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H Section 2

Background (i5&)

The question of whether quantum mechanical phenomena play a functional role in biological
neural systems remains one of the most provocative open problems in biophysics. Recent
experimental work at Meridian Institute and elsewhere has demonstrated anomalous long-lived
vibrational coherence in isolated tubulin dimers at physiological temperatures (310 K), with
coherence lifetimes in the 50-200 fs window — far exceeding predictions from classical Redfield
theory. Critically, cryo-electron tomography data from the Synapse Medical Research Center
collaborating group (Tanaka et al., Nat. Neurosci., 2024) reveals that microtubule bundles
within hippocampal pyramidal neurons adopt a quasi-crystalline lateral packing geometry that
may act as a “phonon waveguide”, suppressing environmental noise through collective mode
engineering.

Despite this tantalizing evidence, two fundamental gaps remain. First, no theoretical framework
exists that seamlessly bridges quantum transport at the tubulin dimer scale (~10nm) with
mesoscale neural network dynamics (~10mm). Second, no direct in-vivo measurement has
demonstrated a causal link between microtubule coherence and observable electrophysiological
signatures such as gamma-band (v, 30-100 Hz) oscillations.

Objectives (HM)

O1. Derive and validate a multi-scale open-quantum-systems model linking tubulin dimer
coherence to microtubule bundle phonon modes and ultimately to neural network firing
statistics.

0O2. Perform targeted pharmacological perturbation experiments using Taxol and nocodazole
in hippocampal slice preparations to isolate microtubule-specific contributions to y-band
LFPs.

03. Apply two-dimensional electronic spectroscopy (2DES) to fresh cortical tissue biopsies to
obtain a direct spectroscopic signature of quantum coherence in intact neural tissue.

04. Develop an open-source computational pipeline (NeuroQuant) integrating density-matrix
simulation with spiking network models, to be released via the Nimbus Open Science
Platform.
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Research Methods (if%57 )

3.1 Theoretical Framework
We adopt the Hierarchical Equations of Motion (HEOM) formalism to model the quantum
dynamics of the tubulin—water bath interaction. The system Hamiltonian is partitioned as:

ﬁtot = ﬁs + ﬁB + ﬁSB

where Hg is the electronic Hamiltonian of the tubulin dimer lattice (obtained from quantum-
chemistry TDDFT calculations at the PBE0/6-311+G* level), Hp denotes the protein-solvent
phonon bath, and Hgp is the system—bath coupling modelled via a Drude—Lorentz spectral
density:
2 \yw

w +y
with reorganization energy A and bath correlation time v~! fit to experimental 2DES data. The
HEOM hierarchy is truncated at depth A/ = 6 and solved numerically using a GPU-accelerated
Julia solver developed within our group.

3.2 Experimental Components

e Hippocampal slice electrophysiology: Acute 400 pm coronal slices from Wistar rats main-
tained at 34°C in ACSF. Multi-electrode arrays (MEA, 256-channel) record spontaneous
and carbachol-evoked ~ oscillations. Microtubule integrity will be graded in parallel via
immunofluorescence (a-tubulin antibody, clone DM1A).

o 2D FElectronic Spectroscopy: A 10fs, 20nJ broadband pump-probe apparatus (home-built,
Meridian Optics Lab) will be deployed on fresh cortical punch biopsies from surgically resected
tissue (ethics approval: Meridian IRB #2025-0441). The rephasing and non-rephasing signal
contributions will be separated via phase cycling.

e Cryo-ET and image analysis: Collaboration with Tanaka lab at Synapse Medical Research
Center; focused-ion-beam milling on vitrified hippocampal slices followed by sub-tomogram
averaging to resolve microtubule lattice spacing to better than 2 A precision.

3.3 Computational Pipeline (NeuroQuant)

The NeuroQuant software will consist of three loosely coupled modules:

(1) QuantumCore: HEOM solver with automatic bath parameterization from spectroscopic
input.

(2) MesoBridge: Maps quantum transport rates to phenomenological conductance parameters
in a multi-compartment neuron model (NEURON simulator backend).

(3) NetSim: Leaky integrate-and-fire network simulator with realistic cortical topology seeded
from Allen Brain Connectivity Atlas.

All code will be published under the MIT License via Nimbus Open Science Platform (DOI

reserved: 10.xxxxx/neurq.2026).
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Work Plan and Timeline (ff755HE - 272 = —)

search (B)  FY 2026

Key Activities

Milestone

Establish HEOM computational infrastructure; begin slice MEA
FY 2026 recordings with pharmacological perturbations; acquire preliminary
2DES spectra from isolated tubulin samples

QuantumCore
v1.0 release

Full 2DES campaign on cortical biopsy tissue; cryo-ET data collec-
FY 2027  tion and sub-tomogram averaging; MesoBridge module development
and parameter fitting

Milestone: first
cross-scale model
validation

NetSim integration and network-level predictions; comparison of
FY 2028 simulated and experimental -band power spectra; manuscript prepa-
ration; NeuroQuant v1.0 public release

3 peer-reviewed
publications;
Oopen-source

release

HEOM & MEA

FY 2026 FY 2027 FY 2028

Budget Breakdown (FEHMNR)

FY 2026 (¥) FY 2027 (¥) FY 2028 (¥) Total (¥)
Equipment (MEA sys- 3,200,000 800,000 200,000 4,200,000
tem, optics)
Consumables (reagents, 1,100,000 1,300,000 900,000 3,300,000
tissue)
Personnel (RA, 2 PD fel- 2,400,000 3,600,000 3,600,000 9,600,000
lows)
Travel (domestic / intl. 400,000 600,000 500,000 1,500,000
conf.)
HPC cloud compute 800,000 1,200,000 800,000 2,800,000
(Nimbus HPC)
Publication & open-data 200,000 400,000 500,000 1,100,000
costs
Indirect costs (30%) 480,000 720,000 800,000 2,000,000
Annual Total 8,580,000 8,620,000 7,300,000 24,500,000
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Section 6

Scientific Significance (ZFiiNEFS)

If quantum coherence is confirmed as function-
ally relevant in neural tissue, it would neces-
sitate a fundamental revision of both compu-
tational neuroscience models and theories of
neural synchrony. Our cross-scale framework
represents the first rigorous quantum-to-
network bridge in the literature, enabling
quantitative predictions testable by MEA elec-

Technological Innovation ({7 8954 B #)

The 2DES apparatus adapted for intact tis-
sue biopsies is unique in Japan. Our GPU-
accelerated HEOM solver achieves a 40x
speedup over existing CPU implementations,
enabling parameter sweeps previously infea-

sible. The NeuroQuant open-source pipeline
will serve the international quantum biology
community, reinforcing Japan’s leadership in
this emerging interdisciplinary field.

trophysiology. This positions the project to
resolve a 30-year-old debate initiated by Pen-
rose and Hameroff, now with experimentally
grounded methodology.

H Section 7

1. Publications: Minimum 3 peer-reviewed articles in high-impact journals (Nature Physics,
PNAS, Journal of Neuroscience) plus 1 invited review in Progress in Biophysics and
Molecular Biology.

2. Open Software: NeuroQuant v1.0 public release (Nimbus Open Science Platform) under
MIT License, with accompanying documentation and tutorial notebooks.

3. Conference Presentations: Annual presentation at the Society for Neuroscience (SfN)
meeting and at YITP Workshop on Quantum Biology (Kyoto University, hosted 2027).

4. Human Resource Development: Training of 2 postdoctoral researchers and 3 doctoral
students in interdisciplinary quantum neuroscience methods; all trainees will complete JST
Science Communication training modules.

5. International Collaboration: Exchange program with Vertex Institute for Theoretical
Biophysics (Zurich) for joint 2DES data interpretation; co-supervision of 1 international
PhD student.

Impact Statement (#£M 1> x27 k)

Long-term, this research opens pathways toward quantum-
assisted brain—computer interfaces and novel neuromorphic com-
puting architectures. Collaborations with Nexa Semiconductor
Co. and Apex NeuroTech Ltd. (feasibility MOU signed Nov.

) 2025) will explore translational applications in neuromorphic
il chip design inspired by biologically validated quantum transport
mechanisms.
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Ethical Compliance

All animal experiments comply with the Act
on Welfare and Management of Animals
(Japan) and institutional guidelines (Proto-
col #Meridian-2025-038). Human tissue stud-
ies operate under Meridian IRB #2025-0441
with full informed consent. No genetically
modified organisms are used. Personal data
collected in the human biopsy cohort will be
pseudonymized and stored on Meridian’s cer-
tified secure servers (ISO 27001 certified).

Grant Category: Scientific Research (B) FY 2026

Data Management Plan

Raw electrophysiology and spectroscopy data
will be deposited in the RIKEN NeuroPlat-
form repository within 12 months of collection.
Computational codes and model parameters
will accompany each publication as a Zenodo
archive. A data management agreement with
co-investigator institutions (Apex University,
Synapse Medical Research Center) has been
executed to govern shared access and IP rights.
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