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Abstract

The impact of aging on proprioceptive sensory neurons and intrafusal muscle fibers (IMFs) remains largely unexplored despite the central
function these cells play in modulating voluntary movements. Here, we show that proprioceptive sensory neurons undergo deleterious
morphological changes in middle age (11- to 13-month-old) and old (15- to 21-month-old) mice. In the extensor digitorum longus and soleus
muscles of middle age and old mice, there is a significant increase in the number of Ia afferents with large swellings that fail to properly wrap
around IMFs compared with young adult (2- to 4-month-old) mice. Fewer II afferents were also found in the same muscles of middle age and
old mice. Although these age-related changes in peripheral nerve endings were accompanied by degeneration of proprioceptive sensory neuron
cell bodies in dorsal root ganglia (DRG), the morphology and number of IMFs remained unchanged. Our analysis also revealed normal levels
of neurotrophin 3 (NT3) but dysregulated expression of the tyrosine kinase receptor C (TrkC) in aged muscles and DRGs, respectively. These
results show that proprioceptive sensory neurons degenerate prior to atrophy of IMFs during aging, and in the presence of the NT3/TrkC

signaling axis.
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Coordinated movements, such as gait, fine voluntary movements,
posture, and balance become increasingly more difficult to initiate
and properly carry out with aging (1,2). These motor deficits affect
the quality of life of elder individuals and increase the incidence of
falls (3=5). Motor deficits also contribute to adverse health effects
caused by pathophysiological changes associated with aging (6-9).
Thus, it is critical to understand when and how specific components
of the somatic motor system are impacted during aging in order
to slow the erosion of these motor skills. To date, we know that
aging results in significant molecular, morphological, and functional
changes in a-motor neurons (10-14), extrafusal muscle fibers (15—
21), and their neuromuscular junctions (NM]Js) (22-28). Although
a-motor neurons and extrafusal muscle fibers carry out all volun-
tary movements, their activation and function are under the control
of neurons located throughout the nervous system. Among these,
proprioceptive sensory neurons play a critical role in coordinating
complex movements by relaying information about the activity of
skeletal muscles to a-motor neurons (29,30).
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Proprioceptive sensory neurons are located in dorsal root ganglia
(DRG) and bifurcate to innervate skeletal muscles and neurons in
the central nervous system. Type Ia/Il proprioceptive sensory neu-
rons innervate intrafusal muscle fibers (IMFs) to form a complex,
referred to as a muscle spindle, that is sensitive to the speed and
extent of muscle contraction (30). The centrally projecting branches
of Ta/ll afferents then relay this information to a-motor neurons to
adjust the contraction or relaxation of muscles, a prerequisite for
coordinating complex movements. In recent years, we have learned
that diseases and injuries cause deleterious structural changes at
nerve endings of proprioceptive sensory neurons (31-35). In ani-
mals harboring mutant genes that cause amyotrophic lateral sclero-
sis (ALS) or spinal muscular atrophy, proprioceptive nerve endings
in muscle spindles and in the spinal cord degenerate prior to the
onset of neurological symptoms (31,32,36). Following severing of
peripheral afferents, a permanent reorganization of proprioceptive
nerve endings terminating on motor neurons occurs, which has been
proposed to contribute to long-lasting motor dysfunction (35,37).
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Despite these findings and the fact that motor function declines with
increasing age, very little is known regarding the impact of aging on
proprioceptive sensory neurons (38,39). Likewise, the effect of aging
on IMFs is still poorly understood (38-40).

In this paper, we examined proprioceptive sensory neurons and
IMFs in aging mice. We demonstrate that type Ia afferents undergo
deleterious structural changes in muscle spindles of the extensor
digitorum longus (EDL) and soleus muscles in middle age (11- to
13-month-old) and old (15- to 21-month-old) mice compared with
young mice (2- to 4-month-old). In older mice, we also found fewer
IT afferents in muscle spindles and a significant reduction in the
number of proprioceptive sensory neuron cell bodies in L3 DRGs.
Despite these changes in proprioceptive sensory neurons, IMFs
appeared largely spared in middle age and old mice. Additionally,
we show that neurotrophin 3 (NT3) and tyrosine kinase receptor C
(TrkC) remain expressed at high levels in muscles and DRGs of old
mice, indicating that other molecular changes likely contribute to
degeneration of these neurons with increasing age.

Materials and Methods

Source of Mice

The following mice were obtained from Jackson laboratories: par-
valbumin-Cre (41) (referred to here as PVCre) and Thy1-STOP-YFP
line 15 (42) (referred to here as STP-YFP). Thy1-YFP16 (referred to
here as YFP (43) mice were a generous gift from Dr. Joshua Sanes.
To visualize proprioceptive sensory neurons in the DRG, we mated
PVCre and STP-YFP (referred to as PVCre;STP-YFP). Mice were
anesthetized using isoflurane and then perfused transcardially with
10mL of 0.1 M phosphate-buffered saline (PBS), followed by 25 mL
of 4% paraformaldehyde (PFA) in 0.1M PBS (pH 7.4). Only male
mice were analyzed in this study. All experiments were carried out
under NIH guidelines, and animal protocols were approved by the
Virginia Tech Institutional Animal Care and Use Committee.

Analysis of la/ll Afferents and NMJs

Animals expressing YFP (Thy1-YFP) in all neurons were used to vis-
ualize nerve endings in skeletal muscles. Whole EDL and soleus mus-
cles were used to analyze sensory nerve endings. The EDL separates
into four smaller muscles that attach to the four smaller toes. The
three divisions of the EDL that attach to toes 2—4 were used for ana-
tomical analysis of nerve endings. These divisions of the EDL mus-
cle can be readily whole mounted and all afferents can be imaged
at high resolution using confocal microscopy. To visualize the NM]J
postsynaptic site, muscles were incubated with alexa-555-tagged
a-bungarotoxin (Life Technologies, B35451; 1:1,000) in 0.1 M PBS
for 1 hour at room temperature to label nicotinic acetylcholine recep-
tors (nAChRs). Following incubation, muscles were washed three
times with 0.1 M PBS and whole mounted using Vectashield (Vector
Laboratories, H-1000). To analyze proprioceptive nerve endings
and NMJs, maximum intensity projections from confocal z-stacks
were created with Zen Black (Zeiss). The following structural fea-
tures of proprioceptive sensory neurons were compared between age
groups in Image] software: (a) distance between spirals; the distance
in micrometers was measured between each annulospiral wrap-
ping around the belly of each muscle spindle, (b) the width of the
nerve; the width of each spiral (coil) wrapping around the belly of
each muscle spindle was measured in micrometers, (c) unraveling;
less than 10 spirals wrapping around IMFs at the equatorial region,
or significantly disorganized annulospirals, and (d) blebbing; large

aggregates of YFP near or at afferent nerve terminals. NM]Js were
analyzed based on innervation from motor neurons, noted by colo-
calization between YFP and a-bungarotoxin. In all experiments, at
least three animals of the same age and gender were examined per
age group. At least five nerve endings per muscle were examined. At
least 50 NM]Js were examined per animal.

Analysis of Intrafusal and Extrafusal Muscle Fibers
Fresh frozen tibialis anterior (TA) muscles were cut in half at the
largest diameter and placed in 10mm x 10mm x 5 mm Tissue-Tek
Cryomolds with Tissue Freezing Medium (Triangle Biomedical
Science, Inc.). With a cryostat, 16-um sections were collected on
gelatin-coated slides. After washing three times with 0.1M PBS,
the sections were incubated with blocking buffer solution contain-
ing 0.1% Triton X-100, 3% bovine serum albumin (BSA), and 5%
goat serum diluted in 0.1 M PBS for 1 hour. Sections were incu-
bated with primary antibody overnight at 4°C and then washed
three times with 0.1 M PBS before adding secondary antibody for 2
hours at room temperature. Following secondary antibody incuba-
tion, sections were washed three times with 0.1 M PBS, incubated
with DAPI (4’,6-diamidino-2-phenylindole: Sigma-Aldrich, 28718-
90-3; 1:1,000) for 5 minutes and mounted with Vectashield. The
following primary antibody was diluted in blocking buffer to label
IMFs: myosin heavy chain $46 (DSHB S46; deposited by Dr. Frank
E. Stockdale; 1:50). The following primary antibody was diluted in
blocking buffer to label extrafusal muscle fibers: laminin (Sigma-
Aldrich, 1.9393; 1:100). We used the following secondary anti-
bodies from Life Technologies diluted 1:1,000 in blocking buffer:
Alexa-568 goat anti-mouse IgG1 and Alexa-488 donkey anti-rabbit.
Muscle fibers were visualized with Zeiss LSM 700 using maximum
intensity projections from confocal z-stacks created with Zen Black
(Zeiss). The area of each fiber was analyzed using Image]. All IMFs
in each section were analyzed. For extrafusal muscle fibers, at least
30 randomly selected fibers were analyzed in each section.

Analysis of Proprioceptive Sensory Axons in the

EDL Muscle of Young and Old Mice

Proprioceptive sensory axons were analyzed in whole-mounted EDL
muscles following the method used by Vaughan and colleagues (31).
Briefly, transgenic mice expressing YFP in all neurons were used to
visualize axonal bundles innervating the EDL muscle from 2-; 11-,
and 15-month-old mice. We counted sensory axons innervating the
second outermost portion of the EDL muscle, which innervates the
second toe. Nerve branches primarily composed of proprioceptive
sensory axons were identified by tracing axons back from muscle
spindles. To examine sensory axons, high resolution confocal images
of sensory axons were obtained with a 40x objective and used to
generate 2D and 3D images from a z-stack scan. With the default
zeiss image file, we used the cut function in Zen Black 2012 image
processing (Zeiss) to digitally slice through the 3D plane of the axon
bundle and count the number of axons in each bundle.

Analysis of Proprioceptive Sensory Neuron Somata

in DRG Located in Lumbar Region 3

Following perfusion, spinal columns were immediately dissected and
postfixed in 4% PFA overnight at 4°C. The spinal column was then
washed three times with 0.1 M PBS and cut at the last rib to separate
cervical and thoracic regions from lumbar and sacral regions. The
DRG from the lumbar region 3 (L3) was dissected from PVCre;STP-
YFP and whole mounted with Vectashield. To visualize whole DRGs
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Figure 1. Age-related changes in la afferents in the extensor digitorum longus
(EDL) muscle. la afferents were examined in whole-mounted EDL muscles from
2-, 11-, and 15-month-old mice expressing YFP in all peripheral axons (A-C). Coil
distance (CD in A; left arrow) and coil width (CW in A; right arrow) were measured
in la afferents at muscle spindles. In 11- and 15-month-old mice, the coil distance
and width were significantly increased compared with 2-month-old mice (D,E).
Fewer spirals are found properly wrapping around the equatorial region of
intrafusal muscle fibers, defined as unravelling (F), in older mice. Degeneration
of the nerve endings was also associated with an increased incidence of axons
with large blebs (G) in aged mice. Blebbing is indicated by the arrows in B and
C. At least three animals per age group and at least five nerve endings per muscle
were analyzed. Scale bar =50 um. Error bar = STE. *p <.05, **p <.01, ***p <.001.

and examine the sensory soma, high resolution images were tiled
with a Zeiss LSM 700 motorized confocal microscope. The total
number of parvalbumin-positive neurons was quantified in Image].

Table 1. qPCR Primers

Expression Analysis Using Quantitative PCR

Mice were anesthetized with isoflurane, and the TA muscle and
DRGs were immediately removed. Total RNA was extracted using
Aurum Total RNA Mini kit (Bio-rad) following manufacturer’s
instructions. cDNA was synthesized from 500 ng of total RNA using
iScript cDNA synthesis kit (Bio-Rad). PCR amplification was per-
formed on the Bio-Rad CFX connect Real-Time System (Bio-Rad)
using iTaq Universal SYBR Green Supermix (Bio-Rad). Analysis
was done in Bio-Rad CFX Manager 3.1 software with normalized
expression (AACq) relative to control (4 months). Primers used are
presented in Table 1.

Statistical Analysis

A one-way analysis of variance with Bonferroni post hoc was used to
determine statistical significance between treatment groups. Analysis
was performed using R statistics.

Results

la Proprioceptive Afferents Degenerate in the EDL
Muscle of Aging Mice

We examined Ia afferents in the EDL and soleus muscles from 2-,
11-, and 15-month-old animals. To visualize Ia afferents, we used
mice expressing YFP in all neurons (Thy1-YFP line 16 (43); referred
to as YFP). We first analyzed Ia afferents in the EDL muscle because
it can be separated into four individual sections and whole mounted
from adult mice, making it possible to image Ia afferents in all
muscle spindles using light microscopy and at high resolution. We
specifically examined proprioceptive sensory afferents in the three
divisions of the EDL muscle that attach to toes 2—4. These divi-
sions are thin, making it possible to whole mount them and ana-
lyze all sensory afferents using high resolution confocal microscopy
imaging. Regardless of age, the three divisions of the EDL muscle
together contained on average seven muscle spindles. These affer-
ents were also recently shown to degenerate in the EDL muscle in
mice expressing the ALS-causing mutant gene, SOD1%* (31). To
start, we quantified several structural characteristics of Ia afferents
because of their reproducible pattern of innervation of muscle spin-
dles (Figure 1A—C). These included (a) the distance between annulo-
spirals’ coils formed as Ia afferents wrap around IMFs (Figure 1A),
(b) the coil width (Figure 1A), and (c) the percentage of Ia afferents
unraveling from IMFs. In old animals, the distance between coils
is significantly larger (5.4+0.07 pm) compared with young animals
(3.6+0.01 pm) (Figure 1D). The coil width was also larger in old
(4.5+0.05 pm) compared with young adult animals (2.7+0.03 pm)
(Figure 1E). These structural changes resulted in an increased num-
ber of Ia afferents not properly wrapping around IMFs (herein
referred to as unravelling) in old (45% = 2) compared with young
(1% = 0.8) mice (Figure 1F). Along with these changes, propriocep-
tive afferents often exhibited large axonal blebs, which are aberrant
accumulation of YFP, near or within muscle spindles in aged EDL
muscles (Old = 85% £1.19; Young = 1.5% = 0.23) (Figure 1B, C,

Primer Forward (5-3") Reverse (57-37)

NT3 GCCACGGAGATAAGCAAGAA ACGGATGCCATGGTTACTTC
TrkC GCTCCCTCACCCAATTCTCT CCAGTACTTCCGTCAGGGTC
GAPDH CCCACTCTTCCACCTTCGATG GTCCACCACCCTGTTGCTGTAG

Notes: GAPDH = glyceraldehyde 3-phosphate dehydrogenase; NT3 = neurotrophin 3; TrkC = tyrosine kinase receptor C.



774 Journals of Gerontology: BIOLOGICAL SCIENCES, 2017,Vol. 72, No. 6

and G). These findings demonstrate that Ia afferents acquire deleteri-
ous structural changes in muscle spindles during aging that likely
precedes their degeneration as previously demonstrated in aged rats

(38).

la Proprioceptive Afferents also Degenerate in the
Soleus Muscle in Aging Mice

We next asked if aging has a similar effect on Ia afferents in the
soleus muscle. In contrast to the EDL, the soleus muscle is primarily
composed of slow type (oxidative) muscle fibers and plays a criti-
cal function in maintaining posture. We assessed Ia afferents in the
soleus muscle from the same mice used to examine the EDL muscle.
Regardless of age, we found approximately five muscle spindles in
the soleus muscle. However, the majority of Ia afferents exhibited
similar age-related structural features as found in the EDL muscle.
The distance between coils and the width of each coil increased as
animals aged (Figure 2A and B). There were also more Ia afferents
unravelling at muscle spindles (Figure 2C). In addition, we found a
significant increase in the number of proprioceptive sensory axons
with large blebs in aged soleus muscles (Figure 2D).

Fewer Il Proprioceptive Afferents Innervate Muscles

in Middle Age and Old Mice

We analyzed type II afferents in the same muscle spindles innervated
by type la afferents. Type II afferents innervate IMFs toward their
polar region (Figure 3A), where they form irregular flower spray-
like structures that are highly variable between spindles. Because
the innervation pattern of these nerve ending is highly variable, we
chose to count the number of II afferents innervating muscle spindles
(Figure 3A and B) rather than carry out a detailed structural analysis
in young, middle age, and old mice. In contrast to Ia afferents, fewer
IT afferents were found innervating muscle spindles in the EDL and
soleus muscles of aged compared with young mice (Figure 3C and D).
This finding therefore suggests that II afferents are more severely
affected than Ia afferents by aging.

Rates of la/ll Proprioceptive Afferents Degeneration
Differs Between the Soleus and EDL Muscles

During the course of our study, we noticed differences in the rate
of aging between sensory afferents innervating the soleus and EDL
muscles. Compared with the EDL muscle, there are more Ia afferents
unraveling from IMFs with large blebs in the soleus muscle of mid-
dle and old age mice (Supplementary Figure 1A and B). The soleus
muscle was also innervated by fewer type II afferents compared with
EDL muscles in old mice (Supplementary Figure 1C). The difference
in the rate of Ia/Il afferent degeneration between the soleus and EDL
muscles may be due to a variety of factors, including the different
functional demands placed on these two muscles and cellular com-
position (23,44,45).

Aging Affects a-Motor AxonTerminals in the Same
Muscles Used to Analyze la/ll Afferents

It is well documented that motor axons begin to degenerate and
vacate postsynaptic sites at NMJs starting at 6 months of age (28).
We thus examined NM]Js in the same muscles used to analyze Ta/Il
afferents to confirm that the EDL and soleus muscles were under-
going normal age-related changes. Because motor axons were also
labeled with YFP, it facilitated our analysis of motor nerve end-
ings at NMJs in young and old mice. To visualize postsynaptic sites
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Figure 2. Age-related changes in la afferents in the soleus muscle. la
afferents expressing YFP were examined in whole-mounted soleus muscles
from the same animals used to analyze extensor digitorum longus muscles
in Figure 1.The coil distance (A) and width (B) significantly increased in older
soleus muscles. The incidence of la afferents unravelling from the equatorial
region of intrafusal muscle fibers was also higher in older mice (C). Sensory
axons with large blebs were more numerous in old mice (D). At least three
animals per age group and at least five nerve endings per muscle were
analyzed. Error bar = STE. *p < .05, **p < .01, ***p <.001.
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Figure 3. Loss of Il afferents in the extensor digitorum longus (EDL) and
soleus muscles of middle age and old mice. Proprioceptive sensory nerve
endings were visualized using transgenic mice expressing YFP in neurons.
Type la afferents (A; right arrow) form primary muscle spindles whereas
type Il afferents (A; left arrow) form secondary muscle spindles. In older
mice, there were fewer |l afferents innervating muscle spindles (MS) in the
EDL (C) and soleus (D) muscles. However, the number of type la afferents
was unchanged in both muscles in aged mice (C,D). At least three animals
were analyzed per age group and at least five nerve endings per muscle.
PSA = proprioceptive sensory afferent. Scale bar =50 pm. Error bar = STE. *p
<.05, **p <.01, ***p <.001.

on extrafusal muscle fibers, we stained muscles with fluorescently
tagged a-bungarotoxin, which labels nAChRs. As previously shown,
the incidence of NM]s partially or fully denervated increases with
aging in the same EDL (Figure 4A—C) and soleus (Figure 4D) mus-
cles used to examine la/Il proprioceptive sensory afferents. These
findings further demonstrate that peripheral nerve endings critical
for motor function degenerate during the normal aging process.

IMF Number and Size Are Unchanged in Aged Mice

Proprioceptive sensory neurons and their nerve endings depend on
IMFs to remain structurally intact and survive. To explore the possi-
bility that age-related changes in IMFs cause degeneration of propri-
oceptive sensory neurons, we stained 16 pm cross-sections of the TA
muscle from young and old mice with the S46 antibody (46-48). This
antibody binds to the slow-tonic myosin heavy chain isoform, which
is expressed by IMFs (49). As previously shown (49), S46 labeled
only one IMF per muscle spindle in the TA muscle from young and
old mice (Figure SA-C). The size of S46-positive muscle fibers sug-
gests that they are in fact nuclear bagl and bag2 IMFs (Figure SF).
Unlabeled intrafusal fibers residing adjacent to S46-positive fibers
were identified using a pan-laminin antibody, which stains the perim-
eter of all muscle fibers (Figure SA-C). In the TA muscle of 11- and
17-month-old mice, there is no difference in the number and aver-
age size of IMFs within individual muscle spindles compared with
2-month-old mice (Figure 5D and E). Additional analysis showed
that the number and size of S46-positive and S46-negative IMFs are
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Figure 4. Age-related changes in a-motor axons parallel those found
in sensory afferents. Analysis of a-motor axons (YFP) innervating the
postsynaptic site on extrafusal muscle fibers, visualized by using fluorescently
tagged a-bungarotoxin (BTX). In the same muscles used to examine sensory
afferents, fewer a-motor axons were found fully innervating postsynaptic
sites in older mice (A-D). At least three animals per age group and at least
50 NMJs per muscle were analyzed. Scale bar = 20 pm. Error bar = STE. *p <
.05, #*p < .01, ***p < .001.

unchanged in middle age and old mice (Figure 5F). Although IMFs
appear structurally normal in older mice, it remains possible that
subcellular and molecular changes in these cells affect Ia/Il afferents
during aging.

Extrafusal Muscle Fibers’ Size Decreases With Aging
The lack of morphological changes in IMFs prompted us to ask if
extrafusal muscle fibers are also unchanged in the same TA mus-
cles of 11- and 17-month-old mice. Laminin staining was used
to determine the perimeter of these muscle fibers (Figure 6A and
B). We determined the area of 30 extrafusal muscle fibers located
throughout the TA muscle per muscle section for all animals used in
this study. In contrast to IMFs, we found a significant reduction in
the size of extrafusal muscle fibers in the TA of 17-month-old mice
(Figure 6C). Thus extrafusal muscles, predominantly fast-type in the
TA muscle, undergo age-related morphological changes before IMFs
during aging.

Loss of Proprioceptive Sensory Axons in Muscles

and Cell Bodies in DRGs of Aged Mice

The lack of morphological alterations in IMFs combined with the
loss of II afferents from aged muscle spindles suggested that aging
directly affects proprioceptive sensory neurons. To explore this
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possibility, we first counted the number of proprioceptive sensory
axons innervating the division of the EDL muscle responsible for
controlling the second toe. To clearly trace sensory axons, we imaged
afferents innervating spindles located away from NMJs, thus avoid-
ing a-motor axons. To count axons, we obtained high resolution
longitudinal images (Figure 7A-C), and used these images to gener-
ate 3D optical cross-section slides (Figure 7A’—~C’). Irrespective of the
image used, we found fewer proprioceptive sensory axons in middle
age and old mice compared with young mice (Figure 7A-D). The
remaining sensory axons in aged mice often appeared thinner com-
pared with those in young mice (Figure 7A-C).
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Figure 5. The number and size of intrafusal muscle fibers (IMFs) are unchanged
in older mice. Nuclear bag fibers were stained using an antibody against S46,
which binds to slow-tonic myosin heavy chain isoform (A-C). The perimeter
of all muscle fibers was labeled with an antibody against laminin (A-C).
We examined the tibialis anterior muscle of 2-month (A), 11-month (B), and
17-month-old (C) animals. The number of IMFs per spindle is similar between
young and older mice (D). Aging did not affect the size of S46-positive and S46-
negative IMFs (E). S46-positive IMFs do not differ between mice of different
age groups (F). At least three animals per age group and at least 30 muscle
fibers per muscle were analyzed. Scale bar = 50 pm. Error bar = STE. *p < .05,
**p<.01, ***p <.001.

Figure 6. The size of extrafusal muscle fibers decreases with aging. The
perimeter of extrafusal muscle fibers in the tibialis anterior muscle was
revealed by immunostaining for laminin in young and old mice (A,B). In
17-month-old mice, there is a significant reduction in the size of extrafusal
muscle fibers compared with those in 2-month-old mice (C). At least three
animals per age group and 30 muscle fibers per animal were analyzed. Scale
bar =50 pm. Error bar = STE. **p < .01.

We next asked if the cell body of proprioceptive sensory neurons
degenerates with increasing age. We examined the soma of proprio-
ceptive sensory neurons in L3 DRG from 2-, 13-, and 17-month-old
mice. To visualize proprioceptive sensory neurons in DRGs, we
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Figure 7. Aging causes complete degeneration of sensory axons innervating
the extensor digitorum longus (EDL) muscle in middle age and old mice.
Sensory axons innervating the portion of the EDL muscle that controls the
2nd digit were analyzed using transgenic mice expressingYFP in neurons (A—
C). Axon number was determined by digitally slicing through the 3D image
plane (A’-C’). Fewer sensory axons innervating the EDL muscle were found
in 11- and 15-month-old mice (D). Aged sensory axons also often exhibited
deleterious structural changes that include thinning and large swellings. At
least three animals per age group were analyzed. Scale bar = 10 ym. Error
bar = STE. ***p <.001.
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crossed parvalbumin-Cre (PVCre) and Thy1-STOP-YFP (STP-YFP)
mice. Progenies from this mating express YFP in parvalbumin-pos-
itive neurons (PVCre;STP-YFP), and thus only proprioceptive sen-
sory neurons were labeled within DRGs (Figure 8A-C). We used
these mice to count the number of YFP-positive neurons in L3 DRGs.
Compared with 2-month-old mice, we found a significant decrease in
proprioceptive sensory neurons in L3 DRGs from 13- and 17-month-old
mice, respectively (Figure 8D). These data demonstrate that the axons
and cell bodies of proprioceptive sensory degenerate with increasing age,
hence explaining the loss of II afferents in muscle spindles of aged mice.

Expression of NT3 Is Unchanged and TrkC Is
Dysregulated in Aged Mice

Proprioceptive sensory neurons depend on NT3, released by muscle fib-
ers, and activation of TrkC to develop and survive (30). Suggesting that
NT3 is not the primary driver of proprioceptive sensory neuron degen-
eration, we found NT3 transcripts expressed at similar levels in the
TA muscle of 13- and 21-month-old mice compared with 4-month-old
mice (Figure 8F). In contrast, TrkC expression was dysregulated with
increasing age in DRGs. We found that TrkC expressed at lower levels
in 13-month-old mice compared with 4-month-old mice (Figure 8E).
In stark contrast, TrkC is significantly increased in 21-month-old TA
compared with 4- and 13-month-old mice (Figure 8E). The different
levels of TrkC in middle age and old DRGs show that proprioceptive
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Figure 8. Fewer proprioceptive sensory neurons are present in middle age
and old DRGs. Proprioceptive sensory neurons (PSNs) selectively expressing
YFP within DRGs were whole mounted and visualized using confocal
microscopy (A-C). Analysis of L3 DRGs revealed that PSNs are significantly
reduced in 11- and 17-month-old mice compared with 2-month-old mice (D).
Tyrosine kinase receptor C (TrkC) transcripts are reduced in 13-month-old but
then significantly increase in 21-month-old DRGs (E) whereas neurotrophin
3 (NT3) transcripts remain unchanged in the tibialis anterior muscle (F)
compared with 4-month-old mice. At least three animals per age group were
analyzed. Scale bar = 150 pm. Error bar = STE. *p < .05, **p < .01.

sensory neurons undergo intrinsic molecular alterations that initiate or
function to fend off pathological changes caused by aging.

Discussion

We show that proprioceptive sensory neurons degenerate as mice
age. The majority of Ia afferents fail to maintain their annulospi-
ral structures in the EDL and soleus muscles of 11- and 15-month
old mice compared with 2-month-old mice. In these older muscles,
there are fewer II sensory afferents innervating muscle spindles but
no obvious morphological changes in IMFs. Along with changes in
peripheral nerve endings, there are fewer proprioceptive sensory neu-
rons in DRGs located in L3 of 13- and 17-month-old mice. Based on
these findings and roles of NT3 and TrkC in the survival and main-
tenance of these neurons, we explored the possibility that their level
is decreased in aged muscles and DRGs, respectively. We show that
NT3 is expressed at similar levels in muscles and TrkC is increased
in DRGs of aged mice, suggesting that other molecular alterations
drive pathological changes in aging proprioceptive sensory neurons.

Impact of Aging on Peripheral Nerves With Critical
Roles in Motor Function and Their Muscle Fibers

The data presented in this manuscript expand on published findings
demonstrating that peripheral axons, important for voluntary move-
ments, undergo significant changes during aging (38,39,50). However,
our study revealed new information regarding the impact of aging on
Ta/Il afferents and on IMFs. Although the number of Ia afferents is
unchanged, despite exhibiting age-related structural changes, there is
a significant loss of group II afferents in 11- and 15-month-old mice.
We obtained this additional information using a holistic approach to
examine the impact of aging on proprioceptive sensory neurons and in
their native configuration using confocal microscopy.

The analysis of whole-mounted muscles also allowed us to
directly compare Ia and II afferents and to conclude that aging dif-
ferentially affects these two different sensory afferents. However, our
data do not provide information explaining the different rates of
aging of Ia and II afferents. Their known roles may instead provide
insights regarding their different rates of degeneration during aging
(51). Although Ia afferents innervate all IMFs, including dynamic
nuclear bag fibers responsible for detecting fast changes in muscle
length, II afferents only innervate static nuclear bag and chain IMFs.
This difference in innervation pattern means that Ia afferents are
more frequently activated compared with II afferents. Thus, it is pos-
sible that the increased activity of Ia afferents helps prevent the accu-
mulation of age-related changes, as has been shown for subtypes of
o-motor neurons that innervate tonically active muscle fibers (23).
It is also plausible that molecules unique to each of these two dif-
ferent proprioceptors may play critical functions in their response
to age-related pathophysiological changes (51). Unfortunately, such
molecules have not been identified.

IMFs Are Morphologically Normal in Aged Mice

The general morphological characteristics and the number of IMFs
were unchanged in older mice. However, it is possible that IMFs
already contain subcellular and molecular changes associated with
aging in 17-month-old mice, possibilities not addressed in this study.
Together with the degeneration of innervated sensory afferents, such
changes are likely to result in the atrophy of IMFs in older mice.
Supporting this hypothesis, degenerating IMFs have been found in
aged rats and humans (39,52).
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In the same muscles used to examine IMFs, aging caused a mod-
erate yet significant reduction in the size of extrafusal muscle fibers.
There are a number of differences between intrafusal and extrafusal
muscle fibers that could underlie their differential susceptibility to
aging. These include differences in expression of select myogenic
genes and transcription factors (51,53-55). Intrafusal and extrafusal
muscle fibers also have distinct functional demands, with extrafusal
muscle fibers generating significantly more force compared with
IMFs (56). Extrafusal muscle fibers are also solely responsible for
generating the force required to carry out all voluntary movements,
including lifting heavy objects. Another important difference is that
whereas extrafusal fibers directly connect with tendons, IMFs are
contained within a sheath of connective tissue that does not attach
to tendons (57). Hence, IMFs are likely less affected by age-related
changes known to occur in tendons (58), and better insulated from
age-related systemic molecular changes.

Loss of Proprioceptive Sensory Neurons in DRGs
and Role of NT3/TrkC in Aging

In addition to degeneration of peripheral afferents, we found that
proprioceptive sensory neurons degenerate in L3 DRGs of 13-
and 17-month-old mice, consistent with the loss of II afferents
from muscle spindles. These findings also support published stud-
ies showing an overall reduction in sensory neurons in DRGs of
old rats and rabbits (59,60). Based on these findings, we hypoth-
esized that reduced levels of NT3 and TrkC underlie the degen-
eration of proprioceptive sensory neurons in aged mice. NT3 and
TrkC are well documented to promote the survival of propriocep-
tive sensory neurons (30). Muscle fibers secrete NT3 to activate
TrkC located at the nerve terminal of proprioceptive sensory affer-
ents. Contrary to our expectations, however, we found no change
in levels of NT3 in the TA muscle in middle age and old mice. In con-
trast, our analysis of TrkC showed that while it is reduced in DRGs
of middle age mice, it is significantly increased in DRGs of old mice.
Despite the shifting expression of TrkC during aging, it is expressed
at high levels, along with NT3, in aging mice indicating that other
molecular changes within the NT3/TrkC signaling axis may contrib-
ute to degeneration of proprioceptive sensory neurons. For example,
aging may disrupt NT3/TrkC endocytosis, retrograde transport to the
cell body, and ability to activate appropriate effectors that function
to promote the maintenance and survival of proprioceptive sensory
neurons. An alternative possibility is that enhanced and unimpeded
activation of TrkC could result in degeneration of aging propriocep-
tive sensory neurons (61). It is also plausible that other molecular
alterations not related to NT3/TrkC mediated signaling could cause
degeneration of proprioceptive sensory neurons during aging.

Contribution of Proprioceptive Sensory Neurons to
Age-Related Motor Deficits

This study provides critical information regarding the potential
contribution of proprioceptive sensory neurons to the loss of motor
function that occurs with increasing age. Age-related degeneration
of proprioceptive sensory neurons likely alters the pattern and rate
of a-motor neuron activation, thus compromising the initiation and
coordination of simple and complex movements. While this study
does not test the impact of age-related proprioceptive degeneration
on motor function, published studies have found that balance and
coordination deficits occur in aging mice and humans (62,63). If
additional studies demonstrate that proprioceptive sensory neurons
contribute to age-related motor deficits, therapeutic interventions
would need to be designed to slow their degeneration.
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Supplementary data is available at The Journals of Gerontology,
Series A: Biomedical Sciences and Medical Sciences online.
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