Merging Computational Neuroscience and Psychology for Adaptive Brain Simulation

Samuel Neymotin, PhD

Research Scientist V

Research Foundation for Mental Hygiene, Inc.,
Nathan S. Kline Institute for Psychiatric Research
Orangeburg, New York

Email: Samuel.Neymotin@nki.rfmh.org

Mobile: (718) 490 - 0252

This research initiative aims to bridge the gap between biophysical brain modeling and cognitive
psychology by developing multiscale neural simulations that incorporate constructs such as intelligence,
behavioral strategy, and adaptive learning. Building on my previously published thalamocortical auditory
circuit models, which reproduce in vivo dynamics using NEURON and NetPyNE platforms, this work
proposes to embed psychologically-informed modules into existing biophysical frameworks. The goal is
to explore how cognitive factors—ranging from attention and motivation to cross-species intelligence
differences—can influence neural plasticity, oscillatory dynamics, and learning trajectories.

The research will follow two complementary tracks: a grounded one based on current systems
neuroscience and comparative cognition, and a speculative track exploring synthetic metacognition,
theory of mind simulation, and quantum-inspired learning indices. Applications are envisioned in
adaptive brain-computer interfaces, cognitive prosthetics, and autonomous humanoid systems capable
of emotionally sensitive perception and self-directed strategy learning. Ultimately, this work seeks to
create intelligent systems that not only simulate the brain’s structure and dynamics, but also emulate its
flexibility, reflection, and goal-driven reasoning.

Our work presented in the 2023 Cell Reports article "Data-driven multiscale model of macaque auditory
thalamocortical circuits reproduces in vivo dynamics," lays the foundation for this research plan. This
project combined high-fidelity neuroanatomical data, morphologically accurate neurons, and realistic
synaptic interactions across thalamocortical auditory circuits in macaques. Built using platforms like
NetPyNE and NEURON, our model successfully replicates essential dynamic patterns observed in
experimental recordings, including spontaneous and stimulus-driven activity.

This modeling framework marks a significant step forward in computational neuroscience. It bridges
detailed biological realism with functional systems neuroscience, allowing us to test hypotheses about
auditory signal processing and oscillatory communication across cortical layers. While powerful, this
approach to date has been grounded entirely in physiological principles, without yet incorporating
psychological dimensions such as cognitive strategy, learning style, or intelligence.

Our goal now is to explore whether incorporating such constructs into our models can elevate the
fidelity and predictive capacity of neural simulations, moving us closer to a full-spectrum understanding
of adaptive intelligence in brains.



Main Hypothesis
We hypothesize that the quality and efficiency of biophysically grounded neural learning can be
enhanced by integrating cognitive constructs—specifically intelligence, strategic adaptation, and
behavioral flexibility—into simulation frameworks. We aim to:

e Investigate how varying levels of intelligence influence learning trajectories in both real and

simulated animals.
e Identify neural correlates of intelligent behavior and develop computational analogs.
e Create hybrid brain models that fuse biophysical learning with behavioral strategy.

Proposed Extension

This plan builds directly on our prior work by extending my data-driven modeling framework with
cognition-aware modules. Using the thalamocortical model as a base, we will embed psychological
modifiers such as learning flexibility, attentional modulation, and internal goal representation. This
approach aims to move beyond neuron-level adaptation to systems capable of reflective, goal-driven
learning.

We will pursue two parallel research tracks: one grounded in current biological knowledge, and another
that ventures into exploratory, high-risk domains to push the boundaries of modeling intelligence.

A. Grounded Research Directions
These efforts build directly on established findings in systems neuroscience and psychology.

1. Cognitive-Behavioral Modulation of Plasticity
We will enrich plasticity rules by integrating behavioral modulators.
e Introduce contextual tags that modulate STDP based on reward proximity, novelty detection, or
attentional state.
e Adjust learning rates based on dynamic behavioral metrics—reaction time, gaze fixation, or
motivation level.
e Simulate how state-dependent modulation influences receptive field reorganization.
2. Cross-Species Comparative Modeling
We will build and compare intelligence-modulated models across species.
e Implement species-specific constraints to model rodents, marmosets, macaques, and humans
along a cognitive gradient.
e Translate ecological roles (e.g., social hierarchy, tool use) into strategic learning parameters.
e Calibrate cognitive flexibility using real behavioral datasets.
3. Neuroethological Simulation Protocols
Task environments will be designed to reflect ecologically valid behavior.
e Build virtual foraging, navigation, and cooperative problem-solving tasks.
e Simulate behavioral state transitions under stress, fatigue, or reward shifts.
e Analyze emergent dynamics when animals switch from reactive to strategic modes.
4. Feedback-Driven Oscillatory Pattern Modeling
We will model how internal goals influence neural rhythms.
e Create bidirectional feedback loops between simulated decision layers and cortical oscillatory
systems.
¢ Examine how different intelligence levels stabilize or destabilize oscillatory coherence.



e Investigate phase-amplitude coupling as a substrate for attentional modulation.

B. Speculative or Frontier-Pushing Ideas
These projects are more exploratory and could uncover novel principles of synthetic cognition.

1. Intelligence-Driven Plasticity Priors
We plan to incorporate priors representing intelligence into plasticity thresholds.
e Simulate Bayesian belief updates as modulators of attention and learning rate.
e Model how intelligent agents reduce learning cost by leveraging expectations.
2. Synthetic Meta-Cognition Layers
We will build reflective agents capable of adjusting their own learning strategy.
¢ Implement meta-learning layers that estimate model uncertainty or performance decay.
e Simulate internal reward signals for discovery or error correction.
3. Bio-Digital Feedback Loops
We will explore co-training with digital cognitive models.
e  Pair spiking brain simulations with LLM-guided feedback systems.
e Test whether external digital context enhances biological learning efficiency.
4. Simulated Theory of Mind Modules
We will implement simplified social cognition modules.
e Design simulations where agents observe each other and infer hidden goals.
e Model cooperative learning and imitation in social environments.

As a long-range speculative goal, we will consider mechanisms by which distributed coherence or
entanglement-like states could support rapid encoding.

e Simulate theoretical quantum biasing of memory encoding thresholds.

e Test predictions about spatial coherence in artificial intelligent systems.

5. Methodological Approach
Our approach will combine high-resolution biophysical modeling with behavior-level simulation.
Modeling Platform
e Continue to develop within the NEURON + NetPyNE ecosystem.
e Create Python-based wrappers for interfacing cognitive state estimators with network
dynamics.
e Scale models on HPC and GPU platforms to handle increased complexity.
Experimental Targets
e Expand existing macaque models to include prefrontal-reward-cognitive nodes.
e Calibrate across species to define strategy modulation thresholds.
e Simulate complex learning tasks with varying cognitive loads.
Data Collection and Integration
e Leverage my lab’s existing multiscale datasets.
e Use open-source behavioral benchmarks and neuroethological datasets where available.
e Combine neural outputs with behavioral metrics for model validation.
Training Strategies
e Compare baseline physiology-only learning against strategy-augmented learning.
e Introduce generalized test tasks to evaluate adaptability and abstraction.
e Measure resilience to task-switching, distraction, and degraded feedback.



The goal is to build brain-inspired systems that not only learn, but learn intelligently.

A. Neurotechnology Applications
1. Adaptive Brain-Computer Interfaces (BCls)

e Create BCls that adapt decoding strategies based on user cognition.

e Allow dynamic calibration based on attention, confidence, or goal clarity.
2. Cognitive Load-Aware Hearing Aids

e Use attention and cognitive state estimates to shape auditory filtering.

e Develop adaptive gain strategies to reduce fatigue in noisy environments.
3. Neuroadaptive Stimulation Systems

e Tailor TMS/DBS protocols to dynamically match cognitive phase.

e Enable closed-loop stimulation paradigms grounded in behavioral states.

B. Humanoid Robotics Applications
1. Emotionally-Sensitive Auditory Agents
¢ Implement robots that use modeled curiosity to prioritize input.
e Simulate relevance-based perceptual strategies.
2. Meta-Learning Robotic Systems
e Robots capable of adjusting their learning algorithms in real-time.
e Simulate strategic boredom or novelty-seeking to optimize learning.
3. Cooperative Dual-Agent Frameworks
e Develop teams of robots that share task representation through learned synchrony.
¢ Implement team cognition using simulated shared intention states.

This research plan represents a significant evolution in computational neuroscience, expanding the
boundaries of biologically grounded brain simulation by integrating principles from cognitive
psychology. By layering cognitive attributes such as intelligence, strategic behavior, and adaptive
decision-making onto existing multiscale neural models, we aim to emulate not just the brain's physical
circuitry, but its capacity for flexible, goal-directed learning.

Our approach acknowledges that intelligence emerges not only from synaptic changes but from the
dynamic interaction between perception, memory, motivation, and context-sensitive feedback. By
simulating how animals and humans use internal goals, prior knowledge, and social cues to guide
learning, our models will offer richer, more realistic insights into neural function and dysfunction. This
hybrid architecture—merging physiology with psychology—has the potential to bridge computational
models of the brain with the cognitive architectures of the mind.

In the near term, this work will advance the fidelity of simulations used in auditory neuroscience,
reinforcement learning, and neural oscillation research. In the longer term, it will support the
development of intelligent neurotechnologies that adapt to user states, and autonomous agents—
robotic or virtual-that emulate human-like reasoning, emotion, and problem-solving.

Ultimately, this research seeks to answer a fundamental question: Can we build systems that not only
learn, but learn how to learn—systems that reflect, reframe, and evolve in ways that mirror biological



intelligence? Through this interdisciplinary effort, we take a step toward that answer, laying the
groundwork for machines that are not only brain-inspired, but mind-aware.



