release. Following a prolonged stimulus

train, most diffusible (e.g., Ca2� dye, parvalbumin) and non-
diffusible (e.g., troponin C) Ca2� buffers are saturated, and the
rate of SR Ca2� sequestration is mostly dependent on SERCA
activity. Neither the decay time constant after trains of action
potentials (the tetanic transient; 34.16 
 4.32 compared with
33.26 
 3.18 ms) nor after single action potentials (the twitch
transient; 11.73 
 0.74 ms compared with 12.31 
 1.01 ms)
was different between genotypes. These results indicate that,
despite the increase in SR release, the kinetics of Ca2� seques-
tration by SERCA are not affected by the absence of trkB.T1
expression in muscle fibers.

Neuromuscular Junction Morphology Is Mildly Affected in
trkB.T1 Null Mice

Because reducing trkB.FL activity in skeletal muscle fibers
results in disassembly of postsynaptic AChR clusters and thus
NMJs (25), we asked whether neuromuscular junction mor-
phology was altered in the soleus and EDL muscles of
trkB.T1�/� mice compared with trkB.T1�/� littermates. Motor
axons and presynaptic nerve terminals were visualized using
antibodies against neurofilaments and the synaptic vesicle
protein SV2; perisynaptic Schwann cells were visualized using
antibodies against S-100�, and postsynaptic AChR clusters
were visualized with fluorescent �- bungarotoxin as previously
described (25). Overall patterns of neuromuscular innervation
in the soleus and EDL muscle, specifically that each muscle
fiber was innervated at a single end-plate site, were similar
between genotypes (Fig. 5A). In both muscles, however, a
significant increase in the area of postsynaptic AChR clusters
was observed in trkB.T1�/� mice compared with wild-type
littermates (Fig. 5, B and C). This result indicates that NMJ
size is modestly increased in trkB.T1�/� mice, a result not
unexpected considering that postsynaptic AChR area scales
with increases in myofiber CSA (2).

Neuromuscular Synaptic Transmission Is Similar Between
trkB.T1 Null and Wild-Type Mice

Since NMJ size was modestly increased in the trkB.T1�/�

muscles, we then addressed the possibility that enhancements
in synaptic transmission contributed to the increased neuro-
muscular performance in trkB.T1�/� mice compared with
trkB.T1�/� littermates. Differential expression of trkB iso-
forms has been shown to modulate synaptic transmission
(21–22, 40). The soleus muscle was dissected from trkB.T1�/�

and �/� mice. Nerve-evoked EPPs and spontaneous mEPPs
were analyzed after intracellular recording as previously de-
scribed (37, 75) (Table 3). Neither mEPP amplitude nor fre-
quency was significantly different between genotypes. Simi-
larly, EPP amplitude, rise time, and quantal content were
similar between genotypes. Lastly, measurements of paired

Fig. 3. Muscle fiber phenotype. A: histograms of myofiber cross-sectional area
(CSA) calculated in all whole fibers. Image analysis was performed in ImageJ
using wheat germ agglutinin (WGA)-conjugated Fluorophore to identify the
myofiber boundaries. The histogram was fit with a Lorentz function to
visualize the data trends in both trkB.T1�/� (open bar; gray fit) and trkB.T1�/�

(black bar; black fit) muscles. B: representative SDS-PAGE gel of electropho-
retically separated myosin heavy chain isoforms in EDL and soleus (SOL)
muscles across genotypes.

Table 1. Myofiber cross-sectional area in soleus and EDL muscles from trkB.T1�/� (n � 5) and trkB.T1�/� (n � 5) mice

EDL Soleus

trkB.T1�/� trkB.T1�/� trkB.T1�/� trkB.T1�/�

CSA, cm2 1,118.23 
 32.44* 1,526.10 
 30.19 786.43 
 8.91* 961.57 
 14.90
nfibers 1,359 711 957 738

Values are means 
 SE. EDL, extensor digitorum longus; CSA, cross-sectional area. Muscles were the contralateral muscles used for in vitro contractility
experiments; therefore the weights stated in Fig. 2 are representative. *P 
 0.05, trkB.T1�/� vs. trkB.T1�/�.
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pulse facilitation revealed no difference between genotypes.
These results demonstrate that trkB.T1 does not modulate
spontaneous or nerve-evoked neurotransmitter release at neu-
romuscular junctions.

trkB.T1�/� Muscle Exhibits a Gain in Activity-Induced Akt
and p70/sk6 Signaling

As neurotrophin ligand is released in an activity-dependent
manner (5, 14, 45, 47, 59), we sought to test whether trkB.FL-
dependent signaling pathways were differentially activated in
trkB.T1�/� vs. trkB.T1�/� littermate mice. It is well estab-
lished that Akt-dependent phosphorylation is downstream of
the trkB.FL signaling cascade (30, 35, 41). Furthermore, our
recent work in trkB.T1�/� neurons indicates that trkB.T1
differentially regulates neurotrophin-dependent trkB.FL sig-
naling through Akt over ERK (22). In striated muscle, Akt-
dependent signaling pathways play a critical role in promoting
the transcriptional program associated with muscle hypertro-
phy as well as increasing muscle contractility (16, 46, 57, 64).
Therefore we assayed Akt content as well as basal and activity-

dependent Akt phosphorylation (pAkt) as a potential mecha-
nism for the phenotypes we identified in the trkB.T1�/�.

Akt and downstream p70/sk6 signaling was assayed in
muscle harvested from deeply anesthetized trkB.T1�/� and
trkB.T1�/� littermate mice in which one hindlimb was stimu-
lated through the peroneal nerve (200-ms train of 50-Hz pulses
delivered at 0.25 Hz for 5 min) to exercise the dorsiflexor
muscles (i.e., TA and EDL) with isometric contractions. The
unstimulated limb served as a within animal control. In the
unstimulated TA muscle, Akt content was not different be-
tween genotypes (Fig. 6B); however, basal pAkt (Fig. 6C) was
increased in the unexercised trkB.T1�/� muscle. In the exer-
cised TA muscles (Fig. 6D), pAkt increased by approximately
twofold in trkB.T1�/� while trkB.T1�/� mice exhibited an
approximately threefold increase in pAkt, indicating an activ-
ity-dependent gain in pAkt activation in the trkB.T1�/� mus-
cles.

To directly assess the contribution of trkB.FL to the activity-
dependent increase in Akt phosphorylation, we conducted our
in vivo stimulation paradigm in mice genetically engineered
with a single-point mutation in the trkB.FL protein (F616A)
which enables small-molecule (1NMPP1) inhibition of trkB.FL
signaling (13). Mice homozygous for the mutated allele were
intraperitoneally injected daily for 4 days with 300 �g of
1NMPP1 with experiments performed 1 h after the final intra-
peritoneal injection. Neither basal level of Akt protein or basal
pAkt/Akt was different between trkBF616A�/� and trkB.T1�/�

(data not shown). Following the 5-min exercise bout, the
pAkt/Akt ratio was examined. Figure 6E displays pAkt/Akt
postexercise results in the trkBF616A�/� mice without (open
bar) or with (hatched bar) small-molecule inhibition of trkB.FL
signaling. The trkBF616A�/� muscles displayed an approximate
0.76-fold increase in pAkt with stimulation, a similar fold
increase compared with trkB.T1�/�. Pretreatment with 1NMPP1, the
small-molecule inhibitor of trkB.FL, signaling resulted in a
significant decrease (�25%) in the stimulation-induced pAkt/
Akt in the trkBF616A�/� compared with the untreated
trkBF616A�/� (0.76 
 0.07 vs. 0.57 
 0.04-fold). These results
support a significant role for trkB.FL in the activity-dependent
increase in Akt phosphorylation.

In striated muscle, activity-dependent activation of Akt is
followed by a well-described signaling cascade which includes
the activation of sk6 (i.e., p70/sk6). In parallel experiments, we
assayed the basal activation and exercise activation of sk6 in
trkB.T1�/� and trkB.T1�/�mice. Figure 7 reveals that while no
differences in sk6 content or basal phosphorylation (Fig. 7B)
were seen between genotypes, muscle from trkB.T1�/�mice
exhibited a gain in the activity-dependent activation of sk6

Table 2. Myosin heavy chain isotype percentage in soleus and EDL muscles from trkB.T1�/� (n � 5) and trkB.T1�/� (n �
5) mice as identified in silver-stained PAGE gels

EDL Soleus

trkB.T1�/� trkB.T1�/� trkB.T1�/� trkB.T1�/�

I – – 31.56 
 4.04 41.9 
 4.21
IIa 4.9 
 3.4 3.9 
 2.3 51.28 
 5.79 42.17 
 3.55
IIx 19.8 
 1.9 17.5 
 1.3 13.08 
 2.06 15.25 
 2.81
IIb 75.3 
 4.5 78.6 
 1.9 4.08 
 3.08 0.68 
 0.75
nmuscles 5 6 5 5

Values are means 
 SE.

Fig. 4. Global voltage-dependent Ca2� signaling in single skeletal myofibers.
A: representative photomicrograph of isolated flexor digitorum brevis (FDB)
myofibers from adult trkB.T1�/� and trkB.T1�/� mice. B and C: Ca2�

transients were measured using MagFluo-4AM (5 �m, 45 min) at 20–22°C;
raw data traces (arbitrary y-axis) are displayed. The myofibers were activated
by a single 500-�s square pulse (B) or trains of pulses (C, 100 Hz for 200 ms;
black bar) delivered with two field electrodes placed �2 mm apart across the
myofiber. D: box plot representation of the peak amplitude (�F/F) of the
fluorescent transient amplitude for trkB.T1�/� (gray box) or trkB.T1�/� mice
(white box). Whiskers represent data points at the 5th and 95th percentiles, box
extent and midline represent values at the 25th and 75th percentiles and
median, and inset box is the mean value. nfibers � 8–12; nmice � 4/genotype;
*P � 0.03.
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(1.65 
 0.11 vs. 4.36 
 0.46, respectively; Fig. 7B) following
the exercise protocol.

Genetic Deletion of trkB.T1 Reduces the Loss
of Muscle-Specific Force Following Eccentric Injury

In recent studies, myogenic Akt signaling was activated by
either pharmacological (4) or genetic approaches (7–8, 58) as
an intervention for the muscle dysfunction seen in the mdx
mouse, the murine model of Duchenne muscular dystrophy. In
each study, an increase in activated Akt amplified the endog-
enous Akt-dependent compensatory mechanisms, which in-
cluded increased expression of mRNA and proteins involved in
cytoskeletal stability and membrane repair. These changes
resulted in a protection from an acute eccentric injury paradigm
in mdx muscle (8, 58) as well as in nondiseased (i.e., wild-type)
muscle (7). Given these reports, and the enhancements in
Akt-dependent signaling in the trkB.T1�/�muscle we identi-
fied, we evaluated the relative resistance to an acute eccentric
injury in both trkB.T1�/� and trkB.T1�/� mice as well as
examining the muscles for the select genes and proteins asso-
ciated with cytoskeletal stability and membrane repair as re-
cently described (8, 58).

Following methods established by our group, the knee of
deeply anesthetized mice was stereotaxically immobilized
while the foot was affixed to a custom footplate on a torque cell
(28, 44, 62). After the determination of nerve-evoked peak
isometric force of the dorsiflexor muscles (i.e., TA and EDL),
single eccentric contractions were delivered once per minute
for 20 min. One minute after the last contraction, peak isomet-
ric torque was again assessed. In Fig. 8A, we summarize the

percentage of isometric force loss following the eccentric
injury. Here we find that trkB.T1�/� mice were significantly
more resistant to eccentric injury than were trkB.T1�/� mice
(50.03 
 2.72 vs. 40.87 
 1.55% force drop in isometric
force).

trkB.T1 Depletion Results in Increased mRNA and Protein
Expression of Cytoskeletal Stability and Membrane Repair
Components

In the contralateral, uninjured TA muscle (i.e., the control
limb) of the muscle injury experimental cohort (n � 5 per
genotype), as well as in an additional cohort not receiving
experimental manipulation (n � 6 per genotype), muscle was
assayed for both gene expression and protein content of utro-
phin, desmin, and dysferlin, three proteins associated with
Akt-dependent protection from eccentric injury (8, 58). To
examine mRNA expression quantitatively, we sequenced TA
muscle digital gene expression libraries from three wild-type
and three trkB.T1�/� mice. We obtained an average of 7.1 �
106 sequence reads per sample. Mean number of reads were
obtained for each genotype and then we specifically examined
the expression levels for desmin, dysferlin, and utrophin. In
samples sequenced from muscle RNA extracted from the
trkB.T1�/� mice, the expression of desmin was 135% greater
than wild type while the expression of dysferlin was 395%
greater than wild type. Utrophin expression was increased
by 50%.

To confirm our gene expression findings, we examined
protein expression in a set of protein lysates prepared from TA
muscles from both genotypes (Fig. 8B). Western blot analysis

Fig. 5. Neuromuscular junction (NMJ) morphology. A: repre-
sentative maximum plane projections of confocal stacks of
individual NMJs from the EDL of an adult trkB.T1�/� (top) and
trkB.T1�/� (bottom) animal. In these images, acetylcholine
receptors (AChRs) are labeled with TRITC-conjugated �-bun-
garotoxin (red), and exons and nerve terminals are labeled with
antibodies to neurofilament and SV2 (green). Schwann cell area
is labeled with antibodies to S-100 (blue). The overlay of labels
in these images (IV, VIII) demonstrates the precise colocaliza-
tion between the three cell types present at the NMJ and that the
synaptic morphology between the trkB.T1 control and deleted
animals is similar. In VIII, the intramuscular nerve with myeli-
nating Schwann cells is shown as indicated by the white arrow.
Scale bar is 50 �m. Image analysis (Metamorph) was used to
examine length, width, and area of NMJs from soleus (B) and
EDL (C) muscles from trkB.T1�/� (gray bars, n � 3 mice) and
trkB.T1�/� mice (black bars, n � 3 mice). *P 
 0.05 by
ANOVA.
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of muscles from trkB.T1�/� mice revealed an increase in
desmin and dysferlin compared with trkB.T1�/� muscles. We
were not able to confirm the increase in utrophin expression,
perhaps because of lack of sensitivity to detect this protein via
Western blot analysis in wild-type muscle (58).

DISCUSSION

Here we report that, consequent to the genetic deletion of
trkB.T1, neuromuscular function and nerve-evoked muscle
tension are significantly increased in vivo in trkB.T1�/� mice
compared with trkB.T1�/� littermates. In vitro assays showed
that, while this enhancement was independent of any improve-
ment of synaptic function at the NMJ, an increase in muscle
contractility and a gain in excitation-contraction (EC) cou-
pling-evoked SR Ca2� release was identified in muscle from
trkB.T1�/� mice. Consistent with trkB.T1’s role in cellular
signaling in other cell types (21–22, 53, 71), we demonstrate
that the deletion of trkB.T1 increases neurotrophin-dependent
activation of downstream signaling targets (e.g., Akt and p70/
sk6) that likely contributed to these functional improvements
identified in the trkB.T1�/�.

Enhanced Neuromuscular Function in the trkB.T1�/� Is
Associated With Postsynaptic Enhancements Within
the Myofiber

Given that our initial results demonstrated enhanced nerve-
evoked muscle force in vivo, we hypothesized that presynaptic
mechanisms may be operant in this gain-of-function pheno-
type. Our rationale was based on either gain-of-function (45,
60) or loss-of-function (5, 25, 38) phenotypes previously seen

with modulation of trkB.FL or ligand (NT-4). In contrast to our
hypothesis, we identified no difference in synaptic function in
trkB.T1�/� muscle. We did, however, identify a modest but
statistically significant increase in postsynaptic NMJ size and
myofiber CSA in trkB.T1�/� myofibers.

Accumulating evidence exists for a postsynaptic axis for
trkB modulation as recent studies report that neurotrophin
ligands functionally affect peripheral tissues, including skeletal
muscle (47, 60, 72, 74). The trkB ligand, BDNF, has been
shown to preserve muscle fiber CSA after denervation (23, 51,
66). In addition, BDNF has been shown to regulate satellite cell
function and muscle regeneration (17) after injury. Our current
finding is the first to demonstrate that trkB.T1 receptor expres-
sion has consequences at the level of the muscle cell.

In both the in vivo and the in vitro measures of contractile
function, the results were normalized to either body weight/

Table 3. Neuromuscular synaptic transmission of the soleus
muscle from trkB.T1�/� (n � 4) and trkB.T1�/�

(n � 4) mice

Amplitude, mV Frequency, Hz n

Mini-End-Plate Potential

T1�/� 0.546 
 0.027 1.141 
 0.171 21
T1�/� 0.545 
 0.024 1.555 
 0.173 23

Amplitude, mV Rise Time, ms n

End-Plate Potential

T1�/� 24.700 
 2.245 1.835 
 0.142 23
T1�/� 25.957 
 2.196 1.952 
 0.114 25

No. of ACh Quanta/Pulse n

Average Quantal Content

T1�/� 54.228 
 12.438 19
T1�/� 84.708 
 18.950 20

% of Initial n

Paired Pulse Facilitation

T1�/� 0.959 
 0.026 18
T1�/� 0.955 
 0.023 10

Values are population means 
 SE for measurements of mini end-plate
potential, end-plate potential, average quantal content, and paired pulse facil-
itation. No significant differences were seen between genotypes across these
parameters. The n in the table represents no. of junctions tested in each
condition from 4 mice of each genotype (n � 8).

Fig. 6. Activity-dependent Akt (i.e., protein kinase B) is enhanced in
trkB.T1�/� muscles. Equal volumes of tibialis anterior muscle homogenate
were resolved on 4–12% SDS-PAGE, transferred to nitrocellulose membranes,
and probed with primary antibodies against Akt, phosphorylated (p)Akt
(Ser473). A: representative Western blot demonstrating Akt protein (top), pAkt
(middle), and �-actin (bottom) from n � 4 separate experiments (c, control; e,
exercise). B: the content of Akt protein normalized to �-actin was not different
in muscles taken from trkB.T1�/� and trkB.T1�/� mice. C and D: the pAkt/Akt
ratio from basal (C) and postexercise (D) conditions was significantly different
in trkB.T1�/� compared with trkB.T1�/�; n � 4 separate experiments. *P 

0.05 by ANOVA. E: in similar response to the trkB.T1�/�, the trkBF616A

muscles displayed an approximate 0.75-fold increase of pAkt with simulation,
an effect that was approximately half that seen in the trkB.T1�/� (see D).
Pretreatment with 1NMPP1, the small-molecule inhibitor of trkB.FL signaling,
resulted in an ablation of the stimulation-induced pAkt when compared with
the untreated control. Taken together, stimulation in trkB.T1�/� muscle re-
sulted in an �48% increase in pAkt over trkB.T1�/� while 1NMPP1 inhibition
in the trkBF616A mice resulted in a decrease in amount of pAkt in stimulated
muscle by �24%.

C149trkB.T1 AND MUSCLE CONTRACTILITY

AJP-Cell Physiol • doi:10.1152/ajpcell.00469.2010 • www.ajpcell.org
Downloaded from www.physiology.org/journal/ajpcell (162.193.240.153) on June 28, 2019.



muscle weight (in vivo) or cross-sectional area (in vitro). In
each set of experiments, muscle force output was significantly
higher in the trkB.T1�/� despite the body weights or muscle
mass (TA, EDL, or soleus) being smaller in the trkB.T1�/�

than the trkB.T�/�. These results suggest that enhancement in
muscle contractility explains the increased force production in
the trkB.T1�/� mice.

An assay of global EC coupling processes revealed that
myofibers from trkB.T1�/� mice exhibited a significant in-
crease in the peak amplitude of the electrically elicited Ca2�

transient compared with those from wild-type littermates. This
increase in the magnitude of Ca2� transients occurred without
a change in the rate of decay of the Ca2� transient. This
suggests that, while Ca2� release from the SR was increased in
mice lacking trkB.T1, the sequestration of Ca2� into intracel-
lular stores was unchanged. In the context of EC coupling
processes, an increase in the peak amplitude of Ca2� release is
consistent with a greater peak Ca2� flux from the ryanodine
receptor (RyR) Ca2� release channel in the SR.

Several reports support the notion that trkB-mediated sig-
naling might affect RyR-dependent Ca2� release. For example,
activation of trkB signaling via exogenous application of NT-4
enhances voltage-dependent RyR Ca2� release from intracel-
lular stores in rat pyramidal neurons (36). Furthermore, an
enhancement of force production secondary to ligand activa-
tion of trkB signaling was observed in airway smooth muscle,
and this effect was dependent on Ca2� release from the SR
(60). While we identified an enhancement in voltage-depen-
dent SR Ca2� release in the trkB.T1�/� mice, we could not
enhance this Ca2� release with acute (1 h) or chronic (24 h)
exposure of wild-type or trkB.T1�/� myofibers to exogenous

NT-4 (see Supplemental Fig. S1). This result supports the
findings of Mantilla et al. (45) as well as Zhan et al. (76), who
have shown that acute neurotrophin application was not effec-
tive at modulating muscle specific contractility. Therefore, our
results are most consistent with more chronic adaptive changes

Fig. 7. Activity-dependent p70/S6 kinase (sk6) is enhanced in trkB.T1�/�

muscles. Equal volumes of tibialis anterior muscle homogenate were resolved
on 4–12% SDS-PAGE, transferred to nitrocellulose membranes, and probed
with primary antibodies against sk6 and p-sk6. A: representative Western blot
demonstrating sk6 protein (top), p-sk6 (middle), and GAPDH (bottom) from
n � 4 separate experiments. No difference was seen in the relative amount of
sk6 protein between genotypes compared with GAPDH as a loading control.
B: nerve-evoked contractions induced a significant increase in phosphorylated
sk6 over the basal condition in the trkB.T1�/� animals (4.36 
 0.43-fold)
when compared with the trkB.T1�/� (1.65 
 0.11-fold). *P 
 0.05.

Fig. 8. trkB.T1 deletion results in less susceptibility to injury. A: maximal
torque was measured in the dorsiflexor muscles of trkB.T1�/� (n � 9) and
trkB.T1�/� (n � 9) mice before and after the eccentric injury protocol (details
are described in MATERIALS AND METHODS). Because we used a maximal tetanic
contraction and we measured torque at a fixed ankle position, our measure of
maximal torque ultimately reflects maximal muscle force. The deficit in
isometric force generation following injury is presented as the % loss in
isometric force after normalization to the preinjury level. While there was a
substantial force deficit in both the trkB.T1�/� and the trkB.T1�/� animals, the
trkB.T1�/� mice sustained significantly less injury compared with the
trkB.T1�/� animals. *P � 0.008 by repeated measures ANOVA. B: clarified
muscle homogenate was resolved on 4–12% SDS-PAGE, transferred to
nitrocellulose membranes, and probed with primary antibodies against dysfer-
lin (top) and desmin (middle). Blots were then stripped and reprobed with
anti-actin primary antibodies to determine protein densities. The top set gray
bar indicates trkB.T1�/�, and the black bar represents trkB.T1�/� samples. Bar
graph demonstrates a significant increase in dysferlin and desmin protein in
trkB.T1�/� muscles. n � 8 muscles/genotype; *P 
 0.05 by ANOVA.
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in EC coupling being responsible for the contractility pheno-
type in the trkB.T1�/� muscle fibers.

Several pieces of evidence argue against enhanced myofil-
ament sensitivity as a significant contributor to the contractil-
ity. Here we found that MHC isoforms are similar across
genotypes and that the shape of the normalized force vs.
frequency relationship was identical, both supporting the idea
that myofilament activations are similar. Indirect evidence
comes from a recent study that used an inducible expression of
myogenic Akt (7), which demonstrated an increase in muscle-
specific force and EC coupling similar to that seen in the
trkB.T1�/�. These investigators identified an increase in Ca2�-
activated force production in skinned muscle segments that
was fully explained by the resistance of the Akt-derived muscle
segments to osmotic swelling post skinning (7), an experimen-
tal artifact that alters the actin-myosin interaction and lowers
force production. Interestingly, we identified an overexpression
of cytoskeletal proteins (e.g., desmin and dysferlin) in the
trkB.T1�/� that are known to be overexpressed with Akt
activation in skeletal muscle (58) and could thus serve to
protect cells from mechanical stresses such as osmotic swelling
as well as eccentric muscle damage (see below).

In our final set of experiments, we demonstrated that the
deletion of trkB.T1 proffered protection against the loss of
maximal isometric force following an acute eccentric contrac-
tion injury protocol. Across two sets of experiments (9 animals
per genotype), we report a significant �10% (P 
 0.05)
decrease in isometric torque loss in the trkB.T1�/� mice
following eccentric injury. The acute loss in muscle force with
eccentric injury can be the result of cytoskeletal damage and/or
membrane disruption (44, 62), and our results suggest that the
trkB.T1�/� mice are likely protected in one or both areas. In
this regard, we find that trkB.T1 mice have an increase in the
mRNA and the protein content of both dysferlin, a protein
integral to the membrane repair process (3, 39, 62), and
desmin, a cytoskeletal protein shown to provide stability to the
contractile apparatus and cytoskeletal-sarcolemmal interface
(3, 39, 42, 62). In fact, recent work used drastic overexpression
of activated Akt in the mdx mouse, achieved a increase in
dysferlin and desmin, and demonstrated a decrease isometric
torque loss by �20% following eccentric injury (8). Given that
we show a 10% protection of force drop in the nondiseased
trkB.T1�/� muscles, we believe that these results are not only
statistically significant but physiologically significant.

The trkB Loci As a Target for Improving Muscle Function

Within the skeletal myofiber, neurotrophin ligand (NT-4/5/
BDNF) is released by muscle fibers in an activity-dependent
manner (5, 14, 45, 47, 59). Furthermore, it is well established
that skeletal muscle has both the full length and truncated
isoforms of trkB (25, 27, 47, 55, 59). Given the presence of this
ligand and receptor system in muscle, our results are consistent
with the parsimonious model in which trkB.T1 acts in a
dominant negative manner to inhibit trkB.FL signaling (24,
25). In this model, the presence of trkB.T1 would act to limit
homodimerization of trkB.FL and thus limit trkB-dependent
signaling to downstream targets. In contrast, the muscle from
trkB.T1�/� mice would be predicted to present with an in-
creased gain in activity-dependent trkB signaling to down-

stream targets given the lack of dominant negative inhibition,
a result we demonstrate here.

In our current study, we have evidence that the deletion of
trkB.T1 increases neurotrophin-dependent activation of down-
stream signaling to Akt and p70/sk6 and it is likely that this
gain in trkB-dependent signaling played a role in the pheno-
types identified. Indirect support for this signaling axis as a
contributor trkB.T1�/� phenotype comes from recent studies in
which constituently activated Akt (58) or short-term inducible
activated Akt (7) induced an increase in in vivo muscle
contractility that was accompanied by increased in vitro force
production, no change in muscle fiber type, increased EC
coupling-dependent SR Ca2� release as well as resistance to
eccentric injury, all findings we demonstrate in the trkB.T1�/�.

While this simplistic model conceptually accounts for our
findings, we acknowledge that other studies have suggested
unique signaling roles for trkB.T1, for example, by modulating
Ca2� signaling mechanisms (63). Here we report that EC
coupling-dependent SR Ca2� release is enhanced in trkB.T�/�

muscle fibers. While there is evidence that enhanced Akt-
dependent signaling can lead to increases in muscle contrac-
tility (16, 46, 57, 64), we cannot rule out an alternative
possibility that, secondary to trkB.T1�/� deletion, mice have
an increase in EC coupling-dependent Ca2� release that would
lead to increased force production, increased excitation/tran-
scriptional coupling (43, 52, 65), and an increase in Akt
activation. Indeed, there is evidence that neurotrophin activa-
tion could act by increasing membrane excitability and Ca2�

release which would be a chronic activator of Akt at rest as
well as during activity; both we identified in the trkB.T1�/�

(34, 63, 77).
Across all cell types that express trkB.T1, the role of this

receptor in cell function and detail of its signaling are still not
fully understood. While future investigations directed at re-
vealing the mechanistic details of trkB.T1 signaling are
needed, our novel finding of enhanced neuromuscular perfor-
mance with the genetic deletion of trkB.T1 as well the reduc-
tion in eccentric injury in the trkB.T1�/� mice supports the
trkB loci as a target for intervention across diseases character-
ized by deficits in muscle contractility.
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