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ABSTRACT

Synaptic connectivity between neocortical neurons is highly structured. The network
structure of synaptic connectivity includes �rst-order properties that can be described by
pairwise statistics, such as strengths of connections between different neuron types and
distance-dependent connectivity, and higher order properties, such as an abundance of
cliques of all-to-all connected neurons. The relative impact of �rst- and higher order structure
on emergent cortical network activity is unknown. Here, we compare network structure and
emergent activity in two neocortical microcircuit models with different synaptic connectivity.
Both models have a similar �rst-order structure, but only one model includes higher order
structure arising from morphological diversity within neuronal types. We �nd that such
morphological diversity leads to more heterogeneous degree distributions, increases the
number of cliques, and contributes to a small-world topology. The increase in higher order
network structure is accompanied by more nuanced changes in neuronal �ring patterns, such
as an increased dependence of pairwise correlations on the positions of neurons in cliques.
Our study shows that circuit models with very similar �rst-order structure of synaptic
connectivity can have a drastically different higher order network structure, and suggests that
the higher order structure imposed by morphological diversity within neuronal types has an
impact on emergent cortical activity.

AUTHOR SUMMARY

We seek to understand how certain characteristics in the structure of neuron-to-neuron
connectivity shape the activity of local neural circuits. The local connectivity of cortical
networks features a nonrandom higher order structure characterized by the presence of
tightly connected clusters of neurons. We use a biologically detailed model of neocortical
microcircuitry that recreates these features and simplify its complexity algorithmically while
preserving the larger scale connectivity trends. We then simulate spontaneous and evoked
activity in the two models with simpli�ed and complex connectivity and compare the
resulting spiking statistics. The results allow us to characterize the role of the higher level
structure of connectivity in interaction with other biological features shaping neuronal
activity such as synaptic adaptation and noise.
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INTRODUCTION

Local synaptic connectivity between neocortical neurons is highly structured (Perin, Berger,Synaptic connectivity:
The connections formed between
neurons via chemical synapses.

& Markram, 2011; Song, Sjöström, Reigl, Nelson, & Chklovskii, 2005). Details of �rst-order

structure that can be described by pairwise statistics include distinct mean connection strengths
between different neuron types (Feldmeyer, Lubke, Silver, & Sakmann, 2002; Jiang et al., 2015;
Le BØ, Silberberg, Wang, & Markram, 2007; Silberberg & Markram, 2007), distance-dependent
connectivity that changes between neuron types (Fino & Yuste, 2011; Holmgren, Harkany,
Svennenfors, & Zilberter, 2003; Jiang et al., 2015; Song et al., 2005), and a bias for recipro-
cal connections (Markram et al., 2015; Perin et al., 2011; Song et al., 2005). This �rst-order
structure is undoubtedly important for emergent electrical activity, for example by constraining
the interlaminar �ow of spiking activity (Reyes-Puerta, Sun, Kim, Kilb, & Luhmann, 2014) and
constraining the excitation-inhibition balance (Rosenbaum, Smith, Kohn, Rubin, & Doiron,
2017).

Yet, local synaptic connectivity also contains signi�cant higher order structure that cannot
be described by pairwise statistics (Benson, Gleich, & Leskovec, 2016). Examples are an over-
expression of certain triplet motifs of neurons (Perin et al., 2011; Song et al., 2005) and an abun-Motif:

A speci�c subnetwork of neurons
that can repeatedly be found across
the whole network.

dance of cliques of all-to-all connected neurons (Reimann, Nolte, et al., 2017). Such higher
order structure has been hypothesized to be important for computation (Braitenberg, 1978;
Hebb, 1949; Knoblauch, Palm, & Sommer, 2009; Willshaw, Buneman, & Longuet-Higgins,
1969). In recurrent spiking neural networks, clustering of neurons has been shown to impact
dynamics (Litwin-Kumar & Doiron, 2012), and motifs of neurons have been shown to shape
spike correlations (Bojanek, Zhu, & MacLean, 2019; Hu, Trousdale, Josi, & Shea-Brown, 2013;
Recanatesi, Ocker, Buice, & Shea-Brown, 2019). On the other hand, modern arti�cial neural
networks have demonstrated impressive computational capabilities without explicitly mod-
eled, complex higher order microstructures (Simonyan & Zisserman, 2014). Whether compu-
tation in the cortex relies on higher order structure such as multineuron motifs on top of already
complex �rst-order structure is unknown.

Answering this question in vivo will require simultaneous access to both detailed synaptic
connectivity and electrical activity. While detailed synaptic connectivity of larger areas encom-
passing thousands of neurons might soon become available (Kasthuri et al., 2015; Yin et al.,
2019), it will remain dif�cult to study the direct impact of the network structure on electrical
activity, and even then it would be dif�cult to quantify the relative impact of �rst- and higher
order structure. A modeling approach can help bridge this gap. An algorithmic approach was
developed that uses available data to generate synaptic connectivity in a neocortical micro-
circuit model with diverse morphologies (Reimann, King, Muller, Ramaswamy, & Markram,

Neocortical microcircuit:
A local collection of highly
interconnected neurons in the
neocortex that stretches across six
layers.

2015). When simulated, this neocortical microcircuit model (NMC-model, Figure 1A1) can
reproduce an array of in vivo�like neuronal activity (Markram et al., 2015) and allow us to
compare and manipulate detailed, predicted structure and function.

Here, we utilize a recent �nding that �rst-order connectivity is largely constrained by
morphological diversity between neuronal types, and higher order connectivity by morpholog-
ical diversity within neuronal types (Reimann, Horlemann, Ramaswamy, Muller, & Markram,
2017). Both aspects are captured by the NMC-model, leading to a biologically realistic mi-
crostructure (Gal et al., 2017). By connecting neurons according to average axonal and
dendritic morphologies (axonal and dendritic clouds, Figure 1A2), we create a control cir-Dendritic and axonal cloud:

The average dendritic and axonal
surface area of neurons of the same
morphological type.

cuit (the cloud-model) that has very similar �rst�order structure, but reduced higher order
structure. We �nd that this reduced higher order structure�caused by disregarding morpho-
logical diversity within neuronal types�includes fewer cliques, and decreased small-world
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Figure 1. Reducing higher order network structure in a neocortical microcircuit model. (A1)
Neurons in the neocortical microcircuit (NMC-) model. (A2) Deriving synaptic connectivity be-
tween neocortical neurons: Connectivity in the NMC-model is based on appositions of dendrites and
axons (Reimann et al., 2015). Connectivity in the control cloud-model considers overlap of average
dendritic and axonal clouds (Reimann, Horlemann, et al., 2017). (B1) We computed network prop-
erties for seven statistical instantiations of the microcircuit (apposition-based connectomes AC1�7,
orange diamonds and red star; Markram et al., 2015), and simulated one of them in this study (the
NMC-model with connectome AC1, red star). Additionally, we studied versions of the model using
the existing NMC-neurons, but synaptic connectivity derived according to the cloud-based
approach (cloud-connectomes CC1�5, blue diamonds). We then implemented one of the alternative
connectomes within the existing synapses of the NMC-neurons, resulting in the cloud-model that
we simulated, with connectome C1* (blue star). The rewiring of the cloud-model was restricted to
excitatory connections. (B2) Number of connections across connectomes. By design, the cloud-
connectomes CC1�5 have the same number of connections as the NMC-model connectome AC1.
However, the connectome implemented in the cloud-model CC1* has 0.12% fewer connections
than CC1 because of a mismatch in new connections and available synapses (see Figure 2A). To
control for this loss, we generate a copy of the NMC-model with the same fraction of excitatory
connections randomly removed, the NMC*-model (green star).

Network Neuroscience 294

D
ow

nloaded from
 http://direct.m

it.edu/netn/article-pdf/4/1/292/1866847/netn_a_00124.pdf by guest on 08 August 2022



Impact of higher order network structure on emergent cortical activity

Figure 2. Rewiring synaptic connectivity in a neocortical microcircuit model preserves macro-
connectivity trends. (A) Left: In the NMC-model, synaptic connections from a given morphological
type (m-type; neurons in light/dark green) are based on axo-dendritic appositions. Synaptic delays
are calculated from axonal path lengths. Center left: The apposition connectome for the m-type can
be represented as a directed graph that excludes neurons from other m-types. Center right: A new,
cloud-based connectome is calculated for the same neuron population. Right: The cloud-based
connectome is implemented by rewiring existing synapses, preserving their dendritic locations and
physiological parameters. The process also preserves their original synaptic delay even for neurons
at a different distance than the original neuron (black asterisk). (B) The NMC- and cloud-models
have a completely different microconnectome in terms of connections between individual neurons
(B1) but a very similar macroconnectome in terms of number of connections between the 55 differ-
ent m-types in the model (B2). (C) Soma-to-soma distance for connected neurons pairs where the
postsynaptic neuron is in the indicated layer (distance of afferent connections) for AC1�7 (orange)
and CC1�5 (blue). (D) Kullback-Leibler divergence of afferent and efferent connection distances
between AC1 and CC1�5. Gray circles and error bars indicate mean and standard deviation over
instances for all excitatory m-types. Black: overall mean and standard deviation over �ve instances.
(E) Reciprocal overexpression in terms of reciprocal connection probability divided by the square of
the unidirectional connection probabilities for all excitatory m-types. Orange: AC1�7, blue: CC1�5.
Indicated are mean and standard deviation.

topology. Additionally, the cloud-model is characterized by more homogeneous degree distri-
butions with reduced in-degrees at the bottom of layer 6. When we simulate and compare the
electrical activity in the two circuit models, we �nd that the changes in higher order connectiv-
ity are accompanied by nuanced changes in neuronal �ring patterns and reduced topological
ordering of pairwise correlations.

Our study reduces higher order network structure of a neocortical microcircuit model while
leaving �rst-order structure largely intact, providing an alternative approach to cortical network
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