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Mechanisms of guided axon repair and molecular damage in neurons
Abstract
The nervous system processes information through complex networks of neurons and
damage to these cells can be enormously debilitating. Morphologically, neurons are connected
together by biological wires called axons, which establish the fundamental topology of these
networks. During development, this axonal connectivity is built through highly orchestrated
processes of axon extension and guidance. In the human central nervous system, following injury,
these axons are unable to precisely re-connect to their long-distance targets and overcoming these
intrinsic limitations is necessary to re-establish functionality. Using zebrafish motor neurons
engineered to express a photoactivatable Rac1 protein as a model of axon guidance, I show that
the endogenous guidance machinery of the growth cone can be co-opted to precisely and
noninvasively direct axon growth trajectories using light. Axons can be extended directionally,
over large distances, and within the complex environment of the whole, intact organism. Notably,
I find that competing endogenous signals can be overridden to redirect axon growth across
typically repulsive barriers and construct novel circuitry. In addition, optogenetic Rac1 stimulation
can rescue genetic axon guidance defects in mutant zebrafish. These data demonstrate that a
ubiquitous central component of the intrinsic growth cone guidance machinery can be co-opted to
non-invasively shape connectivity within neuronal networks in living intact organisms.
In addition to axonal injury, neurons can suffer molecular damage to their fundamental
genomic blueprints. Chromosomal loss of small DNA fragments can result in the formation of
extrachromosomal circular DNAs (eccDNAs), which are present even in embryonic brains. To
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investigate eccDNA formation in neurons, eccDNAs were sequenced from two subtypes of murine
cortical neurons. These eccDNAs arose stochastically, but were enriched in dynamically regulated,
gene coding regions and in activity-dependent genes. These results suggest that eccDNA formation
may reflect a novel mechanism of DNA damage, with important consequences for neuronal
function, aging, and disease. Overall, damage to neurons can have devastating consequences and
as our understanding of these cells deepens, new therapeutic strategies will be needed to repair this
damage.

iv

Table of Contents
Acknowledgements .......................................................................................................................... vii
Chapter 1: Introduction.....................................................................................................................1
Molecular choreography of brain wiring during development .......................................................2
Journey to the center of the brain: the axonal GPS system ............................................................3
Intrinsic programs direct axons through the environment ............................................................13
Rac1: a central intracellular mediator of axonal responses to environmental signals. ...............16
Genetic diseases of disrupted of axon guidance ............................................................................19
Spinal cord injury ............................................................................................................................22
Conclusions and significance .........................................................................................................26
Chapter 2: Optogenetic manipulation of intrinsic machinery to control axon guidance in
vitro ......................................................................................................................................................27
Contributions ...................................................................................................................................28
Introduction......................................................................................................................................28
Materials and methods ....................................................................................................................36
Results ..............................................................................................................................................39
Discussion ........................................................................................................................................46
Chapter 3: Optogenetic axon guidance overcomes developmental boundaries to form novel
neuronal circuitry in vivo.................................................................................................................49
Contributions ...................................................................................................................................50
Introduction......................................................................................................................................50
Materials and methods ....................................................................................................................58
Results ..............................................................................................................................................62
Discussion ........................................................................................................................................71
Chapter 4: Rescue of pathologic axonal circuitry using optogenetic guidance ......................75
Contributions ...................................................................................................................................76
Introduction......................................................................................................................................76
Materials and methods ....................................................................................................................80
Results ..............................................................................................................................................81
Discussion ........................................................................................................................................84
Chapter 5. Discussion .......................................................................................................................88
Alternative molecular targets for optogenetic axon guidance ......................................................89
Lighting the path forward: scaling, delivery and optimization of light stimulation .................91
The role of circuit architecture on neuronal identity .....................................................................95
Illuminating the emerging brain network dynamics and information processing .......................96
Engineering neuronal networks in a dish .......................................................................................97
Clinical optogenetic repair of axonal circuits ................................................................................99
Beyond the brain: shaping tissue architectures with light ......................................................... 101
Conclusions ................................................................................................................................... 102
References ....................................................................................................................................... 104
Appendix 1: Supplemental Movies and Tables ......................................................................... 138
v

Appendix 2: Characterization of extrachromosomal circular DNA in cortical neuron
subtypes ........................................................................................................................................... 141
Contributions ................................................................................................................................ 142
Abstract ......................................................................................................................................... 142
Introduction................................................................................................................................... 142
Methods ......................................................................................................................................... 144
Results ........................................................................................................................................... 146
Discussion ..................................................................................................................................... 159
References ..................................................................................................................................... 164
Appendix 3: Building blocks of the cerebral cortex: from development to the dish........... 169
Abstract ......................................................................................................................................... 171
Introduction................................................................................................................................... 171
Neurons of the mammalian cerebral cortex: cellular diversity at its best. ................................ 175
Projection neurons compose the entirety of the cortical output circuit..................................... 175
Cortical interneurons modulate the function of projection neurons within the local microcircuit
....................................................................................................................................................... 180
Glial cells: much more than just “glue” ...................................................................................... 182
Building cortex in the dish. .......................................................................................................... 184
Concluding remarks and perspective. ......................................................................................... 190
Acknowledgements ...................................................................................................................... 191
References ..................................................................................................................................... 192

vi

Acknowledgements
An enormous number of people put me on the path to graduate school and supported me
through this challenge.
First and foremost, I would like to thank my thesis advisor, Paola Arlotta for her incredibly
inspiring scientific mentorship, for holding me to the highest standards of excellence and rigor, for
allowing me the freedom to explore, and for creating a great lab environment in which to spend
my formative scientific years. I would also like to thank my lab mates who were always kind,
helpful, supportive, and the source of many fascinating conversations and fun times. In particular,
I would like to acknowledge my fellow graduate students, Ryoji Amamoto, Aurora Zhang, and
Mo Mostajo for their endless support and comradery, which made my time in the lab a blast. I
would also like to thank all of the post-docs who have helped me in my work including John
Sherwood, Vahbiz Johki, Ashwin Shetty, Wen Yan, Bruna Paulsen, Giorgia Quadratto, Jojo
Nuyen, Simo Lodato, Ema Zuccaro, Chiara Gerhardinger, and May Chen and everyone who has
provided support, feedback and ideas. Juliana Brown deserves special thanks for all of her
experimental help and for feedback on much of my written work. Zak Trayes-Gibson made the
lab run smoothly and was a great collaborator on a wide range of extracurricular experiments.
Thank you so much Andy Wang, who was an incredibly kind, talented undergraduate that I had
the privilege of mentoring, working with, and learning from, who put in countless hours at the
microscope and at the bench to push the optogenetic axon guidance project forward. It was a
pleasure working with Andy. I would also like to thank the Stem Cell and Regenerative Biology
department for a collaborative atmosphere with great people, enriching programming and
dedicated support staff.

vii

I am deeply indebted to people who provided invaluable technical help and support
including Paul Oyler-Castrillo in the Arlotta lab, Doug Richardson and the staff of the Harvard
Center for Biological Imaging, Claire Hartmann, Jeff Nelson, and Zach Niziolek in the Bauer
Core Facility. Isaac Adatto and Lauren Krug deserve special thanks for helping me with zebrafish
experiments and for keeping the fish very healthy and happy. I would also like to thank my
collaborators including Jonathan Boulanger-Weill in Jeff Lichtman’s lab for his tireless EM work
and Cristina Santoriello in Len Zon’s lab for her help with zebrafish experiments and for reading
manuscript drafts. Sean Eddy and David Gifford provided insightful conversations and openly
shared their bioinformatics expertise with me.
I had tremendous mentors outside of the Arlotta lab as well including my DAC committee
members: Susan Dymecki, Roberto Chiarle, Raul Mostoslavsky and John Rinn, who provided
invaluable feedback, encouragement and coaching along this difficult path. I would also like to
thank my defense committee: Lisa Goodrich, Stephen Liberles and Rolf Karlstrom for their time
and wonderful feedback. Also, thank you to Connie Cepko and David Gifford for mentoring me
for an F30 NIH fellowship and Chinfei Chen for her sage advice over the years as my PiN mentor.
It is such an honor to be a part of the MD/PhD program, which is absolutely amazing and
I am forever grateful to be in this incredible environment stuffed to the brim with amazingly smart,
caring and fun-loving colleagues. In particular, Loren Walensky is a tireless advocate and leader
of the program, who along with Amy Cohen and the entire MD/PhD office, have greatly reduced
the hurtles in my path, supported me along the way, and provided an incredibly enriching
community and engaging educational programming. I always feel at home when talking with a
fellow MD/PhD student and I was incredibly fortunate to have an amazing cohort who, to an

viii

individual, are amazing colleagues and friends. The leadership faculty including Thomas Michelle
and Bruce Levy ran amazing programs and provided incredible support and encouragement.
The Program in Neuroscience has also offered me fascinating and enriching educational
opportunities and is made up of an extremely impressive group of faculty and students. Thank you
to Roz Segal for her leadership and Karen Harmin for making everything from DACs to retreats
run smoothly. During my time in lab, I had an incredibly rewarding opportunity to serve as a TA
for HST130 and I would like to thank the course faculty Jeff Holt, Lisa Goodrich, Roz Segal and
Ziv Williams and especially the course directors Mathew Frosch and John Assad, for providing
me with the opportunity to teach and for the help and support throughout the course. I was also
fortunate to have amazing fellow TAs who made my job much easier- thank you guys so much.
Thanks so much to my PiN friends especially Rob Johnson, Mike Bukwich, Steven Holtz and Ivan
Santiago for the comradery, fascinating discussions, support, and for making my graduate school
experience tremendously interesting and fun.
Prior to graduate school, I was fortunate to be in the unique research oriented HST MD
program, full of like-minded physician scientists who approach medicine from a scientific
perspective. This curriculum was incredibly engaging and I am grateful for the unique perspective
it provided me. Thanks so much to all of the dedicated faculty and staff in HST, especially Mathew
Frosch, Rick Mitchell, David Cohen, Wolfram Goessling and Patty Cunningham who are amazing
stewards of Irving London’s legacy. Thanks so much to my classmates as well who spent close to
every waking minute with me during HST in class or studying and I who got to know extremely
well. I was extremely lucky that this group was incredibly friendly, collaborative, talented and funloving and who will be lifelong friends.

ix

I would also like to thank the people whose infectious passion for science inspired my path
here. Wolfram Goessling and Trista North deserve special thanks for getting me to where I am
today. As one of the first hires when they started their labs, they taught me a tremendous amount
about how to ask questions and answer them scientifically and allowed me to take ownership of
my own project. They also were incredibly generous with their time, helping me with countless
personal statements and providing direction and guidance as I tried to figure out what to do with
my life. In particular, seeing patients who were receiving experimental therapies based on our
work in the lab was tremendously reward and sent me down this path. I certainly would not be
writing this today if I had not met Wolfram and Trista and they have been inspiring, caring,
tremendous mentors ever since.
Also, my experience as an undergraduate in the Bowdoin neuroscience program was
incredible and I cannot thank Rick Thompson, Patsy Dickenson and especially Hadley Horch
enough for their tremendous dedication, support and mentorship. The Offer of the College
certainly rings true and I thank all of my friends in the neuroscience program and fellow classmates
for making my time there so special.
Adrianna San Roman deserves extra special thanks as my amazing partner through this
journey. She supported me at every step of the way, providing unbounded love, encouragement,
support, and patience. It has been tremendously fun exploring Boston and beyond, while sharing
our curiosity, learning all about each other and the rest of the world. I have grown tremendously
through our time together. Adrianna’s family has welcomed me as one of their own and I have
had great times with Donna, Gerry, Amanda and Ali. I am incredibly lucky to have her as a partner.
Finally, I would like to thank my family for their unconditional love and support. Thanks
so much for cheering me on and believing in me for all of these years. Your unwavering support

x

keeps me going when the road gets hard and the skies turn gray. Thank you so much to my sister,
Lauren, who is a tremendous role model and who inspires me every day with her achievements in
the clinic and in the lab, her extreme mountaineering, and all around good nature. I can never repay
the sacrifice my parents, Jim and Janet have made for me. They truly poured all of themselves into
Lauren and I. They are inspiring and loving role models who work tremendously hard and are
doggedly persistent. Thank you so much for all your love, support, and encouragement.

xi

Chapter 1: Introduction

Molecular choreography of brain wiring during development
The mammalian nervous system consists of billions of neurons that are connected together
in highly complex, stereotyped networks by biological wires called axons. A central question of
neuroscience is how all of these axons navigate precisely to distant targets during development to
establish the fundamental network architecture of the nervous system. Since 1890, when Santiago
Ramon y Cajal first described a specialized structure at the tip of a growing axon that he dubbed
the “growth cone” (Cajal, 1890), more than one hundred years of work has uncovered foundational
mechanisms that mediate this complex process of axon guidance. This knowledge opens the
possibility of applying our understanding of these mechanisms to control axon guidance to
engineer novel neuronal circuits to better understand their function and to repair axonal
connections disrupted by disease.
What are these principles and mechanisms that mediate axon guidance? A wide body of
foundational work has revealed that axon guidance relies on combinatorial interactions between
extracellular cues in the environment and intrinsic gene expression programs and cell states within
developing neurons. Extracellular cues provide positional information designating anatomical
location, while intracellular molecular programs determine the appropriate axonal guidance
responses to these environmental signals. Thus, each neuron is endowed with a genetic set of
directions to navigate the body’s environmental global positioning system to arrive at its specific
target. Here I first describe the axon guidance cues that form anatomical maps of the body, next I
introduce the molecular mechanisms that allow axons to navigate these maps, and finally I describe
how these axonal connections can be disrupted by pathology.
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Journey to the center of the brain: the axonal GPS system
Decades of research have uncovered large portions of a molecular global positioning
system in the brain and body that gives growing axons the temporal and positional information
they require to reach their appropriate destinations. This molecular GPS system is highly complex,
employing diffusible morphogens and guidance factors, cell surface recognition factors,
extracellular matrix components and other molecules in intricate patterns (Tessier-Lavigne and
Goodman, 1996; Zou and Lyuksyutova, 2007). To gain an intuition for these maps and how they
compare across different regions of the nervous system, here I describe the positioning of classic
axonal guidance factors used by several representative neurons from different parts of the nervous
system. In doing so, I hope to extract common themes to develop a general understanding of the
principles and patterns that organize these anatomic maps.
While axon guidance cues are classically described as either attractive or repulsive, this
nomenclature can be confusing, since the valence of these cues can be context dependent. The
same axonal guidance cue can induce opposite responses in different types of neurons or even at
different times within a single neuron (Chen et al., 2008). Rather, the alternative approach taken
here is to view signaling molecules as neutral markers of anatomic location, to which axons will
respond according to their intrinsic cell state and gene expression programs.
DI1 spinal interneurons are prototypical midline crossing commissural axons
We start our journey with the spinocerebellar dI1 commissural interneurons, whose axonal
guidance program is one of the most thoroughly characterized in the mammal. These second order
interneurons relay proprioceptive information from golgi tendon organs and muscle spindle
sensory apparati through the spinal cord up to the cerebellum (Bermingham et al., 2001; Millen et
al., 2004; Yuengert et al., 2015). The dI1 neurons have cell bodies in the dorsolateral region of the
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spinal cord (Hernandez-Miranda et al., 2017). After axonogenesis, axons grow ventrally, away
from BMP7 (Augsburger et al., 1999) and Draxin (Figure 1.1)(Islam et al., 2009) expressed by the
powerful morphogenic organizing center, the roof plate, which is located at the dorsal midline.
Axons continue their growth ventrally, toward Netrin-1 (Kennedy et al., 1994) from the floor plate,
a ventral midline morphogenic structure (Kennedy et al., 1994), as well as the radial processes of
ventricular zone radial glial that extend through the neuropil to the pial surface (Dominici et al.,
2017; Varadarajan et al., 2017). While there was debate about which of these structures provided
the relevant Netrin-1 signal, it has recently been appreciated that both sources are important for
appropriate dl1 axon guidance (Moreno-Bravo et al., 2019). Once dI1 axons arrive at the ventral
aspect of the spinal cord, they turn medially following sonic hedgehog (Shh) (Charron et al., 2003)
and vascular endothelial growth factor (Vegf) (Ruiz de Almodovar et al., 2011), which are
expressed by the floor plate. After crossing, the axons turn rostrally using rostral-high Wnt4
(Lyuksyutova et al., 2003) and caudal-high Shh gradients (Bourikas et al., 2005) to orient
themselves longitudinally, and grow through the spinal cord to the cerebellum. Floor plate-derived
Sema3B (Nawabi et al., 2010) and Slits 1, 2 and 3 (Long et al., 2004) provide a midline signal,
which axons use to remain on the appropriate side of the midline. In conjunction with these midline
signals, Ephrin B expression in the dorsal spinal cord, allows axons localize to the appropriate
ventrolateral position as they ascend the spinal cord (Imondi and Kaprielian, 2001). These dI1
spinocerebellar interneurons represent a prototypical pattern of axon guidance repeated by various
other mid-line crossing commissural neurons in the central nervous system. Their guidance
illustrates the importance of powerful midline signaling centers that serve to organize the left-right
body axis for neurons.
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Figure 1.1 Axon guidance cues provide positional information used during dI1 commissural
spinocerebellar axon pathfinding in a coronal cross section of the spinal cord. Major midline
signaling centers that orient these axons include the roof plate (magenta) and the floorplate
(lavender), that allow these axons to cross this important plane of symmetry.
Dopaminergic midbrain neurons find diffuse targets throughout the forebrain
Next, we move to the mesencephalon (midbrain) where dopaminergic neurons have cell
bodies located in several ventral nuclei including the A8 neurons in the retrorubral field, A9
neurons in the substantia nigra pars compacta and A10 neurons in the ventral tegmental area
(Albanese et al., 1986; Prestoz et al., 2012). Despite their disparate origins, dopaminergic neurons
from these three areas all project axons rostrally along a common pathway called the medial
5

forebrain bundle, through the mesencephalon, into the diencephalon where they diverge with
projections terminating in the striatum, limbic structures and cortex (Bjorklund and Dunnett, 2007;
Voorn et al., 1988). The axon guidance of A9 neurons that form the nigrostriatal pathway is
particularly well characterized due to their clinical relevance to Parkinson’s disease (Hegarty et
al., 2013). Initially, in the mesencephalon, these A9 grow rostrally and ventrally out of the
substantia nigra, away from dorsocaudal structures that express several overlapping gradients of
axon guidance factors (Prestoz et al., 2012). These factors include Sema3F, expressed caudally by
the midbrain hindbrain boundary, a major morphogenic organizer (Yamauchi et al., 2009) and in
the pretectum, a dorsorostral mesencephalic structure(Hernandez-Montiel et al., 2008; Torre et al.,
2010) and Slit1 from the dorsal mesencephalon (Dugan et al., 2011) (Figure 1.2). Dopaminergic
axons next grow rostrally, oriented by opposing Wnt7b and Wnt5a gradients that are high in the
rostral and caudal mesencephalon respectively (Blakely et al., 2011; Fenstermaker et al., 2010).
These mesencephalic signals allow dopaminergic axons to converge into the tightly fasiculated
medial forebrain bundle (Prestoz et al., 2012).
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Figure 1.2 Map of axon guidance cues dopaminergic axons use to navigate through the brain.
A sagittal section of the brain shows dopaminergic axons from the mesencephalon (orange)
traverse the diencephalon (magenta) on the way to the telencephalon (green). Axon guidance
factors are labeled in blue. 4V- 4 ventricle, LV- lateral ventricle, CM- caudal mesencephalon,
th

VM-ventral mesencephalon, DM-dorsal mesencephalon, VT-ventral thalamus, DT-dorsal
thalamus, LGE-lateral ganglionic eminence, PFC- prefrontal cortex, Cx- cortex
After exiting the mesencephalon, dopaminergic axons grow through the diencephalon and
a number of signals help keep this bundle tightly oriented in the correct direction. Slit1 and 2
(Dugan et al., 2011) and Netrin-1 expressed at the ventral midline are avoided by these axons,
preventing them from crossing(Xu et al., 2010). Additionally, Ephrin-A5 is expressed in the
thalamus, a dorsal structure, which dopaminergic axons avoid, maintaining a ventral course
through the hypothalamus (Deschamps et al., 2009). At a choice point in the hypothalamus, Shh
is expressed at the ventral midline and a subset of A10 dopaminergic axons from the ventral
7

tegmental area recognize this cue, responding with ventromedially growth, which puts them on a
path to nucleus accumbens, pallidum, and subthalamus (Hammond et al., 2009). The remainder of
the dopaminergic axons continue rostrally into the telencephalon.
As these remaining dopaminergic axons grow rostrally in the ventral telencephalon, fibers
begin to peel away, growing dorsally, into the striatum (Prestoz et al., 2012). An Ephrin-A5
gradient with a peak at the rostroventral tip of the diencephalon may provide a crucial positional
signal that allows dopaminergic axons to spread to specific points within the striatum or continue
on to the cortex (Cooper et al., 2009; Deschamps et al., 2009; Sieber et al., 2004). The precise
location of divergence for each axon may result from fine-tuning of its response to this gradient
(Prestoz et al., 2012). Within the striatum, another gradient of high ventrolateral Netrin-1
expression reinforces the Ephrin-A5 gradient, allowing A10 neurons from the ventral tegmental
area to innervate the ventrolateral striatum, while A9 neurons from the substantia nigra innervate
the dorsomedial striatum(Li et al., 2014). Ephrin-B2 in the ventral striatum is a specific signal that
nigrostriatal axons turn away from, growing up into the dorsal striatum(Yue et al., 1999). As with
many other regions, in the telencephalon, Slit1 and Slit2 are expressed at the midline, which
dopaminergic neurons avoid to remain on the ipsilateral side(Bagri et al., 2002). For dopaminergic
neurons that project into the medial prefrontal cortex, Sema3F is expressed in the cortical plate,
which mesocortical dopaminergic axons will grow toward at the appropriate time to innervate the
cortex(Kolk et al., 2009). Overall, dopaminergic axons clearly demonstrate how despite being
tightly fasiculated together in the median forebrain bundle, each neuron operates its own intrinsic
guidance programs, allowing for vast divergence of axons to many different targets across the
forebrain.
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Thalamocortical axons are organized in functional maps
Reciprocal circuitry between the thalamus and cortex are key components of sensory and
motor processing (Lopez-Bendito and Molnar, 2003; Price et al., 2012). Thalamocortical axons
initially project ventrally out of the thalamus toward the hypothalamus, but the signaling molecules
that orient this initial growth are unknown (Molnar et al., 2012; Price et al., 2012). As these axons
grow through the prethalamus, they turn sharply away from Slit-1 and Slit-2 expressed in the
midline ventral hypothalamus, growing instead dorsolaterally toward the ventral telencephalon
(Bagri et al., 2002; Braisted et al., 2009) and into the primordial internal capsule, called the
corridor, which is a major fiber pathway that crosses the diencephalic/telencephalic boundary,
traverses the ventral telencephalon, and crosses the pallial/subpallial boundary (Hanashima et al.,
2006) (Figure 1.3). In the corridor, numerous overlapping gradients allow thalamocortical axons
to find their correct place along the rostrocaudal axis, preparing these axons to innervate the
appropriate cortical areas (Molnar et al., 2012). These guidance factors include rostral high Slit1(Bielle et al.) and Netrin-1(Braisted et al., 2000) and caudal high Sema3a(Wright et al., 2007),
Sema3F (Demyanenko et al., 2011), and Ephrin-A5(Dufour et al., 2003). As they grow through
the corridor, thalamocortical axons avoid Sema6a from the amygdala, which provides a
ventrolateral positional cue (Leighton et al., 2001; Mitsogiannis et al., 2017). After being initially
sorted in the corridor, thalamocortical axons continue into the subpallium, where the gradients of
Netrin-1(Powell et al., 2008), Sema3A (Wright et al., 2007), and Ephrin-A5 persist to reinforce
the rostrocaudal axonal mapping(Dufour et al., 2003). As they enter the cortex, thalamocortical
axons grow to the correct medial-lateral area using an Ephrin-A5 gradient with strongest
expression at the midline (Dufour et al., 2003).
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Figure 1.3. Coronal section depicting a map of cues influencing thalamocortical axon
guidance. Thalamocortical axon is in blue. LV- lateral ventricle, III- third ventricle.
Thalamocortical axon guidance depends on interactions with guidepost cells in the
corridor, called corridor cells, which are born in the lateral ganglionic eminence and migrate
ventromedially through the medial ganglionic eminence to the telencephalon/diencephalon
boundary (Lopez-Bendito et al., 2006). Corridor cells express Neuregulin-1, which is required for
thalamocortical axons to extend through the corridor(Lopez-Bendito et al., 2006). These cells
provide a powerful signal to the thalamocortical axons, since ectopic positioning of corridor cells
in the normally nonpermissive caudal ganglionic eminence could induce thalamocortical axon
outgrowth in this aberrant region (Lopez-Bendito et al., 2006). The development of
thalamocortical axons illustrates how gradients of axon guidance factors can organize axons into
10

exquisite anatomic maps and how guidepost cells provide intermediate targets for axons on the
way to their final destinations.
Callosal axons of the cerebral cortex
Finally, we turn to the corticocortical axons that project across the corpus callosum to
connect the two cortical hemispheres. The callosum is pioneered by axons of the cingulate cortex
(Koester and O'Leary, 1994), which face a similar midline crossing challenge as the commissural
neurons of the spinal cord. However, rather than crossing the midline ventrally through the floor
plate, callosal axons pass through a specialized structure in the dorsal aspect of the brain that results
from the fusion of the telencephalic vesicles (Silver et al., 1993). Callosal axons grow away from
Sema3a expressed in the lateral cortex (Zhao et al., 2011) toward Netrin-1, expressed in the
midline regions of the cortex(Fothergill et al., 2014) (Figure 1.4). Axonal growth continues toward
Sema3c expressed by a midline glial structure called the indusium griseum(Piper et al., 2009). As
callosal axons approach the midline, they use additional signals from the indusium griseum and
another midline glial structure called the glial wedge to grow in a narrow channel between these
glia (Silver et al., 1993). Specifically, callosal axons avoid Slit-1,2,3 (Unni et al., 2012),
Draxin(Islam et al., 2009) and Wnt5a(Wang et al., 2006), expressed in glial wedge cells and Slit2 (Shu and Richards, 2001) and Draxin (Islam et al., 2009) expressed in the indusium griseum.
After crossing the midline, axons grow into the contralateral cortex, away from these midline glial
signals. The axon guidance of the callosal axons relies on a unique approach to midline crossing
using populations of glial signaling centers that form after fusion of telencephalic hemispheres.
This unique approach is a recent evolutionarily innovation of this neuronal subtype (Suarez et al.,
2014).
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Figure 1.4 Axon guidance cues used by cingulate cortex callosal neurons as they pioneer the
path of the corpus callosum to the contralateral hemisphere. A coronal section illustrates an
alternative midline crossing strategy that relies on signaling from the indusium griseum and glial
wedge midline structures (pink).
While each of these neuronal subtypes navigates disparate brain regions and experiences
unique molecular environments, several common themes stand out. First, the midline is a crucial
plane of symmetry within the brain and many key signaling centers are midline structures that
often express similar guidance cues such as the Slits and Shh. Next, while axons of a neuronal
subtype may converge in common paths for parts of their axonal guidance, gradients of axon
guidance cues allow these axons to map themselves with striking precision across target regions.
Furthermore, in general, axons largely tend to grow away from signals that surround their path,
with comparitively few signals inducing outgrowth along their path. Perhaps this is a result of
experimental biases that makes it easier to identify surrounding signals, but if this pattern is indeed
true, this feature has important implications for strategies to engineer axonal guidance in tissue.
Overall, the anatomic coordinate system used for axonal guidance is a beautiful example of the
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amazing elegance and complexity that has evolved to construct the nervous system during
development.
Intrinsic programs direct axons through the environment
While extracellular axon guidance molecules define a spatiotemporal map of the body,
each neuron navigates this environment according to its own directions defined by the expression
of specific genetic programs that unfold to mediate appropriate guidance responses (Polleux et al.,
2007). Receptors that sense environmental axon guidance molecules are essential components of
these programs (Dickson, 2002). Classic axon guidance factor and receptor pairs are Slit and
Robo, Eph and Ephrin, Sema and Plexin/Neuropilin, Wnt and frizzled, Netrin and Unc-5/DCC
(Bashaw and Klein, 2010). However, there is considerable crosstalk and interaction of these and
other receptors(Stoeckli, 2018).
While foundational work has been done to define, classify, and elucidate the molecular
mechanisms of these axon guidance receptor families, here I will focus on the broader mechanisms
of regulation used by the intrinsic guidance programs to allow axons to arrive at their appropriate
destinations. These programs rely on regulation at all levels of signal transduction and response
including the transcription, translation and post-translational processing of axon guidance
receptors, as well as modulation of downstream signaling cascades.
A fundamental determinant of how axons respond to their environment is the identity of
the receptors present on the surface of the growth cone that sense the molecular cues, to which the
axons can respond. Transcriptional regulation determines which axon guidance receptors are
expressed and when this expression occurs (Polleux et al., 2007). This transcriptional regulation
is a major part of neuronal cell type molecular identity (Polleux et al., 2007). For example, fezf2,
a selector of corticospinal motor neuron identity, induces the expression of the Ephb1 receptor that
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allows for ipsilateral extension of the corticospinal tract and prevents abnormal anterior
commissure crossing (Lodato et al., 2014). Furthermore, environmental changes experienced by
the growth cone can trigger transcriptional changes within the neuron (Stoeckli, 2018). For
example, in Drosophila commissural axons, the Netrin receptor Frazzled is cleaved, releasing an
intracellular domain that travels to the nucleus where it upregulates commissureless gene
expression, which in turn promoting midline crossing (Neuhaus-Follini and Bashaw, 2015). Also
at the transcriptional level, splicing can play a key role in modulating the response of guidance
receptors (Chilton, 2006). For instance, murine spinal commissural axons express the Robo3.1
spliciform prior to midline crossing, which subsequently switches to Robo3.2 after midline
crossing(Chen et al., 2008). Robo3.1 inhibits the repulsive response of the other Robo receptors
prior to crossing, while Robo3.2 acts synergistically to mediate midline repulsion following
crossing (Chen et al., 2008). Clearly transcriptional regulation of axon guidance receptor
expression is a central component of the intrinsic neuronal axon guidance programs.
Following transcription, neurons may also dynamically control axon guidance responses
by regulating the translation of these transcripts (Jung et al., 2012). Interestingly, this translation
can occur locally at the growth cone in response to the surrounding signaling environment
(Dickson, 2002). For example, in chick spinal cord commissural axons, translation of EphA2
mRNA is upregulated locally in growth cones after midline crossing (Brittis et al., 2002). Receptor
translation can also be modulated by mRNA interaction with RNA-biding proteins (Hornberg et
al., 2016) and microRNAs (Yang et al., 2018). This translational regulation adds an additional
layer to underlying transcriptional programs to fine tune axonal guidance programs.
Next, post translational modifications can influence receptor activity and function.
Receptors can be dynamically inserted or removed from the cell membrane. For example, in
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Drosophila commissural neurons approaching the midline, the Commisureless protein recruits
Robo into endosomes, preventing its interaction with repulsive Slits in the extracellular
environment (Keleman et al., 2002). Endosomal Robo receptors are then marked for degradation
by the ubiquitin proteasome system, preventing Robo-mediated Slit repulsion until the appropriate
time once the axon crosses the midline (Myat et al., 2002). In mice, upon midline crossing of
commissural spinal neurons, RabGDI inserts Robo1 into the membrane allowing for Slit mediated
repulsion (Philipp et al., 2012). Beyond membrane localization of receptors, growth cones can also
secrete proteases which cleave receptors to trigger intracellular signaling or shed receptors from
the cell surface (Bai and Pfaff, 2011; Galko and Tessier-Lavigne, 2000; McFarlane, 2003).
In addition to regulation of receptor expression, neurons can modulate signaling cascades
downstream of these receptors to tune guidance responses (Chilton, 2006). For example,
modulation of cyclic-AMP (cAMP) levels can determine the valence of axon guidance receptor
activity, with higher levels of cAMP resulting in attractive responses and low levels of cAMP
resulting in repulsive responses to the same cue(Ming et al., 1997; Song et al., 1998; Song et al.,
1997). Similarly, calcium signaling can also determine the direction of growth in response to axon
guidance cues (Chilton, 2006). For example, in Xenopus, blockade of Ca channels is sufficient to
2+

convert Netrin-1 mediated attraction to repulsion (Hong et al., 2000). These striking examples
illustrate how seemingly simple modifications of downstream signaling cascades can have
significant consequences for guidance decisions.
Axons navigate extracellular positional maps of guidance cues using intrinsic programs to
connect to the correct targets. These programs consist of many levels of complex regulation from
signal transduction at the receptor through the downstream cascades that mediate the appropriate
response. While I have highlighted only a few examples here, the unique combinatorial use of
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these numerous mechanisms spanning many different levels of regulation exponentially expands
the flexibility of neurons to navigate their environment. This allows a relatively limited number of
genes to wire billions of neurons precisely and uniquely together in the brain.
Rac1: a central intracellular mediator of axonal responses to environmental signals.
Downstream of axon guidance receptors and their second messenger cascades are a number
of pathways that carry out appropriate responses to these environmental signals(Bashaw and Klein,
2010). Common to all of these guidance receptor pathways are key molecules from the Ras GTPase
family including Cdc42, Rac1, and RhoA (Bashaw and Klein, 2010). In particular, I will focus on
Rac1, which serves as a key link in coordinating appropriate intracellular responses to extracellular
environments sensed by cell surface receptors that mediate axon guidance (Hua et al., 2015b;
Kaufmann et al., 1998; Matsuura et al., 2004). Upon translation, Rac1 is prenylated with a
lipophilic geranyl-geranyl group (Seabra, 1998). The majority of Rac1 is sequestered in the cytosol
in the GDP-bound inactive state (Moissoglu et al., 2006) by GDP dissociation inhibitors
(DerMardirossian and Bokoch, 2005) (Figure 1.5). When axon guidance receptors bind their
cognate ligands, a variety of second messenger cascades are activated, which act in complex,
reinforcing signaling networks. As a consequence, Rac1-GDP is translocated to the inner surface
of the membrane, where GTP exchange factors (GEFs) activate Rac1 by replacing the GDP with
GTP (DerMardirossian and Bokoch, 2005). New single-molecule imaging techniques have
allowed for examination of the spatial and temporal dynamics of this Rac1 activation at
unprecedented detail, especially in the context of cell migration. During migration, Rac1 is
translocated to the membrane through interaction with phospholipids, especially PI(3,4,5)P (Das
3

et al., 2015). Using single molecule super resolution microscopy, it was discovered that activated
Rac1 aggregates in immobilized nanoclusters of 50-100 molecules(Remorino et al., 2017). These
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clusters form in cholesterol rich liquid ordered regions (lipid rafts) in the membrane (NavarroLerida et al., 2012) and are distributed in a gradient that becomes more concentrated in the
direction of protrusion (Remorino et al., 2017). In addition to Rac1, other key components of Rac1
signaling, including GEFs and downstream effector machinery, also aggregate in these
nanoclusters creating complete functional units(Remorino et al., 2017).

Figure 1.5 Intracellular Rac1 signaling pathways mediate cytoskeletal rearrangement
allowing for changes in cell morphology. GDP-bound Rac1 in the inactive state (red) is activated
by translocation to lipid rafts in the membrane and exchange of GDP for GTP by a GEF (GTP
exchange factor). Active GTP-bound Rac1 (green) induces downstream cascades that shape the
actin cytoskeleton.
To translate Rac1 activity into morphological responses in the cell, these Rac1 signaling
nanoclusters promote the development of early focal adhesions (called point contact adhesions in
the context of axon guidance (Short et al., 2016; Woo and Gomez, 2006)) at lamellipodial edges
(Remorino et al., 2017). These focal adhesions are comprised of integrins that are embedded in the
cell membranes and serve to anchor large bundles of actin, called stress fibers, to the extracellular
matrix (Geiger et al., 2001; Suter et al., 1998). These focal adhesions exhibit rapid dynamics, with
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assembly and disassembly occurring on a timescale of minutes (Parsons et al., 2010). Transient
adhesions gain structural integrity through a maturation process that can lead first to focal
complexes and finally focal adhesions, which are the largest, most stable form of extracellular
matrix adhesion (Parsons et al., 2010). While Rac1 activation is required for early focal adhesions,
Rac1 inhibition and RhoA activation are required for the maturation of these adhesions (Lawson
and Burridge, 2014). Rac1’s intrinsic GTPase function cleaves a phosphate from GTP, converting
it to GDP, leading to autoinhibition (Jaffe and Hall, 2005), allowing for the maturation of
adhesions.
Following activation, Rac1 mediates axonal guidance responses through interactions with
several targets that regulate local actin dynamics including Lamellipodin, Pak1 and the WAVE
complex (Figure 1.5). Lamellipodin is an adaptor protein that modulates Ena/VASP proteins
(Chang et al., 2006), promoting the extension of actin filaments, (Krause et al., 2003). PAK
phosphorylates LIM kinase (Edwards et al., 1999) and myosin light chain kinase. LIM kinase
phosphorylates cofilin (Edwards et al., 1999), inhibiting its ability to depolymerize F-actin (Yang
et al., 1998), whereas myosin light chain kinase promotes the formation of actin stress fibers and
focal adhesions (Chrzanowska-Wodnicka and Burridge, 1996). Finally, the WAVE complex
activates the Arp2/3 complex that catalyzes the nucleation of actin filaments (Eden et al., 2002;
Mullins, 2000). While mediation of actin remodeling is a central role of Rac1 in axon guidance,
Rac1 activation can have other relevant effects within a growth cone, such as endocytosis and
changes in the localization of guidance receptors (Bashaw and Klein, 2010). Overall, Rac1’s
central location in the molecular cascades downstream of all major axon guidance receptors allows
it to integrate positional information from receptor activation after axon guidance cue binding to
mediate appropriate axon guidance responses.
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With this understanding of the mechanisms underlying axonal guidance during normal
development to establish complex neuronal circuitry, I next examine the ways in which these
axonal circuits can be disrupted in clinical syndromes resulting from genetic loss of axon guidance
molecules or by physical injury to axons in the context of spinal cord injury. Ultimately, by better
understanding the pathology of damaged axonal connections and the developmental processes that
allow for their formation in the first place, new regenerative therapies may allow for the repair of
these disrupted neuronal circuits.
Genetic diseases of disrupted of axon guidance
Damage to genes that serve as axonal guidance signals or their receptors can result in a
variety of congenital diseases. These diseases include horizontal gaze palsy with progressive
scoliosis, congenital mirror movements and related syndromes, dyslexia, and the neuropsychiatric
diseases of schizophrenia and autism (Blockus and Chédotal, 2015; Nugent et al., 2012; Van
Battum et al., 2015). Patients with horizontal gaze palsy with progressive scoliosis present with
absent horizontal eye movement bilaterally and debilitating scoliosis(Bosley et al., 2005). These
patients have mutations in the Slit receptor, ROBO3, and numerous defects, stemming primarily
from the lack of appropriate midline crossing, have been observed in guidance of central nervous
system axons (Abu-Amero et al., 2009; Chan et al., 2006; Jen et al., 2004). These defects include
a failure of the corticospinal tracts (Abu-Amero et al., 2009; Ng et al., 2011) and dorsal columns
to decussate in the hindbrain (Haller et al., 2008; Sicotte et al., 2006), high frequency hearing loss
(Amoiridis et al., 2006), and abnormalities in cerebellar tract crossing (Haller et al., 2008; Sicotte
et al., 2006). In mice with Robo3 deleted specifically in the hindbrain, there are abnormalities in
the median longitudinal fasciculus and paramedian pontine reticular formation (Renier et al.,
2010). Similar abnormalities are likely present in humans with Robo3 mutations and underlie the
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failure of horizontal eye movements. It is interesting that the decussation failure of the major
ascending touch pathways and descending motor pathways do not have more profound clinical
symptoms, and this mild phenotype is likely a result of the formation of compensatory ipsilateral
connections (Amoiridis et al., 2006; Haller et al., 2008).
Patients with congenital mirror movements present with synkinesis, which consists of
involuntary movements on one side of the body that occur simultaneously with identical
movements on the other side of the body (Bonnet et al., 2010). This condition results from a
heterozygous loss of function of the netrin receptor, DCC (Depienne et al., 2011; Srour et al.,
2010). Patients have abnormal corpus callosi, which result in loss of interhemispheric suppression
of contralateral movement (Leinsinger et al., 1997). They also have incomplete or abnormal
branching of the corticospinal tracts, including axons that sprout collaterals innervating both sides
of the spinal cord (Cincotta et al., 2003; Farmer et al., 1990). Synkinesis can also occur in
Kallmann syndrome, in which SEMA3A (Young et al., 2012) or SEMA7A(Kansakoski et al., 2014)
harbor disease causing mutations. Anosmia is also characteristic of Kallmann syndrome and mice
with inactivating mutation in the semaphorin receptor Nrp1 have a failure of olfactory receptor
neuron axon guidance (Hanchate et al., 2012).
Furthermore, dyslexia has been linked to disruptions in axonal guidance of the auditory
and visual processing circuitry. A twin association study found mutations in SEMA4F that were
linked to dyslexia (Francks et al., 2002). Furthermore, a number of studies have linked mutations
in ROBO1 with dyslexia(Bates et al., 2011; Hannula-Jouppi et al., 2005; Lamminmaki et al., 2012;
Mascheretti et al., 2014; Tran et al., 2014). Mutated ROBO1 appears to cause defects in axonal
crossing in the auditory pathway, leading to impairments in interaural processing (Lamminmaki
et al., 2012).

20

An additional intriguing consequence for disruptions to the genes involved in shaping the
axonal guidance landscape is emerging from studies of patients with neurodevelopmental
psychiatric diseases. The dysconnectivity hypothesis of schizophrenia suggests that psychosis
results from aberrant functional connectivity of the brain (Friston, 1998). In support of this
hypothesis, disrupted functional network architectures have been detected in schizophrenic
patients using functional magnetic resonance imaging (Fornito et al., 2012), while diffusionweighted magnetic resonance imaging studies revealed aberrant global white matter
connectivity(Karlsgodt, 2016; Zalesky et al., 2011). Genome wide association studies have
implicated many axon guidance molecules as possible risk loci in schizophrenia, including
PLXNA2 (Allen et al., 2008; Mah et al., 2006), PLXNB3 (Rujescu et al., 2007), SEMA3D(Fujii et
al., 2011) and SEMA3G (Ripke et al., 2013). Variants in these genes may contribute to the
disrupted connectivity that appears to underlie this condition. In addition to schizophrenia, SNPs
in ROBO3 and ROBO4 have been identified in autistic patients(Anitha et al., 2008) and a number
of other axon guidance genes have been implicated by GWAS including NRP2, SEMA4D, ROBO2,
SEMA5A, SEMA6A, UNC5D and PLXNC1(Hussman et al., 2011). As neuroscientists shine more
light on these psychiatric diseases, it will be interesting to learn what role disrupted axon guidance
may play in their pathologies.
It is perhaps surprising that there are not more genetic disorders of axon guidance, given
the large number of molecules used to wire the nervous system. Potential explanations of this
observation include embryonic lethality from mutations in core axon guidance genes that operate
in many different circuits or critically important circuits, redundancy of axon guidance cues, (Long
et al., 2004), and functional compensation through other mechanisms of brain plasticity that lead
to subclinical phenotypes.
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Spinal cord injury
In addition to congenital conditions of disrupted axon guidance during development, axons
of the mammalian central nervous system do not regenerate following injury and despite great
medical and surgical advancement, most injuries to axons of the brain and spinal cord are currently
incurable (Kim et al., 2017). In the US, between 10-12 thousand people each year suffer a spinal
cord injury are there is a chronic burden of 300,000 cases (Ho et al., 2007). These injuries are
typically due to trauma and are most common in young adults in their second and third decades of
life (Ho et al., 2007). Thus, injury to the spinal cord can lead to permanent disability affecting
patients for the majority of their lives. There is a clear and pressing need for novel approaches to
treat spinal cord injuries to allow for functional recovery.
The pathophysiology of traumatic spinal cord injury consists of a primary injury from
direct physical trauma to the tissue and secondary injuries that occur as a result of the tissue’s
response (Kim et al., 2017). This secondary injury can be more debilitating than the primary injury
and consists of roughly of three phases, the acute, intermediate and chronic phases (Tator and
Fehlings, 1991). Damage during the acute phase occurs from inflammation, edema, excitotoxicity,
and ischemia and most current treatment takes a neuroprotective approach to ameliorating the
damage during this phase (Tator and Fehlings, 1991). Although there no current neuroprotective
treatments recommended for routine use, numerous ongoing clinical trials are targeting a variety
of these pathophysiologic mechanisms (Wilson et al., 2013). After the acute phase, the
intermediate phase consists of apoptosis, oxidative stress and demyelination, which is followed by
the chronic phase consisting of remyelination, astrogliosis and glial scar formation (Kim et al.,
2017). While neuroprotective therapies will hopefully play an important role in limiting the extent
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of the tissue damage, full functional recoveries will still require neuroregenerative approaches to
repair the primary injury.
Although axons in the mammalian central nervous system do not regenerate following
injury, axons in the peripheral nervous system do, and much has been learned by comparing these
two contexts (Brosius Lutz and Barres, 2014). Following nerve transection in the peripheral
nervous system, a variety of trophic factors are expressed including neurotrophins, neuropoietic
cytokines, insulin-like growth factors and glial-cell-line-derived neurotrophic factors (Fu and
Gordon, 1997). Macrophages, fibroblasts, and Schwann cells migrate to the site of injury, where
they provide trophic support, phagocytose degenerating myelin, and lay down new permissive
substrates to provide an environment conducive for axonal outgrowth (Fu and Gordon, 1997).
Within the injured neuron, after an initial period of axonal degeneration back to the first node of
Ranvier, a growth cone can form at the distal axonal tip and the neuron upregulates a growth
supporting program (Fu and Gordon, 1997). This regenerative state appears transient, at least in
part, since the functional effectiveness of regeneration declines if nerve ends are not surgically
juxtaposed within six months after the injury (Houle and Tessler, 2003).
In stark contrast to the peripheral nervous system, neurons of the central nervous system
fail to regenerate their axons following transection. While the peripheral nervous system responds
to injury with a primarily regenerative response, in the central nervous system, pathophysiologic
mechanisms lead to an inhibitory environment full of molecules and physical barriers that prevent
axonal regrowth (Houle and Tessler, 2003). These molecules include chondroitin sulfate
proteoglycans, tenascin, Ephrin-B2 and Slits from reactive astrocytes in the glial scar (Bundesen
et al., 2003; Fawcett, 1997; Hagino et al., 2003; Niederost et al., 1999), Semaphorin 3A from
fibroblasts (Pasterkamp et al., 1999), myelin-associated glycoprotein (McKerracher et al., 1994;
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Mukhopadhyay et al., 1994; Tang et al., 1997) and Nogo-A (Caroni and Schwab, 1988; Chen et
al., 2000; GrandPre et al., 2002) } from myelin debris.
While it is clear that the environment of the CNS is hostile to regeneration, elegant
experiments have demonstrated that damaged adult CNS axons retain an intrinsic regenerative
capacity, if placed in a permissive environment (Fitch and Silver, 2008). The first evidence of this
phenomenon came from CNS axon outgrowth into peripheral nerve grafts following injury (David
and Aguayo, 1981; Richardson et al., 1980). Specifically, following acute spinal cord injury in
rats, a peripheral nerve was harvested and grafted in the spinal cord, spanning the spinal cord injury
site, with the hope that this graft would provide a bridge for CNS axons to grow through, bypassing
the injury site (David and Aguayo, 1981; Richardson et al., 1980). Interestingly, injured CNS
axons could grow significant distances into this peripheral nerve graft, demonstrating that, given
the right environment, damaged CNS axons retained an intrinsic ability to regrow following injury
(David and Aguayo, 1981; Richardson et al., 1980). Further evidence that the lack of regeneration
is due to a hostile pathologic environment came from microtransplantation experiments (Davies et
al., 1997; Davies et al., 1999). These experiments were designed to minimize inflammation and
scarring and involved injection of dissociated adult dorsal root ganglion cells into the adult CNS,
where they were capable of long range axonal growth in the white matter of the CNS (Davies et
al., 1997; Davies et al., 1999). However, if transplanted below a spinal cord lesion, axons could
extend through the CNS only up to the site of spinal cord injury, but did not grow through the
injury site (Davies et al., 1999). These foundational experiments provide clear evidence that the
lack of regeneration in the CNS occurs due to an inhibitory pathologic environment, despite an
intrinsic ability of CNS axons to regrow.
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Thus, regenerative strategies have focused largely on overcoming this inhibitory
environment. While peripheral nerve bypass grafts are very useful experimental tools, they suffer
from a major shortcoming for therapeutic applications: regenerating CNS axons remain in the graft
and fail to return to the spinal cord, preventing functional recovery (Fitch and Silver, 2008).
Treatment of injury sites with chondroitinase ABC to digest inhibitory chondroitin sulfate
proteoglycans can help promote regeneration directly through the scar (Barritt et al., 2006; Shields
et al., 2008) or allow for axon reentry into the CNS after peripheral nerve graft traversal (Houle et
al., 2006; Tom et al., 2009). However, even in the best cases, following chondroitinase ABC
digestion, at least 80% of the axons that grow into a PNS graft fail to reenter the spinal cord
(Theisen et al., 2017). Anti-Nogo-A antibodies have also enabled limited axon regeneration and
functional recovery (Fouad et al., 2004; Freund et al., 2009; Freund et al., 2007; Liebscher et al.,
2005), although the extent of this axon regeneration is controversial n(Ho and Tessier-Lavigne,
2006). Clinical trials are currently underway for anti-Nogo-A treatment for spinal cord injury
(Kucher et al., 2018). Since these strategies target only one of the many inhibitory molecules in
the CNS injury environment, it is likely that they will continue to have limited effectiveness in
inducing full regenerative responses in all patients. Complete regeneration of injured spinal cord
axons will require new approaches.
In addition to molecular interventions, cell based therapies for spinal cord injury have also
been developed to help limit damage and promote regeneration (Sahni and Kessler, 2010). These
approaches have targeted a variety of mechanisms ranging from providing trophic support to
promoting regeneration to replacement of glia and neurons (Sahni and Kessler, 2010). One
interesting recent approach transplanted human spinal cord-derived neural progenitor cells into a
right hemisection lesion in rhesus macaques (Rosenzweig et al., 2018). These grafted neural stem
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cells differentiated into human neurons and extended axons for up 50 mm into the host spinal cord
after a period of 2-9 months (Rosenzweig et al., 2018). Transected monkey axons grew up to 2
mm into the graft, where they synapsed with the stem-cell derived neurons (Rosenzweig et al.,
2018). Monkeys receiving treatment saw motor improvement several months after grafting
(Rosenzweig et al., 2018). Thus, the exogenous neurons served as a sort of relay circuit capable of
receiving synapses from transected monkey axons and relaying information beyond the lesion site
(Rosenzweig et al., 2018). Phase I/II clinical trials of a similar neural stem cell transplantation
approach for spinal cord injury showed no safety concerns (Levi et al., 2018a; Levi et al., 2018b).
This work validates a promising novel approach to introduce new circuitry to compensate for
damage following a spinal cord injury, however a complete cure remains elusive.
Conclusions and significance
Biologists have learned a great deal about the principles, mechanisms and molecules
responsible for wiring axons during development, that are defective in congenital diseases of axon
guidance, and that prevent axonal regeneration in the central nervous system. This knowledge
opens the possibility of co-opting developmental mechanisms to engineer neural circuits to test
specific hypotheses regarding circuit development and function, to create new circuitry, and repair
damage to axons. While previous attempts have focused almost exclusively on manipulating the
axonal environment to attempt to influence axonal growth, here I demonstrate a novel approach to
non-invasively and precisely control the intrinsic guidance machinery within the growth cone to
engineer neural circuits.
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Chapter 2: Optogenetic manipulation of intrinsic machinery to
control axon guidance in vitro

Contributions
Andy Wang introduced optimizating mutations in the PA-Rac1 transgenesis construct and
Cristina Santoriello provided Gateway cloning plasmids and assisted in transgenesis construct
design. James Harris designed, performed and analyzed all other experiments. The methods and
results presented here are part of a manuscript prepared by James Harris and Paola Arlotta. All
work was conducted under the supervision of Paola Arlotta
Introduction
Much progress has been made in understanding the molecular events that allow growth
cones to execute correct decisions to steer axonal growth in the appropriate directions during
development (Dickson, 2002; Tessier-Lavigne and Goodman, 1996). This knowledge opens the
possibility of manipulating the axon guidance machinery to control the long-range wiring patterns
of axons in vitro to build more precise, robust, reductionist models of neuronal circuitry. These
models will allow further elucidation of the basic rules that govern how the neuronal connectome
gives rise to complex network dynamics and serve as a platform to investigate pharmaceutical and
other therapeutic strategies in preclinical trials for diseases of brain networks.
Previous strategies to engineer axon guidance in vitro
Previous work to control axonal guidance in vitro has focused largely on engineering the
molecular composition of the axonal microenvironment to influence their growth trajectories
(Lohof et al., 1992; Walter et al., 1987; Wheeler and Brewer, 2010). These approaches grew out
of assays that were initially employed to determine how different tissues and molecules influenced
axonal growth. For instance, the stripe assay has long been used as a method to examine how axons
respond to different molecular environments (Walter et al., 1987). In this assay, membrane
fragments or isolated factors were adhered to a surface in alternating stripes, interspersed with a
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neutral substrate (Walter et al., 1987). After plating neurons on these stripes, axons grew within
the stripe borders for attractive cues, between the stripes for repulsive cues, or disregarded the
stripes for neutral cues (Walter et al., 1987). Subsequent experiments built upon this basic principle
of patterning a growth surface with molecular cues, creating more complex patterns resembling
neuronal circuits (Wheeler and Brewer, 2010). In recent iterations, advanced manufacturing
methods including lithographic, microfluidic or micro-machining techniques were used to create
patterns of guidance molecules that allow neurons to grow in highly reproducible neuronal circuits
(Wheeler and Brewer, 2010). While these approaches show great promise for creating scaffolds
for stereotyped, robust circuit architectures, the patterned environment must be created prior to
neuron plating, at which point modification to the initial design becomes challenging, if not
impossible. Consequently, axons develop without any feedback to modify their guidance decisions
in real time and dynamic temporal patterning, similar to in vivo circuit assembly, is not possible.
These issues limit the complexity of the circuit architecture that can be constructed using this
approach.
Another, more dynamic approach to controlling axon guidance in vitro was also developed
to examine the role of soluble cues on axon guidance (Gundersen and Barrett, 1979). Instead of
pre-patterning a substrate with candidate molecules, cues were instead puffed into culture media
in close proximity to growth cones using a micropipette in the so-called growth cone turning assay
(Lohof et al., 1992). As the cues diffuse, they form a concentration gradient between the
micropipette and nearby growth cones that can induce attractive, repulsive or neutral turning
responses in nearby growth cones (Lohof et al., 1992). While this approach has been very
successful for studying the effect of candidate molecules on isolated growth cones (Campbell and
Holt, 2001; Lohof et al., 1992; Ming et al., 1997; Nishiyama et al., 2003; Pujic et al., 2008; Song
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et al., 1998; Song et al., 1997), in theory, gradients of guidance cue could be dynamically updated
in response to axonal growth to drive axons to desired locations. Newly developed microfluidic
devices have shown promise to dynamically generate gradients to direct axonal guidance
(Bhattacharjee and Folch, 2017; Bhattacharjee et al., 2010; Gu et al., 2014; Pujic et al., 2016).
However, even in microfluidic systems, these approaches lack spatial resolution and single-axon
specificity, limiting their ability to engineer specific neuronal circuitry.
Both prepatterned surfaces and delivery of cues by micropipette attempt to influence the
trajectory of axonal growth by exposing growth cones to various exogenous cues. Since these
strategies affect the axonal environment, they lack the precision to influence growth of specific
axons in a highly targeted manner. To address this issue, an alternative strategy is to control the
intrinsic axon guidance machinery within the growth cone to guide axons in real time. Doing so
would allow specific axons to be targeted with dynamic feedback to guide axons to a target
destination. The emergence of optogenetic techniques offer a powerful paradigm for controlling
intracellular processes precisely and noninvasively using light to activate proteins expressed in
specific cells (Fenno et al., 2011; Rost et al., 2017).
Light is a particularly well-suited stimulus for directing axonal growth, since it can be
delivered with extremely high temporal and spatial resolution at precise wavelengths and
intensities, allowing for highly targeted, subcellular stimulation in extremely flexible patterns
(Cohen and Farhi, 2018). Interestingly, a number of studies have observed that the physical
properties of light itself can influence axon growth in vitro even in the absence of photoactivatable
proteins (Ehrlicher et al., 2007b). Near infra-red illumination of the growth cones of rat neuron
precursor PC12 cells(Ehrlicher et al., 2002; Graves et al., 2009), NG108 rat/mouse hybrid
neuroblastoma cells (Carnegie et al., 2008; Stevenson et al., 2006), N1E-115 cells (Mohanty et al.,
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2005a), and mouse primary cortical neurons (Stuhrmann et al., 2005) with high intensity lasers
can induce outgrowth in the direction of illumination, even in the absence of any light responsive
proteins. The mechanism for this growth is not yet elucidated, although it is believed to be
independent of temperature and possible due to an effect on the kinetics of actin polymerization
(Stevenson et al., 2006). Such a mechanism might rely on the optical trapping property of highly
focused lasers, in which the refraction of photons by biomolecules can exert a small force on these
molecules, due to the conservation of momentum as the refracted photons change direction (Koch
and Shaevitz, 2017). When the focused laser is applied asymmetrically to a growth cone, a net
force can drive axonal growth orthogonally to the laser (Koch and Shaevitz, 2017). Additionally,
brighter lasers have been used to induce localized heating within the culture medium, causing
repulsion of goldfish retinal axons (Black et al., 2013l; Black et al., 2014; Mondal et al., 2014).
Clearly, the physical properties of high intensity light can affect axonal growth and can
even be harnessed to guide axons. However, these methods require very high laser powers that
may become toxic over time and are presumably only effective in 2D cultures, since they are very
sensitive to light scattering by any surrounding cells in 3D structures (Ehrlicher et al., 2007a).
Additional light based axon guidance methods include photouncaging of guidance cues (Akiyama
et al., 2009; Ellis-Davies, 2007; Gomez and Spitzer, 1999) and optical tweezer delivery of
guidance factor filled lipid vesicles to growth cones (Pinato et al., 2012). While very interesting
experimental tools, these methods can only deliver a small number of molecules, limiting their
efficacy for sustained, large scale axon guidance (Dupin et al., 2013). An optogenetic approach
could largely overcome these limitations, allowing for stimulation with much lower intensity light
and the ability to target the effects of light stimulation specifically to cells expressing the
photoactivatable protein without affecting other cells in, or near, the light path.
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Thus far, one previous attempt to develop an optogenetic axonal guidance strategy
demonstrated limited success, but suffered from several flaws that have prevented widespread
adoption. This initial attempt developed a light activated axon guidance cue receptor. Specifically,
the Netrin receptor, DCC, was fused to cryptochrome 2, creating photoactivatable DCC (PADCC), which dimerized when exposed to blue light (Endo et al., 2016). Activation of this construct
mimicked ligand-dependent DCC dimerization that initiates signaling cascades following Netrin
binding in vivo (Stein et al., 2001). PA-DCC was expressed in cultured chick dorsal root ganglion
neurons and illumination of the growth cone of PA-DCC expressing neurons led to a repulsion of
the growth cone (-26.2+/-4.4° turning angle) (Endo et al., 2016). The authors hypothesized that
this repulsion was due to a low cAMP to cGMP ratio in the axon so they treated cultures with SpcAMPs, which activates cAMP-dependent kinase prior to PA-DCC activation. Subsequently,
illumination of the growth cones became attractive (+39.2+/-7.0°)(Endo et al., 2016). Thus,
although this approach could bias the direction of axon growth, the effect size was relatively small
and relied upon additional chemical activation of the cAMP signaling pathway to achieve
successful attractive guidance.
Instead of optogenetically controlling axon guidance at the level of extracellular receptors,
which required expression of appropriate downstream signaling machinery, additional
manipulation of cAMP signaling, and may be susceptible to confounding signals from extracellular
ligands present in the environment, a more powerful approach may be to optogenetically control
more ubiquitous, downstream components of the guidance machinery. A promising candidate
molecule to target for optogenetic activation is Rac1, which plays an evolutionarily conserved,
ubiquitous role in axon guidance by translating positional information from extracellular signaling
molecules into appropriate intracellular cytoskeletal responses in the growth cone, resulting in
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precise steering decisions during axon guidance (Hall and Lalli, 2010; Hua et al., 2015b ; Ng et
al., 2002). A light activated Rac1 construct was previously engineered (Wu et al., 2009). To create
this photoactivatable Rac1 protein (PA-Rac1), a light oxygen voltage (LOV) domain from
phototropin of the oat plant, Avena sativa, was fused to the N-terminus of a constitutively active
Rac1, in which the GTPase catalytic function is eliminated (Wu et al., 2009). In the dark state, the
LOV domain sterically hinders Rac1 from binding its downstream effectors (Wu et al., 2009).
Following exposure to 458nm light, the LOV domain unwinds, allowing Rac1 to activate its
effectors (Wu et al., 2009). PA-Rac1 has been used to control cellular morphology and interrogate
molecular mechanisms of Rac1 activity in a variety of contexts discussed below (Dietz et al., 2012;
Guo et al., 2017; Hayashi-Takagi et al., 2015; Liao et al., 2017; Sawada et al., 2018; Wu et al.,
2009; Yoo et al., 2010).
Harnessing photoactivatable Rac1 to investigate and control biology
PA-Rac1 was first employed to optogenetically control cell migration of cultured mouse
embryonic fibroblasts (Wu et al., 2009). A follow up study demonstrated an impressive ability of
PA-Rac1 activation to control neutrophil migration in vivo in zebrafish (Yoo et al., 2010). This
study also investigated how Rac1 signaling mediated cell morphological behavior at the molecular
level. They found that inhibition of PI(3)K signaling arrested neutrophil migration, preventing
leading edge protrusion and leading to an aberrant rounded tail morphology (Yoo et al., 2010).
Activation of PA-Rac1 rescued leading edge protrusion in neutrophils with inhibited PI(3)K
signaling, but not the aberrant migration or an rounded tail morphology (Yoo et al., 2010).
Furthermore, a separate study used PA-Rac1 to investigate the role of Rac1 in promoting the
stability of endothelial adherens junctions through interaction with vascular endothelial cadherin
(Daneshjou et al., 2015). These optogenetic manipulations nicely demonstrate an elegant use of
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PA-Rac1 to control cellular morphology and dissect the pleiotropic role of Rac1 in complex
signaling networks in a range of cell behaviors.
PA-Rac1 has also been used in several neural contexts. By fusing PA-Rac1 to the
postsynaptic density 95 protein (PSD-95), PA-Rac1 could be targeted to recently potentiated
dendritic spines (Hayashi-Takagi et al., 2015). Optogenetic activation of PA-Rac1 following a
motor learning task selectively shrank recently activated spines, decreasing their synaptic strength,
and erasing this memory trace (Hayashi-Takagi et al., 2015). A similar approach found that PARac1 activation in astrocytes of the dorsal hippocampus (Guo et al., 2017) or basolateral amygdala
(Liao et al., 2017) delayed fear conditioning learning. Additionally, activation of PA-Rac1
attenuates the increase in dendritic arbors of nucleus accumbens neurons following cocaine
administration (Dietz et al., 2012). In contrast, another study found that PA-Rac1 activation in
cultured rat hippocampal neurons could strengthen synaptic connections through long term
potentiation (Schwechter et al., 2013). These results reflect the complex role Rac1 plays within
neuron spine dynamics.
PA-Rac1 was also elegantly deployed to investigate the development, migration and circuit
integration of postnatal olfactory bulb interneurons (Sawada et al., 2018). As postnatal, ventricular
zone-born granule and periglomerular interneurons finish their migration through the rostral
migratory stream and approach their destination either in the granule cell or glomerular layer of
the olfactory bulb (Lledo et al., 2008), they extend a lateral protrusion called the filopodium-like
lateral protrusion (FLP) that helps terminate the neuronal migration and ultimately matures into
the dendritic arbor (Sawada et al., 2018). Photoactivation of Rac1, which typically acts
downstream of Sema3e-PlexinD1 signaling in this context, was sufficient to induce FLP formation
through downstream action on the cytoskeleton. (Sawada et al., 2018).
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While PA-Rac1 has never been used to control axon guidance, it has shown enormous
promise for manipulating central aspects of cellular physiology ranging from migration of
fibroblasts in vitro (Yoo et al., 2010) and neutrophils in vivo (Wu et al., 2009), to regulation of
spine dynamics in neurons and astrocytes (Guo et al., 2017; Hayashi-Takagi et al., 2015;
Schwechter et al., 2013) to development, migration and circuit integration of interneurons (Sawada
et al., 2018). Here, PA-Rac1 was introduced in the novel context of axon guidance to determine if
photoactivation can control axonal growth trajectory. Previous strategies to influence axon
guidance in vitro relied on either engineering highly structured environments to encourage directed
axon growth or high powered laser illumination to exploit the physical effects of highly focused
light. In contrast, our approach uniquely attempts to co-opt the intrinsic guidance machinery within
the growth cone itself by targeting a central, ubiquitous signaling pathway common to all axon
guidance mechanisms. Doing so would allow precise, non-invasive and powerful control of axonal
growth specifically in neurons engineered to express PA-Rac1 with very high temporal and spatial
precision. This approach could provide unprecedented capacity and flexibility to guide axonal
growth in vitro to create or modify neuronal networks. In order to test if PA-Rac1 could control
axon guidance, we first turned to the simple, well-defined environment of the culture dish, which
is largely free from obstacles and endogenous axon guidance signals present in complex tissue
environments. To model axon guidance, we expressed PA-Rac1 in zebrafish spinal motor neurons,
since zebrafish are genetically accessible, develop quickly, and their spinal motor neurons are easy
to culture. Zebrafish spinal motor neurons are also an excellent model of in vivo axon guidance,
the details of which are discussed in Chapter 3. Optogenetic axon guidance using PA-Rac1 in vitro
would provide validation of this approach and offer a novel strategy for engineering axonal
connectivity in reductionist models of brain circuitry in a dish.
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Materials and methods
Cloning of 3x125bp mnx1-globin:mcherry-PA-Rac1 transgenesis construct
To generate transgenic zebrafish expressing an optimized photoactivatable Rac1 in
zebrafish spinal motor neurons, transgenesis expression vectors were created using the Multisite
Gateway technology (Invitrogen) and the Tol2 Kit (Kwan et al., 2007) according to the
manufacturer’s instructions. Three entry vectors were used for LR recombination: a 5’ entry vector
(p5E), a middle entry vector (pME), and a 3’ entry vector (p3E). The p5E entry vector contained
three tandem repeats of a 125bp mnx1 enhancer that allows expression in zebrafish spinal motor
neurons and was constructed as described previously (Zelenchuk and Bruses, 2011). The pME
vector contained a b-globin minimal promoter and an mCherry-PA-Rac1 fusion protein. The PARac1 variant was optimized to reduce background activity in the absence of light stimulation by
introducing the previously described L514K and L531E mutations in the J-a helix (HayashiTakagi et al., 2015; Lungu et al., 2012). These mutations were introduced into the pTriExmCherry-PA-Rac1 plasmid (a gift from Klaus Hahn; Addgene plasmid #22027) (Wu et al., 2009)
using the Q5 site-directed mutagenesis kit according to the manufacturer’s instructions (NEB
E0554S, primers listed in Table S1). This optimized PA-Rac1 was TOPO cloned into a pENTR
vector (Invitrogen) using primers listed in Table S1. A b-globin minimal promoter (Marinic et al.,
2013) was then inserted upstream of optimized mCherry-PA-Rac1 using Gibson Assembly (NEB,
primers listed in Table S1) to allow robust gene expression. The p3E vector contained a SV40
poly-A signal (Kwan et al., 2007). These entry vectors were recombined with the pDestTol2CG2
destination vector using LR Clonase II Plus (Invitrogen) to produce the final transgenesis construct
(Figure 2.1A).
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Production of transgenic zebrafish
Zebrafish embryos from the transparent casper (White et al., 2008) line were grown under
standard, Institutional Animal Care and Use Committee (IACUC)-approved conditions. One-cellstage embryos were injected with 1nL of 25ng/uL mnx1:mcherry-pa-rac1 transgenesis construct
along with 35ng/uL Tol2 mRNA. Embryos were screened at 48hpf for mCherry expression in
spinal motor neurons; positive fish were grown to adulthood and outcrossed to identify founders
with germline transmission. Embryos from incrosses of founders and progeny were used for
subsequent experiments.
Zebrafish embryo dissociation and culture
Nitric acid etched glass coverslips (22mm No 1.5) were incubated with 100ug/mL poly-llysine in 100mM borate buffer overnight at room temperature. The following day, coverslips were
washed 5x with phosphate buffered saline (PBS) followed by incubation with 5ug/mL of laminin
in water for one hour at 37°C. Coverslips were then washed twice with sterile water. Embryonic
zebrafish at 18hpf were dissociated as described previously (Andersen, 2001). Briefly, the outer
chorionic surface was sterilized for 5 seconds in 70% ethanol. Embryos were then washed twice
and then anesthetized in E3 with 0.0016% tricaine (MS-222) for 10 minutes before manual
removal of the chorion. Embryos were washed twice in MMR (100mM NaCl, 2mM KCl, 1mM
MgSO4, 2mM CaCl2 and 5mM Na-HEPES, adjusted to pH 7.8 with NaOH) and the skin and head
were dissected away. The body was incubated in 100uL of ATV solution (0.6mM EDTA, 5.5mM
glucose, 5.4mM KCl, 136.8mM NaCl, 0.05% trypsin, 5.5mM Na2CO3) for 10 minutes at 30°C
followed by trituration with a 10uL pipette tip 30 times. Culture media (2% fetal bovine serum,
100U/mL penicillin/streptomycin in Liebowitz L-15 media) was then added. A pool of three
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embryos were plated on each coverslip and incubated at room temperature overnight before
stimulation trials.
FACS Purification and Digital Droplet Quantitative PCR
Embryonic mnx1:mcherry-pa-rac1 zebrafish at 24hpf were dissociated as described above.
This age was chosen for gene expression analysis as it corresponded to the time of initiation of in
vivo axon guidance experiments. mCherry-expressing spinal motor neurons were FACS-sorted
into Trizol LS and total RNA was purified according to the manufacturer’s instructions
(ThermoFisher). cDNA was synthesized using the iScript Select cDNA synthesis kit and random
primers (BioRad). Digital droplet PCR to quantify the expression levels of rac1a, rac1b and
mCherry expression in sorted spinal motor neurons was performed using the QX200 Evagreen
ddPCR supermix (BioRad) (primers in Table S1). mCherry expression was used as a proxy for
PA-Rac1 expression, since they originate from a single transcript.
Imaging and optogenetic stimulation
Transmitted and fluorescent images of cultured cells were collected using a Zeiss 880 LSM
confocal microscope using the 20X objective. For optogenetic stimulation experiments, a 3-10um
diameter circle was raster scanned with 300-650nW of 458nM wavelength light (5% laser power,
measured with a ThorLabs PM100D optical power meter) in a region of interest (ROI) placed on
the leading edge of the growth cones in the direction of desired outgrowth. Upon axon outgrowth
into the ROI, the ROI was manually updated in the direction of desired growth. This was repeated
for the duration of the trial. Single plane still frames were taken with the AiryScan detector.

38

Immunohistochemistry
Cultured cells on coverslips were fixed in 4% paraformaldehyde in PBS overnight at 4°C,
washed three times in PBT for five minutes each, and incubated in blocking solution as above.
They were then incubated overnight with rabbit anti-Thr423 phospho-PAK1 (1:100, Cell Signaling
Technology 2601T) and rat anti-RFP (1:100, ChromoTek 58F) primary antibody in blocking
solution. Coverslips were washed three times in PBT for five minutes each, followed by incubation
with AlexaFluor 488 goat anti-rabbit (1:750, Invitrogen A11008) and AlexaFluor 546 goat antirat (1:750, Invitrogen A11081) secondary antibody in blocking solution. Coverslips were washed
three times with PBT for five minutes each and mounted with Fluoromount-G (SouthernBiotech
0100-01).
Image Processing, Quantification, and Statistics
AiryScan deconvolution was performed on images collected with the AiryScan detector
using the AiryScan module in ZEN Black. Time-lapse optogenetic stimulation movies were made
with a custom Jython script using the ImageJ API. For optogenetic guidance experiments, the
distance grown and deviation from original growth trajectory were measured using the neurite
tracing function of Imaris and FIJI (ImageJ) respectively. Axon guidance parameters of stimulated
vs. control axons were compared using paired-end Student’s T-tests. Error bars represent 95%
normal confidence intervals. All statistical analyses were performed in R studio 3.5.1 using the
following packages: dplyr 0.7.6, reshape2 1.4.3, ggplot2 3.0.0, ggbeeswarm 0.6.0,
Results
In order to investigate whether axon guidance could be controlled by light activation of
PA-Rac1, we used spinal motor neurons in the developing zebrafish as a model system. To express
PA-Rac1 specifically in spinal motor neurons, we generated transgenic zebrafish expressing PA39

Rac1 fused with the mCherry fluorescent reporter under a mnx1 minimal enhancer (Zelenchuk and
Bruses, 2011) and a b-globin minimal promoter (Figure 2.1A), using a PA-Rac1 variant
engineered to have reduced baseline activity in the absence of light (Hayashi-Takagi et al., 2015;
Lungu et al., 2012). We refer to this construct as mnx1:mcherry-pa-rac1.
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Figure 2.1. Optogenetic stimulation of PA-Rac1 results in directed axonal growth of cultured
zebrafish spinal motor neuron axons. (A) Schematic of expression construct and experimental
design. (B) Time series of cultured PA-Rac1+ neurons, either unstimulated (top row) or
illuminated in a region of interest focused on the leading edge of the growth cone (blue circle)
(bottom row). White arrowheads indicate the initial position of the growth cone (scale bar 10µm).
(C) Stimulated axons (n=5) grew significantly greater distances over the trial period (left),
resulting in a faster rate of growth (middle), and deviated significantly from their initial trajectory
(right, paired-end Student’s T-test, *** p<0.001)
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Figure 2.1 (Continued)
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To determine if optogenetic activation of Rac1 could co-opt the axon guidance machinery
in the growth cone, we first used a 2D in vitro culture of spinal motor neurons. To clearly identify
mCherry-positive spinal motor neurons, we cultured sparse monolayers of dissociated
mnx1:mcherry-pa-rac1 zebrafish tails at 18hpf, a time when motor neurons have differentiated
and expressed the pa-rac1 construct, but before they have completed axonal pathfinding.
mCherry-expressing neurons with projecting axons were identified, and the PA-Rac1 protein was
activated within a small region of interest focused on the growth cone by illumination with 458nm
light using a Zeiss 880 confocal microscope (see supplementary methods; Figure 2.1A). In 3 to 5
minutes from the start of illumination, growth cones responded by projecting membrane extensions
in the direction of the illumination, and by 10 to 20 minutes most axons had visibly extended in
the direction of the light stimulus (Figure 2.1B and Movies S1,S2). The region of stimulation was
progressively advanced to guide the growth of each axon perpendicular to its original trajectory
(n=5 axons, average illumination time of 83.2 minutes). We found that light-stimulated axons
deviated from their initial trajectories at much greater angles compared to unilluminated controls
(Figure 2.1C). In addition, stimulated growth cones extended axons over greater distances during
the trial period, resulting in faster rates of growth (Figure 2.1B,C; Movies S1,S2).
Transgenic fish expressed pa-rac1 in spinal motor neurons approximately two-fold higher
than the endogenous rac1 genes, rac1a and rac1b, at 24 hours post fertilization (hpf) (Figure
2.2A,B), indicating robust expression of the exogenous construct. Given that the PA-Rac1 protein
is only active upon illumination and that illumination was restricted to a small portion of the growth
cone, it is likely that the global change in Rac1 activity within the cell body after stimulation
remained in the physiologic range.
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Figure 2.2. PA-Rac1 expression and activation in response to specific wavelengths of light.
(A) mCherry-PA-Rac1+ neurons were FACS sorted for gene expression analysis at 24hpf. (B)
Expression of transgene pa-rac1 compared with endogenous rac1a and rac1b (paired-end
Student’s T-test, n=2, * p<0.05). (C) Zebrafish spinal motor neuron axons cultured at 18hpf were
illuminated in a small region of interest at the edge of the growth cone. The area of the illuminated
region that overlapped with the axonal growth cone was measured before and after 5 minutes of
exposure first to 514nm light, followed by 5 minutes of exposure to 458nm light. Only after
activation with the 458nm light, which activates PA-Rac1, did the axons extend into the region of
illumination. (D) Comparison in the change in area within region of interest occupied by the
illuminated growth cone from (C) after illumination with 514nm or 458nm light (paired T-test,
n=6, * p<0.05). (E) Immunohistochemical detection of autophosphorylation of PAK1 (a
downstream effector of Rac1 signaling) in cultured zebrafish neurons demonstrates light-induced
activation of the Rac1 pathway. Top row: Immunohistochemistry for mCherry, a proxy for PARac1 expression (a-d, red). Bottom row: Immunohistochemistry for phosphorylation at an
activating autophosphorylation site of PAK1 (PAK1-P, bottom row, e-h, pseudocolored blue to
yellow to indicate low to high signal, respectively). Panels present comparison of neurons without
PA-Rac1 or stimulation (a,e); with PA-Rac1, but no stimulation (b,f); or with PA-Rac1 and
stimulation (c,d,g,h; scale bar 10µm). Enlarged image region of dashed white box in (c,g) (d,h);
scale bar 5µm). The blue circle represents the region of illumination and the white arrow indicates
increased local PAK1 phosphorylation.
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Figure 2.2 (Continued)
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To exclude the possibility of a physical effect of laser illumination on axon growth, growth
cones were stimulated with 514nm light, outside of the spectrum of PA-Rac1 activation. As
expected, this did not result in any change in axonal outgrowth or direction of growth over a
stimulation time of 5 minutes. Immediately after 514 nm stimulation, the same growth cones were
stimulated with 458nm light (within the PA-Rac1 activation spectrum), which resulted in
outgrowth within 5 minutes (Figure 2.2C,D). To assess if illumination of PA-Rac1+ neurons
activated Rac1 signaling, we performed immunohistochemistry for autophosphorylated PAK1,
which is a major downstream signaling target of Rac1. We saw increased phosphorylation of
PAK1 within a region of illumination compared with the rest of the cell (Figure 2.2E). These
results demonstrate that light activation of PA-Rac1 in growth cones allows targeted, directional
control over intrinsic axonal guidance programs.
Discussion
Optical activation of PA-Rac1 in the growth cone dramatically increased outgrowth and
redirected zebrafish spinal motor axons in vitro. Importantly, axon outgrowth following
illumination resulted from direct activation of PA-Rac1 and was not a side effect of illumination,
since axons did not grow in response to stimulation with wavelengths outside the PA-Rac1
activation spectrum. This is a crucial finding, since high intensity infra-red laser light can induce
axon outgrowth through optical trapping interactions with structural components of the growth
cone (Stevenson et al., 2006) or at higher powers, induce local heating capable of repulsing axons
(Black et al., 2014). Further supporting a model of PA-Rac1 mediated axon extension was
increased activation of a direct Rac1 downstream effector, PAK1 (Edwards et al., 1999),
specifically within an illuminated region of the growth cone. Lastly, to further control for a
potential physical effect of 458nm light specifically, I created a transgenic zebrafish line

expressing a light insensitive mutant version of PA-Rac1 (C450A) in spinal motor neurons (Wu et
al., 2009). I plan to illuminate axons expressing this light insensitive mutant as described above
and expect that this stimulation will not result in outgrowth, as was the case for illumination with
wavelengths outside of the PA-Rac1 spectrum. Together, these experiments confirmed that axonal
outgrowth following illumination was due to activation of PA-Rac1 activation.
Furthermore, PA-Rac1 stimulation induced greater turning responses from axons
compared to most other light-based axon guidance systems. PA-Rac1 activation induced
deflections in axon trajectory at sharp right angles, matching our target deviation angle. In contrast,
PA-DCC optogenetic axon guidance resulted in more subtle deviation of axon growth (~40° vs
90°) (Endo et al., 2016). Strategies using the optical trapping properties showed a variety of
responses to light stimulation, but all of the observed turning responses were less than 90 degrees
(Carnegie et al., 2008; Ehrlicher et al., 2002; Graves et al., 2009; Mohanty et al., 2005a; Stevenson
et al., 2006; Stuhrmann et al., 2005). Only repulsive, laser-induced local heating demonstrated a
greater angle of deflection following illumination (Mondal et al., 2014). A potential confound to
these comparisons is that all studies were performed using different neuronal models of axon
guidance, so further studies are needed to directly compare these strategies in the same model.
Additionally, while we targeted a 90° deflection angle to clearly demonstrate that axonal trajectory
was altered, it would be interesting to see if more extreme angles of deflection are possible with
PA-Rac1 activation.
PA-Rac1 optogenetic axon guidance has several other technical advantages over other
light-based axon guidance methods. PA-Rac1 mediated guidance did not require modulation of
additional signaling, unlike PA-DCC, which required pretreatment with Sp-PKA to activate cAMP
signaling for attractive axon guidance (Endo et al., 2016). Strategies using the optical trapping
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properties of light required 10,000-fold more laser power (300-650nW vs ~4-200mW), which may
lead to cell toxicity over extended guidance periods (Ehrlicher et al., 2007a). Additionally, laser
induced heating, the only optical method capable of producing greater changes in axon guidance,
produced a repulsive response and requires even higher laser powers, increasing the potential for
cell toxicity over time (Ehrlicher et al., 2007a). Thus, PA-Rac1 offers a simple, powerful strategy
for directing the growth of axons.
In addition to changing axon growth direction, PA-Rac1 also increased the rate of axon
extension, resulting in longer axons after the trial period. Rac1 was previously implicated in
controlling axonal extension speed, since overexpression of either a dominant negative or
constitutively active Rac1 led to decreased rates of axon extension in cultured Xenopus spinal
neurons (Woo and Gomez, 2006). In contrast, here transient optogenetic activation of Rac1 led to
increased rates of axon growth. These seemingly paradoxical effects of Rac1 activity on the rate
of axon growth are likely due to a “Goldilocks” phenomenon, where too little Rac1 activation
results in the lack of focal adhesion formation, while too much Rac1 activation prevents the
maturation of these focal adhesions into permeant stable structures (Lawson and Burridge, 2014)
(see Chapter 1). In our stimulation paradigm, we transiently activated Rac1 in a pulsatile manner,
which is likely just the right amount of stimulation to promote formation of additional focal
adhesions, while not interfering with their maturation, since the region of illumination is shifted
as the axon grows.
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Chapter 3: Optogenetic axon guidance overcomes developmental
boundaries to form novel neuronal circuitry in vivo

Contributions
Andy Wang optimized the light stimulation paradigm and performed a number of
optogenetic stimulation experiments. Jonathan Boulanger-Weill performed electron microscopy
experiments with help from Adi Suissa-Peleg, Richard Schalek, and Stephan Foianini under the
supervision of Jeff Lichtman. James Harris designed, performed and analyzed all other
experiments. The methods and results presented here are part of a manuscript prepared by James
Harris and Paola Arlotta. All work was conducted under the supervision of Paola Arlotta.
Introduction
While PA-Rac1 stimulation could guide axon growth in chemically defined, sparse
neuronal cultures, in vivo applications present tremendous additional challenges for engineering
axon guidance. Many powerful forces constrain axon growth trajectory, including competition
from endogenous axonal guidance signaling that has evolved specifically to reproducibly control
the path of axon growth, complex 3D tissue environments with heterogeneous and dynamic
biochemical environments that change during development, and barriers comprised of repulsive
molecular and physical obstacles.
Previous strategies for altering the trajectories of axons in vivo have required invasive
procedures and lack specificity to the axons of interest. For instance, in order to examine how
sensory input shapes the development and function of cortical networks, visual input from retinal
ganglion cells was deviated from the visual thalamus, the lateral geniculate nucleus, to the auditory
thalamus, the medial geniculate nucleus (Sur, 1988). Doing so led to the seminal finding that the
auditory cortex was capable of processing visual information (Sur, 1988). However, to rewire these
axons, the normal retinal ganglion cell targets in the superior colliculus and parts of the visual
cortex, were ablated, causing lateral geniculate nucleus atrophy(Sur, 1988). Additionally, space in
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the medial geniculate nucleus was freed up by ablation of the inferior colliculus (Sur, 1988). These
substantial surgical alterations relied on a natural propensity of retinal ganglion cell axons to rewire
to the medial geniculate nucleus. In addition to ablation, implantation of nerve grafts, especially
in the context of spinal cord injury, have been used to deviate the growth trajectory of axons (David
and Aguayo, 1981; Richardson et al., 1980). These methods also require surgery for implantation,
which disrupts the neural parenchyma and does not allow for targeting of specific axons. Finally,
manipulation of environmental axon guidance molecules has also been widely used to attempt to
engineer axon growth trajectories in vivo (Piantino et al., 2006; Schnell et al., 1994), however these
approaches alter the extracellular signaling environment, potentially affecting other neighboring
cells and are thus not specific to the axons of interest. Overall, existing approaches to controlling
axon guidance rely on alterations to the axonal environment to influence the guidance decisions of
growing axons. Thus, axons are still constrained by competing environmental signaling that
remains following intervention and neighboring cells can be affected by the altered environment.
Less invasive, more precise and flexible manipulations offer the opportunity to further probe how
brain circuits develop and function.
To overcome these limitations, optical approaches offer the ability to non-invasively and
precisely manipulating axon guidance in vivo. However, optical approaches face unique challenges
since they require delivery of light specifically to the growth cone of interest, despite absorption
and scattering by overlying cells. These challenges likely prevented in vivo application of optical
axon guidance strategies using the physical properties of light (Ehrlicher et al., 2007a) (see Chapter
2 Introduction). The highly focused, high-powered directional lasers required for these approaches
would lack specificity, damaging, or at least affecting, all cells in the light path, and may have
impaired efficacy due to tissue scattering of the highly focused light (Ehrlicher et al., 2007a). In
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contrast, optogenetic strategies require much lower levels of illumination, can be targeted
specifically to cells engineered to express exogenous light responsive proteins, and have already
seen widespread application in robustly controlling cellular physiology in vivo (Fenno et al., 2011;
Rost et al., 2017; Yoo et al., 2010). Given the powerful forces competing to shape axon trajectories
in complex in vivo environments, selection of the molecular target for optogenetic manipulation
becomes critically important. This pathway must be powerful enough to overcome endogenous
signaling and tissue obstacles and would ideally be a highly conserved across species and neuron
types to allow for broad application.
The importance of optogenetic pathway selection is highlighted by previous in vivo
optogenetic axon guidance attempts using photoactivatable DCC, which was deployed in C.
elegans GABAergic VD motor neurons (Endo et al., 2016). During normal C. elegans
development, these VD motor axons are guided by the netrin homolog, UNC-6, via binding to the
DCC receptor homolog, UNC-40 (Norris and Lundquist, 2011). While PA-DCC could bias the
growth of cultured chick axons in vitro, low sequence homology between the mouse DCC receptor
in PA-DCC and the endogenous C. elegans UNC-40 prevented optogenetic axon guidance of C.
elegans VD neurons using PA-DCC (Endo et al., 2016). To overcome this, UNC-40 was swapped
in place of the DCC receptor to create a separate, C. elegans specific optogenetic construct (Endo
et al., 2016). Furthermore, since the extracellular domains of the photoactivatable UNC-40
receptors were subject to competing signaling from endogenous UNC-5 and UNC-6 ligand
binding, these cues had to be eliminated by genetic ablation of both endogenous ligands, unc-5
and unc-6 (Endo et al., 2016). In these mutant animals, growth cones of VD motor neurons
exhibited a very slight increase in growth (~0.2-0.4µm) when illuminated for 60 minutes (Endo et
al., 2016). This outgrowth was in the same direction that these neurons normally project, so
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optogenetic stimulation did not alter the direction of growth of these axons. Furthermore, as VD
motor neurons develop, they stall upon contact with the lateral nerves, before extending further
(Chisholm et al., 2016). Optogenetic UNC-40 activation could not overcome this temporary stall
point and VD axons that had reached the lateral nerves could not be induced to extend further
along their normal trajectory (Endo et al., 2016). Thus, while a very interesting first attempt at
optogenetic axon guidance in vivo, this approach suffered from lack of conservation of the
optogenetically targeted molecule, interference of competing endogenous ligand-receptor
interactions, and an inability to change the direction of axonal growth to overcome even temporary
barriers to axon growth.
To circumvent these limitations, we used PA-Rac1 in the novel context of axon guidance
to try to control axonal growth in real time in vivo. Rac1 (Cotteret and Chernoff, 2002), as well as
its role in intracellular signaling cascades downstream of all the major axon guidance receptors
(Tivodar et al., 2015), are highly conserved across species and neuron subtypes. Given this central
role in axon guidance, Rac1 is ideally positioned to override competing extracellular signals and
allow for full control of axon guidance in vivo. To test the efficacy of PA-Rac1 mediated axon
guidance in vivo, we used developing zebrafish spinal motor neurons in intact animals as a model
of axon guidance. Zebrafish embryos are an ideal system to test in vivo optogenetic axon guidance,
since they are optically transparent, develop rapidly, and have highly stereotyped programs of
spinal motor axon guidance (Beattie, 2000).
Zebrafish CaP spinal motor axon development as an in vivo model of axon guidance
As is the case with all vertebrates (Tajbakhsh and Sporle, 1998), the zebrafish axial
mesoderm develops in repeating chevron shaped segments called somites (Stickney et al., 2000).
Within each somitic unit, three bilaterally symmetric pairs of primary spinal motor neurons
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innervate nonoverlapping regions of the animal’s somitic musculature(Beattie, 2000; Eisen et al.,
1986) (Figure 2A). These neurons are named according to the relative position of the cell body
along the rostrocaudal axis in the spinal cord and are the rostral, middle and caudal primary spinal
motor neurons abbreviated as RoP, MiP and CaP respectively (Myers et al., 1986). These primary
spinal motor neurons differentiate between 9 and 16 hours post fertilization (hpf) during an initial
wave of spinal motor neuron differentiation (Myers et al., 1986). This first wave is followed by
the differentiation of the secondary spinal motor neurons in a second wave from 14-25hpf (Myers
et al., 1986). Here, we will focus on the development of the primary motor neurons. At 17-19hpf,
axonogensis is initiated with the CaP axon extending from the cell body ventrally and exiting the
spinal cord through a nerve root (Myers et al., 1986). The CaP axon is soon followed by the MiP
and RoP axons, which first extend caudally within the spinal cord before turning ventrally to follow
the CaP axon out of the same nerve root (Eisen et al., 1989; Zeller et al., 2002). After leaving the
spinal cord, first the CaP axon and later the MiP and RoP axons extend ventrally along a common
path between the medial surface of the axial body musculature and the notochord (Roos et al.,
1999). Between 20-22hpf, the CaP axon reaches a critical choice point at the horizontal
myoseptum, where the dorsal and ventral myotomes meet (Eisen, 1991; Roos et al., 1999). RoP
axons fan out along the horizontal myoseptum, while the MiP neurons send a collateral into the
dorsal myotome. Of the primary neurons, only the CaP motor neuron stereotypically extends its
axon into the ventral myotome, where it projects halfway between the vertical myosepta that
separate the neighboring somatic units (Beattie, 2000; Eisen et al., 1986) (Figure 2A). This ventral
extension of the CaP neuron past the horizontal myoseptum occurs after a pause of up to two
hours(Eisen et al., 1989). Since the CaP axon is isolated in the ventral musculature with no other
surrounding neuronal processes, the detailed morphology of this single axon is easily visualized
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by immunohistochemistry or transgenic fluorophore expression targeting the spinal motor
neurons.
As CaP axons grow ventrally, they interact with a variety of other cells. Upon arrival at the
horizontal myoseptum, CaP axons synapse with muscle pioneer cells, which begin to contract
almost immediately following axonal contract (Melancon et al., 1997). This contraction can be
blocked with curare, which inhibits nicotinic acetylcholine receptor signaling, suggesting rapid
synapse formation typically occurs (Melancon et al., 1997). These muscle pioneer cells are a subset
of adaxial muscle progenitor cells that initially differentiate next to the notochord (Devoto et al.,
1996). The majority of these adaxial cells migrate radially to the lateral myotomal surface, prior
to arrival of the CaP axon and eventually become slow twitch muscle fibers (Devoto et al., 1996).
Between 2-6 adaxial cells remain at the horizontal myoseptum and contact the CaP axon on the
lateral surface (Devoto et al., 1996). It was hypothesized that these muscle pioneers served as
guidepost cells that played a key role in CaP axon pathfinding, however laser ablation of these
cells prior to CaP growth cone arrival had no effect on the ultimate CaP axon morphology
(Melancon et al., 1997).
Sandwiching the CaP axon on the medial surface are other apparently migratory cells that
are likely either neural crest cells or sclerotomal cells (Melancon et al., 1997). Neural crest cells
differentiate in the dorsal neural tube and migrate ventrally along a medial pathway that closely
follows the trajectory of the CaP axon (Raible et al., 1992). These neural crest cells ultimately
differentiate into sensory neurons of the peripheral nervous system, pigment cells, and myelinating
Schwann cells (Raible et al., 1992). In addition to neural crest cells, sclerotomal cells may also
closely interact with CaP axons as the sclerotomal cells migrate along this common pathway,
eventually differentiating into bone and cartilage cells (Morin-Kensicki and Eisen, 1997). These
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sclerotomal cells migrate dorsally, in the opposite direction of CaP extension along this common
path (Morin-Kensicki and Eisen, 1997). Given their overlapping growth trajectory and role in
motor axon pathfinding in other organisms, it was hypothesized that sclerotomal cells may
influence CaP axon guidance (Morin-Kensicki and Eisen, 1997). However, laser ablation of these
sclerotomal cells had little effect on CaP axon pathfinding, with only several axons being slightly
delayed (Morin-Kensicki and Eisen, 1997).
Critically, in wild type animals, the path of CaP axons never deviates from a well-defined
trajectory in a central region between the vertical myosepta (Beattie, 2000; Myers et al., 1986). To
enforce this strict pathfinding program, CaP axons receive molecular instructions from several
required and overlapping sources within the somite. Sema3Aa, also known as Sema3A1, is
expressed in the posterior half of the somite and mediates CaP axon repulsion through the
Neuropilin 1A receptor (Nrp1a) prior to CaP axon arrival at the horizontal myoseptum choice point
(Sato-Maeda et al., 2006). After passing this point, Nrp1a is downregulated and CaP axons lose
sensitivity to Sema3Aa (Sato-Maeda et al., 2006). Another semaphorin, Sema3Ab (aka Sema3a2)
is expressed in the posterior somite from 16-24hpf, after which its expression becomes restricted
to the vertical myoseptal boundary (Roos et al., 1999). Overexpression of Sema3Ab results in
stunted CaP axons, indicating CaP axons avoid this molecule (Roos et al., 1999). Thus Sema3Ab
may act initially to keep CaP axons from growing posteriorly after extending ventrally past the
horizontal myoseptal choice point. Later, Sema3Ab is restricted to the vertical myoseptal boundary
preventing axons from crossing these boundaries. In the anterior ventral somite, Sema5a is
expressed in the musculature and initially attracts CaP axons past the horizontal myoseptum, but
later repulses axons, preventing their branching and allowing for tight fasciculation in the center
of the somite (Hilario et al., 2009). Furthermore, repulsive chondroitin sulfate is initially localized
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to the posterior somitic compartment at 18hpf, but by 22-23hpf chondroitin sulfate is present at
the vertical myoseptal boundaries, as well as in a column of cells that overlap with the path of the
CaP axon, where its effect on axon guidance is unknown (Bernhardt et al., 1998; Roos et al., 1999).
Additionally, several genes essential for appropriate CaP axon guidance have been identified in
several zebrafish mutant lines. These genes code for either guidance molecules themselves or
enzymes that modify guidance molecules and are all expressed by adaxial muscle cells. They
include collagen XIXa1(Hilario et al., 2010), a collagen XVIII glycosylation enzyme, Plod3
(Schneider and Granato, 2006), and the muscle specific kinase (MuSK) that regulates extracellular
chondroitin sulfates (Zhang et al., 2004) and whose expression is regulated by the Wnt ligand,
Wnt11r (Jing et al., 2009) (see Chapter 4 Introduction). These, as well as potentially undiscovered
additional factors, ensure that growth of CaP axons follow a highly stereotyped, precise trajectory
along the ventral myotome without any deviation of axonal growth from this path.
Given that Rac1 molecularly links the transduction of many of these extracellular signals
to the cytoskeletal machinery to allow for axon pathfinding (Hall and Lalli, 2010; Hua et al., 2015b
; Ng et al., 2002), we reasoned that manipulation of Rac1 activity might allow us to override all of
these competing endogenous axonal guidance signals to instruct axonal growth in a new direction,
within the intact organism. Doing so would be the first demonstration of an effective, non-invasive,
optical approach for controlling axonal guidance in vivo, opening possibilities for sculpting axonal
architectures to understand the underlying principles of neuronal circuit development and function,
to build de novo circuitry, and even repair damaged circuits.
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Materials and methods
Transgenic zebrafish lines
The zebrafish mnx1:mcherry-pa-rac1 zebrafish line described in the methods of Chapter 2
was also used here for in vivo stimulation experiments.
Imaging and optogenetic stimulation
Transmitted and fluorescent images of embryos were collected using a Zeiss 880 LSM
confocal microscope using the 20X objective on embryos anesthetized with 0.0016% tricaine (MS222) in E3 solution and mounted in 1% low melt agarose. For optogenetic stimulation experiments,
a 3-10µm diameter circle was raster scanned with 300-650nW of 458nm wavelength light (5%
laser power, measured with a ThorLabs PM100D optical power meter) in a region of interest (ROI)
placed on the leading edge of the growth cones in the direction of desired outgrowth. Upon axon
outgrowth into the ROI, the ROI was manually updated in the direction of desired growth. This
was repeated for the duration of the trial. An AiryScan detector was used to acquire Z-stack
“snapshots” of optogentically-stimulated axons at 4-6 timepoints during in vivo experiments, and
was also used to image embryos after immunohistochemistry. For deviation of axons across somite
boundaries in mnx1:mcherry-pa-rac1 fish, stimulation was initiated between 23 and 25hpf.
Maximum intensity projections of Z stacks or three-dimensional representations are shown here.
Immunohistochemistry
Immunohistochemistry protocols were adapted from previous methods (Panzer et al.,
2005). Briefly, zebrafish embryos were fixed in 4% paraformaldehyde in PBS overnight at 4°C.
Embryos were washed three times for five minutes in PBT (0.1% Tween20 and 1% DMSO in
PBS), and then incubated for 45 minutes in 1mg/mL collagenase in PBS. They were then washed
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three times in PBT for five minutes, and incubated in blocking solution (2% BSA, 0.5% TritonX
in PBS) for several hours. They were then incubated with mouse anti-synaptic vesicle 2 (1:100
DSHB) and rabbit anti-RFP (1:500, Rockland 600-401-378S) primary antibodies in blocking
solution overnight at 4°C. Embryos were washed 5X with PBT and incubated overnight at 4°C
with AlexaFluor 488 conjugated goat anti-mouse (1:750, Invitrogen A11001) and AlexaFluor 546
conjugated goat anti-rabbit (1:750, Invitrogen A11035) secondary antibodies in blocking solution.
Alexfluor 647-conjugated a-bungarotoxin was added during the last 45 minutes of secondary
antibody incubation. The embryos were washed three times in PBT for five minutes each before
mounting in 1% LMP agarose in PBS for confocal imaging.
Image Processing, Quantification, and Statistics
AiryScan deconvolution was performed on images collected with the AiryScan detector
using the AiryScan module in ZEN Black. Time-lapse optogenetic stimulation movies were made
with a custom Jython script using the ImageJ API. For optogenetic guidance experiments, the
distance grown and deviation from original growth trajectory were measured using the neurite
tracing function of Imaris and FIJI (ImageJ) respectively. Additionally, the distance to the somitic
boundary was measured using FIJI (ImageJ). Axon guidance parameters, including axon length
before and after illumination, change in angle of axon growth from the common pathway to the
ventral myotome, and the distance to the respective somitic boundary, were measured for the
illuminated axon and its rostral and caudal neighbors. In one fish, the initial axon lengths could
not be determined, and these measurements were excluded for this fish. Since somitic units
develop asynchronously in a rostral to caudal gradient, we treated rostral and caudal neighbors
separately. Furthermore, since neighboring axons reside in the same organism, and are thus not
independent observations, we fit these data with a mixed linear model that included a random
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effect corresponding to the animal in which axonal parameters were measured. Pairwise
comparisons of the least square means were performed and p-values were adjusted for multiple
comparisons using the Benjamini-Hochberg procedure for controlling the false discovery rate.
Error bars represent 95% normal confidence intervals. All statistical analyses were performed in
R studio 3.5.1 using the following packages: dplyr 0.7.6, reshape2 1.4.3, ggplot2 3.0.0,
ggbeeswarm 0.6.0, lmerTest 3.0.1, stats 3.5.1, and lubridate 1.7.4.
Dissection and tissue preparation for electron microscopy
Following induced axon guidance experiments (~30hpf), embryos still under anesthesia
were placed in a dissection solution (64 mM NaCl, 2.9 mM KCl, 10 mM HEPES, 10 mM glucose,
164 mM sucrose, 1.2 mM MgCl2, 2.1 mM CaCl2, pH 7.5) (Hildebrand et al., 2017). Embryos
were carefully removed from the agarose and grown for an additional 1.5 hours. The tail was then
isolated using sharp scissors (501778, WPI) and immediately transferred to fixative at 4°C (2.5%
glutaraldehyde, 2 % PFA in 0.5x cacodylate buffer supplemented with 3.5% mannitol, pH 7.4,
Cacodylate buffer: 0.3M sodium cacodylate, 6mM CaCl2, pH7.4). To improve fixation, the tissue
was rapidly microwaved (Ted Pella, cat. no. 36700, with power controller, steady-temperature
water recirculator and cold spot) in the fixative solution at 10°C (<5 min after initial transfer into
fixative). The following microwaving sequence was performed: at power level 1 (100 W) for 1
min on, 1 min off, 1 min on; then increased to power level 3 (300 W) and fixed for 20s on, 20s off,
20s on, three times (Tapia et al., 2012). Fixation was then continued overnight at 4°C in the same
solution. The following day, samples were washed in 0.5X cacodylate buffer (3 exchanges, 30 min
each at room temperature) and then reduced in freshly made 0.8% (w/v) sodium hydrosulfite in
60% (v/v) 0.1 M sodium bicarbonate, 40% (v/v) 0.1 M sodium carbonate buffer with 3 mM CaCl2
for 20 min at room temperature (Joesch et al., 2016). This step improves contrast-to-noise ratio
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between membrane and cytosol. Samples were then washed again in 0.5x cacodylate buffer (3
exchanges, 30 min each at room temperature) before osmication (2% OsO4 in 0.5x cacodylate
buffer, 4 h at room temperature), and then incubated overnight at 4°C. Samples were then reduced
in 2.5% potassium ferrocyanide in 0.5x cacodylate buffer for 4 h at room temperature and then
overnight at 4°C. The following day, samples were washed with filtered H2O (3 exchanges, 30
min each at room temperature) and incubated with 1% (w/v) thiocarbohydrazide (TCH) in H2O
(filtered with a 0.20um syringe filter before use) at room temperature to enhance staining (Hua et
al., 2015a). Due to poor dissolution of TCH in water, the solution was heated at 60°C for ~1h with
occasional shaking before filtering. Samples were then washed with filtered H2O (3 exchanges, 30
min each at room temperature) before the second osmication (2% OsO4 in filtered H2O, 4 h at
room temperature) and then washed again (3 exchanges, 30 min each at room temperature). en
bloc staining was performed using 1% uranyl acetate overnight in filtered water. The OsO4 solution
was sonicated for ~1h and then filtered with a 0.20um syringe filter before use. The following day,
samples were washed with filtered H2O (3 exchanges, 30 min each at room temperature) and
dehydrated in serial dilutions of ethanol (25%, 50%, 75%, 90%, 100%, 100% for 10min each)
followed by propylene oxide (PO) (100%, 100%, 30min each). Infiltration was performed using
LX112 epoxy resin with BDMA (21212, Ladd) in serial PO dilutions steps (25% resin/75% PO,
50% resin/50% PO, 75% resin/25% PO, 100% resin, 100% resin, 4h each). Samples were mounted
using a mouse brain as support tissue (Hildebrand et al., 2017) in fresh resin to facilitate cutting.
For this, mouse tissue was fixed using standard procedures, pierced using a puncher (57395, EMS)
to insert the sample, and stained along with fish samples. The samples with support tissue were
then cured for 3 days at 60°C. A rotator was used for all steps. Aqueous solutions were prepared
with water passed through a purification system (Arium 611VF, Sartorius Stedim Biotech).
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Electron microscopy
The cured blocks were trimmed as previously described (Hildebrand et al., 2017) and
~30nm sections were automatically collected using a custom tape collection device (ATUM)
(Hayworth et al., 2014) mounted to a commercial ultramicrotome. Sections were collected and
post-stained as published (Hildebrand et al., 2017). Images were acquired using back-scatter
detection with a Sigma scanning electron microscope (Carl Zeiss) equipped with the ATLAS
software (Fibics). Custom made algorithms were used for non-affine alignment, and volume
annotation and segmentation were performed with VAST (Berger et al., 2018).
Results
To test whether optogenetic PA-Rac1 activation could override endogenous signaling and
allow us to control axon guidance, we used 458nm light to illuminate a region of interest focused
on the leading edge of the CaP growth cone in PA-Rac1 transgenic zebrafish, beginning between
23-25hpf, a time at which only the CaP axon is extending into the ventral myotome. The region of
illumination was periodically updated to attempt to deviate the growing axon in either the rostral
or caudal directions over the course of approximately 4 to 5 hours (Figure 3.1A). Strikingly, we
found that in the majority of stimulated axons, growth was deflected in the direction of light
application (n=17 axons/23 stimulated; Figure 3.1B-E).

62

Figure 3.1. Optogenetic stimulation of PA-Rac1 directed zebrafish CaP axon growth across
the repulsive somitic boundary into the neighboring somitic musculature. (A) Schematic of
experimental design; zebrafish expressing PA-Rac1 in CaP neurons were illuminated at the leading
edge of the growth cone from 24 to 29hpf (right), (B) Position of axons prior to stimulation. All
CaP neurons were within the somitic boundaries (dashed white chevrons). A single CaP axonal
growth cone per fish (red box) was illuminated, while other CaP neurons, including the rostral
neighbor (white box), remained unilluminated (scale bar 20µm). (C) Time series of CaP axons in
an unstimulated rostral axon (upper series, corresponding to white dashed box in (B)) and
illuminated CaP axon (lower series, corresponding to red box in (B)). The stimulated axon was
guided across the rostral somitic boundary, while the unstimulated axon remained entirely within
its native somite (arrowheads indicate the initial position of the axon; scale bar 20µm). (D)
Distribution of outcomes of optogenetic stimulation. (E) PA-Rac1 stimulation of CaP axons in
vivo resulted in significantly longer axons over the trial period, corresponding to faster axonal
growth (top two graphs respectively, n=16 zebrafish). The angle of axon growth deviated
significantly in both the rostral and caudal directions from their initial trajectory compared with
unilluminated controls (middle). Stimulated axons were guided across the somitic boundary, while
control axons never crossed [bottom, negative values indicate growth across the somitic boundary,
(FDR adjusted, difference of least square means from mixed linear model, n=17 fish, *
p<0.05,**P<0.01,*** p<0.001)]. R-Rostral; C-Caudal; D-Dorsal; V-Ventral; DM-dorsal
myotome; SC-spinal cord; VM-ventral myotome; HMS-horizontal myoseptum; VMS-vertical
myoseptum; CaP, MiP, and RoP-caudal, middle and rostral primary spinal motor neurons,
respectively.
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Figure 3.1 (Continued)
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As the region of stimulation was updated, 14 of the 23 illuminated axons grew up to and
eventually crossed the repulsive somitic boundary, extending into the neighboring somitic
musculature (Figure 2B,C), despite the presence of strong opposing endogenous signals at this
boundary (Bernhardt et al., 1998; Roos et al., 1999). We found that axons could be guided across
both rostral (Figure 3.1B,C, Movie S3) and caudal somitic boundaries (Movie S4). Stimulated
axons grew longer distances than unstimulated ones over the trial period, resulting in faster rates
of growth (Figure 3.1E), a finding that confirms our measurements in vitro. In contrast,
unstimulated neighboring axons never crossed the somitic boundary (n=57, Figure 3.1E).
In our experimental paradigm, optical activation of PA-Rac1 allowed us to direct axonal
growth across somitic boundaries, such that the deviated axons became juxtaposed with the
myotome of the neighboring somite, a target these axons do not typically innervate. It was unclear
whether new connectivity could be established between the directed, aberrant axons and their new
ectopic targets. To test if deviated CaP axons could establish novel neuronal circuitry within the
neighboring myotome, we looked for evidence of synapse formation. First, we deviated CaP axons
across the rostral somitic boundary and into the neighboring somite as described above (Figure
3.1A). To allow time for synapse formation, embryos were grown for an additional 1.5 hours past
the end of stimulation before fixation. Immunohistochemical detection of mCherry-expressing
CaP axons confirmed that the stimulated axon did indeed cross the somitic boundary (Figure 3A),
passing laterally to the CaP axon of the neighboring somite (Figure 3.2B,C; Movie S5). Within the
target somitic myotome, both the control and deviated axon exhibited colocalization of the
presynaptic marker synaptic vesicle protein 2 (SV2) with postsynaptic acetylcholine receptors
(aBT) (Figure 3.2D,E), suggesting the presence of ectopic neuromuscular junctions between the
deviated axon and the musculature of the neighboring, invaded somite.
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Figure 3.2. An ectopically-directed CaP neuron formed novel neuromuscular
synaptic connections with a foreign myotome (A) Z-projection of a zebrafish CaP neuron (red)
deviated across a somitic boundary (dashed white line) revealed by a-bungarotoxin staining (cyan;
scale bar 10µm). (B) A 3D rendering from confocal stacks of the deviated (red) and neighboring
control (green) axon in (A) with the somatic boundary (blue; scale bar 50µm) (also see Movie
S5). (C) The axonal segments in the white dashed box in (A), pseudocolored to reflect Z-position
of the deviated CaP axon (white arrowheads) which passed lateral to the neighboring rostral CaP
neuron (scale bar 10µm). (D) Same region as (C), with two regions of interest from the
unstimulated CaP axon (dashed white box, control) and the invading CaP axon (dashed white box,
deviated; scale bar 10µm). (E) Immunohistochemistry of regions of interest in (D) for mCherry
(red), synaptic vesicle 2 (green), and a-bungarotoxin (cyan) for the unstimulated control axon (top)
and stimulated axon deviated across the somitic boundary (bottom). White arrowheads indicate
points of juxtaposition of pre- and post-synaptic markers, suggesting the presence of synapses
(scale bar 1 µm). R- rostral, C-caudal, D-dorsal, V-ventral.
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Figure 3.2 (Continued)
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In two instances, it appeared that the optogenetically guided axons could be induced to
grow out of the myotome altogether, continuing their extension ventrally, while all unstimulated
axons remained within the musculature. To investigate this possibility in greater detail, we
performed serial electron microscopy of one such deviated axon, which confirmed that it grew past
the edge of the myotome, extending ventrally to the kidney duct (Figure 3.3). Interestingly, the
electron microscopy suggests that migratory cells, possibly neural crest or sclerotomal cells, which
normally migrate along the same path as the extending CaP axon (Melancon et al., 1997), also
aberrantly accompanied the extending axon to the kidney duct (Figure 3.3). These results indicate
that optical manipulation of the axon guidance machinery could clearly and consistently control
axonal pathfinding to lead CaP axons away from their highly stereotyped extension routes, even
crossing strict repulsive boundaries present in the endogenous tissue and extending into novel
ectopic tissues.
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Figure 3.3. Electron micrographs of an optogenetically-guided neuron confirms axon growth
into ectopic tissue. (A) Schematic of a cross section of zebrafish tail. A stimulated CaP axon was
guided out of the myotome to ectopic kidney tissue (red), while an unstimulated CaP axon remains
closely associated with the myotome (blue). (B) Electron micrograph of a cross section of zebrafish
tail shows an unstimulated CaP axon (blue) and a stimulated CaP axon. (red, scale bar 20um). (C)
Magnification of unstimulated CaP axon (blue arrows) from B. A migratory cell is highlighted in
brown. (D) Magnification of stimulated CaP axon (red arrows) from B. (E) Boxed region in D
shows juxtaposition of stimulated CaP axon with kidney duct tissue. Migratory cells accompany
this aberrantly guided axon. NT-neural tube; M- myotome; NC- notochord; DA- dorsal aorta; AVaxial vein; KD- kidney duct; MC-migratory cell.
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Figure 3.3 (Continued)
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Discussion
Previous strategies for altering the trajectories of axons in vivo relied on manipulation of
the axonal environment through methods including ablation of signaling centers (Sur, 1988),
implantation of nerve grafts (David and Aguayo, 1981; Richardson et al., 1980), and alteration in
axon guidance molecule expression (Piantino et al., 2006; Schnell et al., 1994). These methods
were invasive and lacked precision and flexibility. Despite promising success in vitro, more
targeted, optical approaches to engineering axon guidance have not been successfully implemented
in intact organisms (Ehrlicher et al., 2007a). Here we show that optogenetic PA-Rac1 activation
allows for control of the intrinsic axon guidance programs to overcome environmental signaling
to non-invasively rewire single axons without disrupting surrounding cells. Focal PA-Rac1
activation in CaP axons in vivo accelerated and significantly deviated their growth trajectories,
matching the results for cultured spinal motor neurons, described in Chapter 2. In addition, in vivo
optogenetic guidance overcame a complex 3D environment with competing endogenous axon
guidance programs that have evolved to restrict growth to a central path between vertical
myosepta. Strikingly, in the majority of trials, light-mediated guidance led axons aberrantly across
repulsive vertical myoseptal barriers. These data unequivocally demonstrated the novel ability of
optogenetic activation PA-Rac1 to powerfully control axon guidance non-invasively in complex
in vivo environments.
These results raise many outstanding questions about the possibilities and limitations of
PA-Rac1 mediated axon guidance and future work is needed to further characterize this approach.
For instance, we do not know how far an axon can be deviated or for how long the deviation
persists, since deviated axons become impossible to distinguish from their neighbors in foreign
somitic units in our transgenic animals. To overcome this limitation, sparse expression of a
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fluorophore in CaP axons using transient transgenesis (see Chapter 4) could resolve deviated axons
from their neighbors. Additionally, while optogenetic axon guidance was performed with single
axon precision, large scale rewiring of axons will be necessary to alter behavior or fully restore
function to damaged circuitry, especially in organisms with more complex nervous systems. To
scale this approach, more advanced optical systems are needed (see Chapter 5). Finally, we used
zebrafish CaP spinal motor neurons as models of axon growth, since they offered numerous
advantages for our proof of principle experiments. However, it is currently unclear if this approach
will be effective in other species and neuronal types. Given the success of this approach in
zebrafish CaP neurons, investigation of PA-Rac1 optogenetic axon guidance in these other
contexts is certainly justified.
In addition to growth across repulsive barriers, during several stimulation trials, it appeared
that the illuminated axon could be guided beyond the myotome completely. Serial electron
microscopy of one such deviated axon revealed that it extended ventrally, becoming closely
apposed to the kidney duct. This is a striking deviation from the typical CaP axon path, which
never leaves contact with the somite. While the molecular interactions mediating this contact are
unknown, they likely involve cell surface interactions through adhesion molecules, which are
known to play central roles in axon pathfinding (Kamiguchi, 2007; Pollerberg et al., 2013). Cell
adhesion interactions are also crucial mediators of axonal fasciculation in white matter tracts and
nerves of more complex nervous systems (Pollerberg et al., 2013). That these cell-surface adhesive
interactions may be overcome with optogenetic PA-Rac1 stimulation is surprising and indicates
that optogenetic guidance may be possible, not just for pioneer axons, but also axons with growth
cones in highly fasciculate axon tracts. Future work is needed to test this intriguing possibility.
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Electron microscopy also revealed that the axon deflected beyond the somite was
accompanied by several other ectopic cells that were not present on either the unstimulated
contralateral side or in neighboring somites. Since CaP axons are in close contact with sclerotomal
and neural crest migratory cells as they grow ventrally (Melancon et al., 1997), it is likely that the
ectopic cells are one of these migratory cell types. That they appear to follow the aberrant CaP
axon suggests the CaP axon influences the migratory path of these cells. One intriguing possibility
is that the ectopic cells are Schwann cell precursors that will ultimately myelinate this spinal motor
axon. Optogenetic axon guidance will allow future studies to further examine how axonal growth
and morphology influence the development of neighboring cell types in this and other contexts.
Beyond altering axonal trajectories, PA-Rac1 manipulation also offers the potential to
create new neuronal connections. Here we observed molecular evidence of the formation of novel
neuromuscular wiring between deviated axons and neighboring somitic musculature. Additional
physiologic studies are needed to confirm the functionality of this circuitry. These aberrant
connections offer a unique opportunity to examine the mechanisms underlying development of
this neuromuscular circuitry. In mammals, spinal motor neurons initially synapse promiscuously
with muscle fibers, such that one fiber receives input from multiple motor axons (Sanes and
Lichtman, 1999). Later, these connections are subsequently refined resulting in innervation of a
muscle fiber by a single motor axon (Sanes and Lichtman, 1999). In contrast, zebrafish primary
motor axons have non-overlapping territories of axonal growth, so muscle fibers only every
receive input from one primary motor neuron (Westerfield and Eisen, 1988; Westerfield et al.,
1986). However, muscle fibers receive innervation from up to three secondary spinal motor
neurons (Westerfield et al., 1986). Unlike mammals, this polyneuronal innervation persists into
adulthood (Westerfield et al., 1986). Thus, when faced with innervation from two primary neurons,
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would a muscle fiber synapse with both primary neurons or would there be mechanisms to only
allow synaptic formation with a single axon? The data indicate that, at least at the level of the
whole ventral muscle unit, innervation from multiple CaP axons is possible. However, we were
unable to distinguish the innervation pattern at the level of individual myofibrils, so it may be that
the deviated axon and the resident CaP axon synapsed with distinct myofibrils within the same
myotomal unit. We are currently performing serial electron microscopy (EM) reconstruction of
these deviated axons, which would also allow us to further investigate the innervation patterns of
the resident and deviated axons and determine whether these axons innervated the same myofibril.
If so, further studies will be needed to examine whether this is a transient situation or whether it
persists into adulthood. Serial EM reconstruction will also allow us to confirm the presence of
neuromuscular junctions using high resolution morphological analysis to search for juxtaposition
of presynaptic vesicle accumulation with post synaptic electron dense regions. Doing so will give
us a much higher resolution look at how exactly these deviated axons interact with their
environment. Overall, the ability to pattern axonal connections will allow future studies to explore
these and other specific mechanisms to elucidate fundamental rules of circuit formation and
functionality.
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Chapter 4: Rescue of pathologic axonal circuitry using optogenetic
guidance

Contributions
James Harris designed, performed and analyzed all experiments. The methods and results
presented here are part of a manuscript prepared by James Harris and Paola Arlotta. All work was
conducted under the supervision of Paola Arlotta.
Introduction
In the previous Chapter, optogenetic activation of Rac1 was sufficient to control zebrafish
CaP motor neuron guidance despite inhibitory obstacles. These experiments were performed in
fish with normally developing axons in wild type tissue environments. In addition to creating new
circuitry, optogenetic axon guidance offers a novel therapeutic path for correcting defects in axonal
connectivity resulting from a variety of pathologies. To explore whether PA-Rac1 stimulation
could repair defective axonal circuitry, we sought to optogenetically rescue disrupted axons in a
pathologic state using our zebrafish CaP axon model. Since vertebrates, and especially zebrafish,
are capable of regenerating spinal motor axons following traumatic injury (Madison and Robinson,
2014), we decided not to pursue a traumatic injury model of axon damage, since it would be
difficult to distinguish the effects of our manipulation from the natural underlying regenerative
processes. Instead, we attempted to rescue defects in developmental CaP axon guidance that
resulted from genetic loss of key signaling molecules. A number of mutants with defective CaP
pathfinding have been identified including stumpy (Beattie et al., 2000), topped (Beattie et al.,
2000), unplugged (Zhang and Granato, 2000), and diwanka (Granato et al., 1996b).
Zebrafish CaP axon guidance mutants
The first CaP axon guidance zebrafish mutant, stumpy, was discovered using a forward
mutagenesis screen for defects in CaP axon guidance (Beattie et al., 2000). In these mutants, the
majority of CaP axons stalled at the horizontal myoseptum, failing to extend further after 48hpf
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(Beattie et al., 2000). Even those that make it to the ventral myotome failed to branch appropriately
(Beattie et al., 2000). By 72hpf, 88% of axons had still not grown past the horizontal myoseptum
and as a result, these neurons began to die (Beattie et al., 2000). Interestingly, all primary spinal
motor neurons including CaP, MiP, and RoP stalled at this intermediate horizontal myoseptum
target (Beattie et al., 2000). Stumpy was later mapped to the collagen XIXa1 gene, which is
expressed in adaxial cells at the horizontal myoseptum at 19hpf, just prior to axon arrival of these
neurons (Hilario et al., 2010). This mutant collagen is a dominant negative, interfering with the
normal function of other collagen XIXa1 molecules (Hilario et al., 2010). It was hypothesized that
this collagen functioned by anchoring key extracellular axon guidance molecules, such as CSPGs,
laminin, and Tenascin-C, however, staining for these proteins in stumpy mutants did not reveal
any differences (Hilario et al., 2010). Thus the mechanism of how exactly collagen XIXa1
influences primary motor neuron guidance is still unknown (Hilario et al., 2010).
This mutagenesis screen also identified the topped mutant, which similarly resulted in a
failure of CaP axons to extend into the ventral myotome, stalling at the horizontal myoseptum
(Beattie et al., 2000). In contrast to stumpy mutants, this axon guidance defect is specific just to
the CaP axons and did not affect the axon guidance of MiP or RoP axons (Rodino-Klapac and
Beattie, 2004). The mutation was mapped to a centromeric region of chromosome 24, but the
precise genomic location has not been identified and so the mechanism of this axon guidance
defect remains elusive (Rodino-Klapac and Beattie, 2004).
In unplugged mutants the axonal morphology of CaP and RoP axons is essentially
switched, such that CaP axons fail to extend past the horizontal myoseptum, while RoP axons,
which normally cease ventral growth and branch at the horizontal myoseptum, aberrantly extend
past this boundary and into the ventral myotome (Zhang and Granato, 2000). Transplant
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experiments showed that unplugged’s role was non-cell autonomous, since expression of this gene
in the adaxial myotome rescued the pathfinding defect (Zhang and Granato, 2000). The unplugged
mutation was identified as a loss of function mutation in the muscle specific kinase (MuSK), which
is specifically expressed in adaxial myotomal cells (Zhang and Granato, 2000; Zhang et al., 2004).
MuSK’s role in clustering acetylcholine receptors (AChR) at neuromuscular junctions via
interactions with Agrin and Rapsyn is well characterized in other systems (Sanes and Lichtman,
2001). However, loss of MuSK had no effect on neuromuscular junction formation in these
zebrafish mutants (Zhang et al., 2004). Unplugged mutants showed disrupted chondroitin sulfate
in the extracellular matrix in the path of the axon, however, chondroitin sulfates at the vertical
myosepta were not altered (Zhang et al., 2004). Interestingly, knock down of chondroitin synthase,
which eliminated chondroitin sulfate production, did not affect axon guidance, so it is still unclear
what causes aberrant axon guidance is in these fish (Zhang et al., 2004). Furthermore, loss of the
Wnt ligand, Wnt11r, resulted in a similar phenotype to stumpy and was found to be upstream of
MuSK aggregation in the central path of CaP axon guidance between the vertical myosepta(Jing
et al., 2009). Wnt11r is possibly secreted by dorsal adaxial muscle cells and binds to MuSK,
aggregating AChRs via non-canonical disheveled signaling in the central somatic region on the
myotomal surface (Jing et al., 2009). While MuSK activation and wnt11r are required for
appropriate axon guidance, AChR clustering is not required and is a separate downstream
consequence of this patterning (Jing et al., 2009; Panzer et al., 2006; Westerfield et al., 1990).
The final CaP axon guidance mutant, diwanka, was identified in a forward genetic screen
for defects in locomotion behavior in response to tactile stimulation (Granato et al., 1996b). CaP
axons in diwanka fish fail to extend beyond the horizontal myoseptum, stalling either in the spinal
cord, on the common path to the horizontal myoseptum, or at the horizontal myoseptum (Zeller
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and Granato, 1999). Furthermore, the MiP and RoP axons also fail to fully extend and terminate
before their normal divergence at the horizontal myoseptum choice point (Zeller and Granato,
1999). Three diwanka mutations were mapped to the procollagen lysine 2-oxoglutarate 5dioxygenase3 (plod3) gene (Schneider and Granato, 2006). The first mutation, tv205a, is a point
mutation at a splice acceptor site that leads to loss of exon 5, a frameshift at the start of exon 6 and
an early termination (Schneider and Granato, 2006). The other two mutations, ts286 and tz290 are
nonsense point mutations that lead to truncated proteins (Schneider and Granato, 2006). Of these
three mutations, tv205a results in the greatest disruption to the plod3 gene product, since
termination occurs closest to the start of the protein sequence (Schneider and Granato, 2006),
however, all three mutations show similar phenotypes (Zeller and Granato, 1999). This phenotypic
similarity is likely due to the common loss of the carboxyterminal endoplasmic reticulum (ER)
retention signal that is missing in all three mutants, preventing trafficking of this protein to its site
of action in the ER (Schneider and Granato, 2006).
Structurally, plod3 contains a LH3 glycosyltransferase domain, which catalyzes the
addition of glucose or galactose residues to hydroxylysines of extracellular matrix proteins,
especially collagens (Schneider and Granato, 2006). A morpholino knockdown screen of zebrafish
collagens found that col18a1 knockdown, which encodes collagen XVIII resulted in a similar
stalled CaP axon phenotype as plod3 mutants (Schneider and Granato, 2006). Col18a1 is
cotemporally expressed in adaxial muscle cells with plod3, has multiple -X-Lys-Gly- motifs for
modification by the plod3 LH domain, and is a ligand for receptor protein tyrosine phosphatase
receptors (RPTPs), which were previously implicated in axon guidance (Schneider and Granato,
2006). These data strongly support a model in which Plod3 mediated glycolsylation of collagen
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XVIII allows it to be secreted by the adaxial myotomal cells where it serves as a guidance cue for
subsequent motor axon growth.
To mediate axon guide, collagen XVIII binds to and activates RPTPs (Aricescu et al.,
2002), which is presumably expressed by the CaP axon. This type II RPTP has an evolutionarily
conserved role in controlling axon guidance through its interaction with Trio, which is a guanine
nucleotide exchange factor (GEF) (Ensslen-Craig and Brady-Kalnay, 2004; Johnson and Van
Vactor, 2003). Trio is a central activator of Rac1 and other Rho GTPases and acts by swapping
GDP for GTP leading to an activation of Rac1 (Johnson and Van Vactor, 2003). Thus, in plod3
mutant zebrafish, CaP axons suffer from an environmental signaling defect, downstream of which
is the Rac1 signaling pathway.
Of these CaP axon guidance mutants, the plod3 mutation was the most suitable candidate
for optogenetic rescue experiments for three reasons: 1) the causal mutation is mapped, 2) the
mechanism of defective axon guidance is well characterized, non-cell autonomous, and upstream
of Rac1 signaling, and 3) the mutant phenotype has no other primary axons that extend into the
ventral myotome, so rescue with PA-Rac1 could easily be assessed. To test whether optogenetic
PA-Rac1 stimulation could rescue these axon guidance defects, we expressed PA-Rac1 in CaP
neurons of the plod3 mutant zebrafish and attempted to repair stalled CaP neurons by guiding them
into the ventral myotome with light. Doing so would be a proof of principle to inspire novel
approaches for optogenetic axon guidance as a strategy to repair defective axonal circuitry.
Materials and methods
The mnx1:mcherry-PA-Rac1 transgene was introduced into the plod3

tv205a

mutant line

(European Zebrafish Resource Center #941) (Granato et al., 1996a; Schneider and Granato, 2006)
using the transposase based system described in Chapter 2. Imaging and optogenetic stimulation

80

were as described in Chapter 3, except that stimulation initiated later at 28hpf to ensure CaP axons
were stalled at the horizontal myoseptum prior to stimulation. Immunohistochemistry and image
processing were as described in Chapter 3. Plod3 mutant fish were genotyped with custom
Taqman SNP genotyping kits (Invitrogen cat #4332077 Assay ID ANXGU9F, Invitrogen cat#
4371353).
Results
We generated transgenic plod3-/- mutant embryos expressing PA-Rac1 in spinal motor
neurons and attempted to rescue axon guidance defects in the CaP neurons using optogenetic
stimulation. We initiated light guidance in mutant growth cones at 28hpf, a point at which CaP
axons of heterozygote plod3-/- animals have projected well beyond the horizontal myoseptum
(Figure 4.1A), but growth cones of plod3-/- fish have stalled at this boundary. We found that the
illuminated axons could be guided into the ventral myotome, while the neighboring unilluminated
axons remained at the horizontal myoseptum (n=5, Figure 4.1B,C, Movie S6). Furthermore,
immunohistochemical detection of pre- and post-synaptic proteins indicated that the rescued CaP
axons could form synaptic connections with the surrounding myotome (Figure 4.1D). The data
indicate that PA-Rac1 activation could be used to rescue defective axon guidance and connectivity
in a pathologic environment that lacked type XVIII collagen, a required myotomal guidance signal.

81

Figure 4.1. Optogenetic stimulation of plod3-/- zebrafish CaP neurons rescues their axon
guidance defect allowing synaptic connectivity with the ventral myotome. (A) PA-Rac1
expression (red) in spinal motor neurons of plod3+/- zebrafish at 28hpf. (B) Left: An age-matched
plod3-/- mutant sibling prior to stimulation fails to extend CaP axons into the ventral myotome past
the horizontal myoseptum (dashed white line). Right: After stimulation of a single CaP axon in the
mutant fish to direct ventral growth, the stimulated axon extended into the ventral myotome, while
unstimulated axons remain arrested at the horizontal myoseptum. (blue circle: region of
illumination; scale bar 50µm). (C) Enlarged image of plod3-/- CaP axon following stimulation
(solid white box in (B)). (D) Immunohistochemistry for mCherry (red, left), SV2 (green, middle
left), and αBT (cyan, middle right), showed colocalization of pre- and post-synaptic markets
(merge, right) in the ventral myotome of the stimulated axon (bottom), but not in the unstimulated
axon (top; scale bar 5µm). Stimulated and unstimulated regions correspond to solid white boxes
in (C).
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Figure 4.2 (Continued)
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Discussion
Axonal connections do not regenerate following injury in the mammalian central nervous
system, leading to permanent functional deficits. New therapeutic approaches are needed to
regenerate these damaged circuits. Here we demonstrate that PA-Rac1 activation can repair axon
guidance defects in a pathologic environment. Specifically, in wild type zebrafsih, Plod3
glycosylates collagen XVIII in adaxial myotome cells, allowing secretion of this extracellular
signaling cue that defines a path for future CaP axon growth (Schneider and Granato, 2006).
Collagen XVIII binds to RPTPs (Aricescu et al., 2002), which is presumably expressed by
extending CaP axons and acts through downstream Rac1 signaling (Johnson and Van Vactor,
2003). Thus, focal activation of PA-Rac1 compensated for a deficient extracellular axon guidance
signal mediated by Rac1 to rescue the CaP axon morphology. Furthermore, while plod3 mutant
fish fail to form neuromuscular junctions with the ventral myotome, colocalization of pre- and
postsynaptic proteins indicated that these synapses were restored following optogenetic rescue,
suggesting recovery of the aberrant neuromuscular circuitry. These data are a striking proof of
principle for the powerful potential of this approach to repair defective neural circuitry.
Additional experiments are needed to determine whether the neuromuscular synapses
formed following CaP axon rescue are functional. To test this possibility, I plan to depolarize
rescued CaP axons and assess whether ventral muscle cells contract specifically in the somite in
which the CaP axon was rescued, providing physiologic evidence for the formation of functional
neuromuscular junctions. To do so, I will sparsely express ReaChR, a red-shifted
channelrhodopsin (Lin et al., 2013), in PA-Rac1 expressing plod3 zebrafish spinal motor neurons
-/-

using a transient transgenesis approach. In this approach, zebrafish embryos are injected with a
transposase-based transgenesis construct at the single cell stage (Kikuta and Kawakami, 2009).
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The transgenesis construct integrates into the genome after several cell divisions, generating
embryos chimeric for the transgene (Kikuta and Kawakami, 2009). Thus, following optogenetic
rescue of the plod3 guidance defect with PA-Rac1, I will activate ReaChR to depolarize the
repaired CaP axon, while visualizing the ventral myotomal cells, which should contract. Doing so
would provide clear evidence that functional recovery of defective axonal guidance circuitry is
possible with optogenetic PA-Rac1 stimulation.
The plod3 mutant was initially discovered in a screen for locomotor deficits (Granato et
al., 1996b). While here we rescued a single defective axon per fish using a focal region of light,
full restoration of locomotor behavior in these mutant fish would require restoration of many more
defective axons. Ideally, our optogenetic rescue could scale to allow for recovery of the
morphology of all spinal motor axons in these fish. However, to achieve this, a different approach
for delivering patterned light stimulation is required. In our optical stimulation paradigm, we used
a point-scanning confocal microscope to deliver laser light to a small region of interest of a single
growth cone that was simultaneously visualized. Since the axons grow in a complex 3D space,
visualizing multiple growth cones in the same focal plane for the duration of the stimulation
experiment is challenging and prevented rescue of multiple defective axons to restore behavior.
To achieve large scale axon guidance rescue to restore swimming behavior and even possibly
rescue these mutants from embryonic lethality, light must be delivered in the appropriate spatial
and temporal pattern to guide many axons simultaneously. Advances in microscopy to
simultaneously visualize all growth cones and machine vision to identify the growth cones and
deliver stimulation to the correct place automatically and adaptively will aid in this challenge (see
Chapter 5).
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Here we rescue a non-cell autonomous defect that results in aberrant motor neuron
development. Future work will be needed to evaluate the extent to which PA-Rac1 mediated
guidance can repair the loss of cell intrinsic axon guidance molecules, such as axon guidance
receptors, like those lost in congenital diseases of human axon guidance (Engle, 2010) (see Chapter
1). Unfortunately, no cell autonomous CaP axon guidance mutants have been identified in
zebrafish (Hutson and Chien, 2002). In general, I would expect optogenetic PA-Rac1 activation to
overcome the loss of signaling molecules upstream of Rac1, such as axon guidance receptors,
GAPs and GEFs, but not loss of the downstream Rac1 effectors such as Pak1 or actin remodeling
proteins (Hall and Lalli, 2010). However, these epistatic relationships are often hard to determine
a priori, since Rac1 plays a pleotropic and highly dynamic role in axon guidance signaling
networks that do not necessarily operate in a linear fashion (Hall and Lalli, 2010; Jaffe and Hall,
2005). Thus, further exploration of PA-Rac1 mediated rescue of cell autonomous axon guidance
defects is needed. Doing so will also help inform the molecular mechanisms by which Rac1
signaling mediates axon guidance.
Further inquiry is also needed to determine if PA-Rac1 repair is effective in more complex
species and pathological states. Axons in aged or injured states may be substantially different from
developing axons, which express the molecular pathways required for growth and guidance
signaling. While these obstacles may seem daunting, the clear demonstration that PA-Rac1 can
outcompete rigorous adaptive axon guidance signaling of the developing zebrafish embryo, as
described in Chapter 3, illustrates that optogenetic PA-Rac1 activation is capable of overcoming
highly repulsive environmental signaling. Furthermore, since even injured, adult central nervous
system axons retain the ability to regenerate into peripheral nerve grafts in mammals (Richardson
et al., 1980), effective intervention may only require short periods of optogenetic stimulation to
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overcome relatively small impermissive glial scars or at critical choice points. After intervention,
natural regenerative or developmental programs can unfold autonomously without the need for
further treatment to mediate functional recovery. A clear next step to test whether such an approach
is viable to move toward translational applications is to examine the efficacy of PA-Rac1
activation to promote axon regeneration in rodent models of spinal cord following injury.
In conclusion, we demonstrated that PA-Rac1 activation could overcome the loss of an
extrinsic factor to rescue deficient axon morphology and restore neuronal circuitry. Future studies
in mammalian models of axon pathology are needed to expand on this promising technology to
move it closer to clinical application. If accomplished, this approach can inspire therapeutic
applications to help patients recover from currently untreatable deficits in axonal wiring.
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Chapter 5. Discussion

Axonal connections define how information flows through neuronal networks. Here we
deploy photoactivatable Rac1 in the novel context of axon guidance to non-invasively and
precisely control the intrinsic machinery of the growth cone to direct axonal growth. Doing so
allows for the guidance of axons in opposition to endogenous signaling programs and across
repulsive barriers in living intact organisms. In stark contrast to previous light-based axon
guidance strategies that were restricted to use on isolated cells in vitro and have not demonstrated
efficacy in complex in vivo tissue environments (Carnegie et al., 2008; Ebbesen and Bruus, 2012;
Ehrlicher et al., 2007a; Ehrlicher et al., 2002; Endo et al., 2016; Graves et al., 2009; Mohanty et
al., 2005b; Stevenson et al., 2006) reviewed in (Mohanty, 2015), our approach allows for powerful,
non-invasive manipulation of axonal circuitry in developing animals and unlocks the ability to
further interrogate the role of axonal input in shaping developing circuitry in vivo. The ability to
precisely control the structure of these axonal connections holds great promise for understanding
the fundamental principles of how neuronal circuits develop and operate, for building high fidelity
in vitro brain models, and for overcoming barriers to repair axonal connections disrupted by
pathologic insults.
Alternative molecular targets for optogenetic axon guidance
Optogenetic approaches hold much promise for sculpting axonal circuitry and future work will
be necessary to determine the optimal molecular targets and stimulation paradigms to provide the
most robust, powerful control of axon guidance. While we targeted Rac1 to control axon guidance
optogenetically, future optimizations may explore alternative molecular targets. Rac1 provided a
compelling initial starting point, since it integrates positional information downstream of all major
axon guidance receptors (Hua et al., 2015b; Kaufmann et al., 1998; Matsuura et al., 2004).
However, Rac1 is involved in an enormous array of cellular behaviors. Even within the growth
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cone, it can play many roles beyond direct modulation of the cytoskeletal dynamics that mediate
directed growth (Bashaw and Klein, 2010). Although our optogenetic paradigm activates Rac1
only transiently and within a small part of the growth cone, Rac1 activation may have additional
unwanted effects on these other aspects of cellular physiology. Even within the context of axon
guidance, activation of Rac1 by guidance receptor pathways can lead to both attraction and
repulsion (Lawson and Burridge, 2014). Thus, manipulation of other components of the core axon
guidance signaling machinery may allow for exclusively positive outgrowth, without affecting
other processes within the cell, allowing for a more robust, flexible optogenetic axon guidance
approach.
The proliferation of photoactivatable proteins has led to a wide selection of potential targets
for optogenetic intervention. In addition to Rac1, Cdc42 and RhoA are other Rho GTPases that
play central roles in mediating axon guidance through actin remodeling (Govek et al., 2005). A
photoactivatable Cdc42 construct is available (Wu et al., 2009), while a photoactivatable RhoAspecific GEF, called LARG, which mediates axon guidance signaling downstream of the PlexinB1 receptor (Swiercz et al., 2002), has been derived (Oakes et al., 2017). Furthermore, optical
control of light responsive Tiam1, a Rac1 activating GEF was used to show that activated Rac1
becomes immobilized in signaling nanoclusters during cell migration (Remorino et al., 2017).
Tiam1 has a known role in axon guidance, mediating neuronal outgrowth downstream of DCC in
C. elegans (Demarco et al., 2012). Another Rac1 GEF, Vav2, involved in Ephrin signaling
(Bashaw and Klein, 2010), also has a photoactivatable version (Dagliyan et al., 2016). A
photoactivatable Diaphanous-related formin construct is capable of more direct intervention in
cytoskeletal dynamics downstream of Rho GTPases and their associated GEFs (Rao et al., 2013).
Upon activation by Rac1, these formins catalyze the nucleation of actin to form long unbranched
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actin filaments (Watanabe and Higashida, 2004), which can mediate filapodia formation in axonal
growth cones (Matusek et al., 2008). Furthermore, recent computational methods have facilitated
rapid design of optogenetic constructs using generic approaches enabling the creation of light
activated versions of a wide range of proteins (Dagliyan et al., 2018). As these methodologies
improve, options for photoactivatable molecular targets will expand greatly. Rac1 effectors such
as the WAVE complex (Eden et al., 2002; Mullins, 2000), Pak1 (Edwards et al., 1999) or
Lamellipodin (Chang et al., 2006) will be compelling future targets. Additional work will be
needed to determine which of these molecules controls axon guidance most selectively and
effectively. The zebrafish CaP axon guidance model used here is an ideal system to compare the
efficacy of these photoactivatable proteins.
Lighting the path forward: scaling, delivery and optimization of light stimulation
While here we used a simple paradigm of uniform illumination within a circular region
targeted to a single growth cone, the use of light as a stimulus allows for enormous flexibility to
deliver patterned stimulation. In particular, digital micromirror devices (DMDs) can deliver
complex patterns of stimulation for a variety of optogenetic experiments(Avants et al., 2015;
Brinks et al., 2016; Hakim et al., 2018; Jung et al., 2017; Sakai et al., 2013). DMDs consist of a
large array of microscopic mirrors that rapidly change conformation, determining whether light
will be reflected at any given point in the array (Ren et al., 2015). Alternatively, instead of
manipulating light by refection with mirrors, light can be patterned using interference patterns
produced by computer generated holographic or generalized phase contrast methods to control the
phase of the light (Emiliani et al., 2015). Both approaches allow high resolution, parallel
patterning, and projection of a light source onto a target (Ren et al., 2015). In the context of
optogenetic axon guidance, DMDs or phase modulation methods would allow for multiplex
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illumination of many growth cones simultaneously and the ability to project gradients of light to
more closely mimic the natural, asymmetric gradients of Rac1 signaling activity (de Beco et al.,
2018). Furthermore, recent advances in machine vision algorithms and computational hardware
will greatly improve previous algorithms to deliver light to axons and dynamically update this
stimulation in response to axonal growth (Stuhrmann et al., 2005). Combined with DMDs or phase
modulated light delivery, automated light stimulation could allow for high resolution mapping of
axonal outgrowth responses across the light stimulation parameter space. This would enable
discovery of optimal light stimulation paradigms for different neuronal subtypes or axonal
environments. Ultimately, these technologies could deliver the complex stimuli required to
optogenetically sculpt many individual axons simultaneously into precise axonal architectures
necessary to better model brain networks in vitro and rewire and repair brain circuits in vivo.
While the zebrafish is highly amenable to optogenetic experimentation due to its optical
accessibility, most mammalian neuronal tissue is located deep within the body, where conventional
light sources do not penetrate, including in the womb during development and encased in bone of
the skull and spinal cord in adults. Thus, delivering light to these tissues will require surgical
implantation of optical devices or exposing these deep structures to external light. However, with
the explosion of optogenetics research to dissect the function of brain circuits, there is great interest
in developing better, less invasive means for delivering light to biological tissues (Iseri and
Kuzum, 2017). Computer-generated holography can be combined with two-photon microscopy to
generate patterns of light for optogenetic stimulation capable of probing more deeply in the brain
(Papagiakoumou et al., 2018). Alternatively, µLEDs as small as 10x15µm, can be placed on
wirelessly powered shanks and chronically implanted to deliver light efficiently and focally to
areas deep within the brain (Iseri and Kuzum, 2017). While these probes are engineered for control
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of optogenetic channels to study the role of neuronal activity in circuit behavior, alternative form
factors may be more suitable for application to axon guidance. For instance, a long string of µLEDs
could be inserted in white matter tracts, on the surface of the dura mater or snaked through the
ventricular system to provide a path for optogenetic axon guidance. As the targeted axon arrives
at the first light in the string, it can be switch off and the next light switched on. By iterating this
process, axons could potentially be guided across large distances in complex mammalian brains
and spinal cords. Advances in these various optical engineering approaches will allow for future
in vivo application of optogenetic axon guidance in larger, more complex mammalian nervous
systems.
In addition to advanced optical solutions, PA-Rac1 could be engineered to respond to
different stimuli that are more suitable for application in mammalian systems. Since longer
wavelengths of light typically penetrate these biological tissues more deeply than shorter
wavelengths (Svaasand and Ellingsen, 1983), photoactivatable proteins with red-shifted activation
spectra can be stimulated at deeper points within these tissues (Lin et al., 2013). This strategy has
been successfully deployed for other optogenetic approaches. For example, a red-shifted
channelrhodopsin was activated in cortical neurons beneath an intact mouse skull (Lin et al., 2013).
Similarly, a PA-Rac1 variant with a red-shifted activation spectra would allow for better tissue
penetration. An additional benefit of creating PA-Rac1 variants with a diverse array of activation
spectra would be the ability to express different variants in different neuron subtypes, allowing for
simultaneous cell-type specific axonal guidance. Overall, PA-Rac1 variants with red-shifted
activation spectra will facilitate even greater flexibility in optogenetic axonal guidance
applications.
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While continual progress is made in delivering light to the brain and spinal cord, other
approaches for controlling the intrinsic signaling within neurons have been developed. In
particular, alternative chemogenetic approaches that use novel, largely inert small molecules as
stimuli rather than light have shown great promise (Urban and Roth, 2015). These small molecules
bind to engineered receptors, such that the exogenous ligands only affects cells designed to
expressing the corresponding exogenous receptor with minimal effect on the intrinsic signaling
and physiology (Sternson and Roth, 2014). A similar chemogenetic approach may be used to create
an engineered axon guidance signaling system. To do so, first, a chemogenetic receptor must be
expressed in the neuron whose axon is to be artificially guided. Next, at the desired axonal target
site, a compound that activates the chemogenetic receptor, but is otherwise inert, would be injected
or chronically released from an implanted device to create a diffusible gradient of this signal. Upon
binding to the chemogenetic receptor, this receptor would need to trigger a powerful downstream
response to mediate axonal outgrowth capable of outcompeting other extracellular signals. This
approach would offer several advantages compared with the optogenetic method. Primarily it
would avoid the challenges of having to deliver light in biological tissues. As a result, stimulation
could occur with a single injection or device implantation without the need to continuously deliver
light, a paradigm much more suitable for lengthy chronic stimulation that may be required to cover
long distances. However, this approach would sacrifice the high temporal and spatial precision
that light stimulation allows. Dynamic feedback could not be provided in real time during the
axon’s guidance. This lack of feedback and fine tuning may be challenging, since different levels
of signaling may be required as the axonal environment changes over the course of guidance. To
ameliorate this lack of ability to deliver real time feedback, chemogenetic axon guidance strategies
would ideally target intrinsic axon guidance pathways whose activation exclusively induces

94

positive outgrowth responses and is downstream of all of the axon guidance signaling pathways,
to override any competing signals, irrespective of the environment. Given the complex, multilevel
regulatory networks, such a target may be challenging to find. Additionally, the engineered
receptor or exogenous ligand may interact with other molecules in the complex axonal
environments, affecting either the endogenous or exogenous signaling pathways. While
chemogenetic strategies are not without their challenges, they represent an interesting middle
ground approach between intrinsic optogenetic manipulation of axonal guidance machinery and
manipulation of the axonal microenvironment.
The role of circuit architecture on neuronal identity
In addition to improving the ability to control axonal guidance, future work can use
optogenetic axon guidance to address important biological questions related to axonal circuit
architecture and function. For instance, while neuronal identity is largely specified during
development, there is evidence that aspects of identity exhibit plasticity in response to changes in
network activity (Spitzer, 2015). Both presynaptic axonal inputs and postsynaptic axonal targets
of a given neuron have been implicated in shaping identity. One example supporting the role of
preseynaptic axonal innervation is the influence of thalamocortical innervation on layer IV spiny
stellate neurons of the somatosensory cortex (Russ and Kaltschmidt). Thalamocortical afferents
deliver Neuritin-1 and VGF, which help shape the dendritic architecture of these layer IV neurons
(Sato et al., 2012), and loss of glutamatergic transmission from these thalamocortical afferents
resulted in the adoption of a pyramidal neuron-like morphology and disrupted gene expression
patterns (Li et al., 2013). A second example is provided by cortical interneurons, which respond
to changes in network activity with alterations in many aspects of identity including morphology,
gene expression and electrophysiological properties (De Marco Garcia et al., 2011; Dehorter et al.,
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2015). Thus, the ability to shape neuronal circuitry through optogenetic axon guidance will allow
neuroscientists to further investigate the role of axonal input on the recipient neuron’s fundamental
identity.
In addition to manipulating axonal inputs, alterations in the postsynaptic axonal target can
also affect neuronal identity. For example, as motor axons extend into the forelimb, they receive
local glial cell line-derived neurotrophic factor (GDNF) that is expressed specifically in the plexus,
developing forelimb, and later in several arm muscles (Haase et al., 2002). Loss of this peripheral
GDNF signal leads to reduced Pea3 expression, a subtype defining transcription factor in motor
neurons, and these neurons subsequently have abnormal spinal cord positioning and failures of
axonal guidance. (Haase et al., 2002; Lin et al., 1998). Furthermore, the neurotransmitter
expression profile of neurons can be modulated by manipulation of their efferent axonal
connectivity (Russ and Kaltschmidt). Axotomy of rat facial motor neurons leads to downregulation
of acetylcholine esterase (Kou et al., 1995) that is mediated by a loss of exposure to peripheral
neurotrophin-4/5 and BDNF (Fernandes et al., 1998). Teleologically, plasticity in components of
neuron subtype identity, shaped by pre- and postsynaptic connections, could provide a mechanism
to ensure appropriate neuronal function based on the cell’s position within the emerging circuit
architecture. Optogenetic axon guidance can help investigate this intriguing possibility.
Illuminating the emerging brain network dynamics and information processing
Another fascinating question in neuroscience is how the complex activity patterns in brain
circuits carry out computations and how these activity patterns emerge during development.
Foundational experiments in neurodevelopmental biology probed how sensory inputs shape the
activity and computational behavior of developing cortical circuitry. By inducing retinal axons to
aberrantly connect to the auditory thalamic nucleus, a series of key experiments demonstrated that
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the downstream auditory cortex could be induced to process visual information (Pallas et al., 1999;
Sharma et al., 2000; Sur et al., 1988; von Melchner et al., 2000), revealing the powerful influence
that axonal input plays on shaping the development of neuronal circuits (see Chapter 3
Introduction). These experiments relied on the natural propensity of retinal ganglion cells to
innervate the medial geniculate nucleus following ablation of the lateral geniculate nucleus (Sur
et al., 1988). Optogenetic axon guidance could provide a means of redirecting axons without
having to ablate targets in much more flexible arrangements that are not constrained by reliance
on an axon’s second choice innervation target. This will open the possibility of answering many
intriguing questions of how brain circuitry and function is shaped by the information content of
the afferent inputs. An interesting place to start would be to determine whether higher order
association cortices can also process sensory input of different modalities.
Engineering neuronal networks in a dish
Since human brain tissue is unique and largely inaccessible to experimentation, there is
great interest in developing in vitro models of human brain function and disease. Such models can
be derived from induced pluripotent and embryonic stem cells that are differentiated into human
neurons in various configurations ranging from isolated single cells in a cultured monolayer to 3D
cerebral organoids. These stem cell based models are particularly interesting for understanding
neuropsychiatric diseases with strong genetic contributions, including schizophrenia, bipolar
disorder and autism, since stem cells with the precise pathological genetic variants can be derived
directly from patients (Quadrato et al., 2016). Furthermore, these diseases of human cognition have
been very difficult to study since they appear unique to humans with pathologies embedded deep
in the brain circuits, which has limited our ability to study these conditions and develop new
treatments (Quadrato et al., 2016). Cerebral organoids are exciting models that can recapitulate
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striking, unique aspects of human brain development through self-assembly, including the
generation of a wide diversity of neuronal cell types that are arranged in the stereotypical laminar
architecture surrounding a central lumen (Quadrato et al., 2017). Long-term organoid cultures can
even develop retinal cells that respond to light, opening the possibility of studying how physiologic
stimuli affect neuronal network activity and function (Quadrato et al., 2017). However, these
organoids lack the long range, well defined connections present in the brain in vivo (Quadrato et
al., 2017). This is especially problematic for modeling aspects of neuropsychiatric diseases like
schizophrenia and autism, for which it is hypothesized that disrupted axonal connections play a
role in the underling pathology (see Chapter 1).
Recently, region specific organoids corresponding to the pallium and subpallium were
fused together, creating an assembloid of multiple brain regions (Birey et al., 2017). In this
assembloid, cortical interneurons born in the subpallium recapitulated their in vivo migration
pattern, traveling from the subpallial spheroid to seed the pallium (Birey et al., 2017). Thus, these
assembloids introduce interneurons to cortical circuits providing a closer representation of in vivo
circuit architectures. This ability to fuse organoids of different brain regions together also opens
the possibility of creating more realistic patterns of long range axonal connectivity as well. For
instance, thalamic organoids fused with light sensitive cerebral organoids may be able to
recapitulate much of the visual system circuitry, if the appropriate axonal connections can be
formed. Specifically, retinal ganglion cells from the light sensitive structures of cerebral organoids
or retinal organoids could be induced to grow to the thalamic organoid, whose axons in turn could
be grown back into the cerebral organoid recapitulating this visual circuit. PA-Rac1 may prove
useful for patterning axonal connections in these in these cellular systems to build “designer”
circuits to test specific hypotheses about wiring rules and principles of circuit functionality. Of
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course consideration of the ethical implications of such work will be vitally important as these
models become more realistic and complex (Farahany et al., 2018). Overall, optogenetic axon
guidance offers a novel approach to noninvasively sculpt the axonal architecture of in vitro models
of human brain circuitry, which will be necessary to create better models of human brain circuitry
to better understand basic brain function and disease.
Clinical optogenetic repair of axonal circuits
Axons in the human central nervous system do not regenerate following injury, due to a
wide range of inhibitory factors that prevent their outgrowth (Ahuja et al., 2017; Fawcett, 2006;
Fitch and Silver, 2008). Even highly regenerative axolotls fail to regrow long-range axonal
connections after injury, despite an impressive ability to regenerate the full array of neuronal cell
types (Amamoto et al., 2016). Despite three decades of work in this field, clinical strategies to
regenerate these axons and repair permanently debilitating injuries remains elusive (Blesch and
Tuszynski, 2009). The case for axonal regeneration strategies is most clear in young patients
suffering spinal cord injuries who have the greatest regenerative capacities and whose neurons are
otherwise healthy (Geoffroy et al., 2016). Current approaches to inducing axonal regeneration
following spinal cord injury focus largely on administration of pharmacologic compounds or cells
that are intended to alter the axonal microenvironment to promote outgrowth (Ahuja et al., 2017).
However, given the diverse array of inhibitory signals at the injury site, targeting any single
component will likely be ineffective. In contrast, optogenetic Rac1 stimulation offers an alternative
approach to control the intrinsic axonal guidance machinery, overriding this wide range of
competing inhibitory environmental signaling. This approach appears promising since our results
demonstrate that PA-Rac1 stimulation can guide axons in opposition to numerous adversarial
endogenous signals, across repulsive barriers that contain the same inhibitory molecules present
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in glial scars following spinal cord injury, and is effective in pathological environments. Thus,
there is promise for using similar approaches control intrinsic axon guidance machinery directly
to guide either damaged or replacement axons to their appropriate targets to allow for functional
restoration of spinal neurocircuitry.
Murine models of spinal cord injury are a clear step toward translational application of
optogenetic strategies of axon guidance. A primary question is whether optogenetic PA-Rac1
stimulation is capable of overcoming the inhibitory pathologic environment of a glial scar in the
mammalian central nervous system. To test this, PA-Rac1 could be virally delivered to dorsal root
ganglia caudal to the injury site, since the sensory pathways of light touch are located most dorsally
in the spinal cord and are thus most optically accessible. After a sufficient period to allow glial
scar formation and natural regenerative processes to plateau, about two weeks following injury
(Okada et al., 2006), PA-Rac1+ axonal growth cones could be visualized and optogenetically
stimulated with two photon microscopy through a chronic window (Samineni et al., 2017). If the
targeted axon can be guided into or even through the glial scar, this approach may be scaled up to
target many neurons simultaneously. To do so, wirelessly powered optical devices custom
designed for spinal cord optogenetic stimulation could be implanted to deliver stimulation to a
large number of axons simultaneously (Samineni et al., 2017). This device could be positioned
such that illumination originated on the rostral side of the glial scar to attempt to induce axonal
growth of sensory neurons through the scar. While technically challenging, these experiments
would clearly test whether optogenetic PA-Rac1 stimulation is a viable approach for repairing
spinal cord injury.
While clinical application of optogenetic strategies for axon repair requires much further
development, current clinical trials are exploring the use of optogenetic strategies in other contexts.
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The first optogenetic clinical trial began in 2016 using channelrhodopsins to treat retinitis
pigmentosa (Simunovic et al., 2019). This trial has sparked additional interest in applying
optogenetic strategies to other contexts including chronic pain, deafness, bladder function,
Parkinson’s disease, seizures and cardiac pacing (Kim et al., 2018; Maimon et al., 2018). As we
get better at delivering genes and light to neural tissue in humans, optogenetic strategies for axonal
regeneration will become increasingly viable.
Beyond the brain: shaping tissue architectures with light
While here we have used optogenetic control of Rac1 to shape axonal development, this
approach may have further application in shaping the development, regeneration and function of
tissues beyond the brain. Following injury, stem cell biology offers the promise of either replacing
damaged structures with parts grown ex vivo from a patient’s own cells (Barrilleaux et al., 2006)
or of stimulating regenerative responses within the body. Optogenetic control of cell migration
could allow progenitors of various cell types to be arranged appropriately within tissue scaffolds
to mimic the endogenous tissue architecture. The vascularization of these ex vivo tissues could also
be aided by optogenetic strategies. In addition to their role in axon guidance, Semaphorin and
Plexin stimulate angiogenesis through Rac1 mediated signaling (Basile et al., 2004). Optogenetic
Rac1 manipulation may be harnessed to create novel vasculature patterns in these tissue
engineering applications. Thus, futuristic potential therapeutic approaches may involve stem cell
derived, developmentally inspired, replacement parts, sculpted with light in the lab.
Furthermore, this approach may be applied to regenerative strategies in vivo for wound healing
across a wide range of tissues. The formation of a scar that is subsequently remodeled is a common
characteristic of repair across the body. However, for poorly vascularized tissues like ligaments or
tendons, the ability of immune cells or stem cells to migrate to the site of injury to mediate repair
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is limited (Liu et al., 2011). PA-Rac1 mediated guidance of these cells of repair from both
endogenous or supplemental exogenous sources to the site of injury may be useful for repair of a
wide range of organs including the muscles, tendons, ligaments, skin and heart.
Conclusions
Axons wire neurons into networks capable of efficiently transmitting and processing
information across enormous biological distances (Dodd and Jessell, 1988). During development,
the general architecture of these neuronal networks is established in a complex, highly
reproducible process of axon guidance that allows axons to reliably find their appropriate targets
(Tessier-Lavigne, 2002) (see Chapter 1). We have learned a great deal about the mechanisms and
molecules that mediate this axon guidance during development, as well as the pathophysiology
that prevents regeneration in the central nervous system following injury and disrupts axon
guidance in genetic diseases. Despite this knowledge, the ability to engineer and repair axonal
connections is still in its infancy. While most previous attempts to manipulate axonal growth have
relied on shaping the extracellular environment surrounding axons, these methods are invasive and
non-specific, with off-target effects on neighboring cells. Here we present an alternative strategy
to non-invasively and precisely control a central mediator of axon guidance within growth cone to
co-opt this intrinsic molecular machinery using light. Using zebrafish spinal motor neurons as a
model, we show a remarkable ability of this approach to guide axons in vitro and in vivo, in
opposition to repulsive axon guidance signaling, across developmentally repulsive barriers and to
novel tissues. This control of axon guidance allows for creation of novel neuromuscular circuitry
in vivo, as well as rescue of genetic defects in axonal connectivity. Together, this work serves as a
proof of principle for the non-invasive control of axon guidance to engineer neuronal circuits,
opening new doors to flexibly control the long-range information highways of the brain with
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enormous potential to better understand the role of axonal input in shaping neural circuitry, to
make better in vitro models of human brain networks and to repair damaged axonal circuitry
following injury.
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Appendix 1: Supplemental Movies and Tables

Movie S1. An example of optogenetic axon guidance of a zebrafish spinal motor neuron
expressing PA-Rac1 in vitro 1 day after dissociation at 18hpf. The growth cone is illuminated in
the blue circle and updated periodically as the growth cone extends. Stimulation results in directed
guidance of the axon.
Movie S2. An additional example of optogenetic axon guidance of a zebrafish spinal motor neuron
expressing PA-Rac1 in vitro as in Movie S1. An axon subjected to the same stimulation as in
Movie S1 grows in the direction of illumination; a neighboring unstimulated axon grows slowly
in the original direction of projection over the period of illumination.
Movie S3. Optogenetic axon guidance of a zebrafish CaP neuron across the rostral (right) somitic
boundary from 25-29hpf. The blue circle indicates the region of illumination, which is periodically
updated as the axon is guided up to and eventually across the repulsive somitic boundary into the
neighboring musculature.
Movie S4. The same optogenetic stimulation paradigm as in Movie S3, except with the targeted
direction of axonal guidance in the caudal (left) direction from 23-28hpf.
Movie S5. A 3D rendering of the deviated CaP axon, spun along the x-axis to show that the
deviated axon passes lateral to the neighboring CaP axon (Figure 3B).
Movie S6. Optogenetic rescue of CaP axon guidance defect in plod3-/- mutant zebrafish from 2832hpf. One CaP axon was illuminated in a region of interest at the growth cone and induced to
grow into the ventral myotome. Unstimulated axons remained arrested at the horizontal
myoseptum.
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Supplemental Table 1: Primers used in this study.
Primer

Sequence (5’->3’)

Zebrafish mnx1 125bp forward 1 (226) TCCTCGAGAGTGGTTAGCTGATGA
Zebrafish mnx1 125bp reverse 1 (226)

ACAAGCTTTTGCATGCCCTCTTATAAGCCTCTT
TAA

Zebrafish mnx1 125bp forward 2 (226) TTGCATGCCGAGAGTGGTTAGCTGA
Zebrafish mnx1 125bp reverse 2 (226)

ACAAGCTTTTCCTAGGCCTCTTATAAGCCTCTT
TAA

Zebrafish mnx1 125bp forward 3 (226) TTCCTAGGCGAGAGTGGTTAGCTGA
Zebrafish mnx1 125bp reverse 3 (226)

TTAAGCTTCCTCTTATAAGCCTCTTTAA

Zebrafish mnx1 3kbp forward 1 (226)

GCGCATTTTAAATTACACCAGCC

Zebrafish mnx1 3kbp reverse 1 (226)

ACAGATTAACGCCTCGTTCG

PA-Rac1
forward

pENTR

CACCATGGCACACCATCACCAC

PA-Rac1
reverse

pENTR

TOPO
TOPO

cloning
cloning
TTACAACAGCAGGCATTTTCTCTTC

PA-Rac1 site-directed
L514K forward 1

mutagenesis

PA-Rac1 site-directed
L514K forward 2

mutagenesis

PA-Rac1 site-directed
L514K reverse

mutagenesis

PA-Rac1
L531E
mutagenesis forward

site-directed

PA-Rac1
L531E
mutagenesis reverse

site-directed

TGGGGTTCAGTaGGATGGAACT
TGGGGTTCAGaTGGATGGAACT
ATAAAGTACTGGACATCTCC
GGGAGTCATGgaGATTAAGAAAACTGCAG
TCTCTCTCGGCAGCATCTC

b-globin in pME PA-Rac1 gibson
cloning forward
caaaaaagcaggctccgcTGGCCAATCTGCTCAGAG
b-globin in pME PA-Rac1 gibson catggtgaagggggcGGATGTCTGTTTCTGAGGTTG
cloning reverse
rac1b ddpcr forward

CTCTCTCGTACCCTCAGACG

rac1a ddpcr reverse

GTGTCCTTGTCATCTCGCAA

mcherry ddpcr forward

GAG GCT GAA GCT GAA GGA C

mcherry ddpcr reverse

GAT GGT GTA GTC CTC GTT GTG
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Appendix 2: Characterization of extrachromosomal circular DNA in
cortical neuron subtypes

Contributions
James Harris designed, performed and analyzed all experiments and wrote this manuscript. All
work was conducted under the supervision of Paola Arlotta
Abstract
Recent evidence has suggested that neurons of the cerebral cortex may exhibit variation in
their genomic blueprints. One understudied form of variation results in the formation of
extrachromosomal circular DNA (eccDNA) that are thought to be derived from the loss of small
fragments of the chromosomal genome. Here I purify and sequence eccDNAs from two FACS
sorted cortical neuron subtypes. These eccDNAs have a periodic length distribution correlating
with nucleosome wrapping and are enriched in genomic regions with dynamically regulated
chromatin that code for genes, particularly those with known neuronal activity dependent
expression profiles. However, the sequence of these eccDNAs is not consistent across biological
replicates and do not correlate with gene length or expression level. These results support a model
of eccDNA formation that results from DNA damage following dynamic chromatin remodeling,
which may occur following activity induced expression changes. Since neurons are activated
regularly as they process information and the loss of genomic DNA is likely permanent, eccDNA
formation may have important implications for neuronal function and disease.
Introduction
The genome is the fundamental blueprint of the cell and is clonally inherited from an initial
zygotic cell by all somatic cells in an individual. With notable exception in the immune system
(Fujimoto and Yamagishi, 1987; Okazaki et al., 1987; Toda et al., 1989), healthy cells are believed
to contain identical copies of this inherited genome. However, recent studies have revealed genetic
mosaicism in neurons of the cerebral cortex (Cai et al., 2014; Evrony et al., 2012; McConnell et
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al., 2013; Poduri et al., 2013), the region of the mammalian CNS that contains the broadest
diversity of neuronal subtypes and that computes the highest order cognitive functions (Fuster,
2003). While little is known about the functional consequence of this neuronal mosaicism,
alterations to the genomes of these neurons can have lifelong consequences, since the vast majority
of neurons present in adulthood are born during development and not replenished by resident stem
cells. Thus, alterations to the neuronal genomic blueprint may accumulate over time, affecting
their function and possibly playing a role in aging and disease.
While there are many forms of DNA variation that could potentially affect cortical neurons,
one intriguing possibility is variants that result in the formation of extrachromosomal circular
DNAs (eccDNAs). EccDNAs are generated when the free ends of DNA excised from the
chromosomal genome are joined together, forming circular DNA structures (Cohen et al., 2003;
Cohen and Lavi, 2009). EccDNAs can be formed as a result of normal physiological processes in
lymphocytes where Rag1 mediated DNA recombination excises particular genomic regions, which
are subsequently circularized (Fujimoto and Yamagishi, 1987; Okazaki et al., 1987; Toda et al.,
1989) and as a result of DNA damage (Cohen et al., 1997; Cohen et al., 2003; Cohen and Lavi,
2009) accumulated over time. Furthermore, a recent study observed a vast population of eccDNAs
in the embryonic murine brain (Shibata et al., 2012). The sequence of these eccDNAs originated
primarily from key regulatory points in the chromosomal genome including exonic coding regions,
5’ UTRs and CpG islands, which have key roles in gene regulation and structure (Shibata et al.,
2012). The presence of the eccDNAs in such important regions at such an early point in
development suggests that eccDNA formation may have long lasting functional consequences for
neurons in health and disease.
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Previous studies of eccDNAs in the brain have relied solely on either large-scale eccDNA
extractions from whole organs or electron microscopy of cell lysate to visualize eccDNA (Maeda
et al., 2004; Shibata et al., 2012). While this work identified the presence and sequence of
eccDNAs in bulk brain tissue, it did not revealed how these eccDNAs are distributed across the
heterogeneous cell types within this tissue. Here we take a more targeted approach and sequence
eccDNAs from two populations of cortical projection neurons: subcerebral projection neurons
(SCPNs) and callosal projection neurons (CPNs) (See Appendix 3). This neuronal subtype
approach provides a cellular context to help better understand the patterns of this unique source of
DNA mosaicism and may provide clues as to the functional consequences and mechanisms of
eccDNA formation in post-mitotic neurons.
Methods
FACS sorting of cortical neuron subtypes
To facilitate genomic analysis of eccDNA formation, all experiments were performed
using C57/Black6 mice. CPNs and SCPNs were labeled by retrograde tracing with red fluorescent
latex beads injected in the corpus callosum and the pons, respectively, at P3 under ultrasound
guidance as previously described (Molyneaux et al., 2009). Since the injection of the corpus
callosum requires unilateral penetration of the cingulate cortex, only sensory and motor cortices
from the undisrupted contralateral cortical hemisphere were used. At P7, cortices were dissected
in Hibernate A (Brainbits HAPR), dissociated using the Papain dissociation kit (Worthington
LK003153) and 250,000 labeled cells were FACS purified using a MoFlo XDP (Beckman
Coulter). To obtain sufficient material for each sample, cortices from littermates were pooled.
Three samples were collected for each neuronal subtype.
EccDNA biochemical purification and library preparation
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FACS sorted neurons were centrifuged at 500g for 10 minutes to pellet and the supernatant
was removed. Next, alkaline lysis was performed to separate large, presumably genomic DNA
from smaller fragments of linear and circular DNA. 20uL of Buffer P1, P2 and P3 (Qiagen
EndoFree Plasmid Maxi Kit 12362) were added sequentially and mixed by pipetting after each
addition. The sample was spun at 17900g for 10 minutes. The sample was cleaned up with AMPure
XP beads (Agencourt, A63881). Linear DNAs were digested with Plasmid-Safe ATP-Dependent
Exonuclease (Lucigen E310K) overnight at 37C and then inactivated at 70C for 30 minutes,
followed by another round of AMPure XP bead cleanup. The sample was eluted off the beads
using reagents from the REPL-G Single Cell kit (Qiagen 150343) and the beads were removed
following addition of N1 buffer prior to the RCA PCR reaction. DNA sequencing libraries were
prepared from the amplified DNA using the Nextera XT kit (Illumina FC-131-1024) and libraries
were quantified using a Bioanalyzer 2100 (Agilent). 4 samples per lane were sequenced with
125bp paired end reads on an Illumina HiSeq 2500 with an average depth of ~30 million read pairs
per sample.
EccDNA sequence identification and analysis
Briefly, eccDNA sequencing reads were first mapped to the C57/black 6 mitochondrial
reference genome (mm10) and all matching reads were subsequently discarded. Next, remaining
reads were aligned to the chromosomal reference genome reads using the BWA-MEM split read
local aligner. Balanced chiastic reads, indicative of circular DNAs, were identified (Gao et al.,
2015) (Figure 1). To confirm that balanced chiastic reads corresponded to eccDNAs, read pairs
were filtered for pairs in which the read pair mapped between the split chiastic reads when mapped
back to the genome. Read pairs fulfilling these criteria were considered indicative of eccDNAs.
Statistical enrichment analysis was performed using a bootstrapping approach of 100 iterations.
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Gene sets were defined by previously published results and epigenetic data was downloaded from
the ENCODE databases.

Figure 1. Bioinformatic approach to circular DNA identification. Balanced chiastic reads
(blue) that span a unique junctional site created by eccDNA formation were identified as potential
eccDNAs. The read pair (red) was checked to confirm that it fell between the two parts of the split
chiastic read when mapped to the reference genome. Additionally, outward facing reads (green)
are also indicative of eccDNA formation, but were not required for calling eccDNAs as the chiastic
read approach is more stringent.
Results
CPNs and SCPNs of C57/Black6 mice were labeled by retrograde injection of a fluorescent
tracer in the corpus callosum and pons respectively and FACS purified at P7 (Figure 2A,B). Gene
expression analysis for neuronal subtype identity markers of CPNs and SCPNs confirmed the
correct neurons were being purified (Figure 2C). Given the small amount of eccDNA in each cell
relative to its chromosomal DNA and the limited number of cells obtained from FACS sorting,
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previous eccDNA extraction techniques had to be scaled down and eccDNAs amplified prior to
sequencing. Briefly, eccDNA was extracted using a modified alkaline lysis approach, followed by
digestion of residual linear DNA with an exonuclease and finally amplified with rolling circle
amplification (RCA) PCR. To validate this approach linearized and circular plasmids were put
through this biochemical purification (Figure 2E). Exonuclease treatment, which digests only
linear DNA, prevented amplification of linearized plasmid, but not circular plasmid (Figure 2E).
In contrast, DNAse I treatment, which digests both linear and circular DNA, abolished
amplification of both templates, while RCA showed a preferential amplification of the circular
template (Figure 2E). These results confirm our ability to effectively purify and amplify small
amounts of circular templates.
Amplified eccDNA from FACS sorted neuronal subtypes as well as RCA PCR performed
on a no template control and undigested linear genomic DNA were sequenced. Since the RCA
PCR amplifies primer dimers, high molecular weight DNA can be produced even in the absence
of initial template (Erlandsson et al., 2010; Zhang et al., 2006), which was controlled for using a
no template control. To assess the efficacy of the circular DNA purification, I compared the percent
of reads mapping to mitochondrial DNA in neuronal sample vs. these controls. Mitochondrial
DNA serves as an endogenous internal positive control for the purification of circular DNA.
Sequencing of eccDNAs from cortical neurons showed a substantial enrichment of reads mapping
to mitochondrial DNA compared with either linear genomic DNA or amplified dimers (Figure 2F).
Similarly, there was enrichment of non-mitochondrial circular DNAs identified by my
bioinformatics pipeline in the eccDNA amplified samples compared with the negative controls
(Figure 2G). These results show that circular DNAs can be enriched biochemically and identified
from the resulting sequencing data.
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Figure 2. Biochemical purification and bioinformatics validation of circular DNA
sequencing. (A) Labeling, dissociation and FACS sorting for cortical neuron subtypes. (B)
Coronal sections of retrogradely labeled cortical neuron subtypes and corresponding FACS plots.
(C) RNA-seq analysis of retrogradely labeled cells show enrichment of appropriate cell lineage
markers. (D) Biochemical purification pipeline for eccDNA purification. (E) Biochemical control
experiments demonstrate amplification of circular (C) template and not linear (L) templates. (F)
Fraction of sequencing reads mapping to the mitochondrial genome following purification. (G)
Number of eccDNAs identified divided by the number of non-mitochondrial mapping reads. (H)
Identified eccDNAs per non-mitochondrial read of cortical neuron subtypes.
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Figure 2 (Continued)
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Cpf1 eccDNA generation
To further confirm that the biochemical pipeline was purifying eccDNAs, and to test the
hypothesized mechanism of eccDNA formation from loss of small fragments of chromosomal
DNA, I used a CRISPR based method to introduce two DNA breaks close to one another. I then
assessed whether eccDNAs formed as a result of the circularization of the DNA fragment lost
between the two cut sites. I targeted the AAVS safe harbor locus in the human pp1r12c gene,
which like the ROSA26 locus in mice, provides a locus for manipulation without known side effects
in cellular function. The Cpf1 CRISPR-associated endonuclease was used to deliver targeted
dsDNA breaks at this locus in two positions 1071bp apart (Figure 3A). Cpf1 was used since it’s
endogenous RNA processing allows for delivery of tandem guide arrays, so a single RNA
molecule could contain guide sequences targeting the two cut sites (Figure 3A). This Cpf1
expression plasmid was transfected in HEK293T cells and after two days, either total DNA or
eccDNAs were extracted. From these DNA samples, I amplified either a region flanking the cut
sites with inwardly directed primers or a region within the cut sites with outwardly directed
primers, which would amplify circular molecules formed after loss of this DNA fragment. As
expected, the inwardly directed primers amplified a ~1300bp region of the genome when total
DNA was purified (Figure 3C lanes 1,2), but not when eccDNA was purified (Figure 3C lanes
3,4). This result confirms our ability to largely eliminate contaminating linear DNA through the
eccDNA purification process. Upon Cpf1 plasmid transfection, an additional band at ~150bp was
observed in the total DNA extraction, corresponding to the Cpf1-mediated deletion of DNA
between cut sites (Figure 3C lane 2). This result reveals that Cpf1-based deletion is occurring in
at least a portion of the transfected cells. Amplification with outwardly directed primers targeting
the potential eccDNA formed from the circularization of the deleted DNA, I observed no
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amplification in the absence of Cpf1 (Figure 3C lanes 6,8). However, upon introduction of Cpf1 I
saw a faint band in the total DNA sample and a bright band in the eccDNA purified sample (Fig.
3C lanes 7 and 9 respectively). These results confirm that my eccDNA purification method indeed
enriches for eccDNA that result from physiologically relevant chromosomal excision events.

Figure 3. Cpf1 eccDNA purification control. (A) Cpf1 targeted to two sites 1071bp apart in the
AAVS1 human safe harbor locus. Inward primers amplify a flanking region, while outward
primers amplify circular DNA products that may result from a deletion of the intervening DNA
(left). Cpf1 plasmid with tandem guide array (right). (B) Expected consequences of Cpf1
introduction include a genomic deletion of the DNA between the cut sites and the formation of an
eccDNA from the deleted DNA. (C) Amplification of either total DNA or purified eccDNA from
HEK293T cells transfected with Cpf1 plasmid using either the inwardly or outwardly directed
primers.
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Features of circular DNAs
I observed a periodic distribution in the length of the circular DNAs. Specifically, eccDNA
lengths appeared to cluster around ~200nt intervals and are especially abundant at around 400bp
(Figure 4A). Additionally, I observed an enrichment in the GC content of eccDNAs compared
with the genome baseline (Figure 4B). These eccDNA features are in concordance with previous
reports of eccDNAs (Shibata et al., 2012).

Figure 4. Circular DNA features. (A) Length distribution of eccDNAs. (B) GC content of
eccDNAs in cortical neuron subtypes. The baseline GC content is indicated by the dashed line (**
p<0.01)
Next, I examined whether eccDNAs arose from consistent genomic loci. There was very
little overlap in the genomic location of these eccDNAs at either the sequence level or at the level
of genes harboring these eccDNAs (Figure 5). This result suggests that eccDNAs arise the a
process that does not correlate well with neuronal subtype, such that neurons of the same subtype
have unique eccDNA profiles, rather than systemic alteration at a particular locus for all neurons
of the subtype, as is the case in immune cell recombination.
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Figure 5. Overlap of sequences of eccDNA across biological samples. (A) Three replicates of
eccDNAs identified from SCPNs (left, red) or CPNs (right, blue) show little overlap of genomic
loci from which they originate. (B) Genes harboring eccDNA also exhibit little overlap between
replicates.
Examination of genomic features and genes that preferentially give rise to eccDNAs
Next, I sought to better understand the features of chromosomal DNA from which
eccDNAs originate. EccDNAs were significantly enriched in transcriptionally active regions
including gene bodies, and their constituent parts (exons, introns, 3’ UTR and 5’ UTR) in
agreement with previous observations of eccDNAs sequenced from bulk embryonic tissues (Figure
6A) (Shibata et al., 2012). However, in cortical neurons, eccDNAs were not significantly enriched
in 1, 2 or 3kb up or downstream of the gene body, in contrast to previous reports (Shibata et al.,
2012). Most strikingly, I observed no significant enrichment of eccDNAs at CpG islands. Previous
observations revealed the greatest enrichment in CpG islands of any genomic feature investigated
(Shibata et al., 2012). This difference potentially reflects different mechanisms of DNA damage
that occur in proliferating cells compared with post mitotic cells.
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Figure 6. Enrichment of eccDNAs from cortical neuron subtypes in (A) genomic features and (B)
epigenetic chromatin states (Significant enrichments in red p<0.05)
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Next, I examined the chromatin features of DNA that gives rise to eccDNAs using
ENCODE datasets. In cortical neurons, I found significant enrichment of eccDNAs in CTCF
binding sites, sites accessible by DNAse, H3K27me3 (dynamically repressive chromatin),
H3K36me3 (active transcription of the gene body), H3K4me1 (active enhancers). No significant
enrichment

was

observed

in

H3K27ac

(active

promoters),

H3K4me2

(active

promoters/enhancers), H3K4me3 (active promoter), H3K9ac (active promoter), and H3K9me3
(repressive, constitutive heterochromatin) (Figure 6B). Interestingly, these results indicate that
eccDNAs are preferentially found in regions of open chromatin along gene bodies. Furthermore,
eccDNAs are enriched in dynamically regulated chromatin that can be either active or inactive,
but not in constitutively inactivated regions.
With circular DNAs exhibiting clear enrichment in regions of transcriptional regulation, I
next set out to understand if eccDNAs formation correlated with transcriptional level or splicing
activity. However, I did not observe any correlation between genes harboring eccDNAs and their
level of expression, length or number of exons (Figure 7).
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Figure 7. Features of genes harboring eccDNAs. Expression of eccDNA harboring genes in
SCPN (A) and CPN (B). Length of genes harboring eccDNAs (C). Number of exons in genes with
eccDNAs (D). (p>0.05 for all distributions).
Since it did not appear that increased transcriptional activity, number of exons or gene
length correlated with eccDNA formation, I investigated whether eccDNAs display any preference
for specific subsets of genes. Circular DNA generation ostensibly requires double stranded DNA
breaks (DSBs), so I examined whether eccDNAs are enriched in genes known to harbor DSBs in
neurons. I focused on two recent approaches for identifying genome-wide DSBs in neurons:
mapping of genomic fragile sites using recurrent DSBs in neuronal progenitor cells (Wei et al.,
2016) and ChiP-seq of gH2AX, a histone marker of DSBs during activity-dependent transcription
(Madabhushi et al., 2015).
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Genomic fragile sites undergo DSBs more frequently than other parts of the genome.
Fragile sites have been identified in cultured neural progenitors by mapping recurrent double
strand breaks (Wei et al., 2016). These fragile sites tend to occur in very long genes and most likely
result from the collision of DNA replication machinery needed for cell division with the
transcriptional machinery required to express long genes (Wei et al., 2016). Such collisions occur
more frequently in long genes because their transcription can take much longer than the cell cycle.
Importantly, unlike in other cell types, neurons are unique in that gene length is positively
correlated with expression: long genes tend to be the most highly expressed (Gabel et al., 2015).
However, while many of the circular DNAs I identified in cortical neurons did indeed fall in fragile
genes and fragile genes often harbored multiple eccDNAs, eccDNAs do not appear to be globally
enriched in these fragile genes compared to a random distribution (Figure 5A). Instead, the
abundance of eccDNAs I observe in these genes likely reflect their enormous size. It is interesting
that in non-neuronal cell types, there appears to be a de-enrichment of eccDNAs in fragile sites.
These data in conjunction with the lack of enrichment of eccDNAs in long, highly expressed genes,
indicate that DSBs from late-replication collisions observed in dividing neural progenitors is not a
driving force of eccDNA formation in postmitotic neurons.
Another potential source of eccDNA-contributing DSBs in neurons focuses not on absolute
levels of transcription, but rather on dynamic changes in transcription. Several reports have
demonstrated that DNA double strand breaks are required for appropriate stimulus-induced gene
expression (Vavrova and Simunek, 2012), including estrogen-mediated nuclear hormone
stimulation in MCF-7 human breast adenocarcinoma lines (Ju et al., 2006) and activity-dependent
transcription in cortical neurons (Madabhushi et al., 2015). To investigate whether eccDNAs might
form as a result of DSBs introduced during stimulus driven transcriptional changes, I examined
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whether cortical neuron eccDNAs were enriched in genes that are expressed upon induction of
neuronal activity (Madabhushi et al., 2015). Interestingly, eccDNAs in cortical neurons, but not
any other cell type were enriched in these activity-dependent genes.

Figure 8. Enrichment of eccDNAs in various gene sets. Neurons represent combined SCPN +
CPN eccDNAs. (Significant enrichments are color coded red p<0.05).
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Discussion
EccDNAs in cortical neurons are enriched in genomic regions that encode genes, exhibit
dynamic chromatin states, and are involved in stimulus-induced transcriptional changes. What
molecular mechanisms might underlie these observations? One potential model involves eccDNA
formation during errors in repair of double strand breaks (DSBs) introduced by topoisomerase IIb
as it unwinds closed chromatin during periods of dynamic regulation, such as response to neuronal
activity.
In the context of dynamic gene expression, DSBs are actively created by topoisomerase
IIb (topoIIb) in an ATP-dependent mechanism, by which one strand of DNA is cleaved and a
second strand is passed through the cleaved DNA, altering the torsional stress on the DNA
(Schmidt et al., 2010). The cleavage happens at AT-rich linker regions in between nucleosomes
and topoIIb does not seem capable of cutting DNA in positions of nucleosome occupancy
(Capranico et al., 1990; Ju et al., 2006; Sano et al., 2008).
Since cortical neuron eccDNAs are enriched in genes activated in response to
depolarization and this transcriptional activation is believed to cause DSBs (Madabhushi et al.,
2015), perhaps the mechanism that causes those DSBs contributes to eccDNA formation. Indeed,
following depolarization, increased gH2AX DNA binding, a marker of DSBs, was observed,
primarily in gene bodies and their downstream regions, but not at enhancers or heterochromatin in
response to depolarization (Madabhushi et al., 2015). This pattern was similar to the localization
of eccDNAs I observed in cortical neurons. Interestingly, the increased gH2AX signal was
confined to only 21 regions, many of which fell in known activity-dependent genes. Furthermore,
NMDA treatment, which depolarizes neurons, increased topoIIb binding to these activitydependent genes. Finally, there was significant overlap in sites of gH2AX ChiP-seq between
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neurons treated with NDMA and etoposide, a topoII poison that prevents repair of DSBs following
topoII DNA cleavage. Similarly, it was observed that topoIIb mediated DSBs formed in response
to gene activation by estrogen nuclear hormone signaling (Ju et al., 2006). These data suggest that
upon stimulation, dynamic gene expression responses involve transient DSBs mediated by
topoisomerase IIb to unwind DNA and allow for transcription.
In addition to relevant gene expression changes in response to nuclear hormone or neuronal
activity stimulation, topoisomerase IIb also appears essential during the differentiation of post
mitotic cells, including neurons of the cerebral cortex (Lyu et al., 2006; Lyu and Wang, 2003; Sano
et al., 2008; Tsutsui et al., 2001; Yang et al., 2000). While topoisomerase IIa is expressed in
actively dividing cells, topoisomerase IIb is the sole topoisomerase expressed in terminally
differentiated cells, such as neurons (Austin and Marsh, 1998). During cortical development, a
switch from topoIIa to topoIIb occurs upon the final division of neuronal progenitors. Full or
cortex specific knockout of topoIIB results in abnormal neuronal development and altered cortical
lamination patterns, possibly related to alterations in Reelin expression, a key chemotactic
molecule necessary for cortical development (Lyu et al., 2006; Lyu and Wang, 2003). TopoIIb
mutant mice likely have additional defects since reelin knockout mice are viable, while topoIIB
mutants die embryonically (Lyu et al., 2006). Similar developmental defects are observed in
neurons during development of retina (Li et al., 2014; Nevin et al., 2011) and in cerebellar granular
neurons (Tsutsui et al., 2001). The process of differentiation involves dynamic transcriptional
regulation, in which previously silenced genes are activated. Topoisomerase IIb likely mediates
the opening of these closed regions.
Thus it appears that topoisomerase IIb is required for both dynamic gene responses to
stimuli and during normal developmental programs. Interestingly, there is also direct evidence that
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topoisomerase is involved in eccDNA formation. It was previously observed that etoposide
treatment of HEK293 cells causes a 4-fold increase in major satellite eccDNAs (Cohen and Lavi,
2009).
Furthermore, a serendipitous finding by Kanikarla-Marie et al. may also provide insight to
mechanisms by which topoisomerase II may contribute to eccDNA formation (Kanikarla-Marie et
al., 2011). Yeast exist in either haploid or diploid forms and can change between the two forms
through genetic recombination that involves cleavage of a target sequence by an endonuclease
called HO. In order to study the nonhomologous end joining repair pathway (NHEJ) in mammalian
cells, Kanikarla-Marie et al. inserted the yeast HO target sequence into a human cell line (A549).
Upon introduction of HO endonuclease, targeted DSBs could be introduced. Importantly, they
placed their HO endonuclease target site immediately upstream of a puromycin resistance gene.
Initially, HO endonuclease expression efficiently cleaved the target sequence as expected.
However, upon removal of puromycin selection, HO endonuclease activity was substantially
reduced, even though the target sequence was still present. This reduction was due to the
inaccessibility of the target sequence as a consequence of chromatin condensation, since the
puromycin resistance gene locus became silenced in the absence of selective pressure. Upon
reintroduction of puromycin selection, the nuclease was again able to cleave the sequence
appropriately. However, in comparison to the original cells, the reselected cells exhibited
additional cleavage products that corresponded to loss of nucleosomal sized fragments. The
authors attributed this finding to errors in the NHEJ pathway. However, an alternative explanation
is that in the process of reopening the silenced puromycin resistance locus, topoisomerase
introduced additional DSBs in the surrounding nucleosome linker regions to unwind the DNA.
Some of these topoisomerase-induced DSBs may have been inappropriately repaired by the NHEJ
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machinery, resulting in loss of nucleosome sized fragments at sites neighboring the HO-induced
DSB. With the NHEJ machinery in close proximity, perhaps the free ends of both the excised DNA
and chromosomal DNA were ligated resulting in the formation of an eccDNA molecule and loss
of the corresponding sequence on the chromosomal sequence. If so, such a model could explain a
number of features of eccDNAs that I observed including periodic, nucleosomal spaced eccDNA
lengths, elevated GC content, enrichment in dynamically regulated chromatin regions and
enrichment in genes that require topoIIb DSBs for expression in response to neuronal activity.
If this model is correct, loss of genomic fragments starting at early points in development
could have important consequences for neuronal function and disease. An intriguing possibility is
that eccDNA formation is somehow adaptive. Cortical neurons are highly heterogeneous in their
morphology, electrophysiological characteristics, patterns of connectivity, transcriptomic profiles
and developmental trajectories (Bayer and Altman, 1991; Migliore and Shepherd, 2005;
Molyneaux et al., 2007; Peters and Jones, 1984; Ramón y Cajal, 1995; Toyama et al., 1974). It has
long been hypothesized that this observed cellular diversity reflects an underlying genomic
heterogeneity. EccDNA formation could provide a mechanism for such genomic diversity.
However, since we did not see consistent eccDNA formation at a specific locus across our
replicates of either subtype, adaptive mechanisms involving eccDNA formation may occur only
at the level of individual neurons or correlate with a different cellular function or feature. This
mechanism would be unlike what is seen in the immune system where specific loci are targeted
for recombination to introduce enormous genetic diversity in a similar manner for all cells of a
given cell type. The most likely means by which eccDNA formation could affect neuron function
is through alteration of the protein coding regions following loss of a DNA fragment. An additional
intriguing possibility is that the circular DNA itself has some functional role. However, the absence
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of a consistent locus on which to focus will complicate future efforts to determine the function of
eccDNAs.
Another potential consequence of eccDNA formation is as a component of disease
pathology, particularly in aging related neurodegenerative diseases, since alterations of the genome
would accumulate over the course of a lifetime. Several lines of evidence support a role for
eccDNAs in these diseases including many diseases of premature aging with consequent
neurodegeneration that are caused by mutations in DNA repair pathways (Jeppesen et al., 2011;
Subba Rao, 2007). EccDNAs were elevated in one such disease (Kunisada et al., 1984) and DNA
damage has also been observed in several age-related cortical neurodegenerative diseases such as
Amyotrophic Lateral Sclerosis (Coppede, 2011; Kikuchi et al., 2002; Nagano et al., 2002) and
Alzheimer’s Disease(Adamec et al., 1999; Mullaart et al., 1990). A fascinating recent study found
dramatic increases in the copy numbers of the Amyloid precursor protein (APP) in the genomes
of cortical neurons from patients with sporadic Alzheimer’s disease (Lee et al., 2018). This copy
number expansion was attributed to reverse transcription of gene products, followed by insertion
into the genome at sites of double stranded breaks (Lee et al., 2018). If such a mechanism drives
Alzheimer’s pathology, the same DSBs that give rise to eccDNA formation during may play a role
in APP copy number expansion in Alzheimer’s disease pathology. Overall, since the genome is
such a fundamental blueprint of neuronal function, future work is needed to understand how
eccDNAs are formed and what their consequences are in neuronal function and disease.
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Abstract
Since Ramon y Cajal’s examination of the cellular makeup of the cerebral cortex, it has been appreciated that
this tissue exhibits some of the greatest degrees of cellular heterogeneity in the entire nervous system. This intricate
structure emerges during a well-choreographed developmental process. Here we review current classifications of the
cellular constituents of the cerebral cortex and examine how these building blocks are forged during development. We
also look at how basic developmental features underlying cortex formation in vivo have been applied to protocols
aimed at generating cortical tissue in vitro.

Introduction
The neocortex is the most complex part of the brain with enormous diversity in cell type, morphology,
connectivity and function and the region that has undergone the largest expansion in volume during mammalian
evolution(Florio and Huttner, 2014; Lui et al., 2011). This structure mediates high-level cognitive processing,
including sensory perception and skilled motor planning, as well as attention, language, emotion and potentially even
consciousness itself(Fuster, 2003). The neocortex develops from the prosencephalon (forebrain), which is derived
from the anterior portion of the neural tube. The prosencephalon gives rise to the telencephalon (cerebrum) and
diencephalon. The telencephalon develops into the neocortex (referred to as “cerebral cortex” from here on), the
allocortex and the striatum, while the diencephalon develops into the thalamus and surrounding nuclei. The neocortex
forms a bilaterally symmetric structure consisting of two hemispheres. In mammals, neocortical architecture is
typically structured into six radial layers of cells, as opposed to the allocortex, which has fewer layers. Neocortical
layers are functionally divided into supragranular layers (I-III) that process intracortical information, the granular layer
(IV) that receives input from other brain regions, notably the thalamus, and the infragranular layers (V-VI) that are
the primary output layers that send information to other brain regions. The neocortex is also divided tangentially into
functionally defined regions called areas(Alfano and Studer, 2013; Grove and Fukuchi-Shimogori, 2003).
Cells of the mammalian cerebral cortex have classically been categorized using a wide range of functional,
structural and molecular characteristics (Figure 1)(Bayer and Altman, 1991; Molyneaux et al., 2007; Peters and Jones,
1984; Ramón y Cajal, 1995). However, it is important to consider that these classification schemes are somewhat
artificially imposed on an underlying biological and functional reality that often does not strictly fit within categorical
subdivisions. In addition, it is clear that the field has just scratched the surface in defining the true cellular diversity
of the cortex, and how this cellular diversity is manifested in different species. While still a work in progress,
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knowledge of the cellular composition of this tissue provides a fascinating window into the developmental processes
that produce the cellular architecture underlying the very essence of human behavior. Moreover, such knowledge may
inform future restorative strategies to repair cortical damage in vivo and to model cortical disease in the dish.

172

Figure 1. Cells of the Cerebral Cortex. (A) Classification of established cell types in the cerebral cortex. These
cells are broadly divided into neurons and glia. Neurons can be classified into glutamatergic projection neurons and
GABAergic interneurons, each of which is highly heterogeneous and can be subdivided into many different subtypes,
according to morphological, molecular and functional features. Glia can be divided into astrocytes, oligodendrocytes
and microglia, which can also be categorized into several subtypes. (B) Developmental origin of the various cortical
cell types. (C) Selected cell type markers of projection neurons(Arlotta et al., 2005; Molyneaux et al., 2009;
Molyneaux et al., 2015; Zeisel et al., 2015), interneurons(Lee et al., 2010; Rossier et al., 2015; Rubin and Kessaris,
2013; Rudy et al., 2011) and glia(Ahmed et al., 2007; Butovsky et al., 2014; Cahoy et al., 2008; Dugas et al., 2006).
* indicates markers labeling a subset of the respective cell type. Abbreviations: CFuPN, corticofugal projection
neuron; CThPN, corticothalamic projection neuron; SCPN, subcerebral projection neuron; CPN, callosal projection
neuron; DVZ, dorsal ventricular zone; GE, ganglionic eminences
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Figure 1 (Continued)
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Here we will take a holistic approach and review the fundamental cellular building blocks of the cerebral
cortex, describe their developmental origin and consider the progress made in recapitulating this cellular diversity in
vitro by applying developmental principles to pluripotent stem cells.

Neurons of the mammalian cerebral cortex: cellular diversity at its best.
Neurons of the cerebral cortex have been classified according to a large number of parameters including the
anatomical location of the cell body, destination of axonal projections, somatodendritic morphology,
electrophysiological characteristics, molecular signatures and developmental origin(Migliore and Shepherd, 2005;
Toyama et al., 1974). At the highest level, cortical neurons are divided into glutamatergic, excitatory projection
neurons (PNs), which make up approximately 80% of all cortical neurons and form long range connections, and
inhibitory interneurons (INs), which comprise the remaining 20%(Tamamaki et al., 2003), form local connections
within the cortical parenchyma and provide the inhibitory drive to the cortical network through gamma-aminobutyric
acid (GABA)-mediated neurotransmission (Figure 1A)(Parnavelas, 2000).

Projection neurons compose the entirety of the cortical output circuit.
Historically, PNs have been categorized by the targets of their axonal projections and can be broadly divided
into intracortical and corticofugal neurons (Figure 1A).
Intracortical projection neurons can be broken down into associative and commissural projection neurons.
Associative PNs connect different cortical areas within the same hemisphere, or different layers within the same area
(or even within the same cortical column)(Greig et al., 2013). Commissural projection neurons connect the two cortical
hemispheres by projecting axons through the dorsally located corpus callosum (CC), the major fiber commissure of
the brain, or through the ventrally located anterior commissure (AC). Fiber commissures are bundles of axons that
connect the two cerebral hemispheres. The CC is a relatively recent evolutionary invention, it is present only in
placental mammals, and the majority of commissural neurons in rodents and primates send projections through the
CC(Aboitiz and Montiel, 2003). The cell bodies of intracortical PNs reside in all six layers, although they are present
predominantly in the upper cortical layers (layers II/III)(Fame et al., 2011) and can be recognized by the expression
of Satb2 and Cux1, among other subtype-specific genes (Figure 1C)(Greig et al., 2013).
Another category of PNs are corticofugal projection neurons (CFuPNs), which project to brain structures
outside of the cortex, and which can be further classified into corticothalamic projection neurons (CThPNs) and
subcerebral projection neurons (SCPNs). CThPNs connect the cortex to different thalamic nuclei, have their cell
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bodies primarily in layer VI, the innermost cortical layer, and express high levels of Tbr1 and Tle4, among other
genes(Bedogni et al., 2010; Greig et al., 2013; McKenna et al., 2011). In contrast, SCPNs include, among others, the
corticotectal neurons that project to the superior colliculus, corticopontine neurons that project to the pons in the
hindbrain and corticospinal motor neurons that project to the spinal cord(Molnar and Cheung, 2006; Molyneaux et al.,
2007). SCPN cell bodies are primarily located in layer V and these cells express high levels of Ctip2 and Fezf2, among
other marker genes (Figure 1C)(Arlotta et al., 2005; Chen et al., 2005; Molyneaux et al., 2005).
Another class of cortical PNs are corticostriatal projection neurons (CStrPNs), which have projections to the
striatum as well as contralateral cortex. Their cell bodies are found primarily in layers II-VI, although a large number
is found in layer Va. These neurons are often referred to as intratelencephalic corticostriatal projection neurons
(CStrPNi), since, like commissural neurons, they send projections to the contralateral cortex, although they also have
collaterals innervating the ipsi- and contralateral striatum(Sohur et al., 2014).
Molecular profiling of purified populations of projection neurons has led to the identification of molecular
signatures that define some of the classical subtypes(Arlotta et al., 2005; Greig et al., 2013; Molyneaux et al., 2009;
Molyneaux et al., 2007). More recently, some of the classic projection neuron classes have been profiled, for the first
time, over a critical window of early fate specification in the developing embryo, using high-throughput methods.
Specifically, purified populations of CPNs, CthPNs and SCPNs were isolated from developing cortex and compared
by RNA sequencing at several early time points immediately after fate specification(Molyneaux et al., 2015). The data
generated a new database of early expressed transcripts with exquisite, early profiles of gene expression within distinct
populations. In addition, the work provides evidence that beyond differential expression of coding genes, non-coding
transcripts (e.g. lncRNAs) and a whole spectrum of transcriptional dynamics (e.g. alternative promoter, CDS and
isoform usage etc.) are differentially used in the cortex during projection neuron lineage selection. The data and
analysis is now publicly available through the newly created “Developing Cortical Neuron Transcriptome Resource”
(DeCoN) (http://decon.fas.harvard.edu/) dataset. This tool facilitates integrated, multidimensional data mining and
provides a powerful new resource to generate insights into the transcriptional regulation underlying projection neuron
diversity in the developing cortex. A selection of markers from this and prior datasets is included in (Figure 1C).
It is now clear that only combinatorial gene expression, and not single molecules, can distinguish one
population of projection neurons from another and that molecular signatures are dynamic (i.e. the same population
expresses distinct combinations and levels of marker genes at distinct stages of development). Intriguingly, molecular
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analysis suggests the existence of many more classes of projection neurons than currently recognized. For example,
while CPNs across multiple layers express certain genes (e.g. Satb2, Lpl and Hspb3) that distinguish them from
corticofugal neurons (CThPNs and SCPNs) of the deep layers, other markers have been identified that are only
expressed in defined subsets of CPNs(Molyneaux et al., 2009). For example, Cux2 and Inhba mostly label CPNs of
the upper layers and, additionally, within the layer II/III CPN population there is remarkable sublaminar specificity of
gene expression patterns(Molyneaux et al., 2009). EphA3 and Nnmt are expressed in CPNs within a thin superficial
sublamina of layer II/III; Nectin-3 and Chn2 label a middle sublamina; and Ptn and Cav1 are expressed in the deepest
portion of layer II/III(Molyneaux et al., 2009). Finally, there is regional molecular heterogeneity within defined
populations, such that neurons in distinct cortical areas have unique gene signatures. For example, Diap3 is expressed
specifically in layer V SCPNs of the sensorimotor cortex, while Crim1 is highly expressed in the rostral motor
cortex(Arlotta et al., 2005). Thus it appears that overlapping and combinatorial patterns of gene expression define
distinct neuronal subsets. With the advent of high throughput single cell methods(Shapiro et al., 2013), we are bound
to learn substantially more about the true molecular heterogeneity of these neuronal populations.
All projection neurons of the cortex develop from progenitors located in the germinal zone of the dorsal
telencephalon, within the anterior neural tube. Beginning at around embryonic day 9.5 (E9.5) in mice, neuroepithelial
cells (NE) form a pseudostratified layer of early progenitors, that compose the entire thickness of the neural tube
separating the inner ventricular lumen from the outer pial surface. Later, NE cells differentiate into more committed
progenitors called radial glia cells (RGCs), whose cell bodies lie within the ventricular zone (VZ) (lining the ventricle)
and which have processes extending radially to the pial surface (Figure 2)(Anthony et al., 2004). As in other structures
of the body, early progenitors are progressively patterned during development by diffusible molecules that are secreted
in gradients along the antero-posterior (AP) and dorso-ventral (DV) axis of the telencephalic vesicles. Molecules such
as bone morphogenetic proteins (BMPs), sonic hedgehog (SHH), fibroblast growth factor (FGF) 8, retinoic acid (RA)
and members of the Wingless-Int (WNT) family(Campbell, 2003; Shimogori et al., 2004) propagate from signaling
centers located at the boundaries of the tissue and pattern the progenitors to express specific codes of transcription
factors, which are themselves expressed in distinct DV and AP concentration gradients(Greig et al., 2013). These
transcription factors include LIM homeobox 2 (LHX2), empty spiracles homologue 2 (EMX2), paired box 6 (PAX6)
and chicken ovalbumin upstream promoter (COUP-TFI)(O'Leary and Sahara, 2008). Collectively, these signals
pattern the progenitors of the dorsal telencephalon towards a cortical fate. Cortical progenitors must then expand and
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begin to give rise to the heterogeneous panel of projection neurons present in the mature cortex and to some of its
macroglia constituents (i.e. astrocytes and subsets of oligodendrocytes).
At mid-stages of corticogenesis, radial glia gives rise to a third type of progenitor cell called intermediate
progenitors (IPs), which facilitate generation of large numbers of cells in a relatively short window of time (E10.5 to
E18.5). IPs expand around E14.5 and form a second germinal zone, the subventricular zone (SVZ)(1970; Gotz and
Huttner, 2005; Pontious et al., 2008). The vast majority of cortical projection neurons are born either directly from
radial glial cells or indirectly via intermediate progenitors in the dorsal pallium itself, the region of the telencephalon
that gives rise to the neocortex (Figure 1B)(Anthony et al., 2004). Most projection neuron classes are born between
E12.5 and E16.5, during a series of temporally restricted, but overlapping waves of neurogenesis(Gotz and Huttner,
2005). Following their birth in the VZ and SVZ, these neurons migrate radially toward the pial surface along radial
glial processes and seed a region called the cortical plate(Angevine and Sidman, 1961; Rakic, 1972). CThPNs and
deep layer commissural neurons arrive first, forming layer VI(Angevine and Sidman, 1961; Bayer and Altman, 1991;
Rakic, 1974). Layer V SCPNs and CPNs are among the neurons born next, followed by CPNs of the upper layers
(II/III). These neurons migrate radially to the cortical plate, continue through the previously established deep layers,
and seed the more superficial layers (“inside-out” mode of migration; Figure 2)(Rakic, 1974). The molecular basis of
the cell fate decisions that progenitors undergo to generate the different classes of projection neurons is only beginning
to be understood, and is an area of extensive investigation, which has been thoroughly reviewed elsewhere(Greig et
al., 2013)
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Figure 2. Schematic Timeline of Arrival of All Major Cell Types in the Cerebral Cortex
The cortex is built through an intricately choreographed process that involves the integration of many different cell
types. The cortex begins as a layer of neuroepithelial cells. Microglia from the yolk sac arrive early in development
and invade the developing cortical plate. Projection neurons are generated in an inside out fashion beginning at E12.5.
Interneurons migrate to the cortex from the ventral forebrain. Oligodendrocyte precursors arrive in the cortex in three
waves from the MGE, LGE/CGE and from within the cortex itself. Later in corticogenesis, progenitors initiate
production of astrocytes. Abbreviations: IP, intermediate progenitor; NE, neuroepithelial cell; OL, oligodendrocyte;
OPC, oligodendrocyte precursor cell; PV, parvalbumin; RG, radial glia; SST, somatostatin; 5HT3aR, serotonin
receptor 3a
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Cortical interneurons modulate the function of projection neurons within the local
microcircuit
While projection neurons communicate information between distant regions of the cortex and the CNS,
interneurons typically modulate and coordinate delivery of this information by tuning the activity of projection
neurons within the local microcircuitry(Kepecs and Fishell, 2014). Much work has been done attempting to classify
the enormous heterogeneity of interneurons, however a universally accepted classification scheme has yet to
emerge(DeFelipe et al., 2013). Here, we will briefly review a commonly used framework for classifying interneuron
diversity.
While projection neurons have typically been categorized primarily based on hodology (connectivity),
classification of interneurons has relied on a combination of molecular markers, electrophysiological properties and
dendritic arbor morphologies, and attempts have been made to standardize these classifications(Petilla Interneuron
Nomenclature et al., 2008). Molecular markers can be used to divide GABAergic cortical interneurons into three
comprehensive, non-overlapping groups, demarcated by expression of either parvalbumin (PV+), somatostatin (SST+)
or the ionotropic serotonin receptor 5HT3a (5HT3aR) (Figure 1A)(Rudy et al., 2011). These interneuron subtypes are
found in all cortical layers, although their relative proportions vary by layer. SST+ and PV+ interneurons are found
primarily in the deep layers, while 5HT3aR+ interneurons are more abundant in the upper layers(Lee et al., 2010;
Lodato et al., 2011; Rudy et al., 2011).
Within these three broad classes, there is tremendous diversity of cell types. PV+ interneurons make up about
40% of cortical interneurons(Lee et al., 2010; Rudy et al., 2011), are fast spiking and can be morphologically divided
into basket and chandelier cells(Kawaguchi and Kubota, 1997; Petilla Interneuron Nomenclature et al., 2008). SST+
cells represent about 30% of cortical interneurons(Lee et al., 2010; Rudy et al., 2011), and are primarily Martinotti
cells, although several groups have reported one to two additional subtypes of SST+ cells(Ma et al., 2006; McGarry
et al., 2010). 5HT3aR+ interneurons comprise the remaining 30% of cortical interneurons and due to the recent
identification of this population, the classification of the relevant subtypes is still ongoing(Kelsom and Lu, 2013; Lee
et al., 2010; Rudy et al., 2011). While the vast majority GABAergic neurons form local connections(Tamamaki and
Tomioka, 2010), GABA expressing neurons with long-range projections have been identified and have a wide
diversity of targets including distant regions of ipsi-(Albus and Wahle, 1994; Fabri and Manzoni, 1996; Higo et al.,
2009; McDonald and Burkhalter, 1993; Tomioka and Rockland, 2007) and contralateral(Fabri and Manzoni, 2004;
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Gonchar et al., 1995; Higo et al., 2009; Peters et al., 1990; Tomioka et al., 2005) cortex and striatum(Jinno and Kosaka,
2004; Lee et al., 2014). It has been speculated that long-range GABAergic projections synchronize activity across
remote networks(Uhlhaas and Singer, 2012).
As with projection neurons, there are numerous molecular markers that are expressed in overlapping, often
functionally-distinct, subsets of these broad groups of interneurons (Figure 1C)(Gonchar et al., 2007). For instance,
vasoactive intestinal protein (VIP+) interneurons comprise a subset of 5HT3aR+ interneurons(Rudy et al., 2011) that
are thought to play an important role in disinhibition of cortical circuits(Pi et al., 2013). SST+ Martinotti cells can be
divided into calretinin (CR)+ vs CR- cells(Xu et al., 2006). Compared to CR- Martinotti cells, CR+ interneurons are
located in more superficial layers, have larger and broader dendritic trees and fire wider action potentials(Xu et al.,
2006). Many other molecular markers including neuropeptide Y, nNOS, reelin and cholesystokinin can be similarly
used to label distinct interneuron subsets(Gonchar et al., 2007; Kepecs and Fishell, 2014). For a more in depth
description of cortical interneuron classification we refer the readers to excellent prior review articles(DeFelipe et al.,
2013; Petilla Interneuron Nomenclature et al., 2008).
As a more definitive framework for interneuron types emerges, our understanding of their developmental
origins improves as well(Gelman and Marin, 2010; Marin and Muller, 2014; Wonders and Anderson, 2006). While
projection neurons are born along the dorsolateral wall of the early telencephalon, interneurons are derived from a
transient outpouching of the ventral telencephalon, named the ganglionic eminence, which is divided into medial,
lateral and caudal regions (Figure 1B)(Corbin and Butt, 2011). PV+ and SST+ interneurons originate primarily from
Nkx2.1+ progenitors in the medial ganglionic eminence (MGE)(Butt et al., 2005; Fogarty et al., 2007; Xu et al., 2004).
In contrast, 5HT3aR+ interneurons arise from progenitors expressing COUP-TFII in the caudal ganglionic eminence
(CGE)(Lee et al., 2010). From their place of birth in the ventral telencephalon, cortical interneurons migrate
tangentially to the dorsal telencephalon where they then radially invade the developing cortical layers(Anderson et al.,
1997). Like projection neurons, early born interneurons tend to seed the deep cortical layers, while later born neurons
tend to populate the upper layers (Figure 2)(Fairen et al., 1986; Lopez-Bendito et al., 2004; Miller, 1985; Valcanis
and Tan, 2003). Interestingly, laminar positioning of interneurons is altered by changes in projection neuron identity
and location, suggesting that projection neurons play an important role in guiding interneurons to their appropriate
radial destinations(Lodato et al., 2011).
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Glial cells: much more than just “glue”
The critical role of glial cells in supporting and complementing neuronal function has been increasingly
recognized. Indeed, the proportion of glial cells has increased tremendously in the nervous system during evolution,
paralleling increased brain size(Sherwood et al., 2006). As in other regions of the CNS, cortical glial cells are divided
into astrocytes, oligodendrocytes and microglia (Figure 1A)(Rowitch and Kriegstein, 2010).
Astrocytes contribute to a wide range of cortical homeostatic functions including establishment of the blood
brain barrier, regulation of ionic and water content and mediation of cell-cell calcium signaling. Most notably, these
cells also play important roles in information processing by influencing neuronal activity directly through secretion
of neuromodulatory molecules and regulation of synaptic transmission and plasticity(Clarke and Barres, 2013;
Rowitch and Kriegstein, 2010). Astrocytes have been broadly broken down into two categories based on morphology
and location (Figure 1A). Fibrous astrocytes are located in the white matter and are characterized by a uniform shape
reminiscent of a star (thus the name “astrocytes”). They express high levels of glial fibrilary acidic protein (GFAP).
Protoplasmic astrocytes are found in the grey matter, contact blood capillaries and ensheath synapses with more
irregular processes(Miller and Raff, 1984; Rowitch and Kriegstein, 2010).
Our understanding of astrocyte development has been limited by an inability to specifically define stages of
astrocyte differentiation. Astrocytes can be distinguished by their characteristic morphologies only upon maturation,
and studies typically rely solely on a limited number of molecular markers to track astrocyte development(Molofsky
et al., 2012). However, fate mapping experiments have shown that cortical astrocytes are born from radial glia and
their progenitors, primarily after the completion of neurogenesis (Figure 2)(Anthony et al., 2004; Rowitch and
Kriegstein, 2010). Classification of astrocyte diversity is just beginning, but there is general consensus that many
distinct classes likely exist, which remain to be characterized.
Oligodendrocytes (OLs) can be distinguished from astrocytes morphologically and on the basis of cytological
and molecular features(Baumann and Pham-Dinh, 2001). While the cellular heterogeneity of oligodendrocytes has
also not been fully investigated(Tomassy and Fossati, 2014), two types of functionally distinct OLs have been
identified: myelinating and satellite oligodendrocytes (Figure 1A). Myelinating oligodendrocytes ensheath cortical
axons, giving rise to myelin, an “insulating” lining made of tightly juxtaposed sheets of oligodendrocyte membranes.
Myelin is well known to increase the efficiency and speed of action potential conduction and is a distinctive structural
feature of the vertebrate nervous system(Baumann and Pham-Dinh, 2001). Interestingly, while it is generally accepted
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that myelin has played a central role in allowing the evolution of increasingly complex brains, it is intriguing that the
cerebral cortex is not uniformly myelinated (upper layers are less myelinated than deep layers)(Tomassy et al., 2014).
Recent work has demonstrated that oligodendrocyte progenitor cells (OPCs) are distributed in all cortical layers, while
mature, myelinating OLs are present in higher numbers within the deep layers(Tomassy et al., 2014). This results in
uneven myelination of the layers, an observation that has led to the discovery that projection neurons in different
layers have distinct profiles of distribution of myelin along their axons, with layer II/III projection neurons presenting
the most heterogeneous profiles of myelination(Tomassy et al., 2014).
Another type of oligodendrocytes, known as satellite oligodendrocytes, appears to be functionally distinct
from the myelinating population. These are located in the grey matter, closely juxtaposed to neuronal cell bodies, and
are more common in deep cortical layers(Takasaki et al., 2010). They do not produce myelin, but rather are believed
to regulate the levels of metabolites present in the local environment surrounding projection neuron cell
bodies(Takasaki et al., 2010; van Landeghem et al., 2007). Much of their functional roles remains a mystery(Takasaki
et al., 2010).
Whether oligodendrocytes are derived from dorsal or ventral telencephalic progenitors has been the subject
of much debate(Richardson et al., 2006). Kessaris and colleagues used Cre-lox mediated fate mapping to demonstrate
that cortical oligodendrocytes are generated in three consecutive waves, and belong to at least three different
lineages(Kessaris et al., 2006). The first wave originates in the MGE (Nkx2.1 lineage), followed by a second wave
born in the LGE (Gsh2 lineage) and finally the third wave originates dorsally within the cortical wall (Emx1 lineage)
(Figure 2)(Kessaris et al., 2006). Interestingly, MGE-derived oligodendrocytes are completely lost at around postnatal
day 10 (P10) in mice and the OLs myelinating the adult cortex belong exclusively to the Gsh2 and the Emx1
lineages(Kessaris et al., 2006). The difference, if any, between these three lineages of cortical oligodendrocytes is
unknown. They may, however, provide a mechanism for ensuring sufficient oligodendrocyte production, since
ablation of any one of the three OL sources does not result in observable deficits in myelination, suggesting that the
other progenitor populations can compensate(Kessaris et al., 2006).
In addition to astrocytes and oligodendrocytes, which constitute the macroglia, microglia also have important
roles in cortical function. Microglia are the resident tissue macrophages of the brain and have adapted accordingly.
Microglia performs an astonishing range of functions in the cortex, including initiating defensive responses to injury
or infection(Morrison and Filosa, 2013; Smith et al., 2013; Suzuki et al., 2005), and regulating homeostatic

183

mechanisms of neuronal migration, survival and death(Arno et al., 2014; Squarzoni et al., 2014; Ueno et al., 2013) as
well as important roles in synaptic pruning(Paolicelli et al., 2011; Roumier et al., 2004; Schafer et al., 2012). While
traditionally thought of as a homogenous population, microglia have begun to be classified by differential responses
to stimuli and diverse molecular profiles(Chen et al., 2010). For instance, lineage tracing from the Hoxb8 locus labels
40% of brain microglia, suggesting that it may define a developmentally distinct microglial subtype(Chen et al., 2010).
Unlike the neurons and macroglia discussed above, microglia are not born within the nervous
system(Ginhoux et al., 2010; Nayak et al., 2014). Instead, they are derived from hematopoietic progenitors located in
the embryonic yolk sac (Figure 1B)(Ginhoux et al., 2010; Schulz et al., 2012). These progenitors line the outer surface
of the primitive neuroepithelium and invade the cortical wall at very early stages of development (E10.5)(Kierdorf et
al., 2013). These cells mature in the VZ/SVZ(Swinnen et al., 2013) before migrating into the deep layers first (at
E18.5) and into the upper layers later (Figure 2)(Kierdorf et al., 2013; Squarzoni et al., 2014).
Glial cells perform a wide array of functions required for both cortical information processing and
homeostatic maintenance of the cortical tissue(Barres, 2008; Clarke and Barres, 2013). Glia have been understudied
compared to neurons, and we are only just beginning to understand the extent of the glial cellular diversity required
to perform all of their duties. If glia are more specialized than previously appreciated, it is likely that understanding
of glial diversity will highlight new and fundamental organizing principles of cortical structure and function.

Building cortex in the dish.
Recently, the ability to manipulate embryonic and induced pluripotent stem cells has led to a large body of
work aimed at creating cells of the central nervous system in vitro. These directed differentiation strategies allow for
the generation of large numbers of disease-relevant cell types from a variety of cellular sources, including both healthy
and patient-specific somatic cells, and thus provide a powerful strategy for modeling human CNS development and
disease in the dish. Given the large number of cells that can be potentially generated, this approach can be applied to
high-throughput drug screening and may in theory provide a source of specific cell types for autologous
transplantation. Can the cellular diversity of the mammalian cerebral cortex be recreated in the dish?
Directed differentiation strategies for cell types of the cerebral cortex have taken many forms and have been
met with varied degrees of success. Here we will discuss some of the progress made in generating different classes of
cortical glia and neurons from pluripotent cells, highlighting how developmental strategies and signals that shape these
cellular identities during corticogenesis in the embryo have informed protocols to recapitulate the process in the dish.
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Pluripotent stem cells have the potential to generate a plethora of cell fates, although it appears that when
cultured as single cells without exogenous patterning signals they choose to default to a neural fate(Grunz and Tacke,
1989; Hemmati-Brivanlou and Melton, 1994; Tropepe et al., 2001). In intact embryos, specification to a neural fate is
permitted through inhibition of morphogens, including bone morphogenic proteins (BMPs)(Di-Gregorio et al., 2007).
Similar strategies have been successfully reproduced in vitro to pattern pluripotent stem cells to a neural fate by
inhibition of BMP and TGF- signaling a treatment known as Dual SMAD inhibition (Figure 3)(Chambers et al.,
2009).
Later in development, a process of regional patterning by morphogens leads to the parcellation of neural
progenitors into distinct domains fated to form different parts of the central nervous system(Cayuso and Marti, 2005;
Kiecker and Lumsden, 2012; Rubenstein and Rakic, 2013). The AP axis of the neural tube is patterned by a gradient
of retinoic acid, which specifies a posterior (hindbrain/spinal cord) fate, while FGF8, released by the commissural
plate, reinforces the anterior (forebrain) fate(Cayuso and Marti, 2005; Kiecker and Lumsden, 2012; Maden, 2002;
O'Leary et al., 2007). Within the rostral neural tube, the DV axis is patterned ventrally by sonic hedgehog (SHH)
released from the ventral telencephalon(Crossley et al., 2001; Ericson et al., 1995), and dorsal identity is mediated by
FGFs and WNT signaling (Figure 3)(Gunhaga et al., 2003). This knowledge has informed strategies to pattern
progenitors in the dish to either an anterior dorsal fate (primed to generate cortical projection neurons and astrocytes)
or an anterior ventral fate (primed to form cortical interneurons and oligodendrocytes) (reviewed in Hansen et al.
2011(Hansen et al., 2011)).
It is striking that neural progenitors that are patterned by these methods to a dorsal, “cortical”, fate in the dish
subsequently execute a program of neuronal differentiation such that different classes of projection neurons are
produced following a similar temporal order as observed in the intact developing cortex. Generation of neurons
expressing deep layer markers occurs first, followed by generation of neurons with molecular features of upper layers
(albeit not all these cellular identities are generated in each protocol)(Eiraku et al., 2008; Espuny-Camacho et al.,
2013; Gaspard et al., 2008; Kadoshima et al., 2013; Lancaster et al.; Mariani et al., 2012; Shi et al., 2012). As in
development, newly generated neurons appear able to migrate along the processes of the radial glia and build layerlike structures populated by different neurons(Eiraku et al., 2008; Kadoshima et al., 2013; Lancaster et al., 2013).
These data demonstrate the impressive self-specifying capacity of pluripotent stem cell-derived neural progenitors,
which are intrinsically primed to recapitulate critical aspects of cortical neurogenesis in the dish.
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It is also notable that cortical projection neurons generated through such directed differentiation protocols
survive upon transplantation in the early postnatal mouse cortex, send projections to multiple distal targets and form
functional synapses(Espuny-Camacho et al., 2013).
This shows that at least some basic aspects of early cortical development and generation of projection neuron
diversity can be achieved. Questions of course remain about whether these neurons truly reflect specific endogenous
classes or whether they could be functionally equivalent to their endogenous counterparts. In addition, the generation
of one specific class of neurons by biasing progenitors to one or a limited set of neuronal identities remains an unmet
challenge in the field. It is likely that this task will require a deeper understanding of how progenitor lineagebifurcation decisions that shape individual projection neuron identities are orchestrated in the first place, in the
embryo.
Cortical astrocytes have also been generated from dorsally patterned neural progenitors that are prevented
from differentiating during an early neurogenic window of time causing them to “skip” neuron generation and acquire
a gliogenic identity (Figure 3)(Krencik and Zhang, 2011). These methods are effective to produce cultures in which
more than 90% of the differentiated cells express the astrocytic markers GFAP and S100b(Krencik et al., 2011).
Functionally, these cells can perform many astrocyte-specific functions in vitro, including glutamate uptake,
propagation of calcium waves and facilitation of synapse formation(Krencik et al., 2011). Furthermore,
intraventricular transplantation of these cells resulted in engraftment, association with blood vessels and maintenance
of an astrocytic identity in the corpus callosum of mouse(Krencik et al., 2011). Interestingly, regional identity could
be imposed as cells with features of astrocytes of the cortex or astrocytes of the spinal cord could be generated using
the same morphogens that normally specify these regional identities in vivo(Krencik et al., 2011).
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Figure 3. In vitro Generation of Cortical Cells Strategies to differentiate cortical cell types in vitro follow similar
developmentally inspired trajectories. Pluripotent cells, either embryonic or induced, form forebrain neuroepithelial
cells even in the absence of factors. This default fate decision can be reinforced with FGF8 or dual SMAD/WNT
inhibition. For directed differentiation of interneurons and oligodendrocytes, progenitors are ventrally patterned, while
for astrocytes and projection neurons, progenitors are dorsally patterned. Once this regional specification is
established, developmental programs unfold in typical order such that neurons are generated first, followed by
astrocytes and oligodendrocytes. Different culture conditions and durations allow for enrichment of the desired
population, although all strategies give rise to mixtures of neurons, glia and progenitors. For cerebral organoids,
pluripotent stem cells are grown in spinning bioreactors to allow natural developmental programs to unfold.
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Figure 3 (Continued)
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Unlike projection neurons or astrocytes, cortical interneurons arise from the ventral telencephalon, within the
ganglionic eminences(Corbin and Butt, 2011). Thus, to create interneurons in vitro, progenitors have been first
patterned to a ventral fate by SHH signaling and to an anterior fate by different methods, before allowing
neurogenesis(Liu et al., 2013a; Liu et al., 2013b; Maroof et al., 2013; Nicholas et al., 2013). This approach can generate
cultures enriched for GABA+ cells (Figure 3)(Maroof et al., 2013). These cells include a highly heterogeneous
assortment of neuronal subtypes, characterized by the expression of distinct markers including SST and, to a lesser
extent PV(Liu et al., 2013a; Liu et al., 2013b; Maroof et al., 2013; Nicholas et al., 2013). Interneurons generated by
these methods developed appropriate electrophysiological traits and GABAergic synapses emerged when co-cultured
with human or mouse fetal cortical neurons(Maroof et al., 2013; Nicholas et al., 2013). Interneurons with features
resembling those of CGE origin (i.e. Calretinin+ and COUP-TFII+) could also be derived from ventralized progenitors
exposed to activin(Cambray et al., 2012). In the future it will be exciting to explore ways to expand the repertoire of
interneuron subtypes that are produced and to fully define their functional properties in vivo.
Generation of oligodendrocytes in vitro has been highly sought after, given their great clinical impact in
prominent diseases of the white matter (e.g. multiple sclerosis). Embryonically, cortical oligodendrocytes first arise
in the ganglionic eminences and a second wave is born later from progenitors of the dorsal pallium. So far, protocols
have specified progenitors to a ventral fate and, using a strategy similar to that used to produce astrocytes, neural
progenitors are kept from differentiation during the neurogenic period by addition of mitogenic growth factors (Figure
3)(Stacpoole et al., 2013). Once mitogens are removed oligodendroglia differentiation is facilitated by culturing cells
for extended periods of time in the presence of thyroid hormone or platelet derived growth factor (PDGF), which
promote the differentiation of immature oligodendrocyte precursors into mature oligodendrocytes(Billon et al., 2002;
Brustle et al., 1999). These methods produce mostly immature oligodendrocytes, but a smaller subset of cells express
more mature markers, exhibit a multibranched morphology and are capable of myelinating axons in vitro(Stacpoole
et al., 2013). It is important to note that despite being distinct from spinal cord oligodendrocytes, these cells share
features of oligodendrocytes found in both the dorsal and ventral forebrain.
All together these experiments indicate that in their simplest incarnation, components of the cellular diversity
found in the cerebral cortex can be generated in the dish starting from pluripotent stem cells of both murine and human
origin. Although much work remains to be done, this paves the way for the exciting opportunity to model cortical
development and disease in vitro.

189

Concluding remarks and perspective.
The cerebral cortex is one of the most extraordinarily complex structures of the nervous system. Presumably,
its cellular diversity evolved to obtain great specialization to execute the unmatched functional capacities of the cortex.
Defining and classifying the basic cellular components of the cortex is fundamental to understanding how this tissue
is made, how it functions, and how it succumbs to disease. While the process of cell classification remains a daunting
task, the past decade has seen a surge of molecular studies that integrate combinatorial marker expression with analysis
of more classical traits (i.e. connectivity, electrophysiological properties etc.) to better resolve individual cell
identities. While still incomplete, it is fair to say that classification of cortical neuron subtypes is more advanced than
that of glia, and it is likely that the next few years will see a surge in studies revealing the true diversity of both
oligodendrocytes and astrocytes.
A better understanding of normal embryonic development of the cortex is clearly facilitating a large range of
studies aimed at “programming” pluripotent stem cells to generate this cellular diversity in the dish. Developmental
signals have informed these directed differentiation protocols and knowledge of endogenous cellular diversity has
helped understand the identity of the cell produced in vitro, even if several questions remain. The field has so far failed
to produce individual classes of cortical neurons (and glia), as single pure populations. In addition, in most cases it is
unclear to what extent cells obtained by these methods resemble their endogenous counterparts(Amamoto and Arlotta,
2014). Finally, as it is the case for other types of cells made in the dish, pluripotent stem cell-derived neurons and glia
appear immature.
Development of the cerebral cortex is a choreographed interplay of multiple cell types born in specific
temporal order, from often-distant germinal zones, and that ultimately migrate to very precise relative locations to
build the 3D tissue architecture of the adult. Will the field ever be able to mimic such grace and complexity in the
dish? A mere few years ago the answer would have been “likely not”. But last year Lancaster and colleagues showed
the world a tiny piece of cerebral tissue completely produced from human pluripotent stem cells and looking strikingly
similar to early fetal human brain (Figure 3)(Lancaster et al., 2013). Forebrain, midbrain and hindbrain structures were
all present and the forebrain showed regionalization(Lancaster et al., 2013). Interneurons were born in regions
expressing ventral forebrain markers and migrated to regions expressing dorsal markers(Lancaster et al., 2013). Within
the cortex, appropriate lamination patterns were observed(Lancaster et al., 2013). Progenitors lined a central cavity,
in a region reminiscent of the ventricular zone, and newly born neurons migrated radially along glial
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processes(Lancaster et al., 2013). Building on seminal prior demonstrations of the extensive self-organizing
capabilities of neural progenitors when culture in the absence of specific extrinsic cues(Eiraku et al., 2008; Kadoshima
et al., 2013; Watanabe et al., 2005), this work offered a glimpse of what is possible. Much work remains to be done
to improve these cerebral organoids so that they include cell types born late during cortical development (i.e. upper
layer neurons, astrocytes and oligodendrocytes), as well as cells that originate outside of the nervous system (i.e.
microglia). It is our opinion however, that these in vitro approaches will grow into valuable, realistic models to study
human cortical development and complex disease.
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