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In vivo imaging scientists broadcast from inside the brains of moving animals.
A message on an Alzheimer’s disease online
board seeks advice about a 75-year-old aunt
who incessantly yells at her 80-year-old husband without whom she cannot move about.
The aunt has stopped eating and refuses a
doctor’s visit. Behavioral changes in patients
with Alzheimer’s disease—memory loss,
impeded speech or motor skills, irritability,
and other personality changes—leave loved
ones clamoring for ways to lessen suffering.
For now, medications can only slow the disease progression in some cases, not cure it.
Neuroscientists are convinced that patients
will benefit from new ways of peering into
the brain that underlie behavior and the disturbance that brain diseases create.

To directly monitor the activity of neurons in the brains of awake, active animals
as they move, react and remember, scientists
have to create special experimental environments in which they can apply an evolving
array of activity indicators: for example,
calcium, whose concentration rises when
neurons fire (Box 1). The animals may be
moving or be partially restrained, and the
imaging systems, based on modalities such
as one- and two-photon microscopy1, are
tailored to the animal in a variety of ways.
Researchers built the first system to image
superficial cortex regions in behaving (for
rodents: chewing, resting and scampering)
rats in 2001. Princeton University scientist

David Tank, who is in both the molecular
biology and physics departments, Winfred
Denk, who directs the Max Planck Institute
for Medical Research, and their colleagues
videotaped the behaving rats and imaged
brain activity using a head-mounted miniaturized two-photon fluorescence microscope.
The microscope, with an objective, motor,
collimator and emission filter, was mounted
on the animal and connected to an excitation laser and optical apparatus through
a tethered optical fiber that delivered twophoton excitation pulses. The team imaged
blood vessels and applied calcium indicators,
resolving the activity of individual neurons.

BOX 1 WATCHING WAVES MOVE, HEARING SOFT VOICES
Perusing an individual’s bank account does not explain the current
financial crisis; in the same vein, neuroscientists seek the bigger
picture on neuronal events, says Thomas Knöpfel, team leader in
neural circuit dynamics at Riken Brain Science Institute.
In recent years, genetically encoded calcium indicators have
become neuroimaging workhorses, making scientists—including
him—happy, says Knöpfel. The hurdles encountered with voltage
indicators, such as trouble distinguishing noise from voltage
signals that occur in the tens of milliseconds range, prompted
him and others to work with the slower proxy, calcium, whose
concentration rises when voltage-gated channels in neurons open.
Yet, “we also have our dreams,” says Knöpfel, referring to voltage
indicators. “The brain is an electrical machine and not a calcium
machine.” Fast voltage events deliver fewer photons and noisier,
less modulated signals. “They speak less loudly,” but in their soft
voice, they have more to say.
“For many of us electrode jocks, we would love to know voltage.
Calcium is very useful to know for other reasons, but obviously
it’s not voltage,” says Jayaraman. “It is hard to imagine a calcium
indicator that can do a fantastic job if a cell is firing at 100 Hertz
and you want to capture each action potential.”
What also gets in the way of progress in using voltage indicators
is the more labor-intensive process of testing new variants. Unlike
calcium sensors, voltage indicators require cell transfection and
old-fashioned patch-clamp screening. Knöpfel believes that despite

the hurdles, others will find their way to voltage imaging in the
next few years.
At Janelia Farm, a multilab collaborative effort called the
Genetically-Encoded Neuronal Indicator and Effector (GENIE)
Project is engineering calcium and voltage indicators, testing
them and making them available to the community. “The
intent is very much to push sensor technology,” Jayaraman
says. Calcium indicators could in the future reach kinetics and
sensitivity such that some experiments might not require voltage
indicators, he says, although those indicators will still be needed
for very fast bursts of activity and subthreshold responses. “I
don’t think the answer is just one thing and not the other;
there’s a role for each.”
Knöpfel has returned to brain-wide studies with Butterfly, his
newest stepwise-tuned, voltage-sensitive fluorescent protein1. It
delivers less noisy, more discernible data than its voltage-sensitive
fluorescent predecessors, and it records subthreshold signals that
synchronize large groups of neurons, which calcium imaging does
not capture. In mice, he has tracked voltage waves running from
the visual cortex in the back of the brain to the motor area in the
front. These signals initiate the animals’ movement, delivering “the
bigger picture.”
He is now applying one-photon microscopy and Butterfly to
look at an entire side of a behaving mouse’s brain to see how brain
regions communicate with one another.
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says Paul Katz, a neuroTa n k a n d h i s t e a m
scientist at Georgia State
later developed ways to
University. Science needs
have a mouse star in its
conceptual and technical
own movie. As the anileaps. “Every technical
mal runs on a spherical
breakthrough leads to
treadmill, its movements
new concepts,” says Katz.
change the virtual-reality
environment around it 2.
While the mouse moves,
A tiny microscope
the scientists capture the
A separate technology
firing patterns and memleap was the development
brane-potential dynamics
of miniaturized fluoresof a type of neuron in the
cence microscopes that
hippocampus called place
mice or rats can wear as
cells, which help animals At Princeton University, a running
a high-tech hat. These
orient themselves. This mouse changes its virtual-reality
instruments record neuexperimental approach to environment. Reprinted from ref. 12. ronal activity while the
address unresolved quesanimal scurries about.
tions about brain function offers a “powerOne such device was developed in the lab
ful example of what will be learned in the
of Mark Schnitzer, who is a Howard Hughes
decades to come,” University of California, Medical Institute investigator in the biology
San Diego, neuroscientist Douglas Nitz and applied physics departments at Stanford
noted about the place-cell study in 2009. University, in colThe research also shows “that it is not l ab or at i on w it h
impossible to examine brain correlates of Abbas El Gamal
higher cognitive processes and at the same and Kunal Ghosh
time identify their underlying causes at
from the electrical
the cellular level.” His words still hold true engineering departtoday, he says.
ment. It weighs 1.9
Without a view inside an animal’s brain grams, less than a
as it behaves, scientists are unable to ask teaspoon of flour.
“the most important questions,” says T he i nst r u me nt
Harvard University neuroscientist Florian allowed the team Mark Schnitzer wants
Engert. “This is why David Tank’s mouse
to image nine cer- to study how large
on a trackball was such an enormous break- ebellar microzones, ensembles of neurons
through.” “It’s incredible, what he’s doing,” recording changes encode behavior.
in capillary diameter and blood flow as well as calcium spiking
in over 200 Purkinje neurons as the animal
rested, walked around its cage or ran in its
exercise wheel3.
His group is now using the miniaturized
microscope to study how large ensembles
of neurons encode behavior. “At this point
we have really transitioned a bit more
from technology development into taking advantage of the new opportunities
in systems neuroscience,” Schnitzer says.
The device is now being commercialized
(Box 2).
Another approach in his lab involves
inserting microendoscopes into the
brain and using them for one- and twophoton fluorescence imaging techniques.
Schnitzer’s team has managed to image a
mouse’s deep-lying neurons4. Although
prior longitudinal studies on brain areas
closer to the surface exist, this work imaged
Paul Katz plans to use optical imaging to study
circuits across sea slug species.
neurons deeper in the hippocampus

Dan Stober, Stanford News Service
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BOX 2 EYING A FUTURE MARKET
Technology developers in this area set their sights on distant
biomedical applications: for example, neuropharmaceuticals.
Neuro-oncologists and stroke researchers are among PerkinElmer’s
clients, and they apply noninvasive whole-animal imaging to see
neuron group response, says Anna Christensen, the company’s
marketing director for in vivo imaging. Smaller firms and startups explore miniaturized imaging modalities to monitor specific
brain activity in behaving animals.
At this year’s Society for Neuroscience meeting, Inscopix—a
Stanford University start-up formed in July 2011—takes its
miniaturized microscope named nVista HD to the marketplace.
“This is my life,” says Inscopix CEO Kunal Ghosh about his role.
He was first author on the paper3 describing the instrument and
now heads the firm he cofounded with Schnitzer and Abbas El
Gamal, who remain close to the company. The company has put
in place an early access system. Academics will probably be the
first customers, but pharma and biotech companies are showing
interest, Ghosh says.
Despite the contagious entrepreneurial energy in Silicon Valley,
he waited until he saw a “solid business model.” It emerged in
part through the neuroscience community’s reactions to the
prototype and its streamed video from a behaving animal’s brain
and to its potential to help study brain diseases, he says. Ghosh
also senses a way to bring miniaturized integration to light
microscopy that mirrors the shift from mainframe computing
to mobile tablets. This move could help address questions “that
people have not even considered because there is no way today
to solve their problem,” he says.
As Schnitzer explains, drug development tests include
behavioral assays for freely behaving mice and rats for which
validated and standardized data on the link between brain areas,
behaviors and treatment effects have been cataloged. Having
a microscope that is “readily deployable in such a context is
of high significance,” he says. Researchers would not need to
heavily modify these assays. “They can simply add the optical
imaging as an additional tool.”
Inscopix borrows from high-tech advances in several areas.
For example, embedded computing is part of the proprietary
data-acquisition box. The fabrication strategy is taken from
approaches and lessons in the semiconductor industry. From the
projects’ beginning, Ghosh “was against having any moving parts,
because moving parts lead to device failures,” he says.
The microscope’s price tag is not yet written. “We want to
price it such that every lab will not only be able to get one, but
get several of these systems,” he says. Lab members will be able
to image several mice at a time with less than a day of setup

over longer time periods. Now he can
combine this approach with the integrated
microscope. “This opens the prospect of
looking at neural dynamics across large
populations of individual neurons,” says
Schnitzer.
Tank’s group applies two-photon microscopy; Schnitzer chooses the technique
on the basis of whether the experiment
calls for animals that are freely moving

once the animals are prepped. He and his team are also writing
software to convert the video into spike data. “We want to get
people the output they look for,” he says.
Besides tracking neuronal calcium dynamics, the microscope
allows scientists to take a broader look at brain physiology, such
as by watching red blood cell flow at the single capillary level and
tracking blood cell speeds and capillary diameters while animals
behave. QImaging, a scientific camera manufacturer whose
“bread and butter” has been fluorescence live-cell and fixed-cell
microscopy, is also helping to image brain hemodynamics, says
product manager Chris Ryan.
Three years ago, the company began collaborating with
University of Toronto scientist Ofer Levi, who is developing
another type of portable, head-mounted optical brain imaging
system for rodents. In working with neurobiologists and
neurosurgeons, Levi realized that anesthesia confounds the study
of brain disease progression and neural response. Optical systems
offer a low-cost and minimally invasive path to image a large
area of the brain of freely behaving rodents and can help answer
systems neurobiology questions as well as those on epilepsy,
stroke and traumatic brain injury, he says.
Levi’s prototype is a tabletop multiwavelength system that
integrates intrinsic optical signal imaging and laser speckle
contrast imaging, which have disparate light-source needs. By
using vertical-cavity surface-emitting lasers, the device can
switch between high and reduced coherent illumination to
simultaneously measure oxygenation and blood flow. His team is
currently testing an initial miniaturized prototype system that
weighs 40 grams and works with several camera types, including
cameras from QImaging and a complementary metal-oxide
semiconductor camera from Teledyne DALSA.
The signal differences in light absorbance before and after
ischemic events are small, says QImaging’s application scientist
James Joubert, who worked with Levi to explore camera options.
The camera needed “appropriate triggering” so it could handle
input from the light sources switching back and forth very
quickly. And Levi needed “the frame rate to keep up with these
multiple types of images.”
In a first pass, they worked with a camera capable of up
to 15 frames per second, but they needed to ramp up speed.
They shifted from a charge-coupled device (CCD) camera to an
electron-multiplying CCD camera to take advantage of the short
exposure times with enough sensitivity to make measurements.
“He’s learning how to develop his system, and we gain really good
feedback—and that helps the product development cycle,” says
Ryan.

or head restrained. Schnitzer says that
one-photon images can be less crisp than
two-photon ones, yet the former technique
can sample many neurons and obtain fast
frame rates. Despite its slightly compromised resolution and optical contrast,
the greater collection of photons in onephoton imaging means that the ability to
detect calcium signaling in cells close to
the objective lens tends to be “about the

same,” he explains. “I see a role for both
of them.”
Know thy neurons
The ambition to understand the link
between behavior and the activity of neural
circuits dates back to locomotion and learning studies in the 1950s probing the components of circuits in insects and invertebrates
with electrodes, Katz explains 5–8. Over
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have tinier neurons.
He has used twophoton microscopy
and genetically
encoded calcium
indicators to image
neuronal activity
in active fruit flies9.
Genetic tools allow
fruit fly scientists to
target specific subsets of neurons in
fly after fly, making
the neurons identifiable. The neurons
also “are lit up like
This microscope weighs less than a teaspoon of flour.
a Christmas tree if
you put GFP in those lines,” Jayaraman says.
time, the electrophysiological approach
In Jayarman’s lab, tethered fruit flies
has expanded in many ways. In his summer
course on neural systems and behavior at are exposed to visual stimuli while they
walk on a trackball or fly in place. The fly’s
the Marine Biological Laboratory, graduate
head is held fixed under a microscope so
students and postdocs explore tagging and
imaging approaches across many species to that the cells in its brain can be imaged as
place neural circuits in the context of the the animal walks or flies. The researchers
recorded neuronal signaling from motionbehaving animal.
No explicit walls separate research groups sensitive neurons of the optic lobe using
two-photon imaging and a calcium sensor,
working on different species, but there are
‘islands’, says Engert, who studies zebrafish. GCaMP3.
To encourage information exchange
There is a “standard set of experimental
tricks” to tease apart contributions of sen- about physiological techniques for tethered, active fruit flies, his team runs the
sory input, internal state and behavioral
output across species, says Vivek Jayaraman, website FlyFizz (http://openwiki.janelia.
a neuroscientist at Howard Hughes Medical org/wiki/display/flyfizz/Home/) with the
Institute’s Janelia Farm who studies Card and Reiser labs at Janelia. Even with
Drosophila. Beyond working out circuitry all the information at the ready, “it still
more ge ne r a l ly, takes a little while to get it all right in your
“there’s a level at own lab,” he says, adding that his postdoc
which you have to Johannes Seelig has a special knack for
get the details right such experiments.
Despite constant tweaking, no longer
in your system, and
there’s no shortcut does every new experiment feel like a
pilot, Jayaraman says. Technology develthere.”
Although Katz opment has stabilized enough even for
now applies stan- labs that do not regularly work on fruit fly
dard electrophysiology, he plans to
use optical imaging
Vivek Jayaraman
to see differences
is pushing calcium
and voltage sensor
and commonalities
technology.
in circuits across
sea-slug species.
Not only do sea slugs have large neurons,
but each neuron is individually identifiable
from animal to animal. “That means you
can work out a circuit with absolute fidelity,” he says. Flies offer a similar fidelity.
“The slugs have nothing on us there,” jokes
Jayaraman about a possible superiority of
Drosophila can be imaged as the animals walk or
slugs over flies, but he adds that fruit flies do fly. Reprinted from ref. 9.
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fication. “But you
can image worms
in more interesting environments,”
he says.
K n ow l e d ge of
t h e w o r m’s c i rcuitry has helped
researchers understand the neural
basis of behaviors
such as responding
to temperature. But
To create whole-brain maps of neural activity, recorded data are mapped to
the animal’s overreference images.
all neural circuit
simplicity can be
physiology to try it. “I think it’s an attrac- a drawback because worm neural circuits
tive technology for a lot of people to get can differ from those of larger animals that
into circuits from behavior.” Researchers
are not constrained by neuron number,
adapt the systems to record from different Schaefer says.
brain areas in flies or with differing sensory stimulation. “It’s not just about doing Swimming in the Matrix
cool technical things and having technical Monitoring all the brain’s neurons at singletoys,” he says. “The whole point of this is
cell resolution in a behaving animal sounds
to get to the circuits.”
like a wide-eyed dream. Vertebrate heads
Some might say the Caenorhabditis and their opaque packaging shut out inquiselegans community got a big head start to itive eyes. With one exception: “There’s
get to the circuits with a team who deliv- nothing that beats a larval zebrafish,” says
ered the wiring diagram of the animal’s Engert; the embryo’s size and translucence
302 neurons in 1986. C. elegans already make this vertebrate well suited for neurooffers the advantage of being transparent science studies.
and thin, but this diagram identifies every
Enger t has pursued two imaging
individual neuron, says William Schaefer, approaches in parallel: bioluminescence
a neuroscientist at the University of and two-photon microscopy. Illuminating
Cambridge. In studying function in wild- neurons via GFP linked to the jellyfish protype and mutant animals, one can record tein Aequorin, the team developed an inexrepeatedly from exactly the same neuron
pensive way to use transgenic fish and a calin a known position in a known circuitry cium indicator expressed in a small number
and in an unlimited number of animals,
of genetically specified neurons 10. This
c
he says. “Even for Drosophila, the nextbest characterized nervous system, that
sort of universal precision is a long way
off.”
Many imaging systems exist for C. elegans. In Schaefer’s lab, neuronal signals
have been recorded from freely behaving
100 μm
worms with an automated system that
tracks the fluorescent neuron and moves
the stage to keep the spot close to the center of the viewing field, he says.
“With newer high-resolution cameras,
it is also possible to dispense with the
tracking stage and just use a magnification low enough that the worm always
stays within the field of view,” Schaefer
100 μm
says. Yet the spatial resolution can suffer, and multineuron imaging is difficult,
requiring more sensitive indicators to Fictive swimming in larval zebrafish allows
reconstruction of motor-related brain activity.
harvest enough signal at the lower magninature methods | VOL.9 NO.10 | OCTOBER 2012 | 957
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the animal control this computer
game that it is
basically playing,
simply by virtue of
neuronal activity.”
We i g h i n g h i s
two imaging
approaches, both
of which he conFlorian Engert put
tinues to use,
zebrafish in the
Engert says that the
Matrix.
Aequorin system,
with freely swimming fish, delivers data
from one neuron at a time or bulk traces
from multiple neurons, is easily set up and
less invasive. Two-photon imaging coupled
with fictive swimming “gives us everything
that the Aequorin gives us, but more,” he says.
Engert says that the zebrafish may not be
swimming, but these experiments shed light
on the neural circuitry underlying behavior.
Jayaraman echoes Engert’s views on behavior in these experiments. Referring to flies,
he says “it’s not the real thing, undoubtedly
not, but for specific experiments, I think
it serves quite well.” Experiments will get
“trickier and trickier” as researchers strive
to study more complex behaviors. But he
is optimistic that the community will “be
successful at getting a sufficient approximation to the real thing, and that we will learn
something important about the neural circuits and how they work in those behaviors.”
Justin Ide, Harvard University

simple setup is “appealing in its simplicity,” he says. “It’s almost like mind-reading
at a distance.” Neuronal activity brightens
the signal that can be recorded via a light
detector and photomultiplier tube. GFPAequorin needs no excitation, and its activity-based glow shows the activity of neural
populations in behaving zebraf ish over
several days. Although this type of neuroluminescence cannot be used to image
individual cells or spikes, the team believes
that efficiency boosts to light detectors will
improve data capture capabilities.
Separately, using two-photon microscopy
and a time series of images, Engert, graduate
student Misha Ahrens and their colleagues
managed wide cellular-level brain imaging11. They mapped the activity of neurons
in four brain areas and correlated them with
movement types, showing adaptive motor
control on a cellular level.
In the experiments, the fish is not moving but rather doing what Engert calls
‘fictive swimming’. The fish do not swim
freely because they are paralyzed and held
in place. This approach is a combination
of a Hollywood blockbuster movie concept
and a historic technique. “We put him in
the Matrix,” Engert says, referring to the
film. In The Matrix, people behave while
paralyzed, but “they don’t even know that
they are paralyzed.” The historical method involves recording from motor neurons. Electrodes capture signals for tail
flicks running through motor neurons
in the spine. These signals are a proxy for
intended behavior: attempted twists and
turns in the water as the fish reacts to a
virtual environment.
The fictive swimming output is processed computationally and fed back to
screens surrounding the animal that generate a virtual environment through which
the fish fictively swims. At the same time,
two-photon microscopy delivers a neuronal readout. The experimental setup was
eight years in the making, including construction of ten two-photon microscopes
in prototypes. Although the build-yourown in vivo imaging instructions are in
the paper, it is not a ‘turnkey system’, he
says. Besides needing dedication, scientists
have to develop decoding algorithms for
the fictive swims and reduce data dimensionality.
Engert downplays the biological insights
of this study, instead highlighting the
importance of finding a method to “have
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