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Abstract

Autophagy is a ubiquitous process through which damaged cytoplasmic structures are recycled
and degraded within cells. Aging can affect autophagy regulation in different steps leading to the
accumulation of damaged organelles and proteins, which can contribute to cell dysfunction and
death. Motor neuron (MN) loss and sarcopenia are prominent features of neuromuscular aging.
Previous studies on phrenic MNs showed increased levels of the autophagy proteins LC3 and
p62 in 24 month compared to 6 month old mice, consistent with the onset of diaphragm muscle
sarcopenia. In the present study, we hypothesized that aging leads to increased expression of the
autophagy markers LC3 and p62 in single lumbar MNs. Expression of LC3 and p62 in lumbar
MNs (spinal levels L1-L6) was assessed using immunofluorescence and confocal imaging of male
and female mice at 6, 18 and 24 months of age, reflecting 100 %, 90 % and 75 % survival,
respectively. A mixed linear model with animal as a random effect was used to compare relative
LC3 and p62 expression in choline acetyl transferase-positive MNSs across age groups. Expression
of LC3 and p62 decreased in the white matter of the lumbar spinal cord with aging, with ~29

% decrease in LC3 and ~ 7 % decrease in p62 expression at 24 months of age compared to 6
months of age. There was no change in LC3 or p62 expression in the gray matter with age. LC3
expression in MNs relative to white matter increased significantly with age, with 150 % increase
at 24 months of age compared to 6 months of age. Similarly, p62 expression in MNs relative to
white matter increased significantly with age, with ~14 % increase at 24 months of age compared
to 6 months of age. No effect of sex or MN pool was observed in LC3 and p62 expression in
MNs. Overall, these data suggest autophagy impairment during elongation (increased LC3) and
degradation (increased p62) phases with aging in lumbar MNs.
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1. Introduction

Aging leads to progressive loss of function and susceptibility to disease and death

through time-related changes (Harman, 1981). Motor neuron (MN) loss and sarcopenia
are characteristics of aging skeletal muscle (Faulkner et al., 2007; Hepple, 2003). There is
evidence that the nervous system is a key contributor to both loss of function and mass in
aging skeletal muscle (Clark, 2019). Aging-related neuromuscular changes in the lumbar
motor system include decreased number of MNs in the spinal cord (Tomlinson and Irving,
1977), loss of peripheral MNs (Hashizume and Kanda, 1995), neuromuscular junction
morphology changes and degeneration (Gutmann et al., 1966; Oda, 1984) and the presence
of denervation markers such as neuronal cell adhesion molecule (Urbanchek et al., 2001)
and specific sodium channel (Na,1.5) antibody (Wang et al., 2005) in some aging muscle
fibers.

Studies in various organisms have demonstrated the important role of autophagy in
neurodegenerative conditions (Castillo et al., 2013; Lipinski et al., 2010; Ruegsegger and
Saxena, 2016) and aging (Carnio et al., 2014; Wohlgemuth et al., 2010). Autophagy

is a highly-regulated, multi-phase, ubiquitous process (Fig. 1) through which damaged
cytoplasmic structures are recycled and degraded within the cell (Gonzalez Porras et al.,
2018; Yang and Klionsky, 2010). It is possible that autophagy impairment can subsequently
cause damage to the cell and the age-related neuromuscular changes we and others have
observed, such as motor neuron loss (Fogarty et al., 2018), muscle fiber denervation
(Greising et al., 2015) and sarcopenia (Greising et al., 2013).

There is a paucity of data on aging-related autophagy impairment in hindlimb MNs.
Understanding the regulatory mechanisms of autophagy and its role in aging can help
alleviate the age-related neuromuscular dysfunction comorbidities or can be a target for
developing therapeutic agents in the future. We hypothesized that aging leads to increased
expression of the autophagy markers LC3 and p62 in single lumbar MNs. Our study focused
on LC3 and p62 proteins, as a previous study from our group observed changes in these
markers in aging phrenic MNs, while no such changes were found in other autophagy
markers like Beclin-1 or ATG complexes (Pareja-Cajiao et al., 2021). The changes observed
in these autophagy markers in aging phrenic MNs were consistent with onset of diaphragm
muscle sarcopenia found in other studies (Greising et al., 2013). The current study aimed

to assess changes in the expression of the autophagy markers LC3 and p62 with aging in
lumbar MNs of mice (spinal levels L1-L6), using immunofluorescence imaging.
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2. Methods

2.1. Animals

A total number of 18 male and female C57BL/6 mice at 6, 18 and 24 months of age (mo)
reflecting 100 %, 90 % and 75 % survival, respectively, were included in this study (3 males
and 3 females at each age). Mice were maintained at the Mayo Clinic with a 12-h light
cycle with free access to food and water, and group caged by sex and age. All protocols
were approved by the Institutional Animal Care and Use Committee and were in compliance
with the National Institutes of Health guidelines. At the terminal experiment, mice were
anesthetized with intraperitoneal fentanyl (0.3 mg/kg), diazepam (5 mg/kg) and droperidol
(15 mg/kg) and euthanized by exsanguination. To validate the method of correlating LC3
and p62 expression in single motor neurons, a separate group of animals (6 mo male, 7= 5)
were treated with either chloroquine (50 mg/kg of intraperitoneal injection, 7= 3) or saline
(vehicle, n= 2) for four hours prior to the terminal procedure (Saldarriaga et al., 2023).

2.2. Immunofluorescence

The procedure for immunofluorescence analyses of LC3 and p62 is as previously described
(Pareja-Cajiao et al., 2021). Briefly, animals were treated with 4 % paraformaldehyde in 0.1
M phosphate-buffered solution (pH 7.4) by transcardiac perfusion. The lumbar spinal cord
was resected from L1 to L6, kept in 4 % paraformaldehyde overnight and then transferred
to 30 % sucrose in 0.1 M phosphate-buffered solution (pH 7.4) at 4 °C. The whole

resected spinal cords were sectioned transversely at 20 um thickness and thaw mounted
onto Superfrost™ Plus slides (Fisher Scientific, Pittsburgh, PA). Animals were grouped in 3
different batches such that each batch included one animal from each age and sex group. A
stereological approach was used to generate equally spaced sets that represent the entirety
of the lumbar spinal cord. Sections of the animals from the same batch were mounted on a
single set of slides. Each slide was systematically set up to contain up to 7 sections separated
by 200 um per animal. Slides were labeled and kept at —80 °C until further processing.

A single set of 5 slides per animal was selected randomly for immunofluorescence staining
and subsequent imaging. Accordingly, ~30-40 sections were stained per animal in a
stereological manner. All slides for animals in the same batch were processed at the

same time, as in a previous study (Pareja-Cajiao et al., 2021). Briefly, to remove the

excess OCT compound, sections were washed in Tris-buffered saline (TBS) followed by

10 mM trisodium citrate containing 0.05 % Tween 20 (pH 6.0) at 80 °C for antigen

retrieval. Sections were blocked in 10 % donkey serum in 0.3 % Triton-TBS and then
incubated at 4 °C with primary antibodies (5 % donkey serum in 0.3 % Triton-TBS)

for LC3 (NB100-2220, rabbit; 1:200; Novus, Centennial, CO), p62 (GPg2-C, guinea pig;
1:100; Progen, Wayne, PA) and choline acetyl transferase (AB144P, goat; 1:1000; Millipore,
Burlington, MA). For secondary antibody treatment, sections were washed and incubated at
room temperature with Alexa Fluor-conjugated secondary antibodies in 0.3 % Triton-TBS
(Alexa Fluor 647 donkey-anti-rabbit [711-605-152], Alexa Fluor 594 donkey-anti-guinea pig
[706-585-148], and Alexa Fluor 488 donkey-anti-goat [705-545-147], all 1:200; Jackson
Immuno, West Grove, PA). Subsequently, sections were mounted in ProLong™ Gold

Exp Gerontol. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jahanian et al.

Page 4

Antifade Reagent with DAPI (Thermo Fisher, Waltham, MA), cover-slipped and allowed
to cure before imaging.

2.3. Confocal microscopy

2.4,

An Olympus FluoView FV1200 laser scanning confocal system (Olympus America Inc.,
Melville, NY) with 4 diode lasers (405, 488, 559 and 635 nm) and 4 fluorescence detectors
on an Olympus BX62 microscope was used for immunofluorescence imaging. Gray matter
(GM) anatomy was assessed using a panoramic 10x objective (NA 0.3) in order to determine
the spinal cord segment level using a standard atlas (Fig. 2A) (Sengul et al., 2012). No
further analysis was conducted on this data. Subsequently, image stacks were obtained from
choline acetyl transferase (ChAT) positive MNs (Fig. 2B—C) on both sides of the ventral
horn from L1-L6 using 20x oil immersion objective (NA 0.8) and 2 um step size for
fluorescence intensity analysis. All images for a single slide were taken using the same laser
intensity and detector (voltage, gain, offset) settings, and imaging parameters were verified
within a batch and across sessions to achieve equivalent imaging results for the 6-month old
sections in each slide.

Image analysis

Images were processed with MetaMorph (Molecular Devices, San Jose, CA) and NIS-
Elements (Nikon, Melville, NY). A maximum intensity projection image was obtained for
each section. Three regions of interest (ROI) of constant shape/size were drawn for both GM
and WM. MNs were identified as ChAT-positive cells of area > 200 pm?2, and ROIs were
manually drawn around mid-nuclear MNs (Fig. 2D). MN ROI area was used as an estimate
of MN somal surface area.

Mean LC3 and p62 fluorescence intensities were subsequently analyzed in separate channels
for the marked ROIs. Each MN ROI was assigned a spinal cord level and MN pool by
comparing the section and the MN location to a standard mouse spinal cord atlas (Sengul

et al., 2012). The average of three ROIs for WM and GM was calculated for each image
separately. Average WM intensity was subtracted from raw measurements of MN LC3 and
p62 intensity and presented as a ratio to average WM intensity. Because subsequent analyses
showed a change in WM fluorescence intensity with age, we also presented the data as a
ratio to GM (raw LC3 and p62 values subtracted by average GM per image divided by
average GM). Intensity of LC3 and p62 of the WM, GM and MN (both compared to WM
and GM) were normalized to the 6 mo female (present on all slides) on each slide to omit
the slide effect. The normalized intensities were used for comparison across age groups.
Starting from this point in the text, the terms “relative LC3” and “relative p62” refer to
values adjusted for WM and normalized to the 6 mo female section on each slide, unless
explicitly stated otherwise.

2.5. Statistical analyses

LC3 and p62 intensities were compared across different age groups using a mixed linear
model. The model included age, sex, and their interactions as fixed effects and animal was
treated as random effect. Tukey-Kramer HSD test was used where post hoc analyses were
needed. P-values < 0.05 were considered statistically significant. Data are presented as mean
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with 95 % confidence interval (Cl), in arbitrary units (au) and compared to the 6 mo female
group unless otherwise specified. MN soma size tertiles were stratified into 3 groups based
on the boundaries of soma size tertiles in the 6 mo group (i.e., smaller MNs in the lower
tertile, and larger MNs in the upper tertile), similar to previous studies (Fogarty, 2023;
Fogarty et al., 2018). In each tertile and age group, the distribution of MNs were reported as
N (%) and the ROI area of MN soma was reported as mean + SD (um?2, with 95 % CI). The
relationship between two ordinal variables was determined by Chi-square test. The effect
size was calculated by square root of the average Pearson Chi-square. JMP 14.1.0 (SAS
Institute Inc., Cary, NY) was used to analyze the data.

3. Results

A total of 18 mice (9 males, 9 females) across three age groups (6, 18 and 24 mo; n=3

per sex and age groups) were used for the experiment. MNs in the lumbar enlargement were
identified in spinal cord cross-sections by ChAT immunofluorescence (~3-5/side). Spinal
cord sections were included in a systematic, random manner such that for each animal ~30-
40 sections were assessed for ChAT-positive MNs containing the nucleus and at least 200
um? in cross-sectional area. In total, the relative fluorescence intensity of LC3 and p62 was
measured in 1298 ChAT-positive MNs meeting these inclusion criteria in 6, 18, and 24 mo
mice (372, 545 and 381 MNSs per age group, respectively). Based on the shape of the spinal
cord ventral horn, distribution of ChAT-positive cells and the relationship to neighboring
sections, the spinal cord level was determined for each section. Across all groups, most

of the MNs studied were located at L3 (33%, 38 % and 47 % of the 6, 18 and 24 mo
groups, respectively; Table 1) and in areas consistent with the location of quadriceps MNs
(Table 2). MNs located in regions corresponding to crural MNs (crural flexors and extensors
including soleus, gastrocnemius, extensor digitorum longus, and tibialis anterior muscles)
were 17 % of the total MNs (23 %, 17 %, 10 % of the total MNs in 6, 18 and 24 mo groups,
respectively; Table 2). A small proportion of MNs were located in regions corresponding to
axial and quadratus lumborum muscles (12 % and 8 % of total MNs, respectively).

3.1. LC3expression increases in lumbar motor neurons with aging

The mixed linear model showed a significant effect on LC3 expression in WM of age (F2 g
=49, £P<0.0001), sex (F1 18 = 51, P < 0.0001), and their interaction (F, g = 23, < 0.001).
Overall, LC3 expression in WM significantly decreased by 17 % and 29 % in 18 and 24 mo
mice, respectively, compared to 6 mo mice (Fig. 3). LC3 expression in the WM in male mice
was greater than in females, and post-hoc analyses revealed that this sex difference was only
evident in 6 mo mice, with males having 45 % higher LC3 expression in WM than females
(P<0.05). LC3 expression in GM was not significantly affected by age (F,,19 <1, #>0.05)
or sex (F1 15 =4, P >0.05).

There was an effect on relative LC3 expression in MNs of age (F,, 15 = 14, P < 0.001) but
not of sex (F1 13 <1, £>0.05) or their interaction (F5 12 < 1, P > 0.05). Overall, relative
LC3 expression in MNs did not change at 18 mo compared to 6 mo. At 24 mo, relative LC3
expression in MNs was significantly increased by 150 % compared to 6 mo and by 60 %
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compared to 18 mo groups. There was no effect on LC3 expression in MNs relative to GM
of age (F,13 =0, >0.05) or sex (F1 11 <1, P> 0.05).

3.2. p62 expression increases in lumbar motor neurons with aging

The mixed linear model showed a significant effect on p62 expression in WM of age (F; 13
=10, £P<0.01), sex (F1 17 = 7, P=0.01) and their interaction (F5 1o = 4, = 0.04). Overall,
p62 expression in the WM significantly decreased by 7 % in 18 and 24 mo mice compared
to 6 mo mice (Fig. 4). Across all age groups, male mice demonstrated ~1 % higher p62
expression in WM than female mice. Post-hoc analyses showed that 6 mo males expressed
13 % higher p62 expression in WM compared to 18 and 24 mo male and female mice (P<
0.05). There was no effect of age (F2 13 =1, £ >0.05) or sex (Fy 15 = 1, P > 0.05) on p62
expression in the GM.

There was a significant effect on relative p62 expression in MNs of age (Fp 16 =4, P =

0.04) but not of sex (F1 14 < 1, P > 0.05) or their interaction (F, 13 = 1, P > 0.05). Post-hoc
analyses showed that relative p62 expression in MNs was unchanged at 18 mo and then
increased significantly by ~14 % in 24 mo mice compared to 6 mo mice (P < 0.05). The p62
expression in MNs relative to GM was not significantly changed with age (F2 16 <1, P >
0.05) or sex (F1 14 =1, P> 0.05).

3.3. Changesin LC3 and p62 at motor neurons pools

We also examined the changes in relative LC3 and p62 expression in MNSs in specific

MN pools (quadriceps, axial/quadratus lumborum, crural extensors, crural flexors, and
hamstrings). Our results did not reveal any effects of MN pool on relative LC3 or p62
expression in the MNs (F4 357 < 1, P > 0.05 for relative LC3 and F4 24 = 1, P > 0.05 for
relative p62). Relative expression of LC3 and p62 in the MN pools of largest proportion are
as follows. In quadriceps MN pool, relative LC3 in MNs at 24 mo was 99 % higher than 6
mo and 64 % higher than 18 mo mice. Additionally, relative p62 in quadriceps MNs was 14
% greater at 24 mo compared to 6 mo. In hamstrings muscles, relative LC3 expression was
increased ~330 % at 24 mo compared to 6 mo and 81 % compared to 18 mo. The relative
p62 expression was increased by 6 % at 24 mo compared to 6 mo.

3.4. Changes in MN soma size with age

MN somal surface area of ChAT-positive MNs meeting inclusion criteria was estimated from
the manually-drawn ROI area and grouped into tertiles according to size (somal surface
area) based on the 6 mo group. The mean MN somal size in smaller, middle and larger
tertiles were 385 + 94, 666 + 88, and 1065 + 184 um?, respectively (Fig. 5). In 18 mo mice,
211 MNs (39 %) were in the smaller, 172 MNs (32 %) in the middle and 162 MNs (30

%) were in the larger tertile. In the 24 mo group, 196 (52 %), 118 (31 %), and 67 (18 %)
MNs were in the smaller, middle and larger tertiles, respectively. There was a significant
relationship between age and MN somal size tertile (X2 [4, N= 1298] = 36, £< 0.0001)
with effect size of 0.2. There was no effect of MN somal size on relative LC3 or relative p62
in MNs (F2’1284 <1, P>0.05).
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When looking at individual MN pools, there was a significant relationship between age and
MN somal size tertile in both crural and quadriceps MN pools (P < 0.05). In axial and
quadratus lumborum MN pools there was not a significant association between age and

MN somal size tertile (P > 0.05). In hamstring MN pool, frequency of MNs in smaller
tertile increased with age (28 %, 31 % and 58 % of the total MNs at 6, 18, and 24 mo,
respectively). MNs in the larger tertile comprised 31 % of the MNs at 6 mo which increased
to 40 % at 18 mo and subsequently decreased to 29 % at 24 mo.

3.5. Correlation between aging-related changes in LC3 and p62 at individual motor

neurons

A visual correlation between relative LC3 and p62 fluorescence intensity in individual

MNs was analyzed in MN somal size tertile groups (Fig. 6). This correlation was validated
with lysosomal inhibitor chloroquine treatment in a subset of animals (6 mo), which did

not show any difference in LC3 or p62 expression in single MNs in chloroquine treated
animals compared to that of vehicle treated animals. Across all tertiles, there was an upward
shift with aging, reflecting the age-related increase in relative LC3 expression (autophagy
impairment). Additionally, across all tertiles there was a leftward shift of the ellipses with
aging, reflecting an increase in relative p62 expression (autophagy impairment). Overall,
there is a shift towards increased relative LC3 expression that progresses at both 18 and 24
mo, and increased relative p62 expression at 18 mo. This pattern is consistent across all MN
somal size tertiles.

4. Discussion

Aging consists of a series of physiological changes that ultimately result in reduced

ability to respond to stress and maintain biological functions (Harman, 1981; L6pez-Otin
et al., 2013). Autophagy is a highly regulated process which is responsible for clearing
damaged cytoplasmic structures and altered proteins (Klionsky et al., 2021; Ravikumar et
al., 2005). Therefore, impaired autophagy results in accumulation of these components as
well as markers that reflect each phase of the autophagy process (Kohli and Roth, 2010).
Autophagy is composed of a series of dynamic phases with key molecular targets to exploit
as autophagy markers. Beclin-1 is involved in the induction phase (Kang et al., 2011);
ATG3, ATG7, and ATG5/12/16 are involved in the elongation phase; and LC3 lipidation
(Hanada et al., 2007; Martinet et al., 2013; Mizushima, 2020), p62 (Bjgrkay et al., 2009)
and lysosomal markers (LAMP1 and LAMP2) (Yoshii and Mizushima, 2017) are involved
in the degradation phase. LC3 and p62 proteins are selectively degraded by autophagy and
are commonly used to evaluate autophagy impairment (Komatsu et al., 2010).

Our previous study in phrenic MNs found no change in Beclin-1, ATG7 or ATG5/12
expression with age, suggesting minimal effects of aging on the initiation phases of
autophagy in cervical MNs (Pareja-Cajiao et al., 2021). However, expression of LC3 and
p62 in phrenic MNs were significantly increased by 24 mo, indicating autophagosome
accumulation and impaired autophagy in cervical MNs (Pareja-Cajiao et al., 2021). The
present study showed significant changes in the relative expression of the autophagy markers
LC3 and p62 in lumbar MNs between 6, 18 and 24 mo mice. MN relative LC3 expression
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increased with age; compared to 6 mo mice, relative LC3 expression increased ~150 %

in the 24 mo mice, consistent with impaired elongation of autophagy. MN relative p62
expression increased ~15 % in the MNs of 24 mo mice compared to the 6 mo mice.
Expression of LC3 and p62 in the lumbar MNs did not change with age relative to the GM,
suggesting the extent of the impaired autophagy was not limited to MN somata but included
neuropil and glial cells.

While there are inherent limitations of immunohistochemistry methods for quantifying
protein expression, our approach offers several strengths that warrant confidence in our
interpretations of autophagy marker expression. Firstly, multiple steps were used to provide
a comprehensive assessment of protein expression across all ages and sex in each slide,
allowing for robust comparisons within and between slides, batches, and imaging sessions;
thus, minimizing potential confounding factors and enhancing the reliability of our findings.
Additionally, our approach allows us to focus on examining protein expression in single
motor neurons, which adds specificity to our analysis. Other techniques to measure

protein expression (e.g., immunoblotting in whole tissue homogenates) do not provide the
specificity to determine age-related changes in the expression of autophagy markers at single
MNS.

Autophagy has been shown to play an important role in protein regulation in
neurodegenerative diseases. A study of L1-L5 lumbar spinal cord of postmortem patients
with amyotrophic lateral sclerosis (ALS) showed autophagosomes and autolysosomes in the
cytoplasm of both normal-appearing and degenerated MNs in all ALS patients analyzed,

a feature of upregulated autophagy (Sasaki, 2011). In an ALS mouse model, LC3 protein
expression was significantly increased in spinal cord in symptomatic stage Tg G93A-SOD1
mice (Crippa et al., 2013). Increased expression of autophagy markers is evident in other
neurodegenerative diseases, such as increased LC3 and p62 in the hippocampus of a mouse
model of Alzheimer’s disease (Jiang et al., 2022) and increased p62 in dopaminergic
neurons of a mouse model of Parkinson’s disease (Song et al., 2016). There is scarce
evidence on autophagy markers in aging spinal cord; however, in aging neurons of mouse
hypothalamus, p62 accumulation was observed reflecting impaired autophagy (Kaushik et
al., 2012). Overall, these findings in aging and neurodegenerative diseases are in line with
our study and suggest that the increase of autophagy markers reflect neurodegeneration
caused by impaired autophagy in old age.

Evidence of autophagy impairment is present in glial cells in aging models and models

of neurodegeneration. Increased LC3 and p62 expression in astrocytes is evident in

the hippocampus of neurodegenerative diseases, including mouse models of Alzheimer’s
disease (Gong et al., 2023), as well as after spinal cord injury (Mufioz-Galdeano et al.,
2018). Overall, this is in line with our findings, suggesting that the changes in autophagy
with aging are not limited to MNSs, as astrocytes have been shown to express both LC3 and
p62 in old age (Wang and Xu, 2020). Autophagy marker expression in WM in our study
did not increase with age. There is a paucity in literature involving autophagy in aging
axons or oligodendrocytes. In an ALS mouse model, LC3 and p62 aggregates were evident
in neurofilament-positive axons (Liang et al., 2019). Markers of autophagy impairment are
also evident after CNS damage in traumatic brain (Sarkar et al., 2014) and after spinal cord
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injury (Liu et al., 2015; Mufioz-Galdeano et al., 2018). Increased relative autophagy markers
with age in the current study are consistent with a greater extent of autophagy changes in the
MNs than in the WM (oligodendrocytes and axons).

A feature of aging in the neuromuscular system is the loss of MNs. There is evidence

that impaired autophagy in old age contributes to neurodegeneration and increases the
vulnerability of aging MNs (Kenyon, 2010; Leidal et al., 2018; Nixon, 2013). Previous
studies have shown age-related MN loss in anterior horn of the lumbar spinal cord of mice
(Caccia et al., 1979; Piekarz et al., 2020), rats (Edstrom and Larsson, 1987; Hashizume et
al., 1988; Jacob, 1998), and humans (Tomlinson and Irving, 1977). In mice, there was a
~17 % loss of lumbar MNs at 16—-18 mo and ~41 % loss by 24-28 mo compared to 2—6

mo mice (Piekarz et al., 2020). In post-mortem human lumbar and sacral spinal cord there
was ~36 % decrease in total MNs of 81-95 year old cases compared to 13-40 year old
cases (Tomlinson and Irving, 1977). There is growing evidence of differences in sarcopenia
across muscle groups with type 1l muscle fibers and larger MNs being more affected by
aging (Ciciliot et al., 2013; Fogarty et al., 2018; Hou et al., 2019). Loss of phrenic MNs
was recently reported in old rats (24 mo compared to 6 mo) with selective loss of larger
MNs consistent with atrophy of type Il muscle fibers and denervation in old age (Fogarty et
al., 2018). Larger MNs are mainly responsible for innervating fast-twitch (type I1) muscle
fibers (Burke et al., 1973; Henneman, 1957). In the present study, most lumbar MNs studied
innervated the quadriceps muscle (47 %) which primarily consists of type Il muscle fibers.
A study of plantaris muscle showed that the cross-sectional area of type I muscle fibers in
30 mo rats was 37 % less compared to 9 mo rats (Holloszy et al., 1991). In rat hindlimb
(tibialis anterior and soleus muscles) decreased proportion of type Il fibers was observed at
16 and 34 mo compared to 3 mo which was accompanied by decreased number of larger
MNs innervating these muscles (Ishihara et al., 1987). In general agreement, in the present
study there were fewer larger MNs in the lumbar spinal cord of 24 mo mice compared to 6
mo mice. Of note, our results are limited to 2D cross-sectional area where cells are cut in
horizontal fashion and does not account for MN somal volume in vertical planes.

We did not observe any sex-related changes in relative LC3 and p62 expression in lumbar
MNSs, but there were differences in WM LC3 expression in 6 mo mice. Similarly, functional
studies of aging mouse diaphragm muscle force performance (Greising et al., 2015) and rat
phrenic MN loss (Fogarty et al., 2018) did not demonstrate sexual differences, consistent
with minimal effects of sex on aging. Our previous study in cervical MNs (Pareja-Cajiao

et al., 2021) showed higher p62 expression in 6 mo females compared to male mice, with
no difference in relative p62 expression across age groups consistent with experimental

data supporting sexual differences in autophagy at young age (Lista et al., 2011; Yang and
Klionsky, 2009) which could be due to the neuroprotective effect of sex hormones (Brann et
al., 2007; Xiang et al., 2019).

5. Conclusion

Taken together, our results showed increased accumulation of autophagy markers LC3
(reflecting autophagy elongation phase) and p62 (reflecting autophagosome degradation) in
the lumbar MNs of aging mice and are consistent with autophagosome accumulation in old
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age. These results were observed across different MN pools in the lumbar spinal cord and
were consistent with our previous study in cervical MNs. We also found a decrease in larger
MNs in older mice. Whether there is a link between impaired autophagy in larger cells
which leads to their apoptosis and death needs to be further investigated. Indeed, subsequent
studies are needed to elucidate the mechanism behind the MN size-dependent changes in

aging.
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Fig. 1.
Autophagy consists of three main phases. During initiation, damaged organelles trigger

activation of Beclin-1. The elongation phase involves conversion of LC3I to LC3lI

through lipidation with the aid of ATG3, ATG7 and the ATG5/12/16 complex recruitment.
Disturbance during the elongation phase can lead to LC3 accumulation. During this phase,
p62 binds to both ubiquitinated proteins and LC3 on the autophagosomal membrane, acting
as a bridge that facilitates the engulfment of cargo by autophagosomes. Ultimately, after
the autophagosome-lysosome fusion, the autophagosome containing the engulfed cargo
gets sequestered within the lysosome during the degradation phase. Elevated p62 levels

are seen with degradation phase impairment as receptor protein p62 plays an important

role in autophagosome formation and its degradation via lysosome. Figure created with
Biorender.com.
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Fig. 2.

Lliqmbar spinal cord images obtained by confocal microscopy used to measure LC3 and

p62 expression in motor neurons. (A) Stitched, multicolor, low magnification image was
used to identify the spinal cord segment level by comparing to a mouse standard atlas
(Sengul et al., 2012). This section was identified as L5. High magnification images of the
ventral horn (inset, box outlined in blue) were used for fluorescence intensity measurements.
(B, C) Maximum intensity projection images for LC3 (magenta), p62 (cyan) and motor
neurons (ChAT+, yellow) corresponding to the inset in A. (D) Immunofluorescence intensity
was measured for both LC3 and p62 in ChAT-positive motor neurons, gray matter (right
squares), and white matter (left squares). Bar, 500 um in A and 100 pm in B.

Exp Gerontol. Author manuscript; available in PMC 2024 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jahanian et al.

Page 16

B 24 AgeF,,=49, P<0.0001 ~ C  2-1 AgeF, <1, P>0.05

O Male
Sex F, =51, P<0.0001 Sex F, =4, P>0.05
' A Female
_— o _—
[ g * *# 0 f“, o
3z, 92,
5 v 51
=g Og
£ £
0— 0—
6 18 24 6 18 24
Age (mo) Age (mo)
D Age F, =14, P<0.001 E Age F, =0, P>0.05
Sex F, ,,<1, P>0.05 Sex F, <1, P>0.05
3 *# 2
33 g3
-5 ==
[ (3
23 20
k] 5>
5] 2%
4 5 Z 0
=g =z
6 18 24
Age (mo) Age (mo)

Fig. 3.

A)gRepresentative images of LC3 and ChAT immunofluorescence in 6, 18, and 24 month
old (mo) mice. Maximum intensity projection images for LC3 (magenta, upper panels) and
motor neurons (ChAT+, yellow, lower panels). Immunofluorescence intensity was measured
for LC3 in ChAT-positive motor neurons, gray and white matter (GM and WM, respectively)
as in Fig. 2. (B-E) Bar graphs show mean * 95 % CI of individual measurements of LC3
expression averaged per animal and normalized to the 6 mo female for each slide for B)
WM, C) GM, D) MNs relative to the WM, and E) MNs relative to the GM. Intensity units
are arbitrary (au). WM LC3 intensity decreased at 18 and 24 mo compared to 6 mo mice,
and further decreased at 24 mo compared to 18 mo. This is while GM and MN LC3 relative
to GM remained unchanged. LC3 expression in MNs relative to WM increased significantly
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at 24 mo compared to 6 and 18 mo. Statistics shown are from mixed linear model of
individual MN measurements with age, sex, and their interactions as fixed effects and animal
as random effect. *, significantly different than 6 mo. #, significantly different than 18 mo.
Bar, 100 pm.
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Fig. 4.

A)gRepresentative image of p62 and ChAT immunofluorescence in 6, 18, and 24 month old
(mo) mice. Maximum intensity projection images for p62 (cyan, upper panels) and motor
neurons (ChAT+, yellow, lower panels). Immunofluorescence intensity was measured for
p62 in ChAT-positive mator neurons, gray and white matter (GM and WM, respectively)
as in Fig. 2. (B-E) Bar graphs show mean * 95 % CI of individual measurements of p62
expression per animal normalized to the 6 mo female for each slide for B) WM, C) GM,
D) MNss relative to the WM and E) MNs relative to the GM. WM p62 intensity decreased
at 18 and 24 mo compared to 6 mo mice. This is while GM and MN p62 relative to GM
remained unchanged. p62 expression in MNs relative to WM increased significantly at 24
mo compared to 6 mo. Intensity units are arbitrary (au). Statistics shown are from mixed
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linear model of individual MN measurements with age, sex, and their interactions as fixed
effects and animal as random effect. *, significantly different than 6 mo. #, significantly
different than 18 mo. Bar, 100 pm.
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Fig. 5.

A)gDistribution of MN somal size across age groups. MNs were classified into tertiles by
somal cross-sectional area in the 6 mo group, and these criteria were applied to the older
18 and 24 mo groups and tertiles. The numbers of MNs in each tertile and age group are
included below each box plot. B) Mosaic plot shows MN somal size tertiles in different
age groups. Wider mosaic area in the 18 mo age group indicates greater number of MNs
were present in this group. The number of MNs in the larger tertiles decreases with age,
Chi-square p < 0.0001.
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Fig. 6.

Cgrrelation between LC3B and p62 relative fluorescence intensity in individual motor
neurons in the lumbar spinal cord of mice shown in different groups based on motor neuron
soma size tertiles. Each point represents an individual motor neuron and colors represent age
groups. Shaded areas show bivariate normal density ellipses (50 % of distribution) for each
age group. Across all tertiles, there was an upward and leftward shift with aging, reflecting
the age-related increase in relative LC3 and p62 expression. This shift is consistent across all
MN somal size tertiles. *, shows the center of each ellipse.
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Number of motor neurons [N (%)] in each age and sex group according to spinal cord level.

Table 1

Agegroup

6-Month 18-Month 24-Month
Sex F M F M F M

Spinal level L1 0 (0 %) 0 (0 %) 105%) 0(0%) 18 (8 %) 43 (28 %)

L2 35(15%) 0 (0 %) 58(31%) 93(26%) 27 (12%) 47 (31%)
L3 80(38%) 34(25%) 48(25%) 161(45%) 126 (55%) 51 (34 %)
L4 50 (21%) 6 (4 %) 137 %) 24(7T%) 13 (6 %) 11 (7 %)
L5 43(18%) 92(67%) 60(32%) 78(22%) 45(20%) 0 (0 %)
L6 18(8%) 5(4%) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %)
Total #MNs 235 137 189 356 229 152

F = Female, M = Male.
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Table 2

Distribution of motor neurons [N (%)] in each age and sex group according to MN pool.

Agegroup

6-Month 18-Month 24-Month
Sex F M F M F M

MN pool  Quadratus lumborum (L1) 20(9%) 0(0%) 2(1%)  28(8 %) 14(6%)  34(22%)

Axial (L1-L5) 36(15%) 10(7%) 31(16%) 43(12%) 17 (7%) 19 (13 %)
Quadriceps (L2-L3) 74(31%) 29(21%) 93(49%) 184 (52%) 140 (61%) 88 (58 %)
Crural extensors (L4-L5) 19 (8%)  19(14%) 20(11%) 29 (8 %) 13(6%) 2(1%)
Crural flexors (L4-L5) 24(10%) 24(18%) 13(7%)  31(9 %) 19 (8 %) 4 (3 %)
Hamstring (L4-L6) 62(26%) 55(40%) 30(16%) 41(12%) 26(11%) 5(3%)
Total #MNs 235 137 189 356 229 152

MN = Motor neuron.

Exp Gerontol. Author manuscript; available in PMC 2024 September 01.

Page 23



	Abstract
	Introduction
	Methods
	Animals
	Immunofluorescence
	Confocal microscopy
	Image analysis
	Statistical analyses

	Results
	LC3 expression increases in lumbar motor neurons with aging
	p62 expression increases in lumbar motor neurons with aging
	Changes in LC3 and p62 at motor neurons pools
	Changes in MN soma size with age
	Correlation between aging-related changes in LC3 and p62 at individual motor neurons

	Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1
	Table 2

