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Abstract

BACKGROUND: Transactive response DNA-binding protein of 43kDa (TDP-43) is associated
with memory impairment and overall cognitive decline. It is unclear how TDP-43 contributes to
the rate of clinical decline.

OBJECTIVE: To determine whether cross-sectional and longitudinal cognitive and functional
decline are associated with anatomical distribution of TDP-43 in the brain.

METHODS: Longitudinal clinical-neuropathologic autopsy cohort study of 385 initially
cognitively normal/mildly impaired older adults prospectively followed until death. We
investigated how TDP-43, AB, tau neurofibrillary tangles (NFT), Lewy body disease (LBD), age,
seXx, genetics are associated with clinical scores and rates of their longitudinal decline.

RESULTS: Of 385 participants, 260(68%) had no TDP-43, 32(8%) — TDP-43 limited to
amygdala, 93(24%) — TDP-43 in the hippocampus and beyond. Higher TDP-43 and Braak NFT
stages independently were associated with faster decline in global cognition, functional
performance measured by Clinical Dementia Rating scale, naming and episodic memory whereas
older age was associated with slower rate of cognitive, psychiatric and functional decline. Cross-
sectionally the following associations were found: higher TDP-43 and Braak NFT — worse
performance; higher A burden — worse global cognition , more behavioral changes the latter also
with higher LBD; older age — worse naming , lower frequency of behavioral changes; female sex —
more impaired naming and better preserved episodic memory. There were no genetic associations.
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CONCLUSIONS: The association of TDP-43 distribution with decline in cognitive and
functional performance suggests that TDP-43 is playing a role in the clinical progression to
dementia. Further characterization of clinical features associated with TDP-43 can facilitate
establishment of antemortem diagnosis.
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INTRODUCTION

Phosphorylated transactive response DNA-binding protein ~ 43kDa (TDP-43) is a
recognized independent driver of neurodegeneration in individuals with and without
Alzheimer’s disease neuropathological changes (ADNC) [1-3]. In individuals with ADNC
(presence of amyloid-p [AB] and tau on brain autopsy) the hippocampus is particularly
vulnerable to abnormal TDP-43 deposition, with hippocampal volumes being smaller at
baseline and atrophying faster over time, independent of concomitant ADNC[2, 4, 5]. The
hippocampus is critical for episodic memory encoding and recall[6], as well as other
cognitive functions; therefore, TDP-43-mediated hippocampal atrophy, as well as
neurodegeneration of other regions (e.g. amygdala)[4] could potentially clinically translate
into more advanced memory impairment and overall cognitive and functional decline in
individuals who had been found to be TDP-43 positive on brain autopsy compared to their
TDP-43 negative counterparts, regardless of ADNC[7-11].

Detailed cognitive, functional and neuropsychological data comparing TDP-43 positive and
TDP-43 negative individuals is limited and mostly cross-sectional in nature [7, 8, 12, 13].
Hence, it is unclear to what extent TDP-43 contributes to an individual’s rate of clinical
decline, whether TDP-43 stage-dependent rate of hippocampal neurodegeneration[2]
translates into faster cognitive decline, and if so whether this rate of decline is likewise
TDP-43 distribution (stage)-dependent.

In this study we sought to determine whether baseline and longitudinal change in cognition,
particularly those related to episodic memory, and functional performance are associated
with TDP-43 stage: TDP-43 negative (T0), TDP-43 present and limited to being deposited in
the amygdala (T1) and TDP-43 positive with extension in to the hippocampus and beyond
(T2). To address our aim we analyzed a large cohort of participants who had been recruited,
prospectively followed by behavioral neurologists and neuropsychologists until death and
had brain autopsy. We hypothesized that higher TDP-43 stage would be associated with
greater cross-sectional episodic memory loss and faster rates of memory loss over time.

MATERIALS AND METHODS
STUDY DESIGN AND PARTICIPANTS

We conducted a longitudinal clinical-pathologic study using an autopsy cohort of
participants who were enrolled in the Mayo Clinic Alzheimer’s Disease Research Center
(ADRC), the Mayo Clinic Alzheimer’s Disease Participant Registry (ADPR) or the Mayo
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Clinic Study of Aging (MCSA)[14], and were prospectively followed to the time of their
death and had a brain autopsy. All participants had died between May 121", 1999 and
December 315!, 2015. From this cohort we identified all participants who met the following
inclusion criteria: (1) the participant had TDP-43 status and TDP-43 stage determined
(n=746); (2) the participant had Braak neurofibrillary tangle (NFT) stage and AB neuritic
plaque score determined in accordance with the National Institute on Aging—Alzheimer
Association (NIA-AA) neuropathologic diagnostic criteria[15] (n=746); (3) the participant
had at least one follow-up clinical exam data available (n=657); (4) at initial evaluation the
participant had Clinical Dementia Rating Sum of Boxes (CDRSB)<1 (n=385). A total of 385
of participants met our inclusion criteria. Participants with initial CDRSB>1 were excluded
in order to estimate the earliest time of onset of potential effect of TDP-43 on cognitive and
functional decline and to limit the missing data due to untestable state of functioning early in
follow-up. All participants had been clinically evaluated by a board certified behavioral
neurologist and neuropsychologist, had completed clinical and neuropsychological testing
on a yearly basis up to the time of death; cognitive status was determined by consensus after
each research visit.

At the time of enrollment, participants’ demographics (age, sex, etc.) were collected and
apolipoprotein E epsilon 4 (APOE e4) genotyping was performed as previously
described[16].

STANDARD PROTOCOLS APPROVALS, REGISTRATIONS AND PARTICIPANT CONSENTS

This study has been approved by the Mayo Clinic Institutional Review Board, and ADPR
and MCSA participants were also approved by the Olmsted Medical center Institutional
Review Board. All participants and/or their proxies signed a written informed consent form
before taking part in any research activities in accordance with the Declaration of Helsinki.

CLINICAL EVALUATION

The following battery of tests was administered at each visit: Mini-Mental Status
Examination (MMSE)[17], a test of general cognitive function; modified Clinical Dementia
Rating sum of boxes (CDRSB)[18], a measure of functional performance; the
Neuropsychiatric Inventory — Questionnaire (NP1)[19] completed by a partner/caregiver
assessing the presence of behavioral/psychiatric changes in the participants.

The neuropsychological evaluation of participants was overseen by an experienced
neuropsychologist independent of the neurological assessment. The following battery of
tests were completed: 60-item Boston Naming Test (BNT)[20] assessing confrontational
naming and hence language; Wechsler Memory Scale-Revised Logical Memory | (WMSR
Log Mem 1)[21], an episodic memory test which assesses immediate recall of paragraph-
length stories; the Rey Auditory Verbal Learning Test (AVLT)[22], a test of episodic verbal
memory, is a list learning test that includes five learning trials, an interference trial,
immediate recall and delay recall trials, and recognition. Briefly, a list of 15 words is read
aloud to the participant after which the participant is asked to immediately recall as many
words as he/she remembered; this procedure is repeated for 5 consecutive trials. The Sum
AVLT 1-5 score represents the total number of words the participant could cumulatively
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recall from all 5 learning trials. After the 51 trial, a second list of 15 new words is read to
the participants after which the participant is asked to recall them. Immediately after, the
participant is asked to recall the words from the 15 list (trial 6). Thirty minutes after the
introduction of the 2" word list and the completion of other neuropsychological testing, the
participant is asked again to recall the words from the 15 list (trial 7). The Sum AVLT 1-7
score represents the total number of words from the 15 word list the participant could
cumulatively recall from all 7 trials. The AVLT Delayed Recall represents the number of
words from the 15t list that the participant could recall on trial 7.

PATHOLOGIC EVALUATION

All cases underwent pathological examination according to the recommendations of the
NIA-AA[15]. Each participant was assigned a Braak NFT stage 0-VI[23] and neocortical
AP neuritic plaque density score 0-3 according to the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD)[24].

Cases were designated as TDP-43-positive if TDP-43 immunoreactive neuronal cytoplasmic
inclusions, dystrophic neurites, neuronal intranuclear or neurofibrillary tangle associated
inclusions were identified in the amygdala[25, 26]. For all cases in which TDP-43 was
observed in the amygdala, we subsequently assessed for the presence of TDP-43 in the
hippocampus (subiculum, CA1 and dentate fascia) and beyond (entorhinal cortex,
occipitotemporal cortex, insula, basal nucleus, inferior temporal cortex, inferior olive,
substantia nigra, midbrain tegmentum, basal ganglia, middle frontal gyrus)[25, 26]. All cases
were then classified as: TDP-43 stage 0 (T0) = those without any TDP-43 immunoreactivity;
TDP-43 stage 1 (T1) = those with TDP-43 restricted to the amygdala; and TDP-43 stage=2
(T2) = those with TDP-43 in hippocampus with or without lesions beyond the
hippocampus[2, 5]. This categorization was used to allow the TDP-43 effect to vary by stage
0 versus stage 1 versus stage=2[25, 26]. The grouping of those in stages 2 and above was
based on the commonality of hippocampal TDP-43 and to keep the analyses tractable[2].

The presence of Lewy bodies in the brainstem, limbic system or amygdala, or neocortex was
documented and staged according to NACC (NACCLEWY)[27]: 0 = no Lewy bodies; 1 =
brainstem-predominant Lewy bodies; 2 = amygdala-predominant or limbic/transitional
Lewy body disease (LBD); 3 = diffuse/neocortical LBD. For vascular pathology we used the
following staging scheme: 0 = no vascular infarcts; 1 = microinfarcts or lacunar/large
infarcts; 2 = both microinfarcts and lacunar/larger infarcts present[28].

STATISTICAL ANALYSIS

For descriptive summaries, we defined a participant’s baseline measure as their earliest
clinical evaluation and defined their rate of change based on the slope of a person-specific
least squares regression line fit to their clinical score versus age. For those with only two
time points, the least squares fit coincides with a line drawn through their two data points.
We then compared TDP-43 groups on these numeric baseline and rate measures using
ANOVA and pairwise Wilcoxon rank-sum tests.

We used linear mixed effects models to assess the changes in clinical scores with each
clinical score as an outcome, and time from clinical exam to death (centered at 5 years
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before death with 1 year per unit increase), sex, APOE e4 status, age at death (centered at 80
years old with 5 years per unit increase), Braak NFT stage, AP neuritic plaque score, LBD
stage and TDP-43 stage as explanatory variables. Braak NFT stage, Ap neuritic plaque
score, LBD stage and TDP-43 stage are treated as continuous in order to increase power of
analysis.

Each explanatory variable was included so that the covariate could have an effect on mean
clinical score at a point in time and on mean annual change in clinical scores. In this way
one mixed effect model can address both cross-sectional and longitudinal effects. The
associations between each explanatory variable and outcome variable are shown after adding
the effects of all the other explanatory variables in the model. The estimates are expressed as
points of the clinical score of a certain test; however, due to the different scales used for each
test the effect sizes might differ. The results of cross-sectional and longitudinal models can
be interpreted as following: at a given point in time a patient with 1 level increase in TDP-43
stage will score 2 points lower on Boston naming test (1 point = 1 word; maximum score =
60 points) than a patient with TDP-43 stage 1 level lower. In terms of rate, a patient with 1
level increase in TDP-43 stage will be scoring approximately 0.2 points lower per year on
BNT compared to a patient with TDP-43 stage 1 level lower which results in naming 1 word
less in 5 years. We modeled time as age at death minus age at clinical evaluation. The mixed
models included participant-specific random intercepts and random slopes. All analyses
were performed using R version 3.6.2. Mixed models were fit using the Ime4 package
version 1.1-21.

We also performed a subanalysis excluding all patients with high ADNC, i.e. Braak NFT
stage V1 and frequent neuritic plaques (C3), n=45, in order to see whether associations and
direction of the rate of decline are maintained when high likelihood ADNC cases are
removed.

Demographic, genetic, pathologic and clinical characteristics of the participants are
summarized in Table 1. Of 385 participants included in this study, 125 (32%) had TDP-43
immunoreactive inclusions. TDP-43 positive participants were more likely to be APOE &4
carriers, have more advanced ADNC and LBD, be older and more cognitively impaired at
the last evaluation prior to death; these differences were not statistically significant between
the TDP-43 stages (T1 vs T2) and in case of LBD also TO and T1 except for age at last
clinical evaluation. All participants had at least 2 clinical evaluations with the majority in all
groups having more than 4 evaluations prior to death, and those with T2 having the highest
number of visits. For each participant we calculated a rate of change on each clinical score
and summarized these rates along with baseline values in Table 2; the difference shown
between TDP-43 groups in baseline scores and rate of decline in performance are from
univariate analysis unadjusted for potential confounders.

Linear mixed effects model results are summarized in Figure 1, Tables 3, and Table 4. For
the cross-sectional component of these model-based analyses, higher TDP-43 stage was
independently associated with significantly worse scores on all tests except for NPI-Q.
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Higher Braak NFT stage was associated with worse performance on all clinical tests. Higher
AP neuritic plaque score was independently associated with worse scores on MMSE,
CDRSB, and NPI-Q. Higher LBD stage was associated with worse scores on NPI-Q only..
Other important associations identified were: older age was associated with lower scores on
BNT and NPI-Q; female sex was associated with worse performance on BNT and better
performance on all subscores of AVLT. While education years differed significantly between
men and women (median 15 years [range 6 — 20] in men vs. median 14 years [range 6 — 20],
p=0.03); when models were adjusted for education, sex differences were still present for
BNT and AVLT in cross-sectional model (p<0.001).

For the longitudinal component of our model-based analysis, higher TDP-43 stage was
independently associated with faster rates of decline in performance on MMSE, CDRSB,
BNT, sum AVLT 1-5, and a trend of faster rates of decline in performance on WMSR
Logical Memory | and sum AVLT 1-7. Higher Braak NFT stage was independently
associated with faster rate of decline in performance on all tests except for NPI. In contrast,
when controlling for all other explanatory variables (sex, APOE &4, AB neuritic plaque
score, LBD, TDP-43 and Braak NFT stages), we found that older age was associated with a
slower rate of decline in performance on MMSE, CDRSB, BNT, NPI, sum AVLT 1-5, and
sum AVLT 1-7 (Figure 1, Table 3 and 4).

In the subanalysis performed with high likelihood ADNC cases excluded, all of the above
reported associations persisted.

DISCUSSION

In this clinical-pathologic study of 385 autopsied older adults with ample longitudinal
clinical evaluation, we found that after controlling for sex, age, APOE e4 carriership status,
Braak NFT stage, Ap neuritic plaque score, and LBD stage, an increase in TDP-43 stage is
independently associated with faster rate of decline in global cognition (MMSE), functional
performance (CDRSB), naming (BNT) and episodic memory (sum AVLT 1-5). These
longitudinal associations including all measures of episodic memory (WMSR Log Mem I,
all AVLT subscores) were also observed with increasing Braak NFT stage. Older age, on the
other hand, was associated with slower rate of decline in global cognition, functional
performance, naming, episodic memory and accumulation of psychiatric symptoms (NPI).

Our finding of TDP-43 being associated with greater impairment in global cognition,
functional performance, naming, and episodic memory at a single point in time is in keeping
with previous reports from our group[7, 8], as well as other centers[11, 12, 29, 30]; as in our
previous studies, these association are stage dependent with higher TDP-43 stage relating to
greater impairment[8, 25, 26]. The novelty of this study is that higher TDP-43 stage is also
associated with faster decline in global cognition, functional performance, and poorer
naming and memory performances which were also stage-dependent.

Faster rates of global cognitive decline and episodic memory deterioration have previously
been reported by colleagues at Rush University Medical Center which we have now
validated in an independent cohort [31-33]. In addition, we also link TDP-43 stage to faster
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decline in naming performance and to functional decline. Given that entorhinal cortex is a
functional hub for naming[34] and an increase of TDP-43 stage is associated with
progressive atrophy affecting the entorhinal cortex[4], this association is not surprising.

Episodic memory is functionally attributed to the hippocampal formation[6, 34] and hence
might be the most vulnerable to TDP-43 deposition and progression given that faster rates of
hippocampal atrophy are linked to TDP-43 and that atrophy accelerates with increase in
TDP-43 stage[2, 5]. Therefore, our clinical findings related to the rate of episodic memory
decline might mirror TDP-43 mediated accelerated rate of hippocampal atrophy. An
interesting question is whether an increase in TDP-43 stages has a greater effect on encoding
(sum AVLT 1-5) compared to retrieval (AVLT Delayed Recall) as faster rate of decline in
performance only on certain AVLT subscores has been found in this study. This might be the
case with varying susceptibility of hippocampal subfields to TDP-43 aggregation and
TDP-43 associated rate of atrophy which clinically could translate into different degrees of
impairment of particular components of episodic memory. A clinical-neuropathologic study
assessing the associations between TDP-43 burden and/or atrophy in hippocampal subfields
(e.g. CA2/3 vs subiculum) and the components of episodic memory is needed to test this
hypothesis.

Wilson et a/[33] found an association between higher TDP-43 burden and faster rates of
decline in working memory which functionally is connected to frontal regions[35]. We did
not test for the association with working memory in this study, although we have shown that
hypometabolism on [18F]-flurodeoxyglucose PET in frontal regions is a feature of TDP-43
deposition even when TDP-43 deposition is limited to amygdala, and in the absence of
significant atrophy on magnetic resonance imaging[36]. Therefore, impairment in working
memory may be related to TDP-43 mediated functional network disruption between frontal
and limbic regions rather than direct TDP-43 aggregation/atrophy of frontal neocortex.

A recent study reported that neuropsychiatric symptoms were less frequent in patients with
concomitant TDP-43 and AD pathologies compared to pure AD suggesting a
neuroprotective effect of TDP-43 in regards to emergence of psychiatric features in patients
with AD and hence warranting longitudinal studies[37]. We, however, did not observe a
positive or negative association between the severity of psychiatric symptoms and TDP-43
stage in our longitudinal analysis or cross-sectional analysis. Hence, we cannot confirm or
refute this observation. Given our findings and evidence from colleagues[33], increase in
TDP-43 distribution may lead to acceleration in decline in multiple cognitive domains
resulting in overall functional decline and potentially faster progression to dementia.

Increasing Braak NFT stage was also associated with faster rates of decline in global
cognition, functional performance, naming and episodic memory. The effect of tau on
accelerated decline in various cognitive domains has also been reported by another group of
researchers [31-33]. In addition to that, here we show in an autopsy-confirmed cohort that
an increase in Braak NFT stage is associated with faster overall functional decline measured
by CDRSB. Overall, NFT-tau related to an accelerated decline in performance on all
administered tests with the exception of NPI. Taken together, this finding from our study and
the others is evidence that increases in NFT-tau may have a more widespread effect affecting
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even more cognitive domains, both cross-sectionally and longitudinally, which can be
related to its more widespread distribution in neocortex compared to TDP-43[23, 25, 26]. It
is unclear whether there is an interaction between NFT-tau and TDP-43 that might affect the
rate of decline on clinical tests and further research is warranted; however, we did not find
the modification by NFT-tau of the TDP-43 effect on rates of hippocampal atrophy in our
earlier study[5]. Another recent study also reported finding lower MMSE final scores in
patients with higher TDP-43 stage independent of both early and late tau pathology;
however, no difference in rate of decline was found possibly due to the smaller sample size
and reduced power[30].

Age is an important variable associated with rate of decline in cognitive performance and
had an opposite association to TDP-43 and tau — older age was associated with slower
decline in performance and function. Interestingly, we found a similar relationship between
age and rate of hippocampal atrophy[5] which perhaps is the product of acceleration
resulting in the most drastic change in hippocampal volume over time happens earlier in life
and once a certain “volume threshold” has been reached, that further decline is relatively
slower compared to early rates[38]. Given that older age was associated with poorer
performance cross-sectionally, it is possible that the “threshold” theory is appropriate.
Another possibility is that older participants in this group, particularly those with
hippocampal TDP-43, had more research visits compared to TDP-43 negative participants.
Each research visit included administration of the same battery of tests; therefore, the age-
related improvement in performance could be a potential result of practice effects[39].
Lastly, slower rates of decline at older age can be the effect of more severity tau deposition
in younger patients[40].

Unlike with TDP-43, NFT-tau, and age, no other associations with rate of decline were
found. Cross-sectionally, we found evidence suggesting that an increase in A neuritic
plaque score was related to poorer functional performance and a higher frequency of
behavioral/psychiatric symptoms as measured by the NPI-Q the latter finding being
discordant with a study from another group on neuropsychiatric symptoms and ADNC
where only associations with Braak NFT stage where found[41]. A higher frequency of
behavioral/psychiatric symptoms was also found to be associated with higher LBD stage
which is consistent with findings from another center where psychosis, hallucinations and
delusions in patients with pathologically confirmed AD were also associated with higher
LBD stage[42]. Our study also further suggests that that association is not being driven by
tau NFT, A, or TDP-43. Our findings of female advantage on verbal memory tasks are
consistent with previous reports and might reflect a sex-specific form of cognitive reserve
and therefore emphasize the need for sex-adjustments for AVLT [43-45]. Men, on the other
hand, historically outperform women on naming tests with a possible explanation of greater
left hemispheric lateralization for language in men compared to women and therefore
naming advantage[46].

Strengths of this study include the longitudinal design, large sample size, ample clinical and
pathologic data and robust statistical analyses. There are also limitations. While we
concentrated on the association of TDP-43 with global cognition, functional performance,
behavior and particularly episodic memory, there are other associations worth exploring. We
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also acknowledge that our cohort is not racially diverse with almost all participants being
Caucasian of European descent and of non-Hispanic ethnicity which may limit
generalizability to other populations.

The present study provides further evidence that TDP-43 has an impact on clinical signs and
symptoms and furthermore contributes to faster rates of cognitive, behavioral and functional
decline along with NFT-tau. Hence, unraveling peculiarities of the clinical phenotype of
participants with TDP-43 in combination with reported potential imaging associations[7, 36]
can aid in ante mortem diagnosis and prognosis, and will be important for clinical trial
enrollment and surveillance.
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Figure 1. Forest plot showing estimates and 95% confidence intervalsfor cross-sectional and
longitudinal models

Forest plots that do not cross red dotted line represent statistically significant associations
(7>0.05). In our model, age at death was centered at 80 years old with 5 years per unit
increase, and time to death was centered at 5 years before death with one year per unit

increase
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