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Abstract

Background. Mitochondrial dysfunction is a prominent hallmark of many sensory neuropathies.
The purpose of this study was to assess the influence of mitochondrial DNA sequence variation
on peripheral nerve function in the population-based Health, Aging, and Body Composition
Study.

Methods. We investigated the role of common mitochondrial DNA variation (n = 1,580) and
complete mitochondrial DNA sequences (n = 138) on peroneal motor nerve conduction velocity
and amplitude, average vibration detection threshold, and monofilament sensitivity.

Results. Nominal associations among common mitochondrial DNA variants and haplogroups
were identified but were not statistically significant after adjustment for multiple comparisons.
Sequence-based approaches were used to identify aggregate variant associations across the 16S
rRNA (weighted-sum, p = 2E-05 and variable threshold, p = 9E-06) for nerve conduction velocity.
Several of these rare 16S variants occurred at or near sites with earlier disease associations and
are also in close proximity to the peptidyl transferase center, which is the catalytic center of the 16S
rRNA
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Conclusions. These results suggest that sequence variation related to mitochondrial protein
synthesis/assembly is associated with peripheral nerve function and may provide insight into
targets for intervention or new clinical strategies to preserve nerve function in late life.

Key Words: Sensory—Genetics—Epidemiology—Functional Performance

Age-related peripheral neuropathy is one of the most common sen-
sorimotor deficits in the elderly and has severe negative influences on
the quality of life, physical function, and psychosocial well-being of
older adults (1-6). The incidence and prevalence of poor peripheral
nerve function is higher in older than younger adults, even those
without diabetes (2,4,5). In the United States for 1999-2000, 28%
of adults aged 70-79 years and 35% of adults aged >80 years had
neuropathy symptoms and loss of touch sensation, with a higher
prevalence in diabetic adults (4). The factors that determine the
development of peripheral neuropathy vary between persons (7,8).
Sex and race appear to play a role in the development of peripheral
neuropathy in older people with men exhibiting poorer sensory and
motor nerve function than women and European-Ancestry adults
having worse vibration threshold sensitivity than those with African-
Ancestry (1,3).

Mitochondrial dysfunction is a common characteristic of many
neuropathies (9,10). Several mitochondrial diseases feature a spec-
trum of abnormalities which often include significant neuropatho-
logical impairments and sensory neuropathies (11) (eg, Leber’s
hereditary optic neuropathy, mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes [MELAS], and neuropathy,
ataxia, and retinitis pigmentosa). Mitochondrial oxidative phospho-
rylation supplies the vast majority (90%) of the energy needs of the
human body and is dependent upon the coordinated expression and
interaction of genes encoded in both the nuclear and mitochondrial
genomes. The prevalence of neuronal diseases associated with muta-
tions in mitochondrial DNA (mtDNA)-encoded genes indicates the
important functional relationship between mitochondria and neu-
rons (12,13). Human mtDNA is a maternally inherited 16,569 base
pair loop containing genes critical to oxidative phosphorylation
(14), and bioenergetic defects resulting from acquired and inherited
mtDNA mutations (15-17) may be critical for both age-related neu-
ropathy and associated neuropathological changes (9,10).

The influence of inherited and acquired mtDNA mutations on
neuropathological impairments has been established for many mito-
chondrial and age-related diseases. While mitochondrial dysfunction
resulting from inherited and acquired mtDNA mutations is a hall-
mark of several neurodegenerative diseases including Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral sclerosis (18),
the role of mtDNA sequence variation in age-related peripheral neu-
ropathy has not been assessed. For this study, we investigated the
role of common and rare mtDNA sequence variations on peripheral
nerve function in the Health ABC Study. Because human mtDNA has
a mutation rate, that is 10-20 times higher than that of nuclear DNA
and up to one-third of sequence variants found in the general popu-
lation may be functionally important (19), it is likely that most of
the mtDNA variation that impacts function is rare in frequency and
only detectable by direct sequencing. Indeed, we have shown earlier
that aggregated common and rare variants and the accumulation of
singleton variants may be more important contributors to dementia
and cognitive decline (20,21), cancer risk (22), and human energy
expenditure (23,24) than common polymorphisms. Uncovering
mtDNA variants impacting peripheral nerve function may lead to

the development of new clinical strategies for improving mitochon-
drial function as well as genetic tests for identifying individuals who
may benefit from mitochondria-directed therapies.

Methods

Population

Health ABC is a prospective cohort study of 3,075 community-dwell-
ing black and white men and women living in Memphis, Tennessee,
or Pittsburgh, Pennsylvania, and aged 70-79 years at recruitment in
1996-1997. Participants were recruited from a random sample of
white and black Medicare-eligible people within designated zip code
areas. Participants had to report no difficulty with activities of daily
living, walking a quarter of a mile, or climbing 10 steps without rest-
ing, and be free of life-threatening cancer diagnoses. The sample was
51% women and 41% of participants were black. Participants self-
designated race/ethnicity classified as Asian/Pacific Islander, black/
African American, white/Caucasian, Latino/Hispanic, and other. All
eligible participants signed a written informed consent, approved by
the institutional review boards at the clinical sites. This study was
approved by the institutional review boards of the clinical sites and
the coordinating center (University of California, San Francisco).

Peripheral Nerve Function

At the 2000-2001 clinical follow-up visit, 2,208 Health ABC par-
ticipants underwent peripheral nerve function evaluations (1).
Peripheral nerve function measurements included: (i) peroneal
motor nerve conduction velocity (m/s) and amplitude (mV) from
the popliteal fossa to ankle; (ii) average vibration detection thresh-
old (pn) on the bottom of the great toe; and (iii) monofilament sen-
sitivity using 1.4-g and 10-g monofilaments. Clinic examiners with
training and certification in the nerve function measures performed
the tests on the right leg unless it was contraindicated because of
knee replacement, amputation, ulcer, trauma, or surgery. Nerve con-
duction (NC) measures have moderate to high intraobserver repro-
ducibility in older adults and are not affected by diabetes, race, or
gender (25).

Genotyping

Genomic DNA was extracted from buffy coat collected using
PUREGENE DNA Purification Kit during the baseline exam.
Genotyping was performed by the Center for Inherited Disease
Research using the Illumina Human1M-Duo BeadChip system.
This platform includes 138 mtDNA SNPs including the majority of
haplogroup-defining variants. Samples were excluded from the data
set for the reasons of sample failure, genotypic sex mismatch, and
first-degree relative of an included individual based on genotype data
as described earlier (24). Genotyping of 138 mtDNA SNPs (includ-
ing 137 variant sites) was successful for 1,631 unrelated individu-
als of European genetic ancestry. The major European haplogroups
(Table 1) were defined using PhyloTree (26).
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Table 1. Characteristics of Genotyped and Sequenced Health ABC Participants From the 2000-2001 Clinical Follow-Up Visit

Genotyped Sequenced

N 1,580 135
Age, mean (SD) 76.7 (2.8) 76.5 (2.9)
Sex, n (%)

Male 819 (52) 63 (47

Female 761 (48) 72 (53)
Haplogroup, 7* (%)

H 589 (45) 60 (47)

U 183 (14) 11 (9)

K 145 (11) 16 (12)

T 140 (11) 18 (14)

] 103 (8) 13 (10)

v 51(4) 2(2)

I 35(3) 5 (4)

W 27 (2) 1(1)

X 27 (2) 3(2)
Nerve conduction velocity (m/s), mean (SD) 43.5(5.2) 42.5 (5.8)
Nerve conduction amplitude (mV), mean (SD) 3.3 (1.85) 3.0 (2.0)
Vibration sensitivity (n), mean (SD) 52.9 (35.2) 49.9 (35.5)
Monofilament test, 72 (%)

Good function 760 (55) 75 (60%)

Impaired function 494 (36) 38 (30%)

Poor function 124 (9) 12 (12%)

Notes: SD = standard deviation.

*Numbers do not add up to total due to missing information for haplogroups.

MtDNA Sequencing

MtDNA was extracted from platelets and sequenced with the Affymetrix
Mitochondrial Resequencing Array 2.0 (MitoChip, Affymetrix, Santa
Clara, CA) in 138 Health ABC participants of European ancestry as
described earlier (23). Ten samples were repeated for concordance test-
ing. For samples passing initial filtering, ResqMi 1.2 (27) was used
for reanalysis of bases originally called as “N” by GSEQ. Data was
extracted from gene regions as defined by NCBI annotations for the
revised Cambridge Reference Sequence (NC_012920.1).

Statistical Analyses: Common mtDNA Haplogroups
and Individual Variants

We analyzed differences in nerve conduction velocity, nerve conduc-
tion amplitude, and vibration sensitivity for the European haplo-
groups and 137 mtDNA variants.

Each haplogroup was compared to individual and collapsed hap-
logroups using the pairwise differences (PDIFF) and PDIFF = analysis
of means (ANOM) options of the generalized linear model in SAS ver-
sion 9.2 (SAS Institute Inc., Cary, North Carolina [NC]). All analyses
were adjusted for age, sex, and clinic site. For the 137 mtDNA vari-
ants, comparisons between alternate mtDNA alleles were made using
the PDIFF option of the generalized linear model and all analyses were
adjusted for age, sex, clinic site, and six eigenvectors of mitochondrial
genetic ancestry derived from principal component analysis (28).

Statistical Analyses: MtDNA Sequences

The joint effects of all mitochondrial variants on nerve conduction
velocity, nerve conduction amplitude, and vibration sensitivity were
evaluated using several rare variant burden tests using variable thresh-
old test (29) in R. All analyses were adjusted for age, sex, and study
site using residuals from linear regression and then normalized to Z
scores prior to conducting analyses. We applied these approaches to
continuous values for each nerve conduction test and computed statis-
tical significance for each test using 10,000 independent simulations.

Variant aggregations were tested across the following regions: (i) the
four individual oxidative phosphorylation complexes; (ii) all rRNAs
combined; (iii) all tRNAs combined; and (iv) the HV 2-3 region. The
16S rRNA secondary structure was visualized using VARNA (30).

Results

Among 1,631 genotyped Health ABC participants of European
ancestry, 1,580 (97%) attended the 2000-2001 clinical follow-up
visit. Of these, 1,080 (68%) had nerve conduction amplitude, 1,056
of these (67%) had nerve conduction velocity obtained as well, 1,355
(86%) completed vibration sensitivity (p) testing, and 1,378 (87%)
completed monofilament sensitivity testing (Table 1). A total of 135
Health ABC participants yielded sequence data of sufficient qual-
ity for analysis including: 97 (72%) who completed nerve conduc-
tion amplitude testing, 95 (70%) who completed nerve conduction
velocity, and 125 (93%) who completed both vibration sensitivity
(p) testing and monofilament sensitivity testing (Table 1). Of these,
63 were men and 72 were women, with mean (SD) age of 73.4 (2.9)
years and are representative of the larger cohort with regard to hap-
logroup frequencies and peripheral nerve function. Sequencing of
16,544 mtDNA bases (positions 12-16,555) from 135 participants
yielded a cumulative total of 449 variants including: 56 common
(minor allele frequency [MAF] > 5%), 160 low-frequency variants
(MAF 1%-5%), and 233 singletons. The 10 duplicate samples
had >98% sequence concordance (the majority of discordant calls
resulted from positions successfully called in one but called as “N” in
another). The within-chip error rate was 0.0028%, which is compa-
rable to the earlier published rates of 0.0025% and 0.0021% (31).

Common mtDNA Haplogroups and Individual

Variants

Haplogroup differences in nerve conduction velocity, nerve conduc-
tion amplitude, and vibration sensitivity are reported in Table 2.
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Haplogroup I participants exhibited poor conduction amplitude (p <
.05), whereas haplogroup W participants exhibited higher conduction
amplitude (p <.05) and vibration sensitivity (p < .05) when compared
with other European haplogroups. However, these results were not
statistically significant after adjustment for multiple comparisons (36
tests among nine haplogroups, critical o = .0014). Additional analy-
ses comparing each haplogroup to the mean of the remaining haplo-
groups did not identify statistically significant differences. None of the
137 individual mtDNA variants available on the Illumina Human1M-
Duo BeadChip system were associated with nerve conduction velocity,
nerve conduction amplitude, or vibration sensitivity after adjustment
for multiple comparisons (137 variants, critical o = .0004).

MtDNA Sequences

The joint effects of all mitochondrial variants within each mtDNA
region on nerve function were evaluated using several rare variant
burden tests (29). Statistically significant pooled variant associations
across the 16S rRNA were observed for nerve conduction velocity
using the weighted-sum and variable threshold weighted-sum (WE, p
= 2E-05) and variable threshold (p = 9E-06) methods. Statistical sig-
nificance accounted for multiple testing (seven mtDNA regions, criti-
cal o =.007) and was based on 10,000 independent simulations. Of

the 95 participants with both full mtDNA sequences nerve conduc-
tion velocity measurements, 85 carried at least one 16S rRNA vari-
ant. Among these, 66 participants carried a single 16S rRNA variant
and 19 participants carried two-to-three variants. Of the fourteen
16S rRNA variants detected by sequencing (Table 3), three indi-
vidual rare variants were associated with significantly higher nerve
conduction velocity levels after adjustment for multiple comparisons
(14 tests, critical o = .004). Two participants carrying the m.2850C
allele had a significantly higher (p <.001) nerve conduction velocity
(48.9 m/s) when compared with the remaining participants carry-
ing the m.2850T allele (42.4 m/s). The m.1703C>T and m.2639C>T
variants are in complete LD and participants carrying the m.1703T/
m.2639T alleles had a significantly higher (p =
duction velocity (53.9m/s) when compared with the remaining
participants carrying the m.1703C/m.2639C alleles (42.3 m/s). We
also compared nerve conduction velocities among the participants

.004) nerve con-

carrying two or three 16S rRNA variants. Participants carrying both
m.2706A and m.3010A alleles had significantly lower nerve conduc-
tion velocity (42.5 m/s) when compared with participants carrying
both m.1888A and m.2850C alleles (48.9 m/s, p = .03) or partici-
pants carrying the m.1703T, m.1811A, m.2639T alleles (53.9 m/s, p
=.01). All 16S rRNA variants detected by sequencing were identified
on the predicted secondary structure (Figure 1). Several of these rare

Table 2. Nerve Conduction Velocity, Amplitude, and Vibration Average Among Haplogroup N Subgroups (n = 1,549)

Haplogroup Nerve Conduction Velocity (m/s) Nerve Conduction Amplitude (mV) Vibration Sensitivity (p)
Mean (SE)* Mean (SE)* Mean (SE)*
H 43.1 (0.23) 3.1 (0.09) 53.7 (1.42)
U 43.5(0.42) 3.4 (0.15) 50.4 (2.56)
K 43.8 (0.46) 3.2 (0.17) 52.2(2.85)
T 43.2 (0.48) 3(0.18) 54 2(2.92)
] 43.3(0.57) 3.2(0.21) 6 (3.46)
v 43.4(0.77) 3.1(0.29) 51 3(4.89)
I 44.3 (0.98) 2.4 (0.36)" 57.1(5.79)
W 43.6 (1.05) 4 (0.40)* 68.3 (6.72)"
X 43.6 (1.13) 3.4(0.43) 49.4 (6.59)
Notes: *Least square means and standard errors (SE) adjusted for age, sex, and clinic site.
tHaplogroup I vs. W, H, ], T, U, and K (p < .03).
*Haplogroup W vs. I, Hyand T (p < .05).
SHaplogroup W vs. X, H, V, U, and K (p < .03).
Table 3. 16S rRNA Sequence Variant Effects on Nerve Conduction Velocity (m/s) (n = 135)
Common Allele n Mean (SE) Variant Allele n Mean (SE) t Test p Value
m.1703C 92 42.3 (0.88) m.1703T 2 53.9(6.9) .004
m.1719G 86 42.1 (0.90) m.1719A 8 46.9 (3.6) .023
m.1811A 78 42.4 (0.97) m.1811G 15 43.0 (2.2) 726
m.1888G 83 42.3 (0.95) m.1888A 11 44.0 (2.6) .370
m.2141T 93 42.5 (0.90) m.2141C 1 43.1 —
m.2158T 92 42.5 (0.90) m.2158C 2 45.5(5.5) 469
m.2355A 91 42.3 (0.90) m.2355G 3 48.1 (5) .087
m.2442T 91 42.3 (0.90) m.2442C 3 48.1 (5) .087
m.2639C 92 42.3 (0.88) m.2639T 2 53.9(6.9) .004
m.2706G 57 43.6 (1.2) m.2706A 37 40.9 (1.3) .02
m.2850T 92 42.4 (0.90) m.2850C 2 48.9 (4.9) <.001
m.3010G 76 42.4 (1.0) m.3010A 18 42.9 (1.8) .77
m.3116C 93 42.4 (0.89) m.3116T 1 51.2 —
m.3197T 93 42.5 (0.90) m.3197C 1 44.6 —

Note: SE = standard error.
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Figure 1. Predicted secondary structure of the mitochondrial 16S rRNA containing domains I-lll (A) and IV-VI (B). 16S rRNA variants detected by sequencing are indicated

by nucleotide position. Previously identified disease associations are indicated: (1) Myopathy, encephalopathy, lactic acidosis, and stroke-like episodes syndrome (MELAS);
(2) Myopathy; (3) Rett syndrome; (4) Alzheimer’s and Parkinson’s diseases; (5) Left ventricular noncompaction; 6) Migraine headache and cyclic vomiting syndrome.
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variants occur at or near sites with earlier disease associations (32)
and are also in close proximity to the peptidyl transferase center,
which is the catalytic center of the 16S rRNA (33).

Discussion

In older adults, approximately half of the incident and prevalent
clinical neuropathy (34) is attributable to diabetes with the remain-
ing ~50% being of uncertain etiology. In this study, we genotyped
and sequenced the entire mtDNA in a large, population-based, lon-
gitudinal study of elderly participants to examine the role of com-
mon mtDNA haplogroups and genetic variants, rare variants, and
aggregate mtDNA sequence variation in peripheral nerve function.
Research to identify genetic factors that contribute to complex phe-
notypes must account for the many ways that genetic variations oper-
ate. Common genetic variants play a much smaller role in mediating
phenotypic expression and disease risk than initially hypothesized
(35) and identification of causative variants requires comprehensive
resequencing of genomic loci in multiple subjects (36). Because col-
lections of variants within genes or genomic regions do not work in
isolation and are likely to influence phenotypic expression in impor-
tant ways (37), we considered how multiple sequence variants impact
peripheral nerve function. Analytic approaches testing the combined
effect of multiple variants have been used to resolve genetic asso-
ciations for several complex traits (38) including mtDNA variation
(23,39). We evaluated several variant pooling approaches and iden-
tified highly significant associations between aggregate 16S rRNA
sequence variation and nerve conduction velocity. In addition to
three highly significant individual variant associations with elevated
nerve conduction velocity, we identified novel associations among
participants carrying two or three 16S rRNA variants. The effects of
the two or three variant haplotypes were greater than those observed
for the individual variants contributing to these haplotypes, sug-
gesting an epistatic effect of mtDNA on nerve conduction velocity.
Several of the 16S rRNA variants including m.2706 A>G, m.3116
C>T, m.3010 G>A, and m.3197 T>C occur at or near sites asso-
ciated with earlier disease associations (40-50) including MELAS,
Alzheimer’s and Parkinson’s diseases, and migraine headache and
cyclic vomiting syndrome which is often accompanied by cognitive
delay and myopathy (51). These variants are in close proximity to
the peptidyl transferase center, which is the catalytic center of the
16S rRNA (33). The peptidyl transferase center is the main target
site for many antibiotics which bind to functional centers and inhibit
protein synthesis possibly by hindering peptide chain development
and promoting dissociation of peptidyl RNA from the ribosome
(10027979). Although it is unknown how disease-associated vari-
ants located within this catalytic center are impacting function of the
16S rRNA, it is possible that they mimic drug-induced mechanisms
of protein inhibition.

In this study we sequenced the mtDNA from platelets, which are
classified as terminally differentiated, anucleate blood cells contain-
ing fully functional mitochondria (52). In addition to being easily
accessible, platelets have numerous similarities with neurons and
have been frequently utilized as neuronal models (53-58). Platelets
and neurons both contain mitochondria with the enzyme monoam-
ine oxidase (59); receptors and transport mechanisms for the uptake
and storage of serotonin (60); as well as amyloid precursor protein
(APP) and the secretases necessary to produce all APP metabolites
including amyloid § (AB) (61). In fact, platelet APP is synthesized
by the megakaryocyte platelet precursor in the bone marrow (62)
and may account for 90% of the circulating APP (63,64). Platelets

show concentrations of APP isoforms equivalent to those found in
brain (65) and it has been suggested that platelet APP contributes to
the accumulation of Af in the brain and its vasculature through the
blood-brain barrier (66,67).

This study had a number of strengths: a well-characterized
population-based longitudinal cohort with several state of the
art measures of nerve function, a large sample size for assessing
peripheral nerve function among mtDNA haplogroups and geno-
typed variants, complete mtDNA sequencing allowing for an unbi-
ased assessment of mitochondrial genomic variation, an analytic
approach including both individual and pooled sequence vari-
ants, and in silico prediction and structural modeling that enabled
detailed interpretation of sequence-based findings. Small sample
size for sequence-based analyses and limited power to detect indi-
vidual variant effects of rare variants are acknowledged. These
results are based on a single cohort and further studies are needed
to confirm these findings.

Mitochondrial dysfunction is a common characteristic of
many neuropathies (9,10). Neurons require adenosine triphos-
phate (ATP) for axonal transport and maintenance of ionic gra-
dients to generate action potentials and synaptic activity (15).
Axons are the largest consumer of mitochondria-derived ATP in
peripheral nerve fibers, and the vast majority of mitochondria
(~84% in humans) are located within unmyelinated and myeli-
nated axons (9). In most eukaryotic cells, including neurons,
mitochondria are essential for providing energy and managing
oxidative stress. Mitochondria are primarily assembled in the
neuronal cell body and subsequently transported along the long
axons (9). The transport and localization of mitochondria to
particular axonal segments is critical for proper neuronal func-
tion (68). MtDNA deletion mutations occur more frequently in
distal nerve segments and have been associated with impaired
mitochondrial function and loss of respiratory chain function (9)
implicated in the demyelination and axonal degeneration (10)
and found in most peripheral neuropathies (9). MtDNA deletions
resulting in defective oxidative phosphorylation have also been
observed in axonal and hypomyelinating sensory-motor neurop-
athy (15), polyneuropathy (17), and sensorineural hearing loss
(17). Our results help to uncover mtDNA sequence variation that
impacts age-related peripheral nerve function, suggesting specific
mitochondrial functions that may affect nerve conduction veloc-
ity. In particular, the 16S rRNA region may affect mitochondrial
assembly by impacting the rate or efficiency of mitochondrial bio-
genesis. Mitochondrial biogenesis (the increase in mitochondrial
numbers and/or mass) involves a complex interaction between
mitochondrial and nuclear encoded genes. Mitochondrial DNA
encodes a small number of proteins consisting mostly of hydro-
phobic subunits of the respiratory chain localized in the inner
mitochondrial membrane. Nuclear encoded proteins include
structural proteins, enzymes, enzyme subunits, chaperones, and
components responsible for import, replication, transcription,
and translation that are imported into mitochondria. The rate of
turnover may decline with age (69) which may allow for defec-
tive mitochondria to accumulate, especially in older, postmitotic
cells. Although the underlying mechanism of the accumulation
of defective mitochondria is still unclear, the individual and col-
lective 16S rRNA variation identified in this study may affect
mitochondrial function by impacting the rate or efficiency of
mitochondrial biogenesis. Impaired ability to turnover may allow
the accumulation of defective mitochondria resulting from oxi-
dative injury (70,71) and/or mtDNA damage (72) in neurons
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leading to impaired respiratory capacity (73). Identifying neurop-
athy-associated variants related to mitochondrial biogenesis may
lead to targeted interventions that impact mitochondrial function
(74,75). For example, several lines of evidence show that mito-
chondrial biogenesis is affected by pharmacologic agents (76-81),
natural compounds (82), and behavioral interventions such as
caloric restriction and exercise (83-86). Further studies confirm-
ing our findings may confirm degenerative mechanisms related to
specific mitochondrial variants and ultimately contribute to the
development of genotype-specific therapeutic interventions for
delaying the onset of peripheral nerve dysfunction and disability
in old age.
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