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What do you mean by digital reconstruction?
A digital reconstruction of brain tissue, in the sense of our paper, is a mathematical model of brain tissue, which allows us create a digital representation of the tissue and to simulate its dynamics, and which is formulated at a level of detail sufficient to permit in silico replication of lab experiments in brain tissue and in living animals. The reconstruction contains details of the anatomy and physiology of every neuron and every synapse in a selected volume of tissue. Importantly, reconstructions use data from large numbers of animals and do not represent the brains of any individual. Furthermore, most of our studies use multiple reconstructions, all compatible with the biological constraints we have derived from the literature and from a wide range of experimental data.
What do you mean by neocortical microcircuitry?
The part of the brain we consider in this study comes from the neocortex, a part of the brain, which is key to processing sensory information and integrating it into higher cognitive functions. In the brain, neurons are connected by synapses, which pass the signals generated by one neuron to other neurons. A set of connected neurons forms a circuit. The neural circuits in the brain can be seen as a hierarchy. Microcircuits - at the bottom of the hierarchy - are formed by densely interconnected local networks of neurons, and can be seen as a local computational unit at the foundation of a hierarchy of brain circuitry.  Microcircuits are further connected by medium- and long-range axons, but in a much sparser way, forming the highways and superhighways for brain-wide information flow.  In the digital reconstructions presented in this paper, we consider the microcircuitry of about 1/3 of a cubic metre of tissue. The circuitry we study comes from the neocortex, the most recently evolved part of the cortex. This is why we call it "neocortical microcircuitry".
You say this is a first draft reconstruction. What exactly do you mean?
It is a first draft of a complete map of all the cells and synapses in the neocortical microcircuitry. This includes about 30,000 neurons, 40 million synapses, 8 million connections, 2000 main types of connections (like highways in city) and 27,000 subtypes of connections (like small roads in a city). It is a first draft because it is the initial release on a roadmap to progressively integrate additional biological features such as neuromodulation, plasticity, genetic and sub-cellular properties, non-neuronal cells (glia), blood vessels etc. –and because it almost certainly contains errors due to lack of data and knowledge. Making this first draft available to other researchers around the world allows them to challenge the accuracy of the map. We will use their feedback to generate future versions of the map. Each iteration will give us a more accurate representation of the biology

What is somatosensory cortex and why did you choose it? What about other brain regions
Somatosensory cortex is the area of the cortex that processes sensory signals from the surface of the body (touch). We chose it because it is an area that we and other researcher have studied extensively. We have used data from these studies both to build the model and to validate its accuracy. As concerns other brain regions, we are already working to build digital reconstructions of the whole somatosensory cortex (larger scale reconstructions than our current reconstructions of neural microcircuitry), hippocampus, cerebellum and basal ganglia, and the whole brain. Much of this work is being carried out in the context of the Human Brain Project, and in collaboration with the wider world neuroscience community.
Why did you choose to model rat, when to date we cannot even model the brain of C.elegans? What about other species
We chose the rat, rather than a simpler animal such as C.elegans (a simple worm), both for technical reasons and because of its relevance for understanding the human brain. The first reason we use rat, is because it is a mammal, whose anatomy and physiology are much closer to humans than those of C. elegans or other very simple animals. Although the rat brain is obviously very different from the human brain, a lot of the basic biology is the same. Furthermore, many of the research strategies and tools we have developed in rats, could also, in principle, be applied to humans.
There are also good technical reasons for using rats. One is that they reproduce easily, making it possible to collect data from enough animals to obtain statistically meaningful results. Another is that some of our key techniques, like patch clamping, are more difficult with cells from other animals. 
Your paper talks a lot about cell-types. Why are they so important?
To understand a complex system such as brain tissue, we first need to understand the elements of the system – the neurons and synapses. With current technology, it is not feasible to measure every neuron and every synapse in even a small piece of neural tissue. But cells group into different morphological and electrical types. So when we build our digital reconstructions we do not reconstruct each neuron individually. Instead, we create a database of neurons belonging to all the different types. Then, we measure the densities of neurons and the proportion of neurons of each type in each of the six layers of the rat neuron. The next step is to create a virtual volume each of whose six layers has the same thickness as the six layers of the rat cortex. Then we populate each layer with an appropriate number of model neurons for each type and work out their connections.  This is a very efficient strategy. Experiments reported in the paper show that our digital reconstructions have connectivity and behaviour that are comparable to what we observe in the lab. However, they require only a tiny proportion of the data we would need, if we did not use types.  By using neuron types, we get closer to our goal of reconstructing larger brain regions and even the whole brain, not just in rats, but also in humans.
How did you validate your reconstruction?
Digital reconstruction involves building a model using parameters that are strictly specified by biological experiments. Every time biological data is added, it is validated against other biological data. Validation does not happen just at the end; it happens at every step of data integration. 
A digital reconstruction is valid for a particular kind of experiment, if it enables researchers to apply the same protocols they apply when working with biological tissue and if simulation reliably produces comparable results. We validate our digital reconstruction against biological measurements that we did not use in the reconstruction process. If the measurements do not agree, we know that there is something wrong, either with the reconstruction or with the original data. We then go back and check them until we find and correct the source of the problem. By repeating this process many times, we gradually improve the accuracy of the model, and our understanding of the underlying biological principles. The fact we have now published our first draft does not mean that this process is over. We will carry on validating and improving the accuracy of the reconstruction for many years to come. You can find the results of the tests we have performed so far on a web portal we have developed, called the Neocortical Microcircuit Collaboration Portal (https://bbp.epfl.ch/nmc-portal). 
How does your work compare to saturated reconstructions of neural microcircuitry based on electron-microscopy?
Saturated reconstructions such as the work recently published in Cell by Kasthuri and colleagues, represent wonderful research, and will provide valuable input for future digital reconstructions of neural microcircuitry (our paper was completed before the release of the Kasthuri work). The main difference between our work and theirs is that they produce an extremely accurate picture of the anatomy of the individual neurons and synapses in very small piece of tissue (1,500 μm3) in a single animal, whereas we produced a statistical reconstruction of a piece of tissue that was more than 100,000 times larger, using data from a large number of animals.  Because saturated reconstructions are so small, there are many key aspects of the microcircuitry they cannot cover. These include individual neurons and their dendrites, the connection probabilities between neighbouring neurons, the numbers of synapses in connections between pairs of neurons of given types etc. In principle, our method can be used to reconstruct large volumes of tissue such as brain regions or the whole brain - including not just the anatomy but also the physiology. This is not possible with current techniques of electron microscopy. Interestingly many of the results of the paper from Kasthuri et al match our own - for instance we both found that connections among neurons always involve multiple synapses.
How easy will it be to scale-up your reconstructions?
Our goal is to scale-up our reconstructions to cover whole brain regions, and the whole brain - first of rodents and ultimately of humans. Before we achieve this, there are many challenges we will have to solve. We will need new tools, for instance to model parts of the brain outside the cortex, more computing power, more data, and more algorithms. We are making progress in all of these areas. The tools are probably not a big constraint - there is a lot of work to be done but we do not see any insurmountable barriers. The same is true for computing power. The supercomputer we already have - and the other supercomputers we can access through the Human Brain Project - are powerful enough to simulate a complete rat brain at our current level of detail. The larger "exascale" computers we will need to simulate the human brain are just over the horizon. 
We do have an issue with data - we need much more than is currently available. This is one of the reasons we think that reconstructing the brain must be a community enterprise. But that having been said, our strategy allows us to start work with relatively little To cite one example, we are already working on a model of the whole mouse brain based on data we didn't use in the current reconstruction. The result will be an approximation and many important details will be missing. Nonetheless, it can be readily combined with the microcircuit approach described in this study, to yield first draft reconstructions of large parts of the brain.
Why does your model not include plasticity
We are following a specific set of steps – each step makes the next step easier. First we have to represent molecules in our models of synapses and neurons. These molecules provide the essential machinery underlying plasticity. 
	Why does your model not include glia
We set out to obtain a complete map of all the neurons and their connections – this map can be obtained and simulated without directly accounting for the glia. However, glia (and their relationship with neurons and the vasculature) play a vital role in the functioning of the brain, providing it with energy, and supporting processes involved in synaptic transmission. So obviously they are one of our next steps. Now that we have the map of the neurons and synapses, we can relatively easily add the glia, then the blood vessels, etc. 
	Why does your model not include neuromodulation and metabolism
Like glia, neuromodulation and metabolism play an essential role in the brain and will need to be included in future reconstructions. In neuromodulation, neurotransmitters and other molecules are released in specific locations, from where they spread through the extra-cellular fluid. Finally, they lock onto receptors on the cell membrane, setting off complex signalling cascades, which temporarily modify the cell's behaviour. These are all extremely complex processes, which are understood only imperfectly. Simulating them will therefore require significant new experimental research and data, new tools to integrate the different spatial and temporal scales on which these processes take place (from molecules to whole circuits, from microseconds to minutes) and significant computing power. Incorporation of neuromodulation in our reconstructions is therefore a relatively long way down our roadmap.
	Is the model open?
Together with today's paper, we have created a public web site giving researchers full access to all the experimental data we used in building and validating our reconstruction, thousands of neuron models and several of our software tools – the Neocortical Microcircuit Collaboration Portal (https://bbp.epfl.ch/nmc-portal). The simulator we used (NEURON) has always been available as open source software. Progressively, we are also making the software tools used for the reconstruction, simulation, analysis and visualization progressively available as open-source software at https://github.com/BlueBrain. In the coming months, the Human Brain Project will release its Brain Simulation and High Performance Computing platforms, which will allow researchers to propose projects that use the software and analyse the results.
	Why do you believe that reconstructing and simulating the brain will allow us to understand it better?
There are several different answers to this question. The first is that the process of building the reconstruction is enormously informative. The only way to build a comprehensive model from sparse data is to exploit the interdependencies present in the biology, as revealed by the experimental data. Recognizing these interdependencies is a major step towards understanding the biological principles underlying the structure and function of the brain. Furthermore, discrepancies between the reconstruction and the experimental data provide additional insights - revealing errors in the reconstruction but also in the experimental data themselves. 
The second answer is that digital reconstructions and simulations provide a new way of doing neuroscience - what we call in silico neuroscience. Once it has been established that simulation can provide reliable answers to a specific class of scientific questions, researchers can explore these questions using the simulation before they go to animals or biological tissue. Simulation allows them to perform experiments much faster and at lower cost than would be possible with alternative methods, Moreover in silico experiments, unlike biological experiments, allow researchers to stimulate, manipulate and measure every aspect of the system they are studying, and repeat experiments as often as they wish, under perfectly controlled conditions. This makes it possible to perform studies that would not be feasible in the lab. In brief, digital reconstructions and simulations will contribute to understanding the brain by making studies easier and faster and by allowing completely new kinds of study.
Will digital reconstructions ever replace animal experimentation? 
We often say that our reconstructions are data-driven. More precisely, they are deeply dependent on data from animal experiments. Reconstructing brain regions or whole brains will require very many of these experiments. So no, our methods will not replace animal experimentation.  But they do help make every animal experiment enormously more valuable and they will help us chose the animal experiments which can give us most data. For example, once we have proof that our reconstructions accurately predict the properties of synaptic connections, it will no longer be necessary to measure them, and we can move on to measure how they change during learning or as a consequence of a specific experience. This is a major step forward.
	How does the Blue Brain Project relate to other big brain projects such as the US Brain Initiative or the work of the Allen Brain Institute
The ideas developed in the Blue Brain Project formed the basis for developing the Human Brain Project – in particular the part of the project dedicated to Future Neuroscience. We then added Future Computing – neuromorphic computing – and Future Medicine – the use of modern computing technology to analyse patient data for biological signatures of disease. 
For its part, the Blue Brain Project focuses on digital reconstructions and simulations of neural tissue and is making its tools available to other projects, which have a different focus. For instance, the US Brain Initiative aims to produce new technologies with the potential to produce large volumes of data on whole intact brains. This data will be incredibly valuable for reconstructing brain regions and whole brains - potentially for humans as well as rats. 
A second example is the Allen Brain Institute, which has developed maps of gene expression we are using to forecast the number of neurons of different types in different areas of the brain - and is now working on other large-scale brain mapping initiatives, which will be equally valuable (e.g. Mindscope -mapping the mouse visual system). We already have collaborations with these initiatives. More generally, relations between the various big brain projects in different countries are highly cooperative. We all recognize that the challenge of the brain is too large for any single nation, organization or project. 
Glossary
Action potential. A short-lasting electrical event in which the membrane potential of a cell rapidly rises and falls, following a consistent trajectory of depolarization and hyperpolarization.
Axon. A long projection of a neuron that conducts electrical signals very efficiently due to a special sheath surrounding it.
BlueGene: IBM supercomputer. The BlueGene/Q currently used in the EPFL Blue Brain Project is a massively parallel, tightly interconnect machine with 65,536 processors, 839 Teraflops of peak performance, 65 TeraBytes of RAM, 128 TeraBytes of BlueGene Active Storage (BIGAS) and more than 4 PetaBytes of hard disk. 
Bouton: An enlarged part of a neuron or fibre, where it forms a synapse 
Neuron type: Neurons can be into types according to their morphological, electrophysiological, and genetic properties. Current BBP digital reconstructions recognize 55 layer-specific morphological types (m-types) and 207 morpho-electrical types (me-types). Neuron types play a fundamental role in the BBP digital reconstruction process.
Connectome: In the digital reconstruction, the complete connectivity map between neurons, including the locations of all synapses.
Connection: a channel allowing two neurons to communicate - a connection always consists of multiple synapses.
Cortex: A region of the brain consisting of several areas associated with specific cognitive processes (pre-frontal cortex, auditory cortex, visual cortex, entorhinal cortex etc.).  
Dendrite: The branched projections of a neuron that conduct electrochemical signals received from other neurons to the soma.
Digital reconstruction: A comprehensive digital model of a volume of neural tissue (a microcircuit, a brain region, the whole brain) representing multiple levels of anatomy and physiology (e.g. neuron morphologies, electrical behaviour, connectivity, synaptic behaviour etc.)
Electron microscopy (EM): A technique for obtaining highly magnified images of biological tissues using an electron microscope.
Electrophysiology: The study of the electrical properties of excitable biological cells and tissues.
e-type: Electrical type
me-type: Morpho-electrical type
Evoked activity: The activity of neural tissue when it is subject to physiological or experimental stimulation
Exascale: Refers to a supercomputer with a performance of 1018 flops. Computers with this level of performance are expected to become available towards the end of this decade.
Flop: Floating Point Operations per Second. A measure of computer performance. The largest current supercomputers have a performance in the order of Petaflops (1015 flops). Exascale super-computers planned for the end of the decade would have a performance in the order of exaflops (1018 flops).
Gap junction: A synapse allowing molecules, ions and electrical impulses to pass directly between neurons.
Glia: Non-neuronal cells that maintain homeostasis, form myelin, and provide support and protection for neurons in the nervous system.
High Performance Computing (HPC): The use of parallel processing to run advanced applications programme efficiently, reliably and quickly. The term HPC is sometimes used as a synonym for supercomputing, although technically a supercomputer is a system that performs at or near the currently highest operational rate for computers.
In silico: A process or experiment performed on a computer. In the BBP a process or experiment that uses computer simulation.
In vitro: An experiment that uses components of an organism (e.g. a brain slice) that has been isolated from its usual biological context.
In vivo: Studies using a whole, living organism as opposed to a partial or dead organism
Ion channel: A group of protein molecules located in the cell membrane. The molecules’ special properties allow or prevent the passage of specific molecules between the inside and outside of the cell, a process that works in many different ways, depending on the molecules’ electrochemical properties. Ion channels are targets for neuromodulation and for drugs. The distribution of ion channels determines the electrical behaviour of the cell.
Microcircuit: A neural circuit that includes all the local arborisations of neurons lying at the centre of the circuit  (typical radius 200–500 µm).
m-type: Morphological type
Morphology: The 3-dimensional shape of a neuron. Neurons with different morphologies can be classified into morphological types (m-types)
Multi-Electrode Array (MEA): An array of electrodes allowing simultaneous stimulation of and recording from neural tissue.
Multi-level: A description of the brain or neural tissue that takes account of its different levels of organisation (molecules, cells, microcircuits, brain regions, the whole brain)
Multi-objective optimisation: An optimisation procedure that measures the “fitness” of alternative solutions in terms of more than one objective.
Neocortex: In evolutionary terms, the most recently evolved part of the cortex. The neocortex is made up of six layers, labelled from I to VI. In humans, the neocortex is the largest part of the cortex, where it plays an important role in higher cognitive functions including perception, motor control, spatial reasoning, conscious thought, and language.
NEURON: A well-known environment for empirically based simulations of neurons and networks of neurons. Developed by Michael Hines, Yale University, USA.
Patch clamp: A widely used technique for simultaneously stimulating and recording from neurons. The Blue Brain Project has pioneered the use of patch clamp techniques with as many as 12 neurons.
Petascale: Refers to a supercomputer with a performance of 1015 flops. In November 2011, the Japanese K computer became the first machine to achieve a peak performance of more than 10 Petaflops.
Reconstruction: Technique used to trace and digitise the 3D morphology of a nerve cell from stained tissue through 2D microscopy.
Registration: The process whereby a concept (e.g. the name of a brain region) or a set of experimental data (e.g. data describing a brain region in an individual) is mapped to coordinates in an atlas.
Repair (of morphologies): Correction of 3D neuron morphologies to remove artefacts (typically slicing artefacts and artefacts due to tissue shrinkage).
Resting state: The state of the brain when not engaged in any specific cognitive activity.
Simulation: A computation that predicts the time course of electro-physiological activity of a neuron or a neuronal circuit, given specified initial conditions. Simulations form the basis for a potentially unlimited range of in silico experiments, allowing stimulation and manipulation of digital reconstructions as well as systematic measurements that would be difficult or impossible in vitro or in vivo.
Soma: The body of a nerve cell or neuron that houses the nucleus.
Somatosensory cortex: the area of the cortex that processes signals from the surface of the body (touch) 
Spontaneous activity: The activity of neural tissue (or digital reconstructions of the tissue) in the absence of physiological or experimental stimulation.
Supercomputer: A computer whose performance is close to the highest performance attainable at a given time.
Synapse: The area of contact between neurons that enables them to exchange electrical or chemical signals and permits communication between them.
s-type: Synapse type
Terascale: Refers to a supercomputer with a performance of 1012 flops.
Tract tracing: Using a labelling agent to detect long-range brain pathways.
Transcriptome: The set of information required to fully represent all cDNA expressed by a cell during translation of the genome.
Validation: Testing of the structural and/or functional characteristics of a digital reconstruction or a simulation against results from laboratory experiments.
Workflow: A sequence of steps leading to a well-designed outcome. Term used both in management engineering and in computer science.



FAQ and glossary

1 What do you mean by digitl econstruction?

o i e ol e s s
i oo v e o i o o e o b
e e vt

2 What do you maan by neacortical microciruitry?

e et 1 o s b . ot
e e b e e
ey ey e ot v i 2 £
ooy eprmpe ity
ikl vyt
oo kbt el e ]

3 You say his I afrt draft roconstruction. What
exacty do you mean?

i o 8 s e et
e it s et e o s i, g
SR



