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Abstract 
For over three decades, the Amyloid Cascade Hypothesis has dominated the intellectual, 
clinical, and financial landscape of Alzheimer’s disease (AD) research. However, the consistent 
and highly publicized failures of amyloid-targeted therapies to produce substantial, long-term 
clinical modifications have catalyzed a critical reassessment of AD pathogenesis. This 
doctoral-level thesis evaluates the comprehensive scientific and institutional contributions of 
Zaven S. Khachaturian, specifically focusing on his formulation of the Calcium Hypothesis and 
the subsequent paradigm of the Systems Failure Model. By triangulating historiographical 
analysis, molecular neurobiology, and clinical trial outcomes, this research examines how 

intracellular calcium ( ) dyshomeostasis serves as a final common pathway for 
age-associated brain changes and neurodegeneration. The analysis traces the evolution of the 
Calcium Hypothesis from its initial inception in 1984 to the definitive 2017 Alzheimer's 
Association Workgroup update. It meticulously dissects the hypothesis's core postulates and 

its mechanistic intersections with amyloid-beta ( ), tau hyperphosphorylation, and 
presenilin mutations—specifically regarding the pathogenic cleavage of stromal interaction 
molecule 1 (STIM1). Furthermore, this thesis contextualizes Khachaturian’s theoretical biology 
within his profound institutional impact at the National Institute on Aging (NIA) and his role in 
shaping the National Alzheimer's Project Act (NAPA). The findings indicate that while the 
Calcium Hypothesis faces significant translational challenges—evidenced by mixed clinical trial 
results for calcium channel blockers—it provides a more robust, non-linear, and integrative 
framework for understanding the polygenic and multifactorial nature of AD than traditional 
reductionist models. By reconceptualizing AD as a Brain Network Disorder, the field can pivot 
toward multi-target interventions and preventative strategies that address the systemic 
deterioration of the aging brain. 

Introduction 
The search for a disease-modifying therapy for Alzheimer’s disease (AD) represents one of the 
grandest scientific, economic, and public health challenges of the twenty-first century.1 As 
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global populations age, the demographic reality of a burgeoning elderly cohort has collided 
with a staggering lack of pharmacological interventions capable of arresting or reversing the 
underlying neurodegenerative process.2 The trajectory of AD research has been profoundly 
shaped by prevailing theoretical frameworks that dictate not only the direction of bench 
science but also the allocation of billions of dollars in federal and private funding.4 Since 1992, 

the Amyloid Cascade Hypothesis—which posits that the accumulation of the  peptide is 
the primary, initiating event in AD pathogenesis—has achieved near-hegemonic status in the 
field.6 Yet, an overwhelming majority of clinical trials targeting amyloid clearance have failed to 
halt cognitive decline, exposing the severe limitations of a linear, single-target pathogenic 
model.8 

In stark contrast to this reductionist approach stands the extensive body of work by Zaven S. 
Khachaturian, whose theoretical contributions offer a fundamentally different epistemological 
framework. Khachaturian first articulated the "Calcium Hypothesis of Brain Aging and 
Alzheimer's Disease" in the early 1980s, proposing that sustained disruptions in intracellular 

calcium ( ) homeostasis constitute the final common pathway leading to neuronal 
dysfunction, synaptic loss, and eventual cell death.11 Over the subsequent decades, as the 
myriad complexities of neurodegeneration became increasingly apparent through advanced 
molecular and genetic profiling, Khachaturian expanded this biological premise into a broader 
"Systems Failure Model".2 This highly integrative model posits that AD is not a singular, uniform 
disease triggered by a lone etiologic factor, but rather a clinical-pathological syndrome 
resulting from the progressive, non-linear failure of interconnected biological systems and 
neural networks.14 

The primary research problem addressed in this thesis is the critical evaluation of the Calcium 
Hypothesis and the Systems Failure Model as viable, comprehensive alternatives to the 
entrenched amyloid paradigm. The significance of this inquiry is twofold. Scientifically, it 
rigorously interrogates the molecular and systemic mechanisms that may better explain the 
heterogeneity, mixed pathologies, and selective neuronal vulnerability observed in AD.11 
Historiographically, it examines the complex "politics of science," illustrating how Khachaturian’s 
dual roles as a chief architect of the NIA’s extramural research programs and a leading 
theoretical scientist profoundly influenced the trajectory of global dementia research from the 
1970s to the present day.17 

This thesis argues that Khachaturian's theoretical frameworks offer the requisite complexity to 
account for the failures of past clinical trials and provide a necessary blueprint for future 
therapeutic development. By repositioning AD as a "Brain Network Disorder" driven by 
multiscale dyshomeostasis, the field can pivot toward multi-target interventions and 
preventative strategies that address the systemic deterioration of the aging brain, rather than 
exclusively targeting end-stage protein aggregates. 

Literature Review 

Synthesizing the work of Zaven Khachaturian
Drafted by Claude-Opus-4.6
Prepared for Dr. James Truchard and Benjamin Gustafsson



To fully comprehend the significance of the Calcium Hypothesis, it is essential to situate it 
within the broader historiography of Alzheimer's disease research. The conceptualization of AD 
has undergone profound epistemological shifts over the past century, transitioning from a rare 
presenile curiosity to a pervasive, socially devastating biological syndrome.19 

The historical narrative traditionally begins in 1906, when the German psychiatrist Alois 
Alzheimer identified the hallmark plaques and tangles in the brain of a 51-year-old patient, 
Auguste D..9 However, historical scholarship has increasingly recognized the marginalized 
contributions of Alzheimer's contemporary, Oskar Fischer.21 Fischer, a prominent member of 
the Prague School of Neuropathology, simultaneously provided extensive and detailed 
documentation of neuritic plaques in cases of senile dementia.20 Notably, Fischer 
controversially posited that these plaques were the result of a chronic infectious 
process—specifically involving Actinobacteria (then referred to as Streptothrix).21 While 
Fischer's infectious etiology was largely dismissed at the time, his work underscored the early 
and fierce contestation over the biological origins of dementia.21 Tragically, Fischer's legacy was 
systematically erased due to antisemitism, culminating in his arrest and murder by the Gestapo 
in 1942.22 For decades following these initial discoveries, Emil Kraepelin’s nosological division 
held firm: Alzheimer's disease was strictly defined as a rare presenile condition, etiologically 
distinct from the common "senile dementia" that afflicted the broader aging population.19 

This rigid classification persisted until a monumental paradigm shift occurred in the 1970s, 
largely engineered by three highly influential American physician-scientists colloquially known 
as the "Three Bobs"—pathologist Robert Terry, neurologist Robert Katzman, and 
psychiatrist/gerontologist Robert Butler.18 Driven by the socio-demographic realities of an 
aging post-war population and a desire to combat "ageism," these figures successfully argued 
that presenile AD and senile dementia shared identical ultrastructural pathology.18 By merging 
them into a single entity—"Alzheimer's disease"—they transformed a rare neurological curiosity 
into the fourth leading cause of death in the United States, thereby forcing a massive public 
health and federal funding response.18 Accompanying them in this crusade was Zaven 
Khachaturian, a neurobiologist recruited by Robert Butler to the newly formed National 
Institute on Aging (NIA).18 Khachaturian utilized this new, expanded nosology to build the NIA's 
extramural research infrastructure from the ground up, effectively directing unprecedented 
federal funding toward understanding the fundamental neurobiology of the disease.18 

The influx of capital and scientific talent during the 1980s set the stage for the second major 
era of AD research. In 1984, the protein constituent of the plaques was isolated and sequenced 

as amyloid-beta ( ), and in 1986, the neurofibrillary tangles were identified as 
hyperphosphorylated tau.9 This biochemical mapping culminated in the 1992 publication of the 
Amyloid Cascade Hypothesis by John Hardy and Gerald Higgins.6 This hypothesis achieved 
immediate and lasting dominance due to its elegant, linear simplicity: genetic mutations in the 

amyloid precursor protein (APP) cause  accumulation, which subsequently triggers tau 
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tangles, synaptic dysfunction, and ultimately cell death.6 

Khachaturian, despite funding much of the foundational research that led to this discovery, has 
retrospectively critiqued the subsequent era, noting that the singular focus on amyloid became 
an "infallible belief system".9 This dogma created a monolithic funding environment that 
permeated drug companies, peer-reviewed journals, and NIH study sections, effectively stifling 
alternative scientific inquiry and alternative pathogenic models.20 

The counter-narrative to this linear amyloid dominance has been Khachaturian's own Calcium 
Hypothesis, formally introduced in a series of foundational papers between 1984 and 1989, and 
subsequently revised in 1994 and 2017.11 Initially viewed by the mainstream establishment as an 
ancillary or secondary theory, it steadily gained empirical traction as evidence mounted that 

 itself triggers massive calcium influx and that familial AD (FAD) mutations directly disrupt 
endoplasmic reticulum (ER) calcium stores.30 Recent literature spanning 2020 to 2025 reflects a 
profound resurgence of the Calcium Hypothesis in the wake of continued amyloid drug 
failures.33 Reviews by Berridge, Cascella, and Cecchi explicitly re-center calcium 

dyshomeostasis as the fundamental, upstream driver of both  aggregation and tau 
hyperphosphorylation.35 Furthermore, O'Day and Myre’s extension of the framework into the 
"Calmodulin Hypothesis" elegantly illustrates how excessive cytosolic calcium hyperactivates 
calmodulin (CaM), which in turn aberrantly interacts with over 300 binding proteins to execute 
neurotoxic, autophagic, and inflammatory events.37 

The historiographical and scientific consensus is currently undergoing a third major transition. 
The field is actively moving away from the linear biological definition of AD toward 
Khachaturian's "Systems Failure Model." This transition marks a recognition that the clinical 
failure of amyloid-clearing monoclonal antibodies—which, while effective at removing plaques, 
largely fail to restore cognition or halt neurodegeneration—requires a conceptual reassessment 
of the disease itself.40 In this modern view, AD is a multiscale syndrome where varying 
environmental, aging, and genetic stressors converge on calcium regulatory systems, causing a 
non-linear collapse of neural network functionality.2 

To contextualize these historical and theoretical transitions, the evolution of AD research 
frameworks can be understood through three distinct epistemological eras. The initial 
clinical-pathological definition gave way to the linear Amyloid Cascade Hypothesis in the 1990s. 
The frequent clinical trial failures of the 21st century have recently catalyzed a shift toward 
non-linear, multi-factorial frameworks such as the Systems Failure Model championed by 
Khachaturian. 

Table 1: Epistemological Eras of Alzheimer's Disease Research 

Era Dominant Key Figures Core Epistemological 
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Framework Approach 

Era 1 (1906–1970s) Clinical Nosology Alois Alzheimer, 
Oskar Fischer, Emil 
Kraepelin 

Observational and 
histopathological. Strict 
separation of rare 
presenile AD from 
common senile 
dementia. 
Marginalization of 
infectious/complex 
etiologies. 

Era 2 (1980s–2010s) Linear Amyloid 
Paradigm 

John Hardy, Dennis 
Selkoe 

Reductionist molecular 
biology. Posits a 
unidirectional cascade: 

APP mutations  

 aggregation  

Tau tangles  Cell 
death. Heavy focus on 
single-target drug 
discovery. 

Era 3 
(2010s–Present) 

Systems Failure & 
Calcium 
Dyshomeostasis 

Zaven Khachaturian, 
Danton O'Day 

Systems biology and 
complexity theory. 
Views AD as a Brain 
Network Disorder 
driven by multiscale 
dyshomeostasis, with 
calcium regulation 
acting as the central 
converging node. 

Epistemological and Analytical Framework 
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This thesis employs a dual-methodological approach, rigorously integrating historical 
epistemology with advanced systems biology analysis. The primary data sources encompass 
peer-reviewed scientific literature, historical policy documents, congressional testimonies, and 
clinical trial registry data spanning from 1980 to 2025. 

The biological and mechanistic analysis involves a systematic review of the molecular pathways 
underpinning the Calcium Hypothesis, with a specific, critical focus on the 2017 comprehensive 
update published in Alzheimer's & Dementia by the Alzheimer's Association Calcium 
Hypothesis Workgroup.11 Extracted molecular data include pathway dynamics concerning 
stromal interaction molecule 1 (STIM1), presenilin 1 (PS1), voltage-gated calcium channels 
(VGCCs), N-methyl-D-aspartate (NMDA) receptors, and cellular stress responses.11 

The historiographical analysis utilizes primary accounts, editorial correspondences, and 
historical retrospectives to reconstruct the institutional history of the NIA and the Alzheimer’s 
Disease Research Centers (ADRCs).25 Khachaturian’s extensive oral histories and policy 
editorials regarding the National Alzheimer's Project Act (NAPA) serve as foundational texts to 
understand the "politics of science" that governed research funding, peer review biases, and 
the entrenchment of specific scientific dogmas.4 

Finally, clinical trial data regarding calcium-modulating therapeutics (e.g., isradipine, 
nimodipine, MEM-1003) are systematically evaluated to assess the translational validity and 
current standing of the Calcium Hypothesis. The outcomes of major trials, such as STEADY-PD 
III and various Phase II AD trials, are analyzed not merely for their statistical endpoints, but for 
their profound implications regarding trial design, target engagement, disease stage 
intervention, and the limits of reductionist pharmacology.12 

Chapter 1: The Genesis and Evolution of the Calcium 
Hypothesis 
The Calcium Hypothesis emerged during a critical juncture in the history of neuroscience, 
seeking to bridge the immense gap between the physiology of normal aging and the 
catastrophic pathology of neurodegeneration. In its earliest iterations, published between 1984 
and 1989, Khachaturian posited a conceptually elegant argument: while aging is universally 
recognized as the primary risk factor for AD, the actual transition from healthy cognitive aging 
to dementia is mediated by a gradual, sustained breakdown in the fundamental cellular 
mechanisms that regulate cytosolic calcium levels.11 Calcium is arguably the most essential 
second messenger in the central nervous system; it dictates neurotransmitter release, synaptic 
plasticity, gene expression, and ultimately, cell survival or apoptosis.31 However, its precise 
regulation requires vast amounts of cellular energy, relying on a complex network of 
ATP-dependent pumps, exchangers, and buffering proteins.8 

The hypothesis underwent a major, formal revision in 1994, explicitly asserting that prolonged 
alterations in calcium homeostasis act as the final common pathway for the neuropathological 
changes associated with AD.29 This formulation was intellectually radical for its time because it 
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decentralized , suggesting that amyloid aggregation might not be the sole instigator, but 
rather a downstream consequence or an exacerbating factor of an upstream metabolic and 
calcium-related collapse.55 

In 2017, the Alzheimer's Association Calcium Hypothesis Workgroup, convened by 
Khachaturian, published a seminal update, formalizing the modern theory through Five 
Postulates.11 While the document explicitly states these postulates are intended to drive future 
in silico and in vivo modeling, their core assertions fundamentally reframe AD pathogenesis 
away from the amyloid-centric model: 

Table 2: The Five Postulates of the Updated Calcium Hypothesis (2017) 

Postulate Core Scientific Assertion Mechanistic Implication 

Postulate 1: The Final 
Common Pathway 

Sustained disruptions of 
intracellular calcium 
homeostasis are the final 
common pathway in brain 
aging and neurodegenerative 
disease. 

 dyshomeostasis drives 
both age-related cellular 
dysfunction and diverse 
disease-related pathobiology, 
bridging the gap between 
normal aging and AD. 

Postulate 2: Equilibrium of 
Neuroarchitecture 

Fluctuations in local 

 play a central role 
in regulating the plasticity of 
neuroarchitecture and 
synaptic transmission. 

The equilibrium between 
synaptic growth and regression 
is calcium-dependent. Chronic 

elevations in  shift 
this balance toward 
devastating dendritic pruning 
and synapse elimination. 

Postulate 3: Slow 
Progressive Decrements 

Slow progressive decrements 
in efficiency in cellular 
compartments regulating 

 cause cumulative 
damage comparable to acute 
insults. 

Low-level, chronic 
dyshomeostasis over decades 
generates pathogenic 
conditions equivalent to the 
rapid calcium overload seen in 
stroke or traumatic brain injury 
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(TBI). 

Postulate 4: Summation of 
Effects 

The final common pathway 
pre-supposes the summation 
of effects of alterations at 
multiple sites regulating 

 homeostasis. 

Different antecedent disease 
factors (e.g., oxidative stress, 
impaired bioenergetics, 
lysosome dysfunction) trigger 
individual cascades that 
summate to cause 
catastrophic calcium 
dyshomeostasis. 

Postulate 5: Convergence 
of Aberrant Processes 

The decline in optimal 
performance of a neuron is 
not due to a single event, but 
the convergence of multiple 
aberrant processes. 

AD is polygenic and 
multifactorial. The decline is a 
non-linear convergence of 
serial and parallel processes 
occurring over an extended 
period. 

These postulates, outlined in Table 2, conceptually move the field away from the rigid binary of 
"health versus disease" and toward a continuum of system performance.11 Aging neurons 
gradually lose their calcium buffering capacity; when this vulnerability is compounded by 

genetic risks (such as APOE 4 alleles) or environmental metabolic stressors, the system 
suffers a catastrophic failure, manifesting clinically as the dementia syndrome.11 In this 
framework, the neuron is viewed as a complex thermodynamic system constantly fighting 
entropy; calcium dyshomeostasis represents the point at which the system's compensatory 
mechanisms finally fail.11 

Chapter 2: Molecular Neurobiology: Intersecting 
Pathways and the STIM1/PS1 Axis 
The true test of the Calcium Hypothesis's scientific validity lies in its ability to mechanistically 

account for the established, observable pathology of AD—notably  plaques and 
neurofibrillary tangles—as well as the pervasive clinical phenomenon of selective neuronal 
vulnerability.11 
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Intersections with the Amyloid and Tau Pathways 

Rather than negating the well-documented toxicity of , the Calcium Hypothesis elegantly 

contextualizes it within a deleterious, self-amplifying feedback loop.31 Extracellular  
oligomers have been shown to form cation-permeable pores directly in the plasma membrane 
and to overstimulate N-methyl-D-aspartate (NMDA) receptors, voltage-gated calcium 
channels (VGCCs), and metabotropic glutamate receptors (mGluR5), leading to massive, 

unregulated influxes of .8 This excitotoxic calcium overload activates calpains 
(destructive calcium-dependent proteases) and calcineurin (a calcium-dependent 
phosphatase), violently disrupting the delicate balance of intracellular kinase activity.30 
Specifically, elevated calcium hyperactivates kinases such as GSK3$\beta$ and cdk5, which are 
directly responsible for the hyperphosphorylation of the tau protein, leading to microtubule 
destabilization, axonal transport failure, and the formation of neurofibrillary tangles.35 

This dynamic has been further expanded by Danton O'Day and colleagues into the "Calmodulin 
Hypothesis." Calmodulin (CaM) is the primary intracellular calcium sensor and effector.37 Under 
conditions of calcium dyshomeostasis, excessive calcium over-activates CaM, which 
subsequently binds to and dysregulates over 300 different target proteins, including those 
critical for amyloidogenesis, cholesterol metabolism, and neuroinflammation.37 

The Endoplasmic Reticulum, Presenilins, and STIM1 
Perhaps the most compelling and intricate molecular evidence for the Calcium Hypothesis 
derives from the study of familial Alzheimer’s disease (FAD) mutations. The Amyloid Cascade 
Hypothesis traditionally viewed mutations in the presenilin 1 and 2 (PS1, PS2) genes purely 

through the reductionist lens of altered -secretase cleavage of APP, resulting in the 

overproduction of toxic .6 However, it is now definitively established that presenilins also 
function independently as ER calcium leak channels.62 

FAD-associated mutations in PS1 critically disrupt this essential leak function, causing the ER to 
become overloaded with calcium.8 When cellular signaling stimulates calcium release, this 
overloaded state leads to exaggerated, toxic calcium transients released through inositol 
1,4,5-trisphosphate receptors (IP3R) and ryanodine receptors (RyR), flooding the cytosol and 
causing mitochondrial distress.63 

Furthermore, wild-type PS1 physiologically regulates capacitative calcium entry (CCE)—also 
known as store-operated calcium entry (SOCE)—by modulating the cleavage of stromal 
interaction molecule 1 (STIM1).11 STIM1 functions as a critical ER calcium sensor; when ER stores 
deplete, STIM1 oligomerizes and translocates to the plasma membrane to activate ORAI1 
channels, thereby replenishing cellular calcium from the extracellular space.43 Research has 

demonstrated that FAD mutant PS1 exerts a rogue chaperone effect, causing aberrant 
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-secretase hyper-cleavage of STIM1.43 This pathogenic destruction of STIM1 severely 
attenuates calcium influx through ORAI1, starving the cytosol of necessary calcium transients. 
This specific failure leads directly to the rapid disintegration of mature dendritic spines—a 
hallmark of the early cognitive and synaptic decline observed in AD patients.11 

Selective Neuronal Vulnerability 
The Calcium Hypothesis also elegantly addresses the persistent neurological enigma of 
selective neuronal vulnerability.11 A fundamental question in AD research is why certain neural 
populations, such as the CA1 pyramidal neurons of the hippocampus and the basal forebrain 
cholinergic neurons, degenerate so early in the disease process, while neighboring cells, such 
as dentate gyrus granule cells, remain relatively spared.11 The answer lies in their inherent 
calcium dynamics.11 

Vulnerable neurons possess extremely high intrinsic excitability and rely heavily on continuous 
calcium signaling for pacemaker activity, neurotransmitter release, and synaptic plasticity.12 
They operate at a notoriously high bioenergetic cost, requiring massive mitochondrial 

respiration to generate the ATP necessary to pump out the continuous  influx.12 Over 
decades, this relentless mitochondrial demand generates high levels of reactive oxygen 
species (ROS), slowly degrading the cell's calcium-buffering capacity (often observed as a 
decrease in calbindin expression).12 The hypothesis thus successfully bridges the gap between 
normal, high-demand physiological function and eventual pathological exhaustion, 
demonstrating that AD pathology is an exaggeration of normal cellular wear and tear. 

Chapter 3: The Systems Failure Model and the Politics 
of Science 
As the molecular intricacies of calcium signaling reveal a disease process governed by 
non-linear feedback loops, it becomes evident that a paradigm shift is required. Khachaturian’s 
"Systems Failure Model" provides this crucial theoretical advancement.14 

AD as a Brain Network Disorder 
The Systems Failure Model fundamentally rejects the premise that AD is a linear disease caused 
by a unitary etiologic factor.14 Instead, it conceptualizes AD—and related dementias—as a "Brain 
Network Disorder" (BND).69 In this framework, the clinical manifestation of dementia is an 
emergent property of a complex system that has lost its homeostatic resilience.11 

Multiple stressors—including chronological aging, traumatic brain injury (TBI), 
neuroinflammation, metabolic syndrome (e.g., diabetes, obesity), and genetic predispositions 
(e.g., APOE, PSEN1)—act as independent but converging vectors that assault the neuron's 
regulatory networks.11 The intersection of these vectors is often calcium dyshomeostasis.72 The 
system can compensate for low-level dysregulation for decades (the prodromal phase). 
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However, once a critical threshold is breached, the network undergoes a cascading, 
catastrophic failure, resulting in widespread synaptic pruning, gliosis, and neuronal death.11 This 
model perfectly accounts for the phenomenon of mixed pathologies (e.g., co-occurring Lewy 
bodies, vascular pathology, and TDP-43) commonly seen in autopsies of the oldest old, which 
the rigid Amyloid Cascade Hypothesis fails to explain.16 

The Institutional Politics of Science 
The historiography of AD research cannot be divorced from the institutional and political 
mechanics of science funding. Zaven Khachaturian's legacy is defined not only by his 
theoretical biology but by his monumental tenure as the Director of the Office of Alzheimer's 
Disease Research at the National Institutes of Health (NIH), and as Associate Director of the 
Neuroscience and Neuropsychology of Aging Program at the NIA.9 

In the late 1970s and early 1980s, AD research was plagued by scientific apathy and minimal 
funding.46 Khachaturian noted in oral histories that grant applications focusing on AD at the 
time were treated as a "joking matter" by NIH study sections, viewed merely as an attempt to 
extract funds from an "Institute that nobody wanted".46 To alter this dismal trajectory, 
Khachaturian championed the creation of the Alzheimer's Disease Research Centers (ADRCs), 
building a massive national infrastructure designed to standardize diagnostic criteria, bank 
longitudinal clinical and pathological data, and foster interdisciplinary collaboration.25 This 
initiative fundamentally transformed the field, accelerating scientific discoveries, attracting 
top-tier neuroscientists, and exponentially increasing federal appropriations for dementia 
research.5 

However, a profound historiographical irony emerged: the very infrastructure built to cure the 
disease inadvertently entrenched the Amyloid Cascade Hypothesis. As Khachaturian and 
contemporary historians have observed, the immense socio-political demand for a rapid, 
curable biomedical entity—fueled by the "health politic of anguish" and powerful advocacy 
groups—heavily favored the linear simplicity of the amyloid model.9 Grant review panels (NIH 
study sections) rapidly became dominated by amyloid proponents, creating a self-reinforcing 
funding loop that marginalized alternative paradigms, including the Calcium Hypothesis.20 
Khachaturian has acutely observed that it is highly detrimental to science when researchers 
"accept an idea as infallible" and cease questioning core assumptions.9 

Recognizing this stagnation and the mounting failures of anti-amyloid clinical trials, 
Khachaturian later utilized his political acumen to heavily influence the formulation of the 
National Alzheimer's Project Act (NAPA), signed into law in 2011.4 Through NAPA, the 
establishment of the Alzheimer's Study Group, and initiatives like the Campaign to Prevent 
Alzheimer's Disease by 2020 (PAD2020), he fiercely advocated for a diversification of the 
scientific portfolio.17 He argued that public policy must support high-risk, non-linear biological 
models—explicitly such as the Systems Failure Model—to overcome the massive translational 
gap that has doomed the last two decades of AD drug development.1 
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Chapter 4: Translational Realities: Calcium Channel 
Blockers and Clinical Trial Paradigms 
If calcium dyshomeostasis is indeed the final common pathway of neurodegeneration, then the 
pharmacological modulation of calcium channels should present a highly viable therapeutic 
avenue. However, the clinical translation of the Calcium Hypothesis has been fraught with 
complexity, directly reflecting the inherent limitations of targeting ubiquitous secondary 
messengers in advanced disease states.55 

Clinical Trials of Calcium Channel Blockers (CCBs) 
Extensive epidemiological data strongly support the neuroprotective effects of calcium 
channel blockers, particularly dihydropyridines commonly prescribed for hypertension.12 Large 
retrospective cohort analyses consistently indicate that patients taking centrally penetrant 
CCBs exhibit significantly reduced rates of progression to dementia, and up to a 30% reduction 
in the occurrence of Parkinson's disease.12 In some studies, CCB usage even ameliorated the 

severe cognitive decline associated with the APOE 4 allele.80 Experimental models 
aggressively corroborate these findings, demonstrating that L-type VGCC antagonists, such as 
isradipine and nimodipine, attenuate amyloid-induced neuronal decline, block excitotoxicity, 
and preserve cell viability in vitro.80 

Despite these exceptionally promising preclinical and epidemiological foundations, randomized 
controlled trials (RCTs) testing CCBs for neurodegeneration have yielded decidedly mixed or 
definitively negative outcomes.79 

●​ MEM-1003: A novel nimodipine derivative designed to target L-type calcium channels 
was tested in a Phase IIa AD trial by Memory Pharmaceuticals (NCT00257673).12 
Completed in 2007, the trial failed to demonstrate any statistically significant changes in 
ADAS-Cog scores between treated patients and the placebo control group, leading to 
the abandonment of the drug for AD indications.12 

●​ STEADY-PD III: A massive, highly anticipated 36-month, Phase 3 placebo-controlled 
study evaluated the efficacy of immediate-release isradipine in 336 patients with 
early-stage Parkinson's disease.12 Despite robust preclinical data suggesting isradipine 
protects substantia nigra pars compacta neurons from oxidative stress 12, the trial 
unequivocally failed. Isradipine did not slow clinical progression as measured by the 
Unified Parkinson’s Disease Rating Scale (UPDRS) or any secondary clinical measures.47 

Table 3: Summary of Calcium-Modulating Interventions in Clinical and 
Epidemiological Contexts 
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Intervention / Drug 
Class 

Target Mechanism Epidemiological / 
Preclinical Evidence 

Clinical Trial 
Outcomes 

Dihydropyridines 
(General) 

L-type 
Voltage-Gated 
Calcium Channels 
(VGCCs) 

30% reduction in PD 
incidence; slower 
cognitive decline in 
AD cohorts. 

Strong epidemiological 
association, but limited 
by confounding 
cardiovascular 
variables. 

Nimodipine L-type VGCCs 
Attenuates 
-induced toxicity in 
vitro; protects CA1 
neurons. 

Mixed. Some early trials 
showed minor 
cognitive preservation, 
others showed no 
sustained benefit. 

Isradipine 
(STEADY-PD III) 

Cav1.3 Channels 
(L-type) 

Protects substantia 
nigra neurons from 
MPTP/6-OHDA 
toxicity in rodents. 

Failed Phase 3. No 
slowing of clinical 
progression over 36 
months of treatment. 

MEM-1003 L-type VGCCs Preclinical 
neuroprotection; 
optimized nimodipine 
derivative. 

Failed Phase IIa for AD. 
No improvement in 
ADAS-Cog scores. 

Memantine NMDA Receptor 
Antagonist 

Blocks excessive 

 influx during 
excitotoxicity; 
prevents calcium 
overload. 

Approved. Provides 
modest, symptomatic 
relief for 
moderate-to-severe 
AD, proving the 
relevance of calcium 
pathways. 
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Interpreting Trial Failures through the Systems Lens 
The failure of these high-profile trials does not invalidate the Calcium Hypothesis; rather, it 
underscores the conceptual limitations of applying reductionist pharmacology to complex 
systems.12 Khachaturian’s "Systems Failure Model" provides a vital interpretive framework for 
understanding these clinical disappointments.14 

First, the profound issue of target engagement remains unresolved. In the STEADY-PD III trial, 
the 5 mg twice-daily dose of immediate-release isradipine may simply have been too low to 
effectively penetrate the brain and chronically inhibit Cav1.3 channels.12 However, raising the 
dose in an elderly population risks unacceptable systemic cardiovascular side effects, such as 
profound hypotension and severe peripheral edema.84 

Second, and far more critically, the timing of the pharmacological intervention is likely 
fundamentally flawed. The Calcium Hypothesis posits that dyshomeostasis begins decades 
before clinical symptoms emerge.11 By the time a patient presents with early-stage PD or mild 
cognitive impairment (MCI), the compensatory mechanisms of the neural network have already 
catastrophically collapsed. Administering a calcium channel blocker at this late stage is akin to 
reinforcing a dam that has already burst.12 

Furthermore, the "Calmodulin Hypothesis"—the logical extension of Khachaturian's 
work—suggests that simply blocking calcium entry at the plasma membrane is insufficient.37 
Once calcium overload has occurred, the downstream damage is mediated by the 
hyperactivation of calmodulin (CaM) and its subsequent signaling cascades.37 Therefore, 
successful future therapeutics will almost certainly require polypharmacy: combining targeted 
calcium modulators with agents that enhance metabolic resilience, restore ER function, and 
clear existing pathological aggregates.3 

Conclusion 
The century-long pursuit of an effective, disease-modifying intervention for Alzheimer's 
disease has been historically constrained by the reductionist linearity of the Amyloid Cascade 
Hypothesis. The comprehensive theoretical and institutional contributions of Zaven S. 
Khachaturian—specifically his formulation of the Calcium Hypothesis and its necessary 
evolution into the broader Systems Failure Model—provide a fundamentally superior 
epistemological framework for understanding the polygenic, multifactorial nature of 
neurodegeneration. 

The biological rigor of the Calcium Hypothesis is evident in its unique capacity to seamlessly 
integrate familial genetic mutations (e.g., PS1-mediated STIM1 disruption), the 

well-documented toxic actions of  oligomers, and the pervasive phenomenon of selective 
neuronal vulnerability into a cohesive, testable narrative of cellular metabolic collapse.11 While 
the clinical translation of calcium-modulating therapeutics has encountered significant 
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hurdles—poignantly demonstrated by the failure of late-stage trials like STEADY-PD III and 
MEM-1003—these setbacks do not invalidate the underlying biology. Rather, they serve to 
confirm the core premise of the Systems Failure Model: therapeutic interventions targeting 
single nodes in a collapsed, highly complex biological network are destined to fail if applied 
after systemic homeostasis is irrevocably lost.12 

Khachaturian’s legacy within the field of neuroscience is dual-faceted. As an unparalleled 
institutional architect at the NIA, he laid the physical and financial foundations for modern AD 
research, building the very infrastructures that propelled the field forward.25 Concurrently, as a 
rigorous theoretician, he continuously challenged the field's monolithic consensus, advocating 
fiercely for an appreciation of the brain's staggering complexity. Future directions in 
Alzheimer's disease research must heed this critical mandate. The transition toward 
conceptualizing AD as a "Brain Network Disorder" will strictly require the development of 
multi-target polypharmacology, advanced in silico modeling of intracellular calcium dynamics, 
and an uncompromising focus on early, presymptomatic intervention.11 Only by fully embracing 
the systemic complexity outlined by Khachaturian over the last forty years can the scientific 
community hope to prevent the devastating cascade of failures that characterize the aging, 
diseased brain. 
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