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Abstract

In this study, we focus on characterizing the complex network dynamics of in vitro neuronal
system of live biological cells during two distinct activity states: spontaneous rest state and
engagement in a real-time (closed-loop) game environment. We use DishBrain which is a
system that embodies in vitro neural networks with in silico computation using a high-
density multi-electrode array. First, we embed the spiking activity of these channels in a
lower-dimensional space using various representation learning methods. We then extract
a subset of representative channels that are consistent across all of the neuronal prepara-
tions. Next, by analyzing these low-dimensional representations, we explore the patterns
of macroscopic neuronal network dynamics during the learning process. Remarkably, our
findings indicate that just using the low-dimensional embedding of representative channels
is sufficient to differentiate the neuronal culture during the Rest and Gameplay conditions.
Furthermore, we characterise the evolving neuronal connectivity patterns within the Dish-
Brain system over time during Gameplay in comparison to the Rest condition. Notably,
our investigation shows dynamic changes in the overall connectivity within the same re-
gion and across multiple regions on the multi-electrode array only during Gameplay. These
findings underscore the plasticity of these neuronal networks in response to external stimuli
and highlight the potential for modulating connectivity in a controlled environment. The
ability to distinguish between neuronal states using reduced-dimensional representations
points to the presence of underlying patterns that could be pivotal for real-time monitor-
ing and manipulation of neuronal cultures. Additionally, this provides insight into how
biological based information processing systems rapidly adapt and learn and may lead to
new or improved algorithms.
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1. Introduction

The DishBrain system introduces an innovative configuration that reveals elementary bi-
ological intelligence by leveraging adaptive and intrinsic neuronal traits. Within this con-
struct, in vitro neuronal networks are seamlessly integrated with in silico computational
elements utilizing high-density multi-electrode arrays (HD-MEAs). These cultivated neu-
ronal ensembles demonstrate biologically-based adaptive intelligence, effectively emulated
within a dynamic gaming environment through the implementation of closed-loop stimula-
tion and concurrent recordings (Kagan et al., 2022, 2023). Specifically, the biological neural
ensembles show self-organized adaptive electrophysiological dynamics, consistent with an
innate ability for acquiring new knowledge and manifesting meaningful responses to con-
strained, albeit biologically plausible, external stimuli (Harrell et al., 2020). The empirical
data is sourced from cortical cells derived from either embryonic rodent or human induced
pluripotent stem cell (hiPSC) lineages. While synthetic biology methods demonstrate that
in vitro biological networks of cortical cells are able to display real-time adaptive goal-
directed learning in simulated environments (Kagan et al., 2022; Habibollahi et al., 2023,
2022), key underlying network dynamics associated with this learning remain unexplored.

Here, we study the spiking activity recorded from each channel of the HD-MEA to ex-
plore the dynamics of neuronal network structure and functional connectivity between the
recorded units. Understanding the complex dynamics of neuronal networks is important to
discover neural mechanisms of how learning occurs. Neurons in a complex network inter-
act to process information and generate responses. Learning involves the modification of
synaptic interactions, which affects the signal transmission within a neuronal network. In-
vestigating the patterns of dynamic interactions between neurons provides insights into the
mechanisms underlying learning. The temporal patterns and strength of these interactions
represent the network’s ability to encode, store, and retrieve information. By investigat-
ing the dynamic organisation of neural networks, we can discover the mechanisms driving
synaptic modifications, leading to a deeper comprehension of the cellular and network-level
processes intrinsic to learning. Such insights have crucial implications across disciplines,
from neuroscience to artificial intelligence, potentially guiding the development of advanced
learning algorithms and treatments for neurological disorders.

2. Methods

2.1. DishBrain System

To assess the learning efficiency of cultured cortical networks during task engagement, we
recorded neuronal cultures mounted onto a multi-electrode array (MEA) with 1024 chan-
nels. The DishBrain system, interfacing in real-time with the MaxOne MEA (Maxwell
Biosystems, AG, Switzerland) software, enables closed-loop stimulation and recording. In
addition to recording neuronal electrical activity, this system also delivers safe, long-term
external electrical stimulation using biphasic pulses (Ruaro et al., 2005) eliciting action po-
tentials in neurons. Task-related information is relayed through appropriate coding schemes,
allowing real-time monitoring of neuronal activity and simultaneous delivery of structured
stimulation to the neuronal culture.
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The DishBrain system was employed to simulate neural cultures within a virtual gaming
environment, emulating the classic arcade game ‘Pong’. Stimulation was delivered using a
combination of rate coding electrical pulses, ranging from 4Hz to 40Hz, to encode the ball’s
position on the x-axis, and place coding (using designated electrodes arranged in a specific
topographical fashion) to encode the ball’s position on the y-axis. This input targeted a
pre-defined two-dimensional sensory zone comprising 8 sensory electrodes. The motion of
the paddle was controlled by the extent of electrophysiological activity measured within a
predetermined ”motor area” of the cultured network, captured in real-time.

The cells also received information about the closed-loop response to their control of the
paddle’s movement. It was possible to either deliver the sensory stimulation, as explained
above, or a feedback stimulation could be applied as previously described (Kagan et al.,
2022). The data utilized in this work were collected using an unpredictable feedback pro-
tocol. If the cultures failed to hit the ball using the paddle, indicating a ”miss” event, they
were subjected to an unpredictable stimulation. This feedback stimulus had a voltage of
150 mV and a frequency of 5 Hz, introducing an unpredictable external input into the sys-
tem. Random stimulation was delivered to arbitrary locations on the 8 designated sensory
electrodes, at varied intervals over four seconds. A configurable four-second resting period
followed, where no stimulation was provided before the next rally began. Each gameplay
recording session lasted 20 minutes, with a sampling frequency set at 20kHz. More details
of this system are introduced in Appendix A

Figure 1 illustrates the input information, feedback loop setup, and electrode configu-
rations in the DishBrain system.
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Figure 1: a) DishBrain feedback loop setup. b) Electrode configuration and predefined
sensory and motor regions. Figures adapted and modified from (Kagan et al.,
2022)

2.2. Network Construction

Neuronal spiking activity was measured from 1024 channels of HD-MEA in 248 Gameplay
and 147 Rest session recordings. Given the length of recordings at the 20 kHz sampling
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