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The brain is the control center for all our thoughts and actions.
Have you ever wondered exactly how your brain works as you
run, jump, and play? To look inside the working brain, scientists
use a combination of high-tech microscopes, lasers, and genetic
engineering, which allows them to directly see the cells within the
brain—called neurons. Scientists can make neurons glow when those
cells become active, which tells scientists the neurons are passing
information to each other in large networks. In this way, neurons
take in information from the environment and use it to plan your
next move. We will discuss the biology, physics, and virtual tools
that scientists are using to directly examine the activity of neurons
in the brains of mice. The findings from these experiments help
scientists understand how neurons work together, how they help us
learn and remember, and what goes wrong in disorders that affect
the brain.
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NEURON

A type of cell found in
the brain; they are the
basic units that make
up the nervous system.

ION

Is a positive or negative
electrically
charged molecule.

ION CHANNEL

Is like a little door or
tunnel made of
proteins that forms in
the outer wall of a cell
and is used to transport
ions in and out of

the cell.

SYNAPSE

Specialized gap that
forms a connection
between two neurons.
Synapses allow
neurons to pass signals
or messages to one
another, which allows
our brain to

process information.

CALCIUM SENSOR

A group of special
proteins that scientists
have engineered to
glow when calcium
ions are nearby within
a cell.

GENETIC
ENGINEERING

Is a process of
changing the genes
(tiny units of
information) of

an organism.

BIOLOGY: NEURONS, NETWORKS, AND ACTIVITY

The human brain consists of many tiny structures called cells. The
most common cell type in the brain is called the neuron. Neurons
are like little machines that keep the brain running and allow us to
see, to think, to plan our movements, and even to read this sentence!
Our brains have over 86 billion neurons—so many parts working
together to allow us to interact with the world around us. Neurons
form connections with each other so that they can communicate
and pass important information to their neighbors. These connections
create complex networks, each with specific functions. For example,
to recognize a flower, first you see the flower with your eyes, then
certain neurons in your brain process information about its shape and
color, and these neurons share this information through a network
with other neurons that process additional information about how
the flower smells. Neurons within memory networks examine whether
you have seen this flower before. Together, these neurons form a
recognition network and allow you to determine that the flower is a
daisy, for example. Likewise, there are networks that guide you through
the world like a map, that help you run and jump, and that let you figure
outthat 2 4+ 2 =4!

Neurons can pass on information using the strength and timing
of small electrical currents flowing through them. To create these
electrical currents, neurons use electrically charged ions, which are
some of the smallest and most basic building blocks in the universe.
One important ion for neurons is calcium, which can flow into the
neuron through tiny openings called ion channels. When enough
calcium and other ions flow into the neuron, we say the neuron
is “activated”—like when you turn on a light. Activated neurons can
pass chemical messages to other neurons through small contacts
between them, called synapses (Figure 1). One chemical message
may tell the next neuron to get to work passing on more messages,
faster! This gets the other neurons very excited and produces more
electrical activity. Another chemical message may tell the same neuron
to stop what it is doing; this inhibits the electrical activity, and the
neuron becomes quiet for a while. All this message-passing activity is
happening constantly in your brain—neurons are a very active bunch.
To see when neurons are activated, scientists use small molecules
that can sense calcium ions and then start to glow—these are called
calcium sensors (Figure 1) [1]. One way to get calcium sensors into
a neuron is by using genetic engineering to alter the DNA. Since a
calcium sensor is made up of several proteins, scientists can add the
blueprints of these proteins to an animal’'s DNA, to create mice in
which calcium sensors are present in specific types of neurons. These
mice are otherwise just like normal mice, except the calcium sensor
in each neuron has a green fluorescent protein that can glow when
it binds to calcium ions, if a bit of energy is provided by shining laser
light onto the neurons. The glowing complex first absorbs the energy
from the light and then quickly loses this energy by emitting light of
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Figure 1

Visualizing the activity
of neurons in the brain
using calcium sensors.
(A) The brain consists
of neurons. (B) The
activity of neurons
depends on the flow of
calcium and other ions,
which generates
chemical messages
that are sent between
synapses. (C) Scientists
can track the
concentration of
calcium ions within a
neuron using the
“glow” produced when
calcium binds to a
calcium sensor. The
glow means the cell is
“on” or active and can
pass messages to other
neurons in its network.

TWO-PHOTON
MICROSCOPE

A special microscope
that uses photons
("packets” of laser light)
to see deep into living
brain tissue.

its own—hence the glow. When the neuron is activated, this glowing
process happens very quickly, within a fraction of a second, and lasts
until the neuron becomes inactive again. Once the neuron is inactive,
it becomes dark and is no longer visible. By watching the changes
in glowing neurons over time, we can follow the communications of
neurons within their networks.
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PHYSICS: THE TWO-PHOTON MICROSCOPE

To directly observe the glowing neurons in the brain, we use a
two-photon microscope. There are three important technical details
that make looking directly into the brain possible (Figure 2). First,
a two-photon microscope has a special laser, and its laser beam
provides the energy for the calcium sensors to glow after they bind
to calcium ions. The laser beam is directed by mirrors and glass
lenses toward the second most important part of the microscope: the
objective. The objective magnifies the tiny neurons, which are each
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Figure 2

Imaging brain activity
using a two-photon
microscope. The laser
light (shown in red)
passes through several
mirrors and lenses
within the microscope
to excite the calcium
sensor (excitation). If
the neuron is active and
therefore contains a lot
of calcium ions, the
light emitted (emission)
is bright enough
(shown in green) to be
seen by the detector
and can be analyzed
using a computer. The
pattern of neuronal
activity is assessed over
time, creating a readout
of high and low activity
for each neuron as the
mouse is performing
various behaviors.

around 10 wm in size (0.01 mm). The magnification is usually around
20 times higher than that of the naked eye. The objective focuses the
laser beam into the mouse brain, enabling the calcium sensor to glow,
and it also collects the emitted (glowing) light and directs it to the
third most important microscope part: the detector. The detector is
called a photomultiplier tube, and it amplifies the emitted light from
the neurons and converts it to a signal, like a live camera. Once we
make a small glass window into the brain of the mouse, we can watch
a video of the activated neurons flashing on and off via a connected
computer screen, and we can also record them. We can analyze these
videos to get a signal for each neuron over time, so we can understand
the neuron’s activity pattern and how neurons are communicating
within their networks.
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BEHAVIOR: NAVIGATING IN A VIRTUAL ENVIRONMENT

This technique, called two-photon calcium imaging, allows us to
observe what is happening in the brains of mice while they perform
certain tasks [2]. Such experiments could help us to understand what
might be going wrong in certain brain disorders, and it can also help
us understand the role that specific neurons play in various behaviors.
For example, one task in our experiments is for mice to navigate
through a maze (Figure 3A). This maze is part of a virtual reality system
that the animals control with their movements. It is basically a tiny
cinema for the mice, made up of several monitors surrounding the
animal. To move and navigate through the maze, the mice must use a
running ball as a controller, just like running on a treadmill. The running
ball floats on pressurized air so that the animal can run forward,
backward, left, right, straight, or in circles. The movement of the ball
is processed by a computer, which then translates this movement
into the mouse's position within the virtual maze [3]. So, just like in
a virtual reality video game, as the mouse moves, it navigates through
the virtual environment.

HOW NEURONS WORK TOGETHER

To find their way out of the maze, the mice must use certain regions
in their brains to perceive the environment and navigate through it
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Figure 3

Specific brain regions
help mice to find their
way through a virtual
maze. (A) Mice navigate
by running on a ball
pushed up by
pressurized air. The
virtual environment is
controlled by the
movement of the
mouse on the running
ball. (B) Regions of the
mouse brain,
specifically of the
cerebral cortex, that
may contain activated
neurons during the
virtual task, including
sensory (visual,
auditory,
somatosensory), motor,
and association regions
(retrosplenial,
prefrontal, and
posterior parietal) of
the cortex.
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(Figure 3B) [4]. First, neurons of the visual system are activated so they
can see the maze, the colors, and the edges of the walls. The main
brain region for visual information processing is the primary visual
cortex. If there are sounds in the virtual maze, neurons in the auditory
cortex are involved. The sensation of touching the ball as the mouse is
running through the maze is mediated by the somatosensory cortex.
Second, neurons that are activated for the planning, controlling,
and performance of the animal's actual movements are located in
the motor cortex and prefrontal cortex. All this sensory and motor
information must also be combined, and this involves neurons in
association regions, such as the posterior-parietal cortex. Finally, for
the mouse to know exactly where it is in the maze, neurons in regions
like the retrosplenial cortex will be activated [5]. Therefore, sensory,
motor, and association networks all work together, passing messages
back and forth to each other continuously so that the mouse can find
its way through the maze. Humans also use the same general sensory,
motor, and association brain networks to navigate their way through
the real world every day.

CONCLUSION

Using two-photon imaging and related techniques, scientists can
literally watch the activity of neurons and neuronal networks in
the brain while animals are in action. The biology, physics, and
experimental design behind this approach are complex, but so is
the brain! Using detailed analysis of the neuronal activity patterns
collected using these techniques, scientists can investigate a variety
of questions about how the brain works. For example: "How do we
navigate through our environments?”’, “What is the contribution of
each of our senses?”, "How are memories of the environment formed
in these networks?” and “How do illnesses that affect neurons disrupt
these networks?” These questions also include aspects of learning,
forgetting, attention, aging, and disease—all important in our daily
lives and all controlled by the billions of tiny neurons in our brains,
working together.
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| would like to be an engineer and later work in fashion and get a degree in
neuroscience. | am a productive person but | need to be interested in the thing |
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