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The exploration of neural activity patterns across cortical layers provides insights into how
different layers of the brain communicate and organize information. Understanding how
decision-making occurs at the neural level will deepen our understanding of human behavior,
cognition, and perception.

This project aims to investigate how animals make decisions in uncertain
environments and how neural activity across different cortical layers contributes to the
decision-making process. To achieve this, we designed a lever push/pull task for mice and implanted
a prism lens in the cortex to simultaneously capture calcium imaging data from multiple layers. To
analyze the noisy calcium imaging data, we developed a dual ARD (Automatic Relevance Determination)
method for dimensionality reduction, which also was used for decoding and encoding in subsequent
analyses. Furthermore, we have explored the temporal and spatial connectivity patterns among neurons

from different layers. We are currently utilizing Bayesian models to analyze the neural activities.
By integrating the various approaches we have developed throughout this project and continuing our
ongoing efforts, we anticipate uncovering valuable insights into decision-making process that takes
place among different cortical layers.
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The concept of the “Bayesian brain” has attracted enormous attention in neuroscience and has
become increasingly popular in recent years. We expect to find neural activities related to
Bayesian inference in the cerebral cortex. It is also worth noticing the multi-layer structure of the
cortex. Theoretical studies have proposed some possible mathematical models of hierarchy
calculations of Bayesian inference held in the cortex. However, the specific roles of different
cortical layers in a Bayesian inference model are not clearly defined in these models due to the

lack of experiment evidence.

2. WEDB

This project aims to investigate how animals make decisions in uncertain environments and how
neural activity across different cortical layers contributes to the decision-making process. To
achieve this, we designed a lever push/pull task for mice and implanted a prism lens in the cortex
to simultaneously capture calcium imaging data from multiple layers. To analyze the noisy
calcium imaging data, we developed a dual ARD (Automatic Relevance Determination) method
for dimensionality reduction, which also was used for decoding and encoding in subsequent
analyses. Furthermore, we have explored the temporal and spatial connectivity patterns among
neurons from different layers. We are currently utilizing Bayesian models to analyze the neural
activities. By integrating the various approaches we have developed throughout this project and
continuing our ongoing efforts, we anticipate uncovering valuable insights into decision-making

process that takes place among different cortical layers.

3. WO TIE

[Design and construct Setup]
I have designed and constructed the active-lever based Head-fixation plate body holder
operant conditioning system, which includes a 3D-printed ST Lo ———

plastic body holder and head fixation, a lever for the

water spout

animal to grasp with its forepaw, a water-reward delivery

system, and a control system for the lever and reward

active-lever
delivery (Fig. 1). The animal is required to pull or push t

the lever to receive a reward, which is delivered through a ~ Active-lever based operant conditioning system

waterspout in the form of a water drop. The lever is

controlled by an actuator. To introduce uncertainty into the

Head-fixation/

task, we can adjust the settings of the lever. In order to

bodyholder *

address motor adaptation, the lever movement can include
fluctuation for variability. This allows the animal to adapt
and adjust its movements accordingly. Additionally, for
decision-making purposes, we can set the required g 1 Setuportne sctve lever pullpush sk
direction of the lever (either pull or push) to be

probabilistic, meaning the animal has to make probabilistic choices when deciding which action

to take.



[ Virus injection and prism lens implantation]
We targeted the upper-limb region in the
primary cortex (SSp-ul) for imaging. To

infect neurons spanning from superficial

Microscope

to deep layers, we injected the virus at N y
multiple locations within the cortex at P’i’mp<“ activelever
varying depths (as shown in the figure). J
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cortical layers, facing the area of virus Fig.2 Virus injection and field of view via a prism lens
injection (Fig. 2). We then attached a
microendoscope for imaging the calcium dynamics of neurons. The resulting calcium imaging
data clearly exhibits a distinct layer structure, indicating that the prism lens effectively captures
neural activity from superficial (layer 2/3),
middle layer ( layer 4) and deep layers
(Layer 5/6) of the cortex (Fig. 3).

The acquisition of imaging data from

multiple cortical layers is indeed a

challenging task. After persistent efforts
and testing, we have Successfully achieved Fig.3 Calcium imaging dynamics in different cortical layers
this significant milestone, which marks a

major breakthrough in our research. This accomplishment opens up new avenues for exploring

the intricacies of neural activity across different cortical layers.
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[Dual ARD for automatic dimensionality reduction]
1. Y Li, K Doya. (2023) “Dual automatic relevance determination in latent variable models

and its application to calcium imaging data”, in submission.
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the latent variables, I proposed a dual Fig.4 Model comparisons on two-photon calcium imaging data
ARD formulation that integrates ARD
priors for both loading weights and latent variables. This approach automatically and effectively

reduces dimensionality while identifying the most relevant features for analysis. We discussed the



sparsity properties mathematically and evaluated its performance against existing models using
both simulated datasets and real-world calcium imaging data recordings (Fig.4). The dual ARD
outperformed the previous models, demonstrating its efficiency in reducing dimensionality
(Fig.4a-c), and the remaining low-dimensional latent variables were sufficient to capture enough

information for both decoding and encoding tasks (Fig.4d-e).

[Explore the spatial and temporal patterns of neural activities among layers]
1. Y Li, K Doya. (2023) “Temporal and spatial activity patterns of neurons across multiple
cortical layers in metastates”, in preparation.

We then evaluated the functional
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Interestingly, we observed that neural
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played a prominent role throughout the -
metastates. This finding suggests that
neurons in layer 4 have a crucial
function in integrating and transmitting
information within the network,

contributing significantly to the overall

dynamics and functionality of the

metastates. We aimed to investigate

the spatial and temporal activity
patterns among neurons from different
layers. We first applied a hidden
Markov model (HMM) to the

population neural activities to define Fig. 5 Metastate-based functional connectivity analysis

the temporal structure. In our HMM,

we assume that the activities of the population neurons are driven by discrete hidden brain states.
Each state is represented by a multivariate Gaussian-mixture model, resulting in a total of 11
states for the 5-minute recording period. Subsequently, we analyzed the transition probability
matrix in the HMM model, and we discovered the presence of 4 metastates that exhibited a higher
probability of transitioning within the metastate compared to transitioning out of it.

Next, we explored the spatial connections between neurons within each metastate. To
measure functional connectivity, we used transfer entropy, which accounts for the non-linear
dependency of neurons by calculating the conditional mutual information of their time series.
Additionally, we employed the Pagerank algorithm to quantify the neural hubs within each
metastate. PageRank assigns scores to neurons based on their connectivity and the importance of

their connections.
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