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Legal & Scientific Imperative for Universities

Section 2A of the Animals (Scientific Procedures) Act 1986 imposes a statutory duty on the
Secretary of State to ensure compliance with the principles of replacement, reduction, and
refinement. The principle of replacement requires that, wherever a scientifically satisfactory method
or testing strategy not entailing the use of protected animals is available, it must be used to replace
the use of a regulated procedure.

Historically, drug discovery and mechanistic studies for neurodevelopmental disorders—such as
Autism Spectrum Disorder (ASD) and infantile epilepsies—have relied on transgenic rodent
models. These platforms suffer from severe translational limitations. These limitations are evident
in the following critical disparities:

* Failure to Recapitulate Development: Animal models fail to recapitulate human-specific cortical
development, human-restricted synaptic pruning kinetics, and the complex genetic background of
polygenic human conditions.

+ Anatomical and Physiological Mismatch: Rodent brains lack the evolutionary expansion of the
human neocortex, particularly the distinct temporal patterns of interneuron migration and outer
radial glial cell proliferation.

* Receptor & Channel Divergence: In epilepsy research, species-specific differences in voltage-
gated ion channels (such as SCN1A) and GABAergic receptor subunit configurations mean that
candidate anti-seizure compounds showing efficacy in rodents frequently prove ineffective or
toxic in paediatric clinical trials.

» Subjectivity of Behavioural Endpoints: Behavioural endpoints in rodents (such as repetitive
grooming or ultrasonic vocalisation changes) are highly subjective and unreliable surrogates for
human neurodevelopmental phenotypes.

Transitioning to human-relevant Non-Animal Methodologies (NAMs) is both a scientific necessity to
resolve the translational bottleneck and a statutory obligation for UK academic institutions under
ASPA 1986.



Landmark Regulatory & Scientific Momentum

Significant progress has been made in the development and application of human-relevant
neurodevelopmental NAMs:

» Cortical and Ganglionic Eminence Assembloids: Recreate human interneuron migration by
fusing regionalized 3D brain organoids, allowing researchers to study aberrant migration patterns
implicated in ASD.

» High-Density Microelectrode Arrays (MEAs): Capture functional, network-level electrical
synchrony and hyper-synchronous burst firing patterns in human iPSC-derived networks to
screen anti-seizure compounds without animal convulsant models.

» Co-cultured Synaptic Pruning-on-Chip: Integrates patient-derived microglia, astrocytes, and
neurons under microfluidic flow to track complement-mediated synaptic engulfment and identify
targeted therapies for ASD-associated hyper-pruning.



Core Specialised Neurodevelopmental Platforms

)
Fused 3D Brain Assembloid System High-Density Microelectrode Microfluidic Co-culture Platform
» Modeling neuronal migration and Array (MEA) Substrate « Synaptic Pruning & Neuroinflammation

cortical circuit formation » Functional Neural Network Assessment
* High-Throughput Recording

AL EEE S el
Detection of Hyper-

« Platform Design for Selective Co-culture

GANGLIONIC GLUTAMATERGIC

GABAergic HUMAN iPSC-DERIVED

MICROGLIA —

POST-SYNAPTIC

EMINENCE (GE) |nterneurons CORTICAL ORGANOID

ORGANOID
|

Migration Pathways
(green arrows)

Cortical Layer
Formation

cortical circuit formation

» Modeling neuronal migration and

synchronous

NEURONS
=

Epileptiform Bursts

p \ c1
i | |[ spike Tracking & Raster Plots | Network Synchrony Index . N
1 R 0% 0.9
o 29014 G|
s e S
& gmq b - + ++ ;“ 04 k'/’
o4 P s ! o
| [] % 100f—+tsttese—gs 4+ 2
[ [| &3] v " 4 M 01
Migrating Cells 15 + - o
on Radial Glia (gray) $ S 10 150 20 bagnict Homesedt o0
Time (s) = —_—
\ ( , High-Throughput

Recording L

Active Complement-Mediated

i / A
% $“

N )

» Microglia with stained C1q/C3 complement proteins
» Platform Design for Selective Co-culture

, Synaptic Engulfment

N

Figure 1: Core Specialised Neurodevelopmental Platforms — Fused 3D brain assembloid
system modelling migration pathways of GABAergic interneurons from ganglionic eminence
organoids into glutamatergic cortical organoids (left); high-density microelectrode array (MEA)
substrate detecting hyper-synchronous epileptiform burst patterns, tracking spikes, and measuring
network synchrony index values under convulsant or drug exposure (centre); and a microfluidic co-
culture platform showing active complement-mediated (C1g/C3) synaptic engulfment by human
iPSC-derived microglia (right).

Table 1: Specialised Biological & Tissue-Engineered (In Vitro) Platforms

Platform / Model Key Applications  Benefits for Universities
& 3Rs

Regionalised Brain
Organoids &
Assembloids

High-Density
Microelectrode
Arrays (MEAs)

Microglia-Neuronal
Synaptic Pruning-on-
Chip

EEG-Based Neural
Cultures & Brain
Spheres

Fused 3D human PSC-
derived structures that
model cortical-subcortical
migration, symmetry
breaking, and germ-layer
patterning.

Human iPSC-derived
networks coupled to
multi-channel substrates
to record spontaneous
electrical activity.

Compartmentalized
microfluidic co-cultures
hosting human neurons,
astrocytes, and active
microglia.

3D neural cell aggregates
integrated with high-
sensitivity
electrophysiological
recording platforms.

Modeling defective
interneuron migration, cell
lineage segregation,
macro-circuit dysfunction,
and early developmental
mutations in ASD.
Tracking network-level
burst firing, epileptiform
synchrony index shifts,
and screening anti-
seizure or convulsant
compounds.

Quantifying complement-
mediated synaptic
pruning defects, cytokine
profiling, and evaluating
targeted therapies for
ASD-associated hyper-
pruning.

Assessing neural network
maturation, early
network-level responses
to environmental
toxicants, and
developmental
neurotoxicity (DNT)
screening.

Replaces transgenic
rodent breeding and
gestational tissue
harvesting, capturing
human-specific cortical
developmental timelines.
Directly replaces classical
rodent convulsant assays
(e.g., maximal
electroshock, chemical
PTZ) and intracranial
electrode monitoring.

Replaces rodent post-
mortem brain tissue
harvesting and high-
resolution
immunohistochemistry
assays for synapse count
evaluation.

Replaces in vivo
gestational exposure
studies in rodents,
shifting DNT safety
profiling into high-
throughput cell-based
pipelines.



Cross-Cutting & Enabling Platforms for Neurodevelopmental Research

These platforms support multiple disease-specific research areas and are widely
applicable across small-molecule design, genetic target validation, and pharmacokinetic profiling.
While tissue-specific organoids focus on structural niches, these cross-cutting technologies provide
the quantitative pipelines required to validate high-maturity NAMs for regulatory-accepted, "fit-for-

purpose research.
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Figure 2: Cross-Cutting & Enabling Platforms for Neurodevelopmental Research —
AlphaFold 3 molecular modeling projecting the precise conformational interaction of therapeutic
ligands with human-specific voltage-gated ion channels (e.g., SCN1A sodium channels) (left);
mathematical digital twin simulating network-level hypersynchrony, signal propagation, and seizure
initiation across a virtual neural network (centre); and a quantitative Adverse Outcome Pathway
(qAOP) network mapping molecular initiation events (e.g., GABA_A receptor antagonism) to organ-
level neurodevelopmental deficits (right).

Table 2: Genetic, Computational & Hybrid Platforms

Platform / Model Description Key Applications Benefits for
Universities & 3Rs

AlphaFold &
Molecular
Dynamics
Simulators

Multi-Scale Digital
Twins of
Hypersynchrony

Organoid
Intelligence (Ol)
Hybrid Systems

Advanced Al-driven
structural predictions
mapping the
interactions of small
molecules with human-
specific ion channels
and synaptic receptors.
Kinetic and
mathematical
computational models
representing neuronal
membrane potential
shifts, ion-channel
kinetics, and network-
level decay.

Multi-electrode arrays
coupled directly with
living human brain
organoids to record
active signal

processing and network
plasticity.

Designing target-
specific ligands,
profiling allosteric sites,
and predicting blood-
brain barrier transport
characteristics in early
developmental barriers.

Simulating long-term
seizure propagation
pathways, predicting
anti-seizure compound
efficacy, and designing
optimal human clinical
trial parameters.

High-fidelity evaluation
of functional learning
pathways, network
resilience under
neurodegenerative or
convulsant stressors,
and neurotoxic profiles.

Bypasses the need for
animal immunisation,
serum harvesting, and
raw computational
validation using animal-
derived materials.

A system-wide in silico
framework that
replaces highly
stressful animal seizure
model testing and
telemetry monitoring.

Offers a functional
cognitive endpoint in
vitro, bypassing highly
invasive rodent
cognitive and
behavioral
experiments.



Regulatory Software & Strategy Frameworks

Regulatory acceptance of NAMs—referred to as "fit-for-purpose qualification"—is not a one-size-
fits-all process. Researchers should utilise the following frameworks to ensure their computational
and biological strategies align with the Animals (Scientific Procedures) Act 1986 and industry best
practices:

» Context of Use (COU) Documentation: Before deploying models, clearly define the specific
scientific question the model is intended to address. This is critical for demonstrating that the
NAM is reliable and suitable for its intended regulatory purpose.

 Technical Characterisation: Maintain comprehensive Standard Operating Procedures (SOPs)
and study plans for both the biological NAM and any software used to analyse its output. This
transparency is vital for successful project licence applications.

» Early Regulatory Engagement: Leverage institutional or external regulatory support to track "fit-
for-purpose" milestones. Early engagement with the Home Office/ASRU is strongly encouraged
to test the acceptability of a computational or NAM-based approach before full project
submission.

* Weight-of-Evidence (WoE) Frameworks: Use integrated digital dashboards to aggregate data
from both in vitro (NAM) and in silico (computational) sources. Building a strong "weight-of-
evidence" argument is the most effective way to strengthen Replacement justifications when
moving away from traditional animal models.

Skills, Training, and Capacity Building

Successful adoption of high-maturity Non-Animal Methodologies (NAMs) requires a strategic shift
in workforce development. To ensure the long-term success of the platforms outlined in this series,
universities should prioritise the following training initiatives to build institutional capacity:

* Integrated Neurobiology & Microengineering: Training programmes should bridge the gap
between bench-top cellular biology, fluidic microengineering, and complex electrophysiology data
analysis. Researchers require dual proficiency in maintaining long-term fluidic circuit barriers and
leveraging the computational pipelines necessary to interpret high-density microelectrode array
data.

* Regulatory Competency: Staff should receive formal training on "Fit-for-Purpose" qualification
and the specific regulatory expectations of the Home Office/ASRU. This includes understanding
how to document evidence for the 3Rs within formal project licence applications to ensure they
meet legal standards.

» Technological Literacy: Skills in microfluidic device troubleshooting, primary stem-cell tissue
differentiation, brain organoid maintenance, and Al-driven structural computational modelling are
increasingly critical for modern neurobiology research. Universities should facilitate internal
workshops or establish external partnerships to provide PhD students and postdoctoral fellows
with hands-on experience in these specialised tools.

» Ethics & Translation: Education should focus on the scientific imperative of human-relevant
research, emphasising why NAMs provide more predictive insights for clinical outcomes than
traditional rodent models. This fosters a culture of excellence and ethical research design that is
fully aligned with modern international standards.

Table 3: Skills » Training and Capacity Building

Capability

Technical Human cortical development organoid Replaces transgenic rodent developmental
echnica generation models
. Polygenic background & synaptic kinetics = Bypasses unreliable rodent behavioural
Computational modelling assays
R lat Fit-for-Purpose validation for Facilitates compliance with ASPA 1986
egulatory neurodevelopmental models statutory duty
Bioinformatics lon channel & GABAergic receptor Eliminates animal-based anti-seizure drug
expression mapping toxicity screening

Strategic Note: This investment in human expertise is a key component of a robust, future-proof
institutional roadmap, demonstrating to regulators that the institution is committed to the safe and
effective operation of high-maturity NAMs.



Clinical Translation Case Studies

Case Study 1: Human Cortical Assembloids Correcting Rodent Interneuron
Migration Anomalies (ASD)

Background: A pharmaceutical candidate targeting a novel CXCR4-mediated pathway for
interneuron migration showed excellent corrective results in transgenic mouse models of Autism
Spectrum Disorder. However, in Phase | human clinical trials, the compound demonstrated zero
therapeutic effect. This was due to significant differences in the human-restricted CXCL12/CXCR4
signalling pathway timeline that rodent cells could not replicate.

The Paradigm Shift: An academic research group re-evaluated the drug target using patient-
derived cortical-subcortical assembloids. The human-relevant platform correctly predicted the
clinical failure, demonstrating that the mouse-derived migration kinetics were non-equivalent to the
human cortical path.

The Methodology: Researchers generated regionalized cortical and ganglionic eminence
organoids from patient iPSCs harboring a 16p11.2 deletion. They fused the organoids to create
assembloids, applied the therapeutic candidate, and quantified cell migration velocity, neurite
branching, and radial glial cell integration using real-time live-cell confocal imaging.

University & Legal Takeaway: This study highlights how high-fidelity human assembloids can
successfully replace rodent efficacy screening, providing solid legal justification to the Home Office
under ASPA 1986 that animal testing was non-predictive.

Case Study 2: High-Throughput MEA Screening Replacing Animal Convulsant
(Seizure) Assays

Background: Traditional pre-clinical evaluation of anti-seizure compounds historically relies on
the mouse maximal electroshock (MES) and pentylenetetrazol (PTZ) models. These animals
undergo severe, physically painful generalized tonic-clonic seizures before being sacrificed. This
model is associated with high animal suffering and fails to predict human pediatric outcomes.

The Paradigm Shift: A university research team implemented a high-throughput, human-relevant
MEA platform, completely replacing the need for animal convulsant models for target validation.

The Methodology: The team cultured human iPSC-derived neural networks harboring SCN1A
mutations on multi-well MEA plates. They validated the therapeutic lead by measuring
spontaneous spike rates, burst firing frequencies, and synchrony index changes in response to
PTZ-induced hypersynchrony, without using live animals.

University & Legal Takeaway: Demonstrates a highly predictive human alternative that
completely replaces high-severity animal protocols, aligning perfectly with Home Office
expectations for the application of high-maturity Replacement models.



Executive Summary & Compliance Dashboard
Executive Summary

Research into neurodevelopmental disorders, such as Autism Spectrum Disorder (ASD) and
infantile epilepsies, has historically been hampered by a reliance on transgenic rodent models that
fail to recapitulate human-specific cortical development. These animal platforms are insufficient
due to fundamental species differences, including the absence of human neocortical expansion,
divergent interneuron migration patterns, and unique configurations of voltage-gated ion channels
and GABAergic receptors. This roadmap mandates a transition to high-fidelity, human-relevant
NAMs to resolve existing translational bottlenecks, ensuring research strategies are scientifically
robust, ethically aligned, and compliant with the ASPA 1986 statutory duty.

Compliance Dashboard

Primary Animal ASPA 1986

Transgenic rodent Cortical organoids & Synaptic High

R models kinetics MPS

See Appendix: Animal-Free Matrix for the long term strategic implementation roadmap

Maturity Matrix
Phase 1 (Exploratory): Audit current animal use in neurodevelopmental and epilepsy research.

Phase 2 (Pilot): Integrate human cortical organoid platforms and synaptic kinetic microfluidic
models.

Phase 3 (Integration): Implement multi-scale modelling of polygenic backgrounds and human-
specific ion channel profiles.

Phase 4 (Standardisation): Replace 100% of subjective, unreliable rodent behavioural assays
with qualified, human-relevant neurodevelopmental NAMs.

Final Compliance Statement

All proposed models satisfy the Section 2A statutory duty of ASPA 71986. By adopting these
methodologies, the institution positions itself at the forefront of the global transition toward human-
centric, cruelty-free medical science.

Integration Context: Roadmap Conclusion

The modules detailed in this roadmap—from the fundamental neurodevelopmental platforms
explored in this series to the broader neurobiological and psychiatric frameworks established
previously—demonstrate that replacement is an integrated institutional strategy. By mapping these
specialised NAM-based developmental models into a unified regulatory framework, the institution
moves decisively toward a standardised, human-centric research paradigm. This systemic
integration is the essential prerequisite for fulfilling the ASPA 1986 statutory duty, ensuring all
research is scientifically accurate, ethically aligned, and regulatory compliant.



Appendix: Animal-Free Maturity Matrix

Neurodevelopmental Research Roadmap

This matrix maps the progression of research platforms from legacy in vivo reliance to human-
relevant, animal-free methodologies, specifically tailored for Autism Spectrum Disorder (ASD) and
epilepsy modelling.

Technology Phase 1: . : Phase 3: Phase 4:
Platform Exploration s 28 [ifrE Validation Adoption
Brain Regionalized 3D Modeling ASD- Multi-lab validation; Sc94on-
Assembloids organoid fusion. associated aberration. trait modeling. use
N Microfluidic . .

euro-on-a- o e Co-culture (neurons, | Integration into High-throughput
Chip design. astrocytes, microglia). | WoE frameworks. | DNT screening.
In Silico Computational Al-driven structural/ SO Primary tool for

- . o ) longitudinal :

Twins network design. | kinetic modeling. modeling target discovery.
Hybrid g?grglgt\i/gn Multi-electrode array  Data benchmarking 1%$r:ﬁ?£223ard
Systems (Ol) modelling. (MEA) integration. vs. legacy models. testing.

Implementation & Compliance Framework

To ensure institutional adherence to the Animals (Scientific Procedures) Act 1986 (ASPA 1986),
the following five-phase roadmap must be applied to all neurodevelopmental research projects:

Phase 1: Gap Analysis & Resource Audit
Audit current protocols to identify legacy rodent models suitable for transition to NAMs.
Assess institutional capacity for iPSC-derived technologies and high-performance computing.

Phase 2: Standardised SOP Development
Develop rigorous Standard Operating Procedures (SOPs) for assembloid fabrication and "on-a-
chip" systems to ensure intra-laboratory reproducibility.

Replace traditional behavioural assays (e.g., maximal electroshock, PTZ-induced seizure tests)
with validated Al-driven kinetic simulations.

Phase 3: Weight-of-Evidence (WoE) Dossier Construction
Aggregate performance data from multi-organ simulations and epitope mapping.

Benchmark NAM outputs against historical legacy data to prove "fit-for-purpose" status.

Phase 4: Regulatory Alignment & Dashboard Tracking
Use a compliance dashboard to report project milestones directly to the Animals in Science
Regulation Unit (ASRU).

Leverage detailed documentation to justify the total cessation of animal procedures.

Phase 5: Continuous Capability Building
Invest in specialised staff training for digital twin and synaptic chip operation to bridge the gap
between bench-top and computational workflows.

Strategic Note: This investment in human expertise is a key component of a robust, future-proof
institutional roadmap, demonstrating to regulators that the institution is committed to the safe and
effective operation of high-maturity NAMs.



