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Abstract

Background—Low health and financial literacy may be an early behavioral manifestation of
cognitive impairment, dementia, and accumulating Alzheimer’s pathology. However, there are
limited studies investigating the behavioral features associated with hyperphosphorylated
transactive response DNA-binding protein-43 (TDP-43), a common age-related pathology, and
even fewer studies investigating the neurobiological basis underlying low literacy in aging.

Objective—To test the hypothesis that TDP-43 pathology is associated with lower literacy.

Methods—Data came from 293 community-based older persons who were enrolled in two
ongoing studies of aging. Participants completed literacy and cognitive assessments, consented to
brain donation, and underwent detailed neuropathological evaluation for AD and TDP-43. Linear
regression models assessed the association of TDP-43 with literacy after adjusting for
demographics, and AD pathology. Post-hoc pairwise comparisons examined whether the level of
literacy differed by TDP-43 stage.

Results—TDP-43 pathology was associated with lower literacy (estimate=-3.16; SE=0.86;
p<0.001), above and beyond demographics and AD pathology, and this association persisted even
after additionally adjusting for global cognition (estimate=-1.53; SE=0.74; p=0.038). Further,
literacy was lower among persons with neocortical TDP-43 pathology compared to those without
TDP-43 pathology.

Conclusion—TDP-43 pathology is associated with lower health and financial literacy in old age,
above and beyond AD pathology.
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Introduction

Literacy is an important prerequisite for independent living and instrumental to the health
and well-being of individuals, especially in older adults. The term “literacy’ is a multi-
dimensional construct encompassing a wide range of domain-specific competencies. Older
adults over the age of 65 years, the fastest growing population, have low levels in two
specific domains of literacy, health and financial literacy, an important determinant for
adverse health outcomes 1 2. While there is a complex interplay between literacy and
cognition, other diverse social skills and resources extending beyond cognition are
important. We and others have reported health and financial literacy in older adults is
associated with lower language comprehension skills (education and word knowledge),
poorer decision-making 32, increased hospitalization, higher healthcare expenditures, and
mortality 6. 7.

Emerging data suggest that higher literacy may protect against the effects of biological aging
and play an important role in the maintenance of cognitive health & °. Conversely, lower
literacy is associated with increased risk of cognitive impairment and Alzheimer’s dementia
10,11 Clinical-pathological studies have been imperative in expanding our knowledge and
providing new insights regarding relationships between age-related brain pathologies,
cognitive impairment, and dementia. While studies have extensively investigated the degree
to which common age-related pathologies contribute to cognition and dementia, there is
limited data investigating how accumulation of neuropathologies in the aging brain relates to
literacy in older adults. We previously reported that lower literacy in older persons is
associated with an increased burden of AD pathology at death, independent of cognition 12,
suggesting that the clinical manifestation of common age-related brain pathologies extends
beyond cognitive abilities, and may affect other complex functional domains including
health and financial literacy.

To our knowledge, the association of pathological burden of hyperphosphorylated
transactive response DNA-binding protein-43 (TDP-43) with health and financial literacy
has yet to be explored. We hypothesized that TDP-43 may detrimentally affect literacy in
older adults for several reasons. First, TDP-43 is a common age-related neurodegenerative
pathology found in over half of post-mortem brains from community-based older persons 13.
Second, TDP-43 pathology has a stereotypical progression throughout the aging brain,
largely affecting medial temporal brain structures 14, which may impact the integrity of
white matter connections that facilitate communication between multiple cortical brain
regions associated with literacy 15 16, Third, TDP-43 pathology is associated with cognitive
impairment, independent of AD pathology 17, in older persons. Lastly, in those diagnosed
with frontotemporal lobar degeneration (FTLD), TDP-43 pathology is associated with
changes in language, decision making, and personality-traits, all of which are critical skills
necessary for acquiring domain-specific knowledge and maintaining literacy function 18,
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Overall, there have been limited studies investigating early behavioral features linked to
TDP-43 pathology in older adults and even fewer studies addressing the neurobiological
basis of low literacy in old age.

In this study, we tested the hypothesis that TDP-43 pathology is associated with health and
financial literacy, independent of age, sex, education, and AD pathology. We collected
clinical and post-mortem pathologic data from 293 older adults, above the age of 65, from
the Rush Memory and Aging Project (MAP) and the Religious Orders Study (ROS), two
longitudinal clinical pathologic studies of aging. Additional analyses examined whether
associations between TDP-43 pathology and literacy remained significant after further
adjusting for cognitive function and whether literacy levels differed by pathologic staging of
TDP-43.

Material and Methods

Participants

Participants were enrolled in two ongoing longitudinal clinical pathologic studies of aging
and dementia, Rush Memory and Aging Project (MAP) and the Religious Orders Study
(ROS) 19, Rush MAP started in 1997 and recruits older adults from senior housing facilities
and retirement communities across the Chicagoland metropolitan area. ROS started in 1994
and recruits older priests, nuns, and brothers from 45 sites across the United States.
Participants in both studies enroll without known dementia, agree to undergo annual clinical
evaluation and interview, including detailed neuropsychological testing, and consent to
organ donation at the time of death. The study was approved by the Institutional Review
Board of the Rush University Medical Center 19: 20,

At the time of the analyses, Rush MAP and ROS recruited cumulatively 3,503 older persons,
of which 3,420 completed baseline cognitive assessments. Assessments of literacy were
added beginning in 2010. Of 1,214 persons alive and in study since the literacy assessment
began, 1,196 persons (98%) completed both cognitive and literacy assessments, and out of
those 341 participants died and 307 were autopsied. We further restricted our sample to 293
(95%) participants who came to autopsy and had complete TDP-43 neuropathology data.
None of these cases had a pathological diagnosis of FTLD. The mean age at death was 90.9
year (SD=6.08), mean education was 15.3 years (3.18), and 214 (73%) were female.

Literacy and Cognitive Assessment

Literacy was assessed using a battery of 32 questions. The battery of questions was designed
to assess domain-specific knowledge and utilization of health and financial information and
concepts relevant to older adults. The health literacy component includes 9 items that assess
knowledge of Medicare, prescription instruction, leading causes of death in the older
population, and understanding drug risk. The financial component of the literacy assessment
includes 23 items, some adapted from the Health and Retirement Survey, and assesses
knowledge of financial topics, including stocks and bonds and compound interest. Out of the
32 items, questions were true/false or multiple choice and scored as correct or incorrect.
Percent correct was calculated separately for financial and health items, and a composite

Alzheimer Dis Assoc Disord. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kapasi et al. Page 4

score for total literacy was obtained by averaging the two subscale percentages. For this
study, we focused on total literacy proximate-to-death. In previous studies, total literacy had
psychometric properties, and related to health outcomes 3219,

A standard uniform annual cognitive assessment was administered to each participant at
baseline and at each follow-up evaluation, using a battery of 19 neuropsychological tests.
This assessment covers a broad range of cognitive abilities, including memory, attention,
language, perception, and orientation. The Mini-Mental-State-Examination (MMSE) and
Complex Ideation Material (2 tests) were used only for clinical descriptive purposes. The
remaining 17 tests were grouped to measure 5 dissociable cognitive domains: episodic
memory (7 tests), semantic memory (3 tests), working memory (3 tests), perceptual speed (2
tests), and visuospatial ability (2 tests). Raw individual scores from each measure were
converted to z-scores using the baseline mean and standard deviation. A composite measure
of global cognition was obtained by averaging z-scores across all 17 tests, with higher scores
indicating better cognitive performance, as previously described 21, In this study, we
examined global cognition proximate-to-death in analyses.

Neuropathologic assessment of AD and TDP-43

The average post-mortem interval was 10.1 hours (SD=7.70), and brain autopsy follows
standard procedure, as previously described 22. Following macroscopic examination of the
brain, one hemisphere was fixed for at least 48—72 hours in 4% paraformaldehyde in 0.1M
phosphate buffer, cut into 1cm coronal slabs, and designated for diagnostic purposes.

As previously described, AD pathology was assessed from 5 brain regions: midfrontal,
middle temporal, entorhinal, and parietal cortices, and hippocampus 22. Paraffin-embedded
blocks were sectioned at 6um thickness, and stained with a modified Bielschowski silver
stain. Manual counts of neuritic and diffuse plaques, and neurofibrillary tangles in an area of
greatest density from each region were scaled using a region-specific standard deviation, and
then averaged across all 5 regions to create summary scores. A composite global AD
pathology score was obtained by averaging the summary scores for each of the 3 AD
pathologies, and this composite measure was used in our analyses. A pathological diagnosis
of AD was determined by intermediate or high likelihood using the modified National
Institute on Aging-Reagan (NIA-Reagan) criteria 23, and used for descriptive purposes.

TDP-43 immunohistochemistry was performed on 6 brain regions: amygdala, hippocampus
(CAL subfield and dentate gyrus), entorhinal, midtemporal, and midfrontal cortices. This
was done using a rat phosphorylated monoclonal TDP-43 antibody (Ser409/Ser410; 1:100;
Ascenion, Munich, Germany). Semi-quantitative measures of pathogenic TDP-43
cytoplasmic inclusions in each region were predetermined based on the number of inclusions
in a 0.25mm? area of greatest density using a 6-point scale, as previously descried 24, We
created 3 distinct TDP-43 stages based on pathological distribution of TDP-43 in older
persons: stage 1 (TDP-43 pathology localized to the amygdala), stage 2 (extending to limbic
structures including hippocampus and/or entorhinal cortex), and stage 3 (extending into the
neocortex) (Figure 1).
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Statistical analyses

Pearson correlation, t-test, chi-square, and analysis of variance (ANOVA) tests described
bivariate associations between demographics, cognitive and literacy measures proximate-to-
death, and neuropathology (AD and TDP-43 pathology). Linear regression models were
performed to examine the independent association of TDP-43 with literacy proximate-to-
death. Previous studies show a relationship between AD pathology and literacy 12; we
therefore adjusted for demographics and AD pathology in initial models. Subsequent
analyses further adjusted for global cognition. Because the association with literacy may not
be proportional across TDP-43 staging, we also performed an analysis of covariance
(ANCOVA) and post-hoc comparisons to examine the difference in total literacy between
TDP-43 stages. Multiple comparisons were adjusted using Tukey Kramer correction. All
analyses were conducted with SAS/STAT software version 9.4 (SAS Institute Inc, Cary, NC)
using a Hewlett Packard server with a Linux operating system.

RESULTS

Pathogenic TDP-43 inclusions were present in 143 (48.8%) older participants, with 58
having TDP-43 pathology confined to the amygdala (stage 1), 45 with extension of TDP-43
pathology to limbic structures (hippocampus and/or the entorhinal cortex; stage 2), and 40
with TDP-43 in neocortical brain regions (stage 3). Pathologic diagnosis of AD was frequent
(n=198, 67.8%), with 108 (36.9%) participants having both a pathologic diagnosis of AD
and any TDP-43 pathology. Demographic, clinical, and pathologic data for participants in
each of the TDP-43 stages are shown in Table 1. Similar to previous reports, older age was
correlated with lower literacy (r=-0.27, p<0.001), and male participants had higher literacy
score than female participants (t value =-4.77, p<0.001). Persons with higher stages of
TDP-43 pathology had lower literacy (F (3, 289) =12.29, p<0.001) (Figure 2) and global
cognition (F (3, 289) =10.09, p<0.001), and were more likely to have a pathologic diagnosis
of AD (X2=13.4, degrees of freedom=3, p=0.004).

We next examined the association of total literacy with TDP-43 pathology using linear
regression models. First, in a model adjusted for demographics, TDP-43 pathology was
associated with lower level of literacy proximate-to-death (Table 2, Model 1). Next, we
added a term for global AD pathology score (Table 2, Model 2). In this model, TDP-43
pathology remained associated with lower literacy (estimate for TDP=-3.16; SE=0.86;
p<0.001). AD pathology was also independently associated with lower literacy in this model
(estimate=—7.76; SE=1.60; p<0.001). Because cognition and literacy are strongly associated
3.12 and because TDP-43 pathology is an independent predictor of global cognition 17: 24,
we next assessed the robustness of the association of TDP-43 with literacy global cognition
as a covariate (Table 2, Model 3). In this model, the association between TDP-43 pathology
and lower literacy remained significant, although the effect was attenuated (estimate=-1.53;
SE=0.74; p=0.038). Interestingly, the previously observed association between AD
pathology and literacy was no longer significant.

Since the association of TDP-43 stage with literacy may not be proportional, we conducted
an analysis of covariance examining literacy across TDP-43 stages. Consistent with the
linear regression results, we observed a strong overall association between TDP-43
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pathology and lower literacy scores after for age, sex, education, and AD pathology [F
(df1=7, df2=285) =16.01, p<0.001]. Post-hoc pairwise comparisons of adjusted means
showed differences in literacy between persons with no TDP-43 pathology and those with
neocortical TDP-43 pathology (stage 3) (p=0.005). However, persons with amygdala-only
(stage 1) or limbic-type TDP-43 (stage 2) did not show significant differences compared to
persons with no TDP-43 pathology (Table 3).

DISCUSSION

In this clinical pathologic autopsy study, we leveraged neuropathology data from nearly 300
older adults to examine the association between pathologic burden of TDP-43 pathology and
literacy. We found that TDP-43 pathology is associated with lower literacy among older
persons independent of AD pathology. Further, the association of TDP and literacy is not
fully attributable to cognitive function, suggesting that lower literacy may be a distinct
behavioral manifestation of TDP pathology in the aging brain. Furthermore, compared to
persons with no TDP-43 pathology, those with neocortical TDP-43 exhibited lower literacy,
suggesting that older persons with advanced TDP-43 pathology may be particularly
disadvantaged when confronted by complex medical and financial matters.

To our knowledge, the present study is the first to relate TDP-43 pathology with lower
literacy. There are very limited data that offer insight into the neurobiological basis
underlying low literacy in old age or the behavioral manifestations of TDP-43 other than
cognitive impairment. Literacy assessments can be longitudinal; we have previously shown
persons with lowered literacy at baseline are associated with a higher burden of AD
pathology, above and beyond cognition 12. Our current study extends these findings in
several ways. First, these data suggest TDP-43 pathology is associated with lower literacy
independent of AD pathology. Second, TDP-43 pathology appears to be partly influencing
literacy via its effect on knowledge or behavior not captured by traditional, performance-
based cognitive assessments. Lastly, our findings show that cognition accounts for a greater
proportion of shared variance between AD pathology and literacy compared to TDP-43 and
literacy, suggesting that the effect of AD pathology with literacy works primarily through
cognition, whereas TDP-43 pathology does not. Unlike our previous study 12, the
association of AD pathology with lower literacy was not significant after adjusting for
cognitive function in the present analyses; this might be due to the current study’s larger
sample size, the use of literacy measure proximate-to-death as oppose to using literacy
measures obtained many years prior, or the inclusion of TDP-43 in the current models.
Together, our findings support the hypothesis that TDP-43 pathology in older persons affects
a broader spectrum of behavior than previously recognized and that its impact extends
beyond traditional aspects of cognitive function.

The acquisition of domain-specific knowledge not only requires traditional cognitive
abilities but also reflects various social/behavioral skills, such as motivation, engagement,
and goal-orientated behaviors. All of these skills work together to permit an individual to
access, understand, and utilize information to promote better health-related behaviors and
avoid adverse outcomes 8. We previously reported that lower literacy predicts subsequent
age-related cognitive decline 3, and the development of MCI 2 25 and Alzheimer’s dementia
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12 1n keeping with this, we and others show that TDP-43 pathology is important in the
development of dementia and rate of cognitive decline 13:17. 26 While it is well established
that early behavioral changes occur in those diagnosed with frontotemporal lobar
degeneration with TDP-43 inclusions, there is a growing body of evidence describing ‘Mild
Behavioral Impairment” as early personality or behavioral changes that precede MCI and
Alzheimer’s dementia 27, Our findings are consistent with this notion, as they suggest that
accumulation of TDP-43 pathology not only has a deleterious effect on memory but also
other critical behaviors such as literacy that are essential for health and well-being.

From an anatomical standpoint, maintaining skills for adequate literacy function requires
multiple complex neural networks from both cortical and subcortical brain structures to
correctly process information. Progression of TDP-43 pathology in older persons largely
involves multiple regions of the limbic system, including the amygdala, hippocampus, basal
forebrain, and insular cortex 32, These brain regions are instrumental in registering complex
social, cognitive, emotional, and environmental information, are sensitive to psychological
factors 2829, and fundamental in functional connectivity patterns associated with literacy
and decision making 1% 30. 31, TDP-43 pathology also involves neocortical brain regions
including the anterior temporal lobe 14 and occipitotemporal 32 and orbitofrontal cortices 32,
regions critical for language processing, comprehension 34, reading skills 3°, and decision-
making. Given the functional importance of these regions, it might be that TDP-43
pathology impairs a myriad of regional brain networks and pathways necessary for both
cognitive and behavioral skills, including literacy function. In the present study, neocortical
TDP-43, but not limbic TDP-43, appeared to be a particularly important driver of lower
literacy in older adults. We have previously shown accumulation of TDP-43 pathology in the
anterior temporal pole is earlier than the involvement of other neocortical regions, and is the
most frequently involved neocortical region 14. Future studies are warranted to investigate
the relationship between regional TDP-43 pathology and literacy across different neocortical
stages.

This study has multiple strengths. To our knowledge, this is the first study to integrate
TDP-43 pathology with financial and health literacy data. Detailed neuropathological
assessments to identify AD and TDP-43 pathology were completed, with a large proportion
of post-mortem brains from older persons having both AD and TDP-43 pathology.
Availability of this post-mortem data provides new insights regarding the behavioral clinical
manifestations of TDP-43 pathology, independent of AD, in older persons. Furthermore,
data came from two well-established community-based older persons who completed a
detailed, validated battery of cognitive tests, and a standardized literacy assessment that has
been previously adopted in a number of prior studies. Limitations of the present study are
that the study sample was largely non-Hispanic white, and relatively highly educated; thus,
these data may not be generalizable to the overall older adult population. A second
limitation is that autopsy pathology data was only collected from one hemisphere, raising
the possibility that unilateral pathologies were not identified. Third, due to the low numbers
in the present study we only included distribution of cytoplasmic TDP-43 inclusions across
3-stages. Future studies addressing the relationship of literacy to the more fine-graded 5-
stage of TDP-43 distribution, as previously described 14, will be important. Lastly, the
current analyses are restricted to cross-sectional relation between TDP-43 and literacy.
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However, longitudinal assessments of literacy are ongoing, and will be essential in
elucidating the neurobiological basis underlying literacy decline in future studies.
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Figure 1 - Pathological distribution of TDP-43 across each of the stages
In stage 1, TDP-43 pathogenic inclusions are observed only in the amygdala. In stage 2,

TDP-43 pathogenic inclusions extend into limbic structures including the entorhinal cortex
and hippocampus. Lastly in stage 3, TDP-43 immunoreactivity is widespread and affects the
neocortex. Abbreviations: AMY — amygdala; EC — entorhinal cortex; DG — dentate gyrus;
CALl - hippocampal CA1 subfield; MTC — middle temporal cortex; MFC — midfrontal
cortex. Scale bar = 25um. All images are same magnification.
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TDP-43 stages
Boxplot showing literacy scores across TDP-43 stages
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Table 1-

Characteristics of participants across TDP-43 stages (n=293)

TDP-43 Stages

Stage 0, n=150 | Stage 1, n=58 | Stage 2, n=45 | Stage 3, n=40
Demographics
Age-at-death, y, mean (SD) 89.5 (6.50) 91.3(6.17) 93.0 (4.75 101.6 (4.11)
Female, n % 103 (68.7%) 43 (74.1%) 31 (68.9%) 37 (92.5%)
Education, y, mean (SD) 15.4 (3.37) 18.8 (3.14) 14.8 (2.92) 15.6 (2.61)
Clinical (proximate-to-death)
Literacy score, mean (SD) 60.5 (17.93) 53.1(17.70) 52.36 (15.40) 43.1(13.35)
MMSE score, mean (SD) 24.0 (6.96) 22.2(8.22) 22.05 (6.95) 16.6 (9.51)
Global cognition, mean (SD) -0.5(1.07) -0.7 (1.05) -0.9 (1.04) -1.5(1.01)
Pathologic
AD pathology score, mean (SD) 0.6 (1.07) 0.8 (0.62) 0.7 (0.49) 1.09 (0.59)
NIA-Reagan, n (%) 90 (60%) 40 (69.0%) 32 (71.1%) 36 (90.0%)

Page 12

Abbreviations: y — Years; SD — Standard deviation, MMSE — Mini-Mental-State-Examination; AD — Alzheimer’s disease; TDP-43 — Transactive

response DNA-Binding Protein 43
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Relation of TDP-43 with literacy

Table 2-

Model terms

Model 1

Model 2

Model 3

Age-at-death

-0.45 (0.18, 0.013)

-0.46 (0.15, 0.003)

-0.34 (0.13, 0.008)

Male sex

13.52 (2.45, <0.001)

6.83 (2.08, 0.001)

8.51 (1.75, <0.001)

Education

1.06 (0.34, 0.002)

0.94 (0.29, 0.001)

0.37 (0.25, 0.13)

TDP-43

-3.89 (0.88; p<0.001)

-3.16 (0.86, <0.001)

-1.53 (0.74, 0.038)

AD pathology

-7.76 (1.60, <0.001)

0.05 (1.51, 0.98)

Global Cognition

9.25 (0.83, <0.001)

Values are based on linear regression model adjusting for model terms. Cell entries are estimate (SE, p-value)
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Table 3-

Pairwise comparisons of adjusted means for literacy scores across TDP-43 stages

Stage 1(Amygdala-only)

Stage 2(Limbic-type)

Stage 3(Neocortical-type)

Stage 0 (No TDP-43) p=0.15 p=0.15 p=0.005
Stage 1 (Amygdala-only p=0.10 =0.46
Stage 2 (Limbic-type) p=0.62

Comparison of total literacy means across different TDP-43 stages are adjusted for age, sex, education, and AD pathology. Cell entries are p-values.
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