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Abstract

Basal forebrain cholinergic neurons (BFCN) are selectively vulnerable in Alzheimer's disease 

(AD). We have shown that the majority of BFCN in the human brain contain the calcium binding 

protein calbindin-D28K (CB), a large proportion lose their CB in the course of normal aging, and 

the BFCN which degenerate in AD lack CB. Here we investigated the relationship between CB in 

the BFCN and the process of tangle formation in AD using antibodies to Tau epitopes that appear 

early, intermediate or late in the process of tangle formation. Very small percentages (0-3.7%) of 

CB-positive BFCN contained pre-tangles/tangles and very small percentages (0-5%) of the total 

BFCN pre-tangles/tangles were in CB-immunoreactive neurons. The number of CB-positive 

BFCN which contained Tau immunoreactivity was highest for the early epitope and lower for 

intermediate epitopes. A late appearing epitope was absent from CB-positive BFCN. Age-related 

loss of CB appears to coincide with tangle formation in the BFCN and is associated with the full 

range of Tau pathology, including late appearing epitopes.
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1. Introduction

The reasons for selective vulnerability of specific neuronal populations in neurodegenerative 

disorders remain poorly understood. The basal forebrain cholinergic neurons (BFCN) 

constitute one such population that is vulnerable to damage and loss in many 
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neurodegenerative disorders that afflict the elderly, particularly Alzheimer's disease (AD) 

(Arendt, et al. 1985; Geula and Mesulam, 1999; Perry, et al. 1993; Schliebs and Arendt, 

2011; Whitehouse, et al. 1985). The BFCN comprise a complex population of neurons, the 

most extensive component of which is located within the nucleus basalis of Meynert – 

cholinergic cell group 4 (nbM-Ch4) that is highly vulnerable to tangle formation (Geula et 

al., 2008; Mesulam, et al. 1983a; Mesulam, et al. 1983b). The BFCN have been implicated 

in the cognitive processing of selective attention and memory. Many lines of evidence 

converge to support cholinergic modulation of memory by these neurons (Berger-Sweeney, 

et al. 1994; Fine, et al. 1997; Sarter and Parikh, 2005; Stoehr, et al. 1997). In humans, the 

role of cortical cholinergic innervation, which originates exclusively from the BFCN, in 

memory derives from the observation in AD that loss of BFCN, cortical choline 

acetyltransferase (ChAT) activity and basal forebrain tangle density correlate with memory 

loss and severity of dementia (Geula and Mesulam, 1989, 1999).

We have demonstrated that BFCN and their cortically projecting axons are vulnerable to 

abnormalities early in the course of normal aging (Geula, et al. 2008). Alterations in cortical 

cholinergic axons such as thickened fibers and ballooned terminals were evident as early as 

midlife. Furthermore, neurofibrillary tangles (NFT) and pre-tangles which represent 

pathological hallmarks of AD, but are also present in the brains of normal elderly 

(Arriagada, et al. 1992; Price and Morris, 1999), were present in the BFCN as early as the 

third decade of life and showed a progressive increase in normal aging, pathologically mild 

AD and pathologically severe AD (Geula, et al. 2008; Mesulam, et al. 2004).

Age is the primary risk factor for neurodegenerative diseases of the elderly, indicating that 

normal age-related changes must figure prominently in selective neuronal vulnerability in 

these disorders. Our observations have revealed one such age-related alteration that is 

associated with the vulnerability of BFCN in AD. The majority of BFCN in the human and 

non-human primate brain contain the calcium (Ca2+) binding protein calbindin-D28K (CB) 

(Geula, et al. 1993), which is known to act as both a Ca2+ buffer and a Ca2+ sensor (Lutz, et 

al. 2003; Roberts, 1994). Of great interest, we have shown that a large proportion of BFCN 

lose their CB in the course of normal aging (Wu, et al. 1997), leading to the suggestion that 

age-related loss of the Ca2+-buffering and thus protective role of this protein may contribute, 

at least in part, to the selective vulnerability of BFCN in neurodegenerative disorders of the 

elderly. Our work has further established that loss of BFCN in AD occurs primarily in the 

subpopulation that lack CB, and that virtually all of the remaining ChAT-positive BFCN are 

CB-positive (Geula, et al. 2003; Riascos, et al. 2011). Our preliminary observations indicate 

that CB-positivity in BFCN may be associated with protection from the process of tangle 

formation (Riascos, et al. 2011). Using Thioflavin-S positivity and phosphorylated tau 

(PHF-1) immunoreactivity, we found that, unlike CB deficient BFCN, a very small 

percentage of CB-positive BFCN contained tangles and pretangles in the normal elderly and 

AD brains.

As in other neurons, the process of tangle formation in the BFCN involves abnormalities in 

the microtubule associated protein Tau. During the aging process and in AD, post-

translational modifications occur, which cause Tau to undergo conformational changes 

resulting in its dissociation from microtubules and self-association into aggregates (Chun 
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and Johnson, 2007). Aggregation of Tau into NFT in AD requires abnormal phosphorylation 

(PH) (Ballatore, et al. 2007). In addition, Tau undergoes multiple truncations as it transforms 

from an unfolded monomer to the structured polymer characteristic of NFT (Guillozet-

Bongaarts, et al. 2005).

Recent advances in our understanding of tangle formation have revealed phosphorylated and 

cleaved Tau epitopes that appear early and thus make an initial contribution to tangle 

formation (Augustinack, et al. 2002; Guillozet-Bongaarts, et al. 2005; Lauckner, et al. 2003; 

Luna-Munoz, et al. 2005). Thus, early (Alz 50 – phosphorylated (PH)-Ser422, AT8 – PH-

Ser202 / Thr205 and Tau oligomer complex 1 [TOC-1]) (Braak, et al. 1994; Patterson, et al. 

2011), intermediate (PHF-1 – PH-Ser396/404, PH-Thr181 and caspase-3-cleaved Tau [Tau-

C3]) (Augustinack, et al. 2002; Guillozet-Bongaarts, et al. 2005; Lauckner, et al. 2003) and 

late appearing Tau epitopes (truncated Tau [MN423], PH-Ser 262) (Guillozet-Bongaarts, et 

al. 2005; Lauckner, et al. 2003) have been identified in the course of tangle formation. In 

this study antibodies to Tau epitopes that appear at different stages of tangle formation were 

utilized to test the hypothesis that the presence of CB is associated with reduced 

phosphorylated and truncated Tau generation and pre-tangle / tangle formation in BFCN. 

We report that the presence of CB in BFCN is associated primarily with the epitopes of Tau 

seen in early stages of NFT formation, and epitopes that appear late in this process are 

completely absent from CB-positive BFCN.

2. Materials and Methods

2.1 Case Information and Tissue Processing

Basal forebrain tissue from 5 cases with clinical manifestation of Alzheimer type dementia 

and confirmed AD pathology were used in the present experiments (Table 1). Assuming a 

variation around the means of 20% or less, 5 brains allows detection of a difference of 

22.5% or greater between the means with a type I error (probability) of 0.05 and 80% 

confidence level. Mean age of subjects at death was 76.6 ± 6.2 years and mean postmortem 

interval was 11.6 ± 3.4 hours. The Consortium to Establish a Registry for Alzheimer's 

Disease (CERAD) (Morris, et al. 1989) and the National Institute on Aging – Alzheimer's 

Association (McKhann et al., 2011) criteria were used for clinical diagnosis of AD. 

Neuropathological diagnoses were rendered according to the National Institute on Aging 

(NIA)-Reagan and National Institute on Aging-Alzheimer's Association (NIA-AA) criteria 

(Hyman, et al. 2012; Montine, et al. 2012; Newell, et al. 1999).

Immediately following autopsy, each brain was cut into 2–3 cm coronal slabs and placed in 

4% paraformaldehyde (in 0.1 M phosphate buffer, pH 7.4) for 30–36 hours at 4°C and then 

taken through sucrose gradients for cryoprotection (10–40% in phosphate buffer). Slabs 

were sectioned at a thickness of 40 μm on a freezing microtome and stored in 0.1 M 

phosphate buffer containing 0.02% sodium azide at 4° C.

2.2 Immunohistochemistry and Thioflavin-S Stain

One in 24 series of sections spanning the entire nbM-Ch4, the major component of BFCN 

with projections to nearly all of the cortical mantle (Mesulam, et al. 1983a; Mesulam, et al. 
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1983b), were processed immunohistochemically using the avidin-biotin-peroxidase (ABC) 

method as described elsewhere (Geula, et al. 2003), utilizing the Vectastain Elite ABC kit 

(Vector Laboratories, Burlingame, CA). The antibodies used (Table 2) were rabbit 

polyclonal antibody against CB (Swant, Switzerland, 1/2000); Tau oligomer complex-1 

(TOC-1, gift of Dr. Lester Binder Northwestern University, 1/5000), a mouse monoclonal 

antibody that selectively recognizes Tau dimers and oligomers which appear early in the 

process of Tau aggregation, most likely in pre-tangles, but not fibrillar Tau that is a 

characteristic of NFT (Patterson, et al. 2011); AT8 (Innogenetics, Belgium, 1/500), mouse 

monoclonal antibody against early phosphorylated Tau at Ser202/Thr205; PHF-1 (generous 

gift of Dr. Peter Davies, Albert Einstein College of Medicine, NY, 1/1000), mouse 

monoclonal antibody that recognizes an intermediate epitope of Tau phosphorylated at 

Ser396/404; and MN423 (gift of Dr. Lester Binder, Northwestern University, 1/5000), 

mouse monoclonal antibody that recognizes a late stage truncated Tau epitope (Guillozet-

Bongaarts, et al. 2005). For concurrent visualization of two antigens within the same section, 

the double immunohistochemical method of Levy et al. was used (Levey, et al. 1986). 

Tissue sections were first processed for one antigen using diaminobenzidine (DAB) as 

chromogen. After the development of the DAB brown reaction product, tissue sections were 

processed for the second antigen with the peroxidase labeling visualized using benzidine 

dihydrochloride, which results in a granular blue reaction product. To control for non-

specific staining, sections stained using the above antibodies were compared with sections 

stained in the absence of primary antibodies.

To visualize mature NFT, a series of sections was stained with Thioflavin-S, a fluorescent 

molecule that binds to the β-pleated sheet structure of tangles. Briefly, 40 μm thick sections 

were mounted on slides, dried at room temperature, defatted in chloroform and 100% 

ethanol, rehydrated in a decreasing gradient of ethanol to water, incubated in a 0.1% solution 

of Thioflavin S, differentiated in 80% ethanol and coverslipped with an aqueous medium.

2.3 Unbiased Stereological Analysis of Stained Profiles

Unbiased stereological analysis was carried out for quantitation of stained profiles using the 

StereoInvestigator software (MicroBrightField). The human nbM-Ch4 extends antero-

posteriorly from the level just anterior to the crossing of the anterior commissure to the 

central nucleus of the amygdala (Mesulam and Geula, 1988). We analyzed 1 in 24 series of 

sections from each case spanning the entire nbM-Ch4 region for each stain. Counts were 

obtained of the magnocellular nbM-Ch4 containing tangles / pre-tangles immunoreactive for 

each Tau epitope, CB immunoreactivity, co-localization of CB with Tau pathology, or 

Thioflavin-s staining in each case. BFCN tangles were identified by their globose 

morphology and large size due to the magnocellular nature of nbM-Ch4 neurons. nbM-Ch4 

tangles and pre-tangles were distinguished from neuropil threads, by the latter's thread like 

and thin appearance, and from plaque neurites, by the latter's small size and thin diameter 

and plaque-like, circular arrangement. The top and bottom 5 μm of each section were set as 

guard height. The region of interest was traced at 10X magnification, and counting was 

carried out at 40X. In all cases, enough sections with systematic random sampling of basal 

forebrain were available satisfying the requirement for unbiased stereological estimation of 

immunoreactive profiles. Stereological parameters such as dissector spacing, dissector 

Ahmadian et al. Page 4

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



height and counting frame size were determined through trials to result in coefficients of 

error equal to or less than 0.1. Total estimated profiles were calculated based on the volume 

of the basal forebrain in sections used for analysis.

2.4 Statistical Analysis

Statistical analysis was carried out using the Instat software (version 3.05). Data were found 

to be normally distributed, therefore, mixed model analysis of variance (ANOVA) followed 

by appropriate post hoc comparisons were used to detect significant group differences. Four 

separate analyses were carried out: A) comparison of total numbers of nbM-Ch4 tangles / 

pretangles stained for each Tau epitope; B) comparison of CB co-localization with each Tau 

epitope in nbM-Ch4; C) percentage of CB co-localization with each Tau epitope as a 

function of the total CB immunoreactive nbM-Ch4; and D) percentage of CB co-localization 

with each Tau epitope as a function of total Tau stained nbM-Ch4. The probability value for 

significant effects was set at p<0.05.

3. Results

3.1 Tangles and Pre-Tangles Containing Early, Intermediate and Late Appearing Tau 
Epitopes are Abundant in Basal Forebrain Cholinergic Neurons

The antibodies to the four Tau epitopes used in these experiments visualized pre-tangles, 

tangles and neuropil threads in the basal forebrain (Fig. 1). The TOC-1 antibody, which 

visualizes the early oligomeric states of PH-Tau, stained primarily pre-tangles in the BFCN, 

with cytoplasmic staining that also filled the dendrites, but was also present in tangles. The 

AT8 and PHF-1 antibodies, which recognize epitopes of Tau that are intermediate in the 

process of tangle formation, tended to stain both pre-tangles and tangles, and the MN423 

epitope was present only in tangles. In addition to tangles and pre-tangles, phosphorylated 

and truncated Tau are also present in neuropil threads and plaque neurites, considered 

abnormal processes of neurons, particularly dendrites, that are found in the neuropil (Braak, 

et al. 1994; Markesbery, et al. 1993). All antibodies used also stained neuropil threads 

scattered among the BFCN. However, the basal forebrain contained fewer and thicker 

neuropil threads when compared with cortical regions in the same sections. The apparent 

density of basal forebrain neuropil threads stained with each antibody varied among 

different cases. Neuritic plaques were abundant in adjacent neocortical regions within the 

same sections, but were virtually absent from the basal forebrain region in which the BFCN 

are located (Fig. 1).

Quantitative analysis pointed to significant differences among the numbers of nbM-Ch4 

tangles that were Thio-S-positive and the numbers of tangles / pre-tangles that contained 

each Tau epitope (Table 3 & 4, Fig. 2). The largest total numbers of nbM-Ch4 tangles / pre-

tangles were Thio-S-positive, followed sequentially by PHF-1, MN423 and TOC-1 

immunoreactive pretangles / tangles. The smallest numbers of nbM-Ch4 tangles / pre-

tangles were AT8-positive. The total number of Thio-S-positive nbM-Ch4 tangles was 

significantly higher than the number of tangles / pre-tangles which displayed TOC-1 or 

AT-8 immunoreactivity (p<0.05; Table 4, Fig. 2).

Ahmadian et al. Page 5

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



3.2 Calbindin-Positive Cholinergic Neurons are Associated with Protection Against Tangle 
Formation

CB positive BFCN exhibited immunoreactivity that filled the neuronal cell body and the 

processes (Table 3, Fig. 1). Very small percentages of CB -positive BFCN were 

immunoreactive for each Tau epitope (0 to 3.7%, Table 4). Similarly, very small percentages 

of BFCN tangles and pre-tangles positive for each Tau epitope were found in CB-positive 

subpopulation (0-5.1%, Table 4). Thus, the overwhelming majority of tangles and pre-

tangles (95-100%) were found in BFCN that lacked CB immunoreactivity, indicating an 

association between presence of calbindin and protection against the process of tangle 

formation.

3.3 Presence of Calbindin Retards the Process of Tangle Formation within Basal Forebrain 
Cholinergic Neurons

To determine the progression of the process of tangle formation within the CB-positive 

BFCN, neurons that showed co-localization of CB with the early, intermediate and late 

appearing Tau epitopes (Fig. 1 and 3) were counted. A substantially greater number of CB-

positive BFCN displayed co-localization with the potentially earliest appearing TOC-1 

epitope of Tau when compared with later appearing AT8 and PHF-1 epitopes (Fig. 4). The 

late appearing MN423 epitope was never co-localized with CB (Fig. 1, 3 and 4). This 

difference was statistically significant when CB-positive neurons that contained TOC-1 

immunoreactivity where compared with those that contained the MN423 epitope (p<0.05) 

(Fig. 4).

We also compared the number of BFCN double-stained with CB and each Tau epitope as a 

percentage of total BFCN stained with CB or each Tau epitope (Table 4). The percentage of 

CB-positive BFCN which contained TOC-1 immunoreactivity, expected to be present at the 

earliest stages of Tau oligomer formation, was significantly larger than the percentage of 

CB-positive BFCN which contained the AT8 epitope which appears relatively early 

(p<0.001), PHF-1 epitope which appears intermediate (p<0.01), and the MN423 epitope 

which appears late in the process of tangle formation (p<0.001). The percentage of total 

TOC-1 immunoreactive BFCN which were CB-positive was also significantly higher when 

compared with the percentage of AT8, PHF-1 or MN423 immunoreactive BFCN which 

were CB-positive (p<0.001). Similarly, the percentage of AT8 immunoreactive BFCN 

which contained CB was significantly higher when compared with that of MN423 (p<0.05). 

However, this percentage displayed no significant differences when the AT8 epitope was 

compared with PHF-1 or when the PHF-1 epitope was compared with MN423 (p>0.05, 

Table).

4. Discussion

We had shown a selective loss of CB from the BFCN in the course of normal aging in the 

human and non-human primate brain (Wu, et al. 1997; Wu, et al. 2003). More recent 

observations from our laboratory indicate that the BFCN that degenerate in AD are those 

that lose their CB in the course of aging (Geula, et al. 2003; Riascos, et al. 2011), suggesting 

a potential protective role for CB in the BFCN against age-related neurodegenerative 
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processes. Consistent with our preliminary observations (Riascos, et al. 2011), the results of 

the present study, using immunoreactivity for a number of abnormal epitopes of Tau, 

demonstrate that the presence of CB in the BFCN is associated with protection of these 

neurons against the process of tangle formation. The overwhelming majority of pre-tangles 

and tangles within the BFCN (95-100%) were found in neurons that were devoid of CB or 

were extracellular tangles.

While based on a relatively small sample, the present results suggest that the protection 

associated with the presence of CB, may be mediated by presence of only early, and absence 

of late epitopes of tau in the process of tangle formation. A higher number of the relatively 

low density of pre-tangles / tangles found in the CB-positive BFCN contained primarily the 

early appearing epitopes of Tau, particularly the TOC-1 epitope, and the epitopes that appear 

later in this process were found in substantially fewer CB-positive BFCN. Importantly, the 

MN423 epitope, known to appear very late in the process of tangle formation, was 

completely absent from CB-positive BFCN, suggesting that tangle formation is either halted 

or is present only in the earliest stages as evidenced by absence of late tau epitopes. 

Consistent with this suggestion, a recent report indicates that the progression of tangle 

formation within the BFCN population as a whole is slower than that in cortical areas. Using 

antibodies to PH-Ser422, which appears early in the process of tangle formation, and 

caspase-3 cleaved Tau (Tau-C3), which appears later, the authors found a greater proportion 

of PH-Ser422 to Tau-C3 immunoreactive tangles in the basal forebrain when compared with 

cerebral cortex, indicative of slower progression of tangle formation in BFCN (Vana, et al. 

2011). This finding is consistent with the results of the present study, and raise the 

possibility that the slow progression of Tau pathology observed may be mediated, at least in 

part, by the presence of CB in a subpopulation of BFCN.

Of great interest, the presence of each tau epitope in CB-positive BFCN is independent of 

the presence of that epitope in the total BFCN population. Thus, the TOC-1 epitope, which 

was present in a relatively low number of BFCN, was present in a greater number of CB-

positive BFCN, when compared with PHF-1, which was present in a substantially higher 

number of BFCN. The extent to which various tau epitopes and Thioflavin-S stain co-

localize within the same neuron or tangle is not clear. Within the BFCN, it is very likely that 

early and intermediate epitopes might display a certain degree of overlap, as would 

intermediate and late epitopes. Thioflavin-S stains all mature tangles. Given that all tau 

epitopes were present in at least some tangles, overlap between Thioflavin-S and tau 

epitopes is very likely, particularly the MN-423 late appearing epitope of tau.

Calcium acts as an important signal for a variety of neuronal processes including 

neurotransmitter release (Katz, 1996), neuronal excitability (Marty, 1989), synaptic 

plasticity (Malenka, et al. 1989) and gene expression (Szekely, et al. 1990). Importantly, 

unregulated elevation of intracellular Ca+2 is toxic to cells and can cause programmed cell 

death (Chalfie and Wolinsky, 1990) or degeneration through other cellular pathologies (D. 

W. Choi, 1990; Meldrum and Garthwaite, 1990).

Calbindin binds Ca2+ with high affinity (Miller, 1991) and CB-positive neurons are able to 

regulate intracellular Ca2+ and to reduce excessive Ca2+ levels (Mattson, et al. 1991). 
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Presence of CB confers protection to neurons against modes of damage involving elevated 

intracellular Ca2+ (Mattson, et al. 1991; Rintoul, et al. 2001).

The calcium binding proteins CB, parvalbumin and calretinin are present in GABAergic 

cortical interneurons (Celio, 1990), and these inhibitory cortical interneurons are virtually 

tangle free in normal aged and AD brains (Hof and Morrison, 1991), reinforcing a potential 

neuroprotective role of CB and other calcium binging proteins. Some studies have reported 

presence of weak CB immunoreactivity in cortical pyramidal neurons (Hof and Morrison, 

1991). Cortical pyramidal neurons are selectively vulnerable to tangle formation, and one 

study has shown that the loss of such neurons is correlated with the density of cortical 

tangles in AD (Hof and Morrison, 1991). However, it is important to note that other studies, 

including our own studies in the human brain, do not find appreciable immunoreactivity for 

CB or other calcium binding proteins in cortical pyramidal neurons (Bu, et al. 2003). 

Therefore, at this juncture, no definitive statements can be made regarding the relationship 

between CB and tangle formation in these neurons. If these contradictory results are 

resolved and cortical pyramidal neurons are found to be CB-positive, double 

immunohistochemical procedures will be needed to determine whether tangles are formed in 

CB-positive cortical pyramidal neurons.

The possibility must be considered that CB may be merely a protein sensitive to tau 

pathology, and is lost in the BFCN as tau pathology progresses. However, it should be noted 

that, at the time loss of CB is observed during the normal aging process, only a small 

subpopulation of cholinergic neurons contain tangles or pre-tangles, while nearly 70% of 

these neurons have lost their CB (Geula, et al. 2003). Thus, CB loss occurs prior to pre-

tangle and tangle formation, and therefore it is unlikely to be caused by tau pathology. 

Furthermore, recent observations from our laboratory indicate that age-related loss of CB 

from the BFCN may take place in the greater context of dysregulation of other Ca2+-

responsive proteins within these neurons (Riascos, et al. 2014). For example, we have 

reported that RNA in laser captured BFCN and protein measured in basal forebrain 

homogenates display significant age- and AD-related reductions of not only CB, but also the 

Ca2+-responsive proteins Ca2+/calmodulin-dependent protein kinase I (CaMKI) and the 

growth-associated protein-43 (GAP43) (Riascos, et al. 2014). These findings strengthen the 

possibility that loss of CB and other Ca2+-responsive proteins are reflective of overall Ca2+ 

dysregulation in BFCN, which may contribute to tangle formation.

There are at least two potential mechanisms through which the age-related loss of CB and 

putative dysregulation of intracellular Ca2+ within the BFCN may influence the process of 

tangle formation. The first, involves cyclin-dependent kinase 5 (CDK5). Tau is abnormally 

phosphorylated by a number of protein kinases (Drewes, et al. 1992; Ekinci and Shea, 1999; 

Wang, et al. 1998), including CDK5 (Baumann, et al. 1993; Hosoi, et al. 1995; Kobayashi, 

et al. 1993). CDK5 is the catalytic kinase component, the other component being the 

regulatory subunit p25, derived from p35 through proteolytic activity of the Ca2+ activated 

protease calpain (Hisanaga, et al. 1993). In vitro and in vivo evidence indicates that calpain 

activation results in cleavage of p35 to p25 and subsequent prolonged activation of CDK5 

and phosphorylation of Tau (Hashiguchi, et al. 2002; Hung, et al. 2005; Lee, et al. 2000). 

Activation of calpain-1 (μ calpain [activated by μM Ca2+]) in AD animal models has been 
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implicated in direct cleavage of Tau into a 17KDa fragment with toxic effects on neurons 

(Hashiguchi, et al. 2002; Hung, et al. 2005; Lee, et al. 2000; Roberts, 1994). Thus, one 

neuronal alteration triggered by increased intracellular Ca2+ that is of immediate relevance 

to the process of tangle formation is increased activation of the protease calpain (Liu, et al. 

2008). Some studies indicate that calpain levels and activity may be increased in AD brains 

(Saito, et al. 1993; Tsuji, et al. 1998). Our earlier findings revealed significantly elevated 

levels of activated calpain in the basal forebrain region within which BFCN are located, in 

the process of normal aging and a 10-fold increase in AD (Riascos, et al. 2014). Importantly, 

calpain degrades CaMKI and GAP43 (Nairn, et al. 1985; Zakharov and Mosevitsky, 2007), 

which as mentioned above, are decreased in homogenates of basal forebrain in AD (Riascos, 

et al. 2014).

A second potential mechanism set in motion by loss of CB that is relevant to the process of 

tangle formation pertains to caspase-3 (Cas-3). CB contains a structural motif for binding 

procaspase-3 (Kojetin, et al. 2006), and inhibits Cas-3 activation both through this binding 

activity and by buffering intracellular Ca2+ (Bellido, et al. 2000; W. S. Choi, et al. 2008). 

Caspases, particularly Cas-3, cleave Tau (Kang, et al. 2005). Cas-3 cleavage of Tau 

significantly increases its polymerization, a process that accelerates oligomerization and 

tangle formation (Rissman, et al. 2004). Loss of the inhibitory function of CB is likely to 

promote Cas-3 activation, Tau cleavage by Cas-3 and tangle formation within the BFCN.

In addition to loss of CB, one other age-related mechanism has been identified that is likely 

to contribute to further dysregulation of Ca2+ in the BFCN. An age-related loss of the Ca2+ 

impermeable AMPA glutamate receptor subunit GluR2 has been reported in human BFCN 

(Ikonomovic, et al. 2000). This loss is likely to result in increased intraneuronal Ca2+ 

through unopposed activation of Ca2+ permeable GluR1 and 4/5 AMPA receptors in BFCN. 

Similar loss of GluR2 AMPA receptors has been reported in the entorhinal cortex and 

hippocampus prior to NFT formation (Ikonomovic, et al. 1997). These findings reinforce the 

potential contribution of intracellular Ca2+ dysregulation to tangle formation not only within 

the BFCN, but also in other neuronal populations vulnerable to early Tau pathology and 

tangle formation.

Ubiquitous presence of CB within BFCN indicates high levels of intracellular Ca2+ 

trafficking in these neurons, perhaps because of their extensive synaptic connections 

throughout the cortex, necessitating the presence of a strong calcium buffer to sequester 

excess Ca2+ intracellularly. While our findings suggest the contribution of age-related loss 

of CB to tangle formation and degeneration in the BFCN, other tangle-prone neurons in AD, 

such as those in the entorhinal cortex and hippocampus, do not contain CB. The age-related 

loss of Ca2+ impermeable AMPA receptors from these neurons reviewed above suggests 

that the resultant increased Ca2+ concentrations may also contribute to tangle formation in 

the entorhinal cortex, hippocampus and perhaps other tangle-prone neurons. Thus it is 

possible that Ca2+ dysregulation, brought about by different age-related mechanisms 

depending on neuronal type and population, is a primary cause of tangle formation in AD.

Ahmadian et al. Page 9

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



Acknowledgments

This work was supported in part by a Zenith Fellows award from the Alzheimer's Association, Northwestern 
University Alzheimer's Disease Core Center grant (AG013854) and grants from the National Institute on Aging 
(AG014706 and AG027141).

References

Arendt T, Bigl V, Tennstedt A, Arendt A. Neuronal loss in different parts of the nucleus basalis is 
related to neuritic plaque formation in cortical target areas in Alzheimer's disease. Neurosci. 1985; 
14:1–14.

Arriagada PV, Marzloff K, Hyman BT. Distribution of Alzheimer-type pathologic changes in 
nondemented elderly individuals matches the pattern in Alzheimer's disease. Neurology. 1992; 
42:1681–1688. [PubMed: 1307688] 

Augustinack JC, Schneider A, Mandelkow EM, Hyman BT. Specific Tau phosphorylation sites 
correlate with severity of neuronal cytopathology in Alzheimer's disease. Acta Neuropathol. 2002; 
103:26–35. [PubMed: 11837744] 

Ballatore C, Lee VM, Trojanowski JQ. Tau-mediated neurodegeneration in Alzheimer's disease and 
related disorders. Nat Rev Neurosci. 2007; 8:663–672. [PubMed: 17684513] 

Baumann K, Mandelkow EM, Biernat J, Piwnica-Worms H, Mandelkow E. Abnormal Alzheimer-like 
phosphorylation of Tau-protein by cyclin-dependent kinases cdk2 and cdk5. FEBS Lett. 1993; 
336:417–424. [PubMed: 8282104] 

Bellido T, Huening M, Raval-Pandya M, Manolagas SC, Christakos S. Calbindin-D28k is expressed in 
osteoblastic cells and suppresses their apoptosis by inhibiting caspase-3 activity. J Biol Chem. 2000; 
275:26328–26332. [PubMed: 10835428] 

Berger-Sweeney J, Heckers S, Mesulam MM, Wiley RG, Lappi DA, Sharma M. Differential effects on 
spatial navigation of immunotoxin-induced cholinergic lesions of the medial septal area and nucleus 
basalis magnocellularis. J Neurosci. 1994; 14:4507–4519. [PubMed: 8027790] 

Braak E, Braak H, Mandelkow EM. A sequence of cytoskeleton changes related to the formation of 
neurofibrillary tangles and neuropil threads. Acta Neuropathol. 1994; 87:554–567. [PubMed: 
7522386] 

Bu J, Sathyendra V, Nagykery N, Geula C. Age-related changes in calbindin-D28k, calretinin, and 
parvalbumin-immunoreactive neurons in the human cerebral cortex. Exp Neurol. 2003; 182:220–
231. [PubMed: 12821392] 

Celio MR. Calbindin D-28K and parvalbumin in the rat nervous system. Neurosci. 1990; 35:375–475.

Chalfie M, Wolinsky E. The identification and suppression of inherited neurodegeneration in 
Caenorhabditis elegans. Nature. 1990; 345:410–416. [PubMed: 2342572] 

Choi DW. Cerebral hypoxia: some new approaches and unanswered questions. J Neurosci. 1990; 
10:2493–2501. [PubMed: 1974918] 

Choi WS, Lee E, Lim J, Oh YJ. Calbindin-D28K prevents drug-induced dopaminergic neuronal death 
by inhibiting caspase and calpain activity. Biochem Biophys Res Commun. 2008; 371:127–131. 
[PubMed: 18413141] 

Chun W, Johnson GV. The role of Tau phosphorylation and cleavage in neuronal cell death. Front 
Biosci. 2007; 12:733–756. [PubMed: 17127334] 

Drewes G, Lichtenberg-Kraag B, Doring F, Mandelkow EM, Biernat J, Goris J, Doree M, Mandelkow 
E. Mitogen activated protein (MAP) kinase transforms Tau protein into an Alzheimer-like state. 
EMBO J. 1992; 11:2131–2138. [PubMed: 1376245] 

Ekinci FJ, Shea TB. Hyperactivation of mitogen-activated protein kinase increases phospho-Tau 
immunoreactivity within human neuroblastoma: additive and synergistic influence of alteration of 
additional kinase activities. Cell and Mol Neurobiol. 1999; 19:249–260.

Fine A, Hoyle C, Maclean CJ, Levatte TL, Baker HF, Ridley RM. Learning impairments following 
injection of a selective cholinergic immunotoxin, ME20.4 IgG-saporin, into the basal nucleus of 
Meynert in monkeys. Neurosci. 1997; 81:331–343.

Ahmadian 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



Geula C, Bu J, Nagykery N, Scinto LF, Chan J, Joseph J, Parker R, Wu CK. Loss of calbindin-D28k 
from aging human cholinergic basal forebrain: relation to neuronal loss. J Comp Neurol. 2003; 
455:249–259. [PubMed: 12454989] 

Geula C, Mesulam MM. Cortical cholinergic fibers in aging and Alzheimer's disease: a morphometric 
study. Neurosci. 1989; 33:469–481.

Geula, C.; Mesulam, MM. Cholinergic Systems in Alzheimer Disease.. In: Terry, RD.; Katzman, R.; 
Bick, KL.; Sisodia, SS., editors. Alzheimer disease. 2nd ed. Lippincott Williams & Wilkins; 
Philadelphia: 1999. p. 269-292.

Geula C, Nagykery N, Nicholas A, Wu CK. Cholinergic neuronal and axonal abnormalities are present 
early in aging and in Alzheimer disease. J Neuropathol Exp Neurol. 2008; 67:309–318. [PubMed: 
18379437] 

Geula C, Schatz CR, Mesulam MM. Differential localization of NADPH-diaphorase and calbindin-
D28k within the cholinergic neurons of the basal forebrain, striatum and brainstem in the rat, 
monkey, baboon and human. Neurosci. 1993; 54:461–476.

Guillozet-Bongaarts AL, Garcia-Sierra F, Reynolds MR, Horowitz PM, Fu Y, Wang T, Cahill ME, 
Bigio EH, Berry RW, Binder LI. Tau truncation during neurofibrillary tangle evolution in 
Alzheimer's disease. Neurobiol Aging. 2005; 26:1015–1022. [PubMed: 15748781] 

Hashiguchi M, Saito T, Hisanaga S, Hashiguchi T. Truncation of CDK5 activator p35 induces 
intensive phosphorylation of Ser202/Thr205 of human Tau. J Biol Chem. 2002; 277:44525–44530. 
[PubMed: 12226093] 

Hisanaga S, Ishiguro K, Uchida T, Okumura E, Okano T, Kishimoto T. Tau protein kinase II has a 
similar characteristic to cdc2 kinase for phosphorylating neurofilament proteins. J Biol Chem. 
1993; 268:15056–15060. [PubMed: 8325881] 

Hof PR, Morrison JH. Neocortical neuronal subpopulations labeled by a monoclonal antibody to 
calbindin exhibit differential vulnerability in Alzheimer's disease. Exp Neurol. 1991; 111:293–
301. [PubMed: 1999232] 

Hosoi T, Uchiyama M, Okumura E, Saito T, Ishiguro K, Uchida T, Okuyama A, Kishimoto T, 
Hisanaga S. Evidence for cdk5 as a major activity phosphorylating Tau protein in porcine brain 
extract. J Biochem. 1995; 117:741–749. [PubMed: 7592534] 

Hung KS, Hwang SL, Liang CL, Chen YJ, Lee TH, Liu JK, Howng SL, Wang CH. Calpain inhibitor 
inhibits p35-p25-Cdk5 activation, decreases Tau hyperphosphorylation, and improves neurological 
function after spinal cord hemisection in rats. J Neuropathol Exp Neurol. 2005; 64:15–26. 
[PubMed: 15715081] 

Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo MC, Dickson DW, Duyckaerts C, 
Frosch MP, Masliah E, Mirra SS, Nelson PT, Schneider JA, Thal DR, Thies B, Trojanowski JQ, 
Vinters HV, Montine TJ. National Institute on Aging-Alzheimer's Association guidelines for the 
neuropathologic assessment of Alzheimer's disease. Alzhei Dem. 2012; 8:1–13.

Ikonomovic MD, Mizukami K, Davies P, Hamilton R, Sheffield R, Armstrong DM. The loss of 
GluR2(3) immunoreactivity precedes neurofibrillary tangle formation in the entorhinal cortex and 
hippocampus of Alzheimer brains. J Neuropathol Exp Neurol. 1997; 56:1018–1027. [PubMed: 
9291943] 

Ikonomovic MD, Nocera R, Mizukami K, Armstrong DM. Age-related loss of the AMPA receptor 
subunits GluR2/3 in the human nucleus basalis of Meynert. Exp Neurol. 2000; 166:363–375. 
[PubMed: 11085901] 

Kang HJ, Yoon WJ, Moon GJ, Kim DY, Sohn S, Kwon HJ, Gwag BJ. Caspase-3-mediated cleavage 
of PHF-1 Tau during apoptosis irrespective of excitotoxicity and oxidative stress: an implication to 
Alzheimer's disease. Neurobiol Dis. 2005; 18:450–458. [PubMed: 15755671] 

Katz B. Neural transmitter release: from quantal secretion to exocytosis and beyond. The Fenn 
Lecture. J Neurocytol. 1996; 25:677–686. [PubMed: 9023717] 

Kobayashi S, Ishiguro K, Omori A, Takamatsu M, Arioka M, Imahori K, Uchida T. A cdc2-related 
kinase PSSALRE/cdk5 is homologous with the 30 kDa subunit of Tau protein kinase II, a proline-
directed protein kinase associated with microtubule. FEBS Lett. 1993; 335:171–175. [PubMed: 
8253190] 

Ahmadian et al. Page 11

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



Kojetin DJ, Venters RA, Kordys DR, Thompson RJ, Kumar R, Cavanagh J. Structure, binding 
interface and hydrophobic transitions of Ca2+-loaded calbindin-D(28K). Nat Struct Mol Biol. 
2006; 13:641–647. [PubMed: 16799559] 

Lauckner J, Frey P, Geula C. Comparative distribution of Tau phosphorylated at Ser262 in pre-tangles 
and tangles. Neurobiol Aging. 2003; 24:767–776. [PubMed: 12927759] 

Lee MS, Kwon YT, Li M, Peng J, Friedlander RM, Tsai LH. Neurotoxicity induces cleavage of p35 to 
p25 by calpain. Nature. 2000; 405:360–364. [PubMed: 10830966] 

Levey AI, Bolam JP, Rye DB, Hallanger AE, Demuth RM, Mesulam MM, Wainer BH. A light and 
electron microscopic procedure for sequential double antigen localization using diaminobenzidine 
and benzidine dihydrochloride. J Histochem Cytochem. 1986; 34:1449–1457. [PubMed: 2430010] 

Liu J, Liu MC, Wang KK. Calpain in the CNS: from synaptic function to neurotoxicity. Sci Signal. 
2008:1, re1. [PubMed: 18364512] 

Luna-Munoz J, Garcia-Sierra F, Falcon V, Menendez I, Chavez-Macias L, Mena R. Regional 
conformational change involving phosphorylation of Tau protein at the Thr231, precedes the 
structural change detected by Alz-50 antibody in Alzheimer's disease. J Alzheimers Dis. 2005; 
8:29–41. [PubMed: 16155347] 

Lutz W, Frank EM, Craig TA, Thompson R, Venters RA, Kojetin D, Cavanagh J, Kumar R. Calbindin 
D28K interacts with Ran-binding protein M: identification of interacting domains by NMR 
spectroscopy. Biochem Biophys Res Commun. 2003; 303:1186–1192. [PubMed: 12684061] 

Malenka RC, Kauer JA, Perkel DJ, Nicoll RA. The impact of postsynaptic calcium on synaptic 
transmission--its role in long-term potentiation. TINS. 1989; 12:444–450. [PubMed: 2479146] 

Markesbery WR, Wang HZ, Kowall NW, Kosik KS, McKee AC. Morphometric image analysis of 
neuropil threads in Alzheimer's disease. Neurobiol Aging. 1993; 14:303–307. [PubMed: 8367011] 

Marty A. The physiological role of calcium-dependent channels. TINS. 1989; 12:420–424. [PubMed: 
2479142] 

Mattson MP, Rychlik B, Chu C, Christakos S. Evidence for calcium-reducing and excito-protective 
roles for the calcium-binding protein calbindin-D28k in cultured hippocampal neurons. Neuron. 
1991; 6:41–51. [PubMed: 1670921] 

McKhann GM Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas CH, Klunk WE, Koroshetz 
WJ, Manly JJ, Mayeux R, Mohs RC, Morris JC, Rossor MN, Scheltens P, Carrillo MC, Thies B, 
Weintraub S, Phelps CH. The diagnosis of dementia due to Alzheimer's disease: recommendations 
from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic 
guidelines for Alzheimer's disease. Alzhei Dem. 2011; 7:263–269.

Meldrum B, Garthwaite J. Excitatory amino acid neurotoxicity and neurodegenerative disease. Tre 
Pharmacol Sci. 1990; 11:379–387.

Mesulam MM, Geula C. Nucleus basalis (Ch4) and cortical cholinergic innervation in the human 
brain: observations based on the distribution of acetylcholinesterase and choline acetyltransferase. 
J Comp Neurol. 1988; 275:216–240. [PubMed: 3220975] 

Mesulam MM, Mufson EJ, Levey AI, Wainer BH. Cholinergic innervation of cortex by the basal 
forebrain: cytochemistry and cortical connections of the septal area, diagonal band nuclei, nucleus 
basalis (substantia innominata), and hypothalamus in the rhesus monkey. J Comp Neurol. 1983a; 
214:170–197. [PubMed: 6841683] 

Mesulam MM, Mufson EJ, Wainer BH, Levey AI. Central cholinergic pathways in the rat: an 
overview based on an alternative nomenclature (Ch1-Ch6). Neurosci. 1983b; 10:1185–1201.

Mesulam MM, Shaw P, Mash D, Weintraub S. Cholinergic nucleus basalis Tauopathy emerges early 
in the aging-MCI-AD continuum. Ann Neurol. 2004; 55:815–828. [PubMed: 15174015] 

Miller RJ. The control of neuronal Ca2+ homeostasis. Prog Neurobiol. 1991; 37:255–285. [PubMed: 
1947178] 

Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW, Duyckaerts C, Frosch MP, 
Masliah E, Mirra SS, Nelson PT, Schneider JA, Thal DR, Trojanowski JQ, Vinters HV, Hyman 
BT, National Institute on Aging; Alzheimer's Association. National Institute on Aging-Alzheimer's 
Association guidelines for the neuropathologic assessment of Alzheimer's disease: a practical 
approach. Acta Neuropathol. 2012; 123:1–11. [PubMed: 22101365] 

Ahmadian et al. Page 12

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



Morris JC, Heyman A, Mohs RC, Hughes JP, van Belle G, Fillenbaum G, Mellits ED, Clark C. The 
Consortium to Establish a Registry for Alzheimer's Disease (CERAD). Part I. Clinical and 
neuropsychological assessment of Alzheimer's disease. Neurology. 1989; 39:1159–1165. 
[PubMed: 2771064] 

Nairn AC, Hemmings HC Jr, Greengard P. Protein kinases in the brain. Ann Rev Biochem. 1985; 
54:931–976. [PubMed: 2411213] 

Newell KL, Hyman BT, Growdon JH, Hedley-Whyte ET. Application of the National Institute on 
Aging (NIA)-Reagan Institute criteria for the neuropathological diagnosis of Alzheimer disease. J 
Neuropathol Exp Neurol. 1999; 58:1147–1155. [PubMed: 10560657] 

Patterson KR, Remmers C, Fu Y, Brooker S, Kanaan NM, Vana L, Ward S, Reyes JF, Philibert K, 
Glucksman MJ, Binder LI. Characterization of prefibrillar Tau oligomers in vitro and in 
Alzheimer disease. J Biol Chem. 2011; 286:23063–23076. [PubMed: 21550980] 

Perry EK, Irving D, Kerwin JM, McKeith IG, Thompson P, Collerton D, Fairbairn AF, Ince PG, 
Morris CM, Cheng AV. Cholinergic transmitter and neurotrophic activities in Lewy body 
dementia: similarity to Parkinson's and distinction from Alzheimer disease. Alz Dis Assoc Disord. 
1993; 7:69–79.

Price JL, Morris JC. Tangles and plaques in nondemented aging and “preclinical” Alzheimer's disease. 
Ann Neurol. 1999; 45:358–368. [PubMed: 10072051] 

Riascos D, de Leon D, Baker-Nigh A, Nicholas A, Yukhananov R, Bu J, Wu CK, Geula C. Age-
related loss of calcium buffering and selective neuronal vulnerability in Alzheimer's disease. Acta 
Neuropathol. 2011; 122:565–576. [PubMed: 21874328] 

Riascos D, Nicholas A, Samaeekia R, Yukhananov R, Mesulam MM, Bigio EH, Weintraub S, Guo L, 
Geula C. Alterations of Ca2+-responsive proteins within cholinergic neurons in aging and 
Alzheimer's disease. Neurobiol Aging. 2014; 35:1325–1333. [PubMed: 24461366] 

Rintoul GL, Raymond LA, Baimbridge KG. Calcium buffering and protection from excitotoxic cell 
death by exogenous calbindin-D28k in HEK 293 cells. Cell Calcium. 2001; 29:277–287. 
[PubMed: 11243935] 

Rissman RA, Poon WW, Blurton-Jones M, Oddo S, Torp R, Vitek MP, LaFerla FM, Rohn TT, 
Cotman CW. Caspase-cleavage of Tau is an early event in Alzheimer disease tangle pathology. J 
Cli Inv. 2004; 114:121–130.

Roberts WM. Localization of calcium signals by a mobile calcium buffer in frog saccular hair cells. J 
Neurosci. 1994; 14:3246–3262. [PubMed: 8182469] 

Saito K, Elce JS, Hamos JE, Nixon RA. Widespread activation of calcium-activated neutral proteinase 
(calpain) in the brain in Alzheimer disease: a potential molecular basis for neuronal degeneration. 
Proc Natl Acad Sci USA. 1993; 90:2628–2632. [PubMed: 8464868] 

Sarter M, Parikh V. Choline transporters, cholinergic transmission and cognition. Nat Rev Neurosci. 
2005; 6:48–56. [PubMed: 15611726] 

Schliebs R, Arendt T. The cholinergic system in aging and neuronal degeneration. Beh Brain Res. 
2011; 221:555–563.

Stoehr JD, Mobley SL, Roice D, Brooks R, Baker LM, Wiley RG, Wenk GL. The effects of selective 
cholinergic basal forebrain lesions and aging upon expectancy in the rat. Neurobiol Lear Mem. 
1997; 67:214–227.

Szekely AM, Costa E, Grayson DR. Transcriptional program coordination by N-methyl-D-aspartate-
sensitive glutamate receptor stimulation in primary cultures of cerebellar neurons. Mol Pharmacol. 
1990; 38:624–633. [PubMed: 1978242] 

Tsuji T, Shimohama S, Kimura J, Shimizu K. m-Calpain (calcium-activated neutral proteinase) in 
Alzheimer's disease brains. Neurosci Lett. 1998; 248:109–112. [PubMed: 9654354] 

Vana L, Kanaan NM, Ugwu IC, Wuu J, Mufson EJ, Binder LI. Progression of Tau pathology in 
cholinergic Basal forebrain neurons in mild cognitive impairment and Alzheimer's disease. Am J 
Pathol. 2011; 179:2533–2550. [PubMed: 21945902] 

Wang JZ, Wu Q, Smith A, Grundke-Iqbal I, Iqbal K. Tau is phosphorylated by GSK-3 at several sites 
found in Alzheimer disease and its biological activity markedly inhibited only after it is 
prephosphorylated by A-kinase. FEBS Lett. 1998; 436:28–34. [PubMed: 9771888] 

Ahmadian et al. Page 13

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



Whitehouse PJ, Struble RG, Hedreen JC, Clark AW, Price DL. Alzheimer's disease and related 
dementias: selective involvement of specific neuronal systems. CRC Crit Rev Cli Neurobiol. 1985; 
1:319–339.

Wu CK, Mesulam MM, Geula C. Age-related loss of calbindin from human basal forebrain 
cholinergic neurons. Neuroreport. 1997; 8:2209–2213. [PubMed: 9243613] 

Wu CK, Nagykery N, Hersh LB, Scinto LF, Geula C. Selective age-related loss of calbindin-D28k 
from basal forebrain cholinergic neurons in the common marmoset (Callithrix jacchus). Neurosci. 
2003; 120:249–259.

Zakharov VV, Mosevitsky MI. M-calpain-mediated cleavage of GAP-43 near Ser41 is negatively 
regulated by protein kinase C, calmodulin and calpain-inhibiting fragment GAP-43-3. J 
Neurochem. 2007; 101:1539–1551. [PubMed: 17326767] 

Ahmadian et al. Page 14

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



Highlights

• Human basal forebrain cholinergic neurons display age-related loss of calbindin.

• Calbindin-positive cholinergic neurons are resistant to tangle formation.

• Calbindin is associated only with early, but not late tau epitopes in cholinergic 

neurons.
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Figure 1. Calbindin staining and immunoreactivity for various Tau epitopes show little overlap 
in basal forebrain cholinergic neurons (BFCN)
Double immunohistochemistry demonstrates the presence of calbindin (brown, DAB) and 

Tau epitopes (granular blue, BDHC) (A) TOC-1, which appears early in Tau oligomers, (B) 

AT8 and (C) PHF-1, which are intermediate in the process of tangle formation, and (D) 

MN423, which appears late in this process, in BFCN. Immunoreactivity for all four Tau 

epitopes was observed within BFCN in all the AD cases investigated. Immunoreactivity for 

calbindin and Tau epitopes was virtually non-overlapping, with minor co-localization of 

calbindin with TOC-1, AT8 or PHF-1 (see Fig 3 and 4). CB was never co-localized with the 

late appearing Tau epitope MN423 in BFCN. Note that while neuropil threads stained for 

each tau epitope are present among the BFCN (elongated blue thread-like structures), no 

neuritic plaques are seen. Magnification 10X. Arrows point to single CB immunoreactive 

neurons and arrowheads to neurons singly stained for each Tau epitope.
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Figure 2. Stereological quantitation of the number of tangles / pre-tangles in the basal forebrain 
cholinergic neurons containing various Tau epitopes
Unbiased stereological counting methods demonstrated that Thioflavin-S (Thio-S), which 

binds to β-pleated sheet conformation in mature tangles, is present in the largest number of 

tangles / pre-tangles in BFCN, followed sequentially by Tau epitopes PHF-1, MN423, 

TOC-1 and AT8. The number of Thio-S-positive BFCN tangles was significantly larger than 

the numbers of BFCN containing TOC-1 or AT8 immunoreactive tangles / pre-tangles 

(*p<0.05). Bars represent means and standard errors.
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Figure 3. Abnormal Tau epitopes are rarely co-localized with calbindin immunoreactivity in 
basal forebrain cholinergic neurons (BFCN)
High power photomicrographs, showing examples of BFCN containing calbindin 

immunoreactivity only (brown, arrows), calbindin immunoreactivity and each Tau epitope 

(Tau epitopes in granular blue, arrowheads) or Tau epitope immunoreactivity only (granular 

blue, double arrowhead). BFCN were infrequently double-stained for calbindin and the early 

Tau epitope TOC-1 (A), or the intermediate Tau epitopes AT8 (B) and PHF-1 (C). 

Calbindin immunoreactivity was never co-localized with the late appearing Tau epitope 

MN423 in BFCN (D). Magnification 40X.
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Figure 4. Presence of calbindin is associated primarily with early epitopes of tau in basal 
forebrain cholinergic neurons (BFCN)
While co-localization of calbindin with various Tau epitopes was infrequent when compared 

with total number of BFCN that contained calbindin or each Tau epitope, unbiased 

stereological counting methods demonstrated that the largest numbers of double stained 

calbindin immunoreactive BFCN contained the early appearing Tau epitope TOC-1, 

followed by the intermediate appearing epitopes AT8 and PHF-1. The late appearing Tau 

epitope MN423 was never co-localized with calbindin in BFCN. Thus calbindin-positive 

BFCN contain only tangles / pre-tangles that are in the initial stages of formation, and late 

stage tangles / pre-tangles are completely absent from these neurons. The number of BFCN 

double stained for calbindin and TOC-1 was significantly larger than the number containing 

calbindin and MN423 (* p< 0.05). Bars represent means with standard errors.
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Table 1

Characteristics of Cases

Case # Age (years) Gender PMI (Hours) Braak Stage MMSE CDR

1 93 M 10 V 24 (7 Y BD) 1 (7 Y BD)

2 83 F 24 VI 11 (6 M BD) 2 (6 M BD)

3 80 F 4 V 11 (6 Y BD) 3 (6 M BD)

4 71 M 12 VI 1 (7 Y BD) 3 (1 Y BD)

5 56 M 8 VI 21 (6 Y BD) 3 (1 Y BD)

PMI – Postmortem Interval; Braak Stage – Stages of Neurofibrillary Tangle Formation; MMSE – Mini-Mental State Examination (highest possible 
score = 30); CDR – Clinical Dementia Scale (highest possible score = 3); Y – Year(s); M – Months; BD – before death
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Table 2

Antibodies Used

Antibody Epitope Recognized Dilution

Calbindin, Rabbit Polyclonal Calbindin-D28K 1/2000

Tau Oligomer Complex-1 (TOC1), Mouse Monoclonal Non-Fibrillar Tau Dimers and Oligomers 1/5000

AT8, Mouse Monoclonal Tau Phosphorylated at Ser202/Thr205 1/500

PHF-1, Mouse Monoclonal Tau Phosphorylated at Ser396/404 1/1000

MN423, Mouse Monoclonal Truncated Tau 1/5000
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Table 3

Total Counts of Basal Forebrain Cholinergic Neurons (nbM-Ch4) Immunoreactive for Calbindin and Tau 

Epitopes in Each Case

Case Calbindin
† TOC1 AT8 PHF1 MN423

1 25,060 14,644 25,148 116,126 9,258

2 23,304 23,740 18,297 29,210 256

3 33,145 37,325 5,179 27,506 8,579

4 6,631 4,563 5,401 28,240 53,635

5 9,626 2,093 15,375 30,392 62,715

†
Calbindin counts for each case represents the average of counts obtained from sections double-stained for calbindin and each tau epitope.
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Table 4

Numbers and Percentages of BFCN Single or Double Stained for Calbindin and Each Tau Epitope

Tau Epitope Total CB count Total Tau Epitope 
count

Total double count percentage of double to 
total CB

percentage of double to 
total

TOC-1 22554 1643
831

*
3.68

+
5.04

^

AT8 17541 13880 307 1.75
2.21

†

PHF-1 20048 46295 367 1.82 0.79

MN423 18069 26889 0 0 0

*
Number of CB/TOC-1 double stained BFCN is significantly higher than CB/MN423 double stained BFCN (p<0.05).

+
Percentage of CB-positive neurons which contain TOC-1 immunoreactivity is higher than the percentage that contain AT8 (p<0.001), PHF-1 

(p<0.01) or MN423 (p<0.001) immunoreactivity.

^
The percentage of total TOC-1 immunoreactive BFCN that contain CB is higher than the percentage of AT8, PHF-1 or MN423 immunoreactive 

neurons that contain CB (p<0.001).

†
Percentage of AT8 immunoreactive BFCN that contain CB is significantly higher than the percentage of MN423 immunoreactive BFCN 

containing CB (p<0.05).
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