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Statistics

Significance between control and treatment groups was determined
using unpaired ¢ test. The Kolmogorov—Smirnov test was used to
compare the distribution of muscle fibers’ cross-sectional area (CSA)
between groups. Data were expressed as the mean = SE (standard
error). p < .05 was considered statistically significant.

Results

Resveratrol, But Not Metformin, Mimics the Effects

of CR on Aging NMJs in Mice

We began this study by asking if resveratrol and metformin affect aging
of NMJs in male C57BL/6 mice. For this, NMJs were examined in
2-year-old mice fed food pellets containing resveratrol at 400 mg/kg or
metformin at 0.1% w/w starting at 1 year of age. We used three differ-
ent cohorts of mice as controls: (i) 2-year-old mice fed a regular diet for
their entire life; (ii) 2-year-old mice fed a diet containing 40% less calo-
ries, a CR diet, starting at 4 months of age; and (iii) 3-month-old mice

fed a regular diet. Because CR has been shown to attenuate NMJ aging,
we used CR as a positive control for the resveratrol and metformin
treatments. We assessed structural features of NMJs in the EDL muscle
(Figure 1A-D). To visualize NMJs, the postsynaptic region located on
the muscle fiber was labeled with fluorescently tagged a-bungarotoxin
(fBTX), which binds with high affinity to nAChR. Motor nerve endings
(the presynapse) innervating muscle fibers were stained with an anti-
body against Syt2, a protein associated with synaptic vesicles. Although
we were able to readily visualize all presynaptic sites in the EDL muscle
using anti-Syt2, presynaptic sites located within 60 pm of the muscle
superficial surface were better labeled. We thus only analyzed NM]Js
located within 60 pm of the muscle surface.

We examined NM]Js for fragmentation and denervation, two
cellular features closely associated with aging NMJs in the EDL
muscle (10). Compared with mice fed a regular diet (Figure 1B,
E, and F), we found significantly fewer fragmented and dener-
vated NM]Js in aged mice fed a resveratrol-rich diet (Figure 1D-F).
There were also significantly fewer degenerating NM]s in old mice
fed a CR diet (Figure 1C, E, and F), as previously shown (10). In

Figure 1. A resveratrol-rich diet slows aging of neuromuscular junctions (NMJs). (A-D)The architecture of NMJs was examined in the extensor digitorum longus
(EDL) muscle of young adult mice (3M for 3-month-old) and old mice (24M for 24-month-old) fed a regular (Ctrl), a caloric restricted (CR) diet, resveratrol-rich
(Resv), or metformin-rich diet (Met and see Supplementary Figure 1 for images of NMJs). Compared with old mice fed a regular diet, fewer fragmented (E) and
denervated (F) NMJs were found in mice fed a CR diet and a resveratrol-rich diet. A metformin-rich diet did not significantly alter the incidence of fragmented
and denervated NMJs in old mice (E and F). Four male C57BL/6 mice were examined per age and treatment. At least 50 NMJs were analyzed per mouse. Error

bar = standard error. **p < .01; ***p < .001 versus old control. Scale bar = 10 pm.
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contrast to resveratrol and CR, metformin had no discernable effect
on aging NMJs (Figure 1E and F). Thus, resveratrol but not met-
formin (Supplementary Figure 1A and B) prevents the accumulation
of age-related structural changes at NM]Js in aging mice.

Reduced Muscle Fiber Size in Aged Mice Fed
Resveratrol and on a CR Diet

Because a close relationship exists between the structural integrity of
NMJs and muscle fibers, we asked if resveratrol also slows aging of
muscle fibers in the TA muscle. We chose the TA muscle because of
its similar function and muscle fiber composition to the EDL muscle.
We examined the size of muscle fibers by staining 16 pm cross-sec-
tions of the TA muscle with fluorescently tagged wheat germ agglu-
tinin (WGA) (Figure 2A and B). Surprisingly, the mean muscle fiber
CSA was similar between young adult and aged mice (Figure 2C).
We also found no statistical differences in the mean muscle fiber
CSA between mice fed resveratrol or metformin and old control mice
(Figure 2C). However, muscle fibers were significantly smaller in old
CR mice compared with old control mice (Figure 2A-C).

With increasing age, the size of muscle fibers becomes more
heterogeneous within a given muscle (31). We therefore asked if
the different dietary interventions affect the distribution of muscle
fiber size in the TA muscle. For this, we generated a frequency his-
togram to visually inspect and compare the distribution of muscle
fibers CSA across different treatments. This analysis revealed that
the majority of muscle fibers were smaller in the TA muscle of old
mice maintained in a CR and resveratrol diet compared with old
control mice (Figure 3A). Both interventions reduced the number of
large muscle fibers (1,750 pm? or larger), and increased the number
of medium size fibers (500-1,250 pm?), compared with young adult
and old control mice (Figure 3A). To quantitatively compare the dis-
tribution of muscle fibers CSA between treatments, we performed a
Kolmogorov-Smirnov test. Compared to old control mice, there are
more muscle fibers with a smaller CSA in young adult and old mice
fed a metformin, resveratrol, or CR diet (Figure 3B). Additionally,
these data show that the distribution of muscle fibers CSA is simi-
lar between young adult and metformin-treated old mice (Figure
3A and B). This analysis also revealed that muscle fibers are signifi-
cantly smaller in old mice fed a resveratrol-rich diet and a CR diet
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Figure 2. Impact of resveratrol and a caloric restricted (CR) diet on
aged muscle fibers. The perimeter of muscle fibers was visualized using
fluorescently tagged wheat germ agglutinin (WGA) (A and B). The cross-
sectional area (CSA) was determined in muscle fibers from the tibialis
anterior (TA) muscles of young adult mice (3M for 3-month-old) and old mice
(24M for 24-month-old) fed a regular (Ctrl), a CR diet, resveratrol-rich (Resv),
or metformin-rich (Met) diet (C). Error bar = standard error. *p < .05. Scale
bar =10 pm.

compared to muscle fibers in all other mice examined in this study
(Figure 3A and B). These findings demonstrate that resveratrol, met-
formin, and a CR diet prevent the hypertrophy of muscle fibers that
naturally occurs with increasing age.

Postsynaptic Sites in Cultured Myotubes Retain
TheirYouthful Topology in the Presence of

Resveratrol

Since resveratrol was systemically administered, it is possible that
NMJs are protected from aging by changes that occur elsewhere. To
determine if resveratrol directly affects NMJs, we examined postsyn-
aptic sites in myotubes (32) treated with resveratrol. The location
and topology of postsynaptic sites were revealed by AChR clusters,
which can be readily visualized using fBTX, located on the periph-
eral membrane of myotubes (Figure 4A and B). With increasing days
in culture, AChR clusters, and thus postsynaptic sites, undergo a
number of structural changes (Figure 4D) that appear as a: (i) small
plaque; (ii) ring-like structure; (iii) half-ring-shaped structure; (iv)
aggregation of two to four individual AChR clusters (herein referred
to as matured clusters); and (v) aggregation of four or more indi-
vidual AChR clusters (herein referred to as fragmented).

To determine the effect of resveratrol on AChR clusters, myo-
tubes cultured for 7 days were treated with resveratrol for 24
hours. Resveratrol slowed the maturation but not the num-
ber of AChR clusters (Figure 4C and E) present on myotubes.
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Figure 3. Resveratrol, metformin, and a caloric restricted (CR) diet effects on
muscle fiber size in the tibialis anterior (TA) of aged mice. (A) A frequency
distribution histogram for muscle fiber cross-sectional area (CSA) in young
adult (3M for 3-month-old) and old mice (24M for 24-month-old) fed a regular
(Ctrl), a CR diet, resveratrol-rich (Resv), or metformin-rich (Met) diet. (B)
A Kolmogorov-Smirnov test shows that the distribution of muscle fiber size
is significantly different (p <.001) between young adult and old treated mice
compared with old control mice.
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Figure 4. Postsynaptic sites in cultured myotubes retain their youthful
topology in the presence of resveratrol. C2C12-derived myotubes form
postsynaptic-like structures, marked by acetylcholine receptor (AChR)
clusters labeled with fluorescently tagged a-bungarotoxin (fBTX). Myotubes
were treated with resveratrol at day 6 post-fusion and examined at day
7. (A—C) Resveratrol had no effect on the total number of AChR clusters. (D)
Different types of AChR clusters form in myotubes. (E) Resveratrol slowed
the transformation of immature AChR clusters into more complex clusters.
At least three biological replicates were examined per treatment. Error
bar = standard error. *p < .05. Scale bar =50 um.

Resveratrol-treated myotubes contained more AChR clusters exhib-
iting a plaque-like topology. Concomitantly, myotubes treated with
resveratrol had fewer ring, half-ring, and matured AChR clusters.
These findings suggest that resveratrol directly affects the NMJ.

In vivo, motor axons secrete agrin isoforms (neural-agrin) to
stabilize postsynaptic sites (30,33). Through this function, neural-
agrin increases the number of AChR clusters on cultured myo-
tubes (Figure SA-C). To determine if resveratrol synergizes with
neural-agrin to maintain the structural integrity of NM]Js, we
examined the number of postsynaptic sites on myotubes treated
with recombinant neural-agrin and resveratrol. We found that res-
veratrol failed to increase the number of postsynaptic sites formed
by neural-agrin (Figure 5D). Because neural-agrin-derived post-
synaptic clusters are small and maintain their plaque-shaped struc-
ture, we were unable to assess morphological changes caused by
resveratrol treatments on neural-agrin-derived postsynaptic sites.
Nevertheless, these findings suggest that resveratrol does not affect
the number of NM]Js but rather acts to influence the architecture
of preexisting NMJs.

Resveratrol Increases the Size of Cultured Myotubes

In mice, resveratrol altered the morphology of muscle fibers in addi-
tion to the NMJ. We thus assessed the effect of resveratrol on the
size of myotubes. We measured the width of 6 days old myotubes
treated with resveratrol for the last 3 days in culture (Figure 6A). We
found that resveratrol increased the size of myotubes in the absence
and presence of neural-agrin (Figure 6B and C). These findings are
in stark contrast to the effect of resveratrol on aging myofibers
in vivo (Figures 2C, 3A and B). However, it is worth noting that
myotubes fail to fully mature in culture unlike myofibers in fully
developed mice. Thus, resveratrol may simply accelerate the devel-
opment, and thus growth, of myotubes. Importantly, these cultured
experiments revealed that the growth of myotubes and maturation
of AChR clusters become dissociated in the presence of resveratrol.
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Figure 5. Resveratrol does not augment the formation of postsynaptic sites
formed by neural-agrin. Recombinant neural-agrin (Agrin) increases the
number of postsynaptic sites 24 hours after treatment that are structurally
distinct from those spontaneously formed by myotubes. (A-C) Postsynaptic
sites were labeled with fluorescently tagged a-bungarotoxin (fBTX) to
detect nicotinic acetylcholine receptors (nAChRs). Myotubes were treated
either with neural-agrin alone or neural-agrin plus resveratrol at day 6 and
examined at day 7. (D) Resveratrol had no effect on the total number of
AChR clusters formed in myotubes treated with neural-agrin. At least three
different biological replicates were examined. Error bar = standard error. *p
<.05. Scale bar =50 pm.

Thus, resveratrol may recruit distinct molecular mechanisms to
affect the size of muscle fibers and topology of the postsynaptic
region of the NMJ.

Impact of Metformin on the Topology of Postsynaptic
Sites and Size of Myotubes

Finally, we examined the impact of metformin on cultured myotubes.
We assessed the topology of AChR clusters, postsynaptic sites, and
width of 7 days old myotubes treated with metformin for the last 24
hours in culture. We found that metformin moderately decreased the
total number of AChR clusters (Figure 7A), indicating that it met-
formin may halt the formation of new postsynaptic sites. Despite this
effect, metformin increased the number of plaque-shaped postsynap-
tic AChR clusters compared with untreated myotubes (Figure 7B).
Metformin also increased the number of ring-shaped postsynaptic
AChR clusters (Figure 7B). Thus, metformin may also promote,
albeit more moderately compared with resveratrol, the formation of
youthful postsynaptic sites on myotubes.

We then asked if metformin affects the size of myotubes. In stark
contrast to resveratrol (Figure 6), metformin had no effect on the size
of myotubes (Figure 7C). Although these findings suggest that resvera-
trol and metformin differ in their effects on myotubes and postsynaptic
sites, it is worth noting that older myotubes were used and treated for
a shorter period of time with metformin. Thus, metformin may have a
similar effect as resveratrol if added to myotubes earlier and for longer.
The additional time in culture also likely explains the increased frag-
mentation of AChR clusters in the metformin experiment (Figure 7B)
compared with the resveratrol experiment (Figure 4E).
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Figure 6. Resveratrol increases the size of myotubes. (A) The widest region
of each myotube labeled with fluorescently tagged a-bungarotoxin (fBTX)
was identified (arrow) to measure their width. Myotubes were treated with
resveratrol at day 3 and examined at day 6. (B) Myotubes treated with
resveratrol were significantly larger than untreated myotubes. (C) Neural-
agrin had no effect on the size of myotubes. Resveratrol increased the size
of myotubes in the absence and presence of neural-agrin (B and C). At least
three biological replicates were examined per treatment. Error bar = standard
error. *p < .05.

Discussion

The goal of this study was to determine the impact of two meta-
bolic modulators and anti-aging small molecules, resveratrol and
metformin, on synapses. Although these small molecules have been
shown to slow the erosion of motor and cognitive function during
aging (16,17,26,34), it remained unknown whether they directly
affect synapses. We show that resveratrol slows aging of NMJs, the
synapse formed between motor neurons and muscle fibers, in the
EDL muscle. We also demonstrate that resveratrol induces the for-
mation of postsynaptic sites exhibiting a “youthful” architecture in
C2C12-derived myotubes. These findings suggest that resveratrol
preserves motor function in part by protecting NMJs and muscle
fibers. However, it is possible that resveratrol affects other cells that
directly or indirectly impinge on the health of muscle fibers and
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Figure 7. Postsynaptic sites on C2C12 myotubes treated with metformin at
day 6 were examined at day 7. (A) Metformin did not affect the number of
acetylcholine receptor (AChR) clusters in C2C12 myotubes. (B) Metformin
promoted the accumulation of immature clusters (plaques and rings). At least
three biological replicates were examined per treatment. (C) Despite the effect
on AChR clusters, metformin did not affect the size of myotubes. At least three
different biological replicates were examined, and 20 myotubes per biological
replicate. Error bar = standard error. *p < .05.

NMJs, including motor neurons, Schwann cells, and satellite cells.
These cells were not examined in this study.

Despite the protective effects of resveratrol on aging NM]Js, we
found it to be less effective compared with a CR diet in preventing age-
related changes at NMJs. However, mice were fed a 40% CR diet start-
ing at 4 months of age, whereas resveratrol was introduced into the diet
of 12-month-old mice. Thus, it is possible that introducing resveratrol
earlier in life could be more efficacious at preserving the structural integ-
rity of NMJs during aging. Unlike resveratrol, metformin did not slow
age-related changes at NMJs. This finding is surprising given the bene-
fits metformin has on mobility, health, and life span (17,39,43). Because
we only tested one concentration of metformin, as well as resveratrol, it
is possible that a different dose of metformin may slow aging of NMJs
in mice. Supporting this possibility, we found that metformin applied
directly to C2C12-derived myotubes induces the formation of post-
synaptic sites with a “youthful” architecture. Future experiments may
prove that the concentration of metformin used to treat myotubes in
culture, and possibly other concentrations, slow aging of NMJs in vivo.

In addition, we show that resveratrol, metformin, and CR
affect aging of muscle fibers in the TA muscle. In old mice fed a
resveratrol-rich and a CR diet, there were fewer muscle fibers with
a CSA of 1,750 pm? or larger. Instead, the number of medium size
muscle fibers (500-1,250 pm?) increased in aged mice. Metformin
also increased the number of muscle fibers with a smaller CSA even
though it did not affect the average mean CSA, similar to resveratrol.
The shift in the distribution of muscle fiber size in animals treated
with resveratrol and metformin indicates that some muscle fibers
may be more responsive to these treatments. The TA muscle is com-
posed primarily of fast fatigue-resistant (FFR) and fast fatigable (FF)
muscle fibers. Because FF muscle fibers are larger and preferentially
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affected during aging (35), we hypothesize FF muscle fibers are more
responsive to resveratrol, metformin, and a CR diet.

Interestingly, we found that CR significantly decreases the mean
muscle fiber CSA in the TA muscle of 24-month-old mice. How can
this finding be reconciled with prior studies showing that muscle
mass is higher in old animals fed a CR diet compared with old
control animals (36-38)? First, it is known that a CR diet prevents
muscle fibers from atrophying in very old animals (38). Thus, the
higher number of muscle fibers likely accounts for the increased
muscle mass in aged animals fed a CR diet rather than the size of
individual fibers. This question could be fully answered in future
experiments by counting the total number of muscle fibers in the
TA muscle of mice fed a regular and a CR diet, in addition to deter-
mining the ratio of all the muscle fiber CSA to the TA muscle CSA.

The data presented in this paper indicate that resveratrol and
metformin recruit signaling modules to maintain the structure of the
NM] as well as muscle fibers. The sirtuin and mTOR (The mechanistic
target of rapamycin) pathways are prominent mechanistic candidates
because they are present in skeletal muscles and known to be activated
by resveratrol and metformin (34,39-44). It is also important to note
that CR modulates these pathways (45). Thus, each small molecule
and CR may affect aging of the NMJ by preferentially affecting spe-
cific branches of the sirtuin and mTOR pathways within skeletal mus-
cles or specifically located at the pre- and postsynaptic regions of the
NM]J. Alternatively, these interventions may recruit other molecular
mechanisms that act directly on the NMJ. Supporting this possibility,
we found that resveratrol slows the maturation of AChR clusters but
increases the size of cultured myotubes. This finding is opposite of
the normal developmental pattern observed in control myotubes and
myofibers in vivo. In control myotubes and myofibers, there is a tight
correlation between changes in the topology and size of AChR clus-
ters and the size of myotubes or myofibers. The dissociation between
changes in AChR clusters and size of myotubes suggest that resveratrol
recruits molecular mechanisms that act both globally in muscle fibers
and specifically on the postsynaptic region of the NMJ. The identifica-
tion of such molecular pathways could lead to new approaches for
preserving the NMJ and muscle fibers during aging.

Supplementary Material

Supplementary data is available at The Journals of Gerontology,
Series A: Biomedical Sciences and Medical Sciences online.
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