
● Collecting Aligned Activity & Connectomic Data
Example: Mouse Vibrissal Touch Barrel Cortex

● Exploiting Coherence to Reduce Dimensionality
Example: C. elegans Motor Control Sequence

● Spatially & Temporally Distributed Circuit Motifs
Example: Localized Persistent Homology

● Modeling Cortical Layers with Deep Networks
Example: Primary Visual Cortex in Primates



Christof Koch. Project MindScope. In Frontiers in Computational Neuroscience, 2012 Bernstein Conference, number 33. 2012.

Ca2+ Time Series (Rasters)

Collecting Activity & Connectomic Data



Worms, Flies, Mice and Monkeys



Recording from mm3 Mouse Somatosensory Cortex

Tao Sun & Robert Hevner. Growth and folding of mammalian cerebral cortex: molecules to malformations. Nature Reviews Neuroscience, 15:217-232, 2014.
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Saul Kato, …, Manuel Zimmer. Global brain dynamics embed the motor command sequence of caenorhabditis elegans. Cell, 163:656-669, 2015.



● ... variance in firing rates across neurons is correlated[1]

● ... correlated synaptic input drives current fluctuations[2]

● ... modulated coherence as core computational primitive[3]

[1] S. Panzeri, S. R. Schultz, A. Treves, & E. T. Rolls. Correlations and encoding information in the 
nervous system. Royal Society B: Biological Sciences, 266(1423):1001-1012, 1999.

[2] E. Salinas & T. Sejnowski. Impact of correlated synaptic input on output firing rate and variability 
in simple neuronal models. The Journal of Neuroscience, 20(16):6193-6209, 2000.

[3] X. J. Wang. Neurophysiological and computational principles of the cortical rhythms in cognition. 
Physiological Reviews, 90(3):1195-1268, 2010.

● ... lot of garbage in components and still it performs well[4]

● ... first 2-3 principal components account for Ca2+ rasters[5]

● ... system phase-portraits lie on low-dimensional manifolds[6]

[4] Carver Mead. Neural hardware for vision. Engineering & Science, 1:2-7, 1987.

[5] S. Kato, H. S. Kaplan, T. Schrödel, S. Skora, …, E. Yemini, S. Lockery, M. Zimmer. Global brain 
dynamics embed the motor command sequence of C. elegans. Cell, 163:656-669, 2015.

[6] V. Mante, D. Sussillo, K, V. Shenoy, and & W. T. Newsome. Context-dependent computation by 
recurrent dynamics in prefrontal cortex. Nature, 503:78-84, 2013.

Correlated Activity as a Computational Primitive



1. Single-cell-resolution Ca2+ 2PE imaging of immobilized worms:

2. Refactor Ca2+ rasters as the derivative ΔF/F0 and normalize:

3. PCA and select PCs accounting for ≥ 60% of the variance:

4. Temporal PCs as weighted sum of refactored time series:

5. Cluster temporal PCs grouping highly correlated neurons:

6. Ca2+ imaging unconstrained worms with IR behavior tracking.
7. Identify transitions and segment time-series vectors by hand.
8. Bundle repeated behavior traces and construct phase portrait:



Functional Decomposition from Correlated Activity



Henry Markram, …, Sean L. Hill, Idan Segev, Felix Schürmann. Reconstruction and simulation of neocortical microcircuitry. Cell, 163:456-492, 2015.

Mammalian Neocortex has Complex Structure



Deep Multiple Layer Recurrent Neural Networks

David Sussillo & Omri Barak. Low-dimensional dynamics in high-dimensional recurrent neural networks. Neural Computation, 25(3):626-649, 2013.



Deep Multiple Layer Recurrent Neural Networks

David Sussillo & Omri Barak. Low-dimensional dynamics in high-dimensional recurrent neural networks. Neural Computation, 25(3):626-649, 2013.



Defining Morphological and Functional Boundaries



Deeper Still: Modeling Distinctive Network Motifs

Marcus Kaiser. A tutorial in connectome analysis: Topological and spatial features of brain networks. Columbia Research Repository, arXiv:1105.4705, 2011.

Milo, R., Shen-Orr, S., Itzkovitz, S., Kashtan, N., Chklovskii, D., Alon, U. Network Motifs: Building Blocks of Complex Networks. Science 298, 824-827, 2002.



Matthew Wright, Introduction to Persistent Homology. 2015.



The Ordered n-simplices of a Directed Graph

Alessandro E. P. Villa Paolo Masulli. The topology of the directed clique complex as a network invariant. CoRR, arXiv:1510.00660, 2015.

6 0-simplices {1, 2, 3, 4, 5, 6}
8 1-simplices {12, 13, 23, ..., 56}
1 2-simplices {123}
0 3-simplices {}



Directed Clique Complex of a Microcircuit

Pawel Dlotko, …, Henry Markram. Topological analysis of the connectome of digital reconstructions of neural microcircuits. CoRR, arXiv:1601.01580, 2016.
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Matthew Wright, Introduction to Persistent Homology. 2015.
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Matthew Wright, Introduction to Persistent Homology. 2015.
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Matthew Wright, Introduction to Persistent Homology. 2015.



Persistent Homology: Microcircuit Dynamics

Pawel Dlotko, …, Henry Markram. Topological analysis of the connectome of digital reconstructions of neural microcircuits. CoRR, arXiv:1601.01580, 2016.



Circuit Motifs: Spatial and Temporal Locality

[1] [2] See the supplementary material at the end of this document for a formal definition.



Mining Neural Recordings for Computational Motifs



Supplementary Material



[3] Pawel Dlotko, …, Henry Markram. Topological analysis of the connectome of digital reconstructions of neural microcircuits. CoRR, arXiv:1601.01580, 2016.



[6] Alessandro E. P. Villa Paolo Masulli. The topology of the directed clique complex as a network invariant. CoRR, arXiv:1510.00660, 2015.


