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Zhang C, Shokat KM, Sieck GC. TrkB kinase activity maintains
synaptic function and structural integrity at adult neuromuscular
junctions. J Appl Physiol 117: 910-920, 2014. First published August
28, 2014; doi:10.1152/japplphysiol.01386.2013.—Activation of the
tropomyosin-related kinase receptor B (TrkB) by brain-derived neu-
rotrophic factor acutely regulates synaptic transmission at adult neu-
romuscular junctions (NMJs). The role of TrkB kinase activity in the
maintenance of NMJ function and structure at diaphragm muscle
NMJs was explored using a chemical-genetic approach that permits
reversible inactivation of TrkB kinase activity in TrkB"®/%4 mice by
INMPP1. Inhibiting TrkB kinase activity for 7 days resulted in
significant, yet reversible, impairments in neuromuscular transmission
at diaphragm NMJs. Neuromuscular transmission failure following 2
min of repetitive phrenic nerve stimulation increased from 42% in control
to 59% in INMPP1-treated TrkB"®/%* mice (P = 0.010). Recovery of
TrkB kinase activity following withdrawal of INMPP1 treatment im-
proved neuromuscular transmission (P = 0.006). Electrophysiological
measurements at individual diaphragm NMIJs documented lack of differ-
ences in quantal content in control and 1INMPP1-treated mice (P =
0.845). Morphological changes at diaphragm NMJs were modest follow-
ing inhibition and recovery of TrkB kinase activity. Three-dimensional
reconstructions of diaphragm NMJs revealed no differences in volume at
motor end plates (labeled by a-bungarotoxin; P = 0.982) or presynaptic
terminals (labeled by synaptophysin; P = 0.515). Inhibition of TrkB
kinase activity by 1INMPPI1 resulted in more compact NMJs, with
increased apposition of presynaptic terminals and motor end plates (P =
0.017) and reduced fragmentation of motor end plates (P = 0.005).
Recovery of TrkB kinase activity following withdrawal of 1NMPP1
treatment resulted in postsynaptic remodeling likely reflecting increased
gutter depth (P = 0.007), without significant presynaptic changes. These
results support an essential role for TrkB kinase activity in maintaining
synaptic function and structural integrity at NMJs in the adult mouse
diaphragm muscle.

diaphragm muscle; innervation; motor unit; neuromuscular transmis-
sion; synaptic plasticity

NEUROTROPHINS, signaling via their high-affinity tropomyosin-
related kinase (Trk) receptors, are important regulators of
synaptic plasticity and function at the neuromuscular junction
(NMJ) (12, 29). Both brain-derived neurotrophic factor
(BDNF) (23) and neurotrophin-4 (NT-4) (52), acting via Trk
subtype B (TrkB) receptors, increase spontaneous and evoked
neurotransmitter release in cultured amphibian NMlJs. In ro-
dents, BDNF, NT-4, and the novel TrkB ligand 7,8-dihydro-
flavone prevent force loss associated with repetitive nerve
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stimulation (25, 30), reflecting improved neuromuscular trans-
mission. Signaling via TrkB receptors modulates neurotrans-
mitter release by interacting with presynaptic muscarinic re-
ceptors (14). In addition, BDNF-induced TrkB signaling con-
tributes to the stabilization of polyinnervated NMJs during the
postnatal period of synaptic elimination (13). In adult mice,
fragmentation of postsynaptic acetylcholine receptor (AChR)
clusters is induced via adenovirus-mediated overexpression of
truncated TrkB (TrkB.t1) (15), likely reflecting reduced full-
length TrkB signaling (kinase activity). In general agreement,
postsynaptic terminal expansion and fragmentation are evident
in TrkB™~ mice with reduced expression of the full-length
TrkB receptor (22). Genetic knockdown models lacking TrkB
receptors or BDNF die during embryonic or early postnatal
development (50), and heterozygous models with reduced
expression do not avoid possible developmental effects on
NMIJ function and structure. The role that TrkB kinase activity
plays in the maintenance of functional and structural properties
of the adult NMJ in vivo has not been explored in develop-
mentally intact mice, and thus developmental effects of altered
TrkB signaling cannot be obviated when studying adult knock-
out mice.

The purpose of the present study was to examine the role of
TrkB kinase activity on the maintenance of synaptic function
and structural integrity at diaphragm muscle NMJs in adult
mice using a chemical-genetic approach in TrkB®/%* mice
expressing knockin alleles that permit rapid, selective, and
reversible inhibition of TrkB kinase activity (6). TrkBf¢/64
knockin mice carry a phenylalanine-to-alanine mutation in the
ATP binding domain of the TrkB receptor, rendering TrkB
kinase activity sensitive to inhibition by the phosphoprotein
phosphatase 1 inhibitor (PP1) derivative INMPP1. Thus this
chemical-genetic approach permits assessment of the in vivo
role of TrkB kinase activity in the regulation of neuromuscular
transmission and maintenance of morphological properties at
adult diaphragm NMJs.

MATERIALS AND METHODS

Animals. The study was approved by the Institutional Animal Care
and Use Committee (IACUC), and all procedures were performed in
accordance with the American Physiological Society’s Guiding Prin-
ciples in the Care and Use of Vertebrate Animals in Research and
Training. Adult male TrkB"®/%A mice (n = 58; 24.9 * 0.3 g) were
used to selectively, rapidly, and reversibly inhibit TrkB kinase activity
following oral INMPP1 treatment (25 wM in drinking water). All
mice were individually housed and maintained on a 12:12-h light-dark
schedule under specific pathogen-free conditions with ad libitum
access to food and water. While undergoing oral INMPP1 treatment
water intake was monitored daily. TrkB*%/%* mice were generated on
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a 129J and C57BL/6 hybrid genetic background and were genetically
modified to stably harbor a knockin mutation that results in inhibition
of TrkB kinase activity only in the presence of PP1 derivatives such
as INMPPI1 (6). INMPPI1 was synthesized as previously described
(3). Three groups were studied: /) untreated mice (age- and weight-
matched; CTL; n = 23); 2) mice in which TrkB kinase activity was
inhibited by treatment with INMPP1 for 7 days (INH; n = 23); and
3) mice in which TrkB kinase activity was reversibly inhibited by
treatment with INMPP1 for 7 days followed by a 7-day recovery
period (REC; n 12). These time points were based on previous
studies demonstrating substantial functional and morphological
changes at diaphragm NMIJs following 7-14 days of altered synaptic
activity (27, 28, 38, 48, 49). At the terminal experiment, animals were
exsanguinated under deep levels of anesthesia induced by intramus-
cular injection of ketamine (90 mg/kg) and xylazine (10 mg/kg).

Assessment of neuromuscular transmission failure. Isolated dia-
phragm muscle-phrenic nerve preparations from mice in all three
experimental groups (n = 6—7/group) were used to determine neuro-
muscular transmission failure, using a global measurement as previ-
ously described (10, 11, 18, 21, 25, 30, 33, 38, 45). Briefly, muscle
segments (2- to 3-mm wide) were obtained from each midcostal
hemidiaphragm muscle while preserving the phrenic nerves. Seg-
ments were placed in an organ bath containing oxygenated (95%
0>-5% CO») Rees-Simpson solution (in mM: 135 Na™, 5 K* 2 Ca®*,
1 Mg?*, 120 Cl—, 25 HCOs~, 11 glucose; pH 7.4) at 26°C, and
isometric diaphragm muscle force measurements were obtained by
attaching the central tendon to a force transducer (model 6350,
Cambridge Technology, Cambridge, MA) and the rib insertion to a
micromanipulator. Direct muscle stimulation (1-ms pulses via plate
electrodes) was used to adjust muscle length until maximal isometric
twitch force responses were obtained (optimal length: L,). The
phrenic nerve was subsequently stimulated (0.2-ms pulse at supra-
maximal intensity) using a suction electrode at 40 Hz in 330-ms
duration trains repeated each second for a 2-min period. Every 15 s,
direct muscle stimulation (via plate electrodes; 1-ms supramaximal
pulses at 40 Hz in 330-ms trains) was superimposed (Fig. 1A4). The
evoked isometric force responses were displayed on a storage oscil-
loscope and recorded with customized software (LabView 8.2, Na-
tional Instruments, Austin, TX) running on a personal computer. In
every diaphragm muscle-phrenic nerve preparation, care was taken to
ensure that the initial forces generated by both nerve and muscle
stimulation were within expected ranges consistent with previous
studies (10, 11, 18, 21, 25, 30, 32, 38, 45). The extent of transmission
failure was estimated based on the difference in force generated by
nerve vs. muscle stimulation as (NF — MF)/(1 — MF), where NF and
MF are the percent decrement in force during repetitive nerve and
muscle stimulation, respectively.

In separate diaphragm muscle segments, contractile properties were
also assessed. Isometric twitch force (P;) and maximum tetanic force
(P,) were normalized for cross-sectional area based on muscle weight
and a tissue density of 1.056 g/cm? at optimal muscle length (Lo). In
addition, the ratio of force generated after 2 min of repetitive stimu-
lation (330 ms, 40-Hz trains) to the initial force was used to determine
a muscle fatigue index.

Electrophysiological assessment of quantal content. In an addi-
tional set of experiments, diaphragm muscle preparations with the
phrenic nerve attached were dissected from mice in the CTL and INH
groups to determine miniature and evoked end-plate potentials (mEPP
and EPP, respectively) using standard methods for electrophysiolog-
ical recordings, as previously described (9, 11, 43). Briefly, prepara-
tions were pinned to a silicon rubber-coated dish containing Rees-
Simpson solution. A recording glass micropipette filled with 3 M KCl
(15-20 MQ) was inserted at the edge of selected superficial presyn-
aptic terminals into the corresponding muscle fiber. Visualization of
the terminals was accomplished with the use of a Photometrics
Cascade:512F cooled charge-couple device camera (Photometrics-
Roper Scientific, Tucson, AZ) mounted on an upright Olympus
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Fig. 1. Contribution of neuromuscular transmission failure to muscle fatigue in
diaphragm muscle from adult 7rkB"6/** mice in control (CTL), INMPP1-
inhibited (INH), and recovered (REC) experimental groups. A: representative
tracing of force elicited by stimulation of the diaphragm muscle via the phrenic
nerve (every s) and muscle stimulation via plate electrodes (every 15 s).
Maximal isometric twitch force obtained by direct muscle stimulation is shown
by the first spike. Muscle fatigue induced by repetitive stimulation is evident
by the decrease in force over time. The difference in the force elicited by direct
(muscle) and indirect (nerve) stimulation reflects neuromuscular transmission
failure, which was quantified as described in MATERIALS AND METHODS. B: the
global measure of neuromuscular transmission represents the percent neuro-
muscular transmission failure with an inverted y-axis (i.e., greater % neuro-
muscular transmission failure reflects impaired force generation elicited by
nerve stimulation). Time course (mean * SE) of neuromuscular transmission
failure in CTL (n = 7), INH (n = 7) and REC (n = 6) mice. Neuromuscular
transmission failure after 2 min of repetitive stimulation is significantly greater
in the INH group compared with CTL and REC (ANOVA, P = 0.003).
*Significantly different from CTL group (P < 0.05). fSignificantly different
from INH group (P < 0.05).

BXS51WI microscope, with the use of a Huxley MP-85 micromanip-
ulator (Sutter Instruments, Novato, CA). Muscle contractions were
blocked with p-conotoxin GIIIb (15.8 pg/ml, 6 wM; Bachem). Su-
pramaximal electrical stimulation of the phrenic nerves (10-20 V, 0.1
ms) was delivered using a Grass S88 stimulator (Grass Instruments).
Resting membrane potential, miniature end-plate potentials (mEPP),
and end-plate potentials (EPP) in response to isolated, single phrenic
nerve stimulation were recorded using a Duo 773 electrometer (World
Precision Instruments, Sarasota, FL) and analog-to-digital converted
using a Digidata 1322A interface (Axon Instruments) using AxoScope
10.4 software (Axon Instruments). Only muscle fibers with stable
resting membrane potential in excess of —60 mV (<5% fluctuation)
were used. Quantal content was estimated as the ratio of EPP ampli-
tude corrected for nonlinear summation (31), and mean mEPP ampli-
tude. Data were examined offline using Clampfit 10.4 software (Axon
Instruments).

Assessment of diaphragm muscle NMJ morphology. Morphological
assessments of pre- and postsynaptic structures were conducted in
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mice from all three experimental groups (n = 5-6/group). The
diaphragm muscle was quickly excised and pinned onto a silicon
rubber (Sylgard; Dow-Corning, Midland, MI)-coated Petri dish. The
motor end plate of diaphragm NMJs was labeled by incubating in
Alexa Fluor 488-conjugated a-bungarotoxin (0.1 wg/ml; Invitrogen,
Carlsbad, CA) for 45 min. Subsequently, diaphragm muscle samples
were washed with 0.1 M phosphate buffer, fixed with 4% parafor-
maldehyde, washed, and stained for presynaptic structures overnight
using 1 mg/ml of an anti-synaptophysin antibody (SC-9116, Santa
Cruz Biotechnology, Santa Cruz, CA) and the appropriate Cy3-
conjugated secondary antibody (donkey anti-rabbit IgG, Jackson Im-
muno Research Laboratories, West Grove, PA). Additional studies not
including a-bungarotoxin or the primary anti-synaptophysin antibody
(blank) or alternately using a Cy5-conjugated secondary antibody
were conducted to confirm the specificity of immunostaining. Blank
sections were processed in parallel for all immunohistochemical
reactions and animals.

Assessment of antibody specificity. The specificity of fluorescently-
conjugated a-bungarotoxin labeling was confirmed by the absence of
staining outside of motor end plates in the diaphragm and other
skeletal muscles in mice and rats, as previously reported (26, 27, 37,
38, 43, 45). For identification of presynaptic structures at diaphragm
NMIJs, we selected an anti-synaptophysin antibody that specifically
recognizes a region between amino acids 269 and 289 (19) in the
cytoplasmic domain of this integral membrane glycoprotein (~40
kDa) (53). The antiserum stains a single band of 38-kDa molecular
mass on Western blot (manufacturer’s technical information). The
immunoreactivity pattern observed was identical to previous reports
of axon terminals in rat diaphragm muscle (26, 27, 38, 43). Antibodies
anti-TrkB (Neuromics no. GT15080) and anti-pTrkB (Cell Signaling
no. 4621S) stain band(s) of the appropriate molecular weight (verified
in Western blot analysis of brain extracts).

Confocal imaging. Confocal microscopy was used for morpholog-
ical analyses of diaphragm muscle NMJs, as previously described (27,
40, 41, 45, 46, 48). Diaphragm muscle whole mounts were imaged
with an Olympus FluoView 300 laser scanning confocal microscope
(Olympus America, Melville, NY) mounted on an upright Olympus
BX50WI microscope and equipped with Argon (488 nm) and HeNe
(543 nm and 643 nm) lasers using an Olympus LUMPIlanF1 60X/0.90
N.A. water immersion lens. Pixel dimensions (0.33 X 0.33 pm in a
800 X 600 array) were set above the optical resolution for this lens
and step size was set to match the empirically determined Z-axis
resolution (0.8 wm), thus avoiding oversampling (26, 27, 45). During
imaging and subsequent analyses, technicians were unaware of ex-
perimental group assignment. Confocal image stacks were obtained
for all NMIJs that were en face and located superficially on the thoracic
surface of the diaphragm muscle (within 50 pwm), as in previous
studies (26, 27, 38, 45).

Stacks of confocal images (2-channel, 12-bit multi-TIFF files) for
each diaphragm muscle NMJ were used for morphometric measure-
ments of pre- and postsynaptic structures (in MetaMorph, Molecular
Devices, Sunnyvale, CA). A postsynaptic 2D planar area (motor end
plate) was obtained from a maximum-intensity projection, and the
relative planar area was calculated by dividing the 2D planar area by
the area described by the main orthogonal axes of the end plate. The
relative planar area thus reflects the complexity of postsynaptic
structures as determined by branching and fragmentation of the motor
end plate (45). The volume of the presynaptic terminal, motor end
plate and volume of apposition of pre- and postsynaptic structures
were also determined with manual thresholding using a customized
algorithm in MetaMorph, as previously reported (38, 45). The volume
of apposition was determined from the intersection of the two bina-
rized volume sets for pre- and postsynaptic structures. Previous
investigations commonly assess apposition of pre- and postsynaptic
structures using 2D analyses of maximum-intensity projections (22,
38). The density of AChR at the NMJ was estimated by average
fluorescence intensity of Alexa Fluor 488-conjugated a-bungarotoxin.
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In preliminary studies, a subset of 22 CTL NMJs was analyzed
comparing 2D and 3D measurements of pre- and postsynaptic appo-
sition. Using binarized 2D maximum-intensity projections of presyn-
aptic terminals and motor end plates, the average fraction of the
presynaptic terminal directly opposing postsynaptic structures was
88.8 = 1.5%. In addition, 75.0 £ 1.2% of the motor end plate was
directly opposed by the presynaptic terminal. These findings are
consistent with previous reports, including measurements at type-
identified diaphragm NMJs (37-39, 42). However, 3D measurements
of the same NMJs showed that, on average, 59.4 * 3.9% of the
presynaptic terminal volume was opposing the motor end plate and
53.5 = 2.5% of the motor end-plate volume was directly opposed by
the corresponding presynaptic terminal. Furthermore, these analyses
revealed that 2D measurements of apposition would frequently over-
estimate apposition by up to 40%. For this reason, only 3D volumetric
measurements of pre- and postsynaptic apposition are reported in this
study.

Images for publication were produced in Adobe Photoshop (Adobe
Systems; San Jose, CA) by down-converting multi-TIFF files to 8-bit
single-channel images, without introducing any changes in brightness
or contrast.

Statistical analysis. All statistical evaluations were performed us-
ing standard statistical software (JMP 8.0, SAS Institute, Cary, NC).
Data are reported as means * SE, unless otherwise specified. Com-
parisons of neuromuscular transmission failure were conducted using
repeated-measures ANOVA. Morphological and electrophysiological
data were clustered by animal such that all measurements represent
mean values across animals for each experimental group; differences
were compared using one-way ANOVA. When appropriate, post hoc
group differences were assessed using the Tukey-Kramer honestly
significant difference (HSD) test. A value of P < 0.05 was considered
statistically significant.

RESULTS

Inhibition of TrkB kinase activity. To measure the effects of
inhibiting TrkB kinase activity in vivo, INMPP1 was admin-
istered orally to TrkB6/54 mice for 7 days. Adult TrkB6!64
mice that were administered INMPP1 did not show any gross
abnormalities. Animals gained weight normally during the
7-day inhibitor treatment. No overt changes were observed in
animal behavior or motor function during the treatment period,
nor during recovery from inhibition, compared with CTL.
Inhibition of TrkB kinase activity was verified in protein
extracted from brain tissue, immunoprecipitated using anti-
TrkB, and probed for phosphorylated TrkB. Treatment with
INMPP1 in TrkB"%/%4 mice resulted in extensive reduction in
phosphorylated TrkB, with the ratio of phosphorylated to total
TrkB being reduced ~13-fold (P < 0.05). Assessment of
INMPP1-induced changes in TrkB phosphorylation was not
possible in diaphragm muscle homogenates from CTL mice,
given very low levels of full-length TrkB and undetectable
phosphorylated TrkB precluding quantitative assessment.

TrkB kinase inhibition increases neuromuscular transmis-
sion failure. To evaluate possible effects induced by altered TrkB
kinase activity on neuromuscular transmission, diaphragm muscle
segments with the phrenic nerve attached were stimulated in
vitro. A representative tracing of diaphragm muscle forces
elicited by independent phrenic nerve and muscle stimulation
is shown in Fig. 1. With repetitive stimulation, forces elicited
in response to nerve stimulation decline more rapidly than
those elicited in response to muscle stimulation, reflecting an
increasing contribution of neuromuscular transmission failure
to reduced force generation (Fig. 1A). Neuromuscular trans-
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mission failure determined in this fashion is a global method to
evaluate force generated by the diaphragm muscle in response
to nerve activation. These findings are consistent with previous
reports in the mouse diaphragm from wild-type (45) and
TrkBF®154 mice (25).

The effect on neuromuscular transmission failure elicited by
repetitive stimulation in vitro was determined in diaphragm
muscle segments obtained from adult CTL, INH, and REC
TrkB"'%4 mice. In vitro conditions were identical for all three
groups; e.g., INMPP1 was not present in the bath solution
during testing in the INH group. The ratio of initial force
generated by nerve stimulation to that generated by muscle
stimulation did not differ across the experimental groups (over-
all: 0.84 = 0.01; P > 0.05).

There were significant differences in neuromuscular trans-
mission failure following 2 min of repetitive nerve stimulation
across the three experimental groups [ANOVA; F(2,17) = 8,
P = 0.003]. Following 7 days of INMPP1-induced inhibition
of TrkB kinase activity, neuromuscular transmission was sig-
nificantly impaired compared with CTL, and this effect was
evident after 105 s of repetitive stimulation [Fig. 1B; repeated-
measures ANOVA; F(16,136) = 4.12, P < 0.001]. Indeed, by
2 min of repetitive nerve stimulation, neuromuscular transmis-
sion failure was greater in the INH group compared with CTL
(CTL 41.6 £ 4.0% vs. INH 58.9 = 3.7%; post hoc HSD test,
P = 0.010). These results indicate that inhibition of TrkB
kinase activity in vivo disrupts neuromuscular transmission.

Of note, inhibition of TrkB kinase activity by INMPP1 in
TrkB'®'54 mice did not affect isometric contractile properties
of the diaphragm muscle [Table 1; ANOVA: P, F(2,21) = 0.3,
P = 0.730; P,, F(2,21) = 0.2, P = 0.834; and fatigue index,
F(2,17) = 0.7, P = 0.529]. Compared with CTL, there were no
differences in specific muscle force (P, and P,; post hoc HSD
test, P = 0.820 and P = 0.853, respectively) or in the relative
force generated by the diaphragm muscle following 2 min of
repetitive stimulation (i.e., fatigue index; post hoc HSD test,
P = 0.978).

Neuromuscular transmission is restored with recovery from
TrkB kinase inhibition. To determine whether altered func-
tional properties induced by inhibition of TrkB kinase activity
were reversible, adult male TrkB™%/%4 mice that were initially
treated with INMPP1 for 7 days (as in the INH group) were
now allowed to recover from INMPP1-induced inhibition by
withdrawal of INMPP1 treatment. Following 7 days of recov-
ery without the inhibitor INMPP1, neuromuscular transmis-
sion was significantly improved compared with INH (Fig. 1B),

Table 1. Isometric contractile and fatigue properties of

diaphragm muscle segments in TrkBF51%A mice

Pi, N/em? Po, N/cm? Fatigue Index, %
Control TrkBF554 (CTL) 6.8 = 0.3 (10) 20.5 + 0.7 (10) 40.1 + 2.3 (7)
INMPPI inhibited (INH) 6.4 = 0.6 (8) 199 = 1.2 (8) 394 £34(7)
Recovered (REC) 69+05(6) 199+06(6) 437+ 22(6)

Data are presented as means = SE and, in parentheses, number of animals
for each measurement. P, peak isometric twitch force; P,, maximum tetanic
force [both normalized for physiological cross-sectional area (i.e., specific
force]. Fatigue index is the relative force elicited following 2 min of repetitive
stimulation as a percentage of the initial force from a midcostal diaphragm
muscle segment separate from that used for neuromuscular transmission
analysis. All comparisons conducted using a one-way ANOVA were not
significant (P > 0.05).
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and this effect was evident after 60 s of repetitive stimulation
[repeated-measures ANOVA, F(16,136) = 4.12, P < 0.001].
By 2 min of repetitive nerve stimulation, neuromuscular trans-
mission failure was significantly decreased in the REC group
(39.5 £ 3.4%) compared with INH (post hoc HSD test, P =
0.006). Furthermore, no differences in neuromuscular transmis-
sion failure were observed between the REC and CTL groups
following 2 min of repetitive phrenic nerve stimulation (post hoc
HSD test, P = 0.917). Thus functional changes at diaphragm
NMIJs were reversible following recovery from 1NMPP1-induced
inhibition of TrkB kinase activity in TrkB®/% mice.

Consistent with the lack of effect of 1NMPPIl-induced
inhibition of TrkB kinase activity on contractile properties of
the diaphragm muscle, there were no differences in contractile
properties following recovery from 1NMPP1-induced inhibi-
tion of TrkB kinase activity [Table 1; ANOVA: P, F(2,21) =
0.3, P = 0.730; P,, F(2,21) = 0.2, P = 0.834; and fatigue
index, F(2,17) = 0.7, P = 0.529]. Compared with INH or
CTL, there were no differences in specific muscle force (P; and
P,; post hoc HSD test, P = 0.735 and P = 0.999, respectively,
vs. INH) or in the relative force generated by the diaphragm
muscle following 2 min of repetitive stimulation (i.e., fatigue
index; post hoc HSD test, P = 0.533 vs. INH).

TrkB kinase inhibition results in modest morphological
changes at diaphragm NMJs. Morphological analyses of dia-
phragm muscle NMJs were conducted using confocal imaging
of en face fluorescently-labeled NMJs to determine whether
changes in diaphragm NMJ function were associated with
corresponding changes in NMJ structure. Excellent labeling of
motor end plates using o-bungarotoxin was evident in all
diaphragm muscle preparations. Immunoreactivity to the syn-
aptic vesicle protein synaptophysin labeled presynaptic termi-
nals and axons in all experimental groups. Figure 2 displays
representative maximum-intensity projections for pre- and
postsynaptic structures of diaphragm NMJs from CTL, INH,
and REC TrkB"®'5 mice. Following INMPP1 treatment, some
individual NMJs displayed reorganization of presynaptic ter-
minals and disruption of motor axons (Fig. 2). This type of
axon terminal ending was not evident in the diaphragm muscle
from CTL mice. However, a detailed analysis of motor axon
branching is not possible using synaptophysin labeling. Impor-
tantly, all visualized NMJs displayed both pre- and postsynap-
tic structures, suggesting lack of synaptic denervation follow-
ing inhibition of TrkB kinase activity.

To measure gross changes in NMJ structure, motor end-plate
area and an index of NMJ complexity were first obtained from
maximum-intensity projections for each NMJ. On average, 37
NMJs were analyzed per animal with a total of 662 NMJs
across the three experimental groups. Although diaphragm
NMIJ planar area (2D) differed across the experimental groups
[ANOVA; F(2,15) = 4, P = 0.042], pairwise post hoc com-
parisons (HSD test) did not achieve statistical significance.
Specifically, planar area (2D) of diaphragm NMlJs was not
significantly different following 7 days of INMPP1-induced
inhibition of TrkB kinase activity (275 * 13 um?) compared
with CTL (268 = 21 Mmz, post hoc HSD test, P = 0.954).
Postsynaptic AChR density at individual diaphragm NMJs was
estimated from the average Alexa Fluor 488-labeled a-bunga-
rotoxin. There were no significant differences in AChR density
across the three experimental groups [ANOVA; F(2,15) = 3;
P = 0.107].
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Synaptophysin

CTL

Fig. 2. Representative confocal micrographs
showing presynaptic terminals (labeled with
synaptophysin) and motor end plates (la-
beled with a-bungarotoxin) of neuromuscu-
lar junctions (NMJ) in the diaphragm muscle
from adult TrkB7®’%A mice in CTL, INH, and
REC experimental groups. On occasion, dis-
ruption of the motor axon and presynaptic
terminal (asterisk) was evident in INMPP1-
treated mice only. All confocal micrographs
are maximum-projection images of confocal
image stacks. Bar, 10 pm.

INH

An index of NMJ complexity was obtained from the relative
planar area occupied by the motor end plate, as previously
reported (45). Relative planar area was calculated using the
motor end-plate and orthogonal areas (Fig. 3A) and reflects
branching and fragmentation (reduced branching and fragmen-
tation results in increased relative planar area). There were
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Fig. 3. Maximum-intensity projections of confocal image stacks were used to
determine the relative planar area (an index of NMJ complexity reflecting
branching and fragmentation) of diaphragm motor end plates in CTL, INH, and
REC mice. A: a quantitative index of NMJ complexity was obtained from the
ratio of the areas occupied by the motor end plate (after manual thresholding,
black) and the area defined by the major orthogonal axes of each end plate
(gray). B: relative planar area for TrkBf°/°4 mice in CTL, INH, and REC
groups with representative confocal images shown above each bar (n
6/group). Inhibition of TrkB kinase activity with INMPP1 results in reduced
complexity of motor end plates (ANOVA; P = 0.006). *Significantly different
from CTL group (post hoc HSD test; P < 0.05). Bar, 5 pm.
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significant differences in NMJ complexity across the three
experimental groups [ANOVA; F(2,15) = 7, P = 0.006].
Following INMPPI1-induced inhibition of TrkB kinase activ-
ity, the relative planar area increased significantly compared
with CTL (Fig. 3B; post hoc HSD test, P = 0.005). Thus
INMPPI1-induced inhibition of TrkB kinase activity reduced
complexity (branching and fragmentation) of diaphragm mus-
cle motor end plates without significant changes in 2D planar
area.

3D analyses of NMJ morphology were used to examine changes
in pre- and postsynaptic structures as a result of INMPPI-
induced inhibition of TrkB kinase activity in TrkB5’%4 mice
(Fig. 4). On average, 40 NMJs were analyzed from each animal
with a total of 631 NMlJs across the CTL, INH, and REC
groups. Compared with CTL, the volume of motor end plates
did not change significantly with INMPP1-induced inhibition
of TrkB kinase activity (Fig. 5B; post hoc HSD test, P =
0.982). No significant differences in the volume of presynaptic
terminals were evident across the three experimental groups
[Fig. 5A; ANOVA; F(2,13) = 1, P = 0.345]. However, there
was a statistically significant difference in the fraction of the
presynaptic terminal directly opposing the motor end plate
across all groups [Fig. 4; ANOVA; F(2,13) = 8, P = 0.007].
Interestingly, the fraction of the presynaptic terminal volume
directly opposing the motor end plate was greater in the INH
group compared with CTL (68.1 * 4.1% vs. 49.0 = 5.8%,
respectively; post hoc HSD test, P = 0.017). Increased 3D
apposition (i.e., overlap) of pre- and postsynaptic structures is
consistent with the reduced complexity evident in the 2D
planar analyses of diaphragm motor end plates (Fig. 3).

TrkB kinase inhibition does not change quantal content in
diaphragm NMJs. Electrophysiological measurements were
conducted at individual diaphragm NMlJs in CTL and INH
groups (Fig. 6). Intracellular recordings did not detect differ-
ences in resting membrane potential across groups (CTL:
—=70.7 = 1.6 mV; INH: —70.8 = 0.7 mV; P = 0.99). There
were no differences in mEPP frequency (CTL: 90 = 13 min™;
INH: 94 = 7 min~'; P = 0.76), but mEPP amplitude was
greater at diaphragm NMJs of mice in the INH group compared
with CTL (Table 2). The rise time was comparable across
NMIJs in both groups, suggesting that differences in mEPP
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Fig. 4. Representative three-dimensional (3D) reconstructions of diaphragm muscle NMJs from TrkBf%/®* mice in CTL, INH, and REC groups. Presynaptic

terminals (labeled with synaptophysin) and motor end plates (labeled with a-bu

ngarotoxin) show varying depth by grayscale intensity (pm, scale bar at right).

The superimposed overlap representing the apposition of pre- and postsynaptic structures is shown in pseudocolor with depth shown by scale at right (pwm;
red-white reflects greatest apposition). Notice that the presynaptic terminal volume directly opposing the motor end plate increased in the INH and REC groups

compared with CTL (increased fraction of the NMJ in yellow-red colors). Bar,

amplitude across groups are not related postsynaptic receptor
kinetics (Fig. 6). To determine the quantal content released per
stimulus, EPP amplitude was divided by mEPP amplitude after
correction for nonlinear summation (31). Assuming all vesicles
contribute equally to the EPP amplitude, the average initial
quantal content for diaphragm NMJs in CTL and INH groups
was not different (~70 quanta/stimulus; P = 0.86).

Recovery after TrkB kinase inhibition results in postsynaptic
remodeling. Following 7 days of recovery without the inhibitor
INMPPI, the 2D planar area of diaphragm motor end plates
increased (330 + 16 um?), but this change was not signifi-
cantly different compared with INH or CTL (post hoc HSD
test, P = 0.091 and P = 0.053, respectively). Motor end-plate
complexity (branching and fragmentation) determined by the
relative planar area was between values in the INH or CTL

J Appl Physiol «» doi:10.1152/japplp!

10 pm.

groups but was not significantly different from either group
(Fig. 3B; post hoc HSD test, P = 0.314 and P = 0.090,
respectively). Thus following 7 days of INMPP1 withdrawal
there was only partial recovery of INMPP1-induced reduction
in motor end-plate complexity.

Significant differences were observed in the volume of motor
end plates across the three experimental groups [ANOVA;
F(2,13) = 9, P = 0.003]. Of note, motor end-plate volume
increased significantly following recovery from INMPPI-in-
duced inhibition of TrkB kinase activity (Fig. 5B; post hoc HSD
test, P = 0.007 vs. INH and P = 0.007 vs. CTL). Taken together,
these findings suggest that motor end plates display increased
gutter depth following recovery of TrkB kinase activity.

Presynaptically, there were no significant changes in termi-
nal volume in the REC group compared with INH or CTL (Fig.
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Fig. 5. Presynaptic and motor end-plate volume for diaphragm muscle NMJs
from adult 7rkB7%/%* mice in CTL, INH, and REC groups (n = 5-6/group). A:
the volume of the presynaptic terminal of diaphragm NMIJs was not signifi-
cantly different across experimental groups (ANOVA; P = 0.345). B: the
volume occupied by motor end plates did not change significantly with
INMPP1-induced inhibition of TrkB kinase activity. Recovery significantly
increased motor end-plate volume beyond INH and CTL levels. *Significantly
different from CTL group (P < 0.05). fSignificantly different from INH group
(P < 0.05). Data are means * SE.

5A; post hoc HSD test, P = 0.360 and P = 0.958, respec-
tively). Of note, the fraction of the presynaptic terminal volume
directly opposing the motor end plate was greater in the REC
group (71.0 = 4.4%) compared with CTL (post hoc HSD test,
P = 0.009) and not different compared with INH (post hoc
HSD test, P = 0.880). Thus increased apposition of pre- and
postsynaptic structures following INMPP1-induced inhibition
of TrkB kinase activity is still present following 7 days of
recovery.

DISCUSSION

Using a chemical-genetic approach that allows selective and
reversible inhibition of TrkB kinase activity (6), we show that
TrkB signaling is a critical determinant of functional and
structural properties of NMJs in the adult mouse. Inhibition of
TrkB kinase activity significantly impaired neuromuscular
transmission. Quantal content assessed using electrophysiolog-
ical recordings at individual diaphragm NMJs was not affected
by inhibition of TrkB kinase activity, suggesting that changes
in neuromuscular transmission reflect altered synaptic vesicle
cycling. In agreement, there were no signs of denervation at the
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Fig. 6. Representative evoked end-plate potential (EPP) and miniature evoked
end-plate potentials (mEPP; inser) tracings from TrkBf%/®* mice in CTL
(black) and INH (gray) groups. Note different voltage scales for the 2 sets of
tracings.

NMI. Furthermore, complexity of motor end plates was re-
duced, and apposition of presynaptic terminals to motor end
plates at diaphragm NMIJs increased, indicating that these
morphological changes are not likely responsible for the func-
tional changes associated with inhibition of TrkB kinase ac-
tivity. Recovery of TrkB kinase activity was accompanied by a
restoration of neuromuscular transmission and remodeling of
motor end plates (consistent with increased gutter depth) with-
out substantial restoration of motor end-plate complexity or
apposition of pre- and postsynaptic structures. Taken together,
these results highlight the importance of TrkB kinase activity
in the maintenance of functional and structural properties at
adult NMJs in vivo, and seemingly discordant structure-func-
tion relationships at remodeling NMJs (45).

TrkB kinase activity modulates neuromuscular transmission.
Previous studies using short-term application of TrkB agonists
at the NMJ support the importance of TrkB kinase activity in
enhancing synaptic transmission at the adult NMJ (14, 25, 30).
For instance, the TrkB ligands BDNF, NT-4, and 7,8-dihy-
droxyflavone significantly improved neuromuscular transmis-
sion at rodent diaphragm NMIJs in vitro (25, 30). These
findings suggest a role of TrkB kinase activity in maintaining
neuromuscular transmission during repetitive stimulation. In
agreement, neuromuscular transmission was impaired follow-
ing in vitro treatment with K252a, a TrkB kinase receptor
inhibitor, in rat diaphragm muscle-phrenic nerve preparations
(30). TrkB kinase activity is necessary for TrkB ligand effects

Table 2. Electrophysiological characteristics of diaphragm
neuromuscular junctions (NMJ) in TrkB¥®'% mice

mEPP Amplitude, mV EPP Amplitude, mV  Quantal Content

Control TrkBf6164

(CTL) 1.0 0.2 33.0 = 0.5 66.6 = 6.4
INMPPI-Inhibited
(INH) 1.5 =£0.1* 40.9 = 1.3* 68.0 = 2.8

Data are presented as means = SE. Measurements were obtained from n =
5 (total 22 NMJs) and n = 4 (total 25 NMJs) TrkB"®'®4 mice in the CTL and
INH groups, respectively. mEPP and EPP, miniature end-plate potential and
end-plate potential, respectively. See Fig. 6 for representative tracings. *Sig-
nificantly different from CTL group [mEPP: #(4.9), P = 0.002; EPP: #5.6),
P = 0.005].
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on neuromuscular transmission. Indeed, concomitant treatment
in vitro with 7,8-dihydroxyflavone and the TrkB kinase inhib-
itor INMPP1 in preparations from TrkB/54 mice resulted in
impaired neuromuscular transmission compared with control
(25). Quantal content at individual diaphragm NMJs was not
affected by inhibition of TrkB kinase activity. In a previous
study in the levator auris longus of adult mice (14), in vitro
treatment with the TrkB fusion protein TrkB-IgG did not affect
EPP amplitude. Importantly, the current study examined neu-
romuscular transmission, using a global measure of transmis-
sion failure and electrophysiological recordings at individual
diaphragm NMIJs. These results demonstrate significantly im-
paired neuromuscular transmission following 7 days of in vivo
INMPP1 treatment in TrkBF®/%4 mice. Overall, these results
suggest that TrkB kinase activity plays an important role in
maintenance of neuromuscular function at adult NMJs.

In other synapses, BDNF signaling via TrkB receptors also
regulates cholinergic neurotransmission. In the hippocampus,
BDNF enhances acetylcholine release from septal cholinergic
neurons (20) and increases inhibitory cholinergic currents (5).
In postganglionic sympathetic neurons innervating the heart,
BDNF increases acetylcholine release (55), increasing minia-
ture excitatory postsynaptic current amplitude while not alter-
ing their frequency (24). In intestinal (1) and airway (36)
smooth muscles, BDNF signaling via TrkB enhances cholin-
ergic agonist-induced muscle contraction.

Neurotrophin signaling via TrkB receptors is relevant to the
maintenance of function and structure at the NMJ, but not
muscle fibers, even though muscle fibers also may express
TrkB receptors (29, 44). Indeed, isometric contractile and
fatigue properties in the diaphragm muscle are consistently
unaffected by TrkB receptor activation induced by BDNF (30),
inhibition resulting from in vitro INMPP1 (25), as well as
following inhibition and recovery of TrkB kinase activity
following in vivo treatment (present study). It is noteworthy
that impaired neuromuscular transmission was evident in dia-
phragm muscle-phrenic nerve preparations from 1NMPPI-
treated TrkB%/%* mice even though INMPP1 was only admin-
istered orally (in vivo) and was absent from the bath during in
vitro testing of neuromuscular transmission failure. In a previ-
ous study (25), administration of INMPPI1 in vitro acutely
impaired neuromuscular transmission in preparations from
TrkBf%1%4 mice (52.8 = 3.4%). Thus INMPP1 was omitted
during in vitro testing in the present study. Of note, the
impairment in neuromuscular transmission was similar follow-
ing in vitro treatment and 7 days of oral INMPP1 treatment
(58.9 = 3.7%), suggesting that impairments in neuromuscular
transmission resulting from inhibition of TrkB kinase activity
do not depend on the morphological changes observed at
diaphragm NMIs.

TrkB kinase activity is necessary to maintain motor end-
plate integrity. Inhibiting TrkB kinase activity (with INMPP1)
reduced overall postsynaptic branching and fragmentation in
the diaphragm muscle of 7TrkB5’5* mice. Importantly, these
modest morphological changes at diaphragm NMJs take place
in a time frame where substantial functional and morphological
changes were shown in models of altered synaptic activity (27,
28, 38, 48, 49). The reduced complexity (branching and frag-
mentation) of motor end plates and increased apposition of pre-
and postsynaptic structures following treatment with INMPP1
for 7 days in TrkB'®’54 mice are more consistent with im-
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proved (rather than impaired) neuromuscular transmission.
In particular, reduced branching and fragmentation can be
expected to reduce the likelihood of branch-point failure
(47). Increased apposition of pre- and postsynaptic struc-
tures occurs in conditions where neuromuscular transmis-
sion improves (42). In addition, the increased apposition of
nerve terminals and motor end plates at type I fibers com-
pared with type IIx and/or IIb is associated with differences
in neuromuscular transmission, safety factor, and synaptic
vesicle release (9, 37, 43).

Using genetic knockdown models, Gonzalez et al. (15) and
Kulakowski et al. (22) showed that TrkB expression is impor-
tant for NMJ structure. In adult 7rkB™~ mice, NMJs displayed
an increased number of AChR clusters at motor end plates in
both the sternomastoid (15) and soleus muscles (22), suggest-
ing disassembly of postsynaptic structures in muscles with
reduced TrkB expression throughout their lifespan. Similar
postsynaptic disassembly was also reported with reduced TrkB
signaling in a mouse model of severe combined immunodefi-
ciency in which TrkB.tl was overexpressed by adenovirus
delivery to the surface of the sternomastoid muscle (15) and in
a NT-4 knockout mouse model (2). In contrast, inhibiting TrkB
kinase activity (with INMPP1) was associated with modest
morphological changes at diaphragm NMJs. Thus it is possible
that chronically reduced neurotrophin or TrkB expression may
result in developmental alterations in motor end-plate morphol-
ogy that are evident in the adult but that do not reflect and are
independent of TrkB kinase activity in intact adult NMJs.
Differences in neurotrophin effects across motor end plates at
different fiber types may also contribute to reported differences
across studies. The sternomastoid muscle in mice predomi-
nantly comprises type IIb and/or IIx fibers (~85%) (16). In
contrast, the diaphragm and soleus muscles are more mixed
in fiber type composition and comprise few type IIb fibers. In
mice, the diaphragm muscle comprises ~10% type I, 50% type
Ila, and 38% type IIx fibers (45), and the soleus muscle
contains ~30% type I, 50% type Ila, and 12% type IIx fibers
(4, 51). Thus it is possible that differences in the effect of TrkB
kinase activity on motor end-plate structure may be present
across fiber types. Of note, diaphragm NMJs cannot be fiber
type-identified in the mouse based on morphological measure-
ments (45), although there are reliable motor end-plate char-
acteristics that permit fiber typing in the rat (9, 26, 27, 37, 49).
Regardless, there was no evidence of a bimodal distribution for
any of the motor end-plate measurements across experimental
groups (Shapiro-Wilk goodness-of-fit test for a binomial dis-
tribution, P > 0.05 in each case), suggesting that inhibition
(and recovery) of TrkB kinase activity exert similar effects
across all fiber types in the adult mouse diaphragm muscle.

A systematic, blinded and unbiased approach was used to
assess motor end-plate complexity in the present study that was
based on our previous report (45). This measurement of com-
plexity considers the relative planar area occupied by the motor
end plate. Other studies have used manual counts of AChR
clusters at each motor end plate in assessments of the role of
neurotrophins or Trk receptors at the NMJ (2, 8, 15, 22). Of
note, the number of AChR clusters does not influence mea-
surements of relative planar area, particularly if the orthogonal
area delimited by the major axes of a motor end plate is
reduced or unchanged (as was the case in the diaphragm
muscle). Thus reduced complexity of motor end plates follow-
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ing inhibition of TrkB kinase activity is not necessarily incon-
sistent with an increased number of AChR clusters as reported
by Gonzalez et al. (15) and Kulakowski et al. (22). Indeed, the
overall motor end-plate area was reduced in the sternomastoid
muscle of TrkB™~ mice compared with TrkB*'* mice (15),
suggesting that the relative planar area did not change. In
contrast, motor end plates were larger in the soleus muscle
(22), and thus it is not possible to ascertain a possible effect on
the complexity measure utilized in the present study. Regard-
less, motor end-plate disassembly characterized by increased
numbers of AChR clusters was not a prominent feature fol-
lowing 7 days of inhibition of TrkB kinase activity with
INMPP1 in TrkB"6'54 mice.

TrkB kinase activity and presynaptic terminal integrity.
Previous studies have not consistently examined presynaptic
adaptations to reduced TrkB expression and/or signaling in
genetic knockdown models (2, 8, 15, 22). Compared with
TrkB™'* mice, there was no significant difference in pre- and
postsynaptic terminal overlap in the soleus muscle of TrkB™/~
mice (22). These measurements were based on 2D maximum-
intensity projections and thus may not adequately account for
the size and apposition of pre- and postsynaptic structures.
Indeed, 2D measurements of apposition overestimate apposi-
tion of pre- and postsynaptic structures by up to 40%. In the
present study, 3D analyses of NMJ morphology showed that
inhibition of TrkB kinase activity significantly increased the
fraction of the presynaptic terminal volume in apposition with
the motor end plate. The extent of apposition has been shown
to vary by fiber type using 2D projections in rats (35, 38), such
that variance due to fiber types may also be a factor in 3D
measurements of apposition. However, detailed 3D informa-
tion of diaphragm NMJ structure in mice is not available at
present.

Oral INMPP1 treatment clearly may exert effects at other
sites distinct from the NMJ itself. For instance, TrkB kinase
activity at the neuronal cell body is necessary for dendritic
BDNF effects on gene expression in cultured embryonic rat
cortical neurons (7). Thus TrkB kinase activity at phrenic
motor neurons (whether at their cell body or presynaptic
terminal) may contribute to the maintenance of functional and
structural properties at adult diaphragm NMJs. Indirect effects
(e.g., via Schwann cells and axon myelination) may also be
possible (34).

Functional and structural properties at the NMJ following
recovery from inhibition of TrkB kinase activity. The revers-
ibility of INMPP1 effects on TrkB kinase activity following
pharmacological withdrawal permits examination of recovery
of TrkB kinase activity in vivo. Thus this model provides
unique insight into the dynamic regulation of NMJ integrity
both pre- and postsynaptically. Despite modest restoration of
morphological changes following withdrawal of INMPP1 and
recovery of TrkB kinase activity, the impairment in neuromus-
cular transmission was completely reversible. These results
highlight complex structure-function relationships at remodel-
ing NMls.

Previous studies have used genetic deletion models to ex-
amine changes in TrkB activity at the NMIJ. For instance,
genetic deletion of the truncated TrkB.t1 receptor isoform will
likely increase TrkB signaling, given that kinase activity de-
pends on full-length, not truncated TrkB receptors (17). In this
sense, results in the TrkB.t1™/~ mouse (8) should resemble
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those seen in TrkB’54 mice following recovery after inhibition

of TrkB kinase activity. Indeed, genetic deletion of TrkB.tl
resulted in a modest expansion in the planar area of motor end
plates (8). Although the 2D planar area of diaphragm NMJs
increased slightly with recovery of TrkB kinase activity fol-
lowing withdrawal of INMPPI1 in TrkB%/4 mice, the ob-
served remodeling of motor end plates suggests an increase in
gutter depth in the recovered group given the increase in motor
end-plate volume. Increased gutter depth would be expected to
improve synaptic transmission by increasing the number of
voltage-gated Na™ channels in the vicinity of AChR (9, 43),
increasing the safety factor (54). Electrophysiological mea-
surements (perijunctional resting membrane potential, mEPP
frequency, and mEPP rise time) following inhibition of TrkB
kinase activity suggest that postsynaptic receptor kinetics do
not contribute to the impairment in neuromuscular transmis-
sion. In agreement, changes in motor end-plate complexity
induced by inhibition of TrkB kinase activity were not restored
after recovery, yet neuromuscular transmission was restored.
Furthermore, inhibition of TrkB kinase activity resulted in no
alteration of quantal content at individual diaphragm NMIJs.
The small changes in mEPP amplitude are consistent with the
increased apposition of pre- and postsynaptic structures fol-
lowing inhibition of TrkB kinase activity. Increased EPP am-
plitude is consistent with the reduced complexity of motor end
plates. Effects on AChR density are unlikely to have contrib-
uted to the measured electrophysiological changes since mea-
surements of a-bungarotoxin-based fluorescence did not
change across experimental groups. The lack of changes in
presynaptic terminal volume does not suggest changes in total
number of synaptic vesicles as contributing to altered neuro-
muscular transmission. Taken together, changes in synaptic
vesicle cycling as a result of altered expression of synaptic
vesicle proteins and/or altered vesicle release kinetics are likely
responsible for the reversible impairment in neuromuscular
transmission following inhibition and recovery of TrkB kinase
activity.

Conclusions. The complementary electrophysiological and
morphological studies using a chemical-genetic approach to
reversibly inhibit TrkB kinase activity in vivo support the
importance of neurotrophin signaling via TrkB kinase activity
for regulation of neurotransmitter release in the short term and
for maintenance of synaptic function and structural integrity at
adult rodent NMIJs in the long term. Furthermore, the results of
the present study suggest a possible therapeutic role for TrkB
agonists in diseases associated with impaired neuromuscular
transmission, including neuromuscular disorders. Disruption of
trophic interactions at the NMJ may also contribute to a
number of conditions throughout the lifespan and may be
important for repair and regeneration following injury. The
role of structural adaptations at the NMJ in defining functional
properties is less clear, suggesting that future investigations not
restrict the study of neuromuscular adaptations to morpholog-
ical analyses but include functional evaluations that consider
both global and specific effects at individual synapses. The
reversible impairment of NMJ function following inhibition
and recovery of TrkB kinase activity likely reflects deficits in
the release of synaptic vesicles rather than apposition of pre-
and postsynaptic structures or NMJ complexity.
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