SHEDDING LIGHT ON THE
NERVOUS SYSTEM: PROGRESS IN
NEUROPHOTONICS RESEARCH

EDITED BY: Jean-Claude Béique, Yves De Koninck and Edward S. Ruthazer
PUBLISHED IN: Frontiers in Neural Circuits

,frontiers Research Topics


https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/journals/neural-circuits

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-88976-481-5
DOI 10.3389/978-2-88976-481-5

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Neural Circuits

1 June 2022 | Progress in Neurophotonics Research


https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/journals/neural-circuits
http://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SHEDDING LIGHT ON THE
NERVOUS SYSTEM: PROGRESS IN
NEUROPHOTONICS RESEARCH

Topic Editors:

Jean-Claude Béique, University of Ottawa, Canada
Yves De Koninck, Laval University, Canada

Edward S. Ruthazer, McGill University, Canada

Citation: Béique, J.-C., De Koninck, Y., Ruthazer, E. S., eds. (2022). Shedding Light
on the Nervous System: Progress in Neurophotonics Research.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88976-481-5

Frontiers in Neural Circuits 2 June 2022 | Progress in Neurophotonics Research


https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/journals/neural-circuits
http://doi.org/10.3389/978-2-88976-481-5

Table of Contents

05

09

16

26

39

53

69

83

94

107

128

146

168

Editorial: Shedding Light on the Nervous System: Progress in
Neurophotonics Research

Edward S. Ruthazer, Jean-Claude Béique and Yves De Koninck

A Step-by-Step Protocol for Optogenetic Kindling

Elvis Cela and P. Jesper Sjostrom

Off-Target Influences of Arch-Mediated Axon Terminal Inhibition on
Network Activity and Behavior

Christopher K. Lafferty and Jonathan P. Britt

llluminating Relationships Between the Pre- and Post-synapse

Thomas M. Sanderson, John Georgiou and Graham L. Collingridge

Light Up the Brain: The Application of Optogenetics in Cell-Type Specific
Dissection of Mouse Brain Circuits

Candice Lee, Andreanne Lavoie, Jiashu Liu, Simon X. Chen and Bao-hua Liu
A Probabilistic Framework for Decoding Behavior From in vivo Calcium
Imaging Data

Guillaume Etter, Frederic Manseau and Sylvain Williams

Ultradian Secretion of Growth Hormone in Mice: Linking Physiology With
Changes in Synapse Parameters Using Super-Resolution Microscopy
Klaudia Bednarz, Walaa Alshafie, Sarah Aufmkolk, Théotime Desserteaux,
Pratap Singh Markam, Kai-Florian Storch and Thomas Stroh

Optogenetic Manipulation of Postsynaptic cAMP Using a Novel
Transgenic Mouse Line Enables Synaptic Plasticity and Enhances
Depolarization Following Tetanic Stimulation in the Hippocampal
Dentate Gyrus

Thomas T. Luyben, Jayant Rai, Hang Li, John Georgiou, Ariel Avila,

Mei Zhen, Graham L. Collingridge, Takashi Tominaga and Kenichi Okamoto
Neurophotonics Approaches for the Study of Pattern Separation
Cristian Morales, Juan Facundo Morici, Magdalena Miranda,

Francisco Tomas Gallo, Pedro Bekinschtein and Noelia V. Weisstaub
Insights Into Spinal Dorsal Horn Circuit Function and Dysfunction Using
Optical Approaches

Erika K. Harding, Samuel Wanchi Fung and Robert P. Bonin
Comprehensive Imaging of Sensory-Evoked Activity of Entire Neurons
Within the Awake Developing Brain Using Ultrafast AOD-Based
Random-Access Two-Photon Microscopy

Kelly D. R. Sakaki, Kaspar Podgorski, Tristan A. Dellazizzo Toth,

Patrick Coleman and Kurt Haas

Mesoscopic Mapping of Stimulus-Selective Response Plasticity in the
Visual Pathways Modulated by the Cholinergic System

Guillaume Laliberté, Rahmeh Othman and Elvire Vaucher

Automated Curation of CNMF-E-Extracted ROI Spatial Footprints and
Calcium Traces Using Open-Source AutoML Tools

Lina M. Tran, Andrew J. Mocle, Adam |. Ramsaran, Alexander D. Jacob,
Paul W. Frankland and Sheena A. Josselyn

Frontiers in Neural Circuits

3 June 2022 | Progress in Neurophotonics Research


https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/journals/neural-circuits

177

188

199

211

230

Challenges for Therapeutic Applications of Opsin-Based Optogenetic
Tools in Humans
Yi Shen, Robert E. Campbell, Daniel C. Cété and Marie-Eve Paquet

A Simple and Efficient Method for Visualizing Individual Cells in vivo by
Cre-Mediated Single-Cell Labeling by Electroporation (CREMSCLE)

Anne Schohl, Zahraa Chorghay and Edward S. Ruthazer

New Optical Tools to Study Neural Circuit Assembly in the Retina

Aline Giselle Rangel Olguin, Pierre-Luc Rochon and Arjun Krishnaswamy
Activity-Dependent Remodeling of Synaptic Protein Organization
Revealed by High Throughput Analysis of STED Nanoscopy Images
Theresa Wiesner, Anthony Bilodeau, Renaud Bernatchez,

Andréanne Deschénes, Bastian Raulier, Paul De Koninck and

Flavie Lavoie-Cardinal

Optical Imaging-Based Guidance of Viral Microinjections and Insertion of
a Laminar Electrophysiology Probe Into a Predetermined Barrel in Mouse
Area S1BF

Victor M. Mocanu and Amir Shmuel

Frontiers in Neural Circuits

4 June 2022 | Progress in Neurophotonics Research


https://www.frontiersin.org/research-topics/10442/shedding-light-on-the-nervous-system-progress-in-neurophotonics-research
https://www.frontiersin.org/journals/neural-circuits

EDITORIAL

:' frontiers ‘ Frontiers in Neural Circuits published: 17 May 2022

doi: 10.3389/fncir.2022.901376

OPEN ACCESS

Edited and reviewed by:
Petr Tvrdik,
University of Virginia, United States

*Correspondence:
Edward S. Ruthazer
edward.ruthazer@mcgill.ca

Received: 21 March 2022
Accepted: 28 April 2022
Published: 17 May 2022

Citation:

Ruthazer ES, Béique J-C and De
Koninck Y (2022) Editorial: Shedding
Light on the Nervous System:
Progress in Neurophotonics
Research.

Front. Neural Circuits 16:901376.
doi: 10.3389/fncir.2022.901376

Check for
updates

Editorial: Shedding Light on the
Nervous System: Progress in
Neurophotonics Research

Edward S. Ruthazer™, Jean-Claude Béique? and Yves De Koninck?

! Department of Neurology and Neurosurgery, Montreal Neurological Institute-Hospital, McGill University, Montreal, QC,
Canada, 2 Brain and Mind Research Institute, University of Ottawa, Ottawa, ON, Canada, ° Department of Psychiatry and
Neuroscience, Institut Universitaire en santé mentale de Québec, Université Laval, Quebec City, QC, Canada

Keywords: optogenetics, calcium imaging, fluorescence, microscopy, methods, review

Editorial on the Research Topic
Shedding Light on the Nervous System: Progress in Neurophotonics Research

The goal of understanding the brain is more than just a scientific endeavor. It is an existential
aspect of human nature to want to understand what underlies our own consciousness and thought
processes. But the awesome complexity and interconnectivity of the brain pose many challenges
to our traditional reductionist approaches to understanding biological phenomena. While nobody
actually believes that individual neurons have ideas or that synapses have memories, our best hope
for understanding the mechanisms that endow this remarkable organ with the ability to write novels
and cure diseases is to study the behavior and interactions of those unitary elements from which
the brain is assembled. Addressing this task with the required spatial and temporal scale poses a
formidable experimental challenge. True scientific progress and opportunities often occur when
distinct fields of study collide; the merging of traditional neuroscience approaches with the ability
to control light in space and time certainly provides an explicit and spectacular example. Still in
its infancy, the expanding field of neurophotonics has already singularly propelled brain research
forward. Broadly defined, neurophotonics is the use of light to measure or manipulate the form
and function of individual or ensembles of brain cells, from neurons to glia, even extending to
neurovascular coupling. It is in this ability to individually and non-invasively read and control the
activity and signaling of multiple brain cells and even synapses, where the neurophotonic revolution
has truly shone.

Arguably it was the timely convergence of few key optical and genetic breakthroughs in the
past quarter-century that helped reveal the awesome potential of optical approaches to studying
the brain. The original cloning, optimization and expression of Enhanced Green Fluorescent
Protein (EGFP) derived from bioluminescent Aequoria victoria jellyfish opened the door to a broad
palette of genetically-encoded fluorescent proteins with diverse spectral and optical properties
(Tsien, 1998; Shaner et al., 2005). In addition to a seemingly limitless number of fusion proteins
used to study subcellular protein distribution and interactions, perhaps the most functionally
significant application of EGFP derivatives has been the development of genetically-encoded
calcium indicators (GECIs), like GCaMP and R-GECO, that permit single cell calcium transients
to be monitored throughout a neuronal network (Chen et al., 2013; Enterina et al., 2015). The
ability to simultaneously detect neuronal and glial activation in hundreds or even thousands of cells
non-invasively has been a game-changer for understanding how networks of brain cells function
and dynamically interact both in vitro and in vivo.

This approach, monitoring activity across cells in the brain, was further enhanced by the
discovery that the light-gated ion channel called channelrhodopsin-2, derived from the phototactic
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green alga Chlamydomonas reinhardtii, could be used to optically
drive action potential firing when expressed in neurons (Nagel
et al., 2003; Boyden et al., 2005). A bevy of additional light-
gated channels and transporters were identified and engineered
to permit precise activation and suppression of neural activity
using light in genetically defined populations of brain cells (Kim
et al, 2017). Thus, with the emergence of these families of
genetically-encoded tools to monitor and to alter neural activity,
the field of optogenetics was born. The neuroscientists optical
armamentarium was no longer restricted to observing neural
activity, but now squarely included the ability to perturb it with
unprecedented ease and precision.

The last element that has truly brought the applications for
these powerful tools into clear focus is the microscope itself.
While there is no doubt that optogenetics has been exploited
brilliantly using conventional microscopy of cultured cells, as
well as fiber fluorimetry and wearable 1p fluorescence miniature
microscopes in vivo, it was the contemporary development
of non-linear optical fluorescence microscopy, especially two-
photon laser-scanning microscopy (2PLSM), that permitted the
full potential of EGFP and GEClIs to be applied in the mammalian
brain. By restricting fluorescence excitation exclusively to a
focal plane, 2PLSM allows deep tissue single-plane imaging as
well as full 3D imaging of labeled cells without the severe
image degradation caused by out-of-focus fluorescence excitation
that plagues conventional microscopy in scattering tissue like
brain (Svoboda and Yasuda, 2006). An alternative approach to
solving the problem of image haze in more optically accessible
translucent organisms like zebrafish larvae (or optically cleared
fixed tissue samples) is selective plane illumination microscopy
(SPIM), sometimes called light-sheet microscopy, that allows the
entire volume of a zebrafish brain to be imaged by repeatedly
scanning a thin plane of excitation light up and down through
the fish at high speed while acquiring diffraction-limited images
with a sensitive digital camera (Huisken and Stainier, 2009). The
growing array of sensors, into neurotransmitter and enzymatic
sensors, and emergent means to target them to specific cell
compartments, coupled with fiber-optic probes to deliver and
collect light deep in the brain, open unprecedent capabilities to
link intricate cell signaling to behavior, ranging from single-cell
photometry to measurements from large ensembles. At the other
extreme of imaging approaches, is superresolution nanoscopy,
which includes single-molecule localization techniques like direct
stochastic optical reconstruction microscopy (dSTORM) and
stimulated emission depletion (STED) microscopy (Willig et al.,
2006; Klein et al., 2014). Nanoscopy utilizes clever computational
and optical strategies to surpass the diffraction limit of
image resolution, approaching molecular scale discrimination
of objects.

The articles submitted to this Research Topic fall into three
overlapping categories: General reviews of optogenetics for the
study of synaptic or circuit plasticity, methodological reports of
novel experimental tools and algorithms using neurophotonic
data, applications of optogenetics to understanding neurological
disorders and basic brain circuit function.

A comprehensive and provocative review by Lee et al. covers
the diverse optogenetic tools that have been applied to the art

of “circuit-bashing” (i.e., functional and anatomical dissection of
local and long-range connectivity) with a focus on experiments
exploiting cell-type specific expression of optogenetic actuators
and inhibitors. This article also discusses numerous important
caveats and limitations of optogenetic methods. Other reviews in
the Research Topic instead focus more sharply on applications
of neurophotonics techniques in specific circuits, in particular
the spinal cord (Harding et al.) and the visual system (Rangel
Olguin et al.), including in depth discussions of calcium imaging
and viral-based methods to study neuronal connectivity. Morales
et al. examine memory encoding analyzed with optogenetic
tools, while the use of optophysiology to reveal mechanisms
underlying synaptic plasticity, and in particular the functional
matching of pre- and postsynaptic efficacy, a question that lends
itself particularly well to the subcellular resolution offered by
optical approaches, is presented in a thought-provoking review
by Sanderson et al.

One important objective of the CNP is the development and
dissemination of useful optogenetic tools for neuroscience
research. This Research Topic introduces a number of
technological advances, ranging from CREMSCLE (Cre-
Mediated Single Cell Labeling by Electroporation), a simple
trick for labeling single neurons using easy-to-implement bulk
electroporation methods (Schohl et al.) all the way to a full
protocol for building and using an acousto-optic deflector-
based random access 2-photon microscope together with
software to facilitate high-frequency (3 Hz) functional imaging
across hundreds of synaptic sites on a complex 3D dendritic
arbor (Sakaki et al.).

The implantation of GRIN lenses and subsequent calcium
signal acquisition via a head-mounted portable miniature
microscope (a.k.a, “miniscope”) provides a powerful means
for studying the brain of awake behaving animals engaged
in more naturalistic tasks. While this powerful method holds
great promise for understanding the relationship of behaviors
to complex neuronal responses, like place cell activity in the
deep hippocampus for example, one of the challenges of 1P
calcium imaging in vivo is the proper segmentation of unfocused
images as well as the conversion of fluorescence signals to
electrophysiologically meaningful data. To this end, Tran et al.
discuss the benefits of applying machine learning algorithms
to single-cell region-of-interest identification. This work is
complemented by an innovative approach developed by Etter
et al. for predicting animal behaviors from neuronal calcium
signals, surprisingly by entirely foregoing the temptation to try
to infer spiking events and frequencies and instead using a naive
Bayesian classifier to generate a probability function to directly
relate behaviors to complex calcium signals.

Despite the appeal of functional imaging from hundreds
of neurons, sometimes the temporal resolution of electrode
recording offers the best approach to understanding circuit
function. Mocanu and Shmuel provide a detailed protocol and
evaluation of the use of relatively low-resolution intrinsic signal
optical imaging to target recording electrode penetrations or
virus injection.

Original research reports presented in this Research Topic
are similarly broad in scope, starting with two superresolution
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nanoscopy papers, one using STED and the other using
dSTORM. The STED study cleverly applies machine learning
approaches to generalize, based on measurements made across
vast populations of synapses in culture, about the relative
distances between specific pre and postsynaptic proteins under
baseline conditions and following chemical induction of synaptic
plasticity, thus providing novel insights into how the pre
and postsynaptic terminals reorganize at the molecular level
(Wiesner et al.). The dSTORM study instead examines the known
phenomenon of cyclical pulsatile release of growth hormone
(GH) driven by GH releasing hormone (GHRH) neurons in the
hypothalamus (Bednarz et al.). Using superresolution imaging to
identify excitatory and inhibitory synapses in GHRH neurons
based on proximity of vglut2-PSD95 pairs and vgat-gephyrin
pairs respectively, they made the remarkable finding that while
inhibitory synapse number was relatively stable over the 3h
cycle of waxing and waning GH release, excitatory synapses
dynamically formed and disassembled over the same period,
presumably mediating the cyclical GH release.

Naturally, several papers based on optogenetic reagents for
activation and inhibition of signaling featured as well. An
innovative paper by Luyben et al. presents a new transgenic
mouse line expressing a photoactivatable adenylyl cyclase (PAC)
protein. Combining PAC activation with electrophysiology and
voltage sensitive dye measurements, the authors demonstrated
that a robust synaptic long-term potentiation in hippocampus
could be induced by optogenetically elevating postsynaptic
cAMP. The study by Lafferty and Britt offers more of a cautionary
tale. They examined the consequences of optogenetic silencing
of inputs to nucleus accumbens (NAc) using illumination of the
light-driven proton pump ArchT on feeding behavior in mice.
Remarkably, they found that fiber optic-mediated inhibition in
the NAc of the axon terminals of basolateral amygdala and
paraventricular thalamus inputs had dramatically different effects
on feeding behavior than did direct somatic silencing of these
input nuclei. The researchers provided a possible explanation for
this difference by showing that the frequency of spontaneous
excitatory postsynaptic currents onto NAc was unexpectedly
elevated by axon terminal ArchT illumination, probably owing
to local changes in pH. This meticulous study should serve as a
valuable cautionary note to be aware of potential off-target effects
whenever using optogenetic approaches.

Sitting at the other end of the imaging scale is an
original research paper using mesoscopic imaging of the
entire visual cortex in GCaMP6s transgenic mice (Laliberté
et al). The investigators sought to observe changes in
stimulus selectivity over a week of presentation of conditioning
stimuli favoring a specific stimulus orientation. They found
that specifically under conditions of cholinergic enhancement,
significant levels of stimulus conditioning took place. This
series of studies from subsynaptic resolution molecular analysis
of plasticity up to mesoscopic calcium imaging of the
entire visual cortex reveal the impressive scope offered by
neurophotonic approaches to explore plasticity mechanisms in
the brain.

Finally, the most impactful promise of neurophotonics
technology lies in its potential for helping us understand

neurological disease and eventually to offer cures. For example,
one of the very first proposals for the application of optogenetics
was to treat blindness (Bi et al., 2006). Epilepsy is one of the most
important neurological conditions for which basic neuroscience
research has been able to yield invaluable pharmacological and
surgical interventions. Animal models of seizure have been
critical to advancing our understanding the etiology of this
devastating condition. Neurophotonics can shed light here too.
Cela and Sjostrom report on their optogenetic kindling model
which offers some of traditional hallmarks of electrical kindling
models, but without the accompanying confound of physical
damage and astrogliosis and with the possibility of cell-type
specificity for a much deeper mechanistic understanding of the
contributions of different cellular players in seizure.

In their forward-looking perspective article, Shen et al.
discuss the promise and challenges of using optogenetics
therapeutically to treat human neurological disease. In addition
to its original application to treating blindness, the possibility
of all-optical deep brain stimulation for treating movement
disorders and optogenetic silencing as a way to target brain
areas associated with devastating chronic pain are discussed,
with a very pragmatic consideration of what improvements
are needed for optogenetic constructs, such as red-shifting
activation wavelengths to permit transcranial illumination
and improving viral vectors for more targeted delivery with
minimal antigenicity.

The rapidity and extent with which optogenetics has assumed
a prominent place in basic and translational neuroscience
research, going from a figurative to literal spark in someone’s eye
in just a few years, is awe inspiring and an explicit testament
of its truly revolutionary nature. New reporters and activators
are emerging constantly, with considerable excitement over
the newest generation of genetically-encoded voltage indicators
(Abdelfattah et al., 2019). With new opportunity also comes
new challenges. Just finding efficient ways to store the vast
quantities of data generated from long streams of volumetric
fluorescence recordings, not to mention the increasing open
science demands for sharing raw data online, poses a challenge
that will require major international standardization initiatives,
such as the Neurodata Without Borders project (Teeters et al.,
2015). Fortunately, the neuroscience community has already
proven itself eager to collaborate on these and other issues, and
there is no shortage of innovators, as this Research Topic nicely
confirms. The future of neurophotonics is bright.
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Electrical kindling, repeated brain stimulation eventually resulting in seizures, is widely
used as an animal model of epileptogenesis and epilepsy. However, the stimulation
electrode used for electric kindling targets unknown neuronal populations and may
introduce tissue damage and inflammation. Optogenetics can be used to circumvent
these shortcomings by permitting millisecond control of activity in genetically defined
neurons without gross injury or inflammation. Here we describe an easy step-by-step
protocol for optogenetic kindling — optokindling — by which seizures are eventually
elicited in initially healthy mice through repeated light stimulation of neurons expressing
Channelrhodopsin-2 (ChR2). Chronic EEG recordings may be performed over large time
scales to monitor activity while video camera monitoring may be used to assess the
behavioral severity of seizures. In conclusion, with optokindling, neuroscientists can
elucidate the circuit changes that underpin epilepsy while minimizing the contribution
of confounding factors such as brain damage and inflammation.

Keywords: epilepsy, optogenetics, seizure, animal model, kindling, protocol, Channelrhodopsin

INTRODUCTION

Epilepsy is the fourth most common neurological disorder with over 3 million people affected in
the United States alone (Hirtz et al., 2007). It is characterized by recurring seizures, or aberrant
neuronal firing, and epileptogenesis is the process by which the healthy brain becomes epileptic
(Chang and Lowenstein, 2003). The steps that underpin epileptogenesis remain unclear and they
require animal models for their elucidation (Loscher, 2002). Animal models of induced seizures
such as electrical kindling have been particularly helpful as they can transform a healthy animal
into an epileptic one gradually over time while parameters such as seizure severity and duration are
monitored (Goddard, 1967). However, with electrical kindling, it is not possible to target specific
neuronal types during stimulation. Furthermore, the stimulating electrode introduces marked
tissue damage, making it hard to tease apart the contribution of aberrant activity to epileptogenesis
from that of brain damage and inflammation. This lack of experimental control has hampered
progress toward a complete understanding of epileptogenesis at the neuronal level.

By using optogenetics, it is possible to circumvent these drawbacks by allowing genetic labeling
and activity control of specific subsets of neurons. Indeed, optogenetics has been used in several
studies to halt, as well as elicit seizures (Cela and Sjostrom, 2019). Recently, we developed an
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optogenetic variant of classical electrical kindling (optokindling)
based on repeated laser-light stimulation of pyramidal cells (PCs)
in motor cortex (M1) (Cela et al, 2019). Our optokindling
model mimicked classical electrical kindling in several ways:
increased seizure severity and increased seizure duration over
stimulating sessions, decreased seizure threshold and long-
term retention of seizure susceptibility (Cela et al, 2019).
Since we fluorescently tagged opsin-expressing PCs, we could
identify the neurons that were directly stimulated. Furthermore,
astrogliosis and gross neuronal damage were undetectable in
our model, because the fiberoptic patch cable used for laser-
light delivery did not penetrate the brain but was implanted
above it. Our optokindling protocol resulted in 9 out of 12
animals developing seizures within 13 sessions of stimulation
(Cela et al., 2019).

Here, we describe in detail and in simple terms the necessary
steps to carry out optokindling in initially healthy wild-type mice.
The present optokindling protocol can easily be adapted for use
with other cells types.

SURVIVAL SURGERY
Virus Handling and Storage

The below steps outline how to obtain, prepare, and use the virus
for opsin delivery.

Note 1: Plasmids for custom viral constructs can be
ordered from Addgene. The choice of promoter will determine
efficiency and timecourse of expression, as well as the
cell specificity.

Note 2: Adeno-associated virus (AAV) vectors can be
ordered from university virus cores (e.g., Pennsylvania or North
Carolina). Several different serotypes of virus have been used
to express ChR2, from AAV2 to AAV9. In our study, we
decided to use AAV5 after trying AAV2 and AAV8 with
mixed success. The choice of virus serotype is not always
straightforward, as outcome may depend on many factors,
such as cell type, tissue, species, animal age, etc. In particular,
different serotypes preferentially infect different tissue, a concept
known as tropism (Naso et al., 2017). Viral injection can
also result in an immune response, such that subsequent
injections with the same serotype may be considerably less
efficacious; this problem can be alleviated by switching serotype
(Mendoza et al., 2017). Previous discussion of genetic targeting
techniques for opsins should guide decision making with regard
to serotype (Sjulson et al, 2016; Cela and Sjostrom, 2019).
Ultimately, the choice of serotype is, however, largely a matter of
trial and error.

(1) To aliquot the virus, ensure proper protection is worn
in accordance with the chosen biosafety level of the
virus to be used.

(2) Thaw viral stock on ice outside of biosafety cabinet
and aliquot 5 pL into small Eppendorf tubes for
use on surgery day.

(3) Discard waste into 10% bleach solution.

(4) Label and store aliquots at —80°C.

Stereotaxic Surgery for Viral Expression
of ChR2 and Ferrule Implantation

The protocol presented here outlines how to use optokindling to
gradually induce seizures in initially healthy animals.

Note: Prior to survival surgery, all surgical tools should
have been autoclaved and ferrules for implantation prepared
(Preparation stage, Figure 1). It may be important to use only
male mice to avoid hormonal contributions to seizure outcome,
unless this is what is studied (Curry, 1974). We furthermore
recommend using animals in the P30-45 age range — younger
animals have critical periods that may affect epileptogenesis,
while older animals are not ideal should, e.g., acute slice
experiments subsequently be required. We recommend using
control animals where AAV-EYFP is injected instead of AAV-
ChR2, to test for effects of the surgical procedure itself. Another
type of control is to inject the AAV-ChR2 virus but ommit
the optokindling.

Preparation: Confirm that you will have the right number of
animals required for surgery.

(1) Make sure fiber-optic ferrules have been prepared
according to standard procedures (Zhang et al.,, 2010).
The length of fiber protruding from the ferrule should be
sufficient to target the brain area of interest.

(2) Using a micropipette puller (e.g., Sutter P-1000, Narishige
PC-10, or Zeitz DMZ), pull glass micropipettes with
~100 pm or smaller tip size for viral injection.
Alternatively, small-gauge Hamilton syringes (e.g.,
Neuros series) can be used.

(3) Prepare working concentrations of Meloxicam (20 mg/kg)
and Buprenorphine (0.1 mg/kg).

(4) Prepare EEG recording screws by soldering copper
wire to stainless steel screws (e.g., McMaster Carr,
000-120 x 1/8).

Day 1

Note: Keep the surgeries as short as possible (e.g., under 3 h).
Lengthy surgeries typically result in lower success rates. Follow
standard analgesia/anesthesia practises according to your local
Standard Operating Procedure (SOP). The volume of AAV
injected depends on serotype and desired volume of brain area
to target. We used 1.2 pul per hemisphere of the original titer
provided by the UNC virus core, which was 1 — 8§ x 10'2 viral
genomes per milliliter. We recommend starting with the full
concentration of virus and performing serial dilutions in 10x
increments until the desired volume of transfection is reached
after imaging. We induced anesthesia using an isoflurane/oxygen
mix (4%) while the animal is placed in a scavenger cage
(e.g., Harvard Apparatus, 75-0239). After the animal is non-
responsive to tail-pinch, quickly remove the animal from the
cage and connect to the nose hole of the stereotaxic holder
(e.g., Stoelting Just for Mouse). This ensures that the animal is
sufficiently anesthetized.

(1) Once in the stereotax, affix the ear bars and position the
head securely so that the head does not move when lightly
prodded. Keep an eye on animal breathing rate throughout
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FIGURE 1 | Timeline of the optokindling protocol. This timeline indicates the number of days elapsed from start as well as the duration of each step. Preparation: All
materials for surgery and optoelectronic components are prepared. Surgery (1 day): Animals are injected with AAVs and implanted with fiberoptic ferrules and EEG
electrodes. This important step sets the foundation for the rest of the experiments. Expression (21 days): This waiting period is required to reach sufficiently high
ChR2 expression levels. Habituation (3 days): To ensure that animals are not stressed by experimenter handling during the subsequent optokindling period, animals
are habituated. Optokindling (50 days): While optokindling, animal behavior is monitored, and outcomes such as seizure duration and severity are quantified. The
time required for optokindling is 50 days provided the 25 stimulation sessions are spaced ~48 h apart. It is likely possible to stimulate more often, e.g., every 24 h.
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30

I

40
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50 60 70

()

3)

(4)

(6)

(7)

9)

the surgery, to make sure that rate of respiration does not
depress severely.

Shave the hairs on the head using a trimmer (e.g., Harvard
Apparatus, 729063) and apply iodine solution to the head
over the head. Make a midline incision on the head using a
scalpel so that the skull is visible. Wipe off any blood with
cotton swabs and then peel back any fatty tissue obstructing
the full view of the skull.

Mark the skull locations undergoing injection using a
surgical marker over the X and Y stereotaxic coordinates
obtained from the Mouse Atlas (e.g., Paxinos and Franklin
AP). Open a 1-mm craniotomy over the left target brain
using a 9-mm dental drill (e.g., Ram Products, TECH2000).
Hydrogen peroxide wash may help stop blood emanating
from the skull prior to craniotomy.

Using a programmable pump (e.g., Harvard Apparatus
PHD series), inject 1.2 WL AAV-ChR2 bilaterally into brain
area under investigation. Aim for 100 pl/min allowing for
an additional 5 min for the injection needle to stay in place
to help the virus diffuse.

If performing bilateral injections, follow the same
procedure outlined in (4) on the other hemisphere.

Dry the skull thoroughly (e.g., Puritan cotton-tipped
applicators) whilst making sure to keep the craniotomy
area moist with saline solution.

Using the stereotax, place the ferrule with optic fiber
attached that was made in Preparation day to the desired
brain depth (pia if stimulating cortex). Begin making
a mound around the ferrule using dental cement (e.g.,
Patterson Dental Ortho-Jet). If more stability is required,
warmed agar can be used as well, although make sure it has
cooled to 37°C before placing it down.

If performing bilateral stimulation, follow the same steps as
in (7) with the other ferrule.

Using the dental drill, make holes that are just to the depth
of the pia but no further - this is where the electrode screws
will be affixed to the skull. The recording screws should
lie as close as possible to the stimulation site. The ground
reference screws can be placed close to the cerebellum, one
on each hemisphere for bilateral recording.

(10)

11)
(12)

(13)

(14)

After the recording and reference screws have been affixed
to the skull, continue building up the dental cement mound
that was started in step (6).

Remove the animal from the stereotax and allow recovery
on a heating pad.

Rinse the glass micropipette with 10% bleach and discard
in a sharps container.

Discard excess virus in 10% bleach and disinfect all surfaces
and instruments that may have come in contact with the
virus. Re-freeze unused virus at —80°C.

When the animal has awakened, place it back in the animal
rack cage.

Day 2

1

2

Refer to your university SOPs for pain assessment
and management. Inject analgesics such as Meloxicam
according to the SOP.

Check on the animals at least once a day for the next week
to make sure they recover from surgery properly.

Optokindling Procedure

Note:

Waiting 21 days is recommended for most AAVs to

sufficiently drive expression of ChR2 (Figure 1). Depending on
the vector you use, you may have to wait a different length
of time.

Day 23

1

2)

Habituate the animals for the next three days by connecting
them to optic fibers (e.g., Thorlabs FT200EMT), allowing
~20 min inside the recording cage once a day.

Check light responses by stimulating with two pulses of
light 10 ms in duration while monitoring the amplified
EEG signal (e.g, AM Systems Extracellular Amplifier).
Responses in the EEG may vary from hundreds of
microvolts to several millivolts depending on extent of viral
expression and light stimulation intensity, as well as ChR2
variant used.
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FIGURE 2 | Optokindling protocol for gradual increase of seizure susceptibility in vivo. (A) Coronal M1 section indicating ChR2 expression primarily in L2/3. Inset
shows close-up of L2/3 ChR2-expressing PCs. (B) Bilateral implantation of recording screws allows EEG recording whilst fiber-optic ferrule implantation above pia
facilitate ChR2 activation without damaging the brain. Fiber optic cables were air-coupled to 445-nm lasers. EEG signals were amplified and then digitized by a
computer (not shown). (C) During each stimulation session, M1 was repeatedly exposed to 445-nm laser light (“Induction”), delivered as 15 bouts of 3-s-long 50-Hz
bursts of 5-ms pulses, divided into three sweeps delivered once a minute. Sessions were repeated every 2 days, 25 times or more. In this example, a prominent
seizure was evoked in the first induction sweep of session X = 15. We measured EEG responses to 30-Hz paired-pulse laser stimuli for 10 min before and 20 min
after the optokindling induction to look for long-term changes in circuit plasticity. Inset: Paired-pulse EEG responses before (red) and after (blue) indicated a change

Day 26

(1) Run stimulation protocol consisting of two pulses at 10 ms
repeated every 20 s for 10 min, then 50-Hz bouts for three
times, followed by two pulses at 10 ms repeated every 20 s
for 20 min again (Cela et al., 2019). The total stimulation
time will be ~33 min.

(2) Atthestart of the EEG recording, also start video recording
to capture behavioral severity of seizures (e.g., Logitech
C525 webcam). Later, the video will be used to assign a
Racine score to behaviorally quantify seizures.

(3) Return the animal to its original cage after unhooking
ferrule and EEG attachments.

(4) Repeat these stimulation sessions every 48 h until at least
session 25 has been reached (Figure 2).

Note: Try using two cameras, one above and one to the
side of the animal for improved capture of behavior (Figure 3).
Relying on two or more people to score seizure behavior helps to
eliminate scoring bias, resulting in more reliable results.

MATERIALS AND REAGENTS

Hardware
Computer (SuperLogics, SL-DK-H61MX-1D).
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A Side view A

Laser control box #1
445 nm laser

Laser air coupler
Laser control box #2

Breadbord

445 nm laser #1

445 nm laser #1
Laser control box #1

B Side view B c Side view C

Oscilloscope

Extracellular
amplifier

Recording
cage

FIGURE 3 | Custom optokindling platform for simultaneous ChR2 excitation and EEG recording. (A) Side view A shows both laser control boxes with one 445-nm
laser mounted to a breadboard. The laser air coupler collects the laser beam into an FC-PC fiber optic cable using a fiber port collimator. Top view A shows both
445-nm lasers mounted on the breadboard. (B) Side view B shows the Faraday cage where EEG recordings are performed as well as the extracellular amplifier used
during recordings. (C) Side view C shows the oscilloscope used to display EEG signals during acquisition as they are digitized by the data acquisition board and
stored on the computer.

Data acquisition board (e.g, NI PCI-6221 or FC-PC patch cable (Thorlabs, M83L01).
newer PCle DAQ). FC-PC fiber port collimator (Thorlabs PAF2P-18A).
BNC cables (Newark). Breadboard (e.g., Thorlabs, MBH1224).
Data acquisition software (Igor Pro, Wavemetrics Inc.). V-clamp (e.g., Thorlabs, C1513/M).
Glass pipette puller (Sutter P1000). Ceramic ferrules (Thorlabs, CFLC230-10).
Copper sheet (McMaster Carr, 89675K31). Fiber stripping tool (Thorlabs, T10S13).
Extracellular amplifier (AM Systems, Model 1700). Three-hole fiber stripper (Thorlabs, FTS4).
Recording camera (Logitech, C525). Fiber polishing film (Thorlabs, LF1D, LF3D, LF6D).
Recording software (ISpy). Fiber polishing disk (Thorlabs, D50-FC).

Optics Surgery
ChR2 excitation laser (e.g., inexpensive eBay laser, or Channelrhodopsin-2  Adeno-associated virus (e.g.,
Alphalas GmbH, Monopower-455-150-MM-TEC). UNC Virus Core).
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Dental cement powder (Patterson Dental, 459-8371).

Dental cement liquid (Patterson Dental, 459-3869).
Bulldog clamps (Fine Science Tools, 18050-28).
Silicone mixing cup (Henry Schein, 5100062).
Betadine solution (Purdue Pharma, 40889).
Absorption sponges (Fine Science Tools, 18105-03).
Cauterizer (Fine Science Tools, 18010-00).

Skin marker (Fine Science Tools, 18000-30).

Extra fine Forceps (Fine Science Tools, 11152-10).
Bonn scissors (Fine Science Tools, 14084-08).
Dumont forceps (Fine Science Tools, 11251-35).
Straight forceps (Fine Science Tools, 11000-12).
Scalpel handle (Fine Science Tools, 10003-12).
Scalpel blades (Fine Science Tools, 10010-00).
Suture needles (Fine Science Tools, 12050-01).
Microdrill burrs (Fine Science Tools, 19008-14).
Cordless hair clipper (Harvard Apparatus, 729063).
Stereotax (e.g., Just for Mouse Stoelting Co., 51730).
Mouse mask (Harvard Apparatus, 72-6044).
Syringe pump (Harvard Apparatus, 70-4507).
Anesthesia system (Harvard Apparatus, 75-0239).
Heating pad (Kent Scientific, DCT-15).

Microdrill (Ram Products, TECH20000N/OFF).
Lubricant eye ointment (AKORN, Artificial Tears).

Mouse atlas (Paxinos and Franklin, Academic Press).

Stereomicroscope (Leica A60).
Meloxicam (Metacam, 5 mg/ml).
Buprenorphine (Vetergesic, 0.3 mg/ml).

EEG recording screws 000-120 x 1/8 (McMaster-

Carr, 90910A600).
Gold-plated jacks (Warner Instruments, 64-132).

SUMMARY AND FUTURE DIRECTIONS

Optokindling shares several hallmark features with electrical
kindling (Goddard, 1983), including the gradual development
of a lowered seizure threshold and longer seizure duration,
as well as an increase in behavioral severity of seizures over
time (Cela et al., 2019). This increased propensity for more
severe seizures of longer duration is retained in the long
term even in the absence of ongoing stimulation, which as in
Goddard’s original model (Goddard, 1967) is in keeping with a
form of long-term memory, in further agreement with classic
electric kindling.

By relying on gradual development of seizures based
on cell-type specific activation, the optokindling model
opens up new avenues for exploring the microcircuit
plasticity that underlies epileptogenesis (Cela and Sjostrom,
2019). This sets the optokindling model apart from other
optogenetic models of epilepsy that rely on directly driving
the seizures already in naive animals (Khoshkhoo et al,
2017). In our hands, optokindling did not result in any
detectable spontaneous seizures, as has been previously
shown with electrical kindling (e.g., Michael et al, 1998).
This is arguably both a pro and a con: it provides improved
experimental control, but it comes at the cost of reduced
biological realism, since epilepsy by definition involves
spontaneous seizures. Additionally, we have highlighted typical
setbacks associated with the protocol and how to circumvent
them (Table 1).

Optokindling could also be improved upon. For example,
optokindling may be combined with other readouts, such as
calcium imaging, to take advantage of the genetic specificity

TABLE 1 | Troubleshooting — list of common pitfalls and how to circumvent them.

Problem

Potential cause

Solution

No EEG response during habituation

Cap falls off between stimulation sessions

Animal is visibly uncomfortable during stimulation
sessions

Ferrule comes off between sessions

Insufficient power reaches end of ferrule

Mouse is gasping or wet cough during surgery

Virus leakage during injection or wrong
serotype/promoter for cells of interest

Insufficient drying time between dental cement
applications

Animal is not sufficiently habituated to new housing
or recording setup

Animal is moving excessively during connection or
insufficient levels of dental cement applied

Ferrule is damaged during connection or laser is
underpowered

Surgery is >3 h

(1) Slice brain of animal and visualize under microscope
to see if virus is expressed to sufficient levels

(2) Confirm placement of screws and electrical
continuity

Ensure that dental acrylic is put on in layers and allow
drying between them

(1) Make sure mouse is habituated properly and has
had time to settle for 72 h if it is being shipped from
elsewhere

(2) Make sure mouse is habituated to recording setup
for 3 days

(1) Using Dremel, slightly buff the bottom part of the
ferrule that is being placed in the brain for better
acrylic adherence

(2) Make sure that only about half of ferrule is
embedded to allow enough surface area for the
sleeve mated to the optic fiber to hold on to

(1) Make sure that FC-PC coupler has correct NA so
that laser light is collected

(2) Check for light leaks and/or breaks in the fiber ferrule

(1) Atropine can help loosen up airways

(2) Try repositioning mouse in stereotax to open up
trachea
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(Khoshkhoo et al., 2017). While motor cortex was targeted in
our original study (Cela and Sjostrom, 2019), other brain areas
such as hippocampus or amygdala are likely more susecptible
(Goddard et al.,, 1969), allowing for more rapid optokindling.
Indeed, a recent study shows that optogenetic kindling works well
in the hippocampus (Klorig et al., 2019).

Using optokindling, seizures can be elicited by avoiding gross
brain damage and targeting other cell populations of interest
such as interneurons. The optokindling model may thus provide
novel therapeutic insights not only for treatment of the symptoms
of epilepsy, i.e., the seizures, but also for the actual process
of epileptogenesis, which is causally related to chronic epilepsy
(Cela and Sjostrom, 2019).
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Archaerhodopsin (ArchT)-mediated photoinhibition of axon terminals is commonly used
to test the involvement of specific long-range neural projections in behavior. Although
sustained activation of this opsin in axon terminals has the unintended consequence
of enhancing spontaneous vesicle release, it is unclear whether this desynchronized
signaling is consequential for ArchT’s behavioral effects. Here, we compare axon
terminal and cell body photoinhibition of nucleus accumbens (NAc) afferents to
test the utility of these approaches for uncovering pathway-specific contributions of
neural circuits to behavior. First, in brain slice recordings we confirmed that ArchT
photoinhibition of glutamatergic axons reduces evoked synaptic currents and increases
spontaneous transmitter release. A further consequence was increased interneuron
activity, which served to broadly suppress glutamate input via presynaptic GABAg
receptors. In vivo, axon terminal photoinhibition increased feeding and reward-seeking
behavior irrespective of the afferent pathway targeted. These behavioral effects are
comparable to those obtained with broad inhibition of NAc neurons. In contrast, cell
body inhibition of excitatory NAc afferents revealed a pathway-specific contribution
of thalamic input to feeding behavior and amygdala input to reward-seeking under
extinction conditions. These findings underscore the off-target behavioral consequences
of ArchT-mediated axon terminal inhibition while highlighting cell body inhibition as a
valuable alternative for pathway-specific optogenetic silencing.

Keywords: optogenetics, ArchT, nucleus accumbens, photoinhibition, reward-seeking

INTRODUCTION

The nucleus accumbens (NAc) is a forebrain structure that regulates the vigor of reward-
seeking. Its excitatory inputs likely encode motivational states and the presence of reward-
associated cues (Mannella et al., 2013). For example, paraventricular thalamic (PVT) input
regulates food-seeking behavior under conditions of hunger and threat (Labouebe et al.,
2016; Choi and McNally, 2017; Do-Monte et al., 2017; Cheng et al., 2018; Choi et al,
2019), while basolateral amygdala (BLA) input encodes the motivational value of reward-
associated cues (Ambroggi et al, 2008; Stuber et al, 2011; Esber and Holland, 2014).
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Few studies, however, have directly compared the behavioral
consequences of pathway-specific manipulations, so it remains
unclear how each input distinctly contributes to effective reward-
seeking. Maladaptive alterations in the strength of NAc inputs
are thought to underlie discrete aspects of psychopathologies,
including the aversive symptoms of drug withdrawal (Neumann
et al,, 2016; Zhu et al,, 2016) and stress susceptibility in animal
models of depression (Bagot et al, 2015). Thus, pathway-
specific inactivation of these inputs is critical to gaining insight
into how this circuitry contributes to healthy and unhealthy
behavior alike.

Archaerhodopsin  (ArchT)-mediated photoinhibition of
axon terminals is commonly used to test the involvement
of specific long-range projections in behavior.
Sustained activation of this outward proton pump in
axon terminals effectively decreases evoked transmitter
release but alkalizes affected axon terminals, which has
the unintended consequence of increasing spontaneous
vesicle release (El-Gaby et al., 2016; Mahn et al, 2016). It
is unclear whether ArchT’s off-target effects undermine
the interpretation of its behavioral effects or still permit
assessment of pathway-specific function. If the aberrant
spontaneous vesicle release recruits local circuit feedforward
inhibition, as previously suggested (Mahn et al, 2016), the
intended pathway-specific nature of the manipulation may
be compromised.

The shortcomings of ArchT terminal inhibition have been
well characterized in acute slice preparations (El-Gaby et al.,
2016; Mahn et al, 2016), but in vivo applications of this
technique are still widely used to study the circuit-level basis
of specific behaviors (Herrera et al., 2016; Yamamoto and
Tonegawa, 2017; Mangieri et al., 2018), particularly concerning
NAc inputs (Stefanik et al., 2016; Zhu et al., 2016; Reed et al,,
2018; Trouche et al, 2019). Thus, there remains a need to
validate the pathway-specific nature of this manipulation in
behaving animals.

Here, we compare photoinhibition targeted to the axon
terminals or cell bodies of NAc inputs. We test the efficacy
of these two approaches for uncovering pathway-specific
contributions of the PVT-NAc and BLA-NAc pathways to
behavior. We first demonstrate in brain slice recordings that
ArchT photoinhibition of glutamatergic fibers effectively
reduced evoked excitatory synaptic currents. We also report
that it increased asynchronous transmitter release and
consequently interneuron spiking, which broadly suppressed
glutamate release via presynaptic GABAp receptors. In vivo,
excitatory axon terminal photoinhibition increased feeding
and effortful reward-seeking irrespective of the pathway
targeted. These effects are comparable to those obtained
with broad inhibition (O’Connor et al, 2015) or lesions
(Bowman and Brown, 1998) of NAc projection neurons.
In contrast, cell body inhibition of NAc afferents from
the PVT and BLA revealed pathway-specific contributions
to distinct aspects of reward-seeking when food was
available and during extinction, respectively. These data
underscore the off-target behavioral consequences of ArchT-
mediated terminal inhibition while highlighting cell body

neural

inhibition as a valuable alternative for pathway-specific
optogenetic silencing.

MATERIALS AND METHODS

Experimental Model and Subject Details
Adult wild-type and transgenic C57BL/6] mice were used,
including tdTomato Cre-reporter mice (JAX#007914) and
parvalbumin-Cre mice (JAX#008069, Jackson Laboratory,
Sacramento, CA, USA). All animals were bred in-house and
kept on a reverse light cycle with a 12 h photoperiod. Animals
underwent surgery at approximately 3 months of age (25-30 g).
Six weeks later they were placed on a restricted feeding schedule
and maintained at 85-90% of their pre-surgery body weight. The
number of male and female mice were balanced within groups.
All experiments were conducted following the Canadian Council
of Animal Care and the McGill Animal Care Committee.

Method Details

Viral Constructs and Surgery

Before surgery, animals were anesthetized using a ketamine
(Ventoquinol, 100 mg/kg) and xylazine (Bayer, 10 mg/kg)
cocktail. The skull of the animal was then secured to a stereotaxic
frame (Kopf Instruments) and prepared for intracranial virus
injections according to the standard stereotaxic procedure.
Seven-hundred nanoliter of virus (5.0 x 102 GC/ml) was
injected bilaterally over 10 min using a Nanoject II Injector with
an oil-filled glass micropipette pulled to a tip diameter of 10 pm
(Drummond Scientific, 3-000-203-G/X).

For axonal photoinhibition experiments, rAAV5-CaMKIIa-
eArchT3.0-eYFP (UNC Vector Core) was delivered into the BLA
(AP —1.8 mm, ML 42.8 mm, DV —5.15 mm) and PVT (AP
—1.1 mm, ML £0.35 mm, DV —3.3 mm) of different cohorts of
wildtype mice. Optical fibers with a 200 jum core were implanted
in the NAc 10 min later (10° angle, AP 1.5 mm, ML £+1.35 mm,
DV —4.6 mm). Animals used for brain slice electrophysiology
experiments included PV reporter mice and were prepared in the
same manner, but optical fibers were not implanted.

For afferent-specific cell body photoinhibition experiments,
retroAAV2-CAG-ArchT-GFP  (Neurophotonics Centre at
Université Laval) was delivered to the NAc (AP 1.5 mm, ML
£0.62 mm, DV —4.7 to —4.2) and an optical fiber was placed
above the BLA (AP —2.06 mm, ML +3 mm, DV —4.02 mm) or
PVT (10° angle, AP —1.20 or —0.95 mm, ML £0.56 mm, DV
—2.82 mm) of different cohorts of wildtype mice.

Behavioral Testing
Mice were trained in sound-attenuating chambers (Med
Associates), in which levers were extended on either side of a
centrally located food receptacle. A house light and speaker were
located on the opposite side of the chamber. All behavioral data
were collected using the Med Associates software.
Food-restricted mice were tethered to optical fiber and placed
in these operant chambers daily for 40-min sessions. One lever
was randomly designated the active lever. Initially, each press
on this lever was reinforced with the delivery of 30 pl of a
15% sucrose solution (m/v) to the food receptacle and a tone
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presentation (4.8 kHz, 80 dB, 5 s duration). After mice earned
40 rewards in a single session, we switched them to a variable
ratio (VR3) reinforcement schedule. The number of active lever
presses required for reward delivery and tone presentation
then varied randomly between 1 and 5. Inactive lever presses
were always inconsequential. Both levers remained extended
throughout each session.

Photoinhibition experiments were carried out after
animals consistently attained 20 rewards per daily session.
Photoinhibition involved bilateral intracranial light delivery
(532 nm, 10 mW) for two 8-min periods within the 40-min
session. The timing of the photoinhibition periods was
counterbalanced across 2 days of testing. Animals subsequently
experienced two sessions under extinction conditions, in which
presses on the active lever were no longer reinforced. Both
extinction sessions were preceded by three daily sessions on the
VR3 reinforcement schedule.

Brain Slice Electrophysiology

Mice were anesthetized and perfused with a modified artificial
cerebrospinal fluid that contained, in mM, 92 NMDG, 20 HEPES,
25 glucose, 30 NaHCO3, 1.25 NaH,POy, 2.5 KCL, 5 sodium
ascorbate, 3 sodium pyruvate, 2 thiourea, 10 MgSOy, 0.5 CaCl,
(pH 7.35). Two-hundred micrometer thick coronal slices
containing the NAc were prepared using a VT-1200 vibratome
(Leica) and held at 34°C for 10 min in this same solution.
Slices were then transferred to a “holding ACSF” at room
temperature, which was identical except that NaCl (92 mM)
was included instead of NMDG and the MgSO4 and CaCl,
concentrations were 1 and 2 mM, respectively. The ACSF used
on the patch rig was maintained at 31°C and contained, in
mM, 119 NaCl, 2.5 KCL, 1.25 NaH2P04, 2 MgSO4, 2 CaClz,
24 NaHCOs3, and 12.5 glucose. All ACSF preparations were
saturated with 95% O, and 5% CO,. Cells were visualized on
an upright microscope with infrared differential interference
contrast and fluorescence microscopy. Whole-cell patch-clamp
recordings were made using a MultiClamp 700B amplifier using
2 kHz lowpass Bessel filter and 10 kHz digitization with pClamp
11 software (Molecular Devices). Recordings were made using
glass pipets with resistance 4.0-6.0 M, filled with an internal
solution containing, in mM, 117 cesium methanesulfonate,
20 HEPES, 0.4 EGTA, 2.8 NaCl, 5 TEA-CI, 4 Mg-ATP and 0.4
Na-GTP (pH 7.3). Projection neurons identified by morphology,
membrane resistance, and hyperpolarized resting membrane
potential were patched in the NAc shell in areas with bright eYFP
fluorescence. Patched cells were held at —70 mV to record evoked
and spontaneous EPSCs or at 0 mV to record spontaneous
IPSCs. sEPSCs were recorded over 10 min (5 min per condition).
sIPSCs were recorded over 30 min. EPSCs were evoked in pairs
(50 ms interval) once per minute for 30 min with a single
stimulating electrode positioned 100-200 mm dorsal to the
recorded neuron. Recordings that included photoinhibition and
CGP55984 lasted 15 min (5 min per condition). Series resistance
(10-25 MS2) remained stable throughout data collection. To
record interneuron spiking, cell-attached recordings were carried
out on tdTomato™ neurons of PV-reporter mice in the NAc shell
in areas with bright eYFP fluorescence. Recordings of spiking

activity took place over 10 min (5 min per condition). Opsin
activation was achieved with 590 nm light (2 mw, ThorLabs,
DC4104) directed through the microscope objective.

Histology

At the end of each behavioral experiment, animals were
anesthetized with 270 mg/kg Euthansol (Merck) and
transcardially perfused with 4% paraformaldehyde (PFA,
Sigma-Aldrich). Brains were removed, post-fixed in PFA for
24 h, and then transferred to PBS for 48 h. Tissue was then
sliced into 60 wm sections on a vibratome (Leica VT1000s) and
mounted on microscope slides with a MOWIOL plus DAPI
(Sigma-Adrich, St. Louis, MO, USA) solution.

Quantification and Statistical Analysis

For electrophysiological recordings, all data were normalized to
the last 3 min of the baseline condition of a given recording.
The frequency of sEPSCs, sIPSCs, and spiking was calculated by
counting the number of events that occurred in 1-min bins across
each recording. Once normalized, these data were used for all
time-course graphs. For summary graphs, the mean normalized
frequency was calculated for each experimental condition.

Two-tailed paired t-tests and two-way ANOVAs were used
for statistical comparisons of behavior across photoinhibition
conditions and across pathways.

Sidak’s multiple comparisons tests were conducted for all
ANOVA post hoc tests. The significance of all statistical tests
was determined using a = 0.05. All data are reported as the
mean + SEM.

RESULTS

ArchT-Mediated Axonal Inhibition of NAc
Afferents Increases Reward-Seeking

Behavior

The PVT-NAc pathway is thought to integrate hunger signals
(Kelley et al., 2005; Kirouac, 2015; Labouébe et al., 2016;
Meffre et al., 2019) while the BLA-NAc pathway processes
reward-predictive stimuli (Ambroggi et al., 2008; Esber and
Holland, 2014; Beyeler et al.,, 2018), so we hypothesized that
inhibition of these pathways would differentially influence the
vigor of food-seeking and responsivity to reward-associated
cues, respectively. We used an axon terminal photoinhibition
strategy to test this idea, bilaterally targeting light to the NAc of
mice expressing ArchT in their PVT or BLA (Figure 1A). We
trained the mice to lever press for food reward on a variable
ratio schedule of reinforcement (VR3) and compared their
lever press and food port responses within behavioral sessions,
across periods with and without intracranial light delivery.
We also assessed the behavioral impact of photoinhibition
during interspersed extinction sessions when lever presses were
not reinforced.

Photoinhibition of PVT and BLA axons in the NAc increased
the frequency of active lever pressing (Figures 1B,C), whereas
intracranial light delivery in GFP-only control mice did not
affect reward-seeking behavior. Photoinhibition of PVT and BLA
axons also increased inactive lever responding during extinction
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FIGURE 1 | Archaerhodopsin (ArchT)-mediated axon terminal inhibition of glutamate afferents in the Nucleus accumbens (NAc) increases reward-seeking behavior.
(A) Schematic of viral injections and optic probe placements (left). Representative coronal brain slices showing ArchT-eYFP expression in PVT and BLA neurons
(middle) and their associated axons in the NAc (right). Scale bar, 500 wm. (B,C) Photoinhibition of PVT and BLA axons increased active lever responses (ngrp = 11;
npvt = 14; neia = 10; Fp32) = 3.96, p < 0.05; for significant post hoc tests tzp) > 2.63) but not food port entries when reward was available (Fp 3z = 2.52, p = 0.10).
(D) During extinction, photoinhibition of PVT and BLA axons increased inactive lever responses (ngrp = 7; npyt = 15; ngia = 10; Fo09) = 4.70, p < 0.05; for
significant post hoc tests tpg) > 3.31). Error bars represent SEM. *Signifies p < 0.05. 3V, third ventricle; ac, anterior commissure; BLA, basolateral amygdala; BMP,
posterior basomedial amygdaloid nucleus; CM, central medial thalamic nucleus; HPC, hippocampus; LA, lateral amygdaloid nucleus; MD, mediodorsal thalamic

nucleus; PV, paraventricular thalamic nucleus.

PVT

sessions (Figure 1D), consistent with general disinhibition of
behavior. These behavioral effects are comparable to those
obtained with direct NAc neuron photoinhibition (O’Connor
et al., 2015) and NAc lesions (Bowman and Brown, 1998),
which suggests that any inhibitory influence on NAc physiology
may similarly disinhibit reward-seeking. Alternatively, given the
known off-target effects of ArchT-mediated axonal inhibition,
this approach to inhibiting specific pathways may generate
broad, unintended disturbances in NAc physiology.

Axon Terminal Inhibition of Excitatory NAc
Afferents Increases Local Inhibitory
Signaling

We examined the off-target consequences of the ArchT
photoinhibition of PVT and BLA axons in NAc neuron
brain slice recordings (Figure 2A). We first confirmed
that opsin activation in PVT and BLA axons reduced
the amplitude of electrically-evoked excitatory postsynaptic

currents (eEPSCs) in NAc neurons (Figures 2B,C), consistent
with the intended purpose of the manipulation. We next
monitored the frequency of spontaneous EPSCs (sEPSCs) and
found it to be elevated during periods of ArchT activation
(Figures 2D-F), consistent with previous results (Mahn et al.,
2016). There was no change in the amplitude or decay time of
spontaneous synaptic currents in response to photoinhibition
(Supplementary Figures S1A-D), nor was there any effect of
light on eEPSCs or sEPSCs in recordings from wildtype animals
(Supplementary Figures S2A,B).

Possibly the asynchronous glutamate release may not directly
alter the firing rate of NAc projection neurons, since they have
a resting membrane potential close to —80 mV and are thought
to fire action potentials upon concerted excitatory input (Goto
and Grace, 2008). However, certain interneuron populations
in the NAc are highly excitable and may be responsive to
small changes in excitatory signaling. To evaluate whether
interneuron activity is affected by ArchT-mediated increases
in asynchronous glutamate release, we monitored spontaneous
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FIGURE 2 | ArchT-mediated inhibition of excitatory axons in the NAc increases spontaneous excitatory postsynaptic currents (SEPSC) frequency. (A) Schematic of
brain slice recording conditions where electrically-evoked-EPSCs were recorded from NAc spiny neurons before, during, and after Arch-mediated photoinhibition of
excitatory axon terminals. (B) Example recordings from NAc neurons showing changes in the amplitude of electrically-evoked EPSCs during photoinhibition of PVT
(top left) and BLA (bottom left) axons in the NAc. Summary of relative change in EPSC amplitudes (right) over time in response to photoinhibition during minutes
10-20. (C) Summary of effect of photoinhibition on EPSC amplitudes. Inset shows data collapsed across pathways, highlighting main effect of photoinhibition

[npyr = 7(3 animals); ngLa = 7(3); F(2,24) =10.40, p < 0.007; tpaseline vs. inhibition (24) = = 4.18%; tpaseline vs. inhibition (24) = 8.68". (D) Schematic of brain slice recording
conditions where spontaneous EPSCs were recorded from NAc spiny neurons during the Arch-mediated photoinhibition of excitatory axon terminals. (E) Example
NAc neuron recordings highlighting the increase in spontaneous EPSCs that accompanied Arch-mediated inhibition of PVT and BLA axons. (F) Summary of effect of
photoinhibition on normalized sEPSC frequency [n = 9(3); tg = 3.48, p < 0.0]. Error bars represent SEM. *Signifies p < 0.01. MSN, the medium spiny neuron.

inhibitory postsynaptic currents (sIPSCs) in NAc neurons. afferents (Kupferschmidt and Lovinger, 2015). Indeed, bath
The frequency but not the amplitude of sIPSCs was elevated  application of the GABAg receptor antagonist CGP55984 at 2
during PVT and BLA axon photoinhibition (Figures 3A-C, M partially reversed the effects of axonal ArchT activation
Supplementary Figure S1B), consistent with the hypothesis that ~ on eEPSC amplitude and pulse paired ratios (Figures 3G-J)
local inhibitory signaling is upregulated by unintended glutamate ~ without affecting baseline measures of eEPSC amplitude or
release from ArchT-expressing fibers. sEPSC frequency (Supplementary Figure S3). This result raises
To more directly evaluate this hypothesis, we recorded further doubt about the pathway-specificity of the axonal
the spiking activity of parvalbumin-positive (PV) interneurons  inhibition approach.
in the NAc of PV-tdTomato mice in response to ArchT

photoinhibition of PVT and BLA axons (Figure 3D). We found ey eps
a sharp increase in PV interneuron spiking following opsin Cell Body Inhibition of NAc Afferents

activation, irrespective of its localization to PVT or BLA axons Reveals Pathway'SpeCiﬁc Contributions

(Figures 3E,F). While it is unclear if this increase in spikingisa ~ Of PVT and BLA Inputs to Reward-Seeking
direct consequence of asynchronous glutamate release, it suggests ~ To re-evaluate the validity of the behavioral findings we obtained
that activation of ArchT in any collection of excitatory axons in ~ with axonal ArchT activation, we repeated the experiments
the NAc may cause common disruptions in NAc physiology. described above using an alternative approach to disrupting
While excess PV interneuron activity directly inhibits NAc ~ pathway function. Capitalizing on the efficient axon terminal-
projection neurons, it may also broadly suppress glutamate infecting virus retroAAV, we drove ArchT expression in all
release via presynaptic GABAp receptors located on excitatory ~ NAc-projecting neurons and targeted light to the PVT or BLA
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FIGURE 3 | ArchT-mediated inhibition of excitatory axons in the NAc increases spiny neuron spontaneous inhibitory postsynaptic currents (sIPSC) frequency and
PV+ interneuron spiking. (A) Schematic of brain slice recording conditions where spontaneous IPSCs were recorded from NAc spiny neurons before, during, and
after Arch-mediated photoinhibition of excitatory axon terminals. (B) Example NAc neuron recordings showing changes in sIPSC frequency during photoinhibition of
PVT (top left) and BLA (bottom left) axons in the NAc. Summary of relative change in sIPSC frequency over time in response to photoinhibition (right). (C) Summary of
effect of photoinhibition on sIPSC frequency. Inset shows data collapsed across pathways, highlighting main effect of photoinhibition [npyt = 7(3 animals);

neLa = 7(3); Fo,24y = 7.26, p < 0.071; thaseline vs. infibition (24) = 3.79*]. (D) Schematic of brain slice recording conditions where spiking activity was recorded in
tdTomato-labeled PV+ fast-spiking interneurons (FSls) during Arch-mediated photoinhibition of excitatory afferent inputs. (E) Example recording from a PV+
interneuron in the NAc showing elevated spiking activity coincident with Arch-mediated axon terminal photoinhibition (left). Summary of relative change in FSI spiking
frequency over time in response to photoinhibition (right). (F) Summary of effect of photoinhibition on normalized interneuron spiking [n = 7(2); tg) = 3.64, p < 0.05].
(G) Schematic of brain slice recording conditions, where electrically-evoked EPSCs were recorded from NAc spiny neurons during Arch-mediated photoinhibition of
excitatory axon terminals in the presence of a GABAg antagonist (CGP55984). (H) Example NAc neuron recordings showing the effects of a GABAg antagonist on
evoked EPSC amplitudes during photoinhibition of PVT (top) and BLA axons (bottom). (I,J) Summary of effect of GABAg antagonist on evoked EPSC amplitude
[n=3(2); tp =5.51, p < 0.05] and normalized pulse-paired ratio (PPR; tz) = 2.90, p = 0.10) during photoinhibition of excitatory axon terminals. Baseline data not
shown. Error bars represent SEM. *Signifies p < 0.05. FSI, fast-spiking interneuron; MSN, the medium spiny neuron.
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FIGURE 4 | Cell body inhibition of NAc afferents reveals pathway-specific contributions of PVT and BLA inputs to reward-seeking. (A) Schematic of viral injections
and optic probe placements (feft). Representative coronal brain slices showing ArchT-GFP expression in axon terminals in the NAc (middle) and in soma that project
to the NAc in the PVT and BLA (right). Scale bar, 500 wm. (B,C) Photoinhibition of NAc-projecting PVT neurons increases active lever responses (Ngep = 8; Npyr = 7;
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(Figure 4A). This method provided pathway specificity, but the
manipulation occurred upstream of the NAc. These animals
were trained and tested in the same manner as before, and we
evaluated the differential influence of PVT and BLA pathways on
operant reward-seeking behavior.

With light directed to the PVT and BLA in different cohorts
of mice, we found that photoinhibition of the PVT-NAc pathway
but not the BLA-NAc pathway increased lever press and food
port responding when food was available (Figures 4B,C). This
result was consistent with previous findings that implicate
PVT input in the integration of hunger signals that regulate
the vigor of food-seeking. In contrast, photoinhibition of the
BLA-NAc pathway but not the PVT-NAc pathway increased
inactive lever responding during extinction when food was not
available (Figure 4D). This finding is consistent with the role
of BLA input in regulating cue-reward associations. Together,
these results suggest that soma-targeted photoinhibition is

a valuable alternative to axon-targeted photoinhibition for
assessing pathway-specific contributions to behavior, as only the
former revealed dissociable influences of PVT and BLA afferents
to the NAc on reward-seeking.

DISCUSSION

In trying to identify dissociable influences of PVT and BLA
input to the NAc on reward-seeking behavior, we compared
axon-targeted and soma-targeted photoinhibition strategies
using the outward proton pump ArchT. We found that
axon terminal inhibition increased reward-seeking behavior
similarly when targeted to either pathway, whereas pathway-
specific inhibition of upstream cell bodies produced dissociable
behavioral effects that were consistent with previous literature.
NAc neuron brain slice recordings confirmed that activation of
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ArchT in excitatory axon terminals reduces eEPSCs yet increases
SsEPSCs. The pathway-specific nature of this manipulation
was undermined by a concomitant increase in GABAergic
interneuron activity, which was associated with a broad
GABAg receptor-dependent reduction in eEPSC amplitudes.
These results suggest that the ArchT photoinhibition of
excitatory axons has off-target consequences that generally
disrupt NAc physiology, which may explain why similar changes
in behavior result from the inhibition of distinct axonal
inputs. Soma-targeted photoinhibition appears to be a valuable
alternative for pathway-specific optogenetic silencing.

The NAc integrates excitatory input from several limbic
structures (Mannella et al., 2013) and is a convergent site of
dysregulation in many psychiatric disorders (Ahmari et al,
2013; Bagot et al, 2015; Francis et al, 2015; Creed et al,
2016; Neumann et al., 2016). Identifying the distinct behavioral
contributions of these excitatory inputs is challenging because
they similarly engage NAc physiology (Britt et al., 2012) and
originate in regions that are themselves highly interconnected
(Pitkdnen et al., 2000; Li and Kirouac, 2008; Do-Monte et al.,
2015). The study of these circuit elements thus heavily relies
on our ability to selectively disrupt pathway-specific function.
Unfortunately, many of the optogenetic tools commonly used
to silence long-range neural projections have unclear limitations
in vivo, and their off-target effects may mask pathway-specific
differences, particularly in highly integrative structures such as
the NAc. Accordingly, there is considerable value in comparing
different pathway-specific inhibition strategies for manipulating
multiple, parallel long-range projections.

Alternatives to Targeting ArchT

Photoinhibition to Axon Terminals

Optogenetic approaches for silencing neural activity have
repeatedly been found to produce off-target effects and
unpredictable changes in network activity that preclude
straightforward interpretations of experimental outcomes. For
example, tissue heating in response to prolonged light delivery
is sufficient to alter potassium conductance in striatal neurons
(Owen et al, 2019). Additionally, ion transporters such as
ArchT and halorhodopsin can dramatically alter the intracellular
ionic environment affecting the pH level and chloride reversal
potential, respectively (Raimondo et al, 2012; Mahn et al,
2016). These disruptions are most pronounced in axons on
account of their relatively small intracellular volume. A separate
issue is the rebound excitation that often follows any acute
hyperpolarization (Arrenberg et al., 2009).

Fortunately, new tools and experimental approaches have
mitigated some of these unintended effects. The development
of highly effective retrograde viral vectors (Tervo et al., 2016)
has facilitated projection-specific cell body photoinhibition
strategies, as demonstrated here. This approach benefits from the
capacity of the soma to buffer against significant changes in pH
and ionic composition (Wiegert et al., 2017). Opsin expression
can be further restricted with intersectional strategies involving
recombinase proteins such as Cre or FLP and retrograde viral
vectors. This approach may be necessary when targeting specific
pathways within reciprocally connected brain regions.

Anion-conducting channelrhodopsins (ACRs) may be the
best option currently available for photoinhibition experiments.
Since their conductance is dependent on the membrane
potential, their activation can shunt voltage fluctuations of the
cell without inducing strong hyperpolarization or significantly
altering the ionic environment (Berndt et al., 2016). The light-
driven chloride channels that have been engineered (eACRs;
Berndt et al., 2014) or found in nature (GtACRs; Govorunova
et al, 2015) are also more light-sensitive than any presently
used ion transporter opsins. Unfortunately, chloride channels
appear to be excitatory in many axons, due to locally elevated
chloride concentrations (Khirug et al.,, 2008; Malyshev et al.,
2017). Soma-restricted GtACR variants have been developed
to circumvent this issue, but their expression level has to be
optimized to minimize their excitatory influence in the axon
hillock (Mahn et al., 2018).

These new tools have fewer drawbacks than their
predecessors, but it remains difficult to interpret the effects
of inhibiting specific projections that are embedded in recurrent
circuitry (Spellman et al., 2015; Do-Monte et al, 2017). It
is unclear how silencing a pathway will ultimately affect
downstream neurons, let alone the network as a whole. Limiting
the duration of photoinhibition may mitigate some concerns,
but the organization of the affected circuitry and behavioral state
of the animal should be carefully considered.

PVT and BLA Inputs to the NAc Influence

Discrete Aspects of Reward-Seeking

PVT and BLA projections to the NAc have been found to
promote and discourage reward-seeking in different contexts
(Stuber et al., 2011; Millan et al., 2015; Zhu et al., 2016; Do-
Monte et al., 2017; Bercovici et al., 2018; Reed et al., 2018; Shen
et al., 2019). For instance, photostimulation of PVT input to the
NAc can reduce or increase sucrose-seeking behavior (Labouebe
et al., 2016; Do-Monte et al., 2017; Cheng et al., 2018), while
photostimulation of different fibers in the BLA-NAc pathway
can generate place preference or aversion (Shen et al., 2019).
These mixed effects likely reflect the heterogeneity of the PVT
and BLA. By studying coarse disruptions of pathway activity
alongside manipulations of genetically and spatially defined
subpopulations in varied contexts (Labouebe et al., 2016; Shen
etal., 2019), we can begin to understand the net contributions of
these pathways to behavior.

Here, we identified a unique role of PVT inputs in modulating
the vigor of food-seeking behavior, which is consistent with
a wealth of literature implicating this structure in integrating
hunger signals and regulating feeding (Kelley et al, 2005;
Stratford and Wirtshafter, 2013; Kirouac, 2015; Labou¢be et al.,
2016; Choi and McNally, 2017; Do-Monte et al., 2017; Cheng
et al., 2018; Meffre et al, 2019). While stimulation of a
smaller glucose-sensing subset of PVT-NAc projectors can
promote consumptive behavior (Labouebe et al., 2016), we
find that the net effect of bulk PVT-NAc inhibition is an
increase in food-seeking, consistent with the net reductions
in PVT-NAc pathway activity that have been observed in
the rostral NAc during feeding (Reed et al, 2018). Gross
excitatory drive from this input may, therefore, gate food-seeking
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behaviors by downregulating NAc activity overall, while smaller,
genetically defined populations—like those that sense low levels
of interstitial glucose (Laboue¢be et al, 2016)—may target
relatively circumscribed areas of the NAc which have opposing
influences on feeding behavior.

Our soma-targeted photoinhibition of the BLA-NAc pathway
did not affect lever-pressing behavior when food was available
but increased it under extinction conditions, consistent with
the role of this pathway in regulating operant responding
following changes in outcome (Shiflett and Balleine, 2010).
BLA-NAc activity may thus have a pronounced role in
behavioral suppression under varied conditions. Overall, the
use of increasingly refined tools to inhibit projection-specific
activity will aid efforts to dissect neural circuit function
concerning behavior.
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Figure 2. Summary of the effect of light on (A) the amplitude of evoked EPSCs
[n = 8(3 animals); t7) = 2.11, p = 0.07] and (B) the frequency of spontaneous
EPSCs (t7) = 0.63, p = 0.55).

FIGURE S3 | In the absence of photoinhibition, a GABAB antagonist does not
affect the amplitude of eEPSCs or the frequency of sSEPSCs recorded from NAc
neurons of wildtype animals. Related to Figure 3. Summary of the effect of light
on (A) the amplitude of evoked EPSCs [n = 5(3 animals); t) = 0.80, p = 0.47] and
(B) the frequency of spontaneous EPSCs (t4) = 0.08, p = 0.94).
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Excitatory synapses in the mammalian cortex are highly diverse, both in terms of
their structure and function. However, relationships between synaptic features indicate
they are highly coordinated entities. Imaging techniques, that enable physiology at the
resolution of individual synapses to be investigated, have allowed the presynaptic activity
level of the synapse to be related to postsynaptic function. This approach has revealed
that neuronal activity induces the pre- and post-synapse to be functionally correlated
and that subsets of synapses are more susceptible to certain forms of synaptic plasticity.
As presynaptic function is often examined in isolation from postsynaptic properties, the
effect it has on the post-synapse is not fully understood. However, since postsynaptic
receptors at excitatory synapses respond to release of glutamate, it follows that they
may be differentially regulated depending on the frequency of its release. Therefore,
examining postsynaptic properties in the context of presynaptic function may be a useful
way to approach a broad range of questions on synaptic physiology. In this review, we
focus on how optophysiology tools have been utilized to study relationships between
the pre- and the post-synapse. Multiple imaging techniques have revealed correlations
in synaptic properties from the submicron to the dendritic level. Optical tools together
with advanced imaging techniques are ideally suited to illuminate this area further, due
to the spatial resolution and control they allow.

Keywords: probability of neurotransmitter release, AMPA receptor, mGluRs, presynapse, postsynapse, styryl
dyes, imaging, synaptic function

INTRODUCTION

Synapses in the brain are diverse, plastic structures with distinct morphologies (Walmsley et al.,
1998; Rollenhagen and Lubke, 2006). Even within one type of synapse, the excitatory cortical
synapse, a large degree of structural and functional heterogeneity is observed, which is likely of
relevance to the information processing that contributes to memory and cognition (Harris and
Stevens, 1989; Schikorski and Stevens, 1999; Matsuzaki et al., 2004; Noguchi et al., 2005; Harvey
etal, 2008; Tanaka et al., 2008; Araya et al., 2014). Many experimental techniques have been utilized
to understand synaptic physiology (Glasgow et al., 2019); however, light-based imaging techniques
are particularly powerful for studying this area.

Ultrastructural studies help illustrate the extent of synaptic variability. They have revealed that
spine head volume in the hippocampus can vary by ~180 fold, postsynaptic density (PSD) area
by ~70 fold, spine length by ~10 fold, and synaptic vesicle number by ~500 fold (Harris and
Stevens, 1989). The richness in synaptic form is likely a consequence of molecular composition.
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For example, overexpression of postsynaptic proteins such as
PSD-95 (El-Husseini et al., 2000), Shank (Sala et al., 2001),
and GluA2 (Passafaro et al., 2003) can drive the morphological
enlargement of spines. Conversely, the specific morphologies
may act to influence the molecular composition. For example,
mushroom spines with smaller heads and long spine necks
slow the diffusion of AMPA receptors (AMPARs) (Ashby et al.,
2006), which may make the AMPAR complement in the spine
head more stable.

The functionality of synapses is related to their structure
and molecular composition. For example, one highly reproduced
finding that mirrors the presynaptic structural diversity of
synapses is that the probability of neurotransmitter release
[P(r)] at central synapses is highly variable. The diversity of
P(r) has been measured using a variety of methods including
the progressive block by the use-dependent NMDA receptor
(NMDAR) antagonist MK-801 (Hessler et al., 1993; Rosenmund
et al., 1993), the activity-dependent uptake of styryl dye (Murthy
et al, 1997; Sanderson et al., 2018), high affinity calcium
indicators like Oregon Green BAPTA-1 (Emptage et al., 1999,
2003; Ward et al., 2006; Enoki et al., 2009; Padamsey et al., 2017,
2019) or the glutamate sensor SF-iGluSnFR (Jensen et al., 2019;
Soares et al., 2019). P(r) correlates with structural features of
synapses such as the active zone area (Schikorski and Stevens,
1997; Holderith et al., 2012) and also with the readily releasable
pool size (Dobrunz and Stevens, 1997) which is thought to
consist of those vesicles docked at the active zone (Schikorski and
Stevens, 1997; Murthy et al., 2001). These findings suggest P(r) is
powerfully influenced by presynaptic structural attributes.

When the post-synapse is studied, a similar correspondence
between structure and function is observed. A precise
relationship exists between the molecular complement of
spines and their geometry. For example, the PSD length
and basal AMPAR expression are positively correlated, with
functional AMPARs expressed at a similar density across
different spines (Takumi et al,, 1999; Tanaka et al., 2005). In
addition, probing synaptic function by focally uncaging caged
glutamate at synapses using two-photon stimulation (Mitchell
et al., 2019), has revealed that expression of glutamate receptors
is correlated with spine volume (Noguchi et al., 2005) and that
long-term potentiation (LTP)-associated changes in volume
correlate with changes in conductance (Matsuzaki et al., 2004).

Many factors influence the relationship between postsynaptic
structure and function. For example when specific proteins such
as PSD-95 are knocked out, there is a resultant increase in
silent synapses on mature spines (Beique et al., 2006). Additional
contributions, such as astrocytes, play important roles in synapse
development and function; however, a more detailed description
of how they influence the pre- and post-synapse is beyond
the scope of this review. The role of astrocytes in synapse
physiology is described in several recent reviews (Allen and
Eroglu, 2017; Rose et al, 2017; Dallerac et al., 2018). Here,
we summarize some of the findings that suggest both pre-
and post-synaptic activity is highly coordinated and discuss
functional imaging studies that suggest multiple mechanisms are
involved in ensuring the pre- and post-synaptic compartments
are functionally aligned.

POSTSYNAPTIC MANIPULATIONS
INFLUENCE THE PRESYNAPSE

Ultrastructural studies suggest that numerous features of the
pre- and post-synapse are correlated. These include relationships
between the PSD size and the active zone size, and between the
postsynaptic spine head volume and the number of vesicles in
the presynaptic varicosity (Figures 1A,B) (Harris and Stevens,
1989; Schikorski and Stevens, 1997, 1999). These interrelations in
structural composition indicate there are mechanisms to ensure
that as synapses are modified, for example, over development
or due to synaptic plasticity, the pre- and post-synapse remain
proportional to one another. In addition to driving an increase
in spine size as mentioned above, overexpressing postsynaptic
proteins results in enhanced miniature excitatory postsynaptic
current (mEPSC) frequency, often interpreted as reflecting
an increase in P(r), as well as a range of other measures
of presynaptic function (El-Husseini et al, 2000; Sala et al.,
2001). The presynaptic effect is indicative of a functional
increase in synaptic activity that may be in proportion to
the increase in postsynaptic spine size. Due to the similar
density of functional AMPAR expression (Takumi et al., 1999;
Tanaka et al., 2005), this would also be proportional to
postsynaptic function.

Conversely, knocking down AMPARs reduces presynaptic
functionality, suggested by reduced mEPSC frequency and
reduced uptake of antibody directed against the vesicular protein
synaptotagmin. When other measures of presynaptic activity
were examined, by measuring paired pulse facilitation and MK-
801 block, there was no difference detected. This led the authors
to conclude that a subset of synapses had become inactive,
leaving the remaining synapses with unaltered P(r) (Tracy
et al, 2011). Two types of release have been identified, one
responsible for mEPSCs, which does not require presynaptic
action potentials, the other involved in evoked release, which does
(Kavalali, 2015). Presynaptic NMDARs regulate these two forms
of release differentially, for example, they may act to regulate
mEPSC release via c-Jun N terminal Kinase, whereas they may
regulate evoked release via Rab3-interacting molecule (RIM) 1
(Abrahamsson et al., 2017). A possible alternative interpretation
of the constellation of presynaptic changes that accompany
postsynaptic AMPAR knockdown (Tracy et al., 2011) is that they
indicate a deficit in neurotransmitter release that does not require
presynaptic action potentials.

PRE- AND POST-SYNAPTIC PROTEINS
ARE ALIGNED AT THE SUBMICRON
LEVEL

The ability to image synaptic proteins using super resolution
imaging has resulted in the discovery of subsynaptic domains.
These are ~70-80 nm domains enriched with PSD-95, Homer,
and AMPARs at the post-synapse of excitatory synapses (Fukata
et al., 2013; MacGillavry et al., 2013; Nair et al., 2013; Tang et al.,
2016; Hruska et al., 2018). These domains are of uniform size and
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FIGURE 1 | Multiple pre- and post-synaptic features are correlated. Analysis of electron micrographs indicates that (A) the postsynaptic density (PSD) size correlates
with the presynaptic active zone size, scale bar in image on left is 0.5 wm [Schikorski and Stevens, 1997, copyright (1997) Society for Neuroscience]; and (B) the
postsynaptic spine head volume correlates with the number of vesicles in the presynaptic varicosity [Harris and Stevens, 1989, copyright (1989) Society for
Neuroscience]. (C) FM4-64 is a red styryl dye that allows simultaneous imaging with green fluorescent proteins. It is an amphipathic molecule that is taken into lipid
membranes due to a lipophilic portion but does not fully cross due to a polar head. It can be loaded and unloaded in an activity-dependent way. Scheme based on
that in Betz et al., 1992 [copyright (1992) Society for Neuroscience]. (D) In dissociated cultured neurons, no functional relationship is observed in control conditions
when P(r) is measured using loading of FM dye and postsynaptic strength by immunofluorescence imaging against GluA2. However, if activity is elevated by
application of potassium chloride and bicuculline, a correlation is observed due to the down regulation of surface GIUA2 at low P(r) synapses [Tokuoka and Goda,
2008, copyright (2008) National Academy of Sciences]. (E) Application of the group | mGIuR agonist DHPG results in downregulation of AMPARSs at low P(r)
synapses. P(r) estimated by FM4-64 loading (red) and postsynaptic strength indicated by SEP-GIUA2 fluorescence (green). Example of FM4-64 loading and
SEP-GIUA2 fluorescence in images on left, scale bar represents 2 wm. Arrows indicate FM4-64 puncta used to estimate P(r). Circles indicate a SEP-GIuA2 punctum
at the synapse opposed to the FM4-64 labeling. Reproduced from Sanderson et al. (2018) under CC BY-NC-ND license.
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are regulated by palmitoylation and by interactions with stargazin
(Fukata et al., 2013; Nair et al., 2013).

Examining synapses using 3D  stochastic optical
reconstruction microscopy (3D-STORM) (Huang et al., 2008)
has revealed that the subsynaptic domains at the post-synapse
are related to the presynapse in trans-synaptic nanocolumns.
These consist of enriched areas of PSD-95 and AMPARs that
are located directly opposite the presynaptic release machinery
characterized as containing RIM (Tang et al., 2016). Presynaptic

vesicle fusion was detected preferentially at areas of RIM
enrichment, suggesting that this nanoscale architecture is
relevant for synaptic function. That the presynaptic release
machinery relates so precisely to the postsynaptic receptors that
detect release is predicted to affect the efficiency of synaptic
transmission (Nair et al., 2013). For example, this organization
is estimated to enhance synaptic strength by 20 % compared
to if pre- and post-synaptic proteins were organized uniformly
(Tang et al., 2016).
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Stimulated emission depletion (STED) microscopy (Willig
et al., 2006) has revealed that since trans-synaptic nanocolumns
are of remarkably similar size, this means that large synapses
that contain more synaptic proteins do not have larger trans-
synaptic nanocolumns, but have a greater number of similarly
sized domains. When structural plasticity is induced, the modular
addition of new trans-synaptic nanocolumns is particularly
apparent at later time points (>2 h after induction). The pre- and
post-synaptic elements of trans-synaptic nanocolumns remain
aligned even though they are mobile when undergoing structural
plasticity (Hruska et al., 2018).

MEASUREMENT OF P(r) USING FM
DYES

In order to study pre-synapse function, imaging techniques have
proved invaluable. Styryl dyes such as FM1-43 or FM4-64 have
proved useful as they offer the benefits of being amenable to
measuring P(r) of evoked neurotransmission directly, and can be
used in semi-intact (e.g., slice) preparations. FM dyes were used
originally to study vesicle recycling at the frog neuromuscular
junction (Betz and Bewick, 1992; Betz et al, 1992) and the
hippocampus (Ryan et al., 1993), enabling multiple presynaptic
boutons to be studied simultaneously in response to direct
electrical stimulation.

These amphipathic dyes are incorporated into biological lipid
membranes due to their short hydrophobic tail, but do not
pass all the way through the membrane due to the highly
charged hydrophilic group at the opposite end of the molecule
(Figure 1C) (Betz et al, 1992). When applied to biological
preparations these dyes therefore stain all external membranes.
Following release of neurotransmitter through fusion of a
vesicle with the presynaptic membrane, the vesicular membrane
and associated proteins are recycled via clathrin-dependent
endocytosis (Brodin et al., 2000; Watanabe et al., 2013). If external
membranes have been stained with FM dye, this recycling process
results in newly recycled vesicles that are also stained with dye.
Dye in external membranes can then be washed out, leaving only
those internalized vesicles that can be visualized as puncta by
confocal or multiphoton microscopy and when photo converted
can be visualized in synaptic vesicles by electron microscopy
(Harata et al.,, 2001; Branco et al., 2008). The development of
agents that reduce background FM staining (Kay et al., 1999;
Pyle et al., 1999) have enabled the use of this technique in brain
slice preparations (Johnstone and Raymond, 2013; Sanderson
et al., 2018) as well as facilitating their use in dissociated culture
(Tokuoka and Goda, 2008).

FM dye uptake has been used in two ways to assess presynaptic
activity. The first involves loading FM dye into presynaptic
vesicles using a low number of electrical stimulations, a protocol
that results in individual peaks in the fluorescence intensity
frequency histogram that likely represent the fluorescence from
individual vesicles (Murthy et al., 1997). With reference to the
number of stimulations used to load the presynaptic boutons
with dye, and the fluorescence value ascribed to a single
vesicle, this staining procedure allows the P(r) to be estimated

(Murthy et al., 1997; Tokuoka and Goda, 2008; Sanderson et al.,
2018). When loaded in a hippocampal slice using a stimulating
electrode the dye reveals very sparse labeling. If care is taken
to ensure that the stimulation strength is similar to that used
in slice electrophysiology experiments, the labeled synapses can
be related to those studied using electrophysiology (Sanderson
et al,, 2018). In addition, FM dyes can be loaded into dissociated
cultured neurons using a high concentration of potassium.
This depolarizes the cells causing release followed by loading
of the entire recycling pool of vesicles. Since the size of the
recycling pool is correlated with P(r) (Rosenmund and Stevens,
1996; Dobrunz and Stevens, 1997; Murthy et al,, 1997), this
method has also been used to assess presynaptic activity levels
(Kay etal., 2011).

THE DEVELOPMENT OF FUNCTIONALLY
CORRELATED PRE- AND
POST-SYNAPTIC COMPARTMENTS

A functional correlation between pre- and post-synaptic activity
has been observed under a variety of conditions. An initial
connection was observed by relating the intensity of GluAl
immunofluorescence staining in dissociated culture to the uptake
of antibody directed against the vesicular protein synaptotagmin
(Thiagarajan et al., 2005). However, using FM dyes it was found
that this functional correlation is only seen if the neuronal
network exhibits sufficient activity. In dissociated cultured
neurons, using loading of FM1-43 to measure P(r), and an
antibody against the AMPAR subunit GluA2 as a measure of
postsynaptic strength, a functional correlation emerged when
neuronal activity was elevated pharmacologically (Figure 1D)
(Tokuoka and Goda, 2008). Furthermore, where postsynaptic
function has been assessed using focal uncaging of caged
glutamate, a correlation between P(r) emerged over development,
in a manner that depended on neuronal activity (Kay et al., 2011).
These observations have revealed that an activity-dependent
correlation between pre- and post-synaptic function emerges
during development. This leads to the question as to the
underlying mechanisms?

SEP-TAGGED RECEPTORS REVEAL
AMPAR TRAFFICKING IS INFLUENCED
BY P(r)

Live cell imaging aimed at understanding the AMPAR trafficking
that contributes to the expression of hippocampal synaptic
plasticity has helped shed light on the activity-dependent
mechanisms that may underlie the correspondence between
pre- and post-synaptic properties. One imaging method involves
using super ecliptic pHluorin (SEP), a pH-sensitive variant of
Green Fluorescent Protein that yields greater fluorescence at
neutral pH compared to acidic pH. SEP expression allows the
preferential imaging of GluA2 at the cell surface where pH is ~7,
rather than in the endocytic pathway where pH is ~5. Versions
of this fluorophore were initially developed, and have been used
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extensively, to study presynaptic secretion (Miesenbock et al,
1998; Sankaranarayanan et al., 2000; Voglmaier et al.,, 2006;
Lindskog et al., 2010; Henry et al., 2012). This methodology was
then adopted for the study of postsynaptic receptor trafficking,
where AMPARs were shown to rapidly internalize in response to
activation of NMDARs (Ashby et al., 2004). This approach has
since been used extensively to study various aspects of AMPAR
receptor trafficking (Ashby et al., 2004, 2006; Kopec et al., 2006,
2007; Lin and Huganir, 2007; Yudowski et al., 2007; Heine et al,,
2008; Lin et al., 2009; Araki et al., 2010, 2015; Patterson et al.,
2010; Thorsen et al., 2010; Makino and Malinow, 2011; Sanderson
etal., 2011, 2018; Zhang et al., 2011, 2015).

We have recently combined the use of SEP-GluA2 and
FM4-64 to investigate the relationship between postsynaptic
AMPAR trafficking and P(r) at individual hippocampal synapses
(Sanderson et al., 2018). In particular, we studied a form of
synaptic plasticity that is induced by a brief application of
the group 1 mGluR agonist dihydroxyphenylglycine (DHPG),
termed DHPG-long term depression (DHPG-LTD) (Palmer et al.,
1997). The dual probes validated the notion that AMPAR
trafficking contributes to the expression of DHPG-LTD (Snyder
et al., 2001; Moult et al, 2006; Casimiro et al., 2011) and
may occur only at a subset of synapses (Xiao et al., 2001;
Sanderson et al., 2011). More interestingly, the optical approach
also revealed that the DHPG-induced SEP-GIuA2 trafficking is
correlated with P(r), such that reductions in AMPARs occur
predominantly at low P(r) synapses (Figure 1E).

Where manipulations have been performed that modulate
P(r), for example, changing the calcium to magnesium ratio, the
magnitude of DHPG-LTD and the extent of AMPAR trafficking
is altered in a way that is consistent with this mechanism. For
example, increasing the calcium to magnesium ratio results in
higher P(r) and DHPG-LTD and SEP-GluA?2 trafficking are both
reduced; if the ratio is decreased to lower P(r) then LTD and
GluA2 trafficking are both increased (Oliet et al., 1997; Watabe
et al., 2002; Sanderson et al., 2018).

MECHANISMS OF P(r)-DEPENDENT
mGIuR ACTIVATION

Why does DHPG-induced AMPAR trafficking occur
predominantly at low P(r) synapses? DHPG-LTD can be
triggered by either mGluRl or mGluR5 (Gladding et al,
2009b; Sanderson et al., 2016). The trigger for DHPG-LTD in
organotypic slices is mGluR1 (Nadif Kasri et al., 2011; Sanderson
et al., 2018) and using a similar imaging approach mGluR1 was
tagged with SEP in order to compare its expression and trafficking
with P(r). The approach revealed that specifically at high P(r)
synapses theta burst stimulation (TBS) induces downregulation
of mGluR1 resulting in lower basal mGluR1 levels (Figure 2A)
(Sanderson et al., 2018). Therefore, DHPG-induced AMPAR
trafficking occurs predominantly at low P(r) synapses because
this is where the trigger, mGluRl1, is expressed most highly. As
theta burst activity develops over the course of development
(Charlesworth et al., 2015; Kim et al., 2016), this mechanism
may contribute to the emergence of a correlation between

P(r) and postsynaptic function at later developmental stages
(Kay et al., 2011).

Inhibition of excitatory amino acid transporters (EAATSs) was
found to enhance the trafficking of SEP-mGluR1 suggesting
that the selective effect of theta bursts at high P(r) synapses is
likely because the greater frequency of glutamate release at these
synapses results in more spillover of glutamate to peri-synaptic
areas where mGluRs are expressed (Sanderson et al., 2018).
Consistent with this hypothesis, STED imaging has revealed
that LTP causes the withdrawal of astroglial processes from
synapses, and in so doing facilitates the spillover of glutamate
(Henneberger et al,, 2018). Consequently, released glutamate
would gain access to peri-synaptically expressed receptors such
as mGluR1 and so may be necessary for the theta burst-induced
mGluR1 trafficking detailed above. Whether this modulation of
astroglia occurs more readily at high P(r) synapses remains to
be investigated.

POSSIBLE FUNCTIONAL
CONSEQUENCES OF P(r) INFLUENCED
AMPAR TRAFFICKING

What are the possible functional consequences of a relationship
between P(r) and AMPAR trafficking? Here we put forward a
few suggestions.

Theta-Burst Stimulation (TBS)

We found that TBS induces SEP-GluA2 trafficking in synapses
of intermediate P(r) via a mechanism that requires mGluR1
activation (Figure 2B) (Sanderson et al, 2018). That theta
bursts have this effect may indicate that mGluR-induced AMPAR
trafficking can sculpt neuronal networks in an input specific
way. The recruitment of this mechanism only at synapses of
intermediate P(r) is likely because a balance exists between
mGluR1 expression levels and sufficient release of glutamate
to activate them. High P(r) synapses may be protected from
the effects of mGluR1 activation due to their downregulation,
and mGluRs at low P(r) synapses may not be appropriately
activated due to insufficient release of glutamate. According to
this hypothesis, intermediate P(r) synapses are in a “Goldilocks
zone” in which the glutamate released by theta burst stimulation
is sufficient to activate mGluRs to induce AMPAR trafficking, but
not enough to cause the internalization of mGluRs themselves.

Synaptic Down-Scaling

An additional potential mechanism involves mGluR activation
via non glutamatergic signaling and the immediate early gene
(IEG) Homer la (Figure 2C) (Brakeman et al., 1997; Ango et al.,
2001). An increase in excitability as a result of in vitro application
of a GABA, antagonist such as bicuculline results in decreased
synaptic transmission due to the cell wide downregulation
of surface AMPARs, a form of homeostatic plasticity termed
synaptic scaling-down (Turrigiano, 2008). The expression of
Homer 1la is also driven by increases in neuronal excitability,
and when expressed it activates group I mGluRs in an agonist-
independent way by disrupting crosslinking of constitutively
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expressed versions of Homer (Brakeman et al, 1997; Ango
et al., 2001; Hu et al., 2010). Homer la-mGluR signaling is
the trigger for the AMPAR trafficking in synaptic scaling-down
and overexpression of Homer la is able to drive AMPAR
trafficking in an mGluR1/5-dependent way (Figure 2C) (Hu
et al, 2010). As mGluR1 is enriched at low P(r) synapses
(Sanderson et al., 2018), it is possible that AMPAR trafficking
induced by Homerla-mGluR1 signaling would be more likely
to occur at low P(r) synapses. Therefore, synaptic scaling-
down may also act to ensure functional registration between
the pre- and post-synapse via this mechanism. Where it
was found that elevated neuronal activity is needed for a
correlation in pre- and post-synaptic function to emerge, a
very similar protocol to that which induces synaptic scaling-
down was used and the alterations in AMPAR expression
were exclusively at low P(r) synapses (Figure 1D) (Tokuoka

and Goda, 2008). Putting these results together presents a
plausible case for mGluR-triggered AMPAR trafficking that is
engaged by elevated neuronal activity and that acts at low P(r)
synapses to ensure a functional correlation between the pre-
and post-synapse.

As direct pharmacological activation of group I mGluRs using
DHPG also results in AMPAR downregulation primarily at low
P(r) synapses (Sanderson et al., 2018), it could be that synaptic
scaling-down and mGIuR-LTD are two manifestations of the
similar underlying mechanisms? Indeed, there are other points
of similarity between these forms of plasticity. For example, in
some conditions, glutamate release is enhanced in mGluR-LTD
(Xu et al, 2013), the AMPAR trafficking in synaptic scaling-
down occludes that induced by DHPG (Hu et al., 2010) and some
molecular mechanisms are utilized in both forms of plasticity,
notably tyrosine dephosphorylation (Moult et al., 2006; Hu
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et al., 2010). However, it is worth noting that not all molecular
mechanisms are necessarily shared. For example, no role for
Homer 1a has been found in mGIluR-LTD (Hu et al., 2010). Also,
other forms of synaptic scaling alter the induction of synaptic
plasticity by altering the properties of neurotransmitter release
(Soares et al., 2017) demonstrating that links between different
forms of plasticity may be complex. In summary, it is perhaps
reasonable to conclude that some but not all mechanisms may be
shared between mGIluR-LTD and synaptic scaling-down.

Of significant interest is whether the mechanisms revealed
by making these experimental manipulations are engaged in
endogenous physiological processes. One exciting possibility is
that Homer la-induced synaptic scaling-down is engaged during
sleep. Synaptic Homerla is upregulated during sleep where
it orchestrates synaptic downregulation as a result of group I
mGluR-induced AMPAR trafficking and dephosphorylation
(Diering et al., 2017). These findings are consistent with the
synapse homeostasis hypothesis that suggests that information
is encoded during waking hours via LTP-induced increases in
synapse strength, followed by synapse weakening during sleep
(Tononi and Cirelli, 2014). Ultrastructural studies suggest that
large synapses are spared when synapses undergo weakening
during sleep (de Vivo et al., 2017). As structural features of
synapses are correlated with their function, e.g., PSD size is
correlated with active zone size, which correlates with the
number of docked vesicles and P(r) (Dobrunz and Stevens,
1997; Schikorski and Stevens, 1997; Murthy et al, 2001;
Holderith et al., 2012), the identity of the stable synapses that
are resistant to weakening during sleep may correspond to
high P(r) synapses that exhibit lower levels of mGluR1 due to
theta burst activity (Sanderson et al.,, 2018). If so, this would
be consistent with Homerla-mGluR signaling during sleep
selectively downregulating low P(r) synapses that express
higher levels of mGluRI. In the context of the sleep-wake
cycle, the access Homerla has to the synapse may be gated
by noradrenergic and adenosine signaling (Diering et al,
2017), and so these additional regulatory mechanisms will also
determine the extent of mGluR activation and consequent
weakening of synapses.

Heterosynaptic Plasticity

An additional potential mechanism by which mGluRs could
be activated in a way that depends on P(r) is an input
non-specific way through heterosynaptic signaling. If LTP is
induced at a cluster of synapses, as has been observed to
occur in vivo in response to sensory experience (Makino
and Malinow, 2011), neighboring non-conditioned synapses
become downregulated due to mGIuR activity (Oh et al,
2015; Winnubst et al., 2015). This downregulation involves
removal of AMPARs from synapses, suggested by SEP-GluA2
imaging, and also spine shrinkage. The location of the mGluR
trigger for the heterosynaptic signaling has not been defined
and may be at the conditioned synapses, and a diffusible
signaling molecule may diffuse to neighboring non-conditioned
synapses. Alternatively, the group I mGluR may be located
at the non-conditioned synapse and be activated via non-
glutamatergic signaling, for example, the IEG Homer Ila.

The second scenario is consistent with low P(r) synapses
that express higher levels of group I mGluRs but that are
activated less often, being more susceptible to downregulation via
heterosynaptic signaling.

Interestingly, using inducible presynaptic expression of
tetanus toxin light chain to suppress transmitter release, the
IEG Arc was found to be trafficked specifically to synapses
with reduced activity, in a process termed inverse synaptic
tagging (Okuno et al, 2012). The trafficking occurred via an
interaction with CAMKIIf and the extent of the Arc enrichment
correlated with AMPAR removal occurring at those synapses.
As Arc is also involved in mGIuR-LTD (Waung et al.,, 2008), it
raises the possibility that low activity synapses are specialized
for downregulation via mGluR-dependent signaling of the kind
that is recruited in mGluR-LTD. To test this hypothesis, the
expression levels and activation of other signaling molecules
involved in mGluR-LTD (Gladding et al,, 2009b; Sanderson
et al, 2016) could be investigated with respect to synaptic
activity levels.

ROLE OF RETROGRADE MESSENGERS
IN COORDINATING THE PRE- AND
POST-SYNAPSE

In addition to the mechanisms detailed above, signals that
involve retrograde messengers may coordinate the pre- and
post-synapse. For example, these may be of relevance to the
increase in presynaptic activity induced by overexpression
of postsynaptic scaffolding proteins (El-Husseini et al., 2000;
Sala et al, 2001). In particular, the role of retrograde
messengers in coordinating the pre- and post-synapse has been
studied with reference to the increase in synaptic strength
that can be induced by pharmacological blockade of post-
synapse function, a manipulation that may be of relevance
to sensory impairment or neural damage for example as a
result of stroke (Thiagarajan et al., 2005). These studies have
found that brain derived neurotrophic factor (BDNF) may
act as a retrograde messenger, synthesized at the post-synapse
in response to phospholipase D and mammalian target of
rapamycin complex 1 (mTORCI1) signaling (Jakawich et al., 2010;
Lindskog et al., 2010; Henry et al., 2012, 2018) (Figure 3A).
These presynaptic changes occur simultaneously with increases
in postsynaptic AMPAR number via mTORC-independent
protein synthesis.

The adaptations in response to postsynaptic receptor blockade
typically occur over the time frame of hours (Thiagarajan et al.,
2005; Jakawich et al., 2010; Lindskog et al., 2010; Henry et al,,
2012). However, molecular alterations that could underlie
the functional correlation between the pre- and post-synapse
occur much more rapidly. Retrograde messengers were first
proposed as a means by which LTP, thought to be triggered
by the activation of postsynaptic NMDARs, may result in a
persistent increase in neurotransmitter release. NO is thought
to act as a retrograde messenger in LTP (Zhuo et al, 1993)
and its fast diffusion time may allow activity-dependent
increases in function at the pre- and the post-synapse to
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FIGURE 3 | Retrograde messengers may coordinate pre- and post-synaptic
function. (A) Blockade of postsynaptic AMPARS results in mTORC-dependent
protein translation of BDNF that acts as a retrograde messenger to enhance
presynaptic release. Additionally, mTORC-independent protein translation
results in increased postsynaptic AMPAR expression (Thiagarajan et al., 2005;
Jakawich et al., 2010; Lindskog et al., 2010; Henry et al., 2012, 2018).

(B) During LTP induction, calcium influx through NMDARs activates neuronal
nitric oxide synthase (NNOS), which catalyzes the production of nitric oxide
(NO). NO diffuses to the pre- and post-synaptic compartments where it
activates the guanylate cyclase (GC), cGMP, cGMP-dependent protein kinase
(cGK) signaling cascade, resulting in enhanced presynaptic synaptophysin
puncta and postsynaptic AMPAR puncta (Antonova et al., 2001; Wang et al.,
2005). At both the pre- and post-synapse cGK activates VASP, a protein that
plays a role in actin modification. Additionally, cGK phosphorylates the AMPAR
subunit GluA1 driving enhanced surface expression (Serulle et al., 2007).

be coordinated. For example, immunofluorescence imaging
has revealed that NMDAR-dependent chemical LTP induces
NO signaling that results in increased expression of synaptic

markers simultaneously at both the pre- and the post-synapse
leading to increased levels of co-localization between them
(Antonovaetal,, 2001; Wang et al, 2005). These effects
were found to be mediated via the guanosine 3',5" cyclic
monophosphate (cGMP)-dependent signaling pathway leading
to phosphorylation of the actin regulator VASP. As these
and other c¢cGMP-dependent effects are observed at both
the pre- and post-synapse (Wang et al, 2005; Sanderson
and Sher, 2013), NO-induced ¢cGMP signaling could occur
in both compartments to bring about coordinated changes
(Figure 3B). Actin-dependent modification of spine structure
may undergo bidirectional modulation via cAMP and cGMP
signals (see review by Borovac et al., 2018) and so possibly
these mechanisms could contribute to modifying spine
structure, as well as modifying the expression of synaptic
proteins, to ensure that the pre- and post-synapse are matched.
Numerous other signaling molecules and potentially even
ions such as potassium act as retrograde messengers in
LTP (Bliss and Collingridge, 1993; Regehr et al, 2009)
and may therefore also coordinate changes in pre- and
post-synaptic function.

There is evidence that mGIuR-LTD is expressed via both
pre- and post-synaptic changes (Fitzjohn et al., 2001; Snyder
et al, 2001; Xiao et al., 2001; Rouach and Nicoll, 2003;
Tan et al, 2003; Huang et al, 2004; Moult et al., 2006;
Gladding et al., 2009a; Casimiro et al., 2011; Sanderson et al,,
2011, 2018; Eales et al, 2014), with pre-synaptic changes
triggered via activation of post-synaptically expressed mGluRs
and release of retrograde messengers such as 12-lipoxygenase
metabolites of arachidonic acid (Watabe et al., 2002; Feinmark
et al., 2003). In this form of plasticity, it is possible that
pre- and post-synaptic changes may be coordinated which
may result in the two compartments remaining functionally
matched. mGluRs also induce structural changes at spines
(Kamikubo et al, 2006; Shinoda et al, 2010; Hasegawa
et al, 2015) possibly by regulating the actin cytoskeleton
via a mechanism that involves an interaction between GluA2
and N-cadherin leading to the actin regulator cofilin (Zhou
et al, 2011). Therefore, mGluR function may also be involved
in triggering changes to the structure of synapses as well
as their molecular composition, and so may play a role
in ensuring these two aspects of synapse physiology are
in step.

In addition to diffusible signaling molecules, precise co-
ordination between the pre- and post-synapse occurs via
direct physical interactions. The matching of AMPARs with
the presynaptic release machinery in trans-synaptic molecular
“nanocolumns” (Tang et al., 2016) depends on the C-terminal
region of Neuroligin-1 and if its function is perturbed,
then synaptic transmission is diminished (Haas et al., 2018).
This is proposed to be due to Neuroligin-1 performing a
linking role between presynaptic neurexins, which it binds
via its extracellular N-terminal region, and PSD-95-anchored
AMPAR nanodomains, which it binds via its intracellular
C-terminal domain.

In summary, there appear to be multiple signaling
mechanisms and dedicated molecular machinery that could
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result in coordination between changes at the pre- and
post-synapse.

PATTERNING OF SYNAPTIC
CONNECTIONS

Above we have summarized data indicating that the pre- and
the post-synapse are structurally and functionally correlated, that
multiple mechanisms may bring this about including mGIuR
signaling, and that the expression of mGluRs may play a role
in patterning the modulation of synapse strength in several
physiological situations. It is not clear how synapses with
certain physiological characteristics, including P(r), are arranged
on the dendritic trees of excitatory neurons. Are dendrites
structured such that synapses with certain properties are located
in specific locations? A range of studies have addressed this
question and found that synapses diminish in size toward the
ends of basal and apical oblique dendrites (Katz et al., 2009;
Grillo et al., 2018), while increasing along the somato apical-
dendritic axis (Magee and Cook, 2000). The arrangement of
synaptic properties may have implications for the integration of
synaptic inputs at proximal and distal locations. For example,
at proximal locations inputs require strict temporal coincidence
in order to sum linearly, whereas at distal locations inputs are
amplified more strongly without the need for precise coincidence
(Branco and Hausser, 2011). This could lead to proximal and
distal dendrites processing different streams of information:
Temporally coded information at proximal dendrites and rate
based information at distal dendrites (Branco and Hausser,
2011). These synaptic integration properties may be influenced
by differential calcium responses at different dendritic locations
(Walker et al., 2017).

The properties of neighboring synapses have been examined
using similar imaging techniques to those used to investigate
intra-synaptic properties. For example, measurement of P(r)
using FM dyes has been used to reveal that neighboring
synapses on the same dendritic branch have very similar
P(r) and that the P(r) is set by the local activity level
(Branco et al., 2008). This results in a negative correlation
between the density of synaptic contacts and their P(r) and
that directly modulating dendritic depolarization can influence
P(r), both locally and globally. Neighboring synaptic inputs
have been observed to exhibit correlated activity over a
range of developmental time points when examined both
in vitro and in vivo (Kleindienst et al., 2011; Takahashi
et al, 2012; Winnubst et al., 2015; Wilson et al., 2016;
Tacaruso et al., 2017; Scholl et al, 2017). It is therefore
plausible that similar P(r) at neighboring synapses may
be induced by similar endogenous activity at neighboring
co-active synapses.

At the post-synapse, mechanisms also exist that may result
in neighboring synapses having similar characteristics. One
such mechanism may be calcium-induced calcium release, as in
developing synapses this can result in enhanced potentiation at
coincidentally active neighboring spines, resulting in clustered

synapse maturation (Lee et al, 2016). Conversely, synapses
that neighbor a group of co-active synapses, but that are
not coincidentally active themselves, are weakened (Oh et al.,
2015; Winnubst et al., 2015). Mechanisms such as these
may contribute to the clustered postsynaptic enhancement of
synapses in vivo that occurs in response to sensory experience
(Makino and Malinow, 2011).

Astrocytes may also play a role in regulating synaptic
P(r), since when astrocytic function is perturbed the P(r)
of heterosynaptic inputs become less divergent, implying
that astrocytes play a role in maintaining heterogeneity
of P(r) over the entire cell (Letellier et al, 2016). The
investigation on the role of astrocytes on P(r) utilized two
heterosynaptic inputs, which would be unlikely to make
synapses that neighbor each other. Therefore presumably the
role astrocytes play in maintaining heterogeneity of P(r) is
not “local” and is therefore distinct from the mechanisms
that ensures similarity of P(r) of neighboring synapses
(Branco et al., 2008).

FUTURE DIRECTIONS AND PROSPECTS

A major area of neuroscience research is aimed at understanding
the processes involved in synaptic plasticity, the most extensively
studied of which is NMDAR-dependent LTP (Bliss and
Collingridge, 1993). Although it is well established that this
form of LTP involves both pre- and post-synaptic alterations,
including changes in P(r) as well as AMPAR number and
properties (Bliss and Collingridge, 2013), these pre- and post-
synaptic processes are usually studied in isolation. Our recent
finding that P(r) can affect the re-distribution of AMPARs
adds an extra layer of complexity to the understanding
of plastic events at the level of the single synapse. The
induction of LTP by TBS triggers an initial short-term
potentiation (STP) component that is mediated by an increase
in P(r). It would be predicted that this would result in
an internalization of some of the mGluRl that may be
present at the synapse and thereby protect the synapse from
postsynaptic weakening mediated by this receptor. This is
turn would help stabilize AMPARs that are inserted during
LTP. In contrast, in the absence of STP the AMPARs that
are inserted during LTP could be more labile since they
would be more susceptible to mGluR1-mediated synaptic
weakening. At CA3-CAl principal synapses, mGluRl is
expressed predominantly early in development where it may
contribute the refinement of hippocampal synaptic connectivity.
Indeed, early in development at these synapses, LTP is
predominantly mediated by an increase in P(r) (Palmer et al,
2004), though this changes to a postsynaptically dominated
LTP mechanism via a switch triggered by presynaptic kainate
receptors (Lauri et al., 2006).

At certain other synapses, such as the parallel synapses
between granule cells and Purkinje cells, mGluR1 is the
trigger for LTD in adult tissue (Aiba et al, 1994; Conquet
et al., 1994) and postsynaptic mechanisms appear to dominate
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(Wang and Linden, 2000). Whether similar mechanisms to
rapidly coordinate pre- and post-synaptic functionality operate
at these cerebellar synapses and elsewhere in the CNS remains
to be determined.

In summary, rapidly coordinated changes in pre- and post-
synaptic activity, mediated by the actions of the neurotransmitter
itself, are likely to impact on many facets of synaptic transmission
and plasticity in health and disease. These are areas ripe for
future investigation.
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The exquisite intricacies of neural circuits are fundamental to an animal’s diverse
and complex repertoire of sensory and motor functions. The ability to precisely map
neural circuits and to selectively manipulate neural activity is critical to understanding
brain function and has, therefore been a long-standing goal for neuroscientists. The
recent development of optogenetic tools, combined with transgenic mouse lines, has
endowed us with unprecedented spatiotemporal precision in circuit analysis. These
advances greatly expand the scope of tractable experimental investigations. Here, in
the first half of the review, we will present applications of optogenetics in identifying
connectivity between different local neuronal cell types and of long-range projections
with both in vitro and in vivo methods. We will then discuss how these tools can
be used to reveal the functional roles of these cell-type specific connections in
governing sensory information processing, and learning and memory in the visual cortex,
somatosensory cortex, and motor cortex. Finally, we will discuss the prospect of new
optogenetic tools and how their application can further advance modern neuroscience.
In summary, this review serves as a primer to exemplify how optogenetics can be
used in sophisticated modern circuit analyses at the levels of synapses, cells, network
connectivity and behaviors.

Keywords: optogenetics, neural connectivity, GABAergic neurons, neural circuit function, neural circuits and
behavior

INTRODUCTION

In the past decades, numerous newly developed techniques have greatly assisted in dissecting
connectivity and function of the brain. However, only a handful of them have influenced and
advanced modern neuroscience as heavily as optogenetics. This state-of-the-art technique utilizes
light-sensitive channels or pumps, known as opsins, to manipulate the activity of neurons. In
addition, when it is combined with the Cre-Lox recombinase system, it provides a spatiotemporally
precise method to reversibly turn on and off the activity of genetically defined or projection-specific
groups of neurons. In this review, we will first highlight the use of optogenetics in the investigation
of neural connectivity, both within and between brain regions, and then its applications in
identifying the functional roles of specific neural circuit components in behavior and physiology.
Finally, we will discuss some of the limitations and future directions of optogenetics. Although
most of the examples in this review come from studies of sensory and motor systems, their
diverse experimental designs and underlying principles are potentially useful for advancing our
understanding of the structure and function of other brain circuits.
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Opsins used in optogenetics were first discovered in microbes
(Soliman and Triiper, 1982; Mukohata et al., 1988) and later
cloned and introduced into neurons (Boyden et al, 2005).
These microbial opsins can be divided into excitatory opsins
and inhibitory opsins. The most commonly used excitatory
opsin is channelrhodopsin (ChR2), a cation channel that
opens in the presence of blue light (~470 nm) to depolarize
neurons (Nagel et al, 2003). In contrast, inhibitory opsins,
such as the chloride pump halorhodopsin (eNpHR) and the
proton pump Archaerhodospin (Arch), mediate hyperpolarizing
currents which impede action potentials upon yellow light
illumination (~580 nm) (Zhang et al., 2007; Chow et al., 2010).
In this review, we will primarily focus on the applications of
commonly used opsins, rather than covering all the different
variants. However, we will introduce a few recently developed
opsins in order to illustrate the diverse properties of optogenetics
and its unique applications.

CONNECTIVITY

Neural circuits consist of heterogeneous cell-types receiving
distinct inputs from both local and long-range sources. Dissecting
the intricate connections of these neural circuits has been a long-
standing challenge for neuroscientists, largely due to technical
limitations in identifying and targeting specific neuronal cell-
types. Although traditional methods of circuit analysis have
been useful in gaining a gross understanding of macroscale and
mesoscale features of brain connectivity, these techniques are
limited. For example, anatomical circuit tracing with anterograde
or retrograde reagents can only suggest potential innervations,
without confirming the presence of functional synaptic contacts
(Zeng, 2018); electron microscopy, despite its capability of
identifying synapses, is labor and time intensive and cannot
reveal the type or function of the synapse (Burette et al,
2015); electrical stimulation of axonal tracts, which is used to
reveal functional connectivity, indiscriminately activates all fibers
passing the stimulation site (Klauer et al., 1990); pairwise whole-
cell recording, a gold standard for establishing connectivity, is
technically challenging and time consuming and suffers from a
small yield (Xue et al, 2014). Mitigating all the above issues,
optogenetics, combined with the Cre-Lox recombinase system,
provides a cell-type specific and high-throughput method for
dissecting circuit connectivity.

Local Connectivity

Neural circuits are characterized by entangled connections
between various types of neurons within the network, making
detailed dissection of local circuit connectivity extremely difficult.
Optogenetics has simplified experimental designs for analysis
of local connectivity and has greatly boosted the efficiency of
data collection. For example, by selectively expressing ChR2 in
a specific population of neurons, one can study the connectivity
from those ChR2-expressing neurons onto other non-ChR2
expressing neurons with ease and speed (Adesnik and Scanziani,
2010; Adesnik et al, 2012). In this experimental design,
optogenetic stimulation replaces the electrical stimulation in

paired whole-cell clamp recordings and greatly increases the
yield and the chance of detecting connectivity, since multiple
presynaptic neurons can be activated simultaneously by the light-
evoked current (Seeman et al., 2018) and the spatiotemporal
pattern of optogenetic stimulation can be flexibly readjusted
(Adesnik and Scanziani, 2010; Adesnik et al., 2012). Notably,
when this optogenetic method of local circuit analysis was
compared to traditional pairwise patch clamp methods, both
gave rise to similar connection probabilities, validating the
utility of optogenetics in the study of local circuit connectivity
(Seeman et al., 2018).

When combined with cell-type specific Cre mouse lines,
optogenetics can also be used to study the connectivity
of genetically-defined populations within local circuits. For
instance, in the visual cortex, Pfeffer et al. (2013) examined
the pattern of connectivity between three major subtypes
of GABAergic inhibitory interneurons, parvalbumin (Pvalb),
somatostatin (Sst), and vasoactive intestinal peptide (VIP)
expressing interneurons (Figure 1A). Until recently, these
different GABAergic subtypes were poorly characterized, as
they are intermingled in the cerebral cortex and could not
be specifically targeted with electrical or pharmacological
manipulations. By expressing ChR2 in one population at
a time and recording from different interneuron subtypes
identified by single-cell reverse-transcription PCR, the authors
were able to elucidate microcircuit motifs. They found that
Pvalb interneurons preferentially inhibit pyramidal neurons
and other Pvalb interneurons; Sst interneurons preferentially
inhibit pyramidal neurons and all other interneuron types
except themselves; and VIP interneurons preferentially inhibit Sst
interneurons (Pfeffer et al., 2013). The sample sizes required to
deduce connection probabilities and circuit motifs are difficult
to achieve using paired recordings. But with a high-throughput
optogenetic design, as the above experiment, cell-type specific
connectivity analysis becomes surmountable.

Local connectivity can also be investigated between layers of
the cortex. For instance, Bortone et al. (2014) used optogenetics
to investigate how layer 6 (L6) excitatory neurons can regulate
the strength of cortical responses throughout cortical depth. With
the help of the L6 specific Cre mouse line, neurotensin receptor
1 (NTSRI)-Cre, they optogenetically stimulated L6 neurons and
identified the recruitment of unique L6 fast-spiking interneurons
with massive translaminar axons whose activation suppresses
neurons across laminar layers.

Projection-Specific Connectivity

Prior to the development of optogenetics, it was practically
impossible to activate only a specific group of axonal projections.
Electrical stimulation of axon tracts indiscriminately activates
all fibers that pass through the stimulated area, including axons
originating from different brain structures and ones projecting
to different areas (Schwarz et al., 2015). Therefore, electrical
stimulation will activate several pathways in parallel, which
complicates data interpretation. These off-target effects can now
be mitigated through the use of optogenetics. Optogenetics
enables specificity at several levels: the injection location of the
opsin-expressing virus provides a degree of spatial specificity for
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presynaptic source; the use of the Cre-lox system enables cell-
type specificity; and the range of the light illumination provides a
final level of specificity. For example, this method was successfully
applied to explore the differential connectivity of thalamocortical
and corticothalamic pathways that are entwined with each other
(Cruikshank et al., 2010). This approach was also applied to
dissect specific basolateral amygdala projections to the central
nucleus of the amygdala (Tye et al., 2011).

The power of optogenetic-based projection analysis is
exemplified by a study that dissected the laminar organization of
long-range callosal projections linking the barrel cortices of the
two hemispheres in slice preparation (Petreanu et al., 2007). Layer
2/3 of the barrel cortex receives input from several structures such
as the thalamus, other cortical areas including the contralateral
barrel cortex, and local circuits (Lubke and Feldmeyer, 2007).
Since the axons of these inputs are intermingled in the barrel
cortex, it is impossible to electrically stimulate only axons
coming from the contralateral barrel cortex, namely the callosal
axons, in order to investigate the laminar organization of their
innervations. Therefore to address this question, Petreanu et al.
(2007) unilaterally expressed ChR2 in layer 2/3 of the barrel
cortex contralateral to the recording sites (Figure 1B). Because
ChR2 was expressed throughout the neurons, including their
axons projecting to the recording site of the barrel cortex,
blue light illumination over the recording sites activated ChR2-
expressing axons directly and thus stimulated only callosal input.
Using this so-called ChR2-assisted circuit mapping (CRACM),
the authors (Petreanu et al., 2007) systematically examined the
strength of long-range callosal innervation received by neurons
in individual layers of the barrel cortex and found that laminar
specificity of this long-range cortical innervation is identical to
local innervation (Petreanu et al., 2007). This study demonstrated

that the CRACM method can reliably drive projection-specific
inputs without the need to preserve their tracts in slices. However,
one should be cautious of some limitations of this technique:
its validation requires knowledge of the anatomy and cell types
of the circuits under investigation; and severed axons in slice
preparation have a limited supply of synaptic vesicles, which can
be quickly depleted if one uses prolonged or particularly strong
stimulation (Hass and Glickfeld, 2016).

Optogenetics can also be used to locate the synaptic
innervation of long-range projections tagged by the expression
of ChR2. In a subsequent study, Petreanu et al. (2009) slightly
modified their CRACM protocol (Figure 1B): a blue laser beam
was restricted to a small spot and raster scanned the area
containing the dendritic tree of a cortical pyramidal neuron;
direct activation of presynaptic terminals was achieved by
pharmacologically blocking the propagation of optogenetically
evoked action potentials. By recording from a postsynaptic
neuron while systematically photostimulating its inputs at
different locations, one can generate a 2D map of the long-range
connections, a method named subcellular ChR2-assisted circuit
mapping (sSCRACM). With this elegant design, Petreanu et al.
examined the spatial distribution of synaptic inputs onto the
dendritic arborization of layer 3 and layer 5 pyramidal neurons in
the barrel cortex (Petreanu et al.,, 2009). They found that different
inputs target different apical or basal domains of those neurons.

Establishing Polysynaptic vs.

Monosynaptic Connections

Optogenetic  stimulation of long-range projections can
induce responses in recorded neurons via direct synaptic
contacts (monosynaptic input) and/or indirectly via recurrent
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connections from other neurons in the network (polysynaptic
input). To establish monosynaptic connectivity, one can pair
ChR2 assisted optogenetic stimulation with pharmacology.
By blocking voltage-gated sodium channels with tetrodotoxin
(TTX) and potassium channels with 4-Aminopyridine (4AP),
action potentials and thereby polysynaptic inputs will be
prevented. Consequently, any remaining light-evoked response
in recorded neurons must come directly from the activation
of axon terminals that express ChR2. For instance, the long-
range connectivity between the visual cortex and the brainstem
accessory optic nuclei (AOS) was investigated by Liu et al.
(2016; Figure 1C). The authors expressed ChR2 in the visual
cortex and then photostimulated terminals of corticofugal
axons while performing whole-cell recordings from AOS
neurons. By suppressing action potentials with two different
cocktails of drugs, they definitively confirmed the presence of
monosynaptic connections from the visual cortex to the AOS.
Without optogenetics, this experiment would not be possible, as
the corticofugal axons from the visual cortex to AOS do not form
a single nerve bundle, which is required for effective electrical
stimulation, but instead intermingle with axons of other types of
inputs. A similar design was also used to examine monosynaptic
connectivity from burst-firing neurons in the subiculum to the
neurons in the entorhinal cortex (Wozny et al.,, 2018). ChR2
was selectively expressed in burst-firing neurons by injecting
the Cre-dependent ChR2 virus into the subiculum of VGLUT2-
ires-Cre mice, where Cre exists only in burst-firing neurons.
In the presence of TTX, the authors elucidated monosynaptic
connections from the axons of those burst-firing subiculum
neurons with slice electrophysiology.

Characterization of the Synapse

Beyond the identification of connectivity, when combined with
pharmacology, optogenetics can be used to probe the properties
of synapses. It was thought that dopaminergic projections
might co-release glutamate and dopamine (Stuber et al., 2010).
However, evidence supporting this idea came from studies
where electrical stimulation was used to activate dopaminergic
neurons, which could activate glutamatergic neurons in the
neighborhood (Hnasko et al., 2010). The non-specific activation
makes it difficult to discern whether the release of glutamate
and dopamine indeed occur from the same terminal or two
different termimals (Gu, 2010). To solve this issue, Tritsch
et al. (2012) expressed ChR2, using the Slc6a3-IRES-Cre
mouse line, in dopaminergic neurons to specifically activate
dopaminergic neurons in the substantia nigra pars compacta
(SNc) and pharmacologically isolated currents mediated by
different neurostransmitters. Surprisingly, when they activated
these neurons in the SNc and recorded from neurons in
the dorsal striatum, they found both glutamatergic excitatory
post-synaptic current and GABAergic inhibitory post-synaptic
current, as well as amperometric dopamine transients. By
combining cell-type specific optogenetics with pharmacology,
they were able to definitively identify co-release of dopamine,
glutamate and GABA (Tritsch et al.,, 2012). A similar method
was also used to identify the co-release of both glutamate
and dopamine by dopaminergic axonal terminals coming from

the ventral tagmental area (VTA) to the prefrontal cortex
(Perez-Lopez et al., 2018).

The ability to selectively activate specific projections using
optogenetics also enables the characterization of synapses of
local versus long-range neuronal populations. The VTA receives
long-range inhibitory input from GABAergic neurons in the
rostromedial tegmental area. Using ChR2, Polter et al. (2018)
activated this inhitibitory input and observed that glycine
receptor blocker, strychnine, significantly reduced the amplitude
of inhibitory postsynaptic currents (IPSCs) in VTA neurons.
They then added bicuculline, a GABA, receptor blocker, along
with strychnine and all residual IPSCs were abolished, suggesting
this inhibitory projection co-releases GABA and glycine. They
also performed the same recording with ChR2 expressed in
VTA GABAergic interneurons to stimulate local inhibition,
but did not find co-release of glycine (Polter et al., 2018).
They proceeded to perform further characterization of these
two inhibitory inputs received by VTA neurons. For example,
they utilized light stimulation to compare paired-pulse ratios
of those two types of inhibitory synapses, demonstrating how
optogenetics can be used to characterize synaptic properties of
distinct neuronal populations.

Dual-Channel Mapping

A single neuron might receive multiple inputs coming
from different regions, representing multiplexed streams of
information transmission (Petreanu et al., 2009; Oh et al,
2014). Understanding this input convergence is a fundamental
but difficult task since it requires the technical capability
of individually manipulating different types of inputs. This
independent control of different inputs is impossible with
electrical stimulation when the axons of those inputs are
intermingled. This technical challenge was solved through the
use of dual-color optogenetics when Hooks et al. studied the
convergence of two different intermingled inputs in the primary
motor cortex (Hooks et al, 2015; Figure 1D). In order to
achieve this, they chose two opsin variants that prefer different
wavelengths of light: blue light sensitive ChR2 was used to excite
axons originating from the barrel cortex and ReaChR, an opsin
activated by orange light (Lin et al., 2013), to perturb input
from the posterior medial thalamic nucleus. Despite the distinct
optimal excitation wavelengths of the two opsins, blue light can in
fact excite ReaChR as well as ChR2. Therefore, when illuminated
by blue light, both pathways will be stimulated, complicating
data interpretation. To solve this complication, the authors
created a clever protocol that reversibly inactivates ReaChR
prior to activating ChR2 (Hooks et al., 2015), allowing complete
separation of the two inputs. Indeed, with whole-cell recording
they found that the input from the somatosensory cortex and that
from the thalamus converge on the same layer 2/3 neurons in the
motor cortex. Since this optogenetic dual-channel stimulation
does not require the spatial segregation of axons of different
inputs - a condition demanded by electrical stimulation -
this mapping method can in principle be generalized on any
convergent circuit system and is especially indispensable in the
case where axons of distinct origins intermingle.
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In vitro slice electrophysiology is a gold standard to determine
connectivity between pairs of neurons. Although care is taken
to preserve the integrity of the circuit during slice preparation
and to maintain similar physiological conditions to live animals
during recording, some damage and cell death is inevitable,
and impedes faithful quantification of neuronal connectivity.
To address this issue, efforts had been made to examine
connectivity in a physiologically pristine environment with
the help of optogenetics. For example, Pala and Petersen
(2015) performed in vivo whole-cell recordings from GABAergic
interneurons in L2/3 of the barrel cortex to examine the
connection from excitatory pyramidal neurons. To precisely
measure unitary excitatory postsynaptic potentials (uEPSPs) in
GABAergic interneurons, these researchers introduced plasmid
DNA encoding ChR2 into a single L2/3 pyramidal cell
with electroporation and elicited one action potential per
stimulus with very brief light pulses. In particular, they
compared the uEPSPs response between Pvalb and Sst inhibitory
neurons, finding that each inhibitory population differed in the
probability, time course, strength, reliability, and short-term
synaptic plasticity of their response to excitatory stimulation.
This finding largely agrees with previous in vitro results
(Pala and Petersen, 2015).

FUNCTIONAL DISSECTION

Thus far, we have discussed how optogenetic strategies can
aid the dissection of circuit connectivity. Beyond characterizing
connectivity, optogenetics is also an extremely powerful tool
when investigating the functional roles of specific neural circuits
in animal behavior and physiology. In vivo investigations
present a unique set of demands and limitations. For many
years, researchers have relied on extracellular recordings to
investigate neural activity in vivo. Although this method allows
monitoring activity from large populations of neurons, the type
of neuron recorded cannot be identified in most cases, limiting
its applications in the study of cell-type specific functions.
Optogenetic tagging provides a feasible solution to this problem.
For example, Lima et al. (2009) restricted the expression of ChR2
to Pvalb interneurons in the auditory cortex and inserted a
recording electrode into this cortical area. When they illuminated
this area with brief pulses of blue light, short latency spikes
that are precisely synchronized with the light pulse were reliably
elicited in a population of neurons, distinguishing them as Pvalb
interneurons expressing ChR2. These authors also used this
approach to identify auditory cortical neurons projecting to the
contralateral hemisphere, namely callosal projection neurons, for
which a retrograde herpes simplex virus-1 (HSV-1) encoding
ChR2 injected to the auditory cortex in one hemisphere was
used to tag callosal projection neurons in the other hemisphere
(Lima et al., 2009). These two examples demonstrate the utility
of this optogenetic tagging technique for both cell-type and
projection-type specific functional circuit analyses.

In addition to identifying neuron type in vivo, optogenetics
can also be used to manipulate neuronal activity during behavior.
The canonical experiment to define a neural correlate of a

behavior is to activate or silence the putative correlate in vivo
and assess whether and how the behavior is altered. For
decades, the field had relied on electrical stimulation/lesions and
pharmacological activation/silencing, however, these techniques
of circuit manipulation have intrinsic problems. They offer little
to no temporal precision, nor cell-type specificity; furthermore,
lesions are permanent and can result in unpredicted plasticity
and compensatory mechanisms that confound results (Whishaw,
2000; Murphy and Corbett, 2009). The advent of optogenetics
enables immediately reversible manipulation and allows trial-
by-trial and within-animal comparisons in a single session. The
remainder of the review will examine how the use of optogenetics
has enabled cell-type and projection-specific circuit dissection of
visual, somatosensory and motor function in vivo.

Visual Cortex

Since Hubel and Weisel first discovered the fundamentals of
visual processing in the primary visual cortex (Hubel and Wiesel,
1959, 1963, 1968), numerous studies have extensively examined
and characterized visual processing in different model systems.
These studies revealed that stimulus features such as orientation
and direction are encoded in the mammalian visual cortex
through tuned neural responses at both the level of single
neurons and cortical columns. However, due to the prevalence
of pyramidal neurons over GABAergic inhibitory neurons in the
cortex, the “blind” electrophysiological recording methods used
in these studies primarily characterized pyramidal neurons and
could not clearly elucidate how other cell-types might contribute
to this neural code.

A long-standing question in the field has been to understand
how orientation selectivity emerges in the visual cortex. For many
years it had been speculated that inhibition from GABAergic
interneurons may shape tuning of pyramidal neurons (Sillito
et al., 1980; Sato et al,, 1996; Ringach et al., 2003; Liu et al,
2011), although findings have been inconclusive until recently
since this hypothesis could not be directly examined before the
invention of optogenetics and inhibitory neuron-specific mouse
lines. Using high-speed calcium imaging or in vivo cell-attached
recordings paired with subtype-specific optogenetic activation,
Wilson et al. (2012) demonstrated that different subtypes of
GABAergic interneurons indeed have distinct roles in shaping
pyramidal neuron responses to visual stimuli. The authors
expressed ChR2 in either Pvalb or Sst interneurons in the primary
visual cortex in order to activate each subtype independently
while showing the mouse oriented drifting gratings (Figure 2A).
They also used simultaneous calcium imaging or cell-attached
recordings to characterize the orientation tuning of pyramidal
neurons. By comparing pyramidal neuron tuning curves with
and without optogenetic activation of Sst or Pvalb interneurons,
they found that Pvalb and Sst populations exert distinct
computational control on the responses of pyramidal neurons.
Sst interneuron activation resulted in uniform subtractive
inhibition in pyramidal neurons across all directions of drifting
gratings. Pvalb interneuron activation, on the other hand, led
to divisive inhibition in pyramidal cells, where the effects of
inhibition were strongest when the grating was at the neuron’s
preferred orientation. In this way, Sst interneurons sharpen
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FIGURE 2 | Applications of optogenetics in the analysis of circuit functions. (A) Mice were presented with oriented drifting gratings while in vivo cell-attached
recordings of putative pyramidal neurons in the visual cortex were performed. Either Pvalb or Sst interneurons were photoactivated using ChR2. Pvalb interneuron
photoactivation (left) resulted in divisive inhibition of pyramidal neurons where suppression was stronger at orientations where pyramidal neuron responses were also
stronger. Sst interneuron photoactivation (right) resulted in subtractive inhibition where suppression was uniform along all orientations. Adapted from Wilson et al.
(2012). (B) Mice were trained to lick for a water reward in response to whisker stimulation of varying intensities. Perceptual detection as a function of stimulus intensity
formed a sigmoid curve. When L5 pyramidal neuron apical dendrites were photoinhibited (iChloC) or when Sst interneurons were photoactivated (ChR2), the curve
shifted to lower detection probabilities. When L5 pyramidal neuron apical dendrites were photoactivated (ChR2), the curve shifted to higher detection probabilities.
Adapted from Takahashi et al. (2016). (C) Mice were trained to press a lever following an auditory cue to obtain a water reward. Two-photon imaging was performed
in M1 throughout learning to track dendritic spine dynamics in pyramidal neurons. Control animals developed a stereotyped lever-press movement with learning but
this was impaired if Sst interneurons were photoactivated (ChR2) or photoinhibited (eNpHR) (bottom left). Furthermore Sst interneuron photoinhibition resulted in
increased stabilization of dendritic spines while photoactivation resulted in increased elimination. (bottom right). Adapted from Chen et al. (2015).

stimulus selectivity in the visual cortex, while Pvalb interneurons
modulate response gain but preserve stimulus selectivity (Wilson
et al., 2012). Moreover, bidirectional manipulation of Pvalb
interneurons in another study using ChR2 or Arch to activate
or silence Pvalb interneurons respectively, further supports the
role of Pvalb interneurons in modulating the gain of pyramidal
neuron responses without strongly altering tuning properties
(Atallah et al., 2012). Importantly, without this cell-type specific
optogenetics, it would be impossible to target or manipulate
different types of neurons.

In addition to its applications in local microcircuitry,
optogenetics has also been used to investigate the role of long-
range inputs in visual processing. To parse the role of specific
inputs to the visual cortex, Zhang et al. (2014) used a virus to
express ChR2 in the cingulate cortex and then shone blue light
on the visual cortex, thus exciting only the axons projecting
from the cingulate cortex to the visual cortex. Activation of this
top-down projection sharpened tuning of pyramidal neurons
in the visual cortex and improved behavioral performance in
a visual discrimination task (Zhang et al., 2014). The authors
further examined which cell-types in the visual cortex might
be receiving this input from the cingulate cortex. Tracing
experiments revealed that Pvalb, Sst and VIP interneurons in
the visual cortex all receive long-range top-down input from the

cingulate cortex. Hence, to delineate subtype-specific roles in this
projection, the authors again, expressed ChR2 in the cingulate
cortex, but they additionally expressed the inhibitory opsin,
eNpHR, in either Pvalb, Sst or VIP interneurons in the visual
cortex. By patching pyramidal neurons in the visual cortex and
either (i) silencing one subtype of local inhibitory neurons, (ii)
activating cingulate axons, or (iii) doing both simultaneously, the
effect of cingulate cortex projections on the different inhibitory
populations was dissected. By taking advantage of projection-
based and cell-type based optogenetics, the researchers were
able to demonstrate that cingulate cortex input activates all
three types of inhibitory neurons. However, Sst and Pvalb
interneuron activation inhibited a broad cortical area, while
VIP interneuron activation selectively enhances responses in the
center region. Therefore, VIP interneurons may have a unique
role of disinhibiting the center, while Sst interneurons inhibit the
surround, thus explaining a facilitatory center and a suppressive
surround of top-down modulation during visual processing.

Somatosensory Cortex

Optogenetics has also been employed in the somatosensory
cortex to dissect the function of specific projections during
perception of sensory stimuli. By expressing the inhibitory opsin
Arch in the secondary motor cortex (M2), Manita et al. (2015)

Frontiers in Neural Circuits | www.frontiersin.org

April 2020 | Volume 14 | Article 18


https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Lee et al.

Optogenetics in Neural Circuit Dissection

used amber light in the primary somatosensory cortex (S1)
to inactivate projections from M2 to S1, while simultaneously
recording from S1 with either multi-unit electrodes or patch-
clamp electrode. Using this preparation, the authors compared
the neural response in S1 following hindpaw stimulation with
and without perturbation of M2 innervation. They found that
silencing M2 projections did not alter fast, putative bottom-
up responses to sensory stimuli but did lead to a significant
reduction in the slower second wave of top-down activity,
suggesting M2 provides significant top-down modulation on
S1 activity following sensory stimuli. Furthermore, using a
miniature wireless LED device that can be implanted onto a
freely moving, behaving mouse, they found that silencing M2
projections to S1 impaired tactile discrimination, revealing that
M2 projections to S1 contribute to this type of sensory processing
(Manita et al., 2015). This study demonstrates the importance of
in vivo optogenetic approaches, since large scale network activity
in response to sensory stimuli cannot be studied in vitro.

Another study used optogenetics in S1 to reveal the
importance of dendritic activity in layer 5 (L5) pyramidal
neurons in sensory perception (Takahashi et al., 2016). The
authors first trained mice to lick for a reward following whisker
deflection until an 80% success rate was achieved. They then
constructed a psychometric curve by varying the intensity of
the whisker deflection to uncover the intensity threshold for
perceptual detection (Figure 2B). A multi-pronged approach
was then employed to dissect the neural correlate of sensory
perception in S1. Remarkably, using three distinct optogenetic
approaches, the animal’s detection probability curve was shifted
bidirectionally. First, the authors used iChloC, an inhibitory
chloride-conducting channelrhodopsin (Wietek et al,, 2015),
expressed in L5 pyramidal neurons to silence apical dendrites
of L5 pyramidal neurons in behaving mice, which was achieved
by calibrating light intensity ex vivo to target superficial layers
of S1 without affecting activity at the soma of L5 pyramidal
neurons located deeper in the cortex. Silencing the L5 pyramidal
neuron dendrites shifted the detection probability curve to higher
intensity values when compared to light-off trials, implying mice
had impaired detection ability. Second, to further understand
the local microcircuit, the authors expressed ChR2 in Sst
interneurons, which preferentially inhibit apical dendrites of
pyramidal neurons. Activating Sst interneurons also significantly
shifted the detection probability to higher intensities. Finally,
activation of ChR2 expressed in L5 pyramidal neurons shifted the
detection probability to significantly lower detection probabilities
and caused a substantial increase in false detection rates. The
use of optogenetics enables a reversible approach for within
animal and within session comparisons between light on and
light off trials.

Motor Cortex

The motor cortex is unique among primary cortical areas in
that its primary function is to activate muscles and execute
movements. Inactivation techniques such as pharmacological
inactivation or lesions lack the temporal resolution needed to
dissect circuit contributions to specific aspects or components of
a movement, such as an arm movement versus digit movement

in a reaching task. Additionally, motor cortex lesions impair
movement but do not result in the complete loss of movement
(Castro, 1972; Alaverdashvili and Whishaw, 2008) due to
compensatory mechanisms that change motor function over
time (Whishaw, 2000), further obscuring motor cortex functions
under normal conditions.

The ultra-fine temporal precision of optogenetics makes it
an ideal tool for addressing these open questions regarding the
motor cortex. In recent years, the use of optogenetics in the
motor cortex has elicited a range of results, some of which
do not support previous findings in lesion studies, further
demonstrating how lesion and pharmacological studies can be
limiting when probing complex systems conveying multiplexed
information. To test the role of the motor cortex in learned
behaviors, Guo et al. (2015) used a transgenic mouse line
expressing ChR2 in all GABAergic neurons and trained head-
fixed mice on a forelimb pellet reaching task until the mice
achieved expert level. Following training, they used optogenetic
activation of GABAergic inhibitory neurons to silence the
central forelimb area of the motor cortex. Remarkably, they
demonstrated that silencing the motor cortex before movement
blocked the initiation of reaching, while silencing the same
area following movement initiation caused the mouse to pause
with its limb protracted. The other limbs and any untrained
movements such as grooming were unaffected. In fact, turning
off the motor cortex and then releasing the inhibition was
sufficient to initiate reaching movement outside of trials when
there was no task-related cue or food reward present, indicating
that the release of inhibition could trigger the full activation
sequence for the trained reach movement. Previous lesion
studies have demonstrated impairments in behaviors but failed
to reveal such a robust effect (Castro, 1972; Alaverdashvili and
Whishaw, 2008). This can perhaps be explained by compensatory
mechanisms that can contribute to recovery of movement when
the motor cortex malfunctions for long periods of time (Murphy
and Corbett, 2009), demonstrating the advantage of fast and
reversible optogenetics.

Furthermore, learning a new movement has been shown to
be associated with the emergence of a reproducible neuronal
activation pattern in the motor cortex that is specific to the
learned movement (Peters et al, 2014). Subcellularly, motor
learning also induces the addition and selective elimination of
dendritic spines on pyramidal neurons to reorganize synaptic
connections in the motor cortex (Xu et al., 2009; Peters et al.,
2014; Chen et al., 2015). However, until recently, the role of
GABAergic interneurons in motor learning was not clear. Using
a combination of two-photon imaging and optogenetics, Chen
et al. (2015) demonstrated that Pvalb and Sst interneurons have
distinct roles in motor learning (Figure 2C). The authors trained
mice on a cued forelimb lever press task. Mice demonstrated
increased success rate and highly correlated, stereotyped press
movements over the course of training, hallmarks of learning.
The authors then used ChR2 or eNpHR to activate or inhibit
Sst interneurons respectively during each session throughout
learning, while assessing learning-induced spine reorganization
in pyramidal neurons in the motor cortex. Activation of Sst
interneurons during motor learning led to increased elimination
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of newly-formed spines, thus abolishing learning-induced spine
reorganization. In contrast, inhibiting Sst interneurons led
to decreased elimination of newly-formed spines and hyper-
stabilized the spines, thus disrupting the reorganization process.
Both optogenetic activation or inhibition of Sst interneurons
impaired learning and impaired the ability to form stereotyped
press movements across trials. Lastly, when Sst interneurons
were manipulated during the task in mice that had already been
trained, the movement was unaffected, indicating that the activity
of Sst interneurons may be involved in regulating structural
remodeling in pyramidal neurons only during motor learning
and is, therefore, most critical for the acquisition of motor
memories but not the execution of previously learned movements
(Chen et al., 2015).

The contribution of long-range input to motor function has
also been examined using optogenetics. To understand the role
of thalamus and the anterior motor lateral area (ALM), two main
sources of inputs to the primary motor cortex, in movement,
Guo et al. (2017), utilized potent circuit silencing strategies
that activate GABAergic inhibitory neurons innervating those
two brain regions. The authors used ChR2 to optogenetically
stimulate GABAergic axonal terminals coming from the thalamic
reticular nucleus to remove the contribution from thalamic input
or, they optogenetically activated inhibitory interneurons in ALM
to examine the contribution from ALM. Along with silencing
either thalamic activity or ALM activity, they also conducted
simultaneous multi-unit recordings in ALM or thalamus while
mice performed a lick - no lick task. The task made use of
a delay period between the go cue and the movement, which
allowed for the assessment of preparatory activity in these regions
preceding movement. Intriguingly, they found that silencing
thalamus during the delay period almost entirely abolished ALM
spiking. Similarly, silencing ALM strongly reduced thalamic
spiking. This suggests that ALM and thalamus are connected in
a recurrent loop resulting in persistent spiking. Lastly, silencing
either area significantly impaired the mice’s performance in
the task when contralateral movements were required but
ipsilateral movements were unaffected (Guo et al, 2017),
demonstrating that this loop is critical for movement preparation.
Optogenetics is essential when dissecting movements that operate
on millisecond to second timescales, as this type of detailed
movement deconstruction and delineation is not possible with
slower approaches such as pharmacology or DREADDs.

Optogenetic activation of GABAergic inhibitory neurons in
the visual cortex or in the thalamic reticular nucleus has also
been used to shut down local recurrent excitation or long-range
thalamocortical excitation respectively, in order to elucidate their
contribution to cortical visual processing (Li et al., 2013; Lien and
Scanziani, 2013; Reinhold et al., 2015).

OPTOGENETICS IN DIVERSE ANIMAL
MODELS

This review has primarily focused on the use of optogenetics in
mice because of the extensive availability of transgenic mouse
lines that permit cell-type specific circuit dissection. However,

it is important to note that optogenetics can also be used in
other animal models. In particular, rats present a desirable
animal model, because they can learn more complex tasks,
and because their larger size, relative to mice, enables them
to tolerate implants more easily. Recently, more and more
transgenic rat lines have become available, which makes the
aforementioned cell-type specific experimental designs feasible
for this animal model. For example, Witten et al. (2011)
used Tyrosine hydroxylase (Th):Cre transgenic rats to drive the
expression of the Cre recombinase under the dopaminergic
specific Th promoter. By injecting Cre-dependent ChR2 virus in
the VTA, the expression of ChR2 was restricted to dopaminergic
neurons in the VTA. With this model, they investigated cell-
type specific circuitry driving positive reinforcement during
intracranial self-stimulation (ICSS). During a freely moving
ICSS task, optogenetic stimulation of dopaminergic neurons
in the VTA occurred when rats nosepoked one of the two
identical ports, but not when they poked the other one.
This simple optogenetic activation of dopaminergic system
during behavior strongly biased rats to the port associated
with optogenetic stimulation, but not the other port, thus
demonstrating that activation of dopaminergic cells in the VTA
is sufficient to drive ICSS.

Optogenetics has also been used in rats to investigate
projection-specific contributions to motivation. For instance,
Warden et al. (2012) targeted medial prefrontal cortex (mPFC)
neurons that project to the dorsal raphe nucleus (DRN) by
virally expressing ChR2 in mPFC neurons and photostimulating
their axons in the DRN. The authors used a protocol of
alternating 2 min light-on epochs followed by 2 min light-
off epochs for five cycles during the forced swim test,
allowing multiple within session comparisons. They observed
a robust increase in kick frequency during light-on epochs
relative to light-off epochs. In contrast, when they activated
the mPFC-lateral habenula pathway in the same way, kick
frequency during light-on epochs was robustly decreased.
These projection-specific, opposing behavioral phenomena
were not seen when all mPFC neurons were non-selectively
photostimulated. These results demonstrate that optogenetic
activation of projection-specific pathways arising from the
same brain area can result in opposite behavioral effects and
further corroborate the need for circuit specific perturbation in
behavioral studies.

Optogenetics has also been used in higher mammals, such as
Rhesus monkeys, enabling the causal study of circuits involved
in complex behaviors and neurological diseases (Han et al,
2009; Jazayeri et al., 2012; Shewcraft et al., 2020). In the first
study that validated the use of optogenetics in non-human
primates, Han et al. used lentivirus to express ChR2 in the
frontal cortex of macaques, and established that viral expression
of opsins is safe and can support long-term experiments (Han
et al., 2009). Even though there is a lack of genetically modified
Cre-expressing monkey lines, cell-type specific promoters can
be used to target unique neuronal populations. For instance,
Stauffer et al. (2016) used virus with a dopaminergic cell-
specific Th promoter to express Cre recombinase alongside a
cre-dependent ChR2 virus, thus restricting ChR2 expression to
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dopaminergic neurons in the midbrain. They then demonstrated
that the activation of this dopaminergic population promotes
reward-related learning at both cellular and behavioral levels.
Similarly, the Purkinje cell specific promotor L7/Pcp2 has been
used to selectively drive ChR2 expression in Purkinje cells
in the cerebellum occulomotor vermis (El-Shamayleh et al,
2017), and the CaMKII promotor has been used to express
ChR2 in pyramidal neurons in the frontal cortex (Han et al,
2009). In addition to cell-type specificity, projection-specific
optogenetics has also been achieved in Macaque monkeys. Galvan
et al. expressed ChR2 in the primary motor cortex of macaque
monkeys and optogenetically activated the terminals of the
corticothalamic projection from the motor cortex, revealing that
this projection pathway plays a modulatory role in the thalamus
(Galvan et al., 2016). These studies in non-human primates
demonstrate the wider applicability of optogenetics for circuit
and behavior analysis with both projection (Inoue et al., 2015;
Galvan et al,, 2016) and cell-type specificity (Han et al., 2009;
Jazayeri et al., 2012; Klein et al., 2016; Nakamichi et al., 2019).

FUTURE DIRECTIONS

New Variants of Opsins

Over the past decade, several newly developed variants of opsins
have enabled the use of optogenetics in investigations that
were not technically possible with earlier variants. Although
this review is not intended to provide a comprehensive
overview of different opsins, this section will highlight some
experimental designs that leveraged unique properties of
engineered opsin variants.

When first introduced into neurons, ChR2 was demonstrated
to drive spike trains ranging from 5 to 30 Hz (Boyden et al., 2005).
However many neurons are capable of firing far beyond 30 Hz
(O’Connor et al., 2010). High-speed opsins are indispensable to
investigate fast spiking neuron types such as Pvalb interneurons
(Chrobak and Buzsaki, 1998; Hajos et al., 2004); hence, oChIEF
was developed in 2009 (Lin et al., 2009), ChETA developed in
2010 (Gunaydin et al., 2010), and Chronos developed in 2014
(Klapoetke et al., 2014). These ChR2 variants can reliably evoke
ultra fast spiking in neurons, up to 100 Hz.

One advantage of these ultra fast opsins was demonstrated
when studying the importance of long-term potentiation (LTP)
for memory formation (Bliss and Lomo, 1973). Although this
hypothesis had existed for many years, it was difficult to test
it directly in vivo, because of the lack of tools to induce LTP
in live animals. A classical LTP protocol for slice preperation
involves high-frequency tetanic electrical stimulation (a train of
brief pulses at 50-100 Hz) of the tract of presynaptic axons,
which is not feasible for in vivo experiments. However, the
ultra fast opsins which support reliable optogentic stimulation
up to 100 Hz provide an opportunity. Nabavi et al. (2014)
used AAV to express oChIEF in the medial geniculate nucleus
and the auditory cortex of rats and implanted a cannula in
the lateral amygdala to deliver light to the oChIEF expressing
axon terminals originating from the medial geniculate nucleus
and auditory cortex. The authors then delivered five trains of

brief light pulses at 100 Hz and used in vivo field recordings
to confirm the induction of LTP. When this optical stimulus
used to induce LTP, was paired with a foot shock in a cued fear
conditioning paradigm, the rats performed the conditioned fear
response. In contrast, when the optical stimulus and the shock
were unpaired, the rats did not perform the conditioned fear
response, suggesting they had not formed the cued-fear memory.
In this experiment, the reliable high frequency optogenetic
stimulation of axon terminals depends on several desirable
properties of oChIEF such as fast opening and closing rates,
high light sensitivity and the low channel inactivation (Lin, 2011;
Hass and Glickfeld, 2016).

In addition to ChR2 variants with faster kinetics, step
function opsin (SFO) (Berndt et al., 2009) and stabilized
step function opsin (SSFO) (Yizhar et al, 2011) have been
engineered to produce very slow kinetics, which confer a
unique set of experimental advantages. These opsins have
mutations at the C128 position in ChR2 that substantially
extend the period of activation. They are also capable of
bistable switching, in which they can be activated with blue
light to produce prolonged depolarization that can be rapidly
terminated with amber light. While SFO can support stable
depolarization for minutes (Berndt et al., 2009), SSFO mediated
depolarization is stable over the 30 min time scale (Yizhar
et al, 2011). This unique property makes SSFO useful for
in vivo investigations since complex animal behaviors typically
occur on the timescale of minutes. In addition, SSFO can
also be useful when optogenetics is paired with two-photon
calcium imaging, since it solves the issue of visible light from
optogentic stimulation interferring with GCaMP based calcium
imaging. For example, Makino and Komiyama (2015) used
a virus carrying a Cre-dependent SSFO gene to conditionally
express SSFO in Sst inhibitory neurons of Sst-Cre mice, and
expressed GCaMP6f in pyramidal neurons. With this design, the
researchers optogenetically turned Sst interneuron activity on
(using blue light) and off (using amber light), while performing
calcium imaging of mostly pyramidal neurons. The use of SSFO
in this study enabled cell-type specific optogenetic manipulation
throughout the entire course of a complex behavioral task with
simultaneous calcium imaging. This study also exemplifies the
flexibility of optogenetics, enabling within animal and within
session controls.

The level of control achieved through optogenetics can
be extended even further using the opto-XR family of
opsins. This family of opsins was engineered by replacing
the intracellular loops of rhodopsin with those from specific
G-protein coupled receptors, allowing photoactivation with light
to initiate intracellular signaling pathways (Airan et al., 2009).
One example is opto-al-adrenergic receptor (AR), which when
photostimulated, led to a significant increase in IP3 signaling
in HEK cells. When this chimeric opsin-receptor was expressed
in the nucleus accumbens of mice and photoactivated during a
place preference task, mice spent significantly more time in the
conditioned area in the subsequent session than control mice
without the optical stimulation, indicating that opto-a1-AR can
alter cell signaling in vivo and affect animal behavior (Airan
et al., 2009). This experiment demonstrates the applicability of
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optogenetics, beyond ionic manipulations, to study effects of
metabotropic cell signaling on behavior.

Single Cell Optogenetics

Neurons in the cortex, even of the same cell type, fire at
different times, and this asynchronous firing across space and
time is essential for information coding (Goard and Dan, 2009).
However, so far, most of the optogenetic applications took
reductionist approaches in which all opsin-expressing neurons or
axonal projections were activated or inhibited at the same time
by uniform light illumination. Because these approaches cannot
recapitulate the natural firing patterns of groups of neurons,
they limit the understanding of the physiology of neural circuits.
Moreover, the dependence of cell-type specific optogenetics
on Cre mouse lines limits the freedom of experimental
designs. To solve these issues, new techniques which enable
selective manipulation of arbitrarily defined neuronal ensembles
at a single-cell spatial resolution and at a sub-millisecond
temporal resolution are required. In recent years, advances
in two directions have been improving fine spatiotemporal
optogenetic control: single-cell photostimulation and new opsins
of fast kinetics, high conductance, and subcellularly restricted
expression. In an early attempt to achieve photostimulation
at a single-cell resolution, a small, focal laser spot of blue
light was used to raster scan brain tissue in which some
neurons expressed ChR2. (Wang et al,, 2007). However, this
one-photon excitation method suffers from low penetration
depth, lack of optical sectioning, and degraded lateral resolution
due to light scattering, resulting in unwanted activation of the
axons of passage and out of focus somata. To mitigate those
issues, the non-linearity of two-photon excitation was used
(Rickgauer and Tank, 2009; Prakash et al., 2012). However,
traditional two-photon excitation methods are limited by poor
temporal precision, as a focused infrared laser must raster
scan the surface of opsin-expressing somata to induce enough
photocurrent. To surmount the limitation of slow scanning,
two parallel illumination methods were invented - computer
generated holography (CGH) (Begue et al.,, 2013; Dal Maschio
et al., 2017; Forster et al., 2017; Ronzitti et al., 2017) and
generalized phase contrast (GPC) (Papagiakoumou et al., 2010).
These techniques rely on phase modulation to make a pattern of
infrared illumination precisely matching the three-dimensional
profiles of neurons of interest, therefore allowing simultaneous
two-photon activation of multiple neuronal targets at once
(Gerchberg and Saxton, 1972; Sinclair et al, 2004). When
combined with temporal focusing, these parallel illumination
methods can reach micrometer resolution even at a depth of
hundreds of micrometers in scattering brain tissues. Advances
in these state-of-the-art approaches provides a new avenue to
systematically map the connectivity of neuronal networks at a
cellular resolution.

In addition to the development of single-cell
photostimulation, the engineering of new opsins also contributes
to single-cell optogenetics. For example, neurons in most
of the brain areas are surrounded by numerous neurites of
nearby cells, and most methods for expressing opsins will
lead to opsin expression in neighboring neurites as well. As a

consequence, even with single-cell photostimulation methods
mentioned above, the stimulation light will inevitably stimulate
dendrites and axons which pass by the targeted neurons. To
address this issue, a high-performance somatic opsin, soCoChR,
was generated (Shemesh et al, 2017). The expression of the
high-photocurrent channelrhodopsin (CoChR) was restricted
primarily to the cell bodies of cortical neurons by fusing a short
amino-terminal segment of the kainate receptor KA2 subunit to
this opsin. With the help of two-photon CGH, soCoChR allows
the activation of individual neurons at cellular resolution with
sub-millisecond temporal precision. Future work employing
both single-cell stimulation and soCoChR will enable more
reliable mapping of neuronal connectivity in intact brain circuits.

Moreover, sub-millisecond optogenetics can also be helpful
for exploring the connectivity of fast-spiking neurons, such as
interneurons (Hajos et al., 2004). Chronos is a fast opsin that
can be combined with two-photon parallel illumination to drive
spiking up to 100 Hz with sub-millisecond onset precision and
cellular resolution. The high spatiotemporal resolution and high
rate of optogenetic stimulation exemplified in the above will be
essential for faithfully replicating the asynchronous activity in
neuronal networks in vivo.

LIMITATIONS AND ALTERNATIVE
STRATEGIES

Optogenetics is, however, not without limitations. In fact, in
some circumstances, it can result in paradoxical and undesirable
effects. Inhibitory chloride pumps such as eNpHR can lead to a
change in inhibitory signaling that outlasts the photostimulation
(Raimondo et al, 2012; Mahn et al., 2016). Long duration
photoinhibition through chloride pumps can alter the chloride
ion gradient and therefore change GABA, receptor reversal
potential, resulting in synaptically evoked spiking following
photoinhibition (Raimondo et al., 2012). A similar phenomenon
can be seen when using light-driven outward proton pumps
such as Arch. Prolonged eNpHR activation overwhelms the
neuron’s mechanisms for chloride homeostasis (Raimondo et al.,
2012), while prolonged Arch activation can overwhelm the cell’s
mechanisms for pH regulation (Mahn et al., 2016). These effects
can be mitigated through the use of a pulsing or sinusoidal
light stimulus instead of a constant stimulus, by minimizing the
intensity and duration of photoinhibition (Raimondo et al., 2012)
and by using ramp termination of photostimulation instead of
step termination (Mahn et al., 2016).

Another option for photoinhibition is to use ChR2 to activate
GABAergic inhibitory neurons. Although this method is more
effective than direct photoinhibition by the proton pumps Arch
and Jaws (Chuong et al., 2014; Li et al,, 2019), it also has
its own limitations. For instance, optogenetically activating all
GABAergic inhibitory neurons in the cortex will drastically shut
down the activity of all principal cells, including various types of
cortical projection neurons (e.g., corticocortico, corticothalamic,
and corticofugal projections) (Babl et al, 2019). This non-
specifical circuit manipulation introduces a confounding factor:
we cannot determine if experimental effects result from the
direct suppression of the specific pathway of interest or the
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concurrent suppression of multiple output pathways (Babl et al.,
2019). Furthermore, another confounding factor is the rebound
activity caused by abruptly terminating the photostimulation of
inhibitory neurons. Those synchronized spiking events cross a
large number of neurons and can last several seconds, disrupting
the functionality of cortical circuits. Therefore, caution should
be used when choosing an opsin and when designing a
photostimulation method (Liu et al., 2016; Guo et al., 2017).

Moreover, the methods of expression should also be carefully
considered. Transgenic lines result in global opsin expression,
which leads to at least two complications: first, photostimulation
may activate neurons that are located outside of the target
region but have axons passing through this region; second, one-
photon photostimulation, which has poor spatial resolution, may
activate opsin expressing neurons which neighbor the target
region. While the use of virus can resolve the issues associated
with transgenenic lines by spatially confining opsin expression,
some caveats associated with this expression method should also
be considered. First, Jackman et al. (2014) reported artificial
synaptic depression in hippocampal neurons when ChR2 was
expressed using specific AAV virus serotypes, including AAV1,
AAV5, and AAVS8. But this artifact did not occur when
ChR2 was expressed transgenically or with AVV9. Second,
some types of viral expression systems are cytotoxic. For
instance, the expression of target genes mediated by rabies
virus leads to rapid cell death starting 1 week after viral
injection (Wickersham et al., 2007), preventing its use for long-
term functional experiments. Third, virus-based expression can
also be limited by viral tropism in certain brain regions. For
example, canine adenovirus and herpes simplex virus 1, two
retrograde viruses, labeled largely non-overlapping populations
of the basolateral amygdala that project into the prefrontal
cortex (Senn et al.,, 2014). Therefore, one should carefully design
experiments, considering the trade-off between transgenic lines
and viral methods.

Furthermore, in vivo optogenetics is heavily limited by
the level of invasiveness. Implementing optogenetics in vivo
requires either a cranial window for superficial brain areas or
an optical fiber implant to deliver light. For deep brain regions,
implants also require aspiration of tissue superficial to the
target site. Chemogenetics is therefore an appealing alternative
as it is effective, minimally invasive, reversible and highly
specific. Chemogenetic approaches include Pharmacologically
Selective Actuator Modules (PSAMs) and their corresponding
Pharmacologically Selective Effector Modules (PSEMs) (Magnus
etal, 2011). PSAMs are a toolbox of engineered chimeric ligand-
gated ion channels that selectively bind the corresponding,
engineered PSEM. For example, combining a pharmacologically
selective jon binding domain with the serotonin 3a receptor
or with glycine receptors, results in a chimeric channel that
selectively binds PSEM and gates depolarizing cation current or
hyperpolarizing chloride current respectively. These channels
can be expressed in vivo and PSEM can be delivered through an
intraperitoneal (i.p.) injection (Magnus et al., 2011). Designer
Receptors Exclusively Activated by Designer Drugs (DREADDs)
are another common chemogenetic toolbox that utilize
engineered G-protein coupled receptors to regulate neuronal

activity. Two of the most commonly used DREADDs are hM3Dgq,
an engineered Gq-coupled receptor and hM4di, an engineered
Gi-coupled receptor (Armbruster et al, 2007). hM3Dq and
hM4Di, which effectively mediate neuronal activation or
silencing, respectively, when exposed to their pharmacologically
inert ligand, clozapine-N-oxide (CNO) (Armbruster et al., 2007;
Alexander et al., 2009; Zhu et al., 2014). For in vivo experiments,
CNO can be delivered via an i.p. injection to perturb the activity
of all neurons which express DREADDs. Alternatively, when
DREADDs are expressed in specific populations of projection
neurons and CNO is be locally infused in a post-synaptic region,
projection-specific activation (Vazey and Aston-Jones, 2014) or
silencing (Mahler et al., 2014; Stachniak et al., 2014; Zhu et al,,
2016) of axon terminals can be achieved. However, it is worth
noting that CNO has dose-dependent side effects: excessive
CNO is converted to clozapine and could alter animal behavior
independent of DREADDs (Manvich et al., 2018). These side
effects can be reduced by using an appropriate dosage of CNO.
Overall, chemogenetics offers many of the same advantages
as optogenetics but has the additional advantage of being
minimally-invasive, making it an ideal technique for targeting
deep brain structures. When combined with an intersectional
approach, chemogenetics can also be used for cell-type and
projection-specific dissection. Chemogenetics however, lacks the
fast kinetics of optogenetics, therefore limiting its applications in
reversible circuit manipulation.

Other less prevalent solutions to the invasiveness of
optogenetics also exist. Transcranial near-infrared optogenetics
utilizes  synthesized = Lanthanide-doped  upconversion
nanoparticles (UCNPs), which convert near infrared photons
into high energy visible light sufficient to activate opsins (Chen
et al., 2018). For example, the authors expressed ChR2 in the
VTA, and injected UCNPs into the VTA. Afterward, they
delivered near infrared light outside of the skull, which was
sufficient to evoke firing in ChR2 expressing neurons in the
VTA (Chen et al, 2018). Additionally, magnetic manipulation
of neural activity, dubbed Magneto2.0 (Wheeler et al., 2016),
also offers a non-invasive solution; however, it remains unclear
whether this approach can reliably manipulate neuronal
circuits in various brain structures, as conventional optogenetic
methods have (Meister, 2016; Kole et al., 2019; Wang et al.,
2019; Xu et al, 2019). In conclusion, experimentalists now
have numerous techniques at their finger tips for flexible
manipulations of neuron activity both in vitro and in vivo.
Among these techniques optogenetics provides numerous
powerful advantages for modern circuit dissection.
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A Probabilistic Framework for
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Guillaume Etter*, Frederic Manseau and Sylvain Williams*

Douglas Mental Health University Institute, McGill University, Montreal, QC, Canada

Understanding the role of neuronal activity in cognition and behavior is a key
question in neuroscience. Previously, in vivo studies have typically inferred behavior
from electrophysiological data using probabilistic approaches including Bayesian
decoding. While providing useful information on the role of neuronal subcircuits,
electrophysiological approaches are often limited in the maximum number of recorded
neurons as well as their ability to reliably identify neurons over time. This can be
particularly problematic when trying to decode behaviors that rely on large neuronal
assemblies or rely on temporal mechanisms, such as a learning task over the course
of several days. Calcium imaging of genetically encoded calcium indicators has
overcome these two issues. Unfortunately, because calcium transients only indirectly
reflect spiking activity and calcium imaging is often performed at lower sampling
frequencies, this approach suffers from uncertainty in exact spike timing and thus
activity frequency, making rate-based decoding approaches used in electrophysiological
recordings difficult to apply to calcium imaging data. Here we describe a probabilistic
framework that can be used to robustly infer behavior from calcium imaging recordings
and relies on a simplified implementation of a naive Baysian classifier. Our method
discriminates between periods of activity and periods of inactivity to compute probability
density functions (likelihood and posterior), significance and confidence interval, as well
as mutual information. We next devise a simple method to decode behavior using these
probability density functions and propose metrics to quantify decoding accuracy. Finally,
we show that neuronal activity can be predicted from behavior, and that the accuracy
of such reconstructions can guide the understanding of relationships that may exist
between behavioral states and neuronal activity.

Keywords: calcium imaging, decoding, bayesian inference, hippocampus, spatial coding

INTRODUCTION

Early in vivo studies have established relationships between external variables and neuronal activity,
including (but not restricted to) auditory information in the auditory cortex (Katsuki et al.,
1956), visual stimuli in the visual cortex (Hubel and Wiesel, 1962), and spatial information in the
hippocampus (O’Keefe and Dostrovsky, 1971). Based on the widely influential information theory
(Shannon, 1948), it has previously been proposed that neurons can act as communication channels’
between physiological variables (input) and spike trains (output) (Richmond and Optican, 1990;
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Richmond et al., 1990; Skaggs et al., 1993). In addition to
providing metrics to quantify the extent to which external
variables can be encoded in neurons, these studies laid the first
foundations in establishing computational tools to predict animal
behavior merely using neuronal activity. This process, termed
decoding, is essential in understanding the role of neuronal
activity in behavior, and the success rate of predictions can be
used as a metric of understanding of a given system. Among
techniques that have been described in this context, Bayesian
decoding in particular has been relatively popular and widely
used (Brown et al., 1998; Zhang et al., 1998; Gerwinn, 2009; Quian
Quiroga and Panzeri, 2009; Koyama et al., 2010).

While the literature on in vivo neuronal physiology has
been largely dominated by electrophysiological studies, calcium
imaging methods have recently gained popularity. Originally
performed at the single cell level with the aid of calcium
sensors (Grynkiewicz et al., 1985; Persechini et al, 1997),
calcium imaging can now be performed in vivo, in large
neuronal assemblies, and over very long periods of time (Ziv
et al., 2013; Sheintuch et al., 2017; Gonzalez et al., 2019).
These major improvements coincided with the development of
genetically encoded calcium indicators (GECI), including the
popular GCaMP (Nakai et al., 2001; Tian et al., 2009; Ohkura
et al., 2012; Chen et al.,, 2013). In recent years, calcium imaging
methods have seen the development of various computational
tools that solve the problem of signal extraction from raw
calcium imaging video recordings. In particular, several groups
have proposed open-source software codes to perform fast,
recursive motion correction (Pnevmatikakis and Giovannucci,
2017), offline (Pnevmatikakis et al., 2016; Zhou et al., 2018)
and online (Giovannucci et al., 2017) extraction of neuronal
spatial footprints and their associated calcium activity, temporal
registration of neurons across days (Sheintuch et al, 2017),
and complete analysis pipelines have been made available
(Giovannucci et al., 2018). The aforementioned open source
codes have significantly facilitated the analysis of calcium imaging
datasets. Most often, one of the objectives when using such a
tool is to understand the neural basis of behavior. Unfortunately,
there are only a few open source analysis toolboxes that can relate
calcium imaging data to behavior to this day (Tegtmeier et al.,
2018'). While these useful analytical tools allow the exploration
of relationships between calcium signals and behavior, they
are mostly restricted to visualization and correlation. Previous
studies have made use of naive Bayesian classifiers to infer rodent
behavior from calcium imaging data recorded in the motor
cortex (Huber et al., 2012; Kondo et al., 2018), hippocampus
(Ziv et al., 2013; Mau et al., 2018; Gonzalez et al., 2019), or
amygdala (Grewe et al., 2017). While these analyses usually result
in accurate predictions of behaviors, there is no consensus on the
methodology, and in particular the input signal to the classifier,
or other preprocessing steps (e.g. smoothing of neuronal tuning
curves used by the classifier).

While calcium imaging does not allow the determination
of exact spike timing, some methods have been proposed to
approximate spiking activity from calcium imaging data by

' www.miniscope.org

deconvolving calcium transients (Deneux et al., 2016; Pachitariu
etal., 2018; Rahmati et al., 2018). Consequently, one strategy that
can be employed is to first estimate deconvolution parameters
from ground truth data (e.g. in vitro unit recording in brain
slices combined with calcium imaging) to then apply them to
recordings performed in vivo. However, one major caveat with
this approach is that physiological responses can differ greatly
between in vivo and in vitro conditions (Belle et al., 2018) leading
to erroneous parameter estimation. Another obstacle to using
deconvolved signals and estimated spikes to decode calcium
activity is that the very nature of calcium imaging does not
allow to determine exact spike timing. While unit recordings
are typically done at sampling rates exceeding 10 KHz, 1-
photon microendoscopes used in freely moving animals usually
sample images at 30 frames per second or less, and spike trains
will generally be associated with large calcium transients of
varying size and duration. Consequently, one could for example
correctly estimate that a neuron fires 10 action potentials based
on the observation of a single calcium transient, however, the
exact timing of each spike would remain unknown, and could
happen anywhere within a ~33 ms window (for calcium imaging
performed at 30 Hz).

Importantly, another issue encountered when performing
calcium imaging with GCaMP is photobleaching, which leads to
a progressive loss of signal due to the destruction of fluorescent
proteins that report calcium influx. Unlike electrophysiological
unit recordings that can be performed for several hours, calcium
imaging is thus typically performed for shorter durations. While
it is possible to follow GCaMP-positive cell assemblies over
months (Ziv et al., 2013; Sheintuch et al., 2017), each recording
session has to be limited in duration to avoid photobleaching.
This results in low sampling that can be problematic when
trying to associate neuronal activity with a certain behavior:
some behavioral states can be over- or underrepresented and
concurrently, calcium activity can be too sparse to establish
tuning curves of neuronal activity.

Here, we propose simple analytical methods to relate calcium
activity to behavior by (1) extracting periods of activity in
calcium imaging data without approximating spike timing and
subjecting actual data to null hypothesis testing in order to solve
the problem of low sampling, (2) decoding behavior by using
previously computed probability density functions in a naive
Bayesian classifier, and (3) reconstructing neuronal activity from
behavior and assessing the quality of neuronal coding.

RESULTS

Establishment of Probabilistic Neural

Tuning Curves

To demonstrate the usefulness of our method, we performed
calcium imaging in a well characterized system: CA1 pyramidal
cells of the dorsal hippocampus (Figure 1A). These neurons
are known to display spatial tuning and are commonly referred
to as place cells (O’Keefe and Dostrovsky, 1971). We trained
a mouse to run back and forth on a 100 cm long linear track
by providing sucrose water rewards at each end of the track

Frontiers in Neural Circuits | www.frontiersin.org

May 2020 | Volume 14 | Article 19


http://miniscope.org/index.php/Main_Page
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Etter et al. Decoding Behavior From Calcium Imaging

A C

in vivo

GRIN lens

CAP

Cell ID

WU L)
o g =

OoO=NWw

ooo

(,-s'wo)
paads

oo

o

(wo)
onisod

F G H I 10s
. o
Raw Runs to the right ) —
|10%AF/F Pans) 100% 5 'YBinarized
= £
Filtered ) 0 & ]
foveer Il = o8
) Pa)  P(s) raw | | JLL][L] 36
z 100 s 0 25 50 75 100
6 ‘g Py J Position on track (cm)
2 _
~ . 0
2 ( .—-\6 % 1.0 MI: 0.21 bits >0
£ o8 °
%) 5y >\ 2 08 &°
o J o 04 ]
B =P 2 02 ®
=13 D 00 k3
Binarized g 0 25 50 75 100 a 0 25 50 75 100
s M Method 1: compute Py Position on track (cm) Position on track (cm)
a
versus: (o] Q Method 2: bootstrapping
S‘ r‘xg.—L_—I\;Lf
CASE 1 CASE 2 Sy ! a = EEE N WE
] N 52 | o I a oy N |
3~ i e
C j i%% R F,.L)_L%k ] 3
bl s | W o a, o
Tl N5 - 1005 agg—— b k. §
L TN 50 & 100
5 0 25 50 75 100 50 O
0 5 b 2
3 Position on track (cm) )
CASE 3 CASE 4 = A . 3
T - — Actual tuning curve ~
{ [ Y ) N I Actual P R —95% confidence interval
—_ _ > —— Bootstrapped tuning curves
Shuffled (n = 1000, 0 =
w5 TS " §3w g0
= = G 08= » B 08 8 o8
T — 06+ — 006 17}
— = 41 250 v
= 00 ° _Q’E) 8'5 2 04
802 TTTT1 S£° S 02
o 0 25 5 75 100 o 0. .2 90 7 100 S i

Position on track (cm)
0 25 5 75 100

Position on track (cm)

Position on track (cm)

FIGURE 1 | Rationale for extracting spatial coding characteristics of CA1 pyramidale cells. (A) Diagram of GRIN lens implanted over CA1 pyramidal cells of the
dorsal hippocampus. (B) Calcium imaging was performed as a mouse was running in alternating directions on a linear track. (C) Maximum projection of the
corresponding field of view. (D) Corresponding extracted spatial footprints using CNMFe. (E) Example traces from a subset of extracted cells aligned with position
on a linear track and locomotor speed. Running epochs are indicated with green stripes. (F) Example raw transient (top) from one cell and corresponding filtered,
z-scored, first-derivative, and binarized signals. (G) Rationale used to extract unconditional and joint probabilities from binarized data that can be later used to
compute conditional probabilities. (H) Mouse location on the linear track with corresponding raw calcium activity and derived binary trace (blue). Only runs to the
right are considered here. (I) (Top) mouse trajectory on the linear track (gray) with corresponding locations where one cell’s binarized activity was detected (blue
dots), and (bottom) location of binarized activity on the linear track for each run (n = 16 runs). (J) Probability P(active| state) of cell #4 to be active given the location
on the linear track, and corresponding mutual information (M, top). (K) Derived posterior probability of the mouse being in a location given cell activity P(state| active)
(ocher) compared to uniformity (dotted line). (L) Example cases of poor variable coding (case 1), superior variable coding (case 2), poor variable coding with sparse
information (case 3), and superior variable coding with sparse information (case 4). (M) Method for computing a p-value: actual (a) calcium trace, corresponding
circular permutations (sp), and corresponding location (green). (N) Probability P(active| state) of cell #4 being active given location (blue) and corresponding average
shuffled distribution from n = 1000 surrogates (the thickness of the line represents the SEM). (O) p-Value computed using actual data and shuffled surrogates for
each location of the linear track. (P) Thresholded place field retaining only significant P(active| state) values. (Q) Method for computing 95% confidence interval from
bootstrap samples. (R) Actual tuning curve P(active| state) (blue) and corresponding 95% confidence interval (red) computed from bootstrap samples (gray;

n = 1000).
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and scheduling homecage access to water every day (Figure 1B).
We recorded ~400 neurons in these conditions (Figure 1C).
After extracting neuronal spatial footprints (Figure 1D), we
visualized corresponding calcium activity along with the position
and locomotor speed of the animal (Figure 1E). Previous studies
have shown that immobility periods are associated with replay
of experience (Foster and Wilson, 2006; Diba and Buzsaki,
2007; Davidson et al., 2009). In order to focus on the spatial
tuning curves of CA1 neurons, we therefore excluded periods of
immobility (<5 cm.s™!) that could potentially contain periods
of neuronal activity that reflect tuning to internal, rather than
external variables.

In order to compute probabilities that will be used in later
analyses of tuning curves, we sought to discriminate periods
of activity versus inactivity. To this end, we devised a simple
binarizing method where raw calcium signals are first filtered
(to remove high frequency fluctuations that could erroneously be
detected as transient rise periods), and we considered periods of
activity as following the two criteria: (1) the signal amplitude of a
normalized trace has to be above 2 standard-deviations, and (2)
the first order derivative has to be positive (thus corresponding to
a transient rise period; Figure 1F).

Extracting Probability Values in a Bayesian Context
Following the binarization of raw calcium traces, we propose a
probabilistic framework to describe how the activity of a neuron
encodes a certain behavior or state (Figure 1G). To this end, we
can first compute the probability of a neuron to be active P(A)
using the following formula:

time active

P(A) = (1)

total time
P(A) only informs on the activity rate of a neuron over the course
of a recording session and corresponds to the marginal likelihood
in a Bayesian context. We can also compute the probability of
spending time in a given behavioral state i

time in state i

P(S) = (2)

total time
P(S) can be informative on whether the distribution of behavioral
states is homogeneous or inhomogeneous, which can potentially
lead to biases in further analyzes. In a Bayesian context, P(S)
corresponds to the prior. Additionally, the joint probability
P (S;N A) of a given neuron to be both active and in a given
state i will be later used to compute information metrics:

time active while in state i

P(Sin A) = (3)

total time
We can then compute the probability that a cell is active given the
animal is in a state i

time active while in state i

P (AlS) = 4
(A1S) time in state @

P (A]S) is more informative and can be interpreted as a tuning
curve. In a Bayesian framework, this probability is also known
as the likelihood. For example, a probability value of 0.8 means

that a cell is active 80 % of the time when the animal is in a given
behavioral state.

In our example, we isolated running periods when the mouse
was running toward the right hand side of the linear track
(Figure 1H), and divided the track in 3 cm bins. Each bin thus
represents a discrete state, and while visualizing the activity of
neuron #4 for each run, it is apparent that this cell displays some
spatial tuning (Figure 1I). We thus computed P (S;|A) for that
cell and found a peak likelihood of 0.78 at ~64.5 cm from the left
hand side of the track (Figure 1J). Finally, using classical Bayesian
inference, we can infer the probability that the animal is in a state
Si given neuronal activity A:

P (AlS;) xP(S)

P(Sl4) = ==&

(5)
P (S]A) is the posterior probability distribution of states given
neuronal activity and will be used later on to decode behavior.

Testing Significance of Tuning Curves

One current issue with calcium imaging is photobleaching, which
prevents extended recordings and thus restricts the sampling
of both neuronal activity and behavioral data. Experimenters
can thus be frequently faced with one of four cases: first,
sampling of both behavior and neuronal activity are sufficient,
and there is no apparent relationship between these two variables
(Figure 1L, case 1). Secondly, sampling is sufficient and there is
a very clear relationship between behavior and neuronal activity
(Figure 1L, case 2). Thirdly, sampling is too low to observe a
clear phenomenon (not enough coverage of behavioral states,
sparse neuronal activity; Figure 1L, case 3). Lastly, behavioral
sampling is sufficient, but neuronal activity is sparse and while
there is an apparent relationship between behavior and neuronal
activity, there is no absolute confidence that this could indeed be
the case (Figure 1L, case 4). In every case, we will want to test
whether the tuning curves that have been derived are significantly
different from chance.

Deriving p-values from shuffled distributions

One solution we propose to this problem is to confront the actual
data to a null hypothesis that there is no relationship between
behavior and neuronal activity. To this end, we generated
a distribution of tuning curves that are computed from the
actual calcium trace, but that has been shifted in time so
that any potential relationship to behavior is lost. Circular
permutations can be used to remove the temporal relationship
that exists between neuronal activity and behavior; Figure 1M).
We recommend this shuffling method because it preserves the
temporal structure of calcium transients and leads to more
conservative results, as opposed to a complete randomization
of every data point which often gives rise to non-physiological
data, and thus inflates the significance value of results. The choice
of a null hypothesis should, however, be determined carefully
depending on the nature of the question asked. In our example,
we performed n = 1000 random circular permutations, computed
the mean as well as standard error of the mean (SEM), and
compared it to our actual tuning curve (Figure IN). Because
the shuffled data points cannot be assumed to be distributed
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normally, transforming the actual data into a z-score cannot
be used to derive a measure of significance. Instead, one can
compute a p-value that corresponds to the number of data points
from the shuffled distribution that are greater than the actual
data, divided by the number of permutations (Cohen, 2014).
Note that using this method, the p-value can take null values
in the event where all data points from the shuffled distribution
fall under the actual data. After computing a p-value value
from our actual data and shuffled distribution (Figure 10),
a threshold (typically of 0.05 or 0.01) can be used to display
only significant data points (we used a 0.05 threshold in our
example; Figure 1P).

Deriving confidence intervals using bootstrap samples
Another challenge associated with sparse sampling of behavior
and/or neuronal activity is estimating the reliability of
tuning curves. One method to circumvent this problem
is to derive statistics (mean and confidence interval) from
bootstrapped samples (Kass et al., 2014). To this end,
we can measure several times (e.g. n = 1000 samples)
our likelihood P(A|S) on a portion of the data (e.g. 50%
randomly chosen data points) and with replacement (the
same data points can be used in different bootstrap samples;
Figure 1Q). Using these parameters (n = 1000 bootstrap
samples using 50% of the data), we display every bootstrap
tuning curve along with the corresponding 95% confidence
interval (Figure 1R).

Information Metrics

Numerous studies have applied metrics derived from information
theory (Shannon, 1948) to neuronal data (Skaggs et al., 1993;
see Dimitrov et al., 2011 for review). While the information
held within a single spike is difficult to approximate with
calcium imaging, mutual information (MI) can be used to
describe the amount of information about one variable through
observation of another variable (neuron activity and behavioral
state in our example) using unconditional and joint probabilities:

M 2

MI=)"">"P(SiN Ay x log,(

i=1 j=1

P(SiN A]‘)

P(S,‘) X P(Aj))

where M is the total number of possible behavioral states,
P(S; N Aj)is the joint probability of behavioral state i to be
observed concurrently with activity level j. Note that in our
case we consider only two levels of activity j (active versus
inactive). The MI index is a practical way of sorting neurons
by the amount of information they encode (Supplementary
Figure 1), and it was previously found that although related,
MI is more reliable and scalable than other spatial information
metrics (Souza et al, 2018). In our example, cell #4 displays
0.21 bits of information while considering only trajectories to
the right (Figure 1J). On the other hand, it is possible to assess
the significance of MI values by using the same techniques
described in section “Information Metrics.” An example of
MI values compared to shuffled surrogate can be found in
Supplementary Figure 1a.

Decoding of Behavior From Calcium
Imaging Data

Extracting tuning curves for each individual neuron can shed
light about their activity pattern but does not fully explain a
particular behavior. Importantly, the temporal coordination of
large neuronal assemblies is likely to provide more information
about the specificity of generated behaviors. In our example,
we would like to understand the relationship between location
(without discriminating left/right trajectories at first) and the
activity patterns of a large (~400) cell assembly. When a given
neuron is active, the posterior probability density function (Eq. 5)
computed earlier gives an estimate of the likely position of
the mouse on the linear track. The most likely position of the
mouse given that a neuron can be estimated as the location
corresponding to the maximum value of the posterior probability
density function. P(S) can be measured directly (in our case,
it is the general likelihood of finding the mouse in any given
location; Figure 2A, teal line in the bottom panel) or kept
uniform. In the latter case, we make no prior assumption about
the potential location of the mouse on the linear track and
attribute equal probability for each location (Figure 2A, orange
line in the bottom panel).

Decoding Behavior Using Activity From Multiple
Neurons

To predict the mouse state using the activity from multiple
neurons, it is more efficient to take the product (rather than the
sum) of a posteriori probabilities, because null values translate
into an absolute certainty that the mouse cannot be in a given
state considering the activity of a given neuron. Importantly, this
can only be done under the assumption that every neuron is
independent from each other, which is unlikely to be the case
in practice because of neuroanatomical connectivity or other
reasons: for example on a linear track the same sequence of
neuronal activity is expected to be observed for each trajectory.
In the case of interdependent neurons, posterior probabilities
would have to be computed for each dependent neuronal
ensemble, and the reconstructions would be expected to be
more accurate at the expense of requiring significantly larger
training datasets. Therefore, assuming that recorded neurons are
independent trades oft decoding accuracy for computing time.
We can then rewrite our equation to include tuning curves from
multiple neurons:

N

Pia) =[]

k=1

P (AklS) x P (S) ©)
P (Ap)

where P (S|A)is a vector of a posteriori behavioral states and N
corresponds to the number of neurons used. In our example, we
can measure the activity of every neuron k at a given time point
(Figure 2B), derive the associated tuning curves (Figure 2C,
top panel), and corresponding posterior location probability
(Figure 2C, bottom panel). Importantly, while equation (7) is
fundamentally correct, the repeated product of small values (such
as probability values that are between 0 and 1) will lead to
numerical underflow when computed on most softwares available
currently. Although this is not a problem when decoding activity
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FIGURE 2 | Bayesian decoding of behavior from calcium imaging recording. (A) Spatial tuning curves for each individual CA1 neuron [data sorted from location of
peak probability P(active|state)], and corresponding marginal likelihood of being active (right-hand side), and prior probability of being in a given state (= location;
bottom). (B) Raster plot of binarized cell activity and corresponding position on the linear track (bottom). (C) Tuning curves of cells corresponding to their state at
frame 11392 (in b) and subsequent posterior probability of being in a location on the linear track given cell activity (bottom). Location was estimated using maximum
a posteriori (MAP). (D) Posterior probabilities for each frame estimated from ongoing binarized calcium activity, and corresponding actual (green) and decoded (pink)
location estimated with MAP. (E) Confusion matrix of actual vs. decoded position. (F) Method used to compute Euclidean distance decoding error (top) and
decoding agreement (bottom). (G) Paradigm used to train and test the decoder on different epochs of the dataset. (H) Effect of prior and bias (marginal likelihood of
cell being active) on decoding agreement. (I) Same for decoding error. Color codes in a,c,d,e: dark blue = low probability, yellow = high probability.

from a small number of cells, numerical underflow will prevent  the form:
decoding activity from large sets of cell assemblies. One solution
to this problem is to perform computations on a log scale.
Additionally, using exp(x)-1 and log(1+x) allows very small values

to converge toward x instead of 0. Our equation can then take

P (AlS) x P (S)

P (Ay) @)

N
P (S|A) = exp ZIOg(l + )—1

k=1
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It is noteworthy that Eq. (7) and (8) are not formally
equivalent. However, to reconstruct the position of the mouse,
we will consider the location associated with the maximum a
posteriori (MAP) which will remain the same value under such
convex transform:

N
Y= arg max exp |:Z log(1 + %A;P(S) — 1:| (8)
k=1

where y is the estimated state among all states in S.

Assessing Decoding Accuracy

In our example, we can compute the posterior probabilities
for each individual timestep based on neuronal activity, and
compare the actual versus decoded location on the linear track
(Figure 2D). To visualize which states are associated with
better/worse decoding error, we can compute a confusion matrix,
which expresses the portion of time points where the actual state
was successfully decoded (Figure 2E). This representation is also
useful to identify which states are more difficult to decode. While
confusion matrices are useful, they are not practical when it
comes to summarizing decoding accuracy for large datasets and
performing statistical analyzes. We thus propose two metrics: (1)
decoding agreement, and (2) decoding error (Figure 2F). We
define decoding agreement as the portion of time where the exact
state of the mouse was successfully decoded:

ti int. Ily decoded
decoding agreement — ime points succes.sfu ly decode ©)
Total time

Therefore, decoding agreement is a value between 0 and 1. For
instance, a value of 0.5 means that 50 % of time points have
been successfully decoded. This approach is quite conservative:
when the decoded state is only one bin away from the actual
behavioral state, it would lead to a null decoding agreement while
still being close to reality. Therefore, another metric commonly
used in decoding analyzes is decoding error, which is the distance
between the decoded behavior and the actual behavior. Note
that in our case, the distance is explicitly Euclidean and can be
expressed in cm. For one-dimensional data, equation (16) can be
used to compute decoding error:

decoding error = |decoded state — actual state| (10)

The decoding error may or may not be useful depending
on the variables under study. For instance, in the case of
auditory stimuli, the distance between tone frequencies might
not necessarily be as meaningful as an actual spatial distance,
as it is the case in our example. Moreover, its computation
will be different for two-dimensional space, or head orientation,
to list a few of the variables commonly studied. Importantly,
to assess decoding accuracy, it is recommended not to test
the decoder on epochs that were used to train the Bayesian
decoder. Some epochs, such as periods of immobility in our case,
can be excluded for both training and testing altogether. We
propose here to train and test our decoder on non-overlapping
sets of random epochs, repeat the process several times, and
compute the average decoding agreement and decoding error

(Figure 2G). Using this approach, we found in our conditions
that using a uniform prior P(S) led to higher decoding agreement
(0.37 £ 0.002, n = 30 trials; data expressed as mean + SEM)
compared to using observed prior probabilities (0.07 £ 0.004,
n = 30 independent trials), or replacing the marginal likelihood
(bias) P(A) by 1 (condition which we term ’unbiased’ here;
0.07 £ 0.001, n = 30 independent trials; IANOVA, F( g7) = 4521,
P < 0.0001; Figure 2H). Similarly, decoding error was lower
using a uniform prior (8.12 £ 0.08 cm, n = 30 independent trials)
compared to using an observed prior (13.18 £ 0.15 cm, n = 30
independent trials) or in unbiased conditions (49.34 £ 0.08 cm,
n = 30 trials; F( g7) = 44710, P < 0.0001; Figure 2I).

Adding Temporal Constraints

Although decoding can be performed for each individual time
point, this temporal independence can lead to spurious results
(see decoded trajectory in Figure 2D, pink line in the bottom
panel). Rationaly, if the mouse is at one end of the linear track,
it is extremely unlikely to be found at the opposite end on the
next frame. There are several ways to solve this problem and
improve state estimation. A first method could be to build a
transition matrix (such as one that would be used in a Markov
process), and attribute null values to impossible transitions (such
as going from one end of the linear track to the other), as
well as uniform probabilities to adjacent states. One could then
replace the observed or uniform prior P(S) by the appropriate
realistic transition values at each individual timestep. Another
method consists of taking the product of temporally adjacent
posteriors. In that case, we would decode the mouse state by
rewriting equation (7):

N L

Psia)=[]]1

k=11=1

P (Ag=11S) x P (S)
P (A=)

(11)

where P (S|A;) is the a posteriori distribution of states at time
t. The number of past timesteps / used to estimate the mouse
state at time ¢ is determined by L. The effect of different values
of L will be detailed in the following section. The advantage of
this method is that it does not require to determine transition
probabilities experimentally. In our conditions, temporal filtering
can greatly improve reconstruction and remove erratic jumps’
that can sometimes occur during decoding (Figure 3A).

Parameter Optimization

To find the best conditions to decode neuronal activity, it is
possible to optimize parameters including (but not restricted to):
number of cells used, portion of training set, temporal filtering
window, or spatial filtering of tuning curves. For instance, we
performed decoding on 30 sets of random epochs using several
temporal filtering window sizes ranging from 0 (no filtering)
to 2 s, and found that better reconstructions could be achieved
using a 0.5 s filtering window, leading to smaller decoding
errors (4.73 £ 0.04 cm, n = 30 independent trials per filtering
window; 1ANOVA, F261) = 1002, P < 0.0001; Figure 3B).
Interestingly, the bigger the temporal filtering window, the
lower the decoding agreement (Pearson correlation, R? = 0.96,
P < 0.0001, n = 30 independent trials per filtering window;
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Figure 3C). As expected, considering more cells during the
reconstruction resulted in decreased decoding error (Pearson
correlation, R? = 0.75, P < 0.0012, n = 30 independent trials
per cell number; Figure 3D) and increased decoding agreement
(Pearson correlation, R? = 0.87, P < 0.0001, # = 30 independent
trials per cell number; Figure 3E). We also tested the influence
of the training/testing length ratio on reconstruction accuracy
and found that good reconstruction can be achieved by using
testing epochs that represent beyond 30 % of the total experiment
length. Mean decoding error decreased as the training set portion
increased (Pearson correlation, R? = 0.64, P = 0.01, n = 30
independent trials per training set portion tested; Figure 3F),
while mean decoding agreement increased (Pearson correlation,
R? =0.79, P = 0.0013, n = 30 independent trials per training set
portion tested; Figure 3G). We next assessed the robustness of
tuning curves to random noise. To this end, we computed tuning
curves as described previously, then replaced a portion (between
0 and 1, with 0.1 incremental steps) of the tuning curves data
with random probability values (Figure 3H). Addition of noise
was correlated with decreased decoding agreement (Pearson
correlation, R? = 0.80, P = 0.0014, n = 30 independent trials per
noise amount; Figure 3I), and increased decoding error (Pearson
correlation, R> = 0.77, P = 0.0004, n = 30 independent trials
per noise amount; Figure 3J). Finally, we tested the impact of
smoothing tuning curves on decoding accuracy (Figure 3K).
Gaussian smoothing is often performed in the context of place
cell studies, presumably to improve the visualization of assumed
place fields (O’Keefe and Burgess, 1996; Hetherington and
Shapiro, 1997). In our conditions, we found that Gaussian
smoothing of tuning curves was systematically associated with
decreased decoding agreement (Pearson correlation, R? = 0.92,
P =0.0025; n = 30 independent trials per gaussian sigma value;
Figure 3L), together with increasing decoding error (Pearson
correlation, R? = 0.97, P = 0.0003, n = 30 independent trials per
gaussian sigma value; Figure 3M).

Optimal Method to Binarize Neuronal Activity

In our conditions, we used a simple binarizing algorithm
that transformed rising periods of calcium transients into
periods of activity. We compared this method to a simple
z-score threshold where all activity above 2 standard-deviations
is considered active, and to a deconvolved signal using a
first order autoregressive model (see methods), where all
values above zero are considered as periods of activity. To
quantify the accuracy of these methods, we performed in vitro
electrophysiological recordings in the cell attached configuration,
in conjunction with 1-photon calcium imaging (Supplementary
Figure 2a). We extracted calcium transients from the recorded
cell (Supplementary Figure 2b) so as to contrast these signals
with ground truth spiking activity (Supplementary Figure 2c).
Interestingly, calcium transients appeared much longer in
these conditions, and our binarizing method only matched
the later portion of transients rising periods (Supplementary
Figure 2d). In the following analyses, we seperated the portion
of action potentials successfully labeled as active periods in the
corresponding calcium imaging recording frame, as well as the
portion of total recorded frames that were either correctly labeled

as active if they were associated with at least one action potential,
or inactive if they did not. Using a deconvolved trace to estimate
neuronal activity resulted in a higher number of action potentials
successfully detected as corresponding calcium imaging active
periods (0.94 £ 0.032) compared to our binarizing algorithm
(0.49 £ 0.067) or a simple z-score threshold (0.65 + 0.075;
1ANOVA, F(3,108) = 13.71, P < 0.0001, n = 37 detection windows;
Supplementary Figure 2e). Furthermore, both the portion of
true negatives (calcium imaging frames binarized as inactive that
indeed contained no action potential divided by the total number
of recorded frames) and the portion of true positives (calcium
imaging frames binarized as active that indeed contained at
least one action potential, divided by total number of recorded
frames) were comparable between methods (Supplementary
Figures 2f,g, respectively).

Interestingly, these in vitro results did not compare to our
in vivo conditions. When computing tuning curves for the
neuron presented in Figure 1, using a simple threshold resulted
in a larger place field, while binarizing data from a deconvolved
trace resulted in two peaks (Supplementary Figure 3a). While
there is no ground truth data to conclude which method is
best to compute tuning curves, decoding analyzes can shed a
light on this question, because animal behavior can be used as
ground truth data (the higher the decoding accuracy, the closer to
ground truth). We thus trained our decoder (Eq. 9) using tuning
curves computed from binarized activity derived using a simple
z-score threshold, a deconvolved trace, or using our binarizing
method. We found that using both our binarizing method
(4.74 £ 0.0039 cm) or a deconvolved trace (4.81 & 0.048 cm) led
to lower decoding errors compared to using a simple threshold
(5.18 £0.051 cm, F(3 g7) = 26.22, P < 0.0001, n = 30 independent
trials for each binarizing method; Supplementary Figure 3b).

Decoding Two-Dimensional Behavioral Variables

The decoding method presented above is scalable to a large
variety of behaviors. However, sometimes it can be useful to
represent behaviors in more than one dimension. This is for
instance the case with spatial location in larger environments.
We will now show that the principles presented above can easily
be translated to more dimensions. To this end, we recorded
neuronal activity using calcium imaging in a mouse exploring
an open-field for the first time. Calcium transients are then
extracted and binarized, along with the x and y mouse position
(Figure 4A). It is possible to plot periods of activity of one cell
in 2D space, and color code this activity to visualize the stability
of such activity in time/space (Figure 4B). Relative occupancy
(Figure 4C) and P(active| state) probabilities can be computed for
each state (3 x 3 cm spatial bin) the same way as presented above
(Figure 4D). The posterior probability distribution can then be
derived (Figure 4F). To assess the confidence of the likelihood
probability distribution, it is possible to shuffle data circularly
and compute P(active| state) probability maps (Figure 4E).
From these shuffled probability maps, we can derive the level
of significance using a p-value that corresponds to the number
of shuffled data points above the actual data divided by the
number of shuffled surrogates (Figure 4G). We can then derive
a thresholded place field that only retains significant values of
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P(active| state) (Figure 4H). Importantly, it is noteworthy that
the standard-deviation of the shuffled distribution (Figure 4I)
is negatively correlated to the relative occupancy (Pearson
correlation, R* = 0.47, P < 0.0001; Figure 4J). This suggests
that for states with high P(active| state) probabilities, significance
can be higher if the state displays high occupancy, and lower
if the state displays low occupancy. We also assessed the effect
of temporal filtering on the quality of the reconstructions and
found that in our conditions, a 1.6 s filtering window yielded
best results (IANOVA, F39,1160) = 72.31, P < 0.0001, n = 30
independent trials per temporal filter window size; Figure 4K).
As for one-dimensional data, Gaussian filtering of tuning maps
(2D tuning curves) consistently increased the decoding error
(Pearson correlation, R? = 0.99, P < 0.0001, # = 30 independent
trials per Gaussian sigma value; Figure 4L).

Refining Encoding Predictions

The ultimate goal of decoding neuronal activity is to improve our
understanding of the relationship that may exist between neurons
and behavior. In other terms, in addition to predicting behavior
from neuronal activity, one should be able to predict neuronal
activity from behavior. These encoding predictions can easily be
derived from equation (3) since P (S|A) represents the likelihood
of a given neuron to be active while an animal is in a given state.
This probability distribution can be interpreted as both a direct
measure from our data, and a prediction of activity rate as a
function of the animal location. Consequently, if P (S|A) would
take the value 1 for the given states i, we would be absolutely
certain that the considered neuron would be active in these given
states. In our linear track example, we can refine our encoding
prediction since it has been previously shown that hippocampal
place cell activity on a linear track tend to be unidirectional: some
cell will fire in one given location, but only when being traversed
in one direction (McNaughton et al., 1983; Markus et al., 1995).
If the peak probability of being active P (S|A) for a neuron that
displays a prominent place field is only 0.5, it could be due to
the fact that this cell fires only 50 % of the time, when the
animal is running in one direction, but not in the other. We will
now demonstrate that it is possible to predict neuronal activity
from estimated tuning curves, and that refining our behavioral
states by including directional information can increase our
encoding prediction, i.e. the confidence we have that a neuron
will fire given that the animal is in a given state. To this end, we
extracted tuning curves from neurons being active on the linear
track using either location only (Figure 5A), or by considering
both location and direction (Figure 5B). Note that using the
later method, the peak probability P (S|A) greatly increases.
When comparing probability values obtained from the same
cells but using either technique, it seems that most cells’ P (S|A)
increase when including traveling direction (Pearson correlation,
r = 0.8781, R? = 0.77, P < 0.0001; Figure 5C). Interestingly, this
is not the case for a minority of cells, indicating that some cells
still display preferential activity for absolute location, regardless
of direction. We then reconstructed neuronal activity using the
P (S|A) of each neuron for each known state i (location in our
example) of the mouse. For display purposes, we only show
probability values greater than 0.5 (Figure 5D). To estimate

the confidence in neuronal activity predictions, we can use the
same bootstrap method presented earlier to build 95% confidence
intervals for P (S|A) tuning curves computed by considering
left, right, or both traveling directions (Figure 5E; n = 1000
bootstrap samples). The advantage of this method is that it gives
a clear range of prediction accuracy that is easily interpretable.
In our example neuron #4, it is apparent that greater encoding
predictions can be achieved when only considering travels to the
right (Figure 5E). Furthermore, we can use mutual information
as a measure of how much uncertainty about neuronal activity
can be reduced by knowing the state of the animal. In our
example, we found that MI values were the highest when only
considering travels to the right (0.22 £ 0.0005 bits), followed
by considering both directions (0.09 £ 0.0002 bits), and only
travels to the left (0.02 & 0.0001 bits; IANOVA, F(3 3997y = 44.84,
P < 0.0001; n = 1000 bootstrap samples; Figure 5F).

DISCUSSION

We show here that representing neuronal activity extracted from
calcium imaging data by a binary state (active vs. inactive) is
sufficient to approximate the state of a neuronal assembly. While
such binarization was previously proposed as an intermediate
step to perform decoding (Ziv et al., 2013), here we generalize
this principle and propose several additional metrics to describe
the strength of neuronal tuning to behavioral variables. In
particular, several methods can be used to binarize calcium
activity, but because the rise time of calcium transients contains
the vast majority of action potentials, binarizing methods should
aim at labeling specifically these epochs as periods of activity.
Importantly, optimizing methods and parameters using in vitro
conditions cannot necessarily be translated to data acquired
in vivo because calcium transients differ fundamentally across
conditions, even if most variables are the same (animal strain/age,
viral construct and dilution).

Information on neuronal coding can be extracted using simple
methods and minimal data processing. Importantly, three metrics
can be used to describe neurons: the likelihood of being active in
a given behavioral state P(active| state), the posterior probability
of the animal being in a state given neuronal activity P(state]
active), and mutual information — a measure of reduction in
uncertainty of the mouse state that results from knowing neuronal
activity, and vice versa. Furthermore, we propose to determine
significance by either computing a p-value value derived from
shuffled surrogates, or estimating confidence intervals using
bootstrap resampling. In particular, the later method provides
confidence in encoding predictions that are easily interpretable.

While action potentials recorded with electrophysiological
techniques constitute discrete temporal events, calcium imaging
signals take the form of a continuous vector which prevents the
direct computation of previously used information metrics: bits/s
and bits/spike. On the other hand, MI values can easily be derived
from probabilities computed above and provide useful insights in
the amount of uncertainty that is reduced about the animal state
given neuronal activity. It is noteworthy that the MI is sensitive to
the number of bins used, therefore faithful comparisons between
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electrophysiological and calcium imaging data would require to
compute MI values on electrophysiological and calcium imaging
data where neuronal activity was binarized the same way as
well as behavior discretized using the same binning parameters.
Furthermore, while bursting activity is associated with large
calcium transients that result in good decoding accuracy, single
spikes might lead to changes in GCamp6 fluorescence that are too
small to be detected, and could be associated with larger decoding
errors in some conditions.

Unsurprisingly, we found that MI values are significantly
correlated with peak P(active| state) probabilities, while in
parallel, behavioral states with low occupancy display more
variability in the surrogate data, which indicates that higher
significance can be achieved when the sampling of behavioral
states is higher. Importantly, the choice of a null hypothesis
should be considered carefully. On one hand, if it is hypothesized
that neurons become active in response to an external stimulus,
then one should permute neuronal activity in respect to the time
course of external stimuli under the null hypothesis. On the
other hand, if it is hypothesized that the temporal organization
of neurons (e.g. sequences) underlies certain cognitive processes
(e.g. replay), then permutations should be performed so as to
remove temporal patterns of neuronal activity (i.e. shuftle each
neuron activity vector independently) under the null hypothesis.

Using such a probabilistic approach allows to derive
predictions based on Bayes theorem. In our conditions, we
found that minimal a priori (uniform distribution of states
likelihood) yielded better results. Adding temporal constraints
could decrease decoding error but not decoding agreement.
Consequently, these filters have to be optimized on a case by
case basis depending on the goal of the study. Interestingly,
smoothing probability distributions had negative effects in our
conditions, most likely due to the asymmetric nature of place
fields when unfiltered. Such post-processing methods thus have
to be used with caution, and while they can improve the
visualization of particular phenomena such as place fields, they
can result in spurious interpretations. While the method we
describe here might not apply to any type of behavior, we
present examples of one- and two-dimensional datasets, and the
number of dimensions being studied should not be a limiting
factor. One of the most significant limitations with this method
arises directly from behavioral sampling, and only behaviors
that are directly sampled can be reconstructed or used to
predict neuronal activity. For alternative approaches that do not
make assumptions about behaviors being encoded in neuronal
activity, the use of dimensionality reduction techniques has been
proposed (Rubin et al., 2019), and if sequential patterns are
hypothesized to underlie behaviors, matrix factorization methods
can be used instead (Mackevicius et al., 2018). Moreover, when
multiple variables contribute to variability in neuronal activity,
generalized linear models can outperform the methods presented
here (Park et al., 2014), at the expense of requiring significantly
more data points which may or may not be compatible with
calcium imaging approaches, depending on the activity rate of
neurons being studied.

Finally, we propose a simple method to characterize neuronal
encoding and predict neuronal activity. This method is useful

in refining the behavioral components that can determine
neuronal activity. As such, the quality of models that can be
drawn from observations largely depends on the very nature
and accuracy of these observations. In particular, increasing
the amount of information concerning a certain behavior can
result in a refinement of the underlying model of neuronal
activity. Perfect predictions of neuronal activity on the simple
basis of behavior is a difficult endeavor, however, because such
activity is not only determined by external variables (behavior)
but also internal variables including animal state, and pre-
synaptic activity that is often inaccessible to the observer. In
this context, previous work has outlined organized patterns
of neuronal activity that are usually associated with spatial
location while animals did not perceive any external stimuli
other than self-motion (Villette et al., 2015). Moreover, taking
into account the interdependence of neuronal activity could
also improve the quality of predictions. In particular, including
pairwise (Pillow et al., 2008; Meshulam et al., 2017) or temporal
(Naud and Gerstner, 2012) correlations of neuronal activity could
reduce decoding error. Note that these temporal correlations
would also be taken into account when using long short-
term memory (LSTM) artificial neural networks (Tampuu et al.,
2019), thus increasing reconstruction accuracy at the expense of
interpretability. Rather than proposing a sophisticated analysis
pipeline, the methods presented here have the advantage of
remaining simple, requiring only few data points, and are easily
interpretable using metrics that can facilitate the communication
of results along with significance and confidence intervals,
making it an appropriate tool for exploration of calcium imaging
data in conjunction with behavior.

MATERIALS AND METHODS

Surgical Procedures

All procedures were approved by the McGill University Animal
Care Committee and the Canadian Council on Animal Care.
For the linear track and open field data, one adult mouse
(~2 months) was anesthetized with isoflurane (5% induction,
0.5-2% maintenance) and placed in a stereotaxic frame
(Stoelting). The skull was completely cleared of all connective
tissue, and a ~500 pm hole was drilled. We then injected
the AAV5.CamKIL.GCaMP6f.WPRE.SV40 virus (Addgene #
100834; 200 nL at 1 nls™!) in hippocampal CAl using the
following coordinates: anteroposterior (AP) —1.86 mm from
bregma, mediolateral (ML) 1.5 mm, dorsoventral (DV) 1.5 mm.
2 weeks following the injection, the mouse was anesthetized with
isoflurane and the skull was cleared. A ~2 mm diameter hole
was perforated in the skull above the injection site. An anchor
screw was placed on the posterior plate above the cerebellum.
The dura was removed, and the portion of the cortex above
the injection site was aspirated using a vacuum pump, until
the corpus callosum was visible. These fiber bundles were then
gently aspirated without applying pressure on the underlying
hippocampus, and a 1.8 mm diameter gradient index (GRIN;
Edmund Optics) lens was lower at the following coordinates: AP
—1.86 mm from bregma, ML 1.5 mm, DV 1.2 mm. The GRIN
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lens was permanently attached to the skull using C&B-Metabond
(Patterson dental), and Kwik-Sil (World Precision Instruments)
silicone adhesive was placed on the GRIN to protect it. 4 weeks
later, the silicone cap was removed and CAl was imaged using
a miniscope mounted with an aluminium base plate while the
mouse was under light anesthesia (~0.5 % isoflurane) to allow
the visualization of cell activity. When a satisfying field of view
was found (large neuronal assembly, visible landmarks), the base
plate was cemented above the GRIN lens, the miniscope was
removed, and a plastic cap was placed on the base plate to
protect the GRIN Iens.

Behavior and Miniscope Recordings

After baseplating, the mouse was gently handled for ~5 min
per day for 7 days. The mouse was then water-scheduled (2 h
access per day), and placed on a 1 m long linear track for
15 min. 10% sucrose in water rewards were placed at each end
of the linear track, and the mouse had to consume one reward
before getting the next one delivered. Miniscope recordings were
performed at 30 Hz for 15 min every day, and decoding was
performed on the last training day (day 7). The following week,
the mouse was allowed to freely explore for 15 min a 45 x 45 cm
dark gray open-field that contained visual cues, and miniscope
recordings were performed at 30 Hz for the entire duration of the
exploration (15 min).

Miniscope and Behavior Video

Acquisition

Miniscopes were manufactured using open source plans available
on www.miniscope.org and as described previously (Ghosh et al.,
2011; Cai et al.,, 2016; Aharoni and Hoogland, 2019). Imaging
data was acquired using a CMOS imaging sensor (Aptina,
MT9V032) and multiplexed through a lightweight coaxial cable.
Data was acquired using a data acquisition (DAQ) box connected
via a USB host controller (Cypress, CYUSB3013). Data was
recorded using a custom written acquisition software relying
on Open Computer Vision (OpenCV) librairies. Video streams
were recorded at ~30 frames per second (30 Hz) and saved
as uncompressed.avi files. Animal behavior was recorded using
a webcam, and the DAQ software simultaneously recorded
timestamps for both the miniscope and behavior camera in order
to perform subsequent alignment.

Calcium Imaging Analysis

Calcium imaging videos were analyzed using the
MiniscopeAnalysis pipeline’. In particular, we first applied
rigid motion correction using NoRMCorre (Pnevmatikakis and
Giovannucci, 2017). 1000 frame videos were then concatenated
into a large video file after a 2 fold spatial downsampling. Spatial
components as well as calcium traces were then extracted using
CNMFe (Zhou et al, 2018) using the following parameters:
gSig = 3 pixels (width of gaussian kernel), gSiz = 15 pixels
(approximate neuron diameter), background_model = ’ring,
spatial_algorithm = ’hals, min_corr = 0.8 (minimum pixel

Zhttps://github.com/etterguillaume/MiniscopeAnalysis

correlation threshold), min_PNR = 8 (minimum peak-
to-noise ratio threshold). When applicable, calcium traces
were deconvolved with OASIS (Friedrich et al., 2017), using
an autoregressive model with order p = 1 and using the
‘constrained’ method.

In vitro Patch-Clamp Electrophysiology

One adult mouse (~2 months) was stereotaxically injected with a
GCaMP6f construct (AAV5.CamKIIL.GCaMP6f WPRE.SV40
virus, Addgene # 100834; 0.4 wL at 0.06 pl/min) in
hippocampal CAl. 2 weeks later, it was deeply anesthetized
using ketamine/xylazine/acepromazine mix (100, 16, 3 mg/kg,
respectively, intraperitoneal injection), and intracardially
perfused with cold N-methyl-D-glutamine (NMDG) recovery
solution (4°C), oxygenated with carbogen (5% CO2/95% O2).
The NMDG solution contained the following (in mM): 93
NMDG, 93 HCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES,
25 glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate,
pH adjusted to 7.4 with HCI before adding 10 MgSO4 and 0.5
CaCl,. Following NMDG perfusion, brains were quickly removed
and immersed for an additional 1 min in cold NMDG recovery
solution. Coronal slices (300 wm) were cut using a vibratome
(Leica-VT1000S), then collected in a 32°C NMDG recovery
solution for 12 min. Slices were transferred to room temperature
and oxygenated artificial cerebrospinal fluid (aCSF) containing
the following (in mM): 124 NaCl, 24 NaHCO3, 2.5 KCI, 1.2
NaH2PO4, 2 MgSO4, 5 HEPES, 2 CaCl, and 12.5 glucose (pH
7.4). Patch pipettes (3-5 MQ) were filled with internal solution,
containing the following (in mM): 140 K gluconate, 2 MgCl2,
10 HEPES, 0.2 EGTA, 2 NaCl, 2 mM Na2-ATP and 0.3 mM
Na2-GTP, pH adjusted to 7.3 with KOH, 290 mOsm. Slices
were transferred to a submerged recording chamber filled with
aCSF (2-3 ml/min flow rate, 30 °C), continuously oxygenated
with carbogen. All reagents were purchased from Sigma-
Aldrich, unless stated otherwise. Extracellular cell-attached
patch-clamp recordings were used for monitoring spontaneous
cell firing activity from hippocampal pyramidal neurons
expressing GcAMP6f (identified under EGFP-fluorescence). The
recording pipette was held at a potential of —70 mV. Imaging
of GcAMP6f-expressing pyramidal cells was performed with a
60x Olympus water immersion objective (LUMPLFLN60X/W,
NA 1.0) and acquired at 10 Hz using Olympus cellSens software.
Electrophysiological signals were amplified, using a Multiclamp
700B patch-clamp amplifier (Axon Instruments), sampled at
20 kHz, and filtered at 10 kHz.

Statistics

Statistical analyses were performed using GraphPad Prism
version 6.00 (GraphPad Software, La Jolla, CA, United States). All
data are presented as mean =+ standard error of the mean (SEM)
and statistical test details are described in the corresponding
results. All t-tests are two-tailed. Normality distribution of
each group was assessed using the Shapiro-Wilk normality
test and parametric tests were used only when distributions
were found normal (non-parametric tests are described where
applicable). IANOVA: one-way ANOVA; 2ANOVA: two-way
ANOVA; RMANOVA: repeated measure ANOVA. p < 0.05
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was considered statistically significant. *p < 0.05; **p < 0.01;
Ep < 0.001, ****p < 0.0001.
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Neuroendocrine circuits are orchestrated by the pituitary gland in response to
hypothalamic hormone-releasing and inhibiting factors to generate an ultradian and/or
circadian rhythm of hormone secretion. However, mechanisms that govern this
rhythmicity are not fully understood. It has been shown that synaptic transmission in
the rodent hypothalamus undergoes cyclical changes in parallel with rhythmic hormone
secretion and a growing body of evidence suggests that rapid rewiring of hypothalamic
neurons may be the source of these changes. For decades, structural synaptic studies
have been utilizing electron microscopy, which provides the resolution suitable for
visualizing synapses. However, the small field of view, limited specificity and manual
analysis susceptible to bias fuel the search for a more quantitative approach. Here,
we apply the fluorescence super-resolution microscopy approach direct Stochastic
Optical Reconstruction Microscopy (@STORM) to quantify and structurally characterize
excitatory and inhibitory synapses that contact growth hormone-releasing-hormone
(GHRH) neurons during peak and trough values of growth hormone (GH) concentration
in mice. This approach relies on a three-color immunofluorescence staining of GHRH
and pre- and post-synaptic markers, and a quantitative analysis with a Density-Based
Spatial Clustering of Applications with Noise (DBSCAN) algorithm. With this method
we confirm our previous findings, using electron microscopy, of increased excitatory
synaptic input to GHRH neurons during peak levels of GH. Additionally, we find a
shift in synapse numbers during low GH levels, where more inhibitory synaptic inputs
are detected. Lastly, we utilize dSTORM to study novel aspects of synaptic structure.
We show that more excitatory (but not inhibitory) pre-synaptic clusters associate with
excitatory post-synaptic clusters during peaks of GH secretion and that the numbers
of post-synaptic clusters increase during high hormone levels. The results presented
here provide an opportunity to highlight dSTORM as a valuable quantitative approach
to study synaptic structure in the neuroendocrine circuit. Importantly, our analysis of GH
circuitry sheds light on the potential mechanism that drives ultradian changes in synaptic
transmission and possibly aids in GH pulse generation in mice.

Keywords: dSTORM, SMLM, growth hormone, structural synaptic study, neuroendocrine circuits
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INTRODUCTION

Growth Hormone (GH) is a major regulator of longitudinal
growth during childhood and puberty, and of anabolic
metabolism in mammals throughout life. It is released in a
pulsatile fashion with major episodes of GH secretion occurring
at approximately 3-h intervals followed by prolonged trough
periods of near undetectable basal serum GH levels in most
species (Tannenbaum and Martin, 1976; Bertherat et al., 1995).
This rhythm of GH secretion appears to be generated by
the interaction of two hypothalamic neuropeptides, excitatory
GH-Releasing Hormone (GHRH) and inhibitory somatostatin
(SOM, ak.a. Somatotropin Release-Inhibiting Factor, SRIF) in
the hypophysis and in the hypothalamic arcuate nucleus (ARC).
In male rodents, these two regulatory peptides are released
in reciprocal 3-4 h cycles in the median eminence of the
hypothalamus, where they enter the hypophyseal portal blood
supply and thereby reach somatotropes in the anterior lobe of
the hypophysis (Tannenbaum and Ling, 1984; Plotsky and Vale,
1985). It has been hypothesized that SOM is released into the
ARC with the same periodicity (Wagner et al., 1998). Recently,
we have also shown that the release of the stimulating hormone
from the hypothalamus together with the cellular localization
of SOM receptors in pituitary cells fine-tunes the rhythms of
pituitary hormone secretion (Alshafie et al., 2019).

In parallel with this ultradian cycle of GH secretion and
reciprocal secretion of regulatory hypothalamic neuropeptides,
it was found that the binding of radiolabeled SOM to the ARC
in rodents also oscillates, exhibiting the same periodicity as GH
secretion (Tannenbaum et al., 1993). This led to the hypothesis
that differential plasma membrane targeting of somatostatin
receptors, which are increasing the susceptibility of GHRH
neurons in the ARC to inhibition by locally released SOM, may
be underlying the observed ultradian rhythm of GH secretion at
the hypothalamic level (Tannenbaum et al., 1993; Stroh et al,,
2009). However, later electron microscopic studies in fixed tissue
from rats with known plasma GH status on the subcellular
localization of SOM receptors in GHRH neurons of the ARC
revealed that there was no significant difference in the ratio
of intracellular vs. plasma membrane-bound receptors in a GH
trough vs. peak (Stroh et al., 2009). Interestingly, the relative
abundance of excitatory vs. inhibitory synapses, as identified by
their symmetric, i.e., inhibitory, vs. asymmetric, i.e., excitatory,
morphology (Peters et al., 1991), contacting dendritic profiles
of GHRH neurons, varied markedly between the phases of the
GH secretion cycle, with a predominance of inhibitory synapses
during trough periods. This predominance was not found
during GH peak periods. However, the mechanisms behind
that observation remained unknown and the small numbers
dictated by the technique used, transmission electron microscopy
(TEM), made the quantification and interpretation of the
finding difficult.

New fluorescence microscopy methods that bisect the
diffraction limit of optical resolution have summarily been
termed super-resolution microscopy (Sigal et al., 2018). Single
molecule localization microscopy (SMLM) in particular,
permits nanoscopic resolution by clever exploitation of the

photo-chemical properties of fluorophores. Identifying proteins
of interest with a resolution down to 10 nm makes SMLM a
competitive tool compared to TEM (Baddeley and Bewersdorf,
2018). Here, we use the SMLM technique of direct Stochastic
Optical Reconstruction Microscopy (dSTORM), by labeling
proteins of interest with commercially available antibodies.
The samples are immersed in a chemical environment favoring
reversible depletion of fluorescent events enabling single
fluorophore detection (Bates et al., 2007; Heilemann et al., 2008;
Baddeley and Bewersdorf, 2018). This method is well established
in the neuroimaging field and has been used to reveal unknown
characteristics of the neuronal ultrastructure. For instance, it
was shown that axons exhibit a para-crystalline arrangement
of the actin cytoskeleton in which actin forms regularly spaced
rings around the circumference of the axon at approximately
180 nm periodicity. Spectrin forms alternating structures with
the actin rings (Xu et al., 2013; Lorenzo et al.,, 2019). Studies
like (Nair et al.,, 2013; Andreska et al., 2014; Ehmann et al.,
2014; Rahbek-Clemmensen et al,, 2017; Siddig et al., 2020)
emphasized the quantitative potential of dual-color dSTORM
by quantifying synaptic protein distribution in synapses in
primary cell culture, Drosophila larvae and murine cerebellum
tissue samples.

In the present study, we hypothesized that the change in
the relative abundance of excitatory vs. inhibitory synapses
contacting GHRH neurons in the ARC in parallel with the
GH secretion cycle (Stroh et al,, 2009) may be a result of
physical uncoupling of excitatory presynaptic terminals from
their postsynaptic counterparts. To test this hypothesis, we
used mice from which plasma GH levels had been measured
continuously at high temporal resolution using a highly sensitive
sandwich ELISA (Steyn et al., 2011) to determine which animals
were in either a GH secretory episode or trough at the time
of fixation. Brain sections from these two groups were then
stained for pre- and post-synaptic markers of excitatory or
inhibitory central synapses, and a GHRH marker to identify
synapses on GHRH-positive neurons. These samples were
then imaged using dSTORM, which enabled the measurement
of multiple morphological parameters at the ultrastructural
level and detailed quantification of the data using cluster
analysis algorithms.

MATERIALS AND METHODS

Measures of Pulsatile GH Secretion and

Tissue Extraction

All animal procedures were approved by the Animal Care
Committee of McGill University and conducted in compliance
with the guidelines of the Canadian Council of Animal Care.
Pulsatile GH secretion measurements were done as described
by Steyn et al. (2011). Eighteen adult male (8-10 weeks-old)
C57BL/6 mice (Charles River Canada, Saint Constant, QC,
Canada) were group-housed (n = 4) for at least 2 weeks before
the experiment under a 12 h light, 12 h dark cycle (lights
on at 08:00 a.m. and off at 08:00 p.m.). Room temperature
was maintained at 20 £+ 2°C. Mouse chow and tap water
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were available ad libitum. To minimize stress, prior to all
experiments, mice were habituated to the test environment
(human handling and tail manipulation) for 10 days, 15 min
each day. Habituation was done by the same person conducting
all subsequent experiments. A small cardboard tube was placed
in the cage 2 days before the sample collection and used
during experimental procedures to assist in animal handling.
Starting at 09:10, 09:20 or 09:40 a.m., sequential tail-clip blood
collections were performed in 15 or 20-min intervals from
each mouse, where mice were placed inside the cardboard
tube and ~2 mm of the distal portion of the tail was excised
once, at the beginning of the experiment, using a surgical
blade. A small volume of whole blood (2 l) was collected
with a pipette and transferred to an Eppendorf tube containing
58 pl of 0.05% phosphate-buffered saline (PBS)-Tween 20 and
placed on dry ice until the end of the collection period. Gentle
pressure was applied with a gauze to the wound to stop the
blood flow and the mouse was placed back in its cage. For
subsequent blood withdrawals, the surface of the original wound
was disrupted (mechanically or by applying gauze soaked in
physiological saline). Collection of each sample was performed
in less than 45 s. After collecting several blood samples from
each mouse (5-15 samples, end times chosen randomly),
the mouse was anesthetized with an intraperitoneal injection
of an anesthetic cocktail (Ketamine/Xylazine/Acepromazine),
followed by a trans-aortic perfusion with 4% paraformaldehyde
(PFA) in 0.1 M sodium-phosphate buffer (SPB), consisting
of Na,HPO, and NaH,PO4 in ddH,O at pH 7.4. The time
delay between the last blood collection and brain extraction
was 15 min. Brains were removed immediately and post-fixed
in the same fixative overnight at 4°C. The next day, brains
were placed in 30% sucrose solution in 0.1 M SPB overnight,
snap-frozen at —40°C in isopentane and stored at —80°C
until sectioning. 30 wm coronal sections were obtained with a
Leica Ultramicrotome and stored in an antifreeze solution (30%
glycerol + 30% ethylene glycol in 0.12 M PBS) until dSTORM
imaging. Plasma growth hormone (GH) concentrations were
measured using a modified version of the sensitive sandwich
ELISA assay, originally described in Steyn et al. (2011). As
such, a 96-well plate (Corning Inc., 9018) was coated overnight
at 4°C with 50 pl monkey anti-rat GH antibody (AFP411S,
NIDDK-NHPP, Torrance, CA, USA) at a final dilution of
1:40,000. Each well was subsequently incubated with 200 1
blocking buffer (5% skim milk powder in 0.05% PBS-Tween
20) for 2 h at room temperature. A standard curve was
generated using 2-fold serial dilutions of mouse GH (reference
preparation, AFP-10783B, NIDDK-NHPP) in 0.05% PBS-Tween
20 supplemented with 1 ng/ml normal goat serum (NGS) to
a final concentration of 0.2% NGS-Tween 20. Fifty microliter
of standard curve solutions in duplicates or blood samples
in singlets were loaded to the plate and incubated for 2 h
at room temperature on an orbital shaker. After washing,
bound standards and samples were incubated with 50 pl
detection antibody (rabbit antiserum to rGH, AFP5672099,
NIDDK-NHPP) at a final dilution of 1:40,000 in a blocking
buffer for 90 min. The bound complex was incubated with
50 pl horseradish peroxidase-conjugated antibody (goat anti-

rabbit, BioRad, Berkley, CA, USA) at a final dilution of
1:2,000 in blocking buffer for 90 min. Addition of 100 wl
O-phenylenediamine (00-2003, Invitrogen, Carlsbad, CA, USA)
substrate to each well resulted in an enzymatic colorimetric
reaction. This reaction was stopped by addition of 50 pl
3 M HC, and the absorbance was read at dual wavelengths
of 490 nm and 650 nm with a microplate reader. The
concentration of GH in each well was calculated by the regression
of the standard curve using Graph Pad Prism. Figure 1A
graphically represents the blood collection, brain extraction and
ELISA procedures.

Immunohistochemistry

Thirty micrometer mouse brain sections representing
approximately Bregma -1.06 mm to -2.54 mm of a mouse brain
atlas by Franklin and Paxinos (2012), containing the tuberal
hypothalamus with the arcuate nucleus (harboring GHRH
neurons) were used for all experiments. The sections were
selected visually, according to their position within the brain
and tissue morphology (shape of the third ventricle, position
of lateral ventricles, distinct mound of the median eminence).
Prior to immunofluorescence staining, each section was washed
with 0.1 M SPB for 3 h to remove the antifreeze solution and
incubated with 0.1% NaBHy in 0.1 M tris-buffered saline (TBS)
to quench any autofluorescence from residual PFA. The sections
were then washed three times in 0.1 M TBS and incubated
in 500 wl blocking buffer containing 10% NGS, 3% BSA and
0.1% Triton X-100 in 0.1 M TBS for 2 h. This was followed by
incubation with 300 pl primary antibody solution containing
primary antibodies, 0.1% Triton X-100 and 2% NGS in 0.1 M
TBS at 4°C overnight. Each section was labelled addressing
three targets including a pair of antibodies against a pre- and
post-synaptic marker of either inhibitory or excitatory synapses
plus an antibody against Growth-Hormone Releasing Hormone
(GHRH; Table 1). Control sections were incubated with two
of the three primary antibodies. The following day, sections
were washed three times for 5 min with 0.1 M TBS + 0.1%
Triton X-100, then incubated with secondary antibody solution
containing appropriate species-specific secondary antibodies
(Table 1), 0.1% Triton X-100 and 2% NGS in 0.1 M TBS for
1.5 h. Control sections were incubated in the same manner with
all three secondary antibodies. Next, sections were washed twice
in a solution of 0.1 M TBS and 0.1% Triton X-100 for 5 min and
three more times for 5 min with 0.1 M TBS. Sections were then
post-fixed in 4% PFA in 0.1 M SPB for 30 min to immobilize
the antibodies and thus avoid movement during imaging, then
washed three times for 10 min in 0.1 M SPB. Finally, to reduce
light scattering and allow for 3D tissue imaging, sections were
stored in Scale U2 tissue clearing buffer (30% v/v glycerol,
4 M urea, 0.1% Triton X-100; Hama et al., 2011), minimum
overnight at 4°C and until ASTORM imaging (for a maximum
of 7 days).

Optical Set-Up for dSTORM Imaging and
3D Multi-color Calibration

All  super-resolution imaging was performed with the
commercial microscope Vutara 350 (Bruker Corp., Billerica, MA,
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FIGURE 1 | Growth hormone (GH) profiles in mice. (A) A pictogram of the data collection for blood GH levels. Blood was collected from the mouse’s tail at regular
intervals to obtain profiles of circulating GH concentrations. The mouse was then perfused and the brain extracted. A sandwich-ELISA GH measurement from the
collected blood samples followed. (B) Daily profiles of circulating GH levels in ng/ml in three different mice. Oscillating levels of GH are observed with a peak of GH
secretion around the same time (~13:20) and baseline levels of GH at 0 ng/ml in all mice. Detection minimum from the standard curve = 0.2 ng/ml, ELISA essay
detection sensitivity 0.03 ng/ml. (C) Circulating GH levels in mice sacrificed at the time of baseline hormone secretion (0 ng/ml). The last point in each graph
represents the final blood collection point. (D) Circulating GH levels in mice sacrificed at the time of high hormone secretion. Final blood GH concentrations range
from 1.04 ng/ml to 11 ng/ml.

USA), equipped with Single Molecule Localization (SML) biplane
technology (Juette et al,, 2008). The microscope is equipped
with a Hamamatsu high resolution (4 MP, 6.5 pm x 6.5 pm),
high speed (up to 3,000 fps) sCMOS camera for super resolution
acquisition, and a CCD camera (1,392 x 1,040 pixels) for
widefield imaging. Excitation lasers include 1 W 640 nm
(excitation wavelength for Alexa Fluor 647), 1 W 561 nm
(for CF 568) and 1 W 488 nm (for Alexa Fluor 488), as well
as a 100 mW 405 nm activation laser, enabling excitation
densities of approx. 5 kW/cm?; with epi-illumination at the

sample site. All images were acquired using a 60x 1.2 NA
water-immersion Olympus objective. Prior to imaging, an
experimental point-spread function (PSF) was generated
using 200 nm Tetraspeck microsphere beads (Thermo Fisher
Scientific, Waltham, MA, USA) to create a response function
of the microscope (experimental point spread function, PSF) to
fit single molecule signals and align the individual biplane and
color channels.

The bead-sample was prepared on a high-resolution coverslip
of the thickness #1.5H (diameter 25 mm, Electron Microscopy
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TABLE 1 | List of antibodies used in the study.

Primary antibodies

Antigen Target details Clone Host Supplier Product code Dilution
GHRH GHRH hormone in soma Polyclonal Rabbit AbClonal A5343 1:200
VGAT Inhibitory pre-synaptic terminal Polyclonal Guinea Pig Synaptic Systems 131004 1:1000
Gephyrin Inhibitory post-synaptic terminal Monoclonal Mouse Synaptic Systems 147021 1:500
VGLUT2 Excitatory pre-synaptic terminal Polyclonal Guinea Pig Synaptic Systems 135403 1:56000
PSD-95 Excitatory post-synapftic terminal Polyclonal Mouse Abcam ab18258 1:500
Secondary antibodies

Antigen Conjugation Host Supplier Product code Dilution

Rabbit IgG Alexa Fluor 488 Goat Jackson ImmunoResearch 111545003 1:500

Mouse IgG CF 568 Goat Biotum 20100 1:800

Guinea Pig IgG Alexa Fluor 647 Goat Life Technologies A21236 1:1000

Science, Hatfield, PA, USA) by coating the center of the
glass with poly-L-lysine (Sigma-Aldrich St. Louis, MO, USA,
10 min incubation). Once dried, 30 pl of a well-sonicated
(>10 min) 1:20 Tetraspeck dilution in ddH,O was added
to the center and aspirated with a pipette after 10 min.
The sample was then immersed in a drop of Immersol W
2010 (Carl Zeiss, Jena, Germany) and sealed with a coverslip
and nail-polish.

An experimental PSF from orange and red channels was
acquired using the calibration module in the Vutara SRX
software (6.04.02), allowing a lateral registration of the biplane
focus planes and the different color channels to each other with a
root mean squared error (RMSE) of <5 nm.

dSTORM Imaging and Localization

Process

Brain sections were transferred from the Scale U2 buffer to
0.1 M TBS and rinsed on an orbital shaker for 5 min before
being placed flat atop a #1.5H circular cover glass (diameter
25 mm), with a small paint brush and left to dry completely.
Imaging was performed in buffer containing reducing agent
to enable reversible photoswitching of the utilized fluorescent
dyes. The buffer consists of 20 mM PB-Mercaptoethylamine
(MEA) in 50 mM Tris-HCI (pH 8) + 10 mM NaCl, 1% (v/v)
B-mercaptoethanol (BME; Sigma-Aldrich, St. Louis, MO, USA)
and a 1x Glucose-oxidase (Gloxy) solution, all diluted in a
buffer containing 50 mM Tris-HCI (pH 8), 10 mM NaCl and
10% (w/v) glucose. The Gloxy solution was prepared as a
50x stock containing 8440 AU of glucose oxidase type VII
from Aspergilius (Sigma-Aldrich, St. Louis, MO, USA) and
70200 AU of catalase from bovine liver (Sigma-Aldrich) in a
buffer containing 50 mM Tris-HCI (pH 8) and 10 mM NaClL
A drop of the imaging buffer was added onto the section
and the tissue was left to re-hydrate and expand for 10 min
to prevent movement during imaging. A second #1.5H cover
glass was added on top of the section for immobilization
and sealed to prevent further oxygen influx that facilitates
photo damage and therefore bleaching of the fluorophores. The
tissue construct was then placed into an AttoFlour imaging
chamber (Thermo Fischer) and fixed on the sample holder

to minimize drift. The switching buffer was replaced every
1.5 h to ensure a stable pH and therefore reproducible
localization rates.

In the arcuate nucleus of the hypothalamus, the region of
interest (ROI) was identified via fluorescence of GHRH-positive
neurons and its lateral location with regards to the third
ventricle (Figure 2A). The ROI was then randomly scanned
on both sides of the third ventricle and each field exhibiting
a triple labeling of GHRH with its pre-and post-synaptic
markers (on average, between 13 and 20 fields (neurons) on
each side of the third ventricle for a total of 26-40 neurons
per section) was chosen for further super-resolution imaging,
such that each super-resolved image contained synapses
contacting the soma of one GHRH neuron. On average,
3-5 brain sections were imaged per animal. Widefield reference
images were captured for the triple-labeled GHRH neurons
before super-resolution imaging. Pre- and post-synaptic markers
were then imaged sequentially with a 561 nm laser at
7.5 kW/cm? and a 640 nm laser at 6 kW/cm?, both
at 20 ms exposure time for 10,000 frames each. Single
Molecule Localization (SML) was performed using the Vutara
SRX software, allowing 3D localization by fitting biplane-
signals to an experimental PSF. The fit window was set to
99.8 nm x 99.8 nm, and we allowed signal accumulation
in consecutive frames if the localization center was shifted
less than 4 pixels. If the same fluorophore was “on” more
than 10 consecutive frames, it was considered a fiducial
marker and used for drift correction. No maximum limit
was set for the number of particles to be localized in a
given frame.

DBSCAN Cluster Analysis

To identify and extract inhibitory and excitatory synaptic
clusters from all recorded localizations, a Density-Based
Spatial Clustering of Applications with Noise (DBSCAN)
algorithm, proposed by Ester et al. (1996) was utilized
and run through the Vutara SRX software. The DBSCAN
algorithm assigns localizations to a cluster based on a
threshold for the minimum particle number of neighboring
localizations found within a maximum particle distance from
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FIGURE 2 | GH-Releasing Hormone (GHRH) neurons in the mouse brain. (A) A widefield overview image of a mouse brain section stained with an antibody against
GHRH. The staining is specific to the arcuate nucleus (red arrows) and the median eminence (white arrow). (B) A confocal image of GHRH-stained neuronal bodies in

GHRH
(confocal)

the current localization. All unassigned localizations are
excluded. The DBSCAN variables are determined by keeping
the minimum number of neighbors constant at a value of
6 as recommended for three dimensional data in (Ester
et al., 1996) and varying the distance radius. Therefore, the
density of particles per pm? (a parameter of the determined
cluster) was plotted against a series of increasing distance
values (DBSCAN variable; Figure 4B). The advent of a plateau
in the distribution indicates that a cluster population is
detected and can be used to indicate a reproducible value
for the distance variable of DBSCAN. Cluster parameters
such as area/volume and density were computed using a
non-convex alpha shape hull. The alpha shape radius was
set at 0.1 wm. Next, clusters that contacted GHRH neurons
were selected by overlaying the widefield GHRH reference
image with the super-resolved localizations that are assigned
to a cluster. Since the GHRH staining delineates the soma of
neurons, cell borders were established around the hormone
staining, as shown in Figure 3B. Synapses were identified
by a co-occurrence of a pre- and post-synaptic marker
clusters that are less than 250 nm apart. The distance
is defined as the space in between the closest particle
of each cluster identified with an algorithm that enables
relative distribution assessment of STORM localizations called
STORM-RLA (Veeraraghavan and Gourdie, 2016). The cluster
distance filtering was executed via an in-house-built “R”-
code. The distance was chosen by estimations of synaptic
protein distances as described in Dani et al. (2010) and
because protein markers used in our study included vesicular
transporters (VGAT and VGLUT2) and their axial positions
were not earlier reported in Dani et al. (2010), the known
size of a synaptic vesicle (~40 nm) was considered and
added to the threshold for a final value of 250 nm. All
data was exported into an Excel file and statistical analysis

was performed using two-way ANOVA combined with a
Bonferroni post-test.

RESULTS

Pulsatile GH Secretion in Mice

With this project, our goal was to quantify the numbers—and
study more novel aspects—of excitatory and inhibitory synapses
that contact growth hormone-releasing-hormone (GHRH)
neurons during peak and trough levels of circulating growth
hormone (GH) in mice. A schematic representing tissue
extraction and GH level measurement is depicted in Figure 1A.
To validate the ELISA GH measurement assay, we obtained
6-h profiles based on 20-min interval sampling of circulating
GH levels of three adult male mice (Figure 1B). A regular
periodicity of pulsatile GH secretion was observed with profiles
revealing a 2-h multicomponent peak based on peak-doublets
(mouse 1) or shoulders (mouse 2 and 3) and there was a
strong concordance in secretion timing (between ~11:20 and
~13:20), followed by a low baseline secretory period of similar
duration. These data are comparable to observations by Steyn
et al. (2011) in mice and similar to measures obtained earlier in
rats (Tannenbaum and Martin, 1976). We then sampled more
mice at 15-20-min intervals with at least five GH measurements
before mouse perfusion and extracted a total of six brains,
three corresponding to trough- and three to peak- levels of
circulating GH (Figures 1C,D, respectively). Circulating levels of
GH, obtained 15 min prior to sacrifice and tissue extraction are
represented by the last time point on each individual graph in
Figures 1C,D.

GHRH Neurons in the Mouse Brain
Earlier studies utilizing in situ hybridization of GHRH gene
expression in the mouse brain by Suhr et al. (1989) revealed
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FIGURE 3 | Identification of synaptic inputs to GHRH neurons with dSTORM. (A) An overview widefield image of a GHRH-positive neuron (AF488, green) in the
arcuate nucleus of the hypothalamus and two widefield zoomed-in images of the same GHRH cell (left bottom corner, top insert) and of a pre-synaptic marker VGAT
(AFB47, magenta; bottom insert). (B) Enlarged view of the reference GHRH cell shown in panel (A), with inhibitory VGAT and Gephyrin (post-synaptic) clusters
imaged using dSTORM and rendered with a Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm, displayed as pointcloud. Synaptic
inputs to GHRH neurons are shown with arrows and identified as opposing pre- and post-synaptic clusters with an inter-cluster distance of <250 nm. (C) A
pointcloud visualization of synaptic markers from panel (B) without the reference GHRH cell in the background, shown in the XY-plane. (D) Enlarged clusters of VGAT
and Gephyrin from panel (C) to highlight lateral resolution. (E) YZ-plane depiction of VGAT and Gephyrin. The axial resolution allows 3D distance analysis. Scale bars:
(A) = 20 um (B,C,E) = 4 um, (D) = 500 nm. (F) A general cluster test by Ripley’s H analysis, represented as a normalized Ripley’s H function (L(r)-r) for indicated
synaptic proteins. The peak indicates the highest degree of aggregation at specific interacting distance r compared to a spatially random distribution with L(r)-r of O
(dark blue line). Pre-synaptic proteins VGAT and VGLUT?2 cluster at higher radii (490 nm and 375 nm, respectively), as compared to post-synaptic proteins Gephyrin
and PSD95 (255 nm and 160 nm, respectively).
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that the hormone’s mRNA is restricted primarily to the arcuate
nucleus of the hypothalamus. Furthermore, in an eGFP-GHRH
transgenic mouse, it was shown that the peptide is transported
from cell bodies in the arcuate nucleus to varicose fiber
terminals in the median eminence, where the hormone is
released (Balthasar et al., 2003). Therefore, to specifically label
GHRH neurons in the mouse brain, we first collected tissue
that contained the mediobasal hypothalamus (MBH) with the
arcuate nucleus, as described in Materials and Methods. We
then used an antibody against GHRH and observed specific
staining of GHRH neurons in the arcuate nucleus (Figure 2A,
red arrows; Figure 2B) and GHRH neuronal fiber terminals in
the median eminence (Figure 2A, white arrow). No other regions
of the MBH were labeled with the anti-GHRH antibody. Negative
controls for all fluorescent markers used in the study were
performed (GHRH, VGAT, Gephyrin, VGLUT2, PSD95 and
their corresponding secondary antibodies) and revealed the
absence of unspecific binding and low background fluorescence
levels (Supplementary Figures S1A,B).

dSTORM and DBSCAN Allow for
Quantitative Imaging and Analysis of
Synapses That Contact GHRH Neurons

To better understand the mechanism of GH pulsatile release,
we looked at the synaptic connectivity of GHRH neurons
in the arcuate nucleus of the hypothalamus during peaks
and troughs of GH secretion in the mouse. Figure 3A
represents a sample widefield image of a GHRH neuron and
an inhibitory pre-synaptic marker VGAT. However, as seen in
the two inserts in Figure 3A, due to the limited resolution
of conventional fluorescence microscopy, it would be difficult
to quantitatively assess synapse numbers and other cluster
parameters. Therefore, we utilized ASTORM imaging of pre-and
post- synaptic inhibitory and excitatory markers of GHRH
neurons combined with a DBSCAN algorithm to quantify the
numbers of inhibitory and excitatory synapses, as shown in
Figures 3B,C. The improvement in resolution can be clearly
seen in Figure 3D. To ensure a more accurate assessment of
synaptic cluster numbers, we utilized the Vutara 350 (Bruker)
equipped with a biplane module allowing 3D super-resolution
imaging of 1 um sectioning, as shown in Figure 3E with synapses
revealed at different depths. To describe the degree of clustering
for the proteins of interest, we utilized the normalized Ripley’s
H function (Figure 3F). This is a descriptive statistic approach
that allows to investigate the spatial homogeneity of points in
a data set. Clustering is identified if the average number of
points within a distance r of another point is statistically greater
than what is expected for a random distribution (Kiskowski
et al., 2009). Distribution curves of the post-synaptic density
markers PSD-95 and Gephyrin follow a similar trend, showing
a peak that indicates high-order clustering at small radii (160 nm
for PSD 95 and 255 nm for Gephyrin). The distribution of
pre-synaptic vesicular protein markers VGLUT2 and VGAT
indicate bigger cluster with a maximum of aggregation at
higher radii (375 nm for VGLUT2 and 490 nm for VGAT).
This trend is possibly due to the size of the synaptic vesicle

(40 nm) and the clustering at active zones. The difference in
cluster size between pre- and post-synaptic proteins can be
also seen in Figure 3D, with pre-synaptic clusters bigger than
post-synaptic ones. The degree of clustering between animals and
between the peak and trough concentration values of GH was
comparable (data not shown). dSTORM data acquisition relies
on repetitive detection of a target bound fluorophore resulting in
alocalization nanocluster representing one fluorophore. This can
aggravate the distinction of expected signal of localizations from
unspecifically bound fluorophores (Figure 4A shows all recorded
localizations surrounding the soma of a GHRH cell). Therefore, it
is important to find suitable parameters for the cluster algorithm
that represents the structure of interest in a reproducible manner.
Here, we utilized DBSCAN, as shown in Figure 4. For the
selection of parameters, the ry neighborhood graph (Figure 4B)
was used to select a value for the maximum particle distance
to form a cluster. These values varied between animals, ranging
from 0.10 wm to 0.16 wm. The minimum number of particles
to form a cluster was set to 6. DBSCAN analysis of the
synaptic localization data facilitated a clear extraction of clusters
(Figure 4C). In comparison, we can observe the same structure
boxed in the unfiltered ASTORM data visualized in Figure 4A.
Removal of clusters that did not contact GHRH-positive neurons
(by deleting clusters outside of the cluster overlay zone with a
GHRH widefield image) allowed selection of only clusters of
interest (Figure 4D). Various cluster data was collected in the
SRX software (Figure 4E) and a quantitative assessment of the
inter-cluster distance was used to select synapses based on a
threshold of 250 nm (Figure 4F). As such, the data presented
here underscores the potential of dSTORM to quantitatively
assess the synaptic architecture of a cell of interest in the
neuroendocrine circuit.

Quantitative Assessment of Synapse

Numbers and Other Synaptic Parameters

We have reported earlier that synaptic connectivity varies
in parallel with the ultradian rhythm of GH secretion in
rats, using an electron microscopic approach (Stroh et al,
2009), where synapses were counted visually in one plane.
Here, we confirm and extend our findings to mice, revealing
increased excitatory input to GHRH neurons during peak
levels of circulating GH, while increased inhibitory inputs
are detected when GH levels are low. Specifically, we found
that when blood hormone levels were high, 69% of all
synapses that contact GHRH neurons were excitatory and
31% inhibitory (p < 0.001; n = 3 animals; Figure 5A, “GH
Peak”). However, when blood hormone levels dropped we
observed a rapid GHRH circuit rewiring, where now 34%
synapses were excitatory and 66% inhibitory (p < 0.001;
n = 3 animals; Figure 5A, “GH Trough”). No change was
observed in the control group, where we combined all available
data of excitatory and inhibitory synapses for GH Peak and
Trough to scramble peak and trough-associated differences
[Figure 5A, “GH Peak+GH Trough (...)”]. When comparing
the absolute inhibitory and excitatory synapse numbers in
each mouse (Figure 5B), we noted a significant variation
between animals (thus, the data from all mice could not
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FIGURE 4 | DBSCAN extraction of synapses from SMLM localization data. (A) All single molecule localization microscopy (SMLM) localizations of VGLUT2
(magenta) and PSD95 (yellow), displayed as a pointcloud visualization. The data contains clusters (synaptic and non-synaptic) and single localizations (non-clustered
proteins, unbound antibodies). (B) Serial parameter scan for DBSCAN: the mean value of the localization density per identified cluster is plotted against the
increasing DBSCAN distances (r) while the minimum particle count is kept constant to 6. The plateauing curve indicates stable clustering parameter. We choose the
beginning of the plateau as the ideal ry value for the specific protein population. (C) DBSCAN algorithm filters data based on the input parameters and displays
resulting clusters. (D) Synaptic clusters associated with a GHRH cell are selected manually (based on an overlay with a GHRH reference image, as shown in

Figure 3B). (E) Various quantitative cluster data of interest is exported to an Excel file. (F) An in-house-built algorithm for the software “R” filters full synapses based
on their inter-cluster distance between pre-and post-synaptic clusters of <250 nm.

be combined for statistical reasons). However, the ratios of
excitatory and inhibitory synapses between animals were mainly
conserved. Moreover, the increase in excitatory synapse ratio
during peak GH, as seen in Figure 5A, seems to be the
result of an increase in the absolute numbers of excitatory
synapses as well as the decrease in the absolute numbers of
inhibitory synapses, as per visual assessment of the data from
all graphs in Figure 5B (all bars for “Excitatory” synapses
are higher at GH peak and all bars for “Inhibitory” synapses
are lower during GH trough). It is known that synaptic
vesicles assemble from smaller, reserve clusters situated more
distal to the release site, into bigger release clusters at the
release site (Pechstein and Shupliakov, 2010; Vaden et al,
2019). Thus, we hypothesized that the fast circuit rewiring
observed between the peak and trough of GH release in
the arcuate nucleus might be a result of mobilization and
clustering of the reserve-pool of pre-synaptic vesicles into
the pre-synaptic membrane. To this end, we counted the
numbers of fully evolved synapses (from here-on dubbed “full
synapse”). These are defined as an apposition of a pre- and

post-synaptic cluster with an inter-cluster distance of <250 nm
(as described earlier). The amount of full synapses has been
compared to the numbers of all presynaptic clusters including
free pre-synaptic clusters not associated with a synapse and
those forming full synapses. All results are calculated following
the equation:

% of pre-synaptic clusters associated with post-synaptic clusters
number of full synapses

 number of all pre-synaptic clusters

*100%

We found that during GH peak secretion, 81% of pre-synaptic
excitatory VGLUT2 clusters had a post-synaptic excitatory
“partner” labeled with an anti-PSD95 antibody, thus forming
a full synapse (Figure 5C, “GH Peak,” Excitatory). However,
during GH trough secretion, only 41% of all pre-synaptic
VGLUT? clusters had a PSD95 post-synaptic partner (Figure 5C,
“GH Trough,” Excitatory; p < 0.001). No differences were seen
in the control group [Figure 5C, “GH Peak+GH Trough (.. .)”].
We found no difference in the association of pre-synaptic clusters

Frontiers in Neural Circuits | www.frontiersin.org

77 May 2020 | Volume 14 | Article 21


https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Bednarz et al. dSTORM Imaging of Neuroendocrine Synapses

Ea Excitatory E Excitator
s Yy
A o 3 Inhibitory B 3 Inhibitory
I}
«= © 600
-
100 - gg 500
g EU 400 :
g ¥ =3 300 .
g > 2 100 I
S 40+ <z al| \ D
s O B - —
- R &
S
0- T T T
GH Peak  GH Trough GH Peak+GH Trough GH Trough GH Peak
average (control)
(o] D
- E& Excitatory - E=1 Excitatory
E L3 Inhibitory § ns ns oo | lnhibitory
w 5 kil ns w 32 ! ns ns |
5 5§79 T ] 1
0] = 9 1001 ns
22 100- zZ 3z |
=2 23 ns ns
o g o £ s 1 1
< 5 801 z gz
% =
@ -’
zE z2 ¥
2E 401 22 404
2 F & z
e =
33 20 B2 20
S = e =
5 g )
: GHPeaktGH Trough 2 ' ooT ' T
i GH Peak GH Trough ea roug < GH Peak GH Trough GH Peak+GH Trough

average (control) average (control)

E
EZE Peak GH
800+ Trough GH
ns ns
600 T 1 f 1
400

200 1

<>
1

T 1 = T
Gephyrin PSD95  Gephyrin+PSD95
average (control)

Total number of post-synaptic clusters

FIGURE 5 | Quantitative assessment of synaptic parameters. (A) Synapse numbers during peaks and troughs of GH secretion. During high hormone levels (‘GH
Peak”), 69% of all synapses are excitatory and 31% are inhibitory. During low hormone levels (“GH Trough”), 34% of all synapses are excitatory and 66% inhibitory.
There is no significant difference in the percent of excitatory and inhibitory synapses in the control condition (“GH Peak+GH Trough”). Black significance bars
represent the change in synapse numbers (as % of total synapses) between the three conditions. Gray significance bars represent the significance levels of the
percent change of excitatory and inhibitory synapse numbers at GH Peak and GH Trough as compared to the percent change of the average (control). Black
significance bars: ANOVA-2 piinteraction) < 0.001; after Bonferroni post hoc test correction pgH peak) < 0.001, paH Troughy < 0.001. Gray significance bars: ANOVA-1
p < 0.001; after Tukey post hoc test Pipercent change GH Peak vs. percent change Average) < 0-001, Dipercent change GH Trough vs. percent change Average) = 0.005. (B) Absolute synapse
numbers in each mouse per GHRH cell. Although numbers of excitatory and inhibitory synapses varied between mice [excitatory synapse numbers ranged from 45
(in mouse 4) to 372 (in mouse 9) and inhibitory synapse numbers ranged from 47 (in mouse 8) to 255 (in mouse 6)], the ratios of excitatory to inhibitory synapses
between each mouse were more conserved. Data displayed as means + SD. (C) Synapse-forming pre-synaptic clusters. During GH Peak, 81% of excitatory
pre-synaptic clusters are associated with excitatory post-synaptic clusters, forming a synapse (the remaining 19% are “free” pre-synaptic clusters). This changes
during GH Trough, where only 41% of pre-synaptic clusters are associated with post-synaptic clusters (the remaining 59% are “free” pre-synaptic clusters). This is
not seen in inhibitory clusters, where levels remain similar (65% of pre-synaptic clusters associate with post-synaptic clusters during peaks and 58% during troughs).
(Continued)
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FIGURE 5 | Continued

No change is observed in the control data. ANOVA-2

P(GH Peak vs. GH Trough) < 0.001; after Bonferroni post hoc test correction

p(GH Peak Excitatory vs. GH Trough Excitatory) < 0.001. (D) Synapse—forming
post-synaptic clusters. No significant difference was found between the
percent of post-synaptic clusters that associate with pre-synaptic clusters to
form synapses during GH Peak and GH Trough. ANOVA-2

P(Excitatory vs. Inhibitory) = 0.008; after Bonferroni post hoc test correction

Pl factors) > 0.62. However, the absolute number of post-synaptic excitatory
PSD95 clusters increased during GH Peak levels from an average of
262-534 clusters, as presented in (E) with ANOVA-2

P(GH Peak vs. GH Trough) = 0.03; after Bonferroni post hoc test correction

P(PSDY5 GH Peak vs. PSDY5 GH Trough) = 0.02. No changes were seen in the control
data, in both (D,E). All data is displayed as means + SD using two-way
ANOVA with significance values at 0.12 (ns), 0.033 (*), 0.002 (**), <0.001 (***).

with post-synaptic ones in the inhibitory system, where 65% and
58% of all pre-synaptic VGAT clusters formed a full synapse
during high and low GH levels, respectively (Figure 5C, “GH
Peak,” Inhibitory, vs. Figure 5C, “GH Trough,” Inhibitory). We
repeated the analysis for post-synaptic clusters that associate
with pre-synaptic clusters (as opposed to pre-synaptic clusters
associating with post-synaptic ones, see above) and found
no significant differences in both, excitatory and inhibitory
synapses, between GH trough and peak levels (Figure 5D). This
was puzzling, since we expected that the observed increase of
pre-synaptic clusters that form synapses between trough and
peak of GH secretion would require a parallel increase in
the association of post-synaptic clusters with pre-synaptic ones
to account for the changing synapse numbers. As such, we
reasoned that the absolute number of post-synaptic excitatory
clusters increases, such that post-synaptic clusters associating
with pre-synaptic ones to form new synapses are balanced
out by new post-synaptic clusters (thus maintaining a constant
cluster ratio). Since cluster numbers were comparable between
animals (data not shown), they could be combined for a direct
comparison. Indeed, we found 262 PSD95 clusters present during
trough- and 534 PSD95 clusters during peak of GH secretion
(Figure 5E, “PSD95,” Trough GH vs. Peak GH; n = 3 animals;
p = 0.02). There was no significant difference in the total
cluster number for Gephyrin between trough and peak of GH
(Figure 5E, “Gephyrin,” Trough GH vs. Peak GH), which
supports our earlier findings of no changes in the percentage of
pre-synaptic clusters that associate with post-synaptic ones in the
inhibitory system.

DISCUSSION

For decades, structural synaptic studies have relied on electron
microscopy, a technique providing the resolution to visualize
individual synapses. In the neuroendocrine circuit, such
studies were mainly done using immunogold labeling of
a target cell followed by a visual analysis/quantification of
associated synapses in one plane of view, with limitations in
multi-component 3D analysis. As a result of extensive sample
processing, the image quality suffered and a small field of view
required many rounds of imaging. Fluorescence microscopy
overcomes these limitations by allowing high-throughput

imaging with high target specificity, but its diffraction-limited
resolution does not allow for the quantitative analysis of synaptic
components (Maglione and Sigrist, 2013). Therefore, protein
localization at a nanometer-level is challenging. However, the
advent of super-resolution fluorescence microscopy by SMLM
enabled target-specific visualization of proteins at the nanometer
scale resulting in a multitude of biologically-relevant discoveries
(Nair et al., 2013; Andreska et al., 2014; Ehmann et al., 2014;
Rahbek-Clemmensen et al., 2017; Lorenzo et al., 2019; Reinhard
et al, 2019; Siddig et al, 2020). Here, we present a first-
to-date super-resolution imaging of GHRH neuroendocrine
cells in organotypic tissue to quantitatively assess the synaptic
architecture in the GH-regulating circuit by utilizing ASTORM
paired with DBSCAN (Density-Based Spatial Clustering of
Applications with Noise) cluster analysis. We employ mice with a
known GH secretion status pre-measured with sandwich ELISA
prior to fixation. Combining these techniques enabled us to
quantitatively demonstrate that GHRH neurons in the arcuate
nucleus of rodent hypothalamus receive increased excitatory
input during peak levels of GH secretion. This result confirms
our earlier findings by TEM measurements (Stroh et al., 2009).
Additionally, we find excitatory synapse numbers dropping
during periods with low levels of circulating GH, indicating
rapid circuit rewiring within a single period of the GH secretion
cycle. Lastly, we show that more pre-synaptic excitatory clusters
associate with post-synaptic excitatory clusters forming a full
excitatory synapse and that the absolute number of post-synaptic
excitatory clusters increases during peak levels of GH secretion,
while no increase of synapse formation is detected in the
inhibitory system. We therefore propose that a mobilization of
free excitatory pre-synaptic “reserve-pool” clusters towards the
pre-synaptic membrane unfolds during peak hormone secretion
periods. This appears to happen in conjunction with the de
novo emergence of additional post-synaptic excitatory synaptic
densities to form excitatory synapses. Ultimately, this might be a
mechanism contributing to the regulation of pulsatile ultradian
GH secretion.

Interestingly, GHRH neurons do not display rhythmicity
at the electrical level: patch-clamp studies in situ did not
reveal the presence of electrical oscillations in cell bodies
(Baccam et al., 2007). Furthermore, factors such as hypoglycemic
challenge or stimulation of the GH axis (central or peripheral)
increase GHRH neuron spike discharge (Stanley et al.,, 2013;
Osterstock et al., 2016). As such, the up- or down-regulation
of the firing activity of GHRH neurons appears to play an
important role in the control of pituitary GH secretion. It has
been shown that agonists of somatostatin receptor irregularly
suppressed GHRH neuron electrical activity leading to slow
oscillations within a population, as soon as 12 min after
octreotide superfusion in male mice (Osterstock et al., 2016).
This happens via initial hyperpolarization through activation
of K+ channels followed by a sstl/sst2-receptor dependent
unbalancing of glutamatergic and GABAergic synaptic inputs
(Osterstock et al., 2016).

At the structural level, the existence of rapid structural
plasticity in neuroendocrine circuits has initially been shown
in the oxytocin system by Theodosis et al. (1981), with rapid
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synapse formation and elimination in response to prolonged
activation (parturition, lactation, chronic dehydration). The
proposed mechanism underlying this rewiring is a glial
ensheathment of neurons (or lack thereof) that prevents (or
allows) synapse formation. More recently, in the arcuate nucleus
of the tuberal hypothalamus, synaptic structural plasticity has
been shown to take place in the circuitry controlling feeding,
where changes in the number of excitatory and inhibitory
synapses contacting the perikarya of NPY and POMC neurons
were detected 6 h post leptin injection (Pinto et al., 2004).
Combined, these observations suggest that activity-dependent
circuit rewiring may drive or inhibit neuronal secretion in the
neuroendocrine hypothalamus.

Here, we report rapid changes in synapse numbers contacting
the perikarya of GHRH neurons when circulating GH levels rise
from baseline. We only analyzed synapses on the soma of GHRH,
since the hormone is highly concentrated there and only low
levels are present as irregularly appearing “puncta” in axons of
GHRH neurons (Balthasar et al., 2003), through which GHRH is
rapidly transported to varicose fibers in the median eminence (a
region with the highest concentration of GHRH). Moreover, in
brain sections, axons have a “curved” trajectory and it is difficult
to find a single GHRH neuron with all its projections in one
plane of sectioning. Furthermore, no hormone is present in the
dendrites of GHRH neurons (Balthasar et al., 2003), therefore
it would be hard to asses which synapses in the vicinity of
cell bodies actually contact GHRH cells (without introducing
a fourth immunofluorescent label). By solely assessing somatic
synapses, we ensured their association with the cell of interest.
Furthermore, we did not expect to see opposing effects (or
opposing synapse ratios) in axons to those in soma, as it would
lead to an unnecessary energy expenditure in the cell.

Because we sacrificed and extracted brains around the
expected rise of circulating GH levels between 11:00 and 12:30
(see reference profiles in Figure 1B and sacrification time points
in Figure 1C and Figure 1D), we can conclude that the inversion
of excitatory to inhibitory synapse ratios that is associated with
the switch from baseline to rising GH levels, may typically take
place in less than 90 min. This astoundingly rapid rewiring seems
to be based on a combination of recruitment of “free” clusters
of pre-synaptic components and possible de novo assembly of
post-synaptic densities. The former mode of recruitment from
pre-assembled units, at least pre-synaptically, is in line with other
reports (reviewed in Garner et al., 2002). Notably, the formation
of a pre-synaptic terminal has been previously shown to occur in
only 10-20 min and the recruitment of post-synaptic receptors
takes place 90 min after cell-cell contact (Garner et al., 2002).
Interestingly, by comparing the numbers or pre-synaptic “free”
clusters of VGLUT2 (a putative pre-assembled component of a
future glutamatergic synapse) with “full” synapses (defined as
an apposition of pre- and post-synaptic clusters with an inter-
cluster distance of <250 nm, as described earlier) along the
GH secretion time course, we noticed that free pre-synaptic
clusters drop in number while full synapse frequencies rise when
GH levels are high (GHRH neurons are stimulated). We did
not observe such changes for the post-synaptic side. However,
values are reported as ratios of all post- (or pre-) synaptic

clusters to those clusters that form synapses and although this
ratio remained unchanged between peak and trough of GH
levels for the post-synaptic clusters, the absolute numbers of
PSD95 clusters increased during peak levels of GH secretion [and
were conserved between mice (data not shown)]. It is worth
noting that while reporting the absolute numbers of synapses
per GHRH cell in Figure 5B, we noted a significant variation
in the numbers of excitatory (or inhibitory) synapses between
mice (the ratios of excitatory to inhibitory synapses were more
conserved and served as a basis for all analysis in the present
study). This variation in synapse numbers between animals could
be due to many factors, from those of experimental nature (such
as the density of immunolabeling) to physiological factors, such
as the brain size and the size of GHRH cells, or other particular
differences in the amplitude of GHRH stimulation/inhibition of
each mouse (the last possibly hinted by the difference in absolute
values of the plasma GH concentrations between mice). Those
of experimental nature would apply equally to both excitatory
and inhibitory synapses in each animal, making synapse ratios
a more suitable parameter for analysis; those of physiological
nature were not a subject of this study and were not measured.

Looking at the increase of PSD95 cluster numbers, it
is unclear how new cluster formation could have occurred,
considering the fairly short time frame. However, it is known
that PSD95 is directly involved in synaptic plasticity and
interestingly, as proposed by Gray et al. (2006) using in vivo
two-photon microscopy in the neocortex, synaptic PSD95 turns
over rapidly (22-63 min) and exchanges with PSD95 in
neighboring spines by diffusion. Here, we solely report a rapid
increase in PSD95 cluster numbers between trough and peak
of GH levels. The mechanism responsible for the observed
changes remains unclear and would be an interesting topic for
future investigations.
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CAMP is a positive regulator tightly involved in certain types of synaptic plasticity
and related memory functions. However, its spatiotemporal roles at the synaptic and
neural circuit levels remain elusive. Using a combination of a cAMP optogenetics
approach and voltage-sensitive dye (VSD) imaging with electrophysiological recording,
we define a novel capacity of postsynaptic CAMP in enabling dentate gyrus long-term
potentiation (LTP) and depolarization in acutely prepared murine hippocampal slices.
To manipulate cAMP levels at medial perforant path to granule neuron (MPP-DG)
synapses by light, we generated transgenic (Tg) mice expressing photoactivatable
adenylyl cyclase (PAC) in DG granule neurons. Using these Tg(CMV-Camk2a-
RFP/bPAC)3Koka mice, we recorded field excitatory postsynaptic potentials (fEPSPs)
from MPP-DG synapses and found that photoactivation of PAC during tetanic
stimulation enabled synaptic potentiation that persisted for at least 30 min. This
form of LTP was induced without the need for GABA receptor blockade that is
typically required for inducing DG plasticity. The paired-pulse ratio (PPR) remained
unchanged, indicating the cAMP-dependent LTP was likely postsynaptic. By employing
fast fluorescent voltage-sensitive dye (VSD: di-4-ANEPPS) and fluorescence imaging,
we found that photoactivation of the PAC actuator enhanced the intensity and extent
of dentate gyrus depolarization triggered following tetanic stimulation. These results
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demonstrate that the elevation of CAMP in granule neurons is capable of rapidly
enhancing synaptic strength and neuronal depolarization. The powerful actions of CAMP
are consistent with this second messenger having a critical role in the regulation of

synaptic function.

Keywords: cAMP, optogenetics, photoactivatable adenylyl cyclase (PAC), VSD imaging, electrophysiology,
long-term potentiation, synaptic plasticity

INTRODUCTION

Hippocampal synapses play a critical role in learning and
memory and exhibit post-synaptic NMDA receptor-dependent
long-term potentiation (LTP) of synaptic transmission
(Collingridge et al., 1983; Moser et al., 1998; Gilbert et al., 2001).
The postsynaptic cAMP/PKA pathway at both the CA3-CAl
and medial perforant path to dentate gyrus (MPP-DG) synapses
is known to be involved in protein synthesis-dependent LTP
(late-phase LTP, or L-LTP or LTP2; Brandon et al, 1995;
Nguyen and Kandel, 1996; Barad et al., 1998; Park et al,
2018). However, the mechanisms by how cAMP contributes
to the induction of NMDA receptor-dependent LTP are still
incompletely understood.

cAMP function in synaptic plasticity at excitatory synapses
has conventionally been studied using pharmacological and
genetic approaches (Abel et al., 1997; Barad et al., 1998; Wong
et al., 1999; Navakkode et al., 2004; Govindarajan et al., 2011;
Park et al, 2016). However, recent advances in optogenetic
techniques have made it possible to control spatiotemporal
signaling functions within living neurons (Kim et al., 2015;
Murakoshi et al, 2017), thus providing powerful tools for
addressing dynamic molecular processes at synapses. In this
regard, optogenetic manipulation of cAMP production has
begun to show promise. Endogenous photoactivatable adenylyl
cyclase (PAC) has been reported from several species including
Euglena and bacteria (Iseki et al, 2002; Stierl et al., 2011)
which have been utilized to study cAMP functions (Jansen
et al., 2015; Zhou et al., 2016). However, methods to control
cAMP with spatiotemporal precision within intact brain tissue
remain limited.

The DG is a gateway to the hippocampus where it plays
a critical role in learning and memory (Moser et al., 1998;
Gilbert et al.,, 2001). To examine the consequences of cAMP
modulation in this pathway, we generated a PAC transgenic
mouse line expressing a photoactivatable cAMP actuator in
hippocampal DG granule neurons. We examined synaptic
responses by electrophysiology and performed voltage-sensitive
dye (VSD) imaging (Grinvald and Hildesheim, 2004; Homma
et al., 2009; Peterka et al., 2011; Tominaga et al., 2013) to
optically record activation of the entire DG at the circuit level
under high temporal resolution (Chang and Jackson, 2006;
Tominaga et al., 2018).

In acutely prepared hippocampal slices from PAC Tg mice,
photostimulation of the cAMP actuator during MPP-DG
pathway tetanic stimulation enabled potentiation of synaptic
responses that lasted for at least 30 min. Furthermore, activation
of PAC during the tetanus resulted in a greater depolarization

within the dentate gyrus. The findings demonstrate that
transiently enhanced cAMP signaling during MPP activity
can potentiate synaptic transmission and facilitate the spread
of neuronal depolarization. Importantly, these actions were
manifest without any disinhibition, which suggests that
neuromodulators acting via cAMP can negate the inhibitory
influences on synaptic plasticity in the dentate gyrus.

MATERIALS AND METHODS

Animal Care

Acute hippocampal slices were prepared following the guidelines
of the animal use protocol approved by the animal care
committees at The Centre for Phenogenomics (TCP; Toronto,
ON, Canada) and Tokushima-Bunri University (Japan).

Transgene Construction and Generation of
PAC Mice

We generated a transgene containing the CMV enhancer-
CaMKIIa promoter (1.3 kb), the coding region of REFP
(tdTomato) fused with PAC which is codon-optimized for
human expression (addgene ID 28134; Stierl et al., 2011) at the
C-terminal and contains a polyadenylation signal. The resulting
c¢DNA was subcloned into a custom plasmid vector (pMM403),
including a gene for ampicillin resistance, for bacterial
amplification. The 5.2 kb transgene was digested with Sfil +Sall to
linearize the DNA and remove prokaryotic sequences. Tg(CMV-
Camk2a-RFP/PAC)3Koka mice were generated by injecting
the purified insert into the pronuclei of C57BL/6D2 mice at
The Centre for Phenogenomics (TCP, Toronto, ON, Canada).
Genotyping was performed by PCR to detect an 859 bp
fragment using the following primers: 5-TTCTCCGTTTGC
ACTCAGGAGC-3' and 5-GATGACGGCCATGTTGTTGT-3'.
Founders were backcrossed with C57BL/6] mice for at least
10 generations. The official name for the resulting mouse line
that we studied is C57BL/6].B6 x B6D2-Tg(CMV-CamK2a-
RFP/PAC)3koka.

Electrophysiology

Acute hippocampal slices were prepared as previously described
(Henderson et al., 2001) from adult (13-24 week-old) PAC
transgenic mice and their wild-type (WT) littermates. After
1-2 h recovery, slices were transferred to a recording chamber
perfused with an aCSF solution containing 124 mM NaCl,
3 mM KCl, 25 mM CaCl,, 1.3 mM MgSO,, 1.25 mM
NaH,POy, 26 mM NaHCO3, 10 mM glucose (pH 7.4, 30°C,
1.5 ml/min) equilibrated with 5% CO,/95% O,. Recordings of
field excitatory postsynaptic potentials (fEPSPs) were conducted
as previously described (Henderson et al.,, 2001) in the MPP-
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DG synapses without blocking inhibitory synaptic function.
The stimulation electrode was positioned in the dorsal blade
of the dentate molecular layer for MPP stimulation. Paired
field responses were evoked by stimulating with an intensity
(0.05 ms pulses, 40 ms apart) that yielded fEPSPs that were
40% of the maximum spike-free fEPSP size. Responses were
evoked and acquired every 20 s throughout the experiment
using an Axopatch 1D amplifier (Axon Instruments, San Jose,
CA, USA) digitized at 20 kHz and measured by the slope
(10-50% of fEPSP rising phase). The expressed PAC in DG
granule cells was photoactivated using a blue LED light (1.5 mW,
5 min, EXFO, Canada) under an objective lens (4x, NAO.1,
Nikon, Tokyo, Japan). Tetanic stimulation was induced with
a bipolar matrix Pt;Ir microelectrode (FHC, Inc., CA, USA)
using 100 Hz, 0.15 ms pulses delivered in four trains of
0.5 s duration, 20 s apart. In the case of photoactivation of
PAC during MPP stimulation, the tetani were delivered at the
end of the first minute of light exposure. In the time-course
experiments, field responses were plotted by normalizing to
the baseline fEPSP slope (average of the 10 min period
before tetanus).

Fluorescence Imaging of RFP-PAC in

Hippocampal Slices

The hippocampal slices from PAC Tg mice were incubated
with aCSF at room temperature in the microscope chamber.
RFP fluorescence imaging of PAC was conducted using a
confocal scanning microscope (Nikon C2 equipped with a
4x and 20x objective lenses, Nikon, Tokyo, Japan) with
543 nm (excitation laser) and 575-630 nm (emission). The
fluorescence image was combined across the z-stacks composed
of 30-50 sections taken at 5 pm intervals, and merged
with the transmitted light image collected through a separate
detector. The fluorescence images collected using the 20x
objective lens were further deconvoluted (cellSens, Olympus,
Tokyo, Japan).

cAMP Measurement by ELISA

The hippocampal slices from PAC and WT littermate mice were
homogenized in buffer (40 mM HEPES/Na, pH 8.0, 0.1 mM
EGTA, 5 mM magnesium acetate, 1 mM DTT, and 0.01%
Tween-20) by sonication, and centrifuged at 16,000 g for 15 min
to clear large tissue debris. After isolation of the supernatant,
the total protein concentration was measured using Bradford
assay (protein assay kit, Bio-Rad, CA, USA) and adjusted the
total protein concentration between PAC TG and WT for the
photoactivation experiment. The lysate (100 L) were excited for
10 min with a 455 nm LED (4.5 mW/mm?; ThorLabs, NJ, USA)
on a plastic paraffin film (Parafilm M®, Bemis, USA) covered
glass slide at room temperature, and cAMP was measured
by ELISA (Enzo Life Sciences, NY, USA; Ryu et al, 2010;
Stierl et al., 2011).

Fluorescent Voltage-Sensitive Dye (VSD)
Imaging

Fluorescent VSD imaging was carried as previously reported
(Tominaga and Tominaga, 2016; Tominaga et al., 2019). Briefly,

acute hippocampal slices (400 wm thick) were prepared from
adult (10-21 week-old) PAC transgenic mice and maintained
in aCSF, containing 124 mM NaCl, 2.5 mM KCl, 2 mM CaCl,,
2 mM MgSOy, 1.25 mM NaH,;PO4, 26 mM NaHCOj;, and
10 mM glucose, pH 7.4, gassed with 95% O,/5% CO,. After
incubating for 1 h, each slice was stained for 15 min with 110 pl
of VSD solution, containing 0.1 mM Di-4-ANEPPS (Molecular
Probes, OR, USA) in 48.1% aCSF, 48.1% fetal bovine serum
(Sigma-Aldrich, MO, USA), 2.5% ethanol, 1.17% distilled water,
and 0.13% Cremophor EL (Sigma-Aldrich, MO, USA). After the
washout of the dye with aCSF, slices were incubated for >1 h
before the start of imaging.

Hippocampal slices (supported by Plexiglass ring) were
placed in an immersion-type recording chamber (Tominaga
et al., 2019). Slices were continuously perfused at a rate of
1 mL/min with aCSF at 31°C, gassed with 95% O,/5% CO,.
The fluorescence VSD signals were recorded using a MiCAM
Ultima imaging system with THT-01 epifluorescence optics
(BrainVision, Inc., Tokyo, Japan), consisting of a two lenses
system (Tominaga et al, 2000). A custom-made objective
lens (Olympus MYCAM 5x/0.6 WI, Olympus, Tokyo, Japan)
and a projection lens (PLANAPO, 1x, Leica Microsystems
GmbH, Wetzlar, Germany). Excitation light was provided by a
150W halogen light source (MHF-G150LR, Moritex, Saitama,
Japan) with an excitation filter (530 £ 10 nm) and an
emission filter (>590 nm) for VSD imaging. VSD recordings
of a duration of 400 ms (0.2 ms/frame, 2,048 frames) at
14 mW of excitation light were simultaneously obtained with
electrophysiological recordings evoked with the delivery of a
bipolar (0.2 ms pulse width) electrical stimulation to the MPP
every 20 s. The intensity of the baseline electrical stimulation
was determined to yield fEPSPs that were 40% of the maximum
spike-free fEPSP size. Average of eight VSD recordings
were presented as an optical signal. Recordings were taken
before (baseline) and immediately following (time 0) tetanic
stimulation (100 pulses x 100 Hz). PAC was photoactivated
using 15 x 4 s duration pulses of excitation light (3.2 mW,
482/35 nm) every 10 s immediately before tetanic stimulation.
The excitation wavelength used for PAC did not photobleach
di-4-ANEPPS and vice versa. The imaging system provided
a resolution of 182 x 182 pm at the objective plane
(100 x 100 pixels resolution).

The fluorescence signal intensity before stimulation
was averaged and used as the baseline reference intensity
(Fp). The change in fluorescence [AFy = Fy-Fo] was
normalized by F, (AF/F,) and used as the optical signal.
Optical signals were then Gaussian filtered in time and
space by 5 x 5 x 3 (horizontal x vertical x temporal;
IgorPro; WaveMetrics Inc., OR, USA). Pseudo-colored
optical voltage maps were superimposed on the initial (pre-
stimulation) gray-scale fluorescent image of the hippocampal
DG area for a visual reference of the location. Since di-
4-ANEPPS decreases in fluorescence when the membrane
depolarizes, we chose to represent this change as a positive
value to make the results more intuitive (Tominaga et al,
2000, 2002). The pseudo-colored 3D presentation of the
VSD fluorescence changes were created using Origin Pro
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FIGURE 1 | Generation and characterization of photoactivatable adenylyl cyclase (PAC) expressing transgenic (Tg) mice. (A) Schematic representation of the PAC
transgene construct. (B) Genotyping of the Tg(CMV-Camk2a-RFP/PAC)3Koka mice. The specific PCR amplification of an 859 bp band for PAC in Tg, but not
wild-type (WT) mice was detected on the agarose gel. (C) Distribution of RFP (tdTomato)-PAC in the hippocampal slice. Left upper: WT (wild type), Left lower: Tg
(PAC transgenic mouse). The RFP fluorescence (red color) on the living hippocampal slice was imaged by a confocal microscope and merged with the transmitted
light image. Note: the red labeling extending into the CA3 region reflects signals in the mossy fiber axons of the DG granule neurons. Middle: a transmitted light
(upper) and the corresponding red fluorescence (lower) deconvoluted confocal images of the hippocampal DG area in a living PAC Tg mouse hippocampal slice.
About 85% of DG granule cells (141/163 cells) showed red fluorescence signals above the background level. Right: The transmitted light (upper) and the
corresponding red fluorescence (lower) images within the boxed region in the middle images. (D) ELISA-based detection of the light-dependent cAMP production in
the WT and Tg hippocampal lysate (per mg total protein) after illumination (455 nm LED, 4.5 mW/mm?, 30 s; each n = 3). *p < 0.01 (unpaired t-test). Data are
presented as mean + SEM.

(OriginLab, Northampton, MA, USA). The threshold levels RESULTS
of the signal/noise were set independently of the peak
fluorescence changes, using a set threshold of 40% of the Generation of a PAC Expressing

maximum signal intensity at baseline to determine the Transgenic Mouse Line
distribution area of the fluorescence changes. For fitting the
plots (Figure 5), we used OriginPro (OriginLab, Northampton,
MA, USA).

All recordings were made using a borosilicate pipette (5 pm
inner diameter; filled with aCSF; ~1 MSQ). Responses were
evoked and acquired every 20 s throughout the experiment

To address the role of cAMP in synaptic plasticity at
medial perforant path (MPP) fibers synapsing onto
dentate gyrus (DG) granule neurons (MPP-DG synapses),
we designed transgenic (Tg) mice expressing PAC.
We constructed a transgene in which the CaMKIla

) i promoter drives the expression of a red fluorescence
using a .M(?del 440 amplifier (Neurophase LLC, Palo Alto, CA, protein (RFP)-tagged PAC (Figure 1A). After generating
USA) digitized at 10 kHz (ITC-18; InstruTech Inc., NY, USA) several founders of Tg mice we genotyped them by

and measured by the slope (10-50% of fEPSP rising phase).  pcp (Figure 1B), analyzed the expression pattern of
Tetanic stimulation was induced with a single train (100 Hz  ppp  fuorescence in the brain and selected a mouse

for 1 s x 0.05 ms duration pulses) without blocking inhibitory ;.. hich showed high expression of RFP-PAC in DG
synapse function. Tetanic stimulation was induced immediately
after PAC photostimulation. The fEPSP change was plotted by
normalizing to the baseline slope (average of the 10-min period
before tetanus).

granule neurons, but not their input from the entorhinal
cortex (Figure 1C). To validate the light-dependent
enzymatic function of PAC, we photoactivated brain
lysate from the hippocampal slices of Tg mice for 30 s
(455 nm LED, 45 mW/mm?). The Tg lysates showed
Statistical Analysis a light-dependent increase of cAMP compared with the
Statistical methods are indicated in the figure legends. Alldataare ~ brain lysate from the WT littermates, confirming that
presented as mean & SEM. **p < 0.001; **p < 0.01; *p < 0.05;  the expressed PAC actuator carries photoactivatable
NS, p > 0.05. (cAMP generating) function within intact brain tissue
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FIGURE 2 | Baseline transmission at medial perforant path to granule
dentate gyrus (MPP-DG) synapses of Tg and WT mice. (A) Schematic of the
DG recording (Rec) electrode to detect fEPSPs upon stimulation (stim) of the
MPP of hippocampal brain slices. Light was delivered for photoactivation
(blue light, 480 + 15 nm) of PAC expressed within granule neurons (magenta).
(B) Input/output relationship within MPP-DG synapses in the absence (WT)
and presence of PAC (Tg; WT n = 7 slices/3 mice, Tg n = 16 slices/9 mice).
Inset shows sample I/0 responses superimposed. (C) Comparison of the
paired-pulse ratio (PPR) calculated from the ratio of the second fEPSP slope
to the first, at different interpulse intervals (WT n = 12 slices/4 mice, Tg

n = 15 slices/7 mice). (D) Quantification of synaptic response with/without
PAC photoactivation for 60 s during the baseline recording (Tg

n =11 slices/7 mice, WT n = 13 slices/3 mice). NS, p > 0.05 (unpaired t-test).
Data are presented as mean £+ SEM. Upper: sample paired-pulse traces
show the fEPSP responses before (Baseline) and 1 min after (+Light) light
stimulation. Black arrows indicate the time of the single pulses of stimulation.

(Figure 1D). These initial validation experiments on the
Tg(CMV-Camk2a-RFP/PAC)3Koka new mouse line were
carried out in the absence of any evoked axonal stimulation and
set the stage for further studies on cAMP action on synaptic
function in situ.

Expressed PAC Does Not Affect Baseline
MPP-DG Synaptic Transmission

To test whether the expression of PAC (without photoactivation)
has any impact on the basal synaptic transmission at
intact MPP-DG synapses, we measured the field excitatory
postsynaptic potentials (fEPSPs) in the acutely prepared
hippocampal slices (Figure 2A). The input/output (I/O)
curves and paired-pulse ratio (PPR) showed no significant
difference between PAC Tg animals and their WT littermates
(Figures 2B,C), suggesting no effect of PAC expression on basal
synaptic properties.

To test the effect of PAC photoactivation on basal synaptic
responses at MPP-DG synapses, we next illuminated the slices
with LED light (480 £ 15 nm, 1.5 mW for 60 s) under a
fluorescence microscope and recorded the fEPSPs (Figure 2D).
However, photoactivation of PAC alone did not affect basal
synaptic transmission at MPP-DG synapses.

Postsynaptic cAMP Enables Synaptic

Potentiation

We next examined whether photoactivation of PAC has any
effect on activity-dependent synaptic potentiation. The DG
exhibits strong inhibition, such that tetanic stimulation of the
MPP input is insufficient for generating LTP in situ unless
GABA receptors are blocked (Wigstrom and Gustafsson, 1983;
Nguyen and Kandel, 1996). However, upon photoactivation of
PAC in combination with the tetanic stimulation of the MPP,
we observed a robust synaptic potentiation that lasted for the
entire 30 min of the post-tetanic recording period (Figures 3A,B,
+Light, Tg). In contrast, in the absence of light delivery,
tetanic stimulation of the MPP-DG synapses induced a weak
and transient synaptic potentiation lasting only a few minutes
(Figures 3A,B, —Light, Tg). Similarly, the WT littermates did
not show the enhancement even with the same amount of
light delivery upon tetanus (Figures 3A,B, +Light, WT). The
PPR vyields a short-term depression at MPP-DG synapses, a
measure of the probability of release and short-term presynaptic
plasticity. This parameter was not significantly altered 30 min
after delivery of a tetanus either in the absence or presence of
PAC photoactivation (Figure 3C). The data are consistent with
an entirely postsynaptic effect, whereby tetanic potentiation in
the presence of elevated cAMP leads to persistent potentiation of
synaptic transmission.

Combination of Optogenetic cAMP
Manipulation With VSD Imaging

To evaluate the effect of cCAMP on the global depolarization
associated with the tetanus-induced potentiation, we employed
fast (VSD: di-4-ANEPPS; Fluhler et al., 1985; Loew et al.,
1992) imaging in combination with PAC photoactivation. For
the optical recordings of membrane potential changes, we set
up the custom-epifluorescence optical system equipped with a
CMOS camera and a LED equipped with a feedback-stabilizing
controller for constant LED light output (Figure 4A). In this
system, the excitation wavelength (530 £+ 10 nm) for VSD
imaging has no overlap with the photoactivation wavelength
of PAC (which required wavelengths up to 500 nm light).
The excitation light was minimized for capturing the sufficient
amount of VSD (di-4-ANEPPS) fluorescence needed for live
high-speed imaging. For the photoactivation of PAC on
the slices of PAC Tg mice, we switched the filter before
blue light illumination (482 % 17.5 nm; Figure 4B). Using
VSD imaging, we optically monitored the depolarization that
spread throughout the DG and also collected fEPSPs by
electrophysiology (Figure 4C). Since the photoactivation of PAC
alone did not affect basal synaptic transmission at MPP-DG
synapses (Figure 4C right upper inset), we optically monitored
the light-dependent cAMP effect on tetanus-induced fEPSP
potentiation (Figure 4C right lower inset, 4D).

Effect of cAMP on Depolarization During
MPP-DG Potentiation

Photoactivation of PAC followed by tetanic stimulation showed
an increased fluorescence intensity change in the DG area
compared with controls receiving no 482 nm light (Figure 4E).
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FIGURE 3 | Long-term potentiation (LTP) enabled by photoactivation of PAC. (A) Lower: Blue light (480 nm, 5 min) photoactivation of PAC during tetanic stimulation
(100 Hz x 4 trains, arrow) of MPP-DG synapses evoked potentiation of responses that persisted for 30 min. Hippocampal slices from WT mice receiving light, as
well as Tg slices not receiving light, showed a transient and relatively small potentiation lasting about a minute (—Light, TG n = 10 slices/3 mice, +Light, TG

n = 11 slices/7 mice, +Light, WT n = 13 slices/3 mice). Left upper: sample paired-pulse traces (scale bar of 0.3 mV and 5 ms) show superimposition of the fEPSP
response before (Baseline; black) and 1 min after (+Tet; magenta) tetanic stimulation. Black arrows indicate the time of single pulses of stimulation. Right upper:
comparison of post-tetanic potentiation within the boxed region in the lower graph showing the fEPSP normalized slope in expanded detail for the two control
conditions, WT littermates in the presence of blue light (cyan) and Tg animals without blue light (black). (B) Quantification of synaptic potentiation at 1 min and
25-30 min after tetanus (A). *p < 0.05, **p < 0.01, **p < 0.001 (Tukey test). (C) Comparison of PPR before (—10 to 0 min) and after the tetanic stimulation

(10-20 min) in the three conditions revealed no statistically significant differences (sample size identical to A). NS, p > 0.05 (paired t-test). All data displayed are
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The enhancement in depolarization occurred together with
the fEPSP potentiation suggesting they are both consequences
of cAMP generation (Figure 4G). In the absence of PAC
photoactivation, the area of VSD fluorescence measured
before vs. after the tetanus did not change (Figures 4F, 5,
—Light). However, the region of fluorescence change was
significantly enlarged by a tetanus that was preceded with
photoactivation of PAC (Figures 4F, 5, +Light). A three-
dimensional (3D) map of the averaged fluorescence changes
visually shows the overall increase of both intensity and
area of activity in the DG after tetanic stimulation of the
MPP pathway in the presence of cAMP (photoactivation
of PAC) compared with the tetanus alone (Figure 5).
These results demonstrate that cCAMP enhances the extent of
dentate neuronal activation, enabling depolarization signals to
propagate further.

DISCUSSION

In this study, we generated Tg mice overexpressing PAC in
the granule neurons of the hippocampal DG. We prepared
brain slices from the Tg mice and imaged the CaMKIIa-driven
expression of PAC by way of the built-in RFP reporter. Confocal
imaging revealed that the Tg(CMV-Camk2a-RFP/PAC)3Koka
transgenic mice expressed abundant levels of RFP within
the dentate granule cells, although further characterization is
necessary to confirm the full specificity of the expression. This
new mouse line did not show detectable levels of RFP expression
in the DG input from the entorhinal cortex, suggesting exclusive
and/or selective postsynaptic expression in the dentate granule
neurons. Furthermore, the lysates from Tg slices showed
photoactivity-dependent cAMP production upon delivery of
blue light. In addition, tetanic activation of MPP to dentate
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FIGURE 4 | Configuration for PAC photoactivation and voltage-sensitive dye (VSD) imaging. A schematic of the setup for VSD imaging (A) and PAC photoactivation
(B) in the fluorescence microscope. After PAC photoactivation, we switched the filter cube to detect VSD optical signal by the CCD-based camera system. The
excitation light (530 + 10 nm) for VSD imaging does not photoactivate PAC (down to 500 nm). (C) Left upper: schematic of PAC photoactivation, fEPSP recording
and VSD imaging in PAC Tg hippocampal slices. The dotted rectangle indicates an ROI region for VSD imaging of fluorescence signal (di-4-ANEPPS). Left lower:
time-course of VSD imaging with fEPSP recording before and after photoactivation of PAC with tetanic stimulation. VSD fluorescence changes were recorded as an
average of eight images (400 ms duration each) taken every 20 s before and after tetanic stimulation (1 train, 100 x 100 Hz, 0.05 ms duration pulses). Right upper:
quantification of synaptic response before/after PAC photoactivation for 60 s during the recording of VSD imaging (n = 11 slices/3 mice. NS, p > 0.05 (paired t-test).
Data are presented as mean + SEM. Right lower: trace of VSD fluorescence signal with/without PAC photoactivation (+Light/—Light). The black arrow (Stim) shows
the time of delivery of tetanic stimulation which evoked the optical signals (at O ms). Gray box (Imaging analysis window): time window (0-20 ms) used for the
measurement of fluorescence changes during basal stimulation and after the tetanic stimulation. (D) Representative VSD images in the DG area after tetanus with
(+Light) or without (—Light) PAC photoactivation. The VSD fluorescence signal changes are displayed in pseudo color at the peak change time (6.4 ms). Warmer red
colors indicate higher fluorescence intensities, signifying stronger depolarization. (E-G) Quantification of the changes (C,D) in the averaged peak fluorescence
intensity (E) and area (F) during 0.4-160 s after tetanus (8 x 20 ms imaging every 20 s), and the fEPSP changes 0.05 ms after tetanus (G) with (+Light,

n = 8 slices/2 mice) or without (—Light, n = 7 slices/2 mice) PAC photoactivation. *o < 0.05; **p < 0.01 (unpaired t-test). Data are presented as mean + SEM.
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synapses enabled LTP in Tg slices that received light during
the tetanus. Presynaptic function was unaffected, indicating that
when postsynaptic cAMP is elevated during high-frequency
synaptic activity, there is a robust postsynaptic potentiation of
synaptic strength that persists for at least 30 min.

Optogenetic Manipulation of cAMP in
Neurons

In addition to actuators such as PAC, other light-dependent
cAMP production methods have also been reported. Opto-
B2AR and its derivatives are chimeric rhodopsins that light-
dependently release a G-protein subunit to activate adenylyl
cyclase, AC (Airan et al., 2009). Compared to PAC, which
directly produces AC upon light activation, this approach

is indirect and acts through G-protein signaling pathways,
that may conceivably affect multiple and diverse signaling
cascades. Membrane-permeant caged cAMP is another method
to instantaneously release cAMP by light (Moutinho et al,
2001; Nicol et al.,, 2007). However, this method is not ideal
for repeated application over time, and a UV-requirement for
uncaging prevents tissue penetrance and spatial specificity in
tissues. Our results present an effective and consistent means to
control and study the role of cCAMP in native tissue.

cAMP Elevation Results in the Spread of

Depolarization in Granule Cells
To spatially investigate the amount and extent of granule
cell activation by postsynaptic cAMP, we utilized (VSD)
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imaging to record changes in global DG depolarization upon
MPP stimulation in acutely prepared hippocampal slices. We
applied Di-4-ANNEPS for VSD imaging in combination with
photostimulation of the PAC Tg brain slices. Di-4-ANNEPS
is highly soluble in lipid solutions, remains longer in the
membrane, making it suitable for long-term recordings of neural
activity in brain slices (Tominaga et al, 2000, 2009, 2018).
The excitation wavelength (530 = 10 nm) for VSD imaging
avoids photoactivation of PAC (<500 nm). The combination
of optogenetic approaches to manipulate cAMP levels and
image with VSD revealed that postsynaptic cCAMP serves as a
rapid positive modulator of excitation at MPP-DG synapses in
hippocampal slices. Furthermore, cAMP expanded the activation
area in the DG further along the MPP after tetanic stimulation.
The enlarged region contains the soma and dendrites of granule
cells, suggesting an increased number of activated synapses
on the dendrites. The enlarged DG region of fluorescence
change following tetanic stimulation paired with the optically-
triggered generation of cAMP may indicate an increased number
of activated synapses. For instance, cAMP may enhance the
activity of weakly stimulated synapses (subthreshold stimulation
for activation), and/or spread to more synapses to trigger
heterosynaptic facilitation of LTP (Park et al., 2019). In principle,
this photostimulation method for manipulating cAMP levels
will be useful for characterizing the spatial-temporal features of
this phenomenon.

cAMP Elevation Enables LTP in Granule
Cells Under Standard Slice Recording

Conditions

Within brain slices, the strong DG inhibition normally precludes
LTP to be induced by tetanic stimulation, unless GABA receptors
are blocked (Wigstrom and Gustafsson, 1983; Nguyen and
Kandel, 1996). It is therefore of interest that LTP could be
readily induced without the need to pharmacologically remove
synaptic inhibition when the tetanus was paired with cAMP
elevation. Thus, cAMP circumvents the inhibitory influence
of GABA-mediated synaptic inhibition. This property may be
utilized by neuromodulatory systems, such as dopaminergic
and noradrenergic, which can elevate cAMP within the dentate
gyrus and facilitate LTP (Hamilton et al., 2010; Yang and
Dani, 2014; Palacios-Filardo and Mellor, 2019). In this manner,
powerful inhibitory processes restrict LTP until appropriate
neuromodulatory inputs provide the necessary salience.

A potential mechanism for how cAMP reduces the influence
of GABAergic inhibition relates to the spread and enhancement
of depolarization of granule cells that we observed. Ordinarily,
the synaptic activation of NMDA receptors is limited by the
synaptic activation of GABA inhibition, which hyperpolarizes
the membrane to intensify the Mg?* block of NMDA receptors
(Herron et al.,, 1985; Dingledine et al., 1986). The increase in
depolarization would counteract this effect. Indeed, there was
a trend towards a larger depolarizing field potential recorded
immediately after the tetanic trains (PAC + light group vs.
controls), which is consistent with enhanced synaptic activation
of NMDA receptors. However, further experiments on current-

clamped granule neurons are necessary to establish whether this
is indeed the case. A candidate mechanism for this depolarization
that we observed is the cyclic nucleotide-gated and -regulated
channels, such as HCN1, that can be dynamically and rapidly
modulated at the neuronal cell membrane (Robinson and
Siegelbaum, 2003; Noam et al., 2010). An additional mechanism
may involve the direct phosphorylation of NMDA receptors
by PKA, following cAMP elevation (Skeberdis et al., 2006).
Further experiments will need to be designed to examine these
potential mechanisms.

An interesting feature of the cAMP-enabled LTP that we
have described here is its rapid time-course of activation.
Originally, cAMP was implicated in late-phase LTP, defined
as the protein synthesis-dependent form of LTP that takes
many tens of minutes to hours to develop (Frey et al., 1993;
Matthies and Reymann, 1993; Huang and Kandel, 1994; Park
et al., 2016). However, depending on the induction pattern, it
became evident that cAMP-, AC-, and PKA are involved in
early effects immediately after tetanic stimulation (Huang et al,,
1994; Blitzer et al., 1995; Otmakhova et al., 2000). Furthermore,
the application of rolipram, which inhibits the breakdown of
cAMP, can greatly augment tetanus-induced LTP from its onset
(Barad et al., 1998; Navakkode et al., 2004; Park et al., 2016).
Therefore, under a variety of conditions, cCAMP elevation can
rapidly facilitate or permit synaptic plasticity.

In summary, we have developed a Tg mouse line expressing
the actuator PAC and RFP reporter in granule neurons
within hippocampal DG. We employed an optical system for
photoactivation of PAC and simultaneously optically imaged
membrane potential changes using the fast VSD di-4-ANEPPS
in combination with electrophysiology. The work revealed that
elevating postsynaptic cAMP at the same time as delivering
tetanic stimulation results in a larger depolarization that spreads
further within the dentate gyrus. It also enables the induction of
LTP under conditions where LTP is not normally observed. We
conclude that postsynaptic cAMP serves as a powerful modulator
of synaptic plasticity at medial perforant path synapses onto
dentate gyrus granule cells.
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Successful memory involves not only remembering over time but also keeping memories
distinct. Computational models suggest that pattern separation appears as a highly
efficient process to discriminate between overlapping memories. Furthermore, lesion
studies have shown that the dentate gyrus (DG) participates in pattern separation.
However, these manipulations did not allow identifying the neuronal mechanism
underlying pattern separation. The development of different neurophotonics techniques,
together with other genetic tools, has been useful for the study of the microcircuit
involved in this process. It has been shown that less-overlapped information would
generate distinct neuronal representations within the granule cells (GCs). However,
because glutamatergic or GABAergic cells in the DG are not functionally or structurally
homogeneous, identifying the specific role of the different subpopulations remains
elusive. Then, understanding pattern separation requires the ability to manipulate a
temporal and spatially specific subset of cells in the DG and ideally to analyze DG cells
activity in individuals performing a pattern separation dependent behavioral task. Thus,
neurophotonics and calcium imaging techniques in conjunction with activity-dependent
promoters and high-resolution microscopy appear as important tools for this endeavor. In
this work, we review how different neurophotonics techniques have been implemented
in the elucidation of a neuronal network that supports pattern separation alone or in
combination with traditional techniques. We discuss the limitation of these techniques
and how other neurophotonic techniques could be used to complement the advances
presented up to this date.

Keywords: memory, pattern separation, optogenetics, calcium imagaing, granule cells, mossy cells, interneuron,
adult born granule cells

INTRODUCTION

Research in the memory field has been interested not only in the ability to remember over
time but also in the capacity to keep memories differentiated and resistant to confusion.
To evoke a memory, our brain needs to integrate the information it receives from
the environment. This integration is important for coding the general structure of the
environment and abstracting it from the specificities of individual events, which allows us
to generalize to novel situations. This ability to separate memory components into unique
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representations was postulated to rely on a computational
process known as “pattern separation” (McClelland et al,
1995; Norman and O’Reilly, 2003). Computational models
define this process as a transformation of the correlated input
information into an orthogonal output (Marr, 1971; Treves and
Rolls, 1994; Ranganath, 2010). According to these theories, the
correct storage and retrieval of memories require the stored
of the information in nonoverlapping representations. Because
episodic memory implies learning about unique events and
avoid interference, being able to differentiate them is particularly
important for this kind of memories so that storing new
information does not lead to overwriting previously stored ones.
For this reason, pattern separation is proposed as an essential
component for the storage of differentiated representations of
episodic memories and as such has been mainly studied in the
hippocampus (HP; Ranganath, 2010).

The HP is one of the structures that constitute the medial
temporal lobe, and it has been associated with the pattern
separation process. Classically, four regions have been identified
in the HP that have distinct anatomical, physiological, and
genetic characteristics (Figure 1): the regions cornu ammonis
1, 2, and 3 (CA1, CA2, and CA3) and the dentate gyrus (DG).
Computational models first suggested the potential importance
of the DG for this cognitive function. The attractor system
present in CA3 would be favored by a previous decorrelating
process in the DG that could increase the storage capacity of the
CA3 system (Amaral et al., 1990; Rolls et al., 1998). The presence
of a highly inhibited DG structure or subregion, with a five-time
greater number of cells than the upstream entorhinal cortex (EC),
and divergent connectivity toward the CA3 region appears as the
perfect structure to be able to achieve this randomizing function
(Amaral et al., 1990; Jung and McNaughton, 1993; Chawla et al.,
2005; Leutgeb et al., 2007). The potential adaptive role of this
putative function was immediately appreciated because very
similar events could lead to different outcomes and being able
to judge this is crucial for our cognitive versatility.

Many tasks have been developed to show the relevance of
the pattern separation process for cognition (Gilbert et al., 1998,
2001; Clelland et al., 2009; Toner et al, 2009; Creer et al,
2010; Bekinschtein et al., 2013). Gilbert et al. (2001) found
that the DG ablation leads to a deficit in the discrimination of
two similar positions based on distal cues. This deficit was not
observed if the separation between the positions was greater.
These results were confirmed in subsequent studies (Goodrich-
Hunsaker et al., 2005), strongly supporting the role of the DG in
pattern separation. The gradual observed impairment indicates a
failure in pattern separation at the behavioral level. Consistently,
McHugh et al. (2007) found, using a genetic approach, that mice
lacking the essential NR1 subunit of the N-methyl-D-aspartate
receptor (NMDA receptors; INMDA) in GCs of the DG could
not distinguish two similar contexts during a fear-conditioning
task, although their performance in a regular task of contextual
fear conditioning was normal (McHugh et al., 2007). Thus, the
results indicate that DG participates in the discrimination of
spatial or contextual information. The experiments commented
above allowed to postulate the existence of a pattern separation
process, which can be deduced from the behavioral performance

(e.g., good execution on the pattern separation task) have
correctly occurred and can only hypothesize about the existence
of an underlying circuit-level process that supports this kind of
cognitive discrimination.

Human studies indicate that patter separation takes place in
the DG. In studies using high-resolution functional magnetic
resonance imaging to measure brain activity during incidental
memory encoding (Bakker et al., 2008; Lacy et al, 2011),
authors found that CA3/DG activity was highly sensitive to
small changes in the input. In such studies, the interpretation
is that DG amplifies the differences between highly similar
objects, thus generating highly dissimilar and nonoverlapping
representations. Then, the evidence accumulated from animal
and human studies supports the theoretical models proposed
for the DG to be involved in pattern separation. As from the
mechanism underlying this process, theoretical models proposed
that the correct occurrence of the pattern separation process
requires low excitability of GCs to induce the orthogonalization
of memory representations (Treves and Rolls, 1992; Rolls and
Kesner, 2006; Rolls, 2013) The low excitability would permit
a small number of GCs to represent an episode and then
decreasing the possibility of superposition between similar
representations (Rolls, 2013). Also, orthogonalization could be
a mechanism that forces distinct GCs to be active in the
codification of similar episodes (Rolls, 2013). Lesion studies by
electrolytic or histochemical techniques (Gilbert et al., 1998,
2001; Goodrich-Hunsaker et al., 2005; Hunsaker et al., 2008) and
traditional electrophysiological techniques (Leutgeb et al., 2007;
Neunuebel and Knierim, 2014) support this theoretical model.
However, the exact mechanism by which pattern separation
occurs remains unresolved mainly for technical limitations. Over
the last decades, the implementation of new technologies in the
study of biologically relevant questions opens a new window
of opportunity to tackle in undertaking the complexity of the
DG circuitry. Particularly, photonic techniques are one of the
most used in neuroscience research (Torricelli et al., 2014).
Their popularity comes from their characteristics, such as their
adaptability to different settings and their versatility to study
different problems, from the cellular to the behavioral level,
as well as their high temporal and structural accuracy for
cell-specific activity measurement and activity intervention (Cho
et al,, 2016). In this scenario, the usage of neurophotonics has
shown some advantages over previous techniques in the study of
the DG microcircuit involved in pattern separation. Regarding
the complexity of this issue due to the cell-type variability
proposed to be involved during the pattern separation process,
it is important to try and contrast the theoretical models with the
empirical evidence. In this review article, we focus primordially
on the evidence obtained by neurophotonics techniques.

IMPLICATIONS OF MEMORY ENGRAM
THEORY IN PATTERN SEPARATION
PROCESS

Pattern separation computational models (Rolls and Kesner,
2006; Rolls, 2013) propose that orthogonalization implicates

Frontiers in Neural Circuits | www.frontiersin.org

95

June 2020 | Volume 14 | Article 26


https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Morales et al.

Neurophotonics Approaches for the Study of Pattern Separation

N Mossy cell abGr (

D) Granule cell

_ Perforant Path

PV+ cell SOM+ cell Pyramidal cell

FIGURE 1 | Representation of the dentate gyrus (DG)-CAS circuit. (A) Schematic representation of a coronal slice from rat brain. The hippocampus (HIP) is
constituted by cornu ammonis regions 1 and 3 (CA1 and CA3, in violet) and the DG region (DG, in orange). (B) Zoom inset from the HIP. The main inputs to the HIP
come from the layers 2/3 of the entorhinal cortex (EC) that constitute the perforant path (PP, light blue lines). The information coming from the EC could project to the
CAS pyramidal layer directly or indirectly by making and intermediate synapse on the granule cells (GCs, green ellipse) located in the granular layer (Gr) of the DG.
Mossy cells (MCs, ligth blue rectangle) and adult-born GCs (abGC, blue circle) would be the first neurons activated and could initiate pattern separation. The abGCs
can modulate the activation of GCs through a direct connection, which is excitatory or inhibitory, depending on the activity pattern of entorhinal input. On the other
hand, abGCs and MCs can inhibit GCs by recruitment of parvalbumin containing interneurons (PV+, orange hexagon). Also, the activity of PV+ interneurons is
modulated by somatostatin containing interneurons (SOM+, pink ellipse) and by GCs itself. SOM+ interneurons can directly inhibit GCs, specifically distal dendrites,
where contextual information arrives. Thus, the interaction between the different cell types present in the DG defines the activity of GCs, which project to CAS. Finally,
the CA3 pyramidal cells project through the Schaffer collaterals to the CA1 pyramidal cells forming the main hippocampal output into layer 5 of the EC.

the activation of different GCs within the total population
in different contextual experiences. Empirical experiments
have supported this statement. Using the expression of an
activity-dependent gene, like the activity-regulated cytoskeleton-
associated protein (ARC), Chawla et al. (2005) found that
when mice were exposed to two different environments, ARC
was expressed in two different sets of neurons. Similar results
were obtained for ZIF268 in an experiment where mice
were allowed to explore the same environments but with
two different motivations (Satvat et al., 2011). Both results
indicate that in the DG an orthogonalization process occurs
not only to encode different contextual features but also
to encode differences between the experiences per se. This
activation of different cell populations appears to be specific to
situations that require differentiation because when the mice
explored the same environment with the same motivation,
the sets of zif268-positive cells obtained were significantly
overlapped (Satvat et al., 2011). This suggests a correspondence
between the behavioral experience and the subset of cells
that encode it. Interestingly, the representational differentiation
also occurs in the CA3 region but not in the CAl region
(Leutgeb et al., 2005, 2007) of the HP, This differential
recruitment highlights the differentiation process as a DG and/or
CA3 region property.

The existence of the neural substrate of memories that
make us unique and unrepeatable individuals has been a
matter of discussion for over a century. Richard Semon
proposed the existence of physical changes in the brain
generated by the encoding of new information and called them
“engrams” (Tonegawa et al., 2015). Engrams are commonly
defined as a set of cells that are synchronously activated
during the encoding of a particular experience resulting in
the storage of this new information (Wang, 2019). Semon’s
idea was too progressive for his time to experimentally
contrast it, although it has changed in the last decades,
when several publications supporting the engrams theory
have appeared (for a review see Bocchio et al, 2017;
Tanaka and McHugh, 2018 and Josselyn and Tonegawa,
2020). As predicted by Martin and Morris (2002): “In our
view, the final test of any hypothesis concerning memory
encoding and storage must be a mimicry experiment, in which
apparent memory is generated artificially without the usual
requirement for sensory experience, or indeed any form of
experience, during learning. [...] In another sense, such an
experiment would constitute a critical test that changes in
synaptic efficacy are sufficient for memory, rather than merely
necessary.” Neurophotonics give us, for the first time, the
opportunity to test the engram hypothesis. In the following
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section, we will try to address some of the advances made
in the engram research area by focusing on the use of
neurophotonics techniques.

Neurophotonics in the Development of
Engrams Theory

It was not until a few years ago that huge steps were taken in the
quest to identify memory engrams, thanks to the generation of
different behavioral, molecular, genetic, and optic tools (Josselyn
and Tonegawa, 2020). Particularly, optogenetics was the first
neurophotonic technique used to tackle this question. Liu et al.
(2012) injected an adenoassociated virus (AAV) AAV9-TRE-
ChR2-EYFP in the DG of a c-fos—-tTA mice. The main idea
of this strategy was to express channelrhodopsin 2 (ChR2,
excitatory opsin) in the DG cells that were active during the
training phase of a fear-conditioning task (Liu et al, 2012;
c-fos will be recruited and drive the expression of tTA.) They
showed that activating this population of DG cells was enough
to trigger the reactivation of the fear response. These results
indicated that reactivating the cells recruited during the encoding
of a fear memory was sufficient to retrieve and express this
memory. This finding was supported and expanded when
Ramirez et al. (2013) were able to create a false memory.
By reactivating the DG cells recruited during the encoding
of a neutral context (context A) while the animal received a
shock at a different one (context B), the authors were able to
create a false association between context A and the delivery
of the electrical shock (Ramirez et al., 2013). Interestingly, this
phenomenon was observed in other parts of the brain, such
as the olfactory bulb (Vetere et al., 2019) and the amygdala
(Redondo et al., 2014), suggesting an underlying common neural
mechanism. To study the stability of the contextual component
of a fear memory within the neuronal representation in the
HP, Ghandour et al. (2019) performed in vivo Ca®>" imaging
of putative engram and nonengram cells in the CA1l region
of the HP at posttraining sessions. To do this, they injected
a TRE-KikGR lentivirus into the CAl (to label engram cells)
of a Thyl-G-CaMP7 x c-fos-tTA double transgenic mice.
KikGR is a highly effective fluorescent protein that could
photoconvert from green to red upon the exposure to 365-nm
light without affecting the Ca?" imaging signal. Its expression
was controlled in an activity and time-dependent manner (by
the c-fos—tTA construct). G-Camp?7 is a very sensitive calcium
sensor. Then, by combining both tools, they could identify the
activated engram cells during the recordings. They observed that
the total activity pattern of the engram cells during learning
was more stable across postlearning memory processing than
the activity of the nonengram cells. However, as far as we
know, this kind of experiments was not yet performed in the
DG. Nevertheless, these results suggest that neurophotonics
is a powerful instrument in the quest and identification of
memory engrams and their role in the different memory
stages of normal and pathological conditions (Roy et al., 2016;
Denny et al., 2017).

The capacity of the brain to maintain differentiated
engrams could be really useful for the storage of overlapping
memories (Deng et al, 2013). Then, understanding how

a particular subset of cells is recruited to be part of
an engram is indeed important. It has been shown that
neuron excitability could be enhanced by CREB expression
(Han et al, 2009; Rao-Ruiz et al, 2019), helping with the
engram allocation into that particular subset of neurons
(Zhou et al, 2009; Kim et al, 2013; Yiu et al, 2014).
With this background in mind, Rashid et al. (2016) asked if
two fear-conditioning episodes closely in time could recruit
similar neuronal populations in the lateral amygdala. They
observed that the overlapping between arc and homerl, two
immediate early genes, mRNA increased. Moreover, there
was interest in dissecting if the excitability of a particular
neuronal ensemble was sufficient to direct the memory allocation
to those neurons. To do this, they guide the expression
of halorhodopsin (NpHR3.0, inhibitory opsin) and ChR2 to
inhibit or excite the activity of the same neuronal population
before the first fear conditioning. The main objective behind
this experimental design was to bidirectionally modulate the
excitability of the transfected neurons to enhance or decrease
the degree of overlapping between memory engrams. They
observed that the optogenetics manipulations had effects
over the engram overlapping outcomes only when the two
fear-conditioning episodes were generated within a limited
time frame. This result suggests that, depending on the
temporal proximity between two slightly different experiences,
the neuronal ensemble recruited by both of them could be
similar. This experiment suggests that, at least in the amygdala,
the time interval between two similar experiences is crucial
in the ability to generate distinct memory engrams and
implies that this structure might not have the computational
ability to use pattern separation as a disambiguating process.
This kind of experimental setting would be really useful to
dissect if pattern separation happening in the DG requires the
allocation of two similar experiences into different neuronal
ensembles. However, to tackle this idea, future experiments
should parameterize the similarity of the contexts used
during training.

More recently, it has been shown that the enhancement
of the engram cells excitability after reactivation is mediated
by the internalization of Kir2.1 inward-rectifier potassium
channels and the activation of rNMDAs (Pignatelli et al,
2019). It was shown that K2+ inward rectifier currents are
negatively modulated by the activation of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor (AMPA receptors)
(Houzen et al., 1998; Jones et al, 2000; Schroder et al,
2002). Using optogenetics to tag DG engram cells associated
with a fear memory, Ryan et al. (2015) have shown that
engram cells present an enhancement of the spine density
and rAMPA/rNMDA ratios compared with nonengram cells.
Interestingly, this phenotype was depleted when the animals
received a protein synthesis inhibitor, anisomycin, classically
used to impair memory consolidation. To study more in detail
this aspect, a technique called dual-eGRASP has been developed
(Kim et al., 2012). The conventional GRASP technique requires
two complementary mutant GFP fragments, which are expressed
separately on presynaptic and postsynaptic membranes. When
the complementary GFP fragments interact within each other
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at the synaptic cleft, a functional GFP appears. Then, the
GFP signal indicates a formed synapse between presynaptic
and postsynaptic neurons. Using this approach, it was shown
that the CA3-CA1 spine density is enhanced after the training
phase (Choi et al., 2018), suggesting that the excitability changes
observed happen in the entire engram cell ensemble. The
increase of spine density observed in the engram cells was
related to the enhancement of the rAMPA/rNMDA ratio and
subsequently with the Kir2.1 inward-rectifier potassium channel
internalization. Then, these results suggested that changes in the
excitability of neurons (Park et al., 2016) that are part of an
engram could be key in the mechanism of pattern separation of
overlapping memories.

It has been proposed that engram cells from distinctive
ensembles spread all over the brain (Kastellakis and Poirazi,
2019). This particularity is associated with the capacity of
integrating different features of the encoding experience (Guan
et al,, 2016). According to this idea, activation of DG engram
cells, as a hub in the pattern separation mechanism, could
trigger the expression of aversive or appetitive responses that
are commonly located in different downstream structures
(Redondo et al.,, 2014; Ramirez et al., 2015; Roy et al., 2017;
Chen et al., 2019). Ramirez et al. (2015) showed that chronic
optogenetic reactivation of rewarded experiences reverts the
depressive behavior in a mouse model. Moreover, the chronic
reactivation of the dorsal DG engram cells associated with
an aversive experience generates extinction response, whereas
the reactivation of the ventral DG engram cells generates an
enhancement of the fear response (Chen et al., 2019). However,
how memory function emerges from the coordinated activity
between all the engram nodes remains a mystery. It has been
shown that distinct neuronal populations of the basolateral
amygdala participate in giving positive or negative valence
(Redondo et al, 2014; Gore et al, 2015) to a particular
experience. Then, it was proposed that the reactivation of
contextual engram cells located in the DG could guide the
reactivation of the valence engram cells associated with guiding
the behavioral outcome of a certain experience (Tonegawa
et al., 2015). These results are in line with the postulation that
reactivation of one of the nodes guides the reactivation of the
entire engram. Understanding the mechanisms underlying this
feature could be useful for the treatment of different anxiety and
mood disorders.

Then, the accumulated evidence proposes that the
information in the brain could be stored at specific cell
ensembles. In this sense, the differentiation of similar
information by generating nonoverlapping engrams is proposed
as the material outcome of a pattern separation process. Most
of the studies focus their attention on the interaction between
excitatory neurons at the time of characterizing the intrinsic
properties of engram cells. However, the GCs are not the
only glutamatergic cells within the DG and neither the only
population within the structure. Then, it is plausible that other
cell populations might also be engram cells or at least play
important modulatory roles to the main cells. In this regard,
inhibitory engrams have been proposed to be important for
specific memory reactivation (for a review, Barron et al., 2017).

In the following sections, we discuss the role of different cell
types in the DG circuit involved in pattern separation.

DENTATE GYRUS GLUTAMATERGIC
CELLS PARTICIPATION IN PATTERN
SEPARATION

Usage of Neurophotonics in the Study of
the Spatial Codification of Granule and
Mossy Cells

One of the most studied hippocampal function is its involvement
in spatial memory encoding. Lesions or pharmacological
interventions on the DG impair the performance in different
spatial memory tasks (Gilbert et al., 1998, 2001; Goodrich-
Hunsaker et al, 2005, 2008), suggesting a role of this
structure during the storage or recall of this kind of memory.
Moreover, electrophysiological recordings have shown the
existence of place cells within the DG (Jung and McNaughton,
1993; Leutgeb et al., 2007), neurons that are selectively
activated when rodents moved into a specific location within
a maze (O’Keefe and Dostrovsky, 1971). A closer analysis
has shown that the DG place cells present multiple place
fields (Jung and McNaughton, 1993; Leutgeb et al., 2007)
and, like CA1 place cells, can remap (Leutgeb et al.,, 2007).
Remapping is a property consisting of the change of the
place cell firing pattern in response to a small change in
the sensory (Muller and Kubie, 1987; Colgin et al, 2008)
or behavioral context (Colgin et al., 2008). In this way, it
has been suggested that this remapping property allows the
encoding of information emerging from similar experiences into
distinct neuronal representations, which in turn is important
for pattern separation. However, one of the disadvantages of
the data obtained with electrophysiological recordings is the
difficulty in distinguishing between other neurons that are also
glutamatergic-like mossy cells (MCs; Soriano and Frotscherf,
1994). In this scenario, neurophotonic techniques have allowed
researchers to separate the contribution of GCs and MCs to
pattern separation.

The DG is composed primarily of GCs, whose dendrites
are arranged within the molecular layer, and their cell bodies
form the adjacent GC layer (Amaral et al., 2007). Between the
molecular layer and the CA3 region, there is a polymorphic
layer called the hilus. Mossy cells are located only in the
hilus region (Figure 1). However, because GCs fibers and
MCs coexist in this region (Scharfman, 2016), their differential
contribution to the circuitry functionality has been difficult
to be dissected. One possible, and elegant, setting used for
the study of the differential contribution from GCs and
MCs has been to perform simultaneous optical stimulation
and electrophysiological recordings (Senzai and Buzsaki, 2017;
Jung et al, 2019). In these studies, an optrode was used.
This array allows the simultaneous recording of the voltage
field while the light is delivered to the tissue, making
possible to see the instantaneous effect of light in the firing
rate of units recorded (Royer et al, 2010; Anikeeva et al,
2011). Senzai and Buzsdki (2017) used dopamine receptor
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D2 (DRD2) promoter to drive the expression of a chloride
pump called archaerhodopsin specifically to MCs. Using this
strategy, neurons that suppressed their activity during the
optical stimulation were classified as putative MCs. Surprisingly,
this study found that MCs from the DG present one or
more than one place fields, like GCs, making it necessary
to reinterpret previous works (Jung and McNaughton, 1993;
Leutgeb et al., 2007), but also proving the strength of the new
optical techniques.

With this system, the accuracy of the study of the MCs’
electrophysiological characteristics can be enhanced. However,
this form of identification presents some limitations that depend
on neuronal connectivity. For example, in some cases, neurons
that express archaerhodopsin can activate other neurons. Then,
optical stimulation can induce suppression of the activity of
neurons that express archaerhodopsin but excitation of neurons
that are subsequently activated by them (Senzai and Buzsaki,
2017; Morales et al., 2019). This method does not allow the
identification of GCs (that excite directly the MCs) but is useful
for the identification of MCs. To tackle this issue, Danielson
et al. (2017) used in vivo two-photon calcium imaging in
awake behaving mice to differentiate the role of MCs and
GCs. To achieve selective manipulation of MCs, they took
advantage of the anatomical properties of MCs. Specifically,
they injected an AAV-expressing Cre-recombinase into the
DG. Then they injected a Cre-dependent rAAV-expressing
GCaMPé6f, a sensitive fluorescent protein used for imaging of
neuronal activity, in one of the DGs. Because MCs project
to contralateral DG, this technique allows the expression of
fluorescent markers only in MCs of the contralateral DG.
Then a chronic imaging window was implanted above the DG
to visualize Ca®" activity from MCs in head-fixed mice that
have to run on a treadmill in different linear environments
to receive a reward. They found that MCs have place fields,
as has been previously described, but while GCs have high
tuning specificity, MCs have low tuning specificity indicating
that MCs have multiple firing fields. This supports the finding
that place cells with multiple place fields that were found in
electrophysiological experiments (Jung and McNaughton, 1993;
Leutgeb et al., 2007) are principally MCs. Danielson et al. (2017)
showed that the fraction of place coding was bigger in MCs
than in GCs, supporting the idea that, in electrophysiological
recording, MCs represent an important number of place cells.
Although a powerful approach, a disadvantage of this setting
is that the cell specificity is given by anatomical properties.
Some studies show that MCs are not the unique cells that
project to contralateral DG (Scharfman, 2018). If this is
confirmed, the results reviewed above required to be interpreted
with caution.

The results of a recent study (Jung et al., 2019) suggest a
possible driver role of MCs in remapping. They showed that
when there are changes in the environment, such as those used
to induce remapping, MCs’ response precedes the activity change
on GCs. It is important to note that, to differentiate between
GCs and MCs, Jung et al. (2019) injected a CRE-inducible
AAV to drive the expression of Chronos, an excitatory opsin
that is faster and more light-sensitive than the conventional

channelrhodopsin (Klapoetke et al., 2014), in two different
transgenic mice line, DRD2-Cre and POMC-Cre mice, which
allowed them to excite, MCs and GCs, respectively. Although the
use of this setting to differentiate the role of MCs and GCs in
the DG circuit was previously used, they argued that excitation is
better than inhibition to discriminate between neuronal types.

In summary, the evidence described above suggests that
both CGs and MCs may be deferentially involved in the
functionality of the DG circuitry. In particular, MCs showed
more sensibility to contextual changes than GCs suggesting that
MCs could be part of the circuits that detect and encode the
nonoverlapped information, while the GCs could be encoding
the overlapped information. Although further research would be
needed to completely dissect their specific function, the evidence
accumulated until now proposes to MCs as important players in
the mechanism of pattern separation.

What Can We Say About the “Irritable”
Hypothesis Using Neurophotonic

Techniques?

One of the most exciting topics on the study of the DG is
related to the role of each cell type in terms of which node
orchestrates the activity of the other nodes. It has been shown
that MCs can excite GCs directly and can inhibit GCs indirectly
through the recruitment of feedback inhibition (Scharfman,
1995; Larimer and Strowbridge, 2008). However, because of
the complexity of the DG circuit, the neuronal mechanisms
underlying the net effect on GC activity are still a controversial
matter (Scharfman, 2018).

In the early 1980s, some seminal studies showed that the
stimulation of commissural (fiber of MCs) just before stimulating
the perforant path (PP) produced an inhibition over the GC
spikes population (Buzsaki and Eidelberg, 1981; Douglas et al,,
1983), suggesting that the activation of MCs principally inhibits
the activity of GCs. Interestingly, this conclusion was confirmed
by subsequent experiments (Sloviter, 1983, 1991; Scharfman,
1995), allowing the establishment of the “dormant basket cells
(BCs)” hypothesis. This hypothesis proposed that the net effect
of MCs on GC activity was mediated by the activation of
parvalbumin (PV+) GABAergic interneurons within the DG
that then inhibit GCs (Sloviter, 1991). However, in contrast to
this theory, other experiments suggested that the net effect was
mediated by the excitation of the GCs by the MCs (Buckmaster
et al., 1996; Ratzliff et al., 2004). This alternative hypothesis,
called the “irritable mossy cells” hypothesis, proposed that MCs’
hyperexcitability increases the activity of the GCs affecting
in this way the net effect onto the DG (Santhakumar et al.,
2000). Despite that the last hypothesis was described in
pathological conditions such as epilepsy, it has been extrapolated
to memory function. Then, based on these two perspectives,
MCs could modulate GCs’ response by indirect inhibition or
direct activation.

One of the problems with electrical stimulation is how to
selectively and specifically stimulate MCs (Amaral et al., 2007;
Leranth and Hajszan, 2007). Then, identification of MCs by other
parameters than their electrophysiological properties is required.
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Jackson and Scharfman (1996) used in hippocampal slice the
voltage-sensitive dye technique (90-92). This technique has a
better spatial resolution than traditional electrophysiological
approaches and permits to study the spread of activity within
DG after stimulation of PP. They showed that the spread of
activity depends specifically on the hilar activation, whereas
the PP damage was not related to this outcome (Jackson
and Scharfman, 1996) and that electrical stimulation of the
hilus induces depolarization at the inner molecular layer. Thus,
they suggested that the spread of activity delivered by PP
stimulation depends on positive feedback between GCs and
MGCs. Despite these results, other investigations that combine
a laser-scanning photostimulation with a voltage-sensitive dye
(Xu et al,, 2010) have shown that photostimulation of the hilus
does not increment the activity in GCs (Sun et al,, 2017). Hsu
et al. (2016) performed a series of experiments to resolve the
discrepancy between these results. They injected unilaterally
a CRE-inducible AAV carrying the ChR2 gene in the hilus
of Grik4-cre hemizygous mice to direct the expression of
ChR2 to the commissural fiber of contralateral DG. The authors
found that inhibition/excitation balance in GCs was increased
when commissural fibers were photostimulated. Moreover, they
showed that while concurrent activation of commissural and
perforant pathways increased the response of GCs, the delayed
activation of PP compared with the commissural pathway
decreased the percentage of responding GCs (Hsu et al.,, 2016).
These results proposed that the optogenetic stimulation of the
PP at 10 Hz, the “dormant BCs” hypothesis, seems to apply.
Interestingly, the frequency of the optostimulation is quite
similar to the one observed in the HP of animals during active
exploration periods.

Contrasting with what was described above, another study
(Hashimotodani et al., 2017) decided to address the effect of
fast (30 Hz) optical stimulation of MC fiber, because this kind
of stimulation can induce long-term potentiation (LTP). To
generate an optical fast stimulation, they used ChIEF, a faster
version of ChR2 (Lin et al., 2009). They found that fast optical
stimulation induces LTP between MCs-GCs synapses, but not
in mossy-interneurons synapses. This facilitation increases the
excitation/inhibition balance, thereby inducing an increment in
GC activity. These results obtained using a fast optostimulation
protocol support the “irritable” hypothesis. Taking all this
evidence together, the optostimulation frequency performed at
the PP seems to be critical in defining the role of the MCs in
the modulation of the GC activity. If the input is low frequency,
the indirect inhibition mechanism seems to modulate the GC
net effect, whereas the direct MCs—GCs excitation seems to be
more preponderant when higher-frequency inputs impact into
the circuit.

NEUROPHOTONICS APPLICATIONS IN
THE STUDY OF THE DG INTERNEURONS
ROLE IN PATTERN SEPARATION

Several models have proposed that GABAergic DG interneurons
mediate the control of GC excitability and the orthogonalization
of engrams that represents similar contexts (Rolls, 2013).

Electrophysiological experiments have shown that GABAergic
interneuron activity in the DG, unlike other hippocampal
regions, is higher in a novel than in a familiar context (Nitz
and McNaughton, 2004), suggesting its role in encoding novel
information (Figure 1). Some of the GABAergic interneurons
that contact GCs at the perisomatic region are BCs, whose
inputs come from other GCs, the perforant pathway (Freund
and Buzsaki, 1996), and MCs (Scharfman and Myers, 2012;
Hsu et al, 2016; Scharfman, 2016; Danielson et al., 2017).
Thus, in this way, these interneurons could control both
feedback and feedforward inhibition onto GCs (Freund and
Buzsaki, 1996; Savanthrapadian et al., 2014). On the other
hand, within interneurons that contact the dendritic region of
GCs are the hilar PP-associated interneurons (HIPPs), which
correspond to a type of interneurons that have their soma in
the hilus, where contact with GC axons takes place (Freund
and Buzsdki, 1996; Savanthrapadian et al., 2014; Yuan et al,
2017). It has been proposed that HIPPs could control GC activity
through feedback mechanisms (Houser, 2007). There has been an
established relationship between the anatomical characteristics
of these subpopulations and the presence of specific neuronal
markers (Freund and Buzsdki, 1996; Savanthrapadian et al,
2014). The expression of neuronal markers associated with
distinct GABAergic cells has allowed the use of optogenetics
techniques to analyze the role of each of these GABAergic
interneurons in DG networks and pattern separation. Specially,
BC interneurons are PV+, whereas HIPP interneurons are
SOM+ (Freund and Buzsaki, 1996; Savanthrapadian et al., 2014;
Yuan et al., 2017).

The stronger inhibition mediated by the recruitment of PV+
interneurons counterbalances excitation of DG networks. In this
way, stronger excited cells recruit GCs more effectively than less
excited cells, allowing a “winner-takes-all” situation that would
allow a good pattern separation mechanism (Sambandan et al,,
2010; Guzman et al.,, 2019). Electrophysiological experiments
have shown that this property depends on the coactivation of the
perforant pathway and mossy fibers (Sambandan et al., 2010).
Although there are other mechanisms capable of regulating the
activity of PV+ interneurons, Hu et al. (2010), using confocal
imaging and patch-clamp simultaneously, showed that some
of the intrinsic properties of PV+ interneurons dendrites,
such as the presence of Kv3 channels, are implicated in the
rapid and precise time inhibition mediated by PV+. On the
other hand, several studies (Savanthrapadian et al, 2014;
Yuan et al,, 2017) showed that SOM+ also contributes to the
precision of the discharge of PV+. In this line of evidence,
Savanthrapadian et al. (2014) injected a Cre-inducible rAAV
vector containing ChR2-tdT into the DG of SOM-Cre mice.
They studied the PV+ interneurons, while paired optical
stimulation of SOM+ interneurons with electrical stimulation
of PP. They showed that the optical stimulation of the outer
molecular layer, where the axons of HIPPs are present,
increases the precision of action potential generation in
PV+ interneurons. Yuan et al. (2017) showed that there are
two types of SOM+ interneurons within the DG, the HIPP
interneurons, which were studied by Savanthrapadian et al.
(2014), and SOM+ interneurons that have their axons in the
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hilus and contact other interneurons such as PV+ interneurons.
This last group is called hilus-associated interneuron (HIL;
Yuan et al, 2017). In this study, the scientists used a similar
injection protocol as described by Savanthrapadian et al.
(2014), but besides stimulating the outer molecular layers for
the recruitment of HIPPs, they stimulated the perisomatic
region of PV+ interneurons. Using this approach, they showed
that the activity of the HIL determines the activity of PV+
interneurons (Yuan et al., 2017). Thus, the activity of PV+
interneurons is regulated by SOM+ interneurons through
dendritic inhibition by HIPPs and perisomatic inhibition by
HIL (Figure 1). This complex array of inhibitory control
seems to indicate a complementary role between PV+
and SOM+ interneurons and could be instrumental for
pattern separation.

The EC is generally characterized as the main input to
the DG (Rolls, 2013). Understanding how cortical inputs
modulate DG inhibitory microcircuits is crucial to understand
the processing of information in the HP. To this end, Lee
et al. (2016) studied how PV+ and SOM+ interneurons affect
the activity of GCs in response to cortical stimulation. They
injected an AAV (AAV5)-expressing Cre-dependent enhanced
halorhodopsin (eNpHR3.0). Using this experimental approach,
they selectively inhibit each of these interneurons, PV+ and
SOM+. They showed that inhibition of PV+ interneurons
suppresses GCs’ responses to single cortical stimulation.
When cortical stimulation was in theta (6) or gamma (y)
frequencies (Lee et al., 2016), that is, frequencies present during
exploration (Bragin et al., 1995), they found that both types of
interneurons differentially regulate GCs’ responses. Interestingly,
they found that PV+ regulates the onset of the spike series,
whereas SOM+ interneurons regulate principally late spikes.
Overall, these results are in agreement with the view that
PV+ and SOM+ interneurons play complementary roles in
pattern separation.

Besides regulating GC excitability, it is possible
that GABAergic also participate in the
orthogonalization of engrams that represents similar contexts
through a lateral inhibition mechanism. By coupling the
expression of td-tomato or enhanced green fluorescent protein
(EGFP) reports with the expression of neurochemical marker
for its identification in slice experiments, Espinoza et al. (2018)
found that, in the case of GCs-PV+ connection, the ratio of
lateral inhibition regarding recurrent inhibition was higher,
suggesting an important role of this interneurons in lateral
inhibition. On the other hand, Stefanelli et al. (2016) were
interested in the size of the ensemble recruited during the
encoding of contextual information and how it modulates the
specificity during recall. To tackle this question, they expressed
ChR2 in GCs, SOM+, and PV+ interneurons to optostimulate
these cells during the encoding of a contextual fear memory
paradigm. They showed that the rise time of GABAergic
current response induced by PV+ stimulation was the shortest,
whereas the rise time of GABAergic current response induced
by SOM+ and GCs did not have significant differences. In
this way, the authors conclude that, because of the similarity
between GABAergic current response induced by SOM+ and

interneurons

GCs, the lateral inhibition induced by GCs corresponds to the
recruitment of SOM+ interneurons (Stefanelli et al., 2016).
Thus, in the case of orthogonalization, experimental evidence
suggests that PV+ and SOM+ participate in a complementary
way. These results provide evidence that integrates the role
of different DG cell types in the memory allocation and how
it could contribute to the pattern separation process. From
this perspective, DG interneurons are recruited during the
encoding of contextual fear memory. Their role during this
process seems to be circumscribed to the control of the size
of the ensemble. If this process is affected by blocking the
activity PV+ or SOM+ cells, the number of recruited GCs would
increase. This outcome could affect the selectivity of the storage
and/or recall of the information because the probability of
overlap with other neuronal ensembles coding other memories
is enhanced.

NEUROPHOTONICS TECHNIQUES TO
UNDERSTAND THE ROLE OF
ADULT-BORN GRANULE CELLS IN
PATTERN SEPARATION

The DG circuit, as well as the olfactory bulb, is continuously
changing because of the integration of adult-born GCs
(abGCs; Sahay et al., 2011b). A growing body of studies
are currently focused on finding if abGCs play a particular
role in pattern separation. Clelland et al. (2009) found that
blocking hippocampal adult neurogenesis by X-ray irradiation
altered the animal’s ability to distinguish small changes
in spatial discrimination, but not unmistakable changes.
Consistently, Sahay et al. (2011a) observed that animals with
genetically increased levels of adult neurogenesis were better
at discriminating between two similar contexts (Freund and
Buzsaki, 1996; Sahay et al,, 2011a). Moreover, many studies
suggested that these new neurons could be a preferential
substrate for remapping the place cells in presence of subtle
changes in the environment. This is because the immature
granular neurons have higher excitability and plasticity that
distinguishes them from the population of old and relatively
silent neurons (Esposito et al., 2005; Marin-Burgin et al., 2012).
In addition to this, it has been proposed that mature neurons
could be specialized for certain, more stable characteristics of
their environment because they would respond preferentially
to the inputs they received during their development (Aimone
et al., 2011). On the other hand, immature GCs showed a low
threshold for the induction of LTP (Schmidt-Hieber et al., 2004;
Ge et al, 2007). Then, the particular properties of immature
GCs confer them the characteristics required to be involved in
pattern separation. Consistently with this idea, Nakashiba et al.
(2012) suggested that neither the larger number nor the more
dispersed activity of the DG is sufficient to separate similar
contexts and that young aGCs would be necessary to allow
this process.

Ikrar et al. (2013) studied the DG response to electrical
stimulation with a voltage-sensitive dye technique (Ebner and
Chen, 1995; Chemla and Chavane, 2009; Tsytsarev et al,
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2014) using an iBax-nestin mice, a model mice in which
neurogenesis can be enhanced with tamoxifen administration.
They showed that photostimulation or electrical stimulation
of DG induced a smaller and less-spread neuronal excitability
in mice with increased adult neurogenesis compared to the
controls (Ikrar et al, 2013). These results suggest that adult
neurogenesis is an important factor in the control of the
DG neurons’ excitability. This result was supported by a
different studies (Temprana et al., 2015; Drew et al, 2016).
In this case, a retrovirus expressing a light-activated channel
ChR2 was delivered to the DG of adult mice for its selective
transduction in neural progenitor cells of the adult DG.
Then, acute slices were prepared some weeks postinjection for
studying the effect of photostimulation of abGCs generated
at different time points. They showed that abGCs activate
hilar GABAergic interneurons that in turn inhibit mature
GCs (Figure 1). Specifically, Temprana et al. (2015) showed
that recruitment of feedback inhibition is higher in abGCs of
7 weeks than in abGCs of 4 weeks. This result suggests that as
time passes abGCs tend to be more integrated into inhibitory
circuits that facilitate their role in controlling the excitability of
surrounding neurons.

A recent study (Luna et al, 2019) showed that, besides
the recruitment of feedback inhibition by abGCs (Temprana
et al, 2015; Drew et al, 2016), these newborn neurons
can directly inhibit mature GCs. Specifically, Luna et al.
(2019) selectively expressed archaerhodopsin T in abGCs.
They showed that optical inhibition of abGCs produced an
increment in the DG LTP response to electrical stimulation,
even when GABA antagonists were used. This could indicate
that inhibition is independent of GABAergic interneuron
activation in the hilus. They also studied the effect of
abGC activation in mature GCs, by selectively expressing
ChR2 in abGCs. They showed that low intensities of light,
which produce low levels of glutamate release from abGCs,
induce IPSPs in mature GCs. Moreover, high intensities
of light, which produce high levels of glutamate liberation,
induce EPSP in mature GCs. Finally, they showed that
low glutamate liberation, that is, IPSP in mature GCs, is
due to the preferential activation of the lateral EC that
carries contextual information (Hargreaves et al., 2005; Wilson
et al, 2013). Keeping low levels of mature GC excitability
is important for pattern separation (Jinde et al, 2012;
Sahay et al, 201la). Luna et al. (2019) suggested that
contextual information—besides spatial information—is relevant
to promote a sparse coding in DG. Consistently, using calcium
imaging, Danielson et al. (2016) differentiate the activity of
abGCs from other populations that present a low spatial tuning
but are good novelty detectors, supporting a fundamental role
of abGCs in disambiguating contextual information through the
process of pattern separation.

All the evidence described in this section proposed that
abGCs could play a key role in the formation of orthogonal
representations from similar inputs. This is because their high
excitability during the early stages of their development is
critical to determine which inputs will recruit them subsequently.
Because neurogenesis is a continuous process, there are always

abGCs at different stages of development. Therefore, the
probability that two different experiences recruit the same
subset of abGCs at the same developing time is low. This
characteristic gives them a potential role in orchestrating the
rest of the cells that potentially form the differentiated engrams
in the DG.

FINAL REMARKS

Neurophotonic techniques allowed the study of the role of
different neuronal types in the DG networks functionality.
Specifically, the evidence described above suggests a differential
role of each neuronal type in the mechanisms underlying
pattern separation. As we have described, neurophotonic studies
led to propose models that go beyond unique neuronal types
for information processing and where several elements of
DG network share complementary roles in the differentiation
of overlapping information. Based on the body of evidence
presented above, we are proposing a possible way in which
all these different cell types might interact and contribute to
pattern separation.

Neurophotonics have contributed to differentiate the role
of three types of DG glutamatergic cells, MCs, newborn GCs
(abGCs), and mature GCs. Thus, it has been shown that
MCs and abGCs present more remapping than mature GCs
(Danielson et al., 2016, 2017; Senzai and Buzsaki, 2017), which
suggests that MCs and abGCs are more sensible than GCs to
detect small environmental changes, that is, when differences
must be detected in similar episodes. Besides, neurophotonics
experiments suggest that these neuronal types would respond
before than GCs (Marin-Burgin et al., 2012; Jung et al., 2019),
suggesting that both neuronal types could initiate the process
of pattern separation. Besides, both neuronal types are more
sensitive to contextual changes (Danielson et al., 2016, 2017;
Senzai and Buzsaki, 2017; Luna et al., 2019), which means that
contextual information would be more relevant than other type
of information. Thus, MCs and abGCs could initiate pattern
separation through the detection of environmental changes,
especially changes in contextual information. After activation
of MCs and abGCs, they can initiate an inhibitory network.
While abGCs can inhibit directly GCs (Luna et al., 2019), MCs
and abGCs would activate PV (Scharfman, 2018; Groisman
et al, 2020), which in turn produces a lateral inhibition
proposed to be important for pattern separation (Espinoza
et al.,, 2018). Interestingly, the activity of SOM modulates the
activity of PV (Savanthrapadian et al., 2014; Yuan et al., 2017)
and can produce itself a lateral inhibition (Stefanelli et al,
2016). On the other hand, the evidence indicates that the
activity of SOM is delayed when compared with the activity
of PV (Hsu et al., 2016; Stefanelli et al., 2016). Thus, both
PV and SOM interneurons control the activity of GCs, but
likely in a different time with PV activity preceding SOM
activity. Some models propose pattern separation mechanisms
that take into account and emphasize the role of PV interneurons
(Guzman et al., 2019), abGCs (Sahay et al., 2011b), and MCs
(Nakazawa, 2017). In this work, we make a complementary
interpretation to all these models, paying special attention to the
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interaction between the different cell types present in the DG
(Figure 1). Still, more work is required to better understand the
mechanism, dynamics, and constraints of pattern separation in
the DG.

However, it is important to highlight that in the last years
our understanding of this process advanced enormously, thanks
to the development of neurophotonic techniques. We believe
that the continuous advancement in this field in combination
with genetic tools will prove to be a powerful strategy for 1l
for modeling pattern separation where a complementary role of
different types could be studied.
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Somatosensation encompasses a variety of essential modalities including touch,
pressure, proprioception, temperature, pain, and itch. These peripheral sensations are
crucial for all types of behaviors, ranging from social interaction to danger avoidance.
Somatosensory information is transmitted from primary afferent fibers in the periphery
into the central nervous system via the dorsal horn of the spinal cord. The dorsal
horn functions as an intermediary processing center for this information, comprising a
complex network of excitatory and inhibitory interneurons as well as projection neurons
that transmit the processed somatosensory information from the spinal cord to the
brain. It is now known that there can be dysfunction within this spinal cord circuitry in
pathological pain conditions and that these perturbations contribute to the development
and maintenance of pathological pain. However, the complex and heterogeneous
network of the spinal dorsal horn has hampered efforts to further elucidate its role
in somatosensory processing. Emerging optical techniques promise to illuminate the
underlying organization and function of the dorsal horn and provide insights into the role
of spinal cord sensory processing in shaping the behavioral response to somatosensory
input that we ultimately observe. This review article will focus on recent advances in
optogenetics and fluorescence imaging techniques in the spinal cord, encompassing
findings from both in vivo and in vitro preparations. We will also discuss the current
limitations and difficulties of employing these techniques to interrogate the spinal cord
and current practices and approaches to overcome these challenges.

Keywords: spinal cord, dorsal horn, optogenetics, calcium imaging, in vivo, pain, somatosensation

INTRODUCTION

Our physical connection to the world through sensation is essential for our health and wellbeing.
Somatosensation is a broad term encompassing many modalities including touch, pressure,
proprioception, temperature, pain, and itch. It is through these peripheral sensations that we can
recognize and remove ourselves from danger, to sense warmth or cold for thermoregulation, and to
detect and respond to socially relevant physical gestures such as a gentle caress. An inability to detect
physical sensations can be severely debilitating and lead to increased risk of injury and a shortened
lifespan, as can be seen in patients with congenital insensitivity to pain (Nagasako et al., 2003).
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Somatosensory information is first transduced in the
peripheral nervous system by specialized receptors on primary
afferent neurons. This information then travels along primary
afferent fibers, whose cell bodies reside in the dorsal root ganglia,
and into the dorsal horn of the spinal cord. Historically, primary
afferent fibers have been classified by conduction velocity and
degree of myelination into four types (Aa, A, A3, and C),
and it was originally believed that each type transmits different
modalities of sensory information to the spinal dorsal horn
(Roberts and Elardo, 1986; McGlone and Reilly, 2010).

C fibers terminate predominantly in laminae I-II, the
outermost laminae, and transmit nociceptive information
including noxious heat and noxious mechanical perturbations
to tissue (Basbaum et al., 2009), as well as information
related to itch and low threshold, pleasant mechanical stimuli
(Olausson et al., 2002; Tkoma et al., 2006; Wooten et al., 2014;
Huang et al, 2018). A3 fibers transmit a mixture of noxious
and innocuous tactile and cold information and terminate
predominantly within laminae I and V, with a subset of A8 fibers
corresponding to low-threshold mechanosensation terminating
within lamina IIT (Li et al., 2011; Arcourt et al., 2017; Koch
et al., 2018). However, AP fibers carry the bulk of innocuous
tactile information, including touch, vibration, texture, and
pressure (Mackenzie et al., 1975; Basbaum et al., 2009). AB
fibers transmit information via the dorsal column into the
cuneate and gracile nuclei, and send a branch into the dorsal
horn, terminating in laminae III-V (Basbaum et al, 2009;
Niu et al, 2013). Proprioceptive information is transmitted
predominantly by Aa fibers, which terminate widely throughout
lamina IV-VI and the ventral horn, where they contribute
to sensory-motor loops (Maxwell and Bannatyne, 1983; Mears
and Frank, 1997; Maxwell and Riddell, 1999). It should be
noted that there is increasing evidence that this classification of
primary afferent types by conduction velocity and modality of
information is not as discrete as once believed, and there are
many exceptions to these general rules. Instead, classification
by molecular markers is increasingly used to differentiate
primary afferent populations, often aligning to specific roles
in somatosensation (Usoskin et al., 2015; Arcourt et al., 2017;
Huang et al., 2018).

The dorsal horn is divided into six layers, referred to
as laminae, and has long been recognized as a key site for
somatosensory processing (Rexed, 1952; Molander et al., 1984).
Integrated processing of different somatosensory modalities is
achieved through a combination of organizational specificity
of primary afferent fiber termination (Figure 1), and through
complex circuitry that allows for communication between the
laminae of the dorsal horn (Dubner and Ren, 1999; Duan
et al., 2014; Bourane et al., 2015; Pagani et al., 2019). The
most famous example of this is the gate control theory,
which was first theorized by Melzack and Wall (1965) over
50 years ago, and suggests the presence of a network which
allows for innocuous stimuli to affect the transmission of
noxious stimuli to the brain, rather than these stimuli being
separated in distinct networks. Indeed, connections between
the deeper dorsal horn layers and lamina I have been defined,
which, under pathological pain conditions, allow for a light

touch to activate nociceptive projection neurons; a possible
neural correlate for allodynia (Takazawa and MacDermott,
2010; Lu et al.,, 2013; Peirs et al., 2015; Petitjean et al., 2015;
Cheng et al,, 2017).

Primary afferent fibers may form synapses with excitatory
and inhibitory neurons within the spinal cord, and with both
interneurons and projection neurons (Lu and Perl, 2003, 2005;
Takazawa and MacDermott, 2010). The patterns by which
different primary afferent fibers synapse onto which type of
dorsal horn neuron, or whether a defined pattern exists, is
not definitively known. Part of the reason for this is the high
degree of neuronal heterogeneity in the dorsal horn and a
lack of information regarding the functional roles of the many
types of dorsal horn neurons. Also, no set classification scheme
of dorsal horn neurons has been agreed upon. Most early
attempts to classify dorsal horn neurons used a classification
scheme based on action potential firing patterns or cellular
morphology (Prescott and De Koninck, 2002; Punnakkal et al.,
2014). However, there can be considerable overlap across
these parameters.

More modern classification schemes based on the expression
of specific molecular markers have proven more fruitful, with
markers such as somatostatin effectively labeling excitatory
neurons (Gutierrez-Mecinas et al., 2016, 2019), and markers
such as parvalbumin effectively labeling inhibitory neurons
(Boyle et al., 2017). It has also recently been found that two
classes of neurons, differentiated by expression of substance P
or gastrin-releasing peptide, correspond to previously identified
morphologically- and electrophysiologically-distinct populations
of neurons, namely radial cells and transient central cells,
respectively (Grudt and Perl, 2002; Dickie et al, 2019).
This provides further evidence that molecular markers can
differentiate functionally distinct populations of neurons.
However, it should be noted that in some cases molecular
markers label both excitatory and inhibitory neurons, as is
the case with calretinin (Gutierrez-Mecinas et al., 2016; Boyle
et al, 2017), suggesting the need to better understand the
heterogeneity of expression of potential molecular markers
within this diverse population, in order to find better
candidates that align to functionally distinct populations.
Recent attempts to wuse single-cell RNA-sequencing have
begun to offer considerable clarity into the complex neuronal
heterogeneity in the dorsal horn (Usoskin et al, 2015;
Hiring et al, 2018; Sathyamurthy et al., 2018; Zeisel et al,
2018), but it is still unknown if these molecularly distinct
populations align to different functional populations of neurons
within the dorsal horn, representing an open opportunity
for research.

The spinal dorsal horn also receives direct descending
modulation from several brainstem regions including the rostral
ventromedial medulla (RVM) and locus coeruleus (LC; Ren
and Dubner, 2002; Gebhart, 2004). These connections serve
to modulate the excitability of neurons within the spinal
cord, often by decreasing the excitation of cortically-projecting
neurons (Figure 1). For example, adrenergic, opioidergic,
and cannabinergic signaling from the brainstem can directly
inhibit dorsal horn neurons, reduce neurotransmitter release
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FIGURE 1 | Somatosensory circuitry from the periphery to the brain. Somatosensory information is first transmitted into the spinal dorsal horn by primary afferent
neuron fibers, which extend from peripheral tissue into the spinal cord and synapse onto neurons within the dorsal horn. There are four main types of primary afferent
fiber, separated by transduction velocity, and each type (Aa, AB, A3, C) shows some selectivity in somatosensory modality transmitted and synapses into different
laminae as shown here (Roberts and Elardo, 1986; McGlone and Reilly, 2010; Koch et al., 2018). This produces selectivity in the modality processed in each lamina
of the dorsal horn. Projection neurons within lamina | and V send axons up to the brain via ascending tracts including the spinothalamic tract and dorsal
column-medial lemniscal tract (not shown in the figure; Willis, 1985; Niu et al., 2013).
side towards the thalamus. Some projections terminate within other brainstem regions including the parabrachial nucleus and periaqueductal gray. Descending
tracts originate from several brain regions including the medial prefrontal cortex, hypothalamus, and amygdala, and project first to the periaqueductal gray (Gebhart,
2004; Huang et al., 2019). From here, descending projections then synapse within the rostral ventromedial medulla (RVM), and join with locus coeruleus (LC)
descending projections. RVM/LC projection targets including the superficial dorsal horn and lamina V (D’Mello and Dickenson, 2008; Frangois et al., 2017).

A7

Briefly, axons decussate at the spinal level, then ascend on the contralateral

from primary afferents, and ultimately decrease pain behaviors
(Ossipov and Gebhart, 1986; Porreca et al., 2002; Huang et al,,
2019). Within the dorsal horn, both pre- and postsynaptic sites
of action of inhibitory and excitatory neuronal populations have

been implicated in descending pain modulation; however, the
complete picture of how descending modulation of dorsal horn
sensory processing occurs at a systems-level remains unclear
(Lau and Vaughan, 2014).
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Techniques that allow for manipulation of and recording
from specific neuronal populations are ideal for determining
how the circuitry of the dorsal horn processes and modulates
somatosensory information in normal and pathological
conditions. Of increasing utility are recently developed small
molecules and genetically-encoded proteins that are activated
by light, which allow for either the optical manipulation or
detection of activity within spatially or genetically-defined
cellular populations; namely optogenetic actuators, and activity
sensors such as calcium indicators. The advantages of these tools
can be demonstrated by the wide variety of usages they have,
both in vivo and in vitro, from the single cell to population/circuit
level; and in the insights that we are deriving from them. They
can be used to understand how specifically defined populations
of neurons or glia are active during or contribute to the
various modalities of somatosensation, how they contribute to
crosstalk between these modalities, and how they are affected by
descending modulation and/or disorders of sensation including
pathological pain conditions.

Here, we will review the current literature on the use of
optogenetics for investigation of sensory processing, as well as
calcium imaging of both neuronal and glial activity for probing
spinal cord circuitry, discuss technologies and limitations, and
new advances in both these techniques that could be employed
in the future within the spinal dorsal horn.

APPLYING OPTOGENETIC TECHNIQUES
TO PROBE SPINAL CORD CIRCUITRY

An Overview of Available Optogenetic

Tools
Optogenetic tools utilize engineered and artificially introduced
ion channels for rapid non-invasive activation or inactivation
of specific cellular populations using light (Nagel et al., 2003;
Zemelman et al,, 2003; Banghart et al., 2004; Boyden et al.,
2005; Lima and Miesenbdck, 2005; Fenno et al., 2011). These
ion channels were first derived from microbial opsins and
allow for a wide degree of temporal and spatial sensitivity for
manipulation of activity in specific populations of many types of
cells, ranging from neurons to HEK cells, and even astrocytes and
microglia. They are often referred to as optogenetic actuators, or
simply as opsins. The most commonly used excitatory opsin is
Channelrhodopsin-2 (ChR2), which upon activation by 488 nm
(blue) light allows cations into any cell expressing it (Boyden
et al., 2005). Other excitatory optogenetic ion channels have
been developed beyond ChR2 that have different or improved
functionality, such as oChIEF and Chronos (can be activated
at high frequency), Chrimson and CIV1 (activated by a red
light), CatCh (permeable to calcium ions), and ChloC (permeable
to anions; see Tye and Deisseroth, 2012; Klapoetke et al,
2014, or Lin, 2011 for extensive reviews of different types of
opsins and their utilities). However, ChR2 remains the most
commonly used excitatory opsin, particularly for interrogation
of somatosensation.

The main inhibitory ionotropic opsin is Archerhodopsin-3
(ArchT), which is maximally activated by 530 nm (green)

light to allow protons to efflux from the cell, hyperpolarizing
the membrane (Han et al, 2011). Halorhodopsin (NpHr) is
another commonly used inhibitory opsin, which rather than
being an ion channel, functions instead by pumping chloride
ions into the cell upon activation with 570 nm (yellow) light
(Gradinaru et al., 2008).

To investigate the circuitry of the dorsal horn as well as
its function, opsins may be delivered into primary afferent
neurons to drive or silence input into the spinal cord, into the
brain or brainstem to control descending modulation, or into
the spinal cord itself to manipulate the excitability of specific
molecularly distinct cellular populations (see Table 1 for an
overview of all known usage of opsins for interrogation of
spinal dorsal horn somatosensation). Since different opsins are
activated by different wavelengths, this allows for the possibility
of bidirectional control of excitability in the same preparation
(Iyer et al., 2014; Bonin et al., 2016).

Delivery of Opsins Into Neuronal and

Nonneuronal Targets

Through the use of site-specific recombinase technology, opsins
can be expressed in subsets of cells by using a specific promoter
to selectively express a recombinase such as cre within that subset
(Rossant and McMahon, 1999; Nagy, 2000). This technique can
be used to drive expression of opsins in a variety of cell types,
including neurons, microglia, and astrocytes. However, this does
require a priori knowledge of the cell type that will be modulated,
which is still difficult in the spinal cord where molecularly
defined neuronal subtypes are relatively poorly characterized.
Recent advances in unbiased molecular screening tools such as
single-cell RNA sequencing are beginning to be used to define
spinal cord neuronal subtypes and develop atlases of potential
target molecular markers for these groupings. This represents a
powerful tool for functional characterization, whereby opsins can
be expressed within these newly-defined populations to better
understand their contributions to dorsal horn circuit function
and eventual behavioral output (Abraira et al., 2017; Haring et al.,
2018; Sathyamurthy et al., 2018).

Opsins can be delivered into target tissue either through
viral transduction or by use of transgenic mouse lines, or
through a combination of both technologies (Fenno et al., 2011).
Transgenic lines are typically the least invasive method for
expression of opsins; however, they are predominantly only
available in mice, take time to develop, and are not capable
of producing spatially selective expression, save for that given
through careful promoter selection (Daou et al., 2013; Liske et al.,
2013). Conversely, viral injections can be performed in most
animal models and produce spatial selectivity, but do require
invasive surgery, and may suffer from sparse expression (Iyer
et al,, 2014). Along the somatosensory pathways, viral-driven
expression of opsins has been achieved with virus injections
in the periphery and directly in the sciatic nerve to transduce
DRG neurons (Christensen et al,, 2016; Wang et al.,, 2018),
by intraperitoneal injection of the virus in neonatal mouse
pups to achieve a long-lasting and relatively high degree of
DRG transduction (Machida et al., 2013; Vrontou et al., 2013;
Bonin et al.,, 2016; Masuda et al., 2016), by intrathecal injection
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(Boada et al., 2014), by direct intraspinal injection after
laminectomy (Bonin et al, 2016; Mondello et al., 2018) by
using a less invasive non-laminectomy approach (Kohro et al,
2015; Petitjean et al., 2019), by injection in the brain to target
sensory regions in the brain (Cardin et al., 2009), or through
descending pathways (Francois et al., 2017; Huang et al., 2019).
Other approaches, such as intravenous injection of AAVs, can
produce low or highly variable transduction efficiencies of the
central and peripheral nervous system (Schuster et al., 2014),
making them generally less suitable for the optogenetic study
of somatosensation.

Advances in Spinal Cord Optogenetics

Peripheral Stimulation

Optogenetic interrogation of spinal cord circuitry can be
achieved by using light delivery at several locations, depending
on the circuitry that the experimenter is interested in
manipulating (Figure 2). Early optogenetic studies began with
the insertion of ChR2 into primary afferent neurons, allowing
for 488 nm light stimulation of the hind paw to indirectly
stimulate circuitry in the spinal cord (Daou et al., 2013). Some
of these first sets of experiments targeted ChR2 expression
to neurons expressing the sodium channel Navl.8, which is
preferentially found in nociceptive C fiber primary afferent
neurons (Agarwal et al., 2004; Daou et al., 2013; Uhelski et al.,
2017, but see Shields et al., 2012). Acute stimulation of the
hind paw of these animals with 488 nm light led to nocifensive
responses such as licking and biting, and enhanced responses
to both mechanical and thermal stimuli, suggesting a possible
degree of multimodality of these fibers (Daou et al., 2013; Bonin
and De Koninck, 2014; Bonin et al,, 2016; Daou et al., 2016;
DeBerry et al., 2018). Repeated patterned stimulation of the hind
paw led to long-lasting mechanical and thermal hyperalgesia,
suggestive of potentiation within the spinal cord circuitry. This
was further supported by the presence of facilitated dorsal root
field potentials after persistent 488 nm light stimulation in a

spinal cord explant model (Daou et al., 2013; Bonin and De
Koninck, 2014).

A similar technique was used to investigate the effect of
activation of two other genetically distinct primary afferent
neuron populations on nocifensive behaviors in vivo, specifically
those that express TrpV1 and those that express MrgD, which
are thought to be selectively expressed in peptidergic and
nonpeptidergic C fibers, respectively (Zylka et al., 2005; Beaudry
et al., 2017). Stimulation of the hind paw with 488 nm light in
each of these transgenic mouse lines both resulted in nocifensive
responses. However, behaviors were slightly different, suggesting
that molecularly distinct populations of C fiber either carry
slightly different somatosensory information into the brain or
that there is differential processing of information from these
fibers within the spinal cord or brain. Conversely, expression
of the inhibitory opsin ArchT in primary sensory neurons that
express TrpV1 decreases nocifensive responses in a hind paw
during 532 nm light stimulation (Li et al., 2015), and activation
of eNpHR expressed in C fiber afferents with 570 nm light
decreased both thermal and mechanical nocifensive responses,
both in naive and nerve-injured animals (Iyer et al, 2014;
Bonin et al., 2016).

Expression of ChR2 in the VGLUT3 population of primary
afferents, which drives expression within low threshold C fibers,
results in 488 nm light-evoked mechanical hypersensitivity in
mice with chemotherapy-induced pathological pain but not
in naive mice (Seal et al., 2009; Lou et al, 2013; Draxler
et al, 2014). This selective pain phenotype adds to evidence
that input from these fibers is normally innocuous, and
only contributes to nociception in certain pathological pain
conditions, possibly through the unmasking of otherwise silent
or inhibited synapses within the spinal cord (Li and Zhuo, 1998;
Lietal, 1999; Seal et al., 2009; Zhang et al., 2018b). Interestingly,
a similar phenomenon was observed when ChR2 was expressed
selectively in Thyl+ AP fibers, suggesting a similar role
(Tashima et al., 2018).

Central Stimulation
of Spinal Cord

Peripheral Stimulation

FIGURE 2 | Techniques for optogenetic interrogation of spinal circuitry. Opsins may be stimulated in four main ways to interrogate spinal circuitry. First, opsins can
be expressed in primary afferent terminals, and peripheral stimulation can be used to stimulate or silence primary sensory neurons and observe real-time changes in
behavioral output in vivo. Similarly, opsins can be expressed in neuronal populations within the spinal cord or brain, allowing for in vivo central stimulation of either
spinal cord neuron populations or neurons involved in descending modulation, respectively. Finally, opsins may be expressed within primary afferents or spinal cord
neuron populations, and then stimulation can occur in an in vitro slice preparation, often combined with electrophysiological recordings to measure the effect of
activation or silencing of a given neuronal population on the excitability of the recorded neuron.

Central Stimulation
of Descending Pathways

In-Vitro Stimulation
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While many of these techniques for peripheral optogenetic
stimulation drive opsin expression in molecularly distinct
primary sensory neuron populations, some serotypes of AAV
have been shown to selectively infect distinct subsets of
primary afferent fibers. For example, intrathecal injection of
AAV8 encoding ArchT under the ubiquitous CAG promoter was
found to selectively induce opsin expression in only A3 fibers
(Boada et al., 2014). Using this technique, Boada et al. (2014) were
able to inhibit A3 fibers via activation of ArchT with 532 nm light,
which decreased nocifensive responses both in naive animals and
after nerve injury, indicating a role for A3 fibers in both acute
and pathological pain conditions. Similarly, Iyer et al. (2014)
used an intrasciatic injection of AAV6 encoding ArchT under the
CAG promoter to selectively transduce unmyelinated C- fibers,
enabling light-induced analgesia.

In summary, peripheral stimulation is the most cost-effective
and straightforward method for optogenetic stimulation of
spinal cord circuitry and can be accomplished without the
need for surgical intervention, depending on the method
of opsin expression. Using this technique, the role of
different primary afferent populations in various modalities
of somatosensation is beginning to be understood and has
demonstrated the capacity for light-activated primary afferent
stimulation to induce central sensitization within the spinal
cord. Unfortunately, peripheral stimulation is primarily
suitable for the study of the effect of activation or inactivation
of primary sensory afferents on spinal cord functional
output in the form of behavioral readouts, and thus central
stimulation is required to dissect the circuitry within the spinal
cord itself.

Central Stimulation

Over the past decade, vast improvements have been made in the
utility of optogenetics for manipulating cellular activity. A major
advancement has been the capability to stimulate specific cellular
populations in vivo, using fibreoptic implants for delivery of fixed
wavelength light, typically via an LED (Aravanis et al., 2007).
Initially, fibreoptic implants for the rodent brain suffered from
instability and rigidity, necessitating keeping animals in a sedated
state during experiments (Adamantidis et al., 2007; Aravanis
et al., 2007; Gradinaru et al., 2007). However, new hardware has
allowed for awake, in vivo optogenetic stimulation of the brain,
giving real-time behavioral output (Lima and Miesenbock, 2005;
Aravanis et al., 2007; Montgomery et al., 2015).

Researchers have now adapted this fibreoptic technology for
direct central stimulation of the spinal cord. Though an initial
technique was to use a fibreoptic implant that threads down from
the head to the spinal cord (Bonin et al., 2016), a more commonly
used approach utilizes a chronic spinal implant in which a short
fibreoptic filament and ferrule are cemented into a burr hole
in the T13 or L1 vertebre above the L4/L5 spinal segments
(Christensen et al., 2016; Pagani et al., 2019). A fibreoptic cable
can then be attached to the ceramic ferrule with a ferrule sleeve
for stimulation sessions (Figure 2). Using this methodology,
one can either directly stimulate primary afferents within the
dorsal root ganglia or stimulate spinal cord neurons themselves,
with the added benefit of being able to stimulate while the

animal is freely moving, which is difficult to achieve with
peripheral stimulation.

Central stimulation of primary afferents has been employed
by Bonin et al. (2016), who expressed either ArchT or ChR2 in
Navl1.8+ primary afferents and delivered light into the spinal
cord via fiber optic implant. Using this technique, the authors
were able to bidirectionally control mechanical nocifensive
reflex sensitivity, as measured by Von Frey filaments. Continual
excitation of Navl.8+ afferents led to long-term changes in
mechanical sensitivity, measured up to 3 h after stimulation,
suggesting the presence of central sensitization.

However, the greatest strength provided by the capability to
directly illuminate the spinal cord lies in the capacity to target
and either activate or silence specific spinal cord neuronal and
glial populations, by expressing opsins in molecularly distinct
populations. As technology improves, this will prove to be a
very fruitful technique, as many of the newly defined molecularly
distinct dorsal horn neuronal populations still have unknown
functions in regards to somatosensation in general, and disorders
of somatosensation such as pathological pain (Héring et al.,
2018). An early study that exemplifies the utility of in vivo spinal
cord neuron population stimulation using optogenetics found
that inhibition of GAD2+ inhibitory spinal cord neurons via
stimulation of ArchT by 530 nm light produces an immediate
increase in mechanical but not thermal sensitivity in otherwise
naive mice (Bonin et al., 2016). This indicates that inhibitory
neurons within the spinal cord significantly dampen activation
of nociceptive neurons and decrease nociceptive signaling to
the brain, giving evidence for how the loss of inhibition could
contribute to increased pain sensitivity in pathological pain
conditions (Coull et al., 2003, 2005).

A more selective study of interneuron populations found
a critical role for the somatostatin positive (SOM+) excitatory
neuron population in the circuitry of processing of itch, such that
activation of SOM+ neurons via ChR2 increased itching behavior
in vivo (Christensen et al., 2016). Similarly, activation of GRP+
neurons in the spinal cord via ChR2 revealed that burst firing
within these neurons is required to induce itch-related behaviors
in vivo, providing evidence that a buildup of GRP neuron activity
is required for itch (Pagani et al., 2019).

Finally, a recent study has demonstrated a role for calretinin
positive (CR+) neurons in the intersection between innocuous
touch perception and nociception. CR+ neurons receive input
from multiple sensory afferents responsive to innocuous or
noxious stimuli and synapse onto projection neurons within
lamina I, providing a direct pathway for elicitation of
pain behaviors (Petitjean et al., 2019). Indeed, optogenetic
activation of this pathway alone is sufficient to result in
mechanical nocifensive responses, without changing thermal
sensitivity, suggesting a selective role in mechanical nociception
(Petitjean et al., 2019).

It should also be noted that these techniques are not limited
to the expression of opsins within neurons, and opsins can
also be expressed in nonneuronal cells including astrocytes,
for example using the GFAP promoter as done by Nam et al.
(2016). By expressing ChR2 in astrocytes in this manner, the
authors were able to selectively stimulate spinal astrocytes
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in vivo, finding that astrocyte activation via ChR2 leads to pain
hypersensitivity, demonstrating a clear link between astrocyte
activity and behavioral pain output, possibly through activity-
dependent ATP release (Bardoni et al., 2010; Nam et al., 2016).

In the above studies, the light was delivered to the spinal
cord via a fibreoptic wire attached to a light source external to
the animal, such that the wire may interfere with an animal’s
native behavior, through the weight or tension of the wire, or
through movement restriction (Daou et al., 2013; Towne et al.,
2013; Iyer et al., 2014). Therefore, it is of great interest to develop
technologies that allow for wireless optogenetic activation, to
allow for truly free moving behavior. Wireless light delivery
to the spinal cord is still an early technology with only a few
successful examples of central modulation of primary afferent
terminals in the dorsal horn (Montgomery et al., 2015; Park et al.,
2015; Samineni et al., 2017b). However, wireless approaches are
thus far unable to consistently deliver sufficient light intensity to
activate opsins expressed in the spinal cord parenchyma beneath
the myelin and dorsal root entry zone. Continued development
of this technology to improve the efficiency of wireless power
delivery over larger distances from the power transmitter array
and the incorporation of brighter LEDs that can deliver light
to deeper laminae will allow this approach to be more broadly
applied to the study of spinal somatosensory processing.

A potential complication of utilizing optogenetic tools that
must be considered is that there is a risk of exciting not just
a desired target cell population, but also neurons or other
cell types within the spinal cord itself that also express the
chosen molecular target. For example, there are some TRPV1+
neurons within the spinal cord, that could be stimulated
during the central stimulation of TRPV1+ primary afferents
(Valtschanoff et al., 2001; Roberts et al., 2004; Cristino et al,,
2006). Another possibility is that there may be developmental
changes in the expression of proteins, resulting in the opsin
being expressed in populations of a neuron that previously
expressed the molecular marker of interest during an unknown
developmental time point, but do not normally express the
molecular marker of interest at adult timepoints (Heffner et al,,
2012; Song and Palmiter, 2018). Therefore, care should be used
both in choosing a genetic marker for a population and in the
interpretation of results (Nimmerjahn and Bergles, 2015; Otchy
et al., 2015). Another potential strategy to avoid expression
in populations with transient, developmental expression would
be to only perform viral transfection in adult animals, or to
drive recombination only once adulthood has been reached,
such as can be achieved with the CreERT2 tamoxifen-dependent
recombination system.

Thus far, the results obtained by both central and peripheral
stimulation of primary afferent fibers are largely similar,
providing encouraging evidence that the location of optical
stimulation does not affect the obtained experimental results, and
that these potential complications are minimal (Iyer et al., 2014;
Nam et al., 2016; Francois et al., 2017; Samineni et al., 2017a).

Finally, the delivery of light to the spinal cord at an adequate
intensity to activate opsins is a major hurdle of spinal cord
optogenetics. Unlike the brain, it is not possible to insert a
GRIN lens or other optical material directly into the spinal

cord parenchyma without severe damage to the spinal cord
that can lead to paralysis. Thus, light must be delivered from
above the spinal cord, as seen with a vertebral lens or epidural
optic fiber implants (Bonin et al., 2016). Also, the spinal cord
contains highly myelinated dorsal white matter that can potently
scatter light and greatly reduce intensity beyond depths of
approximately 100 pm below the surface of the spinal cord
(Sekiguchi et al.,, 2016). The scattering of light by myelin is
much greater with short wavelengths (e.g., 488 nm) than long
wavelengths of light (e.g., 594 nm), allowing long wavelengths
of light to penetrate deeper into the tissue, providing a potential
means to mitigate this issue (Zhang et al., 2008; Lin et al., 2013;
Chuong et al.,, 2014; Inoue et al., 2019). Moreover, the degree
of light scattering is twice as great when light is delivered from
above the spinal cord and perpendicularly to the longitudinal
orientation of myelin tracts than if the light is delivered parallel
to the tracts (DePaoli et al., 2020). Another complication to light
delivery in the spinal cord is that it is much more mobile than
the brain and can move up to 50 pm along the rostral-caudal
axis during locomotion in mice (Sekiguchi et al., 2016). This
necessitates a larger area of illumination to ensure that the light
intensity within the spinal region of interest remains sufficiently
high to activate opsins as the region moves through the spot of
light. Therefore, the intensity of spinally delivered light required
to activate opsins expressed by intrinsic spinal cord neurons
is higher than that required to activate opsins expressed by
sensory afferents, and much higher than that required for opsin
activation via proximity GRIN lens implantation in the brain.

An alternative method to investigate spinal cord function
in vivo using optogenetics is through stimulation of the
brainstem or brain to determine the effects of descending
modulation on behavioral output. The spinal cord receives a
great deal of descending input via tracts from many key brain and
brainstem areas, including the prefrontal cortex, hypothalamus,
amygdala, and periaqueductal gray (PAG; Hopkins and Holstege,
1978; Gebhart, 2004; Frangois et al, 2017; Huang et al,
2019). These inputs converge at the LC and RVM, which
synapse directly into the spinal cord (Proudfit and Clark, 1991;
D’Mello and Dickenson, 2008; Francois et al., 2017). Input
from the LC and RVM is thought to modulate excitability
through both facilitation and inhibition, depending on the
neuronal populations involved. To dissect out these roles,
opsins can be selectively expressed in the spinally-projecting
brainstem or brain neurons. Using this technique, a novel
basolateral amygdala—medial prefrontal cortex—PAG—spinal
cord pathway has been identified, that when optogenetically
activated, inhibits nocifensive behaviors in mice with a
pathological pain condition (Huang et al., 2019). Conversely,
rostral ventromedial medulla GABAergic interneurons appear
to function to increase nocifensive behaviors in mice, with
activation of ChR2 increasing nocifensive behaviors, and
activation of NpHR decreasing nocifensive behaviors in vivo
(Francois et al., 2017).

In vitro Spinal Cord Optogenetics
In addition to observing the effect of stimulation or inhibition
of neuronal populations on behavioral output in vivo, valuable
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information can be gained from combining optogenetic
stimulation with the recording of the electrical activity of dorsal
horn neurons, either through field or patch-clamp recordings.
While a few labs have successfully been able to perform
electrophysiology from the spinal cord in vivo, albeit under
anesthesia (Light and Willcockson, 1999; Sokal and Chapman,
2003; Urch and Dickenson, 2003; Keller et al., 2007), for
most practical applications either a semi-intact preparation
(Hachisuka et al., 2016), spinal cord explant (Bonin and De
Koninck, 2014), or spinal cord slices are used (Figure 2; Daou
et al.,, 2013; Christensen et al., 2016; Pagani et al., 2019).

Though the semi-intact and explant preparations allow for
dorsal roots to remain intact, in some cases dorsal roots are
removed during the preparation of spinal cord slices. However,
even with dorsal roots removed, optogenetic excitation of central
terminals of primary afferent neurons is sufficient to produce
postsynaptic responses in spinal cord neurons (Wang and Zylka,
2009; Foster et al, 2015). For an investigation of primary
afferent-evoked responses within the spinal cord, optogenetic
stimulation provides the benefit of selectively stimulating a
genetically distinct subset of primary afferents, as compared to
electrical stimulation (Tashima et al., 2018; Kubota et al., 2019).
This provides unparalleled specificity to define circuitry within
the spinal cord. For example, Wang and Zylka (2009) expressed
ChR2 in MrgD+ primary afferents that are nonpeptidergic
multimodal C fiber primary afferents (Rau et al., 2009) and then
recorded from a large number of substantia gelatinosa neurons.
The authors found that 50% of all recorded substantia gelatinosa
neurons receive monosynaptic input from MrgD+ afferents and
that all morphologically defined classes of substantia gelatinosa
neurons receive these inputs, as evidenced by light-evoked
excitatory postsynaptic potentials (EPSCs).

As described earlier, opsins can also be expressed directly
within molecularly distinct spinal cord populations, for example
within inhibitory VGAT+ or GAD2+ neurons (Foster et al., 2015;
Bonin et al., 2016). In a spinal cord slice preparation, this allows
for dissection of circuitry through activation or suppression
of neuronal populations during patch-clamp electrophysiology,
or possibly in combination with calcium imaging. The former
technique has been employed to determine the connections from
pruritogenic primary afferents to the spinal cord, which synapse
onto GRP+ neurons, then on to GRP receptor-containing
neurons, and finally onto glutamatergic parabrachial nucleus-
projecting neurons (Mu et al, 2017; Pagani et al, 2019),
elucidating a full circuit from the periphery to the brain for
the flow of itch information. This technique has also been
employed in conjunction with in vivo optogenetics extensively,
to determine presynaptic and postsynaptic connections between
populations like CR+ and SOM+ neurons (Daou et al., 2013;
Bonin and De Koninck, 2014; Christensen et al., 2016; Francois
et al., 2017; Petitjean et al., 2019).

Overall, these insights are beginning to unravel the complex
circuitry of the spinal cord and allow for dissection of the
contributions of specific neuronal populations to somatosensory
processing, and especially that involved in acute and pathological
pain conditions. In the future, it will also be of interest to
investigate the intersection between innocuous touch and pain,

and how these connections have been hypothesized to be altered
in pathological pain conditions.

FLUORESCENCE IMAGING FOR
MEASUREMENT OF SPINAL DORSAL
HORN NEURONAL AND GLIAL ACTIVITY

Tools for Fluorescence Imaging

of Neuronal and Glial Activity

Historically, the only way to measure the activity of
individual neurons has been through electrophysiology.
However, fluorophores have now been engineered to undergo
conformational changes leading to increased fluorescence in the
presence of biologically relevant stimuli, such as a change in
voltage or calcium concentration. This allows for non-invasive
monitoring of relative cellular activity with single-neuron
precision; with the additional benefit of the capability to record
from up to hundreds of neurons simultaneously. These powerful
tools give insight into the activity of ensembles of neurons, to
better understand their function within complex circuitry such
as the spinal cord.

The most common activity-sensing fluorophores are calcium
and voltage indicators, which upon binding of calcium ions
or a change in voltage across the membrane, respectively,
proportionally increase fluorescence intensity within a set linear
dynamic range (Grynkiewicz et al., 1985; Minta et al., 1989; Tsien,
1989; Chanda et al., 2005; Fromherz et al., 2008; Bradley et al.,
2009). These fluorophores may either be chemical indicators
or genetically-encoded proteins; and the degree of increase in
fluorescence intensity upon binding, the wavelength of light
required to cause this conformational change, and the sensitivity
of fluorophores differs widely, creating a vast toolbox of possible
indicators for any desired application (see Grienberger and
Konnerth, 2012 for the table of common chemical indicators,
see Lin and Schnitzer, 2016 for a table of common genetically-
encoded calcium indicators).

It should be noted that fluorophores have also been created
for imaging of other molecules relevant to cellular activity, such
as the fluorescent chemical indicator MQAE and genetically-
encoded protein Chlomeleon for chloride measurement (Arosio
and Ratto, 2014), iGluSnFr for fluorescent measurement
of glutamate (Marvin et al, 2013, 2018), and Epac-based
FRET sensors for cAMP measurement (Ponsioen et al., 2004;
Klarenbeek and Jalink, 2014). Additionally, fluorescent false
neurotransmitters have been developed to study the release and
recycling of neurotransmitters such as dopamine (Gubernator
et al, 2009). However, imaging data obtained using these
molecules are not as strongly associated with the cellular activity
as calcium or voltage imaging and thus will not be discussed
further in this review.

The best proxy for electrophysiology currently available is
the imaging of voltage-sensitive fluorophores, which are capable
of detecting both action potentials and subthreshold changes in
voltage (Xu et al., 2017). Unfortunately, most voltage indicators
suffer from poor signal-to-noise ratios (SNRs) and require a high
intensity of light for stimulation, which is particularly difficult
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to overcome in the spinal cord. Part of the necessity for higher
intensity light is because voltage indicators are only expressed on
the cell membrane, which accounts for only a small portion of the
overall volume of a neuron. Newer indicators such as Voltron
(Abdelfattah et al., 2019), QuasAR2 (Hochbaum et al., 2014),
and ASAP3 (Villette et al., 2019) provide better SNR and show
greater promise for use in living tissue. All three of these newer
generation voltage indicators have successfully been expressed
in vivo in the mouse cortex, with ASAP3 and Voltron capable of
discerning single action potentials on the millisecond timescale
(Lou et al,, 2016; Bando et al., 2019). Unfortunately, there has
only been one publication performing voltage imaging within the
spinal cord, using the voltage-sensitive dye Di-4-ANEPPS, which
lacked single-neuron resolution (Mizuno et al., 2019), leaving
voltage imaging in the spinal cord an open avenue for innovation.
Instead, most researchers use calcium imaging as a proxy to
estimate neuronal activity.

Considerations When Using Calcium

Imaging as a Proxy for Neuronal Activity
Calcium imaging takes advantage of the large, rapid flow of
calcium into neurons as a result of voltage-gated calcium channel
(VGCC) opening during action potential firing (Grynkiewicz
et al., 1985; Minta et al., 1989; Tsien, 1989; Hahn et al., 1990).
Because calcium concentration within neurons rises from the
nanomolar to the micromolar range after firing of a single action
potential, and because calcium indicators can be expressed within
the entire cytosol rather than just on the cellular membrane,
calcium imaging has typically provided an intrinsically higher
SNR than voltage imaging (Grienberger and Konnerth, 2012;
Kulkarni and Miller, 2017). As a result, calcium imaging has
become the gold standard for fluorescence imaging of both
neuronal and glial activity.

Using calcium imaging as an indirect readout of action
potential firing in a neuron requires consideration of several
factors regarding the time course of calcium signals. First, the
kinetics of calcium concentration changes within a neuron
during action potential firing differ widely from the kinetics of
the action potential itself. Whereas an action potential occurs on
a millisecond time scale—with voltage rapidly depolarizing via
sodium entry and subsequently hyperpolarizing via potassium
exodus from the neuron—calcium responses to action potential
firing are both much slower to rise and much slower to return to
basal concentration after action potential firing (Figure 3; Yang
and Wang, 2006; Bean, 2007). The rise in calcium is delayed
because calcium entry is typically through activation of VGCCs,
which will only open once a threshold depolarization has been
reached, and which have slower activation kinetics than voltage-
gated sodium channels (Carbone and Swandulla, 1989; Bean,
2007). The voltage threshold for activation can vary depending
on VGCC subtype, but typically would be near the end of the
rising phase of the action potential itself; as is the case for
the highly abundant L-type VGCCs, which have an activation
threshold around —20 to 0 mV (Catterall, 2011; Striessnig et al.,
2014). Slower rise times in intracellular calcium concentration
will also be observed depending on the affinity and concentration
of the calcium indicator. This is because every calcium indicator
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FIGURE 3 | Comparison of action potential kinetics and calcium imaging
responses. Calcium indicators are used to measure relative calcium
concentration, and this is often used as a proxy for action potential firing.
Action potentials consist of an initial depolarization to action potential
threshold, which opens voltage-gated sodium channels, causing rapid
depolarization of membrane potential. The membrane potential is then rapidly
repolarized by the opening of voltage-gated potassium channels. As a result,
a typical action potential may only last from 2 to 5 ms. Conversely, observed
calcium responses within the somatic cytosol of neurons during action
potential firing may require anywhere from 500 to 1000 ms to return to
baseline fluorescence (Rahmati et al., 2016). The kinetics of the response is
determined in part by the calcium buffering of the neuron itself as well as the
affinity and concentration of the calcium indicator present (Borst and
Abarbanel, 2007; Hires et al., 2008).

is also a calcium buffer, and increased buffering will subsequently
increase the duration for molecules of a calcium indicator to bind
to all available calcium ions, and reach peak fluorescence (Borst
and Abarbanel, 2007; Hires et al., 2008).

In addition to slower rise times as compared to the native
action potential they are reporting on, calcium indicators are also
much slower to decay and return to basal calcium concentration.
Typically, the calcium response to a single action potential will
decay within a neuron over hundreds of milliseconds, or perhaps
even seconds with high-affinity indicators (Rahmati et al., 2016).
This slow decay time becomes especially problematic with
high-frequency firing, where it can become impossible to resolve
the peaks of individual action potentials (Smetters et al., 1999).
The capacity of a given calcium indicator to accurately report on
the number of action potentials fired in the sequence depends
on a multitude of factors, including the calcium indicator’s

Frontiers in Neural Circuits | www.frontiersin.org

June 2020 | Volume 14 | Article 31


https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles

Harding et al.

Insights Into Dorsal Horn Circuitry

affinity for calcium, the native calcium buffering present within
the neuron, and extrusion rates present within that neuronal
cell type (Mank and Griesbeck, 2008; Paredes et al., 2008; Tian
et al., 2009; Akerboom et al., 2013; Podor et al., 2015). A final
technical consideration is the frequency of image collection.
For example, if one is measuring action potentials at 100 Hz,
the frame sampling rate must at minimum exceed 200 Hz to
resolve individual peaks, as per the Nyquist theorem. An inability
to resolve individual peaks can also be an issue even at lower
firing frequencies if there is a large train of action potentials, as
calcium can begin to accumulate quickly within the intracellular
space and exceed the linear range of the given calcium indicator
(Hires et al., 2008). Thus, one must put careful consideration into
the choice of calcium indicator and pick one optimal for their
research parameters.

Choosing a Calcium Indicator

Three main considerations determine the type of calcium
indicator to employ in an experimental paradigm: the wavelength
of activation, the method of delivery into the tissue, and the
affinity of the indicator. Indicators activated by blue light still
have the best signal to noise ratio (SNR) properties and should
be considered first (Dana et al., 2019). However, these indicators
may not be possible for certain applications; for example, when
combining calcium imaging with optogenetics, a red-shifted
calcium indicator would be required to avoid activation of
ChR2 during imaging of the calcium-sensitive fluorophore. A
red-shifted calcium indicator may also be preferable for imaging
at depths below 100 pm, whenever two-photon imaging is not
possible, as longer wavelengths are capable of penetrating deeper
into tissue (Sanderson et al., 2014).

Next, one must consider the method of delivery of the
calcium indicator into tissue (Figure 4). Transgenic mouse lines
and viral injections of genetically-encoded calcium indicators
(GEClISs) are becoming increasingly common, especially with the
significant advances in the caliber of GECIs in recent years;
particularly the GCaMP6 line of GECIs, which have SNRs
similar to the best chemical calcium indicators (Chen et al,
2013b). The new jGCaMP7 line promises even better SNR,
exceeding the capability of traditional chemical indicators like
Fura-2 or OGB-1 (Dana et al., 2019). For red-shifted GEClIs,
jrGECOla (Dana et al,, 2016) or KGECO1 (Shen et al., 2018)
could be employed.

For some applications, chemical calcium indicators may still
be preferred. These include experiments involving animals in
which transgenic lines are less common or not possible, such
as rats or primates, or situations in which a viral injection may
not be possible. For these types of experiments, bulk loading
of a membrane-permeable AM ester-attached calcium indicator
may be employed. In these experiments, the indicator will load
into many neurons simultaneously and remain trapped within
the neuron for hours afterward upon cleaving of the AM ester
by native esterases. One other method that may be employed is
single-cell loading via a patch pipette, which is often preferred for
detailed investigation of dendritic arbor as it provides superior
SNR because of reduced background (Helmchen et al., 1999;
Grienberger and Konnerth, 2012).

Finally, as described above, the affinity of the chosen indicator
will determine the kinetics of the measured calcium response. For
experiments where single action potentials need to be resolved, a
high-affinity indicator should be used, with the caveat that the
decay of the response will be longer. However, for experiments
where a train of action potentials need to be resolved—especially
with a high-frequency train—a lower affinity indicator should be
used to improve the kinetics of the response, and for the indicator
to be performing within its linear dynamic range for the duration
of the stimulus (Pologruto et al., 2004; Hollingworth et al., 2009).

Advances in Spinal Cord Fluorescence
Imaging of Activity

Calcium Imaging of Spinal Cord Neurons in vitro
Calcium imaging has thus far not been employed as widely within
the spinal dorsal horn as in the brain, largely because of technical
limitations that have hindered its utility. This is especially true
for in vivo studies, of which only a handful have been conducted
in the spinal cord. One of the first calcium imaging experiments
used epifluorescence microscopy to show that overall basal
calcium indicator fluorescence was higher on the ipsilateral side
of a transverse spinal cord slice from an animal with the chronic
constriction injury model of pathological pain, suggestive of
either increased resting calcium concentration or increased
neuronal activity in the absence of external stimulation within
the ipsilateral dorsal horn (Kawamata and Omote, 1996). Using a
similar technique, it was also found that the calcium response to
dorsal root stimulation on the superficial dorsal horn ipsilateral
to nerve injury was larger, indicative of increased neuronal
activity for the same stimulation, mirroring the hyperalgesia
present in pathological pain conditions (Luo et al., 2008).

Since these first studies, improvements both in calcium
indicators and in microscope technology now allow for single
neuron and single event resolution. This provides the capacity
to use calcium imaging for the measurement of discrete calcium
signals within dorsal horn neurons, such as those due to action
potential firing, and neuronal responses to an applied stimulus
like capsaicin (Merighi et al., 2008), or electrical stimulation
(Kim et al., 2015; see Table 2 for a full list of all known
applications of calcium imaging within the spinal dorsal horn).

Calcium imaging can also be used to investigate the relative
function of calcium-permeable ion channels, including calcium-
permeable AMPA receptors, NMDA receptors, and VGCCs
within the spinal dorsal horn, especially concerning the spatial
distribution of calcium. Recent investigations have utilized
calcium imaging to study how calcium enters into neurons
during activity. Using a bulk-loaded calcium indicator and
high-resolution epifluorescence imaging, Doolen et al. (2012)
were able to measure spontaneous action potentials as calcium
responses in single dorsal horn neurons. They subsequently
developed a technique to use calcium imaging to quantify relative
glutamate receptor function by measuring glutamate-evoked
calcium events in single superficial dorsal horn neurons from
transverse slices. Using this technique, they found that calcium
events to the same glutamate stimulus were larger on the side
ipsilateral to nerve injury, indicative of either upregulation of
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FIGURE 4 | Common techniques for loading of calcium indicators. Calcium indicators can broadly be categorized into genetically-encoded (GECIs) or chemical
calcium indicators. GECIs can be introduced via transgenic mouse lines or through the injection of a viral vector containing a GECI into the target tissue. Chemical
calcium indicators can be introduced in several ways, however, the most common is through bulk loading with an AM-ester bound indicator, or via single-cell pipette

loading. Both of these techniques can be performed in vitro or in vivo.

glutamate receptor density or an increase in glutamate receptor
conductance. Later, they found that these calcium events could
be further boosted in a pain model by blocking opioid receptors
(Corder et al.,, 2013). A similar study by Skorput et al. (2018)
found that glutamate-evoked calcium responses in superficial
dorsal horn neurons were significantly higher upon application
of a peptide derived from VGF nerve growth factor, indicating
that VGF is capable of potentiating glutamatergic signaling in
the spinal cord.

In addition to measuring the activity of calcium-permeable
glutamate receptors, calcium imaging has also been used to
define relative contributions of VGCC subtypes to activity-
evoked calcium responses. The first study to investigate this
introduced the calcium indicator Fura-2 into spinal cord lamina
I neurons via a patch pipette and measured calcium responses
within the soma in response to current injection-evoked 40 Hz
action potential firing (Ikeda et al, 2003). However, the
authors were not able to identify discrete intracellular action
potential-induced calcium responses due to the firing frequency
and properties of Fura-2, which has a high calcium-binding
affinity and reaches saturation below a calcium concentration
of 1 wM (Paredes et al., 2008). Rather, it was observed that
the total calcium response to the stimulation protocol was
larger in projection neurons, largely due to the expression
of additional T-type VGCC channels in these neurons that
enhanced depolarization and increased total calcium influx
component. This finding was then expanded to determine
the relative contributions of various VGCCs to the somatic
calcium response induced by the burst of action potentials. In
unlabeled lamina-I neurons, of which the majority are likely
interneurons, the major contributor to this calcium response was
L-type VGCCs with significant T-type and N-type contributions
(Heinke et al., 2004).

A key strength of calcium imaging is the ability to investigate
the spatial dynamics of calcium with subcellular resolution.
Within the brain, calcium imaging has been extensively used
to investigate postsynaptic calcium entry (Harvey et al., 2008;

Lee et al,, 2009; Zito et al., 2009), dendritic calcium signaling
(Spruston et al., 1995; Gulledge et al, 2005; Larkum et al.,
2009; Harnett et al, 2012), and nuclear calcium dynamics
(Eder and Bading, 2007; Bengtson and Bading, 2012) using
two-photon calcium imaging. In superficial dorsal horn neurons,
calcium imaging has been used to observe calcium entering
into the nuclei of neurons during repetitive primary afferent
stimulation (Simonetti et al., 2013). Inhibiting nuclear calcium
signaling through the expression of CaMBP4, which binds
calcium-bound calmodulin and thereby prevents calmodulin-
dependent downstream signaling cascades, significantly reduced
hypersensitivity in mice exposed to a Complete Freund’s
Adjuvant model of chronic inflammatory pain, suggesting that
the development of pathological pain requires calcium to enter
into the nucleus to initiate downstream signaling cascades. Thus
far, there have been no other studies investigating the subcellular
calcium dynamics of dorsal horn spinal cord neurons, and this
represents an open field of study.

Together, these studies demonstrate the utility of calcium
imaging for more than measuring neuronal activity, but also
for the visualization and measurement of calcium itself within
cells, including both neurons and glia. As demonstrated above,
subcellular calcium imaging can provide important information
on calcium’s role as a critical second messenger for initiating
downstream signaling cascades that lead to changes in protein
expression and cellular function. Another emerging opportunity
involves combining optogenetics to drive specific neuronal
populations with calcium imaging to monitor resultant cellular
activity within the spinal cord. This combination would be
especially helpful when measuring population ensemble activity
(Ruscheweyh and Sandkuhler, 2005), or when animals are
freely moving and electrophysiological recordings would not
be possible.

Challenges to Achieving Freely Behaving in vivo
Calcium Imaging in the Spinal Cord

Effective calcium imaging requires precise spatial and temporal
resolution, which can be difficult to achieve in vivo in the spinal
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TABLE 1 | Summary of all publications utilizing optogenetics for interrogation of spinal cord somatosensory circuitry.

Optical stimulation method

In vitro Peripheral Central stimulation Central stimulation
of spinal cord of descending
pathways
Method of opsin Transgenic e Wang and Zylka (2009) o Jietal (2012) « Bonin and De Koninck e Chenetal. (2018)
expression in tissue e Foster et al. (2015) « Daou et al. (2013) (2014)
o Honsek et al. (2015) e Bonin and De Koninck o Montgomery et al. (2015)
e Hachisuka et al. (2016) (2014) e Park et al. (2015)
o Bellardita et al. (2017) e Draxler et al. (2014) e Bonin et al. (2016)
o Uhelski et al. (2017) e Bonin et al. (2016) o Bellardita et al. (2017)
e Pagani et al. (2019) e Christensen et al. (2016) e Luetal (2017)
e Smith-Edwards et al. (2019) e Daou et al. (2016) e Samineni et al. (2017b)
e Hachisuka et al. (2020) e Stemkowski et al. (2016) e Chenetal. (2018)
e Beaudry et al. (2017) e Pagani et al. (2019)
e Ghitani et al. (2017) o Petitiean et al. (2019)
e Samineni et al. (2017a)
e Sunetal. (2017)
e DeBerry et al. (2018)
e Tashima et al. (2018)
Viral vector

e Boada et al. (2014)
Yang et al. (2015)
Christensen et al. (2016)
Hachisuka et al. (2016)

Boada et al. (2014)
lyer et al. (2014)
Lietal. (2015)
Barik et al. (2018)
Mayer et al. (2019)

lyer et al. (2014)
Montgomery et al. (2015)
Bonin et al. (2016)
Christensen et al. (2016)
Nam et al. (2016)

e Francois et al. (2017)
e Gao et al. (2019)
e Huang et al. (2019)

Francois et al. (2017)
Mu et al. (2017)
Chen et al. (2018)
Mondello et al. (2018)
Wang et al. (2018)

This table combines all examples of optogenetic interrogation in the dorsal horn on the spinal cord, grouped by the site of stimulation and by the method of opsin delivery.

cord, and considerably more difficult to achieve in a freely
moving animal. Several attempts to achieve this goal have utilized
miniscope or endoscope systems (Johannssen and Helmchen,
2010; Sekiguchi et al., 2016). These types of systems allow for
free movement in the mouse, restricted only by a cable leading
to a computer, and the connected miniscope or endoscope itself,
which often weighs only a few grams (Yang and Yuste, 2017;
Zhang et al., 2018b). However, this type of system suffers from
lack of tissue penetration and decreased resolution as compared
to imaging under a two-photon microscope. This resolution is
likely not sufficient for the monitoring of subcellular events,
and in the case of endoscope systems, is often insufficient to
differentiate and record from individual neurons. Additionally,
as described earlier, light scattering in the spinal cord due
to myelination can prevent epifluorescent and single-photon
imaging from detecting fluorescent cell bodies deeper than
the outer part of lamina II (Sekiguchi et al, 2016), making
two-photon imaging a necessity for investigating deeper laminae.
Two-photon microscopy also benefits from superior spatial
resolution, reduced phototoxicity, and can be used to achieve
subcellular resolution of calcium dynamics (Dana et al., 2019).
Unfortunately, with greater spatial resolution comes the
need for stability in the imaging field. Therefore, with current
technology, almost all in vivo two-photon calcium imaging in
the brain has been performed on head-fixed animals (Chen
et al., 2013a; Leinweber et al., 2014; Yang and Yuste, 2017; but
see Helmchen et al,, 2013 and Zong et al., 2017). Translating

these techniques to the spinal cord has been met with middling
success, partially because it is significantly more difficult to fix the
spinal cord in place for imaging, with breathing and movement
producing significant imaging artifacts that are difficult to
compensate for while allowing for enough spinal flexibility for
free movement.

This fine yet necessary balance of movement and fixation
that must be achieved for in vivo two-photon calcium imaging
represents such an obstacle that only one research group has thus
far successfully achieved this, by placing a mouse mounted on a
spherical treadmill under a two-photon microscope (Sekiguchi
et al,, 2016). For this study, the authors tested several methods
of head and vertebral restraint to optimize imaging conditions,
finding that a dual head and vertebral restraint provided a
maximum reduction in motion artifacts while maintaining
locomotor activity, and demonstrating the feasibility of
the technique.

The authors then performed two-photon imaging of axonal
arbor, as well as calcium imaging of astrocytic processes,
and importantly found that pinch-evoked astrocytic calcium
responses were depressed under anesthesia (Sekiguchi et al.,
2016). This finding provides crucial evidence that within
the spinal cord, there is a necessity for further refining
techniques to allow for two-photon imaging that does not require
anesthesia. The potential impact of anesthesia is of special
interest in the context of another recent study that expressed
GCaMP6m in spinal cord astrocytes using a viral vector injection
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TABLE 2 | Summary of all publications utilizing calcium imaging for interrogation of spinal cord somatosensory circuitry.

Imaging method

Epifluorescence

1-photon 2-photon

Method of delivery Transgenic e Bellardita et al. (2017)
of the
calcium-sensitive
indicator
Viral Vector e Simonetti et al. (2013)
e Aresh et al. (2017)
o Freitag et al. (2019)
Bulk Loading Kyrozis et al. (1995)

Kawamata and Omote (1996)
Coull et al. (2003)

Tsuzuki et al. (2004)
Cordero-Erausquin et al. (2005)
Coull et al. (2005)

Shutov et al. (2006)
Luo et al. (2008)
Schoffnegger et al. (2008)
Miyano et al. (2010)
Flynn et al. (2011)
Doolen et al. (2012)
Corder et al. (2013)
Petitiean et al. (2014)
Baba et al. (2016)
Gao et al. (2016)
Doolen et al. (2017)
Potter et al. (2018)
Skorput et al. (2018)
Taylor et al. (2019)
Isaev et al. (2000)
lkeda et al. (2003)
Heinke et al. (2004)
Kopach et al. (2011)
Yan et al. (2014)
Kim et al. (2015)
Yan et al. (2019)

Single Cell Pipette
Loading

Ruscheweyh and Sandkuhler (2005)

e Sunetal (2017)

Tang et al. (2015)*
Zhang et al. (2018a)*
Olivares-Moreno et al. (2019)

e Nishida et al., 2014*
e Sekiguchi et al., 2016*

Yoshihara et al. (2018)*
Sekiguchi et al. (2016)*
Chen et al. (2018)*

e Gustafson-Vickers et al. (2008) e Wilson et al. (2007)
e Merighi et al. (2008) e Johannssen and Helmchen (2010)*
e Bardoni et al. (2010) o Laffray et al. (2011)
e Luetal (2018) o Cirillo et al. (2012)*

Cirillo et al. (2015)*
Ran et al. (2016)*
Skorput et al. (2018)

e Drdla et al. (2009)* o lkeda et al. (2006)*

e Drdla et al. (2009)

This table amalgamates all examples of calcium imaging in the spinal dorsal horn, with references grouped by imaging technique and by the method of delivery of the calcium-sensitive
indicator. *Beside a citation indicates that some or all of the experiments were performed in vivo.

and performed in vivo two-photon calcium imaging under
anesthesia. Here, the authors found no astrocytic calcium
responses to pinch or brush in naive animals but surprisingly
found astrocytic calcium responses to these innocuous stimuli
after animals received a formalin injection (Yoshihara et al,
2018). It is therefore, possible that these findings could be even
more pronounced in awake animals.

Additionally, through the implantation of a spinal imaging
chamber attached to a miniscope, it has been found that
anesthesia decreases spontaneous calcium events in superficial
dorsal horn neurons from 0.52 Hz to 0.08 Hz, representing a
marked depression in circuit activity (Sekiguchi et al., 2016).
This calcium event rate measured using calcium imaging is
remarkably close to the average action potential firing rate
measured using in vivo extracellular single-unit recordings of
superficial dorsal horn neurons under anesthesia (0.05 Hz; Keller
etal,, 2007), and provides further support that a system of activity
measurement not requiring anesthesia represents a fundamental
advance for decoding and understanding the circuitry of the
spinal cord.

However, due to the many difficulties outlined above, the
majority of in vivo two-photon imaging experiments in the
spinal cord have thus far been performed under anesthesia
(Ikeda et al., 2006; Davalos et al., 2008; Drdla et al., 2009;
Laffray et al., 2011; Cirillo et al,, 2012; Farrar et al., 2012;
Fenrich et al.,, 2013; Nishida et al., 2014; Cirillo et al., 2015; Ran
et al., 2016; Chen et al., 2018; Wang et al,, 2018). Several early
studies focused on technique development to determine the best
approaches for exposing spinal cord tissue to the microscope
and for limiting breathing artifacts. One of the first such
studies expressed fluorescent molecules in the axons, microglia,
and blood vessels of mouse spinal cord to monitor structural
changes over time, and developed a spinal stabilization device
that provided a high degree of stability for imaging (Davalos
et al, 2008). This method was utilized to perform the first
two-photon in vivo calcium imaging within the superficial dorsal
horn in which OGB-1 AM was injected into the dorsal horn
and bulk loaded into superficial dorsal horn cells (Johannssen
and Helmchen, 2010). In this study, the authors found many
cells to have spontaneous calcium responses, as well as evoked
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calcium responses to electrical and mechanical stimulation of the
hind paw.

In vivo two-photon calcium imaging has also been used to
monitor long-term potentiation (LTP) in superficial dorsal horn
neurons, using calcium responses as a proxy for neuronal activity.
Interestingly, the authors found that calcium responses were
slower to rise and fall in PAG-projecting spinal cord neurons, as
opposed to PBN-projecting neurons, and that this slower, longer
calcium response was correlated with a greater degree of LTP in
that neuron (Ikeda et al., 2006).

Unfortunately, all of these studies required a head-support,
spinal column, and tail-clamping, as well as deep anesthesia. As a
result, these imaging sessions were terminal and precluded long
term imaging of cellular changes accompanying chronification of
hyperalgesia. Newer techniques have been developed in which a
glass chronic spinal imaging window is implanted, which allows
for chronic imaging at multiple time points over the course of
months (Farrar et al., 2012; Fenrich et al., 2013; Chen et al., 2018).
An added benefit of a chronic spinal imaging window is that after
implantation, and at later time points, the inflammatory response
is minimal, giving better insight into the native function of the
spinal cord (Fenrich et al., 2013).

Three recent studies have investigated in vivo dorsal horn
neuron calcium responses to several different modalities of hind
paw stimuli, including pinch, brush, cold, and heat (Nishida
et al.,, 2014; Ran et al.,, 2016; Chen et al., 2018). These studies
have found significant overlap in the modalities that can activate
individual neurons, as well as grading in both the percentage
of neurons active and the amplitude of the ultimate measured
calcium response. Notably, one study found that stimulating the
anterior cingulate cortex resulted in potentiation of the calcium
response in over 50% of pinch-responding neurons in the dorsal
horn, indicating rapid descending modulation of spinal cord
neuron excitability (Chen et al., 2018). These initial results will be
incredibly interesting to investigate further through combination
with optogenetic stimulation, or with the labeling of genetically
distinct neuronal populations, to begin to delineate which
spinal cord cell types contribute to the processing of different
sensory modalities.

Although not strictly within the spinal cord, two
complementary studies to the ones above were recently
performed for primary afferent neuron cell bodies within the
dorsal root ganglia (DRG), measuring in vivo calcium responses
in DRG cell bodies to various stimuli (Chisholm et al., 2018;
Wang et al., 2018). In these studies, GCaMP6 was introduced into
DRG cell bodies through injection of the AAV9 or AAVS viral
vectors, respectively, under a general CAG promoter. Various
thermal and mechanical stimuli were presented to the hind paw
while the mice were under anesthesia and spinal restraint. By
studying the responses of a large population of cells to multiple
stimuli, both studies concluded that many primary afferent
neurons were polymodal, responding both to thermal and
noxious mechanical stimulation. Wang et al. additionally found
that heat and cold are differentially encoded by DRG activity,
such that increasing heat produced a graded response in a subset
of heat-sensitive neurons, while increasingly cold temperatures
activate distinct subsets of cells to reveal a population level

encoding. In the future, it is hopeful that these types of study
will also be performed within the spinal cord, and without the
necessity for anesthesia.

In summary, fluorescence imaging is a powerful tool for the
monitoring of cellular activity. Although several considerations
must be taken into account to most effectively employ this
technology, imaging remains an ideal way to monitor the activity
of hundreds of neurons or glial cells simultaneously at the
overall network level or in genetically defined subpopulations,
providing invaluable information about neuronal circuitry
and function. Calcium imaging can effectively be adapted
for a wide variety of paradigms, owing to the multitude of
ways that calcium indicators can be introduced into cells,
and the many experimental paradigms in which it can be
employed; ranging from single-cell patch pipette loading to
two-photon in vivo imaging of genetically-encoded calcium
indicators. While there are fewer examples of imaging with
voltage-sensitive indicators, likely owing to the relatively new
development of indicators with sufficient SNR for use in
tissue, advances in imaging technology and novel voltage
indicator development have paved the way for wider use of this
imaging modality.

SUMMARY AND OUTLOOK

Optical approaches allow for less invasive and highly selective
manipulation and measurement of cellular activity. Given
the complexity of the circuitry involved in the processing
of somatosensory information, these tools promise to aid in
unraveling how somatosensory information is encoded and
integrated within the spinal cord, and how these processes
change in conditions such as pathological pain.

Optogenetic tools such as ChR2 and ArchT have been
effectively utilized to rapidly and non-invasively activate and
inactivate specific neuronal populations, respectively. Molecular
genetic approaches have allowed for directed, tissue-specific
opsin expression with the cre-lox system, and surgical advances
have paved the way for precise, stereotaxic injections for virally-
mediated transduction. The ability to transgenically or virally
introduce both excitatory and inhibitory opsins to the same
population of neurons has opened new possibilities to study
the role of discrete spinal cord neuronal populations with
remarkable resolution. Using these techniques, optogenetics
has been used in a multitude of studies, from defining the
contributions of various distinct primary afferent fibers in
somatosensation to single-neuron interrogation of spinal dorsal
horn circuitry.

As the gold standard for fluorescence imaging of cellular
activity, calcium imaging provides the capacity to detect discrete
events within single cells, while simultaneously recording from
ensembles of neurons in the spinal cord. This is especially
powerful when utilizing genetically-encoded calcium indicators
that can be driven to molecularly distinct populations of neurons
or glia, and can be used to answer many outstanding questions
in the field, including the possibility of neuronal synchrony,
and how activity in populations of spinal cord neurons and glia
determine freely moving behaviors in real-time.
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Given the high diversity of calcium indicators, we have
presented three major considerations in choosing a calcium
indicator: the desired activation wavelength, tissue delivery
technique, and indicator affinity. By considering these variables,
calcium imaging experiments can be utilized optimally within the
spinal cord. Technological advances in both calcium indicators
and microscopy now allow for single-cell, and subcellular
resolution with an in vivo approach, but major challenges
concerning microscope stability and anesthetic conditions
remain. Nonetheless, the utility of calcium imaging as a measure
of cellular activity, and the relative degree of non-invasiveness
compared to electrophysiology, makes this technique invaluable
for elucidating spinal cord circuitry function at both single-cell
and network-level resolution.

The determination of brain circuitry in behavior is
moving towards all-optical interrogation, which combines the
comprehensive readout of cellular activity via calcium imaging
with the spatial and temporal precision of neuronal activation
via optogenetics. While the technical difficulties are substantial,
and especially so within the spinal cord, this approach could
provide the opportunity to define somatosensory circuitry
with unprecedented detail. Through combining expression
of blue-shifted and red-shifted indicators and opsins, such as
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