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The cellular basis of age-related behavioral decline remains obscure
but alterations in synapses are likely candidates. Accordingly, the
beneficial effects on neural function of caloric restriction and
exercise,which are among themost effective anti-aging treatments
known, might also be mediated by synapses. As a starting point in
testing these ideas, we studied the skeletal neuromuscular junction
(NMJ), a large, accessible peripheral synapse. Comparison of NMJs
in young adult and aged mice revealed a variety of age-related
structural alterations, including axonal swellings, sprouting, syn-
aptic detachment, partial or complete withdrawal of axons from
some postsynaptic sites, and fragmentation of the postsynaptic
specialization. Alterations were significant by 18 mo of age and
severe by 24 mo. A life-long calorie-restricted diet significantly
decreased the incidence of pre- and postsynaptic abnormalities in
24-mo-old mice and attenuated age-related loss of motor neurons
and turnover of muscle fibers. One month of exercise (wheel
running) in 22-mo-old mice also reduced age-related synaptic
changes but had no effect on motor neuron number or muscle
fiber turnover. Time-lapse imaging in vivo revealed that exercise
partially reversed synaptic alterations that had already occurred.
These results demonstrate a critical effect of aging on synaptic
structure and provide evidence that interventions capable of
extending health span and lifespan can partially reverse these
age-related synaptic changes.

aging | neuromuscular junction | muscle | motor neuron | sarcopenia

Aging is accompanied by numerous functional alterations of
both the central and peripheral nervous systems (1). Until

recently, it was thought that many of these age-associated changes
were secondary to neuronal degeneration. Recent studies show,
however, that little neuronal death occurs in most areas of the
aging nervous system (2). Although many possible explanations
exist (3–6), a particularly attractive hypothesis is that some age-
related alterations in mental function result from synaptic alter-
ations. Supporting this idea, alterations in synapse number, spine
densities, and synaptic plasticity have been documented in the
brains of aging humans and experimental animals (1, 7, 8).
If synaptic changes underlie age-related defects in neural

function, one might look to synapses as targets for treatments
that minimize the decline. Two lifestyle regimens that have been
consistently demonstrated to extend lifespan and mitigate age-
related changes in neural function are caloric restriction and
exercise (9). In that the cellular bases of age-related changes in
mental activity are obscure, it is not surprising that the means by
which exercise and caloric restriction attenuate these changes are
also unknown. For both regimens, however, synaptic alterations
have figured prominently among proposed mechanisms (9, 10).
An obstacle to progress in this area is the complexity and di-

versity of synaptic neuropil in the brain, which impedes detailed
analysis of aging central synapses. It has therefore been difficult
to determine whether the structure of synapses changes with age.
In contrast, skeletal neuromuscular junctions (NMJs) are ideal

for analysis of synaptic architecture: they are highly accessible,
relatively simple, functionally uniform, and so much larger than
central synapses that their size and shape can be assessed light
microscopically (11). Moreover, several studies have noted dif-
ferences in neuromuscular structure between young adult and
aged rodents (12–16) and humans (17, 18). Here, we character-
izedandquantified these changes anddetermined their time course
using transgenic mice in which motor axons were indelibly labeled
with fluorescent proteins (19). We then assessed the effects of ca-
loric restriction and exercise on these synaptic changes. Both of
these interventions attenuate age-related declines in muscle func-
tion (20–24), but little is knownabout their effects on theNMJ (25).
We show here that both conditions significantly blunt age-related
structural alterations in the NMJ. Finally, we demonstrate that
the beneficial effects of exercise do not result from prevention of
age-related motor neuron loss or muscle fiber degeneration but
rather reflect a partial reversal of structural alterations that have
already occurred.

Results
Altered NMJs in Aged Skeletal Muscles. To begin this study, we
assessed structural alterations in NMJs of aged mice. To optimize
visualization of axons and nerve terminals, we used transgenicmice
that express YFP in all motor axons (19). Acetylcholine receptors
(AChRs), aggregated in the postsynaptic membrane, were labeled
with fluorescently-tagged α-bungarotoxin (fBTX), a highly selec-
tive ligand for AChRs. We compared NMJs in tibialis anterior
muscles of youngadult (1–3mo)andold (24–28mo)mice. In young
adult >99% of AChR-rich postsynaptic sites were apposed by
terminal branches of a singleYFP-labeledmotor axon (Fig. 1A).At
each junctional site, the preterminal axon was thick and relatively
constant in caliber. AChRs aggregates formed continuous long
branches, each precisely aligned with an axonal branch (Fig. 1C).
NMJs in muscles of ≥24-mo-old mice differed in several ways

from those in young adults. First, the AChR cluster on some
muscle fibers was not contacted by an axon (Fig. 1B arrows andD).
More often, axons incompletely occupied a postsynaptic appara-
tus, leaving the AChR site partially denervated (Fig. 1 E and F).
Second, aged junctional AChRs were often fragmented into small
islands (Fig. 1 D–F). In some cases, the islands were only faintly
visible, indicating decreased AChR density within them (Fig. 1E
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arrow). Third, preterminal and terminal axons were often mis-
shapen. Some axons were much thinner than those observed at
younger ages (Fig. 1G), whereas others harbored swollen vari-
cosities, typically within 10–50 μm of an NMJ (Fig. 1H). Fourth, at
some NMJs, two axons converged at the same postsynaptic site
(Fig. 1I and Fig. S1), a pattern reminiscent of the polyneuronal
innervation seen at all NMJs of neonates (11) but at <0.1% of
NMJs of young adult mice. This multiple innervation could result

Fig. 1. Age-related changes in the neuromuscular system. (A) Tibialis anterior muscle in a young adult mouse that expressed YFP in motor axons. In the region
shown, two nerve bundles (yellow) innervated individual muscle fibers. AChRs were labeled with Alexa-594-BTX (red). Complete apposition between nerve
terminals and AChRs is typical in young animals. (B) Tibialis anterior muscle in a 24-mo-oldmouse. Denervated (arrows) and partially vacated AChR sites as well as
prominent axonal swellings (arrowheads) are common. Young adult (C) and aged (D–J) NMJs are shown at highermagnification. Age-related alterations included
complete denervation of the postsynaptic AChR site (D), fragmentation and faintly labeled patches of receptors (E), and receptors that are only partially covered
by the nerve terminal (E–F). In some cases the innervating axons are very thin (G), bear large swellings proximal to the nerve terminal (H), multiply innervate one
NMJ (I), or extend processes beyond the receptor area (J). [Scale bars: 50 μm (A–B) and 10 μm (C–J.)

Fig. 2. Time course of aged-associated abnormalities at NMJs. The fre-
quency of age-associated abnormalities shown in Fig. 1 was quantified using
criteria detailed in SI Materials and Methods. More than 100 NMJs from
three animals at each age were analyzed.

Fig. 3. Effects of caloric restriction on age-related changes in NMJs. (A and B)
NMJs from tibialis anterior of 24-mo-old mice that had been fed ad libitum
(Old-Ctrl) (A) or fed a calorie-restricted diet beginning at the age of 16 wk
(Old-CR) (B). Muscles were stained with fBTX plus antibodies to neurofila-
ments and synaptotagmin-2. (C–F) Frequency of age-associated abnormalities
in NMJs from the tibialis anterior (tib ant), medial gastrocnemius (gastroc),
and gracilis (grac) muscles of 5- and 24-mo-old mice fed ad libitum and 24-
mo-old calorically restricted mice. Each bar shows mean ± SEM from at least
100 NMJs from at least four mice. *P < 0.02 by t test. (Scale bar: 10 μm.)
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from sprouting of axons to an NMJ that was already partially or
completely denervated. In support of this possibility, we some-
times observed thin sprouts that extended beyond a postsynaptic
site (Fig. 1J).
To determine the time course of these changes, we analyzed

tibialis anterior muscles at several ages (Fig. 2). No significant
structural differences were seen between NMJs of 1- and 6-mo-
old mice. At 12 mo, however, a few NMJs showed fragmentation,
preterminal swellings, and partial denervation. Fully denervated
and multiply innervated synaptic sites, terminal sprouts and ax-
onal varicosities were present by 18 mo of age. By 24 mo of age,
NMJs differed significantly from those of young adults in all
categories analyzed. We also analyzed a small number of animals
at 36 mo of age. By this age, all NMJs were fragmented, and
other age-related changes were more prevalent than those seen
in 24-mo-old animals (Fig. S2).
To test whether any of the age-related alterations observed

arose as a consequence of the long-term expression of fluorescent
protein in motor axons, we stained old wild-type mice with fBTX
plus antibodies to neurofilaments and synaptic vesicle proteins to
label AChRs, axons, and nerve terminals, respectively. There was
no difference in the frequency of any abnormality in immunos-
tained NMJs of 24-mo-old wild-type animals compared with
YFP-expressing animals (Fig. S3 and Table S1). These results are
consistent with a previous report (26) that motor axonal defects

are no more common in transgenic than in wild-type mice. Thus,
prolonged YFP expression does not cause the synaptic changes
described above.

Caloric Restriction Attenuates Age-Related Changes in NMJs. We
next assessed NMJs of 24-mo-old mice that had been fed a diet
in which caloric content was reduced by 40% starting at 16 wk of
age (27). Because these mice, which were obtained from the
National Institutes of Health, may have differed in background
from those raised in our facility, we compared them to age-
matched mice that were identical in background to the calori-
cally restricted group but had been fed a standard diet. Muscles
were stained with fBTX and antibodies to neurofilaments and
synaptic vesicle proteins as above.
Caloric restriction from 4 to 24 mo of age led to sparing of

many NMJs in the tibialis anterior muscle (Fig. 3 A and B and
Fig. S4 A–C). The frequencies of fragmented, faint, and de-
nervated postsynaptic sites and of nerve terminals bearing ter-
minal sprouts were all significantly lower in calorically restricted
mice than in controls (Fig. 3 C–F). Similar results were obtained
in gracilis and gastrocnemius muscles (Fig. 3 C–F and Fig. S5).
Likewise, caloric restriction reduced the incidence of axonal at-
rophy and distended varicosities. Thus caloric restriction attenu-
ates the deleterious effects of age on the structure of the NMJ.

Exercise Attenuates Age-Related Changes in NMJs. To assess the ef-
fect of exercise on the NMJ, we housed 22-mo-old animals with or
without access to running wheels for 1 mo. Under these conditions,
monitoring confirmed (28) that old mice ran approximately 4 km/d.
Exercise reduced the frequencies of fragmented, faint, and de-
nervated postsynaptic sites in the tibialis anterior, gracilis and
gastrocnemius muscles (Fig. 4 A–D and Figs. S4D–E and S6 A–B).
Effects on presynaptic features were less striking: changes in de-
nervation and sprouting were marginally significant (Fig. 4 E–F).
We also asked whether exercise affected the structure ofNMJs in

youngadultmice.No significanteffects of free running for 1mowere
observed when exercise was initiated at 4 mo of age (Fig. 4 C–F).

Local and Systemic Effects of Caloric Restriction and Exercise. To
determine whether the effect of exercise on NMJ structure was
systemic, we examined the triangularis sterni muscle on the inner
surface of the rib cage, and the sternomastoid muscle in the
neck. Neither muscle is likely maximally recruited during vol-
untary exercise (29). Age-related changes in the triangularis
sterni and sternomastoid were similar to those documented
above for limb muscles (Fig. 5 A–B and Fig. S7A), but exercise
had no detectable effect on the structure of NMJs in either
muscle (Fig. 5 C and E–H and Fig. S7B). Life-long caloric re-
striction significantly attenuated age-related changes in triangu-
laris sterni, ruling out the possibility that this muscle was
refractory to modulatory influences (Fig. 5 D–H). These results
suggest that the effects of 1 mo of exercise on NMJ structure are
confined to muscles directly involved in exercise.

Distinct Effects of Caloric Restriction and Exercise on Degeneration of
Motor Axons and Muscle Fibers. Although little neuronal death
accompanies aging in most neuronal populations, a substantial
number of motor neurons have been reported to be lost in aging
rodents and humans (20, 24, 30). Likewise, age-related sarcopenia
involves degeneration of muscle fibers (31), many of which are
rapidly replaced by regeneration of new fibers (32, 33). Because
these changes might cause or result from alterations in the NMJ, we
askedwhether they were attenuated by caloric restriction or exercise.
To assess neuronal loss in aged mice, we compared the number

of axons in the deep peroneal nerve, which innervates the tibialis
anterior and other leg extensor muscles. The average number of
myelinated axons in this nerve was approximately 30% lower in
aged than in young adult mice (Fig. 6 A and B). Similar results

Fig. 4. Effects of exercise on age-related changes in NMJs. (A and B) NMJs
from tibialis anterior of 23-mo-old mice maintained in standard cages (Old-
Ctrl) (A) or maintained in standard cages for 22 mo and then provided free
access to a runningwheel for 1mo (Old-Ex) (B). Muscles were stained as in Fig.
3. (C–F) Frequency of age-associated abnormalities in NMJs from the tibialis
anterior (tib ant), medial gastrocnemius (gastroc), and gracilis (grac) muscles
of 5- or 23-mo-old mice that had been maintained in standard cages (Young-
Ctrl and Old-Ctrl) or provided free access to a running wheel for their final
month (Young-Ex and Old-Ex). Each bar shows mean ± SEM from at least 100
NMJs from at least four mice. *P < 0.01 by t test. (Scale bar: 10 μm.)
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were obtained in the nerve that innervates the omohyoid muscle
(72± 9 vs. 49± 6 axons; 32% loss; P< 0.002, n=5). Because these
nerves contain sensory as well as motor axons, we also examined
ventral roots, which contain only efferent axons. The number of
axons in the L1 ventral root was approximately 35% less in old
animals than in young adults (245± 14 vs. 168± 18, P=0.004, n=
3). The loss of motor axons is likely the result of motor neuron
death, because high levels of activated caspase-3, an indicator of
cell death, were observed in large neurons in the ventral horn of
aging, but not of young adult, spinal cords (Fig. S8).
We used centrally located nuclei as an indicator of muscle fiber

turnover; their presence signifies that the muscle fiber has died
and another has regenerated in its place (34). The incidence of
muscle fiber cross-sections with central nuclei was 5- to 10-fold
higher in muscle fibers of old than young adult mice (Fig. 6 C and
D). Centrally located nuclei were present in<2%of cross-sections
through young adult muscle fibers in lower limb muscles, but in
approximately 12%, 16%, and 18%of cross-sections through aged
fibers in the gastrocnemius, tibialis anterior, and gracilis muscles,
respectively.
Caloric restriction attenuated age-related loss of motor neu-

rons and increase in muscle fiber turnover (Fig. 6 B and E),
consistent with previous results (33, 35). In contrast, the exercise
regimen we used had no effect on the number of axons or in the
turnover of muscle fibers (Fig. 6 B and E). Although a longer
period of exercise might attenuate axon loss or muscle fiber
turnover, our results indicate that the beneficial effects of exercise
on the NMJ are not secondary to rescue of axons or muscle fibers.

Exercise Partially Reverses Age-Related Structural Alterations in the
NMJ.A comparison of the results in Figs. 2 and 4 suggests that 1mo
of exercise in aged mice decreases the fraction of NMJs with
structural abnormalities to a lower level than was present at the
beginning of the exercise period. This remarkable effect occurs in

the absence of significant changes in motor neuron number or
muscle fiber turnover (Fig. 6). How does exercise attenuate NMJ
aging? Possible cellular mechanisms include loss of the most se-
verely affectedNMJs with selective retention of those less affected,
dismantling of aberrant NMJs and assembly of new ones, and re-
versal of alterations that have already occurred within individual
NMJs. To distinguish these possibilities, we applied time-lapse
imaging protocols developed for the sternomastoidmuscle (36, 37)
to the extensor digitorum longus (EDL) of the hindlimb. Animals
were anesthetized, the muscle was exposed, and AChRs were
labeled with a subsaturating dose of fBTX. NMJs were imaged in
2- and 22-mo-oldmice, and then the animals were returned to their
cages. Half of the 22-mo-old animals were then given free access to
a running wheel. They recovered within 1–2 d and exercised as
vigorously as littermates that had not been imaged. One month
later, NMJs were relocated and imaged again.
The shape, size, and topology of theNMJ changed little over the

month in the EDLmuscle of young adult mice (Fig. S9), consistent
with previous results in the sternomastoid (37). In striking contrast,
degenerative changes accumulated inmany NMJs of sedentary old
mice. Some AChR-rich branches broke into fragments, and some
AChR-rich areas disappeared (Fig. 7A). NMJs of exercised mice
presented an intermediate picture: they were more stable than
those in the sedentary old mice, but exhibited a degree of dyna-
mism greater than that seen in young adults. Strikingly, during the
month of exercise, some AChR-rich fragments fused to form
continuous branches, and some new AChR-rich regions appeared
(Fig. 7 B–D). Many NMJs exhibited both regressive (fragmenta-
tion, loss of AChRs) and progressive (fusion, appearance of new
AChR-rich regions) alterations.
The extensive dynamism of old NMJs confounded attempts to

quantify changes with simple metrics used previously (36). As an
alternative, we presented unlabeled pairs of initial and final
images of NMJs to four observers who had not taken part in the
experiments and asked them to judge how the degree of AChR
fragmentation changed over the month between views and
whether addition of new AChR-rich regions outstripped loss of
synaptic regions. The ratings of all four observers were in qual-
itative agreement: more NMJs in the sedentary than in the ex-
ercised group became more fragmented over the month between
views (65% vs. 28%; P < 0.03), more NMJs in the exercised than
the sedentary group became less fragmented (18% vs. 6%; P <
0.02), and net AChR addition was greater in NMJs of the ex-
ercised than the sedentary group (+17% vs. −16%; P < 0.005)
(Fig. 7 E–G). We conclude that exercise can partially reverse
age-related changes in NMJ structure.

Discussion
Beneficial effects of dietary restriction and physical activity on
mental function have been amply documented, and both regimens
are capable of blunting or delaying age-related declines in neural
and neuromuscular capabilities (9, 10, 20, 23, 28). Here, we asked
whether these regimens affected the tempo or nature of age-
related alterations in synaptic structure. As a first step, we cate-
gorized and quantified age-related structural changes in the NMJ.
In severalmuscles of the limb and thorax, amajority of postsynaptic
sites are fragmented into small islands by the age of 24 mo. Many
preterminal axons are abnormally thin or distended. Some NMJs
are partially or multiply innervated, a configuration seen in <0.1%
of young adult junctions. AChR levels are low at some postsynaptic
sites. About one third of the motor axons are lost and about one-
tenth of the NMJs are completely denervated. Many muscle fibers
are atrophic and some show signs of degeneration and regener-
ation, both features of the clinically significant muscle wasting
known as sarcopenia (31). Changes are apparent by 18 mo of age,
and increase in severity over the next year, a period that extends far
into old age for C57BL/6 mice, whose median lifespan is 26 mo
(32). Use of XFP mice allowed us to provide a more quantitative

Fig. 5. Effects of caloric restriction and exercise on age-related changes in
NMJs of the triangularis sterni muscle. (A–D) NMJs from the triangularis sterni
of a young adult (Young-Ctrl) (A) and 23- to 24-mo-old mouse that were fed
ad libitum (Old-Ctrl) (B), given access to a running wheel for their final month
(Old-Ex) (C), or maintained on a calorically restricted died from the age of 16
weeks (Old-CR) (D). (E–H) Frequency of age-associated abnormalities in NMJs
from the four groups illustrated in (A–D). Each bar showsmean± SEM from at
least 100 NMJs from at least four mice. *P < 0.01 by t test. (Scale bar: 10 μm.)
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and comprehensive view of age-related axonal changes than was
available (11–14).
With these results as a foundation, we assessed the effects of

caloric restriction and exercise on NMJ structure. Our principal
result is that both regimens attenuate many age-related synaptic
changes. For example, the incidence of fragmented postsynaptic
structures, dim AChR patches, and partial or complete de-
nervation is lower in exercised or calorically restricted animals
than in age- and strain-matched controls. On the other hand, the
effects of the two regimens differ in several respects. First, the
effects of exercise on axonal segments unopposed to synaptic sites
are less striking than those of caloric restriction: the frequency of
terminal sprouting, axonal atrophy, and swelling are decreased by
the former but not the latter. Second, caloric restriction but not
exercise blunts age-related loss of motor neurons and muscle
fibers. These differences are noteworthy because they suggest that
the effects of exercise on synaptic structure are not indirect con-
sequences of sparing motor neurons or muscle fibers. Finally, ca-
loric restriction affected all muscles examined, but exercise
affected only those muscles that were exercised. This result sug-
gests that the beneficial effects of exercise on the synapse result
from local interactions. For example, increased activity in exer-
cising muscles could lead to up-regulation of trophic factors from
muscle that would, in turn, improve synaptic maintenance (20).
Although the different effects of exercise and caloric restriction

on the NMJ suggest that they act through distinct mechanisms,
two confounds make this interpretation premature. First, calori-
cally restricted rodents are more active than those fed ad libitum
(38, 39). Thus, some beneficial effects of caloric restriction could
be secondary to increased activity and thereby mechanistically
similar to exercise-dependent alterations. Second, the time course
of the two regimens differed greatly, with caloric restriction being
imposed in early adulthood but exercise offered for 1 mo in old
age. Thus, motor neuron loss and muscle fiber turnover were
likely well advanced by the time that exercise was offered, so there
was no possibility for this regimen to have dramatic effects on
these parameters. To disentangle the differences in regimen from

the difference in time course, it will be important to vary the
duration of each.
The dramatic effects of 1 mo of exercise on NMJ structure

raised the possibility that this regimen did not merely decrease the
tempo of age-related alternations, but actually reversed changes
that had already occurred. Time-lapse imaging in vivo provided
direct support for this idea. Although life-style regiments have
previously been reported to improve behavioral performance (28,
40), there has not been, to our knowledge, evidence for reversal of
age-related structural alterations that might account for this im-
provement. TheNMJ promises to be a useful preparation not only
for analyzing this reversal, which might also occur in the central
nervous system, but also for assessing roles of molecules such as
sirtuins and insulin-like growth factors, which might regulate or
attenuate age-related synaptic changes.

Fig. 6. Loss of motor axons and regeneration of muscle fibers in aged
animals. (A) Cross-section of the peroneal nerve stained with antibodies to
neurofilament (NF) (red) and S100 (green) to mark axons and Schwann cells,
respectively. (B) Number of axons present in the tibial nerve of 5-mo-old
(Young-Ctrl) and 23- to 24-mo-old control mice (Old-Ctrl), 23-mo-old mice
provided free access to a running wheel for their final month (Old-Ex) and
calorically restricted 24-mo-old mice (Old-CR). Age-related loss of motor
axon is attenuated in calorically restricted but not exercised mice. (C and D)
Muscles from 5- and 24-mo-old mice were stained with DAPI to show nuclei.
Central nuclei, which indicated degeneration and regeneration of the fiber,
are indicated with arrows. (E) Percentage of muscle fiber cross-section with
central nuclei. Age-related increase in frequency of centrally nucleated
fibers is attenuated in calorically restricted but not exercised group mice.
Each bar shows mean ± SEM from at least four mice. *P < 0.03 by t test.
(Scale bar: 10 μm.)

Fig. 7. Time-lapse imaging reveals that exercise partially reverses age-
related alterations in NMJ structure. (A–D) Pairs of micrographs of NMJs
imaged twice at an approximately 35-d interval. (A) Control animal. Some
AChR-rich regions disappeared (*) or became fragmented (arrows) between
views. (B–D) Animals exercised for 1 mo between views. New AChR-rich
regions were added near (arrow in B) or between AChR clusters (small ar-
rowhead in C and Left Insets). Some AChR fragments fused during the ex-
ercise period (large arrowheads in C and D). (E–G) Changes in NMJ
morphology between views as rated by four individuals blind to which pairs
of micrographs (such as those in A–C) were from control (Cont) and exer-
cised mice (Ex). Thin lines show ratings of individuals, thick line is average of
all four (n = 21 NMJs from four control and 32 NMJs from five exercised
mice). (E) NMJs in which AChR-rich area increased or decreased (P < 0.005).
(F) Percentage of NMJs in which fragmentation increased (P < 0.03). (G)
Percentage of NMJs in which AChR-rich fragments fused (P < 0.02). P values
are from paired t test. [Scale bars: 10 μm (A–C) and 6.7 μm (C Insets, D).]
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Materials and Methods
Thy1-XFP transgenic mice were described previously (19). We obtained three
sets of C57BL/6 mice from the National Institute of Aging: 4- to 5- and 22- to
24-mo-old mice that had been fed a standard diet ad libitum, and 24-mo-old
mice that had been fed a calorically restricted diet (27). Some of the mice on
a standard diet were given unlimited access to a running wheel for 30 d.
Running distance was monitored electronically (Lafayette Instruments).
Experiments were carried out under animal protocols approved by Harvard
University and Salk Institute Animal Studies Committees.

For histological analysis, AChRs were stained with 5 μg/mL Alexa-594
conjugated BTX (Molecular Probes). Axons and nerve terminals were visu-
alized by YFP or CFP expression in transgenic mice and by immunostaining

with antibodies to axonal and synaptic vesicle components in wild-type
mice. Sections of peripheral nerve were stained with antibodies to neuro-
filaments and S100. Sections of spinal cord were stained with antibodies to
activated caspase 3. Axons in the peroneal nerve were analyzed by confocal
microscopy. Methods for vital imaging of NMJs were modified from ref 37.
Protocols and criteria for scoring age-related changes are detailed in SI
Materials and Methods.

ACKNOWLEDGMENTS. This work was supported by grants from the National
Institutes of Health (AG32322 to J.R.S. and J.W.L. and AG10435 to F.H.G.) and
a grant from the Ellison Medical Foundation (to J.R.S. and J.W.L.). G.V. is
supported by a National Institute of Neurological Disorders and Stroke grant.

1. Hof PR, Morrison JH (2004) The aging brain: Morphomolecular senescence of cortical

circuits. Trends Neurosci 27:607–613.
2. Morrison JH, Hof PR (1997) Life and death of neurons in the aging brain. Science 278:

412–419.
3. Disterhoft JF, Oh MM (2007) Alterations in intrinsic neuronal excitability during

normal aging. Aging Cell 6:327–336.
4. Dröge W, Schipper HM (2007) Oxidative stress and aberrant signaling in aging and

cognitive decline. Aging Cell 6:361–370.
5. Foster TC (2007) Calcium homeostasis and modulation of synaptic plasticity in the

aged brain. Aging Cell 6:319–325.
6. Mattson MP, Magnus T (2006) Ageing and neuronal vulnerability. Nat Rev Neurosci 7:

278–294.
7. Burke SN, Barnes CA (2006) Neural plasticity in the ageing brain. Nat Rev Neurosci 7:

30–40.
8. Dickstein DL, et al. (2007) Changes in the structural complexity of the aged brain.

Aging Cell 6:275–284.
9. van Praag H (2009) Exercise and the brain: Something to chew on. Trends Neurosci 32:

283–290.
10. Gillette-Guyonnet S, Vellas B (2008) Caloric restriction and brain function. Curr Opin

Clin Nutr Metab Care 11:686–692.
11. Sanes JR, Lichtman JW (1999) Development of the vertebrate neuromuscular junction.

Annu Rev Neurosci 22:389–442.
12. Cardasis CA, LaFontaine DM (1987) Aging rat neuromuscular junctions: A morpho-

metric study of cholinesterase-stained whole mounts and ultrastructure. Muscle

Nerve 10:200–213.
13. Fahim MA, Holley JA, Robbins N (1983) Scanning and light microscopic study of age

changes at a neuromuscular junction in the mouse. J Neurocytol 12:13–25.
14. Fahim MA, Robbins N (1982) Ultrastructural studies of young and old mouse

neuromuscular junctions. J Neurocytol 11:641–656.
15. Rosenheimer JL (1990) Ultraterminal sprouting in innervated and partially dener-

vated adult and aged rat muscle. Neuroscience 38:763–770.
16. Balice-Gordon RJ (1997) Age-related changes in neuromuscular innervation. Muscle

Nerve Suppl 5:S83–S87.
17. Oda K (1984) Age changes of motor innervation and acetylcholine receptor

distribution on human skeletal muscle fibres. J Neurol Sci 66:327–338.
18. Wokke JH, et al. (1990) Morphological changes in the human end plate with age.

J Neurol Sci 95:291–310.
19. Feng G, et al. (2000) Imaging neuronal subsets in transgenic mice expressing multiple

spectral variants of GFP. Neuron 28:41–51.
20. Delbono O (2003) Neural control of aging skeletal muscle. Aging Cell 2:21–29.
21. Hepple RT, Baker DJ, Kaczor JJ, Krause DJ (2005) Long-term caloric restriction

abrogates the age-related decline in skeletal muscle aerobic function. FASEB J 19:

1320–1322.

22. Kim JH, Kwak HB, Leeuwenburgh C, Lawler JM (2008) Lifelong exercise and mild (8%)
caloric restriction attenuate age-induced alterations in plantaris muscle morphology,
oxidative stress and IGF-1 in the Fischer-344 rat. Exp Gerontol 43:317–329.

23. McKiernan SH, Bua E, McGorray J, Aiken J (2004) Early-onset calorie restriction
conserves fiber number in aging rat skeletal muscle. FASEB J 18:580–581.

24. Vandervoort AA (2002) Aging of the human neuromuscular system. Muscle Nerve 25:
17–25.

25. Andonian MH, Fahim MA (1987) Effects of endurance exercise on the morphology of
mouse neuromuscular junctions during ageing. J Neurocytol 16:589–599.

26. Bridge KE, et al. (2009) Late onset distal axonal swelling in YFP-H transgenic mice.
Neurobiol Aging 30:309–321.

27. Turturro A, et al. (1999) Growth curves and survival characteristics of the animals used
in the biomarkers of aging program. J Gerontol A Biol 54:B492–B501.

28. van Praag H, Shubert T, Zhao C, Gage FH (2005) Exercise enhances learning and
hippocampal neurogenesis in aged mice. J Neurosci 25:8680–8685.

29. Han JN, Gayan-Ramirez G, Dekhuijzen R, Decramer M (1993) Respiratory function of
the rib cage muscles. Eur Respir J 6:722–728.

30. Hashizume K, Kanda K (1995) Differential effects of aging on motoneurons and
peripheral nerves innervating the hindlimb and forelimb muscles of rats. Neurosci Res
22:189–196.

31. Hepple RT (2003) Sarcopenia—A critical perspective. Sci Aging Knowledge Environ
2003:pe31.

32. Rowlatt C, Chesterman FC, Sheriff MU (1976) Lifespan, age changes and tumour
incidence in an ageing C57BL mouse colony. Lab Anim 10:419–442.

33. Usuki F, Yasutake A, Umehara F, Higuchi I (2004) Beneficial effects of mild lifelong
dietary restriction on skeletal muscle: Prevention of age-related mitochondrial
damage, morphological changes, and vulnerability to a chemical toxin. Acta
Neuropathol 108:1–9.

34. Carlson BM (1973) The regeneration of skeletal muscle. A review. Am J Anat 137:
119–149.

35. Kanda K (2002) Effects of food restriction on motoneuronal loss with advancing age
in the rat. Microsc Res Tech 59:301–305.

36. Balice-Gordon RJ, Lichtman JW (1990) In vivo visualization of the growth of pre- and
postsynaptic elements of neuromuscular junctions in the mouse. J Neurosci 10:
894–908.

37. Lichtman JW, Magrassi L, Purves D (1987) Visualization of neuromuscular junctions
over periods of several months in living mice. J Neurosci 7:1215–1222.

38. Carter CS, Leeuwenburgh C, Daniels M, Foster TC (2009) Influence of calorie
restriction on measures of age-related cognitive decline: Role of increased physical
activity. J Gerontol A Biol Sci Med Sci 64:850–859.

39. Chen D, Steele AD, Lindquist S, Guarente L (2005) Increase in activity during calorie
restriction requires Sirt1. Science 310:1641.

40. Samorajski T, et al. (1985) Effect of exercise on longevity, body weight, locomotor
performance, and passive-avoidance memory of C57BL/6J mice. Neurobiol Aging 6:
17–24.

14868 | www.pnas.org/cgi/doi/10.1073/pnas.1002220107 Valdez et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002220107/-/DCSupplemental/pnas.201002220SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002220107/-/DCSupplemental/pnas.201002220SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1002220107

