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Abstract

Background—TAR DNA-binding protein 43 (TDP-43) has been identified as a major disease

protein in frontotemporal lobar degeneration. More recently, TDP-43 proteinopathy has also been

observed in Alzheimer's disease (AD) with a characteristic distribution of TDP-43 predominantly

in the mesial temporal lobe, and to a lesser degree in the neocortical areas. AD subjects with

psychotic symptoms (AD+P) represent a subgroup characterized by greater impairment of frontal

cortex-dependent cognitive functions and more severe frontal cortical neuropathology. The aim of

this study is to determine whether there is an association between TDP-43 pathology and AD+P.

We hypothesized that TDP-43 pathology would be more frequent in AD+P than in AD without

psychosis.

Methods—We studied the presence and distribution of TDP-43 pathology by

immunohistochemistry in the dentate gyrus (DG) and prefrontal cortex (FC) of postmortem brain

specimens from 68 subjects with a primary neuropathologic diagnosis of AD as determined by the

Neuropathology Core of the University of Pittsburgh Alzheimer's Disease Research Center.
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Results—Forty-five (66%) subjects were classified as AD+P. Fourteen (20.6%) subjects had

TDP-43 pathology in DG, eight (11.8%) had TDP-43 pathology in FC, and six (8.8%) had

TDP-43 pathology in both regions. TDP-43 in DG was not significantly associated with AD+P.

However, TDP-43 in FC demonstrated a trend toward reduced likelihood of psychosis (p = 0.068).

TDP-43 pathology in DG, but not FC, was significantly associated with greater age at death and

longer duration of illness.

Conclusions—Our findings indicate that there was no association between concomitant TDP-43

pathology in DG or FC and AD+P.
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Introduction

Alzheimer's disease (AD) is a progressive clinicopathological condition characterized by a

dementia syndrome with specific neurodegenerative changes in the cerebral cortex.

Psychotic symptoms, delusions, and hallucinations are common in AD, with a prevalence

exceeding 40% (Ropacki and Jeste, 2005). AD with psychotic symptoms (AD+P) has been

identified as a subtype of AD distinguishable from AD without psychosis (AD−P) (Sweet et

al., 2003; Murray et al., 2013). The most consistent correlate of AD+P has been greater

global cognitive impairment and more rapid cognitive decline (Ropacki and Jeste, 2005;

Emanuel et al., 2011). AD+P is also associated with greater impairment of executive

function (Jeste et al., 1992), greater functional impairment (Scarmeas et al., 2005),

significant patient and caregiver distress (Kaufer et al., 1998), higher institutionalization

rates (Lopez et al., 1999), and personality and behavioral changes (Deutsch et al., 1991;

Flynn et al., 1991). Congruent with the clinical profile of AD+P, in vivo functional imaging

studies have found that AD+P subjects demonstrated excessive impairment of neocortical

blood flow and glucose metabolism in comparison with AD−P subjects, with the

dorsolateral prefrontal cortex (DLPFC) particularly affected (Starkstein et al., 1994; Kotrla

et al., 1995; Sultzer et al., 1995; Staff et al., 1999; Mega et al., 2000).

The clinical correlates of AD+P summarized above led researchers to hypothesize that AD

+P would be associated with elevated frontal cortical neuropathology, particularly involving

the DLPFC. Farber et al. (2000) found that AD+P subjects had a 2.3-fold greater density of

neocortical neurofibrillary tangles than AD−P subjects, involving the middle frontal cortex,

superior temporal cortex, and inferior parietal lobule (Farber et al., 2000). Sweet et al.

(2002) examined neuronal markers of synaptic integrity and found reduced N-acetyl-L-

aspartate concentrations and increased glycerophosphoethanolamine concentrations in

multiple neocortical brain regions of AD+P subjects, including the DLPFC (Sweet et al.,

2002). A recent study by Murray et al. (2012) showed reduced concentrations of soluble Aβ

1–40, and increased ratio of soluble Aβ 1–42/Aβ 1–40 (Murray et al., 2012). That study also

examined DLPFC levels of kalirin (Murray et al., 2012), a neuronal guanine nucleotide

exchange factor thought to function as a primary controller of neuronal plasticity at the level

of dendritic spines (Penzes and Remmers, 2012). Multiple kalirin isoforms, kalirin-7,
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kalirin-9, and kalirin-12 had reduced expression in the DLPFC of AD+P subjects (Murray et

al., 2012). These reports are consistent with the hypothesis that AD+P is associated with

more severe frontal cortical neuropathology, although findings of no increased pathology

have been reported (Sweet et al., 2000).

TAR DNA-binding protein 43 (TDP-43) has been identified as a major disease protein in the

pathologic lesions in frontotemporal lobar degeneration (FTLD) with ubiquitin-positive

inclusions, now renamed as FTLD-TDP (Mackenzie et al., 2009) and amyotrophic lateral

sclerosis (Neumann et al., 2006). TDP-43 proteinopathy has also been observed in other

neurodegenerative disorders, including AD (Uryu et al., 2008). TDP-43 is a highly

conserved 414 amino acid nuclear protein with a molecular weight of approximately 43 kDa

(Chen-Plotkin et al., 2010) and is predominantly nuclear under physiological conditions

(Wang et al., 2002). TDP-43 is synthesized in the cytoplasm and shuttles between the

nuclear and cytoplasmic compartments (Ayala et al., 2008; Winton et al., 2008). In

neurodegenerative diseases, TDP-43 is poorly soluble, hyperphosphorylated, ubiquitinated,

cleaved into small fragments, and localized in the cytoplasm or nucleus as inclusion bodies

(Chen-Plotkin et al., 2010). The physiological function of TDP-43 is not completely

understood; however, current evidence suggests that it has several roles in the regulation of

gene expression, including nuclear transcription, and splicing and stability of RNA

transcripts (Buratti and Baralle, 2008).

Many previous studies have identified AD subjects with TDP-43 pathology in the mesial

temporal lobe, e.g. dentate gyrus (DG), entorhinal cortex, and amygdala, and in temporal

and frontal neocortex (Amador-Ortiz et al., 2007; Uryu et al., 2008; Bigio et al., 2010).

Several studies have examined the clinical relevance of concomitant TDP-43 pathology in

AD; however, the results were inconsistent (Josephs et al., 2008; Uryu et al., 2008; Bigio et

al., 2010; Davidson et al., 2011). One study reported that TDP-43 pathology in AD was

associated with significantly longer disease duration, but not with the clinical presentation

(Uryu et al., 2008). However, this study was limited as it did not examine TDP-43 pathology

in frontal and limbic cortices separately. To our knowledge, there have been no previous

studies which have specifically investigated the relationship between TDP-43 and AD+P.

Based on the current data indicating an association between AD+P and frontal dysfunction,

we hypothesized that concomitant TDP-43 pathology in AD, especially in the prefrontal

cortex (FC), might be associated with AD+P. We therefore undertook to evaluate TDP-43

pathology in prefrontal cortex (TDP-43-FC) and DG (TDP-43-DG) of AD+P subjects in

comparison with AD−P subjects.

Methods

Subjects

Subjects were identified through the brain bank of the Alzheimer's Disease Research Center

(ADRC) at the University of Pittsburgh. Sixty-eight subjects underwent neurologic,

neuropsychologic, and psychiatric diagnostic evaluations at successive time points as part of

their participation in the Clinical Core of the ADRC, with methods described previously

(Sweet et al., 2000; 2001). All the subjects received a primary neuropathologic diagnosis of

AD. Dates of death for the 68 subjects ranged from January 1997 to February 2011.
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Characterization of psychosis

The presence or absence of delusions and hallucinations were indicated as part of semi-

structured examinations conducted by research psychiatrists and rated on the Consortium to

Establish a Registry for Alzheimer's disease (CERAD) Behavioral Rating Scale (Tariot et

al., 1995). Delusions were defined as fixed, false beliefs based on incorrect inference about

external reality, not attributable to membership in a social or cultural group. Hallucinations

were defined as sensory perceptions for which there was no basis in reality. Psychosis was

defined as the presence of any hallucination or delusion. No subject had a history of

schizophrenia, schizoaffective disorder, or other idiopathic psychosis.

Tissue processing

All samples were obtained through the brain tissue bank of the ADRC at the University of

Pittsburgh. At the time of brain removal, postmortem interval (PMI) was recorded and the

brain was divided in the midsagittal plane. The left hemisphere was immersion-fixed in 10%

buffered formalin for at least one week, sectioned into 1.0–2.0-cm coronal slabs, and

sampled according to the CERAD protocol (Mirra et al., 1991). The diagnosis of AD was

made using the recommendations of the National Institute on Aging and the Reagan Institute

Working Group on Diagnostic Criteria for the Neuropathological Assessment of Alzheimer's

Disease (1997). All but one subject (intermediate probability) had a high probability that the

dementia was due to AD using these criteria.

Immunohistochemical staining

Immunohistochemical staining for TDP-43 was performed on 6 μm-thick sections of

paraffin-embedded samples of the middle frontal gyrus (FC) and the mesial temporal lobe at

the level of the lateral geniculate body. Following heat antigen retrieval in pH 6.0 citrate

buffer and blocking for 10 minutes (Power Block, BioGenex, Fremont, CA), slides were

incubated with primary antibody against TDP-43 (TARDBP #10782–2-AP, 1:200;

Proteintech Group, Chicago, IL) (Montine et al., 2012) for one hour at room temperature

followed by incubation with biotinylated rabbit IgG secondary antibody (1:200; Vector

Laboratories, Burlingame, CA). Slides were developed with ABC Elite and Nova Red kits

(Vector Laboratories) following the manufacturer's directions and counterstained with

hematoxylin. The DG and FC were evaluated for the absence or presence of TDP-43

positive neuronal cytoplasmic inclusions, neuronal intranuclear inclusions, and dystrophic

neuritis (Figures 1 and 2 respectively). Data were extracted from the database of the ADRC

neuropathology core.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 20. Demographic, clinical,

and pathological variables were compared between groups using Pearson's χ2, Fisher's exact

test, and analysis of variance where appropriate. The following groups were described: AD

+P, AD−P; TDP-43-DG, and TDP-43-FC status (positive and negative).
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Results

Demographic and clinical characteristics of the 68 subjects with primary diagnosis of AD

are summarized in Table 1. Forty-five (66.2%) subjects were classified as AD+P. Women

comprised 52.9% of all the subjects, and there was no association of gender with psychosis.

All the subjects were Caucasian. The mean (SD) age at onset of the group is 70.1 (11.4)

years, which did not differ significantly between AD+P and AD−P subjects. AD+P and AD

−P subjects did not differ in age at death, duration of AD, PMI, and presence of comorbid

Lewy body pathology. The mean (SD) Mini-Mental State Examination (MMSE) score in

AD+P and AD−P subjects was 10.13 (6.7) and 14.04 (8.3) respectively, which significantly

differed between the groups (p = 0.040). Although AD+P and AD−P subjects differed in the

interval between last clinic visit and death, accounting for this covariate only modestly

affected the association of AD+P with lower MMSE score (AD+P mean (standard error

(SE)) 10.09 (1.1); AD−P 13.40 (1.6); F(1,63) = 2.77, p = 0.1).

The associations of TDP-43-DG and TDP-43-FC with psychosis, demographic factors, and

clinical characteristics of the 68 AD subjects are presented in Tables 2 and 3 respectively.

Fourteen subjects (20.6%) demonstrated pathologic TDP-43 deposition in DG, eight

(11.8%) subjects had pathologic TDP-43 deposition in FC. Six (8.8%) subjects were positive

in both regions, while 52 (76.5%) subjects were negative for TDP-43 in both DG and FC.

There was no significant association between TDP-43-DG and psychosis. However, TDP-43

in FC demonstrated a trend toward reduced likelihood of psychosis (p = 0.068). Entering the

interval between last clinic visit and death in a logistic regression model only modestly

affected the association of TDP-43 in FC with psychosis (B (SE) = −1.54 (0.9); Wald χ2 =

2.70, p = 0.1). When subjects positive for both TDP-43-DG and TDP-43-FC were contrasted

with subjects without TDP-43 pathology in either region, no association was observed with

psychosis (Exact p = 0.657, data not shown). Similarly, when subjects with TDP-43

pathology in either region were contrasted with subjects without TDP-43 pathology in either

region, no association was observed with psychosis (Exact p = 0.478, data not shown).

TDP-43-DG was significantly associated with greater age at death and longer duration of

illness (p = 0.014 and 0.033 respectively), but no such associations were observed with

TDP-43-FC. No significant associations of gender, age at onset, PMI, Lewy body pathology,

and MMSE scores with TDP-43-DG and TDP-43-FC were identified.

Discussion

In this study we found that there was no association between concomitant TDP-43 pathology

in either DG or FC and AD+P. AD subjects with concomitant TDP-43-DG pathology

demonstrated significantly higher age at death and longer duration of illness.

Some prior studies have examined the clinical relevance of concomitant TDP-43 pathology

in AD. (Geser et al. 2010), although not examining subjects with AD, similarly found no

association of TDP-43 burden with psychotic disorders (predominantly schizophrenia) in

older adults (Geser et al., 2010). In regard to age at death and duration of illness, our

findings concurred with some prior reports. (Josephs et al. 2008) found that AD subjects
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with abnormal TDP-43 immunoreactivity were older at disease onset and death (Josephs et

al., 2008). (Uryu and colleagues 2008) found that TDP-43 pathology in AD was associated

with significantly longer disease duration (Uryu et al., 2008). Significant increase in age at

death and longer duration of illness in AD subjects with concomitant TDP-43-DG might

suggest that TDP-43 pathology in DG, by an unknown mechanism, protects the individual

from the neurotoxic effects of amyloid and tau pathology. Alternatively, TDP-43 pathology

in DG might be an epiphenomenon in AD subjects with a relatively milder course. Unlike

the current study where we did not show an association of TDP-43 pathology with greater

global cognitive impairment, (Josephs et al. 2008) reported that AD subjects with TDP-43

pathology performed worse on the Clinical Dementia Rating scale and MMSE (Josephs et

al., 2008).

In this study, AD+P subjects demonstrated significantly lower mean MMSE score in

comparison with AD−P subjects. Although this difference in MMSE was reduced by

controlling for differences between the groups in the interval between last clinic visit and

death, substantial in vivo data indicate that AD+P is associated with greater cognitive

impairment than AD−P (Ropacki and Jeste, 2005). A cross-sectional autopsy study cannot

identify whether the lower MMSE in AD+P is a general consequence of globally greater

neuropathology (as opposed to a psychosis-specific effect). However, data indicating that

AD+P subjects have a more rapid rate of cognitive decline than AD−P subjects, even in the

earliest stages of disease (Paulsen et al., 2000; Ropacki and Jeste, 2005; Wilkosz et al.,

2010; Emanuel et al., 2011), suggest that any greater pathologic burden in AD+P would

result from an association of AD+P with factors that accelerate AD progression.

A significant strength of this study was our cohort of subjects. The individuals were

followed and evaluated during the progression of their disease, allowing for an extensive

characterization of late-life behavior and cognition with corresponding postmortem analysis.

Subjects were matched on a range of variables, including age, gender, illness duration, PMI,

and Lewy body pathology. This stringency ensured that the identified postmortem correlates

of psychosis were not due to having sampled AD+P subjects with more advanced

pathologies than AD−P subjects, but rather were due to a discrete pathogenic process. One

important limitation of our study is low number of TDP-43 positive subjects with psychosis.

However, the failure to detect the hypothesized association of TDP-43 pathology with an

increased risk of psychosis cannot be attributed to limited power due to small sample size, as

the observed trend was in the opposite direction. It remains possible, however, that with a

larger cohort of subjects, a significantly decreased risk of psychosis in subjects positive for

TDP-43 in FC would have been detected.

In conclusion, our findings do not support the hypothesis that TDP-43 pathology is more

frequent in AD+P than in AD−P. Thus, TDP-43 pathology does not appear to mediate the

phenotypic expression of AD+P. Moreover, TDP-43-FC may have a protective effect

regarding the risk of psychosis, since the majority of TDP-43-FC positive subjects were

without psychosis. Alternatively, reduced TDP-43 pathology might be an epiphenomenon in

AD+P. Additional studies exploring possible mechanisms whereby concomitant TDP-43

pathology in AD may be protective and lead to longer duration of illness and increase in age

at death are recommended.
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Figure 1.
TAR DNA-binding protein 43 (TDP-43) pathology in dentate gyrus (DG) in AD. Subjects

without TDP-43 inclusions in DG ((a) and (b)). Immunohistochemistry with anti-TDP-43

showing neuronal cytoplasmic inclusions in DG ((c) and (d), arrows). Inclusions are shown

at higher magnification ((e) and (f)). The scale bar represents 50 μm.
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Figure 2.
TAR DNA-binding protein 43 (TDP-43) pathology in frontal cortex (FC) in AD. Subjects

without TDP-43 inclusions in FC ((a) and (b)). Immunohistochemistry with anti-TDP-43

showing neuronal cytoplasmic inclusions in FC ((c) and (d), arrows). Inclusions are shown

at higher magnification ((e) and (f)). The scale bar represents 50 μm.
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