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Abstract

Alzheimer’s disease and related disorders (ADRD) may manifest cognitive and non-cogni-

tive phenotypes including motor impairment, suggesting a shared underlying biology. We

tested the hypothesis that five cortical proteins identified from a gene network that drives AD

and cognitive phenotypes are also related to motor function in the same individuals. We

examined 1208 brains of older adults with motor and cognitive assessments prior to death.

Cortical proteins were quantified with SRM proteomics and we collected indices of AD and

other related pathologies. A higher level of IGFBP5 was associated with poorer motor func-

tion proximate to death but AK4, HSPB2, ITPK1 and PLXNB1 were unrelated to motor func-

tion. The association of IGFBP5 with motor function was unrelated to the presence of

indices of brain pathologies. In contrast, the addition of a term for cognition attenuated the

association of IGFBP5 with motor function by about 90% and they were no longer related.

These data lend support for the idea that unidentified cortical proteins like IGFBP5, which

may not manifest a known pathologic footprint, may contribute to motor and cognitive func-

tion in older adults.

1. Introduction

There is increasing recognition that loss of cognitive and motor function in older adults are

due in part to the accumulation of pathologies of Alzheimer’s disease and related disorders

(ADRD) in older brains.[1] PET brain amyloid imaging and postmortem histopathology stud-

ies have shown that AD and related disorders such as Lewy bodies (LBs) and cerebrovascular

disease disorders (CVD) are related to both cognitive and motor impairments highlighting

that cognitive and motor impairments in older adults may share common underlying mecha-

nisms.[1] However there is a paucity of data about cortical molecular mechanisms underlying

impaired cognition and motor function in older adults.[2]
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In a recent study we applied a system biology approach to RNAseq data from the dorsolat-

eral prefrontal cortex (DLPFC) and identified a gene network (labeled module 109; m109))

consisting of 390 co-expressed genes that is a key driver of β-amyloid pathology and cognitive

decline in older adults.[3] While this network is associated with cognitive decline its individual

genes may have other clinical functions. Therefore in a further study, we employed selected

reaction monitoring (SRM) targeted proteomics to validate twelve genes in this network pre-

dicted to control this cognitive gene network. We quantified protein abundance and found

that protein levels of five of these twelve genes including IGFBP5 AK4, HSPB2, ITPK1 and

PLXNB1 were associated with cognitive decline and/or AD pathology.[4]

Since cognitive and motor impairments may share a common biology, we tested the

hypothesis that some of the five cortical proteins which drive impaired cognition might also be

associated with poorer motor function in the same individuals. Then we examined if these

associations were attenuated when terms for AD and other brain pathologies or cognition

proximate to death were included in these models. To test these hypotheses we used clinical

and postmortem data from older adults participating in two community-based cohort studies

which both employ common data collection procedures and in which decedents undergo

brain autopsy at the time of death.[5]

2. Materials and methods

2.1 Study participants

Participants were community dwelling older persons enrolled in one of two ongoing cohort

studies of aging and dementia, the Religious Orders Study [ROS, N = 549 (45.5%] and Rush

Memory and Aging Project (MAP, N = 659, 54.6%).[5] Both studies were approved by the

Institutional Review Board of Rush University Medical Center. Participants entered the studies

without known dementia and agreed to annual assessments as well as brain donation after

death. A written informed consent and an anatomical gift act were obtained from each

participant.

2.2 Assessment of motor function

We quantified ten motor tasks. (1&2) The Jamar hydraulic hand and pinch dynamometers

(Lafayette Instruments, Lafayette) were employed to test bilateral grip and pinch strength.

Dexterity of the arms was based on (3) the number of pegs placed in the Purdue Pegboard in

thirty seconds. Two trials for each hand were averaged to provide a Purdue Pegboard score.

(4) An electronic tapper (Western Psychological Services, Los Angeles, CA) was employed to

determine how quickly participants were able to tap with their index finger for ten seconds.

Two trials for each hand were averaged to yield a tapping score. We measured the (5, 6) time

and (7, 8) number of steps taken to walk eight feet and turn 360o. (9) Participant’s stood on

each leg for ten seconds to assess balance. (10) Then they were requested to stand on their toes

for ten seconds.[6, 7]

A summary global motor score was constructed by scaling and averaging all ten tests. In

prior studies, this measure was associated with diverse adverse health outcomes including sur-

vival, incident disabilities and incident cognitive impairment.[7, 8] To determine if different

aspects of motor function were differentially associated with cortical proteins, we examined

three motor abilities constructed from subsets of these ten measures including gait (4 tests),

hand strength (2 tests) and manual dexterity (2 tests). These measures and their groupings are

shown in S1 Table. We did not form a balance measure as sometimes it was not attempted.[6,

8]

Cortical proteins and motor function

PLOS ONE | https://doi.org/10.1371/journal.pone.0220968 August 12, 2019 2 / 14

R01AG57911 (DAB), R56AG59732 (ASB),

R01AG5632 (ASB), IDPH (DAB), P41GM103493

(DAB). These grants provided salary support to the

following investigators: Buchman: R01AG017917,

P30AG010161, R56AG059732, R01AG056352;

Gaiteri: R01AG057911, R56AG059732,

RF1AG015819; Yu: RF1AG015819; Tasaki:

RF1AG015819; Schneider: R01AG017917,

P30AG010161, RF1AG015819, R01AG057911,

R01AG056352; Bennett: R01AG017917,

P30AG010161, RF1AG015819. The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0220968


2.3 Assessment of cognitive function

Each participant underwent annual medical history as well as structured cognitive and motor

testing. Composite global cognition was derived from z scores of 17 cognitive tests employed

for a harmonized measure of cognition for both cohorts. These measures are shown in S1

Table, using the baseline mean and SD and subsets of these same 17 tests were used to con-

struct 5 different cognitive abilities as shown in S1 Table.[5, 9] Mini-Mental State Examination

was assessed and used to describe the cohort but was not included in the global cognition

score. The diagnosis of dementia and its causes was based on guidelines of the joint working

group of the National Institute of Neurological and Communicative Disorders and Stroke and

Alzheimer’s Disease and Related Disorders Association.[10]

2.4 Demographics

Age was computed from self-report date of birth and date of death. Sex and years of education

were recorded at the study entry.

2.5 Assessment of AD and other brain pathology indices

Brain autopsy followed a standard protocol.[11] Neuropathologic evaluations, blinded to clini-

cal data, assessed the burden of four common degenerative neuropathologies, including AD,

Lewy bodies (LBs), nigral neuronal loss (NNL), TDP-43 and four cerebrovascular disease

pathologies including cerebral infarcts, cerebral amyloid angiopathy (CAA), atherosclerosis

and arteriolosclerosis.

Four degenerative brain pathologies included: AD pathology: Bielschowsky silver stain was

used to visualize neuritic plaques, diffuse plaques, and neurofibrillary tangles in the frontal,

temporal, parietal, and entorhinal cortex, and the hippocampus, as previously described.[12]

We created standardized scores for each plaque and tangle count in each cortical area as previ-

ously described. These scaled scores for each region were then averaged across the five regions

to develop summary scores for diffuse plaques, neuritic plaques, and neurofibrillary tangles for

each subject. We then averaged the summary scores of the three AD markers to yield the global

measure of AD pathology for each subject used in these analyses.[13] Nigral neuronal loss was

assessed using a semi-quantitative scale (0–3) of a 6 micron section H&E stain in the substantia

nigra near or at the exit of the 3rd nerve. Lewy bodies were treated as present or absent in anal-

yses based on the exam of six regions (midfrontal cortex, superior or middle temporal cortex,

inferior parietal cortex, anterior cingulate cortex, entorhinal cortex and substantia nigra) using

a monoclonal phosphorylated antibody to a-synuclein (1:20,000; Wako Chemical USA Inc.,

Richmond, VA) with alkaline phosphatase as the chromogen. Monoclonal TDP-43 antibody

was used to stage TDP-43 from amygdala to limbic and neocortical regions.[14]

Four indices of cerebrovascular disease pathology included: The presence of chronic macro-
scopic infarcts were recorded during gross exam with subsequent histological confirmation.

[15] Immunohistochemistry in four neocortical regions was employed to assess cerebral amy-
loid angiopathy (CAA). A summary CAA measure was based on the average rating of β-amy-

loid depositions in the vessels of each of the four regions.[16] The severity of atherosclerosis
was graded by gross examination of the vessels of the circle of Willis. A semi-quantitative scale

was employed to grade the severity of arteriolosclerosis in the basal ganglia.[17]

2.6 Targeted SRM proteomics

The current study analyzes targeted proteomics data collected in a prior study from dorsolat-

eral prefrontal cortex (DLPFC) using a standard protocol to prepare samples.[4, 18, 19] A 96

Cortical proteins and motor function
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well plate format using Epmotion 5075 TMX (Eppendorf) or Liquidator96 (Rainin) was used

to perform liquid handling. A denaturation buffer (8M urea, 50 mM Tris-HCl pH 7.5, 10 mM

DTT, 1 mM EDTA) was used to homogenize about 20 mg of brain tissue from each individual.

After denaturation and reduction, 400 μg protein aliquots were alkylated with 40 mM iodoace-

tamide and digested with trypsin (1:50 w/w trypsin to protein ratio). Solid phase extraction

with Strata C18-E (55 μm, 70 Å) 25 mg/well 96-well plates (Phenomenex) on positive pressure

manifold CEREX96 (SPEware) was employed to clean the digested samples. Tryptic peptide

concentrations were readjusted to 1 μg/μL and 30 μL aliquots were mixed with 30 μL stable iso-

tope-labeled synthetic peptides.

A nanoACQUITY UPLC was coupled to TSQ Vantage MS instrument and a sample injec-

tion of 2 μL was used for each of the measurements in the LC-SRM experiments. Buffer A used

was 0.1% FA in water and buffer B was 0.1% in 90% ACN. Peptide separations were performed

by an ACQUITY UPLC BEH 1.7 μm C18 column (75 μm i.d. × 25 cm) at a flow rate 350 nL/

min using gradient of 0.5% of buffer B in 0–14.5 min, 0.5–15% B in 14.5–15.0 min, 15–40% B

in 15–30 min and 45–90% B in 30–32 min.

All the SRM data were manually inspected and analyzed with Skyline software [20]. For

peptide quantification we excluded transitions interfering with co-eluting peptides. Skyline

software automatically calculated the peak area ratios of endogenous light peptides and their

heavy isotope-labeled internal standards (i.e., L/H peak area ratios). In case a protein was

quantified with multiple peptides, we retained the peptide with the highest signal to noise ratio

as the representative one. The peptide relative abundances (L/H ratios) were available from a

prior study and these ratios were log base 2 transformed and centered at the median and these

data were employed in the current analyses. Fig 1 illustrates the location of the genes for the

five proteins in the m109 coexpression network which were found to be associated with cogni-

tive decline or AD pathology.[4]

2.7 Statistical analysis

We fit linear regression models with global motor score as the continuous outcome variable,

and examined each of the five proteins previously shown to be associated with AD and cogni-

tive decline. Unless otherwise noted, all the models controlled for age and sex. Then in a subse-

quent stage of analyses, we first examined which indices of 8 brain pathologies collected were

independently associated with global motor score by including terms for all 8 indices together

in a single model. Then we added a term for IGFPB5 together with indices of the four brain

pathologies independently associated with global motor score to determine if these pathologies

attenuated the association of cortical proteins with global motor score. Then, as the cortical

proteins examined in this study have previously been shown to drive cognitive decline, we

examined if including a term for cognition together with IGFPB5 attenuated the association of

this protein with global motor score with and without indices of brain pathologies. Analyses

were performed using SAS/STAT software (SAS Institute, Cary, NC).

3. Results

There were 1208 cases included in these analyses. Their clinical and postmortem characteris-

tics are summarized in Table 1.

3.1 Cortical proteins and global motor score

A higher level of IGFBP5 was associated with poorer motor function proximate to death

(Table 2, Model 1). Fig 2 illustrates the association of IGFBP5 with level of motor function

proximate to death. IGFBP5 was associated with each of the three motor abilities used to

Cortical proteins and motor function
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construct the global motor score: Strength: Estimate: -0.061 (S.E., 0.016, p =<0.001);

Dexterity: Estimate: -0.089 (S.E., 0.014, p =<0.001) and Gait: Estimate: -0.055 (S.E., 0.017,

p =<0.001).

In contrast, none of the other four proteins were associated with motor function [AK4:

(Estimate, -0.040, S.E., 0.034, p = 0.238); HSPB2: (Estimate, -0.029, S.E., 0.016, p = 0.066);

ITPK1: (Estimate, -0.005, S.E., 0.025, p = 0.850); PLXNB1: (Estimate, -0.032, S.E., 0.018,

p<0.073)].

IGFBP5 was not associated with age of death or education and was similar in men and

women (p’s>0.500). While almost half of the participants showed clinical dementia proximate

to death, the association of IGFBP5 and motor function did not vary between individuals with

and without dementia (IGFBP5 x Dementia, Estimate, -0.011, S.E., 0.025, p = 0.651).

Fig 1. Cortical proteins in a cognitive frontal gene network are associated with both cognition and motor function in older adults. Shaded nodes are

12 proteins quantified with SRM to validate changes in levels of predicted influential genes in a network driving AD and cognitive decline. V-shaped nodes

are cortical proteins associated with cognitive decline (N = 4), while IGFPB5 is related to both cognition and global motor score proximate to death (p<

.05).

https://doi.org/10.1371/journal.pone.0220968.g001
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3.2 Cortical proteins, AD and other brain pathologies and global motor

score

For descriptive purposes we dichotomized the presence or absence of the postmortem indices

measured as summarized in Table 1. The average participant showed evidence of 3 of the 8

brain pathologies collected (mean, 2.7, SD = 1.56) One or more pathologies were observed in

nearly all cases (93.3%); 0: N = 81 (6.7%); 1: N = 202 (16.7%); 2: N = 263(21.8%); 3: N = 280

(23.2%); 4: N = 228 (18.9%); 5: N = 104 (8.6%); 6 or 7: N = 50, (4.1%).

First we examined which of the eight brain pathologies were independently associated with

motor function proximate to death when included together in a single model. Four pathologies

including: macroinfarcts, arteriolosclerosis, atherosclerosis and nigral neuronal loss were inde-

pendently associated with global motor score, but AD, TDP-43, Lewy bodies pathologies and

cerebral amyloid angiopathy were not related to global motor score (Table 2, Model 2).

Then we examined, if the association of IGFBP5 with global motor score was attenuated

when terms for the 4 brain pathologies independently associated with motor function were

included in the model. IGFBP5 remained independently associated with motor function when

these indices of brain pathologies were included in the model (Table 2, Model 3). Similar find-

ings were observed for each of the three motor abilities used to construct global motor score

(results not shown).

Table 1. Clinical and postmortem characteristics�.

MEASURE N = 1208

Mean (SD); N (%)

Clinical Measures

Age at Death (yrs) 89.4 (6.52)

Sex (% female) 822 (68.1)

Race Black 27 (2.2)

Non-hispanic White 1153 (95.4)

Education (yrs) 16.2 (3.59)

Clinical Dementia present 538 (45)

Mini-Mental Status Exam (0–30) 20.5 (9.36)

Global motor score (scaled average score) 0.67 (0.26)

Global cognitive score (z score) -0.98 (1.21)

Postmortem Measures

Interval from last visit to death (yrs) 0.9 (1.30)

Postmortem interval (hrs) 8.4 (6.01)

Neurodegenerative

Nigral neuronal loss (mod-sev) 159 (13.2)

Lewy bodies present 322 (26.7)

NIA-Reagan diagnosis of AD 780 (64.6)

Global AD pathology 0.75 (0.63)

TDP-43 376 (32.6)

Cerebrovascular Disease Pathologies

Macroscopic infarcts present 438 (36.3)

Atherosclerosis (mod-sev) 407 (33.8)

Arteriolosclerosis (mod-sev) 403 (33.6)

Cerebral amyloid angiopathy 430 (36.2)

�Cell entries are Mean (SD) or number (%)

https://doi.org/10.1371/journal.pone.0220968.t001
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Fig 3 illustrates the association of IGFBP5 with global motor score with and without terms

for indices of brain pathologies associated with motor function. The regression line for the

association of IGFBP5 with global motor score is nearly identical with (red line) and without

(black line) terms for brain pathologies.

3.3 Cortical proteins, cognition and global motor score

As we have shown in prior work, cognitive function was strongly associated with motor function

proximate to death (Table 2, Model 4). Next we examined if the association of IGFBP5 and

motor function was attenuated when a summary measure for cognitive function was included in

the model. The association of IGFBP5 and motor function was attenuated by about 90% in the

model which controlled for cognition and IGFBP5 was no longer associated with motor function

(Table 2, Model 5). These findings suggest that cognition may link (mediate) the association of

IGFBP5 with motor function. Fig 4, illustrates that after controlling for cognition the slope of line

for the association of IGFPB5 with motor function was nearly zero (red line) as compared to the

black regression in the model without cognition because cognition severely attenuated the associa-

tion of IGFBP5 with motor function and they were no longer related.

To insure that these findings were not driven by poor cognition in individuals with demen-

tia proximate to death, we added an interaction term between IGFBP5 and global cognition

score. The association of IGFBP5 and motor function did not vary with the global cognitive

score (IGFBP5 x global cognitive score, Estimate, 0.003, S.E., 0.010, p = 0.772).

The attenuation of IGFBP5 with motor function in the presence of a term for global cogni-

tion was unchanged when postmortem indices are also included in the same model with cog-

nition and IGFBP5 (Table 2, Model 6).

Table 2. Association of IGFBP5, cognition, brain pathologies with global motor score proximate to death�.

Terms Model 1

Estimate, (Standard

Error, p-Value)

Model 2

Estimate, (Standard

Error, p-Value)

Model 3

Estimate, (Standard

Error, p-Value)

Model 4

Estimate, (Standard

Error, p-Value)

Model 5

Estimate, (Standard

Error, p-Value)

Model 6

Estimate, (Standard

Error, p-Value)

IGFBP5 -0.047

(0.013,<0.001)

-0.038

(0.012,0.002)

-0.006

(0.012,0.634)

-0.005

(0.012,0.676)

AD pathology -0.015

(0.020,0.460)

TDP-43 0.010

(0.007,0.139)

Lewy bodies -0.025

(0.018,0.179)

Cerebral amyloid

angiopathy

-0.010

(0.008,0.234)

Macroinfarct -0.041

(0.015,0.008)

-0.039

(0.015,0.011)

-0.022

(0.015,0.143)

Arteriolosclerosis -0.020

(0.008,0.021)

-0.019

(0.008,0.024)

-0.013

(0.008,0.099)

Atherosclerosis -0.031

(0.009,0.001)

-0.030

(0.009,0.001)

-0.024

(0.009,0.006)

Nigral Neuronal Loss -0.029

(0.010,0.004)

-0.032

(0.009,<0.001)

-0.015

(0.009,0.079)

Cognition 0.069

(0.006,<0.001)

0.068

(0.006,<0.001)

0.0609

(0.006,<0.001)

�Estimate, (Standard Error and p-Value) for a single regression model with terms for a single cortical protein and age and sex (not shown) with a motor outcome shown

at the top of the column. The cortical protein IGFBP5 was shown in a prior publication (reference 4) to be associated with cognitive decline.

https://doi.org/10.1371/journal.pone.0220968.t002
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Global cognition is constructed from five different abilities so we examined if these different

cognitive abilities each attenuated the association of IGFBP5 and motor function. The associa-

tion of IGFBP5 and motor function was no longer significant when terms for the five cognitive

abilities were included in the model and its estimate (Table 3, Model 1) was attenuated by

53%-87% (Table 3, Models 2–7). Working memory and perceptual speed showed the greatest

attenuation of IGFPB5 association with motor function (Table 3).

In further analyses, we repeated the previous models adding interaction terms, global cog-

nition did not modify the association of IGFBP5 with motor function (IGFBP5 x Global cogni-

tion: (Estimate: 0.003,S.E., 0.010, p = 0.772). In similar models, the association of IGFBP5 and

motor function proximate to death did not vary with any of the five cognitive abilities (results

not shown).

4. Discussion

There is a paucity of data about molecular pathways which underlie late-life motor

impairment. In a prior study, we identified five cortical proteins from a frontal gene network

which underlie cognitive decline and AD in older adults.[3, 4] In the current study, we extend

these findings to show that IGFBP5, one of these five cortical proteins is also related to motor

function in these same adults. The association of IGFBP5 with motor function was unrelated

to AD and other brain pathologies. In contrast, the association of IGFBP5 with motor function

was almost completely attenuated when we controlled cognitive function. This suggests that

cognition may link cortical proteins, without a pathologic footprint, which may drive late-life

motor impairment. These novel data offer specific gene and protein targets that have potential

Fig 2. The association of IGFBP5 in the dorsal lateral prefrontal cortex with motor function proximate to death. This

figure illustrates the association of residual global motor score (black line) with IGFBP5 controlling for age and sex.

https://doi.org/10.1371/journal.pone.0220968.g002
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to inform on the complex shared biology underlying late-life cognitive and motor impairment

and facilitate the development of strategies to maintain or prevent their decline in older adults.

Prior brain imaging and postmortem studies suggest that like cognition, impaired mobility

is related to AD and other related brain pathologies (ADRD), and that the level and rates of

declining cognitive and motor function are correlated. These data suggest that motor and cog-

nitive function may share a common pathologic basis, but the molecular pathways underlying

their shared decline remain to be identified. In prior work we employed a novel systems biol-

ogy approach to leverage whole transcriptome data from the dorsolateral prefrontal cortex

(DLPFC) and identified twelve genes which control a cognitive gene network. 20 Further work

using SRM targeted proteomics validated that cortical proteins levels of five of these genes

drive AD pathology and cognitive decline in older adults.[3]

The current work extends this prior SRM study by showing that cognition and motor func-

tion in older adults may share not only common brain pathologies, but may also share com-

mon cortical proteins and molecular pathways driving their decline. Since the full set of

proteins studied with SRM was derived from a larger list of genes chosen as likely drivers of a

cognitive gene network, it may account for why only one protein was associated with motor

function.[3] Further work applying a similar approach to other gene networks in the prefrontal

cortex and other brain-related motor regions is likely to identify motor-related gene networks

and a larger number of motor-specific genes and molecular pathways which may also be

shared with cognition.

Fig 3. The association of IGFBP5 in the dorsal lateral prefrontal cortex with motor function proximate to death before

and after controlling for brain pathologies. This figure illustrates the association of residual global motor score with IGFBP5

controlling for age and sex (black line average regression line and individual data points–black circles) and after controlling

for demographics and brain pathologies (red line average regression line and individual data points–red circles). The slope of

the black and red regression lines are nearly unchanged, suggesting that the association of IGFPB5 and motor function is

unrelated to brain pathologies.

https://doi.org/10.1371/journal.pone.0220968.g003
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In this study while IGFPB5 was related to motor function it was linked to motor function

via cognitive function. Conventional measures of motor performance focus on the characteri-

zation of discernable movement and action. Volitional action or movement in human is a

complex behavior which requires the orchestration of interconnected cognitive and motor

neural systems which control gait initiation, planning and execution and which are active

prior to any discernable movement.[21–27] Moreover, even after movement begins additional

cognitive-motor neural systems are crucial to adapt movements to meet motivational and

environmental demands. These features of movement underscore the prominent role of cogni-

tion in all movement.

The current findings suggest a potential casual molecular pathway underlying inter-related

cognitive and motor function in movement. Our approach and novel finding has potential to

allow investigators to move beyond descriptions and simple associations between cognitive

and motor function in older adults. Further studies could target this pathway to explicate the

mechanisms underlying the integrated biology of cognition and motor function driving move-

ment. Moreover, therapies targeting molecular pathways common to both cognitive and

motor function have the potential to ameliorate multiple declining faculties with a single inter-

vention. Since poor motor function may precede and predict incident cognitive impairment in

older adults and impaired cognition may occur in older adults with normal motor function, it

is likely that further investigations will identify molecular pathways specific for cognition or

motor function in addition to pathways common to both cognition and motor function.

Fig 4. The association of IGFBP5 in the dorsal lateral prefrontal cortex with motor function proximate to death before

and after controlling global cognition. This figure illustrates the association of residual global motor score with IGFBP5

controlling for age and sex (black line average regression line and individual data points–black circles) and after controlling

for demographics and global cognition (red line average regression line and individual data points–red circles). After

controlling for cognition, the slope of the red line is flat as compared to the black regression line, showing that IGFPB5 is no

longer associated with motor function. This suggests that cognition may link IGFPB5 with motor function.

https://doi.org/10.1371/journal.pone.0220968.g004
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Due to the unique study design of the cohorts examined in this study, postmortem indices

of ADRD pathologies were also available and examined in our analyses. Recent work has sug-

gested that like AD dementia, late-life motor impairment is most commonly associated with

indices of mixed brain ADRD pathologies. Thus, while indices of mixed ADRD brain patholo-

gies have consistently been associated with motor function in older adults, the specific patholo-

gies associated with motor function have varied in these studies. [6, 28–34] While AD

pathology was not related to motor function in the current study, indices of four other ADRD

pathologies were associated with motor function proximate to death in the current study.

Although AD and other brain pathologies are related to both motor and cognitive function in

old adults, the causal pathway linking IGFBP5 with motor function in this study was unaf-

fected when we added terms to control for indices of ADRD pathologies. These findings add

to our prior work which has shown that other clinical and biologic risk factors related to cogni-

tive or motor phenotypes are unrelated to indices of ADRD brain pathologies.[35–37] These

findings underscore the importance of complementing effort to characterize histopathology

underlying decline with approaches which can identify molecular pathways that may drive

late-life motor and cognitive impairment without a known pathologic footprint.[28, 38]

This study has several limitations. Transcriptomic and proteomic data came from a single

brain region supporting a cognitive gene network. However, cortical proteins and histopathol-

ogy collected from cognitive brain regions may only account for a minority of late-life motor

impairment.[28, 38] In contrast to cognition, the neural control systems underlying movement

extend beyond the brain to spinal cord and via the peripheral nervous system to muscle, the

final effector of all movement. Thus, to more fully explicate the molecular pathways underlying

impaired motor function will require interrogation of brain as well as key motor tissues out-

side the brain. The cohorts studied are voluntary cohorts, and participants were older and

highly educated. As such, generalizability of these findings rely on replication in samples from

other longitudinal cohorts. The study also has several strengths. Findings are based on a large

Table 3. Association of IGFBP5, and cognitive abilities with global motor score proximate to death�.

Terms Model 1

Estimate,

(Standard Error, p-

Value)

Model 2

Estimate,

(Standard Error, p-

Value)

Model 3

Estimate,

(Standard Error, p-

Value)

Model 4

Estimate,

(Standard Error, p-

Value)

Model 5

Estimate,

(Standard Error, p-

Value)

Model 6

Estimate,

(Standard Error, p-

Value)

Model 7

Estimate,

(Standard Error, p-

Value)

IGFBP5 -0.047

(0.013,<0.001)

-0.006

(0.012,0.634)

-0.022

(0.013,0.086)

-0.022

(0.012,0.067)

-0.010

(0.012,0.417)

-0.016

(0.012,0.188)

-0.014

(0.012,0.264)

Global

Cognition

0.068

(0.006,<0.001)

Episodic

Memory

0.043

(0.005,<0.001)

Visual Spatial

Abilities

0.080

(0.007,<0.001)

Perceptual

Speed

0.074

(0.006,<0.001)

Semantic

Memory

0.057

(0.005,<0.001)

Working

Memory

0.065

(0.006,<0.001)

% attenuation

of IGFBP5

87% 53% 53% 79% 66% 70%

�Each cell shows the Estimate, (Standard Error and p-Value) for a single regression model with terms shown in the left column as well as age and sex (not shown). The

outcome for all the models is global motor score proximate to death.

https://doi.org/10.1371/journal.pone.0220968.t003
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sample of well-characterized autopsied individuals. SRM proteomics technique, in combina-

tion with structured motor and cognitive evaluations prior to death and comprehensive patho-

logic assessments, provide unique high-quality multi-level data from the same individuals to

perform robust statistical modeling.

In summary, prior histopathology studies suggest that late-life cognitive and motor func-

tion are related to common age-related pathologies. The current study extends these histopa-

thology findings by showing that both cognition and motor function are also related to a

cortical protein, IGFBP5 which may not manifest a known pathologic footprint. Further work

extending the novel system biology methods employed to identify cognitive gene networks to

additional key motor tissues may facilitate the identification of a host of molecular pathways

and provide novel targets for further studies to maintain both cognition and motor function in

older adults.
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