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A B S T R A C T

A healthy nervous system is reliant upon an efficient transport network to deliver essential cargoes throughout 
the extensive and polarised architecture of neurons. The trafficking of cargoes, such as organelles and proteins, is 
particularly challenging within the long projections of neurons, which, in the case of axons, can be more than 
four orders of magnitude longer than cell bodies. It is therefore unsurprising that disruptions in axonal transport 
have been reported across neurological diseases. A decline in this essential process has also been identified in 
many aging models, perhaps compounding age-related neurodegeneration. Via intravital imaging, we recently 
determined that, despite a reduction in overall motility, the run speed and displacement of anterograde mito
chondrial transport were unexpectedly enhanced in 19–22 month-old mouse peripheral nerves. Here, to deter
mine how aging impacts a different axonal cargo, we evaluated in vivo trafficking of signalling endosomes in 
motor axons of mouse sciatic nerves from 3 to 22 months. Contrasting with mitochondria, we did not detect 
alterations in signalling endosome speed, but found a consistent rise in pausing that manifested after 18 months. 
We then treated muscles with brain-derived neurotrophic factor (BDNF), which regulates axonal transport of 
signalling endosomes in motor neurons; however, we observed no change in the processivity defect at 22 months, 
consistent with downregulation of the BDNF receptor TrkB at the neuromuscular junction. Together, these 
findings indicate that aging negatively impacts signalling endosome trafficking in motor axons, likely through 
dampened BDNF signalling at the motor neuron-muscle interface.
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1. Introduction

The highly specialised morphology of neurons comprises dendrites 
and axons, which are cytoplasmic projections that increase the cell 
surface area, enable the formation of complex neuronal networks, and 
expand the distance over which electrical signals can be transmitted. 
Axons can extend in excess of a metre in humans; hence, neurons rely on 
a specialised transport system for delivery of diverse cargoes between 
cell bodies and axon terminals to maintain homeostasis and survival. 
This process, known as axonal transport, is dependent upon motor 
proteins, which selectively capture cargoes and actively engage the 
microtubule cytoskeleton for bi-directional trafficking (Maday et al., 
2014). Anterograde transport connects the cell body to axon terminals 
and is reliant upon the kinesin family of motors (Hirokawa et al., 2009), 
whereas retrograde transport is oriented in the opposite direction and 
requires cytoplasmic dynein (Reck-Peterson et al., 2018).

Axonal transport can be broadly divided into fast and slow categories 
(Roy, 2020). Fast axonal transport delivers both membranous (e.g., 
mitochondria, secretory vesicles and signalling endosomes) and 
membrane-less organelles at a rate of ≈ 50–200 mm/day. In contrast, 
slow axonal transport conveys cytosolic/cytoskeletal proteins (e.g., 
neurofilaments) at the much slower rate of ≈ 0.2–10 mm/day due to 
prolonged and frequent pauses. Perturbations in axonal transport have 
been identified in many different neurological diseases, and mutations 
in the trafficking machinery can cause neurodegeneration, hence the 
biological importance of this process is well established (Brady and 
Morfini, 2017; Sleigh et al., 2019).

Aging is the primary risk factor for most neurodegenerative diseases, 
and some neuropathological signatures can mirror those underpinning 
aging (Hou et al., 2019). The impact of aging on axonal transport has 
been studied for many decades (Mattedi and Vagnoni, 2019), initially 
using methods such as nerve ligation and injection of radiolabelled 
tracers, and more recently via live imaging of fluorescent markers 
(Surana et al., 2020). Assessment of axonal transport en masse using 
classic techniques that rely on indirect biochemical analyses has 
repeatedly revealed a decline with age in both fast and slow axonal 
transport in central and peripheral nerves of rodents (Brunetti et al., 
1987; Castel et al., 1994; Fernandez and Hodges-Savola, 1994; Frolkis 
et al., 1997, 1985; Geinisman et al., 1977; Goemaere-Vanneste et al., 
1988; Hoffman et al., 1983; Komiya, 1980; McMartin et al., 1979; 
McQuarrie et al., 1989; Stromska and Ochs, 1982), which has been 
corroborated using computed tomography and magnetic resonance 
imaging approaches (Cross et al., 2008; Lee et al., 2022; Minoshima and 
Cross, 2008; Terry et al., 2022); however, these methods cannot 
differentiate between motor and sensory neurons and are impacted by 
several transport-independent features, including efficiency of tracer 
uptake and axon density.

Building on this early work, several studies using specific fluorescent 
cargoes have confirmed that, in some contexts, the processivity of 
axonal transport is perturbed as animals age. For instance, in Caeno
rhabditis elegans, an age-dependent progressive reduction is observed in 
the speed of synaptic vesicle and mitochondrion trafficking within 
motor and sensory axons, respectively (Li et al., 2016; Morsci et al., 
2016). Similarly, in mice, there is a decline between 18 and 24 months in 
the velocity of nicotinamide mononucleotide adenylyltransferase 2 
(NMNAT2)-positive vesicles in sciatic nerve explants (Milde et al., 
2015), whereas in vivo mitochondrion speed and distance of transport 
are diminished at 23–25 months in intact axons of retinal ganglion cells 
(Takihara et al., 2015). However, a plethora of publications indicate that 
not all cargoes or neuronal subtypes display age-related alterations in 
axonal velocities. For example, NMNAT2-positive vesicle speeds were 
unaltered in optic and hippocampal nerve explants generated from mice 
at 24 months of age (Milde et al., 2015), autophagic vesicle dynamics 
remain largely unchanged at 24 months in distal compartments of 
mouse sensory neurons in vitro (Tsong et al., 2023), and mitochondrial 
transport velocities remain unchanged across ages in sensory axons of 

the Drosophila wing (Vagnoni et al., 2016), mouse tibial nerve explants 
(Gilley et al., 2012), and mouse primary sensory neurons (Sleigh et al., 
2024). Nevertheless, despite the lack of change in the processivity of 
axonal cargoes, these studies all showed a clear reduction in the overall 
number of transported cargoes, indicating that aging does not neces
sarily impact functionality of the trafficking machinery, but instead 
impairs processes that control the initiation and/or maintenance of 
axonal transport. Supporting this idea, the negative impact of aging on 
transport can be experimentally reversed, as shown by boosting 
cAMP/PKA signalling in Drosophila wing neurons (Vagnoni and Bullock, 
2018) and in response to nerve injury in mouse tibial nerve explants 
(Milde et al., 2015).

The nature of reported axonal transport disruptions does not appear 
to follow an organelle- or neuron-specific pattern; thus, the impact of 
aging is context-dependent and requires systematic assessment across 
experimental systems to precisely dissect the relationship between age 
and axonal transport. It is also worth considering that removal of neu
rons from their natural milieu of interacting cells and molecules can 
alter transport dynamics, suggesting that in vivo approaches that enable 
transport assessment in situ provide a powerful platform for evaluating 
the effects of tissue and systemic aging (Sleigh et al., 2017).

Signalling endosomes are specialised organelles that form at axon 
terminals and retrogradely deliver activated receptors and associated 
complexes to the cell body to elicit long distance effects, including 
modulation of gene expression (Villarroel-Campos et al., 2018). We have 
previously shown that the highly processive retrograde axonal transport 
of signalling endosomes becomes perturbed in a variety of neuromus
cular disease models at or before symptom onset (Bilsland et al., 2010; 
Sleigh et al., 2020a, 2023; Tosolini et al., 2022). This finding is consis
tent with the critical function of signalling endosomes in trafficking 
pro-survival factors from distal neuronal targets (e.g., muscles and ter
minal Schwann cells) to motor and sensory neuron cell bodies.

Mitochondria are the most well studied axonal organelle (Saxton and 
Hollenbeck, 2012); however, they are bi-directionally trafficked, pause 
frequently and can remain stationary for long periods. The kinetic 
properties of mitochondria are therefore dissimilar to other cargoes, 
such as intracellular vesicles (e.g., signalling endosomes), which display 
distinct regulatory mechanisms (Gibbs et al., 2015; Maday et al., 2014). 
We recently showed that mitochondria from mice aged 19–22 months 
display increased anterograde run speed and displacement within intact 
sciatic nerve axons compared to animals at 3–4 months of age (Sleigh 
et al., 2024); however, it remains unknown whether aging also impacts 
the axonal transport dynamics of signalling endosomes in mouse pe
ripheral axons in vivo. Here, we therefore made use of our intravital 
imaging approach to assess whether the processivity of signalling 
endosomes is also altered with advanced age in the mouse sciatic nerve.

2. Materials and methods

2.1. Ethical approval

Experiments involving mice were performed under license from the 
UK Home Office in accordance with the Animals (Scientific Procedures) 
Act (1986) and were approved by the UCL Queen Square Institute of 
Neurology Ethical Review Committee.

2.2. Animals

Mice on the C57BL/6J background were maintained under a 12 h 
light/dark cycle at a constant room temperature of ≈ 21̊C with water 
and food ad libitum (Teklad global 18 % protein rodent diet, Envigo, 
2018C). Cages were enriched with nesting material, plastic/cardboard 
tubes and wooden chew sticks. Males and females were assessed at 3 
(90–115 days old), 9 (251–279 days old), 18 (555–615 days old) and 22 
(663–687 days old) months of age (Table S1). Data from previously 
published studies were included within the presented figures, and are re- 
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used under the CC BY 4.0 licence (https://creativecommons.org/licen
ses/by/4.0) (Rhymes et al., 2024; Sleigh et al., 2020a, 2023) (Table S1).

2.3. In vivo axonal transport imaging

An atoxic binding fragment of the tetanus neurotoxin (HCT, residues 
875–1315 fused to a cysteine-rich tag and a human influenza haemag
glutinin epitope) was used to perform live imaging of signalling endo
some axonal transport (Fig 1A), as described in detail elsewhere (Gibbs 
et al., 2016; Sleigh et al., 2020b; Tosolini et al., 2021). Briefly, imaging 
was performed using either an LSM 780 or LSM 980 confocal microscope 
(Zeiss) equipped with a pre-warmed environmental chamber set to 38̊C. 
Images were acquired every ≈ 3 s using a 63 × Plan-Apochromat oil 
immersion objective (Zeiss). For experiments without brain-derived 
neurotrophic factor (BDNF), HCT was injected under 
isoflurane-induced anaesthesia into the tibialis anterior on one side of 
the body and the contralateral gastrocnemius; this enabled transport 
assessment in peripheral nerves supplying distinct hindlimb muscles of 
the same mouse, as performed previously (Rhymes et al., 2024; Sleigh 
et al., 2023). The side of injection (tibialis anterior versus gastrocne
mius) was alternated between mice to eliminate time-under-anaesthesia 
and right/left biases. Imaging was performed 4–8h later in both sciatic 
nerves. For muscle supplementation experiments, 25 ng recombinant 
human BDNF (Peprotech, 450–02) was pre-mixed and co-administered 

with HCT-555 into both the gastrocnemius and tibialis anterior mus
cles of the right leg, before imaging the right sciatic nerve 4–8h later. 
Thicker HCT-positive axons were selected to prioritise evaluation of 
transport in motor axons (Sleigh et al., 2020a). Axonal transport at the 
node of Ranvier is slowed (Tosolini et al., 2024), thus these structures 
were avoided. Imaging of transport was completed within 2 h of 
inducing terminal anaesthesia.

2.4. In vivo axonal transport analysis

A minimum of 10 endosomes per axon and at least three axons per 
mouse were manually tracked using the TrackMate plugin on ImageJ 
(https://imagej.net/ij/, Fig. 1B) (Tinevez et al., 2017). Only endosomes 
that could be tracked for ≥ 5 consecutive frames were analysed – 
cargoes that did not fit this criterion were omitted due to going out of 
focus or being obscured by breathing artefact. An endosome was 
determined to have paused if it remained stationary (speed < 0.1 
µm/sec) for two consecutive frames (3 s), i.e., within 0.3 µm of the same 
position between frames to account for subtle movements due to 
breathing artefacts. These pauses are included in the calculated speeds 
for each endosome. Endosomes that paused for ≥ 10 consecutive frames 
(≈ 27 s) were rare (<1 %) and excluded from the analyses, as the ma
jority do not regain motility during the imaging period. Endosomes that 
moved solely anterogradely were also rare (<1 %) and excluded, as we 

Fig. 1. Imaging in vivo axonal transport of HCT-positive signalling endosomes in mice aged 3–22 months. (A) Upon intramuscular injection, fluorescently labelled 
HCT is taken up at the neuromuscular junction (NMJ) prior to retrograde axonal transport within signalling endosomes, which can be visualised 4–8h later in intact 
peripheral axons of exposed sciatic nerves using time-lapse confocal microscopy. GC, gastrocnemius; TA, tibialis anterior. (B) Retrogradely transported HCT-positive 
endosomes (pseudo-coloured yellow) are individually tracked to quantitatively assess their dynamics. Colour-coded arrowheads identify five individual endosomes, 
one of which remains stationary across the three frames. Scale bar = 10 µm, frame interval = 3 s. (C) Timeline of study – in vivo imaging was performed at 3, 9, 18 and 
22 months of age with and without muscle supplementation with BDNF.
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are interested in the retrograde dynamic properties of these cargoes. The 
“% time paused” was calculated per animal by determining the number 
of frames in which endosomes were paused, dividing this by the total 
number of frames analysed and multiplying this value by 100. To 
generate the combined tibialis anterior and gastrocnemius analyses 
presented in Fig. 2J-L, the data from the two separately injected muscles 
were pooled.

2.5. Statistics

Data were assumed to be normally distributed unless evidence to the 
contrary was provided by the Kolmogorov-Smirnov test for normality. 
The Bonferroni correction was applied to the multiple Kolmogorov- 
Smirnov tests performed within each experiment. Bartlett’s test was 
used to assess equality of variance. Normally distributed data with equal 
variance between datasets were analysed using unpaired t-tests or one- 
way analysis of variance (ANOVA) tests followed by Tukey’s multiple 
comparisons tests, while normally distributed data with unequal vari
ance between datasets were compared using Welch’s ANOVA test fol
lowed by Dunnett’s T3 multiple comparisons test. Non-normally 
distributed data were analysed using a Mann-Whitney U test or Kruskal- 

Wallis test followed by Dunn’s multiple comparisons tests. All tests were 
two-sided and an α-level of P < 0.05 was used to determine significance. 
Sample sizes were pre-determined using power calculations and previ
ous experience (Rhymes et al., 2024; Sleigh et al., 2020a, 2023), and 
represent individual animals. Means ± standard error of the mean 
(SEM) are plotted for all graphs. GraphPad Prism 10 software (version 
10.4.0) was used for statistical analyses and figure production.

3. Results

3.1. In vivo assessment of signalling endosome axonal transport

We have developed a technique that enables in vivo imaging of sig
nalling endosomes as they are transported along polarised microtubules 
within motor neurons towards the spinal cord (Bilsland et al., 2010; 
Gibbs et al., 2016; Sleigh et al., 2020b; Tosolini et al., 2021). HCT is an 
atoxic binding fragment of tetanus neurotoxin that can be used to 
identify BDNF- and TrkB-positive signalling endosomes within axons 
(Deinhardt et al., 2006). By fluorescently labelling HCT and injecting it 
into mouse hindlimb muscles for uptake at the neuromuscular junction 
(NMJ), we can subsequently expose the sciatic nerve in anaesthetised 

Fig. 2. Pausing, but not speed, of signalling endosomes in motor axons is reduced by 22 months of age. (A-D) There is no difference in axonal signalling endosome 
mean (B, P = 0.286) or maximum (C, P = 0.109 Kruskal-Wallis test) speed within motor neurons innervating the tibialis anterior (TA) from 3 to 22 months of age, but 
there is an increase in pausing that occurs between 18 and 22 months (D, P = 0.018). (E-H) There is no difference in axonal signalling endosome mean (F, P = 0.245 
Welch’s ANOVA) or maximum speed (G, P = 0.508) within motor neurons innervating the gastrocnemius (GC) from 3–22 months of age; however, an increase in 
pausing also manifests between 18 and 22 months (H, P = 0.014). (I-L) Combining the TA and GC data, there is no change with age in signalling endosome mean (J, 
P = 0.252) or maximum (K, P = 0.434) speed, but again there is a clear increase in pausing at 22 months (L, P < 0.001). n = 6–8. All datasets were compared using 
one-way ANOVA tests, unless otherwise stated. *P < 0.05, * *P < 0.01 Tukey’s multiple comparisons test. ○ males; △ females.
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mice, and perform time-lapse confocal microscopy to visualise the 
axonal transport of individual signalling endosomes (Fig. 1A-B). We 
prioritise assessment in motor axons over the small percentage of sen
sory nerves that take up the probe by selecting HCT-positive axons with 
large calibres, which we have previously shown to be motor neurons 
(Sleigh et al., 2020a).

To determine the impact of aging on axonal transport, we performed 
intravital imaging in C57BL/6J wild-type mice at 3, 9, 18 and 22 months 
(Fig. 1C). The last two timepoints were chosen because many signs that 
mimic human aging, including loss of muscle mass and function, 
reduced NMJ integrity, and cognitive decline, begin to manifest between 
18 and 22 months in C57BL/6J mice (Börsch et al., 2021; Li et al., 2011; 
Sheth et al., 2018; Yanai and Endo, 2021), which display an average 
lifespan of ≈ 26 and ≈ 29 months in females and males, respectively 
(Kunstyr and Leuenberger, 1975).

3.2. Signalling endosomes pause more frequently in mice with advanced 
age

To begin, we injected HCT into the tibialis anterior (TA) muscle on 
one side of the body and into the gastrocnemius (GC) on the contralat
eral side. This enables assessment of signalling endosome axonal 
transport within motor axons innervating two different muscles, which 
we have previously shown to have similar baseline transport dynamics 
(Tosolini et al., 2022), yet display differential vulnerability to trafficking 
impairment in a mouse model of Charcot-Marie-Tooth disease (CMT) 
(Rhymes et al., 2024). Hence, the selection of these muscles enables us to 
address the possibility that aging may not equally affect the two 
different populations of motor neurons.

Mice were evaluated at 3, 9, 18 and 22 months, and signalling en
dosome mean speed, maximum speed and pausing were assessed. Data 
from the 3 and 9 month timepoints were part of previous studies 
(Rhymes et al., 2024). We observed no difference in the mean or 
maximum endosome speeds in motor neurons innervating the tibialis 
anterior muscle (Fig. 2A-C). However, there was a significant difference 
in the percentage time paused (i.e., remaining within 0.3 µm of the same 
position for at least 3 s), with increased pausing manifesting between 18 
and 22 months (Fig. 2D). Combining all data from 3, 9 and 18 months 
(since they remain similar) and comparing with 22 months, pausing was 
increased 1.97-fold at the late timepoint.

Repeating these assessments in motor neurons innervating the 
gastrocnemius, we again observed no changes in mean and maximum 
speeds; however, we identified a significant difference between time
points in the percentage of time paused (Fig. 2E-H). Comparing all 
pairwise combinations, we found that significantly more pausing 
occurred at 22 months than all other timepoints (2.11-fold). It therefore 
appears that increased endosome pausing (i.e., reduced processivity) 
with advanced age is common to motor neurons innervating both the 
tibialis anterior and the gastrocnemius.

Given the similarity in endosome dynamics between the different 
nerves, we combined the data from the tibialis anterior and gastrocne
mius from each animal and re-evaluated transport. Once again, there 
was no difference in endosome speeds, but pausing was significantly 
more frequent at 22 months compared to all other time points (2.01- 
fold, Fig. 2I-L). Together, these data indicate that the speed with which 
signalling endosomes are transported within motor axons innervating 
both the tibialis anterior and the gastrocnemius is resistant to the effects 
of aging up to 22 months; however, a doubling in the frequency of 
pausing manifests between 18 and 22 months, which is an early indi
cator of a decline in processivity of signalling endosome axonal trans
port during aging.

3.3. Boosting muscle BDNF has no effect on increased pausing at 22 
months

BDNF is a secreted neurotrophin that binds and acts through the 

tropomyosin receptor kinase B (TrkB) receptor, to elicit both local and 
long-range signalling (Chao, 2003). Once activated, BDNF-TrkB com
plexes are one of several ligand-receptor pairs that are internalised into 
signalling endosomes, being retrogradely transported to motor neuron 
cell bodies, for activating pro-survival gene transcription programmes 
(Villarroel-Campos et al., 2018). We recently showed that provision of 
excess BDNF within muscles of CMT mice is able to overcome impaired 
axonal transport of signalling endosomes caused by dampened 
BDNF-TrkB signalling (Rhymes et al., 2024; Sleigh et al., 2023). Boost
ing muscle BDNF can also reduce the baseline level of axonal endosome 
pausing in wild-type mice (Tosolini et al., 2022), while BDNF-TrkB in
hibition in wild-type muscles slows endosome transport and increases 
pausing (Sleigh et al., 2023). This neurotrophin-receptor pair is there
fore required for maintaining physiological signalling endosome de
livery to motor neuron cell bodies.

TrkB is downregulated at the mouse NMJ by 24 months (Personius 
and Parker, 2013), and there is also evidence that BDNF availability in 
muscle is reduced with age, at least in rodents (Ming et al., 1999); 
impaired BDNF-TrkB signalling within older muscles may thus explain 
the increased pausing at 22 months. We therefore performed intra
muscular injections of recombinant BDNF, in a similar manner to pre
viously performed (Sleigh et al., 2023), to assess its impact on endosome 
pausing.

We compiled data on the dynamics of signalling endosome axonal 
transport from mice receiving intramuscular injections of HCT with 
BDNF into both the tibialis anterior and gastrocnemius, again at 3, 9, 18 
and 22 months of age (Fig. 3A). We chose this paradigm because it 
provided the most statistically robust pausing defect in the first dataset 
(Fig. 2D, H and L). It is worth highlighting that the exposure to increased 
BDNF is only short-term (4–8h), but this is sufficient to elicit an acute 
boost in signalling endosome axonal transport (Rhymes et al., 2024; 
Sleigh et al., 2023; Tosolini et al., 2022). The data from the timepoints 
prior to 22 months were generated as part of two previous studies 
(Sleigh et al., 2020a, 2023).

Similar to our baseline dataset, we observed no difference in the 
mean or maximum speed of signalling endosomes across timepoints 
(Fig. 3B-C). We again identified a clear difference in the percentage of 
time that signalling endosomes remained stationary, with greater 
pausing manifesting between 18 and 22 months (Fig. 3D), like when 
excess BDNF was not provided. Compared with all data from 3 to 18 
months, pausing was increased 4.82-fold at 22 months, which is more 
than twice the increase observed without BDNF injection (Fig. 2L). This 
fits with BDNF reducing the amount of pausing pre-22 months and not 
having an effect at this later age. Indeed, when comparing pausing be
tween untreated mice and those receiving intramuscular BDNF in
jections, we found decreased pausing upon BDNF administration at 3 
and 9 months, with a clear trend towards reduction at 18 months, but 
not at 22 months (Fig. 3E-H). Therefore, the age-dependent increase in 
pausing without affecting endosome speed is replicated in this dataset, 
suggesting that it is a robust phenotype and one that is impervious to the 
modifying effects of increased BDNF at older motor nerve terminals.

4. Discussion

4.1. Axonal transport with age

Except for very early experiments on the impact of aging on axonal 
transport performed in cats and dogs (Ochs, 1973) and some later 
studies in rats (Inestrosa and Alvarez, 1988; Jacob, 1995), it appears 
there is consensus that cargo trafficking within axons diminishes as 
animals age; this includes studies in C. elegans, Drosophila, mice and rats, 
and in several types of central and peripheral neurons (Mattedi and 
Vagnoni, 2019). Nevertheless, work over the last decade in which 
fluorescent cargoes were individually tracked indicates that the dynamic 
properties of axonal transport (e.g., velocity, pausing and run length) are 
not perturbed in old age; rather, it is the frequency of transport that 
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declines. This suggests that the function of the transport machinery is 
sufficiently preserved over time, but it is the mechanisms that activate 
and maintain transport, along with the availability of transport com
ponents, that are primarily affected by aging.

Here, we add signalling endosomes within intact mouse motor axons 
to the list of cargoes that are affected by advanced age. Through intra
vital imaging, we repeatedly observed a two-fold increase in pausing in 
mice at 22 months of age, suggesting that it is a robust and reproducible 
phenotype. Although the reduced processivity was insufficient to reduce 
endosome speeds, it is certainly possible that the extra pausing in the 22 
month-old mice reflects the onset of impairments in signalling endosome 
transport; assessment in older animals (e.g. 24–28 months) will deter
mine whether this is indeed the case. Due to differences in imaging 
frame rates caused by using two different confocal microscopes (one of 
them with larger frame sizes, giving more opportunity for an endosome 
to pause), we were unable to accurately determine the percentage of 
pausing endosomes across timepoints. However, examining the raw 
data, we can say that the increase in percentage time paused in older 
mice was not a result of few endosome pausing many times, but rather 
more frequent short pausing across the sampled endosomes.

Using a similar imaging approach, we have previously shown that 
the speed of mitochondrial axonal transport in intact sciatic nerves is 
also not reduced in mice aged 19–22 months – in fact, for currently 
unknown reasons, mitochondria were trafficked more quickly in the 
anterograde direction, with a trend towards a retrograde increase 
(Sleigh et al., 2024). Nonetheless, we did identify that fewer mito
chondria were present in axons with advanced age, and that this is 
possibly a consequence of increased cytoplasmic viscosity in neuronal 
cell bodies.

Unfortunately, due to inherent variability between intramuscular 
injections and the fact that signalling endosomes are highly processive 
and do not regularly dock along the axon like mitochondria, it is more 

challenging to measure the overall flux of signalling endosomes using 
our imaging approach. Nevertheless, using a radioactive probe similar in 
function to HCT, Lee and colleagues performed computed tomography 
imaging to show that net retrograde transport of signalling endosomes 
may indeed progressively decline with age in mice; a clear reduction in 
probe accumulation within the spinal cord post-injection into the 
gastrocnemius was identified between 100 (≈3 months) and 300 (≈10 
months) days and again between 700 (≈23 months) and 900 days (≈30 
months) (Lee et al., 2022), mimicking the two distinct phases of decline 
in NMNAT2-positive vesicle transport reported in older sciatic, optic and 
hippocampal nerve explants (Milde et al., 2015). Unfortunately, net 
retrograde assessments are affected by transport-independent processes 
(e.g., probe uptake and axon number), thus this approach may therefore 
overestimate the decline in trafficking with age, as suggested by the lack 
of change in signalling endosome dynamics observed from 3 to 18 
months (90–615 days). That being said, our data are consistent with 
observations across models that there is a general decline in the total 
amount of axonal transport. To provide additional data to support this, 
in the future we could perform sciatic nerve ligation prior to intramus
cular HCT injections, and assess the amount of probe accumulation distal 
to the ligation, as has been done previously with tetanus neurotoxin 
fragments (Roux et al., 2006). Nonetheless, this approach would also be 
impacted by the decline in NMJ integrity with age (Li et al., 2011; 
Valdez et al., 2010), resulting in reduced HCT uptake. This raises the 
important point that age-dependent decline of the neuromuscular sys
tem may also in part contribute to why we do not see a clear disruption 
in axonal transport speeds with age, since HCT will not accumulate and 
be trafficked into declining axons that have lost connection to the 
muscle.

Fig. 3. Acute provision of BDNF within older muscles has no effect on the increased pausing of axonal signalling endosomes. (A) Schematic depicting the co- 
administration of HCT and BDNF into both the tibialis anterior (TA) and gastrocnemius (GC). (B-C) There is no difference in axonal signalling endosome mean 
(P = 0.124 one-way ANOVA) or maximum (C, P = 0.343 Kruskal-Wallis test) speed within motor neurons exposed to increased levels of muscle BDNF from 3 m to 
22 months of age. (D) BDNF is unable to impact the increased pausing in TA- and GC-innervating motor axons in mice aged 22 months (P = 0.002 Welch’s ANOVA 
*P < 0.05, **P < 0.01 Dunnett’s T3 multiple comparisons test). (E-H) Intramuscular injection of BDNF reduces pausing in 3 (E, *P = 0.033 unpaired t-test) and 9 (F, 
**P = 0.005 unpaired t-test) month-old mice, and causes a trend towards less pausing at 18 months (G, P = 0.073 Mann-Whitney U test); however, there is no such 
decrease at 22 months (H, P = 0.315 unpaired t-test). n = 5–20. ○ males; △ females.
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4.2. BDNF-TrkB signalling

The reason for the enhanced pausing of signalling endosomes at 22 
months is currently unknown. The increased cytoplasmic viscosity we 
identified in cell bodies of 19–22 month-old peripheral nerves is unlikely 
to directly impact the retrograde trafficking of endosomes since they are 
formed in the periphery (Sleigh et al., 2024). However, signalling 
endosomes and mitochondria frequently interact within axons (Cioni 
et al., 2019), so there is the possibility for a transfer of signals from 
anterogradely-delivered mitochondria. Moreover, although there was 
no clear increase in viscosity of the axoplasm of older peripheral nerves, 
we did detect a small decrease in particle diffusiveness (Sleigh et al., 
2024), suggesting that spatial hinderance/local crowding in distal axons 
(e.g., from aggregated proteins known to accumulate in aging (Trigo 
et al., 2019)) may partially contribute to the rise in pausing. Supporting 
this idea, experimentally reducing the availability of axonal mitochon
dria causes an acceleration in protein accumulation within axons of 
advanced age (Vagnoni et al., 2016).

The BDNF receptor, TrkB, is downregulated at the mouse NMJ by 24 
months of age (Personius and Parker, 2013) and the enhancing effect of 
BDNF on neuromuscular transmission is lost at 24, but not 18 months of 
age (Greising et al., 2015a). Furthermore, reduced TrkB function results 
in impaired NMJ structure, neurotransmission, and muscle function, 
mimicking the impact of aging on the neuromuscular system (Gonzalez 
et al., 1999; Greising et al., 2015b; Kulakowski et al., 2011). Together, 
these findings suggest that an age-related decline in BDNF-TrkB sig
nalling, which is known to regulate endosome transport speeds within 
motor neurons (Sleigh et al., 2023), may have a role in the identified 
pausing phenotype. Consistent with this, intramuscular injection of 
BDNF reduced baseline pausing at 3, 9 and 18 months (with the latter 
being only a trend), similar to previous observations (Tosolini et al., 
2022); however, BDNF had no impact on pausing when administered at 
22 months, similar to observations in mice modelling amyotrophic 
lateral sclerosis (Tosolini et al., 2022). This suggests that decreased TrkB 
availability at motor nerve terminals with advanced age may account for 
the increased pausing at baseline and provides an explanation for why 
acutely boosting muscle BDNF does not impact pausing at 22 months. 
This also fits with the finding that in human motor neurons, BDNF 
controls transcriptional networks that mediate cytoskeletal organisation 
and axonal regeneration (Vargas et al., 2023), which are two processes 
perturbed by aging (Geoffroy et al., 2016; Richardson et al., 2024; Verdú 
et al., 2000). Furthermore, BDNF has been shown to both increase local 
translation of cytoplasmic dynein (Villarin et al., 2016) and enhance its 
recruitment to signalling endosomes (Mitchell et al., 2012), deficits in 
which may directly contribute to the reduced processivity of signalling 
endosomes in older axons through reduced engagement of dynein mo
tors. Intriguingly, demyelination causes an increase in speed of ante
rogradely transported mitochondria as a means of neuroprotection 
(Licht-Mayer et al., 2020), which mimics what we observed in 19–22 
month-old peripheral nerves in vivo (Sleigh et al., 2024); Schwann cells 
are a source of BDNF, suggesting that this neurotrophin could also play a 
role in the mitochondrial phenotype we previously identified.

5. Conclusion

In summary, we show that the processivity of signalling endosomes is 
consistently reduced in motor axons of mice with advanced age, mani
festing as a doubling in the amount of pausing between 18 and 22 
months. This may result from a decline in TrkB availability at the NMJ, 
which is consistent with the observed loss of response to increased 
muscle BDNF in the aging motor nervous system.

Verification

We confirm that this work has received all required ethical ap
provals, is original, and has not been published elsewhere. The 

manuscript has been read and approved by all co-authors.

CRediT authorship contribution statement

David Villarroel-Campos: Writing – review & editing, Investiga
tion. Elena R. Rhymes: Writing – review & editing, Investigation. 
Andrew P. Tosolini: Writing – review & editing, Investigation. Bilal 
Malik: Writing – review & editing, Resources. Alessio Vagnoni: 
Writing – review & editing, Conceptualization. Giampietro Schiavo: 
Writing – review & editing, Supervision, Conceptualization. James N. 
Sleigh: Writing – review & editing, Writing – original draft, Supervision, 
Investigation, Conceptualization.

Acknowledgements

We thank the personnel of the Denny Brown Laboratories (UCL 
Queen Square Institute of Neurology) for assistance in maintaining the 
mouse colonies. This project was funded by Medical Research Council 
awards (MR/S006990/1 and MR/Y010949/1) (JNS); a Wellcome Trust 
Sir Henry Wellcome Postdoctoral Fellowship (103191/Z/13/Z) (JNS); a 
Rosetrees Trust grant (M806) (JNS, GS); the UCL Neurogenetic Thera
pies Programme funded by The Sigrid Rausing Trust (JNS); the UCL 
Therapeutic Acceleration Support scheme supported by funding from 
MRC IAA 2021 UCL MR/X502984/1 (JNS); a Junior Non-Clinical 
Fellowship from the Motor Neuron Disease Association (Tosolini/ 
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Börsch, A., Ham, D.J., Mittal, N., Tintignac, L.A., Migliavacca, E., Feige, J.N., Rüegg, M. 
A., Zavolan, M., 2021. Molecular and phenotypic analysis of rodent models reveals 
conserved and species-specific modulators of human sarcopenia. Commun. Biol. 4 
(1), 194. https://doi.org/10.1038/s42003-021-01723-z.

Brady, S.T., Morfini, G.A., 2017. Regulation of motor proteins, axonal transport deficits 
and adult-onset neurodegenerative diseases. Neurobiol. Dis. 105, 273–282. https:// 
doi.org/10.1016/j.nbd.2017.04.010.

Brunetti, M., Miscena, A., Salviati, A., Gaiti, A., 1987. Effect of aging on the rate of 
axonal transport of choline-phosphoglycerides. Neurochem. Res. 12 (1), 61–65. 
https://doi.org/10.1007/BF00971365.

Castel, M.N., Beaudet, A., Laduron, P.M., 1994. Retrograde axonal transport of 
neurotensin in rat nigrostriatal dopaminergic neurons: modulation during ageing 
and possible physiological role. Biochem Pharm. 47 (1), 53–62. https://doi.org/ 
10.1016/0006-2952(94)90437-5.

Chao, M.V., 2003. Neurotrophins and their receptors: a convergence point for many 
signalling pathways. Nat. Rev. Neurosci. 4 (4), 299–309. https://doi.org/10.1038/ 
nrn1078.

Cioni, J.M., Lin, J.Q., Holtermann, A.V., Koppers, M., Jakobs, M.A.H., Azizi, A., Turner- 
Bridger, B., Shigeoka, T., Franze, K., Harris, W.A., Holt, C.E., 2019. Late endosomes 
act as mRNA translation platforms and sustain mitochondria in axons. e15 Cell 176 
(1-2), 56–72. https://doi.org/10.1016/j.cell.2018.11.030.

D. Villarroel-Campos et al.                                                                                                                                                                                                                    Neurobiology of Aging 153 (2025) 1–9 

7 

https://doi.org/10.1016/j.neurobiolaging.2025.05.002
https://doi.org/10.1073/pnas.1006869107
https://doi.org/10.1038/s42003-021-01723-z
https://doi.org/10.1016/j.nbd.2017.04.010
https://doi.org/10.1016/j.nbd.2017.04.010
https://doi.org/10.1007/BF00971365
https://doi.org/10.1016/0006-2952(94)90437-5
https://doi.org/10.1016/0006-2952(94)90437-5
https://doi.org/10.1038/nrn1078
https://doi.org/10.1038/nrn1078
https://doi.org/10.1016/j.cell.2018.11.030


Cross, D.J., Flexman, J.A., Anzai, Y., Maravilla, K.R., Minoshima, S., 2008. Age-related 
decrease in axonal transport measured by MR imaging in vivo. Neuroimage 39 (3), 
915–926. https://doi.org/10.1016/j.neuroimage.2007.08.036.

Deinhardt, K., Salinas, S., Verastegui, C., Watson, R., Worth, D., Hanrahan, S., Bucci, C., 
Schiavo, G., 2006. Rab5 and Rab7 control endocytic sorting along the axonal 
retrograde transport pathway. Neuron 52 (2), 293–305. https://doi.org/10.1016/j. 
neuron.2006.08.018.

Fernandez, H.L., Hodges-Savola, C.A., 1994. Axoplasmic transport of calcitonin gene- 
related peptide in rat peripheral nerve as a function of age. Neurochem. Res. 19 (11), 
1369–1377. https://doi.org/10.1007/BF00972465.

Frolkis, V.V., Tanin, S.A., Marcinko, V.I., Kulchitsky, O.K., Yasechko, A.V., 1985. 
Axoplasmic transport of substances in motoneuronal axons of the spinal cord in old 
age. Mech. Ageing Dev. 29 (1), 19–28. https://doi.org/10.1016/0047-6374(85) 
90043-0.

Frolkis, V.V., Tanin, S.A., Gorban, Y.N., 1997. Age-related changes in axonal transport. 
Exp. Gerontol. 32 (4-5), 441–450. https://doi.org/10.1016/s0531-5565(96)00168- 
4.

Geinisman, Y., Bondareff, W., Telser, A., 1977. Diminished axonal transport of 
glycoproteins in the senescent rat brain. Mech. Ageing Dev. 6 (5), 363–378. https:// 
doi.org/10.1016/0047-6374(77)90038-0.

Geoffroy, C.G., Hilton, B.J., Tetzlaff, W., Zheng, B., 2016. Evidence for an age-dependent 
decline in axon regeneration in the adult mammalian central nervous system. Cell 
Rep. 15 (2), 238–246. https://doi.org/10.1016/j.celrep.2016.03.028.

Gibbs, K.L., Greensmith, L., Schiavo, G., 2015. Regulation of axonal transport by protein 
kinases. Trends Biochem. Sci. 40 (10), 597–610. https://doi.org/10.1016/j. 
tibs.2015.08.003.

Gibbs, K.L., Kalmar, B., Sleigh, J.N., Greensmith, L., Schiavo, G., 2016. In vivo imaging of 
axonal transport in murine motor and sensory neurons. J. Neurosci. Methods 257, 
26–33. https://doi.org/10.1016/j.jneumeth.2015.09.018.

Gilley, J., Seereeram, A., Ando, K., Mosely, S., Andrews, S., Kerschensteiner, M., 
Misgeld, T., Brion, J.P., Anderton, B., Hanger, D.P., Coleman, M.P., 2012. Age- 
dependent axonal transport and locomotor changes and tau hypophosphorylation in 
a "P301L" tau knockin mouse, 621.e621–621.e615 Neurobiol. Aging 33 (3). https:// 
doi.org/10.1016/j.neurobiolaging.2011.02.014.

Goemaere-Vanneste, J., Couraud, J.Y., Hassig, R., Di Giamberardino, L., van den Bosch 
de Aguilar, P., 1988. Reduced axonal transport of the G4 molecular form of 
acetylcholinesterase in the rat sciatic nerve during aging. J. Neurochem. 51 (6), 
1746–1754. https://doi.org/10.1111/j.1471-4159.1988.tb01154.x.

Gonzalez, M., Ruggiero, F.P., Chang, Q., Shi, Y.J., Rich, M.M., Kraner, S., Balice- 
Gordon, R.J., 1999. Disruption of Trkb-mediated signaling induces disassembly of 
postsynaptic receptor clusters at neuromuscular junctions. Neuron 24 (3), 567–583. 
https://doi.org/10.1016/s0896-6273(00)81113-7.

Greising, S.M., Stowe, J.M., Sieck, G.C., Mantilla, C.B., 2015b. Role of TrkB kinase 
activity in aging diaphragm neuromuscular junctions. Exp. Gerontol. 72, 184–191. 
https://doi.org/10.1016/j.exger.2015.10.013.

Greising, S.M., Ermilov, L.G., Sieck, G.C., Mantilla, C.B., 2015a. Ageing and neurotrophic 
signalling effects on diaphragm neuromuscular function. J. Physiol. 593 (2), 
431–440. https://doi.org/10.1113/jphysiol.2014.282244.

Hirokawa, N., Noda, Y., Tanaka, Y., Niwa, S., 2009. Kinesin superfamily motor proteins 
and intracellular transport. Nat. Rev. Mol. Cell Biol. 10 (10), 682–696. https://doi. 
org/10.1038/nrm2774.

Hoffman, P.N., Lasek, R.J., Griffin, J.W., Price, D.L., 1983. Slowing of the axonal 
transport of neurofilament proteins during development. J. Neurosci. 3 (8), 
1694–1700. https://doi.org/10.1523/JNEUROSCI.03-08-01694.1983.

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S.G., Croteau, D.L., Bohr, V.A., 2019. 
Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15 (10), 
565–581. https://doi.org/10.1038/s41582-019-0244-7.

Inestrosa, N.C., Alvarez, J., 1988. Axons grow in the aging rat but fast transport and 
acetylcholinesterase content remain unchanged. Brain Res. 441 (1-2), 331–338. 
https://doi.org/10.1016/0006-8993(88)91411-4.

Jacob, J.M., 1995. Fast axonal transport rates are unchanged in 6- and 24-month F344 
rats. Brain Res. 699 (1), 154–156. https://doi.org/10.1016/0006-8993(95)01051-v.

Komiya, Y., 1980. Slowing with age of the rate of slow axonal flow in bifurcating axons 
of rat dorsal root ganglion cells. Brain Res. 183 (2), 477–480. https://doi.org/ 
10.1016/0006-8993(80)90484-9.

Kulakowski, S.A., Parker, S.D., Personius, K.E., 2011. Reduced TrkB expression results in 
precocious age-like changes in neuromuscular structure, neurotransmission, and 
muscle function. J. Appl. Physiol. 111 (3), 844–852. https://doi.org/10.1152/ 
japplphysiol.00070.2011.

Kunstyr, I., Leuenberger, H.G., 1975. Gerontological data of C57BL/6J mice. I. Sex 
differences in survival curves. J. Gerontol. 30 (2), 157–162. https://doi.org/ 
10.1093/geronj/30.2.157.

Lee, P.J., Kennedy, Z., Wang, Y., Lu, Y., Cefaliello, C., Uyan, O., Song, C.Q., Godinho, B. 
M.C., Xu, Z., Rusckowski, M., Xue, W., Brown Jr., R.H., 2022. Imaging net retrograde 
axonal transport in vivo: a physiological biomarker. Ann. Neurol. 91 (5), 716–729. 
https://doi.org/10.1002/ana.26329.

Li, L.B., Lei, H., Arey, R.N., Li, P., Liu, J., Murphy, C.T., Xu, X.Z., Shen, K., 2016. The 
neuronal kinesin UNC-104/kif1a is a key regulator of synaptic aging and insulin 
signaling-regulated memory. Curr. Biol. 26 (5), 605–615. https://doi.org/10.1016/j. 
cub.2015.12.068.

Li, Y., Lee, Y., Thompson, W.J., 2011. Changes in aging mouse neuromuscular junctions 
are explained by degeneration and regeneration of muscle fiber segments at the 
synapse. J. Neurosci. 31 (42), 14910–14919. https://doi.org/10.1523/ 
JNEUROSCI.3590-11.2011.

Licht-Mayer, S., Campbell, G.R., Canizares, M., Mehta, A.R., Gane, A.B., McGill, K., 
Ghosh, A., Fullerton, A., Menezes, N., Dean, J., Dunham, J., Al-Azki, S., Pryce, G., 

Zandee, S., Zhao, C., Kipp, M., Smith, K.J., Baker, D., Altmann, D., Anderton, S.M., 
Kap, Y.S., Laman, J.D., Hart, B.A., Rodriguez, M., Watzlawick, R., Schwab, J.M., 
Carter, R., Morton, N., Zagnoni, M., Franklin, R.J.M., Mitchell, R., Fleetwood- 
Walker, S., Lyons, D.A., Chandran, S., Lassmann, H., Trapp, B.D., Mahad, D.J., 2020. 
Enhanced axonal response of mitochondria to demyelination offers neuroprotection: 
Implications for multiple sclerosis. Acta Neuropathol. 140 (2), 143–167. https://doi. 
org/10.1007/s00401-020-02179-x.

Maday, S., Twelvetrees, A.E., Moughamian, A.J., Holzbaur, E.L., 2014. Axonal transport: 
cargo-specific mechanisms of motility and regulation. Neuron 84 (2), 292–309. 
https://doi.org/10.1016/j.neuron.2014.10.019.

Mattedi, F., Vagnoni, A., 2019. Temporal control of axonal transport: the extreme case of 
organismal ageing. Front Cell Neurosci. 13, 393. https://doi.org/10.3389/ 
fncel.2019.00393.

McMartin, D.N., O’Connor, J.A., Jr, 1979. Effect of age on axoplasmic transport of 
cholinesterase in rat sciatic nerves. Mech. Ageing Dev. 10 (3-4), 241–248. https:// 
doi.org/10.1016/0047-6374(79)90038-1.

McQuarrie, I.G., Brady, S.T., Lasek, R.J., 1989. Retardation in the slow axonal transport 
of cytoskeletal elements during maturation and aging. Neurobiol. Aging 10 (4), 
359–365. https://doi.org/10.1016/0197-4580(89)90049-3.

Milde, S., Adalbert, R., Elaman, M.H., Coleman, M.P., 2015. Axonal transport declines 
with age in two distinct phases separated by a period of relative stability. Neurobiol. 
Aging 36 (2), 971–981. https://doi.org/10.1016/j.neurobiolaging.2014.09.018.

Ming, Y., Bergman, E., Edström, E., Ulfhake, B., 1999. Reciprocal changes in the 
expression of neurotrophin mRNAs in target tissues and peripheral nerves of aged 
rats. Neurosci. Lett. 273 (3), 187–190. https://doi.org/10.1016/s0304-3940(99) 
00655-2.

Minoshima, S., Cross, D., 2008. In vivo imaging of axonal transport using MRI: aging and 
Alzheimer’s disease. S89–92 Eur. J. Nucl. Med Mol. Imaging 35 (1). https://doi.org/ 
10.1007/s00259-007-0707-8.

Mitchell, D.J., Blasier, K.R., Jeffery, E.D., Ross, M.W., Pullikuth, A.K., Suo, D., Park, J., 
Smiley, W.R., Lo, K.W., Shabanowitz, J., Deppmann, C.D., Trinidad, J.C., Hunt, D.F., 
Catling, A.D., Pfister, K.K., 2012. Trk activation of the ERK1/2 kinase pathway 
stimulates intermediate chain phosphorylation and recruits cytoplasmic dynein to 
signaling endosomes for retrograde axonal transport. J. Neurosci. 32 (44), 
15495–15510. https://doi.org/10.1523/JNEUROSCI.5599-11.2012.

Morsci, N.S., Hall, D.H., Driscoll, M., Sheng, Z.H., 2016. Age-related phasic patterns of 
mitochondrial maintenance in adult Caenorhabditis elegans neurons. J. Neurosci. 36 
(4), 1373–1385. https://doi.org/10.1523/JNEUROSCI.2799-15.2016.

Ochs, S., 1973. Effect of maturation and aging on the rate of fast axoplasmic transport in 
mammalian nerve. Prog. Brain Res 40 (0), 349–362. https://doi.org/10.1016/ 
S0079-6123(08)60699-8.

Personius, K.E., Parker, S.D., 2013. TrkB expression at the neuromuscular junction is 
reduced during aging. Muscle Nerve 47 (4), 532–538. https://doi.org/10.1002/ 
mus.23616.

Reck-Peterson, S.L., Redwine, W.B., Vale, R.D., Carter, A.P., 2018. The cytoplasmic 
dynein transport machinery and its many cargoes. Nat. Rev. Mol. Cell Biol. 19 (6), 
382–398. https://doi.org/10.1038/s41580-018-0004-3.

Rhymes, E.R., Simkin, R.L., Qu, J., Villarroel-Campos, D., Surana, S., Tong, Y., 
Shapiro, R., Burgess, R.W., Yang, X.L., Schiavo, G., Sleigh, J.N., 2024. Boosting 
BDNF in muscle rescues impaired axonal transport in a mouse model of DI-CMTC 
peripheral neuropathy. Neurobiol. Dis. 195, 106501. https://doi.org/10.1016/j. 
nbd.2024.106501.

Richardson, B., Goedert, T., Quraishe, S., Deinhardt, K., Mudher, A., 2024. How do 
neurons age? A focused review on the aging of the microtubular cytoskeleton. Neural 
Regen. Res. 19 (9), 1899–1907. https://doi.org/10.4103/1673-5374.390974.

Roux, S., Saint Cloment, C., Curie, T., Girard, E., Miana Mena, F.J., Barbier, J., Osta, R., 
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NMNAT2: nicotinamide mononucleotide adenylyltransferase 2
SEM: standard error of the mean
TrkB: tropomyosin receptor kinaseB
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