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Ageing and neurotrophic signalling effects on diaphragm
neuromuscular function
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Key points

e Sarcopenia of the diaphragm muscle, i.e. loss of muscle force and size with increasing age, may
contribute to respiratory impairment in old age but the exact mechanisms underlying this are
currently unknown.

® Across the lifespan in mice there is worsening neuromuscular function of the diaphragm
muscle, specifically reduced force and impaired neuromuscular transmission.

e We tested the hypothesis that age-related changes to the diaphragm muscle depend on
brain-derived neurotrophic factor (BDNF), acting through its high affinity receptor.

e BDNF improves neuromuscular transmission in the diaphragm muscle into early old age, but
not older ages. Inhibition of BDNF signalling impairs neuromuscular transmission only in
young adult mice.

e Qur results suggest that the loss of endogenous BDNF precedes reduced activity of the high
affinity receptor tropomyosin-related kinase receptor B in the ageing mouse diaphragm muscle.

Abstract The age-related mechanisms underlying sarcopenia are largely unknown. We hypo-
thesize that age-related neuromuscular changes depend on brain-derived neurotrophic factor
(BDNF) acting through the tropomyosin-related kinase receptor B (TrkB). Maximal specific force
and neuromuscular transmission failure were assessed at 6, 18 and 24 months following control,
BDNF or phosphoprotein phosphatase 1 derivative (INMPP1) treatment in male TrkB %4 mice.
Phosphoprotein phosphatase-1 derivatives such as INMPP1 inhibit TrkB kinase activity as a result
of this single amino acid mutation in the ATP binding domain. Maximal twitch and isometric
tetanic force were reduced at 24 months compared to 6 and 18 months (P < 0.001). Neuro-
muscular transmission failure significantly increased at 18 and 24 months compared to 6 months
(age x treatment interaction: P < 0.001). Neuromuscular transmission was improved following
BDNF at 6 and 18 months and was impaired only at 6 months following INMPP1 treatment. Age
and inhibition of TrkB kinase activity had similar effects on neuromuscular transmission failure,
supporting a critical role for BDNF/TrkB signalling on neuromuscular changes in ageing. These
results suggest that an age-related loss of endogenous BDNF precedes reductions in TrkB kinase
activity in the diaphragm muscle.
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Introduction

Impairments in ventilation increase in old age with
respiratory complications being a main cause of death
in old age (Fein & Niederman, 1994; Houston et al.
1997; Sieck & Mantilla, 2009; Heron, 2011). Recently, we
reported that the diaphragm muscle is highly susceptible
to sarcopenia, the age-related loss of muscle force and size
(Greising et al. 2013a). Throughout life, the diaphragm
muscle must generate a large range of forces for both
ventilatory and non-ventilatory motor behaviours (e.g.
necessary for airway clearance) (Sieck, 1988; Mantilla et al.
20105 Greising et al. 2013b). Importantly, the mechanisms
underlying diaphragm muscle sarcopenia remain poorly
understood.

Age-related neuromuscular changes may contribute to
diaphragm muscle sarcopenia. For instance, morpho-
logical changes at the neuromuscular junction (Fahim &
Robbins, 1982; Fahim et al. 1983; Prakash & Sieck, 1998;
Deschenes et al. 2010; Valdez et al. 2012) may increase
the susceptibility to neuromuscular transmission failure
(Mantilla & Sieck, 2011). In addition, altered trophic inter-
actions between motor neurons and muscle fibres may
also play a role in neuromuscular adaptations including
sarcopenia (Mantilla & Sieck, 2008, 2009). In particular,
brain-derived neurotrophic factor (BDNF) acting through
its high affinity tropomyosin-related kinase receptor sub-
type B (TrkB) receptor plays an important role in the
maintenance of neuromuscular transmission (Funakoshi
et al. 1995; Mantilla et al. 2004; Mantilla & Ermilov,
2012). There is a paucity of data regarding the role
of BDNF and TrkB signalling in age-related changes to
the neuromuscular system. Most of this information is
derived from assessment of mRNA expression in limb
muscles and motor neuron groups (Johnson et al. 1999;
Ming et al. 1999; Kulakowski ef al. 2011; Personius &
Parker, 2013). Indeed, the role of BDNF/TrkB signalling
in the ageing neuromuscular system remains poorly
understood. Necessary assessments of BDNF and TrkB
protein expression have been hindered by the lack of high
quality reagents validated in the neuromuscular system,
particularly in skeletal muscles of rodents.

We hypothesized that ageing-related changes in neuro-
muscular transmission at the diaphragm muscle depend
on BDNF acting through TrkB receptors. Ageing effects
were evaluated in TrkBf®'%4 knockin mice, which allowed
rapid, selective inhibition of TrkB kinase activity (Chen
et al. 2005). In these TrkB/*'*4 mice, TrkB kinase activity
is sensitive to inhibition by the phosphoprotein phos-
phatase 1 (PP1) derivative INMPP1 due to a pheny-
lalanine-to-alanine mutation in the ATP binding domain
of the TrkB receptor. Thus, this chemical-geneticapproach
permits assessment of the role of BDNF signalling
via TrkB kinase activity in the ageing neuromuscular
system.
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Methods

Ethical approval and animals

Adult male TrkBf®'®4 mice (n = 46) on a C57BL/6x129
background were used in all studies. Mice were bred
and maintained in colonies at the Mayo Clinic. All mice
used in these studies were genotyped by PCR anal-
ysis of DNA isolated from tail snips with primers
5'-GGGCTTGAGAAGAGGGCAAAAGGGTTGCTCAG-3'
and 5'-GTTGGTCACCAGCAGAACACTCGACTCAC-3/,
as previously reported (Mantilla er al. 2014). Mice
were group housed by genotype until used and were
maintained on a 12 h light-dark schedule in specific
pathogen-free rooms. Mice had free access to food and
water through their lifespan. Mice were examined at three
ages, 6, 18 and 24 months, representing survival rates
of 100, 90 and 75% based on data from our colony and
published estimates (Turturro et al. 1999; Flurkey, 2009;
Greising et al. 2013a). All experiments were designed
within considerations for animal use in gerontological
research (Miller & Nadon, 2000). All protocols and ani-
mal care guidelines were approved by the Institutional
Animal Care and Use Committee at the Mayo Clinic, in
compliance with National Institute of Health Guidelines.
At the terminal experiment, all mice were anaesthetized
with an Lp. injection of ketamine (90 mg kg™') and
xylazine (10 mg kg~!) and killed by exsanguination. The
diaphragm muscle with the phrenic nerve intact was
carefully dissected for further evaluation.

Diaphragm muscle ex vivo contractility

A strip of midcostal diaphragm muscle (~3 mm) was
examined for isometric contractile properties. As pre-
viously described (Lewis et al. 1986; Miyata et al. 1995;
Gosselin et al. 1996; Ameredes et al. 2000; Sieck et al.
2012; Greising et al. 2013a), the muscle strip was stabilized
by minutien pins (FST # 26002-15) on the rib origin
and attached to a force transducer by the central tendon
insertion. The muscle segment was maintained at 26°C
and incubated in Reese-Simpson buffer (pH 7.4) with
95% O, and 5% CO,. All measurements were conducted
while the muscle was set to optimal length. Silver plate
electrodes were used to elicit maximal twitch force
(P;) with a 0.5 ms pulse and isometric tetanic force
(P,) with 1000 ms and 120 Hz. Specific force was
analysed by normalizing force to physiological muscle
strip cross-sectional area determined as diaphragm muscle
mass/(optimal lengthxmuscle density). Muscle fatigue
was determined by stimulation at 40 Hz in 330 ms trains
every second for 2 min. A muscle fatigue index was
calculated as the ratio of the force generated after 2 min
of repetitive stimulation to the initial force. Accordingly, a
greater muscle fatigue index reflects greater muscle fatigue
resistance.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Diaphragm muscle neuromuscular
transmission failure

A separate diaphragm muscle segment was dissected with
the phrenic nerve intact and used for measurements of
the contribution of neuromuscular transmission failure to
diaphragm muscle fatigue, as previously described (Kuei
et al. 1990; Fournier et al. 1991; Johnson & Sieck, 1993;
Miyata et al. 1995; Prakash et al. 1999; Mantilla et al.
2004; Ermilov et al. 2010; Mantilla & Ermilov, 2012;
Sieck et al. 2012). Briefly, the diaphragm muscle—phrenic
nerve preparation was placed on a force transducer
setup as described above and the phrenic nerve was
maintained in a suction electrode. Stimulation of the
phrenic nerve (via the suction electrode) was delivered
at 40 Hz in 330 ms trains repeated every second, and
direct muscle stimulation (via the plate electrodes) was
repeated every 15 s using 330 ms trains of 0.2 ms supra-
maximal pulses at 40 Hz. Repetitive nerve and intermittent
muscle stimulation were delivered for a total of 2 min. This
stimulation procedure results in consistent supramaximal
stimulation throughout the 2 min protocol (Kuei et al.
1990). The extent of neuromuscular transmission failure
was determined by the difference in force generated by
nerve and muscle stimulation as: 100x (NF — MF)/(100
— MF) where NF and MF are the percentage decrement in
force during nerve and muscle stimulation, respectively.
Ex vivo treatment with BDNF or INMPPI was
conducted on the diaphragm muscle—phrenic nerve pre-
parations to assess neuromuscular transmission failure as
previously described (Mantilla et al. 2004, 2014; Mantilla
& Ermilov, 2012). Briefly, incubation in Reese-Simpson
solution was carried out for 30 min with 7.4 nm
BDNF (248-BD; R&D Systems, Minneapolis, MN, USA),
25 uM INMPP1 (529581; Calbiochem, Billerica, MA,
USA), BDNF and INMPP1 combined at these same
concentrations (30 min for BDNF and 60 min for
INMPPI; with the addition of BDNF to the bath occurring
following the initial 30 min of INMPP1 incubation), or
vehicle (DMSQO, 63 mM). Incubation with vehicle was used
to control for any possible effects of DMSO on diaphragm
muscle contractility (Reid & Moody, 1994). All treatments
occurred prior to and during all neuromuscular trans-
mission failure testing. In most cases, diaphragm
muscle—phrenic nerve preparations could be obtained
from each hemidiaphragm. Each hemidiaphragm was

Table 1. Group characteristics of ageing mice
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allocated to a different treatment group such that nreflects
the number of mice used in each treatment and age group,
but the total number of animals reflects the ability to derive
up to two preparations per animal.

The effect of INMPP1 on wild-type mice was also
assessed in independent studies conducted in adult male
mice (C57BL/6 J) untreated or treated with 1INMPP1
(25 um) (n = 6 per group). Neuromuscular transmission
failure was not different between INMPP1-treated and
untreated diaphragm muscle—phrenic nerve preparations
(P=0.091; 41.9 =+ 2.8 vs. 36.5 £ 0.7%, respectively).

Statistical analysis

All data was analysed with JMP (version 9.0.1; SAS
Institute Inc., Cary, NC, USA) and are presented as mean
4 SEM. One-way ANOVAs comparing across age groups
were used for body mass, specific P, and P,, ratio of P,/P,,
and muscle fatigue index. One-or two-way ANOVAs were
also used for comparisons across age groups and treatment
for neuromuscular transmission failure, specific P, and
P,, and the ratio of initial nerve and muscle stimulation,
as appropriate. Three-way repeated measures ANOVA
was used to compare neuromuscular transmission failure
across age and treatment over the 2 min period of repetitive
stimulation. When appropriate, Tukey—Kramer’s honestly
significant difference post hoc analyses were conducted.
Significance was accepted at P < 0.05.

Results
Mouse characteristics

Mice across the lifespan, at 6, 18 and 24 months of age,
were used to examine the role of BDNF/TrkB signalling
on ageing effects on neuromuscular transmission in the
diaphragm muscle. Older mice had greater body mass
than the 6 month group: 31 and 21% greater for the 18
and 24 month groups, respectively (Table 1).

Diaphragm muscle ex vivo contractility

Specific P, and P, at 24 months of age was significantly
lower than at both 6 and 18 months (P < 0.001; Fig. 1).
Importantly, no difference in the P/P, ratio of the

Age P (one-way
ANOVA)
6 month (n = 14) 18 months (n = 18) 24 months (n = 14)
Age (months) 6.1+0.1 18.0+0.1 24.14+0.1
Body mass (g) 30.3+1.3 39.6+18" 36.7+1.0" <0.001

Values are shown as mean + SEM. *Significantly different from 6-month-old mice.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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diaphragm muscle existed across age groups (0.32 £ 0.02,
0.31 £ 0.02 and 0.32 £ 0.02 respectively for the 6, 18 and
24 month groups; P = 0.325). Muscle fatigue index (the
ratio of force after 2 min of stimulation to initial) was
different across age groups (P = 0.024), being greater at
24 months than at both 6 and 18 months (Fig. 2).

In additional experiments using diaphragm muscle—
phrenic nerve preparations, contractile properties were
essentially identical to those presented above (Table 2). Of
note, treatment with BDNF or INMPP1 had minor effects
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Figure 1. Maximal isometric twitch force (Pt) and maximal
tetanic force (P,), normalized to physiological cross-sectional
area, of midcostal diaphragm muscles of mice across the
lifespan (aged 6, 18 and 24 months)

Data were analysed by one-way ANOVA (P < 0.001 for both P; and
Po). *Significantly different from 6- and 18-month-old mice.
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Figure 2. Muscle fatigue index of diaphragm muscle
following 2 min of repetitive muscle stimulation across the
lifespan in mice (aged 6, 18 and 24 months)

Muscle fatigue index is calculated as the ratio of the force at 2 min
to the initial force. Data were analysed by one-way ANOVA

(P = 0.024). *Significantly different from 6- and 18-month-old mice.
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on the contractile properties of the diaphragm muscle
across age groups when directly stimulated in the muscle
alone. Both specific P, and specific P, were decreased at
24 months compared to both 6 and 18 months. There was
aslight reduction in specific P, with INMPP1 compared to
control (vehicle, DMSO-treated), but not BDNF. Neither
BDNF nor INMPP1 treatment changed specific P, for the
respective age.

Diaphragm muscle neuromuscular
transmission failure

The contribution of neuromuscular transmission failure
to muscle fatigue was determined over a 2 min period
of repetitive nerve (via suction electrode) and inter-
mittent muscle stimulation (via plate electrodes).
A representative tracing for control (vehicle-treated)
diaphragm muscle—phrenic nerve preparations of each
age group is presented in Fig. 3. There was no effect
of age or treatment on the ratio of the initial nerve
stimulation-derived to initial muscle stimulation-derived
force (overall: 0.84 £ 0.01 across all groups; age effect,
P = 0.166; treatment effect, P = 0.653; interaction,
P = 0.872). With repetitive phrenic nerve stimulation,
diaphragm muscle force decreased over time, and this
reduced force generation reflects neuromuscular trans-
mission failure. Forces generated by direct muscle
stimulation also decreased over time, but it is important to
highlight that the level of fidelity of neuromuscular trans-
mission in activating diaphragm muscle fibres would also
contribute to the resulting muscle fatigue. Accordingly,
the decline in diaphragm muscle force resulting from
nerve and muscle stimulation (muscle fatigue) must
be considered concurrently as an assessment of neuro-
muscular transmission failure, which was expressed as
the percentage decline in muscle force. As such, at time
0 there was no neuromuscular transmission failure, and
neuromuscular transmission failure increased with time.
Note that all components of neural excitation—contraction
coupling are reflected in this global measurement of
neuromuscular transmission.

Neuromuscular transmission failure varied significantly
based on time of stimulation, treatment and age groups
(three-way repeated measures ANOVA; P < 0.001). Across
treatment groups at 6, 18 and 24 months, repetitive
stimulation resulted in a progressive decline in diaphragm
muscle force generation reflecting neuromuscular trans-
mission failure, which became significant by 15-45 s of
stimulation (Fig. 3). In the control group, differences
across age became significant by 2 min of repetitive
stimulation. In the BDNF-treated group, differences across
age were evident after 45 s of stimulation and were
present consistently thereafter. Following treatment with
INMPP1, differences across age were evident by 45-75 s

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Table 2. Diaphragm muscle contractile properties across the lifespan in mice (6, 18 and 24 months)

P (two-way ANOVA)

Control BDNF 1NMPP1 Age effect Treatment effect Interaction

P; (N cm~—2) <0.001 0.015 0.759

6 months 6.1 + 0.5 6.0 + 0.3 53 + 0.3

18 months 5.8 + 0.2 5.6 £ 0.2 49 + 0.3

24 months 47 + 0.3* 3.9 + 0.4* 3.8 + 0.4*
Py (N cm~—2) <0.001 0.897 0.412

6 months 18.8 £ 1.0 19.7 £ 1.1 19.5 £ 1.1

18 months 18.6 + 0.8 18.8 £ 0.6 175 £ 0.7

24 months 14.7 + 0.3* 12.9 + 1.0* 14.5 + 1.0*

Maximal twitch force (P;) and isometric tetanic force (P,) are normalized to physiological cross-sectional area (mean 4+ SEM). Data
were obtained using diaphragm muscle-phrenic nerve preparations in control, or BDNF- or 1INMPP1-treated groups (n = 7-9 per
group) prior to neuromuscular transmission failure testing. Diaphragm muscle contractile properties were assessed only with direct
muscle stimulation and were thus independent of the data presented in Fig. 1, but were necessary to verify preparation quality and
possible effects of treatment. Post hoc comparisons show both P; and P, at 24 months significantly different from at 6 and 18 months
(*) and Pt in the control is significantly different from in the INMPP1 treatment group.

of stimulation, with greater initial neuromuscular trans-
mission failure at 6 and 18 months.

There was a significant interaction between age
and treatment on neuromuscular transmission failure
measured following 2 min of repetitive stimulation
(P < 0.001; Fig. 3). Neuromuscular transmission failure
was greater at 18 and 24 months compared to 6 months in
control diaphragm muscle—phrenic nerve preparations.
Treatment with BDNF reduced neuromuscular trans-
mission failure at 6 and 18 months, but not at 24 months.
Inhibiting TrkB kinase activity via INMPP1 treatment
increased neuromuscular transmission failure at 6 months
compared to control, but did not change neuromuscular
failure at 18 and 24 months. The impairment in neuro-
muscular transmission induced by INMPP1 treatment at
6 months was not different from that present in diaphragm
muscle—phrenic nerve preparation from older mice (either
18 or 24 months). To verify that the effects of BDNF
on neuromuscular transmission were mediated by TrkB
kinase activity, an additional treatment group (BDNF
and INMPP1 combined) was included at 18 months of
age. Combined BDNF and INMPP1 treatment was not
different from same age control or INMPP1 treatment
(43.1 = 4.1%) but was significantly different from BDNF
alone (P < 0.001). These results suggest a time course
of changes in neuromuscular transmission in old age,
with reduced endogenous BDNF availability at diaphragm
neuromuscular junctions by 18 months of age and sub-
sequent reduction in TrkB signalling by 24 months of age.

Discussion

Declines in neuromuscular system performance may
be evident by examining muscle fibre properties and

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society

neuromuscular transmission failure. Decreases in neuro-
trophic signalling may lead to altered neuromuscular
function in old age. We hypothesized that ageing-related
changes in neuromuscular transmission at the diaphragm
muscle depend on BDNF acting through TrkB receptors.
As such, we examined the role of BDNF/TrkB signalling
in the diaphragm muscle by using a global measure
of neuromuscular transmission. The results of the pre-
sent study collectively identify neurotrophic signalling
via BDNF/TrkB as a significant contributor to the
ageing-related changes in diaphragm neuromuscular
function and provide novel, mechanistic targets that may
help mitigate sarcopenia.

Sarcopenia was previously examined in the diaphragm
muscle of young and old mice, substantiating a difference
in specific force of 34% at comparable ages, between
5 and 23 months of age (Greising et al. 2013a). The
results of the present study show a nearly identical loss of
diaphragm muscle force (35%) between 6 and 24 months
ofage. Ofnote, the present examination of an intermediate
age (18 months) indicates no reduction in specific force
between 6 and 18 months of age. Thus, a significant change
in force-generating capacity occurs within a relatively
short time window of 6 months. The present study
examined the possible role of BDNF/TrkB signalling in the
age-related decline in neuromuscular system performance.

Neuromuscular transmission failure was used as a
global method to evaluate force generated by the
diaphragm muscle in response to nerve activation. Clearly,
this global measurement is affected by changes in contra-
ctile properties in the diaphragm muscle. In this sense, it is
important to realize that alterations in diaphragm muscle
neuromuscular transmission failure did not follow the
same pattern into old age as did changes in diaphragm
muscle force or fatigue resistance. Increased failure
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in diaphragm muscle neuromuscular transmission was
evident by 18 months of age with no further changes at
24 months. This mismatch in the time course of functional
decline within the neuromuscular system suggests primary
alterations in neuromuscular transmission occurring
around 18 months of age. Indeed, functional changes in
neuromuscular transmission apparently precede loss of
diaphragm muscle force.

It is important to realize that all components of neural
excitation—contraction coupling are reflected in the global
measurement of neuromuscular transmission used in the
present study (Sieck & Prakash, 1995; Mantilla & Sieck,
2009). Thus, changes in axonal conduction, branch-point
failure, synaptic vesicle release and cycling as well as
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structural changes within pre- or postsynaptic structures
could contribute to impaired neuromuscular transmission
in old age. A previous study in the diaphragm muscle
of aged rats (at 25-50% survival) reported increased
synaptic depression with repetitive stimulation as well as
increased action potential blockade at lower frequencies of
stimulation compared to adult rats (at ~100% survival)
(Smith, 1979). Although the age groups used in the
present study included animals at 100% (6 months
old), 90% (18 months old) and 75% (24 months old)
survival in mice, it is possible that deficits in axonal
conduction, increased branch-point failure and synaptic
transmission contribute to the age-related impairment in
neuromuscular transmission.

24 months
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Figure 3. The contribution of neuromuscular transmission failure to diaphragm muscle fatigue over a
2 min period of repetitive nerve stimulation and superimposed intermittent muscle stimulation across

the lifespan in mice (aged 6, 18 and 24 months)

A, representative tracings for control (vehicle-treated) diaphragm muscle—phrenic nerve preparations of each
age group. B, time course of neuromuscular transmission failure during repetitive stimulation in control, and
BDNF- or TNMPP1-treated preparations at each age group. In all age and treatment groups, there is progressively
greater neuromuscular transmission failure over time. Data were analysed by three-way repeated measures ANOVA
(age x treatment x time —repeated; P < 0.001). C, neuromuscular transmission failure following 2 min of repetitive
stimulation in control, and BDNF- or 1NMPP1-treated groups. Summary data are shown to facilitate comparisons
across treatment and age groups. Data were analysed by two-way ANOVA (age x treatment; interaction P < 0.001).
Post hoc comparisons: *significantly different from control at the same age; fsignificantly different from BDNF
at the same age; ¥significantly different from 6 months within the same treatment; $significantly different from

18 months within the same treatment.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Neurotrophins, such as BDNE acting via Trk
receptors regulate synaptic transmission in the CNS
(Huang & Reichardt, 2003; Lu, 2004) and acutely
enhance neuromuscular transmission. Indeed, BDNF
and neurotrophin-4 reduce neuromuscular transmission
failure at diaphragm muscle—phrenic nerve preparations
(Mantilla et al. 2004). The effect of BDNF on neuro-
muscular transmission is probably mediated through
activation of the TrkB receptor given that enhanced
neuromuscular transmission is also evident with small
molecule TrkB agonists such as 7,8-dihydroxyflavone
(Mantilla & Ermilov, 2012), whereas neuromuscular
transmission failure increases following treatment with
the tyrosine kinase inhibitor K252a (Mantilla et al.
2004) and with inhibition of TrkB kinase activity by
INMPP1 in TrkBf¢'*4 mice (present study). These rapid
effects of BDNF/TrkB signalling on neuromuscular trans-
mission probably involve interaction with pre-synaptic
adenosine A2A receptors (Pousinha et al. 2006) and
muscarinic receptors (Garcia et al. 2010a) involved in
modulation of acetylcholine release, supporting a role for
neurotrophin-induced enhancements in synaptic trans-
mission across the lifespan. Importantly, the effects of
BDNEF/TrkB signalling on neuromuscular transmission
vary with age. In the present study, BDNF treatment
enhanced neuromuscular transmission at both 6 and
18 months of age, consistent with previous results in
3- to 4-month-old rats (Mantilla et al. 2004). However,
at 24 months of age, there was no longer an effect of
BDNF on neuromuscular transmission failure. Inhibition
of TrkB kinase activity by INMPP1 worsened neuro-
muscular transmission at 6 months of age, resulting in
similar levels of neuromuscular transmission failure to
those in 18- and 24-month-old controls (vehicle-treated).
Furthermore, in mice at both 18 and 24 months of age,
INMPP1 treatment exerts no additional effect on neuro-
muscular transmission failure compared to controls of
the same age. These results suggest that there is reduced
TrkB kinase activity in the older age groups. Given that
at 18 months of age, addition of exogenous BDNF could
still enhance neuromuscular transmission, these results
suggest that the lack of an effect of INMPP1 at 18 months
of age may simply reflect the lack of endogenous neuro-
trophin activity at diaphragm neuromuscular junctions in
this age group. By 24 months of age, the lack of effects
of both BDNF and 1INMPP1 suggests reduced expression
of the full-length TrkB receptor capable of kinase activity
and/or increased expression of truncated TrkB receptor
isoforms lacking the intracellular kinase domain.

Studies addressing the expression of BDNF/TrkB
signalling pathway components should specifically address
motor neuron and muscle fibre expression of full-length
and truncated forms of the high affinity TrkB receptor,
expression of the low affinity p75 receptor as well as
expression and release of BDNF (mature and immature

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society

Ageing neuromuscular transmission 437

forms) at both the neuromuscular junction and, possibly,
extrasynaptic sites. Unfortunately, necessary assessments
of BDNF and TrkB protein expression have been hind-
ered by the lack of high quality reagents validated in the
neuromuscular system. Indeed, Dieni ef al. (2012) recently
completed a study demonstrating related challenges in
determining BDNF signalling in the hippocampus where
commercially available antibodies could not be validated.
We have attempted to quantify the protein expression
of BDNF and TrkB receptor in the diaphragm muscle
of rodents, and have been unable to obtain reliable
results using a wide assortment of commercially available
anti-BDNF and anti-TrkB antibodies (unpublished
observations). Regardless, interpretation of the novel role
of BDNF/TrkB signalling in the regulation of neuro-
muscular transmission across the lifespan is not dependent
on measurements of the expression levels of either BDNF
or TrkB receptors within the neuromuscular system. The
present study provides direct, mechanistic insight into
the varying effects of BDNF/TrkB signalling throughout
the lifespan resulting from the age-related change in
BDNEF effects and TrkB kinase inhibition. Furthermore,
the results of the present study identify a critical period
of changes in BDNF/TrkB effects in the neuromuscular
system that informs the conduct of future comprehensive
studies examining the possible changes in expression
at specific components of diaphragm motor units (i.e.
phrenic motor neurons and diaphragm muscle fibres) as
well as perisynaptic Schwann cells.

Previous reports document changes in BDNF/TrkB
signalling across the lifespan across various organ systems.
An age-related loss of BDNF was reported in the
hippocampus and prefrontal cortex (Calabrese et al. 2013).
Unfortunately, limited research has examined the neuro-
muscular system and available studies have not conducted
detailed analyses of cellular expression and signalling
within diaphragm motor units. A trend for reduced BDNF
mRNA was reported in the triceps surae muscle of aged
rats (Ming et al. 1999). Studies examining TrkB receptor
expression have yielded conflicting results, but have not
consistently reported critical antibody validation steps.
In aged mice (24 months of age), immunohistochemical
staining for TrkB receptor reportedly decreased at
soleus muscle neuromuscular junctions compared to 3-
and 12-month-old animals (Personius & Parker, 2013).
However, in this same report, there was a concurrent
increase in the full-length TrkB copy number and no
change in truncated TrkB mRNA. Immunohistochemical
analyses are most useful in providing information
regarding the localization of specific proteins but are
distinctly limited in providing quantitative results. Garcia
etal. (2010a,b) reported expression of the BDNF and TrkB
receptors at both pre- and postsynaptic sites of neuro-
muscular junctions at the levator auris longus muscles of
adult mice. Based on the results of previous studies in



438 S. M. Greising and others

rodents examining the effect of BDNF and other TrkB
ligands (e.g. neurotrophin-4 and 7,8-dihydroxyflavone)
on neuromuscular transmission, the full-length TrkB
receptor would be expected to be present presynaptically
(Mantilla et al. 2004; Garcia et al. 2010a; Mantilla &
Ermilov, 2012). Studies examining age-related changes
in TrkB receptor expression must explore expression at
the motor neuron, including the balance between the
expression of full-length (kinase active) and truncated iso-
forms (Dorsey et al. 2012).

Genetic models, such as the TrkB®'°4 mouse (Chen
et al. 2005; Mantilla & Ermilov, 2012; Mantilla et al.
2014), provide important information that is not sub-
ject to technical issues related to reagent quality and
validation. In mice heterozygous for TrkB (TrkB*/~),
with an expected 50% reduction of full-length TrkB,
detrimental morphological changes at the neuromuscular
junction of the soleus muscle were reported by 6 months
of age, which were similar to those of old mice at
24 months of age (Kulakowski et al. 2011). In addition,
neuromuscular transmission failure was exacerbated in
the soleus muscle of both 24-month-old wild-type and
6-month-old TrkB™/~ mice. Reducing full-length TrkB
receptor activity either by adenovirus-mediated over-
expression of truncated TrkB receptors or genetically
(in TrkB*/~ mice) resulted in postsynaptic disassembly
of the neuromuscular junction (Gonzalez et al. 1999).
In addition, nerve-evoked muscle tension was reported
to increase in mice lacking truncated TrkB receptor
(Dorsey et al. 2012). Importantly, the present study
provides direct evidence for an age-related change in
BDNF/TrkB signalling that is not influenced by possible
developmental effects related to genetically induced low
levels of TrkB receptor expression (TrkB*/~) or high levels
of truncated TrkB receptor isoforms. Thus, the time course
of age-related effects reported in the present study provides
important novel information to guide future studies of the
ageing neuromuscular system.

To confirm that into old age BDNF signalling is
mediated via full-length TrkB receptors, we also examined
the combined treatment effect of BDNF and INMPP1.
Neuromuscular transmission failure was specifically
studied in TrkBF®!°* mice at 18 months of age as BDNF
effects were still present in this age group. Importantly,
there was no difference between INMPP1 treatment
groups in the presence or absence of BDNE Thus,
inhibiting TrkB kinase activity was sufficient to block
BDNF effects on neuromuscular transmission. Elucidating
whether reduced BDNF signalling in old age contributes
directly to subsequent changes in TrkB (full-length or
truncated) receptor expression in the neuromuscular
system is an important next step for investigation.
The exact time line for these hypothesized changes is
unknown, but the results of the present study suggest
that age-related reductions in BDNF occur first and are
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reversible (by exogenous supplementation), and precede
persistent reductions in TrkB kinase activity in the
diaphragm muscle. Regardless, based on the results of the
present study, therapies that restore TrkB signalling either
by increasing BDNF availability or by small molecule TrkB
agonists such as 7,8-dihydroxyflavone may help mitigate
the age-related decline in neuromuscular transmission.
Whether such therapies can also mitigate sarcopenia
remains to be determined.

Contractile properties were essentially unchanged by
neurotrophic treatment, regardless of age. There was
no difference in specific P, of the diaphragm muscle
during BDNF or INMPP1 treatment. There was, however,
a slight decrease in specific P, of diaphragm muscles
incubated with INMPP1 compared to vehicle treatment
(main treatment effect). The physiological relevance of
this slight change is probably minimal. Diaphragm muscle
fatigue resistance was only different at 24 months of age,
representing a slight improvement in fatigue resistance of
~12% compared to younger age groups. Fatigue resistance
in a muscle such as the diaphragm reflects the relative
proportion of various muscle fibre types (usually classified
based on myosin heavy chain isoform composition). With
age there is change in the proportion of fibre types, such
that the diaphragm muscle has more type Ila and fewer
type IIx and/or IIb fibres than younger mice (Greising
et al. 2013a). Thus, it is reasonable to hypothesize that
the apparent (and relatively modest) improvement in
diaphragm muscle fatigue resistance at 24 months of age
(and associated reduced overall force generation) reflects
age-related changes in the proportion of muscle fibre types
with greater contribution of fatigue-resistant fibres. Thus,
there are probably minimal effects of BDNF or INMPP1
directly on diaphragm muscle fibres.

Collectively, BDNF/TrkB signalling plays a critical role
in the regulation of neuromuscular function during
ageing. Future studies should be designed to specifically
quantify and examine the mechanisms of reduced neuro-
trophic signalling in old age. Furthermore, examination of
motor neurons is necessary to inform age-related decline
in neuromuscular function and sarcopenia.
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