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Abstract. Parkinson’s disease (PD) is a neurodegenerative disorder characterized by loss of
dopaminergic neurons in the substantia nigra and the formation of Lewy bodies rich in a-synuclein.
Existing treatments mainly rely on levodopa replacement therapy, but its pharmacokinetic limitations
and imprecise dosing control lead to limited efficacy and associated motor complications. Brain-
computer interface (BCI) technology provides a closed-loop treatment solution by integrating high-
density neural monitoring and adaptive neural regulation. This study explored the application of BCI
in PD treatment, specifically fluorescence-guided optogenetic regulation to achieve dopamine
homeostasis restoration. The study showed that BCI can maintain dynamic dopamine replenishment
within the therapeutic window (2-5 pM) through synchronized optogenetic stimulation and
fluorescent dopamine detection (AF/F >450%), thereby reducing the incidence of dyskinesia by 60%.
In addition, the technology restored cortical-basal ganglia theta-gamma coupling (4-8 Hz phase
modulation) and improved bradykinesia by 41.2%. In translational studies of Alzheimer’s disease
and Huntington’s disease, BCI technology has shown efficacy of 38% and 67%, respectively.
Although BCI still faces challenges such as signal drift (23% attenuation per year) and
photobleaching (0.5% per minute), self-healing electrodes, biomimetic interfaces, and control
strategies based on neural connectomes are driving the development of the next generation of neural
prostheses. In the future, this technology is expected to combine optofluidic drug delivery and multi-
parameter biosensing to achieve personalized precision treatment, thereby shifting the treatment of
neurodegenerative diseases from symptom control to neural circuit repair.
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1. Introduction

Parkinson’s disease (PD) represents a progressive neurodegenerative disorder characterized by
selective degeneration of dopaminergic neurons within the substantia nigra pars compacta (SNc). The
neuropathological hallmark manifests as intraneuronal eosinophilic inclusions termed Lewy bodies,
predominantly composed of misfolded a-synuclein protein aggregates. Adjacent to the SNc, the
ventral tegmental area (VTA) constitutes a midbrain nuclei cluster that serves as the origin of
mesocorticolimbic dopaminergic pathways. Notably, the mesostriatal (nigrostriatal) and mesolimbic
pathways, formed through axonal projections from SNc and VTA neurons to the dorsolateral striatum,
putamen, and nucleus accumbens, are critically involved in motor coordination and reward processing.
Progressive dopaminergic neuronal loss in the SNc induces pathway dysfunction, resulting in striatal
dopamine depletion and subsequent manifestation of cardinal PD symptoms.

PD symptomatology exhibits multidimensional progression, encompassing four principal domains:
1) prodromal non-motor manifestations (e.g., olfactory dysfunction, REM sleep behavior disorder),
2) sensory abnormalities, 3) autonomic dysregulation, and 4) late-stage neuropsychiatric
complications. This phenotypic evolution correlates with Braak staging of a-synuclein pathology
propagation, demonstrating temporal synchrony with disease advancement from brainstem nuclei to
cortical regions. Importantly, the dynamic nature of neurodegeneration underlies both symptom
heterogeneity and clinical trajectory variability among patients.

Levodopa (L-3,4-dihydroxyphenylalanine, CO9H11NO4) remains the gold-standard dopamine
replacement therapy for PD. As a blood-brain barrier permeable dopamine precursor, levodopa
undergoes enzymatic decarboxylation by aromatic L-amino acid decarboxylase (AADC) within
striatal terminals, thereby restoring dopaminergic neurotransmission.
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Nevertheless, significant pharmacokinetic limitations constrain therapeutic efficacy. Extensive
first-pass metabolism via peripheral AADC and catechol-O-methyltransferase (COMT) results in <5%
bioavailability within the central nervous system. Concomitant administration of peripheral
decarboxylase inhibitors (e.g., carbidopa) enhances cerebral delivery by prolonging plasma half-life
from 1.3 to 2.5 hours. Current therapeutic protocols lack real-time monitoring capabilities for
dopaminergic tone fluctuations, relying instead on empirical dose titration (300-600 mg/day initial
effective range). Chronic administration frequently induces dose-limiting complications including
dyskinesias, motor fluctuations, and psychiatric manifestations, necessitating complex regimen
adjustments during disease progression [1]

Brain-computer interfaces (BCls) constitute bidirectional neural interfacing systems enabling
closed-loop communication between cortical activity and external devices through neuroelectric
signal decoding and neuromodulation. Two pivotal technological advancements underpin BCI
applications in PD management: high-density electrophysiological recording arrays capable of
continuous large-scale neural circuit monitoring, and adaptive neurostimulation platforms employing
either implantable deep brain stimulation (DBS) electrodes or transcranial magnetic stimulation
(TMS) [2].

This integrative architecture facilitates real-time detection of pathological beta-band oscillations
(13-35 Hz) within basal ganglia-thalamocortical circuits, which correlate with motor symptom
severity. Subsequent algorithm-driven modulation of stimulation parameters enables dynamic
optimization of dopaminergic therapy. Such closed-loop systems hold transformative potential for
precision dosing of levodopa through continuous biomarker tracking and automated drug delivery
modulation, thereby addressing critical limitations of conventional treatment paradigms.

2. Feasibility of BCI in PD Treatment

2.1. BCl-Dopaminergic Circuit Integration via Chemogenetic Imaging

Contemporary chemogenetic approaches have revolutionized in vivo dopamine (DA) dynamics
monitoring through genetically encoded fluorescent biosensors with tunable spatiotemporal
resolution [3]. The latest generation of DA indicators (e.g., dLight1.3b, GRABDA2m) employs
engineered G protein-coupled receptors conjugated with circularly permuted GFP, achieving 500%
fluorescence response to physiological DA fluctuations (10 nM—10 uM range) while maintaining
<100 ms temporal resolution [4]. This technological leap enables BCI systems to implement closed-
loop DA modulation via two synergistic mechanisms: Real-time quantification of striatal DA
transients, using fiber photometry-coupled machine learning algorithms; and feedback-controlled
optogenetic stimulation of nigrostriatal terminals, using pathway-specific promoters (TH::ChR2).

The integration paradigm operates through three sequential phases: signal acquisition, adaptive
processing, and precision modulation.

First, multi-channel electrophysiological recordings synchronize with DA sensor fluorescence to
establish cross-modal biomarkers (e.g., B/y oscillation-DA concentration correlations). Then, Kalman
filter-based decoders translate neural-population vectors into DA prediction models (RMSE <15%
vs. microdialysis). Finally, dynamic stimulation protocols adjust optogenetic parameters (pulse width:
2-10 ms, frequency: 20-100 Hz) to maintain DA levels within therapeutic windows (3-5 uM
extracellular concentration).

2.2. Glutamatergic Circuit Modulation of VTA Dopaminergic Tone

Emerging evidence identifies the dorsal raphe nucleus (DRN)-to-VTA glutamatergic pathway as
a critical regulator of mesolimbic DA release [5]. Anatomically, 38% of VTA-projecting DRN
neurons co-express vesicular glutamate transporter 3 (vGIuT3) and serotonin transporter (SERT),
forming dual-modulatory synapses on DA neuron dendrites. BCI systems exploit this circuit through
three-dimensional intervention strategies: input-specific monitoring, closed-loop neuromodulation,
and circuit-specific feedback.
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Calcium imaging data demonstrate that DRNvGIuT3+ terminals in the VTA exhibit stimulus-
locked glutamate transients (AF/F >200%), which precede DA spikes by 50-150 ms. Simultaneous
multielectrode array recordings further reveal enhanced 40-80 Hz gamma synchrony between the
DRN and VTA during reward anticipation, indicating frequency-specific coordination within limbic
circuits. Optogenetic activation of DRN—VTA projections using 473 nm optical stimulation at 20
Hz elicits quantal DA release in the NAc with 85% temporal precision. Building on these findings,
aDBS protocols targeting VTA gamma oscillations (30-50 Hz) achieve a 60% reduction in I-DOPA-
induced dyskinesias. To enable precise pathological state discrimination, machine learning classifiers
employing support vector machines (SVMs) analyze 0-y phase-amplitude coupling features in LFP
signals (modulation index: 0.3-0.5), attaining >92% classification accuracy. This predictive system
automatically triggers 50-100 pA cathodal stimulation in the VTA upon detecting aberrant DRN input
patterns, effectively restoring circuit homeostasis [6].

This synaptic modulation paradigm enables BCl-mediated regulation of phasic DA signaling
through pathway-specific neuromodulation, circumventing systemic side effects associated with oral
I-DOPA administration.
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Figure 1. BCI Closed-Loop Control Flow Chart

3. BCI Technologies and Applications in Neuroprosthetics

3.1. Motor Restoration via Brain-Machine Interfaces

The transformative potential of brain-machine interfaces (BMIs) in Parkinsonian motor recovery
lies in their ability to harness cortico-striatal neuroplasticity—a compensatory mechanism activated
during dopaminergic depletion. By deploying high-density electrocorticography arrays with
submillimeter resolution, these systems capture f-band (13-30 Hz) desynchronization patterns in the
primary motor cortex, which inversely correlate with movement velocity due to pathological
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synchronization in basal ganglia-thalamocortical circuits. Advanced Riemannian geometry decoders
overcome the dimensionality constraints of traditional linear models by mapping neural population
covariance matrices onto differential manifolds, achieving 94.3% classification accuracy for limb
trajectory prediction. This mathematical framework enables precise translation of oscillatory
signatures into motor commands, which are executed through phase-locked intracortical
microstimulation (50-200 pA biphasic pulses) targeting premotor regions. Synchronized with
exoskeletal actuators, this closed-loop architecture induces Hebbian plasticity via spike-timing-
dependent potentiation, effectively recalibrating impaired thalamocortical drive. Clinical validations
demonstrate 41.246.8% improvement in bradykinesia severity (UPDRS-111), mediated by restored
theta-gamma cross-frequency coupling (4-8 Hz phase modulation of 60-90 Hz amplitude)—a
biomarker of re-established striatal-cortical communication critical for movement scaling (Table 1).

Table 1. Clinical Transformation Cycle of Each Generation of BMI Systems (2010-2050)

. Research . Potential
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*Small-scale lab .
validation studies)
*Partial closed loop
(single-modal
feedback) 2005-2012: Limited Still in early
*Improved decoding broader human trials exploratory
BMI 2.0 accuracy (frequency | animal model | (Assessing phase, limited | [2, 8]
(Intermediate) band, feature studies, small | safety and b tech,nolo ical ’
extraction) scale clinical basic y maturitg
*Emerging pilots efficacy) y
wearable/implantable
prototypes
*Fully closed loop
(bidirectional neural . Multicenter
interface) ZI% %féﬁg clinical trials
*High-density electrode implants in (Evaluating Early pilot
BMI 3.0 arrays, real-time non-human functional adoption in [6-8]
(Mature) algorithms (e.g., imat outcomes, | targeted patient
machine learning, Pplr.'”.‘a Ie, e.g., populations
Riemannian decoders) feCa;ri]l;(i:ﬁ ty UPDRS,
*Multi-channel sensing ADL scores)
and stimulation
iméghf;tlitéﬁn?ﬂfmr Ongoing Potential
tactile, pain fee dbac’k) 2018—present: new (_:Imlcal expansion
A da,ptive Al (deep multi-year trlals_ within the next
BMI 4.0 learning, neural stable (Exploring few years, 2,6, 7]
(Frontier) netwérks) implantation | large-scale subject to T
«Personalized brain- dfemor)strated deployment | regulatory and
region modulation and in primates and remote cost
q i monitoring) | considerations
rug co-therapy
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3.2. Biocompatibility Optimization in Neural Interfaces

Chronic BCI functionality is fundamentally constrained by foreign body responses that initiate
cascading inflammatory pathways. Activated microglia generate reactive oxygen species through
NADPH oxidase upregulation, inducing electrode degradation via Fenton chemistry—a process
mitigated through surface engineering with conductive polymers. The conformal deposition of
PEDOT/PSS serves dual functions: catalytically decomposing cytotoxic H,O, through quinoid group
redox cycling while reducing interfacial impedance 43-fold (1.2 MQ—28 kQ) to minimize joule
heating. Zwitterionic polymer coatings emulate cell membrane phospholipid architecture, forming
electrostatically stabilized hydration layers that sterically exclude fibrinogen (>5 ng/cm=reduction),
thereby preventing fibrous encapsulation. Immunomodulatory strategies synergistically combine
sustained dexamethasone release (4 pg/day) to block NF-kB nuclear translocation with rapamycin-
eluting substrates that induce astrocytic autophagy via mTOR inhibition, collectively suppressing
pro-inflammatory cytokines (IL-1p, TNF-a) by 82-90%. Mechanical compatibility is achieved
through fractal serpentine electrode topologies that dissipate strain energy via recursive buckling
mechanisms (200% strain tolerance), coupled with viscoelastic silicone-polyimide composites
matching neural tissue compliance (Young’s modulus: 0.5-3 MPa). These multimodal interventions
extend functional longevity beyond five years in primate models, achieving inflammatory marker
levels indistinguishable from native tissue (CD68+ microglia: 28 vs. 320 cells/fmm=, thereby
addressing the critical barrier to clinical translation of chronic neuroprosthetics (Table 2). [7]

Table 2. Comparison of Electrophysiological Parameters (Rodents vs Primates)

Electrophysiological Primates Rodents Example
Parameter (e.g., Macaques, Marmosets) (e.g., Rats, Mice) References
: . 2-3mm : 1-2 mm
Cortical Thickness . thinner overall, though [2, 7]
in motor / sensory cortex . .
varies by species
13-30 Hz 12-28 Hz
commonly observed in motor- similarly tied to motor
Beta Frequency Range | related cortex and basal ganglia; planning and sensory [7, 8]
linked to motor feedback, but often lower
inhibition/preparation amplitude
5-40 Hz 2-20 Hz
Typical Single-Neuron | pyramidal cells usually ~5-15 Hz at | generally lower baseline; [6, 7]
Firing Rate rest; can spike higher during may spike under strong ’
specific motor tasks stimuli or threats
40-150 pv
50-200 uVv smaller cell bodies/
Single-Unit Amplitude depends on electrode type and thinner cortex often [6, 7]
recording conditions produces weaker recorded
signals
0.05-0.3 mV generally
Amplitude (peak-to- . 0'1.'0'5 mv lower amplitude due to
can be higher in deeper structures, : [7, 8]
peak) e.0.. basal ganglia, thalamus brain volume and neuronal
A ’ density differences
30-70 m/s
Conduction Velocity high myelination in corticospinal _ 10-30 mis o [2, 6]
tracts relatively less myelination
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4. Fluorescent Probes as Auxiliaries in BCI Systems

4.1. Fluorescent Sensors in Neuronal Signaling Dynamics

The convergence of optogenetics and neurochemical imaging has propelled fluorescent sensors
into becoming indispensable components of modern BCI architectures. These molecular tools address
a critical limitation inherent to conventional electrophysiological methods—their inability to resolve
neurochemical dynamics with molecular specificity. Contemporary dopamine sensors such as
GRABDAZ2m [8] exemplify this technological advancement, utilizing engineered G protein-coupled
receptors (GPCRs) that undergo conformational rearrangements upon ligand binding. The resulting
450% fluorescence increase enables real-time tracking of striatal dopamine transients at 50 ms
temporal resolution, achieving neurotransmitter monitoring precision previously restricted to invasive
microdialysis.

This molecular specificity becomes particularly crucial in closed-loop BCI operation, where
multimodal validation of electrophysiological biomarkers is essential. Through simultaneous
glutamate imaging via iGluSnFR3 and calcium dynamics monitoring with GCaMP8s, researchers can
establish causal relationships between 40-80 Hz gamma oscillations and quantal dopamine release
events in the nucleus accumbens (AF/F >200%). Such cross-modal correlation analysis reveals that
gamma-band synchronization precedes dopamine transients by 50-150 ms, providing temporal
windows for predictive neuromodulation.

The closed-loop control paradigm fundamentally relies on this fluorescent feedback mechanism.
When pathological B-band oscillations (13-35 Hz) are detected—a hallmark of Parkinsonian motor
circuitry dysfunction—the BCI system initiates optogenetic stimulation exclusively when
extracellular dopamine concentrations fall below the therapeutic threshold of 2 uM [3]. This dual-
parameter gating mechanism prevents overdosing-induced dyskinesias by ensuring neuromodulation
only occurs during neurotransmitter-deficient states. Advanced multiplexed fiber photometry systems
[7] implement this strategy through wavelength-division multiplexing (470/405 nm excitation),
employing ratiometric analysis (R=>0.93 versus microdialysis) to computationally isolate
neurochemical signals from motion artifacts. Such precision, unattainable through pure
electrophysiological monitoring, underscores the transformative potential of fluorescence-guided
BCls in overcoming the resolution barriers of traditional neuroprosthetics.

4.2. Chemical Stability and Protein Engineering Breakthroughs

The clinical translation of fluorescence-based BCIls necessitates overcoming the photostability
limitations inherent to biological fluorophores—a challenge met through systematic protein
engineering innovations. Modern fluorescent protein (FP) development employs directed evolution
strategies that optimize three critical biophysical parameters: chromophore protonation states for
physiological pH stability (pK<sub>a</sub> optimized from 5.8 to 7.2), intermolecular interaction
energies to minimize aggregation (dimerization energy reduced from -9.4 to -2.3 kcal/mol), and
oxidative resistance for prolonged in vivo functionality.

These engineering principles culminate in probes like mNeonGreen2, where six strategic
mutations (F64L/S147C/Q204K/A206V/V224L/T225R) synergistically enhance thermal folding
efficiency by 78% at physiological temperatures while extending photobleaching half-life to 1,800
seconds under chronic two-photon imaging conditions (920 nm, 25 mW) [6]. The clinical
implications are profound: when monitoring ventral tegmental area dopamine neurons over six-month
chronic implants, mNeonGreen2-tagged tyrosine hydroxylase maintains 92% signal fidelity
compared to 34% for conventional GFP variants [9]. This stability directly translates to enhanced
neuroprosthetic performance, enabling continuous dopamine monitoring with less than 5% baseline
drift—a critical requirement for closed-loop levodopa delivery systems that demand micron-scale
dosing precision [3].

Furthermore, the development of near-infrared FPs like miRFP720 [4] addresses depth penetration
limitations, achieving 300 um greater tissue penetration (attenuation coefficient 0.8 vs. 2.3 mm<sup>-
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1</sup> for GFP) through optimized chromophore conjugation states. This innovation permits
simultaneous cortical surface electrophysiology and subcortical neurochemical monitoring through a
single cranial window, effectively bridging mesoscale circuit dynamics with molecular-scale
neurotransmitter tracking—a capability that redefines the spatial resolution boundaries of BCls.

5. Challenges and Future Directions

5.1. Overcoming the Limitations of Current BCI Systems

Despite significant advancements, contemporary BCI technologies remain constrained by critical
limitations that impede clinical translation. A primary challenge lies in the immaturity of neural signal
processing algorithms, which struggle to decode multiplexed neurochemical and electrophysiological
data with sufficient spatiotemporal resolution. Current machine learning models, while achieving >90%
classification accuracy in controlled environments [8], exhibit marked performance degradation
under real-world conditions due to motion artifacts and non-stationary neural noise. This limitation
is exacerbated by incomplete understanding of cortico-subcortical connectivity dynamics,
particularly in disease states where pathological oscillations (e.g., B-band bursts in PD) dynamically
interact with neurotransmitter fluctuations [1].

Hardware miniaturization presents another formidable barrier. Although flexible electrodes and
wireless telemetry systems have reduced device footprints by 60% over the past decade [6], power
consumption remains prohibitive for chronic implantation, with current inductive coupling systems
requiring daily recharging—a significant burden for patients with advanced neurodegeneration [2].
Furthermore, the foreign body response continues to degrade long-term signal fidelity, with even
advanced zwitterionic coatings showing 23% signal attenuation after 12 months [6].

Biocompatibility challenges extend to molecular interfaces: fluorescent probes like GRABDA2m,
despite their 450% dynamic range [9], suffer from photobleaching rates exceeding 0.5%/min under
continuous imaging [4], necessitating frequent recalibration. These technical gaps collectively
underscore the need for cross-disciplinary innovation, particularly in materials science (e.g., self-
healing conductive polymers) and adaptive algorithms capable of real-time signal drift compensation

[8].
5.2. PD and Beyond: Expanding BCI Applications

The mechanistic insights gained from PD research are catalyzing BCI applications across
neurodegenerative disorders. In Alzheimer’s disease, closed-loop systems targeting hippocampal
theta-gamma cross-frequency coupling (4-12 Hz phase-amplitude modulation) show promise in
mitigating amyloid-p-induced network hyperactivity [2]. Early primate studies demonstrate that
adaptive DBS of the entorhinal cortex, guided by real-time fluorescence imaging of astrocytic
calcium waves (GCaMP8s), reduces tau hyperphosphorylation by 38% through glutamate clearance
modulation [9].

For Huntington’s disease, the striatal specificity of BCIs proves advantageous. By combining
optogenetic suppression of mutant huntingtin-expressing neurons (ChR2-NpHR dual-opsin systems)
with dopamine sensor feedback (dLight1.3b), preclinical models achieve 67% reduction in
choreiform movements while preserving cognitive circuits [10]. This precision targeting circumvents
the systemic dopamine receptor blockade responsible for extrapyramidal side effects in conventional
antipsychotics—a critical advantage given the dose-dependent D2 receptor occupancy risks identified
in recent meta-analyses (OR=4.2 for dyskinesias at >80% occupancy) [11].

Emerging applications extend to neuropsychiatric disorders: depression-focused BCIs now
modulate the dorsal raphe-VTA glutamatergic pathway [5], utilizing multi-parametric feedback from
5-HT3 receptor fluorescence (iSeroSnFR) and local field potential theta-phase encoding. Pilot trials
report 52% remission rates in treatment-resistant depression through closed-loop VTA stimulation
synchronized with prefrontal theta oscillations (4-8 Hz) [2].
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5.3. Future Directions

Three transformative opportunities are poised to redefine the therapeutic landscape of brain-
computer interfaces. The foremost lies in the development of hybrid neuroprosthetics that
synergistically integrate fluorescent biosensors with optofluidic drug delivery architectures. Such
systems could enable precision levodopa microdosing (#0.1 mg/kg) through dual-feedback
mechanisms—utilizing electrophysiological biomarkers like p-band suppression to time
interventions, while fluorescent dopamine sensors (AF/F >450% dynamic range [4]) continuously
validate striatal neurotransmitter levels [1]. Concurrently, advances in whole-brain connectome
mapping are unlocking network-level modulation strategies, where BCIls can selectively target
disease-specific hyperdirect pathways. In Parkinsonian gait freezing, for instance, real-time phase-
amplitude coupling analysis of subthalamic-cortical projections [7] permits millisecond-precise
stimulation to disrupt pathological synchronization. A third frontier involves biomimetic neural
interfaces engineered to emulate the blood-brain barrier’s sophisticated selectivity. Astrocyte-coated
nanofiber electrodes, mimicking the neurovascular unit’s tight junction architecture [6], demonstrate
dual functionality: evading immune surveillance through CX3CL1 chemokine mimicry while
achieving localized BDNF delivery via piezoelectric-responsive nanotubes. These innovations
collectively address the tripartite challenge of precision, specificity, and biocompatibility, forging
neuroprosthetics capable of dynamic co-evolution with degenerating neural circuits.

6. Conclusion

BCI technology represents a paradigm shift in PD management, overcoming the pharmacokinetic
limitations of oral levodopa through closed-loop neuromodulation. By synchronizing optogenetic
stimulation with fluorescent dopamine sensing (AF/F >450%), BCIs achieve dynamic dopamine
replenishment within therapeutic windows (2—-5 puM), reducing dyskinesia incidence by 60%. The
restoration of corticobasal ganglia theta-gamma coupling (4-8 Hz phase modulation) correlates with
41.2% improvement in bradykinesia severity, while translational applications in Alzheimer’s and
Huntington’s diseases demonstrate 38% and 67% efficacy respectively in preclinical models.

Persistent challenges include chronic signal drift (23% attenuation/year) and photobleaching
(0.5%/min), yet emerging innovations—self-healing electrodes, biomimetic interfaces, and
connectome-driven modulation—are paving the way for next-generation neuroprosthetics. These
systems promise personalized therapy through optofluidic drug delivery and multi-parametric
biosensing, transitioning neurodegenerative care from palliation to neural circuit rejuvenation.
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