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We have developed a new platform for mouse behavioral training which is
high-throughput, fully automated, and features voluntary head fixation. We have used several of
these setups to provide evidence mice can use perceptual concepts in sensory-based decision making
tasks, a complex cognitive skill so far undemonstrated in this mammalian species. We have also
developed a technology for simultaneous imaging and optogenetic perturbations of cortical networks
at near single cell resolution. With this technology we are studying the in-vivo rules of functional

plasticity in the cortex of adult mice.
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In this report we outline the overall technical
and scientific achievements made possible by
the awarded Kakenhi grant (3% B, #26290011)
during fiscal years FY2014-FY2016. The overall
aim was to advance our understanding of the
computational principles of cortical processing
for visual perception and sensory-based
decision-making. We are glad to report we have
met and exceeded all goals and expectations
outlined in the original proposal.
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The purpose of the research can be subdivided
into two main goals: (1) to setup and optimize a
high  throughput technology for mouse
behavioral training featuring voluntary head
fixation; (2) to setup and optimize a technology
for the interrogation of neural circuits with
simultaneous  recording and  optogenetic
stimulation, and (3) to use these technologies in
combination for the modification of a sensory
percept via direct perturbations of the cortical
dynamics in animals performing in a
sensory-based decision making task. Below we
detail the achievements in these aims.

3. WED ik

Details of the research methods will be outlined
in the result section. Briefly here, they consisted
on a behavioral setup for automated training of
mice with voluntary head fixation, neural
recording methods based on two-photon
imaging of GCaMP signals from large neuronal
populations, and optogenetic tools for
perturbations of the neural dynamics at near
single-cell resolution.

4. WFIERR

(1) High throughput technology for mouse
behavioral training, featuring voluntary head
fixation

We developed a platform for behavioral training,
fully-automated, with voluntary head fixation,
and high-throughput capacity. Its modularity
allows for behavioral training of mice based on
diverse sensory modalities, and it readily
integrates with virtually any physiology setup for
neural circuit and cellular level analysis.
Moreover, its remote accessibility and web
based design make it ideal for large scale
implementations. To demonstrate the optimality
of the system for the integration of complex
behavioral assays with physiology setups, we
used the platform to train mice in sensory-based
decision making behavioral tasks. We did so
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compatibly with cellular level imaging stability as
demonstrated below by two-photon GCaMP
recordings and optogenetic perturbations in
trained animals.

The highlights of the platform are depicted in the
figure above. The setup is connected to two
mouse cages housed in a standard rack. Only one
animal at a time can access the setup, made
possible by computer-controlled motorized
entrance doors. Once inside the setup, the
animal walks down a Plexiglas corridor reaching
a scale-platform for automated weight
measurement. After obtaining a stable reading, a
door opens and allows the animal to reach the
self-latching unit, where a water spout is located.
The animal self-latches and the behavioral task
begins for ~20 min. At the end of the session, a
servomotor actuator releases the animal and the
mouse can return to the home cage.

The figure above details specific features of this
high-throughput setup for voluntary
head-fixation and of the pre-training devices for
habituation to self-latching.  Briefly:  (A)
Head-restraining habituation system. Depiction a
mouse inside a Plexiglas tube drinking water
from a water spout connected to a water tank
(blue box). Narrowing rails on the sides of the
tube progressively restrain the head-post (dotted
lines on the side of the tube). There is no
latching mechanism for the head-post, hence
mice can back-out of the tube at any time. The
containing box represents a standard mouse
cage with an air-filtering lid and a metal grid for
mouse containment (horizontal solid line under
the lid) as in standard individually-ventilated
cages. Over the course of a couple of days, mice
routinely self-restrain to drink water. (B) 3D view
of the main dual-cage setup. (C) Side view of
setup and labeling of its main components. (D)
Side view of two setups (training capability of a



single setup is 4 mice/day) housed in a standard
mouse rack. Several setups can be
accommodated in the same rack. The current
capacity is 12 platforms, 48 mice/day, ~12,000
trials/day.

We achieved this high-throughput capacity
earlier than expected, allowing us to readily test
the ability of mice to perform in complex
cognitive tasks. In the Figure below we
designed a task to probe the ability of mice to
use a perceptual concept in a two-alterative
forced choice orientation discrimination task.
Briefly, two oriented stimuli were shown on a
screen in front of the head-fixed animal. The
mouse had to decide which of the two was
“more” vertical, with neither of them being
vertical. The mouse signaled his choice by
moving the chosen stimulus to the middle of the
screen. He did so by using the front paws to
rotate a small wheel in real-time, close-loop with
the stimuli. The hypothesis we tested was that to
solve the task the animal had to form a
perceptual concept of verticality and compare
the non-vertical stimuli against this internal
concept in order to make a correct comparison

of the stimuli’s verticality.
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Not all mice learned the task, and for those who
did it took an average of 3-4 months to become
experts. We calculated that the training time to
obtain an expert mouse when all our 12 setups
were used for this task was just about two hours.
This yield would be unachievable if animals were
trained by one or two lab members. The first
part of this work regarding the high-throughput
setup has been submitted for publication.
Instead, the demonstration of conceptual
reasoning, together with simultaneous cortical
recordings (GCaMP indicators) establish the
mouse as the mammalian species with the
smallest brain featuring this cognitive skills, and
furthermore examine the underlying neural
architectures. This work is currently being
finalized.
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(2) Interrogation of neural
simultaneous recording and
stimulation

In this project we aimed to understand the
neural computations underlying visual

processing and vision-based decision making by
using perturbative optogenetic methods in
combination with large-scale dynamical network
models of the cortical dynamics. Specifically, we
examined solutions to important technical
challenges related to in-vivo recordings from a
large population of cortical neurons while
simultaneously performing optogenetic
perturbations at near single-cell resolution. In
the figure below we show the successful use of a
digital-micromirror device in combination with a
two-photon microscope for in-vivo recordings of
fluorescence signal (GCaMP) together with
patterned optogenetic perturbations. The figure
shows an array of mirrors (the DMD) controlled
by an electric field which projects an illumination
pattern (a red ring in this example) onto a
cartoon representation of a cortical network.
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As depicted in the figure above an optic pulse
can produce optogenetic excitation in cells
illuminated by the ring pattern, but not outside
the ring. The use of a red-shifted variant of
channelrhodopsin allows to obtain spectral
separability relative to the GCaMP indicator in
order to avoid cross-over excitation. In the figure
below we demonstrate the use of the DMD with
spatial-temporal light patterns where a small
disk of light, large enough to excite the soma of
only one cell, is flashed across the cortex in a
random temporal sequence. Neighboring cells,
as close as 30-40um (e.g. cell 5 and 6), can be
individually excited without spatial-excitation
overlap.

DFIE CITEYIN)
¥ g

Cell 1 W
Cell 2 MM

Cell 3

|
Cell 4 &MM

GCaMP8

(3/4P)
aBueyo w07

Cell 5 b s L S}

Chrimson

Cell6

2 sec

With this technology we are now addressing a
fundamental scientific questions: how do
neuronal networks learn and adapt in order for
an organism to thrive in a constantly changing
environment? To address this problem we are



using the DMD technology to study the plasticity
of in-vivo, adult cortical networks. We are using
plasticity rules akin to Hebbian plasticity to
induce changes in the connectivity of these
networks in a functional specific way, and at near
single-cell spatial resolution. We are particularly
interested in studying the spatial extent of the
circuits and the neural machinery needed to
engage such plasticity. Findings in this field will
have profound impact not only on our
understanding of how neural networks learn, but
also on how they can recover computational
power when damaged or altered because of
traumas, injuries, or degenerative diseases.

(3) Alteration of a sensory percept via direct
perturbations of the cortical dynamics

Finally, we are now combining results from aim 1
and 2 to investigate the fundamental
computations of cortical processing for the
emergence of a sensory percept. We do so using
a causal approach based on DMD optogentic
excitation of large neuronal populations in the
visual cortex of mice at single-cell resolution. We
aim to induce a functionally-targeted
perturbation as the animal is engaged in an
orientation discrimination task. We do so by
optogenetically exciting cells with the DMD
based on the cells’ tuning for stimulus
orientations. Then, we use psychophysical
quantifications to evaluate the specificity and
the efficacy of the optogenetic stimulation for
the perturbation of the visual percept. We are
currently collecting preliminary data and we are
confident significant results will soon be
available.
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