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Abstract

Factors associated with maintaining good cognition into old age are unclear. Decreased brain-

derived neurotrophic factor (BDNF) contributes to memory loss in Alzheimer's disease (AD), and 

soluble assemblies of amyloid-beta (Aβ) and tau contribute to neurodegeneration. However, it is 

unknown whether AD-type neuropathology, soluble Aβ and tau, or levels of BDNF and its 

receptor TrkB correlate with dementia in the oldest-old. We examined these targets in post-

mortem Brodmann's areas 7 and 9 (BA7, BA9) in 4 groups of subjects >90 years old: 1) No 

Dementia/No AD Pathology, 2) No Dementia/AD Pathology, 3) Dementia/No AD Pathology, 4) 

Dementia/AD Pathology. In BA7, BDNF mRNA correlated with MMSE scores and was 

decreased in demented vs. non-demented subjects, regardless of pathology. Soluble Aβ42 was 

increased in both groups with AD pathology, demented or not, compared to No dementia/No AD 

Pathology subjects. Groups did not differ in TrkB isoform levels or in levels of total soluble tau, 

individual tau isoforms, threonine-181 tau phosphorylation or ratio of phosphorylated 3R to 4R 

isoforms. In BA9, soluble Aβ42 correlated with MMSE scores and with BDNF mRNA expression. 

Thus, soluble Aβ42 and BDNF, but not TrkB or soluble tau, correlate with dementia in the oldest-

old.

Introduction

The rapidly growing population of oldest-old (nonagenerians and centenarians) brings with 

it an urgent need for a better understanding of age-related neurodegenerative diseases like 
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Alzheimer's disease (AD) in this age group. There is substantial evidence suggesting that 

neurotrophic factors, mainly BDNF, play an important role in the etiology of AD 

(Fahnestock, 2011; Siegel et al., 2000; Murer et al., 2001). Most studies on younger-old 

subjects (mainly in their seventies and eighties) have demonstrated that areas of the brain 

predominantly affected by AD-type pathology, hippocampus, cortex and basal forebrain, 

exhibit down-regulated levels of BDNF (Connor et al., 1997; Ferrer et al., 1999; Garzon et 

al., 2002; Hock et al., 2000; Holsinger et al., 2000; Peng et al., 2005; Phillips et al., 1991). 

Reduction of BDNF protein in the parietal cortex has been shown to correlate with cognitive 

decline (Peng et al., 2005), suggesting that this decrease could be associated with the 

pathogenesis of AD. In vitro studies revealed that soluble oligomeric Aβ42 and not fibrillar 

(plaque) Aβ42 is the species responsible for decreased BDNF mRNA expression (Garzon & 

Fahnestock, 2007).

BDNF is vital for learning and memory (Lu et al., 2014; Yamada & Nabeshima, 2003). 

Restoring BDNF levels in animal models of AD by delivery of protein, viral vectors or stem 

cells (Nagahara et al., 2009; Blurton-Jones et al., 2009) or by lifestyle changes such as 

antioxidant diet and environmental enrichment (physical and cognitive exercise and social 

interaction; Fahnestock et al., 2012) counteracts learning and memory deficits. BDNF exerts 

its biological actions through its receptor, TrkB. In the human brain, there are 3 

alternatively-spliced transcripts of TrkB translated into 3 isoforms: TrkB-FL, the full-length 

signaling receptor with a catalytic tyrosine kinase domain, and two truncated forms, TrkB-

T1 and TrkB-Shc, lacking the kinase domain (Stoilov et al., 2002; Luberg et. al., 2010). 

Reports of TrkB expression in brain tissue of AD subjects are mixed: increased, no change 

and decreased levels have been reported (Connor et al., 1996; Allen et al., 1999; Savaskan et 

al., 2000; Ginsberg, 2006b; Ferrer, 1999; Wong et al., 2012).

The neuropathology of AD includes extracellular amyloid plaques containing fibrillar, 

insoluble Aβ, composed mainly of the most fibrillogenic form of Aβ, Aβ42, and intracellular 

neurofibrillary tangles containing hyperphosphorylated tau. Despite a relatively well-

documented association between the amount of AD-type neuropathology and the severity of 

cognitive impairment (Arriagada et al., 1992; Bennett et al., 2004; Berg et al., 1998; Braak 

et al., 1993; Gold et al., 2000; Nagy et al., 1995), there is a lack of agreement regarding the 

contribution of amyloid plaques and neurofibrillary tangles towards a decline in cognition 

(Castellani et al., 2006; Lee et al., 2005; Nelson et al., 2007). This disagreement led to the 

emerging idea that AD-type dementia might be caused not by plaques, but rather by 

different pools and assemblies of soluble Aβ (Kuo et al., 1996; Gong et al., 2003; Lesné et 

al., 2006; McDonald et al., 2010; Steinerman et al., 2008).

Tau is a natively unfolded, highly soluble, microtubule-associated protein that exists in brain 

in 6 different isoforms (Goedert et al., 1988; Lewis et al., 1988). The isoforms differ by 

absence (0N form) or presence of N-terminal inserts of either 29 amino acids (encoded by 

exon 2; 1N form) or 58 amino acids (encoded by exons 2 and 3; 2N form) and inclusion of 3 

or 4 repeats in the C-terminal microtubule binding domain (3R or 4R) (Goedert et al., 1989; 

Goedert & Jakes, 1990). The 4th 31-amino-acid repeat is encoded by exon 10, such that 

isoforms are also designated by the presence (4R) or absence (3R) of exon 10. The isoforms 

are differentially expressed during development and are differentially distributed (Kosik et 

Michalski et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 1989; Goedert & Jakes, 1990), which suggests they have different physiological roles. 

Structural differences between tau isoforms could also play a role in pathology. For 

example, 3R and 4R isoforms have distinct microtubule binding structures, which 

differentially promote the assembly of microtubules (Goode et al., 2000). Whether the ratio 

of 4R/3R isoforms is altered in AD is controversial (Hong et al., 1998; Ginsberg et al., 

2006a). Tau protein contains multiple putative serine (Ser), threonine (Thr) and tyrosine 

phosphorylation sites which are phosphorylated in both normal and fibrillar tau (reviewed in 

Lee et al., 2001; Buée et al., 2000). During postmortem delay the sites undergo rapid 

dephosphorylation at different rates. The site Thr181 (AT270) is one of the more stable 

phosphorylation sites in tau (Matsuo et al., 1994). Tau phosphorylated at Thr181 is 

considered as a biomarker of AD: its levels are increased in cerebrospinal fluid of subjects 

with AD (Vanmechelen et al., 2000; Kapaki et al., 2007).

In the oldest-old population, it is unclear whether Aβ and tau pathologies correlate with 

cognitive status. There are reports of a lack of association between dementia and pathology 

in this population (Haroutunian et al., 2008; Savva et al., 2009) as well as studies reporting 

strong correlations of Aβ and tau pathologies with dementia (Gold et al., 2000; Nelson et al., 

2007; Dolan et al., 2010). Robinson et al. (2011, 2014) showed that dementia in subjects of 

the 90+ Study is strongly associated with plaque and tangle measures. In our cohort there are 

demented subgroups with and without pathology, affording an opportunity to study the 

correlation of dementia with the less traditional measures of soluble Aβ and tau. Although 

the majority of nonagenarians and centenarians are demented, there is a subgroup without 

dementia, and studying those subjects may help us to determine the factors associated with 

maintaining good cognition even to very old age. Furthermore, there is no published data on 

BDNF and TrkB transcript/isoform expression in the oldest-old or their association with 

cognitive status and AD pathology in this group. In this study, we examined mRNA and 

protein expression of BDNF and TrkB isoforms in Brodmann Area 7 (BA7) of subjects over 

90 years old from the 90+ Study, we measured the levels of soluble Aβ42 and tau and we 

investigated the association of the measured variables with cognitive status. We chose BA7 

because it is an area of parietal cortex that we have previously studied intensively for its 

BDNF expression and regulation (Holsinger et al., 2000; Garzon et al., 2002; Michalski & 

Fahnestock, 2003; Peng et al., 2005), and it is an area known to be severely affected in AD 

(Bruner & Jacobs, 2013). We also examined some of these targets and correlations in 

prefrontal cortex (Brodmann Area 9), another area severely affected in AD (DeKosky & 

Scheff, 1990).

Materials and Methods

Subject Characteristics

Fifty-one subjects from the 90+ Study, a longitudinal study of aging and dementia in 

southern California (Kawas, 2006) were divided into 4 clinicopathologic groups based on 

the presence of AD-type pathology (extracellular Aβ plaques and intracellular tau 

pathology) and AD-type clinical dementia. Pathological diagnosis was determined by a 

neuropathologist who was blinded to clinical status. Aβ pathology was rated using 

Consortium to Establish a Registry for Alzheimer's disease (CERAD) plaque scores (score 
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0-3, Mirra et al., 1991). Tau pathology was assessed using Braak staging (stages I-VI, Braak 

& Braak, 1991). Dementia diagnoses were determined applying the Diagnostic and 

Statistical Manual of Mental Disorders 4th edition criteria (American Psychiatric 

Association, 1994). Cognitive status was determined during a multidisciplinary consensus 

conference after death, using all available information and blinded to pathological 

evaluations. Information included longitudinal neuropsychological testing (including the 

Mini-Mental State Examination [MMSE]), neurological examinations, informant 

questionnaires (Kawas et al., 1994), medical records and clinical neuroimaging when 

available. For a more complete description of 90+ Study procedures, see Corrada et al. 

(2012) and Kawas et al. (2015). The first group of subjects, considered controls, consisted of 

13 subjects, not demented and without AD pathology (ND/NP). About half of the controls 

did have minor plaque and tangle pathology. The second group contained 14 non-demented 

subjects, 6 of whom were classified as Cognitive Impairment, not demented (CIND), and 8 

with normal cognition, all of them with AD pathology (ND/P). While CIND included people 

who would be considered MCI, it was defined as people with cognitive impairment 

involving memory or other domains such as executive function, language, etc., but not 

meeting criteria for dementia, typically because they did not have functional loss in 

activities of daily living, or did not have more than one cognitive domain affected. One of 

the subjects in this group with normal cognition was identified in a boxplot of BDNF mRNA 

analysis as an outlier (BDNF mRNA copies were greater than 1.5 times the interquartile 

range) and therefore was excluded from this part of the study (mRNA analysis). The third 

group included 9 demented subjects without AD pathology (D/NP). All 9 subjects from this 

latter group (D/NP) exhibited a low number of tangles, identified as Braak stages II or III. 

Seven of them had some Aβ pathology, classified as CERAD plaque score 1, and two 

subjects’ plaque scores were 0. With this minor amount of pathology, subjects did not reach 

the criteria for AD diagnosis. In addition to minor tau and amyloid beta pathology, some 

subjects exhibited a low level of other pathologies: 4 subjects had microinfarcts, one had 

white matter disease (subcortical arteriolosclerotic leukoencephalopathy) and one had both 

of these plus Lacunes or large infarcts. The fourth group contained 15 subjects with typical 

AD-type dementia and pathology (D/P). Western blot measurements were not obtained for 

one of the D/P samples. The MMSE score for one of the samples from the D/P group was 

not available. Characteristics of the 90+ Study samples are summarized in Table 1.

RNA Extraction

RNA was extracted from approximately 100 mg of frozen post-mortem tissue of BA7 or 

BA9. Each sample was homogenized in TRIzol® (Invitrogen, Burlington, ON, Canada) at a 

ratio of 1 ml of TRIzol® per 100 mg of tissue using a sonic dismembrator (Fisher Scientific, 

Toronto, ON, Canada). Invitrogen's protocol was followed through the collection of the 

RNA-containing aqueous phase. The RNA was further purified and DNase treated using an 

RNeasy® Mini Kit (Qiagen, Mississauga, ON, Canada) according to the manufacturer's 

instructions. Concentration and purity of RNA were determined by absorbance at 260, 280 

and 230 nm using a Thermo Scientific NanoDrop 2000c (Fisher Scientific, Toronto, ON, 

Canada). RNA integrity was visualized by agarose gel electrophoresis.
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Real-time RT-qPCR

One microgram of each RNA sample was reverse transcribed in a 20μl reaction using 

Superscript III® (Invitrogen) following the manufacturer's protocol. Negative controls 

lacking reverse transcriptase were included to confirm lack of genomic DNA contamination.

PCR primers were designed with PRIMER3 software (freeware program online, Rozen & 

Skaletsky, 2000) and were synthesized at the MOBIX facility at McMaster University. 

Primer sequences and PCR product sizes are shown in Table 2. For all PCR reactions, 300 

nM of the forward and reverse primers were used. Each 20 μl real-time PCR reaction 

contained 10 μl of SYBR® Green qPCR SuperMix UDG (Invitrogen), 30 nM of reference 

dye ROX (Invitrogen) and cDNA derived from 50 ng RNA per sample (5 or 50 ng for β-

actin) or standards. Standards for BDNF and TrkB isoforms were PCR products generated 

using target-specific primers. PCR products were gel purified using a Qiagen kit and 

quantified by spectrophotometry (Thermo Scientific NanoDrop 2000c; Fisher Scientific, 

Toronto, ON, Canada). Standards for β-actin were generated from a commercially available 

plasmid (Invitrogen). Real-time amplifications were carried out in triplicate (or duplicate for 

TrkB-T1) using the MX3000P PCR system (Stratagene, La Jolla, CA, USA) and the 

following thermal profile: 2 min at 50°C, 2 min at 95°C followed by 40 cycles of 95°C for 

30 s, 58°C for 30 s, and 72°C for 45 s for BDNF and TrkB isoforms. The thermal profile for 

β-actin was: 95°C for 15 s, 58°C for 30 s, and 72°C for 30 s. Standard curve R2 values were 

> 0.995 and efficiencies were > 90%. Following 40 cycles of amplification, a dissociation 

curve was added to determine if any secondary products had formed. mRNA copy numbers 

of BDNF and TrkB mRNAs are presented as a ratio to copy numbers of the housekeeping 

gene β-actin.

Protein extraction and measurements

Extraction of soluble Aβ was based on previously published methods with some 

modifications (Steinerman, 2008; Lesné et al., 2006; Kawarabayashi et al., 2001). Briefly, 

approximately 100 mg of post-mortem tissue from each subject was sonicated in Tris 

Buffered Saline (TBS), containing 25 mM Tris pH7.5, 150 mM NaCl, 10 mM EDTA, and 

protease and phosphatase inhibitor cocktails (Roche, Mississauga, ON, Canada) using a 

sonic dismembrator (Fisher Scientific) at a ratio of 1ml of buffer per 100mg of tissue. This 

procedure allowed us to extract an enriched pool of proteins containing extracellular, soluble 

Aβ (Lesné et al., 2006). The homogenates were kept on ice for 5-10min and then centrifuged 

at 14 000 × g for 15 min at 4°C to remove cellular debris and fibrillar Aβ. Preparation of 

homogenates for soluble tau analysis was based on published methods (Guillozet-Bongaarts 

et al., 2005; Tremblay et al., 2007) with some modification. Our tissue extract contained 

pooled TBS-soluble and detergent-soluble fractions of protein. Each sample (100 ±1.4 mg) 

was sonicated in Tris Buffered Saline containing detergent (TBS/detergent; 50 mM Tris pH 

7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) with phosphatase and protease 

inhibitors as above. Homogenates were kept on ice for 5-10 minutes, then centrifuged at 

14,000 × g for 10 min at 4°C. TBS /detergent-soluble protein preparations were used also 

for analysis of BDNF and TrkB.
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The supernatants obtained from both methods were collected, aliquoted and kept frozen at 

−80°C until use. Concentrations of total TBS-so luble and total TBS/detergent-soluble 

proteins were established using the Dc™ protein assay (Bio-Rad Laboratories, Mississauga, 

ON, Canada). Levels of Aβ42 and Aβ40 in the TBS-soluble fraction were assayed using the 

Colorimetric BetaMark™ Beta-Amyloid x-42 or x-40 ELISA Kit (Covance, Montreal, 

Quebec, Canada or Biolegend, San Diego, CA, USA). Tau was assayed by Tau [total] 

Human ELISA kit (Invitrogen) and BDNF by Human BDNF DuoSet ELISA kit (R & D 

Systems, Minneapolis, MN, USA) in the TBS/detergent-soluble homogenate. Each sample 

and standard was assayed in duplicate, and the manufacturer's protocols were followed. 

Values obtained by ELISAs are presented as amount of measured protein per mg (or μg for 

tau) of total protein.

For analysis of phospho-tau, total tau and TrkB isoforms, 40 μg of each TBS/detergent 

homogenate was resolved on an 8% polyacrylamide gel. Gel electrophoresis and transfer 

were done as previously described (Fahnestock et al., 2001) with the exception that 

Immobilon-FL membrane was used (Millipore, Etobicoke, ON, Canada). An 

unphosphorylated human recombinant tau ladder (rPeptide, Bogart, GA, USA) was run on 

some blots. For tau detection, the antibodies 39E10, Tau5, Tau12 and Tau46 (Covance, 

Montreal, Quebec, Canada) were used; for TrkB isoform detection, a rabbit monoclonal 

antibody (Cell Signalling Technology, Danver, MA, USA) was used. To investigate 

phosphorylation of tau protein at different sites, antibodies directed against Thr181 and 

Ser203 (Cell Signalling Technology) and Thr231 (Covance) were tested. Membranes used 

for analysis of phospho-tau, total tau and TrkB isoforms were cut at 75kDa, and the upper 

half was incubated for 48 hr with TrkB antibody (1:1000 dilution). The lower half was 

incubated overnight with rabbit monoclonal phospho-tau Thr181 antibody (1:1000 dilution), 

with mouse monoclonal 39E10 antibody (1:500 dilution) and then with β-actin antibody 

(dilution 1:4000; Sigma, Oakville, ON, Canada). Primary and secondary antibodies (Goat 

Anti-rabbit IRDye® 680 and Goat Anti-Mouse IRDye® 800CW; LI-COR Biosciences, 

Lincoln, Nebraska, USA; dilutions 1:8000) were diluted in Odyssey Blocking Buffer (LI-

COR Biosciences) mixed 1:1 with PBS and containing 0.05% Tween-20. Signals were 

detected and quantified using an Odyssey® Imaging System (LI-COR Biosciences).

Statistical Analysis

Statistical analyses were performed using SPSS 20.0 software (SPSS, Chicago, IL, USA) 

and GraphPad Prism software version 3.03 (GraphPad, La Jolla, CA, USA). A one-way 

ANOVA followed by post hoc Tukey's test was used to analyze differences between the four 

clinicopathologic groups, whereas a Student t-test was used to compare two groups. 

Differences were considered significant when the associated p value was less than 0.05. 

MMSE scores closest to death were used for the analyses. Correlation analyses were 

performed using the Pearson test. Correlations were considered significant when p<0.05 or 

p<0.01 (2-tailed).
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Results

Sample and group characteristics

Mean post-mortem interval (PMI) of all the samples was 5.15 ± 0.39 hours, and PMIs were 

not different between clinicopathologic groups (one-way ANOVA, p=0.86). The groups did 

not differ in age, gender or presence of APOE e4 allele (one-way ANOVA, p=0.72, p=0.12 

and p=0.51, respectively). The average time between the last MMSE and death was 5.5 

months, and this interval was not different between groups (one-way ANOVA, p=0.45).

We examined tissues from the superior parietal cortex (BA7) and the prefrontal cortex 

(BA9). For two of the subjects from group ND/P, BA7 samples were precuneus sections. 

None of the measurements for these precuneus samples were different from the rest of the 

samples in the ND/P group.

BDNF

BDNF mRNA expression for each sample is presented as a ratio of BDNF mRNA copies to 

mRNA copies of the housekeeping gene β-actin. The clinicopathologic groups did not differ 

in levels of β-actin mRNA (data not shown, one-way ANOVA, p = 0.471 for BA7, p = 0.361 

for BA9).

Normalized BDNF mRNA expression in BA7 of demented subjects (with or without 

pathology, D/NP+D/P, n=24) was significantly decreased compared to dementia-free 

subjects (with or without pathology, ND/NP+ND/P, n=26; Figure 1A, two-tailed Student t-

test, p=0.014). Comparing levels of BDNF mRNA in the four separate clinicopathologic 

groups, subjects in both demented groups exhibited a trend towards lower levels of BDNF 

mRNA than subjects in both non-demented groups (Figure 1B, one-way ANOVA, p=0.1). 

Neither the 4 clinicopathologic groups (data not shown) nor the demented subjects 

compared to non-demented subjects (regardless of pathology) differed significantly in 

BDNF protein levels (Figure 1C, one-tailed Student t-test, p=0.11). However, there was a 

highly significant correlation between levels of BDNF mRNA and BDNF protein (Figure 

1D, Pearson correlation, r=0.658, p<0.001). BDNF mRNA expression levels in BA9 were 

not different between clinicopathologic groups (Figure 2, one-way ANOVA, p=0.492). 

Normalized BDNF mRNA expression in BA9 of demented subjects (D/NP+D/P) was not 

significantly different from dementia-free subjects (data not shown, ND/NP+ND/P, two-

tailed Student t-test, p=0.48).

Further statistical analysis of BDNF mRNA expression in BA7 and BA9 revealed a 

significant positive correlation between BDNF mRNA expression of the subjects and their 

MMSE scores (BA7; Figure 3A, Pearson correlation r=0.350, p<0.05) or a strong trend 

(BA9; Figure 3B, Pearson correlation, r=0.263, p=0.068). There was a lack of correlation 

between BDNF mRNA and either CERAD plaque scores or Braak tangle stages (data not 

shown, BA7: Pearson correlation, r=−0.054 and r=−0.116, respectively, p>0.05; BA9: 

Pearson correlation r=−0.122 and r=−0.024, respectively, p>0.05).
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TrkB isoforms

Real-time qRT-PCR analysis of mRNA expression for all 3 isoforms of TrkB (TrkB-FL, 

TrkB-Shc and TrkB-T1) in BA7 did not reveal any differences between groups (Figure 

4A,TrkBFL; data not shown for truncated forms; one-way ANOVA, p>0.05 for each target). 

Western blotting also did not detect any differences between groups in the protein levels of 

TrkB-FL (140 kDa band) or truncated forms TrkB-Shc and TrkB-T1 (90kDa band, Figure 

4B,C). Correlation analysis of TrkB mRNA isoform expression revealed that TrkB-FL and 

TrkB-Shc were positively associated with BDNF expression (Pearson correlation, r=0.720 

and r=0.706, respectively, p<0.001) but TrkB-T1 was not (Pearson correlation, r=0.17, 

p>0.05). Similarly, TrkB-FL protein correlated with BDNF protein (Pearson correlation, 

r=0.358, p<0.05), and with TrkB-FL mRNA (Pearson correlation, r=0.331, p<0.05). None 

of the TrkB isoforms correlated with either CERAD plaque scores or Braak tangle stages 

(data not shown, p>0.05).

TBS-soluble Aβ42 and Aβ40

There were highly significant differences between clinicopathologic groups in the amount of 

TBS-soluble Aβ42 in BA7 (Figure 5A, one-way ANOVA, p<0.0001). The dementia- and 

pathology-free control group (ND/NP) exhibited the lowest level of soluble Aβ42, similar to 

the level of Aβ42 in the demented group without pathology (D/NP), whereas groups with 

AD-type pathology, demented (D/P) or not (ND/P), showed a 3-4-fold increase in the 

amount of soluble Aβ42 compared to the control group (post hoc Tukey's test, p<0.001 and 

p<0.01, respectively). There were no differences between clinicopathologic groups in the 

amount of TBS-soluble Aβ40 in BA7 (data not shown, one-way ANOVA, p=0.515), but 

there were significant differences between groups in the ratio of Aβ42/Aβ40 (Figure 5B, one-

way ANOVA, p=0.010). The Aβ42/Aβ40 ratio distinguished between the non-demented 

groups with and without pathology, but not between the demented groups.

Levels of soluble Aβ42 in BA9 were also significantly different between clinicopathologic 

groups (Figure 6A, one-way ANOVA, p<0.0001). As in BA7, the ND/NP group had the 

lowest level of Aβ42, and both groups with AD-type pathology exhibited the highest levels 

of Aβ42. Similar to BA7, levels of TBS-soluble Aβ40 in BA9 were not different between 

groups (data not shown, one-way ANOVA, p=0.346), but there were significant between-

group differences in the ratio of Aβ42/Aβ40 (Figure 6B, one-way ANOVA, p=0.024). As in 

BA7, whereas Aβ42 levels distinguished pathology from pathology-free groups for both 

demented and non-demented cases, the ratio of Aβ42/Aβ40 distinguished only the two non-

demented groups from one another.

Correlation analysis revealed a significant negative association of soluble Aβ42 with MMSE 

scores in BA7 (Figure 7A, Pearson correlation, r=−0.318, p<0.05) and a highly significant 

positive correlation with Braak stages (Pearson correlation, r=0.709, p<0.001) and CERAD 

scores (Pearson correlation, r=0.725, p<0.001). There was no correlation in BA7 between 

soluble Aβ42 and levels of BDNF or TrkB isoforms (Pearson correlation, p>0.05, data not 

shown).
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In BA9 there was a strong trend towards a significant negative correlation of Aβ42 with 

MMSE scores (Figure 7B, Pearson correlation, r=−0.249, p=0.082). Similarly to BA7, there 

was also a highly significant correlation of soluble Aβ42 with Braak stages (Pearson 

correlation, r=0.505, p<0.001) and CERAD scores (Pearson correlation, r=0.709, p<0.001, 

data not shown). Unlike in BA7, BDNF mRNA expression of BA9 significantly inversely 

correlated with levels of soluble Aβ42 (Figure 7C, Pearson correlation, r=−0.289, p<0.05).

Ratios of soluble Aβ42/Aβ40 in BA7 and BA9 correlated with Braak stages (Pearson 

correlation, BA7: r=0.368, p<0.01; BA9: r=0.273, p=0.052) and CERAD scores (Pearson 

correlation, BA7: r=0.533, p<0.001; BA9: r=0.417, p<0.01, data not shown). There was a 

lack of correlation of Aβ42/Aβ40 in both areas with MMSE and BDNF mRNA levels and of 

Aβ42/Aβ40 in BA7 with TrkB or tau (Pearson correlation, p>0.05, data not shown).

TBS/detergent-soluble tau

ELISA measurements did not detect any differences between clinicopathologic groups in 

total soluble tau levels in BA7 (Figure 8A). By Western blotting, bands at apparent 

molecular weights 48-65 kDa, representing different isoforms of tau (Goedert & Jakes, 

1990; Deshpande et al., 2008), were detected by multiple anti-tau antibodies, 39E10, tau5, 

tau12, and tau46 (data not shown), directed against epitopes along the entire tau molecule 

(Table 3). Measurements of total tau (6 immunoreactive tau bands) for all samples were 

carried out on blots probed with 39E10 antibody directed against the proline-rich region of 

tau, which is present in all isoforms (Figure 8B,C). No differences were detected between 

clinicopathologic groups in total soluble tau as detected by Western blotting (Figure 8D). 

Furthermore, neither individual tau isoforms nor the ratio of 4R/3R tau differed between 

groups (one-way ANOVA, p>0.05, data not shown).

Phospho-tau antibodies directed against Thr231 and Ser203 did not generate a quantifiable 

signal. Antibody against tau phosphorylated at site Thr181 detected 4 bands in human brain 

homogenates and did not react with an unphosphorylated human recombinant tau ladder 

(Figure 8B,C). Densitometry analysis did not reveal any differences between groups in tau 

phosphorylation at Thr181 (Figure 8E, one-way ANOVA, p=0.532) or in the ratio of 

phosphorylated 3R/4R isoforms (one-way ANOVA, p>0.05, data not shown)

Discussion

In this study, we analysed BDNF and TrkB isoform mRNA expression and their protein 

levels in the 90+ Study cohort. We show here that BDNF mRNA is down-regulated in the 

parietal cortex of subjects with AD (pathology and dementia) in the oldest-old cohort, in 

agreement with previous results in younger-old subjects (Garzon et al., 2002; Holsinger et 

al., 2000). We also show that subjects with dementia exhibit lower levels of BDNF mRNA 

than non-demented groups, regardless of pathology. We did not detect differences in BDNF 

protein levels between demented and non-demented subjects, which could be attributed to 

the greater sensitivity of qRT-PCR vs. ELISA. BDNF mRNA measured here by the highly 

sensitive quantitative RT-PCR assay detected a 34-fold change between the lowest and 

highest tested samples, whereas the ELISA detected only a 4-fold range in BDNF protein 

levels. Despite the difference in methods, samples which were high or low in qRT-PCR 
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were high or low in the ELISA, which led to a highly significant correlation between BDNF 

mRNA and protein levels. Further strong involvement of BDNF in cognition is supported by 

a significant correlation of BDNF expression in BA7 and BA9 with MMSE scores of these 

subjects, as previously shown in younger-old samples in parietal cortex (Peng et al., 2005). 

Lastly, these findings are consistent with previous data in the oldest-old (Robinson et al., 

2014) showing that hippocampal synaptic loss, which may be mediated by declining BDNF 

levels, correlates with cognitive impairment.

We also found that the four clinicopathologic groups do not differ in TrkB mRNA 

expression. Lack of alteration of TrkB mRNA or its isoforms in AD has previously been 

reported in human temporal and occipital cortices (Wong et al., 2012), and by our group in a 

canine model of age-related cognitive impairment (Fahnestock et al., 2012). Savaskan et al. 

(2000) reported no change in TrkB immunoreactivity in human AD parietal cortex 

compared to controls.

Soluble Aβ42 has emerged as a potentially toxic molecule, explaining why insoluble, 

fibrillar Aβ42 plaques often do not correlate well with cognitive decline in AD subjects 

(Benilova et al., 2012). However, for the segment of the oldest-old population in our study, 

AD pathology represented by CERAD scores and Braak stages correlated well with 

cognitive status of the subjects, as did soluble Aβ42 levels in both parietal and frontal cortex. 

Soluble Aβ42 assayed by ELISA in this study likely represented soluble extracellular Aβ 

(Lesné et al., 2006), containing a mixture of Aβ monomers, dimers, trimers, aggregates and 

some higher molecular weight species. However, this fraction was free from fibrillar Aβ 

which was removed by centrifugation (McDonald et al., 2010). Although we cannot 

determine which soluble Aβ42 species correlated with dementia in our study, TBS-soluble 

monomers and dimers have been implicated (McDonald et al., 2010). In both parietal and 

frontal cortex, soluble Aβ42, but not the ratio of Aβ42/Aβ40, distinguished groups with 

pathology from groups without pathology. Soluble Aβ42 was therefore a better indicator of 

Aβ42 toxicity than was the ratio of Aβ42/Aβ40.

There were no differences in total tau levels between clinicopathologic groups. Tau isoforms 

are differentially expressed during development and are differentially distributed (Goedert & 

Jakes, 1990), which suggests they may have different physiological roles. However, we did 

not find differences between clinicopathologic groups in levels of individual tau isoforms. 

The ratio of 3R/4R isoforms in normal brain is approximately 1, and this ratio is altered in 

some neurodegenerative diseases (Hong et al., 1998; Ginsberg et al., 2006a). In our study we 

did not find differences between clinicopathologic groups in 3R/4R ratio, in agreement with 

Hong et al. (1998). Regulation of tau isoform expression is region and cell-specific 

(Ginsberg et al., 2006a; McMillan et al., 2008) which might explain discrepancies between 

ours and Ginsberg et al. (2006a) results. Phosphorylation of tau at Thr181, considered a 

biomarker of AD, was detectable in post-mortem BA7 samples. However, clinicopathologic 

groups did not differ either in the level of phosphorylation at this site or in the ratio of 

phosphorylated 3R/4R isoforms. Despite short post mortem delays of the human samples, 

we cannot exclude that endogenous rapid dephosphorylation, heavily depending on 

postmortem interval and temperature of stored samples (Matsuo et al., 1994; Oka et al., 

2011; Li et al., 2003), affected the results.

Michalski et al. Page 10

Neurobiol Aging. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The findings reported here are from BA7 and BA9 and may not be representative of all 

regions of the brain. Nevertheless, in the 90+ study, the pathological diagnosis was not 

sufficient for cognitive decline. However, the significant inverse correlation of soluble Aβ42 

with MMSE scores supports a growing consensus that it is the soluble, aggregated protein 

that is toxic, rather than the form precipitated as plaques or tangles.

In conclusion, both BDNF mRNA and soluble, extracellular-enriched Aβ42 correlate with 

cognitive status in the oldest old. This is consistent with our previous results showing that 

the reduction in BDNF correlates with the degree of dementia in younger subjects with MCI 

and AD (Peng et al., 2005) and that soluble, oligomeric Aβ down-regulates BDNF in vitro 

(Garzon & Fahnestock, 2007). In contrast, we found no changes in levels of tau, phospho-

tau, TrkB or its truncated isoforms in the oldest old, regardless of degree of pathology or 

cognitive status. The presence of TrkB is significant because it suggests that neurons in the 

aged and/or demented brain may still have the capacity to respond to increases in BDNF 

affected by exogenous administration, pharmaceutical activation or lifestyle changes.
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Highlights

• Goal: determine factors associated with maintaining good cognition into very 

old age

• Study: cortex of subjects >90 yrs old, demented or not, with or without AD 

pathology

• Soluble Aβ and BDNF levels correlated with the degree of dementia in the 

oldest old

• No differences between groups in TrkB or tau isoforms or in tau 

phosphorylation
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Figure 1. BDNF mRNA and protein expression in BA7
A: BDNF mRNA expression is decreased in demented subjects, regardless of pathology. 

Demented subjects (D/P+D/NP, n=24) compared to not demented (ND/NP+ND/P, n=26, 

two-tailed Student t-test, p=0.014). B: Trend towards significant differences between the 

four clinicopathologic groups broken down by cognition and pathology (one-way ANOVA, 

p=0.1). Clinicopathologic groups: (1) ND/NP, not demented with no pathology, control 

group, n=13, (2) ND/P, not demented with pathology, n=13 (protein n=14), (3) D/NP, 

demented with no pathology, n=9, (4) D/P, demented with pathology, typical AD, n=15. C: 
No difference between groups in level of BDNF protein (one-tailed Student t-test, p=0.11). 

Horizontal bars represent the group mean. D: Highly significant correlation of BDNF 

mRNA with BDNF protein (Pearson correlation, r=0.658, p<0.001).
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Figure 2. No difference between the four clinicopathologic groups in BDNF mRNA expression in 
BA9
Clinicopathologic groups: ND/NP, not demented with no pathology, control group, n=13; 

ND/P, not demented with pathology, n=13; D/NP, demented with no pathology, n=9; D/P, 

demented with pathology, typical AD, n=15. One-way ANOVA, p=0.492. Horizontal bars 

represent the group mean.
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Figure 3. Correlations of BDNF mRNA expression in BA7 and BA9 with MMSE scores
A: BA7, Pearson correlation, r=0.350, p<0.05. B: BA9, Pearson correlation, r=0.263, 

p=0.068.
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Figure 4. Full-length TrkB (TrkB-FL) mRNA and protein levels do not differ between groups
(one-way ANOVA, p>0.05; Clinicopathologic groups: (1) ND/NP, not demented with no 

pathology, control group, n=13; (2) ND/P, not demented with pathology, n=13 (protein 

n=14); (3) D/NP, demented with no pathology, n=9; (4) D/P, demented with pathology, 

typical AD, n=15 (protein n=14). Horizontal bars represent the group mean. A: TrkB-FL 

mRNA, B: TrkB-FL protein C: Representative TrkB Western blot.
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Figure 5. Significant differences between clinicopathologic groups in TBS-soluble Aβ42 (A) and 
Aβ42/Aβ40 ratio (B) in BA7
Clinicopathologic groups: (1) ND/NP, not demented with no pathology, control group, 

n=13; (2) ND/P, not demented with pathology, n=14; (3) D/NP, demented with no 

pathology, n=9; (4) D/P, demented with pathology, typical AD, n=15. Horizontal bars 

represent the group mean. One-way ANOVA and post hoc Tukey's test, ***p<0.001, 

**p<0.01, *p<0.05.
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Figure 6. Significant differences between clinicopathologic groups in TBS-soluble Aβ42 (A) and 
Aβ42/Aβ40 ratio (B) in BA9
Clinicopathologic groups: (1) ND/NP, not demented with no pathology, control group, 

n=13; (2) ND/P, not demented with pathology, n=14; (3) D/NP, demented with no 

pathology, n=9; (4) D/P, demented with pathology, typical AD, n=15. Horizontal bars 

represent the group mean. One-way ANOVA and post hoc Tukey's test ***p<0.001, 

*p<0.05.
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Figure 7. Correlations of soluble Aβ42 with MMSE scores and with BDNF mRNA
Pearson correlations. A: BA7, Aβ42 and MMSE, r=−0.318, p<0.05; B: BA9, Aβ42 and 

MMSE, r=−0.248, p=0.082; C: BA9, Aβ42 and BDNF mRNA, r=−0.296, p=0.037.
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Figure 8. No difference between clinicopathologic groups in levels of soluble total tau or tau 
phosphorylated at Thr181 analysed by ELISA and Western blot
Clinicopathologic groups: (1) ND/NP, not demented with no pathology, control group, 

n=13, (2) ND/P, not demented with pathology, n=14, (3) D/NP, demented with no 

pathology, n=9, (4) D/P, demented with pathology, typical AD, n=15 (Western blot n=14). 

Horizontal bars represent the group mean. A: total tau levels measured by ELISA. B: 39E10 

antibody detects 6 isoforms of tau in a human recombinant tau ladder and in human brain 

homogenates (red color); antibody against tau phosphorylated at Threonine-181 detects 4 

phosphorylated isoforms (green color) and does not cross-react with an unphosphorylated 
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human recombinant tau ladder. C: Representative Western blot probed with mouse 

monoclonal 39E10 antibody (total tau) and with rabbit monoclonal phospho-tau antibody 

(Thr181) D: Total soluble tau analysed by Western blotting. E: Phosphorylation of tau at 

site Thr181 analysed by Western blotting. One-way ANOVA, p>0.05.
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Table 1

Characteristics of clinicopathologic groups.

Characteristics All subjects n=51 Not 
Demented/No 

Pathology 
n=13

Not Demented/Pathology n=14 Demented/No Pathology n=9 Demented/Pathology n=15

Gender, % female 71 46 86 67 80

ApoE e4 (% e4 
allele)

12 (24) 2 (15) 2 (14) 3 (33) 5 (33)

MMSE total 
score, mean 

(range)

19.86 (0-30) 27.38 (24-29) 26.57 (16-30) 14.89 (3-22) 9.36 (0-28)

Age in years, 
mean (range)

97.43 (92-105) 97.38 (93-101) 97.07 (94-101) 98.44 (93-103) 97.2 (92-105)

Months between 
MMSE & death, 

mean (range)

5.46 (0-44) 5.15 (0-13) 4.64 (1-14) 3.22 (0-5) 8.00 (0-44)

PMI in hours, 
Mean (range)

5.15 (2.2-18.5) 4.85 (2.2-8.8) 4.78 (3.3-11.5) 5.48 (3.0-14.4) 5.55 (2.8-18.5)

Braak tangle 
stage, mean 

(range)

3.78 (II-VI) 2.62 (II-III) 4.07 (III-VI) 2.44 (II-III) 5.33 (III-VI)

CERAD plaque 
score, mean 

(range)

1.57 (0-3) 0.23 (0-1) 2.29 (2-3) 0.78 (0-1) 2.53 (2-3)

Cognitive 
diagnosis, N (%), 

Normal

21 (41) 13 (100) 8 (57) 0 (0) 0 (0)

CIND 6 (12) 0 (0) 6 (43) 0 (0) 0 (0)

Dementia 24 (47) 0 (0) 0 (0) 9 (100) 15 (100)
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Table 2

Sequences of PCR primers.

Target and accession number Forward primer Reverse primer PCR product 
size (bp)

BDNF NM_001709 5′-AAA CAT CCG AGG ACA AGG TG -3′ 5′- AGA AGA GGA GGC TCC AAA 
GG-3′

250

TrkB-FL NM_001018064 5′-GGC CCA GAT GCT GTC ATT AT-3′ 5′-TCC TGC TCA GGA CAG AGG TT-3′ 206

TrkB-Shc NM_001018066.2 5′-GGC CCA GAT GCT GTC ATT AT-3′ 5′-AGG CAT GGA TTT AGC CTC CT-3′ 191

TrkB-T1 NM_001007097 5′- TGC CTT TTG GTA ATG CTG TTT-3′ 5′-GGC TTC ATA TAG TAC AGC CTC 
CA-3′

265

β-actin NM_001101 5′-CTC TTC CAG CCT TCC TTC-3′ 5′-TGT TGG CGT ACA GGT CTT-3′ 109
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Table 3

Tau antibodies used in this study and their epitopes.

Antibody Epitope
*

39E10 189-195, proline-rich domain

Tau5 210-230, proline-rich domain

Tau12 2-23, N-terminus

Tau46 404-441, C-terminus

p-Thr181 Tau phosphorylated at Thr181

p-Thr231 Tau phosphorylated at Thr231

p-Ser203 Tau phosphorylated at Ser203

Antibodies 39E10 and p-Thr181 (BOLD) were used for measurements of immunoreactive tau bands in all samples.

*
Epitope numbering is according to the longest CNS tau isoform 2N4R.

Neurobiol Aging. Author manuscript; available in PMC 2016 December 01.


