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Abstract

Conformational phosphorylation and cleavage events drive the tau protein from a soluble, 

monomeric state to a relatively insoluble, polymeric state that precipitates the formation of 

neurofibrillary tangles (NFTs) in projection neurons in Alzheimer’s disease (AD), including the 

magnocellular perikarya located in the nucleus basal of Meynert (NBM) complex of the basal 

forebrain. Whether these structural changes in the tau protein are associated with pathogenic 

changes at the molecular and cellular level remains undetermined during the onset of AD. Here we 

examined alterations in gene expression within individual NBM neurons immunostained for 

pS422, an early tau phosphorylation event, or dual labeled for pS422 and TauC3, a later stage tau 

neoepitope, from tissue obtained postmortem from subjects who died with an antemortem clinical 

diagnosis of no cognitive impairment (NCI), mild cognitive impairment (MCI), or mild/moderate 

AD. Specifically, pS422-positive pretangles displayed an upregulation of select gene transcripts 

subserving protein quality control. On the other hand, late stage TauC3-positive NFTs exhibited 
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upregulation of mRNAs involved in protein degradation but also cell survival. Taken together, 

these results suggest that molecular pathways regulating protein homeostasis are altered during the 

evolution of NFT pathology in the NBM. These changes likely contribute to the disruption of 

protein turnover and neuronal survival of these vulnerable NBM neurons during the progression of 

AD.

Introduction

Cholinergic neurons located within the region of the substantia innominata termed the 

nucleus basalis of Meynert (NBM) degenerate early in Alzheimer’s disease (AD) [1–5]. 

These neurons provide the primary source of acetylcholine to the entire cortical mantle [6,7] 

and their degeneration correlates with deficits of memory and attention in AD patients [8,9]. 

Several lines of evidence suggest that cholinergic NBM cytopathology begins prior to the 

onset of mild cognitive impairment (MCI), a putative prodromal stage of AD. For example, 

stereologic analysis revealed that NBM neurons display a phenotypic downregulation of the 

trkA cognate nerve growth factor receptor [4,10] and the p75NTR pan-neurotrophin receptor 

[5] in the MCI brain [11–13].

NBM neurons are exquisitely prone to neurofibrillary tangle (NFT) cytopathology [14], 

which correlates with tau pathology within their cortical projection fields in AD [1–5,15]. 

NFTs are primarily composed of abnormally phosphorylated aggregates of the microtubule-

associated protein tau [6,7,16–18]. Biochemical and neuropathological studies indicate that 

conformational changes in the tau protein drive this molecule from the soluble, microtubule-

bound state to the relatively insoluble polymeric form that precipitates NFT formation 

within NBM neurons in MCI and AD [3,8,9,19–21]. Antibodies that label the early stages of 

NFT formation such as AT8, Alz-50, and pS422, can be detected in NBM neurons in the 

MCI brain [3,4,10,22,23]. Interestingly, the appearance of pS422-immunoreactivity in NBM 

neurons is a stronger correlate of cognitive decline than later stage tau epitopes [5,19], 

suggesting that the appearance of discrete tau epitopes related to NFT evolution paces the 

cascade of pathophysiologic events leading to NBM neuronal and cortical axonal 

disconnection. However, whether progressive stages of NFT formation are associated with 

differential gene expression and cellular pathogenic alterations within NBM neurons during 

the progression of AD remains unknown.

In the present study, we quantified gene expression patterns of individual NBM neurons 

singly immunostained for the pS422 tau epitope, an early phosphorylation event preceding 

C-terminal truncation of tau at D421, or dual labeled for pS422 and TauC3, a later stage tau 

neoepitope revealed by tau truncation at D421 [11–13,24]. Individual NBM neurons were 

microdissected from tissue sections obtained postmortem from subjects who died with an 

antemortem clinical diagnosis of no cognitive impairment (NCI), MCI, or AD followed by 

custom-designed microarray analysis. Our data show that the dysregulation of select genes 

regulating protein modification, quality control, and turnover are differentially associated 

with the appearance of the pS422 and TauC3 epitopes, suggesting that these molecular 

pathways may be involved in early pathogenic mechanisms underlying selective neuronal 

vulnerability during the progression of AD.
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Methods

Subjects

Custom-designed microarray analysis of single NBM neurons was performed using tissue 

obtained postmortem from 28 participates in the Rush Religious Orders Study (RROS) 

[14,25]. Demographic, clinical, and neuropathological characteristics of the subjects are 

summarized in Table 1. Details of cognitive evaluations and diagnostic criteria have been 

extensively published [25–28]. Briefly, a team of investigators performed annual 

neuropsychological performance testing including the Mini-Mental State Exam (MMSE) 

and 19 additional neuropsychological tests referable to five cognitive domains: orientation, 

attention, memory, language, and perception. A Global Cognitive Score (GCS), consisting of 

a composite z-score calculated from this test battery, was determined for each participant. 

Participants were clinically diagnosed within a year of death with NCI (n=10), MCI (n=10), 

or mild/moderate AD (n=8). A board-certified neurologist with expertise in the evaluation of 

the elderly made the clinical diagnosis based on impairments in each of the five cognitive 

domains and a clinical examination. The diagnosis of dementia or AD met recommendations 

by the joint working group of the National Institute of Neurologic and Communicative 

Disorders and Stroke/AD and Related Disorders Association (NINCDS/ADRDA) [29]. The 

MCI population was defined as subjects who exhibited cognitive impairment on 

neuropsychological testing but did not meet the criteria for AD or dementia. These criteria 

for MCI are consistent with those used by others in the field [30].

Brains were processed at autopsy as previously published [26–28]. Tissue blocks containing 

the NBM were immersion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2 

for 24–72 h at 4 °C, cryoprotected, and cut frozen into 40 μm thick sections. A board-

certified neuropathologist blinded to the clinical diagnosis performed the neuropathological 

evaluation using paraffin-embedded sections prepared for visualization and quantification of 

amyloid plaques and NFTs. Cases were classified based on the NIA–Reagan, CERAD and 

Braak staging criteria [31–33].

Dual-label immunohistochemistry for microarray analysis

RNase-free precautions were used throughout the experimental procedures. Acridine orange 

histofluorescence [34] and bioanalysis (Agilent, Santa Clara, CA) were performed to 

confirm the presence of high-quality, intact RNA. Tissue sections containing the 

anteromedial NBM subfields were processed for pS422 and TauC3 dual-labeling 

immunohistochemistry. Sections were incubated in 0.1M Tris-buffered saline (TBS, pH 7.4) 

containing 0.1 M sodium periodate to eliminate endogenous peroxidase activity, blocked 

with 0.1 M TBS containing 0.25% Triton X-100 and 10% normal goat serum (NGS; Vector 

Labs, Burlingame, CA) for 1 h, and then incubated with a mouse monoclonal antibody 

raised against the tau D421 cleavage neoepitope, TauC3 (1:5,000) [35] in a 0.1 M TBS/1% 

NGS solution overnight at 4 °C. Sections were then incubated with biotinylated goat anti-

mouse IgG (1:500; Vector Labs), and processed with avidin-biotin complex reagent (ABC; 

Vector Labs) and Vector SG peroxidase substrate (Vector Labs) to yield a dark blue reaction 

product labeling TauC3+ neurons. Subsequently, tissue sections were incubated with a rabbit 

polyclonal antibody directed against the phospho-tau epitope pS422 (1:15,000; Biosource/
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Invitrogen, Carlsbad, CA) in a 0.1 M TBS/1% NGS solution overnight at 4 °C. Sections 

were then incubated with biotinylated goat anti-rabbit IgG (1:500; Vector Labs), ABC kit, 

and visualized with 0.05% diaminobenzidine (DAB, Sigma, St. Louis, MO) containing 

0.03% hydrogen peroxide to yield a reddish brown reaction product labeling pS422+ 

profiles. Tissue sections were slide mounted, Nissl-counterstained to reveal immunonegative 

NBM neurons and to aid in cytoarchitectonic analysis, and stored at 4 °C without cover-

slipping prior to microaspiration.

For confocal microscopic analysis of singly- and dual-labeled neurons, tissue was blocked 

with 0.1 M TBS containing 0.05% Triton X-100, 10% normal goat serum, and 2% bovine 

serum albumin for 1 h, and then exposed to both primary antibodies diluted in 0.1 M TBS/

0.05% Triton X-100/2% normal goat serum overnight (pS422, 1:2500; TauC3, 1:10,000). 

Tissue was rinsed with 0.1 M TBS/0.05% Triton X-100 and then incubated with secondary 

antibodies for 2 h. pS422 was labeled with Alexa Fluor 488 goat anti-rabbit, and TauC3 was 

developed with Alexa Fluor 594 goat anti-mouse (Invitrogen). Tissue was rinsed with the 

nuclear counterstain DAPI (1:10,000), mounted, dried overnight, dehydrated in 70% ethanol 

for 1 min, saturated in 2% Sudan Black/70% ethanol for 3 min, and dedifferentiated in 70% 

ethanol for 2 min before coverslipping with Vectashield HardSet mounting media (Vector 

Labs).

Single cell microaspiration, TC RNA amplification, and array hybridization

Individual Nissl-positive but immunonegative, pS422-reactive, dual-labeled pS422/TauC3, 

and singly TauC3-labeled NBM neurons were accessed using either a micromanipulator and 

micro-controlled vacuum source (Eppendorf, Westbury, NY) attached to a Nikon TE2000 

inverted microscope (Fryer, Huntley, IL) [36–38] or an Arcturus XT laser capture 

microdissection (LCM) instrument (Applied Biosystems, Grand Island, NY). Approximately 

50–60 neurons per phenotype were individually analyzed by the custom-designed 

microarrays [39–41].

RNA amplification from NBM neurons was performed using terminal continuation (TC) 

RNA amplification methodology [39,42,43]. Briefly, microaspirated NBM neurons were 

homogenized in 500 μL Trizol reagent (Invitrogen, Carlsbad, CA). RNAs were reverse 

transcribed in the presence of the poly d(T) primer (100 ng/μl) and TC primer (100 ng/μl) in 

1× first strand buffer (Life Technologies), 2 μg of linear acrylamide (Applied Biosystems), 

10 mM dNTPs, 100 μM DTT, 20 U of SuperRNase Inhibitor (Life Technologies), and 200 U 

of reverse transcriptase (Superscript III, Life Technologies). Single-stranded cDNAs were 

digested with RNase H and re-annealed with the primers in a thermal cycler: RNase H 

digestion step at 37 °C, 30 min; denaturation step 95 °C, 3 min; primer re-annealing step 

60 °C, 5 min. This step generated cDNAs with double-stranded regions at the primer 

interface. Samples were then purified by column filtration (Montage PCR filters; Millipore, 

Billerica, MA). Hybridization probes were synthesized by in vitro transcription using 33P 

incorporation in 40 mM Tris (pH 7.5), 6 mM MgCl2, 10 mM NaCl, 2 mM spermidine, 10 

mM DTT, 2.5 mM ATP, GTP and CTP, 100 μM of cold UTP, 20 U of SuperRNase Inhibitor, 

2 KU of T7 RNA polymerase (Epicentre, Madison, WI), and 120 μCi of 33P-UTP (Perkin-

Elmer, Boston, MA) [36,37,39]. The reaction was performed at 37 °C for 4 h. Radiolabeled 
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TC RNA probes were hybridized to custom-designed microarrays without further 

purification. Arrays were hybridized overnight at 42 °C in a rotisserie oven and washed 

sequentially in 2X SSC/0.1% SDS, 1X SSC/0.1% SDS, and 0.5X SSC/0.1% SDS for 20 min 

each at 42 °C. Arrays were placed in a phosphor screen for 24 h and developed on a Storm 

phosphor imager (GE Healthcare, Piscataway, NJ).

Custom-designed microarray platforms and data collection

Array platforms consisted of 1 μg linearized cDNA purified from plasmid preparations 

adhered to high-density nitrocellulose (Hybond WL, GE Healthcare). Approximately 576 

cDNAs of interest to neurobiology were utilized on the array platform (See Supplementary 

Table 1). Hybridization signal intensity was determined using Image Quant-software (GE 

Healthcare) and quantified by subtracting background using an empty vector (pBluescript). 

Expression of TC amplified RNA bound to each linearized cDNA minus background was 

expressed as a ratio of the total hybridization signal intensity of the array (i.e., global 

normalization) [36,43]. The data analysis generated expression profiles of relative changes 

in mRNA levels among the phenotypically distinct NBM neurons dissected from each case 

within the clinical diagnostic groups. Each neuron was analyzed in triplicate via three 

independent probe amplifications and array hybridizations using the original neuronal cDNA 

pool as template.

Data analysis and statistics

Demographic variables (Table 1) were compared among clinical diagnostic groups by 

Kruskal-Wallis or Fisher’s Exact tests with Bonferroni correction for pairwise comparisons. 

Relative changes in total hybridization signal intensity and in individual mRNAs were 

analyzed by one-way ANOVA with post-hoc Newman-Keuls analysis for multiple 

comparisons. The level of statistical significance was set at p < 0.05. A false discovery rate 

controlling procedure was used to reduce type I errors due to the large number of genes 

analyzed simultaneously [40,42,44,45]. Expression levels of select mRNAs were clustered 

and displayed using a bioinformatics and graphics software package (GeneLinker Gold, 

Improved Outcomes, Kingston, ON). For each transcript of interest, we report both the F-test 

statistic for overall between-group differences as well as individual p values from post hoc 
comparisons.

Results

Subject Demographics

Demographic, clinical, and neuropathological characteristics of the 28 cases (10 NCI, 10 

MCI, and 8 AD) included in the microarray analysis are summarized in Table 1. There were 

no significant differences in age, gender balance, years of education, or postmortem interval 

(PMI). The AD group performed significantly poorer on the MMSE compared to the NCI 

and MCI groups (p < 0.0001), whereas GCS z-scores significantly declined throughout the 

transition from NCI to MCI to AD (p < 0.0001). Distribution of Braak scores was 

significantly different across the clinical groups. The NCI cases displayed significantly 

lower Braak scores than MCI or AD (p = 0.004). NCI cases were classified as Braak stages 

I/II (40%) or III/IV (60%). The MCI cases met the criteria for Braak stages I/II (20%), III/IV 
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(50%), and V/VI (30%), and the AD cohort was classified as Braak stages I/II (12.5%), 

III/IV (25%), and V/VI (62.5%). The NIA-Reagan diagnosis also significantly differentiated 

NCI cases from MCI and AD subjects (p = 0.002). CERAD scores were significantly higher 

in the AD compared to NCI and MCI groups (p = 0.01).

NBM neuronal tau phenotypes and characteristics

The progression of NBM tau pathology was marked by the site-specific tau antibodies 

pS422 and TauC3 [19]. Neuronal cytoplasm and processes singly immunolabeled with 

pS422 visualized with DAB appeared reddish-brown (Fig. 1A, B). TauC3 immunoreactivity 

produced a dark blue reaction product that discretely filled the cytoplasm (Fig. 1A, B). 

Confocal analysis revealed three discrete populations of NBM neurons expressing early, 

intermediate, or late stage NFT pathology (Fig. 1C–F), similar to that reported by our group 

[19]. Single pS422, TauC3, and dual-labeled NBM neurons were microdissected. Nissl 

cytochemistry was used to identify tau-negative NBM magnocellular neurons (Fig. 1B).

Relationship of protein homeostasis gene expression to neuronal tau phenotypes

Expression profiling was performed on approximately 250 custom-designed microarrays 

following TC RNA amplification. Quantitative analyses compared the signal intensities of 

transcripts either between disease stages or between tau neuronal phenotypes. Comparison 

of transcript levels in pS422+ NBM neurons aspirated from each clinical group revealed no 

statistical differences (Fig. 2). However, when analyzed independent of clinical diagnosis, 

expression levels of key transcripts regulating protein homeostasis (e.g., hsp70, see below) 

and cell survival (e.g., casp3), were altered by NBM neuron phenotype transitioning from 

unlabeled to pS422+ to pS422+/TauC3+ (Fig. 3). The expression profile in single-labeled 

TauC3+ NBM neurons was equivalent to dual-labeled pS422+/TauC3+ NBM neurons, 

suggesting no additional alterations in transcript expression levels at this late pathological 

stage related to the genes examined (Fig. 3). These results suggest that it is the sequence of 

events underlying NFT evolution within NBM neurons, and not clinical disease status, 

drives changes in gene expression in this selectively vulnerable neuronal population.

Tau pathology and protein quality control-related mRNAs in NBM neurons during disease 
progression

Combining single neuron expression profiling with tau site-specific antibodies allowed for 

the characterization of the temporal molecular events associated with NFT formation within 

NBM neurons during the progression of AD. Quantitative analysis revealed differential 

expression within three classes of gene transcripts: protein quality control, protein 

trafficking and turnover, and protein degradation related to apoptosis or cell death (Fig. 3, 4). 

Of particular interest was the sequential upregulation of specific molecular chaperone 

mRNAs. Expression levels of heat shock protein 70 (hsp70) was significantly different 

among the cell phenotypes (F3,225 = 19.15, p < 0.0001), with pretangle pS422- containing 

NBM neurons displayed increased expression of hsp70 (1.5-fold; unlabeled < pS422+; p < 

0.01; Fig. 3), whereas those positive for the late stage tau neoepitope, TauC3, continued to 

express high levels of hsp70, similar to pS422+ neurons. By contrast, heat shock protein 90 

(hsp90) was also differentially regulated among the cell phenotypes (F3,224 = 8.73, p < 
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0.0001), but increased only with the appearance of the TauC3 epitope (1.8-fold; pS422+ < 

pS422+/TauC3+; p < 0.01; Fig. 3).

Effect of tau tangle evolution on endosomal-lysosomal protein trafficking-related mRNAs 
in NBM neurons

Prefibrillar pS422+ tau pathology was marked by a significant upregulation of four mRNAs 

encoding proteins involved in the endosomal-lysosomal pathway (Fig. 3), including the 

GTPases rab5 (F3,234 = 18.93, p < 0.0001; 1.5-fold increase; unlabeled < pS422+, p < 0.01) 

and rab7 (F3,241 = 10.88, p < 0.0001; 1.6-fold increase, unlabeled < pS422+, p < 0.001), 

which associate with early and late endosomes, respectively; the lysosomal aspartyl protease 

cathepsin D (ctsd; F3,238 = 7.88, p < 0.0001; 2-fold increase, unlabeled < pS422+, p < 0.01); 

and the lysosomal-associated membrane protein 1 (lamp1; F3,224 = 23.88, p = 0.0013; 1.4-

fold increase, unlabeled < pS422+, p < 0.01). Cleavage at D421 and NFT pathology was 

associated with upregulation of the early endosomal GTPase rab4 (F3,224 = 14.70, p = 

0.0031; 1.3-fold increase, pS422+ < pS422+/TauC3+, p < 0.05; Fig. 3). Finally, the 

transcript encoding Niemann-Pick disease type C1 (npc1), which delivers low-density 

lipoprotein to late endosomal/lysosomal compartments and modulates cholesterol 

metabolism, was significantly dysregulated across the cell phenotypes (F3,218 = 13.11, p = 

0.0025), revealing a progressive upregulation in NBM neurons during the transition from 

unlabeled to pS422+ to pS422+/TauC3+ (p < 0.05; Fig. 4B).

Effect of tau pathology on protein turnover and tau processing mRNAs in NBM neurons

Impaired protein turnover was also evidenced by the differential regulation of mRNAs 

encoding enzymes involved in protein ubiquitination (Fig. 4). pS422 positivity was 

associated with the upregulation of ubiquitin conjugating enzyme E2E 1 (ube2e1; F3,230 = 

9.73, p < 0.0001; 1.5-fold increase, unlabeled < pS422+; p < 0.01) and ubiquitin carboxy-

terminal enzyme L3 (uchl3; F3,235 = 27.26, p < 0.0001; 1.8-fold increase, unlabeled < 

pS422+; p < 0.05), both of which remained significantly elevated in pS422+/TauC3+ and 

TauC3+ NBM neurons. By contrast, appearance of the TauC3 epitope was marked by 

downregulation of ubiquitin specific peptidase 8 (usp8; F3,224 = 19.45, p = 0.0011; 2-fold 

decrease, unlabeled, pS422+ > pS422+/TauC3; p < 0.05), a hydrolase that removes 

conjugated ubiquitin and inhibits protein degradation. The appearance of the TauC3 epitope 

within NBM neurons was also associated with an upregulation of two mRNAs encoding 

aspartyl proteases that mediate tau cleavage (Fig. 3), caspase-3 (casp3; F3,235 = 9.80, p < 

0.0001; 1.4-fold increase, pS422+ < pS422+/TauC3+; p < 0.01) and caspase-7 (casp7; F3,234 

= 13.47, p < 0.0001; 1.5-fold increase, pS422+ < pS422+/TauC3+; p < 0.01). Both caspase-3 

and -7 mediate truncation of tau at D421 [35], and their coincident upregulation with the 

appearance of the TauC3 epitope suggests a role in C-terminal tau cleavage.

Effect of tau tangle evolution on the expression of canonical AD-related genes

There were no significant alterations of the more classic AD-related genes across the 

neuronal phenotypes or clinical groups examined. For example, no expression level changes 

were found for amyloid-β precursor protein (App), amyloid-β precursor-like protein 1 

(Aplp1), amyloid-β precursor-like protein 2 (Aplp2), β-site APP-cleaving enzyme 1 (Bace1), 
presenilin 1 (Psen1), presenilin 2 (Psen2), low density lipoprotein-related protein 1 (Lrp1), 
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high density lipoprotein binding protein (Hdlbp), α-2- macroglobulin (A2m), or β-2-

microglobulin (B2m) (data not shown). In contrast, other transcripts more specifically 

associated with tau pathology were altered. For instance, cyclin-dependent kinase 5 (cdk5), 

which is known to mediate aberrant tau phosphorylation [46], was significantly dysregulated 

among the cell phenotypes (F3,224 = 12.56, p < 0.0001), displaying upregulation during the 

transition from pS422+ to pS422+/TauC3+ (1.5-fold; pS422+ < pS422+/TauC3+; p < 0.01; 

Fig. 3).

Microarray validation

qPCR and immunoblot validation analyses of frozen tissue samples were not conducted as 

previously described [10,37,47]. Therefore, changes associated with these phenotypes at the 

single neuron level would be masked by regional gene expression patterns from admixed 

neuronal and non-neuronal cell types. On the other hand, the upregulation of cathepsin D in 

NFT-bearing neurons in AD has been reported by combined in situ hybridization and 

immunocytochemical approaches [48,49]. Future studies employing single population RNA-

sequencing, Fluidigm, and/or Nanostring nCounter analyses are warranted when 

transcriptomic technologies become more standardized and economical [50–52] for human 

postmortem tissue use.

Correlations with clinical pathologic variables

Correlation of levels of select transcripts within different tau phenotypic NBM neurons and 

demographic data, antemortem cognitive test scores and postmortem neuropathologic 

variables revealed no significant associations (Table 2). This was not surprising given our 

observation that transcript level alterations were dependent on the tau phenotype of the 

NBM neuron and not disease status. Hence, cognitive decline is likely related to the 

accumulation of dysfunctional NFT-bearing NBM neurons and subsequent cholinergic 

deficits in cortical target fields. Interestingly, we have previously demonstrated that the 

number of pS422-bearing NBM neurons and accumulation of pS422+ neurites in the basal 

forebrain is associated with the transition from NCI to MCI [19].

Discussion

The present analysis characterizes alterations in the expression of select functional classes of 

genes that coincide with specific tau epitopes related to NFT formation in NBM neurons 

during the progression of AD (Table 3). Specifically, an early event in tangle evolution, 

phosphorylation at S422, is associated with upregulation of select gene transcripts 

subserving protein quality control and turnover, which are likely initiated to manage and 

degrade misfolded proteins, including tau. By contrast, a later tau truncation event at D421 

involved in NFT formation is associated with the upregulation of additional mRNAs 

involved in protein trafficking, degradation, and apoptosis. Notably, these alterations were 

associated with specific stages of tau pathology and not clinical disease status, supporting 

the concept that the accumulation of NBM neurons bearing these tau epitopes over time 

drives the clinical progression of the disease [3,22]. In this regard, we and others have 

previously reported gene expression changes within individual NBM and hippocampal 

neurons during the progression from NCI to MCI to AD [10,37,40,53,54], as well as 
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differences in the genetic signature of tangle-free neurons compared to NFT-containing 

hippocampal and entorhinal cortex neurons in control and AD cases [48,55–57]. Notably, 

Dunckley and colleagues revealed that thioflavine S (TS)-negative neurons in entorhinal 

cortex layer II displayed altered gene expression changes in AD cases compared to TS-

negative neurons in control cases [55]. Likewise, Liang and colleagues isolated TS-negative 

neurons from several neocortical regions as well as entorhinal cortex and hippocampus 

revealing gene expression changes in AD compared to control cases [56]. Based on the 

present findings, it is possible that in both of these datasets, TS-negative AD neurons may 

have harbored early/pretangle tau epitopes that resulted in the observed altered gene 

expression patterns despite the absence of TS-positivity. Hence, to our knowledge, the 

present data are the first to explicitly demonstrate that progressive tau pathological epitopes 

are associated with the dysregulation of distinct functional gene classes and molecular 

pathways during disease progression.

Prominent among these gene classes were those expressing heat shock proteins, 

underscoring the role of proteostatic stress in the development of neurofibrillary 

degeneration. For instance, Hsp70 and Hsp90 play essential roles in stabilizing proteins 

against improper protein folding and aggregation [58] and are upregulated in the AD brain 

[59,60]. Interestingly, Hsp70 is a potent inhibitor of tau aggregation [61], and attenuates tau 

toxicity by preferentially associating with soluble, monomeric and prefibrillar, oligomeric 

tau species [62]. Upregulation of the hsp70 molecular chaperone in pretangle pS422-positive 

neurons may be a compensatory mechanism initiated to abate toxicity associated with 

misfolded tau in NBM neurons early in the disease process. On the other hand, inhibitors of 

constitutively expressed hsp90 and its co-chaperones reduce tau pathology [63–65]. Hence, 

the observed induction of the hsp90 gene with later stage tau epitopes may represent an 

aberrant chaperone response that activates rather than inhibits tau aggregation. These data 

suggest that either hsp70/co-chaperone activators or hsp90/co-chaperone inhibitors affect tau 

pathology in various stage of tangle evolution.

In addition to an upregulation in protein chaperone markers during the progression of tau 

pathology, the endosomal markers rab5 and rab7, as well as the lysosomal markers ctsd and 

lamp1, are upregulated in NBM neurons displaying the pretangle marker, pS422. These 

results are in line with several observations that endosomal-lysosomal protein trafficking 

dysfunction is one of the earliest cellular disturbances in AD [37,66,67]. For example, 

enlarged rab5-positive endosomes occur in pyramidal cells of the neocortex prior to NFT 

formation [66], and an upregulation of rab5 and cathepsin D in the NBM and hippocampus 

is observed in MCI compared to NCI [47,53,68]. Whether protein trafficking and 

degradation facilitate tangle formation or are downstream consequences of tau fibrillization 

is unclear, but these data strengthen the hypothesis that endosomal-lysosomal abnormalities 

are an upstream molecular pathogenic event in AD pathophysiology that may be amenable 

to therapeutic targeting.

We also observed that select ubiquitination-related transcripts are differentially regulated in 

pS422-positive (e.g., an upregulation of ube2e1 and uchl3) and pS422/TauC3-positive (e.g., 

a downregulation of usp8) NBM neurons, suggesting dysfunctional protein metabolism and 

ubiquitin-proteasomal cascade activation during disease progression. These results have 

Tiernan et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



particular implications for regulation of tau protein turnover. The ubiquitin ligase for tau has 

been identified as the carboxyl terminus of Hsp70-interacting protein (CHIP) [69–71], which 

interacts with heat shock proteins to regulate tau degradation [64]. CHIP-mediated ligation 

of ubiquitin to its substrate requires interaction with an E2 conjugating enzyme and only a 

select subset of E2 conjugating enzymes bind and facilitate CHIP function, including 

Ube2E1 [72]. Therefore, upregulation of both ube2e1 and hsp70 in pS422+ NBM neurons 

suggests that a degradatory pathway for pathogenic tau is activated early in the disease 

process. Additionally, the upregulation of caspases casp3 and casp7 with the appearance of 

the TauC3 epitope may play an intrinsic cellular role in the mediation of apoptosis [73]. 

Once cleaved from their pro-forms by initiator caspases, activated caspase-3 and -7 induce 

apoptosis by dismantling key structural proteins within the neuron. Hence, the appearance of 

the TauC3 truncation epitope may signal that NBM neurons are already undergoing 

degeneration and that therapeutic interventions to prevent the conversion of pretangles to 

frank NFTs may have disease-modifying properties. However, the specific pathways that 

trigger caspase activation remain unclear.

In summary, these results suggest that pathways regulating protein homeostasis are altered 

prior to the onset of frank NFT pathology and that their temporal progression may confer 

pathogenicity in NBM neurons. While these human tissue based findings are inherently 

correlative and cannot address causality, they can point the way for more detailed 

mechanistic approaches for understanding selective vulnerability in preclinical models. 

Targeting these systems may form the basis for novel pharmacological treatment approaches 

for disease modification during the prodromal stage of AD.
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HIGHLIGHTS

1. The molecular pathways associated with neuronal tangle evolution in 

AD are unclear

2. Nucleus basalis neurons with pretangles show protein homeostasis gene 

changes

3. Gene changes depend on the stage of neuronal tau pathology, not 

clinical status

4. Dysregulation of protein homeostasis prior to frank NFTs may drive 

cell vulnerability

5. Targeting these systems may modify the progression of AD
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Figure 1. Identification of markers corresponding to early and late stage tangle pathology in 
distinct neurons within the NBM
Tissue from the NBM of an AD case was stained with antibodies directed against tau 

phosphorylated at S422 (pS422) and C-terminal truncation of tau at D421 (TauC3) to 

identify early and late stage events in tangle evolution, respectively. Representative 

photomicrographs are shown in panels A–F. Low power (A) bright-field photomicrographs 

of NBM neurons labeled with the pS422 (reddish-brown) and TauC3 (blue) tau epitopes. 

Panel B is a higher magnification image of the box area in panel A showing single pS422+ 

NBM (double arrowheads) and TauC3+ NBM (arrowheads) neurons, as well as dual 

pS422+/TauC3+ ( arrow) NBM neurons. Nissl counterstain was used to identify NBM 

neurons lacking tau pathology (B; asterisks). Confocal immunofluorescence was used to 

confirm the presence of three discrete populations of NBM neurons displaying DAPI (blue, 

C), pS422 (green, D), TauC3 (red, E), and pS422/TauC3 (yellow in merged image, F) 

immunoreactivity. Scale bars: A) 100 μm; B) 50 μm; F) 50 μm and also applies to panels C–

E.
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Figure 2. Gene expression in pS422-immunopositive NBM neurons is equivalent throughout the 
progression of AD
Color-coded heatmaps of relative expression profiles of select transcripts in pS422+ NBM 

neurons aspirated from NCI, MCI, and AD cases (red to green = increasing mRNA levels). 

Quantitative analysis revealed no statistical differences in the expression levels of the 

transcripts examined in pS422+ NBM neurons derived from MCI or AD subjects as 

compared to NCI cases. This observation suggests that tangle evolution, and not disease 

status, may drive changes in gene expression. Therefore, in the present analysis we 

compared mRNA levels in individual pS422+ and pS422+/TauC3+ NBM neurons 

independent of clinical diagnosis. Abbreviations: Molecular chaperone heat shock proteins 

70, 90 (hsp70, -90) and ER-to-nucleus protein 2 (ern2), endosomal GTPases rab4-7, 

lysosomal markers cathepsin D (ctsd) and lysosome-associated membrane protein 1 (lamp1), 

autophagy-related E2-like enzymes atg3 and atg10, caspases 3, 7 (casp3, -7), protein 

phosphatase 2 regulatory subunits 1α, 1β (ppp2r1α, -1β), glycogen synthase kinase β 

(gsk3β), and cyclin-dependent kinase 5 (cdk5).
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Figure 3. Select protein homeostasis genes are dysregulated in pS422+ NBM neurons as 
compared to unlabeled, tau pathology-negative NBM neurons
Heatmap of expression levels of transcripts mediating protein homeostasis in NBM neurons 

(red to green = increasing mRNA levels). Quantitative analysis revealed that 7 of 16 genes 

involved in protein homeostasis were significant upregulated in pS422+ neurons as 

compared to unlabeled control neurons. One gene, ppp2r1a protein phosphatase 2 regulatory 

subunit was significantly downregulated. These alterations could indicate early mechanistic 

changes preceding NBM neurofibrillary degeneration. The appearance of the tau neoepitope 

TauC3 revealed upregulation of 5 additional transcripts. a, (pS422+, pS422+/tauC3+, 

tauC3+) > unlabeled, p < 0.01; b, (pS422+/tauC3+, tauC3+) > (unlabeled, pS422+), p < 

0.01; c, (pS422+/tauC3+, tauC3+) > (unlabeled, pS422+), p < 0.05; d, unlabeled > pS422+ > 

(pS422+/tauC3+, tauC3+), p < 0.01. Abbreviations are as defined in Fig. 2.
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Figure 4. mRNAs regulating protein trafficking and metabolism are altered in NBM neurons 
containing pS422+/− TauC3 immunoreactivity
Box plots demonstrate differential expression profiles of select transcripts encoding 

regulators of protein trafficking and metabolism is pS422+ and pS422+/TauC3+ NBM 

neurons relative to expression levels in unlabeled NBM neurons. *p < 0.05 vs. unlabeled, 

**p < 0.01 vs. unlabeled, # p < 0.05 vs. pS422. Abbreviations: Ras-associated protein-3 

(rab3), Niemann-Pick disease, type C1 (npc1), ubiquitin-conjugating enzyme E2E 1 

(ube2e1), ubiquitin carboxylterminal esterase L3 (uchl3), ubiquitin specific protease 1 
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(usp1), ubiquitin-specific protease 8 (usp8), calnexin (canx), glucose-regulated protein, 

kDa78 (grp78).
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Table 3

Summary of gene expression changes associated with the progression of tau pathology in NB neurons

gene pS422 pS422 + TauC3*

hsp70

hsp90

ern2

rab4

rab5

rab7

ctsd

lamp1

atg3

atg10

casp3

casp7

ppp2r1a

ppp2r1b

gsk3b

cdk5

rab3

npc1

ube2e1

uchl3

usp1

usp8

canx

grp78

app

aplp1

aplp2

bace1

psen1

psen2

lrp1

hdlbp

a2m

b2m

*
Expression profiles of TauC3 neurons not significantly different from pS422+TauC3 neurons
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