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Researchers propose building technologies to enable comprehensive mapping and
control of neural circuit activity.

Neuroscientists have made impressive advances in understanding the

tors, including cellular, systems, and
computational neuroscientists, to the
methods and data needed for develop-
ing, testing, and verifying theories of
how the brain operates.

The BAM project will be timely;
we perceive a critical coalescence of
technologies from diverse fields. Mod-
el organisms could be a comerstone of
this project, as a means to extend these
technologies to the human brain in a
minimally invasive fashion. Inverte-
brates such as the worm, fly, or leech
are ideal for testing new technologies,
where the results can be compared to
extensive, growing bodies of data on
the functions of identified neurons and
smaller-scale circuits. They could also
be used to spearhead new capabilities
for data acquisition and analysis and
for theory development. Small verte-
brates, such as the zebrafish, mouse,
and rat, may permit stepwise scaling up
of new technologies to achieve increas-
ingly greater depth, temporal resolu-
tion, chemical sensitivity, and number
of recorded neurons. With advances in
technology, as yet unexplored systems
could also become accessible. Finally,
in parallel with the animal work, from
the outset, we will seek to develop
techniques to perform related meas-

microscale function of single neurons and the macroscale activity of the
human brain. One can probe molecular and biophysical aspects of indi-
vidual neurons and also view the human brain in action with magnetic
resonance imaging (MRI) or magnetoencephalography (MEG). Howev-
er, the mechanisms of perception, cognition, and action remain mysteri-
ous because they emerge from the real-time interactions of large sets of
neurons in densely interconnected, widespread neural circuits.

It is time for a large-scale effort in neuroscience to create and apply
a new generation of tools to enable the functional mapping and control
of neural activity in brains with cellular and millisecond resolution. This
initiative, the Brain Activity Map (BAM), could put neuroscientists in a
position to understand how the brain produces perception, action, mem-
ories, thoughts, and consciousness and be a major step toward a com-
plete understanding of brain function and dysfunction. The BAM project
will seek to fill the gap in our knowledge of brain activity at the circuit
level, a scale between single-neuron and whole-brain function (/-3). It
will therefore provide a bridge that will enable recording and manipulat-
ing the activity of entire circuits, networks, and possibly eventually
whole brains with single-neuron precision.

The BAM project is essentially a technology-building research pro-
gram with three goals: (i) to build new classes of tools that can simulta-
neously image or record the individual activity of most, or even all,
neurons in a brain circuit, including those containing millions of neu-
rons; (ii) to create tools to control the activity of every neuron individu-
ally in these circuits, because testing function requires intervention; and
(iii) to understand circuit function. The third goal will require develop-
ing methods for storing, managing, and sharing large-scale imaging and
physiology data, as well as developing methods for analyzing data and
modeling underlying neuronal circuits, leading to emergent principles of
brain function. It will be carried out by providing access to all investiga-

urements and controls in human scientific or clinical applications.

We envision the BAM project as an open, international collaboration
of scientists, engineers, and theoreticians, throughout academia and in-
dustry, with work carried out both by individual laboratories and in new
collective efforts. Within 5 years, it should be possible to monitor and/or
to control tens of thousands of neurons, and by year 10 that number will
increase at least 10-fold. By year 15, observing 1 million neurons with
markedly reduced invasiveness should be possible. With 1 million neu-

Neuronal activity in the mouse hippocampus, as shown by
two-photon calcium imaging.
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rons, scientists will be able to evaluate the function of the entire brain of
the zebrafish or several areas from the cerebral cortex of the mouse.

In parallel, we envision developing nanoscale neural probes that can
locally acquire, process, and store accumulated data. Networks of “intel-
ligent” nanosystems would be capable of providing specific responses to
externally applied signals, or to their own readings of brain activity.
These, together with noninvasive optical methods, could have clinical
applications for diagnosing or treating neuropsychiatric disorders, and
restoring lost functions after stroke, as well as helping to generate theo-
ries of human cognition and behavior and brain disease at a neural net-
work scale of explanation.

Many of the most devastating human brain disorders, such as epilep-
sy, depression, schizophrenia, autism, and dementia, may emerge when
large-scale interactions within the brain are disrupted. Similarly, volun-
tary movements are lost when strokes, cerebral palsy, amyotrophic lat-
eral sclerosis, or spinal cord injury disconnect the brain and body. We
believe that tools and knowledge created by the BAM project may lead
to new approaches to rebalance disordered networks and treat such dis-
eases. Early studies have already shown that an individual can overcome
profound depression when deep brain stimulation modulates disrupted
neural circuits (4), and emerging brain-computer interfaces allow a per-
son completely paralyzed from a stroke to feed themselves using a robot-
ic arm controlled by their thoughts (5).

The BAM project will generate a trove of techniques for the neuro-
science community. Just as better sequencing methods arose as a result
of the Human Genome Project, concerted technology development will
likely make imaging and electrophysiological and computational tech-
niques more powerful, more robust, and less expensive, thus becoming a
cost-effective way to support future neuroscience research and create
clinical and commercial applications.

This proposal is meant to stimulate scientists and administrators; our
role is merely to help catalyze action. We believe this initiative should
be funded by a partnership between federal and private organizations. It
is essential that those funds not be taken away from existing neurosci-
ence initiatives, which we view as crucial. In addition, data from the
BAM project should be made immediately public and accessible to all
researchers

In addition to the fundamental, clinical, and technological advances
described, the BAM project will also provide fertile ground for the train-
ing of new generations of interdisciplinary researchers, equally at home
in the neurosciences, the physical sciences, and engineering. The eco-
nomic activities galvanized by the BAM project are expected to be com-
parable to those of the Human Genome Project, in which a $3.8 billion
investment generated $800 billion in economic impact (6). We believe
that when devoted and passionate groups of people join together to
achieve these extraordinary goals, they will have transformational bene-
fits for humanity.
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