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ABSTRACT
Neurons of the mammalian central nervous system are widely considered as
canonical examples of terminally differentiated cells. Using excitatory projection
neurons (PNs) of the mouse neocortex as a model, this dissertation challenges
the assumption that the class-specific identity of postmitotic CNS neurons is
immutably determined. By overexpressing the transcription Fezf2 in early
postmitotic, embryonic callosal PNs (CPNs) of cortical layer 2/3 in vivo, I
demonstrate that they can be induced to acquire molecular, electrophysiological
and morphological traits of corticofugal PNs (CFuPNs) of layers 5 and 6. I
demonstrate that reprogramming to a CFuPN-like state increases inhibitory input
to the converted neurons to levels similar to that of endogenous CFuPNs, and
that this differential inhibition is due, at least in part, to increased numbers of
inhibitory perisomatic synapses from parvalbumin (PV)-positive interneurons onto
successfully reprogrammed neurons, despite their ectopic location in layer 2/3.
This work shows that differentiated, postmitotic CPNs can be induced to
reprogram a range of molecular and functional traits towards those of another
identity in the embryonic cortex. Furthermore, it demonstrates that individual
reprogrammed excitatory projection neurons extrinsically modulate afferent input
by local PV+ interneurons, suggesting that projection neuron class-specific
identity can actively control the wiring of the cortical microcircuit during
development. I then sought to test whether postnatal CPNs in the fully developed
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cortex, which are resistant to Fezf2-induced reprogramming, nonetheless retain
the capacity to respond to reprogramming signals. I show that overexpression of
Fezf2, Ctip2, Ascl1 and Sox2 in mature CPNs of the juvenile and adult cortex is
sufficient to shift several molecular and electrophysiological traits of these CPNs
towards a CFuPN identity, demonstrating that PN identity retains at least partial
plasticity even at adult stages. Altogether, this dissertation demonstrates that the
terminal identity of postmitotic CPNs can be changed in response to defined
factors and provides a new set of tools to probe neuronal nuclear plasticity and
the rewiring of cortical microcircuits in vivo.
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CHAPTER 1:
Introduction

1

Neurons of the mammalian central nervous system have been considered as
canonical examples of terminally differentiated cells: shortly after being
generated, they become postmitotic and their class-specific identity does not
change throughout the life of the organism. Using excitatory projection neurons
of the mouse cerebral cortex as the model system, in this dissertation, I
challenge the idea that the class-specific identity of postmitotic neurons is
immutably determined, testing whether neurons can be instructed to change from
one class into another in vivo in response to powerful cocktails of transcription
factors. Using a combination of molecular, electrophysiological and morphometric
approaches, I first investigated the extent to which early postmitotic projection
neurons can be reprogrammed from one subclass into another in vivo. Then, I
examined the effects of reprogramming projection neurons on local circuits. More
precisely, I investigated whether changing the identity of excitatory projection
neurons during development can affect the establishment of inhibitory inputs.
Finally, I employed a “gene cocktail” approach to establish a combination of
factors that can induce distinct molecular and electrophysiological changes in
mature projection neurons. Altogether, my work provides evidence that terminally
differentiated neurons retain the capacity to change throughout life and provides
a new set of tools to probe nuclear and circuit plasticity in the mammalian brain.

1.1 Overview: development and composition of the mammalian cerebral
cortex
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The cerebral cortex is responsible for several high-order functions of the
brain;

including

cognition,

creativity,

language,

fine

motor

skills

and

somatosensation (Bystron et al., 2008; Greig et al., 2013a). In mammals, the
cortex can represent up to 80% of the cerebral mass (Herculano-Houzel, 2009).
It is made of several regions, of which the neocortex encompasses ~90% (Finlay
and Darlington, 1995; Rubenstein, 2011). The neocortex is organized as a sixlayer structure, which is made up of several types of cells, including excitatory
projection neurons, inhibitory interneurons, astrocytes, oligodendrocytes and
microglia (Miller and Gauthier, 2007; Rubenstein, 2011). Neocortical neurons are
only born during embryonic development (Greig et al., 2013a; Miller and Gauthier,
2007).
Neurons of the neocortex can be further subdivided into two broad classes:
Excitatory projection neurons, which represent ~80% of the neurons of the cortex,
and inhibitory interneurons, which make the remaining ~20% (Greig et al., 2013a;
Kepecs and Fishell, 2014).
Excitatory projection neurons are characterized by the production of the
neurotransmitter glutamate. They connect the cortex with all its targets, including
distal intracortical connections, subcortical and subcerebreal targets.
Cortical interneurons, on the other hand, are characterized by the production
of the inhibitory neurotransmitter γ-Aminobutiric acid (GABA). Interneurons form
axonal connectivity within the cortex, where they precisely modulate projection
neuron activity (Hensch, 2005b; Kepecs and Fishell, 2014).
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The fine balance between excitatory and inhibitory signals is crucial for the
correct function of the cerebral cortex (Hensch, 2005b; Kepecs and Fishell, 2014).
Indeed, deficits in this balance are associated with several neurodevelopmental
and

neurodegenerative

disorders,

including

autism,

schizophrenia,

Rett

syndrome, bipolar disorder and amyotrophic lateral sclerosis (Cellot and
Cherubini, 2014; Fang et al., 2014; Hashemi et al., 2016; Lewis et al., 2012;
Pantazopoulos et al., 2007; Zhang et al., 2014). This precise balance is achieved
by a delicate interplay of signals among the great diversity of projection neurons
and interneurons observed in the cortex. In the next pages, I will describe our
current understanding of this diversity and the role that each of these neurons
play in the function of cortical circuits.

1.2 Projection neuron diversity in the cerebral cortex
Excitatory projection neurons represent the majority of neurons of the
cerebral cortex and they are present in all cortical layers. Traditionally, excitatory
projection neurons have been named after their axonal target, as this is one of
the most prominent traits of their identity (Greig et al., 2013a; Molyneaux et al.,
2007a). Nowadays projection neurons are identified by a combination of their
layer location, molecular identity, electrophysiological properties or postsynaptic
targets (Greig et al., 2013a; Lodato et al., 2015; Molyneaux et al., 2007a). There
are two broad subclasses of projection neurons: intracortical and corticofugal
neurons (Figure 1.2.1). I will describe both of these subtypes in the following
sections.

4

A

B

L2
L 5 -4
L6

4
L2L5
L6

Thal
Crb

IC

OB
Po
SC

C
L1
L2
L3
L4
L5a
L5b
L6
Contra
(CthPN) (CPN)
Thal

(SCPN)
Po
Tectum
BS

(CSMN)
SC

Contra

Contra

Contra

(CPN)

(CPN)

(CPN)

fr Ctx

Str

Figure 1.2.1 Projection neuron diversity in the mammalian cerebral cortex.
(A) Schematic representing intracortical and corticostriatal projection neurons.
Intracortical projection neurons connect the cortex with targets within the same
cortical area or column, as well as distant targets within the cortex, including the
prefrontral cortex and the opposite cortical hemisphere. Corticostriatal projection
neurons send their axons to the ipsilateral and contralateral striatum, as well as
the opposite hemisphere. Light green = deep layer callosal projection neuron;
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medium green = upper layer callosal projection neuron; dark green = cortical
striatal projection neurons; grey = associative projection neuron. Ln = cortical
layer n. (B) Schematic representing corticofugal projection neurons. Corticofugal
projection neurons extend their axons away from the cerebral cortex, including
different thalamic nuclei, the tectum, the cerebral pons and the spinal cord. Blue
= corticothalamic projection neuron; purple = subcerebral projection neuron; red
= corticospinal motor neuron Ln = cortical layer n. OB = olfactory bulb; IC =
internal capsule; Thal = thalamus; Po = cerebral pons; Crb = cerebellum; SC =
spinal cord (C) Layer positioning of neurons represented in A and B. Color
coding as (A) and (B). Ln = cortical layer n; PN = Projection neurons; CthPN =
Corticothalamic PN; CPN = Callosal PN; SCPN = Subcerebral PN; CSMN =
Corticospinal motor nueuron. Thal = thalamus; Contra = contralateral cortical
hemisphere; Po = cerebral pons; Tectum = superior colliculus of the tectum; BS =
brain stem; SC = spinal cord; fr Ctx = prefrontal cortex; Str = striatum. Modified
from (Molyneaux et al., 2007a)
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1.2.1 Intracortical projection neurons
Intracortical projection neurons are a large subgroup of projection neuron,
which can be further subdivided into commissural projection neurons and
associative neurons (Molyneaux et al., 2007a). While they are present
throughout the entire cortex, they are particularly abundant in layer 2/3.
Commissural projection neurons project their axons contralaterally towards
the opposite hemisphere through one of two fibers commissures: the corpus
callosum and the anterior commissure (Lodato and Arlotta, 2015). In rodents and
primates, including humans, callosal projection neurons represent the larger
proportion of commissural neurons (Fame et al., 2011; Molyneaux et al., 2007a).
They receive their name because they extend their axons through the corpus
callosum (Fame et al., 2011; Lodato and Arlotta, 2015; Molyneaux et al., 2007a).
Callosal projection neurons are involved in high-level cognition (Fame et al.,
2011) and developmental defects of these neurons have been implicated in
several neurodevelopmental disorders, including autism (Fame et al., 2011; Fang
et al., 2014). Callosal projection neurons are evolutionary newer than other
subtypes of projection neurons, and they have been disproportionally expanded
throughout mammalian evolution (Aboitiz and Montiel, 2003; Fame et al., 2011).
Another subtype of intracortical neurons project their axons through the
anterior commissure (Aboitiz and Montiel, 2003). They are abundant in nonplacental mammals, including marsupials, which lack a corpus callosum (Aboitiz
and Montiel, 2003). In these animals, the anterior commissure is the only route
for information exchange between homologous regions of the cortex. However,

7

after the appearance of the corpus callosum, anterior commissure-projecting
commissural neurons were overtaken in abundance by callosal projection
neurons (Aboitiz and Montiel, 2003). In modern placental mammals a small
number of neurons that project through the anterior commissure still persist,
primarily in the lateral cortex (Aboitiz and Montiel, 2003; Lodato and Arlotta,
2015; Lodato et al., 2015).
Associative projection neurons, on the other hand, extend their axons within
the same cortical hemisphere to target neurons either at a short distance, such
as neurons in the same column or area; or at long distances, such as in the
prefrontal cortex (Greig et al., 2013a; Lodato and Arlotta, 2015; Lodato et al.,
2015).

1.2.2 Corticofugal projection neurons
The second large subclass of excitatory projection neurons is made of
corticofugal projection neurons, which receive their name because they extend
their axon to locations “away” from the cerebral cortex (Greig et al., 2013a;
Lodato et al., 2015; Molyneaux et al., 2007a). Corticofugal projection neurons are
largely present in layers 5 and 6 of the cerebral cortex (Lodato et al., 2015;
Rubenstein, 2011).
Corticofugal projection neurons can be further subdivided into corticothalamic
projection

neurons

and

subcerebral

projection

neurons.

Corticothalamic

projection neurons are a heterogeneous population located in layer 6 of the

8

neocortex and they extend their axons to different thalamic nuclei including the
ventral anterior (VA), anterior ventral lateral (AVL), posterior (P), ventral posterior
medial (VPM) and the dorsal lateral geniculate (DLG) nuclei (Lodato et al., 2015),
where they modulate incoming sensory information. Some evidence, however,
indicates that a small subset of projection neurons of layer 5 extend also their
axons to the thalamus (Hattox and Nelson, 2007), although most likely these are
secondary collateral axons of more distantly-targeted neurons rather than
primary axons (Deschenes et al., 1994; Hattox and Nelson, 2007).
Subcerebral projection neurons are the largest in size and they are located in
layer 5b (Molyneaux et al., 2007a). These are also further subclassified
according to their axonal extensions: corticospinal motor neurons extent their
axons to the spinal cord, while corticotectal neurons innervate the superior
colliculus of the tectum. Finally, corticopontine projections neurons target the
cerebral pons and other nuclei of the brain stem (Lodato et al., 2015; Molyneaux
et al., 2007a).
Although this classification based on hodology (axonal connectivity) uncovers
some of the great diversity of projection neurons in the neocortex, it is still far
from complete, as some neurons send their axons to multiple targets and do not
easily fit any of the categories mentioned above. For instance, a subset of
subcerebral projection neurons has backwards projections and sends their axons
to both subcerebral targets and the ipsilateral caudal cortex (Cederquist et al.,
2013). In addition, there are also corticostriatal projection neurons present in L2-
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4, which send their axons to the ipsilateral and contralateral striatum, as well as
the contralateral cortex (Shepherd, 2013).
1.2.3. Molecular classification of projection neuron subtypes
A more complete approach to classifying projection neurons includes the
identification of molecular markers that define specific neuronal subtypes.
Through different labeling and purification techniques, our lab has generated a
collection of genes that together help identify discrete neuronal populations. For
example, subcerebral projection neurons are characterized by the expression of
Fezf2, Ctip2, Cry-mu, Ldb2, Cad13 and Cntn6 (Arlotta et al., 2005; Lodato et al.,
2014; Molyneaux et al., 2015). Callosal projection neurons, on the other hand,
express Satb2, Cux1, Cux2, Inhba and PlexnD1, among other markers
(Molyneaux et al., 2009; Molyneaux et al., 2015).
This approach can help us distinguish even closely related projection neuron
subtypes (Arlotta et al., 2005; Molyneaux et al., 2015). For instance,
corticothalamic neurons express the transcription factor Tle4, while corticospinal
motor neurons do not. Corticospinal motor neurons, on the other hand, express
the transcription factor Er81, while corticothalamic projections neurons fail to
express this marker. Caution, however, needs to be taken in trying to define
discrete neuronal populations by the expression of single markers. For example,
both corticothalamic and subcerebral projection neurons express Ctip2; yet
subcerebral projection neurons express high levels of Ctip2 in combination with
Tcerg1l and Clim1, while corticothalamic projection neurons express low levels of
Ctip2 and are negative for Tcerg1l and Clim1 (Arlotta et al., 2005; Molyneaux et
10

al., 2015). A combinatorial gene-expression approach is therefore necessary to
define different populations of projection neuron subtypes.
By purifying and profiling different neuronal subtypes, we have learned that
the complexity of cell types is much greater than previously thought. For example,
the transcription factor Cux2 is expressed in callosal projection neurons of layers
2-4, but not in the deep layers (Lodato and Arlotta, 2015; Molyneaux et al., 2009;
Molyneaux et al., 2015). EphA3 is only expressed in the superficial region of
layer 2/3, while Ptn is only expressed in the deepest area of the same layer
(Lodato and Arlotta, 2015; Molyneaux et al., 2009; Molyneaux et al., 2015). We
have also learned that the gene expression profile of neurons is temporally
dynamic, as the profiles of individual marker genes can change dramatically as
neurons differentiate and mature (Arlotta et al., 2005; Lodato et al., 2014;
Molyneaux et al., 2009; Molyneaux et al., 2015). To date, the information
generated

by

these

studies

represents

the

most

complete

classification of projection neurons available in the field.

molecular

However, newer

technologies that can increase our capacity to profile small groups of neurons, or
even single cells, will likely uncover a much higher degree of neuronal
heterogeneity in the neocortex. Indeed, unbiased single cell low coverage
transcriptomic profiling of the mouse and human cerebral cortex has already
uncovered distinct cell types that cannot easily be assigned to the current
categories (Pollen et al., 2014; Tasic et al., 2016; Zeisel et al., 2015).

1.2.4. Molecular mechanisms that specify projection neuron diversity
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As discussed above, great advances in the classification of neurons have
been accomplished. However, the molecular mechanisms that generate and
maintain the diversity of neocortical projection neurons are not yet fully
understood. Nevertheless, some key genes that specify discrete neuronal
subtypes have been uncovered. Of importance, the transcription factor Fezf2 has
been identified as a master regulator of subcerebral projection neurons, including
corticospinal motor neurons (Lodato et al., 2014; Molyneaux et al., 2005). It is
highly expressed in both cortical progenitors and postmitotic subcerebral
projection neurons, and lowly expressed in corticothalamic projection neurons
(Molyneaux et al., 2005). Subcerebral projection neurons are completely absent
in Fezf2-null mutants, and there is a lack of projections targeting the brain stem
and spinal cord (Molyneaux et al., 2005). This phenotype is independent of cell
death, and other projection neurons subtypes are unaffected (Molyneaux et al.,
2005). Interestingly, overexpression of Fezf2 in progenitors fated to a different
identity is sufficient to instruct them to acquire a corticofugal identity (Molyneaux
et al., 2005; Rouaux and Arlotta, 2010; Zuccotti et al., 2014). More recent work
has demonstrated that Fezf2 acts as a terminal selector gene: it instructs the
subcerebral projection neuron identity by directly binding and upregulating a
large battery of corticofugal-specific genes, and also represses alternative fates
by directly inhibiting the expression of callosal and interneuron specific genes
(Lodato et al., 2014). As an example, Fezf2 targets and upregulates the
expression of the guidance receptor Ephb1 (Lodato et al., 2014). Ephb1 in turn
executes the ipsilateral extension of the corticospinal track (Lodato et al., 2014).
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Ephb1 expression peaks at embryonic day 15.5, the time at which corticospinal
axonal extension begins (Lodato et al., 2014). Its expression is maintained in
corticofugal projection neurons throughout embryonic development, and
decreases dramatically after birth (Lodato et al., 2014; Molyneaux et al., 2015).
Interestingly, in the absence of Ephb1, while the molecular identity of subcerebral
projection neurons is unaffected, there is a strong reduction in the number of
axons reaching the corticospinal tract, and a subsequent increase in interhemispheric axons projecting through the anterior commissure (Lodato et al.,
2014). This axonal phenotype is reminiscent of the Fezf2 knockout animal model,
suggesting that Ephb1 is an effector molecule directly downstream of Fezf2 that
executes a specific, modular aspect of subcerebral projection neuron identity
(Lodato et al., 2014).
Another major downstream effector of Fezf2 is the transcription factor Ctip2
(also known as Bcl11b) (Arlotta et al., 2005; Chen et al., 2008). Ctip2 has been
shown to be important in regulating some aspects of subcerebral projection
neuron identity, including the fasciculation and extension of subcortical axons
(Arlotta et al., 2005; Chen et al., 2008). In the absence of Ctip2, the molecular
identity of subcerebral projection neurons is not affected, yet their axons have
severe defects (Arlotta et al., 2005). Specifically, subcerebral axons of the Ctip2
knockout model are substantially disorganized and fail to form fascicles that
normally perforate the striatum to form the internal capsule (Arlotta et al., 2005).
Altogether, these studies indicate that Fezf2 acts as an instructor of subcerebral
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projection neurons by directly regulating the expression of major effector genes
involved in several aspects of neuronal identity.
Whether there are additional terminal selectors to specify other projection
neuron subtypes is still unknown. While many key lineage determination
decisions are likely to occur at the progenitor level, several genes involved in
projection neuron specification and identity refinement seem to act postmitotically
(Lodato and Arlotta, 2015). For instance, the transcription factor Satb2 is only
expressed postmitotically and has long been known as a critical regulator of
callosal projection neuron identity (Alcamo et al., 2008a; Britanova et al., 2008;
Fame et al., 2011). Satb2 acts by directly repressing Ctip2 expression (Britanova
et al., 2008). In Satb2 mouse knockout models, molecular markers of callosal
identity are severely reduced, and consequently markers associated with
corticofugal projection neurons are drastically increased (Alcamo et al., 2008a;
Britanova et al., 2008). Additionally, axons of callosal projection neurons fail to
cross the corpus callosum and instead are rerouted to subcortical targets
(Alcamo et al., 2008a; Britanova et al., 2008; Shinmyo et al., 2016). While Satb2
is sometimes mistakenly assumed to be a terminal selector for callosal identity, it
is important to acknowledge three major differences that distinguish Fezf2 from
Satb2. First, unlike Fezf2, Satb2 is not expressed in neuronal progenitors
(Britanova et al., 2005b; Britanova et al., 2008), indicating that its role in
specifying callosal projection neuron identity is only restricted to postmitotic cells.
Second, overexpression of Satb2 in cortical progenitors does not induce a
callosal fate (Alcamo et al., 2008a). Third, mounting evidence indicates that
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Satb2 may be transiently expressed in other projection neuron subtypes during
embryonic development (Leone et al., 2015), where it may even promote the
expression of Fezf2 (McKenna et al., 2015; Srinivasan et al., 2012). Taken
together, these observations suggest that identity refinement in neocortical
projection neurons is a stepwise process that includes fate-specific decisions
both at the progenitor level and after the neurons become permanently
postmitotic.
Corticothalamic projection neuronal identity seems to be controlled, at least in
part, by the transcription factor Tbr1, which is also only expressed postmitotically
(Hevner et al., 2001). Tbr1 is highly expressed in corticothalamic projection
neurons and subplate neurons, and lowly expressed in upper layer callosal
projection neurons (Greig et al., 2013a; Hevner et al., 2001; Srinivasan et al.,
2012). In Tbr1-null mouse models, corticothalamic axons become misrouted and
the large majority of them fail to reach the thalamus (Hevner et al., 2001). It is
important to notice that, unlike the Fezf2 knockout where there is a complete
absence of subcerebral projection neurons, in the Tbr1 knockout model neurons
with canonical corticothalamic markers do form, albeit at lower numbers
(McKenna et al., 2011). In addition, Tbr1-null mutants have an increased
numbers of neurons expressing high levels of Fezf2 and Ctip2, as well as an
increase of axons reaching subcerebral targets (Han et al., 2011; McKenna et al.,
2011). It was also observed that Tbr1 directly binds to the Fezf2 locus and
represses Fezf2 expression in vivo and in vitro (Han et al., 2011; McKenna et al.,
2011). Altogether, these results suggest that Tbr1 has a role in postmitotically
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specifying corticothalamic identity by directly repressing the subcerebral fate via
Fezf2 inhibition.
Beyond the establishment of neuronal identity, postmitotic decisions can also
contribute to the formation of correct cortical architecture and connectivity. For
example, Sox5 has been shown to control the sequential generation of closelyrelated corticofugal neuron subtypes by preventing premature emergence of
normally later-born corticofugal neurons (Lai et al., 2008). Sox5 has been
observed to directly bind to the Fezf2 locus and repress Fezf2 expression (Kwan
et al., 2008). Importantly, in Sox5-null models, subplate neurons acquire
molecular features of subcerebral projection neurons, which are normally
generated two days later (Lai et al., 2008). In addition, the identity of
corticothalamic neurons is compromised (Lai et al., 2008). Taken together, these
observations suggest that fine refinement decisions between closely related
projection neuron subtypes can occur postmitotically.
Another critical postmitotic determinant of projection neuron identity is the
transcription factor Ctip1 (Woodworth et al., 2016). Ctip1 is highly expressed in
callosal and corticothalamic neurons, but excluded from subcerebral projection
neurons (Woodworth et al., 2016). In Ctip1-null animals, there is a strong
upregulation of Fezf2 and Ctip2 throughout the neocortex (Woodworth et al.,
2016). Consequently, there is an increase of subcerebral projection neurons and
a reduction of both the corticothalamic track and axons crossing through the
corpus callosum (Woodworth et al., 2016). Interestingly, in the Ctip1-null mutant,
sensory cortical areas seem to be affected: subtype compositions, gene
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expression, and output connectivity more closely resemble the topology of motor
areas (Greig et al., 2016; Woodworth et al., 2016). Altogether these results
suggest that postmitotic action of Ctip1 not only directs the proportional allocation
of subcerebral and corticothalamic projection neurons but also helps delineate
the sensory area regional identity.
Similarly, other transcription factors that act in postmitotic cells to delineate
area specificity have been uncovered. For instance, Lmo4 is expressed in
corticospinal motor neurons of the rostral motor cortex and it is absent from the
caudal motor cortex (Cederquist et al., 2013). Interestingly, in the Lmo4-null
mutant, these neurons fail to send backward collateral axons, as would be
expected from corticospinal motor neurons in these areas (Cederquist et al.,
2013). This results in a more homogenous motor cortex (Cederquist et al., 2013).
On the other hand, Bhlhb5 is highly expressed postmitotically in the caudal motor
cortex and lowly expressed in the rostral motor cortex (Joshi et al., 2008). In the
absence of Bhlhb5, corticospinal motor neurons of the caudal motor cortex are
not properly specified and fail to reach the spinal cord (Joshi et al., 2008).
Taken together, these observations suggest that acquisition of class-specific
traits requires an orchestrated interaction between many genes at different
developmental stages, including key lineage determination decisions in neuronal
progenitors as well as regulatory events restricted to postmitotic developmental
stages.

1.3 Interneuron diversity in the cerebral cortex
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Inhibitory interneurons are characterized by the production and release of the
neurotransmitter γ-Aminobutiric acid (GABA) (Markram et al., 2004a). GABAergic
interneurons project their axons locally, and they are crucial for regulating the
activity of projection neurons (Markram et al., 2004a). Although they only
comprise about 20% of cortical neurons, interneurons are extremely diverse, and
their precise classification remains a challenge (Markram et al., 2004a; Petilla
Interneuron Nomenclature et al., 2008). Traditionally, a combinatorial approach is
used to define individual interneuron subtypes. This approach includes molecular
markers, electrophysiological properties, morphology, size and axonal targets
(Petilla Interneuron Nomenclature et al., 2008). By molecular markers alone,
interneurons are classified into 5 large subclasses, which are discussed below:
parvalbumin-positive, cholecystokinin-positive, somatostatin-positive, calretininpositive and vasoactive intestinal peptide-positive interneurons.

18

SST Martinotti Cell

VIP Bipolar Cell

PV Basket Cell

CCK Basket Cell

PV Chandelier Cell

Figure 1.3.1. Canonical interneuron subtypes innervating a single
excitatory projection neuron. Projection neurons (green) can be innervated be
simultaneously innervated by several interneuron (gray) subtypes. Parvalbumin
(PV)-positive basket cells and Cholecystokinin (CCK)-positive cells preferentially
synapse onto the cell soma of their target projection neurons, while PV-positive
chandelier cells innervate the axon initial segment. Somatostatin (SST)-positive
Martinotti interneurons regulate projection neurons by synapsing onto their apical
dendrites. On the other hand, vasoactive intestinal peptide (VIP)-positive
interneurons preferentially innervate other interneurons. Modified from (Hensch,
2005b)
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1.3.1 Parvalbumin-positive interneurons
Parvalbumin (PV) is a calcium-binding albumin protein expressed in a subset
of interneurons. PV-positive interneurons can be found throughout all layers of
the neocortex, but they are enriched in the deeper layers (Fogarty et al., 2007;
Lodato et al., 2011). They are strongly interconnected, and innervate both
projection neurons and other PV-interneurons (Hensch, 2005b; Kepecs and
Fishell, 2014; Otsuka and Kawaguchi, 2009). This high level of interconnectivity
allows them to form strong synchronous networks (Galarreta and Hestrin, 1999).
PV-positive interneurons can be morphologically subclassified into at least two
major subtypes: chandelier cells, that synapse onto the axon initial segment of
projection neurons and basket cells, which directly target the cell soma (Hensch,
2005b; Kepecs and Fishell, 2014). Due to their high connectivity and the location
of their synapses, they are responsible for exerting the majority of inhibitory
control of projection neurons (Otsuka and Kawaguchi, 2009; Soltesz et al., 1995).
During postnatal development, the functional maturation of these interneurons is
correlated with the closure of the critical period of cortical plasticity, a time
window in which circuits are prone to experience-driven synaptic refinement and
modifications (Hensch, 2005b). In fact, fast-spiking PV-positive interneurons are
considered the major regulators of critical period timing and synaptic plasticity in
the cortex (Fagiolini et al., 2004; Katagiri et al., 2007; LeBlanc and Fagiolini,
2011). Not surprisingly, a decrease in the number of PV-positive interneurons
and the total number of PV-positive inhibitory synapses has been associated with
several neurological and developmental disorders, including autism, bipolar
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disorder and schizophrenia (Cellot and Cherubini, 2014; Hashemi et al., 2016;
Lewis et al., 2012; Pantazopoulos et al., 2007).

1.3.2. Cholecystokinin-positive interneurons
Similarly to PV-positive interneurons, interneurons expressing the peptide
hormone Cholecystokinin (CCK) also tend to synapse onto the cell soma of
projection neurons (Armstrong and Soltesz, 2012). Overall, they are scarcer than
PV-positive interneurons throughout the cerebral cortex. However, they are
primarily present in the upper layers of secondary associative cortical areas
(Cauli et al., 1997; Whissell et al., 2015). CCK-positive interneurons express the
Cannabinoid type 1 (CB1) receptor, which allows postsynaptic control of GABA
release by projection neurons (Foldy et al., 2006; Kano et al., 2009). CCKpositive and PV-positive interneurons are thought to have different roles in the
cortical circuits: while PV-positive interneurons are particularly suited for control
over precise timing of oscillations, CCK-positive interneurons integrate
information from multiple sources over a longer timeframe (Armstrong and
Soltesz, 2012).

1.3.3 Somatostatin-positive interneurons
Another major interneuron subgroup expresses the peptide hormone
somatostatin (SST). While SST-positive interneurons are present throughout all
cortical layers, they are enriched in the deep layers (Lodato et al., 2011; Ma et al.,
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2006). SST-positive interneurons are known to target the distal dendrites of
projection neurons (Ma et al., 2006). Unlike other interneuron subtypes, SSTpositive interneurons are silenced during sensory stimulation, while they are
active during quiet wakefulness (Gentet et al., 2012). This unique functional
property possibly represents the need of enhanced distal dendritic excitation
during sensory processing and integration (Gentet et al., 2012).
1.3.4 Vasoactive intestinal peptide- and calretinin-positive interneurons
The upper cortical layers are enriched in vasoactive intestinal peptide (VIP)positive and calretinin (CR)-positive interneurons (Cauli et al., 2014; Lodato et al.,
2011; Miyoshi et al., 2010; Xu et al., 2010), which collectively express the 5hydroxytryptamine receptor 3 (5-HT3) (Cauli et al., 2014; Lee et al., 2010);
although a subset of SST-positive and CCK-positive interneurons also express
this receptor (Cauli et al., 2014).
In vivo and ex vivo studies have shown that VIP-positive interneurons
innervate and inhibit other interneuron subtypes (Jiang et al., 2013; Pfeffer et al.,
2013; Pi et al., 2013). They preferentially synapse onto SST-positive
interneurons (Pfeffer et al., 2013; Pi et al., 2013), but inhibition of PV-positive
interneurons has also been observed, although at a much lower frequency (Pi et
al., 2013). While several interneuron subtypes have been observed to inhibit
other interneurons (Pfeffer et al., 2013), the presence of a cell type specializing in
“inhibition of inhibition” represents a powerful system to finely regulate long-range
excitatory control of projection neurons (Pi et al., 2013). On the other hand, CR-
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positive interneurons represent a much more diverse subtype (Cauli et al., 2014),
and a large subset of these coexpress VIP (Barinka and Druga, 2010; Cauli et al.,
2014). CR-positive interneurons are known to synapse onto the dendritic shafts
of projection neurons as well as onto other interneurons (Barinka and Druga,
2010). This dual innervation allows them to both control the inhibition of the
excitatory signal directly, as well as enhance it by indirectly inhibiting other
inhibitory signals (Barinka and Druga, 2010; Cauli et al., 2014).
The classification of interneurons is far from complete (Barth et al., 2016;
Jiang et al., 2015). Genetic and functional dissection of cell identity using Credriver and optogenetically manipulable mouse lines has already shed new light
on the complex functional diversity of interneurons (Pi et al., 2013; Roux et al.,
2014; Taniguchi et al., 2011). However, caution needs to be taken in depending
solely on this approach, as several technical complications in these types of
studies have been reported, including leakiness of Cre recombinase expression
(Hu et al., 2013) and silencing of interneurons after strong stimulation (Herman et
al., 2014). Moreover, the use of single molecular markers to identify interneuron
subtypes is inaccurate, as several interneurons coexpress more than one of the
canonical markers (Cauli et al., 2014; Xu et al., 2006). In the future, a
combination of traditional classification of interneurons combined with functional
characterization and transcriptomic analysis of individual cells will let us
understand the true complexity of interneuron subtypes in the cerebral cortex
(Barth et al., 2016; Jiang et al., 2015).
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1.4 Building the cerebral cortex: generating neuronal diversity and
assembling functional circuits

1.4.1 Generation of projection neurons in the cerebral cortex
During embryonic development, all excitatory projection neurons are born
from progenitors located in the dorsolateral wall of the developing telencephalon
(Figure 1.4.1) (Greig et al., 2013a; Molyneaux et al., 2007a). Primary progenitors,
named radial glia cells (RGC), are derived from neuroepithelial cells and
populate the ventricular zone (VZ) (Figure 1.4.1) (Borrell and Gotz, 2014; Greig
et al., 2013a; Haubensak et al., 2004). RGCs are bipolar in nature and extend
their processes from the basal (ventricular) surface to the apical (pia) surface,
therefore spanning the entire thickness of the developing cortex (Borrell and Gotz,
2014). Due to their particular morphology, they not only serve as a stem cell
population, but also function as the scaffold for the cortex (Borrell and Gotz,
2014). During embryogenesis, RGCs divide asymmetrically to self-renew and
generate a daughter cell that can be either a neuron or an intermediate
progenitor cell (IPC) (Figure 1.4.1) (Kriegstein and Alvarez-Buylla, 2009; Noctor
et al., 2004; Rubenstein, 2011). IPCs then divide symmetrically in the ventricular
(VZ), subventricular (SVZ) and intermediate (IZ) zones to generate either two
IPCs or two projection neurons (Figure 1.4.1) (Pontious et al., 2008). More
recently, a distinct RGC population was observed in the outer SVZ of humans,
named outer RGCs (ORGCs) (Hansen et al., 2010; Pollen et al., 2015). Like
RGCs, they divide asymmetrically to self-renew and generate neurons (Wang et
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al., 2011). However, ORGCs lack an apical process (Hansen et al., 2010) and
have a different molecular identity from other progenitors (Pollen et al., 2015).
While originally thought to be exclusive to gyrencephalic animals, it is now clear
that ORGCs are also present in the mouse neocortex, albeit in very small
numbers (Wang et al., 2011).
The cortex is built in an “inside-out” fashion, where deep layer excitatory
projection neurons are born first and newer cohorts of projection neurons migrate
radially to occupy the upper cortical layers (Figure 1.4.1) (Greig et al., 2013a;
Molyneaux et al., 2007a). In mice the first excitatory neurons start to appear as
early as embryonic day 10.5 (E10.5) and neurogenesis continues until late
embryonic development (Greig et al., 2013a; Molyneaux et al., 2007a). Whether
all projection neurons are derived from uniform progenitors still remains an open
debate. On one side, the “radial unit” hypothesis stipulates that all neurons within
a cortical column originate from a single RGC. Several lines of evidence support
this hypothesis. Retroviral progenitor labeling during early cortical development
has shown daughter neurons throughout all cortical layers, suggesting that they
maintain the capacity to generate all projection neuron subtypes (Luskin et al.,
1988; Ware et al., 1999). In line with these studies, in vitro differentiation of
primary or embryonic stem cell-derived cortical progenitors recapitulate the
neurogenesis sequence observed in vivo, indicating that these progenitors can
generate all projection neuron subtypes (Gaspard et al., 2008; Qian et al., 2000;
Shen et al., 2006), although it is still unclear from these studies whether an
individual progenitor can give rise to all projection neuron subtypes. Finally,
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heterochronic transplantation of early progenitors into older developing cortices
shows that they can produce both upper and deep layer projection neurons,
while late progenitors transplanted into young cortices are restricted to only
producing upper layer neurons (Frantz and McConnell, 1996; McConnell, 1988).
Recent work has challenged the “radial unit” hypothesis (Franco et al., 2012;
Gil-Sanz et al., 2015). Using a Cre recombinase-dependent lineage tracing
approach, it has been demonstrated that a subset of RGCs express the upper
layer callosal projection neuron marker Cux2 as early as E10.5 (Franco et al.,
2012). Importantly, these Cux2-positive RGCs preferentially give rise to callosal
projection neurons both in vivo and in vitro (Franco et al., 2012) suggesting that
the VZ may contain multiple lineage-restricted progenitor pools that give rise to
the diversity of neurons in the neocortex. However, there results were disputed
by two studies from the Chen laboratory using the same mouse line (Eckler et al.,
2015; Guo et al., 2013a), which identify Cux2-positive RGCs as multipotent
progenitors capable of giving rise to all projection neuron subtypes. The origin of
this discrepancy may lie in the genetic background and breeding strategy of the
mice used in these studies (Gil-Sanz et al., 2015). Specifically, a recent study
demonstrated that when homozygous inbreeding occurs for over 10 generations,
the Cux2-Cre reporter line loses specificity and labeling is expanded to projection
neurons and interneurons of all layers (Gil-Sanz et al., 2015). Moreover, the
original labeling pattern could be recovered by outbreeding aberrantly-reporting
mice to wild-type mice of a different genetic background (Gil-Sanz et al., 2015).
Altogether, the genetic tracing results suggest that different populations of fate-
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restricted projection neuron progenitors may coexist in the ventricular zone.
Importantly, these results also remind us that we are still in the early days of in
vivo fate mapping of the neocortex, and that discrepancies will arise. New
approaches combining cellular barcoding, single-cell profiling and lineage tracing
will be needed to truly uncover the diversity of progenitors and projection neurons
in the neocortex.
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Figure 1.4.1. Birth of cortical projection neurons. (A) All cortical projection
neurons are born from progenitors located in the dorsolateral wall of the
developing telencephalon (zone marked in blue in the top left figure). When radial
glia cells (RGCs) divide they self-renew and also generate either one neuron or
one intermediate progenitor cell (IPCs). When IPCs divide they give rise to either
two neurons or two IPCs. MZ= Marginal zone; CP = Cortical plate; IZ =
intermediate zone; SVZ = subventricular zone; VZ = ventricular zone. (B)
Developmental timeline of cortical projection neuron birth. The cortex is built in
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an “inside-out” fashion. En = Embryonic day n. The first neurons to be generated
are the neurons of the marginal zone, whose production peak at E11.5.
Corticothalamic neurons are born at E12.5. Subcerebral projection neurons and
deep layer callosal neurons are born at E13.5. Pyramidal neurons of layer 4 are
born at E14.5 and layer 2/3 callosal projection neurons are born at E15.5.
Modified from (Molyneaux et al., 2007a).
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1.4.2 Generation of inhibitory interneurons of the neocortex
Contrary to excitatory projection neurons, inhibitory interneurons are
generated from distant progenitor pools in the subpallial medial and caudal
ganglionic eminences (MGE and CGE, respectively), as well as the preoptic area
(POA) (Figure 1.4.2) (Fishell, 2007; Gelman et al., 2009; Wonders and Anderson,
2006). From these niches, interneurons migrate tangentially through the ventral
forebrain (Marin and Rubenstein, 2001; Tanaka et al., 2006). Once they invade
the developing cortex they migrate radially to occupy their final position (Ang et
al., 2003; Pla et al., 2006). The MGE gives rise to ~60% of cortical interneurons
(Gelman and Marin, 2010); virtually all PV- and SST-positive interneurons are
generated within this niche (Gelman and Marin, 2010; Xu et al., 2004). The CGE
gives rise to ~30-40% of interneurons, most of which are either CR- or VIPpositive (Gelman and Marin, 2010; Xu et al., 2004). The POA gives rise to ~4%
of cortical interneurons (Gelman and Marin, 2010), several of which express
Neuropeptide Y (Gelman et al., 2009). Yet all POA-derived interneurons fail to
express any of the canonical interneuron markers (PV, SST, VIP and CR)
(Gelman et al., 2009). Studies in these regions, however, have been complicated
due to the difficulty of delineating the limits between the CGE and the MGE,
coupled with the fact that distally generated interneurons likely migrate through
the CGE to reach the cortex (Gelman and Marin, 2010).
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CGE

MGE

POA

Figure 1.4.2 Genesis and migration of cortical interneurons. During
embryonic development, cortical interneurons are born in the Medium Ganglionic
Eminences (MGE), Caudal Ganglionic Eminences (CGE) and the Preoptic Area
(POA). They migrate tangentially towards the developing cortical plate. Once
they invade the developing cortex, they migrate radially to encounter their
projection neuron partners. Blue and green cells = neocortical projection neurons.
Yellow, red and pink cells = cortical interneurons.
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1.4.3 Neuronal identity and the establishment of cortical circuits
How this great diversity of projection neurons and interneurons comes
together to form complex circuits necessary for cortical function is still not clearly
understood. However, evidence supports the hypothesis that excitatory
projection neurons have a strong role in dictating the assembly and function of
other cortical cells, including interneurons and myelinating oligodendrocytes (Lee
et al., 2014; Lodato et al., 2011; Tomassy et al., 2014).
While projection neurons and their interneuron partners are normally born
synchronously (Pla et al., 2006; Xu et al., 2004), interneurons invade the cortex
only after projection neurons have already positioned themselves in the
developing cortical plate (Lopez-Bendito et al., 2008). There are several pieces
of evidence that indicate that class-specific molecular signals originating from
projection neurons guide the final positioning of interneurons. The first comes
from the reeler mouse, a mouse in which the expression of the Reelin protein is
abolished (D'Arcangelo et al., 1995; Falconer, 1951). Reelin is a cell-adhesion
protein that is necessary for cortical projection neuronal migration, and the
cortical laminar ordering in reeler mice is largely inverted (Hammond et al., 2006).
Interestingly, while Reelin is not necessary for interneuron specification or
migration, the final position of the inhibitory interneurons is affected in this mouse
model (Hevner et al., 2004; Pla et al., 2006; Yabut et al., 2007), suggesting that
interneurons recognize the mislamination of the projection neurons and position
themselves accordingly in response to those changes. Similarly, in the Fezf2
knockout model, in which all layer 5 subcerebral projection neurons are absent
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and replaced by callosal projection neurons (Lodato et al., 2011; Molyneaux et al.,
2005), the final positioning of interneurons in this layer is affected (Lodato et al.,
2011). Importantly, only deep layer interneurons (PV and SST-positive
interneurons) are reduced in layer 5, while other interneurons subtypes are
unaffected (Lodato et al., 2011), indicating that this projection neuron-interneuron
interaction is layer- and identity-specific. In agreement, generation of ectopic
corticofugal projection neurons below the cerebral cortex is sufficient to attract
deep layer interneurons to this region (Lodato et al., 2011). Altogether, these
results suggest that projection neuron identity plays a crucial role in instructing
the migration and final positioning of interneurons in the developing cortex.
Whether projection neurons can instruct differential input from neighboring
interneurons still remains a topic of debate. For years, the field has supported a
“blanket

of

inhibition”

hypothesis,

in

which

interneurons

densely

and

nonspecifically synapse onto all neighboring projection neurons (Fino and Yuste,
2011; Karnani et al., 2014; Packer and Yuste, 2011). In support of this
hypothesis, two-photon stimulation and connectivity mapping of SST-positive
interneurons in the upper layers of the prefrontal cortex have shown that these
interneurons are connected to virtually all neighboring projection neurons (Fino
and Yuste, 2011). Similar observations were done in PV-positive interneurons
across different cortical regions and layers (Packer and Yuste, 2011). While
intriguing, these results are not surprising, as fast-spiking PV-positive
interneurons have been calculated to have ~4000 synaptic boutons (Karube et al.,
2004; Wang et al., 2002) that allows them to innervate up to 800 other neurons
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(Packer and Yuste, 2011). A better approach to understand whether projection
neurons subtypes receive differential inhibition is to measure the inhibition levels
between different projection neuron and interneuron subtypes, rather than only
the connection probability. To this end, it is better to perform this analysis in a
region containing different projection neuron subtypes (Naka and Adesnik, 2016).
Layer 5 is such a region, as it contains both callosal projection neurons and
subcerebral projection neurons (Greig et al., 2013a; Molyneaux et al., 2007a). A
recent study optogenetically excited PV-positive interneurons while recording the
inhibition received by projection neurons in Layer 5 of the prefrontal cortex (Lee
et al., 2014). Under these conditions, PV-positive interneurons elicit a greater
inhibitory current and charge transfer to subcerebral projection neurons than
callosal projection neurons (Lee et al., 2014). In agreement, CCK-positive
interneurons in the medial entorhinal cortex have been shown to preferentially
innervate projection neurons that extend their axons contralaterally, while
avoiding ipsilaterally-projecting neurons that connected to the dendate gyrus
(Krook-Magnuson et al., 2012; Varga et al., 2010). Altogether, these results
indicate that single inhibitory interneurons can distinguish and differentially
innervate projection neuron subtypes, even if they are intermingled within the
same region (Krook-Magnuson et al., 2012; Lee et al., 2014; Varga et al., 2010).
While it has been observed that the overall connection probability between
two neighboring projection neurons is low (Thomson and Lamy, 2007), some
projection neurons seem to also be able to distinguish the class-specific identity
of other neighboring projection neurons (Brown and Hestrin, 2009a, b; Krook-
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Magnuson et al., 2012). For example, simultaneous patch-clamp recordings of
projection neurons of layer 5 have shown that callosal projection neurons are
four times more likely to connect to corticotectal projection neurons than to other
callosal projection neurons (Brown and Hestrin, 2009b). Similar studies have
demonstrated that layer 5 callosal and corticopontine projection neurons tend to
form reciprocal connections with neurons of the same identity (Morishima and
Kawaguchi, 2006; Morishima et al., 2011). Interestingly, corticopontine neurons
avoid connecting to neighboring callosal projection neurons (Morishima and
Kawaguchi, 2006), further suggesting that projection neurons can differentially
recognize the identity of their neighbors during circuit formation.
Finally, recent data suggests that projection neuron identity may even control
the behavior of non-neuronal cells of the neocortex, particularly myelinating
oligodendrocytes (Tomassy et al., 2014; Tomassy et al., 2016). For years, it has
been known that soluble factors from excitatory neurons are necessary to control
oligodendrocytes at different developmental stages, including the activation of
myelinating oligodendrocyte precursors (Barres and Raff, 1993; Taveggia et al.,
2010). These factors include laminins, growth factors, cell adhesion molecules
and Notch ligands (Nave and Werner, 2014; Tomassy et al., 2016). In addition,
electrical signals from excitatory neurons have also been shown to have a role in
the instruction of myelin. For example, it was recently observed that in the
zebrafish central nervous system, stimulation of neuronal activity increased
myelin sheath formation by individual oligodendrocytes (Mensch et al., 2015). It
is interesting that, in the mouse neocortex, while oligodendrocyte precursors are
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evenly distributed throughout all layers (Tomassy et al., 2014), deeper layers are
significantly more myelinated than the upper cortical layers (Tomassy et al.,
2014). Electron microscopy analysis across different cortical layers reveals that
while individual deep layer projection neurons are uniformly heavily myelinated,
the upper layer projection neurons have several distinct patterns of myelination
along single axons, demonstrating that projection neurons of different identities
have different “signature profiles” of myelination (Tomassy et al., 2014).
Importantly, in mouse models in which cortical lamination is affected, the myelin
pattern coincides with projection neuron lamination (Tomassy et al., 2014).
Altogether, the data suggest that projection neuron subtypes may be able to
control their own myelination by actively instructing neighboring oligodendrocytes
in a class-specific manner (Tomassy et al., 2014; Tomassy et al., 2016).

1.5 Direct lineage reprogramming in the mammalian central nervous
system
Considering the importance of neuronal identity in the establishment and
function of circuits, the ability to change one neuronal subtype into another could
become a valuable tool to understand the role of individual cell types in brain
development and circuit plasticity.
Seminal work in cloning by somatic cell nuclear transfer demonstrated that
differentiated cells retain the necessary genetic information to create all cell types
in the body (Campbell et al., 1996; Gurdon, 1962, 2006; Gurdon et al., 1958;
Hochedlinger and Jaenisch, 2006). Moreover, cell fusion experiments showed
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that “factors” contained within one cell were sufficient to permanently change the
identity of a different cell type (Cowan et al., 2005; Tada et al., 2001).
Groundbreaking experiments by Shinya Yamanaka later showed that those
“factors” were in fact transcription factors, which are the key to imposing and
changing a cell’s identity (Takahashi et al., 2007b; Takahashi and Yamanaka,
2006). In this work, overexpression of transcription factors normally observed
during early embryonic development and in embryonic stem cells was sufficient
to reprogram differentiated fibroblasts into pluripotent stem cells (Takahashi et al.,
2007b; Takahashi and Yamanaka, 2006). Since then, much effort has been
directed towards understanding and improving this reprogramming paradigm
(Apostolou and Hochedlinger, 2013; Borkent et al., 2016; Cheloufi et al., 2015;
Mikkelsen et al., 2008).
Simultaneously, there has been much interest in whether other combinations
of factors were sufficient to reprogram one cell type into another one without
going through an intermediate pluripotent state. Direct reprogramming has been
applied to induce several cell fates including cardiomyocytes, pancreatic beta
cells and neurons (Ambasudhan et al., 2011; Ieda et al., 2010; Kim et al., 2011;
Srivastava and DeWitt, 2016). Strikingly, the same principles that can be used to
reprogram cells in vitro have also been shown to work in vivo (Niu et al., 2013;
Qian et al., 2012; Srivastava and DeWitt, 2016; Zhou et al., 2008).
Much of the effort towards generating neurons, including cortical neurons,
has been focused on differentiating patient-specific induced pluripotent stem cells
into neurons to model the development of different diseases (Richard and
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Maragakis, 2015; Sances et al., 2016). Importantly, neurons derived in vitro
seem to incorporate into existing circuits upon transplantation (Espuny-Camacho
et al., 2013; Wernig et al., 2008), suggesting that this method could in fact
become a powerful tool for disease modeling and brain repair.
An alternative approach involves the direct conversion of different cell types
into neuronal progenitors or neurons without a pluripotent intermediate. For
instance, overexpression of Sox2 in fibroblasts can generate neuronal
progenitors that can then be differentiated into astrocytes, oligodendrocytes and
neurons (Ring et al., 2012). This reprogramming paradigm is successful at a very
low efficiency (Ring et al., 2012). Interestingly, however, neuronal precursors
have been obtained at a remarkably high efficiency (up to 71%) through
overexpression of Pax6, Ascl1 or Ngn2 in astroglia cells in vitro (Berninger et al.,
2007). Coexpression of Sox2 and Ascl1 can directly convert human cortical
pericytes into neurons (Karow et al., 2012). Similarly, extensive work has shown
that overexpression of Brn2a, Ascl1 and Mytl1 is sufficient to reprogram
fibroblasts into dopaminergic neurons (Pfisterer et al., 2011; Vierbuchen et al.,
2010). However, these induced neurons retain some memory of their fibroblast
origin and do not acquire the full gene expression profile of endogenous neurons
(Vierbuchen et al., 2010). Altogether, these studies suggest that the cell of origin
may play an important role in determining the efficiency of reprogramming and
the degree to which the final product resembles the desired cell type.
In vivo reprogramming within the mammalian central nervous system has
become an attractive approach due to its promising therapeutic potential
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(Amamoto and Arlotta, 2014; Li and Chen, 2016). Many labs around the world
have focused on using resident glial cells as starting material, because, unlike
neurons, these cells can be regenerated throughout the life of the organism (Li
and Chen, 2016). Several studies have demonstrated that different types of glial
cells can be converted to a neuronal fate upon overexpression of certain
transcription factors (Guo et al., 2014; Heinrich et al., 2014; Li and Chen, 2016;
Niu et al., 2013; Torper et al., 2015; Torper et al., 2013). For example,
overexpression of Sox2 in astrocytes of the striatum is sufficient to reprogram
them to a neuronal progenitor identity (Niu et al., 2013). Interestingly, in the adult
cerebral cortex, overexpression of the same transcription factor can reprogram
Ng2-positive glia cells into neurons following stab injury (Heinrich et al., 2014).
Likewise, Ascl1 overexpression in midbrain astrocytes or in reactive astrocytes
derived from the subventricular zone is sufficient to reprogram them into
functional neurons (Faiz et al., 2015; Liu et al., 2015).
A long-standing question in the field is whether postmitotic neurons of the
central nervous system retain the potential to be converted into other cell types.
Several attempts to perform somatic cell nuclear transfer using neuronal donor
cells have given mixed results (Eggan et al., 2004; Li et al., 2004; Makino et al.,
2005; Osada et al., 2005; Yamazaki et al., 2001). Olfactory epithelium sensory
neurons were used in initial attempts to clone cells of the mammalian central
nervous system (Eggan et al., 2004; Li et al., 2004). These neurons are one of
the few CNS neuronal subtypes to be generated throughout the life of the
organism (Brann and Firestein, 2014), and therefore “mature” olfactory sensory
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neurons can be considered among the youngest CNS neurons in the body.
Nuclear transfer into enucleated oocytes resulted in a high success rate, with
14% of injected oocytes developing into blastocysts (Eggan et al., 2004). In the
cerebral cortex, however, the attempts were significantly less successful. When
donor nuclei were obtained from the mouse developing cortex, donor cells
isolated from the VZ (enriched for progenitors and young postmitotic neurons)
had a success rate of ~5%, while donor cells from near the pial surface (enriched
for older postmitotic neurons) had a success rate under 0.5% (Yamazaki et al.,
2001), suggesting that postmitotic cortical neurons have restricted their nuclear
plasticity. In agreement, a different study reports complete failure to obtain any
living animals when using perinatal cortical neurons as nuclear donors (Makino et
al., 2005). Interestingly, another report from the same group claims that when
using nuclei from mature cortical neurons, 0.7% of the injected oocytes can
develop into adult mice (Osada et al., 2005). However, one needs to be careful in
interpreting this data, as the group utilized fluorescently activated cell sorting
(FACS) to purify the donor neurons, and the success rate reported falls within the
error range of the FACS purification for the mouse lines used by this group
(Osada et al., 2005). Moreover, this success rate also falls well below the
“leakage” rate observed in the mouse Cre reporter mouse strains used in this
study (Osada et al., 2005). This leaves the possibility that the successful clones
come from contaminant non-neuronal cells. Altogether, these results indicate that
while some postmitotic neurons of the central nervous system may retain
pluripotency potential, cortical neurons have a limited reprogramming capability.
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More recently, in vivo direct lineage reprogramming of postmitotic cortical
neurons has been accomplished using Fezf2 overexpression as a model (De la
Rossa et al., 2013; Rouaux and Arlotta, 2013). As discussed above, Fezf2 is a
terminal selector gene that induces the identity of subcerebral projection neurons
while simultaneously repressing alternative fates (Lodato et al., 2014; Molyneaux
et al., 2005; Rouaux and Arlotta, 2010; Zuccotti et al., 2014). Fezf2
overexpression in postmitotic layer 2/3 callosal projection neurons and in stellate
neurons of layer 4 is sufficient to reprogram them to acquire a corticofugal
identity (De la Rossa et al., 2013; Rouaux and Arlotta, 2013). Molecular
characterization of these cells shows that they upregulate markers associated
with corticofugal projection neuron identities and repress markers of their original
fate (De la Rossa et al., 2013; Rouaux and Arlotta, 2013). Strikingly, despite their
ectopic location, Fezf2-overexpressing neurons are able to redirect their axons to
subcerebral targets, including the thalamus and the spinal cord (Rouaux and
Arlotta, 2013).

Interestingly, and in agreement with the somatic cell nuclear

transfer experiments, while Fezf2 is capable of reprogramming up to ~40% of
early postmitotic cortical neurons, this potential dramatically declines during early
perinatal stages (postnatal day 3 – P3) and it is exhausted by the time in which
neurons are considered mature (postnatal day 21 [P21]) (Rouaux and Arlotta,
2013), suggesting that molecular roadblocks come into place as cortical neurons
mature to permanently lock their identity.
The extent at which mature neurons can be induced to change aspects of
their identity is still unknown. Mounting evidence, however, suggests that some
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aspects of neuronal identity could be modified even in adulthood. Pioneering
work in the rat and Xenopus has shown that different populations of CNS
neurons can change their neurotransmitter identity in response to stimulation
(Demarque and Spitzer, 2012; Dulcis et al., 2013; Spitzer, 2012; Xiao et al.,
2010). Neurotransmitters are genetically programmed during development and
neurotransmitter identities of differentiated neurons were thought to remain
constant throughout the life of the organism (Pierani et al., 2001). In the
mammalian brain, the hypothalamus contains tyrosine hydroxylase (TH)-positive,
and SST-positive neurons (Dulcis et al., 2013). It has been shown that exposure
to different light cycles can tilt the balance between TH- and SST-positive
neurons; while TH expression is correlated with decreased light exposure, SST
shows an inverse pattern (Dulcis et al., 2013). Interestingly, postsynaptic neurons
are capable of changing their dopaminergic receptor composition to adapt to the
changes in TH-expressing neurons (Dulcis et al., 2013), suggesting that
neurotransmitter respecification may be a common process involved in
homeostatic synaptic regulation (Spitzer, 2012).
A different parameter that can, in principle, be changed in the adult brain is
the morphology of the apical dendritic tuft (Emoto, 2011). In vivo multi-photon
imaging studies have demonstrated that in the wild-type brain, the apical
dendritic morphology of mature cortical projection neurons is stable (Emoto,
2011; Lee et al., 2006). However, in some mutant lines, the apical dendritic
morphology continues to change in the adult brain. For example, in the deltacatenin knockout model, the apical dendritic arborization is established and
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mantianed normally up to 5 weeks after birth (Matter et al., 2009). Yet by
postnatal week 10, the total arbor size has retracted by ~30% (Matter et al.,
2009). In a different study, removal of the tumor suppressor Pten resulted in
phenotypically normal upper layer callosal projection neurons up to early
adulthood (7-8 weeks after birth) (Chow et al., 2009). Strikingly, however, by
week 12, the apical arbor length of these neurons had expanded by up to ~60%
of the original size (Chow et al., 2009). Altogether, these results suggest that
dendritic arborization of mature neurons retain the capacity to change. Great
caution, however, needs to be taken in interpreting these results as an adult
reprogramming of morphological traits: while the phenotypes observed in these
studies were evident in adult neurons, the removal of delta catenin and Pten
occurred during embryonic development (Chow et al., 2009; Matter et al., 2009).
It is therefore possible that other subtle alterations in cell identity were present
much earlier. Conditional removal of these genes specifically in adult neurons will
be needed to truly understand whether the apical dendritic tufts of adult neurons
are amenable to change.
In addition to these observations, removal of key transcription factors in
neurons has also demonstrated that some parameters of neuronal identity are
mutable (Dehorter et al., 2015; Liu et al., 2010; Montana et al., 2013; Zhao et al.,
2006b). For example, in the retina it has been shown that conditional removal of
Nrl in rod photoreceptors is sufficient to partially reprogram several aspects of
their molecular, morphological and physiological identity, which then more closely
resemble those of cone photoreceptors (Montana et al., 2013). Similarly,
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conditional removal of Pet-1 or Lmx1b in serotonergic neurons of the dorsal
raphe nucleus of the brainstem is sufficient to affect several aspects of their
identity, including electrophysiological properties and neurotransmitter release
(Liu et al., 2010; Zhao et al., 2006b). Finally, recent work has demonstrated that
conditional removal of Er81 (also known as Etv1) in juvenile neocortical PVpositive interneurons is sufficient to change some of their electrophysiological
properties, including latency and action potential threshold (Dehorter et al., 2015).
Altogether, these results are tremendously exciting, as they indicate that
signature aspects of neuronal identity can be amenable to change, even in the
adult brain. Moreover, these studies open the possibility of reinstructing the
class-specific identity of mature neurons, which could be enormously useful not
only as a new therapeutic approach, but also as a new tool to understand the
role and plasticity of different cell types throughout the brain.
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Table 1.1 Milestones in reprogramming in the central nervous system
Year
1962
1996
2004
2006
2010
2013
2013

Milestone
Somatic cell nuclear transfer of a terminally
differentiated cell generates a living animal
Fist mammalian cloned from an adult
terminally differentiated cell
Cloning accomplished using mammalian
neurons as donors
Direct reprogramming of fibroblasts into
induced pluripotent stem cells
Direct reprogramming of fibroblasts into
neurons
In vivo reprogramming of non-neuronal cells
into neurons
In vivo reprogramming of subclass-specific
identity of postmitotic neurons
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References
(Gurdon, 1962)
(Campbell et al., 1996)
(Eggan et al., 2004)
(Takahashi and Yamanaka,
2006)
(Vierbuchen et al., 2010)
(Torper et al., 2013)
(De la Rossa et al., 2013;
Rouaux and Arlotta, 2013)

1.6 Dissertation overview
In this dissertation I challenge the view that neuron identity is terminally
instructed and demonstrate that different class-specific identity traits are mutable
in response to powerful transcription factors in vivo. I focus on neocortical
callosal projection neurons of layers 2/3 and take advantage of two different
methods to achieve reprogramming of these neurons into corticofugal projection
neurons of layers 5 and 6. The first uses a neuron-specific promoter to induce
reprogramming of early postmitotic, embryonic neurons. The second uses an
inducible system that confers temporal control of gene expression and allows me
to overexpress genes specifically at later developmental time points.
I have opened this dissertation with an overview of the cerebral cortex and
the generation of excitatory projection neurons and inhibitory interneurons. I
emphasized the recognition between these two broad classes of neurons and the
assembly of cortical circuits. I then focused on the field of in vivo reprogramming
within the central nervous system, and particularly, the cerebral cortex.
In Chapter 2, I investigate the depth of neuronal reprogramming in a
previously established model of early postmitotic transgene overexpression. This
chapter

includes

reprogrammed

a

combination

neurons

and

of

molecular

electrophysiological

characterization
recordings

of

of

the

intrinsic

electrophysiological properties.
In Chapter 3, I investigate the effects of reprogramming the class-specific
identity of projection neurons on local cortical circuits. I focus on changes in
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inhibitory interneuron innervation upon reprogramming of layer 2/3 callosal
projection neurons. Particular emphasis is given to PV-positive interneurons,
which preferentially innervate the cell soma of projection neurons.
In Chapter 4, I describe a novel combination of factors that allows the
induction

of

several

class-specific

changes

in

the

molecular

and

electrophysiological properties of mature neurons.
I then conclude with a discussion of the implications of this work in
understanding the nuclear plasticity of postmitotic neurons and overcoming the
molecular roadblocks to reprogramming in neurons, and the role of neuronal
reprogramming as a new tool to investigate synaptic plasticity, circuit
establishment and rewiring in the cerebral cortex.

1.7. Chapter acknowledgments
I would like to thank Paola Arlotta, Juliana Brown, Ashwin Shetty and
Leonardo Ferreira for insightful comments and critical reading of this chapter.
The majority of figures in this chapter were modified from (Molyneaux et al.,
2007a) by Dennis Sun, to whom I am truly grateful. Figure 1.3.1 was modified
from (Hensch, 2005b), for which I used imaged designed by Dennis Sun.
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CHAPTER 2:
Reprogramming the class-specific identity of early postmitotic callosal
projection neurons into corticofugal projection neurons

Author contribution: This project was an equal effort between Zhanlei Ye, a
fellow graduate student in Takao Hensch’s lab, and me. Caroline Rouaux trained
me in performing the surgical procedures needed for this project. I performed the
large majority of such surgical procedures. Juliana Brown and I optimized the
cortical dissociation and single cell isolation protocols used in this project. Juliana
Brown and I performed the single cell isolation and molecular analysis. Zhanlei
Ye performed all electrophysiological recordings.

Publication: Zhanlei Ye*, Mohammed A. Mostajo-Radji*, Juliana Brown,
Caroline Rouaux, Giulio Srubek Tomassy, Takao K. Hensch^, Paola Arlotta^.
Instructing perisomatic inhibition by direct lineage reprogramming of neocortical
projection neurons. Neuron. 2015 Nov; 88: 475-483
*Co-first author; ^Co-corresponding author

Parts of this chapter, including the results and figures, have been published in
the article cited above.
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2.1 Chapter Summary
It has been recently demonstrated that overexpression of the transcription
factor Fezf2 during embryonic and perinatal development is sufficient to
reprogram the molecular identity and axonal connectivity of neocortical callosal
projection neurons of layers 2/3 (L2/3 CPNs) into induced corticofugal projection
neurons (iCFuPNs) (Rouaux and Arlotta, 2013). Here we use a combination of
gene expression profiling and electrophysiological recordings to investigate the
extent of reprogramming in this paradigm. Single-cell gene expression profiling
demonstrates that individually reprogrammed neurons acquire the global
molecular signature of corticofugal projection neurons of layers 5 and 6 (L5/6
CFuPNs), while simultaneously repressing the L2/3 CPN identity.
Electrophysiological recordings of intrinsic neuronal properties demonstrate that
iCFuPNs acquire an electrophysiological profile indistinguishable from
endogenous CFuPNs. Altogether, we conclude that Fezf2 efficiently reprograms
several aspects of CPN identity to instruct a CFuPN fate in early postmitotitc
neurons in vivo.

2.2 Chapter Introduction
Seminal

work

has

demonstrated

that

the

identity

of

terminally

differentiated cells is amenable to change (Campbell et al., 1996; Gurdon, 1962;
Gurdon et al., 1958; Takahashi et al., 2007b; Takahashi and Yamanaka, 2006).
More recently, the power of transcription factors in reinstructing cellular fate has
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been exploited to create a variety of cell types in both in vitro and in vivo models
(Srivastava and DeWitt, 2016; Takahashi et al., 2007b; Takahashi and
Yamanaka, 2006).
In the central nervous system, many of the reprogramming efforts have
focused on converting resident non-neuronal cells into neurons in situ (Li and
Chen, 2016). In fact, it has been shown that overexpression of one or more of a
small set of transcription factors is sufficient to instruct the reprogramming of glial
cells into either GABAergic or glutamatergic neurons (Guo et al., 2014; Heinrich
et al., 2014; Torper et al., 2015; Torper et al., 2013), although the class-specific
identity of the final cells remains to be fully determined. For instance,
overexpression of Sox2 in striatal astrocytes reprograms them towards a
neuronal progenitor identity (Niu et al., 2013). In addition, overexpression of this
factor in Ng2-positive glia cells can reprogram them into neurons in a lesion
model (stab injury) (Heinrich et al., 2014). Similarly, Ascl1 overexpression in
astrocytes is sufficient to reprogram them into functional neurons (Faiz et al.,
2015; Liu et al., 2015).
Recent work has demonstrated that, during a window of embryonic and
early postnatal development, neocortical callosal projection neurons of layers 2/3
(L2/3 CPNs) and stellate neurons of layer 4 can be reprogrammed to acquire the
identity of corticofugal projection neurons of layers 5 and 6 (L5/6 CFuPNs) (De la
Rossa et al., 2013; Rouaux and Arlotta, 2013). Upon the overexpression of Fezf2,
these neurons acquire the molecular identity and long-distance connectivity of
CFuPNs, despite their ectopic location (Rouaux and Arlotta, 2013).
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Fezf2 is a terminal selector gene, which induces the CFuPN identity while
simultaneously repressing alternative fates (Lodato et al., 2014; Molyneaux et al.,
2005). Importantly, Fezf2 is capable of instructing CFuPN identity in neuronal
progenitors fated to other identities, even in the adult brain (Lodato et al., 2014;
Molyneaux et al., 2005; Rouaux and Arlotta, 2010; Zuccotti et al., 2014).
Interestingly, ectopically generated neurons received both excitatory and
inhibitory inputs (Zuccotti et al., 2014) suggesting that they can be incorporated
into functional circuits.
Whether reprogrammed neurons have acquired the complete portfolio of
CFuPN identity traits is unknown. Here we combined molecular and
electrophysiological

approaches

to

investigate

the

extent

of

neuronal

reprogramming induced in early postmitotic L2/3 CPNs (Figure 2.2.1). This work
indicates that Fezf2 overexpression is capable of inducing a fate switch in both
molecular and electrophysiological traits in postmitotic L2/3 CPNs, which now
acquire a CFuPN-like identity.
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Figure 2.2.1 Timeline of experiments performed in Chapter 2 and 3.
Ultrasound-guided in utero electroporation was performed at embryonic day 14.5
(E14.5); single-cell gene-expression profiling was done at postnatal day 15
(P15); electrophysiological recordings of acute brain slices were performed at
P22-26; histological analysis was performed at P28.
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2.3 Embryonically reprogrammed neurons acquire the molecular identity of
corticofugal projection neurons
It has been previously shown that Fezf2 overexpression in postmitotic
L2/3 CPNs is sufficient to induce expression of selected CFuPN markers
(Rouaux and Arlotta, 2013). In order understand the extent of molecular
reprogramming undergone by these cells and to use them as a tool to probe
circuit-level effects of reprogramming, we first characterized their gene
expression profile at a single cell resolution.
We assembled a broad panel of class-specific signature genes, which are
differentially expressed at either embryonic or postnatal stages of projection
neuron (PN) differentiation and maturation. This panel was compiled by data
mining of transcriptomic datasets of purified PNs at different developmental time
points (Arlotta et al., 2005; Molyneaux et al., 2009; Molyneaux et al., 2007a;
Molyneaux et al., 2015). This dataset contains every previously reported gene
differentially expressed between CPNs and CFuPNs, as well as newly identified
markers. The new markers were defined as genes specifically upregulated in
either callosal, subcerebral or corticothalamic projection neurons at any profiled
developmental timepoint. In toto, we selected 76 genes: 40 markers of CFuPN
identity and 36 CPN-specific genes (Table 2.1).
In order to target a large number of neurons in vivo, we overexpressed
Fezf2-GFP (Cdk5r-Fezf2eGFP) or control GFP-only (Cdk5r-emptyeGFP) constructs
in cortical progenitors under the postmitotic neuronal promoter Cdk5r (Delalle et
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al., 1997; Rouaux and Arlotta, 2013; Tsai et al., 1994) via ultrasound-guided in
utero electroporation at E14.5. This approach was previously demonstrated to
efficiently and specifically target early postmitotic migrating L2/3 CPNs (Rouaux
and Arlotta, 2013), through two mechanisms. First, in utero electroporation
functions by transfecting mitotic precursors; electroporation at E14.5 targets
progenitors fated to become only L2/3 CPNs, as all deep layer projection
neurons have excited the cell cycle by that time (Greig et al., 2013a; Molyneaux
et al., 2007a). Second, Cdk5r expression is limited to postmitotic neurons
(Delalle et al., 1997; Tsai et al., 1994), which ensures that Fezf2 is not expressed
in the targeted neuronal progenitors, but only in their differentiated progeny. We
refer to this approach as “embryonic (emb) Fezf2 overexpression”.
We dissociated electroporated cortices into single cell suspensions at
postnatal day 15 (P15). We then manually isolated individual GFP-positive
neurons and profiled them for a panel of 88 genes (the 76 markers described
above and 12 controls; Table 2.1) using high-density, fluidics-based single-cell
quantitative real time polymerase chain reaction (qRT-PCR) (Figure 2.3.1).
In order to identify cell populations and groups of similarly-behaving genes,
samples were partitioned using Partitioning Around Medoids (PAM) and
consensus clustering (Monti et al., 2003), and genes were clustered using
weighted gene co-expression network analysis (WGCNA) (Langfelder and
Horvath, 2008) (see also Appendix 1). PAM identified two sample clusters
(Figure

2.3.1):

Cluster

1

contained

the

majority

of

embryonic

GFP-

overexpressing (OE) control cells (emb Ctrl-OE) (54/57) and 33/70 embryonic
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Fezf2-overexpressing cells (emb Fezf2-OE), while Cluster 2 contained the
remaining 37 emb Fezf2-OE cells and 4 emb Ctrl-OE neurons. Principal
component analysis (PCA) of the gene expression data confirmed this cluster
division (Figures 2.3.2 and 2.3.3).
WGCNA identified four gene modules (Figure 2.3.1, Table 2.1 and
Appendix 1). Module 1 contained CFuPN genes (13/13) that were predominantly
upregulated in Cluster 2 (8/13; p<0.05 and >2-fold expression change). Module 3
contained predominantly CPN genes (10/13), half of which were downregulated
in Cluster 2 (6/13).
Importantly, Modules 1 and 3 were significantly anti-correlated within
individual cells (Spearman correlation of module eigengenes: r=-0.478,
p=<0.0001), indicating coordinate induction of CFuPN markers and repression of
CPN markers rather than a mixed cell identity. Overall, 10/12 genes upregulated
in Cluster 2 were CFuPN-associated and 6/6 downregulated genes were CPNassociated (Table 2.1). These results closely resembled the list of genes that
were significantly associated with PC1 in the sample PCA (Figure 2.3.2 and
Table 2.1). We conclude that approximately half of emb Fezf2-OE neurons are
molecularly reprogrammed into iCFuPNs, acquiring a global CFuPN-like gene
expression profile that is distinct from emb Ctrl-OE CPNs and that persists for at
least 3 weeks after initial conversion. To distinguish these iCFuPN cells from
postnatally-induced cells discussed in later chapters, we will henceforth refer to
them as embryonically induced CFuPNs (emb iCFuPNs).
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Figure 2.3.1 Single-cell gene-expression profiling of electroporated
neurons. mRNA expression analysis of CPN and CFuPN markers in single emb
Fezf2-OE PNs and emb Ctrl-OE PNs at P15 shows that a subset of Fezf2-OE
cells acquire a CFuPN-like molecular identity.
(A) Schematic representation of the experimental procedure. Animals were
sacrificed at P15 and their brains were dissociated into single cells suspensions.
Individual GFP-positive neurons were hand picked and profiled using fluidicsbased quantitative RT-PCR.
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(B) Gene expression heatmap of 88 genes assayed by quantitative RT-PCR
demonstrates acquisition of a global CFuPN-like signature in a subset of emb
Fezf2-OE neurons. Sample clustering by PAM identified 2 clusters (green/orange
and chartreuse/red bars). Top row of blue bars: item consensus (IC) values, a
metric of cluster assignment stability. Correlated gene expression modules were
identified by WGCNA (M1-M4: Module 1 through Module 4, N: not assigned to a
module). Bolding indicates genes with significant expression differences (>2-fold
and p<0.05); arrows indicate direction of change in Cluster 2. Also see Table 2.1.
Gene color-coding: red, CFuPN marker; green, CPN marker; purple, synaptic;
blue, normalization control; orange, other control. Number of cells: emb Fezf2OE n = 70, emb Ctrl-OE n= 57.
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Emb Fezf2-OE cluster 1
Emb Fezf2-OE cluster 2

0
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Figure 2.3.2 Principal Component Analysis (PCA) of electroporated
neurons separates two cell populations. PCA demonstrates that Cluster 1 and
Cluster 2 separate along Principal Component 1 (PC1). Cell color-coding: Dark
green, emb Ctrl-OE PNs in Cluster 1; light green, emb Ctrl-OE PNs in Cluster 2;
orange, emb Fezf2-OE PNs in Cluster 1; red, emb Fezf2-OE PNs in Cluster 2.
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PCA Loading Plot
0.3

CFuPN
CPN
Housekeeping
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Figure 2.3.3 Contribution of individual genes to PCA separation of cell
clusters. PCA loading plot represents the contribution of individual genes to the
first and second PCA axes; distance from the origin along each axis corresponds
to strength of contribution to that axis. CFuPN and CPN markers show opposite
contributions to the primary axis of variation (PC1). CPN- and CFuPN-associated
genes that significantly influence PC1 (significance of factor loading q<0.05 and
loading >|0.32|) are labeled; for clarity, genes close to the origin whose labels
would substantially overlap are not labeled (Fn1, Klhl25, Opn3, Prkch, and
Wnt7b).
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Table 2.1 Expression value and fold change of CPN and CFuPN signature
genes after embryonic Fezf2 overexpression analyzed by single-cell
quantitative RT-PCR. Column 1, gene name. Column 2, TaqMan assay catalog
number for all probes used in single-cell qPCR experiments. Column 3, Marker
assignment according to data mining in previously published datasets (Arlotta et
al., 2005; Molyneaux et al., 2009; Molyneaux et al., 2015). Columns 4-8,
Expression data: Column 4, WGCNA module assignment; Column 5 and 6,
average log2 expression in Clusters 1 and 2; Column 7, fold gene expression
difference between Cluster 1 and 2 (linear values); Column 8, p-value for
difference of average gene expression between clusters (FDR-corrected
Wilcoxon-Mann-Whitney test). HkPn = Housekeeping/Pan-neuronal gene.

Gene
Name
Ajap1
B2M
Bcl11b /
CTIP2
Cacna1
h
Cav1
Ccbe1
Cdh10
Cdh13
Cdh22

TaqMan
Assay ID
Mm0126
3769_m1
Mm0043
7762_m1
Mm0048
0516_m1
Mm0044
5382_m1
Mm0048
3057_m1
Mm0061
8932_m1
Mm0113
0944_m1
Mm0049
0583_m1
Mm0056
9750_m1

Cluster 1
Average
log2ex

Cluster 2
Average
log2ex

Fold
Change
Cluster 2 /
Cluster 1
(linear)

Differential
expression pvalue

Marker
Type

Module
Assignment

CPN

Module 3

5.16

3.58

0.335

<0.001

HkPn

Module 4

2.19

1.83

0.778

0.401

CFuPN

None

1.9

1.34

0.677

0.195

CFuPN

Module 1

1.28

2.75

2.76

<0.001

CPN

None

0.195

0.0982

0.935

0.705

CPN

None

0.0684

0.00124

0.955

0.3

CPN

Module 4

2.37

2.15

0.858

0.705

CFuPN

Module 1

1.29

1.81

1.44

0.242

CFuPN

Module 4

3.76

3.32

0.74

0.311
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Table 2.1 (Continued)

Gene
Name
Chn2
Cntn6
Crim1
Crym
Cux1
Cux2
Ddah1
Diap3
Dkk3
Doc2b
Dtx4
Ephb1
Etv1 /
Er81
Fat1
Fn1
Foxp2
Frem2
Frmd6
Galntl6
Gpr158
Grm2

TaqMan
Assay ID
Mm0132
6532_m1
Mm0051
6899_m1
Mm0123
2943_m1
Mm0051
6679_m1
Mm0119
5598_m1
Mm0050
0377_m1
Mm0131
9453_m1
Mm0049
8016_m1
Mm0044
3800_m1
Mm0049
2222_m1
Mm0054
9844_m1
Mm0055
7964_m1
Mm0051
4804_m1
Mm0120
0756_m1
Mm0125
6744_m1
Mm0047
5030_m1
Mm0055
6222_m1
Mm0126
6740_m1
Mm0072
3493_m1
Mm0055
8878_m1
Mm0123
5831_m1

Cluster 1
Average
log2ex

Cluster 2
Average
log2ex

Fold
Change
Cluster
2/Cluster 1
(linear)

Differential
expression
p-value

Marker
Type

Module
Assignm
ent

CPN

None

0.0855

0.476

1.31

0.00383

CFuPN

None

0.597

0.936

1.26

0.168

CFuPN

Module 1

2.18

2.94

1.69

0.158

CFuPN

Module 1

0.659

2.68

4.06

<0.001

CPN

Module 3

3.23

0.969

0.208

<0.001

CPN

Module 3

4.08

0.67

0.0943

<0.001

CFuPN

None

0.555

0.567

1.01

0.64

CFuPN

N/A

CFuPN

Module 1

CFuPN

N/A

N/A

N/A

N/A

1.1

3.65

5.83

<0.001

None

0.689

0.848

1.12

0.705

CPN

None

2.46

3.09

1.54

0.164

CFuPN

None

1.21

2.18

1.96

0.0163

CFuPN

Module 1

1.05

3.59

5.78

<0.001

CPN

None

0.0292

0

0.98

0.716

CPN

None

0.065

0.63

1.48

0.0455

CFuPN

None

0

0.000034

1

0.716

CPN

None

0

0.088

1.06

0.0568

CPN

None

0.274

0.0571

0.86

0.401

CFuPN

Module 1

0.128

1.56

2.7

<0.001

CPN

Module 2

2.77

3.2

1.35

0.386

CPN

Module 2

1.48

3.28

3.48

<0.001
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Table 2.1 (Continued)

Gene
Name
Gusb
Hcn1
Hspb3
Inhba
Inhbb
Kcnk9
Kcnn2
Klhl25
Ldb2/
Clim1
Lhx2
Limch1
Lmo4
Lrrtm4
Lrtm2
Map2
Mast4
Mdga1
mKIAA1
857
Nfe2l3
Npnt
Npr3

TaqMan
Assay ID
Mm0119
7698_m1
Mm0046
8832_m1
Mm0051
7345_s1
Mm0043
4339_m1
Mm0302
3992_m1
Mm0201
4295_s1
Mm0044
6514_m1
Mm0131
8618_m1
Mm0052
1915_m1
Mm0083
9783_m1
Mm0121
1753_m1
Mm0049
5373_m1
Mm0421
2676_m1
Mm0055
2794_m1
Mm0048
5231_m1
Mm0128
2811_m1
Mm0130
3346_m1
Mm0133
5392_g1
Mm0047
7788_m1
Mm0047
3794_m1
Mm0043
5329_m1

Cluster 1
Average
log2ex

Cluster 2
Average
log2ex

Fold
Change
Cluster
2/Cluster 1
(linear)

Differential
expression
p-value

Marker
Type

Module
Assignm
ent

HkPn

None

0

0.109

1.08

0.324

CFuPN

None

1.29

1.86

1.49

0.123

CPN

None

0.87

0.861

0.994

0.705

CPN

None

0.66

0.124

0.69

0.0499

CPN

None

0

0.00532

1

0.716

CFuPN

N/A

CFuPN

None

1.41

1.98

1.48

0.0951

CFuPN

None

0.0996

0.556

1.37

<0.001

CFuPN

Module 1

0.603

1.9

2.46

<0.001

CPN

Module 3

3.3

2.34

0.514

0.0106

CPN

Module 3

2.02

0.381

0.321

<0.001

CPN

Module 4

4.03

3.67

0.78

0.49

CFuPN

None

1.19

1.24

1.04

0.705

CFuPN

Module 1

1.38

1.92

1.45

0.145

Refere
nce

None

5.44

5.57

1.09

0.743

CPN

None

1.59

1.74

1.11

0.705

CPN

None

4.39

3.11

0.411

0.123

CPN

None

0.0239

0

0.984

0.743

CFuPN

None

0.0347

0.26

1.17

0.0754

CFuPN

None

4.88

4.11

0.589

0.705

CFuPN

None

0.433

0.395

0.974

0.813

N/A
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N/A

N/A

N/A

Table 2.1 (Continued)

Gene
Name
Nrip3
Ntng1
Oma1
Opn3
Parm1
Pcp4
Pdzrn3
Plxna4
Plxnd1
Ppia
Ppp1r13
b
Prkch
Pth1r
Ptn
Pvrl3 /
Nectin3
Rbfox3 /
NeuN
Robo1
Rplp0
S100a1
0
Satb2

TaqMan
Assay ID
Mm0050
8049_m1
Mm0120
0194_m1
Mm0126
0328_m1
Mm0043
8648_m1
Mm0052
3913_m1
Mm0050
0973_m1
Mm0049
0162_m1
Mm0116
3298_m1
Mm0118
4367_m1
Mm0234
2429_g1
Mm0133
9719_m1
Mm0043
5756_m1
Mm0044
1046_m1
Mm0113
2688_m1
Mm0045
8091_m1
Mm0124
8771_m1
Mm0080
3879_m1
Mm0072
5448_s1
Mm0050
1458_g1
Mm0050
7331_m1

Fold
Change
Cluster
2/Cluster
1 (linear)

Marker
Type

Module
Assignm
ent

Cluster 1
Average
log2ex

Cluster 2
Average
log2ex

CFuPN

None

0.0101

0

0.993

0.716

CFuPN

Module 2

0.299

1.35

2.07

<0.001

CFuPN

Module 4

0.169

0.121

0.967

0.743

CFuPN

Module 1

0.0123

0.464

1.37

<0.001

CFuPN

Module 1

0.596

2.02

2.68

<0.001

CFuPN

Module 1

1.24

5.99

26.9

<0.001

CPN

Module 3

2.24

1.58

0.631

0.0754

CPN

Module 3

2

1.46

0.688

0.102

CPN

Module 3

2.8

1.31

0.356

<0.001

Refere
nce

None

6.63

6.65

1.01

0.962

CFuPN

None

0.877

0.693

0.88

0.705

CPN

None

0

0.102

1.07

0.145

CPN

N/A

CPN

Module 3

6.6

6.05

0.686

0.00383

CPN

Module 3

4.08

2.23

0.277

<0.001

HkPn

Module 3

3.96

3.26

0.618

<0.001

CFuPN

None

0.304

0.204

0.933

0.705

HkPn

None

0.41

0.504

1.07

0.386

CFuPN

None

0.613

0.511

0.932

0.705

CPN

Module 4

4.44

4.48

1.03

0.953

N/A
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N/A

N/A

Differential
expression
p-value

N/A

Table 2.1 (Continued)

Gene
Name
Scg2
Shisa2
Shisa6
Slc17a7
/ Vglut1
Slc24a3
Snap25
Stx1a
Syt9
Tbp
Tle4
Tmem16
3
Unc5d
Usp43
Vamp2
Vat1l
Wnt7b
Ywhaz
Zdhhc23
Zfp703 /
Csmn1
Zfp804a
Zfpm2 /
Fog2

TaqMan
Assay ID
Mm0084
3883_s1
Mm0052
0925_m1
Mm0132
9069_m1
Mm0081
2886_m1
Mm0044
6428_m1
Mm0045
6921_m1
Mm0044
4008_m1
Mm0050
2475_m1
Mm0044
6971_m1
Mm0119
5172_m1
Mm0129
1623_m1
Mm0046
7655_m1
Mm0062
0499_m1
Mm0132
5243_m1
Mm0055
7153_m1
Mm0130
1717_m1
Mm0395
0126_s1
Mm0134
3753_m1
Mm0341
2474_m1
Mm0127
0020_m1
Mm0049
6074_m1

Marker
Type

Module
Assignm
ent

Cluster 1
Average
log2ex

Cluster 2
Average
log2ex

Fold
Change
Cluster
2/Cluster 1
(linear)

Differential
expression
p-value

CPN

Module 2

0.835

0.977

1.1

0.605

CPN

None

0.0627

0.198

1.1

0.26

CPN

Module 2

0.525

0.954

1.35

0.0688

Synaps
e

Module 4

8.06

8.33

1.21

0.144

CPN

Module 2

1.03

2.24

2.31

0.00383

Module 3

8.88

8.44

0.737

0.0135

Module 4

6.75

6.57

0.884

0.766

0.258

0.348

1.06

0.743

Synaps
e
Synaps
e
CFuPN

None

HkPn

Module 3

1.37

1.12

0.838

0.705

CFuPN

None

1.22

1.8

1.5

0.346

CFuPN

None

0.097

0

0.935

0.319

CPN

None

1.26

0.823

0.741

0.296

CPN

None

0.442

0.894

1.37

0.0758

Synaps
e

Module 4

5.14

5.76

1.54

<0.001

CFuPN

None

0.0704

0.0126

0.961

0.716

CFuPN

Module 1

0.254

0.693

1.36

0.0346

Refere
nce

None

5.34

5.17

0.887

0.455

CFuPN

None

2.42

3.43

2.01

0.0106

CFuPN

N/A

CFuPN

None

0.389

0.314

0.949

1

CFuPN

None

0.114

0.486

1.29

0.072

N/A
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N/A

N/A

N/A

2.4

Embryonically

reprogrammed

neurons

acquire

intrinsic

electrophysiological properties of endogenous corticofugal projection
neurons
We next assessed whether emb iCFuPNs acquire appropriate subtypespecific electrophysiological properties. We used whole-cell patch clamp
recording in acute brain slices at postnatal days 22-26 (P22-P26). We measured
12 intrinsic parameters: 5 related to passive membrane properties (Resting
potential, Vm; Voltage sag, Vsag; membrane time constant, tau; input resistance,
Rm and membrane capacitance, Cm) and 7 to action potential (AP) generation
(current threshold, CThr; voltage threshold, VThr; AP amplitude, APAmp; AP
half-width, APhw; AP rising time, APrise; AP fast afterhyperpolatization, AP
fAHP; AP Decay, APDecay) (Tables 2.2 and 2.3).
We confirmed that GFP overexpression did not alter any of these
parameters by comparing the electrophysiological properties of emb Ctrl-OE PNs
and endogenous L2/3 CPNs (Figure 2.4.1 and Table 2.2). Therefore, to improve
the power of analysis, the 8 endogenous L2/3 CPNs and 24 emb Ctrl-OE PNs
were combined as a single group, hereafter collectively referred to as L2/3 CPNs
(Tables 2.2 and 2.3 and Figures 2.4.5 and 2.4.6). As expected, the intrinsic
properties of L2/3 CPNs were distinct from endogenous L5 CFuPNs (identified by
cell size; see Appendix 1) (Table 2.3 and Figures 2.4.2; 2.4.5 and 2.4.6) (Mason
and Larkman, 1990a).
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Emb Fezf2-OE cells differed significantly from L2/3 CPNs in CThr, Rm,
Vsag, Tau, and Rm (Figure 2.4.1 and Table 2.2). They also showed a greater
variance in Vm, Vsag, Tau, Rm, and Cm, suggesting population heterogeneity
(Figure 2.4.1 and Table 2.2). Indeed, two firing patterns were observed: one
similar to L5 CFuPNs, and the other to L2/3 CPNs. In agreement, the histogram
of emb Fezf2-OE cells on the major axis of variation (PC1, accounting for 41.3%
of the total variance) was best fitted by a two-component Gaussian model (Loglikelihood ratio test, LRT, p=0.017) (Figure 2.4.2). In contrast, the PC1
histograms of L2/3 CPNs and L5 CFuPNs were best fitted with one-component
Gaussian distributions, suggesting single populations.
We applied supervised machine learning to unbiasedly classify emb
Fezf2-OE cells based on their electrophysiological properties (see Appendix 1
and Figures 2.4.3 and 2.4.4). Averaging over 1000 runs of the classifier, 14/33
emb Fezf2-OE PNs were classified as L5 CFuPNs (~42%; emb iCFuPNs), while
19/33 were classified as CPNs, (~58%; emb Fezf2-OE Non-reprogrammed, emb
Fezf2-OE NR)(Figure 2.4.4 B-C). PCA on these data also separated emb Fezf2OE cells into two groups (Figure 2.4.5, and Tables 2.3 and 2.4). After
classification, emb iCFuPNs and emb Fezf2-OE NR PNs showed a clear
separation in Vm, Vsag, Tau, CThr, voltage threshold (VThr), and fast afterhyperpolarization (fAHP) (Figures 2.4.5 and 2.4.6; Table 2.2). This classification
ratio is consistent with the previously reported efficiency of molecular
reprogramming (Rouaux and Arlotta, 2013) and in line with our single cell gene
expression analysis. Altogether, the data indicate that individual emb iCFuPNs
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shift their intrinsic electrophysiological properties to resemble those of L5
CFuPNs.
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Figure 2.4.1 Comparison of intrinsic electrophysiological properties
between naïve L2/3 CPNs, emb Ctrl-OE PNs and emb Fezf2-OE PNs. In the
following order: current threshold, resting potential, voltage threshold for action
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Figure 2.4.2 A subset of Fezf2-OE PN acquires CFuPN-like firing profiles.
(A) Representative current steps at -100, 50, and 350 pA. A subset of emb
Fezf2-OE PN acquire a firing pattern similar to L5 CFuPNs, whereas a different
subset resemble endogenous L2/3 CPNs and L2/3 emb Ctrl-OE PNs. Scale bar:
500 ms (horizontal), 20 mV (vertical). (B) Histogram of cell distribution along PC1
shows bimodal distribution of emb Fezf2-OE cells. Dotted lines: fits to single
(L2/3 CPN, L5 CFuPN) or mixed (emb Fezf2-OE) Gaussian distributions. PDF:
probability density function.
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Figure 2.4.3 Schematic representation of algorithm training and cell
classification. The classifier was trained using 1000 runs over 60% of control
cell data (emb Ctrl-OE PNs and endogenous L2/3 CPNs vs. L5 CFuPNs), with a
new random selection for each run, tested on the remaining 40% of control cell
data, and then applied to classify emb Fezf2-OE cells.
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Figure 2.4.5 Principal Component Analysis on intrinsic electrophysiological
properties separates algorithmically identified emb iCFuPNs from emb
Fezf2-OE NR neurons. (A) PCA analysis clusters the emb Fezf2-OE NR and
emb iCFuPN populations with L2/3 CPNs and L5 CFuPNs, respectively. Color
coding: Light gray, naïve L2/3CPNs; dark grey, naïve L5 CFuPNs; green, emb
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Figure 2.4.6 Emb iCFuPNs have intrinsic electrophysiological properties
that closely resemble endogenous L5 CFuPNs. Intrinsic properties of
algorithmically identified emb iCFuPNs and emb Fezf2-OE NRs resemble L5
CFuPNs and L2/3 CPNs, respectively. Endogenous L2/3 CPN n=8, emb Ctrl-OE
neurons n=24, L5 CFuPN n=11, emb iCFuPN n=14, emb Fezf2-OE NR cells
n=21. Error bars: mean ± SEM. (A) Firing-current curves (spike numbers in 2
seconds vs. current injection). Asterisks indicate p values (Black, L5 CFuPN vs.
L2/3 CPN; Red, emb iCFuPN vs. L2/3 CPN; Gold, L5 CFuPN vs. emb iCFuPN): *
p<0.05, ** p<0.01, *** p<0.001.) (B-D) Quantification of passive membrane
properties: (B) Vm, resting potential; (C) Vsag, voltage sag and (D) Tau.
(E-H) Quantification of action potentials: (E) Sample traces of action potentials,
(F) Current Threshold, (G) Voltage Threshold and (H) action potential fast
afterhyperpolarization (fAHP).
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Table 2.2 Intrinsic electrophysiological properties of L2/3 PNs. Values for
endogenous L2/3 CPNs and emb Ctrl-OE neurons before merging, and emb
Fezf2-OE cells before algorithmic identification. Comparisons between emb CtrlOE neurons and emb Fezf2-OE cells: Comparison of means:
p<0.01; F test for standard deviation:

c

p<0.0001;

d

a

p<0.001;

b

p<0.05. All comparisons

between endogenous L2/3 CPNs and emb Ctrl-OE PNs were non-significant.

Parameter
Current Threshold (pA)
Resting Potential (mV)
AP Voltage Threshold
(mV)
AP Amplitude (mV)
AP fAHP (mV)
AP Half-width (ms)
AP Rising Time (ms)
AP Decay Time (ms)
Voltage Sag (mV)
Membrane Time
Constant (ms)
Resistance (MΩ)
Capacitance (pF)

Endogenous L2/3
CPN
292.50±17.50
-77.90±1.75

Emb Ctrl-OE
PN
285.00±12.53
-75.44±0.68

Emb Fezf2-OE
PN
224.55±14.57 b
-70.31±0.95 a,d

-32.03±1.11

-32.92±0.64

-33.59±0.72

86.75±2.01
-5.04±0.89
2.07±0.10
0.48±0.04
2.19±0.19
0.30±0.16

90.38±0.82
-4.71±0.45
2.24±0.05
0.48±0.02
2.36±0.08
0.18±0.07

88.32±1.01
-3.32±0.50
2.24±0.06
0.53±0.02
2.42±0.08
1.90±0.35 a,c

9.87±1.68

8.07±0.28

13.53±1.15 a,c

67.94±10.48
150.69±18.56

54.52±2.26
152.91±7.17

77.69±5.00 a,c
174.83±10.09 d
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Table 2.3 Emb iCFuPNs acquire intrinsic electrophysiological properties of
L5 CFuPNs. Values for (combined) control CPNs, L5 CFuPNs, emb iCFuPN and
emb Fezf2-OE NR neurons, and ANOVA p-values for comparisons between
a

these groups. Dunn's Multiple Comparison Test: vs. emb iCFuPN:

p<0.001;

b

p<0.01; c p<0.05; vs. L5 CFuPN: d p<0.001; e p<0.01; f p<0.05
Parameter
Current
Threshold (pA)

L2/3 CPN
283.64±10.60
a,d

L5 CFuPN

Emb iCFuPN

107.27±13.20

-155.00±15.38

Emb Fezf2OE NR
267.14±14.32
b,d

ANOVA p
value
< 0.0001

Resting
Potential (mV)

-76.01±0.69

a,d

-68.93±1.44

-65.26±0.76

AP Voltage
Threshold (mV)

-32.70±0.56

a,d

-40.54±0.97

-35.49±0.87

-86.89±3.94

86.74±1.78

a,e

1.76±0.76

1.39±0.70

-4.96±0.51

b,f

< 0.0001

b

1.76±0.13

2.12±0.10

2.28±0.07

e

0.0058

0.51±0.04

0.53±0.03

e

1.66±0.18

2.22±0.11

2.43±0.09

AP Amplitude
(mV)

88.31±1.44

AP fAHP (mV)

-4.93±0.42

AP Half-width
(ms)

2.20±0.05

AP Rising Time
(ms)

0.51±0.03

AP Decay Time
(ms)

2.31±0.07

Voltage Sag
(mV)

0.20±0.07

a,d

4.62±0.65

3.82±0.38

Membrane Time
Constant (ms)

8.47±0.47

a,d

22.56±2.50

Resistance (MΩ)

60.64±4.21

a,d

Capacitance
(pF)

149.15±7.56

b

-73.71±0.81

a

-32.19±0.99

< 0.0001

b,d

< 0.0001

87.13±2.00

0.676

0.53±0.02

0.5554

d

0.0014

0.46±0.21

a,d

< 0.0001

19.85±1.28

8.66±0.61

a,d

< 0.0001

127.08±19.51

98.23±7.56

66.97±5.21

190.55±14.86

212.97±15.67
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c,e

138.79±10.40
b,f

< 0.0001
0.0002

Table 2.4 Eigenvectors of PCA on 12 electrophysiological properties. Table
of eigenvectors for the principal component analysis of electrophysiological
parameters in cortical PNs (Figure 2.4.5). Fraction of variance explained for each
of the first 5 principal components is indicated, along with p values for
significance of factor loading on total variation along PC1, calculated as
correlation of gene expression to the sample score (Yamamoto et al., 2014).
Important variables (absolute values over 0.32) on PC1 are bolded. Significance
of factor loading on overall variation along PC1: a p<0.001; b p<0.01; c p<0.05
PC1

PC2

PC3

PC4

PC5

0.413

0.236

0.112

0.065

0.055

Current Threshold -0.3937a

0.1044

0.0413

-0.1805

0.1319

0.3204b

-0.0385

0.2875

-0.3756

0.178

Voltage Threshold -0.3236b

-0.287

0.0301

-0.2373

0.3822

0.4707

0.2411

0.2697

-0.2384

AP Half-width -0.2229c -0.4445

0.2594

0.1678

-0.2135

Fraction Variance
Variable

Resting Potential

AP Amplitude

-0.1189

AP fAHP

0.2861b

0.0114

0.2066

-0.5548 -0.5775

AP Rising time

0.0163

-0.5458

-0.061

-0.1918

0.0362

AP Decay time -0.2112c -0.2691

0.5207

0.2342

-0.3296

Voltage sag

0.4027a

-0.0171 -0.0427 -0.0332

0.053

Time constant (tau)

0.3769a

-0.1665

0.1567

0.3632

0.1818

Resistance

0.3308b

-0.2658

-0.25

0.3668

-0.1094

Capacitance

0.1827

0.1303

0.6187

0.0459

0.4594

76

2.5 Chapter Discussion
In vivo reprogramming within the central nervous system could be of
immense therapeutic potential, as degeneration of specific neuronal subtypes is
normally associated with major neuropathies. For example, in amyotrophic lateral
sclerosis, subcerebral projection neurons, a subtype of corticofugal projection
neurons, are specifically degenerated (da Rocha et al., 2004; Lee et al., 2003;
Mascalchi et al., 1995), while other subtypes of neurons seem to remain largely
unaffected (da Rocha et al., 2004; Lee et al., 2003; Mascalchi et al., 1995). In
vivo reprogramming could, in principle, be used to induce a portion of the
unaffected neurons to acquire the identity of the deficient population.
In order to understand the nuclear plasticity of neurons, one would like to
study their reprogramming capacity in response to lineage-specific transcription
factors. In other reprogramming models, it has been frequently observed that
reprogrammed cells retain some aspects of epigenetic memory of their cell of
origin (Vierbuchen et al., 2010). Importantly, overexpression of the same
transcription factor can create distinct products depending on the identity of the
original cell (Guo et al., 2014; Li and Chen, 2016). It would therefore be ideal to
use closely related cell types as starting material in both therapeutic and
experimental applications of in vivo reprogramming within the central nervous
system.
The ability to reprogram cells in vivo could also become a valuable tool to
study biological phenomena, as it creates sparsely-distributed cells of a different
identity in an otherwise intact environment. For instance, the ability to create
ectopic corticofugal projection neurons has been crucial in uncovering a role in
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projection neuron identity in guiding the final positioning of cortical interneurons
(Lodato et al., 2011). In this study, Fezf2 overexpression in cortical progenitors
induced them to acquire a corticofugal fate. In this model, the induced neurons
failed to migrate to the cortical plate and formed focal groups of cells below the
cortex (Lodato et al., 2011). Interestingly, deep-layer cortical interneurons were
specifically recruited to this ectopic location (Lodato et al., 2011), indicating that
signals from cortical projections have a role, at least in part, in dictating the final
positioning of inhibitory interneurons.
A more recent example used in vivo reprogramming of L4 stellate neurons
into iCFuPNs to investigate the role of cell identity in the establishment of
thalamocortical circuits (De la Rossa et al., 2013). Normally, L4 stellate neurons
in the neocortex receive sensory input from the thalamus (Schubert et al., 2007).
Interestingly, however, after Fezf2-induced fate conversion, thalamocortical
axons fail to innervate the stellate neuron-derived iCFuPNs (De la Rossa et al.,
2013), suggesting that the identity of the postsynaptic partner is important in the
establishment of this network. While intriguing, this study has some limitations.
Specifically, the identity of the reprogrammed neurons was incompletely
characterized (De la Rossa et al., 2013), leaving open the possibility that Fezf2overexpressing neurons were only partially reprogrammed. In the future, deeper
cell profiling would allow us to understand whether the lack of thalamic
innervation observed in this model was truly due to a change in identity of the
postsynaptic cell or triggered by other phenomena, such as a homeostatic
change in circuit excitability.
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In order to use reprogrammed neurons as a tool to study circuit plasticity
and function, one needs to first characterize the extent of reprogramming. It was
previously demonstrated that Fezf2 overexpression during embryonic and
perinatal development can induce L2/3 CPNs to change their molecular identity
(at the level of a small subset of marker genes) and axonal connectivity (Rouaux
and Arlotta, 2013). Here we complemented these studies by showing that emb
iCFuPNs reprogram their global molecular network in response to Fezf2, as
single neurons upregulated CFuPN genes while simultaneously repressing CPN
markers.

Importantly,

this

reprogramming

paradigm

also

induced

electrophysiological traits resembling those of CFuPNs. Notably, emb iCFuPNs
showed a Vsag equivalent to L5 CFuPNs and larger than that of L2/3 CPNs,
consistent with previously reported differences between L2/3 CPNs and L5
CFuPNs (Mason and Larkman, 1990a). This suggests that emb iCFuPNs share
functional properties with L5 CFuPNs, as Vsag is a characteristic of
hyperpolarization-activated (Ih) current, which is important in regulating neuronal
excitability, spike timing precision and network rhythmic activities (Luthi and
McCormick, 1998).
The field of direct conversion of postmitotic neurons is still at the initial
stages. While exciting work has shown that terminally differentiated neurons can
be converted from one subtype into another (De la Rossa et al., 2013; Rouaux
and Arlotta, 2013), this task has only been accomplished during embryonic
development and at early perinatal stages (Rouaux and Arlotta, 2013),
suggesting that additional mechanisms come into place to restrict the nuclear
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plasticity of neurons as they mature. In Chapter 4 of this thesis, I will discuss my
efforts to induce molecular and electrophysiological changes in mature neurons.
Together, this work paves the way towards the understanding of neuronal
nuclear plasticity and its application in understanding circuit establishment,
maintenance and plasticity.
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CHAPTER 3:
Instructing perisomatic inhibition by direct lineage reprogramming of
neocortical projection neurons

Author contribution: This project was an equal effort between Zhanlei Ye, a
fellow graduate student in Takao Hensch’s lab, and me. I performed all surgical
procedures. Giulio Tomassy and I performed all imaging and histological
analyses. Juliana Brown and I performed single-cell isolation and geneexpression analysis. Zhanlei Ye performed all electrophysiological,
pharmacological and optogenetic recordings.

Publication: Zhanlei Ye*, Mohammed A. Mostajo-Radji*, Juliana Brown,
Caroline Rouaux, Giulio Srubek Tomassy, Takao K. Hensch^, Paola Arlotta^.
Instructing perisomatic inhibition by direct lineage reprogramming of neocortical
projection neurons. Neuron. 2015 Nov; 88: 475-483
*Co-first author; ^Co-corresponding author

Parts of this chapter, including the results, figures and large portions of the text,
have been published in the article cited above.

81

3.1 Chapter Summary
During development of the cerebral cortex, local GABAergic interneurons
recognize and pair with excitatory projection neurons to ensure the fine
excitatory-inhibitory balance essential for proper circuit function. Whether the
class-specific identity of projection neurons has a role in the establishment of
afferent inhibitory synapses is debated. Here, we report that direct embryonic in
vivo lineage reprogramming of layer 2/3 (L2/3) callosal projection neurons
(CPNs) into induced corticofugal projection neurons (Emb iCFuPNs) increases
inhibitory input onto the converted neurons to levels similar to that of endogenous
CFuPNs normally found in layer 5 (L5). Emb iCFuPNs recruit increased numbers
of inhibitory perisomatic synapses from parvalbumin (PV)-positive interneurons,
with single-cell precision and despite their ectopic location in L2/3. The data
show that individual reprogrammed excitatory projection neurons extrinsically
modulate afferent input by local PV-positive interneurons, suggesting that
projection neuron class-specific identity can actively control the wiring of the
cortical microcircuit.
3.2 Chapter Introduction
The correct balance between glutamatergic excitatory projection neurons
(PNs) and local GABAergic inhibitory interneurons (INs) is crucial for the proper
function and plasticity of the cerebral cortex, and its misregulation is implicated in
a variety of neurodevelopmental and neurodegenerative disorders, including
autism, schizophrenia, Rett syndrome, bipolar disorder and amyotrophic lateral
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sclerosis (Cellot and Cherubini, 2014; Fang et al., 2014; Hashemi et al., 2016;
Lewis et al., 2012; Pantazopoulos et al., 2007; Rossignol, 2011; Zhang et al.,
2014). However, little is known about the mechanisms underlying the recognition
and pairing of INs and PNs in the developing cortical circuit.
PNs and INs are both extremely diverse classes of neurons that must
precisely interact in the neocortex to form complex local circuits. PNs are broadly
divided into two main subgroups, which contain a variety of neuronal subtypes
(Greig et al., 2013b; Lodato et al., 2015). Commissural PNs, including callosal
PNs (CPNs), are largely located in layer 2/3 (L2/3) and send their axons to the
contralateral hemisphere, striatum, and frontal cortex. Corticofugal PNs
(CFuPNs) are located in L5 and L6 and connect to subcortical targets including
the thalamus, superior colliculus, pons, and spinal cord. The activity of all PNs is
modulated by local GABAergic INs, which are classified into distinct subtypes
based on molecular identity, morphology, electrophysiological properties, and the
location of their synaptic connections (DeFelipe et al., 2013; Markram et al.,
2004b; Petilla Interneuron Nomenclature et al., 2008). Among IN subtypes,
parvalbumin (PV)-positive cells largely synapse onto the soma of PNs (Buhl et al.,
1994), and are the major source of miniature inhibitory post-synaptic currents
(mIPSCs) (Soltesz et al., 1995).
Once in their final position, INs form dense connectivity with many
neighboring PNs (Fino et al., 2013). However, paired recordings have also
shown that connection probabilities among PNs or between PNs and INs depend
on the identity of the pre- and post-synaptic partners (Brown and Hestrin, 2009b;
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Lee et al., 2014; Otsuka and Kawaguchi, 2009). Different populations of PNs
within L5 receive differing excitatory and inhibitory inputs, and emerging evidence
suggests that the strength of inhibition from PV-positive cells varies between PN
subtypes in L5 (Lee et al., 2014). Similarly, INs selectively innervate PNs with
distinct long-distance targets (Krook-Magnuson et al., 2012; Lee et al., 2014;
Varga et al., 2010). Together, these results suggest that PN identity might have a
role in the establishment of specific afferent connectivity.
It was previously demonstrated that upon embryonic overexpression of
Fezf2, postmitotic L2/3 CPNs are instructed to acquire the fate of L5 CFuPNs
(Rouaux and Arlotta, 2013). Moreover, in Chapter 2 of this thesis, we
demonstrated that embryonically induced iCFuPNs (emb iCFuPNs) acquired the
global molecular and electrophysiological signature of CFuPNs. In this chapter
we show that, despite being ectopically distributed among L2/3 CPNs, emb
iCFuPNs receive a level of perisomatic inhibition comparable to endogenous L5
CFuPNs, and significantly higher than neighboring L2/3 CPNs. This was at least
partly due to a larger number of PV-positive synapses onto emb iCFuPNs, and
was independent of IN lamination. Thus, reprogramming PN class-specific
identity is sufficient to shape PV-positive inhibitory input in vivo.
3.3 Emb iCFuPNs are more inhibited than parental L2/3 CPNs
Whether individual PN subtypes can differentially affect afferent synaptic
input from local INs is still debated. The reprogramming model described in
Chapter 2 generates sparse populations of CFuPNs within an ectopic L2/3
location, and thus can be used to examine whether PN subclass identity directs
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local inhibitory synaptic input at the level of individual cells, independent of
laminar context.
We first assessed the inhibitory network targeting emb Ctrl-OE PNs,
endogenous L5 CFuPNs, and emb Fezf2-OE PNs using electrophysiological
recordings of miniature inhibitory postsynaptic currents (mIPSCs) at P22-P26
(Figure 3.3.1). Consistent with previous literature (Lee et al., 2014), we found that
L5 CFuPNs exhibited more frequent inhibitory events than emb Ctrl-OE PNs (L5
CFuPNs 4.02±0.64 Hz; emb Ctrl-OE PNs 2.56±0.21 Hz). The average mIPSC
frequency in emb Fezf2-OE cells (3.56±0.25 Hz) was similar to L5 CFuPNs, and
higher than emb Ctrl-OE PNs (Figure 3.3.1.B-C), suggesting increased inhibitory
input onto emb iCFuPNs, but the mean amplitude of inhibitory events was similar
between all groups (all comparisons: p>0.05) (Figure 3.3.1.D-E).
A possible explanation for the observed increased inhibition onto emb
iCFuPNs cells is a nonspecific homeostatic change in the upper cortical circuit.
We therefore directly compared the frequency of inhibition in emb iCFuPNs and
emb Fezf2-OE NR cells within the same brains (Figures 3.3.2.A-E and Appendix
1). Emb iCFuPNs showed increased mIPSC frequency not only across animals
(Figure 3.3.2.C) but also between emb iCFuPNs and emb Fezf2-OE NR neurons
within the same brain (Figure 3.3.3.E), confirming that the increase of inhibition is
a result of cell-specific IN-emb iCFuPN interactions and not of a global change in
the local circuitry.
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We next considered whether the observed increase in inhibition could be
due to inhibitory input onto distinct regions of PNs (e.g., cell soma, axonal hillock,
or dendritic arbor), as CFuPNs differ from CPNs in cell morphology, including
larger somata (Larkman and Mason, 1990) and broader apical dendritic tuft
arborization (Oswald et al., 2013).
To assess changes in dendritic morphology, we filled cells with biocytin
after recording to enable tracing and reconstruction, and measured the width of
the arborization of the apical tuft (Figures 3.3.F). In emb Fezf2-OE cells, tuft
width was increased regardless of the reprogramming state of the neuron (in µm:
emb Ctrl-OE PN 209.3±23.29; emb Fezf2-OE NR 419.3±27.86; emb iCFuPN
413.1±21.79) (Figures 3.3.2.A and 3.3.2.F). As this increase did not correlate
with reprogramming of electrophysiological properties, we conclude that it is
unlikely to be the source of the difference in inhibition. Notably, this result also
suggests that Fezf2 overexpression embryonically can induce specific neuronal
traits (i.e., dendritic morphology), even in the absence of a global identity change.
As mIPSCs are primarily caused by perisomatic inputs (Soltesz et al.,
1995), we next analyzed changes in the cell soma. Confocal image stacks of
GFP expression in emb Fezf2-OE and emb Ctrl-OE PNs were used for 3D
reconstruction

and

rendering,

and

emb

iCFuPNs

were

identified

by

immunostaining for the CFuPN marker Crym (Arlotta et al., 2005; Rouaux and
Arlotta, 2013). We found that the soma height and maximum width of emb
iCFuPNs (GFP+/Crym+) were significantly larger than those of emb Ctrl-OE PNs
(soma height in µm: Emb Ctrl-OE PN 16.02±0.68; emb iCFuPN 19.89±0.53.
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Soma maximal width in µm: Emb Ctrl-OE PN 13.27±0.56; emb iCFuPN
14.62±0.31. Height/width ratio: Emb Ctrl-OE PN 1.219 ± 0.034; emb iCFuPN
1.371 ± 0.042) (Figure 3.3.4). This difference is consistent with previous
demonstrations of larger somata and greater height/width ratio in CFuPNs
compared to L2/3 CPNs (Larkman and Mason, 1990). Importantly, while the
height/width ratio of emb iCFuPN matched that previously reported for
endogenous CFuPN (Larkman and Mason, 1990), their absolute dimensions
were smaller, suggesting that the increased inhibition observed in emb iCFuPN
cannot be explained by soma-size changes alone.
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is specific to emb iCFuPNs. (F) Emb Fezf2-OE cells increase their apical tuft
width regardless of their reprogrammed state.
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3.4 Reprogrammed neurons are not more sensitive to inhibition
To exclude the possibility of a change in intrinsic sensitivity of emb
iCFuPNs to GABA, we first examined the subunit composition of GABAA
receptors using electrophysiological and molecular analyses. mIPSCs originate
mainly from perisomatic synapses (Soltesz et al., 1995), which are enriched for
α1-containing GABAA (GABRA1) receptors (Hensch, 2005a; Klausberger et al.,
2002). GABRA1 produces mIPSCs with faster decay kinetics (Picton and Fisher,
2007). We found that the decay time constant (weighted τw) of mIPSCs was
slower in emb Ctrl-OE PNs than in L5 CFuPNs (19.81±3.74 ms, 15.04±4.77 ms,
respectively, p<0.001), and this property remained unchanged upon Fezf2
overexpression (19.37±2.92 ms) (Figures 3.4.1). Differential changes in mIPSC
kinetics following benzodiazepine exposure can also reveal differences in the
stoichiometry of GABA receptors and changes in synapse location (Kilman et al.,
2002; Nusser et al., 1998). Therefore, we recorded mIPSCs before and after
application of the GABRA1 agonist Zolpidem, which prolongs the opening of
GABRA1+ receptors (Crestani et al., 2000). We did not detect any significant
difference in Zolpidem-induced changes in mIPSC amplitude, decay kinetics, or
charge transfer (Figure 3.4.1), indicating that the density of GABRA1+ receptors
is unchanged between emb iCFuPNs and CPNs.
Finally, we performed single-cell quantitative RT-PCR on P15 emb
iCFuPNs and emb Ctrl-OE PNs for all 10 GABA receptors known to be
expressed in the cerebral cortex (Wisden et al., 1992) (Figure 3.4.2 and Table
3.1). We found no significant differences in either the proportion of RNA-positive
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cells or the mean expression level among RNA-positive cells for any receptor
(Figure 3.4.2). Together, these results indicate that the increased inhibition of
emb iCFuPNs is not due to a stoichiometric change in GABAA receptor subunits.
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(A-B) Confirmation of

reprogramming to emb iCFuPN identity. (A) Principal component analysis (PCA)
of mRNA expression of molecular markers defining CPN and CFuPN identities.
CPNs were preselected based on Satb2 expression, while emb iCFuPNs were
preselected for expression of Er81 and/or Crym. PCA shows that emb iCFuPNs
(red) distribute differently from control emb Ctrl-OE PNs (green) along PC2.
Histogram of PC2 distribution is fit to Gaussian curves (R2: Emb iCFuPN = 0.836,
Emb Ctrl-OE PN = 0.692). (B) PCA loading plot showing the contribution of
individual genes to the first and second PCA axes; distance from the origin along
each axis corresponds to strength of contribution to that axis. PC2 shows
opposite contributions of CPN (green) and CFuPN (red) marker genes. Also see
Table 3.1. (C-D) Single-cell gene expression analysis for all GABA receptors
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expressed in the murine cerebral cortex. (C) Proportion of single cells that
expressed GABA receptor mRNA at any level (in percent). No gene showed
statistically different percent positivity between the two groups. (D) Gene
expression level of GABA receptors among mRNA-positive cells. No gene
showed statistically different mean expression between the two groups. Error
bars: mean ± SEM.
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Table 3.1 Molecular verification of induced CFuPN identity for single-cell
analysis of GABA receptor expression
Table of eigenvectors for the principal component analysis of marker gene
expression in single emb Ctrl-OE PN and emb iCFuPN (Figure S3C and D),
sorted by loading onto PC2 in order to highlight opposite contributions of
Er81/Pcp4 (CFuPN markers) and Cux1/Cux2 (CPN markers). Fraction of
variance explained for each of the first 5 principal components is indicated, along
with p values for significance of factor loading on total variation along PC2,
calculated as correlation of gene expression to the sample score (Yamamoto et
al., 2014). Important variables (absolute values over 0.32) on PC2 are bolded.
Significance of factor loading on overall variation along PC2:

a

p<0.0001;

p<0.001; c p<0.05.

Fraction
variance

PC1

PC2

PC3

PC4

PC5

39.10%

11.80%

7.02%

5.01%

4.55%

0.116

0.413a

-0.379

0.02

-0.003

0.274

b

0.045

0.095

0.372

a

-0.038

-0.11

-0.115

c

0.025

-0.057

-0.049

Gene
Er81
Pcp4
Parm1

0.138

0.353

0.264

Dkk3

0.301

0.258

Crym

0.215

0.183

0.435

0.165

0.298

Ldb2

0.251

0.151

0.261

-0.203

-0.032

Fog2

0.108

0.102

c

-0.2

-0.242

-0.253

Tle4

0.227

0.071

-0.304

-0.155

0.01

Opn3

0.083

0.066

0.027

0.095

-0.006

Hspb3

0.011

0.061

-0.326

0.461

-0.272

Npr3

0.049

0.048

c

0.006

0.049

0.066

Chn2

0.102

0.046

-0.097

0.015

-0.03

0.025

c

0.003

0.018

0.045

Ctip2

0.022

97

b

Table 3.1 (Continued)
PC1

PC2

PC3

PC4

PC5

Ptn

0.236

-0.019

-0.298

-0.049

0.173

Cntn6

0.125

-0.031

0.118

0.248

0.223

Cdh22

0.272

-0.036

-0.026

0.632

-0.175

Cdh10

0.237

-0.037

0.15

-0.177

-0.285

Cdh13

0.201

-0.078

0.267

-0.09

-0.317

Lmo4

0.307

-0.093

0.198

-0.05

-0.113

Satb2

0.179

-0.093

c

0.126

0.072

-0.239

Lhx2

0.283

-0.132

-0.2

-0.102

-0.065

0.242

-0.223

b

-0.128

-0.215

0.019

-0.360

a

-0.188

-0.094

0.493

-0.509

a

-0.04

0.151

-0.023

Plxnd1
Cux1
Cux2

0.217
0.234

98

3.5 Emb iCFuPNs received increased perisomatic PV-positive inhibition
We next considered whether enhanced PN inhibition reflected an increase
in the total number of INs surrounding emb iCFuPNs or an increase in the
number of inhibitory synapses from a specific IN subtype.
It was previously demonstrated that when an entire class of PNs is
substituted with another, the lamination of INs is affected (Lodato et al., 2011).
We therefore investigated if our electroporation-based model, which instead
causes focal reprogramming of a small proportion of CPNs, results in a local
change in the distribution of INs. We concentrated on PV-positive INs due to their
preferential location within the deep layers of the cortex and the perisomatic
nature of their synapses (Soltesz et al., 1995). The distribution of PV-positive INs
was quantified in GFP-positive regions of emb Fezf2-OE cortices and compared
to the contralateral non-electroporated hemisphere (P28; n=4). We did not
observe a significant change in PV-positive IN lamination (Figure 3.5.1), thus
excluding the possibility that the increased inhibition is caused by a higher
concentration of INs around the electroporated cells.
Next, we examined whether the increased inhibition of emb iCFuPNs was
due to a higher density of PV-positive GABAergic synapses onto these neurons.
We quantified PV-positive puncta density on the cell soma of emb iCFuPNs
(GFP+/Crym+), L5 CFuPNs (Crym+) and emb Ctrl-OE PNs at P28 (Figure 3.5.2).
emb iCFuPNs acquired a PV-positive puncta density equivalent to L5 CFuPNs,
and higher than emb Ctrl-OE PNs (in puncta/µm2: L5 CFuPN 0.25±0.003; emb

99

Ctrl-OE PN 0.20±0.003; emb iCFuPN 0.25±0.004; emb iCFuPN vs. Emb Ctrl -OE
PN p<0.0001, emb iCFuPN vs. L5 CFuPN p=0.3056) (Figures 3.5.2C),
suggesting that their increased inhibition may reflect an increase in PV-positive
synaptic contacts.
To functionally test differences in PV-positive IN input to emb iCFuPNs,
we overexpressed Fezf2 in transgenic mice in which PV-Cre induction of ChR2
channelrhodopsin allows optogenetic stimulation of PV-positive INs (see Apendix
1). We measured the minimal light-evoked response (min-IPSCPV), which likely
reflects a single PV-positive IN firing event, in L2/3 CPNs, L5 CFuPNs, and emb
Fezf2-OE neurons via whole-cell voltage-clamp recording of PNs during widefield optogenetic stimulation of PV-positive INs (Figure 3.5.3.B-C). There was no
significant difference in min-IPSCPV among these cells (all comparisons: p>0.05)
(Figure 3.5.3.C), suggesting that synapses between single PV-positive INs and
PNs had a similar physiological strength across groups.
To assess the total number of PV synapses, we measured the maximal
optogenetically-driven IPSC (max-IPSCPV, Figures 3.5.3.B and 3.5.3.D) as the
plateau response to increasing light intensity. The average max-IPSCPV of
endogenous L2/3 CPNs was significantly smaller than that of L5 CFuPNs (L2/3
2756 ± 268.3 pA; L5 5067 ± 254.8 pA; p<0.0001) (Figure 3.5.3.D), consistent
with L5 CFuPNs receiving more PV synapses than L2/3 CPNs.
As a population, emb Fezf2-OE neurons showed an intermediate maxIPSCPV (3740 ± 260.0 pA). However, fitting the data to a mixed Gaussian
distribution showed a bimodal max-IPSCPV response in emb Fezf2-OE cells (LRT,
100

p=0.0011): 42% of the population had a mean response similar to L5 CFuPNs
(4893.7 pA), whereas 58% had a mean response similar to L2/3 CPNs (2917.3
pA) (Figure 3.5.3.E), consistent with our ratio of reprogramming efficiency.
Altogether, our data indicate that emb iCFuPNs acquire increased
numbers of PV-positive IN inputs to resemble L5 CFuPNs, regardless of their
ectopic location. This effect is specific, as endogenous L2/3 CPNs intermingled
with emb iCFuPNs appropriately receive fewer IN inputs. We conclude that
altering PN class-specific identity is sufficient to instruct a change in inhibitory
synapses from PV-positive INs and to change the local inhibitory circuitry.
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Ctrl-OE PNs n=100, emb iCFuPNs n=200, L5 CFuPNs n=80. Error bars: mean ±
SEM. (A) Representative immunofluorescence images for GFP, Crym and PV at
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density.
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Figure 3.5.3 A subset of emb Fezf2-OE neurons receive PV-positive
inhibitory input that resembles L5 CFuPNs. Optogenetic excitation of PVpositive INs in reprogrammed cortices shows two patterns of response in emb
Fezf2-OE neurons, resembling L2/3 CPNs and L5 CFuPNs, respectively. L2/3
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Representative max-IPSCPV

(main) and min-IPSCPV

104

(inset) light-evoked

response traces. (C) Amplitude of min-IPSCPV responses. (D) Amplitude of maxIPSCPV responses. (E) Fits of max-IPSCPV response data to single (L2/3 CPNs
and L5 CFuPNs) or mixed (emb Fezf2-OE) Gaussian curves: emb Fezf2-OE
cells show bimodal distribution (R2: L2/3 CPN = 0.499, L5 CFuPN = 0.596, emb
Fezf2-OE = 0.740).
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3.6 Chapter Discussion
Proper balance between excitation and inhibition in the neocortex is
essential for correctly timed brain development and function (Rossignol, 2011).
Inhibition mediated by PV-positive fast spiking INs is particularly interesting:
perisomatic feed-forward inhibition ensures temporal precision of signal
transduction in PNs (Pouille and Scanziani, 2001), and fast spiking INs can
control the direction of activity flow in the local circuit (Xiang et al., 1998).
Here, we used an established reprogramming model, in which one class
of cortical PNs is converted into another, to investigate the contribution of PN
identity to the formation of PN-IN microcircuitry. It was recently shown that
individual INs preferentially synapse onto specific subtypes of PNs within a given
cortical layer (Lee et al., 2014; Otsuka and Kawaguchi, 2009). However, whether
IN microcircuits specifically recognize different subtypes of PNs on a cell-by-cell
basis is still debated. Examining whether this bias also exists for PNs in ectopic
locations will help resolve whether this effect is an intrinsic property of the
individual PN or a consequence of some element of the normal laminar context.
In Chapter 2 of this thesis, we targeted and reprogrammed a subset of
upper-layer CPNs, generating ectopic emb iCFuPNs in L2/3 scattered among
normal L2/3 CPNs. In this chapter, we demonstrate that emb iCFuPNs were
recognized and innervated by PV-positive INs as L5 CFuPNs, distinct from
closely-adjacent CPNs. This leads to the conclusion that target selection by INs
occurs at the single neuron level, and provides evidence that PNs can, at least in
part, guide the establishment of their afferent inhibitory synapses. This supports
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the theory that INs may be able to selectively modulate only certain PNs even if
they are physically intermingled (Krook-Magnuson et al., 2012; Lee et al., 2014;
Varga et al., 2010).
Together, the data indicate that circuit wiring among PN and IN partners in
the neocortex is at least partly controlled by the identity of the PN, and that these
decisions are made in a single-neuron-to-neuron manner. In addition, the work
suggests that direct neuronal reprogramming is a useful tool to investigate the
mechanisms that shape the local neocortical microcircuit, and to inform future
studies on circuit plasticity in the central nervous system.
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CHAPTER 4:
Defined factors reprogram the molecular and electrophysiological
properties of mature neocortical callosal projection neurons in vivo

Author contribution: This project was a combined effort between Zhanlei Ye, a
fellow graduate student in Takao Hensch’s lab, Juliana Brown, a Research
Associate in the Arlotta lab, and myself. I designed the combination of factors
that would allow the reprogramming of mature neurons. I performed all surgical
procedures and all histological analyses. Juliana Brown and I performed the
single-cell gene-expression profiling. Zhanlei Ye performed all
electrophysiological recordings.
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4.1 Chapter Summary
Whether mature neurons of the mammalian central nervous system can
be induced to change their class-specific traits is still unknown. Here we show
that the simultaneous overexpression of the transcription factors Fezf2, Ctip2,
Ascl1 and Sox2 (hereafter “Fezf2+3”) is sufficient to shift the transcriptional and
electrophysiological profiles of mature neocortical callosal projection neurons of
layer 2/3 (L2/3 CPNs) in vivo away from endogenous L2/3 CPNs and towards
corticofugal projection neurons of layers 5 and 6 (L5/6 CFuPNs). Molecularly,
Fezf2+3-overexpressing neurons closely resemble embryonically induced
CFuPNs. Moreover, this combination of factors is sufficient to induce similar
changes in neurons of the adult brain. Altogether, our results demonstrate that
identity traits of mature mammalian neurons are in fact mutable and provide a
new tool to probe nuclear reprogramming and circuit plasticity in the brain.

4.2 Chapter Introduction
Neurons of the cerebral cortex are considered as extreme examples of
terminally differentiated cells. Shortly after being generated during embryonic
development, they become postmitotic and their class-specific identity remains
stable throughout the life of the organism. Previous work, however, has
demonstrated that upon overexpression of the transcription factor Fezf2,
postmitotic callosal projection neurons of Layer 2/3 (L2/3 CPNs) and stellate
neurons of Layer 4 can be reprogrammed to acquire the identity of corticofugal
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projection neurons of Layer 5 (L5 CFuPNs) within a defined developmental
window (De la Rossa et al., 2013; Rouaux and Arlotta, 2013). These neurons are
capable of changing their molecular and electrophysiological properties, as well
as rerouting their axons to target subcerebral locations, including the spinal cord
(De la Rossa et al., 2013; Rouaux and Arlotta, 2013). This capability, however,
declines as neurons mature, and Fezf2-overexpression alone is unable to
reprogram neurons past early postnatal ages (Rouaux and Arlotta, 2013),
suggesting that additional molecular roadblocks come into place as neurons
mature to restrict their nuclear plasticity. Whether mature neurons have
permanently locked in their class-specific identity or whether they still maintain
the ability to change is still unknown.
Attempts to fully reprogram mature cortical neurons to pluripotency have
been remarkably unsuccessful. One effort used the nuclei of FACS-purified adult
cortical neurons as donors for somatic cell nuclear transfer (SCNT) and reports a
0.7% success rate (Osada et al., 2005). However, this study used a genetic line
to label the neurons, and the success SCNT rate may be within the “leakage”
rate of the mouse line used (Osada et al., 2005), leaving the possibility that
surviving clones were derived from contaminant cells that were not neurons. In
support of this hypothesis, a different study that attempted to perform SCNT
using perinatal neocortical neurons as nuclear donors failed to obtain any living
animal (Makino et al., 2005), suggesting that the identity of postnatal neurons of
the cortex is in fact very stable. These results are in sharp contrast with SCNT
experiments using other neuron types as nuclear donors. For example, SCNT of
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olfactory sensory neurons has been reported as having high success, with up to
14% of injected oocytes developing into blastocysts (Eggan et al., 2004). This
suggests that mature postmitotic neurons do not undergo irreversible changes
that preclude return to pluripotency, although mature cortical neurons may be
particularly refractory to perturbations of their cell identity.
To investigate whether mature L2/3 CPNs can be reprogrammed in vivo to
acquire traits of CFuPN identity, we combined Fezf2 with additional transcription
factors that we believed would allow the reopening of neuronal nuclear plasticity
and aid in the reprogramming process. We concentrated on pioneer transcription
factors, which are defined by their ability to bind inaccessible chromatin and
modify the epigenetic landscape (Iwafuchi-Doi and Zaret, 2014; Soufi et al.,
2015; Zaret and Carroll, 2011). Specifically, we focused on two proneuronal
pioneer transcription factors: Ascl1 (Mash1) and Sox2. Ascl1 is an “on-target”
transcription factor that has been shown to bind and regulate neuronal progenitor
genes independently of the cell-of-origin context (Vierbuchen et al., 2010;
Wapinski et al., 2013). Sox2 is a master regulator of neuronal progenitor identity
(Graham et al., 2003) that Sox2 binds to the same consensus sequence
independently of the epigenetic state of the cell in which it is overexpressed
(Lodato et al., 2013; Soufi et al., 2015). However, it seems to regulate specific
genetic loci in a context-dependent manner (Lodato et al., 2013). In addition to
these two genes, we included Ctip2 (Bcl11b), a major downstream effector of
Fezf2 (Chen et al., 2008). Ctip2 can induce certain aspects of CFuPN identity
even in the absence of Fezf2 (Chen et al., 2008). Ctip2 expression is directly
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inhibited by Satb2, a major regulator of CPN fate (Britanova et al., 2008), and its
upregulation is difficult to accomplish even in embryonically reprogrammed
neurons (Rouaux and Arlotta, 2013). We refer to this combination of factors as
“Fezf2+3”. Using the Fezf2+3 approach, we were able to efficiently shift the
molecular and electrophysiological profile of mature L2/3 CPNs towards a L5
CFuPN identity. Altogether, our results suggest that the nuclear plasticity of
mature neocortical projection neurons can be “reopened” in response to a
powerful combination of transcription factors, at an age well beyond any
previously reported time point at which these neurons could be reprogrammed.

4.3 The Fezf2+3 approach shifts the molecular signature of mature L2/3
CPNs towards a L5 CFuPN identity
In order to efficiently target a large number of L2/3 CPNs, we used in utero
electroporation at embryonic day 14.5 (E14.5) to deliver the factors using Creinducible constructs in which the constructs are inserted in a double-floxed
inverted orientation (DF), as previously employed (Rouaux and Arlotta, 2013)
(Figures 4.3.1 and 4.3.2). Coelectroporation with a 4-hydroxytamoxifen (4OHTAM)-inducible form of Cre recombinase (CAG-ERT2-Cre-ERT2) allows for tight
temporal control of transgene expression (Rouaux and Arlotta, 2013) (Figure
4.3.3). We coelectroporated an ubiquitiously-expressed GFP construct (CAGGFP) to visualize manipulated neurons. As controls, we used inducible Fezf2
(DF-Fezf2) alone, and an inducible empty sequence (DF-Ctrl) (Figure 4.3.2).
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To

test

the

recombination

efficiency

obtained

upon

4OH-TAM

administration, we performed a single 1 mg injection at postnatal day 21 (P21).
Immunostaining for Ctip2 was performed two weeks after 4OH-TAM injection.
We observed that 84.27+0.93% of electroporated neurons were Ctip2-positive
(Figure 4.3.3), indicating that our method efficiently induces transgene
expression upon a single 4OH-TAM injection.
To understand the extent to which our paradigm is able to produce
molecular changes in mature neurons, we induced transgene expression at P21,
a time in which Fezf2 alone is unable to reprogram the molecular identity of
neurons (Rouaux and Arlotta, 2013). We dissociated and isolated individual
GFP-positive neurons from each experimental condition two weeks after 4OHTAM induction (postnatal day 35 – P35; Figure 4.3.1 and 4.3.4) and profiled them
for a broad panel of molecular markers of both CPN and CFuPN identity, as well
as markers of alternative cerebral cell fates (Table 4.1). We employed highdensity, microfluidics-based single-cell quantitative RT-PCR to assay 90 genes
(38 CFuPN markers; 30 CPN markers; 12 control / pan-neuronal genes; and 10
markers of alternative fates, including neuronal progenitor-, glia-, and
interneuron-specific genes; Table 4.1). We analyzed a total of 230 GFP-positive
neurons (83 Ctrl-OE; 88 Fezf2-OE and 59 Fezf2+3-OE).
We performed principal component analysis (PCA) to visualize the
distribution of gene expression profiles across individual cells. Interestingly, while
Ctrl-OE and P21 Fezf2-OE neurons tend to distribute together, P21 Fezf2+3-OE
neurons tend to separate as a different population (Figure 4.3.4). Moreover, the
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PCA loading plots indicate that this separation is primarily driven by the
upregulation of a subset of CFuPN genes, and the downregulation of a subset of
CPN genes (Figure 4.3.5), suggesting that P21 Fezf2+3-OE neurons may have
acquired some molecular traits of CFuPN.
To validate the results of the quantitative RT-PCR experiment, we
performed in situ hybridization for ER81 (also known as Etv1), a transcription
factor primarily expressed in L5 projection neurons (Hevner et al., 2003). We
observed a strong upregulation in the electroporated hemispheres of P21
Fezf2+3 cortices compared to contralateral unelectroporated hemispheres. As
expected, P21 Fezf2 overexpression alone was unable to induce the
upregulation of ER81 (Figure 4.3.6).
Similarly, immunostaining against the L2/3 CPN marker Cux1 (Molyneaux
et al., 2009) shows a significant reduction in the percentage of neurons that
express this marker in the P21 Fezf2+3-OE population specifically (Cux1+/GFP+
neurons in P21 Ctrl-OE 97.87+0.90%; P21 Fezf2-OE 95.73+0.36%; P21
Fezf2+3-OE 63.14+3.45%; p<0.0001) (Figure 4.3.7). Altogether, we conclude
that the P21 Fezf2+3 approach is sufficient to induce a shift in the molecular
identity of mature CPNs in the direction of CFuPNs.
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E14.5
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Single Cell Profiling

Figure 4.3.1 Experimental timeline for in vivo reprogramming of mature
neurons. Ultrasound guided in utero electroporations were performed at
embryonic day 14.5 (E14.5). 4-hydroxytamoxifen injections were used to induce
transgene expression at postnatal day 21 (P21). All molecular, histological, and
electrophysiological characterization was done at postnatal day 35 (P35).
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Figure 4.3.2 Experimental design for in vivo reprogramming of mature and
adult neurons. The Fezf2+3 cocktail contained equal concentrations of Creinducible Fezf2, Ctip2, Sox2 and Ascl1 (1 µg/µl each). To equalize the total
amount of DNA delivered between conditions, Fezf2-only control contained 3 µg
DF-Ctrl vector per 1 µg Fezf2 vector, and empty-vector control contained 4 µg/µl
DF-Ctrl only. Coelectroporation with CAG-ERT2-Cre-ERT2 allowed for 4OH-TAM
control of transgene expression. After induction, transgenes were expressed
under the constitutive, ubiquitous Ef1α promoter.
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Figure 4.3.3 Administration of a single dose of 4OH-TAM efficiently induces
transgene expression. (A) Representative images of Ctip2 induction upon 4OHTAM injection. White arrows: Colocalization of GFP and Ctip2; yellow arrows:
GFP positive cells that do not have detectable levels of Ctip2 expression. (B)
Quantification of Ctip2 induction across three different brains (represented as
Ctip2+/GFP+).
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PCA Score Plot
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Figure 4.3.4 Fezf2+3 overexpression at P21 shifts the molecular identity of
callosal projection neurons. Principal component analysis separates a subset
of P21 Fezf2+3-OE neurons from P21 Ctlr-OE and P21 Fezf2-OE neurons.
Green = P21 Ctrl-OE neurons, n = 83 cells; Red = P21 Fezf2-OE neurons, n = 88
cells; Blue = P21 Fezf2+3-OE neurons, n = 59 cells.
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Figure 4.3.5 PCA loading plot of Fezf2+3 overexpression at P21. Gene
loadings on the PCA from Figure 4.3.5 demonstrates that the population
separation observed in Figure 4.3.5 is primarily driven by the upregulation of
CFuPN genes and downregulation of CPN-specific markers. Green circles =
CPN-specific genes; Red triangles = CFuPN-specific genes; Orange diamonds =
housekeeping genes; Blue squares = reference (normalization) genes; purple
diamonds = markers of alternative fates; pink diamonds

= synapse-specific

genes. For simplicity only genes with a loading factor > |0.32| and a q-value <
0.05 along PC 1-2 are indicated.
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Table 4.1 List of genes analyzed in PCAs of sections 4.3 and 4.5. Column 1,
gene name of every gene analyzed by single-cell quantitative RT-PCR. Column 2,
TaqMan assay catalog number for all probes used in single-cell qPCR
experiments. Column 3, Marker assignment according to data mining in
previously published datasets (Arlotta et al., 2005; Molyneaux et al., 2009;
Molyneaux et al., 2015).
Gene Name
Ajap1
Ascl1_Mash1
B2M
Bcl11b_CTIP2
Bdnf
Cacna1h
Cav1
Cdh10
Cdh13
Cdh22
Chn2
Cntn6
Crim1
Crym
Cux1
Cux2
Dcx
Ddah1
Dkk3
Doc2b
Dtx4
Emx2
Eomes_Tbr2
EphB1

TaqMan Assay ID
Mm01263769_m1
Mm03058063_m1
Mm00437762_m1
Mm00480516_m1
Mm04230607_s1
Mm00445382_m1
Mm00483057_m1
Mm01130944_m1
Mm00490583_m1
Mm00569750_m1
Mm01326532_m1
Mm00516899_m1
Mm01232943_m1
Mm00516679_m1
Mm01195598_m1
Mm00500377_m1
Mm00438400_m1
Mm01319453_m1
Mm00443800_m1
Mm00492222_m1
Mm00549844_m1
Mm00550241_m1
Mm01351984_m1

Marker Type
CPN
Exogenous/Progenitor
Housekeeping
Exogenous/CFuPN
CFuPN
CFuPN
CPN
CPN
CFuPN
CFuPN
CPN
CFuPN
CFuPN
CFuPN
CPN
CPN
Alternative/Progenitor
CFuPN
CFuPN
CFuPN
CPN
Alternative/Progenitor
Alternative/Progenitor
Mm00557964_m1 CFuPN
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Table 4.1 (Continued)
TaqMan Assay
ID
Etv1_Er81
Mm00514804_m1
Fabp7_Blbp
Mm00445226_g1
Fezf2
Mm01320619_m1
Fezf2 5'UTR
Mm00475475_g1
Fn1
Mm01256744_m1
Frem2
Mm00556222_m1
Gad1
Mm04207432_g1
Gad2
Mm00484623_m1
Galntl6
Mm00723493_m1
Gpr158
Mm00558878_m1
Grm2
Mm01235831_m1
Gusb
Mm01197698_m1
Hcn1
Mm00468832_m1
Hspb3
Mm00517345_s1
Inhba
Mm00434339_m1
Kcnk9
Mm02014295_s1
Kcnn2
Mm00446514_m1
Klhl25
Mm01318618_m1
Ldb2_Clim1
Mm00521915_m1
Lhx2
Mm00839783_m1
Limch1
Mm01211753_m1
Lmo4
Mm00495373_m1
Lrrtm4
Mm04212676_m1
Lrtm2
Mm00552794_m1
Map2
Mm00485231_m1
Mast4
Mm01282811_m1
Mdga1
Mm01303346_m1
Nes_Nestin
Mm00450205_m1
Neurog2_Ngn2 Mm00437603_g1
Nfe2l3
Mm00477788_m1
Npnt
Mm00473794_m1
Npr3
Mm00435329_m1
Ntng1
Mm01200194_m1
Olig2
Mm01210556_m1
Gene Name
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Marker Type
CFuPN
Alternative/Progenitor
Exogenous/CFuPN
CFuPN
CPN
CPN
Alternative/Interneuron
Alternative/Interneuron
CFuPN
CPN
CPN
Housekeeping
CFuPN
CPN
CPN
CFuPN
CFuPN
CFuPN
CFuPN
CPN
CPN
CPN
CFuPN
CFuPN
Reference
CPN
CPN
Alternative/Progenitor
Alternative/Progenitor
CFuPN
CFuPN
CFuPN
CFuPN
Alternative/Glia

Table 4.1 (Continued)
TaqMan Assay
ID
Oma1
Mm01260328_m1
Opn3
Mm00438648_m1
Parm1
Mm00523913_m1
Pax6
Mm00443081_m1
Pcp4
Mm00500973_m1
Pdzrn3
Mm00490162_m1
Plxna4
Mm01163298_m1
Plxnd1
Mm01184367_m1
Ppia
Mm02342429_g1
Ppp1r13b
Mm01339719_m1
Prkch
Mm00435756_m1
Ptn
Mm01132688_m1
Pvrl3_Nectin3
Mm00458091_m1
Rbfox3_NeuN
Mm01248771_m1
Robo1
Mm00803879_m1
Rplp0
Mm00725448_s1
S100a10
Mm00501458_g1
Satb2
Mm00507331_m1
Scg2
Mm00843883_s1
Shisa6
Mm01329069_m1
Slc17a7_Vglut1 Mm00812886_m1
Slc24a3
Mm00446428_m1
Snap25
Mm00456921_m1
Sox2
Mm03053810_s1
Stx1a
Mm00444008_m1
Syt9
Mm00502475_m1
Tbp
Mm00446971_m1
Tle4
Mm01195172_m1
Unc5d
Mm00467655_m1
Usp43
Mm00620499_m1
Vamp2
Mm01325243_m1
Wnt7b
Mm01301717_m1
Ywhaz
Mm03950126_s1
Zdhhc23
Mm01343753_m1
Gene Name
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Marker Type
CFuPN
CFuPN
CFuPN
Alternative/Progenitor
CFuPN
CPN
CPN
CPN
Housekeeping
CFuPN
CPN
CPN
CPN
Pan-neuronal
CFuPN
Housekeeping
CFuPN
CPN
CPN
CPN
Synapse
CPN
Synapse
Exogenous/Progenitor
Synapse
CFuPN
Housekeeping
CFuPN
CPN
CPN
Synapse
CFuPN
Reference
CFuPN

Table 4.1 (Continued)
TaqMan Assay
ID
Zfp703_Csmn1 Mm03412474_m1
Zfp804a
Mm01270020_m1
Zfpm2_Fog2
Mm00496074_m1
Gene Name
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Marker Type
CFuPN
CFuPN
CFuPN
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Figure 4.3.6 P21 Fezf2+3 overexpressing neurons upregulate ER81. In situ
hybridization for the L5 marker ER81 demonstrates that P21 Fezf2+3
electroporated cortices upregulate this gene in the upper cortical layers. In
contrast, this gene is not upregulated in the contralateral unelectroporated
hemisphere or in cortices electroporated with P21 Fezf2 alone.
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Figure 4.3.7 P21 Fezf2+3 overexpressing neurons downregulate Cux1.
Immunofluorescence analysis of the L2/3 CPN maker Cux1 demonstrates that
this marker is significantly downregulated in P21 Fezf2+3 overexpressing
neurons. (A) Representative images of Cux1 expression in P21 Ctrl-OE, P21
Fezf2-OE and P21 Fezf2+3-OE overexpressing neurons. White arrows: GFP and
Cux1 double positive neurons. Yellow arrows: GFP-positive and Cux1-negative
neurons (B) Quantification of GFP and Cux1 double positive neurons in each
condition. (n= 3 brains per condition, a minimum of 3 sections were used per
brain)
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We next investigated whether P21 Fezf2+3-OE neurons acquire cell-type
specific intrinsic electrophysiological properties of CFuPNs by performing wholecell patch-clamp recordings of acute brain slices (P35-P42). We observed 3
distinct classes of firing patterns across the P21 Fezf2+3-OE population: One
shows similarities to the electrophysiological signature of immature L2/3 CPNs.
Another pattern closely resembles endogenous L5 CFuPNs. Interestingly, we
observed a third pattern which we were unable to assign to either L2/3 CPNs or
L5 CFuPNs, which appears to contain a mixture of properties of both cell types.
We speculate that this pattern represents an intermediate state (Figure 4.4.1).
We concentrated our analysis on 12 electrophysiological properties that
include both passive membrane properties and active properties of the cell:
Resting potential (Vm), Voltage sag (Vsag), Membrane time constant (Tau), Input
Resistance (Rm), Membrane Capacitance (Cm), Action Potential (AP) amplitude
(AP Amp), Current threshold (CThr), Voltage Threshold (VThr), AP fasthyperpolarization (AP fAHP), AP half-width, AP rise time and AP decay.
Electrophysiological recordings showed that, at the time of analysis, there
were no significant differences between endogenous L2/3 CPNs and L5 CFuPNs
in four properties: AP amplitude, AP half-width, AP rise time and AP decay
(Figure 4.4.3). P21 Fezf2+3-OE cells also did not differ in any of these properties
(Figure 4.4.3). Importantly, P21 Fezf2+3-overexpressing (OE) cells differed
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significantly from endogenous L2/3 CPNs in four traits that differ between the
endogenous cell types, Vm, Vsag, Cm and CThr (Figures 4.4.2 and 4.4.3). These
properties were reprogrammed to levels similar to endogenous L5 CFuPNs.
However, P21 Fezf2+3-OE neurons were unable to reprogram four other celltype-specific electrophysiological properties two weeks after transgene induction:
tau, Cm, VThr and AP fAHP (Figures 4.4.2 and 4.4.3), suggesting an incomplete
reprogramming of the electrophysiological signature. PCA analysis of all
electrophysiological properties combined demonstrate that P21 Fezf2+3-OE
neurons distribute more closely with endogenous L5 CFuPNs than with L2/3
CPNs across the first two principal components (Figure 4.4.4).
To investigate whether additional time was needed to accomplish a full
reprogramming of the electrophysiological properties, we induced transgene
expression at P21, but performed whole-cell patch-clamping recordings 6 weeks
after 4OH-TAM injection (P63-P70). We observed no additional changes in the
passive electrophysiological properties (tau, Cm) of P21 Fezf2+3-OE cells
(Figure 4.4.5), again suggesting that these traits are not plastic at P21. Strikingly,
both VThr and AP fAHP, which were not different at the earlier time points, had
reprogrammed to levels comparable to endogenous L5 CFuPNs by 6 weeks
post-induction (Figure 4.4.6). Altogether, our results demonstrate that the P21
Fezf2+3 approach is able to reprogram all the active properties and the majority,
but not all, of the passive membrane properties of mature projection neurons.
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Figure 4.4.1 A subset of P21 Fezf2+3 overexpressing neurons acquire firing
patterns similar to endogenous L5CFuPNs. (A) Representative firing patterns
of naïve L2/3 CPNs (gray) and naïve L5 CFuPNs (black). P21 Fezf2
overexpression alone did not change the firing patterns of electroporated
neurons (red). P21 Fezf2+3 overexpression produced three distinct firing
patterns: one resembles immature L2/3 CPNs (light blue), one resembles L5
CFuPNs (dark blue) and one profile is distinct from both L2/3 CPNs and L5
CFuPNs (purple). (B) F-I Curve.
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Figure 4.4.2 P21 Fezf2+3 overexpressing neurons change several passive
electrophysiological properties. (A-E) Quantification of passive membrane
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cells; Blue = Fezf2+3-OE, n = 40 cells; Black = L5 CFuPN, n = 13 cells.
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Figure 4.4.3 P21 Fezf2+3 overexpressing neurons change several active
electrophysiological properties. Quantification of active properties: (A) AP
Amp, action potential amplitude; (B) CThr, current threshold; (C) VThr, voltage
threshold; (D) AP fAHP, action potential fast hyperpolarization; (E) AP Half width,
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Figure 4.4.4 Principal Component Analysis on intrinsic electrophysiological
properties shows that P21 Fezf2+3 overexpressing neurons distribute with
endogenous L5 CFuPNs (A) P21 Fezf2+3-OE neurons overlap with L5 CFuPNs
on the primary principal components. Color coding: gray, L2/3 CPNs; black,
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neurons 2 and 6 weeks after 4OH-TAM induction demonstrate that the passive
membrane properties remain stable. (A) Vm, resting potential; (B) Vsag, voltage
sag; (C) Tau, membrane time constant; (D) Rm, input resistance; (E) Cm
membrane capacitance. Dark blue = P21 Fezf2+3-OE two weeks after transgene
induction, n = 40 cells; Light blue = P21 Fezf2+3-OE six weeks after transgene
induction, n = 18 cells.
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Figure 4.4.6 P21 Fezf2+3 overexpressing neurons change their active
electrophysiological properties 6 weeks after induction. Comparison of the
active electrophysiological properties of P21 Fezf2+3-OE neurons 2 and 6 weeks
after 4OH-TAM induction demonstrates that they acquire L5 CFuPN-like
properties 6 weeks after transgene expression. (A) VThr, voltage threshold; (B)
AP fAHP, action potential fast-hyperpolarization. Dark blue = P21 Fezf2+3-OE
two weeks after transgene induction, n = 40 cells; Light blue = P21 Fezf2+3-OE
six weeks after transgene induction, n = 18 cells; Black = endogenous L5
CFuPNs, n = 13 cells. ** p<0.01, *** p<0.001.
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4.5 The Fezf2+3 approach is sufficient to alter the molecular identity of
adult L2/3 CPNs
Considering the efficiency in which the Fezf2+3 paradigm can alter the
molecular and electrophysiological properties of mature L2/3 CPNs in juvenile
mice, we wondered whether this combination of factors was sufficient to induce
similar changes at later time points. We therefore induced transgene expression
at 2 months after birth, an age after the onset of sexual maturity in mice. Brains
were analyzed one month after 4OH-TAM administration (Figure 4.5.1).
Electroporated brains were dissociated into single-cell suspensions and
individual GFP-positive neurons were manually isolated. We then profiled the
molecular identity of these neurons using microfluidics-based single-cell
quantitative RT-PCR against the same 90 markers analyzed for P21 transgene
induction described in section 4.3 (38 CFuPN markers; 30 CPN markers; 12
control / pan-neuronal genes; and 10 markers of alternative fates, including
neuronal progenitor-, glia-, and interneuron-specific genes; Table 4.1). In toto, we
profiled 147 neurons: 20 2 months Ctrl-OE, 61 2 months Fezf2-OE and 66 2
months Fezf2+3-OE neurons.
We visualized the distribution of gene expression profiles of individual
neurons by PCA. Similarly to the results obtained when the Fezf2+3 cocktail was
induced at P21 (Figure 4.3.5), we observed that while 2 months Fezf2-OE and
Ctrl-OE cells tended to distribute together, 2 months Fezf2+3-OE neurons tended
to segregate away from the others (Figure 4.5.2). The gene loading plot for this
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PCA demonstrates that this separation is driven primarily by the upregulation of a
subset of CFuPN genes and the simultaneous downregulation of a subset of
CPN markers in the 2 months Fezf2+3-OE population (Figure 4.5.3). Altogether,
the results suggest that the Fezf2+3 approach is sufficient to induce a shift in the
molecular identity of adult CPNs, which now acquire a signature that more
closely resembles that of CFuPNs.
In order to understand the extent to which the Fezf2+3 cocktail can induce
molecular changes in mature and adult neurons, we compared the gene
expression profile of P21 and 2 months Fezf2+3-OE neurons to those of
embryonic (emb) Fezf2 expression (Chapter 2). We evaluated the genes in
common across both datasets (Chapter 2 and Chapter 4), which included 35
CFuPN genes, 30 CPN genes and 12 controls (Table 4.2).
First, we performed gene expression PCA including all neuronal
populations of Chapters 2 and 4. This included neurons with embryonic
transgene expression (51 emb Ctrl-OE neurons, 31 emb Fezf2-OE nonreprogrammed neurons and 35 emb iCFuPNs), neurons in which transgene
expression was induced at P21 (82 P21 Ctrl-OE neurons, 85 P21 Fezf2-OE
neurons and 33 P21 Fezf2+3-OE neurons), as well as neurons that expressed
the ectopic transgenes at 2 months (20 2 months Ctrl-OE neurons, 61 2 months
Fezf2-OE neurons and 66 Fezf2+3-OE neurons) (Figures 4.5.4 and 4.5.5).
We observed that postnatally-induced Ctrl-OE neurons tended to
distribute together with GFP-expressing callosal neurons of all ages (emb Ctrl-
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OE, P21 Ctrl-OE and 2 months Ctrl-OE) (Figures 4.5.4.A and 4.5.6.A). Similarly,
emb Fezf2-OE non-reprogrammed neurons, P21 Fezf2-OE neurons and 2
months Fezf2-OE neurons overlapped with each other and with Ctrl-OE cells
(Figures 4.5.4 and 4.5.7). Emb iCFuPNs, on the other hand, separated away
from the other cells (Figures 4.5.4 and 4.5.7), as expected from our molecular
characterization in Chapter 2. Strikingly, a large subset of P21 and 2 months
Fezf2+3-OE neurons tended to overlap with emb iCFuPNs (Figures 4.5.4, 4.5.5
and 4.5.8), suggesting that the Fezf2+3 approach can shift the molecular identity
of mature and adult CPNs towards a CFuPN fate similar to that induced by
Fezf2-OE in embryonic CPNs.
To identify populations of cells in an unbiased manner, we classified the
samples using Partitioning Around Medoids (PAM) and consensus clustering
(Monti et al., 2003). Genes were clustered using weighted gene co-expression
network analysis (WGCNA) (Langfelder and Horvath, 2008). PAM identified three
sample clusters: Cluster 1 contained over half of the emb Ctrl-OE and Fezf2-OE
non-reprogrammed neurons (27/51 and 17/31, respectively), but less than 10%
of all other cell types (Figure 4.5.9 and Table 4.3). Cluster 2 contained the
majority of Ctrl-OE cells (21/51 emb Ctrl-OE, 72/82 P21 Ctrl-OE and 51/61 2
months Ctrl-OE), as well as Fezf2-OE non-reprogrammed neurons (14/31 emb
Fezf2-OE non-reprogrammed, 76/85 P21 Fezf2-OE and 51/61 2 months Fezf2OE) (Figure 4.5.9 and Table 4.3). Importantly, Cluster 3 primarily included emb
iCFuPNs (33/35 cells) and Fezf2+3-OE neurons (27/33 P21 Fezf2+3-OE and
41/66 2 months Fezf2+3-OE cells) (Figure 4.5.9 and Table 4.3)
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WGCNA identified 4 gene modules (Figure 4.5.9 and Table 4.4). Module 1
contained primarily CPN-specific genes (9/10) that were predominantly
downregulated in Cluster 3 (Figure 4.5.9 and Table 4.4). Module 2 contained
primarily CFuPN markers (7/9), which were primarily upregulated in Cluster 3
(Figure 4.5.9 and Table 4.4). Importantly, Modules 1 and 2 were significantly anticorrelated (Spearman correlation of module eigengenes r = -0.232, p <0.0001),
indicating coordinated induction of CFuPN markers and repression of CPN
markers in single neurons rather than a mixed cell identity. Altogether we
conclude that the Fezf2+3 approach can shift the molecular identity of mature
and adult CPNs to closely resemble those of emb iCFuPNs.
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Single Cell Profiling

Figure 4.5.1 Experimental timeline for in vivo reprogramming of adult
neurons. Ultrasound-guided in utero electroporations were performed at
embryonic day 14.5 (E14.5). 4-hydroxytamoxifen injections were used to induce
transgene expression at 2 months after birth. All molecular, histological, and
electrophysiological characterizations were done at 3 months after birth.
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Figure 4.5.2 Fezf2+3 overexpression at 2 months changes the molecular
identity of callosal projection neurons. Principal component analysis
separates a subset of adult Fezf2+3 overexpressing neurons from Ctrl- and
Fezf2- overexpressing neurons. Green = 2 months Ctrl-OE neurons, n = 20 cells;
Red = 2 months Fezf2-OE neurons, n = 61 cells; Blue = 2 months Fezf2+3-OE
neurons, n = 66 cells.
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Figure 4.5.3 PCA loading plot of Fezf2+3 overexpression at 2 months. PCA
Loading plot demonstrate that the cell separation observed in Figure 4.3.5 is
primarily driven by the upregulation of CFuPN genes and the simultaneous
downregulation of CPN-specific markers. Green circles = CPN-specific genes;
Red triangles = CFuPN-specific genes; Orange diamonds = housekeeping
genes; Blue squares = reference (normalization) genes; pink asterisks = markers
of alternative fates; purple diamonds = synapse-specific genes. For simplicity
only genes with a loading factor > |0.32| and a q-value < 0.05 along PC 1-2 are
indicated.
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Figure 4.5.4 PCA of gene expression profile of all neurons analyzed in
Chapters 2 and 4. PCA was performed including all genes in common between
experiments of Chapters 2 and 4 (Table 4.2). A subset of P21 and 2 months
Fezf2+3 overexpressing neurons distribute together with emb iCFuPNs (as
defined in Chapter 2). Light green = Embryonic GFP overexpression, n = 44
cells; Medium green = P21 GFP overexpression, n = 83 cells; Dark green = 2
months GFP overexpression, n = 20 cells; Black = Embryonic Fezf2
overexpressing iCFuPNs, n = 33 cells; Dark grey = Embryonic Fezf2
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overexpressing non-reprogrammed neurons, n = 32 cells; Pink = P21 Fezf2
overexpression, n = 88 cells; Red = 2 months Fezf2 overexpression, n = 66 cells;
Light blue = P21 Fezf2+3 overexpression, n = 59 cells; Dark blue = 2 months
Fezf2+3 overexpression, n = 62 cells. For reference, we included an arbitrary
dashed circle delineating the majority of successfully reprogrammed emb
iCFuPNs (classified as described in Chapter 2).
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Figure 4.5.5 PCA loading plot of gene expression profile of all neurons
analyzed in Chapters 2 and 4. Gene loading plot for PCA in Figure 4.5.4
demonstrates that the cell separation is mainly driven by the upregulation of
CFuPN-specific genes and the simultaneous downregulation of CPN markers.
Green circles = CPN-specific genes; Red triangles = CFuPN=specific genes;
Orange diamonds = housekeeping genes; Blue squares = reference genes;
purple diamonds = synapse-specific genes. For simplicity only genes with a
loading factor > |0.32| and a q-value < 0.05 along PC 1-2 are indicated.
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Figure 4.5.6 Location in PCA of Figure 4.5.4 of GFP overexpressing
neurons. Control GFP expressing neurons tend to distribute together across
PC1 and PC2. Light green = Embryonic GFP overexpression, n = 44 cells;
Medium green = P21 GFP overexpression, n = 83 cells; Dark green = 2 months
GFP overexpression, n = 20 cells; Grey = all other cell populations, n = 340 cells.
Arbitrary dashed circle delineates the majority of successfully reprogrammed
emb iCFuPNs, as in Figure 4.5.4.
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Figure 4.5.7 Location in PCA of Figure 4.5.4 of Fezf2 overexpressing
neurons. Fezf2-OE non-reprogrammed neurons, P21 Fezf2-OE neurons and 2
months Fezf2-OE tended to segregate together in an area overlapping with CtrlOE neurons (Figure 4.5.6). Emb iCFuPNs, however, largely separated as an
independent population. Black = Embryonic Fezf2 overexpressing iCFuPNs, 33
cells; Dark grey = Embryonic Fezf2 overexpressing non-reprogrammed neurons,
n = 32 cells; Pink = P21 Fezf2 overexpression, n = 88 cells; Red = 2 months
Fezf2 overexpression, n = 66 cells; Grey = all other cell populations, n = 268 cells.
Arbitrary dashed circle delineates the majority of successfully reprogrammed
emb iCFuPNs, as in Figure 4.5.4.
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Figure 4.5.8 A subset of Fezf2+3 overexpressing cells acquire a molecular
signature that resembles emb iCFuPNs. In the plot of Figure 4.5.4, P21
Fezf2+3-OE and 2 months Fezf2+3-OE neurons tended to distribute towards
emb iCFuPNs. Black = Embryonic Fezf2 overexpressing iCFuPNS, n = 33 cells;
Dark grey = Embryonic Fezf2 overexpressing non-reprogrammed neurons, n =
32 cells; Light blue = P21 Fezf2+3 overexpression, n = 59 cells; Dark blue = 2
months Fezf2+3 overexpression, n = 62 cells; Light grey = all other cell
populations, n = 301 cells. Arbitrary dashed circle delineates the majority of
successfully reprogrammed emb iCFuPNs, as in Figure 4.5.4.
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Figure 4.5.9 Gene expression heatmap of all genes assayed by high-density
qPCR. A subset of Fezf2+3-OE mature and adult neurons acquired a CFuPN-like
molecular signature, demonstrated by clustering with emb iCFuPNs. Sample
clustering by PAM identified 3 cell clusters. WGCNA identified 4 gene modules.
M1-M4 = Module 1-4. N = Not assigned to any module. Color-coding for cells:
Light green = Embryonic GFP overexpression, n = 44 cells; Medium green = P21
GFP overexpression, n = 83 cells; Dark green = 2 months GFP overexpression,
n = 20 cells; Black = Embryonic Fezf2 overexpressing iCFuPNs, n = 33 cells;
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Dark grey = Embryonic Fezf2 overexpressing non-reprogrammed neurons, n =
32 cells; Pink = P21 Fezf2 overexpression, n = 88 cells; Red = 2 months Fezf2
overexpression, n = 66 cells; Light blue = P21 Fezf2+3 overexpression, n = 59
cells; Dark blue = 2 months Fezf2+3 overexpression, n = 62 cells. Color-coding
for genes: Red = CFuPN markers, Green = CPN markers, Orange =
Housekeeping genes, Blue = Reference (normalization) genes, Purple =
Synapse-specific genes.
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Table 4.2 List of common genes analyzed in single cell profiling of
Chapters 2 and 4. Gene information for genes analyzed by single-cell
quantitative RT-PCR. Column 1, gene name. Column 2, TaqMan assay catalog
number. Column 3, Marker assignment according to data mining in previously
published datasets (Arlotta et al., 2005; Molyneaux et al., 2009; Molyneaux et al.,
2015).
Gene Name
Ajap1
B2M
Bcl11b_CTIP2
Cacna1h
Cav1
Cdh10
Cdh13
Cdh22
Chn2
Cntn6
Crim1
Crym
Cux1
Cux2
Ddah1
Dkk3
Doc2b
Dtx4
Etv1_Er81
EphB1
Fezf2
Fn1
Frem2
Galntl6

TaqMan Assay ID
Mm01263769_m1
Mm00437762_m1
Mm00480516_m1
Mm00445382_m1
Mm00483057_m1
Mm01130944_m1
Mm00490583_m1
Mm00569750_m1
Mm01326532_m1
Mm00516899_m1
Mm01232943_m1
Mm00516679_m1
Mm01195598_m1
Mm00500377_m1
Mm01319453_m1
Mm00443800_m1
Mm00492222_m1
Mm00549844_m1
Mm00514804_m1

Mm00557964_m1
Mm01320619_m1
Mm01256744_m1
Mm00556222_m1
Mm00723493_m1
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Marker Type
CPN
Housekeeping
Exogenous/CFuPN
CFuPN
CPN
CPN
CFuPN
CFuPN
CPN
CFuPN
CFuPN
CFuPN
CPN
CPN
CFuPN
CFuPN
CFuPN
CPN
CFuPN
CFuPN
Exogenous/CFuPN
CPN
CPN
CFuPN

Table 4.2 (Continued)
Gene Name
Gpr158
Grm2
Gusb
Hcn1
Hspb3
Inhba
Kcnn2
Klhl25
Ldb2_Clim1
Lhx2
Limch1
Lmo4
Lrrtm4
Lrtm2
Map2
Mast4
Mdga1
Nfe2l3
Npnt
Npr3
Ntng1
Oma1
Opn3
Parm1
Pcp4
Pdzrn3
Plxna4
Plxnd1
Ppia
Ppp1r13b
Prkch
Ptn

TaqMan Assay ID
Mm00558878_m1
Mm01235831_m1
Mm01197698_m1
Mm00468832_m1
Mm00517345_s1
Mm00434339_m1
Mm00446514_m1
Mm01318618_m1
Mm00521915_m1
Mm00839783_m1
Mm01211753_m1
Mm00495373_m1
Mm04212676_m1
Mm00552794_m1
Mm00485231_m1
Mm01282811_m1
Mm01303346_m1
Mm00477788_m1
Mm00473794_m1
Mm00435329_m1
Mm01200194_m1
Mm01260328_m1
Mm00438648_m1
Mm00523913_m1
Mm00500973_m1
Mm00490162_m1
Mm01163298_m1
Mm01184367_m1
Mm02342429_g1
Mm01339719_m1
Mm00435756_m1
Mm01132688_m1
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Marker Type
CPN
CPN
Housekeeping
CFuPN
CPN
CPN
CFuPN
CFuPN
CFuPN
CPN
CPN
CPN
CFuPN
CFuPN
Reference
CPN
CPN
CFuPN
CFuPN
CFuPN
CFuPN
CFuPN
CFuPN
CFuPN
CFuPN
CPN
CPN
CPN
Housekeeping
CFuPN
CPN
CPN

Table 4.2 (Continued)
TaqMan Assay
ID
Pvrl3_Nectin3
Mm00458091_m1
Rbfox3_NeuN
Mm01248771_m1
Robo1
Mm00803879_m1
Rplp0
Mm00725448_s1
S100a10
Mm00501458_g1
Satb2
Mm00507331_m1
Scg2
Mm00843883_s1
Shisa6
Mm01329069_m1
Slc17a7_Vglut1 Mm00812886_m1
Slc24a3
Mm00446428_m1
Snap25
Mm00456921_m1
Stx1a
Mm00444008_m1
Syt9
Mm00502475_m1
Tbp
Mm00446971_m1
Tle4
Mm01195172_m1
Unc5d
Mm00467655_m1
Usp43
Mm00620499_m1
Vamp2
Mm01325243_m1
Wnt7b
Mm01301717_m1
Ywhaz
Mm03950126_s1
Zdhhc23
Mm01343753_m1
Zfp804a
Mm01270020_m1
Zfpm2_Fog2
Mm00496074_m1
Gene Name
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Marker Type
CPN
Pan-neuronal
CFuPN
Housekeeping
CFuPN
CPN
CPN
CPN
Synapse
CPN
Synapse
Synapse
CFuPN
Housekeeping
CFuPN
CPN
CPN
Synapse
CFuPN
Reference
CFuPN
CFuPN
CFuPN

Table 4.3 Cluster classification of individual cells. Column 1: cell
nomenclature according to transgene expression. Columns 2, 4 and 6: number of
cells of each class assigned to each cluster. Columns 3, 5 and 7: percentage of
cells of each class assigned to each cluster. Column 8: total number of cells of
each class across all clusters.
Cell type
Cluster 1
Emb Ctrl-OE
27
Emb Fezf2-OE NR
17
Emb Fezf2-OE iCFuPN
1
P21 Ctrl-OE
9
P21 Fezf2-OE
8
P21 Fezf2+3-OE
1
2 months Ctrl-OE
2
2 months Fezf2-OE
5
2 months Fezf2+3-OE
2

%
Cluster 2
52.94
21
54.84
14
2.86
1
10.98
72
9.41
76
3.03
5
10.00
18
8.20
51
3.03
23
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%
Cluster 3
%
TOTAL
41.18
3
5.88
51
45.16
0
0.00
31
2.86
33
94.29
35
87.80
1
1.22
82
89.41
1
1.18
85
15.15
27
81.82
33
90.00
0
0.00
20
83.61
5
8.20
61
34.85
41
62.12
66
464

Table 4.4 Differential expression between clusters of genes examined
across all cells. Column 1: Gene name. Column 2: Kruskal-Wallis (nonparametric) one-way ANOVA p value for each gene. Columns 3, 4 and 5: q-value
for average gene expression differences between clusters (Pairwise Wilcoxon
Ran Sum test with Benjamini-Hochberg False Discovery Rate (FDR) correction).
Bolded: significance values <0.05

Gene
Ajap1
Cacna1h
Cav1
Cdh10
Cdh13
Cdh22
Chn2
Cnt6
Crim1
Cux1
Cux2
Ddah1
Dkk3
Doc2b
Dtx4
Ephb1
Etv1_Er81
Fn1
Frem2
Galntl6
Gpr158
Grm2
Gusb
Hcn1
Hspb3
Inhba
Klhl25
Lhx2

Uncorrected
p value
1.52E-20
1.01E-10
0.251206222
0.126855499
1.51E-13
7.30E-08
0.012290887
0.062812061
0.000179313
5.87E-14
1.75E-37
0.066819982
4.47E-08
2.11E-12
0.023938492
0.00165916
1.59E-19
2.98E-11
8.80E-05
3.45E-07
0.000152948
4.17E-11
0.441452515
3.64E-06
0.024212171
9.91E-08
8.15E-05
0.009330016

Cluster 2 vs
Cluster 1
0.003653925
0.005814698
0.296866559
0.404014759
8.44E-13
0.228054193
0.18050433
0.560484125
0.000174948
0.001389926
0.169235608
0.355163523
1.20E-06
3.97E-12
0.491847836
0.048390062
0.172929495
0.335711739
0.0735133
0.382814508
0.003029845
1.41E-10
0.507221344
4.86E-05
0.02224649
7.05E-05
0.097072665
0.014411049

155

Cluster 3 vs
Cluster 1
9.38E-16
0.032802002
0.390322051
0.126917931
0.013436463
0.002258686
0.033234269
0.396653405
0.023128379
0.001783573
2.55E-20
0.551518776
0.131798858
0.009084949
0.028535824
0.388345499
3.11E-09
3.38E-05
0.11492368
0.010698838
0.451827539
0.000591826
0.507221344
1.08E-05
0.038927367
0.657077501
0.139870174
0.014411049

Cluster 3 vs
Cluster 2
1.90E-16
5.30E-11
0.675387647
0.19013932
2.65E-06
2.98E-08
0.037579503
0.053262458
0.075130841
9.15E-14
2.43E-36
0.071626833
0.000133451
6.59E-06
0.028535824
0.002732602
2.16E-19
1.27E-09
6.71E-05
2.76E-07
0.001563603
0.000591826
0.507221344
0.037469826
0.725573539
2.12E-05
3.85E-05
0.237668409

Table 4.4 (Continued)
Uncorrected
p value
Limch1
5.81E-05
Lmo4
5.37E-15
Lrrtm4
0.191354016
Lrtm2
4.49E-07
Map2
0.010350941
Mast4
0.005170799
Mdga1
6.98E-06
Nfe2l3
0.000627508
Npnt
5.92E-16
Npr3
0.016672008
Ntng1
1.01E-13
Oma1
0.164561117
Opn3
0.000317149
Parm1
2.06E-26
Pcp4
5.12E-53
Pdzrn3
9.82E-06
Plxna4
0.000151054
Plxnd1
4.67E-09
Ppia
0.266680335
Ppp1r13b
0.012904573
Prkch
0.000113723
Ptn
0.067828219
Pvrl3_Nectin3
1.26E-17
Robo1
0.008998513
Rplp0
0.023735132
Satb2
5.05E-05
Scg2
2.63E-17
Shisa6
0.001184594
Slc17a7_Vglut1 0.01723918
Slc24a3
1.12E-12
Snap25
3.10E-08
Stx1a
1.72E-07
Gene

Cluster 2 vs
Cluster 1
0.021956436
0.196636971
0.149709635
0.000104452
0.235129347
0.011732655
1.36E-05
0.004768214
1.09E-14
0.247835032
1.59E-05
0.699661468
0.148869382
0.323869131
0.004080421
0.072218303
0.019731064
1.31E-06
0.333260962
0.244419108
0.310978994
0.076992583
0.646155677
0.022280654
0.291730903
9.59E-05
3.92E-15
0.024876809
0.751636999
0.000658601
0.001377997
0.000452869
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Cluster 3 vs
Cluster 1
7.39E-05
3.86E-09
0.149709635
0.836296959
0.326467361
0.217641942
3.02E-05
0.247835032
0.000170322
0.247835032
1.26E-12
0.390703252
0.006103519
4.44E-14
2.00E-23
0.072218303
8.18E-05
9.71E-09
0.273258059
0.394008297
0.01368973
0.076992583
4.81E-11
0.702620644
0.038533895
0.053296109
2.53E-05
0.001268912
0.100948627
4.18E-11
0.157772347
7.97E-07

Cluster 3 vs
Cluster 2
0.002219486
3.06E-14
0.790114975
2.06E-05
0.010343006
0.059126548
0.563936272
0.01336325
6.68E-06
0.016632284
2.09E-07
0.171414227
0.003655256
6.81E-24
2.11E-50
5.65E-06
0.00840194
0.007128589
0.333260962
0.012813538
0.000860739
0.413215317
7.89E-17
0.022280654
0.043163342
0.020513375
1.06E-06
0.024876809
0.014458757
2.52E-08
1.24E-07
0.000361363

Table 4.4 (Continued)

Gene
Syt9
Tbp
Tle4
Unc5d
Usp43
Vamp2
Wnt7b
Ywhaz
Zdhhc23
Zfp804a
Zfpm2_Fog2

Uncorrected
p value
0.337908406
0.055539729
0.22466443
1.81E-12
0.087208781
0.582030314
0.000320597
3.78E-05
5.34E-09
0.001687664
0.698074252

Cluster 2 vs
Cluster 1
0.323163685
0.061063651
0.326390263
3.82E-06
0.296880508
0.781916433
0.003974363
0.467337264
0.000414141
0.720786013
0.730268769
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Cluster 3 vs
Cluster 1
0.323163685
0.089351755
0.565328752
0.40617508
0.697864093
0.919224712
0.963822416
0.00968028
0.208193494
0.059963292
0.730268769

Cluster 3 vs
Cluster 2
0.860561779
0.53980364
0.448195989
1.77E-10
0.136540037
0.781916433
0.000951358
2.16E-05
3.16E-08
0.001222389
0.767497125

4.6 Chapter Discussion
Direct lineage reprogramming in the central nervous system is a relatively
new, yet promising field (Amamoto and Arlotta, 2014; Li and Chen, 2016).
However, to this date, the majority of studies have concentrated on
reprogramming non-neuronal cells into neurons (Amamoto and Arlotta, 2014;
Grealish et al., 2016; Li and Chen, 2016). The potential of using actively-dividing
neighboring cells as a substrate for in vivo generation of new neurons is
undoubtedly attractive. (Grealish et al., 2016). Yet, this approach should be taken
with great caution, as several aspects important for the reprogramming process
still need to be considered. First, non-neuronal cells of the brain have not yet
been well characterized, and their full potential and response to reprogramming
factors has just begun to be understood (Grealish et al., 2016). Moreover, at
least within the central nervous system, the cell of origin seems to be crucial in
determining the final outcome of the reprogramming process. For instance,
recent work has shown that upon overexpression of the transcription factor
NeuroD1, cortical astrocytes can be reprogrammed to acquire a glutamatergic
fate in vivo (Guo et al., 2014; Li and Chen, 2016). Yet, NeuroD1 overexpression
in NG2+ glia cells produces GABAergic as well as glutamatergic neurons (Guo et
al., 2014; Li and Chen, 2016).
An alternative approach consists of directly reprogramming closely-related
neurons (Amamoto and Arlotta, 2014). To this end, our group and others have
demonstrated that neocortical neurons can be reprogrammed from one classspecific identity to another one up to early postnatal stages (De la Rossa et al.,
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2013; Rouaux and Arlotta, 2013). However, this capability dramatically declines
as neurons mature (Rouaux and Arlotta, 2013). In fact, neuronal maturation has
been a limiting factor not only in the neocortex but also throughout the central
nervous system. For example, exciting work in the retina has shown that upon in
vivo embryonic removal of Nrl, rod photoreceptors could be reprogrammed to a
phenotype similar to endogenous cone photoreceptors (Montana et al., 2013).
However, the removal of Nrl in adult rods resulted in only partial reprogramming
of these cells (Montana et al., 2013).
To this date, the mechanisms that maintain the identity of postmitotic
mammalian neurons are still unknown (Amamoto and Arlotta, 2014). It is likely
that these maintenance mechanisms are among the barriers to reprogramming.
In particular, epigenetic processes may contribute to the loss of nuclear plasticity
in mature cortical neurons. Many epigenetic changes occur in neurons during
development of the cortex, including key changes in subunit composition of
epigenetic modifiers (Narayanan and Tuoc, 2014; Panamarova et al., 2016; Tuoc
et al., 2013) and transcriptional repressors (Pereira et al., 2010), as well as de
novo DNA methyltransferase activity (Feng et al., 2005). In this study, we took
advantage of the pioneer transcription factors Ascl1 and Sox2, both of which
have

been

shown

to

regulate

neuronal

progenitor-associated

genes

independently of the epigenetic state of the cell of origin (Soufi et al., 2015;
Vierbuchen et al., 2010; Wapinski et al., 2013). We combined these factors with
strong inducers of CFuPN identity, namely Fezf2 and Ctip2. This approach
allowed us to demonstrate that mature L2/3 CPNs retain the capacity to
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reprogram some aspects of their identity in vivo. Specifically, we showed that
Fezf2+3

overexpressing

neurons

shift

certain

molecular

and

active

electrophysiological properties towards those of CFuPNs. Importantly, this gene
cocktail was also able to induce at least partial molecular reprogramming in adult
neurons.
It is interesting to note that while the majority of the electrophysiological
properties were changed upon P21 Fezf2+3 overexpression, two interlinked
properties of the cell did not reprogram: the membrane time constant (tau) and
capacitance. The membrane time constant is obtained by multiplying the resting
potential by the membrane capacitance (Isokawa, 1997). Therefore, when a
neuron is kept at a constant resting potential, the tau can give an indication of the
cell size (Isokawa, 1997). Therefore, it is conceivable that, while the Fezf2+3
cocktail is capable of inducing changes in membrane composition resulting in
CFuPN-like firing patterns, it may not be sufficient to fully alter the somatic
morphology of these neurons.
Throughout this thesis chapter, we have demonstrated that some identityspecific traits are amenable to change even in adult neurons. Moreover, we
provided the first evidence that class-specific molecular and electrophysiological
traits can be imposed in mature projection neurons of the mammalian neocortex
in vivo. While it has been previously shown that the projection neuron identity can
guide key processes in the establishment and function of the local cortical circuits
(Lodato et al., 2011), its roles in maintenance of these processes remain
unknown. This work can therefore become an exciting new tool to investigate the
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role of projection neuron identity in the maintenance of circuit function and the
boundaries of circuit plasticity in vivo.
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CHAPTER 5:
Discussion and Future Directions
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5.1. Embryonic Fezf2 overexpression efficiently reprograms postmitotic
callosal projection neurons
The field of direct lineage reprogramming of neurons is still in its infancy,
in part because many of the mechanisms that generate different neuronal
subtypes remain elusive, but mostly because we, as a field, know very little about
what maintains neuronal identity postmitotic and unchanged throughout the life of
the organism.
Fezf2 overexpression has been a valuable tool to probe nuclear plasticity
within the mammalian central nervous system (De la Rossa et al., 2013; Lodato
et al., 2014; Molyneaux et al., 2005; Rouaux and Arlotta, 2010, 2013; Zuccotti et
al., 2014). Fezf2 fulfills the definition of a terminal selector gene: it is necessary
and sufficient to specify a neuronal class, it directly regulates a battery of genes
that impose a corticofugal identity, it represses alternative fates and, in its
absence, no subcerebral projection neurons are generated (Hobert, 2008; Lodato
et al., 2014; Molyneaux et al., 2005; Rouaux and Arlotta, 2010). Within the
neocortex, several genes that aid in the specification of other neuron subtypes
have been extensively studied. However, no other terminal selector gene has
been identified to this date.
Embryonic Fezf2 overexpression was previously shown to reprogram the
molecular identity and axonal connectivity of L2/3 CPNs (Rouaux and Arlotta,
2013). This thesis complemented this study by demonstrating that individual
iCFuPNs

acquire

the

global

molecular
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signature

of

CFuPNs,

while

simultaneously repressing CPN genes. Moreover, I also demonstrated that
embryonic

Fezf2

overexpression

alone

is

sufficient

to

reprogram

the

electrophysiological and morphological identity of L2/3 CPNs.
A prominent feature of successfully reprogrammed emb iCFuPNs is that
they acquire a voltage sag (Vsag) similar to that of endogenous L5 CFuPNs
(Mason and Larkman, 1990b). Vsag has been implicated in regulating neuronal
and circuit excitability, as well as temporal precision for action potential firing
(Luthi and McCormick, 1998). This property has also been involved in the control
of rhythmic oscillations of cell networks (Luthi and McCormick, 1998; Olsen et al.,
1995). In the neocortex, oscillatory activity has been associated with the
encoding of sensory information and other higher-order functions (Arnal and
Giraud, 2012; Ruiz-Mejias et al., 2016). Not surprisingly, disruptions in these
oscillations have been implicated in several neurodevelopmental disorders,
including autism (Cornew et al., 2012; Ruiz-Mejias et al., 2016). Interestingly, L5
PNs have long been pinpointed as one of the major drivers of these intrinsic
oscillations (Silva et al., 1991). Therefore, the acquisition of CFuPN-like Vsag
suggests that, upon successful reprogramming, iCFuPNs acquire functional traits
of endogenous L5 CFuPNs.
A major unresolved question is whether molecular reprogramming of
neurons corresponds to changes in electrophysiological properties. To address
this question, it would be ideal to perform RNA profiling of single neurons after
electrophysiological recording from that cell. This approach, however, is
extremely challenging (Cadwell et al., 2016; Qiu et al., 2012; Sucher et al., 2000),
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as RNA degrades after long sessions of electrophysiological recordings. More
recently, a protocol was developed that could, in principle, address this question
(Cadwell et al., 2016). Using this approach, the authors performed short
electrophysiological recordings using an intracellular patch-clamping solution
which included RNAse inhibitors (Cadwell et al., 2016). This technique can
recover RNA of good quality for gene-expression profiling (Cadwell et al., 2016).
However, it remains to be seen whether it is sufficiently sensitive to detect
changes in lowly-expressed genes, such as transcription factors, that define
projection neuron subtypes. An alternative approach would be to interrogate the
expression profile of genes that are known to be responsible for certain
electrophysiological traits (Cadwell et al., 2016; Toledo-Rodriguez et al., 2004).
For example, the ion channel Hcn1 has been implicated in the acquisition of
Vsag (Giocomo and Hasselmo, 2009; Kim and Holt, 2013; Sheets et al., 2011).
In the neocortex, Hcn1 is prominent in subcerebral projection neurons of layer 5
(Sheets et al., 2011; Shepherd, 2013). Interestingly, in our reprogramming model,
successful acquisition of a CFuPN molecular identity is associated with a ~1.5
fold increase in Hcn1 expression (Table 2.1). Because Vsag is the most
prominent electrophysiological trait acquired by iCFuPNs, these results could
suggest that molecularly and electrophysiologically reprogrammed neurons are
overlapping populations.

5.2. Restriction of nuclear plasticity in mammalian neurons: a potential
epigenetic issue
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Molecular and electrophysiological data indicate that neurons that
received Fezf2 embryonically show a bimodal distribution across most affected
properties, with ~40% of Fezf2-overexpressing neurons acquiring properties of
endogenous L5 CFuPNs (Chapter 2). This is in sharp contrast with other models
of reprograming, in which the majority of transgene-overexpressing cells remain
as stable intermediates (Meissner et al., 2007; Mikkelsen et al., 2008). Several
possible factors may explain this dramatic reprogramming efficiency. The first
factor could be the similarities between callosal and corticofugal projection
neurons. Both cell types are glutamatergic neurons that derive from the same
progenitor pool and are closely related to each other (Greig et al., 2013a). In
other reprogramming paradigms, it has been shown that fate-converted cells
retain the epigenetic memory of their initial cell type (Cambuli et al., 2014; Kim et
al., 2010; Vierbuchen et al., 2010). Moreover, the identity of the initial cell type
seems to play a crucial role in determining the efficiency and the outcome of the
reprogramming process (Guo et al., 2014). For example, overexpression of
defined factors can convert fibroblasts to neuronal progenitors at a very low
efficiency (Ring et al., 2012). Yet, a large number of neuronal precursors can be
obtained if the initial cell is an astroglia (Berninger et al., 2007). In agreement,
overexpression of the same transcription factor in different cell contexts can
generate dramatically different outcomes (Guo et al., 2014). It is therefore
plausible that the high efficiency of reprogramming observed upon embryonic
induction of Fezf2 is due to the similarities between the starting and final
populations of projection neurons.
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A different but not mutually exclusive possibility is that at the time of Fezf2
overexpression the imposition of restrictive epigenetic modifications in callosal
projection neurons has not been completed. In our method, embryonic
overexpression of Fezf2 takes advantage of the Cdk5r (also known as p35)
promoter, which begins to be expressed shortly after neurons exit the cell cycle
and become permanently postmitotic (Delalle et al., 1997; Rouaux and Arlotta,
2013; Tsai et al., 1994). At this developmental time point, several epigenetic
changes are still ongoing. For example, the Brg/Brm associated factors (BAF)
complex undergoes several subunit composition switches as cortical projection
neurons exit the cell cycle, including the replacement of BAF45a by BAF45b and
BAF45c; BAF53a by BAF53b; and BAF155 by BAF170 (Lessard et al., 2007;
Narayanan and Tuoc, 2014; Tuoc et al., 2013). The BAF complex has been
shown to be involved in chromatin remodeling and it has an important role in
maintaining cellular identity (Panamarova et al., 2016; Singhal et al., 2010). In
fact, in other reprogramming models, overexpression of the BAF155 subunit
dramatically increases the efficiency of fate conversion (Kleger et al., 2012;
Narayanan and Tuoc, 2014; Singhal et al., 2010). Interestingly, conditional
deletion of the BAF170 subunit in cortical progenitors resulted in an increase in
cortical size and ectopically located corticofugal neurons in L2/3 (Tuoc et al.,
2013), although it is unclear whether this is due to an increase in cell cycle
progression in progenitors or a true loss of fate maintenance. It is therefore
conceivable that at the time that Fezf2 begins to be overexpressed, neurons
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have a heterogeneous, incomplete remodeling of their epigenetic landscape, with
some of them still having key loci in an open chromatin state.
While intriguing, the BAF complex subunit switching is only a small portion
of the molecular changes ongoing in the nuclei of early postmitotic neurons. For
instance, gene expression profiling of the developing cortex indicates that there
is also a subunit switch of members of the polycomb repressive complex 1
(PRC1) between cortical progenitors and early postmitotic neurons (Vogel et al.,
2006). PRC1 is a key repressor that prevents gene expression and
transcriptional elongation (Endoh et al., 2012), as well as being an active
chromatin compactor (Francis et al., 2004). Similarly, the de novo DNA
methyltransferase Dnmt3a is active in both neuronal progenitors and postmitotic
neurons (Feng et al., 2005). Interestingly, Dnmt3a remains active in excitatory
projection neurons up to three weeks after birth (Feng et al., 2005; Feng et al.,
2010), and it has been shown to be crucial for neuronal maturation (Feng et al.,
2010). DNA methylation has long been considered a stable epigenetic
modification and one of the major roadblocks in reprogramming (Mikkelsen et al.,
2008; Seisenberger et al., 2013). The expression profile of Dnmt3a, coinciding
with the progressive restriction in the reprogramming capability of neocortical
projection neurons, makes DNA methylation a prime candidate for a role in the
neuronal fate restriction process.
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5.3. Overcoming reprogramming roadblocks: reprogramming mature
neurons in vivo
As discussed above, several epigenetic changes occur as neurons
develop (Feng et al., 2010; Lessard et al., 2007; Tuoc et al., 2013) and likely
many more follow as they mature. To date, very little is known about the
molecular and epigenetic profiles of mature neurons. A major limitation is the
difficulty of purifying cortical projection neurons past early postnatal ages (Lobo
et al., 2006). Here, we have optimized a method that allows the purification of
single neurons (Chapter 2-4). Moreover, we have shown that this technique is
applicable to isolate neurons of the adult cerebral cortex (Chapter 4). Single-cell
profiling then allows differentiation between closely related neuron subtypes
(Chapters 2-4). In theory, this approach could also be applied to single-cell
epigenomic studies; including DNA methylation profiling (Farlik et al., 2015; Guo
et al., 2013b; Smallwood et al., 2014), histone-DNA interaction profiling (Rotem
et al., 2015) and even the characterization of three-dimensional chromosomal
organization (Nagano et al., 2013). Indeed, we believe that an intersection of
gene expression and epigenetic profiling throughout the period of neuronal
specification and maturation will be necessary to understand the reprogramming
process and overcome the major molecular roadblocks to reprogramming.
The efficacy of reprogramming could potentially be improved using genes
that are known to act on closed chromatin to induce a more accessible chromatin
state, that may resemble that of neuronal progenitors or immature neurons. This
approach relies on pioneer transcription factors, which are defined by their ability
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to bind condensed chromatin (Iwafuchi-Doi and Zaret, 2014; Zaret and Carroll,
2011). The DNA binding domain in these factors allows them to recognize their
target sequences regardless of the epigenetic context (Iwafuchi-Doi and Zaret,
2014). Importantly, pioneer transcription factors can actively reorganize
chromatin to make it accessible to other transcription factors that help define the
fate that they induce (Cirillo et al., 2002; Iwafuchi-Doi and Zaret, 2014;
Vierbuchen et al., 2010; Zaret and Carroll, 2011). In Chapter 4 of this thesis, we
took advantage of two of those factors, Ascl1 and Sox2 (Buganim et al., 2013;
Soufi et al., 2015; Vierbuchen et al., 2010), to overcome the molecular barriers
that restrict Fezf2 from reprogramming mature neurons. It has been previously
demonstrated that Ascl1 can bind and regulate proneuronal genes in fibroblasts
(Vierbuchen et al., 2010). Sox2 has been shown to extensively bind closed
chromatin and promote the induced pluripotent stem cell fate (Soufi et al., 2015).
Sox2 is also a master regulator of neuronal progenitor identity, and its expression
is necessary to maintain them in an undifferentiated state (Graham et al., 2003;
Hutton and Pevny, 2011). Moreover, Sox2 overexpression is sufficient to
reprogram other cell types into induced neuronal stem cells (Ring et al., 2012).
Combining these two pioneer transcription factors with signals that direct the
induction towards a CFuPN fate (Fezf2 and Ctip2) proved to be an efficient
approach, as the majority of the cells that received the four factors induced some
degree of change in their molecular and electrophysiological traits. In fact, a
conceptually similar approach was recently taken in a different reprogramming
paradigm (Zhu et al., 2015), The “cell activation signal directed (CASD)
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reprogramming” approach applies overexpression of pioneer transcription factors
that promote the pluripotent stem cell fate (cell activation) together with
molecules that promote specific lineages (signal direction) (Soufi et al., 2015),
and was shown to reprogram fibroblasts to cardiomyocytes, hepatocytes and
neuronal stem cells in vitro at a remarkably high efficiency (Wang et al., 2014b;
Zhu et al., 2014; Zhu et al., 2015). In contrast to the CASD approach, which uses
small molecules to direct the reprogramming process to a specific fate, we take
advantage of powerful fate-directing transcription factors. Using transcription
factors instead of small molecules for signal direction has some key advantages:
they can be delivered in the same format as the cell-activating transcription
factors, therefore removing the need of additional manipulations; it removes the
potential toxicity and side and off-target effects that small molecules may have
(Zhang et al., 2012); and one does not need to be concerned about penetrance
through the brain-blood barrier, as many gene-delivery methods have been
optimized for this purpose (Deverman et al., 2016; Gombash et al., 2014).

5.4. In vivo lineage reprogramming: a new tool to study circuit plasticity
In the reprogramming field, most efforts have been concentrated towards
making the process more efficient and generating cells that most closely
resemble their endogenous counterparts (Duan et al., 2014; Schlaeger et al.,
2015). However, the potential to use reprogramming as a tool to understand
biological phenomena is still under-utilized. In vivo reprogramming creates a
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subset of “foreign cells” within an intact biological environment, and can be used
to understand the role of cell identity in processes that could involve cell-specific
extrinsic signaling, such as mutual recognition between different cell types.
In the past, in vivo reprogramming of cortical L4 stellate neurons to a
CFuPN fate has been shown to disturb thalamocortical innervation typical for L4
neurons (De la Rossa et al., 2013). L4 iCFuPNs are instead innervated by CPNs,
as expected for endogenous CFuPNs normally located in layer 5 (De la Rossa et
al., 2013). This suggests that the identity of postsynaptic neurons plays an
important role in the establishment of thalamocortical circuits.
In this thesis, we investigated the role of neuronal identity in the
establishment of inhibitory circuits (Chapter 3). Cortical interneurons are
particularly interesting cells, as they are generated in distant brain regions,
migrate into the cortex and precisely recognize and innervate their projection
neuron partners (Fishell, 2007; Gelman et al., 2009; Wonders and Anderson,
2006). While it has been previously demonstrated that projection neuron identity
helps dictate the final position of interneurons (Lodato et al., 2011), it was
unknown whether projection neurons also have a role in dictating the inhibitory
input. Until recently, it was believed that interneurons would indistinguishably
innervate all projection neuron neighbors (Fino and Yuste, 2011; Karnani et al.,
2014; Packer and Yuste, 2011). However, recent observations suggested that at
least some subtypes of interneurons could distinguish and differentially innervate
distinct subtypes of projection neurons in layer 5 (Lee et al., 2014). By using
direct lineage reprogramming we complemented these observations by
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instructing the inhibitory innervation of iCFuPNs in L2/3 (Chapter 3). This led to
inhibition resembling that of endogenous CFuPNs and significantly higher than
that received by neighboring CPNs. Moreover, this increase in inhibition was only
observed in successfully reprogrammed neurons, demonstrating that projection
neuron identity has at least a partial role in the establishment of afferent inhibitory
synapses.
To date, the question of whether projection neuron identity has an active
role in the maintenance of inhibitory circuits still remains elusive. Evidence in
favor of this possibility can be taken from mouse models of Rett syndrome. Rett
syndrome is an inherited neurodevelopmental disorder that primarily affects
females (Lyst and Bird, 2015); affected individuals appear normal at birth but
start to develop symptoms later in infancy (Lyst and Bird, 2015). The Mecp2
knockout mouse is the standard Rett syndrome model (Guy et al., 2001; Lyst and
Bird, 2015). Mecp2 is a protein ubiquitously expressed in neurons (Kaufmann et
al., 2005), and has important roles in regulating gene expression, including both
activation and inhibition of hundreds of genes (Chahrour et al., 2008; Lyst and
Bird, 2015). Conditional removal of Mecp2 in pyramidal cells of the adult brain
results in retraction of their apical dendritic arbor (Nguyen et al., 2012), of interest
as arbor morphology is a parameter of cell identity. Interestingly, conditional
removal of Mecp2 in neocortical projection neurons results in a decrease in the
frequency of inhibitory inputs targeting L5 projection neurons (Zhang et al., 2014).
This decrease is a consequence of a reduction in the total number of perisomatic
inhibitory synapses (Zhang et al., 2014). Importantly, the decrease of inhibition is
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restricted to cells that have successfully undergone the recombination-mediated
removal of Mecp2 (Zhang et al., 2014), which suggests that maintenance of the
inhibitory input requires active feedback by the postsynaptic cell. However, to
truly understand the role of projection neuron identity in this process, one would
want to alter their identity after their inhibitory input is fully established and study
the effects of this change in local inhibitory circuits. To this end, the Fezf2+3
approach presented in Chapter 4 of this thesis is a valuable model as it creates
neurons whose active electrophysiological properties and molecular signature
are different from parental CPNs and similar to endogenous CFuPNs. It is
therefore conceivable that interneurons may actively rewire their inputs upon
successful Fezf2+3 projection neuron reprogramming even in the context of
mature circuits.
How does changing the local inhibitory wiring affect distant circuits?
Cortical interneurons are highly connected cells; it has been calculated that a
single PV-positive interneuron can innervate up to 800 neurons, including other
interneurons (Helmstaedter et al., 2009; Packer and Yuste, 2011). In fact, groups
of interconnected PV-positive interneurons have long been identified as
responsible for network oscillations and coordinated firing across different cortical
columns (Buzsaki et al., 2004; Galarreta and Hestrin, 2001; Tamas et al., 2000).
Interestingly, recent observations in freely moving rats have shown that during
memory-guided decision-making, individual L2/3 PV-positive interneurons are
differentially recruited to specific tasks (Lagler et al., 2016). Importantly, PVpositive interneurons can finely tune their firing patterns in response to different
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stimuli, consequently affecting the inhibition of neighboring projection neurons
(Lagler et al., 2016). Together, these observations open the possibility that by
changing the synaptic wiring of a small subset of PV-positive interneurons, one
might impact the overall dynamics of the inhibitory network. This, in turn, could
affect the inhibition of distant projection neurons and the response to specific
stimuli.
The establishment and maintenance of inhibitory synapses is just one of
the many processes that could be interrogated using the reprogramming
paradigms presented in this thesis. For instance, in vivo reprogramming could
also be used to understand the establishment and maintenance of excitatory
synapses. In the neocortex, the probability of connection between two
neighboring projections neurons is extremely low (Markram et al., 1997; Song et
al., 2005; Thomson et al., 2002). Yet, ontogenetically related sister neurons tend
to be connected at a much higher rate and exhibit a similar orientation, even if
distantly located (Li et al., 2012; Yu et al., 2009; Yu et al., 2012). Interestingly,
the synaptic communication between sister excitatory neurons is not bidirectional,
but rather unidirectional, with L4 neurons innervating L2/3 projection neurons,
and L2/3 neurons synapsing onto L5/6 cells (Yu et al., 2009). Similarly to other
synapses, the establishment of these connections seems to be dependent on
electrical synapses and gap junctions (Li et al., 2012; Yu et al., 2012). However,
the molecular mechanisms that specifically control how this connectivity forms
and is maintained throughout the life of the organism is still unknown. Are there
cues encoded in the identity of deep layer neurons that direct the initial formation
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of these synapses as younger neurons migrate during embryonic development?
An early postmitotic model of reprogramming, such as the one presented in
Chapter 2, would allow us to start assessing this question. Moreover, the
Fezf2+3 approach would be a powerful tool to investigate the role of cell identity
in the maintenance of excitatory connections in the adult brain, a currently
unexplored topic.
In vivo reprogramming has the potential to become a new and valuable
tool to understand fundamental questions in circuit plasticity and investigate the
boundaries of synaptic rewiring, as well as in cell identity. This work provides an
encouraging proof-of-principle of the feasibility of this approach. Future studies
intersecting neuronal reprogramming, epigenetics and genetic control of discrete
cell types will not only give us better insight into the biology of circuit
establishment, maintenance, and function, but will also shed new light on the
underlying mechanisms of neurodevelopmental disease.
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APPENDIX 1:
Experimental procedures used in Chapter 2 through 4

Publication: Zhanlei Ye*, Mohammed A. Mostajo-Radji*, Juliana Brown,
Caroline Rouaux, Giulio Srubek Tomassy, Takao K. Hensch^, Paola Arlotta^.
Instructing perisomatic inhibition by direct lineage reprogramming of neocortical
projection neurons. Neuron. 2015 Nov; 88: 475-483
*Co-first author; ^Co-corresponding author

The majority of this appendix has been published as Supplemental Experimental
Procedures in the article cited above.
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Mice
PV-IRES-Cre mice were generated by Hippenmeyer and colleagues
(Hippenmeyer et al., 2005). Ai32 (ChR2(H134R)-EYFP) mice were generated by
Madisen and colleagues (Madisen et al., 2012). Timed-pregnant CD-1 mice for in
utero

electroporation

were

obtained

from

Charles

River

Laboratories

(Wilmington, MA). The day of vaginal plug was designated embryonic day 0.5
(E0.5), and the day of birth was designated postnatal day 0 (P0). All procedures
were designed to minimize animal suffering and approved by Harvard University
Institutional Animal Care and Use Committee and performed in accordance with
institutional and federal guidelines.
In utero electroporation
Electroporation of wild type mice in Chapters 2 and 3
The Cdk5r-Fezf2-IRES-eGFP (Fezf2-GFP) and Cdk5r-empty-IRES-eGFP
(empty-GFP) constructs (Rouaux and Arlotta, 2013) and the CAG-GFP construct
(Zhao et al., 2006a) have been previously described. The Cdk5r-Fezf2colorless
construct was generated by removing the eGFP sequence from the Cdk5rFezf2eGFP cassette. The CAG-tdTomato construct was kindly donated by the
Macklis lab. In utero electroporation was performed as previously described
(Molyneaux et al., 2005). Briefly, 0.8 µl of endonuclease-free purified DNA (2
µg/µl) in sterile PBS mixed with 0.005% Fast Green was injected into the lateral
ventricle of embryonic day 14.5 mice under ultrasound guidance (Vevo 770,
VisualSonics). Five 35 volt pulses of 50 ms duration at 1 s intervals were
delivered outside the uterus in appropriate orientation using 1-cm-diameter
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platinum electrodes and a CUY21EDIT square-wave electroporator (Nepa
Gene). For the molecular, electrophysiological and pharmacological analysis,
Cdk5r-Fezf2eGFP or Cdk5r-CtleGFP were coelectroporated with CAG-GFP into CD1
embryos (Charles River Laboratories). For optogenetic experiments, Cdk5rFezf2colorless was coelectroporated with CAG-tdTomato into PV-IRES-Cre;Ai32
compound heterozygote embryos.
Electroporation of wild type mice in Chapter 4
The DF-Fezf2 (Double floxed inverted orientation Ef1α-GFP-T2A-Fezf2),
the DF-Control (Double floxed inverted orientation Ef1α-GFP-T2A-Empty)
(Rouaux and Arlotta, 2013) and the CAG-ERT2CreERT2 (Addgene, 13777)
(Matsuda and Cepko, 2007) constructs have been previously described. The DFSox2 (Double floxed inverted orientation Ef1α-GFP-T2A-Sox2) was created by
removing Fezf2 from the DF-Fezf2 construct and synthetizing an HpaI restriction
site in between the T2A sequence and the Sox2 sequence. The cDNA sequence
of Sox2 was obtained from the pMXs-Sox2 plasmid (kind donation of the Eggan
lab) (Ichida et al., 2009; Takahashi et al., 2007a). DF-Ctip2 (Double floxed
inverted orientation Ef1α-GFP-T2A-Ctip2) and the DF-Ascl1 (Double floxed
inverted orientation Ef1α-GFP-T2A-Ascl1) were created by removing Sox2 from
DIO-Sox2 and replacing it with the corresponding sequence. The cDNA
sequence for Ctip2 was obtained from the cBIG-Ctip2 vector, which was a kind
donation of the Macklis lab. As Ascl1 is a single-exon gene, it was cloned from
C57BL/6J genomic DNA. Injections of 0.8 µl of endonuclease-free purified DNA
(6 µg/µl) in sterile PBS mixed with 0.005% Fast Green into the lateral ventricle of
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embryonic day 14.5 mice was performed under ultrasound guidance (Vevo 770,
VisualSonics). For the DF-Fezf2+3 cocktail, the DF vectors (DF-Fezf2, DF-Sox2,
DF-Ctip2 and DF-Ascl1) were at a final concentration of 1 µg/µl each. For the DFFezf2-only control, the DF-Fezf2 plasmid was used at 1 µg/µl and we adjusted
the total DNA concentration to match the Fezf2+3 condition by adding 3 µg/µl of
DF-Control. For the DF-Control only control, this plasmid was used at a
concentration of 4 µg/µl. In each case, CAG-ERT2CreERT2 and CAG-GFP were
also included (1 µg/µl each). Five 35 volt pulses of 50 ms duration at 1 s intervals
were then delivered outside the uterus in appropriate orientation using 1-cmdiameter platinum electrodes and a CUY21EDIT square-wave electroporator
(Nepa Gene).
4-hydroxytamoxifen injection
4-hydroxytamoxifen (Sigma-Aldrich, H7904) was dissolved in ethanol and
then diluted in corn oil (Sigma-Aldrich, C8267) to a stock concentration of 10
mg/ml. P21 animals received a single intraperitoneal injection of 1 mg. 2 month
old animals received a single intraperitoneal injection of 3 mg. Animals were
closely monitored for 48 hours after injection to ensure that 4-hydroxytamoxifen
injection did not cause any side effects.
In situ hybridization
In situ hybridizations were performed using a variation of the protocol
described in (Berger and Hediger, 1998). Briefly, brains were fixed by
transcardial perfusion with ice-cold PBS followed by 4% paraformaldehyde and
were postfixed overnight at 4°C in 4% paraformaldehyde. Fixed brains were
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mounted in agar and 40 µm coronal sections were cut using a vibratome.
Sections were mounted onto Histobond slides and dried. They were then
rehydrated in PBS at room temperature. Permeabilization was done using 0.05%
Triton X-100 (Sigma-Aldrich, T8787) for 10 minutes followed by 3 PBS rinses.
The sections were then treated with a buffer containing 0.5% Sodium
Deoxycholate, 150mM NaCl, 50 mM Tris pH 8, 1 mM EDTA, 1% NP40 and 0.1%
SDS (RIPA buffer) 2 times, 10 minutes each. Immediately after, the sections
were refixed in ice-cold 4% paraformaldehyde in 0.1 M PBS for 15 min, rinsed 3
times for 5 min in PBS. Sections were then acetylated in 0.1 M
triethanolamine/acetic anhydride for 15 min, rinsed three times in PBS for 5 min
each, and preincubated with hybridization buffer (50% formamide (ThermoFisher,
17899), 5X SSC (ThermoFisher, 15557-044) , 5X Denhardt’s solution
(ThermoFisher, 750018), 200 µg /ml salmon sperm (ThermoFisher, 15632-011)
and 250 µg /ml yeast RNA (ThermoFisher, AM7118)) for 1 hour. Digoxigenin
(DIG)-labelled RNA probes were diluted at a concentration of 300 ng/ml in
hybridization buffer and prewarmed at 70°C for 10 minutes before they were
added to the slides. Slides were incubated overnight in an oven adjusted to 70°C
to allow hybridization. Slides were then washed twice in prewarmed Posthybridization solution (50% formamide, 2X SSC and 0.1% Tween-20) for 30
minutes each. Slides were then washed in MABT buffer (100 mM Maleic Acid,
150 mM NaCl). Subsequently, sections were blocked in MABT buffer (pH 7.0)
containing 10% sheep serum for 1 h at room temperature, and then incubated in
sheep anti-DIG-Fab fragments conjugated to alkaline phosphatase (0.15 U/ml,
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Boehringer) in maleate/blocking buffer overnight at 4°C. After two 5 minute rinses
in MABT, and one 30 minute rinse in B3 solution (100 mM TRIS pH 9.5, 50 mM
MgCl2, 100 mM NaCl, 0.1% Tween-20). slides were placed onto a tray and
developed in the dark in BCIP/NBT Liquid Substrate System (pH 9.5) (SigmaAldrich, B1911) supplemented with 0.1% Tween-20.
Immunohistochemistry
Brains for immunohistochemistry were processed as previously described
(Arlotta et al., 2005). Briefly, brains were fixed by transcardial perfusion with icecold PBS followed by 4% paraformaldehyde and were postfixed overnight at 4°C
in 4% paraformaldehyde. Fixed brains were mounted in agar and 40 µm coronal
sections were cut using a vibratome. Floating sections were blocked in 0.3%
BSA (Sigma-Aldrich, A4161), 8% goat serum, and 0.3% Triton X-100 (SigmaAldrich, T8787) for 1 hr at room temperature, before incubation in primary
antibody overnight at 4°C. After 3 PBS washes, secondary antibody incubation
was performed at room temperature for 2 hours. Primary antibodies and dilutions
were as follows: mouse anti-Crym, 1:100 (Abcam, ab54669); rat anti-CTIP2,
1:100 (Abcam, ab18465); rabbit anti-Cux1, 1:100 (Santa Cruz, sc13024); chicken
anti-GFP, 1:500 (EMD Millipore AB16901); biotin-conjugated goat anti-GFP,
1:200 (Abcam, ab6658); rat anti-GFP, 1:500 (Nacalai, 04404-84); rabbit anti-PV,
1:500 (Swant, PV25). Secondary antibodies were from the Molecular Probes
Alexa series. Imaging was performed using a Nikon 90i fluorescence microscope
equipped with a Retiga Exi camera (Q-IMAGING). Analysis was done with
Volocity image analysis software v4.0.1 (Improvision).
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Quantification of Interneuron Lamination
For

quantification

of

PV-expressing

interneurons,

we

selected

anatomically matched sections from P28 mice electroporated with Cdk5rFezf2eGFP at embryonic day 14.5 (n = 4). Columns containing 10 bins of the same
size were placed in areas spanning high concentrations of GFP-positive PNs in
Layer 2/3. Immunostaining was used to visualize PV-positive interneurons. The
percentage of PV-positive interneurons per bin for each column was calculated.
The corresponding anatomical location in the opposite (unelectroporated)
hemisphere was used to determine phenotypic changes in PV distribution.
Results are expressed as mean ± standard error of the mean (SEM). Statistical
significance was calculated using the two-tailed unpaired t-test.
Morphological Analysis and Puncta Quantification
Immunohistochemistry for Crym was used to identify endogenous L5
CFuPNs and induced CFuPN cells due to its cytoplasmic nature, which facilitates
identification of the cell body boundary. Parvalbumin immunostaining was used
to visualize PV+ INs and puncta. Images of individual neurons were obtained
using a Zeiss LSM 700 Inverted Confocal Microscope and a 63X objective. Zstacks were obtained imaging every 0.5 microns. Images were then processed
using the Fiji implementation of the ImageJ software (Schindelin et al., 2012). Zstacks spanning the entirety of the cell volume were flattened using the “Z-stack”
tool to create a 2-dimensional projection of each neuron. Cell height, maximum
width and area were calculated using the “Measure” tool. We defined cell height
as the length from the beginning of the axon to the start of the apical dendrite.
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Maximum width was defined as the highest possible radius of the 2-dimensional
projection of each neuron. The total number of PV-puncta were manually
counted and normalized to cell area. Values were compared using the KruskalWallis test with Dunn's Multiple Comparison Test, performed with GraphPad
Prism 5.0f (GraphPad Software, Inc.).
3D Reconstructions and Renderings
Individual GFP positive neurons in L2/3 were imaged using a Zeiss LSM
700 Inverted Confocal Microscope and a 63X objective. Immunohistochemistry
for the CFuPN marker Crym was used to identify successfully reprogrammed
neurons. Z-stacks were obtained by taking images every 1 microns. Volume
Annotation and Segmentation Tool (VAST) was used to manually label cell
bodies, axons and dendrites in the z-stacks. Traced neurons were exported for
external processing. In-house MATLAB (The MathWorks Inc.) scripts were used
to generate 3D surface meshes of the traced neurons. Finally, 3D renderings
were generated with 3ds Max (Autodesk Inc.). Cell soma height and width were
defined as above.
Single Cell Gene Expression Profiling
Cortical neurons of CD1-mice electroporated at E14.5 were dissociated as
previously described (Brewer and Torricelli, 2007). Briefly, tissue was digested
with papain (Worthington, LS003126) in Hibernate A medium (BrainBits LLC, HA)
with B27 supplement (Gibco, 17504-044). For the GABA receptor expression
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experiment described in Figure 3.4.2, the cell suspension was then purified by
OptiPrep (Sigma-Aldrich, 1556) density gradient centrifugation.
Individual GFP-positive neurons visualized under a dissecting microscope
were aspirated using a hand-pulled glass micropipette and ejected directly into 4
ml of lysis buffer composed of DNA Suspension Solution (Teknova, T0221) with
100U/ml SUPERase•In RNase Inhibitor (Ambion, AM2696) and 0.5% NP40
(Thermo Scientific, PI-28324). The entire lysate was reverse transcribed using
qScript™ cDNA SuperMix (Quanta Biosciences, 95048-100) according to
manufacturer’s instructions, except that the reaction volume was reduced to 5 ml.
Specific target amplification (STA) was performed using HotStarTaq Plus DNA
Polymerase (Qiagen, 203605) and 0.02X each TaqMan® Gene Expression
Assays as follows: initial heat activation: 5 minutes at 95oC; followed by 2-step
cycling: 5 seconds at 95oC, 6 minutes at 60oC for 20 cycles. The PCR product
was cleaned using Exonuclease I (New England Biolabs, M0293S) according to
manufacturer’s protocol. Samples were then prescreened for the genes indicated
below by standard qPCR using TaqMan probes. High-density microfluidic chipbased quantitative PCR was performed using TaqMan® Gene Expression
Assays, Fluidigm 96.96 Dynamic Array Chip for Gene Expression, and the
Biomark HD System, following Fluidigm’s protocols.
Single Cell Data Analysis
Raw data from the Biomark assay chips was processed with the Fluidigm
Real-Time PCR Analysis software (Fluidigm). For reactions marked by the
software as failed, amplification curves were inspected and reactions showing
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exponential amplification were manually passed. Subsequent data analysis was
performed using R 3.1.2 (R Development Core Team, 2015) with the RStudio
0.98.1102 interface (RStudio, 2014) and the cited packages, GraphPad Prism
5.0f (GraphPad Software, Inc.), and STATA 13.1 (StataCorp LP).
For the subtype marker gene experiment shown in Chapters 2 and 4:
Markers were selected based on previously-published subtype-specific
genes (Arlotta et al., 2005; Franco et al., 2012; Molyneaux et al., 2007b) and
data mining from population-wide gene expression profiles of CPNs and CFuPNs
(Arlotta et al., 2005; Lodato et al., 2014; Molyneaux et al., 2009; Molyneaux et al.,
2015). Novel CFuPN marker genes were selected from genes showing specific
expression in either of corticospinal motor neurons or corticothalamic neurons.
For gene expression profiles generated by microarray analyses, we considered a
gene to be cell-type specific if its expression was at least 2-fold higher in one
neuronal population compared to another in at least 2 developmental stages. For
gene expression profiles generated by RNA-sequencing, we selected genes that
were significantly differentially expressed in a single neuronal population at any
developmental stage and had an FPKM > 10. When possible, the specificity of
the gene was further verified by in situ hybridization published in the Allen Brain
Institute Brain Atlas (Allen Institute for Brain Science, 2014).
For marker gene analysis discussed in Chapters 2 and 4:
For embryonically-induced samples (Chapter 2), in order to exclude
samples without amplification product, STA-amplified samples were prescreened
for GFP before performing the Fluidigm high-density assay. For postnatal
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induction experiments (Chapter 4), no prescreening was performed as the rate of
samples without amplification product was low. After inspecting the Biomark
output from the high-density assay, values for positive and negative control
samples, positive control assays (eGFP, Fezf2, GAPDH), and assays with no
expression in any non-control sample were excluded from subsequent analysis.
For postnatal induction experiments, exogenously-provided genes (Fezf2, Sox2,
Ctip2 and Ascl1) were also excluded. Cell-to-cell expression was normalized by
centering the Ct values of each cell using the arithmetic mean Ct of three
reference genes, two “housekeeping” (Ppia and Ywhaz) and one pan-neuronal
(Map2) (equivalent to centering on the log-average of the linear expression
values of these genes); we removed cells of low quality that did not express any
of the reference genes.
Ct values were converted into log2 expression values using a limit of
detection (LOD) of 24; undetected assays were assigned an expression value of
0. Assays with no expression in any sample at LOD 24 were removed from the
dataset. It should be noted that because of the small amount of starting RNA, the
single-cell qPCR technique has an inherent limit of sensitivity; while a sample
showing no detection of a gene with high average expression is more likely to
represent a genuine lack of expression in that cell, genes whose average
expression is close to or below the limit of detection will be subject to a high rate
of false negatives (Livak et al., 2013). In this analysis we included all genes for
which we detected expression in at least one cell; removing genes with a low rate
of detection did not appreciably change the results.
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The “detect outliers” module in the SINGuLAR Analysis Toolset 3.0.3 R
package (Wang et al., 2014a) was used to remove cells with abnormally low
overall gene expression, probably representing poor cDNA synthesis and/or
STA, as well as cells with abnormally high overall values.
Gene clustering of the remaining genes was performed by Weighted
Correlation Network Analysis using the “WGCNA” 1.43 R package (Langfelder
and Horvath, 2008, 2012), using the bicorrelation method with a “soft
thresholding” power of 5 (selected using the scale-free topology model fit and
mean connectivity metric as calculated within the package). When data
processing with this program identified outliers, they were removed from the
dataset. In order to assist visualization of the data, the analysis was performed
on a signed network, to identify modules of genes with positive correlations
(similar direction of change).
To cluster samples, we applied consensus clustering (Monti et al., 2003)
in the “ConsensusClusterPlus” 1.20.0 R package (Wilkerson and Hayes, 2010),
using partitioning around medoids (PAM) and Spearman correlation distance,
with 1000 repeats of 2-D subset resampling of 80% of samples and genes per
run. We evaluated results with from 2 to 20 clusters and selected the bestsupported by inspection of the program metrics (correlation matrix, cluster
consensus values, cumulative distribution function, and relative change in area
under the CDF curve); to further confirm the choice we evaluated the range from
2 to 20 clusters by the average silhouette width and the Calinski-Harabasz
criterion, and used the Duda-Hart test to evaluate the possibility of no cluster
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structure (i.e., k=1), each performed using the pamk function in the “fpc” 2.1-9
package in R (Hennig, 2014). A sample’s item consensus (IC) values represent
the average consensus of that sample to each of the samples in the
corresponding cluster; a high IC for one cluster and a low IC for all others is
indicative of a stable cluster assignment. Note that a given sample’s IC values for
all clusters do not necessarily sum to one.
Gene

and

sample

clustering

described

above

were

performed

independently. Correlation between expression of individual genes and sample
cluster was assessed using the nonparametric Wilcoxon-Mann-Whitney test,
performed using the gMWT package in R (Fischer and Oja, 2014, 2015); the
Benjamini-Hochberg false discovery rate (FDR)(Benjamini and Hochberg, 1995)
was used for multiple comparisons correction. Significant genes are defined as
having correlation p<0.05 and fold change >2. Single value decomposition
principal component analysis was performed using the SINGuLAR package in R.
The Benjamini-Hochberg false discovery rate (FDR)(Benjamini and Hochberg,
1995) was used for multiple comparisons correction. Threshold for influential
factor loadings was taken as |0.32|, as suggested by (Comrey and Lee, 1992;
Tabachnick and Fidell, 2012).
The heatmaps were prepared with the heatmap.2 function in the “gplots”
2.16.0 package (Warnes et al., 2015) in R.
For the GABA receptor experiment shown in Chapter 3:
For this experiment, in order to increase our ability to detect differences
between control CPNs and reprogrammed emb-iCFuPNs, we enriched for emb-
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iCFuPNs over non-reprogrammed cells by pre-screening STA-amplified product
from individual Fezf2-electroporated neurons for the CFuPN markers Er81 and
Crym (Arlotta et al., 2005; Hevner et al., 2003), selecting cells positive for either
or both. For parity, STA-amplifications from control GFP-electroporated neurons
were prescreened for a marker of CPNs (Satb2) (Alcamo et al., 2008b; Britanova
et al., 2005a). For this experiment, two technical replicates were performed for
each assay.
After inspecting the Biomark output from the high-density assay, values for
positive and negative control samples and for control genes (eGFP, FezF2,
Actin, Gapdh, Hprt) were excluded from subsequent analysis. For each cell, the
Ct values from the two technical replicates of each assay were first averaged. Ct
values were converted into log2 expression values using a limit of detection
(LOD) of 27; undetected assays were assigned an expression value of 0. The
“detect outliers” module in SINGuLAR was used to remove cells with abnormally
low overall gene expression, probably representing poor cDNA synthesis and/or
STA, as well as one FezF2-OE cell with abnormally high overall values. In
addition, 2 control GFP-CPN cells that were Satb2 negative and 7 FezF2-OE
cells that were negative for both Er81 and Crym were excluded as probable
technical failures (as these cells had previously shown amplification for these
genes in the prescreen qPCR). The final dataset includes 46 control GFP-CPN
cells and 53 emb-iCFuPN cells.
Single value decomposition principal component analysis on expression of
24 marker genes was performed as described above to confirm reprogramming
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(see Figure 3.4.2 and Table 3.1). As expected, emb-iCFuPNs segregated from
control GFP-CPNs on the two primary axes of variation (p < 0.0001 for multiple
means comparisons of sample scores on PCs 1 and 2, calculated using the
modified Nel and Van der Merwe test in STATA). PC2 separated the Fezf2-OE
and GFP-CPN samples (Figure 3.4.2.A), and this was driven by opposite
contributions of CPN and CFuPN molecular markers (Figure 3.4.2.B and Table
3.1). Factor loading analysis performed as described above showed that the
most important contributors to PC2 were Cux1, Cux2 and Pcp4 (along with Er81,
as expected from our pre-selection protocol) (all: loading ≥ |0.32| and correlation
of gene expression to sample score on PC2 p<0.001), consistent with the results
of our larger single-cell analysis. Thus, the majority of the Fezf2-OE cells
appeared to be molecularly reprogrammed into emb-iCFuPN.
For the GABA receptor expression, fraction of non-expressing cells for
each gene was compared using the FDR-corrected two-sided Fisher’s exact test
in Prism. Average log2 gene expression values for each gene (reported as ±
standard error of the mean) were compared using the FDR-corrected two-tailed
Mann Whitney test, performed in Prism with a 95% confidence interval. Dot plots
of log2 gene expression were prepared in Prism.
Electrophysiology
Brain slice preparation
Mice were anesthetized using isoflurane and quickly decapitated. The
brains were rapidly dissected and 350 µm thick coronal sections containing the
M1 motor area (Distance from bregma: 1.42 – 0.74 mm) were collected using a
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blade microtome (Microm HM 650V, Thermo Scientific) in oxygenated (95% O2,
5% CO2) ice-cold cutting solution. Slices were incubated in artificial CSF (ACSF)
at 34°C for 30 min and allowed to cool to room temperature. ACSF contained (in
mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 25 Glucose and 25
NaHCO3. Cutting solution contained (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4,
2 CaCl2, 10 MgCl2, 10 Glucose, 25 NaHCO3 and 4 Ascorbate.
Recording and data acquisition
Recordings were made at room temperature (22-25°C). Slices were kept
under constant (2 ml/min) bath perfusion using a peristaltic pump (MINIPULS 3,
Gilson). Neurons were visualized in NIS-Elements microscope imaging software
(Nikon), using an upright microscope (Eclipse FN1, Nikon) with a CCD camera
(CoolSNAP EZ, Photometrics). Cortical layers were identified based on cell
density and distance from pia (~100-400 µm for L2/3, ~400-800 µm for L5). Cells
expressing fluorescent protein (eGFP or tdTomato) were first identified under
fluorescence light illumination (X-cite 120, Lumen Dynamics). Endogenous L2/3
and L5 pyramidal neurons were identified based on cell body size and
morphology.
Recording pipettes (2.5-3.5 MΩ) were pulled from borosilicate glass
capillaries using a DMZ-universal puller (Zeitz Instruments, Munich, Germany).
Whole-cell recordings were amplified using a Multiclamp 700B amplifier (Axon
Instruments) and acquired using Clampex 10 and a Digidata 1440A board (Axon
Instruments). Recordings were filtered at 10kHz and digitized at 20kHz. Liquid
junction potentials were not compensated. Series resistance (5-12 MΩ) was
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closely monitored during recording. A recording was discarded if series
resistance changed by >15%.
To assess the intrinsic properties, whole cell recordings were performed
with internal solution containing (in mM) 130 K-gluconate, 4 KCl, 2 NaCl, 10
HEPES, 0.2 EGTA, 10 Phosphocreatine-Tris, 4 Mg-ATP, 0.3 Na3-GTP
(Osmolarity 290 mOsm, pH=7.2). For miniature inhibitory post-synaptic currents
(mIPSCs), internal solution contained (in mM) 100 KCl, 40 K-gluconate, 8 NaCl,
2 MgCl2, 10 HEPES, 0.1 EGTA, 2 Mg-ATP, 0.3 Na3-GTP and 1 lidocaine
derivative QX-314 (Osmolarity 290mOsm, pH=7.2).
Miniature IPSC events were recorded at holding potential of -60 mV, with
20 µM

CNQX

(6-Cyano-7-nitroquinoxaline-2,3-dione

disodium)

(Tocris

Biosciences, 1045), 50 µM AP-5 (D-(-)-2-Amino-5-phosphonopentanoic acid)
(Tocris Biosciences, 0106) and 1 µM TTX (tetrodotoxin) (Tocris Biosciences,
1069) added to bath solution to block AMPA, NMDA receptors, and voltagegated sodium channels, respectively. This combination of drugs silences
excitatory input and allows the specific interrogation of inhibitory network
differences (van den Pol and Trombley, 1993). Traces at least 150 s-long were
collected 3 min after break-in for mIPSC analysis. For pharmacological analysis,
Zolpidem (Sigma-Aldrich, Z103) was dissolved in DMSO (Dimethyl sulfoxide) in
stock solution (5mM). The final fraction of DMSO was 0.02%. Vehicle DMSO at
the same concentration was present before Zolpidem application. For analysis of
the effect of Zolpidem, mIPSC traces at least 150 ms long were collected before
application of Zolpidem and 3 min after.
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Optogenetics
For optogenetic experiments, a 473 nm laser (IKE-473-100-OP, IkeCool)
was delivered to the brain slices via an optical fiber (core diameter of 200 µm).
The fiber was placed ~3.5mm away from the slice surface, at a 45° angle,
centered at recording sites. 20 µM CNQX and 50 µM AP-5 were applied to block
excitatory inputs. Post-synaptic inhibitory responses were evoked by 2-msec light
pulses, with a 10-sec inter-stimulation interval. Minimal responses were evoked
at average threshold power of 190 µW for PV-IRES-Cre;Ai32 slices, at which
level both successes and failures were observed. Repeated recordings of IPSC
from 0.1 Hz light stimulation of a given cell showed high stability (no depression
or facilitation was observed); this is consistent with stable stimulation parameters.
At minimal stimulation, both successes and failures were observed, as expected.
Maximal responses were evoked at power levels >1000 µW. Compound
heterozygote PV-IRES-Cre;Ai32 animals were used for all experiments. Baseline
values were established from control, non-electroporated littermates.
Data analysis
Passive membrane properties and action potentials were analyzed in
Clampfit 10 (Axon Instruments). The 12 parameters were measured as follows:
CThr (current threshold), current injection required to elicit an action potential;
Vm (resting potential), membrane resting potential; Rm (input resistance), slope
of steady state voltage responses to current injection of -100 pA, -50 pA and 0
pA; tau (membrane time constant), decay constant of the membrane with single
exponential fit of the membrane response to a -100 pA current injection; Cm
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(membrane capacitance), calculated from Cm = tau/Rm; Vsag (voltage sag),
measured as the sum of the voltage sag and rebound depolarization in response
to a hyperpolarizing current pulse of -100 pA; VThr (action potential voltage
threshold), the membrane voltage when dV/dt ≥ 20; APamp (action potential
amplitude), amplitude of the action potential from baseline; APhw (half width),
half width of action potential; fAHP (fast-afterhyperpolarization), amplitude of the
hyperpolarization after the action potential spike measured from threshold
voltage, APr (AP Rising time), time of 10–90% rising phase of action potential;
APd (AP decay time), time of 90-20% decay phase of action potential. Properties
of action potentials were measured from action potentials evoked at the current
threshold.
mIPSCs were after-filtered at 2k Hz and analyzed in Mini Analysis
Program (Synaptosoft). 90%-10% of the decay phase of each event was fitted
with two exponentials. Fittings with R2 less than 0.99 were not included. The
weighted tau is calculated as: τ w =

A1τ1 + A2τ 2
A1 + A2

Biocytin Filling and Reconstructions
€
Recording of mIPSCs and voltage sag was done as described above
except that high KCl internal solution with 0.3% (w/v) biocytin was used. After
recording, neurons were held for 30 min to allow complete filling with biotin.
Slices were then fixed in 4% PFA in PBS at 4oC overnight. After washing in PBS
(3 x 15 min), slices were incubated in PBS / 0.2% Triton X-100 with Alexa Fluor
546-conjugated streptavidin (Life Technologies, diluted 1:500) for 4 hrs at room
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temperature, followed by washing in PBS / 0.1% Triton X-100 (3 x 15 min). Slices
were then mounted in Fluoromount-G Slide Mounting Medium (SouthernBiotech).
Image stacks were acquired using a confocal microscope (Zeiss 710) with a 10X
objective lens. Neurons were traced in VAST Lite and segmentations were
exported to ImageJ for average-intensity z-projection. The width of the dendritic
apical tuft was taken as the maximum horizontal span of the tuft measured
parallel to the pia.
Algorithmic classification of reprogrammed vs. non-reprogrammed cells
We prepared an algorithm to classify experimental cells based on their
electrophysiological characteristics using a custom program written in MatLab
(Mathworks, Natick, MA). A logistic-regression-based classifier was trained using
60% of control data (endogenous L2/3 CPNs and control GFP-CPNs vs.
endogenous L5 CFuPNs) using a new random selection for each run, tested on
the remaining 40% of control data, and then applied to classify electroporated
cells. The performance of the classifier on the test data set was measured by
Precision (true positive over test positive), Recall (true positive over condition
positive), F-score (2*Precision*Recall / (Precision+Recall)) and Accuracy (true
positive and true negative) over 1000 test runs on independent random subsets
of the training data. The classification algorithm was applied to the electroporated
cell datasets over 1000 iterations. The algorithm achieved an accuracy of 0.99 ±
0.03 (minimum 0.82, maximum 1; Figure 2.2.4), suggesting that the linear model
was sufficient to classify control PNs. To assess stability of assignment, we
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calculated that if a cell is randomly assigned to either the L2/3 or L5 group (with
probability p=0.5), the 95% confidence interval for p=0.5 will be [0.469, 0.531].
Statistical Analysis of Electrophysiology and Histological Data
For experiments that required comparison between two groups, we used
the unpaired Student’s t-test for normally distributed data; for data with unequal
variances (by F test) we used the unpaired t test with Welch's correction. If one
or more of the data subgroups failed the D’Agostino-Pearson omnibus test for
normality, we used the nonparametric Mann-Whitney test. For experiments
where three or more groups were compared we performed a one-way ANOVA
followed by Turkey’s multiple comparison test. Values are presented as mean ±
SEM. Cumulative plots were analyzed with the Kolmogorov–Smirnov test. *
p<0.05, ** p<0.01, *** p<0.001.
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