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Abstract
This study examined the relation between lumbar spinal motor neuron (SMN) indices and motor function proximate to death 
in community-dwelling older adults. Older adults (N = 145) participating in the Rush Memory and Aging Project underwent 
structured clinical testing proximate to death and brain and spinal cord autopsy at time of death. Ten motor performances 
were summarized by a composite global motor score. Choline acetyltransferase immunostaining was used to identify spinal 
motor neurons of the L4/5 segment. SMN counts and area and ventral horn area were collected. Linear regression modeling 
showed that the association of SMN counts and density with global motor scores proximate to death varied with sex. Sepa-
rate models in men and women showed that this significant interaction was due to the association of higher SMN counts and 
density with higher global motor scores proximate to death in men but not women. These associations were unchanged when 
we controlled for indices of brain pathologies or chronic health conditions. In 38 cases with counts of activated microglia 
available, higher counts of activated microglia were associated with lower SMN counts. Activated spinal microglia and loss 
of spinal motor neurons may contribute to motor impairments in older men.
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Abbreviations
SMN	� Spinal motor neuron
CNS	� Central nervous system
PNS	� Peripheral nervous system
AD	� Alzheimer’s disease
TDP-43	� TAR DNA-binding protein 43
BMI	� Body mass index

Introduction

Loss of motor function is common in older adults and asso-
ciated with diverse adverse health outcomes [1, 37]. Under-
standing its pathologic basis is crucial for efforts to pre-
vent its development. Healthy motor function depends on 
diverse systems such as musculoskeletal structures, cardio-
pulmonary systems, metabolism and neural systems [2, 18, 
22, 23, 25, 37, 38, 46]. Neural control systems underlying 
movement originate in the brain and extend via brainstem 
to influence spinal motor neurons (SMN) in the spinal cord 
which activate muscle contractions, the final effector of all 
movement.

While there is increasing recognition of the importance of 
CNS contributions to motor impairment in older adults, most 
prior studies have focused on the role of accumulating brain 
pathologies or on sarcopenia, the loss of muscle structure 
and function due to late-life motor impairment. Despite the 
crucial role of spinal motor neurons for all movement, there 
are limited data examining their association with motor per-
formance assessments obtained proximate to death in older 
adults. In contrast to brain imaging or muscle histopathol-
ogy, spinal cord tissues cannot be assessed in living older 
adults. Obtaining spinal motor neuron counts is laborious 
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and not routinely done at autopsy. Postmortem human stud-
ies in adults without neurologic disease suggest that there 
is a loss of spinal motor neurons with increasing age [19]. 
However, these studies have generally been limited to the 
collection and examination of spinal motor neuron indices 
without clinical motor testing results available proximate 
to death.

To fill this gap, we used clinical and postmortem data 
obtained prospectively, from older adults participating in the 
Rush Memory and Aging Project, a community-based cohort 
study of chronic conditions of aging in which participants 
agree to annual clinical assessments and autopsy at time 
of death [4]. First, we examined the distribution of lumbar 
spinal motor neuron (SMN) indices in older adults. Then, 
we examined the relationship of lumbar SMN indices with 
indices of other age-related brain pathologies which were 
available. Recent studies suggest a role for microglia in the 
loss of spinal motor neurons in motor neuron disease [33]. 
Therefore, in a subset of cases, we obtained activated spinal 
microglia counts in the ventral horns where from which we 
obtained spinal motor neuron indices. Then, we examined 
the relationship of SMN indices with the level of motor 
function proximate to death.

Methods

Participants

Participants were individuals from the Memory and Aging 
Project, an ongoing community-based cohort study of aging 
[4]. Although the Memory and Aging Project began in 1997, 
the substudy to collect spinal motor neuron data was not 
added till 2005. There were 145 cases collected prospec-
tively with clinical data available proximate to death which 
was analyzed in this study. The study was approved by the 
Institutional Review Board of Rush University Medical 
Center. Written informed consent was obtained from all 
study participants.

Assessment of motor function

Ten motor performances are assessed as part of a uni-
form structured clinical evaluation [4]. (1) Grip and (2) 
pinch strength were measured bilaterally using the Jamar® 
hydraulic hand and pinch dynamometers (Lafayette Instru-
ments, Lafayette) to assess manual strength. Upper extremity 
dexterity was based on (3) the number of pegs that could 
be placed into holes in a pegboard (Purdue Pegboard) in 
30 s. Two trials were recorded for each hand. The four tri-
als were averaged to provide a Purdue Pegboard score. In 
addition, (4) participants tapped an electronic tapper (West-
ern Psychological Services, Los Angeles, CA, USA) with 

their index finger as quickly as possible for 10 s. Two trials 
were performed for each hand. The four trials were averaged 
together to yield a tapping score. To evaluate gait, we asked 
people to walk eight feet and turn 360° and measured the (5, 
6) time and (7, 8) number of steps taken on each task. (9) 
To assess balance, we asked people to stand on each leg for 
10 s. (10) Persons were asked to stand on their toes for 10 s.

These measures were scaled and averaged to obtain a 
summary global motor score as previously described [5, 
45]. This composite global motor score has been previously 
reported to be associated with risk of mortality, incident 
disability and dementia [5]. In addition, we have shown 
that diverse indices of brain pathologies are associated with 
declining global motor scores proximate to death [8, 13, 15].

Other covariates

Age was computed from self-reported date of birth. Sex and 
years of education were recorded at the study entry. A sum-
mary measure of global cognition was based on 17 cognitive 
tests [4]. Body mass index was based on measured weight 
and height [4]. The numbers of four self-reported vascular 
diseases and three self-reported vascular risk factors were 
used in these analyses (Online Resource 1 Methods) [4].

Postmortem assessment of brain and lumbar spinal 
cord specimens

On death, the brain and spinal cord were dissected. One 
cerebral hemisphere, the brain stem and spinal cord were 
placed in 4% paraformaldehyde in 0.1 M phosphate buffer 
for a minimum of 48 h prior to further processing and histo-
pathologic evaluation [4].

Assessment of brain indices

A uniform gross and microscopic exam with quantification 
of postmortem indices in the brain included summary meas-
ure of AD pathology, other neurodegenerative pathologies 
(TDP-43, Lewy Bodies, hippocampal sclerosis, nigral neu-
ronal loss) and cerebrovascular disease pathologies (chronic 
macroinfarcts and microinfarcts, cerebral amyloid angiopa-
thy, atherosclerosis and arteriolosclerosis). (Online Resource 
1 Methods) [20].

Assessment of lumbar spinal motor neurons

ROI and staining SMN

The entire cord was removed and the lumbosacral enlarge-
ment (about L1–S2), the widest area of lumbar cord with 
a corresponding increase in diameter of the ventral roots 
was cut at the approximate midpoint (approximately L4). 



176	 Journal of Neurology (2019) 266:174–182

1 3

On either side of the cut, 5-mm-thick cross-sections of cord 
were frozen and stored for further studies. A 5 mm section 
above and below were then, fixed and processed using rou-
tine techniques and paraffin-embedded to obtain approxi-
mate levels of L3–4 and L4–L5. Serial sections (40 µm) of 
the L4/5 segment were cut to ensure that even with tissue 
shrinkage there would be adequate tissue to employ guard 
volumes (4–5 µm) and to ensure adequate batch penetration. 
Four slides/block were examined for each case which were 
taken from the middle of the block separated by a distance 
of 400 µm. Immunohistochemistry was performed using a 
Bond automated immunostainer (Leica Biosystems, New 
Buffalo, IL, USA). Sections were placed in Bond heat-
induced epitope retrieval solution 1 (Leica Biosystems) 
for 30 min followed by immunostaining with a monoclonal 
antibody to choline acetyltransferase (ChAT, 1:50 dilution, 
Novocastra Laboratories, New-castle-upon-Tyne, UK) which 
identifies spinal motor neurons. The Bond Polymer alkaline 
phosphatase red Detection kit (Leica Microsystems) was 
used to obtain a red reaction product. A variety of proce-
dures were employed to minimize run-to-run variability, 
including the use of control slides from earlier batches to 
assess staining penetration. Slides showing evidence of poor 
penetration were re-stained.

Collecting SMN indices

The number and area of SMNs, were determined. In addi-
tion, the area of the ventral horns were determined to obtain 
the density of SMN/mm2 of the ventral horn. Computer-
assisted microscopy, systematic sampling, and non-biased 
stereologic object counting methods (Optical dissector; 
Microbrightfield, Stereoinvestigator Software 8.0, MBF 
Bioscience, Williston, VT, USA) were used. This was facili-
tated by the use of a motorized stage (three axis computer-
controlled stepping motor system comprised of XY stepping 
stage, Z-axis motor and three axis controller with interface 
to PC).

First, the region of interest (ventral horn of the spinal 
cord) was delimited at low power, a virtual grid of pre-
determined size was randomly placed over the entire region 
by the software program. Magnification was then increased 
to 200 × and the program engaged to direct the motorized 
stage on the microscope to stop at each intersection point of 
the grid for sampling. Sections were systematically studied 
using the optical dissector and approximately 50–75 sam-
pling sites were documented. The computer design is based 
on the unbiased bidimensional sampling method originally 
described by Gunderson and later adapted for three-dimen-
sional counting. Sections were always sampled from the 
interior at a depth of 10 μm of an area to account for poorly 
defined borders or trends [44]. The nucleator also used to 

determine the area of the SMNs. Only SMNs having nuclei 
were counted.

We employed a component of variance analysis to exam-
ine the variance in the SMN measures (SMN counts, area 
and density) due to persons as compared to the four slides/
block which were examined. The major source of variation 
in these measures of about 80–90% was due to person with 
the component of variation due to block being negligible 
(< 1%) and variation due to slides small, ranging from 8 
to 13% (Online Resource Table e1). The latter reinforces 
our preliminary findings that it was sufficient to collect four 
slides/block.

Determining spinal levels of lumbar cord specimens

Traditional external anatomical landmarks were employed to 
identify and collect spinal L4–5 lumbar spinal cord segment 
from which SMN indices were collected. In animal models, 
the position of motor neuron pools within the spinal cord is 
conserved and its position dictates the shape of the ventral 
horn [41]. In recent work, we have extended this observation 
to humans [26]. The location of the motor neuron column 
shows a gradual change in its location from the rostral to 
caudal level of lumbar spinal enlargement. To circumvent 
differences in spinal cord length among humans and across 
species, a relative scale was developed which divided the 
lumbar enlargement into ten segments. The rostral extent 
of the lumbar enlargement was identified by the most ros-
tral labeled iliopsoas motoneurons and the caudal end was 
demarcated by the level of labeled pelvic floor motoneu-
rons in Onuf’s nucleus. In these prior studies, we validated 
an approach through which inspection of the shape of the 
ventral horn in a spinal cord cross-section and comparison 
to a standardized series could be used to localize spinal 
cross-sections within the rostral-caudal extent of the lumbar 
spinal enlargement. The ten levels which can be identified 
show differential contributions to the innervation of muscle 
groups.

This approach was not available at the time that SMN 
indices were collected. Nonetheless, we applied this 
approach to determine the spinal levels from which SMN 
indices were collected. Categorization of each spinal tissue 
block from which spinal motor neuron data was collected 
was based on the microscopic review of all the slides from 
each block. A single investigator was blinded to any clinical 
or postmortem data and categorized the blocks by matching 
the shape of the ventral horn of each slide with a standard-
ized series validated across several species [26, 41]. More 
than 80% of the cases were obtained from levels 3, 4 or 5 
(Online Resource 1 Table e2). SMN indices were not related 
to the differences in spinal levels that were studied (Online 
Resource 1 Table e1). Therefore, based on these analyses, 
we analyzed all cases together in these analyses.
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Assessment of lumbar microglia

Immunohistochemistry for microglia was performed using 
an Automated Leica Bond immunostainer (Leica Microsys-
tems) and a monoclonal antibody to human HLA-DP, 
HLA-DQ and HLA-DR (clone CR343, 1:100 dilution, 
DakoCytomation, Carpinteria, CA, USA) using Bond heat-
induced epitope retrieval two solution for 20 min. The Bond 
Polymer refine detection system (Leica Microsystems) was 
used which gave a brown reaction product. An investiga-
tor blinded to the clinical and pathologic data, outlined the 
ventral horn area on each slide using the Microbrightfield 
Stereology System. Using separate tags for stage 1, 2 and 3 
microglia, the operator marked the microglia at each inter-
section point of a 1000 × 750 µm counting frame at 400 × 
magnification. These counts were then up-weighted by the 
stereology software to estimate total number of microglia 
(stage 1, 2 and 3) in the defined area. Different stages of acti-
vation from least (stage 1) to most (stage 3) activated were 
defined morphologically. When microglia become activated, 
their long fine processes contract and thicken and the cell 
body adopts a larger more rounded cellular conformation.

Bivariate correlations were used to compare the rela-
tionship between SMN indices and other postmortem brain 
indices and clinical covariates. Two sample t tests were used 
to compare SMN indices between men and women. Sepa-
rately for men and for women, we used linear regression 
models to document the relation between SMN and global 
motor scores proximate to death, controlling for age. We 
then repeated these models with men and women together 
and added terms for sex and its interaction with SMN indices 
to test whether SMN indices and global motor scores varied 
with sex. In further analyses, we added terms for other post-
mortem indices and clinical covariates which might attenu-
ate the association of SMN indices with global motor scores.

Data availability

All data included in these analyses are available via the 
Rush Alzheimer’s Disease Center Research Resource Shar-
ing Hub, which can be found at http://www.radc.rush.edu. It 
has descriptions of the studies and available data. Any quali-
fied investigator can create an account and submit requests 
for deidentified data.

Results

SMN indices

The clinical characteristics proximate to death and the post-
mortem indices of the 145 cases are included in Table 1. 
The average SMN count was 79 (SD 30.2); range 28–168. 

Average SMN area was 1.8 μm2 (SD 0.64); range 0.64–3.53 
Average SMN count per ventral horn area was 0.4/mm2 
(SD 0.16), range 0.14–1.07.

SMN counts, density and area were not related to age and 
were similar in both men and women (results not shown). 
SMN counts were related to SMN area (counts: r = − 0.80, 
p < 0.001 and SMN density (r = 0.72, p < 0.001).

SMN and other postmortem indices

While there were several modest correlations between SMN 
indices and brain pathologies (Table e3), these correlations 
were no longer significant after we corrected for multiple 
comparisons.

Table 1   Clinical and postmortem characteristics (N = 145)

Clinical measure Mean (SD) or N (%)

 Age at death 89.0 (5.92)
 Female sex 99 (68%)
 Years of education 14.3 (2.92)
 Time from last motor exam to death (years) 1.8 (1.50)
 Mini-mental status (0–30) 21.6 (8.58)
 Global cognition (proximate to death) − 0.83 (1.056)
 Dementia proximate to death 59 (41%)
 Body mass index (kg/m2) 26.0 (4.79)
 Global motor score (proximate to death) 0.77 (0.20)

Vascular diseases 0.8 (1.00)
  Claudication 34 (24%)
  Congestive heart failure 14 (12%)
 Myocardial infarct 32 (22%)
 Stroke 31 (22%)

Vascular risk factors 1.3 (0.83)
 Hypertension 98 (68%)
 Diabetes 32 (22%)
 History of smoking 57 (42%)

Postmortem measures
 Postmortem interval (hours) 6.8 (4.32)
 Pathologic AD (AD reagan) 80 (55%)
 Composite AD pathology 0.6 (0.59)
 Tangle density 6.2 (8.50)
 Amyloid burden 1.5 (1.14)
 Neocortical TDP-43 16 (11%)
 Macroinfarcts present 41 (28%)
 Microinfarcts present 35 (24%)
 Atherosclerosis (mod–sev) 70 (48%)
 Arteriolosclerosis (mod–sev) 62 (43%)
 Cerebral amyloid angiopathy 9 (6%)
 Hippocampal sclerosis (any) 10 (7%)
 Lewy bodies (any) 27 (19%)
 Nigral neuronal loss (mod–sev) 18 (12%)

http://www.radc.rush.edu
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Recent work has suggested that activated microglia may 
be associated with loss of SMNs in motor neuron diseases 
[33]. In a subset of cases analyzed above [N = 38; age at 
death 89.0 (SD 5.30); 71% female], stereological sampling 
in the ventral horn was used to count activated microglia. 
The mean total number of activated microglia (stages II and 
III) in the ventral horn was 30.4 (SD 27.3; range 0, 107). 
In these cases, the mean SMN count was 70 (SD 19.8). As 
illustrated in Fig. 1, activated spinal microglia counts were 
inversely related to SMN counts (r = − 0.39, p = 0.016).

SMN indices and level of motor function proximate 
to death

Linear regression models which controlled for age and sex 
did not show an association between SMN indices and global 
motor score proximate to death SMN count (Est. 0.016, 
SE, 0.026, p = 0.548); SMN density (Est. 0.058, SE, 0.104, 
p = 0.579); SMN area (Est. − 0.035, SE 0.032, p = 0.276). 
The difference in global motor score between men (0.81, SD 
0.22) and women (mean 0.75, SD 0.19) was not significantly 
different (t136 = − 1.67, p = 0.100).

While men and women showed similar clinical motor 
function, the association between SMN indices and motor 
function might differ. We compared the associations of SMN 
indices and global motor score in men and women in a single 
regression model by including terms for age, sex, and an 
interaction term for SMN indices and sex. The associations 

of SMN counts and SMN density with global motor score 
varied by sex (SMN counts × male, Est. 0.174, SE 0.057, 
p = 0.003) and (SMN density × male, Est. 0.658, SE 0.233, 
p = 0.005).

To further understand this sex interaction, we exam-
ined the association of SMN indices and motor function 
proximate to death in men and women using separate linear 
regression models controlling for age. A higher SMN count 
(Est. 0.140, SE 0.052, p = 0.010) and SMN density (Est. 
0.556, SE 0.217, p = 0.014) were related to better global 
motor scores proximate to death in men but not women. 
Inspection of the R2 in these models in men, suggests that 
these SMN indices accounted for more than 10% of the vari-
ance of motor function proximate to death (SMN counts: 
13.5%, SMN density: 12.0%). SMN area was not associ-
ated with global motor score in either men (Est. − 0.085, 
SE 0.619, p = 0.178) or women (Est. − 0.007, SE 0.038, 
p = 0.855).

The model estimates for these associations were similar 
when we added a term for the time from the last motor exam 
and death, SMN count (Est. = 0.121, SE 0.059, p = 0.045) 
and SMN density (Est. = 0.473, SE 0.252, p = 0.068). These 
spinal indices still accounted for an additional 7% (SMN 
count) and 6% (SMN density) compared to demographics 
and time from last visit which together accounted for 5% of 
the variance of global motor score proximate to death.

The associations of SMN counts and density with global 
motor score in males were not attenuated when controlling 

Fig. 1   Number of spinal motor 
neurons is inversely related to 
the number of activated micro-
glia. Choline acetyltransferase 
immunostaining of the ventral 
horn shows an increased num-
ber of spinal motor neurons in a 
as compared to another case b 
which shows a lower number of 
spinal motor neurons associated 
with increased nuclear profiles 
due to an increase in microglia 
and astroglia. MHC II immu-
nostaining for microglia showed 
few activated microglia (c) 
associated with the higher neu-
ronal numbers, while the case 
with decreased number of spinal 
neurons showed more activated 
microglia with increased Stage 
II and III (arrowheads) micro-
glia (d). a–d Scale bar 100 µm
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for indices of other brain pathology (Table 2). These models 
showed similar estimates when we controlled for the time 
from the last motor assessment and death (Online Resource 
Table e4).

The associations of SMN indices with global motor score 
in men were not attenuated when we controlled for body 
composition, vascular diseases and risk factors and cognitive 
function (Table 3). These models showed similar estimates 
when we controlled for the time from the last motor assess-
ment and death (Online Resource Table e5).

Discussion

In this study of older community-dwelling adults, SMN 
counts and density were associated with motor function 
proximate to death in men but not women and accounted 

for more than 10% of the variance of their level of motor 
function proximate to death. These findings were robust and 
were not attenuated when we adjusted for other postmortem 
indices of brain pathology or several clinical covariates. 
Higher levels of activated microglia were associated with 
lower counts of spinal motor neurons. Together, these data 
suggest that loss of spinal motor neuron in older men may 
contribute in part to late-life motor impairment.

Studies of adults with spinal motor neuron disorders 
such as ALS or polio underscore the inter-relationship of 
SMN and motor function [3, 24, 31, 32]. But these condi-
tions are too rare to account for impaired motor function in 
many older adults. Age-related degeneration of spinal motor 
neuron has been documented in older adults without overt 
disease, but clinical measures were lacking [29, 40, 43]. 
Neurogenic muscle atrophy is a common finding in muscle 
obtained from living older adults [42]. In contrast to muscle 

Table 2   SMN counts and 
density and motor function 
in men proximate to death 
controlling for age and indices 
of brain pathology

A series of regression models were used to examine whether common brain pathologies attenuated the 
association of SMN counts and SMN density with the outcome of global motor scores in men. Each regres-
sion model included age (not shown), SMN counts (Column A) or SMN density (Column B) and indices 
for one of the following ten brain pathologies measured: (1) AD pathology, (2) Lewy bodies, (3) nigral 
neuronal loss, (4) TDP-43, (5) hippocampal sclerosis, (6) macroinfarcts, (7) microinfarcts, (8) atherosclero-
sis, (9) arteriolosclerosis and (10) cerebral amyloid angiopathy

Model Column A
SMN counts and global motor score

Column B
SMN density and global motor score

Estimate (standard error) p value Estimate (standard error) p value

1 0.140 (0.052) 0.010 0.555 (0.219) 0.015
2 0.139 (0.052) 0.010 0.550 (0.218) 0.016
3 0.137 (0.053) 0.013 0.549 (0.219) 0.016
4 0.149 (0.050) 0.005 0.618 (0.210) 0.006
5 0.137 (0.051) 0.011 0.531 (0.217) 0.019
6 0.151 (0.050) 0.004 0.567 (0.210) 0.010
7 0.157 (0.052) 0.005 0.620 (0.220) 0.007
8 0.136 (0.053) 0.014 0.540 (0.224) 0.021
9 0.147 (0.055) 0.011 0.567 (0.226) 0.017
10 0.142 (0.054) 0.011 0.574 (0.228) 0.016

Table 3   SMN indices, clinical 
covariates and global motor 
scores in men proximate to 
death

A series of regression models were used to examine whether clinical covariates associated with motor 
function attenuated the association of SMN counts and SMN density with global motor scores in men. 
Each regression model included age (not shown). SMN counts (Column A) or SMN density (Column 
B) and terms for other clinical covariates. Model 1: linear and quadratic terms for BMI (centered at 26); 
Model 2: global cognition; Model 3: number of three vascular diseases; Model 4: number of our vascular 
risk factors

Model Column A
SMN counts and global motor score

Column B
SMN density and global motor score

Estimate (standard error) p value Estimate (standard error) p value

1 0.128 (0.053) 0.020 0.517 (0.220) 0.024
2 0.125 (0.052) 0.020 0.502 (0.215) 0.025
3 0.140 (0.052) 0.011 0.557 (0.221) 0.016
4 0.138 (0.053) 0.012 0.548 (0.223) 0.019
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fiber degeneration caused by diverse conditions, damage 
to the peripheral motor nerve or loss of SMN causes char-
acteristic neurogenic muscle atrophy which impairs motor 
function [21, 34, 35, 39]. However, data about SMN in older 
adults are lacking since in contrast to muscle, spinal cord 
specimens cannot be obtained in living older adults.

This study fills several important gaps in knowledge 
by providing novel data about SMN indices in older com-
munity-dwelling adults. First, in contrast to prior smaller 
autopsy studies, the current study did not find an associa-
tion between age and SMN indices [19, 30, 40, 43, 47]. It 
is not clear if this lack of association with age is due to the 
truncated age range of the adults which were analyzed or 
whether a larger study is needed. Second, although some 
animal studies suggest possible sex differences in SMN, 
in the current study SMN indices were similar in men and 
women [36]. Third, there was a sex difference in the associa-
tion of SMN counts and density with level of motor func-
tion proximate to death. Prior studies have reported sex dif-
ferences in muscle fatigue [17]. Prior work has focused on 
muscle or neuromuscular junction sex differences to account 
for these behavioral differences [27]. The current study sug-
gests that there may also be sex differences proximal to the 
neuromuscular junction at the level of the SMN which might 
contribute to sex differences in fatigue [28].

Movement is a complex volitional behavior whose initia-
tion and execution depend on neural systems that originate 
in the brain. The neural systems that underlie all movement 
extend beyond the brain, traversing the brainstem to the spi-
nal cord, to influence spinal motor neurons which regulate 
skeletal muscle activity, the final effector of all movement. 
Damage to any portion of the motor system in its course 
through the CNS can impair motor function in older adults. 
Brain imaging and autopsy studies suggest that a wide range 
of age-related brain pathologies accumulate in older brains 
and their presence is associated with lower levels and more 
rapid motor decline proximate to death [7, 11, 12, 14, 16]. 
However, prior studies in this cohort suggest that diverse 
brain pathologies which accumulate in the older brains 
account for only a small fraction (< 10%) of the variance 
of motor function proximate to death [14]. These data sug-
gested that postmortem indices from outside the cerebrum 
might account for some of this unexplained variance [7, 9, 
10].

In the current study, SMN indices alone accounted for 
more than 10% of the variance of motor function proxi-
mate to death. This suggests that SMN indices alone may 
account for a larger percentage of the variance of motor 
function than diverse supraspinal brain pathologies. Due 
to limited power in the current study, we could not com-
pare the contributions of SMN indices and brain patholo-
gies directly in a single model. While these data highlight 
the importance of SMN and motor function, these data 

also suggest that it will necessary to examine all of the 
motor-related regions contributing to motor pathways to 
determine the pathologic basis for late-life motor impair-
ment. While accumulating evidence underscores complex 
multifactorial pathologies underlying motor impairment 
in older adults, it also offers the potential for targeted 
regional therapies which may halt or slow late-life motor 
impairment.

The link between SMN indices and motor function in 
older adults without overt neurologic diseases is unclear. 
There is a paucity of data about whether age-related neu-
ropathologies known to contribute to neuronal loss in brain 
also accumulate in the spinal cord of older adults without 
overt disease or trauma. Recent work in this cohort suggests 
arteriolosclerosis and Lewy body pathology accumulate in 
the spinal cord and are related to poorer motor function 
in older adults [7, 9]. Thus, loss of SMNs in older adults 
may be due in part to the presence of unrecognized spi-
nal neuropathologies. Accumulating evidence suggests that 
activated microglia may contribute to ALS, a degenerative 
disorder characterized by the loss of SMN [33]. The pres-
ence of spinal arteriolosclerosis in the current cases in the 
absence of microinfarcts suggests that age-related loss of 
spinal motor neurons may be due not to ischemic damage 
which is common in the cerebrum but to other mechanisms. 
The association of activated microglia with SMN counts in 
the current study lends support to the idea that inflamma-
tion in the absence of microscopic infarcts might nonethe-
less contribute to loss of SMN in older adults. Finally, it 
is possible that other mechanisms not detected in current 
neuropathologic examination may interfere with SMN func-
tion in older adults. While the findings in the current study 
need to be replicated in other cohorts and in larger studies, 
these findings provide additional evidence which suggests 
that degeneration and accumulation of pathology in CNS 
regions outside the brain may be unrecognized contributors 
to the development of late-life motor impairment.

Although it well-known that there are anatomic vari-
ants that contribute to differences in actual spinal levels, 
generally spinal specimens are analyzed as deriving from 
spinal levels based on the conventional landmarks. The 
current data set provided a unique opportunity to employ 
an approach recently validated in humans which suggests 
that the shape of the ventral horn may be a more accurate 
indicator of the lumbar level of spinal cross-sections in 
human and other species. These data suggest that more 
rigorous focus on external anatomical landmarks may not 
likely improve results. The actual levels obtained can only 
be determined after fixation of the spinal cord by review-
ing the internal landmarks of the spinal cord slides. The 
heterogeneity of the spinal levels in the current study did 
not affect our results, but should be considered as a poten-
tial source of variability in future human studies of the 
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spinal cord. It will be crucial to determine the specificity 
of the spinal levels for the particular phenotypes which is 
being studied.

There are several limitations to the current study. 
The cases we studied are from a selected cohort with 
a restricted age range. This was a small study and may 
account for the lack of findings in females and underscore 
the importance of further studies in a larger number of 
cases in more diverse cohorts. Identifying unmeasured 
confounding pathologies is always a concern in obser-
vational studies. The current study did not assess spinal 
white matter integrity or other spinal pathologies or cru-
cial motor structures in the PNS.

There are several strengths to the study, including the 
community-based cohort with both women and men coming 
to autopsy following high rates of clinical follow-up and high 
autopsy rates. Postmortem indices of both brain and spinal 
cord were available on the cases examined in this study. 
Uniform structured clinical procedures were employed that 
included a detailed assessment of motor function that has 
been widely used in other studies.

The current study adds to other recent studies in this 
cohort that have shown that spinal pathologies are related 
to poor motor function in older adults [6, 9]. Together these 
studies provide evidence that not only brain pathologies but 
also the accumulation of neuropathologies in the spinal cord 
as well as degeneration of spinal cellular elements may make 
independent contributions to loss of motor function in older 
adults without overt neurologic diseases. To translate these 
findings into the clinical setting, further work is needed to 
determine the molecular pathways underlying these spinal 
cord changes and to what degree these mechanisms are 
region specific. Finally, apart from underscoring the impor-
tance of conventional histopathology, these data also suggest 
that to determine the full extent to which CNS degeneration 
and pathologies may contribute to late-life motor impair-
ment will require additional studies which quantify post-
mortem indices in all of the CNS and PNS structures which 
are crucial for movement.
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