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One will not understand the brain without an integrated exploration of structure and
function, these attributes being two sides of the same coin: together they form the
currency of biological computation. Accordingly, biologically realistic models require the
re-creation of the architecture of the cellular components in which biochemical reactions
are contained. We describe here a process of reconstructing a functional oligocellular
assembly that is responsible for energy supply management in the brain and creating
a computational model of the associated biochemical and biophysical processes. The
reactions that underwrite thought are both constrained by and take advantage of brain
morphologies pertaining to neurons, astrocytes and the blood vessels that deliver
oxygen, glucose and other nutrients. Each component of this neuro-glio-vasculature
ensemble (NGV) carries-out delegated tasks, as the dynamics of this system provide
for each cell-type its own energy requirements while including mechanisms that allow
cooperative energy transfers. Our process for recreating the ultrastructure of cellular
components and modeling the reactions that describe energy flow uses an amalgam of
state-of the-art techniques, including digital reconstructions of electron micrographs,
advanced data analysis tools, computational simulations and in silico visualization
software. While we demonstrate this process with the NGV, it is equally well adapted
to any cellular system for integrating multimodal cellular data in a coherent framework.
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Building Biorealistic in silico Cellular Simulations

INTRODUCTION

Overview

We present a snapshot of progress in the development of a
universal process for the creation of morphologically accurate
digital reconstructions of a functional assembly of cells for the
purpose of conducting biologically realistic computer simulations
and in silico experiments. Our goal is to explore and understand
cooperative biochemical and biophysical functions of networks
of several cells (oligocellular networks). Specifically, we focus on
the re-creation of the neuro-glio-vasculature (NGV) ensemble
and our multi-scale energetics modeling program. Although we
apply this system to our particular interest in brain energy
metabolism, our procedure can be applied to any oligocellular
grouping from any tissue or species. This innovative procedure
uses state-of-the-art techniques and software developed primarily
by a collaborative alliance between the Blue Brain Project
(BBP) of the Ecole Polytechnique Fédérale de Lausanne (EPFL),
in Switzerland, and the King Abdullah University of Science
and Technology (KAUST), in Saudi Arabia, with the aim
of facilitating the advancement neuroscience with in silico
methods. The workflow, designed in 4 stages, addresses previous
inadequacies in resolution and accuracy of imaging, seeks to
automate many labor-intensive steps, implements multi-scale
modeling and uses advances in in silico imaging and large-
scale visualization techniques, including virtual reality (VR), as
research tools.

Cytoscale in silico Neuroscience
Simulation-based research, often referred to as the in silico
method, is establishing itself as an indispensable tool to bridge
physical and temporal scales, enhance insights and accelerate
progress in more and more scientific disciplines. In biology, it
has long been recognized that mathematical modeling would be
required to complement experimental efforts to understand basic
principles of life’s complexity, ranging from cellular phenomena
(Hodgkin and Huxley, 1952; Del Castillo and Katz, 1954; Joyner
et al., 1978; Bartol et al., 1991; Stephanova and Bostock, 1995;
Tsodyks and Markram, 1997; Nadkarni and Jung, 2007; Coggan
etal., 2010; Xylouris and Wittum, 2015) to network behavior (e.g.,
Eliasmith et al., 2002; Izhikevich, 2004; Migliore et al., 2006), just
to name a few. This realization has engendered the creation of
multiple simulation environments to address this need (Bartol
et al., 1991; Hines and Carnevale, 1997; Bower and Beeman,
1998; Tomita et al., 1999; Schaff et al., 2000; Eppler et al., 2008).
Our simulation niche, involving a few interacting cells, is often
given the cytoscale designation, an intermediate level between
molecular and higher-order network models.

There are many approaches to modeling in biology depending
on the question, goal and constraints (Brodland, 2015).
For instance, cellular shapes and spatial organization are
critical to normal physiology. Ultrastructural characteristics
may impinge upon computations and other functions from
the single cell to the network level. Cells cannot, therefore,
be understood within the boundaries of a box-like single
compartment model with well-mixed biochemical reactions.

The limitations of geometrically and spatially simplistic models
entreats a better approach: thinking “outside-the-box,” so to
speak, requires thinking about what's happening “inside-the-
box”; one must consider the complexity of the internal cellular
complement of organelles and macromolecular complexes, as
well as local “virtual” micro-environments created by, for
example, restricted diffusion, lipid-water interfaces and non-
uniform protein expression (e.g., Berridge, 2006; Shillcock,
2008).

Perhaps the most prevalent method for discovering the micro-
architecture of life has been electron microscopy (EM). This
technique has a storied past in the annals of cell biology
from the first pictures of eukaryotic cells (Porter et al., 1945)
to the pioneering studies on organelles such as mitochondria
(Palade, 1952), discernment of macromolecular processes such
as muscle contraction filaments (Huxley, 1957), and proof
for the neuron doctrine (Palade and Porter, 1954). Of great
importance to neuroscience have been the demonstration of
pre-synaptic vesicles (De Robertis and Bennett, 1955), the first
entire nervous system (White et al,, 1986) and the possible
structural correlates of learning (Trachtenberg et al., 2002;
de Vivo et al, 2017). No less important to neuroscience
are the astrocytes (Vaughn and Pease, 1967; Bushong et al,
2004) and the particulars of their subcellular milieu such as
the localization of the glycogen macromolecular complexes
that are so critical to the energy supply to brain tissue (Oe
et al., 2016) - this latter type of data requiring advanced
three-dimensional (3D) EM techniques (Cali et al, 2016,
2017; Cali, 2017). The importance of the 3D arrangement
of astrocytic processes has been evident since the 1960s
when early observations of astrocytes from serial section EM
appeared (Wolff, 1965; Stensaas and Stensaas, 1967; Poritsky,
1969).

By taking the detailed 3D environment of biological systems
into consideration in addition to kinetic properties, a spatial-
temporal simulation approach becomes superior for revealing
and understanding fundamental principles. The efficacy of this
synergism has been demonstrated at various scales. Fundamental
functions that could not have been measured, observed or
predicted based on experiments alone have emerged from this
kind of simulation from the sub-cellular level toward one end
of the domain scale (e.g., Coggan et al., 2005; Keller et al., 2008;
Bartol et al., 2015), to the mammalian cortical circuit level toward
the other end (e.g., Markram et al., 2015; Reimann et al., 2017),
while the most comprehensive effort to create an anatomically
and physiologically realistic simulation of an entire organism,
demonstrated in the roundworm Caenorhabditis elegans by the
OpenWorm project', has witnessed the first re-creations of
animal behaviors with a predictive modeling approach (Szigeti
et al., 2014). In these and other cases, both anatomical and
physiological accuracy were of paramount importance for the
bottom-up elaboration of complex behaviors to eventually
achieve the aim of life-like simulations. As the late, illustrious
physicist Richard Feynman keenly pointed-out: “What I cannot
create, I do not understand.”

'http://openworm.org
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Application to Brain Energy Metabolism

Our scientific goal is to establish an integrated workflow of
advanced tools and procedures to facilitate the investigation
of the role of cytoscale structures and functions in the
management of brain energy metabolism, thereby advancing
the speed and accuracy of this critical aspect of neuroscience
research. We describe the current state and application of
our anatomical capture and simulation processes to create a
software infrastructure that allows the use of supercomputers
as interactive scientific instruments for wide adoption by
scientists. We then use this technology to advance our
detailed knowledge of the coupling between the cellular
elements of the NGV and use this knowledge for future
energy-efficient computing paradigms (e.g., Conrad et al,
2018).

Despite the importance of energy supply to normal brain
function and its dysfunction in disease (Harris et al., 2012;
Harris J.J. et al., 2015), much remains unknown about how
neurons and astrocytes share resources or what the mechanisms
of cerebral blood flow (CBF) regulation by brain activity are. The
NGV ensemble acts as a functional unit with each component
carrying-out delegated tasks as circumstances dictate. The energy
dynamics of the brain require the direct supply of all cells with
energy as well as a system that allows cell-to-cell energy transfers
as needed. The modeling of brain energy metabolism is one of
the best subjects in which a dual structure-function approach
should be applied as it (i) is a universal requirement of all brain
functions, (ii) is dependent on the cooperative engagement of
several cell types, and (iii) stands as a measure of local brain
activity (Buxton, 2010; Hillman, 2014; Hyder and Rothman,
2017).

While the primary food for the brain is simply glucose,
what happens after the passage of that energy-rich molecule
from the vasculature into the brain is far from a simple
matter (Pellerin and Magistretti, 2012). In addition, glucose
can be anaplerotically injected into the energy stream on
demand through glycogenolysis, the breakdown of the glycogen
granules stored primarily in astrocytes into glucosyl subunits
(Coggan et al,, 2018). Although glycogen is used primarily as
a glucose reservoir in peripheral organs, there is mounting
evidence for more specialized and dynamic functions in the
brain (Gruetter, 2003; Walls et al., 2009; Waitt et al., 2017).
As in most cells, glucose and its metabolites pinball through
a series of reaction steps that extract chemical energy through
reducing equivalents to support the brain’s needs. But apparently
unique to the brain is an intricate and coordinated division
of labor allocated by cell type. These labor laws are written
in the differential expression and regulation of the enzymes
and transporters that comprise the metabolic gauntlet (e.g.,
Pellerin and Magistretti, 1994; Bittar et al., 1996; Dringen
et al., 2000; Pierre and Pellerin, 2005; Magistretti and Allaman,
2007; Herrero-Mendez et al.,, 2009). Disobeying these rules is
detrimental to proper function, for example, in the case when
glycogen is over-expressed in neurons in Lafora disease, a deadly
form of juvenile epilepsy (Vilchez et al,, 2007). Anomalies in
brain metabolism are observed in almost all neuropsychiatric
disorders, in particular those that are neurodegenerative (Harris

et al, 2012; Stobart and Anderson, 2013; Barros et al,
2017).

Based on the many key roles of astrocytes in sensing
neuronal activity and its coupling to energy delivery, the
capability to model astrocyte energy usage, production
and delivery would enable better and broader constraints
for many simulations including cortical neuronal models
(Magistretti, 1988;  Pellerin and Magistretti, 1994; Magistretti
and Pellerin, 1996, 1999; Hillman, 2014; Markram et al., 2015).
With the current NGV model, we can identify the contributions
of each cell-type to brain energy usage and management. In
neurons, glucose enters glycolysis as it would in any cell, but
midway through byproducts are shunted away and denied
further processing in the oxidative tricarboxylic acid cycle
(TCA) (Bolanos and Almeida, 2010). The astrocyte’s metabolic
profile, in contrast, favors the production of lactate from
pyruvate (Walz and Mukerji, 1988; Bélanger et al, 2011).
The lactate can then be exported to a neighboring neuron
in a process called the astrocyte-to-neuron-lactate shuttle
(ANLS; Pellerin and Magistretti, 1994, 2012; Magistretti and
Pellerin, 1996; Brooks, 2009; Jolivet et al., 2009, 2015) where
it is converted back to pyruvate for fueling the TCA cycle in
the mitochondria of the neuron. The transfer of lactate to
neurons is critical for the normal function of the brain including
memory and learning (Suzuki et al, 2011; Wyss et al., 2011;
Boury-Jamot et al., 2016a; Gao et al., 2016; Steinman et al.,
2016), stabilization of mood (Carrard et al., 2016) and proper
sleep (Baud et al, 2016), whereas the exogenous application
of lactate or its precursor pyruvate may reduce the severity
of traumatic brain damage (Glenn et al, 2015; Shijo et al,
2017).

To achieve our aim, we must use a battery of techniques in
multiple steps to re-create neurons, astrocytes (and ultimately
other glial cells, too) and the microvasculature as the stage
for molecular simulations in which we deploy high-precision,
multi-scale in silico methods within the morphologically realistic
representations of this cellular energy management cartel. In
addition, we incorporate in silico visualization of the data in all
its forms to gain a quantitative understanding of function that
will inform future research.

PROCESS DESCRIPTION

We break our biologically realistic 3D modeling process down
into a 4-stage workflow framework (WF) that includes EM
data acquisition (WF1) that lays the foundation for the
subsequent stages by providing the essential morphological data
required for reconstruction of the NGV microenvironment.
In WE2, structural and comparative analysis, we utilize WF1
morphologies for analysis and development of new analytical
tools. Next, we proceed to multi-scale NGV modeling within
stereotyped geometrical compartments (WEF3), as a prelude
to our eventual goal of ultrastructurally realistic delimited
simulations. And finally, WF4 is the in silico imaging and
visualization in which we convert meshes of the morphologies
and simulation output into images and VR experiences.
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WF1 - Electron Microscopy and 3D

Reconstruction
The work on astrocyte imaging, reconstruction and analysis
was the first stage of our framework. The generation of high-
resolution models of glial cells is the first, fundamental step
toward being able to create an appropriate “scaffold” for
in silico experiments and voxelize 3D space to compartmentalize
metabolic simulations. The spatial complexity of these cells
pointed us to the use of EM for imaging, as this technique
is the only one providing micrometer (jum)-scale resolution of
cellular details. Because of the size and the complexity of the
datasets, image processing and visualization from this workflow
stage presented challenges that are answered with new technical
solutions, as described below in WF2 and WF4 sections.

The main steps of this workflow stage (Figure 1) that we will
describe in detail are:

e Acquisition of serial electron microscopy images

o Focused ion beam - scanning electron microscopy (FIB-
SEM)
o 3View - Serial Block-Face Electron Microscopy (3View)

e Image stack processing

o Stitching
o Registration

Astrocytes have profound influence over neuronal function
and synaptic activity (Magistretti and Ransom, 2002). In order to
model and simulate their function in space and time, astrocyte
morphologies can be extracted from serial EM image stacks.
In the last decade, many automated serial EM techniques have
been developed, driven by the need of connectomics to both
detect single synaptic contacts (high resolution EM) and also
image large portions of the brain of different species (ideally,
the eventual goal being to acquire an entire human brain,
Knott and Genoud, 2013). In simple words, state-of-the-art EM
setups can automatically cut serial sections and image them to
produce aligned stacks, with minimal human supervision. Due to
technical limitations of the different techniques, we first defined
our needs, and then selected the most appropriate tool to do the
automated sectioning and imaging of the available brain samples.

We needed to describe both the relationship between
the morphologies of entire astrocytes and their environment
(Figure 2), as well as between astrocytic processes and synapses
(Figure 3). Our choice was to base the image acquisition on serial
block-face EM (SBEM; scheme in Figure 1), a technique using
a scanning electron microscope (SEM) to detect back-scattered
signal from the block-face of a sample to obtain images similar to
the more familiar and traditional transmission EM (TEM) images
(Deerinck et al., 2018). In order to produce serial sections, we
took advantage of two setups: either a focused ion beam (FIB)
or a 3View module. The first, called FIB-SEM system, allows for
high-resolution imaging and an isotropic (or nearly) voxel size,
because the ion beam can cut as thin as 5 nanometers (nm) in
optimal conditions. On the other hand, the boundary artifacts
showing if the region is larger than 15-20 pm limit its field

of view because the cut region is focused on a small region of
the block. This makes it unfit for large regions of interest. The
latter setup, called 3View, uses a diamond knife placed inside
the imaging chamber that physically cuts the whole surface of
the sample (Figure 1B). Technical limitations like the electrical
charge of the sample causing heating and possibly softening or
melting of the resin can affect the minimum thickness of the
sample, which can hardly be thinner than 20 nm, but such a
technique is fit for imaging very large, or multiple regions of
interests.

An EM image stack obtained from somatosensory cortex
samples from P14 rats using the 3View SEM (Figure 1) enabled
the reconstruction of the entire 3D morphology of glia and
neurons, at an unprecedented level of detail (Figure 2). This
was possible because the 3View SEM allowed the acquisition
of a large field-of-view (100 x 100 x 75 pm), enough to
contain entire cells. The use of electron micrographs also
allows visualization of the finest, lamelliform processes that
are not resolvable with light microscopy. These structures are
of particular importance because they interface and modulate
synapses. The size and complexity of image data prevent an
easy, on-line use of automated or semi-automated segmentation
tools, proving an immediate feedback (within seconds) of the
segmented structures; at the same time, manual segmentation is
tedious and time consuming. For this purpose, we engineered a
hybrid pipeline involving a first, rough segmentation that would
run offline, followed by a manual proofreading phase (Holst et al.,
2016). This will be described in the following section.

From a dataset published in a previous work (Cali et al., 2016),
we were able to reconstruct every single axon, dendrite, and
astrocytic process included in a 220 wm?® portion of neuropil
of adult rat hippocampus (Figure 3), using the semi-automatic
software ilastik (Sommer et al., 2011). This model allowed
us to quantify intracellular features and make speculations
down to the molecular level, which is essential for modeling
the brain (Cali et al, 2016). We are creating tools that are
able to interactively measure, cluster, and analyze subcellular
features within Blender, a free, open source 3D modeling
software package. These tools have been applied to many
tasks including analyzing the distribution of the energy-storing
glycogen granules within astrocytes (Figure 3C). Our analysis
revealed that glycogen granules are preferentially polarized
toward axonal boutons (Figure 3D), suggesting that pre-synaptic
terminals are either more energetically expensive than dendritic
spines or inaccessible to localized mitochondria. Work is now
underway to collect more glycogen granule data from duplicate
samples to judge the generality of this observation. As the
amount of 3D mesh cell information has increased, the need to
efficiently annotate biological features on them has become more
pressing. Additional information required includes biological
meta-information about reconstructed cells, their components,
relationships to each other, and whether they are complete or cut
by the edge of the EM stack.

WF2 - Segmentation and Analysis
Following EM Imaging, as described in the previous section
(WF1), we need to proceed with image segmentation, meshing
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P14 Rat Brain

3View SEM

Somatosensory Cortex

High Resolution EM Stack

Sample Preparation

Layer VI Block (to 3View)

Imaging

Segmentation

FIGURE 1 | Schematics of the 3DEM pipeline. (A) Sample preparation. Rodents brains are processed following cardiac perfusion (left) and then 100 um thick
coronal section containing somatosensory cortex are prepared for face-block scanning EM (center). The section is then placed on a metal stub and trimmed to
expose a squared surface of roughly 0.3 to 0.5 milimeters (right). (B) Images are obtained using a serial-block face electron microscope, such as FIBSEM or a
Quanta 600 SEM equipped with a Gatan 3View module (pictured on the left). Hundreds to thousands serial section micrographs, with a relatively high field of view if
necessary can be obtained automatically in a few days with minimal human supervision (center) at high resolution (right).

(i.e., 3D reconstruction) and 3D analysis of the morphologies to
prepare the synthetic in silico version of the cells. The main steps
of this workflow are:

e Segmentation and 3D reconstruction

o Semi-automatic (ilastik)
o Manual (TrakEM)
o Hybrid, rough semi-automated and manual proofread

e Visual qualitative analysis tools
e Customized Quantitative analysis and tool creation in
Blender

3DEM provides rich and complex information that is
challenging for analysis and visualization (Neuro Cloud
Consortium, 2016). The main goal of this phase of the process
is to provide neuroscientists with the necessary framework
to study fine brain cell (neurons and glia) morphology at
very high resolution and in 3D volumes in an interactive
and intuitive manner in order to extract relevant statistics

about the morphologies and generate accurate in silico cellular
representations.

Segmentation and 3D Reconstruction

Ultrastructural 3D datasets covering distances of tens or even
hundreds of pwm are becoming readily available in many
laboratories (Helmstaedter et al., 2013; Tomassy et al., 2014;
Kasthuri et al., 2015; Harris K.M. et al., 2015; Wanner et al,,
2016). However, as datasets have grown in size, the bottleneck
for most studies has moved to image processing and analysis
(Borrett and Hughes, 2016). In this context, largescale automatic
methods for segmentation and 3D reconstruction are becoming
available, but as for now, the most common processing pipelines
used by many labs to date are de facto semi-automated, and still
require extensive manual, time-consuming proof-reading efforts
(Knowles-Barley et al., 2011; Haehn et al., 2014; Kaynig et al,,
2015). Hence, significant resources are invested to improve the
state-of-the-art of EM data segmentation, in terms of accuracy,
computation time and human effort. Our personal choice was
to rely on currently available semi-automatic solutions, such as
ilastik (Sommer et al., 2011) whose goal is to reach a segmentation
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FIGURE 2 | 3D reconstruction of glial cells and neurons from Layer VI
somatosensory cortex brain parenchyma. A digital reconstruction of a
micrograph stack from Layer VI of the somatosensory cortex of a P14 rat.
Blood vessel in red, two neurons in shades of violet, two microglia in light
blue/green, the fiber tract in dark blue, the pericyte in orange at the bottom of
the image and two astrocytes, one in yellow and another one in orange, at the
top of the image. Glass-like spheres are the nuclei reconstructed from the
original image stack.

accuracy comparable to what is obtainable with manual tools
(TrakEM2; Cardona et al,, 2012). Toward this aim, the existing
ilastik image classification and segmentation tool was enhanced
to cope with the actual needs of the user community. Ilastik®
is an open-source, semi-automated image processing tool that
is under constant, active development and is a target for on-
going image processing research; its architecture and UI are
well-suited for ultrastructural 3D datasets. Unfortunately, ilastik’s
carving workflow is not scalable with large image stacks. As
an alternative solution, TrakEM2, fully manual software for cell
segmentation, can be used, but it is very labor intensive and
orders of magnitude slower. The pipeline we designed combines
the complementary strengths of ilastik and TrakEM2 (Holst et al.,
2016). ilastik is good for quickly finding the gross features and
processes of a cell, while TrakEM2 is good for specifying exact
boundaries and finer details (Figure 4A). With little training,
ilastik is able to produce an acceptable segmentation for most
of the cell (Figure 4C); however, each refinement can remove

%ilastik.org

some of the satisfactory areas, requiring additional training (a
kind of “two-steps forward, one step back” routine; see numbered
steps in Figure 4). Combining the tools provides the benefits
of both and enables segmentation to proceed in a way that is
monotonically improving. As main customization, a novel mask
import feature was developed in ilastik, which enables a workflow
incorporating both tools. Briefly, a segmentation on one or few
sections from the cell of interest (i.e., the “mask,” Figure 4B)
can be done manually in TrakEM2, and then imported into
ilastik, that would use it as training to segment the entire cell.
Likewise, the segmentation can be exported as a mask from
ilastik, then imported into TrakEM2 for further proofreading A
novel solution was also designed for dealing with large datasets
on a single machine by subdividing them in piecewise chunks to
fit with the ilastik semi-automated segmentation module called
“carving” which was accordingly refactored (Holst et al., 2016).

The proposed block-wise, out-of-core approach was
successfully tested to segment cells in the large KB-E0010 EM
stack (4096 x 4096 x 1528 pixels) on a large memory machine
(512GB). The main achievements were a substantial reduction
of memory usage and a drastic reduction of segmentation times
(Figure 5). The proposed automated framework eases the timely
segmentation of EM stacks and the even larger datasets they will
represent. Beyond advanced edge-detection, the solution also
supports a manual refinement workflow, allowing segmentation
intervention that only a trained and expert neurobiologist can
provide.

Visual Qualitative Analysis Tools
Interactive explorations, comparisons and queries on cellular
structures and complex datasets can be easily achieved using
dedicated visualization tools. These needs resulted in the
development of tool sets and methods to query, view and explore
our EM Stacks, 3D reconstructions, and glial morphology data
(Beyer et al., 2013). Tools such as NeuroLines (Al-Awami et al,,
2014) or ConnectomeExplorer (Beyer et al, 2013) currently
provide the basis for neural connectomics research and enable
visual queries over massive datasets of neurite connections,
volumetric visualization of petabyte-sized images, and statistical
summaries. In the context of this framework, the domain-specific
parts of these tools were further extended to support glial cell
connectivity (e.g., adding pericytes and vasculature structures)
in order to boost the required explorative analysis, and also
to improve data validation and productivity. For structures
like astrocytes, particularly complex from a geometrical and
topological point of view, novel methods for extracting
connectivity information were considered (Tagliasacchi et al.,
2016), as well as fractal dimensions and porous structure
representations (Aboulhassan et al., 2015). For high-resolution
volume datasets, multiscale representations were used in order to
enable real time interactive exploration on commodity platforms
and scale tools depending on the data size (Hadwiger et al., 2018).
The specific need to study brain metabolism was the major
driving force to partially customize ConnectomeExplorer for
queries specific to glycogen (and other subcellular organelles)
in glial cells segmented from high resolution, synaptic detailed,
densely reconstructed EM stacks. A strategy was designed
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FIGURE 3 | Imaging and quantification of glycogen distribution in EM. (A) Isotropic EM stack volume from CA1 rat hippocampus from Cali et al., 2016. (B) Exploded
view of dense reconstruction from (A) Gray, 161 axons; Green, astrocytic process; Blue, 11 dendrites. (C) Magnification of a single micrograph from (A) showing
elements of interest in the neuropil of rat hippocampal CA1 region. Synapses (red arrows), glycogen granules (yellow arrows), axons (A), boutons (B), dendrites (D),
spines (s) and astrocytic processes (Ast) on EM micrographs. (D) Quantification of the spatial distribution of glycogen granules from sample C; top, number of
glycogen granules associated to elements of the neuropil, calculated using a nearest neighbor rationale. Bottom, total number of glycogen granules per bouton type.
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upon a dataset from aging mice brain (Cali et al.,, 2018) to
simplify the complex NGV to an abstract 2D visual paradigm.
Requirements specific to the analysis of the NGV lead to a
standalone application for visual comparisons of astrocytic,
neural and vascular processes at various levels of abstractions
called Abstractocyte (Figure 6E; Mohammed et al, 2017).
The application contains a 2D abstraction space (Figure 6E,
center-squared panel) for visualizing astrocytes and neurons
together at a particular degree of abstraction that can be chosen
independently for each of the two categories and followed
as a point in the abstraction space. Interactively moving this
point allows them to smoothly transition between different
abstraction levels in an intuitive manner (Figure 6E, left to
right: different levels of abstraction from the same objects). In
contrast to simply switching between different visualizations,
this preserves the visual context and correlations throughout

the transition. Users can smoothly navigate from concrete,
highly detailed 3D views to simplified and abstracted 2D
views.

Quantification of Cellular Structures

The increasing availability of high-resolution reconstruction
of 3D models of cells leads to the development of specific
tools for high accuracy quantification and interactive
measurements in a way that enables scientists to discover
peculiarities of cellular structures and to be able to perform
fast and reliable statistical computations. In this phase of
the investigation, particular efforts were taken to address
these emerging trends and provide state-of-the-art solutions
fulfilling and, if possible, anticipating the explicit needs of
neuroscientists. Specifically, the main goal of this phase was
to study and develop novel methods for extracting biological
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FIGURE 4 | Hybrid semi-automated large-scale dense reconstruction. Our pipeline combines and extends two public domain software programs for segmentation.
(A) TrakEM2 is used for manually specifying exact boundaries and fine details. (B) A binary mask (top) can be extracted from TrakEM2 after a first, detailed
segmentation of a structure of interest (a neuron in the example in a, green). (C) llastik will use the TrakEM2 binary mask as training for a rough but extensive
segmentation of most part of the cell along the z-axis. The segmentation can be then exported again as binary mask (B
for further proofreading. The sequence of steps is indicated below each panel and numbered from 1 to 5.
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FIGURE 5 | Reconstruction time per each cell type. Histogram showing time
to complete each reconstruction, including training of naive reconstructors
and proofreading. Outlined bars highlight cells reconstructed using the new
pipeline using ilastik as a first pass segmentation.

information based on intracellular organelle morphologies (e.g.,
endoplasmatic recticulum, mitochondria), distribution patterns
(e.g., glycogen localizations) and functions (e.g., synaptic
activity).

The first main focus was to understand and describe to
what extent astrocytes interact with the various elements of
the neuropil (e.g., axons, dendrites, boutons, spines, synapses,
blood vessels; Figures 6, 7). To this end, the capabilities
provided by Blender, powerful and customizable open-source
modeling and rendering software, were exploited to develop
custom plug-ins for real-time interactive exploration and
quantitative analysis, using python and Matlab scripts. In

general, modules like Neuromorph® (Jorstad et al., 2015) offer
the possibility to analyze basic features of 3D models directly
(e.g., lengths, surface areas, volumes). This possibility represents
a substantial step forward in neuroanatomy compared to
the standard analytical approach based on statistical analysis
on many 2D images. Our solution involves the use of
Blender integrated with the Neuromorph package, where
we perform 3D analysis on a customized viewport of the
software.

The morphological arrangement between astrocytic processes
and synapses is one natural question that can be easily addressed
using 3D models. Such analyses have been attempted in the
past on sparse reconstructions (Ventura and Harris, 1999;
Genoud et al., 2006; Ostroff et al., 2014), but we aimed to
perform similar measurements in a more automated, therefore
unbiased, way in order to screen larger, densely reconstructed
volumes. A collection of tools for characterizing glia according
to morphology and skeleton representations are currently being
developed as add-ons on top of Blender software, a Python
API or as a stand-alone component (iGraph python), for
computing the area of all contact surfaces between boutons,
spines and their surrounding astrocytic processes (Figures 6A,B;
astroproximity).

Endoplasmatic reticulum (ER) and mitochondria are two
structures of interest that have been reconstructed inside
astrocytic processes, whose distribution might have an impact
on phenomena such as calcium oscillations and energy balance
(Magistretti and Allaman, 2018; Savtchouk and Volterra, 2018).
Useful quantitative information to be extracted included the
distance between these organelles and their closest synapse
(as synaptic activity supposedly triggers their activation), and
the cross-sectional area and perimeter of the objects at those
sites. To extract these numbers, we coded a custom tool

*https://neuromorph.epfl.ch/
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FIGURE 6 | Custom made analysis tools. (A) Example of a 3D reconstructed astrocytic process (green, semi-transparent) enwrapping an axospinous synapse.
Presynaptic terminal in purple, postsynaptic terminal blue. (B) Astroproximity Blender addon evaluates the contact surface area between astrocytic processes and
synapses. (C) Example of a 3D reconstructed astrocytic process (green, semi-transparent) with its mitochondria (purple) and ER (yellow). (D) ER/mito Blender
analysis addon measures minimum distance between ER, mitochondria and their closest synapse, as well as cross sectional area of the organelle. (E) Schematics of
Abstractocyte, standalone software for qualitative observations of dense reconstructions of neuropil, specifically designed to analyze three-dimensional relationships
between astrocytes and neurites. From left to right, a very occluded view including reconstructed 3D models of astrocytes and neurites can be simplified by showing
astrocytes as their skeleton (second panel), to a full abstract view of connecting dots representing contact points between astrocytes and boutons/spines, whose
halo highlight glycogen absorption maps (fourth panel), or a hybrid abstract view of astrocytes and contact points with boutons spines from panel one.
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FIGURE 7 | Glycogen Lactate Absorption Modeling (GLAM). Using as input (A) the accurate 3D reconstructions of cellular processes and the distribution of
glycogen granules, a radiance-based model (B) estimates lactate absorption in order to highlight specific absorption patterns (C,D).
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specifically designed to extract these features. As it is based on a
nearest neighbor search method, the user interface was designed
to allow users to use the same strategy for similar analysis
(Figures 6C,D).

Finally, we designed an improved glycogen distribution
analysis paradigm by highlighting possible sites for lactate uptake
from neighboring neurites (Cali et al., 2017; Agus et al., 2018a),
without the bias of considering only synapses (Cali et al., 2016)
as sites for the ANLS (Pellerin and Magistretti, 2012; Michler
et al, 2016). The method is called Glycogen-derived Lactate
Absorption Map (GLAM) and takes as input the high-resolution
reconstruction of neural structures (Figure 7, top left), as well
as a list of energy sources in the form of glycogen granules and
computes an influence map according to a radiance transfer
mechanism by considering a photon mapping analogy (i.e.,
individual glycogen granules are treated as sources of light;
Figure 7, top right). Areas of greater glycogen concentration
highlight portions of the cellular plasma membranes where
the glycogen-derived lactate shuttling is more likely to occur
(Figure 7).

A GLAM map can be easily integrated either in the Blender
toolset for quantitative analysis or in ConnectomeExplorer;
also, we processed it to extend to immersive VR (presented
more in detail in WF4 section) equipment for providing
both collaborative, fully immersive, stereoscopic exploration
and analysis of the 3D datasets with unprecedented precision
and resolution (Cali et al, 2017; Agus et al, 2018a). The
system was tested and successfully used to carry-out the
analysis of the intracellular spatial distribution of granules of
glycogen.

WF3 - Biochemical and Physiological
Modeling

Biophysical modeling has a long tradition in neuroscience
since the pioneering work of Hodgkin and Huxley (1952).
Their framework for modeling the ion channels that give
rise to action potentials is so powerful that it has allowed
description of all subsequent ion channels, almost in a plug-
and-play fashion (Harris J.J. et al, 2015). The situation for
other biological modelers, however, is less straightforward.
Modeling of subcellular metabolic processes, such as energy
metabolism for example, is as not favorable. Due to experimental
limitations, it is not yet possible to investigate these mechanisms
in the laboratory in as great detail as electrophysiological
techniques allow us to probe transmembrane currents, plus the
number of interdependent reactions is larger. In addition, most
experimental data available at the moment suffer from relatively
poor spatial and temporal resolutions. These limitations can lead
to any number of issues in designing models of brain energy
metabolism (Jolivet et al., 2010). As a consequence, one needs
to remain realistic about the level of details that is achievable
in designing such models and second, these models need to
be thoroughly constrained with the most informative datasets.
This is the approach that we took in our original NGV model
that, while being multi-scale within a few compartments, lacked
biologically realistic ultrastructure (Jolivet et al., 2015).

Evolution of the NGV Model
In the early 2000s, Aubert and Costalat started developing models
of various complexities addressing the compartmentalization
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FIGURE 8 | Noradrenergic modulation of energy supply in the NGV. Schematic compartmental diagram of the NGV model with noradrenergic (NE) locus coeruleus
inputs along with neuronal, glial (astrocyte), vascular and extracellular space compartments. Key metabolic and transduction pathways for neuromodulation, glucose
metabolism, energy production (ATP), glycogenolysis and lactate (LAC) shuttling from the astrocyte to the neuron are approximated. GLC, glucose; NAD(H)
nicotinamide adenine dinucleotide (reduced); G6P, glucose-6-phosphate; PYR, pyruvate, EAAT, excitatory amino acid transporter (for glutamate); Na/K ATPase,
ATP-dependent sodium-potassium pump; MCT, monocarboxylate transporter (for LAC); (P)Cr, (phospho)creatinine; GLUT, glucose transporter; AMPA,
alpha-amino-3-Hydroxy-5-methyl-4-isoxazole propionic acid - type glutamate ionotropic receptor; O», molecular oxygen; Hp O, water; Gy, G-protein; 2R,

beta2-adrenergic receptor; AC, adenylate cyclase.

Capillary

4x cAMP — Protein kinase A
C Protein phosphorylase 1 43
Glycogen phosphorylase

of brain energy metabolism between neurons, glial cells and
the vasculature (Aubert et al., 2001, 2002, 2005; Aubert and
Costalat, 2002, 2005, 2007; Valabrégue et al., 2003). Their models
drew heavily from models that had been designed based on the
metabolism of erythrocytes (Heinrich, 1996). Their approach
proved successful in qualitatively reproducing some hallmark
experimental results, but it fell short of providing a flexible
framework for modeling brain energy metabolism.

Building on their work, we developed a new model
with a number of significant improvements (Figure 8;
Jolivet et al, 2015). These are: (i) explicitly modeling the
compartmentalization of nicotinamide adenine dinucleotide
(NADH) between cytosolic and mitochondrial compartments;
(ii) explicitly modeling glutamate as the signal driving electric
and metabolic activities; (iii) establishing a link to the Hodgkin-
Huxley formalism; (iv) explicitly and continuously updating
reversal potentials based on intracellular concentrations (these
are normally taken as constants in the Hodgkin-Huxley

formalism even though the experimental literature suggests that
they can vary very significantly during neuronal activity, see
references in (Jolivet et al., 2015); and finally (v) constraining
the model on what we judged was the most informative
experimental dataset available at the time (Kasischke et al.,
2004), as it offered a unique window into the subcellular and
cellular compartmentalization of energy metabolism. In order
to perform this last step, we devised a method inspired by
flux-balance analysis to reduce the number of free parameters
over which we would calibrate the model (see Jolivet et al., 2015
for details), and then optimized those parameters with the goal of
reproducing the NADH transients that Kasischke and colleagues
had observed in their experiments.

Development, Design and Discovery

We continued the development of the original NGV model
to help guide the design of experimental approaches and as a
tool to discover new NGV properties that would be inaccessible
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to laboratory techniques. The true measure of success for any
modeling approach is the comparison of its predictions to new
experimental measurements. We thus proceeded to compare the
predictions of our model against various in vivo datasets (the
calibration dataset from Kasischke et al., 2004, was obtained
exclusively in vitro in acute brain slices). As illustrated in our
previous computational study (Jolivet et al., 2015), our model
performs remarkably well when compared to in vivo data.
Remarkably, this is true for both rodent and human data.
Our model not only accurately predicts lactate and oxygen
transients observed in rodents upon physiological stimulation
(Hu and Wilson, 1997), but also accurately predicts lactate
transients, the relative increase of glucose and oxygen utilization,
the drop of the ratio of oxygen to glucose utilization and
the blood-oxygen-level dependent (BOLD) signal observed in
humans in similar conditions. More recently, we incorporated
ultrastructural localization data from WF1 for glycogen granules
in astrocytes into an expanded NGV model that reveals another
dimension of lactate signaling (manuscript in review). In general,
we are at the stage in the development of our process to introduce
more biologically realistic ultrastructure into our growing model.

We have thus advanced the field to a stage where energy
metabolism can be integrated with Hodgkin-Huxley formalism,
including in complex multi-compartment models of neurons,
and eventually of astrocytes when these become more readily
available. We should, however, also note some limitations of
our approach. Our model doesn’t explicitly model every step
or every pathway important in brain energy metabolism. It
takes a number of shortcuts, for instance in modeling the
mitochondrial Krebs cycle and oxidative metabolism. Similarly,
our model doesn’t explicitly model key elements of brain energy
metabolism such as glycogen, the pentose-phosphate pathway
or the pathways known to regulate neurovascular coupling.
In Jolivet et al. (2015), changes in CBF are modeled as an
additional external input to the model. There is thus room for
additions and improvements. However, as already noted above,
we are not at a level of description of the key processes for
brain energy metabolism that allows plug-and play additions or
subtractions of mechanisms as is possible, to an extent, for the
Hodgkin-Huxley framework. Moving forward, it will thus be
necessary to recalibrate future more extensive models on the most
informative experimental datasets available at these future time
points. Alternatively, it might be necessary to devise a different
and more scalable approach for the design and calibration of such
models. Importantly, models of metabolism will need to become
scalable in space like multi-compartment neuron models are, and
addition of realistic biological morphology is both another key
challenge for the future as well as a means of solving existing
scaling problems by providing critical spatial dimensionality to
the biochemical reactions.

The NGV model can be applied to functions beyond glucose
processing. For example, we have used it to explore the
involvement of glia in glutamate sequestration and recycling
and the relationship of this function in energy consumption
(Ahmed et al.,, 1990; Pellerin and Magistretti, 1994; Anderson
and Swanson, 2000; Walls et al., 2009; Azarias et al., 2011). We
mapped a large-scale simulation of spiking neurons onto cubic

voxels 50 wm on a side (Figure 9A). Each voxel contained the set
of differential equations describing metabolism. The glutamate
concentration in each voxel, which instigates metabolic changes,
was driven by synaptic events in the corresponding region
of space in a largescale cortical simulation (Figure 9B). The
concentration of metabolites could be visualized by subsequent
analysis of the time series (Figure 9C).

The computational resources available for these simulations
are provided by EPFLs Blue Brain Project. While some limited
scope simulations can be run on a single chip in a desktop or
laptop computer, the more complex models require a multi-
node supercomputer. The current machine employed for these
simulations is called the Blue Brain 5 (BB5) and is located at
the Swiss National Supercomputing Center (CSCS)*, in Lugano,
Switzerland.

Clinical Relevance

The ultimate power of a biological model, beyond its academic
or didactic utility, is its practical impact on solving real-world
problems such as curing pathophysiological conditions. Among
the most important medical applications of modeling will be
assisting in unraveling the etiology of neurodegenerative diseases
(Finsterwald et al., 2015) and then to aid in rational, guided
design of treatments. Some of the disease states whose solutions
are already being advanced by NGV modeling include those
related to deficiencies in energy metabolism, specifically lactate
or glycogen utilization. These can present clinically in a variety of
forms including as mood disorders, sleep disturbances, addiction
traits or psychiatric afflictions in various spectrums (Auer, 2004;
Berthet et al., 2012; Bouzat et al., 2013, 2014; Cotrina et al., 2014;
Petit and Magistretti, 2015; Boury-Jamot et al., 2016a,b).

WF4 - Visualization and in silico Imaging

We designed and deployed a set of world-class software tools
and hardware infrastructure to visualize and analyze the data
reconstructed from microscopy stacks or created in silico. These
tools were developed to enable simulation, visualization and
analysis to be performed in situ, or on the same machine
interactively, laying the foundation for exploiting the increasing
power of supercomputers in simulation-based neuroscience in
novel ways.

For prototyping, we have extended various open-source
scientific visualization frameworks to explore static NGV datasets
and analyze their structural aspects. These frameworks are
limited in terms of capabilities and performance, as well.
Consequently, we had to build a set of visualization tools capable
of loading large datasets in the range of terabytes (TB) using
out-of-core rendering methods. Moreover, we had to modify
our in-house software tools, making it possible to combine
the visualization of electrophysiological simulations of cyto-
scale neuronal networks with glial cells. We also designed novel
in silico imaging tools capable of visualizing the tissue models
similar to how we see real brain tissue under the microscope,
by simulating how the light interacts with the tissue in optical
microscopes.

“http://www.cscs.ch
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FIGURE 9 | Metabolic simulation on the cortical column. (A) Voxelized space containing neurons and astrocytes was mapped onto cubic voxels overlapping the
cortical column simulation. More depolarized neuronal processes are shown in red, while hyperpolarized processes are shown in blue. (B) Glutamate release at
10 ms intervals. Glutamate release drives the metabolic simulations. Neurons shown in white, glia in yellow. (C) The concentration of metabolites such as ATP

(normalized) was saved as a time series and exhibits location-dependent effects.

FIGURE 10 | Visualization of Volumetric Data using Livre. (A) Visualizing the
vasculature of a full brain dataset on a (3 x 4) tiled display wall. The
visualization uses Livre to render the dataset out-of-core and the frames are
streamed to the display wall using Tide. (B) Volume rendering of the ATP
concentration change (normalized) in a neocortical column at 10 ms
snapshots.

Livre

The microscopy stacks used in this project are quite large, in
the range of tens of GB and can reach few hundreds of GB,
which does not allow us to visualize them using standard software
applications such as Paraview (Ayachit, 2015) or Image]J (Collins,
2007). To overcome their limitations, we have developed an

interactive volume rendering engine, called Livre, capable of
handling datasets that are much larger than the main memory
(Bilgili et al., 2013). Livre is an out-of-core, multi-node, multi-
GPU and OpenGL-based volume rendering engine designed
to load, visualize and analyze large-scale volumetric datasets.
This tool is used for two types of applications: (1) visualizing
volumetric stacks reconstructed from optical microscopes and
(2) visualizing field data that can be voxelized from point cloud
simulation. Examples for these applications of Livre are shown in
Figure 10. Figure 10A shows interactive volume rendering of the
vasculature of a full brain dataset reconstructed using the light
sheet microscope. The size of this dataset is approximately 200
gigabytes (GB). Figure 10B shows a volume rendering of ATP
concentrations in a neocortical column at 10 ms time snapshots.

Open-Source Visualization Tools

During the initial phase of the project, we took advantage of
various frameworks, based on open source software including
Paraview (Ayachit, 2015), Blender (Kent, 2015) and Voreen
(Meyer-Spradow et al., 2009), to visualize static glial cells and
vasculature datasets. These tools were extended for prototyping
reasons, mainly to validate the structural aspects of these datasets
following their reconstruction. Paraview (Figures 11A,B) and
Voreen (Figure 11C) are dedicated to create visual analytics
of volumetric data using their volume rendering plugins.
Figure 11A shows a reconstruction from a FIBSEM stack of
an 8-weeks-old mouse somatosensory cortex. The glial cell,
labeled in green, surrounds the dendrite of a neuron, colored
in red. Figure 11B shows two apparently connected glial
cells reconstructed confocal microscopy image stack. Voreen
was useful for visualization the morphological skeleton of a
vasculature dataset obtained with X-ray tomographic microscopy
from the somatosensory cortex of a rat (Courtesy of Bruno
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FIGURE 11 | Scientific data visualization using open-source tools: ParaView
and Voreen. (A) Volume rendering of a volumetric stack, containing an axon
(red) surrounded by a glial cell, in green, using the volume rendering plug-in in
ParaView. (B) Volume rendering of a light microscopic stack data, showing
two astrocytes (in green) and their nuclei (in Blue) using ParaView. (C) Large
volume stack of vasculature using the GPU-based volume rendering plug-in in
Voreen. Dataset, courtesy of Bruno Weber et al., Institute of Pharmacology
and Toxicology —Experimental Imaging and Neuroenergetics, University of
Zrich.

Weber, University of Zurich, Switzerland). A rendering of this
dataset if shown in Figure 11C.

Blender, a powerful rendering engine for reconstructing
polygonal surface models from morphological skeletons, allowed
creation of highly artistic rendering of various NGV datasets
(Figure 12). The vasculature data is available as a skeleton
that has only connectivity information represented by a set of
connected points with specific radii. We implemented in Blender
a convenient algorithm to reconstruct a polygonal mesh model
of the vasculature using this skeleton. Then, we applied a highly

FIGURE 12 | Scientific data visualization using open-source tools.
Reconstructing a complex vasculature dataset using Blender-based Metaball
algorithm and rendering the reconstructed model using Cycles, a physically
plausible engine integrated in Blender.

realistic rendering algorithm to visualize this vasculature mesh
using Cycles as shown in Figure 12. Moreover, Blender is used
to create high quality visualizations of the NGV meshes that are
directly reconstructed from EM stacks (dataset from Figure 1,
rendered in Figure 2).

In silico Imaging
In silico imaging is defined as the computer simulation of the
entire pipeline of an imaging system including its source and
detection components in addition to modeling the object being
observed, reflecting its structural and functional aspects at different
levels of detail (Badano, 2011; Abdellah et al., 2017a). The type
of simulation is, in general, used for developing novel imaging
technologies and assessing their performance, to complement
bench testing. The concept is adapted and applied in the context
of simulation-based neuroscience, allowing us to visualize the
NGV models as if they are seen under a microscope in the lab.
This approach requires building digital reconstructions of
the tissue models at different scales, taking into account their
interaction with the imaging system. For example, simulating
tissue imaging with optical microscopy entails integrating the
optical properties of brain structures into the tissue model to
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be capable of simulating the light interaction with the tissue. In
the context of this workflow stage, a novel physically plausible
method was designed and applied to visualize the tissue models
by simulating the imaging pipelines of three different optical
microscopes including brightfield, epi-fluorescence and light
sheet fluorescence microscopy (Abdellah et al., 2017a,b).

Figure 13A shows an in silico fluorescence image of a
single neocortical neuron tagged virtually with green fluorescent
protein (GFP), and Figure 13B shows imaging a large scale digital
slice of few thousands of cells at a specific focal distance. The
tissue reconstruction (Abdellah et al., 2017b) is implemented
in three steps: creating piecewise watertight mesh models from
the morphological models of the neurons, creating volumetric
models from the mesh ones, and finally the volumes are tagged
with the optical properties of the brain at the somatosensory
cortical region and also with the fluorescent proteins that are
expressed in the tissue.

Virtual Reality

CAVE (Cave Automatic Virtual Environment)

The CAVE system consists of 6 rear-projected screens, each
with a ~15-megapixel resolution (Figure 14A). The system
stereoscopically projects images into a pair of 3D glasses, where
resolution adds up to a total of ~90-megapixel per eye. The six
screens all together form a 3 m-by-3 m-by-3 m cubic room of
four walls, plus the ceiling and the floor. The main end user
(appointed as the person leading the visualization session) must
wear a special set of glasses that are designed to work with the
system. The glasses along with specialized tracking and rendering
PCs, work together with the CAVE system to track the end-
user’s head position and sense his/her movement. Consequently,
all information is synchronized with the projectors including
reporting user’s gaze. This allows the rendering PC to perform
rendering calculations relative to the user’s eye gaze and drive
the projectors accordingly. The result in the end is stable scenery
of consistent stereoscopic images viewed through the end users
glasses (DeFanti et al., 2011; Coburn et al., 2017).

Cave automatic virtual environment is considered an
invaluable asset for scientific data visualization. In Cali et al.
(2016) the system was utilized to perform explorative analysis
sessions. Given the full immersivity of CAVE, scientists were
able to collaboratively step inside a 3D world where cellular
reconstructions are visualized and scaled out to be 2 million-
fold larger (u to m). This collaborative session eventually led
to the observation of a non-random distribution of astrocytic
glycogen granules. Thus, it laid the foundation for a development
framework of analysis tools to further explore these findings. Our
workflow for visualizing complex 3D models in CAVE involves
Blender, an open source customizable 3D modeling software
along with NeuroMorph add-ons (Jorstad et al., 2015), both are
set to be the source view window where CAVE 3D models are
loaded. This process is complemented by third-party software to
handle translations between the two views. This operation is done
via commercially licensed software called TechViz® (Cali et al.,
2016) (Figure 14A).

>http://www.TechViz.net

An alternate tool set for visualizing 3D reconstructions in
CAVE is Unity, a game engine created by Unity Technologies
mainly for developing 2-3D video games, and Mechdyne’s Get
Real 3D, a Unity plug-in. In this setting, Unity plays the same
role as Blender in modeling complex cellular structures to be
visualized in CAVE, while Get Real 3D handles translating the
complex structures created in Unity into the VR environment
within CAVE.

HMD (Head Mounted Display)

An HMD is a head-wearable device designed with 2 display
panels placed at close proximity to the user’s eyes (Figure 14B).
It includes special optics located between the screen and eye
in order to enhance focus back on the screen. Each of the two
display panels presents separate images to each eye leading to
having the user perceive them as 3D. In addition, the two displays
track the orientation of the entire device, hence, the user’s head.
This tracking system corresponds with the VR camera and is
treated as input when developing VR applications (Coburn et al.,
2017). Consequently, the user can look around and explore 3D
reconstruction data in a high immersive VR environment.

Head mounted displays are considered consumer grade VR
hardware or low-cost VR technologies as opposed to CAVE,
which is still considered a large capital investment for most
institutions. Over the past couple of years HMDs demonstrated
technological advancements concerning resolution, field of view
(FOV) and tracking, allowing them to rival the capabilities of
CAVE (Figures 14A,B, respectively). In addition, a number of
HMD features were accepted as solutions to some of CAVE’s
drawbacks, such as portability, cost and ease of setup. Assembling
and disassembling an HMD’s system is effortless and requires
only minimal physical space. Current research studies employing
VR-HMDs are still ongoing. This includes scientific applications
involving surgical training (Karvonen et al., 2017; Huber et al,,
2018) and psychological interventions (Laver et al., 2015; Chirico
et al., 2016).

The HTC Vive (Figure 14B) and the Oculus Rift CV1 HMDs
are two excellent lightweight solutions for carrying visualization
tasks and interactivity in 3D space, with the former being a few
steps ahead when it comes to FOV and tracking area (Huber
et al,, 2018). Consequently, we exploited the HTC Vive for
the development of a VR visualization and interactive analysis
tool called VR Data Interact, deposited in a Dryad repository
(Figure 14C; Agus et al., 2018a,b). We adopted the Unity engine
(version 5.6.3) as our development environment where we used
readily available assets made for Unity such as the Virtual Reality
Tool Kit (VRTK) and SteamVR. Standard assets and third-
party library scripts were often modified or complemented with
new ones in order to suit the application requirements. With
VR Data Interact, the end user can engage in an explorative
analysis session involving proofreading and driving hypotheses
by viewing correlations between the reconstructed cellular
structure and its superimposed 2D EM slice. Data interaction is
demonstrated in the selection of a target model while actively
scrolling along its corresponding z-stack (Figure 14D).

From a software perspective, development work with the
HTC Vive is relatively supported with the device’s compatibility
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FIGURE 13 | In silico physically plausible rendering. (A) Physically plausible in silico epi-widefield fluorescence imaging of a single neuron virtually tagged with GFP.
The focal plane of the microscope is focused on the soma. (B) Physically plausible in silico epi-widefield fluorescence imaging of a digital slice reconstructed from the

somatosensory cortex of a P14 rat.
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FIGURE 14 | Use of VR to validate the Glycogen Lactate Absorption Modeling (GLAM). (A) GLAM map is used for planning sparse reconstructions in collaborative
sessions performed on large-scale VR setups (CAVE), (B) and for intensive visual analysis on HMD-based stereo setups. (C) VR GUI implemented in unity to interact
with the 3D models in virtual reality. (D) Loaded model in VR as seen during interactive navigation using HTC VIVE. Written consent from individuals appearing in this
figure have been obtained for publication.

with commonly available Software Development Kits (SDKs) and
development environments, not to mention (from a hardware
perspective) its ability to be driven by a standard PC. However, as
data become more complex and large, the hardware architecture

becomes more demanding concerning GPU and memory as well
as storage.

One disadvantage with the HTC Vive, and HMDs in general,
is the loss of multi-user communication; due to the device
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FIGURE 15 | Infographics of the digitalization, modeling, simulation and visualization pipeline. WF1-WF4 are shown in sequence with example images from each
step in the process, along with Output Data (bold lettering) and Software Tools corresponding to each WF step.
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design that obscures the end user’s face making his or her
view and interaction with the real world blocked. With that
in mind, the HTC Vive is designed to yield a room scale VR
experience that can be enhanced with the integration of a high-
level API allowing multiuser networking sessions to take place.
Instantiating visualization sessions on multiple machines across
different physical locations can place HMD technology and
CAVE on equal footing when it comes to multi-user interaction
and collaboration.

SUMMARY

The quest for realistic and scientifically accurate representations
of cytoscale biology requires a series of advanced methods. We
describe in this report our current state-of-the-art process for
achieving this goal, from probing of cell microstructures with
EM techniques to reconstructions of cell volumes, models of
biochemical pathways, and visualization tools including in silico

imaging (Figure 15). Though we use brain energy metabolism
in the NGV as a case in point, this workflow can be used for
any cellular or oligocellular system. Our future plans call for
progressively more detailed structural features with which to
delimit ever more extended multi-scale and multi-compartment
simulations.

AUTHOR CONTRIBUTIONS

JC and CC wrote the majority of the manuscript with
contributions from other authors. CC prepared the tissues
and performed the electron microscopy (WF1). CC and KK
worked on the image segmentation, 3D reconstructions, and
3D analysis on the morphologies (WF2). MAg, DB, HL, and
MH wrote the codes for the analysis and visualization tools
(WE2). JC, DK, and RBJ contributed to the mathematical
modeling and simulation of the NGV described in WEF3.
DB wrote the codes for the Virtual Reality Visualization

Frontiers in Neuroscience | www.frontiersin.org

September 2018 | Volume 12 | Article 664


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Coggan et al.

Building Biorealistic in silico Cellular Simulations

and Analysis (WF4). MA, SE, and FS contributed the in silico
imaging section (WF4). CC and PM coordinated the work from
WPFs 1 and 2. HM, FS, DK, and JC coordinated the work from
WF3 and 4.

FUNDING

This work was supported by the CRG grant no. 2313 from King
Abdullah University of Science and Technology “KAUSTEPFL
Alliance for Integrative Modeling of Brain Energy Metabolism,”
as well as ETH Board funding to the Blue Brain Project. Support

REFERENCES

Abdellah, M., Bilgili, A., Eilemann, S., Shillcock, J., Markram, H., and
Schiirmann, F. (2017a). Bio-physically plausible visualization of highly
scattering fluorescent neocortical models for in silico experimentation. BMC
Bioinformatics 18:62. doi: 10.1186/s12859-016-1444-4

Abdellah, M., Hernando, J., Antille, N., Eilemann, S., Markram, H., and
Schiirmann, F. (2017b). Reconstruction and visualization of large-scale
volumetric models of neocortical circuits for physically-plausible in silico
optical studies. BMC Bioinformatics 18:402. doi: 10.1186/s12859-017-1788-4

Aboulhassan, A., Baum, D., Wodo, O., Ganapathysubramanian, B., Amassian, A.,
and Hadwiger, M. (2015). A novel framework for visual detection and
exploration of performance bottlenecks in organic photovoltaic solar cell
materials. Comput. Graph. Forum 34, 401-410. doi: 10.1111/cgf.12652

Agus, M., Boges, D., Gagnon, N., Magistretti, P. ]., Hadwiger, M., and Cali, C.
(2018a). GLAM: glycogen-derived lactate absorption map for visual analysis of
dense and sparse surface reconstructions of rodent brain structures on desktop
systems and virtual environments. Comput. Graph. 74, 85-98. doi: 10.1016/].
cag.2018.04.007

Agus, M., Boges, D., Gagnon, N., Magistretti, P. J., Hadwiger, M., and Cali, C.
(2018b). GLAM: glycogen-derived lactate absorption Map for visual analysis of
dense and sparse surface reconstructions of rodent brain structures on desktop
systems and virtual environments. Dryad Digital Repository doi: 10.5061/dryad.
808k4r0

Ahmed, Z., Lewis, C. A., and Faber, D. S. (1990). Glutamate stimulates release of
Ca2 + from internal stores in astroglia. Brain Res. 516, 165-169. doi: 10.1016/
0006-8993(90)90914-W

Al-Awami, A. K., Beyer, J., Strobelt, H., Kasthuri, N., Lichtman, J. W., Pfister, H.,
et al. (2014). NeuroLines: a subway map metaphor for visualizing nanoscale
neuronal connectivity. IEEE Trans. Vis. Comput. Graph. 20, 2369-2378.
doi: 10.1109/TVCG.2014.2346312

Anderson, C. M., and Swanson, R. A. (2000). Astrocyte glutamate transport:
review of properties, regulation, and physiological functions. Glia 32, 1-14.
doi: 10.1002/1098-1136(200010)32:1< 1:: AID- GLIA10>3.0.CO;2-W

Aubert, A., and Costalat, R. (2002). A model of the coupling between
brain electrical activity, metabolism, and hemodynamics: application to
the interpretation of functional neuroimaging. Neuroimage 17, 1162-1181.
doi: 10.1006/nimg.2002.1224

Aubert, A., and Costalat, R. (2005). Interaction between astrocytes and neurons
studied using a mathematical model of compartmentalized energy metabolism.
J. Cereb. Blood Flow Metab. 25, 1476-1490. doi: 10.1038/sj.jcbfm.9600144

Aubert, A., and Costalat, R. (2007). Compartmentalization of brain energy
metabolism between glia and neurons: insights from mathematical modeling.
Glia 55, 1272-1279. doi: 10.1002/glia.20360

Aubert, A., Costalat, R., Duffau, H., and Benali, H. (2002). Modeling of
pathophysiological coupling between brain electrical activation, energy
metabolism and hemodynamics: insights for the interpretation of
intracerebral tumor imaging. Acta Biotheor. 50, 281-295. doi: 10.1023/A:1022
62081

Aubert, A., Costalat, R., Magistretti, P. J., and Pellerin, L. (2005). Brain lactate
kinetics: modeling evidence for neuronal lactate uptake upon activation. Proc.
Natl. Acad. Sci. U.S.A. 102, 16448-16453. doi: 10.1073/pnas.0505427102

by the NCCR Synapsy and the Prefargier Foundation to PM,
and by the Swiss National Science Foundation (31003A_170079)
and the Australian Research Council (DP180101494) to RBJ
are also acknowledged. Calculations were performed on the
EPFL Blue Brain IV BlueGene/Q hosted at the Swiss National
Supercomputing Center (CSCS) in Lugano.

ACKNOWLEDGMENTS

We thank Nicolas Antille of the Blue Brain Project for the NGV
artwork in Figures 2, 8, 12.

Aubert, A., Costalat, R., and Valabrégue, R. (2001). Modelling of the coupling
between brain electrical activity and metabolism. Acta Biotheor. 49, 301-326.
doi: 10.1023/A:101428672

Auer, R. N. (2004). Hypoglycemic brain damage. Metab. Brain Dis. 19, 169-175.
doi: 10.1023/B:MEBR.000

Ayachit, U. (2015). The ParaView Guide: Updated for ParaView Version 4.3. Full
Color Version, ed. L. Avila Los Alamos. Clifton Park, NY: Kitware.

Azarias, G., Perreten, H., Lengacher, S., Poburko, D., Demaurex, N., Magistretti,
P. J., et al. (2011). Glutamate transport decreases mitochondrial pH and
modulates oxidative metabolism in astrocytes. J. Neurosci. 31, 3550-3559.
doi: 10.1523/JNEUROSCI.4378-10.2011

Badano, A. (2011). In silico imaging: definition, possibilities and challenges. Nucl.
Instrum. Methods Phys. Res. A 648, S276-5280. doi: 10.1016/j.nima.2010.11.054

Barros, L. F.,, San Martin, A., Ruminot, L., Sandoval, P. Y., Ferndndez-Moncada, I.,
Baeza-Lehnert, F., et al. (2017). Near-critical GLUT1 and neurodegeneration:
glucose transport and neurodegeneration. J. Neurosci. Res. 95, 2267-2274.
doi: 10.1002/jnr.23998

Bartol, T. M., Keller, D. X., Kinney, J. P., Bajaj, C. L., Harris, K. M., Sejnowski,
T. J., et al. (2015). Computational reconstitution of spine calcium transients
from individual proteins. Front. Synaptic Neurosci. 7:17. doi: 10.3389/fnsyn.
2015.00017

Bartol, T. M., Land, B. R, Salpeter, E. E.,, and Salpeter, M. M. (1991). Monte
Carlo simulation of miniature endplate current generation in the vertebrate
neuromuscular junction. Biophys. ]. 59, 1290-1307. doi: 10.1016/S0006-
3495(91)82344-X

Baud, M. O,, Parafita, J., Nguyen, A., Magistretti, P. J., and Petit, J.-M. (2016). Sleep
fragmentation alters brain energy metabolism without modifying hippocampal
electrophysiological response to novelty exposure. J. Sleep Res. 25, 583-590.
doi: 10.1111/jsr.12419

Bélanger, M., Allaman, I., and Magistretti, P. J. (2011). Brain energy metabolism:
focus on astrocyte-neuron metabolic cooperation. Cell Metab. 14, 724-738.
doi: 10.1016/j.cmet.2011.08.016

Berridge, M. J. (2006). Calcium microdomains: organization and function. Cell
Calcium 40, 405-412. doi: 10.1016/j.ceca.2006.09.002

Berthet, C., Castillo, X., Magistretti, P. J., and Hirt, L. (2012). New evidence of
neuroprotection by lactate after transient focal cerebral ischaemia: extended
benefit after intracerebroventricular injection and efficacy of intravenous
administration. Cerebrovasc. Dis. 34, 329-335. doi: 10.1159/000343657

Beyer, J., Hadwiger, M., Al-Awami, A., Jeong, W. K., Kasthuri, N., Lichtman,
J. W, etal. (2013). Exploring the connectome: petascale volume visualization of
microscopy data streams. IEEE Comput. Graph. Appl. 33, 50-61. doi: 10.1109/
MCG.2013.55

Bilgili, A., Nachbaur, D., Delalondre, F., Villafranca, J., Abdellah, M., and Eilemann,
S. (2013). Large-scale Interactive Volume Rendering Engine (LIVRE). Available
at: https://github.com/BlueBrain/Livre

Bittar, P. G., Charnay, Y., Pellerin, L., Bouras, C., and Magistretti, P. J. (1996).
Selective distribution of lactate dehydrogenase isoenzymes in neurons and
astrocytes of human brain. J. Cereb. Blood Flow Metab. 16, 1079-1089.
doi: 10.1097/00004647-199611000-00001

Bolanos, J. P., and Almeida, A. (2010). The pentose-phosphate pathway in
neuronal survival against nitrosative stress. [UBMB Life 62, 14-18. doi: 10.1002/
iub.280

Frontiers in Neuroscience | www.frontiersin.org

September 2018 | Volume 12 | Article 664


https://doi.org/10.1186/s12859-016-1444-4
https://doi.org/10.1186/s12859-017-1788-4
https://doi.org/10.1111/cgf.12652
https://doi.org/10.1016/j.cag.2018.04.007
https://doi.org/10.1016/j.cag.2018.04.007
https://doi.org/10.5061/dryad.808k4r0
https://doi.org/10.5061/dryad.808k4r0
https://doi.org/10.1016/0006-8993(90)90914-W
https://doi.org/10.1016/0006-8993(90)90914-W
https://doi.org/10.1109/TVCG.2014.2346312
https://doi.org/10.1002/1098-1136(200010)32:1<1::AID-GLIA10>3.0.CO;2-W
https://doi.org/10.1006/nimg.2002.1224
https://doi.org/10.1038/sj.jcbfm.9600144
https://doi.org/10.1002/glia.20360
https://doi.org/10.1023/A:102262081
https://doi.org/10.1023/A:102262081
https://doi.org/10.1073/pnas.0505427102
https://doi.org/10.1023/A:101428672
https://doi.org/10.1023/B:MEBR.000
https://doi.org/10.1523/JNEUROSCI.4378-10.2011
https://doi.org/10.1016/j.nima.2010.11.054
https://doi.org/10.1002/jnr.23998
https://doi.org/10.3389/fnsyn.2015.00017
https://doi.org/10.3389/fnsyn.2015.00017
https://doi.org/10.1016/S0006-3495(91)82344-X
https://doi.org/10.1016/S0006-3495(91)82344-X
https://doi.org/10.1111/jsr.12419
https://doi.org/10.1016/j.cmet.2011.08.016
https://doi.org/10.1016/j.ceca.2006.09.002
https://doi.org/10.1159/000343657
https://doi.org/10.1109/MCG.2013.55
https://doi.org/10.1109/MCG.2013.55
https://github.com/BlueBrain/Livre
https://doi.org/10.1097/00004647-199611000-00001
https://doi.org/10.1002/iub.280
https://doi.org/10.1002/iub.280
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Coggan et al.

Building Biorealistic in silico Cellular Simulations

Borrett, S., and Hughes, L. (2016). Reporting methods for processing and analysis
of data from serial block face scanning electron microscopy: reporting methods
for processing. J. Microsc. 263, 3-9. doi: 10.1111/jmi.12377

Boury-Jamot, B., Carrard, A., Martin, J. L., Halfon, O., Magistretti, P. J., and
Boutrel, B. (2016a). Disrupting astrocyte-neuron lactate transfer persistently
reduces conditioned responses to cocaine. Mol. Psychiatry 21, 1070-1076.
doi: 10.1038/mp.2015.157

Boury-Jamot, B., Halfon, O., Magistretti, P. J., and Boutrel, B. (2016b). Lactate
release from astrocytes to neurons contributes to cocaine memory formation.
Bioessays 38, 1266-1273. doi: 10.1002/bies.201600118

Bouzat, P., Sala, N., Payen, J.-F., and Oddo, M. (2013). Beyond intracranial
pressure: optimization of cerebral blood flow, oxygen, and substrate delivery
after traumatic brain injury. Ann. Intensive Care 3:23. doi: 10.1186/2110-
5820-3-23

Bouzat, P., Sala, N., Suys, T., Zerlauth, J.-B., Marques-Vidal, P., Feihl, F., et al.
(2014). Cerebral metabolic effects of exogenous lactate supplementation on the
injured human brain. Intensive Care Med. 40, 412-421. doi: 10.1007/s00134-
013-3203-6

Bower, J. M., and Beeman, D. (1998). The Book of GENESIS: Exploring Realistic
Neural Models with the GEneral NEural SImulation System. New York, NY:
Springer. doi: 10.1007/978-1-4612-1634-6.

Brodland, G. W. (2015). How computational models can help unlock biological
systems. Semin. Cell Dev. Biol. 4, 62-73. doi: 10.1016/j.semcdb.2015.
07.001

Brooks, G. A. (2009). Cell-cell and intracellular lactate shuttles. J. Physiol. 587,
5591-5600. doi: 10.1113/jphysiol.2009.178350

Bushong, E. A., Martone, M. E,, and Ellisman, M. H. (2004). Maturation of
astrocyte morphology and the establishment of astrocyte domains during
postnatal hippocampal development. Int. J. Dev. Neurosci. 22, 73-86. doi: 10.
1016/j.ijdevneu.2003.12.008

Buxton, R. B. (2010). Interpreting oxygenation-based neuroimaging signals: the
importance and the challenge of understanding brain oxygen metabolism.
Front. Neuroenergetics 2:8. doi: 10.3389/fnene.2010.00008

Cali, C., Agus, M., Gagnon, N., Hadwiger, M., and Magistretti, P. J. (2017). “Visual
analysis of glycogen derived lactate absorption in dense and sparse surface
reconstructions of rodent brain structures,” in Proceeding of the Smart Tools and
Apps for Graphics - Eurographics Italian Chapter Conference, eds A. Giachetti,
P. Pingi and F. Stanco. London: The Eurographics Association.

Cali, C., Baghabra, J., Boges, D. J., Holst, G. R., Kreshuk, A., Hamprecht, F. A,
et al. (2016). Three-dimensional immersive virtual reality for studying cellular
compartments in 3D models from EM preparations of neural tissues. J. Comp.
Neurol. 524, 23-38. doi: 10.1002/cne.23852

Cali, C., Kare, K., Boges, D. J., Agus, M., and Magistretti, P. J. (2017). “Sparse
reconstruction of neurons and glial cells of layer VI somatosensory cortex of
a juvenile rat 2017, in Proceedings of the Max Planck/ HHMI Connectomics
Meeting, Berlin.

Cali C. (2017). Astroglial anatomy in the times of connectomics. J. Transl. Neurosci.
2, 31-40. doi: 10.3868/].iss1.2096-0689.2017.04.004

Cali, C., Wawrzyniak, M., Becker, C., Maco, B., Cantoni, M., Jorstad, A., et al.
(2018). The effects of aging on neuropil structure in mouse somatosensory
cortex-A 3D electron microscopy analysis of layer 1. PLoS One 13:¢0198131.
doi: 10.1371/journal.pone.0198131

Cardona, A., Saalfeld, S., Schindelin, J., Arganda-Carreras, I., Preibisch, S.,
Longair, M., et al. (2012). TrakEM2 software for neural circuit reconstruction.
PLoS One 7:¢38011. doi: 10.1371/journal.pone.0038011

Carrard, A., Elsayed, M., Margineanu, M., Boury-Jamot, B., Fragniére, L.,
Meylan, E. M., et al. (2016). Peripheral administration of lactate produces
antidepressant-like effects. Mol. Psychiatry 23, 392-399. doi: 10.1038/mp.2016.
179

Chirico, A., Yaden, D. B., Riva, G., and Gaggioli, A. (2016). The potential of virtual
reality for the investigation of Awe. Front. Psychol. 7:1766. doi: 10.3389/fpsyg.
2016.01766

Coburn, A., Vartanian, O., and Chatterjee, A. (2017). Buildings, beauty, and
the brain: a neuroscience of architectural experience. J. Cogn. Neurosci. 29,
1521-1531. doi: 10.1162/jocn_a_01146

Coggan, J. S., Bartol, T. M., Esquenazi, E,, Stiles, J. R., Lamont, S., Martone, M. E.,
et al. (2005). Evidence for ectopic neurotransmission at a neuronal synapse.
Science 309, 446-451. doi: 10.1126/science.1108239

Coggan, J. S., Keller, D., Cali, C., Lehvéslaiho, H., Markram, H., Schiirmann, F.,
et al. (2018). Norepinephrine stimulates glycogenolysis in astrocytes to fuel
neurons with lactate. PLoS Comput. Biol. 14:¢1006392. doi: 10.1371/journal.
pcbi. 1006392

Coggan, J. S., Prescott, S. A, Bartol, T. M., and Sejnowski, T. J. (2010). Imbalance
of ionic conductances contributes to diverse symptoms of demyelination. Proc.
Natl. Acad. Sci. U.S.A. 107, 20602-20609. doi: 10.1073/pnas.1013798107

Collins (2007). Image] for microscopy. BioTechniques 43, 25-30. doi: 10.2144/
000112517

Conrad, M., Engl, E,, and Jolivet, R. B. (2018). “Energy use constrains brain
information processing,” in Proceedings of the 2017 IEEE International Electron
Devices Meeting (IEDM), San Francisco, CA: IEEE, 11.3.1-11.3.3. doi: 10.1109/
IEDM.2017.8268370

Cotrina, M. L., Chen, M., Han, X,, Iliff, J., Ren, Z., Sun, W, et al. (2014). Effects
of traumatic brain injury on reactive astrogliosis and seizures in mouse models
of Alexander disease. Brain Res. 1582, 211-219. doi: 10.1016/j.brainres.2014.07.
029

De Robertis, E. D., and Bennett, H. S. (1955). Some features of the submicroscopic
morphology of synapses in frog and earthworm. J. Biophys. Biochem. Cytol. 1,
47-58. doi: 10.1083/jcb.1.1.47

de Vivo, L., Bellesi, M., Marshall, W., Bushong, E. A., Ellisman, M. H., Tononi, G.,
et al. (2017). Ultrastructural evidence for synaptic scaling across the wake/sleep
cycle. Science 355, 507-510. doi: 10.1126/science.aah5982

Deerinck, T. J., Shone, T. M., Bushong, E. A., Ramachandra, R., Peltier, S. T.,
and Ellisman, M. H. (2018). High-performance serial block-face SEM of
nonconductive biological samples enabled by focal gas injection-based charge
compensation. J. Microsc. 270, 142-149. doi: 10.1111/jmi.12667

DeFanti, T. A., Acevedo, D., Ainsworth, R. A., Brown, M. D., Cutchin, S., Dawe, G.,
et al. (2011). The future of the CAVE. Cent. Eur. J. Eng. 1, 16-37. doi: 10.2478/
§13531-010-0002-5

Del Castillo, J., and Katz, B. (1954). Statistical factors involved in neuromuscular
facilitation and depression. J. Physiol. 124, 574-585. doi: 10.1113/jphysiol.1954.
sp005130

Dringen, R., Gutterer, J. M., and Hirrlinger, J. (2000). Glutathione metabolism
in brain metabolic interaction between astrocytes and neurons in the defense
against reactive oxygen species. Eur. J. Biochem. 267, 4912-4916. doi: 10.1046/j.
1432-1327.2000.01597.x

Eliasmith, C., Westover, M. B., and Anderson, C. H. (2002). A general
framework for neurobiological modeling: an application to the vestibular
system. Neurocomputing 4, 1071-1076. doi: 10.1016/50925-2312(02)
00418-6

Eppler, J. M., Helias, M., Muller, E., Diesmann, M., and Gewaltig, M.-O. (2008).
PyNEST: a convenient interface to the NEST simulator. Front. Neuroinform.
2:12. doi: 10.3389/neuro.11.012.2008

Finsterwald, C., Magistretti, P. J., and Lengacher, S. (2015). Astrocytes: new
targets for the treatment of neurodegenerative diseases. Curr. Pharm. Des. 21,
3570-3581. doi: 10.2174/1381612821666150710144502

Gao, V., Suzuki, A., Magistretti, P. J., Lengacher, S., Pollonini, G., Steinman,
M. Q,, et al. (2016). Astrocytic p2-adrenergic receptors mediate hippocampal
long-term memory consolidation. Proc. Natl. Acad. Sci. U.S.A. 113, 8526-8531.
doi: 10.1073/pnas.1605063113

Genoud, C., Quairiaux, C., Steiner, P., Hirling, H., Welker, E., and Knott, G. W.
(2006). Plasticity of astrocytic coverage and glutamate transporter expression in
adult mouse cortex. PLoS Biol. 4:e343. doi: 10.1371/journal.pbio.0040343

Glenn, T. C., Martin, N. A., Horning, M. A., McArthur, D. L., Hovda, D. A,
Vespa, P., et al. (2015). Lactate: brain fuel in human traumatic brain injury: a
comparison with normal healthy control subjects. J. Neurotrauma 32, 820-832.
doi: 10.1089/neu.2014.3483

Gruetter, R. (2003). Glycogen: the forgotten cerebral energy store. J. Neurosci. Res.
74, 179-183. doi: 10.1002/jnr.10785

Hadwiger, M., Al-Awami, A. K., Beyer, J., Agus, M., and Pfister, H. (2018).
SparseLeap: efficient empty space skipping for large-scale volume rendering.
IEEE Trans. Vis. Comput. Graph. 24, 974-983. doi: 10.1109/TVCG.2017.
2744238

Haehn, D., Knowles-Barley, S., Roberts, M., Beyer, J., Kasthuri, N., Lichtman,
J. W, et al. (2014). Design and evaluation of interactive proofreading tools for
connectomics. IEEE Trans. Vis. Comput. Graph. 20, 2466-2475. doi: 10.1109/
TVCG.2014.2346371

Frontiers in Neuroscience | www.frontiersin.org

September 2018 | Volume 12 | Article 664


https://doi.org/10.1111/jmi.12377
https://doi.org/10.1038/mp.2015.157
https://doi.org/10.1002/bies.201600118
https://doi.org/10.1186/2110-5820-3-23
https://doi.org/10.1186/2110-5820-3-23
https://doi.org/10.1007/s00134-013-3203-6
https://doi.org/10.1007/s00134-013-3203-6
https://doi.org/10.1007/978-1-4612-1634-6.
https://doi.org/10.1016/j.semcdb.2015.07.001
https://doi.org/10.1016/j.semcdb.2015.07.001
https://doi.org/10.1113/jphysiol.2009.178350
https://doi.org/10.1016/j.ijdevneu.2003.12.008
https://doi.org/10.1016/j.ijdevneu.2003.12.008
https://doi.org/10.3389/fnene.2010.00008
https://doi.org/10.1002/cne.23852
https://doi.org/10.3868/j.issn.2096-0689.2017.04.004
https://doi.org/10.1371/journal.pone.0198131
https://doi.org/10.1371/journal.pone.0038011
https://doi.org/10.1038/mp.2016.179
https://doi.org/10.1038/mp.2016.179
https://doi.org/10.3389/fpsyg.2016.01766
https://doi.org/10.3389/fpsyg.2016.01766
https://doi.org/10.1162/jocn_a_01146
https://doi.org/10.1126/science.1108239
https://doi.org/10.1371/journal.pcbi.1006392
https://doi.org/10.1371/journal.pcbi.1006392
https://doi.org/10.1073/pnas.1013798107
https://doi.org/10.2144/000112517
https://doi.org/10.2144/000112517
https://doi.org/10.1109/IEDM.2017.8268370
https://doi.org/10.1109/IEDM.2017.8268370
https://doi.org/10.1016/j.brainres.2014.07.029
https://doi.org/10.1016/j.brainres.2014.07.029
https://doi.org/10.1083/jcb.1.1.47
https://doi.org/10.1126/science.aah5982
https://doi.org/10.1111/jmi.12667
https://doi.org/10.2478/s13531-010-0002-5
https://doi.org/10.2478/s13531-010-0002-5
https://doi.org/10.1113/jphysiol.1954.sp005130
https://doi.org/10.1113/jphysiol.1954.sp005130
https://doi.org/10.1046/j.1432-1327.2000.01597.x
https://doi.org/10.1046/j.1432-1327.2000.01597.x
https://doi.org/10.1016/S0925-2312(02)00418-6
https://doi.org/10.1016/S0925-2312(02)00418-6
https://doi.org/10.3389/neuro.11.012.2008
https://doi.org/10.2174/1381612821666150710144502
https://doi.org/10.1073/pnas.1605063113
https://doi.org/10.1371/journal.pbio.0040343
https://doi.org/10.1089/neu.2014.3483
https://doi.org/10.1002/jnr.10785
https://doi.org/10.1109/TVCG.2017.2744238
https://doi.org/10.1109/TVCG.2017.2744238
https://doi.org/10.1109/TVCG.2014.2346371
https://doi.org/10.1109/TVCG.2014.2346371
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Coggan et al.

Building Biorealistic in silico Cellular Simulations

Harris, J. J., Jolivet, R., and Attwell, D. (2012). Synaptic energy use and supply.
Neuron 75, 762-777. doi: 10.1016/j.neuron.2012.08.019

Harris, J. J., Jolivet, R, Engl, E., and Attwell, D. (2015). Energy-efficient information
transfer by visual pathway synapses. Curr. Biol. 25, 3151-3160. doi: 10.1016/j.
cub.2015.10.063

Harris, K. M., Spacek, J., Bell, M. E., Parker, P. H., Lindsey, L. F., Baden, A. D,,
etal. (2015). A resource from 3D electron microscopy of hippocampal neuropil
for user training and tool development. Sci. Data 2:150046. doi: 10.1038/sdata.
2015.46

Heinrich, R. (1996). The Regulation of Cellular Systems. New York, NY: Chapman
& Hall. doi: 10.1007/978-1-4613-1161-4

Helmstaedter, M., Briggman, K. L., Turaga, S. C., Jain, V., Seung, H. S,
and Denk, W. (2013). Connectomic reconstruction of the inner plexiform
layer in the mouse retina. Nature 500, 168-174. doi: 10.1038/naturel
2346

Herrero-Mendez, A., Almeida, A., Fernandez, E., Maestre, C., Moncada, S., and
Bolanos, J. P. (2009). The bioenergetic and antioxidant status of neurons is
controlled by continuous degradation of a key glycolytic enzyme by APC/C-
Cdhl. Nat. Cell Biol. 11, 747-752. doi: 10.1038/ncb1881

Hillman, E. M. C. (2014). Coupling mechanism and significance of the BOLD
signal: a status report. Annu. Rev. Neurosci. 37, 161-181. doi: 10.1146/annurev-
neuro-071013-01411

Hines, M. L., and Carnevale, N. T. (1997). The NEURON simulation environment.
Neural Comput. 9, 1179-1209. doi: 10.1162/nec0.1997.9.6.1179

Hodgkin, A. L., and Huxley, A. F. (1952). A quantitative description of membrane
current and its application to conduction and excitation in nerve. J. Physiol. 117,
500-544. doi: 10.1113/jphysiol.1952.sp004764

Holst, G., Berg, S., Kare, K., Magistretti, P., and Cali, C. (2016). “Adding large
EM stack support,” in 2016 4th Saudi International Conference on Information
Technology (Big Data Analysis) (KACSTIT) (Riyadh: IEEE), 1-7. doi: 10.1109/
KACSTIT.2016.7756066

Hu, Y., and Wilson, G. S. (1997). A temporary local energy pool coupled
to neuronal activity: fluctuations of extracellular lactate levels in rat brain
monitored with rapid-response enzyme-based sensor. J. Neurochem. 69,
1484-1490. doi: 10.1046/j.1471-4159.1997.69041484.x

Huber, T., Wunderling, T., Paschold, M., Lang, H., Kneist, W., and Hansen, C.
(2018). Highly immersive virtual reality laparoscopy simulation: development
and future aspects. Int. J. Comput. Assist. Radiol. Surg. 13, 281-290. doi: 10.
1007/s11548-017-1686-2

Huxley, A. F. (1957). Muscle structure and theories of contraction. Prog. Biophys.
Biophys. Chem. 7, 255-318. doi: 10.1016/S0096-4174(18)30128-8

Hyder, F., and Rothman, D. L. (2017). Advances in imaging brain metabolism.
Annu. Rev. Biomed. Eng. 19, 485-515. doi: 10.1146/annurev-bioeng-071516-
044450

Izhikevich, E. M. (2004). Which model to use for cortical spiking neurons? IEEE
Trans. Neural Netw. 15, 1063-1070. doi: 10.1109/TNN.2004.832719

Jolivet, R., Allaman, I., Pellerin, L., Magistretti, P. J., and Weber, B.
(2010). Comment on recent modeling studies of astrocyte-neuron metabolic
interactions. J. Cereb. Blood Flow Metab. 30, 1982-1986. doi: 10.1038/jcbfm.
2010.132

Jolivet, R., Coggan, J. S., Allaman, I, and Magistretti, P. J. (2015). Multi-
timescale modeling of activity-dependent metabolic coupling in the neuron-
glia-vasculature ensemble. PLoS Comput. Biol. 11:e1004036. doi: 10.1371/
journal.pcbi.1004036

Jolivet, R., Magistretti, P. J., and Weber, B. (2009). Deciphering neuron-glia
compartmentalization in cortical energy metabolism. Front. Neuroenergetics
1:4. doi: 10.3389/neuro.14.004.2009

Jorstad, A., Nigro, B., Cali, C., Wawrzyniak, M., Fua, P., and Knott, G. (2015).
NeuroMorph: a toolset for the morphometric analysis and visualization of 3D
models derived from electron microscopy image stacks. Neuroinformatics 13,
83-92. doi: 10.1007/s12021-014-9242-5

Joyner, R. W., Westerfield, M., Moore, J. W., and Stockbridge, N. (1978).
A numerical method to model excitable cells. Biophys. J. 22, 155-170.
doi: 10.1016/S0006-3495(78)85481-2

Karvonen, T., Muranishi, Y., Yamamoto, G., Kuroda, T., and Sato, T. (2017).
Evaluation of a novel multi-articulated endoscope: proof of concept through
a virtual simulation. Int. J. Comput. Assist. Radiol. Surg. 12, 1123-1130.
doi: 10.1007/511548-017-1599-0

Kasischke, K. A., Vishwasrao, H. D., Fisher, P. J., Zipfel, W. R., and Webb, W. W.
(2004). Neural activity triggers neuronal oxidative metabolism followed by
astrocytic glycolysis. Science 305, 99-103. doi: 10.1126/science.1096485

Kasthuri, N., Hayworth, K. J., Berger, D. R,, Schalek, R. L., Conchello, J. A.,
Knowles-Barley, S., et al. (2015). Saturated reconstruction of a volume of
neocortex. Cell 162, 648-661. doi: 10.1016/j.cell.2015.06.054

Kaynig, V., Vazquez-Reina, A., Knowles-Barley, S., Roberts, M., Jones, T. R,,
Kasthuri, N., et al. (2015). Large-scale automatic reconstruction of neuronal
processes from electron microscopy images. Med. Image Anal. 22, 77-88.
doi: 10.1016/j.media.2015.02.001

Keller, D. X, Franks, K. M., Bartol, T. M., and Sejnowski, T. J. (2008). Calmodulin
activation by calcium transients in the postsynaptic density of dendritic spines.
PLoS One 3:€2045. doi: 10.1371/journal.pone.0002045

Kent, B. R. (2015). Institute of Physics (Grande-Bretagne) 3D Scientific Visualization
with Blender®. Available at: http://iopscience.iop.org/book/978-1-6270-5612-0

Knott, G., and Genoud, C. (2013). Is EM dead? J. Cell. Sci. 126, 4545-4552.
doi: 10.1242/jcs. 124123

Knowles-Barley, S., Butcher, N. J., Meinertzhagen, I. A., and Armstrong, J. D.
(2011). Biologically inspired EM image alignment and neural reconstruction.
Bioinformatics 27, 2216-2223. doi: 10.1093/bioinformatics/btr378

Laver, K. E., George, S., Thomas, S., Deutsch, J. E., and Crotty, M. (2015). Virtual
reality for stroke rehabilitation. Cochrane Database Syst. Rev. 12:CD008349.
doi: 10.1002/14651858.CD008349.pub3

Michler, P., Wyss, M. T., Elsayed, M., Stobart, J., Gutierrez, R., von Faber-Castell,
A., et al. (2016). In vivo evidence for a lactate gradient from astrocytes to
neurons. Cell Metab. 23, 94-102. doi: 10.1016/j.cmet.2015.10.010

Magistretti, P. J. (1988). Regulation of glycogenolysis by neurotransmitters in the
central nervous system. Diabete Metab. 14, 237-246.

Magistretti, P. J., and Allaman, I. (2007). Glycogen: a Trojan horse for neurons.
Nat. Neurosci. 10, 1341-1342. doi: 10.1038/nn1107-1341

Magistretti, P. ., and Allaman, I. (2018). Lactate in the brain: from metabolic end-
product to signalling molecule. Nat. Rev. Neurosci. 19, 235-249. doi: 10.1038/
nrn.2018.19

Magistretti, P. J., and Pellerin, L. (1996). Cellular mechanisms of brain energy
metabolism. Relevance to functional brain imaging and to neurodegenerative
disorders. Ann. N. Y. Acad. Sci. 777, 380-387. doi: 10.1111/j.1749-6632.1996.
thb34449.x

Magistretti, P. J., and Pellerin, L. (1999). Cellular mechanisms of brain energy
metabolism and their relevance to functional brain imaging. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 354, 1155-1163. doi: 10.1098/rstb.1999.0471

Magistretti, P. J., and Ransom, B. R. (2002). Astrocytes. in (Lippincott Villiam
& Wilkins). Available at: https://infoscience.epfl.ch/record/143387 [accessed
February 21, 2018].

Markram, H., Muller, E., Ramaswamy, S., Reimann, M. W., Abdellah, M., Sanchez,
C. A, etal. (2015). Reconstruction and simulation of neocortical microcircuitry.
Cell 163, 456-492. doi: 10.1016/j.cell.2015.09.029

Meyer-Spradow, J., Ropinski, T., Mensmann, J., and Hinrichs, K. (2009). Voreen:
a rapid-prototyping environment for ray-casting-based volume visualizations.
IEEE Comput. Graph. Appl. 29, 6-13. doi: 10.1109/MCG.2009.130

Migliore, M., Cannia, C., Lytton, W. W., Markram, H., and Hines, M. L. (2006).
Parallel network simulations with NEURON. J. Comput. Neurosci. 21, 119-129.
doi: 10.1007/s10827-006-7949-5

Mohammed, H., Al-Awami, A., Beyer, J., Cali, C., Magistretti, P. J., Pfister, H.,
et al. (2017). Abstractocyte:a visual tool for exploring nanoscale astroglial
cell morphology. IEEE Trans. Vis. Comput. Graph. 24, 853-861. doi: 10.1109/
TVCG.2017.2744278

Nadkarni, S., and Jung, P. (2007). Modeling synaptic transmission of the tripartite
synapse. Phys. Biol. 4, 1-9. doi: 10.1088/1478-3975/4/1/001

Neuro Cloud Consortium (2016). To the cloud! A grassroots proposal to accelerate
brain science discovery. Neuron 92, 622-627. doi: 10.1016/j.neuron.2016.10.033

Oe, Y., Baba, O., Ashida, H., Nakamura, K. C., and Hirase, H. (2016). Glycogen
distribution in the microwave-fixed mouse brain reveals heterogeneous
astrocytic patterns. Glia 64, 1532-1545. doi: 10.1002/glia.23020

Ostroff, L. E., Manzur, M. K., Cain, C. K,, and LeDoux, J. E. (2014). Synapses
lacking astrocyte appear in the amygdala during consolidation of Pavlovian
threat conditioning. J. Comp. Neurol. 522, 2152-2163. doi: 10.1002/cne.23523

Palade, G. E. (1952). The fine structure of mitochondria. Anat. Rec. 114, 427-451.
doi: 10.1002/ar.1091140304

Frontiers in Neuroscience | www.frontiersin.org

September 2018 | Volume 12 | Article 664


https://doi.org/10.1016/j.neuron.2012.08.019
https://doi.org/10.1016/j.cub.2015.10.063
https://doi.org/10.1016/j.cub.2015.10.063
https://doi.org/10.1038/sdata.2015.46
https://doi.org/10.1038/sdata.2015.46
https://doi.org/10.1007/978-1-4613-1161-4
https://doi.org/10.1038/nature12346
https://doi.org/10.1038/nature12346
https://doi.org/10.1038/ncb1881
https://doi.org/10.1146/annurev-neuro-071013-01411
https://doi.org/10.1146/annurev-neuro-071013-01411
https://doi.org/10.1162/neco.1997.9.6.1179
https://doi.org/10.1113/jphysiol.1952.sp004764
https://doi.org/10.1109/KACSTIT.2016.7756066
https://doi.org/10.1109/KACSTIT.2016.7756066
https://doi.org/10.1046/j.1471-4159.1997.69041484.x
https://doi.org/10.1007/s11548-017-1686-2
https://doi.org/10.1007/s11548-017-1686-2
https://doi.org/10.1016/S0096-4174(18)30128-8
https://doi.org/10.1146/annurev-bioeng-071516-044450
https://doi.org/10.1146/annurev-bioeng-071516-044450
https://doi.org/10.1109/TNN.2004.832719
https://doi.org/10.1038/jcbfm.2010.132
https://doi.org/10.1038/jcbfm.2010.132
https://doi.org/10.1371/journal.pcbi.1004036
https://doi.org/10.1371/journal.pcbi.1004036
https://doi.org/10.3389/neuro.14.004.2009
https://doi.org/10.1007/s12021-014-9242-5
https://doi.org/10.1016/S0006-3495(78)85481-2
https://doi.org/10.1007/s11548-017-1599-0
https://doi.org/10.1126/science.1096485
https://doi.org/10.1016/j.cell.2015.06.054
https://doi.org/10.1016/j.media.2015.02.001
https://doi.org/10.1371/journal.pone.0002045
http://iopscience.iop.org/book/978-1-6270-5612-0
https://doi.org/10.1242/jcs.124123
https://doi.org/10.1093/bioinformatics/btr378
https://doi.org/10.1002/14651858.CD008349.pub3
https://doi.org/10.1016/j.cmet.2015.10.010
https://doi.org/10.1038/nn1107-1341
https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.1111/j.1749-6632.1996.tb34449.x
https://doi.org/10.1111/j.1749-6632.1996.tb34449.x
https://doi.org/10.1098/rstb.1999.0471
https://infoscience.epfl.ch/record/143387
https://doi.org/10.1016/j.cell.2015.09.029
https://doi.org/10.1109/MCG.2009.130
https://doi.org/10.1007/s10827-006-7949-5
https://doi.org/10.1109/TVCG.2017.2744278
https://doi.org/10.1109/TVCG.2017.2744278
https://doi.org/10.1088/1478-3975/4/1/001
https://doi.org/10.1016/j.neuron.2016.10.033
https://doi.org/10.1002/glia.23020
https://doi.org/10.1002/cne.23523
https://doi.org/10.1002/ar.1091140304
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Coggan et al.

Building Biorealistic in silico Cellular Simulations

Palade, G. E., and Porter, K. R. (1954). Studies on the endoplasmic reticulum. I.
Its identification in cells in situ. J. Exp. Med. 100, 641-656. doi: 10.1084/jem.10
0.6.641

Pellerin, L., and Magistretti, P. J. (1994). Glutamate uptake into astrocytes
stimulates aerobic glycolysis: a mechanism coupling neuronal activity to glucose
utilization. Proc. Natl. Acad. Sci. U.S.A. 91, 10625-10629. doi: 10.1073/pnas.91.
22.10625

Pellerin, L., and Magistretti, P. J. (2012). Sweet sixteen for ANLS. J. Cereb. Blood
Flow Metab. 32, 1152-1166. doi: 10.1038/jcbfm.2011.149

Petit, J.-M., and Magistretti, P. J. (2015). Regulation of neuron-astrocyte metabolic
coupling across the sleep-wake cycle. Neuroscience 323, 135-156. doi: 10.1016/
j-neuroscience.2015.12.007

Pierre, K., and Pellerin, L. (2005). Monocarboxylate transporters in the central
nervous system: distribution, regulation and function. J. Neurochem. 94, 1-14.
doi: 10.1111/§.1471-4159.2005.03168.x

Poritsky, R. (1969). Two and three dimensional ultrastructure of boutons and glial
cells on the motoneuronal surface in the cat spinal cord. J. Comp. Neurol. 135,
423-451. doi: 10.1002/cne.901350404

Porter, K. R,, Claude, A., and Fullam, E. F. (1945). A study of tissue culture cells by
electron microscopy?: methods and preliminary observations. J. Exp. Med. 81,
233-246. doi: 10.1084/jem.81.3.233

Reimann, M. W., Nolte, M., Scolamiero, M., Turner, K., Perin, R., Chindemi, G.,
et al. (2017). Cliques of neurons bound into cavities provide a missing link
between structure and function. Front. Comput. Neurosci. 11:48. doi: 10.3389/
fncom.2017.00048

Savtchouk, I, and Volterra, A. (2018). Gliotransmission: beyond black-and-white.
J. Neurosci. 38, 14-25. doi: 10.1523/JNEUROSCI.0017-17.2017

Schaff, J. C., Slepchenko, B. M., and Loew, L. M. (2000). Physiological modeling
with virtual cell framework. Meth. Enzymol. 321, 1-23. doi: 10.1016/S0076-
6879(00)21184-1

Shijo, K, Sutton, R. L., Ghavim, S. S., Harris, N. G., and Bartnik-Olson, B. L. (2017).
Metabolic fate of glucose in rats with traumatic brain injury and pyruvate
or glucose treatments: a NMR spectroscopy study. Neurochem. Internat. 102,
66-78. doi: 10.1016/j.neuint.2016.11.014

Shillcock, J. C. (2008). Insight or illusion? Seeing inside the cell with mesoscopic
simulations. HFSP J. 2, 1-6. doi: 10.2976/1.2833599

Sommer, C., Strachle, C., Kéthe, U., and Hamprecht, F. A. (2011). “Tlastik:
interactive learning and segmentation toolkit,” in 2011 IEEE International
Symposium on Biomedical Imaging: From Nano to Macro (Chicago, IL: IEEE),
230-233. doi: 10.1109/ISBI.2011.5872394

Steinman, M. Q., Gao, V., and Alberini, C. M. (2016). The role of lactate-mediated
metabolic coupling between astrocytes and neurons in long-term memory
formation. Front. Integr. Neurosci. 10:10. doi: 10.3389/fnint.2016.00010

Stensaas, L. J., and Stensaas, S. S. (1967). Astrocytic neuroglial cells,
oligodendrocytes and microgliacytes in the spinal cord of the toad. Z. Zellforsch.
84, 473-489. doi: 10.1007/BF00320863

Stephanova, D. L, and Bostock, H. (1995). A distributed-parameter model of the
myelinated human motor nerve fibre: temporal and spatial distributions of
action potentials and ionic currents. Biol. Cybern. 73, 275-280. doi: 10.1007/
BF00201429

Stobart, J. L., and Anderson, C. M. (2013). Multifunctional role of astrocytes as
gatekeepers of neuronal energy supply. Front. Cell Neurosci. 7:38. doi: 10.3389/
fncel.2013.00038

Suzuki, A., Stern, S. A., Bozdagi, O., Huntley, G. W., Walker, R. H., Magistretti,
P. J, et al. (2011). Astrocyte-neuron lactate transport is required for
long-term memory formation. Cell 144, 810-823. doi: 10.1016/j.cell.2011.
02.018

Szigeti, B., Gleeson, P., Vella, M., Khayrulin, S., Palyanov, A., Hokanson, J., et al.
(2014). OpenWorm: an open-science approach to modeling Caenorhabditis
elegans. Front. Comput. Neurosci. 8:137. doi: 10.3389/fncom.2014.00137

Tagliasacchi, A., Delame, T., Spagnuolo, M., Amenta, N., and Telea, A. (2016).
3D Skeletons: a state-of-the-art report. Comput. Graph. Forum 35, 573-597.
doi: 10.1111/cgf.12865

Tomassy, G. S., Berger, D. R., Chen, H.-H., Kasthuri, N., Hayworth, K. J.,
Vercelli, A., et al. (2014). Distinct profiles of myelin distribution along single
axons of pyramidal neurons in the neocortex. Science 344, 319-324. doi: 10.
1126/science.1249766

Tomita, M., Hashimoto, K., Takahashi, K., Shimizu, T., Matsuzaki, Y., Miyoshi, F.,
et al. (1999). E-CELL: software environment for whole-cell simulation.
Bioinformatics 15, 72-84. doi: 10.1093/bioinformatics/15.1.72

Trachtenberg, J. T., Chen, B. E., Knott, G. W, Feng, G., Sanes, J. R., Welker, E., et al.
(2002). Long-term in vivo imaging of experience-dependent synaptic plasticity
in adult cortex. Nature 420, 788-794. doi: 10.1038/nature01273

Tsodyks, M. V., and Markram, H. (1997). The neural code between neocortical
pyramidal neurons depends on neurotransmitter release probability. Proc. Natl.
Acad. Sci. U.S.A. 94, 719-723. doi: 10.1073/pnas.94.2.719

Valabrégue, R., Aubert, A., Burger, J., Bittoun, J., and Costalat, R. (2003). Relation
between cerebral blood flow and metabolism explained by a model of oxygen
exchange. J. Cereb. Blood Flow Metab. 23, 536-545. doi: 10.1097/01.WCB.
0000055178.31872.38

Vaughn, J. E., and Pease, D. C. (1967). Electron microscopy of classically stained
astrocytes. J. Comp. Neurol. 131, 143-153. doi: 10.1002/cne.901310206

Ventura, R., and Harris, K. M. (1999). Three-dimensional relationships between
hippocampal synapses and astrocytes. J. Neurosci. 19, 6897-6906. doi: 10.1523/
JNEUROSCI.19-16-06897.1999

Vilchez, D., Ros, S., Cifuentes, D., Pujadas, L., Valles, J., Garcia-Fojeda, B., et al.
(2007). Mechanism suppressing glycogen synthesis in neurons and its demise
in progressive myoclonus epilepsy. Nat. Neurosci. 10, 1407-1413. doi: 10.1038/
nnl1998

Waitt, A. E., Reed, L., Ransom, B. R, and Brown, A. M. (2017). Emerging roles
for glycogen in the CNS. Front. Mol. Neurosci. 10:73. doi: 10.3389/famol.2017.
00073

Walls, A. B., Heimburger, C. M., Bouman, S. D. Schousboe, A. and
Waagepetersen, H. S. (2009). Robust glycogen shunt activity in astrocytes:
effects of glutamatergic and adrenergic agents. Neuroscience 158, 284-292. doi:
10.1016/j.neuroscience.2008.09.058

Walz, W., and Mukerji, S. (1988). Lactate production and release in cultured
astrocytes. Neurosci. Lett. 86, 296-300. doi: 10.1016/0304-3940(88)90499-5

Wanner, A. A., Genoud, C., Masudi, T., Siksou, L., and Friedrich, R. W. (2016).
Dense EM-based reconstruction of the interglomerular projectome in the
zebrafish olfactory bulb. Nat. Neurosci. 19, 816-825. doi: 10.1038/nn.4290

White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1986). The structure of
the nervous system of the nematode Caenorhabditis elegans. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 314, 1-340. doi: 10.1098/rstb.1986.0056

Wolff, J. (1965). Elektronenmikroskopische Untersuchungen tiber Struktur und
Gestalt von Astrozytenfortsitzen. Z. Zellforsch. 66, 811-828. doi: 10.1007/
BF00342958

Wyss, M. T., Jolivet, R., Buck, A., Magistretti, P. J., and Weber, B. (2011). In vivo
evidence for lactate as a neuronal energy source. J. Neurosci. 31, 7477-7485.
doi: 10.1523/JNEUROSCI.0415-11.2011

Xylouris, K., and Wittum, G. (2015). A three-dimensional mathematical model for
the signal propagation on a neuron’s membrane. Front. Comput. Neurosci. 9:94.
doi: 10.3389/fncom.2015.00094

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Coggan, Cali, Keller, Agus, Boges, Abdellah, Kare, Lehvislaiho,
Eilemann, Jolivet, Hadwiger, Markram, Schiirmann and Magistretti. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

September 2018 | Volume 12 | Article 664


https://doi.org/10.1084/jem.100.6.641
https://doi.org/10.1084/jem.100.6.641
https://doi.org/10.1073/pnas.91.22.10625
https://doi.org/10.1073/pnas.91.22.10625
https://doi.org/10.1038/jcbfm.2011.149
https://doi.org/10.1016/j.neuroscience.2015.12.007
https://doi.org/10.1016/j.neuroscience.2015.12.007
https://doi.org/10.1111/j.1471-4159.2005.03168.x
https://doi.org/10.1002/cne.901350404
https://doi.org/10.1084/jem.81.3.233
https://doi.org/10.3389/fncom.2017.00048
https://doi.org/10.3389/fncom.2017.00048
https://doi.org/10.1523/JNEUROSCI.0017-17.2017
https://doi.org/10.1016/S0076-6879(00)21184-1
https://doi.org/10.1016/S0076-6879(00)21184-1
https://doi.org/10.1016/j.neuint.2016.11.014
https://doi.org/10.2976/1.2833599
https://doi.org/10.1109/ISBI.2011.5872394
https://doi.org/10.3389/fnint.2016.00010
https://doi.org/10.1007/BF00320863
https://doi.org/10.1007/BF00201429
https://doi.org/10.1007/BF00201429
https://doi.org/10.3389/fncel.2013.00038
https://doi.org/10.3389/fncel.2013.00038
https://doi.org/10.1016/j.cell.2011.02.018
https://doi.org/10.1016/j.cell.2011.02.018
https://doi.org/10.3389/fncom.2014.00137
https://doi.org/10.1111/cgf.12865
https://doi.org/10.1126/science.1249766
https://doi.org/10.1126/science.1249766
https://doi.org/10.1093/bioinformatics/15.1.72
https://doi.org/10.1038/nature01273
https://doi.org/10.1073/pnas.94.2.719
https://doi.org/10.1097/01.WCB.0000055178.31872.38
https://doi.org/10.1097/01.WCB.0000055178.31872.38
https://doi.org/10.1002/cne.901310206
https://doi.org/10.1523/JNEUROSCI.19-16-06897.1999
https://doi.org/10.1523/JNEUROSCI.19-16-06897.1999
https://doi.org/10.1038/nn1998
https://doi.org/10.1038/nn1998
https://doi.org/10.3389/fnmol.2017.00073
https://doi.org/10.3389/fnmol.2017.00073
https://doi.org/10.1016/j.neuroscience.2008.09.058
https://doi.org/10.1016/j.neuroscience.2008.09.058
https://doi.org/10.1016/0304-3940(88)90499-5
https://doi.org/10.1038/nn.4290
https://doi.org/10.1098/rstb.1986.0056
https://doi.org/10.1007/BF00342958
https://doi.org/10.1007/BF00342958
https://doi.org/10.1523/JNEUROSCI.0415-11.2011
https://doi.org/10.3389/fncom.2015.00094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	A Process for Digitizing and Simulating Biologically Realistic Oligocellular Networks Demonstrated for the Neuro-Glio-Vascular Ensemble
	Introduction
	Overview
	Cytoscale in silico Neuroscience
	Application to Brain Energy Metabolism

	Process Description
	WF1 – Electron Microscopy and 3D Reconstruction
	WF2 – Segmentation and Analysis
	Segmentation and 3D Reconstruction
	Visual Qualitative Analysis Tools
	Quantification of Cellular Structures

	WF3 – Biochemical and Physiological Modeling
	Evolution of the NGV Model
	Development, Design and Discovery
	Clinical Relevance

	WF4 – Visualization and in silico Imaging
	Livre
	Open-Source Visualization Tools
	In silico Imaging
	Virtual Reality
	CAVE (Cave Automatic Virtual Environment)
	HMD (Head Mounted Display)



	Summary
	Author Contributions
	Funding
	Acknowledgments
	References


