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ABSTRACT OF THE DISSERTATION

Exploring Neural Circuit Development with Reverse Genetics and Intersectional
Viral Approaches

by

Tyler A. Vahedi-Hunter
Doctor of Philosophy, Graduate Program in Neuroscience

University of California, Riverside, December 2020
Dr. Martin M. Riccomagno, Chairperson

Proper establishment of connectivity in the nervous system is essential for
higher cognitive functions. Progressive and regressive developmental events build
and sculpt these circuits to reach functional maturity. A key progressive step during
the assembly of neural circuits is the guidance of growing axons. The direction that
an axon grows is largely influenced by the degree of adhesion to the extracellular
matrix (ECM) substrate, which is locally regulated in response to guidance cues.
Adhesion must also be regulated during fasciculation into axon bundles and
dissociation for innervation of individual targets. The modulation of adhesion by
guidance cues is mediated by intracellular cascades of signaling proteins, of which
very little is known. In Aim 1, we provide genetic evidence for the requirement of

Cas signaling adaptor proteins in guidance and fasciculation of DRG projections



in mice. Our results demonstrate that Cas proteins play important roles in allowing
sensory axons to distinguish between adhesion to the substrate and to other
axons.

A critical regressive event during the refinement of neural circuits is the
pruning of exuberant synapses and projections. Activity-dependent pruning
ensures that only the most functional connections are maintained. Although clearly
important for proper connectivity, this developmental process is understudied. An
apparent roadblock in the investigation of these refinement events is the need for
tools that are able to reversibly modulate neuronal activity for a protracted period
of time. In Aim 2, we offer a solution with the design and characterization of the
Expression by Boolean Exclusion (ExBoX) system, a simple AAV-based approach
to control expression by exclusion logic (AND NOT). This ExBoX system encodes
for a gene of interest which is turned ON by a particular recombinase (Cre or FIpO)
and turned OFF by another. We show the ability of the ExBoX system to tightly
regulate expression of fluorescent reporters both in vitro and in vivo, and
demonstrate the adaptability of the system by achieving expression of a variety of
virally-delivered functional manipulations in the mouse brain. This simple strategy
will expand the molecular toolkit available for cell- and time-specific gene

expression.
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Chapter 1
Introduction
Development of the Nervous system

Proper establishment of connectivity in the nervous system is essential for
higher cognitive functions, including perception, learning and memory. The initial
assembly of neural circuitry is carried out by progressive developmental events
such as cell proliferation and migration, axon growth and guidance, and synapse
formation. These mechanisms must be tightly controlled to ensure cells and their
projections reach their proper destinations and targets, respectively. Improper
migration that fails to deliver cells to their designated destination often results in
severe developmental defects, including embryonic lethality (Rakic et al., 1988;
Hirotsune et al., 1998; Sasaki et al., 2005). The consequences of improper axon
guidance and synaptogenesis can be just as severe (Bin et al., 2015). However,
proper assembly of the nervous system is not the only requirement for functional
neural circuitry. As a byproduct of progressive circuit building events, more
neurons, projections, and connections than required in the mature system are
generated. For this reason, to understand the development of the nervous system
requires investigation of not only progressive, but of regressive events as well
(Riccomagno & Kolodkin, 2015).

Regressive events, such as programmed cell death, axon and synapse

pruning, control the refinement of the nervous system by removing extraneous



neurons, axonal projections, and synaptic connections. These events are
indispensable for proper structural organization, the efficient wiring of neural
circuitry, and functional maturity of synaptic connections. The importance of cell
refinement is demonstrated by the gross morphological defects and embryonic
lethality of mice with mutations to the cell death pathway (Kuida et al., 1996; Kuida
et al., 1998). Though not usually lethal, improper refinement of neural connectivity
has been linked to severe cognitive dysfunction (Lewis and Levitt, 2002; Pardo
and Eberhart, 2007; Van Battum et al., 2015). The progressive and regressive
events employed to construct a functional neural circuit require participation of a
myriad of proteins, signals and cellular interactions. Understanding the key
components and interactions that are required for proper establishment and
maturation of neural circuitry will be of utmost importance in understanding the
etiology of such neurodevelopmental defects. My thesis work focused on
examining the mechanisms underlying the establishment and refinement of axonal
connectivity.
Axon Guidance

A key step during the assembly of neural circuitry is the guidance of growing
axons. As the emerging axon extends towards targets that may be a considerable
distance away, it will encounter a variety of guidance signals to dictate the correct
pathway to its destination (Tessier-Lavigne & Goodman, 1996). Upon binding to

their cognate receptors, guidance cues trigger cytoskeletal remodeling that results



in steering of the axon’s growth in the appropriate direction. This response takes
place in the specialized process known as the growth cone, which is located at the
leading tip of the axon and houses the receptors capable of detecting the ligand
guidance signals from the surrounding environment (Dent et al., 2011).

Axon Guidance cues can be found in the form of long-range molecules that
act via secretion into the extracellular space, or short-range molecules that require
cell-to-cell contact (Raper & Mason, 2010). Furthermore, these ligand cues can
exert either attractive or repulsive effects on the navigating growth cone when
encountering their cognate receptors. More than half a century of investigation has
uncovered four prominent families of guidance cues: Netrins, Ephrins,
Semaphorins, and Slits (Kolodkin & Tessier-Lavigne, 2011; Kozalin & Richards,
2016). As demonstrated with loss of function mutations, failure to express these
guidance ligands or their receptors during growth of dependent axons has been
demonstrated to result in defects of axonal targeting and circuit assembly that are
often detrimental to nervous system functionality. For example, disruptions in the
Sema3A gene in mice produce axon guidance defects in DRG peripheral
projections (Kitsukawa et al., 1997); disruptions in Ephrin signaling result in retinal
ganglia cell wiring deficits and improper topographic map formation (Feldheim &
O’Leary, 2010); and removal of Netrin signaling results in loss of commissural axon
attraction to the floorplate and inability to cross the midline of the neural tube

(Kennedy et al., 1994; Serafini et al., 1994). Further highlighting the robust



applicability of guidance cues, it has been observed that while some ligands are
specialized to confer only one type of directional cue, others like Netrins,
Semaphorins and Ephrins, have multiple receptor variants and can have attractive
or repulsive effects depending on the type of receptor expressed in the navigating
growth cone (Colamarino & Tessier-Lavigne, 1995; Hong et al., 1999; Hindges et
al., 2002; Dickson, 2003; Zhou et al., 2008).

Upon encountering guidance cues, the growth cone must respond
appropriately by navigating towards or away from the source of the signal. The
direction that a growth cone steers is largely influenced by degree of adhesion to
the extracellular matrix (ECM) substrate (Kolodkin & Tessier-Lavigne, 2011).
Attractive cues have the ability to strengthen growth cone adhesion to the
substrate, anchoring the axon in the appropriate orientation for growth towards the
attractive source. Degree of attachment to the substrate is regulated by
cytoskeletal remodeling of the growth cone’s actin (Lowery & Van Vactor, 2009).
Actin is locally strengthened where attractive cues are encountered, enhancing the
connection between the growth cone and the substrate. In contrast, repulsive cues
cause growth cone disassembly and detachment from the substrate, leading to
retraction. Actin is locally destabilized by repulsive signaling, weakening the growth
cone’s hold on the substrate and facilitating growth in a direction with greater

affinity.



The processes of axon guidance as described thus far are predominantly
applicative for pioneering axons, the leading axons of a particular pathway which
act as the pathfinders for the follower axons in waiting. In comparison to the
follower axons, pioneers have more complex growth cones and move more slowly
through the environment to their target in order to detect and respond to the
incoming guidance cues (LoPresti et al., 1973; Bastiani et al., 1984). Loss of
pioneer axons will cause the pioneer fate to be adopted by one of the follower
axons, which will be influenced by environmental signals to develop the growth
cone complexity necessary to detect and respond to environmental guidance cues
(Bak & Frasier, 2003; Lim et al., 2015).

Axon Fasciculation

The follower axons of a growing pathway do not require the same
specialization for detecting environmental guidance cues because they are able to
follow the path established by the pioneers through a process known as axon
fasciculation (Van Vactor, 1998; Bak & Frasier, 2003). Axon fasciculation refers to
the aggregation of axons into nerve bundles or axon tracts, and aids to ensure that
projections traveling towards a particular location arrive without being misled
towards a wrong target. The opposing process whereby axons un-bundle from one
another is referred to as defasciculation. When axons arrive in their target region,
defasciculation is necessary for axons to innervate their independent targets.

Improper defasciculation imposed via gain of function mutations of positive



fasciculation regulators has been shown to prevent proper sensory innervation of
the periphery (Huang et al., 2007).

The fasciculation of axons does not occur only among axons projecting from
a similar source that travel together until target innervation; axons can be observed
coalescing with and switching between different stereotyped axon pathways
before arriving at their final destination (Goodman et al., 1984). It can be
appreciated from these observations that fasciculation is a complex process
requiring a variety of signals to selectively alter the affinity of subsets of axons
without exerting effects on others located in the same vicinity. The decision to
continue adherence with a particular nerve bundle or to separate and adhere to a
different nerve pathway or substrate is made at particular locations along the
growth of an axon commonly referred to as choice points. One particular example
is the Dorsal Root Entry Zone (DREZ), whereby dorsal root ganglia (DRG) axons
projecting into the spinal cord must fasciculate before journeying into the CNS
(Ozaki & Snider, 1997; Masuda & Shida, 2005). At these choice points, axons must
simultaneously detect signals from other axons and the ECM, and make the
decision to fasciculate or defasciculate based on the balance of attraction between
axons and substrate.

The adhesion of an axon to the ECM substrate is largely dependent on
receptors for cell adhesion molecules. A classical example of adhesion receptors

are integrins. Integrins are a family of heterodimeric receptors expressed on the



membrane of the growth cone, that act as a physical linkage to the substrate when
ligand-receptor interaction occurs (Hynes, 1996; Hynes, 2002). Integrin receptors
are activated by protein ligands embedded within the ECM such as laminin,
collagen, and fibronectin (Myers et al., 2011). Integrins appear to be particularly
important as effectors of axon affinity for the substrate. Integrins can also be
activated by guidance cues, or recruited downstream of guidance receptors
(Stevens & Jacobs, 2002; Nakamoto et al., 2004). Activation of integrin receptors
not only creates a physical adhesion of the axon to the substrate, but can also
activate signaling within the growth cone to regulate actin remodeling dynamics
(Hynes, 2002; Myers et al., 2011). By mediating these signaling functions, integrins
have been shown to play functional roles in axon guidance throughout the CNS
(Becker et al., 2003; Harper et al., 2010).

One known process by which fasciculation occurs is axon-axon interactions
employing cell adhesion molecules (CAMs). Cell adhesion molecules belonging to
the immunoglobulin (Ig) superfamily of proteins are expressed externally on axons,
and have specific affinity for homophilic or heterophilic counterparts (Landmesser
et al. 1988). A classic demonstration of fasciculation induced by CAMs can be
observed in Drosophila motor axons, where overexpression of Fasciclin 1l (Fasll),
a Drosophila paralog for Ig CAMs, is sufficient to induce hyperfasciculation (Lin &
Goodman, 1994). Adhesion molecule affinity can be modulated at particular times

of axon growth, allowing for fasciculation or defasciculation of particular axon



subsets at choice points (Lin et al., 1994; Van Vactor, 1998).

Guidance signals producing surrounding-repulsion can also exert
fasciculation on growing axons (Cloutier et al., 2004; Jaworski & Tessier-Lavigne,
2012; Luxey et al., 2013). The very same guidance ligands responsible for axon
repulsion have been shown to confer this external influence on axons; however,
this application can be observed as a distinct mechanism to effect fasciculation
independently as interruption of these guidance events impairs fasciculation
without disturbing the appropriate innervation of the target. One such example can
be observed in vomeronasal projections where Sema3F interaction with the
Neuropilin-2 receptor mediates fasciculation (Cloutier et al., 2004). Genetic loss of
the Sema3F ligand disrupts fasciculation, but innervation of the appropriate target
is unaffected. Similar observations have been documented with peripheral motor
axons requiring EfnB1 and Slit2 for proper fasciculation, but not guidance (Luxey
et al., 2013; Jaworski & Tessier-Lavigne, 2012).

IV. Cytoplasmic Effectors of Guidance Cues

Although much is known of the ligand-receptor pairs that govern axon
guidance and fasciculation, the cytoplasmic effector proteins that act downstream
of receptor activation remain largely undiscovered. As described thus far, guidance
cues have a wide-range of applications on growing axons. The axon’s ultimate
interpretation of attraction or repulsion to axons or the substrate relies on these

effector proteins to mediate the response (Lowery & Vactor, 2004). Therefore,



defining effector proteins with key roles during guidance and fasciculation is of
great significance.

The actin stabilization dynamics in response to attractive and repulsive
guidance cues require contributions from a cascade of signaling transduction
molecules (Lowery & Vactor, 2004). While the identities and/or roles of many of
these molecules are incompletely understood, the role of the Rho family of
GTPases during navigation of the growth cone has been extensively studied
(Govek, 2005; Koh, 2006). Rho GTPases, specifically RhoA, Rac1, and Cdc42,
have been demonstrated to act downstream of the major guidance cue receptors,
and play key roles in regulating the actin dynamics for steering of the growth cone.
Intriguingly, Rho GTPases have been demonstrated to play antagonistic roles in
steering of the growth cone. In general, Rac1 and Cdc42 are known to promote
extension and adherence of the axon, whereas RhoA activity promotes
disassembly and retraction (Koh et al., 2006). For example, Rac1 and Cdc42 have
been shown to act downstream of Netrin-1 signaling to induce actin polymerization
and anchoring of the growth cone to the substrate during attractive guidance of rat
commissural axons (Shekarabi & Kennedy, 2002). Alternatively, inhibition of RhoA
during Netrin-1 signaling has been shown to promote outgrowth in rat commissural
explants (Li et al., 2002). A similar role can be observed in repulsion of mouse
RGC axons with Ephrin signaling, where EphA receptor activation triggers

preferential downstream activation of RhoA instead of Cdc42 and Rac1 in order to



induce growth cone disassembly (Sahin et al., 2005). Considering the importance
of these effectors in mediating cytoskeletal remodeling in response to guidance
cues, elucidating the proteins that modulate Rho GTPases will be vital to our
understanding of axon guidance and fasciculation.

The Cas (Crk-associated substrate) family of adaptor proteins has been
shown to interact with various classes of signaling proteins, and upon
phosphorylation, can provide docking sites for effectors to stimulate Raci-
mediated actin remodeling (Defilippi et al., 2006). Roles for Cas proteins in cell
migration and cell morphology have been documented (O’Neill et al., 2000;
Riccomagno et al., 2014), yet little is known of their function during mammalian
axon pathfinding. One example of Cas proteins in mediating the signaling
response to guidance cues can be observed in the chick spinal cord, where
p130CAS is required for Netrin guidance signaling. Axons mutant for p130Cas fail
to induce Raci1 activation in response to Netrin signaling, and attraction of
commissural axons towards the floorplate is notably reduced (Liu, G. et al., 2007).
Cas adaptor proteins have also been demonstrated to act downstream of integrin
signaling to mediate cell adhesion to the ECM substrate in a variety of cell lines
(O’Neill et al., 2000). Interestingly, in Drosophila, the paralog dCas is required for
proper integrin signaling during motor axon guidance, and dCas mutants display
axon defasciculation defects (Huang et al., 2007). Thus, Cas adaptor proteins may

provide an important link between guidance signals and cytoskeletal regulation in
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growing axons. In Chapter 2, we set out to investigate the requirement of Cas

adaptor proteins during fasciculation of peripheral neural projections in mice.

V. Regressive Development - Refinement Theories

After the initial phases of progressive development have generated a “draft”
for neural circuits, exuberant connectivity requires refinement to achieve proper
functional maturity. Why is a strategy of exuberant connectivity and subsequent
refinement employed in the first place? Functional significance, limited signaling
cue availability, and functional refinement are three possible explanations for the

initial exuberant growth (Riccomagno & Kolodkin, 2015):

e Functional Significance: It is possible that exuberant connections serve a
functional role during early development. For instance, they may supply factors
or activity to the innervated region that is necessary in early development, but
not later.

e Limited availability of unique queues to establish myriad of specific mature
circuits: During the early development of the brain, there is a limited availability
of resources such as the variety of unique signaling cues that will express later
in development. Given these limitations, strategies to establish mature circuits
must proceed in sequential steps to ensure connections are finely tuned.
Starting with an exuberant number of neurons and connections between them
gives the developmental refinement and specification processes a large enough

slab of marble to chisel down.
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e Functional Refinement: Exuberant growth and connectivity could be intended to
allow for activity-dependent sculpting and refinement of connections via
competition. This type of strategy is fit to ensure that only the strongest, most
functional connections are supported.

These potential explanations lay a theoretical foundation for the significance
of circuit refinement as a whole. However, we must survey refinement events
across the nervous system to truly understand the functional roles for these
strategies. Developing circuits have been shown to employ very similar
mechanistic strategies, allowing for the classification of refinement events into a
number of defined categories. The first of these classifications differentiates
between stereotyped pruning of long axons and competition-based pruning of
short axons.

VI. Axon Pruning

Stereotyped pruning of long axons

Stereotyped pruning of long axons occurs mostly in the CNS. This form of
pruning eliminates axons based on a genetic predetermination, rendering the
axons to be pruned identifiable before the onset of the pruning event. Of those
identified, stereotyped pruning events effect entire populations of axons, not
subsets.

A classic example of a pruning event controlled by genetic programs is that

of the cortical spinal tract (CST) during early postnatal development. After initial

12



circuit formation, layer V neurons of the visual and sensorimotor cortices both
project collaterals to the pons (sensory and motor control), spinal cord (motor
control), and superior colliculus (visual processing) (O’Leary and Stanfield, 1985;
Stanfield and O’Leary, 1985). By adulthood, the neurons in these cortical regions
connect to overlapping but distinct targets in a functionally appropriate way: the
visual cortex maintains connections to the superior colliculus and pons, but those
to the spinal cord are removed. On the contrary, the motor cortex maintains
connections to the spinal cord and the pons, but loses those to the superior
colliculus. Despite the same initial projection scheme, the divergence observed in
the mature circuitry arises from selective pruning of functionally inappropriate
projections. For axons of the visual CST, Sema3F (a member of the Semaphorin
family) expression in the dorsal spinal cord has been shown to direct the synaptic
removal and activate retraction of the inappropriate projections (Low et al. 2008).
Visual CST projections are pruned while motor CST projections remain because
the visual projections express the plexin and neuropilin co-receptors required for
detection of the Semag3F signal, while motor axons do not express these receptors.
Intriguingly, this Sema3F-dependent mechanism is not similarly used for pruning
of the inappropriate motor CST projections as genetic mutants for the Plexin A3/A4
and neuropilin receptors demonstrate failure to remove the visual CST, but no
change in motor projection pruning can be observed.

Another example of stereotyped pruning is the retraction of hippocampal

13



infrapyramidal bundle (IFB) connections during mouse postnatal development
(Bagri et al., 2003). During establishment of the hippocampal circuit, two bundles
of mossy fibers emerge from the dentate gyrus (DG): the suprapyramidal bundle
that travels above the pyramidal layer, and the IFB which travels below. In early
postnatal development (P10), the IFB extends to reach CA3 and makes synaptic
connections to CA3 neurons (Chen et al., 2000, Liu et al., 2005). However, these
connections are progressively pruned back to the DG until P45, when the
shortened IFB crosses the pyramidal layer to join the suprapyramidal bundle.
Synaptic pruning and subsequent axon regression of the IFB is genetically
determined by the timely expression of Sema3F in CA3 dendrites (Bagri et al.,
2003). Sema3F in the hippocampal circuit acts to repel axons back to the DG
through a Chn2-mediated signaling pathway (Riccomagno et al., 2012), rather than
promoting their degeneration as was shown in the visual CST. Thus, Sema3F
mediated pruning provides an example of similar mechanisms incorporating
different tactics.

Short axon pruning: Competition for limited resources

Short axon pruning refers to the local pruning of subsets of branches that
occurs within target regions to regulate terminal arborization. This strategy for
circuit refinement involves integration of environmental factors, such as trophic
support or neuronal activity, in order to select “winner” axons that will be

maintained.
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It has long been established that developing neurons require target-derived
survival factors for growth and support (Hamburger & Levi-Montalcini, 1949; Levi-
Montalcini, 1987). Stemming from this discovery came the Neurotrophic factor
hypothesis, which posited that survival factors such as neuronal growth factors or
neurotrophins are available in limited quantities. Due to these limitations, neurons
must compete with each other in order to secure survival. The classic example of
such a pruning event is that of sensory and motor nerve innervation of the
periphery (Levi-Mantalcini, 1987). Neurons that successfully innervate close to
neurotrophin-producing targets receive an advantage for survival over their
counterparts, which will lose their axons and are targeted for apoptosis (Openheim,
1989, Luo & O’Leary, 2005). This ensures that only the cells that innervate targets
as desired are maintained.

In addition to refinement strategies that reward axons for securing survival
factors, there also exist examples whereby axons compete for survival through
activity. The classic example of an activity-dependent pruning event in the PNS is
that of motor axon innervation at the neuromuscular junction (NMJ). Upon initial
assembly of this circuit, motor neurons exuberantly innervate the NMJ (Balice-
Gordon & Lichtman 1994). In order to refine these connections to only those that
are most functionally relevant, “loser” axons that generate less activity than their
counterparts are selected for removal via synapse elimination.

Activity-driven circuit refinement can also be observed in the CNS during

15



cerebellar postnatal development (Crepel et al. 1976, Mariani & Changeux 1981).
Initially, the inferior olivary nucleus projects an exuberant number of climbing fiber
(CF) axons to their Purkinje cell (PC) targets. However, when this circuit is mature,
each PC is innervated by only one CF. The removal of extraneous innervating CFs
is orchestrated via a series of events which enable the translocation of only the
most active innervating CF from the soma of the PC to its dendrites (Watanabe &
Kano 2011). Once the winner has been selected and translocated to the dendrites,
all CFs that remain on the soma are targeted for synaptic pruning and axonal
degeneration. From these examples, activity-driven strategies of selection can be
seen to ensure that only the most functional connections are maintained (Coleman
et al.,, 1997, Lanuza et al., 2018).

One reason that activity-driven pruning strategies are so intriguing is that
they can provide insight into windows of heightened plasticity during which
experience-driven activity is influential for circuit refinement. These windows are
referred to as critical periods if the environmental input is required, or sensitive
periods if this window is when experiences have their greatest impact on circuit
development (Berardi et al., 2000; Hensch, 2005; Hensch and Bilimoria, 2012).
Learning in humans is thought to be an example of a sensitive period, where
heightened circuit plasticity is theorized to underly the advantages in learning
experienced during youth (Wilson et al., 2006). To gain a better understanding of

these activity-driven windows of plasticity, research has focused on critical

16



windows during sensory circuit refinement in animals (Hensch, 2005; Berardi et
al., 2000). The classical example of experience-influenced refinement during
sensory development is that of ocular dominance columns made famous by Hubert
and Weisel (1962). Ocular dominance columns refer to the eye-specific termination
zones of visual lateral geniculate nucleus (LGN) thalamic projections that are
formed in layer IV primary visual cortex during postnatal development. In these
classical experiments, depriving the stimulation of one eye (monocular deprivation)
demonstrated that competitive activity is necessary for proper innervation of the
ocular dominance columns by their respective inputs, whereby absence of
competing input allowed the uncovered eye to take over termination zones at the
cost of the covered eye (Hubert and Weisel, 1962; Antonini and Stryker, 1996;
Antonini et al., 1999). However, monocular deprivation only produces this effect
during a particular window of development during which these connections are
actively refined. Attempts to unilaterally block visual input after this critical window
do not result in any changes to circuit wiring, and altered connectivity cannot be
rescued. Understanding the mechanics and modulating factors that mediate
events with such significant and irreversible impacts on circuit connectivity carries
implications in improving learning and memory, and recovering proper circuit
connectivity after injury or neurodevelopmental abnormality.

Although the examples of pruning provided are some of the most

investigated of known events, many of the molecules and specific mechanisms
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used to refine these circuits still remain largely unknown (Riccomagno & Kolodkin,
2015). This is especially true of the activity-dependent mechanisms for winner
selection. It is therefore apparent that the field of circuit refinement requires further
investigation. However, an apparent limitation in the investigation of activity-
dependent circuit refinement mechanisms is the need for tools that can manipulate
activity of a specific subset of projections with temporal control. Circuit refinement
events occur during defined developmental windows or critical periods (Wiesel &
Hubel, 1963, Berardi et al., 2000). These windows can span days or weeks, and
any manipulations must be temporally controlled to occur during their duration.
Virally-expressed DREADDs (Designer Receptors Exclusively Activated by
Designer Drugs) offer a possible solution to this problem in that they can confer
activity manipulations for limited durations, only when supplied the exogenous
ligand CNO (Roth, 2016). However, manipulations induced by DREADDs require
frequent pharmacological dosing in order to maintain expression. Furthermore,
when dealing with developmental events at very young postnatal ages,
establishing effective dosing parameters can be a challenge. Optogenetics offer
another possible solution for temporally controlled activity manipulation without the
need for pharmacological dosing, but must also be maintained via continuous light
stimulation (Yizhar et al., 2011). Furthermore, application of light stimulation to
neurons often requires invasive headgear, which would be extremely challenging

in the young animals in which these events take place. Both of these strategies
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require continued pharmacological or light-evoked activation of the channels or
receptors of interest, which is unviable for protracted periods of time. Furthermore,
the physiological level of activation/inactivation required to exert an effect on a
particular system is not known a priori. This is a critical issue due to the largely
unknown mechanisms of activity-dependent refinement events. If, for example,
reaching a particular activity threshold is a metric for winning projections, any lapse
in activity reduction could allow these thresholds to be met, resulting in potentially
significant manipulations to be overlooked. It can therefore be observed that the
need for more consistent strategies of obtaining temporally controlled
manipulations is an impediment to future investigations of activity-dependent
pruning. Aim 2 (Chapter 3) of my doctoral thesis addresses this need with the
design of ExBoX, a novel AAV-based intersectional approach using Boolean AND-
NOT logic to drive cell type specific and temporally controllable manipulations.
VII. Investigating the Development of Neural Circuitry

The review of literature hitherto provided demonstrates the requirement of
both progressive and regressive developmental events for functional maturation of
neural circuitry to be achieved. While many fundamental properties of these events
are known, there is still much to be discovered. In order to investigate processes
of circuit development, the labeling of axons based on region of origination and
innervation targets becomes a requirement. To achieve this labeling, genetic and

viral strategies have been used to trace circuitry and assess dynamics of guidance

19



and refinement. Such techniques will be described for the investigations
henceforth provided.

Aim 1: Within the field of axon guidance, a particular need for investigation
is warranted by the intracellular signaling proteins that help transduce the response
in actin regulation conferred by guidance cues. Of particular interest are the Cas
family of adaptor proteins. We examined the requirement for Cas adaptor proteins
during DRG axon pathfinding in mice. Our genetic data supports a novel role for
Cas adaptor proteins during the fasciculation and guidance of central DRG
projections in the DREZ. These data provide insight into the interplay between
adhesion to the substrate and axon fasciculation.

Aim 2: Within the field of axon refinement, much still needs to be discovered
about the events and mechanics of activity-dependent axon pruning. Investigation
of such events can be especially difficult because of the discrete timeline that
refinement events occupy, and need for spatially and temporally controlled
manipulations of neural activity. The ability to turn ON or OFF an activity
manipulation at discrete timepoints of circuit development is not always feasibly
achieved by genetic means. To address these difficulties, the second part of my
studies described the generation and characterization of a novel viral tool for
controlled and reversible expression of genes of interest governed by
recombinase-dependent Boolean logic. This will ultimately allow us to manipulate

neuronal activity (among other things) during protracted periods of time in a
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reversible manner.
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Abstract

Development of complex neural circuits like the peripheral somatosensory
system requires intricate mechanisms to ensure axons make proper connections.
While much is known about ligand-receptor pairs required for dorsal root ganglion
(DRG) axon guidance, very little is known about the cytoplasmic effectors that
mediate cellular responses triggered by these guidance cues. Here we show that
members of the Cas family of cytoplasmic signaling adaptors are highly
phosphorylated in central projections of the DRG as they enter the spinal cord.
Furthermore, we provide genetic evidence that Cas proteins act DRG-
autonomously to regulate fasciculation of sensory projections. These data

establish an evolutionarily conserved requirement for Cas adaptor proteins during
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peripheral nervous system axon pathfinding. They also provide insight into the
interplay between axonal fasciculation and adhesion to the substrate.

Introduction
Precise assembly of the peripheral somatosensory system involves

migration of neural crest cells (NCCs) to coalesce into sensory ganglia and
subsequent guidance of axonal projections from these newly formed ganglia. The
NCCs that give rise to the dorsal root ganglia (DRG) originate from the dorsal
spinal cord and migrate ventro-medially between the neural tube and rostral somite
(Serbedzija et al., 1989; Serbedzija et al., 1990). Upon reaching the DRG, these
neural progenitors continue to proliferate before committing to a neuronal or glial
fate (Frand and Sanes, 1991; Ma et al., 1986). The newly born sensory neurons
then extend a central and a peripheral axon branch, acquiring the characteristic
pseudounipolar morphology (Barber and Vaughn, 1986). The resulting central
projections traverse towards the spinal cord and enter the central nervous system
(CNS) through the Dorsal Root Entry Zone (DREZ), while the distal processes
navigate long distances to innervate their peripheral targets Ozaki and Snider,
1997; Ramon y Cajal, 1909). Accurate guidance and fasciculation of these axons
requires an intricately choreographed array of signaling cues acting on their
cognate receptors (Kolodkin and Tessier-Lavigne, 2011; Wang et al., 2013).
Although much is known about the ligand-receptor pairs required for axon
trajectories, very little is known about the cytoplasmic effectors that allow these

axons to respond to guidance cues.
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Cas signaling adaptor proteins mediate a variety of biological processes
including cell migration and changes in cell morphology (O’neill et al., 2000), and
exhibit specific expression patterns during neural development in rodents (Merrill
et al., 2004). Cas proteins interact with various classes of signaling proteins,
including cytosolic tyrosine kinases (like Src and Fak). Upon phosphorylation, Cas
proteins can provide docking sites for SH2-containing effectors, including Crk,
which stimulate Rac1-mediated actin remodeling (Defilippi et al., 2006). We have
recently uncovered an essential role for Cas family members during retinal
ganglion cell migration (Riccomagno et al., 2014), yet our current understanding
of Cas adaptor protein function during mammalian axon pathfinding in vivo is
limited. One member of this family, p130Cas, has been proposed as a required
downstream component of netrin-mediated commissural axon guidance in the
chicken spinal cord (Liu et al., 2007). Interestingly, Drosophila Cas (dCas) has
been shown to participate downstream of integrin receptors in axon fasciculation
and guidance of peripheral motor axons (Huang et al., 2007). Whether Cas
proteins play similar roles during mammalian peripheral nervous system (PNS)
development is currently unknown.

Here we examine the requirement for Cas adaptor proteins during DRG
axon pathfinding. Our genetic data supports a novel role for Cas adaptor proteins

during the fasciculation and guidance of central DRG projections in the DREZ.

33



These data provide insight into the interplay between adhesion to the substrate
and axon fasciculation.
Results

Cas adaptor proteins have been shown to participate in the formation of the
neuronal scaffold of the mammalian retina (Riccomagno et al., 2014). In addition,
dCas is required for integrin-mediated peripheral axon guidance and fasciculation
in Drosophila (Huang et al., 2007). To investigate the role for Cas signaling
adaptor proteins during mammalian PNS axon guidance, we started by assessing
the expression pattern of Cas genes during embryonic development by in situ
hybridization (Fig. 2.1a-l). Cas genes are broadly expressed in the DRG, but
display specific regional expression in spinal cord (SC) at embryonic day (e)10.5
and e11.5 (Fig. 2.1a-f; 2.2a-c). P130Cas is mainly expressed in the mantle zone,
with high levels of expression in the dorsal SC and ventral root (Fig. 2.1d). CasL
expression in the spinal cord is primarily found in the dorsal SC and ventricular
zone (Fig. 2.1e). Sin/EFS is also expressed around the ventricular zone of the SC,
and subsets of DRG neurons (Fig. 2.1f). p130Cas and Sin continue to be
expressed in the DRG at e12.5 and e14.5 (Fig. 2.1q, i, j, I). CasL DRG expression
becomes weaker as development progresses, and becomes undetectable by
e14.5 (Fig. 2.1b, e, h, k). All three Cas family members maintain expression in the
spinal cord until at least e14.5 (Fig. 2.1d-l). At e 12.5, p130Cas maintains

expression in the mantle zone, dorsal SC and ventral root, but also begins to be
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expressed in the ventricular zone (Fig. 2.1g). A similar expansion in expression
domain is observed for Sin (Fig. 2.1i), although the overall level of Sin expression
is weaker than that of p130Cas. By e14.5 p130Cas and Sin appear to be broadly
expressed in the SC, with stronger expression in the DREZ and ventral roots (Fig.
2.1j, ). At e12.5 and 14.5, CasL expression remains restricted to the ventricular
zone (Fig. 2.1h, k). Sense negative control probes displayed negligible staining
(Fig. 2.1m-0; 2.2d-f).

We next performed histological analyses of p130Cas protein expression in
the developing spinal cord and DRG (Fig. 2.3a-c; 2.4). The expression pattern of
p130Cas protein overlaps with that of p730Cas mRNA in DRG and spinal cord
mantle zone cell bodies (Fig. 2.1g; 2.3a-c; 2.4a-d). In addition, p130Cas protein
localizes to DRG central projections and spinal cord commissural axons, and is
highly enriched in the DREZ and dorsal funiculus (Fig. 2.3a; 2.4a, c). Although
there are some modest differences in the p130Cas mRNA and protein expression
patterns inside the SC, these are likely due to the distinct subcellular distribution
of these gene products. The overall pattern of expression was confirmed by
utilizing a GENSAT BAC transgenic mouse line that expresses enhanced GFP
(EGFP) under the control of p130Cas regulatory sequences (Gong et al., 2003;
Heintz, 2004). This transgenic line allows for the detection of cells expressing
p130Cas (Riccomagno et al., 2014). The p130Cas-EGFP-Bac spinal cord EGFP

expression pattern is consistent with that of endogenous p130Cas protein and
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mRNA in wild-type (WT) animals, with strong signal in dorsal SC, ventral root and
DRG (Fig. 2.3d-f; 2.4; 2.5). As expected, no EGFP detection is observed in WT
animals (Fig. 2.5c, f, i). As phosphorylation of Cas adaptor proteins mediates
adhesion signaling during neural development (Riccomagno et al., 2014; Huang
et al, 2007; Bourgin et al, 2007), we examined the localization of
Phosphotyrosine-p130Cas (PY-Cas) in the developing spinal cord and DRG (Fig
2.3g-i). PY-Cas is present in the ventral funiculus and commissural axons in close
proximity to the midline (Fig. 2.3g, h). Interestingly, PY-Cas is also enriched in the
DREZ, DRG central projections and dorsal funiculus (Fig. 2.3g, i). Therefore, Cas
mRNA, p130Cas protein, and phospho-tyrosine-p130Cas expression patterns are
consistent with Cas involvement in DRG and commissural axon guidance.

In addition to expression of Cas genes in the SC and DRG, whole-mount in
situ hybridization revealed the presence of Cas transcripts in the trigeminal
ganglion and the nodose/petrosal complex at e10.5 and e11.5 (Fig. 2.1a-c; 2.6a-
¢). In situ hybridization on sections confirmed that Cas genes are broadly
expressed in the trigeminal and nodose at e11.5 (Fig. 2.6d-i). Consistent with these
results, p130Cas protein is found in cell bodies and projections of both ganglia
from €10.5 to e12.5 (Fig. 2.6j-u), and overlaps with p730Cas mRNA expression at
e11.5 (Fig. 2.6d, g). Expression of EGFP in p130Cas-EGFP-Bac animals

confirmed the strong expression of p130Cas in trigeminal and nodose ganglia from
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e10.5 to e12.5 (Fig. 2.7a-r). No EGFP expression was detected in WT nodose or
trigeminal ganglia (Fig. 2.7¢, f, i, |, o, r).

Given the expression and phosphorylation pattern of Cas adaptor proteins
in the developing spinal cord and DRG, we next asked whether Cas genes are
required for DRG and commissural axon pathfinding. Since the expression
patterns of Cas genes during spinal cord development are highly overlapping and
Cas adaptor proteins act redundantly during retina development (Riccomagno et
al., 2014), we concurrently ablated all Cas genes from the dorsal spinal and DRG
(dSC+DRG). Using Wnt1Cre-2a mice that expresses Cre recombinase in the
dorsal spinal cord and neural-crest derived structures (Lewis et al., 2013) (Figs.
2.8 and 2.9), we ablated a conditional allele of p7130Cas in a CasL;Sin”- double
null mutant genetic background (we refer to p130Cas”?;CasL;Sin”- mice as triple
conditional knock-outs: “TcKQO”) (Riccomagno et al., 2014). We first confirmed the
removal of functional Cas proteins by performing immunostaining for PY-Cas at
e12.5: PY-Cas was almost completely absent in Wnt1Cre; TcKO SCs and DRGs
(Fig. 2.8j). We next examined the overall projection pattern of DRG axons in
Wnt1Cre; TcKO and control littermates. For this and all subsequent experiments
p130Cas ™*; CasL”- and Sin"‘embryos were used as controls. In control embryos,
axons from DRG sensory neurons bifurcate and project along the anterior-
posterior axis of the dorsal spinal cord as a tightly fasciculated bundle, as revealed

by whole-mount immunohistochemistry at €12.5 (Fig. 2.10a, b). This is in stark

37



contrast to the DRG central projections of Wnt1Cre; TcKO embryos, which are
highly defasciculated (Fig. 2.10c-d’), resulting in a highly significant increase in the
number of “free” growth cones in the dorsal SC (Fig. 2.10e; two-tailed t-test
p=9.06e-24). All other combinations of Cas family alleles display no overt
phenotypes in DRG or other PNS axon tract guidance (data not shown).
Interestingly, some of the defasciculated axons in Wnt1Cre; TcKO embryos appear
to project towards the ventricular zone (Fig. 2.10c-d’). These phenotypes
observed in Wnt1Cre;TcKO embryos are 100% penetrant (n=6).

To further explore the role of Cas proteins during DRG axon pathfinding, we
examined in more detail the innervation of the SC gray matter by sensory axons in
control and Wnt1Cre; TcKO mutants. DRG afferent axons project to the DREZ and
then stall during a “waiting period” before innervating the spinal cord. In the mouse
this period extends from e11 until e13.5 for proprioceptors, or €15 for nociceptors
(Gu et al., 2003; Yoshida et al., 2006). In control e11.5 embryos, no sensory axons
are detected medial to the DREZ and dorsal funiculus (Fig. 2.10f). However, there
is a significant increase in the number of DRG axons that invade the gray matter
of Wnt1Cre; TcKO embryos prematurely (Fig. 2.10g, h; two-tailed t-test p=3.82e-
26). This suggests that Cas adaptor proteins are required for proper fasciculation
of DRG axons at the dorsal funiculus, as well as preventing these axons from
entering the SC gray matter prematurely.

Since Cas proteins are required for DRG axon fasciculation and guidance,
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we hypothesized that Cas proteins may be required for pathfinding of other
peripheral nerves. Could cranial nerves also require Cas gene function for proper
fasciculation and guidance? Based on the strong expression of Cas genes in the
nodose/petrosal complex and trigeminal ganglia (Figs. 2.6 and 2.7), we focused
our attention on the vagal and trigeminal nerves. Normally, vagal nerve central
projections join and fasciculate with descending axonal tracks coming from the
midbrain (Fig. 2.11a) (Wright et al., 2012). Interestingly, in Wnt1Cre;TcKO, the
vagal afferents overshoot the descending midbrain tracks and display a
defasciculated phenotype (Fig. 2.11b). In addition to the vagal nerve, the
trigeminal nerve also shows a distinct phenotype in Wnt1Cre; TcKO animals (Fig.
2.11c-f). The maxillary branch is highly defasciculated in Wnt1Cre; TcKO (Fig.
2.11d, f) compared to control littermates (Fig. 2.11c, €), which is a fully penetrant
phenotype. Whereas the ophthalmic branch appears to be under-branched, this
might be a result of a general developmental delay observed in Wnt1Cre; TcKO
embryos by e12 (Fig. 2.11c-f): these embryos will die between €12.5 and e13.
Overall, these data support a role for Cas adaptor proteins during peripheral nerve
pathfinding.

A previous report using small interference RNA (siRNA) knock-down
suggested that p730Cas is required for commissural axon guidance (Liu et al.,
2007). We revisited this finding by taking advantage of our complete Cas loss of

function mouse model (Fig. 2.12a-j). We labeled commissural axons using the
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precrossing commissural axon marker Tag1 and the post-crossing marker L1 (Zou
et al., 2000). A mild, yet significant reduction in the thickness of the ventral
commissure was observed in Wnt1Cre;TcKO compared to control (Fig. 2.12 a-i;
two tailed t-test p=0.004). This suggests that Cas genes might indeed play a
conserved role in commissural axon guidance. Tag1 and L1 immunostaining also
revealed a significant disorganization and reduction of the size of the DREZ in
Whnt1Cre;TcKO animals compared to control (Fig. 2.12a, b, e, f, j; ; two tailed t-test
p=6.22e-5). These results illustrate the essential and multifaceted role of Cas
proteins during both CNS and PNS circuit assembly.

Basement membrane (BM) integrity is required for proper axon guidance
(Wright et al., 2012). Thus, the abnormal fasciculation and guidance phenotypes
observed at the DREZ in Whnt1Cre;TcKO embryos could be a secondary
consequence of a disrupted basement membrane surface surrounding the spinal
cord. To determine whether Cas genes are required for formation of the BM of the
spinal cord, we analyzed its integrity in Wnt1Cre;TcKO animals. We visualized the
BM using an antibody against laminin (Fig. 2.12e-h). The BM appears to be intact
in Wnt1Cre;TcKO embryos, and is indistinguishable from control embryos (Fig.
2.12e-h). This suggests that Cas genes are dispensable for spinal cord BM
formation, and that disruption of the basement membrane is unlikely to be
responsible for axon pathfinding defects observed in Wnt1Cre; TcKO DRG central

projections.
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Selective ablation of Cas genes from the dorsal spinal cord and neural-crest
derived PNS ganglia results in axon fasciculation and guidance defects (Fig. 2.10;
2.11); is there a DRG-autonomous requirement for Cas genes in axon pathfinding?
To answer this question, we took advantage of a transgenic line that expresses
Cre recombinase under control of the human tissue plasminogen activator
promoter (Ht-PA). This HtPACre transgene is expressed in migratory neural crest
cells and their derivatives, including DRG, trigeminal and nodose/petrosal ganglia
(Pietri et al., 2003), but not in the dorsal neural tube (Fig. 2.8; 2.9). Consistent with
the expression pattern of this Cre line (Fig. 2.8e-h), HtPACre-mediated ablation of
Cas genes in HtPACre; TcKO embryos results in a notable reduction in PY-Cas
signal in the DRGs and DREZ (Fig. 2.8i, k). PY-Cas can be still detected in
commissural axons, and the ventral and lateral funiculus of HtPACre; TcKO
embryos (Fig. 2.8k). We examined the DRG central and peripheral projections of
control and HtPACre; TcKO embryos by whole-mount and section neurofilament
immunofluorescence (Fig. 2.13a-f). Interestingly, HtPACre; TcKO animals (Fig.
2.13b) display aberrant defasciculation of DRG central projections compared to
control littermates (Fig. 2.13a, e; two-tailed t-test p=1.26e-19). In addition,
HtPACre; TcKO DRG axons invade the spinal cord gray matter prematurely (Fig
8c, d, f; two-tailed t-test p=1.76e-15). These abnormal defasciculation and
pathfinding phenotypes look strikingly similar to those of Wnt1Cre; TcKO embryos

(Fig. 2.10), suggesting that Cas genes act DRG-autonomously during central
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projection fasciculation and guidance. However, HtPACre; TcKO vagal and
trigeminal nerve projections look indistinguishable from controls (data not shown).
This could be partially explained by the low level of recombination driven by the
HtPACre transgene in these ganglia (Fig. 2.10).

The stereotyped innervation pattern of the limb by sensory axons provides
an excellent model to analyze DRG peripheral projection branching and
fasciculation (Pietri et al., 2004; Wickramasinghe et al., 2008). The early lethality
of Wnt1Cre;TcKO animals (between e12 and e13) precluded us from performing
analysis of limb innervation in those animals. Because HtPACre;TcKO animals
survive at least until early adulthood, we explored hind-limb innervation in
HtPACre; TcKO e14.5 embryos and control littermates using neurofilament 200
(NF200), a marker for mechanosensory ap fibers (Fig. 2.13g, h). The innervation
pattern in HtPACre; TcKO hind-limbs is abnormal compared to control limbs (Fig.
2.13g, h). Mechanosensory fibers stall prematurely and hyper-fasciculate in
HtPACre; TcKO animals. These results demonstrate a requirement of Cas genes
in a DRG-autonomous manner for the guidance and fasciculation of
somatosensory peripheral and central projections.

Based on our results, we hypothesized that Cas adaptor proteins might
regulate fasciculation at the DREZ by allowing the growing axons to distinguish
between adhesion to the extracellular matrix (ECM) and to other axons. This

distinction between cell-cell and cell-ECM adhesion will play a critical role at

42



choice-points like the DREZ, where axons must decide whether to join an axonal
track or not (Raper and Mason, 2010). We first set out to ask whether altering the
ECM environment results in changes to the fasciculation properties of DRG axons.
We established a simple model to test for the axon-ECM vs. axon-axon adhesion
choice: we cultured e13.5 DRG explants on a set concentration of Poly-D-lysine
(0.1mg/ml) and a variable concentration of the ECM protein laminin (from 0 pg/mi
to 5 pg/ml) (Fig. 2.14a-d). DRG axons plated on 5 pg/ml and 1 pg/ml laminin grew
radially and display a characteristic sun-like morphology. Interestingly, when
cultured on low (0.1 pg/ml) or no laminin, e13.5 DRG-explant axons fasciculate
together forming a rim of axon bundles at a distance from the explant (Fig. 2.14c,
d). This “cob-web” phenotype is observed in the great majority of explants cultured
with low or no laminin (76.9% and 84.2%, respectively), but is never observed in
explants cultured on 1 pg/ml or 5 pg/ml (Fig. 2.14a-e; Freeman-Halton extension
of Fisher exact probability test, p=4.94e-8). The overall growth of DRG axons is
also affected for explants grown on low- or no-laminin, as compared to axons
grown on 5 ug/ml laminin (Fig. 2.15a; One-Way Anova, p=1.11e-16; Tukey HSD
post-hoc test p<0.00001 for both pairwise comparisons). These results suggest
that a modest change to the ECM composition can dramatically affect the
fasciculation preferences and growth rate of DRG axons.

To investigate how Cas adaptor proteins participate in the fasciculation and

defasciculation of axons at choice-points, we cultured DRG explants from control
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and HtPACre; TcKO on 5 pg/ml laminin. Control DRG explants axons grew radially
in a sun-like pattern, as described above (Fig. 2.14f). Interestingly, HtPACre;
TcKO axons fasciculate together displaying the cob-web morphology (Fig. 2.14qg,
h). HtPACre; TcKO axons also display a reduced level of growth as compared to
control (Fig. 2.15b; two tailed t-test, p=1.49e-7). The webbing phenotype was not
observed in control DRG explants under the same conditions (Fig. 2.14f, h; Fisher
Exact Probability test two-tailed p=7.47e-7), but is indistinguishable from the
phenotype observed in WT explants cultured on no laminin (Fig. 2.14d, e, g, h;
Fisher Exact Probability test one-tailed p=0.397; two-tailed p=0.613). This
suggests that HtPACre; TcKO axons cultured on 5 ug/ml laminin behave as if there
was no laminin in the environment. Importantly, the fact that HtPACre; TcKO DRG
axons display a fasciculation phenotype in an isolated in vitro setting reinforces the
idea of a cell-autonomous (or at least DRG-autonomous) function of Cas genes
during DRG fasciculation. Overall, our data support a model whereby Cas proteins
regulate DRG axon fasciculation in vitro and in vivo by allowing axons to sense the
ECM.
Discussion

Here, we demonstrate an evolutionarily conserved requirement for Cas
adaptor proteins during guidance and fasciculation of PNS axons. Our results in
the mouse are consistent with the previously described role of dCas in Drosophila

PNS development (Huang et al., 2007). In Drosophila, Cas phosphorylation and
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function during PNS axon fasciculation and guidance is mainly regulated by
integrins. Similarly, during mammalian retina migration, integrin-B1 appears to be
the primary regulator of Cas function, as shown by the identical phenotype in their
respective null mutants, and molecular epistasis results (Riccomagno et al., 2014).
Whereas the peripheral innervation phenotypes in the developing limb are similar
in HtPACre;ltgb1” and HtPACre; TcKO mutants, the severe central projection
phenotype observed in Cas TcKO mice was not observed in their integrin-31
counterparts (Pietri et al., 2004). This suggests that integrin-B1 is not the sole
upstream regulator of Cas adaptor function during DRG central projection
pathfinding. Whether integrins act redundantly to regulate Cas function or a
different guidance cue- or adhesion-receptor is involved in this process remains to
be investigated.

In addition to DRG pathfinding defects, Wnt1Cre;TcKO animals display
aberrant trigeminal and vagal nerve fasciculation phenotypes. While the vagal
nerve phenotype is very specific and fully penetrant, the under-branching
trigeminal phenotypes could be likely attributed to a pleiotropic delay in embryonic
development. Interestingly, HtPACre; TcKO vagal nerve central projections look
indistinguishable from controls. The most plausible explanation for the lack of an
abnormal phenotype in these mutants is that the HtPACre transgene is a poor
driver of recombination in the nodose/petrosal complex (Fig. 2.9). Whereas

Whnt1Cre expression results in strong recombination of a Cre reporter in both
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nodose and trigeminal, HtPACre drives recombination in a very low number of
nodosal cells (Fig. 2.9). Given this caveat, we cannot confirm or exclude the
possibility that Cas genes might act in a cell-autonomous manner during the
fasciculation of vagal projections.

In regards to Cas function during commissural axon guidance, it was
reported that p7130Cas mediates Netrin signaling during this pathfinding event (Liu
et al., 2007). The single Wnt1Cre;p130Cas” mutants displayed no obvert axon
guidance phenotypes (data not shown). The complete Cas loss-of-function mouse
model (Wnt1Cre;TcKO) did show a significant thinning of the commissure by
e11.5, although the phenotypes observed in the chicken knock-down experiments
were much more striking 4. Furthermore, the observed phenotype was notably
milder than that of the Netrin”- mice, which have almost no detectable ventral
commissures (Serafini et al., 1996). This result suggests that if Cas genes indeed
act downstream of Netrin during mouse commissural axon guidance, they would
more likely serve as modulators than obligate-downstream effectors. Another
possibility is that Cas genes might play a more general role during commissural
axon fasciculation.

An unexpected discovery was the fact that Cas-null DRG axons displayed
a different growth pattern on laminin than control explants, re-fasciculating with
each other at a distance from the somas (Fig. 2.14). Cas-null DRG axons behave

as if there was no laminin in the extracellular environment, even when cultured on
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laminin. This result raises the intriguing possibility that Cas genes are required for
neurons to distinguish between secreted adhesion molecules in the ECM (e.g.
laminin) and neural adhesion molecules present in axons themselves. This
environmental assessment will be particularly important at choice-points like the
DREZ, and could offer a potential mechanism underlying the DRG central
projection defasciculation phenotypes observed in HtPACre; TcKO and
Whnt1Cre; TcKO embryos. Alternatively, Cas might be important for DRG axons to
pause at the DREZ to sense repulsive and attractive cues on their way to finding
their targets. In this regard it is interesting to note that some of the sensory
phenotypes observed in HtPACre; TcKO and Wnt1Cre; TcKO embryos resemble
aspects of Robo/Slit (Ma and Tessier-Lavigne, 2007; Dugan et al., 2011),
dystroglycan (Wright et al., 2012), netrin (Varadarajan et al., 2017), and Neuropilin-
1 (Gu et al., 2003) mutants. Future studies will investigate the role of Cas adaptor
proteins during the interplay between adhesion to the substrate and guidance cue
signaling.
Materials and methods
Animals

The day of vaginal plug observation was designated as embryonic day 0.5
(e0.5) and the day of birth postnatal day 0 (P0). Control animals for all experiments
were p130Cas ™*; CasL” and Sin”. Generation of the HtPACre, Wnt1Cre,

p130Cas™, CasL” and Sin”-transgenic mouse lines has been described previously
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(Riccomagno et al., 2014; Lewis et al., 2013; Pietri et al., 2003; Donlin et al., 2005;
Seo et al., 2005). All animal procedures presented here were performed according
to the University of California, Riverside’s Institutional Animal Care and Use
Committee (IACUC) guidelines. All procedures were approved by UC Riverside

IACUC.

In situ Hybridization

In situ hybridization was performed on spinal cord frozen sections (20 pm
thickness) using digoxigenin-labeled cRNA probes, as previously described (Giger
et al., 2000). Whole-mount RNA in situ hybridization was performed as described
(Matise et al., 1998). Generation of the p130Cas, CasL and Sin cRNA probes has
been described in (Riccomagno et al., 2014).

Immunofluorescence

Mice were perfused and fixed with 4% paraformaldehyde for 1 hour to O/N
at 4°C, rinsed, and processed for whole-embryo staining or sectioned on a
viboratome (75 pm). Whole-mount immunofluorescence was performed as
described in (Huber et al., 2005). Immunohistochemistry of floating sections was
carried out essentially as described (Polleux and Ghosh, 2002). For cryostat
sections, following fixation, embryos were equilibrated in 30% sucrose/PBS and
embedded in OCT embedding media (Tissue-Tek). Transverse spinal cord
sections (20-40 ym) were obtained on a Leica CM3050 cryostat and blocked in

10% goat serum in 1 X PBS and 0.1% Triton-X100 for 1 hr at room temperature.
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Sections were then incubated O/N at 4°C with primary antibodies.

Sections were then washed in 1 X PBS and incubated with secondary antibodies
and TOPRO-3 (Molecular Probe at 1:500 and 1:2000, respectively). Sections were
washed in PBS and mounted using vectorshield hard-set fluorescence mounting
medium (Vector laboratories). Confocal fluorescence images were taken using a
Leica SPE Il microscope. Primary antibodies used in this study include: rabbit anti-
p130Cas C terminal (Santa Cruz, 1:200), rabbit anti-p130Cas PY165 (Cell
Signaling Technology, 1:100), rabbit anti-laminin (Sigma, 1:1000), rabbit anti-GFP
(Lifescience Technologies, 1:500), chicken anti-GFP (AVES, 1:1000), mouse anti-
Neurofilament (2h3, Developmental Studies Hybridoma Bank, 1:500), mouse anti-
Tag1 (4D7, Developmental Studies Hybridoma Bank, 1:50), Rat anti-L1
(MAB5272, Millipore, 1:500) and rabbit anti-NF-200 (Millipore, 1:500).

Quantification of spinal cord ventral commissure and DREZ thickness

Thickness of the DREZ and ventral commissure were measured on L1-
immunostained cryosections at e11.5 (20-um sections). The thickness values for
the ventral commissure were normalized to the distance between roof plate and
floor plate for each section, as described previously (Hernandez-Enriquez et al.,
2015; Jaworski et al., 2010). The maximal thickness of the DREZ for each hemi-
spinal cord was recorded and normalized to the distance between the BM and the
ventricular zone at the same dorso-ventral level. Thickness was measured at

branchial levels. Five sections per embryo, from 3-5 embryos were analyzed.
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Statistical differences for mean values between two samples were determined by

two-tail Student’s t-test for independent samples.

Quantification of growth cones invading the spinal cord

50-um vibratome sections were stained with neurofilament (2H3) and the
number of axons entering the spinal cord were quantified. “Free” growth cones per
segment were quantified using high magnification images of cleared whole-mount
embryos immunostained for 2H3. The number of free growth cones was
determined by counting growth cones from the anterior end of a DRG to the
anterior edge of the following DRG. Statistical differences for mean values
between two samples were determined by two-tail Student’s t-test for independent
samples.

Tissue Culture

DRGs from e13.5 embryos were dissected in ice-cold L15 (Invitrogen).
DRG explants were then plated on acid-washed glass coverslips previously coated
with 0 to 5ug/ml laminin and 100ug/ml polyD-lysine. DRGs were then cultured for
18 hours in enriched Opti-MEM/F12 media containing 15ng/ml NGF, as previously
described (Kolodkin et al., 1997). Live explants were stained with Calcein-AM
(Invitrogen) and then imaged. For the Control vs. HIPACre; TcKO explant
experiment a total of 12-15 explants from 3 independent experiments were

analyzed.
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Figure 2.1. Expression of Cas genes in the developing dorsal root ganglia
and spinal cord. (a-¢c) Whole-mount in situ hybridization for p7130Cas, CasL and
Sinin €10.5 embryos. White arrows mark the trigeminal ganglion, black arrows
mark the nodose/petrosal compex, and red arrows point at DRG examples. (d-0)
Transverse sections through embryonic spinal cords stained by in situ
hybridization with probes against p730Cas (d, g, j, m), CasL (e, h, k, n) and Sin
(f, i, 1, 0), at e11.5 (d-f), e12.5 (g-i), and e14.5 (j-0). Cas genes show
overlapping expression in the DRGs (dotted line and black arrowhead) and
dorsal spinal cord (red arrowheads). No staining was detected for the sense
probes (m-0). Scale bars: 500 um for a-¢; 100 um for d-f; 200 um g-i and 100
Mm j-0.
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E11.5

E10.5

Figure 2.2. Expression of Cas mRNA in DRGs. (a-c) Transverse sections
through embryonic SC and DRG stained by in situ hybridization with probes
against p7130Cas (a), CasL (b) and Sin (c) at e11.5. Dotted lines delineate the
DRG. (d-f) Whole-mount in situ hybridization with sense control probes for
p130Cas, CasL and Sinin €10.5 embryos. Scale bars: 50 um for a-c; 500 um for
d-f.
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p130Cas 2H3 p130Cas 2H3

p130Ca$ EGFE—Bac

Figure 2.3. p130Cas is phosphorylated in commissural axons and DRG
central projections. (a-c) Expression profile of p130Cas protein (green) in
transverse sections through the mouse spinal cord at e12.5. Anti-Neurofilament
(2H3, red) was used to reveal axons. (d-f) Immunofluorescence for EGFP
(green) and 2H3 (red) in e12.5 p130Cas EGFP-Bac spinal cords. Toprolll (blue)
was used to counterstain nuclei. (g-i) Expression of a phosophorylated-p130Cas
(PY-Cas, green) in e12.5 spinal cord and DRGs. (h) PY-Cas is present in the
ventral funiculus and commissural axons. (i) p130Cas phosphorylation is mainly
found in the dorsal spinal cord and is enriched in DRG axons and DREZ. DRGs
White arrowheads: DREZ; Yellow arrowheads: DRG; White arrows: commissural
axons; Yellow arrows: ventral funiculus; VR: ventral roots. Scale bar: 200 um for
a,b,dand 100 um forc, e, f.

59
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e€10.5

el1.5

Figure 2.4. p130Cas expression in embryonic SC and DRG. (a-d) Expression
profile of p130Cas protein (red) in transverse sections through the mouse spinal
cord at e10.5 (a, b) and e11.5 (¢, d). Anti-Neurofilament (2H3, green) was used
to reveal axons. Toprolll (blue) was used to counterstain nuclei. White
arrowheads: DREZ; Yellow arrowheads: DRG. Scale bar: 150 um.
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p130Cas EGFP-Bac WT

EGFP EGFP 2H3 Topro

Figure 2.5. Expression analysis of p130Cas EGFP-Bac in developing SC. (a-
i) Immunofluorescence for EGFP (green) and 2H3 neurofilament (red) on
transverse sections from p130Cas EGFP-Bac (a, b, d, e, g, h) and WT (c, f, i)
spinal cords at €10.5 (a-c), e11.5 (d-f) and e12.5 (g-i). Toprolll (blue) was used
to counterstain nuclei. Note that p7130Cas-driven EGFP expression is high in
DRG, dorsal SC, DREZ and ventral roots. Panels g and h are also presented in
Figure 2. Scale bar: 100 um for a-c; 200 um for d-i.
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Figure 2.6. Expression of
Cas mRNA and protein in
trigeminal and nodose
ganglia. (a-c) Whole-mount
in situ hybridization for
p130Cas, CasL and Sinin
e11.5 embryos. White and
black arrows mark the
trigeminal ganglion and the
nodose/petrosal complex,
respectively. (d-i) In situ
hybridization on transverse
sections through the nodose
(d-f) and trigeminal (g-i) of
e11.5 embryos with probes
against p7130Cas (d, g),
CasL (e, h) and Sin (f, i,). (j-
u) Expression profile of
p130Cas protein (red) in
transverse sections through
the nodose (j-0) and
trigeminal (p-u) ganglia at
various developmental
stages. Anti-neurofilament
(2H3, green) was used to
visualize axon and Toprolll
(blue) was used to
counterstain nuclei. Dotted
lines delineate the ganglia.
Scale bars: 500 um for a-c,
50 ym for d-f, 100 pm for g-
i, 75 um for j-o and 150 um
for p-u.
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Figure 2.7.
Expression analysis
of p130Cas EGFP-
Bac in cranial
ganglia. (a-r)
Immunofluorescence
for EGFP (green) and
2H3 neurofilament
(red) on transverse
sections from
p130Cas EGFP-Bac
(a,b,d, e, g,h,j Kk,
m, n, p, q) and WT
(e, f,i,l,0,r)
embryos, through the
nodose (a-c, g-i, m-0)
and trigeminal (d-f, j-I,
p-r) ganglia. Toprolll
(blue) was used to
counterstain nuclei.
Note that p730Cas-
driven EGFP
expression is high
throughout both
ganglia. Scale bar: 75
um for a-c, g-i and m-
0; 150 um d-f, j-I and

p-r.



HtPACre; Ai9

Wnt1Cre; Ai9
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tho_mato 2H3 Topro

Wnt1Cre; TcKO HtPACre; TcKO

PY-Cas

Figure 2.8. Recombination pattern of Cre lines in the spinal cord and DRG.
(a-h) Cre activity as reported by tdTomato expression (red) in e12 control
reporter animals (Ai9, a, ¢, e, g), Wnt1Cre; Ai9 (b, d), and HtPACre; Ai9 (f, h).
Anti-2H3 (green) was used to visualize axons and Toprolll (blue) to label nuclei.
HtPACre; Ai9 displays some sparse labeling in the SC, which appears to be
stochastic. (i-k) Immunostaining for PY-Cas in Control (i), Wnt1Cre; TcKO (j) and
HtPACre; TcKO (k) e12.5 spinal cords. Note the efficient ablation of
phosphorylated-Cas from DRG and DREZ in Wnt1Cre; TcKO and HtPACre;
TcKO embryos. As expected, PY is still detected in the ventral funiculus and
commissural axons of HtPACre; TcKO animals (k, white arrowheads). Yellow
arrowheads: DRG; Red arrowheads: DREZ. Scale bars: 100 um for a-h; 200 pm
for i-k.
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Figure 2.9. Recombination pattern of Cre lines in the nodose and trigeminal
ganglion. (a-1) tdTomato expression (red) in Wnt1Cre; Ai9 (a, b, d, e), HtPACre;
Ai9 (g, h, j, k), and Ai9 control littermates (c, f, i ,l) at e11.5. Transverse sections
through the trigeminal (a-c, g-i) and nodose (d-f, j-I) ganglia. Anti-2H3 (green)
was used to label axons and Toprolll (blue) to label nuclei. Wnt1Cre (a, b, d, €)
strongly drives recombination in the nodose and trigeminal ganglia. HtPACre; Ai9
shows lower number of neurons expressing tdTomato in both ganglia, and
appears to be a very inefficient driver of recombination in the nodose. Scale bar:
150 pm for a-c and g-i; 75 um d-f, j-I.
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Figure 2.10. Cas adaptor proteins are required for the fasciculation of DRG
central projections. (a-d’) Whole embryo immunostaining for neurofilament
(2H3, green) at e12.5, from a side view (a, ¢) or a dorsal view (b, d, d’). d’ shows
a higher magnification view of the dotted area in d. The centrally projecting DRG
axons are severely defasciculated as they enter the spinal cord (yellow arrows).
n=6 per gentoype; presented phenotypes displayed 100% penetrance. (e)
Quantification of free growth cones (GCs) per spinal hemisegment, visualized
from the side. Two-tailed t-student test ***, p=9.05e-24, 3-5 thoracic segments
per animal, 6 animals for each genotype. (f-g) Transverse vibratome sections
through e11.5 Control (f) and Wnt1Cre; TcKO (g) spinal cords at forelimb level
stained using an antibody against neurofilament (2H3). Sensory axons invade
the spinal cord gray matter prematurely in Wnt1Cre; TcKO animals (g, white
arrows). Gray arrows: DREZ. (h) Quantification of number of growth cones (GCs)
invading the spinal cord per section. Two-tailed t-student test ***, p= 3.82e-26. 5
sections per animal, 5 animals for each genotype. Error bars represent SEM.
Scale bars: 100 um for a, ¢; 200 um b, d; 66.7 um for d’; and 50 um for f, g.

66



Control Wnti1Cre; TcKO

Figure 2.11. Cas adaptor proteins are essential for cranial nerve
development. (a-f) Whole-mount immunostaining of Control (a, ¢, €) and
Wnt1Cre; TcKO embryos (b, d, f) at e11.5 (a,b) and e12.5 (c-f). The central
projections of the vagal nerve (VN) are severely defasciculated in Wnt1Cre;
TcKO embryos (b, yellow arrowhead). The ophthalmic branch trigeminal nerve
appears underbranched in Wnt1Cre; TcKO (d) embryos compared to controls
(c). (e-f) Higher magnification view of white boxes in ¢ and d reveals exuberant
defasciculation of the maxillary branch of the trigeminal nerve in Wnt1Cre; TcKO
embryos (f, white arrows). OB: Ophthalmic Branch; MxB: Maxillary Branch; MdB:
Mandibular Branch. n=6, 100% penetrance. Scale bars: 200 um for a-d; 100 um
fore, f.
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Figure 2.12. Cas mutants
display a mild but significant
commissural axon defect. (a-
h) Transverse cryosections
through control (a, ¢, e, g) and
Wnt1Cre;TcKO (b, d, f, h)
e11.5 spinal cords
immunostained for Tag1 (a-d),
L1Cam (e-h, red) and laminin
(e-h, green). Sections in k-n
were counterstained with
Topro (blue). c-d, and g-h are
higher magnification views of
a-b, and e-f, respectively. The
there is a mild reduction in the
width of the ventral
commissure (white arrows, d,
h), and the DREZ is smaller
and disorganized in Wnt1Cre;
TcKO embryos (yellow arrows,
b, f). (i) Quantification of the
normalized commissure
thickness in control and
Wnt1Cre;TcKO embryos. Two-
tailed t-student test ***, p=
0.0041. 5 branchial sections
per animal, 4-5 animals for
each genotype. (j)
Quantification of the
normalized DREZ thickness in
control and Wnt1Cre; TcKO
embryos. Two-tailed t-student
test ***, p= 6.22e-5. 5 sections
per animal, 5 animals for each
genotype. Error bars represent
SEM. Scale bars: 50 um;
Scale bar in f corresponds to
a,b, e, f; scale bar in h for ¢, d,
g, h.



Figure 2.13. DRG-
autonomous
requirement for Cas
genes. (a-b) Wholemount
neurofilament
immunostaing of control
(a) and HtPACre; TcKO
embryos (b). Sideview of
e12.5 spinal cords stained
with 2H3. The
defasciculation of DRG
central projection observed
in HtPACre; TcKO
embryos (b) resembles
that of Wnt1Cre; TcKO

Cntrol HtPACre; TcKO

2H3

2H3 Topro

e f e embryos (Fig. 2.10). (c-d)
Eas *kx £ 10 bl Transverse vibratome
-3 g sections through e11.5
§ ﬁ Control (¢) and HtPACre;
" g° TcKO (d) spinal cords at
G £ thoracic level stained using
E 5 £, an antibody against
N - neurofilament (2H3).
Control HtPACre;TcKO Control HtPACre;TcKO Sensory axons
Control HtPACre; TcKO ~ Prematurely invade the

spinal cord gray matter of
HtPACre; TcKO (d, white
arrows) animals. Gray
arrows: DREZ. (e)
Quantification of free
growth cones (GCs) per
spinal hemisegment,
visualized from the side.
Two-tailed t-student test ***, p=1.26e-19 , 4-5 thoracic segments per animal, 5
animals for each genotype. (f) Quantification of number of growth cones (GCs)
invading the spinal cord per section. Two-tailed t-student test ***, p= 1.76e-25. 5
thoracic sections per animal, 5 animals for each genotype. Error bars represent
SEM. (g-h) Dorsal whole-mount view of e14.5 limbs stained with NF200. Select
axonal branches that innervate the digits appear hyperfasciculated in HtPACre;
TcKO (h) hindlimbs (black arrows). Fluorescent images were inverted to facilitate
visualization. n=6 limbs per genotype. Scale bars: 200 um for a, b; 100 um for c,
d, and 250 um for g, h.
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Figure 2.14. Cas genes are required for normal fasciculation in vitro. (a-d)
e13.5 DRG explants from WT animals cultured on 100 pg/ml poly-D-lysine plus
different concentrations of laminin. Cells were visualized using Calcein-AM. (e)
Quantification of in vitro DRG phenotypes presented as percentage of explants
that display webbing (black bars) vs. percentage of explants with normal
morphology (gray bars). There is a significant difference in the webbing
percentages under different culture conditions (Freeman-Halton extension of the
Fisher exact probability test, p=4.94e-8; 9-16 explants for each condition). (f-g)
DRG explants from control (f) and HtPACre; TcKO (g) embryos cultured on 100
pg/ml poly-D-lysine and 5 pug/ml laminin. Cells were visualized using Calcein-AM.
The proportion of explants from each genotype displaying webbing is shown at
the lower left corner of each panel. HtPACre; TcKO explants display an abnormal
“cobweb” morphology (g), similar to WT explants cultured on poly-D-lysine alone
(d). (h) Percentage of explants that display webbing (black bars) vs. percentage
of explants with normal morphology (gray bars). The difference in the proportion
of WT and HtPACre; TcKO explants that display the cob-web phenotype is highly
significant (two-tailed Fisher exact test, p= 7.47e-7; 12-15 explants for each
genotype). Scale bars 200 um.
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Figure 2.15. Axon growth of DRG explants. (a-b) Mean length of the longest
neurite per explant as a measure of axon growth. (a) WT DRG axons grown on
different concentrations of laminin. Axons grown on low-(0.1 pug/ml) or no-laminin
grow significantly less than axons grown on 1 pug/ml or 5 pg/ml laminin (One-Way
Anova p=1.1102e-16; n=15-16 explants per condition; *** Tukey HSD post-hoc
test p<0.00001 vs. 0 and 0.1 pg/ml). (b) Quantification of Control and HtPACre;
TcKO axon growth on 5 pug/ml laminin + 100 pug/ml poly-D-lysine. HtPACre; TcKO
axons grow significantly less than control axons (*** two-tailed t-test p=1.489e-7,
n=15 explants per genotype).
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Abstract

The advent of modern single-cell biology has revealed the striking molecular
diversity of cell populations once thought to be more homogeneous. This newly
appreciated complexity has made intersectional genetic approaches essential to
understanding and probing cellular heterogeneity at the functional level. Here we
build on previous knowledge to develop a simple AAV-based approach to define
specific subpopulations of cells by Boolean exclusion logic (AND NOT). This
Expression by Boolean Exclusion (ExBoX) system encodes for a gene of interest
which is turned ON by a particular recombinase (Cre or FIpO) and turned OFF by

another. ExBoX allows for the specific transcription of a gene of interest in cells
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expressing only the activating recombinase, but not in cells expressing both. We
show the ability of the ExBoX system to tightly regulate expression of fluorescent
reporters both in vitro and in vivo, and further demonstrate the powerful adaptability
of the system by achieving expression of a variety of virally-delivered coding
sequences in the mouse brain. This simple strategy will expand the molecular
toolkit available for cell- and time-specific gene expression in a variety of
organisms and systems.
Introduction

Advancements in our understanding of the mechanisms underlying
biological processes have been greatly dependent on the development of new
genetic tools. A big breakthrough in mammalian genetics was the discovery and
implementation of homologous recombination to generate loss-of-function alleles
in mice (Capecchi, 1989). The introduction of recombinases as genetically
encoded tools, in combination with conditionally targeted genetic alleles, made the
control of genetic deletion in a tissue-specific manner possible (Gu et al, 1994;
Tsien et al, 1996). With the availability of recombinase-dependent systems, region-
specific gene knockouts and progenitor tracing have now become routine
experimental strategies in mouse genetics (Branda & Dymecky, 2004).

Although cell diversity has always been appreciated in biology, single-cell
profiling has revolutionized the way we think about certain organs by uncovering

cell heterogeneity in populations that were once thought to display less complexity
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(Darmanis et al, 2015). Our ability to appreciate cellular complexity is currently
limited by the available tools to label and manipulate cells with increased
specificity. One way to overcome this limitation is to simply expand the pool of
tissue- and population-specific recombinase lines. This requires the generation
and characterization of independent transgenic recombinase mouse lines for each
newly discovered cell population. A complementary approach that can take
advantage of preexisting transgenic lines is to incorporate genetically encoded
intersectional approaches (Awatramani et al, 2003). In comparison to conventional
transgenic strategies that select cellular targets based on expression of one
particular promoter or driver, intersectional approaches provide tighter specificity
by selecting targets based on the overlapping or sequential expression of multiple
recombinases (Jensen & Dymecki, 2014). These intersectional strategies based
on the combinatorial expression of two recombinase systems (Cre/lox and
FIp/FRT) were first used in the mouse to perform fate mapping of previously
elusive neural progenitors (Dymecki, Ray, & Kim 2010). Intersectional approaches
are not only able to label subpopulations with greater specificity, but also make a
variety of Boolean logic operations (AND, NOT, OR) available (Daigle et al., 2019;
Plummer et al, 2015). With multiple recombinase systems driving the expression
of reporter genes, targeting of subpopulations of cells can be achieved through
intersectional (expressing all drivers) and subtractive (lacking expression of one or

more drivers) strategies (Farago et al, 2006).
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Viral vectors offer an alternative approach to driving conditional and
intersectional expression (Schnutgen et al, 2003; Atasoy et al, 2008; Gradinaru,
2010; Fenno et al, 2014). Strictly genetically encoded strategies have clear
advantages over surgically introduced viral vectors, like non-invasiveness and
broad applicability in hard to reach tissues during otherwise inaccessible
embryonic stages (Jensen & Dymecki, 2014). However, viral expression systems
can be extremely powerful given the ease of generation and the additional level of
control one can gain by selecting the region and time of injection (Zhang et al,
2007; Sternson et al, 2015). There are now multiple versions of recombinase-
dependent AAVs for recombinases like Cre, Flp, and DRE (Atasoy et al, 2008;
Saunders et al, 2012; Xue, Atallah, & Scanziani, 2014). More recently, systems for
intersectional expression driven by AAVs have also been developed (Kakava-
Georgiadou et al, 2019; Fenno et al, 2014). Combination of these viral and
genetically-encoded approaches will ultimately be essential to understand whether
newly discovered molecular diversity within cell populations amounts to any
notable phenotypic difference in terms of cellular structure and function.

In addition to being able to parse out functional diversity, there is an interest
in the field of developmental biology in being able to specifically turn genes ON
and OFF during defined developmental windows or critical periods (Wiesel &
Hubel,1963; Kozorovitskiy et al, 2012). Intersectional approaches using Boolean

negation/exclusion could provide a solution to this problem: a gene of interest
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could be turned ON by a particular recombinase at a particular time point, while
turned OFF later (AND NOT) by a different recombinase (Table 3.1). Although a
sophisticated system for AAV-driven expression using exclusion logic has been
generated elsewhere (Fenno et al, 2014), the existing vectors have limitations in
terms of being unnecessarily long and intricate in design, somewhat restricting
their applicability. In this study we describe the design and characterization of an
alternative expression system governed by Boolean exclusion logic and driven by
a single AAV. The newly developed vectors are simpler in design and smaller in
size, allowing for expression of longer genes of interest (GOI). As proof of principle,
we validated the system in neuronal populations, and also generated tools for
regulating neuronal activity in vivo.

Results

Design and construction of a combinatorial expression system using Boolean

exclusion: CreOn-FlpOff ExBoX

To control expression and label subsets of cells with greater specificity
using Cre and FLP recombinases, we set out to develop a simple AAV-based
expression system governed by Boolean Exclusion logic (Expression by Boolean
Exclusion or ExBoX). We first generated a system in which expression of a coding
sequence of interest is turned ON by Cre recombinase and turned OFF by Flp
recombinase: CreOn-FlpOff (Table 3.1). The CreOn-FlIpOff vector was designed

to contain a cassette with a coding sequence (CDS) of interest in-frame with a
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hemagglutinin tag (HA), P2A site, and EGFP reporter inverted with respect to a
promoter. The promoter chosen for these experiments was that of human
Synapsin |, which is a well characterized postmitotic neuronal promoter (Glover et
al., 2002). The inverted cassette is flanked by Frt sites, and double-lox sites
(lox2722 and loxP) in inverse orientation (DIO) (Schniitgen et al., 2003) (Fig. 3.1A).
Upon Cre-mediated recombination, an HA-tagged coding sequence of interest and
EGFP get locked into the forward orientation, allowing for robust Cre-dependent
expression in neurons. Conversely, in the presence of Flp the cassette is excised,
resulting in abolishment of CDS and EGFP reporter expression (Fig. 3.1A). Thus,
the CDS is expressed only in the presence of Cre AND NOT FlpO (Table 3.1).
For proof of concept, we first generated a plasmid carrying only EGFP in
the reversible cassette of the CreOn-FlpOff system. The CreOn-FlpOff-EGFP
plasmid was co-transfected with Cre recombinase, FIpO recombinase, or both Cre
and FIpO in a neuroblastoma-derived cell line, Neuro2A (Fig. 3.1B, left). A plasmid
driving mCherry under a constitutive promoter was co-transfected as transfection
control. Upon transfection of the CreOn-FlpOff-EGFP plasmid alone, no EGFP
expression is found in any cells. As expected, when CreOn-FIpOff-EGFP plasmid
is co-transfected with Cre, the EGFP cassette is inverted to the correct orientation
and 93.9%=0.3 of transfected cells express EGFP (Figure 3.1B). When CreOn-
FIpOff-EGFP plasmid was co-transfected with Flp, or co-transfected with Cre and

Flp, no cells expressed EGFP, suggesting that Flp can efficiently turn off reporter
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expression (Fig. 3.1B). This confirms that expression from CreOn-FlpOff ExBoX
vectors can be successfully manipulated through Boolean exclusion in N2A cells.

Design of a complementary system that is turned ON by Fip and turned OFF by

Cre: FlpOn-CreOff ExBox

We next generated a complementary system that is turned on by Flp and
off by Cre, FlpOn-CreOff (Table 3.1). FIpOn-CreOff was designed using a similar
internal logic, where an expression cassette containing a CDS, an in-frame HA tag,
P2A site, and TdTomato reporter, are inverted with respect to the promoter. This
expression cassette is flanked by lox2722 sites, and a Flp controlled DIO switch
(fDIO or fFLEX) (Xue et al, 2014) containing F14 and Frt sites (Figure 3.2A). In this
system, Flp inverts the cassette, resulting in CDS and TdTomato reporter
expression, while Cre excises the cassette, causing the abolishment of CDS and
TdTomato reporter expression (Fig. 3.2A). Thus CDS expression should only
occur when FIpO is present AND NOT Cre (Table 3.1).

As an initial proof-of-principle design, a FIpOn-CreOff vector driving simply
a TdTomato fluorescent reporter was generated. FIpOn-CreOff-TdTomato plasmid
was co-transfected with Cre, FIpO, or both Cre and FIpO. EGFP expressing
plasmid was used as transfection control. When the FlpOn-CreOff-TdTomato
plasmid was co-transfected with FlpO, approximately 85.8%+5.6 of transfected
cells displayed TdTomato expression (Fig. 3.2B). When FlpOn-CreOff-TdTomato

plasmid was co-transfected with Cre alone, there were no TdTomato expressing
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cells. Finally, as expected, co-transfection of the FIpOn-CreOff-TdTomato plasmid
with both Cre and FlpO resulted in no TdTomato reporter expression, confirming
that Cre recombinase can abolish expression of this constructs even in the
presence of Flp (Fig. 3.2B). Therefore, expression of the construct occurs only in
the presence of Flp AND NOT Cre (Table 3.1).

Characterization of the ExBoX system in neurons

To test whether this newly developed system was able to drive expression
in neurons, we tested these constructs in primary cortical cultures. We used the
same plasmid combinations that were used in Neuro2A cells to perform ex-utero
electroporation prior to plating. Primary neuronal cultures were observed at 3 days
in vitro (DIV). Transfection of CreOn-FIpOff-EGFP plasmid alone resulted in no
reporter expression (Fig. 3.3A). Notably, co-transfection of CreOn-FIpOff-EGFP
plasmid with Cre resulted in 100%=0.0 of transfected neurons expressing EGFP
as expected (Fig. 3.3A). When CreOn-FlIpOff-EGFP plasmid was co-transfected
with FIpO or with FIpO and Cre, we found no EGFP reporter expression in any
transfected cells (Fig. 3.3A). Similarly, transfection of FIpOn-CreOff-TdTomato
plasmid alone resulted in no reporter expression (Fig. 3.3B). Co-transfection of
FIpOn-CreOff-TdTomato plasmid with FIpO resulted in 92.1%=+2.0 of transfected
cells expressing the TdTomato reporter, as expected (Fig. 3.3B). If FlpOn-CreOff-
TdTomato plasmid is co-transfected with Cre alone, or Cre and FIpQO, it is expected

that there will be no TdTomato expression since Cre should excise the cassette.
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As predicted, no cells transfected in this combination had any TdTomato
expression (Fig. 3.3B).

We then tested the neuronal expression of the ExBoX system in vivo. Initial
validation of CreOn-FlpOff was performed by in utero electroporation of CreOn-
FIpOff-EGFP plasmid with Cre, with FIpO, or with Cre and FIpO into the lateral
ventricle in E15.5 mice, followed by visualization 48 hours later. mCherry-
expressing plasmids were 