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“No, it is a very interesting number. It is the smallest number expressible as the
sum of two cubes in two different ways!”
Srinivasa Ramanujan, in reply to G.H. Hardy’s comment that 1729 was a dull
taxi number;
“You must write your first draft with your heart. You rewrite with your head. The
first key to writing is... to write, not to think.”
William Forrester in ‘Finding Forrester, 2001’;

“But as the scale map shows, living matter is , in some sense, no different
conceptually from non-living matter. What dramatically distinguishes the two is
that in living materials we find there is an extra degree of connectivity between
the different scales: living materials actively organize their internal architecture.
They do this by setting up communication between the different scales of the
organism”
Mark Miodownik, Stuff Matters
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Abstract
The mammalian cortex is composed of two main types of neuron. Principal cells
(PCs) are glutamatergic and use glutamate as the main neurotransmitter.
Interneurons

are

mostly

GABAergic

and

use

GABA

as

their

main

neurotransmitter. PCs are the output units of the cortex and comprise ~80-85% of
the mouse cortex. Interneurons modulate the activity of PCs and comprise
~20-15% of the mouse cortex. These two broad cell types originate from
separate regions of the developing nervous system. Early embryo development
is dependent on the balance between cell proliferation and differentiation. The
process of cortical progenitor pool expansion, division and production of
postmitotic cells starts at around embryonic day (E) 10.5. PCs arise from the
dorsal telencephalon while interneurons arise from the ventral telencephalon.
The process of telencephalon regionalization is regulated by differential
expression of transcription factors (TFs). Pax6 is one of such TFs. Importantly, it
is expressed strongly in the PC dorsal Emx1 lineage but much less so or not at
all in interneuron ventral lineages. Here I investigated the postnatal
characteristics of a Cre-loxP recombinant mouse that had Pax6 removed from
the Emx1-lineage at E11.5. I targeted L5 and L2/3 of the somatosensory cortex
and recorded their intrinsic electrophysiological properties. The results suggested
that PCs can be specified without the need for Pax6 as the intrinsic properties of
neurons in layers 5 and layers 2 and 3 were not significantly different than those
of control cells. I explored an ectopic population of cells from the Emx1-lineage
that expressed GABAergic markers in the embryo using electrophysiology and
immunostaining. The results indicated that ectopic cells do not develop much
electrical activity and stay in a state of arrested development. I investigated the
consequences of deleting Pax6 in Emx1-lineage progenitor cell cultures. The
results revealed the possibility that Emx1-lineage progenitors can produce
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interneurons in the absence of Pax6 if Sonic Hedgehog is activated. Taken
together, the results support the hypothesis that Pax6 protects cortical PC
specification by inhibiting interneuron-inducing signals.
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Lay Summary

Kidney cells don’t spontaneously become neurons. As we grow up, our bodies
develop under the compass of our genome. This long stretch of instructions
orchestrates how different tissues emerge with particular types of cell. The
production of cell lineages with particular characteristics starts soon after a
sphere of cells is produced from the fusion of egg and sperm. Eventually a
kidney cell is produced that cannot do what a neuron can, and a neuron is
produced that cannot do what a kidney cell does. This process of acquisition of
particular characteristics adapted to the cell’s function is called cell differentiation
and specialization. So here I wondered how cells in a singular part of the brain,
the cortex, arise and form it.

Neurons communicate using synapses, small gaps between cells that release
and receive molecular signals. The two main molecular signals at the cortex are
GABA and glutamate. The cortex contains two main types of neuron: Principal
cells (PCs) (glutamatergic-use glutamate) interneurons (GABAergic-use GABA).
Simplified, PCs are the output cells while interneurons modulate PC’s activity.
Neuroscientists use molecules such as transmitters and calcium-binding proteins
to mark specific types and subtypes (molecular markers). Interneurons make
only ~15-20% of cortical cells but present a higher diversity of subtypes than
PCs. This diversity is evident in the patterns of electrical activity that these
neurons generate in response to input from other cells. The basic unit of
electrical activity is called an action potential (AP). Interneurons present AP
waveforms and patterns that are distinct from those of PCs.
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This thesis concerns one of the orchestrators of the development process, Pax6.
This protein binds to parts of the genome and alters the expression of other
genes. Gene expression, put simply, determines what molecules and functions
are activated in a cell. These can change over time, but in a developed organism,
there are sets of genes that are more prominently expressed and sets of genes
that are inactive. In the lineage of cells that produces PCs, Pax6 is expressed at
a specific time in development. Additionally, it is not expressed much in the
lineages of cells that produce interneurons. My lab found previously that when
Pax6 is removed from PC lineage, they give rise to a subpopulation of cells in the
developing embryo that express interneuron molecular markers. This is
interesting because this lineage only produces PCs when Pax6 is present. So
two questions came to mind: apart from molecular markers, do these cells
present AP waveforms and patterns that correspond to interneurons (it smells
like a pudding, but does it taste like a pudding)? Do the cells that follow the
expected molecular pattern, have electrical properties expected of PCs?

To investigate this I used an engineered mutant mouse that had expression of
Pax6 protein deleted from the PC lineage. I found that without Pax6, PCs in the
mutant cortex still have properties that are similar to PCs in the cortex of mice
that expressed Pax6 during development. I also found that the majority of cells
that change fate as assessed by molecular markers don’t become interneurons,
and are instead stuck in a state of arrested development or/and show no
commitment to a particular cell fate (smells like a pudding, but doesn’t seem to
taste). Knowledge obtained in this investigation will help to better understand the
mechanisms of brain development and what goes wrong in pathological
conditions such as epilepsy and autism spectrum disorders.
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Introduction
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1. Introduction

1.1 Overview

This

thesis

involves

developmental

biology

and

electrophysiological

characterization of cells. In the first part of the introduction I introduce principal
cells and interneurons. The second part introduces progenitor cell lineages and
how specific cell types are generated from segregate lineages. Thirdly I describe
the literature on Pax6 and its role in corticogenesis. I then dissect conventional
and transcriptomic cell classification. This is followed by an introduction to the
neuronal action potential and the development of a neuron’s physiological
characteristics. The sixth section describes key experiments that suggest Pax6
is involved in regulating GABAergic neuron production. Finally I describe recent
work done in the Price lab in a transgenic mouse model of Pax6, I state the
broad aims of this thesis and what is investigated in each of the three data
chapters.

1.2 Statement of Significance

Pax6 is a key regulator of many biological processes. Here I have added to the
body of literature on Pax6 by understanding its role in the formation of the
mammalian cortex and specification of glutamatergic principal cells using the
mouse as the model organism. This will allow us to better understand how the
cortex develops by balancing proliferation and differentiation of various progenitor
cell pools.

18

1.3 Note on Nomenclature

Because of a similarity of names, there may be confusion about the terms radial
glial progenitor, neurogliaform cell and glial cell. Radial glial progenitors are a
population of embryonic progenitor cell populations. Neurogliaform cells refer to a
type of interneuron. Glial cells are postmitotic brain cells that are not neurons.
Neurogliaform cells (first described as spyder web cells by the unavoidable
Ramon y Cajal (1911)) gained their name based on their superficial resemblance
to glial cells. The similarity of names does not imply relatedness.
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2. Glutamatergic and GABAergic Cortical Neurons

2.1 Glutamatergic-GABAergic Neurotransmitter System

Glutamatergic neurons use L-glutamate as their main neurotransmitter. Fast
postsynaptic transmission is mediated by three main types of ionotropic
ligand-gated channels: NMDA AMPA and kainate (Farrant & Cull-Candy, 2010;
Traynelis et al., 2010). Three families of metabotropic glutamate receptors
mediate G-protein coupled receptor transmission (Conn & Pin, 1997). Upon
ligand binding conformational changes lead to the flow of cations (Na+, K+) into
the neuron (Traynelis et al., 2010). GABAergic neurons use y-aminobutyric acid
(GABA) as their main neurotransmitter. Postsynaptic transmission is mediated by
both ionotropic (Farrant & Nusser, 2005) and metabotropic receptors (Ulrich &
Bettler, 2007). GABA leads to the influx of anions (Cl-, HCO3-) into the PSD
leading to hyperpolarization of the postsynaptic neuron (Farrant & Nusser, 2005).

2. 2 Principal cells and Interneurons

2. 2. 1 Principal Cells

Principal cells (PCs) are glutamatergic (Molyneaux et al., 2007; Bella et al.,
2021). PCs tend to be large and have a pyramidal shape. Their projections reach
out to distant layers (McCormick et al., 1985; Kim et al., 2015; Yang et al., 2018).
PCs have many cortical and subcortical targets (Molnar & Cheung, 2006; Yang et
al., 2018). PC somas are mostly absent from L1 (Molyneaux et al., 2007). The
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circuits PCs forms are reflective of their long-range axonal targets (Brown &
Hestrin, 2009). PCs have dendritic spines at their dendrites (spiny)(McCormick et
al., 1985). These membrane protrusions are thought to change the biochemical
environment locally thereby impacting synaptic integration of processing of input
(Koch & Zador, 1993; Yasuda, 2017). AP characteristics of PCs include broad,
adapting APs with slow AHPs (Connors & Gutnik, 1990; McCormick et al., 1985;
Bean, 2007; Kim et al., 2015; Scala et al., 2021). PCs received input from a vast
network of interneurons (Burkhalter, 2008). This is reflected in the diversity of
dendritic channels and spines (Polsky et al., 2004)

2. 2. 2 Interneurons

Cortical interneurons are GABAergic (Parnavelas et al., 1989; Ascoli et al., 2008;
DeFelipe et al., 2013; Tremblay et al., 2016). Gad67 is used as a pan
interneuronal marker (Esclapez et al., 1994; DeFelipe et al., 1993; Rudy et al.,
2011; Yamashiro et al., 2021). Interneurons connect with PCs at different
anatomical points; synapses can form at the dendrites (axo-dendritic), axons
(axo-axonic) or cell bodies (axo-somatic) (Figure 1.1) (Kepecs & Fishell, 2014).
The subcortical location and connection pattern will influence the contribution of a
specific interneuron to the excitability of PCs. The morphology and electrical
profile (morphoelectric profile) of interneurons is more diverse than that of PCs
(Ascoli et al., 2008). Generally interneurons have higher firing frequencies and
faster APs and AHPs (DeFelipe et al., 2013). Interneuron subtypes show distinct
somatic and axonal AP properties (Connors & Gutnick, 1990; Casale et al.,
2015).
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Morphologically interneurons are aspiny (absence of dendritic spines) and have
short, local projections. Basket cells, Martinotti cells, chandelier and bipolar cells
populate the cortex (Tremblay et al., 2016) amongst others. These various
morphologies overlap greatly with specific molecular markers (Rudy et al., 2011
Lim et al., 2018). While PV+ cells have basket or Chandelier morphologies
(DeFelipe et al., 1989; Markram et al., 2004; Lim et al., 2018), SOM+ cells have
Martinotti morphologies not seen in PV+ cells (Lim et al., 2018). Different types of
interneuron have postnatal differentiation processes that are particular to their
function (Le Magueresse & Monyer, 2013). For instance, basket cells develop
fast APs between P6-P25 in the hippocampus in order to generate robust
gamma oscillations (Doischer et al., 2008).

Spiny stellate cells are glutamatergic and have properties that overlap with L2-3
PCs. Although they are glutamatergic and spiny (Andjelic et al., 2009), stellate
cells are often classified as interneurons as they project locally over short
distances (Okhotin, 2005).

It can be exhaustive to fully describe the various types and subtypes of
interneuron. Experienced neuroscientists often disagree with their classification
(DeFelipe et al., 2013). Below I highlight two particular subtypes: fast-spiking
interneurons and neurogliaform cells (NGFCs).

2. 2. 2. 1 PV+-Fast-Spiking interneurons

Fast-spiking interneurons (FS) are the most common subtype of cIN at the cortex
(Figure 1.1) (Kawaguchi & Kubota, 1997; Rudy et al., 2011). These cells have
low input resistance, non adapting fast spikes (short APs) and a high amplitude,
fast, high amplitude AHP (Kawaguchi et al., 1997). They are positive for PV
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(Kawaguchi et al., 1987). FS integrate into various circuits and are present
across layers (excluding L1) (Gonchar et al., 2008). Morphologically they present
chandelier and basket cell phenotypes (Szentagothai & Arbib, 1974).
Morphologically distinct FS-INs have identifieable maturation trajectories
(Miyamae et al., 2017).

2. 2. 2. 2. Neurogliaform cells (NGFCs)

Cortical NGFCs are widespread across the cortical layers (Overstreet-Wadiche &
McBain, 2015).These cells express NPY, nNOS, calbindin and reelin (Fuentalba
et al., 2008; Rudy et al. 2011; Armstrong et al., 2012; Bartolini et al., 2013;
Wamsley & Fishell, 2017). Apart from NPY, no single marker is present in all
NGFC populations (Overstreet-Wadiche & McBain, 2015). NGFCs can synapse
with each other and other interneuron subtypes (Olah et al., 2007). These cells
possess a characteristic late spiking phenotype, with a delayed first AP onset
(Figure 1.1, firing pattern 3). NGFCs have a radial, arachnid shape with
multipolar dendrites (Tricoire et al., 2010). NGFCs can couple electrically via gap
junctions between each other and other interneuron subtypes such as basket
cells (Tamas et al., 2003; Simon et al., 2005). This may enable NGFCs cells to
keep track of activity in their circuits. At the hippocampus NGFCs are widespread
across regions and make ~10% of the total number of hippocampal interneurons
(Fuentealba et al., 2008).
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Figure 1.1 - Interneurons have a variety of morphologies, synapse target regions, molecular
marker expression and intrinsic electrical properties. PV+ cells show fast spiking intrinsic
properties (2,3) and form axo-somatic connections with principal cells. Neurogliaform cells
show a late spiking phenotype (3). Image adapted from Kepecs & Fishell, 2014.

2.3 GABA and Glutamate Ratios (E/I Balance)

Wong et al. (2018) report tha postnatally PC apoptosis is higher between P2-P5
(12% PC population) while interneurons see a ~30% decrease in numbers
between P5-P10 (the ratio is stable until P5) (Wong et al., 2018). The apoptotic
drive in cINs is shown to be dependent on downregulation of PTEN signalling
mediated by PCs in this same study. Sahara and colleagues (2012) found
evidence that the ~ 20% interneuron ratio is set early on in neurogenesis (Sahara
et al., 2012). The pathway taken by Gad67 labelled cells was traced from the first
wave of interneurons arriving in the dorsal telencephalon at E13.5 to E.18.5. This
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revealed that by E14.5 that ratio was already established and maintained
throughout embryo development. This could be reconciled with PC-cIN postnatal
apoptosis reported by Wong et al. (2018) by postulating that although the ratio is
established early, postnatal apoptosis is a mechanism to adjust interneuron
subtype ratios that may lead to a temporary reduction in interneuron to glutamate
proportion. What is certain is that there is a postnatal adjustment of cell numbers
via apoptosis. GABAergic transmission also influences cortical development in
the first postnatal week (Ben-Ari et al., 2004). A shift in early balance of PC and
cINs could impact later network formation and it is therefore important to
understand the mechanism by which neuron subtypes are produced in the
developing cortex (Magno et al., 2021).

This E/I balancing act seems to be compromised in pathophysiological conditions
such as autism spectrum disorders (ASD) and epilepsy (Oblak et al., 2011;
Golovin & Broadie, 2017; Fritschy, 2008). The transplantation of interneurons
from the MGE into the cortex of an epileptic mouse model was shown to
downregulate epileptic events (as assessed by video electroencephalogram)
(Shetty et al., 2016).
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3 Blastula to Infinity

Starting from the totipotent zygote an organism is formed with a multitude of cell
types within tissues. How does this take place? What mechanisms conduct the
production of different tissues and specialisation of cells within those tissues? How
are the various molecular mechanisms interlinked? GABAergic and glutamatergic
cells originate from different populations of progenitor cells. This section describes
what progenitor cells are and how they give rise to postmitotic neurons of various
types and subtypes.

3. 1 Multicellular Organisms

Organisms have evolved from simple unicellular units to multicellular organisms
with complex intercellular and tissue interactions (Lane, 2014). This complexity is
reflected in the DNA of organisms where a multitude of genes and non-coding
sequences interact and are expressed with different space and time dynamics
(Palazzo & Lee, 2015).

The orchestration of the developing mass of the embryo involves a sequence of
transient gene expression profiles that create regional patterns of further
differential gene expression. Following the formation of a blastula eventually the
three primordial tissues are formed: the ectoderm, the endoderm and the
mesoderm (Castanon-Ortega & Heisenberg, 2015). Skin and neural tissue arise
from the ectoderm (Castanon-Ortega & Heisenberg, 2015). This creates lineages
of progenitor cells that give rise to particular regions of the brain and spinal cord.
The telencephalon and diencephalon form the forebrain. The telencephalon can
be further subdivided into the dorsal telencephalon (dTel) and ventral
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telencephalon (vTel). The former eventually forms the neocortex and
hippocampus (archicortex) while the latter forms the striatum (Marin, 2000).

3.2 Cortical Layers

The cytoarchitecture of the nervous system is highly structured at all major
structures including the cerebellum (Ito, 2006), the olfactory bulb (OB)
(Nagayama et al., 2000) and the neocortex (Hawkins et al., 2017). Single gene
deletions can jeopardise the organisation of the neocortex (Rakic, 2009). For
example,

Reelin

is a glycoprotein secreted by transient cells (Cajal

Retzius)(Martinez-Cerdeno & Noctor, 2014) at the start of the development of the
cortex (corticogenesis) and it is necessary for the orchestration of the phased
interaction between local differentiating cells and cells migrating from other
regions into the cortex (Rice

et al., 1998). Ablation of reelin expression is

reflected by the loss of the layering/column organisation of the cortex (Falconer,
1952).

Neurons located in more superficial layers are born later than those in deeper
layers. This is because the first neurons to be born and differentiate accumulate
immediately superficial to the ventricular and subventricular zones and
subsequent neurons migrate to the upper layers (inside-out corticogenesis)
(Figure 1.3) (Molnar et al., 2019; Rakic, 2009). The last layer to form is Layer 2/3
(L2/3)(Rakic, 2009). L2/3 have PCs with shorter projections than Layer 5 (L5)
(Tasic et al., 2016). Layer 4 (L4) (granular layer) presents very high cell density
and is composed of PCs and interneurons (Yang et al., 2018). PCs in this layer
have extensive connections with the thalamus (Yang et al., 2018). L5 has long
projections that can extend to L1. L5 are output cells with cortico-cortical,
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cortico-thalamic and cortico-fugal projections (Kim et al., 2015). Layer 6 (L6) is
more variable and composed of a wide diversity of cell types and for this reason
is also known as fusiform layer (DeFelipe & Jones, 1988). Layer 1 (L1) is derived
from the marginal zone (Rakic, 2009). This is a layer sparse in cells just under
the pia and contains mostly interneuron somas and PC projections (Muralidhar et
al., 2014). This layer integrates and contextualizes sensory input (Genescu &
Garel, 2021).

3. 3 DNA - RNA - Protein

The genome of different species has variable length and composition (coding
genes, promoter sequences, junk DNA)(Pratt & Price, 2016; Palazzo & Lee,
2015). One of the main tenets of molecular biology is that DNA is copied into
RNA (transcription) which is then used to string amino acids together and form
proteins (translation). Exons are DNA sequences that are transcribed and
translated while introns are only transcribed. Exons can link with each other in
multiple combinations (alternative splicing) (Soto et al., 2019).

DNA in chromosomes exists in a DNA-protein complex (chromatin). This needs
to be unravelled for gene expression to occur. This process requires DNA to be
exposed to enzymes that will copy its base sequences at particular and highly
regulated starting and stopping points (Kornberg, 1974; Richmond & Davey,
2003). DNA exons can be spliced in more than one way, meaning that proteins
with different 3-dimensional conformations can arise increasing the range of
functions a gene can code proteins for.

The cell cycle is briefly outlined in Figure SB1A. There are growth phases (G1,
G2) separated by a synthesis phase (S) where DNA is copied. The cell
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progresses into the M phase in order to produce daughter cells. The process is
regulated by cyclins (Morgan, 1997) and a multitude of other regulators
(Satyanarayana & Kaldis, 2009). This involves cells exiting the cell cycle
(postmitotic) or re-entering it (daughter progenitor cell). Postmitotic progression
involves exiting the cell cycle and losing the ability to divide and generate new
cells (Beattie & Hippenmeyer, 2017) (Figure SB1 shows the phase of the cell
cycle).

3. 4 Transcription Factors

Transcription factors (TFs) are proteins that target certain genes and alter their
expression profiles (switch genes on and off) (Lis & Walther, 2016; Shimizu et al.,
2019). Many TFs have only one binding domain but some have two (Spitz &
Furlong). Multiple protein binding domains confer TFs the ability to coordinate
different aspects of tissue development. Furthermore, TFs can have more than
one effect depending on which DNA enhancer sequence they bind to (Spitz &
Furlong, 2012). TFs control gene expression by binding to specific promoter
regions upstream of gene sequences (Lis & Walther, 2016; Zhu et al., 2018).

Proteins can be further modified by post translational processes such as protein
phosphorylation, palmitoylation and sumoylation (Tarrant & Cole, 2009; Linder &
Deschenes, 2007; Geiss-Friedlander & Melchior, 2007). These processes confer
further dynamic control of cell function in response to input from other cells and
stimuli including further gene expression regulation (Wang et al., 2013; Silva et
al., 2018; Miller et al., 2019).
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3. 5 Progenitor Cells

Telencephalic vesicles show progressive regionalization from E8.5 in mice by the
interaction of TFs and ligand molecules secreted from local sources (Mallamaci &
Stoykova, 2006). Following gastrulation, neural tube neuroepithelium progenitor
cells (NPCs) produce a pool of radial glial progenitors (RGPs) (Gotz & Huttner,
2005). This happens around E10.5 (Anthony et al., 2004). These progenitors are
present at the emergent vTel and dTel parts of the hindbrain. RGPs in turn give
rise to cortical neurons (neurogenesis) and glia (gliogenesis)(Anthony et al.,
2004; Gotz & Barde, 2005; Casper & McCarthy, 2006; Beattie & Hippenmeyer,
2017). These progenitor cells are present at the ventricular zones (VZ) of the
telencephalon and divide both symmetrically and asymmetrically (Ever & Gaiano,
2005; Gotz & Barde, 2005). The former involves the production of two radial glial
daughter cells. Asymmetric division on the other hand generates one daughter
radial cell and one postmitotic neuron (direct neurogenesis)(Gotz & Huttner,
2005). Alternatively, Intermediate progenitors (IPs) are produced from these
asymmetrical divisions. IPs differentiated into neurons (indirect neurogenesis)
(Gotz & Huttner, 2005) (Figure 1.2). These generate the subventricular zone
(SVZ), a highly proliferative region (Taverna et al., 2014) (Figure 1.2). Postmitotic
cells use RGP projections to migrate radially to their final laminar position (Gotz
& Barde, 2005).

At ~E12.5 dTel RGPs (dRGPs) start the generation of postmitotic neurons (Gotz
& Barde, 2005; Ever & Gaiano, 2005; Molnar et al., 2019). This forms the
preplate, from which the cortex emerges. Cajal Retzius cells form the marginal
zone (MZ) (just under the pia) and express reelin to coordinate corticogenesis
(Molnar et al., 2019). The cortical plate (CP) emerges between the MZ and the
subplate, derivatives of the preplate (Gilmore & Herrup, 1997) (Figure 1.2). The
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CP expands during corticogenesis as cells migrate from the VZ and SVZ (Rakic,
2009; Molnar & Pollen, 2014) (Figure 1.2). Dorsal progenitors migrate radially
from the VZ and ventral progenitors tangentially (Marin, 2013) (Figure 1.4). The
preplate eventually forms the CP that expands during corticogenesis as cells
migrate from the VZ and SVZ (Rakic, 2009; Molnar & Pollen, 2014) (Figure 1.2).

Figure 1.2 - Corticogenesis in the mouse. Radial glial progenitors (RGPs) self-renew to
enlarge the progenitor pool at E10.5-11.5 (circular arrow) at the ventricular zone (VZ). This
mode of division dwindles as neurogenesis (generation of neurons) progresses (Gotz &
Huttner, 2005). At the start of neurogenesis RGPs divide asymmetrically to produce one
daughter RGP and an immature neuron or an intermediate progenitor (IP) (Noctor et al.,
2001; Haubensak et al., 2004). IPs accumulate above the VZ in the subventricular zone
(SVZ). IPs divide to produce two immature neurons; some IPs undergo one round of cell
division to produce two IPs (transient amplification) that later divide terminally to form two
immature neurons (Martinez-Cardeno et al., 2006). RGP and IPs generate neurons for all
layers (Pontious et al., 2008). The generation of new neurons occurs in an inside-out fashion,
where earlier born cells form deeper layers while later born neurons form superficial layers
(Rakic, 2009). The cortical plate (CP) expands during corticogenesis and eventually merges
with the subplate and intermediate zone to form L2-L6. The marginal zone becomes L1.

31

Starting ~E18.5 and continuing postnatally, RGPs initiate gliogenesis (generation of glial
cells) (Miller & Gauthier, 2007; Toma & Hanashima, 2015). Synaptogenesis starts once
neurons begin populating the cortical plate.

3.6 Interneuron Origins, Migration and Lineages

The vTF is subdivided into three ganglionic eminences (GEs): medial (MGE),
lateral (LGE) and caudal (CGE)(Corbin et al., 2001; Marin, 2013) (Figure 1.3).
Postmitotic neural precursors of interneurons are born within the GEs and
migrate tangentially into the emerging CP (Gotz & Huttner, 2005). The majority of
budding interneurons can be traced to the MGE and the CGE (Wichterle et al.,
2001; Lim et al., 2018). The MGE (NKx2.1 positive domain)(Sussel et al., 1999)
is the source of PV+ and SOM+ (Xu et al., 2004; Butt et al., 2005) while the CGE
(Nkx2.1 negative domain) (Sussel et al., 1999) is a source of VIP+ and reelin
interneurons (Nery et al., 2002; Miyoshi et al., 2010) The preoptic area (POA) is
a small ventral zone adjacent to the MGE that is thought to also give rise to NGF
and other multipolar cells (Niquille et al., 2018; Gelman et al., 2009). The CGE
can also give rise to NGFs (Miyoshi et al., 2010). Figure 1.3 illustrates the GEs
and POA.
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Figure 1.3 - Dorsal and ventral telencephalon (sagittal perspective). The ventral
telencephalon is divided into ganglionic eminences (GEs): lateral ganglionic eminence (LGE),
medial ganglionic eminence (MGE) and caudal ganglionic eminence (CGE) (Corbin et al,
2001). MGE and CGE are the main sources of cortical interneurons (Bartolini et al., 2013)
The preoptic area (POA) gives rise to ~10% of cortical interneurons (Kelsom & Lu, 2013).
LGE is a source of olfactory bulb interneurons (Batista-Brito et al., 2008). Interneurons
migrate from the GEs following specific pathways driven by diffusible molecular cues
(arrows) (Borrel & Marin, 2006; Lim et al., 2018).

Extrinsic cell signals regulate migration of cell subtypes (Borrel & Marin, 2006;
Silva et al., 2019). The Slit-Robo and netrin signalling are two such factors. A
gradient of Slit is present along interneuron migration routes; downregulation of
its receptor Robo1 leads to an increase in interneuron numbers (Andrews et al.,
2008). Netrin repulses interneurons from the GEs contributing to their migratory
move towards the cortical plate (Hamasaki et al., 2001). Migrating interneurons
are known to express cell surface receptors such as CHL1 and Astn1
(Batista-Brito et al., 2008), also involved in pro-migratory signalling.
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3. 7 Glutamatergic Cell Origins - Emx1 Lineage

Empty spiracles homeobox 1 (Emx1) is a homeodomain TF expressed early in
development (Boncinelli et al., 1995). Emx1 expression is restricted to the dTel
(Simeone et al., 1992). This lineage also gives rise to hippocampal PCs,
astrocytes and oligodendrocytes (Gorski et al., 2002). Emx1 is not expressed by
interneuron progenitor lineages (Muzio & Mallamaci, 2003).

Figure 1.4 - Radial glial progenitor (RGP) pools generate broad neuron classes (Gotz &
Muller, 2005; Miller & Gauthier, 2007; Rakic, 2009). Dorsal RGP (dRGPs) (Emx1, Pax6
expression rich) generate PCs (Tbr1, Cux2) while ventral RGPs (vRGPs) (Gsh2, Nkx2.1,
Dlx1/2 expression rich) generate interneurons (Gad67) (Manuel et al., 2015). During
interneuron migration through the cortex, apoptosis is observed as cells start forming circuits
(Wong et al., 2018). Cre-recombinase models driven by Emx1 expression are often used to
trace dRGP lineage through corticogenesis and gliogenesis (Gorski et al., 2002).
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3.8 Pax6 and Corticogenesis

3. 8. 1 Paired-box genes

The paired box family of genes is characterized by the presence of paired-box
(PB domain), a highly conserved 128-amino acid sequence (Bopp et al., 1986).
In the mammalian genome this family is composed of 9 elements (Pax1-9)
(Chalepakis et al., 1992; Tremblay & Gruss, 1994). Paired box genes are
expressed in early phases of embryonic development in nervous system tissues
such as Pax2 in the early neural tube (Schwarz et al., 1999) and Pax3 and Pax7
in the spinal cord (Mansouri and Gruss, 1998 ). Pax2 is also connected to the
generation of interneurons subtypes in the spinal cord (Del Barrio et al., 2013).
Pax3 is involved in regionalization of early brain structures (Terzic &
Saraga-Babic, 1997). Pax5 in turn has a role in suppressing certain cell lineages
in the immune system (Cobaleda et al., 2007). This family of genes tend to be
expressed more rostrally in the brain than Hox genes (Mansouri et al., 1996).
Pax6 is a member of this family.

3. 8. 2 Pax6

Pax6 had two binding domains: the paired-box (PB) domain and the
homeodomain. PB domain contains two independent binding domains (PAI,
RED) (Pushel et al., 1992). These subdomains are thought to mediate the
distinct functions of Pax6 (Haubst et al., 2004; Manuel et al., 2015). In mammals
it is switched on early in various CNS tissues, including the retina (Callaerts et
al., 1996), cerebellum (Engelkamp et al., 1999) and forebrain (Toresson et al.,
2002). Its earliest expression in the CNS is at ~ E8.5 (Walther & Gruss, 1991).
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Pax6 has two canonical isoforms, Pax6 and Pax6(5a) (Manuel et al., 2015).
Albeit other isoforms have been reported, such as p32 and p43, these are
present in much lower proportion and are mostly cytoplasmic (Carriere et al.,
1993; Pinson et al., 2006).

The involvement of Pax6 in the cell cycle is complex and it targets cell cycle exit
and duration processes (Quinn et al, 2007; Estivill-Torrus et al., 2002; Manuel et
al., 2015; Mi et al., 2018). In the cortex Pax6 seems to favour differentiation over
proliferation at high levels (pro neurogenesis) (Mi et al., 2013). This
pro-differentiation

drive at the embryonic cortex can be reversed to

pro-proliferation. Foxg1 expression is sufficient to reverse the effect of Pax6 on
proliferation and differentiation. Importantly, Foxg1 is expressed in the
telencephalon but not in the diencephalon (Kumamoto & Hanashima, 2017). This
may

explain

why

Pax6

is

pro-proliferation

in the diencephalon and

pro-differentiation in the telencephalon, as upstream modulation of Pax6 levels is
different in these structures (Quintana-Urzainqui et al., 2018).

Boundaries of gene expression are established by TFs in the telencephalon.
Many TF strongly repress each other (Stoykova et al., 2000; Toresson et al.,
2000; Carney et al., 2009). This cross repression of TFs establishes robust
patterning (arealization) of the telencephalon (Corbin et al., 2001): Gsh2 is
expressed in ventral regions (Corbin et al., 2000), Pax6 is expressed in the
dorsal regions (Gotz et al., 1998). These areas generate specific populations of
cortical neurons (Wonders & Anderson, 2006). There is a clear segregation of the
telencephalon RGP populations: Gsh2/Nkx2.1/Dlx1 expressing populations that
give rise to interneurons and Emx1/Pax6 expressing populations that give rise to
PCs (Manuel et al., 2015) (Figure 1.6). This ventral to dorsal patterning is
established by sonic hedgehog (Shh), fibroblast growth factor 8 (Fgf8) and bone
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morphogenetic protein (BMP) molecular gradients (Franco & Muller, 2013;
Agirman et al., 2017).

dRGPs lineage presents a succession of TFs from Pax6 in dRGP, through Ngn2,
to Trb2 in IPs (Manuel et al., 2015). Importantly, IPs do not express Pax6 (Nieto
et al., 2004; Englund et al., 2005). Tbr2 is necessary for the specification of IPs
and Trb2 deficient mice show thinner cortices due to defective indirect
neurogenesis (Sessa et al., 2008).
In a nutshell, Pax6 is a swiss army knife TF with a multitude of roles in cell cycle,
proliferation and genetic fate regionalization.

3. 8. 3 Pax6 Deletion and haploinsufficiency

Deletion of TFs such as Pax6 and Emx2 tend to be lethal to the developing
embryo (Hill et al., 1991; Pellegrini et al., 1997). Disruption of pathways regulated
by Pax6 has been associated with ASD (Kikkawa et al., 2019). In the mouse
Pax6 mutations are linked to aniridia (absence of the eye’s iris)(Walter & Gruss,
1991; Lim et al., 2017). In human, Pax6 haploinsufficiency (where one allele does
not produce sufficient protein) is also linked to several forms of eye defects
(aniridia, congenital nystagmus) (Glaser et al., 1994; Vincent et al., 2003) and
further nervous system conditions such as impaired olfactory function (Sisodyia
et al., 2001). Manipulation of Pax6 levels with chemical signals is able to partially
reverse some aniridia phenotypes in mice (Rabiee et al., 2020). The presence of
abnormalities in haploinsufficient individuals should be taken into account when
interpreting the results of mutant and heterozygous control comparisons studies.
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3. 9 Waddington Landscape

A widely used analogy for the path taken by cell lineages under the influence of
various TFs such as Pax6 towards their post-mitotic fate is the Waddington
landscape. This is depicted as a three dimensional landscape travelled by
developing neurons that is modulated by various TFs (Waddington, 1957).
Variations and extensions exist (Siegal & Bergman, 2002; Sareen & Svendsen,
2010; Wang et al., 2018) but the concept is similar. Going forward in the process
of differentiation from stemness, the cell is influenced by the terrain. Once cells
pass a certain point it is much more difficult to move back towards a different
path of differentiation. This leads to fate restriction.

I here suggest a derivative of this landscape, the Attractor Plane where cells
move in the direction of attractor states (wells) (Figure 1.5). When some TF is
absent, this may make RGP lineage populations more prone to external
influences; a portion of these fall outside the target well as the trajectory to their
attractor states becomes steeper. They may fall into alternative attractors,
increasing the number of cells developing alternative phenotypes. Importantly,
this means that many cells still end up in the right phenotypic well. The variety of
wells may be dependent on the diversity of the progenitor pool (Jabaudon, 2017).
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Figure 1.5 - The Attractor Plane. A. Cells move towards the attractor state (i.e principal cell
(PC) attractor state). B. Ablating particular transcription factors (TFs) changes the shape of
the terrain. This would cause some cells to deviate from the path (red ball) and fail to reach
the attractor state, winging instead to a different attractor state (red ball).
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4. Cell Clustering and Classification

Classification systems are widely used to categorise the variation present in the
data. PCs and interneuron classification can be difficult to standardise and it can
be difficult to select what characteristics are more representative of a certain
class or subclass. This led Ascoli and colleagues (2008) to put forward the Petilla
nomenclature (Ascoli et al., 2008; Hamilton et al., 2012). This was an attempt
from the largest groups in the field to establish a more automated and systematic
way

of

describing

interneurons

based

on

gene

expression

profiles,

electrophysiological profiles and morphology. The nomenclature is often under
review (DeFelipe et al., 2013; Gouwens et al., 2020) as more is understood
about the diversity and clusters of cortical cells. For instance, some GABAergic
interneurons are spiny (Kubota et al., 2011), albeit the broad definition of
interneurons encompasses lack of spines.

4.1 Data Clustering

Bioinformatic algorithms and data analysis routines can help better understand
and explore biological datasets. Cell phenotypes tend to fall into a few broad
categories from which subcategories branch out (i.e interneuron of PV+, FS+
subtype) (Daw et al., 2007). Support vector machines, k-means and
agglomerative clustering all have been used in neuroscience to cluster and
classify cells in discrete groups (Noble, 2006; Li et al., 2015; Mihaljević et al.,
2018). NeuroElectro database is an ongoing project that aims to collate data
from published papers to map the various key characteristics of various types of
neuron (Tripathy et al., 2014) and find new clusters (Tripathy et al., 2015).
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Clustering of cells by electrophysiological properties is often used to find distinct
groups with functional properties. A recent study has extensively described
electrophysiological and morphological characteristics in a mouse model to
reveal a less nuanced boundary of phenotypes where a continuum of properties
is observed (Scala et al., 2021). 1300 neurons were recorded from the mouse
motor cortex in this study, providing an ample dataset for elaborate analysis.
Although distinct families (classes) of neurons can be identified, there is
continuous variation within families. This was achieved with a combination of
whole cell recordings, morphology recovery and single-cell RNA sequencing
(scRNA-seq) (Patch-seq) (Cadwell et al., 2017; van der Hurk et al., 2018); but
see Tripathy et al., 2016 for a discussion of transcriptomic quality and its impact
on cluster separation and ability to detect subclusters).

Single cell RNA-sequencing (scRNA-seq) allows the separation of RNA from
individual cells and identification of all transcribed genes within these cells.
Together with techniques such as fluorescence-activated cell sorting (FACS), it is
possible to identify cell lineages of interest and analyse their transcriptome ( RNA
expression profile). This also permits one to segregate progenitor cell
populations (Taniguchi et al., 2011). 49 transcription profiles were identified in the
visual cortex that corresponded to cells with particular electrophysiological and
morphological profiles (Tasic et al., 2016).

New tools are helping to refine our knowledge of the cytoarchitecture of the brain.
The lack of spatial information from transcriptome analysis is often a hindrance to
understanding the trajectories and locations of cells. Recently, a new technique
has been developed that allows for minimal spatial information loss when
obtaining RNA-seq data (Slide-seq) (Rodriques et al., 2019). This has been used
in a large-scale study of corticogenesis (Bella et al., 2021), providing new
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insights into the development of the somatosensory cortex with high spatial
resolution.

The Allen Atlas database collates data from various published papers on
morphoelectric properties of cells from various lineages. This data can be
extracted to compute various characteristics of cells classified as spiny and
aspiny (Figure 1.6).

Figure 1.6 - Allen Atlas Database Data. Left panel shows the fast through depth
(hyperpolarization minimum membrane potential) of action potentials (AP) for spiny and
aspiny neurons (violin plots). Right panel is a scatter plot of upstroke/downstroke ratio
(measure of AP length) against fast through depth. Together they show how spiny cells
(principal cells) tend to have more positive trough values and higher upstroke downstroke
ratios (broader APs) when plotted against aspiny (interneurons).

Notice that some cells in the Allen Atlas database are classified as loosely spiny
(not plotted) (McCormick et al., 1985). This further reflects that the boundaries
between cell classification are not always tightly defined.
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5. Development of Physiological Properties of Neurons

5.1 Action potential

Since Hodgkin and Huxley’s work (1952) on the giant squid axon’s electrical
activity in response to electrical input to neurons it is known that such response is
mediated by ionic channels Na+ and K+. Na+ currents are blocked by tetrodotoxin
(TTX) while K+ currents are blocked by tetraethylammonium (TEA) (Hodgkin and
Huxley, 1952). These basic principles apply to mammalian neurons (Bindman et
al., 1964; Debanne, 2004; Bean, 2007; Carter & Bean, 2009) and can be
modelled mathematically to predict thresholds and limits of ionic transfers
through membranes (FitzHugh, 1960).

Summation of synaptic input will eventually lead to the generation of an action
potential (AP). This is an all or none fluctuation of the membrane potential with a
characteristic shape lasting between ~1-5ms (Hille, 2001). The ionic potential
difference between the inside and the outside of the neuron is determined by
ionic concentrations of Cl-, Na+ and K+. The inside of the cell is more negatively
charged than the outside due to the distributions of ionic concentrations (Nernst
equation)(Wright, 2004). Na+ concentration is low inside the cell while K+
concentration is high.

The neuron’s resting membrane potential (RMP) is

maintained by the expression of membrane ionic channels named leak channels
(Na+ and K+ leak channels) (Hille, 2001; Wright, 2004). Neuronal RMP is
generally between -50 and -80mV (Spruston & Johnston 1992; Tysio et al., 2003;
Destexhe et al., 2003) and it becomes more negative as the neuron matures
(Hille, 2001; Song et al., 2012; LoTurco et al., 1991).
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When sufficient depolarization occurs and a threshold voltage is reached (i.e.
input from synapses), voltage-gated sodium (Na+) channels (VGNCs) open and
allow inward flow of cations (as Na+ concentration inside the cell is low). This in
turn activates voltage-gated potassium (K+) channels (VGKCs). Because there is
a much higher concentration of K+ inside the cell, there will be a driving potential
for K+ to extrude the neuron as the membrane starts to depolarize. This opening
of VGKCs leads to repolarization beyond RMP (afterhyperpolarization)(AHP)
(Chambers et al., 2019). There are vast numbers of K+ channels types involved
in AHP such as BK channels (brief AHPs)(Sah & Faber, 2002) and SK channels
(longer AHP)(Pedarzani et al., 2005). Subthreshold voltage changes won't trigger
the opening of VGNCs. The dynamic of VGNCs and VGKCs determines the
shape of the AP (Figure 1.7). APs are initiated at the axon initial segment (AIS)
which has a high density of VGNCs (Leterrier, 2018).

44

Figure 1.7 - The action potential (AP). Stimulus depolarizations above threshold level
generate rapid opening of voltage-gated sodium (Na+) channels (VGNCs). Voltage-gated
potassium (K+) channels (VGKCs) opening repolarizes the membrane and a temporary
hyperpolarization of the membrane potential (AHP). Membrane potential fluctuations below
threshold voltage do not generate APs. For a comprehensive review of the AP see Bean,
2007. Adapted from Chamber et al., 2019.

5.2 Development of Electrical Activity and Morphology

Soon after neurogenesis, immature neurons start to develop electrical activity
(Moore et al., 2009). VGNCs are present from ~E15.5 and VGKCs from ~E18.5
(Yang et al., 2018). Ionic current densities increase during development
(McCormick & Prince, 1987). Immature newborn neurons have RMPs ~35mV
(LoTurco et al., 1991). RMP becomes progressively more negative during
maturation (Tysio et al., 2003).

K+ channel expression changes during early development (Ribera & Spitzer,
1992; Yang et al., 2018). For instance, delayed rectifier K+ channels are
expressed at around ~P7. This creates a persistent efflux of K+, shortening the
length of APs (narrower AP) and a more negative RMP (Yang et al., 2018). The
input resistance of neurons also decreases during the maturation process (Tysio
et al., 2003). This is due to increased surface area and higher density of K+ leak
channels. During the first two postnatal weeks this change is substantial (Kim et
al., 2015; Yang et al., 2018). Importantly, the precise subcellular location of
channels also impacts intrinsic properties of a neuron (Astman et al., 2006).

Synaptogenesis starts once neurons begin populating the cortical plate (Aguado
et al., 2003). Synaptic input depolarizes or hyperpolarizes the membrane,
increasing or decreasing the probability that the neuron will generate an AP at
the AIS (Hille, 2001; Bean, 2007). The location of synapses will impact the ability
of connecting cells to change the firing ability of the neuron (Figure 1.1). The
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dendritic arborization characteristic of neurons is plastic and synaptic and circuit
development is very dependent on input throughout early postnatal development
(i.e critical periods1 (Hensch & Bilimoria, 2012; Levelt & Hubener, 2012), well
characterised in the visual system) (Hubel & Wiesel, 1965; Guan et al., 2017;
Chang & Fitzpatrick et al., 2021).

There seems to exist a computational limit to this processing frequency which
would indicate a frequency limit to the ability of the neuron to change their
membrane potential to generate APs (Silver, 2010). This is expected to also have
an impact on learning, decision and behaviour problems (Dayan & Daw, 2008;
Sporns, 2011). Given bioenergetic limitations on firing ability and synaptic
transmission (Carter & Bean, 2009; Silver, 2010; Harris et al., 2012), instead of more
complex neurons, it may be more favourable to leverage development toward
simpler, less dynamic neurons, but have a wider variety of subtypes with particular
intrinsic and synaptic properties, born in a specific manner.

The efficiency of a

circuit is dependent on the properties of the cells that

compose it with overall neuron excitability and firing frequency as important
determinants (Markram et al., 2004; Taniguchi, 2014).

5.3 Concept Summary

Sections 2 to 5 concepts and ideas can be summarised as twelve key take- away
messages.

1

Critical periods are time windows during development over which input to developing
circuits is necessary for their correct formation (phase of enhanced plasticity) (Levelt &
Hubener, 2012)
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1.

Early gene expression regionalizes the telencephalon into two broad

regions: dTel and vTel.
2.

Cortical PCs and interneurons originate from different telencephalon RGP

populations.
3.

Progenitor cells undergo rounds of symmetric and asymmetric divisions in

a balance between proliferation and differentiation.
4.

The timing of proliferation and differentiation eventually generates the

correct number of neurons in the brain.
5.

Neurogenesis capability is much reduced postnatally and happens at

specific locations.
6.

Neurogenesis occurs between E12.5 and E18.5 in the mouse while

gliogenesis starts around E18.5, just as neurogenesis wanes off.
7.

Developing cell types influence the development of other cell types during

corticogenesis.
8.

Pax6 has multiple roles at different times. Early expression is important for

correct progenitor pool generation.
9.

vTel and dTel express TFs that cross repress each other creating

regionalization of RGP populations.
10.

dTel MGE and CGE are the main sources of cortical interneurons and

there is good degree of correlation between progenitor origin and cell type.
11.

Transcriptomics techniques have led to a more granular classification of

interneurons and PCs with transcriptomic profiles linked to particular intrinsic
firing patterns.
12.

Electrical activity in the cell is induced soon after entering postmitotic

status. This activity is only considered mature in the adult organism and this only
happens several weeks post development.
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13.

Ionic channel populations expressed by neurons and morphology affect

their active properties and passive properties leading to type specific modes of
AP firing upon stimulation.
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6. Pax6 and GABAergic fate

The correct specification of cell types from various progenitor pools (Figures 1.2
& 6.2) and the variety of those pools may be key to understanding how the brain
evolves. How TFs such as Pax6 control the balance between cell type production
and neurogenesis/gliogenesis is thus fundamental.

In a Pax6 mutant O’Leary and Kroll (2005) identified subcortical populations of
GABAergic cells derived from the Emx1 lineage. This was established by Gad67
positive staining. Sp8 is an LGE marker and Lhx6 is an MGE marker. Staining for
these markers was positive for Sp8 but not for Lhx6, suggesting that absence of
Pax6 leads to a shift in genetic fate from PCs to LGE fates (O’Leary & Kroll,
2005). An aberrant expression of GABAergic cells was also reported by Stoykova
et al. (2000) in Pax6 deficient mice (Stoykova et al., 2000). The two studies
indicate that there is an upregulation of GABAergic cells when Pax6 is absent
during corticogenesis.

Pax6 deficient mice show motor and behavioral deficits (Tuoc et al., 2009). This
suggests a dysregulation of circuits formed during corticogenesis and postnatal
development (Taniguchi, 2014). The same study reports that L2-4 shows
impairment but not L5 (Tuoc et al., 2009). Furthermore, using a similar model,
Georgala et al. (2011) identified a major deficit in L2-4 formation with these layers
aggregating under L1 in a thin band (identified by Cux2 expression). The deficits
were more prominent rostrally (Georgala et al., 2011). Defective formation of L2-4
in Pax6 deficient mice is also reported by Schuurmans et al. (2004) and Zimmer
et al. (2004). Tuoc and Stoykova (2008) identified reduced numbers of Er8l L5
subtype neurons in the absence of Pax6 (Tuoc & Stoykova, 2008). This suggests
that specific L5 subpopulations need Pax6 during development. Together these
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studies indicate that the lack of Pax6 affects formation of PC lineage. The Emx1
lineage expresses Pax6 specifically in progenitor cells but not postmitotic cells.
Pax6's absence

may thus change the Waddington landscape (Waddington,

1957) that the Emx1 lineage travels through. The rise in GABAergic cells may be
due to a switch by Emx1 lineage RGPs from producing PCs to producing
interneurons.

It is not known whether the cells that make up the Emx1Cre-Pax6cKO cortex have
their physiological properties altered by the lack of Pax6 protein during their
development. It is thus important to investigate the phenotypes present in L5 and
L2-3 of Emx1Cre-Pax6cKO mice.
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7. Thesis’ Research Background and Aims

7.1. Background

Interruptions to the program of development can lead to the generation of cell
populations that express molecular markers that are not present in the wild type.
These can present themselves as patches or enlarged regions (ectopias or
ectopic regions). This can be a complete regional shift or it can be a smaller
scale, less invasive group of cells. The former is exemplified in the Drosophila fly,
where wingless gene mutations can cause a shift in blade cells, where blade
cells appear completely out of place

(Casares & Mann, 2000). Changes to

molecular gradients involved in TF expression patterns are often associated with
the appearance of ectopias in various tissues (Fagman et al., 2004; Kicheva et
al., 2007).

The Price lab used CreRecombinase-loxP molecular engineering to delete Pax6
from Emx1-dRGPs lineage cells (Gorski et al., 2002) (chapter 2, section 2. 1. 2
Transgenic mouse lines, page 62). In this way Pax6 is deleted from mutant RGPs
between E9.5 and E11.5. It is still expressed in other regions such as the eye and
pre-thalamus. The lab was interested in understanding what would happen if
Pax6 was deleted from dRGPs.

Bulk RNA-seq indicated that in mutant E13.5 embryos, there was upregulation of
genes associated with interneuron fate (Dlx1, Gad67, Ascl1). The lab also found
a population of GABAergic cells from the Emx1 lineage. GABAergic markers
GAD1 and Dlx1 were used to establish cell type. As with O’Leary and Krolls
(2005) subcortical masses, this ectopia localizes under the cortex next to the
ventricle (periventricular). This ecopia is still present at E18.5 and postnatally.
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This was unexpected as GABAergic interneurons are known to be born in the GE
and migrate to the cortical plate.

The Price lab has also demonstrated that Shh is capable of increasing the
number of Gad67 positive cells in the Pax6 mutant (Kai Boon Tan data, personal
communication, to be published soon). Taken together these points to Pax6
having a role in specification of murine cortical cells.

Figure 1.8 - Thesis visual hypothesis. A. Pax6 ensures that dRGPs only produce principal
cells (PCs) and not interneurons (INs). This is done by antagonizing extrinsic molecular cues
such as sonic hedgehog (Shh), bone morphogen protein (BMP) and fibroblast growth factor
(Ffg8). B. Pax6 absence may lead to abnormal PC generation and the production of INs by
extrinsic signal induction of alternative genetic fates.

7.2 Aims of this thesis

The purpose of this research project was to understand the role of Pax6
expression in RGPs at a key moment in the process of progenitor lineage
differentiation (Figure 1.8). I was particularly interested in finding what the
consequences of deleting Pax6 would be for the specification of postnatal PCs
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and whether the GABAergic ectopia developed into a population of interneurons.
I also wanted to understand if the changes in cell fate yielded functional cells but
also whether the absence of Pax6 in dRGPs would shift development of this
lineage towards the generation of interneuron phenotypes in the presence of
pro-interneuron molecular cues. In order to achieve this I used lineage tracing of
the Emx1-expressing dRGPs. My main hypothesis is that dRGP Pax6 expression
is necessary for the correct development of PC specification and its absence will
lead

to

defective

PCs

and

an

overabundance

of

interneurons.

Electrophysiological characterization in models lacking Pax6 has not been done
previously. Developmental changes to cells caused by mutations can be detected
using electrophysiological recordings (Booker et al., 2020; Tian et al., 2020) as
the properties recorded depend on a wide range of ion channels and cell
morphology (Bean, 2007; Berg et al., 2021).

Briefly, I outline below what is investigated in each of the three data chapters:

Chapter 3 explores the intrinsic electrophysiological properties of cortical PCs in
layers V and II/III at two postnatal developmental ages (somatosensory cortex). It
aims to understand whether the absence of Pax6 protein leads to a
loss/alteration of PC intrinsic properties. It also aims to understand if there is a
delay in the development of PC intrinsic properties. This is achieved by in vitro
whole cell electrophysiology and bioinformatics clustering analysis.

Chapter 4 investigates an ectopic population of GABAergic cells under the
cortex in the neonatal/early postnatal mouse. Here I characterize these cells
using in vitro electrophysiology and immunohistochemistry (IHC) to test the
hypothesis that cells composing this ectopia are interneurons and whether they
are of a particular subtype or an heterogeneous population of interneurons.
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Chapter 5 explores the potential of dRGPs that are Pax6 deficient to generate
interneurons in the presence of a Shh pathway upregulator (SAG). I used RGP
primary cell cultures (E13.5) and in vitro whole cell electrophysiology to patch
these cell cultures . Upon identification of an unexpected cell firing pattern, IHC
and single-cell RNA-seq were used to further investigate what cell type this
could be.
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Chapter 2
Methods
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2.1 Animals

2. 1. 1 Housing and Handling

All procedures were approved by the University Vet Service (via Experimental
Request Forms) under the Home Office Animals (Scientific Procedures) Act of
1986. Animal handling followed standard operating procedures. Animals were
kept in cages at the Centre Discovery Brain Sciences (CDBS) animal facilities
under 12/12 dark-light cycle with food and water available ad libitum. Animals
had frequent health checks and were culled if poor health flags were observed.
Adult mice were weaned at P21 and kept in cages of up to 6 animals.

2. 1. 2 Transgenic Cre Lines

I was interested in deleting Pax6 in dRGPs during early development. Using a
LoxP-Cre recombinase system is a useful way to delete genes in specific brain
regions at particular development stages (McLellan et al., 2017; Kim et al., 2018).
Cre-models are now widely used to trace various lineages of cells such as the
Olig2Cre (Tatsumi et al., 2018). In this project I wanted to remove Pax6 gene
expression specifically from the Emx1 dRGP lineage. This can be done by
engineering Cre-genes into the exons of the Emx1 gene (Jin et al., 2000),
thereby producing Cre-protein where Emx1 is expressed. Genetic fate mapping
has been used previously to trace this lineage (Gorski et al., 2002).
Pax6-loxP/loxP (Simpson et al., 2009), Emx1-Cre (Gorski et al., 2002) and
Emx1-CreERT2 (inducible with tamoxifen) (Mi et al., 2013) alleles were used to
engineer conditional Pax6 knockouts and controls. Green fluorescent protein
(GFP) (Tsien, 1998) is widely used to trace cells of interest. R26R-GFP allele
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(Srinivas et al., 2001) enhanced by a CAG promoter to boost GFP production
(Branda & Dymecki, 2004) was used as a lineage reporter (RCE). Cre targets
loxP sites flanking Pax6 exons 5, 5a and 6, inactivating functional Pax6
production (Simpson et al., 2009) and it targets the upstream STOP cassette in
RCE. Cre production is driven by the Emx1 expression, thereby deleting Pax6
and driving GFP production in Emx1 expressing cells only. The progeny of cells
expressing Emx1 inherits GFP production. Pax6+/flox Emx1Cre (or Emx1CreERT2) sires
were crossed with Pax6flox/flox RCE/RCE dams to produce Pax6+/flox (control)
and Pax6flox/flox (Pax6cKO). Heterozygous control littermates were used for all
experiments to ward off any possible Cre-related effects on gene expression
and/or corticogenesis. These have been previously shown to produce enough
Pax6 protein and no noticeable abnormalities were observed (Mi et al., 2013).
P0 to P5 pups were screened for GFP and non-GFP (no Cre) pups culled. Male
and females animals were used indiscriminately. Tamoxifen (Fisher Scientific) in
corn oil (50mg/ml, gavage, E9.5) was used to induce Cre translocation to the
nucleus for the Emx1CreERT2 model. Little dorsal Pax6 expression is observed by
E12.5 (Mi et al., 2013). This inducible model was used for part of chapter 4, cell
culture experiments and RNAseq data.

2.2 Genotyping

Following the first genotyping run, a third of the samples was randomly selected
and a second genotyping run was carried over these samples. This was to
control for possible mistakes. All second runs matched the genotype initially
assigned to the sample during the first run.
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2.2.1 DNA Extraction (Hot Shot)

Ear/tail tissue was collected from individual mice and frozen until genotyping in
1.5ml eppendorf tubes. Samples were thawed and centrifuged (13. 000 rpm, 1
minute) before the DNA extraction protocol. Using an alkaline lysis buffer (0.5M
EDTA, NaOH, pH=8) (75uL) samples were heated at 96℃ for 30 minutes (Hot
Shot Method). Neutralization buffer (40mM Tris-HCL, ph=5) (75uL) was then
added and DNA samples centrifuged (13. 000 rpm, 1 minute) and prepared for
PCR.

2.2.2 PCR Mix

1.5uL of DNA sample was added to the 24.5uL PCR mix (26uL total). PCR mix
was made fresh daily on ice in 0.5ml eppendorf tubes

with the following

composition:

● 14.8 uL ddH2O
● 2.5 uL dNTPs (A, T, G, C)(0.2mM)
● 5uL Green PCR 5x buffer solution (Invitrogen)
● 1uL primer mix (reverse (0.5uL) and forward (0.5uL) primers)(0.1uM )
● 0.2uL Taq DNA polymerase (Promega)

2.2.3 Polymerase Chain Reaction (PCR)

The following cycles were used:
● Step 1: 96℃ for 2 minutes (polymerase activation)
● Step 2: 96℃ for 30 seconds
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● Step 3: 59℃ for 30 seconds
● Step 4: 72℃ for 30 seconds
● Step 5: Go to step 2, repeated x35

PCR was run on a PCRmax™ Alpha Cycler 4 machine and PCR products
transferred into ice and gel electrophoresis for DNA detection run soon after.

2.2.4 Gel Electrophoresis

PCR products were run on a 2% (Pax6flox allele)(Simpson et al., 2009) or 1% (Cre
allele) agarose gel (13uL per well). Sybr Safe DNA gel stain (Life Technologies)
was added for DNA detection (1.5uL per 75ml) A 100kbp ladder (New England
BioLabs,UK), a negative H2O blank and positive heterozygous control samples
were run alongside the tissue samples. Gels were run using PBT buffer for 1h,
under 500mA and 115mV (Bio-Rad). Bands were revealed by brief ultraviolet
light exposure using Gene Snap (SynGene software) for colour and contrast
adjustment.

Figure 2.1 - Genotyping for Pax6flox allele. Two bands present in Pax6flox/+ (1) and one band
present in Pax6flox/flox (Pax6cKO) (2). 100bp ladder used to confirm fragment size is as
expected (100bp and 200bp bands as indicated in white). For fainter bands (red arrow), gels
were run a second time to confirm results. For loxP site insertions and PCR targets see
Simpson et al., 2009. Image is a photograph of a printed instant so may look fainter than
original.
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2. 2. 5. Primers

The following Pax6 alleles reverse and forward primers (Invitrogen) were used:
Forward: 5’ - AAATGGGGGTGAAGTGTGAG - ‘3
Reverse: 5’ - TGCATGTTGCCTGAAAGAAG - ‘3

The following Cre allele reverse and forward primers (Invitrogen) were used:
Forward: 5’-CCCGATATCATTTACGCGTTAATG-’3
Reverse: 5’-CACTCATGGA-AAATAGCGATC-’3

2. 3 Whole cell electrophysiology

2. 3. 1 Acute coronal slice preparation (400uM)

P3-P13 mouse pups were used for electrophysiology experiments (where P0 is
day of birth). Mice were first anesthetized with isoflurane. They were then
sacrificed by decapitation and the brain was quickly removed and deposited in
cutting aCSF solution (Table 1.1). 400uM coronal acute slices were prepared
using a slicing vibratome ( VT1200S, Leica, Germany) in ice-cold cutting aCSF
solution. Slices were transferred to cutting aCSF solution for 30 minutes at 35℃.
Slices were then kept at RT in a nylon holding chamber until recording, with at
least 30 minutes of acclimatization before recording started.

2.3.2 Whole-cell electrophysiology recordings

Current clamp whole-cell recordings were performed using a Multiclamp 700A
amplifier (Molecular Devices, Palo Alto). Signals were filtered online at 10 kHz
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(bessel filter), digitized at 40 kHz and traces stored on the computer using Signal
2 software (Cambridge Electronic Design (CED)). Electrical noise was filtered
with Hum Bug Quest Scientific (50-60Hz noise). Borosilicate glass electrodes
(Harvard Apparatus, UK) were pulled with a resistance of 3.5-7MOhms for
chapters 3 & 5 (Digitimer Research Instruments, PC10 Model). Due to their small
size, ectopia cells (chapter 4) required patching electrodes within the 6.5-7.5MOhms
range. Electrodes were filled with internal solution (Table 2.2). The glass

electrode was attached to a headstage (CV7B, Molecular Devices) and then
descended towards the experimental slice using a motor micromanipulator
(Patchstar, Scientifica, UK). Cells were approached at ~45 angle with positive
pressure applied at the tip of the electrode. Electrode resistance was monitored
in Signal in voltage clamp. Upon touching the cell, a dimple formed where the
electrode touched the surface and electrode resistance increased. Positive
pressure was released and negative pressure applied and holding voltage dialled
to -70mV until a gigaohm seal was formed (> 1GOhm). Following seal formation
a short burst of negative pressure was applied to break into the cell. Bridge
balance was set to adjust the linear error in voltage (series resistance). In current
clamp whole-cell mode, 500ms square pulses of current were injected into the
cell in incremental steps (20/25pA). Membrane potential was held at -70mV.
Electrode capacitance transients compensation was applied in voltage clamp
before recordings.

Olympus U-TLUIR microscope image was captured by Q-imaging Retiga 2000R
camera and displayed in QCapture so that cells could be identified and
electrodes guided to the region of interest. Wide-field fluorescent illumination
(X-cite series 120Q) and GFP filter was used to detect cells of interest and
exposure and gain levels adjusted if needed with QCapture.
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Acute slice recordings were taken between 32-35℃ (Clifton Bath) and the
chamber perfused with external solution at a rate of 3-4ml/min using a Dymax
pump. If slices presented signs of tissue degeneration/poor quality (bloated cells,
visible nucleus) they were discarded.

For cell culture experiments cells were kept in an incubator (37℃, 95%CO2)
(Panasonic) until used and transferred to the recording chamber at the beginning
of each experimental session. Cell medium was replaced every two days to
ensure optimal conditions for cell growth and development. Coverslips were used
for a maximum of 3 hours. Electrophysiology whole-cell current clamp
experiments done as above, but carried at room temperature, 0.5ml/min
perfusion rate and no oxygenation (HEPES-buffered solution instead) (Table
2.4). There was no access resistance difference between genotypes across all
datasets.

2. 3. 3 Intrinsic Property Feature Extraction

AP features were extracted from single APs at rheobase in response to current
pulse lasting 500ms. This avoids distortions that may arise from trains of APs.
Rheobase (pA) was defined as the amount of current needed to generate a
single AP. Features included AP halfwidth (duration of AP at half height, ms),
afterhyperpolarization (AHP) amplitude (difference between the AHP trough peak
relative to voltage immediately prior to the AP)(mV), AHP width (ms), AP peak,
AP peak to AHP trough (defined as duration from AP peak to the AP trough, ms),
and threshold (mV) (dt/dV/mV/ms-1). The upstroke and downstroke ratio was
measured by finding the maximum rate of change from threshold to peak
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(upstroke) and the minimum from peak to trough (downstroke) and diving
upstroke by downstroke. Double rheobase current (500ms pulse) was used to
measure the properties of trains of APs as follows: first-second adaptation ratio
and first-last adaptation ratio were calculated by dividing instantaneous
frequency of the second/last AP by the first AP instantaneous frequency (this
measures the interval between spikes); spike frequency is the number of
APs/500ms. Double rheobase was also used for phase plot (dt/dV) analysis of
AP waveform changes.

Input resistance and membrane time constant (tau) were measured using the
membrane potential response to negative steps of current (-10/25pA) lasting
500ms. 20 sweep averages were used for a better accuracy. Input resistance
was calculated using V=IR (Ohm's Law) where V=steady-state voltage Δ, I=
current, R =membrane resistance. Membrane time constant (tau) was calculated
by fitting a single exponential (10%-90%) to the membrane potential response
curve. Capacitance was then calculated using tau/input resistance = capacitance.
HCN channel sag percentages were measured by injection of -100pA
hyperpolarizing current and calculated as 100x ([peak voltage Δ-steady-state
voltageΔ]/[peak voltage Δ]). Resting membrane potential was measured by
taking voltage baseline with no current injection. There was no access resistance
difference between genotypes across all datasets.

Data features were extracted offline from the .csf file traces using Signal software
(Signal software script written by Dr Michael Daw). Feature extraction was done
blind to genotype. This data was then transferred to spreadsheets for further
analysis.
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4. 3. 4 Internal and External Solutions

Internal solution (Table 2.2) was thawed at the beginning of the recording day
and biocytin (Sigma) added (1%). External solution was made fresh daily (Table
2.3).

Changes to the internal solution composition can alter the intrinsic properties of
neurons (Tripathy et al., 2014). Initially I started recovering morphologies to
detect that I was patching cells with an apical dendrite (Figure S3.1) (recovery
details in section 2.7). To avoid additional variation I kept using biocytin in acute
slice recordings for L5 P5-P7 and P8-P10 datasets, even though I didn’t recover
most morphologies. L2-3 acute slice datasets and cell culture experiments had
no biocytin added.

All electrophysiology reagents and salts were bought from Sigma-Aldrich (St
Louis, US) or Abcam (Cambridge, UK). The composition of the internal and
external solutions is shown in the tables below (Table 2.1-2.4).

Reagents

Concentration (mM)

KCl

2.5

NaCl

80

NaH2PO4

1.25

NaHCO3

25

Glucose

10

Sucrose

90

CaCl2

0.5
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MSO4

4.5

Table 2.1 - Cutting aCSF Solution. External solution (artificial CSF (aCSF)) (saturated with
carbogen bubbling - 95%O2, 5%CO2).

Reagents

Concentration (mM)

KMeSO4

135

NaCl

8

HEPES

10

EGTA

0.5

Mg-GTP

4

Na-GTP

0.5

Table 2.2 - Internal solution (pH7.3, osmolarity adjusted to 285 mOsm with glucose).

Reagents

Concentration (mM)

KCl

2.5

NaCl

130

NaH2PO4

1.25

NaHCO3

25

Glucose

10

CaCl2

2.5

MSO4

1.5

Table 2.3 - Recording solution (acute slice). External solution (aCFS) (saturated with
carbogen bubbling - 95%O2, 5%CO2).

Reagents
KCl

Concentration (mM)
2.8
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NaCl

150

HEPES

10

Glucose

10

CaCl2

2

MSO4

1

Table 2.4 - Recording HEPES buffered solution (cell culture). External solution (pH adjusted
to 7.35).

2. 3. 5 TTX and Nifedipine Drug Experiments

In current clamp (-70mV), current steps were injected into ectopia cells and a
current step large enough to generate a spiklet was selected (between 100 and
250pA). Using this current, a 5 minute protocol was initiated where the selected
amount of current is injected into the cell with square current pulses lasting 0.5s.
Following a 60 seconds baseline (60 sweeps), the chamber was perfused with
external solution containing the drug of interest. Long 3-5 minute control
recordings were taken with no added drug to ensure spiklet wane is not an effect
of persistent stimulation over long periods of time. TTX working concentration
(300nM) was tested against a cortical cell to ensure it performed as expected
(AP block) and estimate how many sweeps it took for TTX to reach the tissue
(~30 sweeps). Spikelet amplitude is an average of the first and last 10 sweeps.
Nifedipine experiments had no control but the concentration used (300nM) has
been shown to largely block currents mediated by L-type Ca2+ channels (Weiss
et al., 1990; Hirasawa & Pittman, 2003).
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2. 3. 6 Power Spectrum Analysis of Membrane Voltage Oscillations

For membrane fluctuation spectrum analysis, membrane voltage between 0.25s
and 0.65s to capture the steady response to current injection (500 ms step) was
isolated and aggregated for 25-30 seconds. This aggregate trace was then used
for Discrete Fourier Transform analysis using Fast Fourier Transform (FFT)
algorithm (Cooley & Tukey, 1965) (reduces the amount of computations needed),

;
The outcome is a histogram of frequency distributions (Hz) against the power of
wave amplitudes (mV). Control baseline analysis was done using sweeps where
no current was injected. This analysis was done using the Signal software suite
using the FFT power spectrum function (2048 bins, Hanning window). The
resulting histograms were exported as .txt and plotted in R.

By lacing the ends of the trace, some of the signal is lost. This is needed as FFT
assumes the signal is cyclical. Windows are functions that deal with this signal
loss resulting from looping the signals ends together (Hanning, Hamming,
Kaiser). Because changing the window didn’t alter the histogram in a noticeable
way I stuck to a Hanning window. Some frames (sweeps) were removed from
analysis if there were sudden spontaneous artifacts and baseline shifts. This is
not expected to influence the outcome of the analysis.
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2. 4 Transcardial Perfusion

Mice were first anesthetized with isoflurane. This was followed by intraperitoneal
injection of sodium pentobarbital (27.5 mg/kg body weight) for deep anesthesia.
Eye and hindpaw reflexes were checked before perfusion procedures were
initiated. Mouse blood vessels were first cleared with 15ml phosphate buffer with
0.9% saline (PBS). 15ml 4% paraformaldehyde (PFA) in PB (pH 7.4) was then
injected into the mouse until liver clearance was observed. Whole brain was
carefully dissected, removed and transferred to 4% PFA for 2h at RT and then
transferred to PBS at -4C for further 22h. Sucrose solution in PBS (30%) was
used to equilibrate and preserve tissue morphology. Brains were then
cryoprotected in a solution of 50% sucrose and 50% Optimal Cutting
Temperature Embedding Medium (OCT). Slices were cut 12-14uM thick using a
Leica CM1860 cryostat and deposited on SuperFrost Plus slides (Thermo
Scientific) with object temperature set for -22C and chamber temperature set for
-24C. Slices were then kept at -80C until the start of IHC protocols. Some
perfusions were performed by Dr Sam Booker (CDBS, University of Edinburgh).

2. 5 Immunohistochemistry

2. 5. 1 Fluorescent Immunostaining

Coronal slices were incubated at 37.5 hour and acclimatized at RT for at least 1
h. Slides were rinsed for 2 minutes under running water and washed in
phosphate buffer solution (0.1% Triton) (PBT). Hydrogen peroxidase (H2O2) 3%
solution was used to block endogenous peroxidases. Antigen retrieval was done
using 10mM sodium citrate (pH=6.0) and microwaving for 5 minutes on low and 5
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minutes x3 on simmer. Slides were kept on ice for 20 minutes before 10% normal
goat serum (NGS) was used to block for 20 minutes at RT; primary antibody in
10% NGS PBT was then added (175uL per slide) and incubated overnight in a
cold room (4C). 15 minute PBST(0.1% Triton) washes were carried between
steps to wash chemicals and excess antibodies away and improve background
resolution. Slides were bordered with hydrophobic ink to avoid loss of antibody
mix (Vector Laboratories ImmEDGE™ Hydrophobic Barrier Pen). Secondary
antibody in 10% NGS PBT was added on day II for 3h at RT (175uL per slide).
Slides were counterstained with DAPI for 2 minutes. Tissue was mounted on
glass slides with Vectashield mounting media. Slides kept at -4C until imaging.

Rabbit NeuN (Abcam, 1:300), rabbit NPY (Proteintech, 1:50), chicken GFP
(Abcam, 1:200), goat Gad67 (Merck, 1:200), DAPI (Invitrogen, 1:1000), goat
anti-rabbit AlexaFluor 568 (Abcam, 1:200) and goat anti-chicken AlexaFluor488
(Abcam, 1:400),

were used in the concentrations indicated by brackets. For

chapter 5 cell cultures staining Gsh2 (Abcam) (1:200) used. Calibrated Gilson
pipettes and Greiner tips used for all molecular biology procedures. Na+-azide
(0.05%) was added to antibody dilutions to prevent microbial growth. For
antibody details see Table 4.
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Antibody

Host Species

Dilution

Supplier (#catalogue)

Gad67

Mouse

1:200

Merck (#MAB5406)

NeuN

Rabbit

1:300

Abcam (#ab104225)

NPY

Rabbit

1:50

Proteintech (#12833-1-AP)

DIG-POD

Sheep

1:1000

Roche (#11207733910)

Gsh2

Rabbit

1:500

Merck Millipore (#ABN162)

Anti-chicken
AlexaFluor 488

Goat

1:200

Abcam (#ab150169)

Anti-rabbit
AlexaFluor 568

Goat

1:200

Abcam (#ab175471)

Table 4 - Antibody suppliers and dilutions for IHC.

2. 5. 2 Fluorescent In Situ Hybridization (FISH)

2. 5. 2. 1 GAD1 cDNA linearization

GAD1 probe was cut from an existent midi prep plasmid where DNA had been
isolated and validated as the gene of interest (Qiagen midi prep extraction kit)
(Mike Molinek, CDBS, University of Edinburgh). Plasmid was nano dropped
(NanoDrop 2000, Thermo Scientific) and 10ug DNA used for linearization. cDNA
was linearized using Sal1 restriction enzyme (NEB), 100x BSA, cutsmart 10x
buffer. Probe was incubated at 37C for 4h. To confirm linearization a gel was run
with an uncut probe control (see Figure 2.2A for cut and uncut plasmid
bands)(gel run as for genotyping). DNA was cleaned and eluted with Qiagen
DNA cleanup kit and nano dropped for labelling.
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Figure 2.2 - GAD1 probe generation. A. Cut and uncut plasmids to verify linearealization of
the cDNA plasmid. B. Dig-labelled mRNA GAD1 probe band (1~kbp) (white arrow). C. 1kb
ladder reference (New England Biolabs) used for A & B.

2. 5. 2. 2 RNA probe Digoxigenin (DIG)-labelling

14ul eluted DNA, 2ul 10x transcription buffer, 2ul NTP (DIG) labelling mix, 2u T7l
RNA polymerase 20 units/ul were incubated at 37C for 2h in an eppendorf tube.
2.5uL of DNase1 was added to the eppendorf and incubated at 37C for further 15
minutes. Reaction was stopped with 2ul 0.2M EDTA (pH 8.0). 2.5ul 4M LiCl and
75ul cold EtOH added to the probe followed by probe precipitation at -20C.
Probe was then spun (15. 000 rpm, 15 minutes) and supernatant removed. 95uL
70% EtOH was added, spun (15. 000, 15 minutes) and supernatant removed.
Probe was dried for 1h and resuspended in 50uL ddH2O. Gel electrophoresis
was run to verify RNA-DIG product (Figure 2.2B).

Probe was stored at -20C. Optimization experiments were performed to test
optimal probe concentration before experiments proper were carried out.
Following these tests I decided to use amplification steps to increase the GAD1
signal and use a final probe concentration of 1:5000.
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2. 5. 2. 3 GAD1 FISH

Day I

40uL of DIG-labelled GAD1 probe (1:1000) was thawed, vortexed and diluted in
160uL hybridization solution mix (Table 1.5) in individual screw cap tubes
(RNase free) (200uL final volume) and samples vortexed for a final GAD1 probe
concentration of 1:5000. To denature the probe tubes were incubated in a hot
block at 95C for 10min and transferred into ice for 15 min. Slides were bordered
with hydrophobic ink to avoid loss of antibody (Vector Laboratories ImmEDGE™
Hydrophobic Barrier Pen). In the culture hood, a GAD1 probe was added to
coronal cortical slices (180uL) set in a tupperware box with 2 sheets of absorbent
paper soaked in 40 ml formamide (50%) and 40ml 1X salt solution (50%). Slides
were carefully coverslipped and the box was then incubated at 70C overnight.

Day II - Washes and antibody

Excess probe was removed with a wash buffer (Table 1.6) at 65C (3 x 30min) in
glass coplin jars. These were followed by TNT (Table 1.7) washes (3 x 30min).
Slides were then blocked with TNT (RT). Blocking buffer (Perkin Elmer) was used
to block slides (5mg/ml in TNT) (TNB) (vigorous stirring was applied for at least
30min

before

use

as

blocking

buffer

dissolves

slowly).

Sheep

Anti-Digoxigenin-POD (Dig-POD) (Roche, 1:1000 in TNB,) was applied to the
slides (180uL) and incubated in a cold room (4C) overnight.
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Day III - Detection

For enhanced signal, amplification steps were added to day III. Slides were first
washed 3 x 30min in TNT to remove excess antibody signal. 140uL biotin
tyramide in amplification diluent (1:100) was spun down (13.000 x g, 1min) and
applied to slides for 10min (RT). Slides were washed in TNT (3 x 20min) before
140uL ABC solution (VECTASTAIN® ABC Kits, Vector Laboratories) in TNT was
added to slides for 10min (RT). TNT 3 x 30min wash steps followed. Finally,
180uL cyanine tyramide in TNT (1:200) was spun down (13.000 x g, 1min) and
added for colour reaction for 10min (RT). Excess reagent was washed away
extensively in TNT for 4 x 30min.

Jars were kept away from light following cyanine exposure using 3D printed
polylactic acid chambers (Flashforge Finder) to preserve the signal. Biotin
tyramide, cyanine tyramide and amplification diluent were all part of a Perkin
Elmer kit. All wash steps done with shaking. When FISH day III was finished, a
two day antibody stain for GFP was done for double-labelling (as described
above). Slides were mounted with Vectashield hard set on day IV following DAPI
counterstain (1:1000).
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2. 5. 2. 4 FISH solutions

Reagent

Quantity (ml)

Deionized formamide

5

50% Dextran sulfate

2

tRNA (50mg/ml) (denatured for 10
minutes at 85C)

0.2

100x Denhardts

0.1

10x Salt

1

RNAse free ddH2O

1.7

Table 2.5 - Hybridization Solution.

Reagent

Quantity (ml)

20x SCC

15

Formamide

150

Tween-20

0.3

ddH2O

Add to 300ml

Table 2.6 - Wash Buffer (300ml).

Reagent

Quantity (ml)

1M Tris-HCL, ph=7.5

100

5M NaCl

30

Tween-20

2.5

ddH2O

Add to 1L

Table 2.7 - TNT (1L).
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2.6 Image Acquisition and Processing

Images were acquired using a Leica epifluorescence microscope (DM5500 B).
Microscope secondary fluorescence filters were tested for autofluorescence and
wavelength spillover (Llopis et al., 2021). Leica AF LAS Lite was used to process
.tiff files and .jpeg files were then exported to imageJ/Imaris for further image
processing (cell counting, fluorescent intensity, fluorescence gradient analysis).
Images (x20 magnification) were processed in Imaris 8.1 by setting DAPI and
GAD1/NPY circumference size that was then used to count automatically. Three
samples were taken per animal and averaged using vertical sampling rectangles
across cortical columns to cover all six layers. Image acquisition and cell count
for GFP, NPY and GAD1 experiments was done double blind to genotype.
Following acquisition, NeuN intensity was quantified in ImageJ by selecting the
region of interest and measuring the intensity of the whole area for cortical,
ectopia and striatum regions For ectopia gradient analysis a rectangle was drawn
from medial to lateral edges of the ectopia at a ~45 angle. This was then run
through imageJ to produce an fluorescence intensity profile. Confocal
microscopy used Nikon A1R and images were imported to ImageJ using
bioformats_package.jar plugin to process .nd2 files.

2. 7 Morphology Recovery

Neurons filled with biocytin for 15-20 mins. The electrode was carefully removed
from the cell and the slice kept in 4% PFA for 2h at RT. The slice was kept in PBS
until

the

start

of

secondary

antibody

reaction.

Streptavidin-568

(FisherScientific)(1:500) conjugated antibody was used to detect biocytin and
reconstruct the neuron’s morphology (immunostaining as above with the
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exception that secondary incubation took 4 hours instead of 3). Confocal
microscopy was used to visualize cell morphology (LS800, Zeiss)(Zen System
software).

2. 8. Cell Cultures

Two primary cell cultures were used, one of dTF progenitors and one of
embryonic E17.5 mouse pup cortices. The former was done by Faziela Razac
(CDBS, University of Edinburgh) and the latter by Sean McKay (CDBS,
University of Edinburgh). A brief description of how each culture was produced is
given here.

2. 8. 1 dTF Progenitor Cultures and Gsh2+ staining

Pups were decapitated and GFP+ cortices removed and dissociated with papain.
Cells were plated with a density of 150.000 cells per well (24-well plates) in
serum-free 2i medium (Merck). Smoothened agonist (SAG) (Abcam) dissolved in
DMSO (Invitrogen) was added to cultures 24h post-plating (DIV1). Gsh2 antibody
(Merck Millipore, 1:500) immunostaining was carried out on DIV4. Gsh2+ /GFP+
cells were counted in imageJ by random sampling squares within coverslips.

2. 8. 2 Mouse E17.5 Cortical Cultures

CD1 mouse pups were decapitated and transferred to a medium containing: 81.8
mM Na2SO4, 30 mM K2SO4, 5.84 mM MgCl2, 0.252 mM CaCl2, 1 mM HEPES,
20 mM D-glucose, 0.001% Phenol Red. Pup cortices were quickly removed and
immediately digested with enzyme papain (10 enzymatic units/ml) for 40 minutes
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and washed a number of times. Cortices were then carefully homogenized and
plated at a density of 128 mouse cortex/well. After 2 hours, the plating medium
replaced with growth medium (NBA, glutamine, B-27, 1% rat serum, 1%
antibiotic-antimycotic agent) and 1ml growth medium supplemented with 9.6 μM
cytosine β-Arabinofuranoside hydrochloride was added on DIV 4 to each well to
prevent glial cell proliferation (Doetsch et al., 1999). (cell cultures produced by
Sean McKay, CDBS, University of Edinburgh).

2. 9 RNA Expression Analysis

2. 9. 1 Bulk RNA Sequencing

E12.5-13.5 cortices from 3-4 animals were pooled together for each sample
(EGFP+ cells). RNA was extracted using the RNeasy+Micro kit (Qiagen).
Following quality control sequencing reads were aligned with Ensembl 77.
Differential gene expression (DE) was assessed using edgeR (Robinson et al.,
2010) where significance was assumed p <0.05 (Data from Zrinko & David Price,
CDBS, University of Edinburgh). Tables were generated from which information
for genes of interest was extracted and graphed.

2. 9. 2 Single Cell RNA Sequencing (scRNA-seq)

Briefly, cortices from E14.5 pups were dissected and FACTs sorted (flow
cytometry - analysed with BD FACSDiva 8.0.1) for single-cell sequencing
(Illumina NovaSeq 6000 S1). Cells were quality controlled using standard
methods before clustering analysis. Data was clustered in R (Seurat v3.0
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bioinformatics pipeline (https://github.com/satijalab/seurat) (Data from Kai Boon
Tan, CDBS, University of Edinburgh).

2. 10 PCA and Ward's Agglomerative Clustering

To measure the Euclidean distance I used Ward's method (Ward.D2) (Ward,
1963). This type of agglomerative clustering uses a bottom up approach where
lower branches group together first by proximity and separation increases as the
distance increments. Cluster variance is used to decide when to merge clusters
(where Ward’s method minimizes the variance within clusters). A dendrogram
was plotted showing closeness of each cell to its neighbours with main branches
distinguished by colour. Before running the analysis, the data was scaled using
R’s

scale()

function.

Heatmap

of

intrinsic

properties

used pheatmap

(clustering_method=Ward.D2). Silhouette plots and Dunn’s indexes were
calculated on the scaled data using NbClust (Charrad et al., 2014) and clValid R
package (Brock et al., 2008) functions respectively. Principal component analysis
(PCA) for chapter 3 included all electrophysiological features measured (Table
3.3) and was computed using princomp() function.

2.11 Cell Type Public Databases

Two publicly available databases were consulted: Allen Atlas and NeuroElectro.
Neuroelectro

was

used

as

reference

only.

It

can

be

found

here:

https://neuroelectro.org/. The Allen Atlas Database was used to plot curated
literature electrophysiological features to illustrate how cell types form clusters
based on multiple features. The Allen Atlas Software Development Kit (Allen
SDK) can be found here: http://alleninstitute.github.io/AllenSDK/cell_types.html.
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The main aim was to access electrophysiology features from the database and
access traces. A modified Python script was used to plot feature graphs. Python
non-base modules included pandas (data wrangling) and seaborn (data
visualization)(Waskom, 2021) and multiprocessing (parallel programming). Any
additional modules used by Allen SDK can be found in the respective downloads
companion page.

2. 12 Statistical Analysis and Data Visualization

For statistical analysis n’s refer to cells, N’s to animals. Unless otherwise stated
statistical analysis performed on N’s. Any data exclusion for analysis is
mentioned in the results. Pre analysis routines were carried to inspect data
normality. If data wasn't normally distributed a non parametric test was used
instead. Normality was assessed via residual and density plots. If the data
presented tails or skewness, it was considered to violate normality (Figure 2.3
shows examples of a residual plot considered normally distributed and a residual
plot considered to not be normally distributed, with tails). In pairwise comparisons
I didn’t use correction for multiple testing as the values were non-significant.
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Figure 2.3 - QQ plot of data residuals examples. A. Data residuals normally distributed. B.
Data residuals showing tails at the lower and upper values. Shaded area in A and B
represents 95% confidence intervals (CI) for expected values. When one or more values lied
outside the CI area I considered the data to be non-Gaussian.

Statistical significance was taken as p<0.05. Results are reported as mean +
confidence interval unless otherwise stated. For TTX experiments Wilcoxon
signed-rank tables were consulted to determine the minimum n necessary for
obtaining a p-value <0.05 (n=6). Power analyses were not carried out before
remaining experimental datasets but numbers are similar to those used in similar
studies.

All statistical and visualization data analysis was run on Ubuntu Bionic Beaver
18.01 Operating System (OS) (Lenovo Ideapad). Data visualization colours were
selected from a colourblind friendly palette. Thesis tables typeset and formatted
in texmaker (LaTex). Final thesis written and formatted using Google Docs and
various

add-ons.

Diagrams

were

produced

with

Biorender

software

(www.biorender.com).
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R, Python & Signal (by Dr Michael Daw) scripts for data analysis, visualization,
data exploration and API querying can be found at Marcos Tiago, pax6_codes
(2019-2021)

and

lust_analysis

online

GitHub

repository

(https://github.com/TiagoMarcos) in the spirit of open science (Editorial, 2017) .
All R and Python analysis was run on two separate machines to ward off any
miscalculations or erroneous application of algorithms (Ubuntu and Microsoft).
The outcomes matched exactly. This was to avoid any OS or hardware
interference with the code output.

Software summary. Microsoft Excel spreadsheets, R (RStudio), Python
(Spyder, Anaconda distribution), FIJI software ImageJ, Leica LAS AF Lite, Signal
(CED), Inkscape, Imaris, Biorender, FortiClient VPN (remote network access).

R Packages summary. ape, cluster, colorbrewer, caret, cairo, plotly, tictoc,
fdrtool, pwr, MASS, ggpubr, roxigen2, clValid, cluster, ggpubr, dendextend
stargazer, ggplot2, dplyr, NbClust, factoextra, lme4, imager, tictoc, reticulate,
markdown, PairedData, pheatmap. All R packages can be installed from R
CRAN

(https://cran.r-project.org/)

or

R

package

repositories

using

install.packages (“packageName”).

2.13 Proteintech conflict of interest disclaimer

I worked part time for Proteintech (Field Marketing Representative) between
February 2020 and March 2021. This had no impact on my choice of NPY
antibody or the subsequent experimental results but I thought I would register it
here for openness and transparency.
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Chapter 3
Intrinsic Properties of L5 and L2-3
The Somatosensory Cortex
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3.1 Introduction

3. 1. 1 PC Origins and Development

L5-L6 PCs are known as deep layer neurons (DLN) and are born between
~E12.5 and ~E14.5 in the dorsal telencephalon (dTel) (Molyneaux et al., 2007).
L2-3 and L4 are known as superficial layer neurons (SLN) and are born between
~E16.5-18.5 in the dTel (Molyneaux et al., 2007). At ~P5, PC radial migration and
adjusted numbers at the cortex are complete (Wong et al., 2018; Parnavelas et
al., 2002). PC subtypes can be identified by their molecular profile and
electrophysiological properties (Berg et al., 2021). L2-4 neurons express Cux1,
Cux2 and Lhx2 (Nieto et al.,2004; Zimmer et al., 2004; Bulchand et al., 2003). L5
neurons express Opn3 (Magdaleno et al., 2006). Some markers are present in
L5 subtypes such as Ctip2 (Arlota et al., 2005) and Er8l (Yoneshima et al., 2006;
Hevner et al., 2003).

Neurons develop their properties early in development and final numbers are
adjusted between P2-P5 for PCs and P5-P10 for interneurons (Wong et al.,
2018; Wong & Marin, 2019; Favuzzi et al., 2019). Fast electrophysiological and
morphological changes are observed in the first three postnatal weeks (Zhang et
al., 2004; Larsen & Callaway, 2006; Oswald & Reyes, 2008; An et al., 2012), with
some regions showing continued maturation of electrical and morphological
properties for considerably longer (Chang et al., 2005; Francechetti et al., 1998).
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3. 1. 2 Somatosensory Cortex

The somatosensory cortex (S1) is responsible for whisker responsiveness and
motor control (Petersen, 2007; Li & Crair, 2011). It has a well characterized
columnar cytoarchitecture (Crandall et al., 2017) with L4 displaying characteristic
barrel shape organization (Petersen, 2007). Large, easily identifiable PCs are
present in L5. These are the main output neurons of the S1 and project dendrites
to all other layers (Molyneaux et al., 2007). Multiple trains of APs in response to
synaptic input are observed from ~P5 (Luhmann et al., 2000).

L5 can be further subdivided into L5A and L5B (Oswald et al., 2013). L5 cells are
often classed as thick tufted and thin tufted based on their dendritic morphology
(Groh et al., 2010; Hattox & Nelson, 2007). Electrophysiologically, regular spiking
(RS) and intrinsic burst (IB) neurons are present, with IBs found more often in
L5B. Thick tufted cells tend to present IB firing patterns (Kim et al., 2015).

3. 1. 3 Pax6 and PCs

Postnatally, Pax6 has been shown to affect thickness and composition of the
cortical layers in Emx1CrePax6cKO mouse models (Georgala et al., 2011; Tuoc et
al., 2009). These Pax6cKO studies show that DLN are still formed in the absence
of Pax6 where one study using molecular markers shows that L5-6 are still
formed (Tuoc et al., 2009). On the other hand, when Pax6 is removed between
E9.5~E12.5 in RGPs, Pax6 absence leads to reduced progenitor pools and
defective production of SLN (Georgala et al., 2011; Tuoc et al., 2009; Nieto et al.,
2004; Schuurmans et al., 2004), where low prevalence of Cux2 and other L2-4
markers is reported.
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In later corticogenesis Pax6 is still expressed by RGC but not IPs (Englund et al.,
2005; DoCampo-Seara et al., 2018). In a model where Pax6 is removed later
(between E14.5 and E16.5), the population of SLNs remains unaffected (Tuoc et
al., 2009). Together, these studies suggest that in mid-late RPGs, Pax6 is not a
requirement for SLN phenotype specification. RGPs and IPs can produce both
DLN and SLN although there may be a higher likelihood for IPs to produce SLN
(Molyneaux et al., 2007; Toma & Hanashima, 2015). The reduced SNL numbers
in Pax6cKO models is likely a consequence of early cell cycle exit, which leads to
a depletion of the progenitor pool. Laminar organization of the cortex is known to
depend on the progenitor cell cycle (McConnell & Kaznowski, 1991). Early
defects in the balance of proliferation and differentiation may thus affect cortical
lamination of more superficial layers.

***

It is not known if the DLN and SLN generated in the absence of Pax6 have
electrical properties of PCs. To further our understanding of the role of Pax6 in
the specification of PCs, I investigated the electrophysiological properties of DLN
and SLN at the S1.
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3.2 Results

S1 was identified and electrodes directed towards L5 (Figure 3.1C). GFP cells
were identified with a GFP filter and selected for recording (Figure 3.1B-D). In
order to understand if Pax6’s absence does modify passive and/or active
properties I used heterozygous littermates (Emx1CrePax6+/-) and compared their
cortical intrinsic properties to mutant Emx1CrePax6cKO. Using pairwise
comparisons parametric tests were run if the data was normally distributed and
non parametric were used if not. Normality was assessed using residual and
density plots (methods, page 43, Figure 2.2A-B).

Figure 3.1 - S1 L5 and L2-3 Recordings. A. Electrodes targeted L5 and L2-3 of the SomCtx.
Insert is an L5 cell with a recording electrode visible. B. GFP cell with recording electrode. C.
L5 PCs are identifiable with and without GFP filter (mounted on an Olympus U-TLUIR
microscope using Q-imaging Retiga 2000R software). D. L2-3 PCs are identifiable with and
without GFP cells L2-3. Red arrows in C. and D. indicate targeted cells for recording. Scale
bar for A. is 500 𝝁M. Scale bar for A’’., B., C., and D. is 50 𝝁M.
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3. 2. 1 L5 Neurons - P8-P10

I first targeted L5 neurons under the granular layer of the barrel field of the S1 in
P8-P10 pups. GFP cells were identified and membrane voltage responses to
somatic current injection recorded (Figure 3.1C). I was interested in GFP+ cells
only as these are from the Emx1-dRGP lineage. Figure 3.2 shows some traces
recorded in Emx1Cre-Pax6cKO.

Initially I recovered morphologies to identify the characteristic apical dendrite of
L5 PCs shooting up towards superficial cortical layers but I didn’t characterize
and analyse morphology any further, focusing instead on intrinsic electrical
properties (Figure S3.1 shows an example of a Emx1Cre-Pax6cKO cell
morphology recovered using biocytin dye).
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Figure 3.2 - Range of membrane voltage responses to current injection (double rheobase)
present in Emx1Cre-Pax6cKO S1 L5. A. P8-P10 Emx1Cre-Pax6cKO cells. B. P5-P7
Emx1Cre-Pax6cKO cells. Scale bar is 20 mV by 100ms for all traces as shown in the top left
trace.
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3. 2. 1. 1 Passive properties

The passive properties of neurons were similar between Emx1Cre-Pax6cKO and
Emx1Cre-Pax6+/- (Figure 3.3). Capacitance was not significantly different (Figure
3.3A; Pax6+/-: 165 ± 16 pF, N=12; Pax6cKO: 156 ± 20 pF, N=11; p=0.36) nor
input resistance (Figure 3.3B; Pax6+/-: 142 ± 26 MΩ, N=12; Pax6cKO: 153 ± 33
M𝛺, N=11; p=0.52). Resting membrane potential (RMP) was also unaffected by
genotype (Table 3.1; Pax6+/-: -68.1 ± 1.6 mV, N=12; Pax6cKO: -67.8 ± 2.0 mV,
N=11; p=0.82). Together, results indicate that lack of Pax6 does not affect the
passive properties of cells.

3. 2. 1. 2 Active Properties

The AP halfwidth was not significantly different between genotypes (Figure
3.3C;Pax6+/-: 1.72 ± 0.18 ms, N=12; Pax6cKO: 1.80 ± 0.16 ms N=11; p=0.42 ).
The adaptation ratio between the first and the last AP is also similar (Figure
3.3D;Pax6+/-: 0.47 ± 0.13, N=12; Pax6cKO: 0.49 ± 0.07, N=11; p=0.83 ). There
was no change to the amplitude of the AHP (Figure 3.3E;Pax6+/-: 18.7 ± 1.6 mV,
N=12; Pax6cKO: 17.30 ± 1.4 mV, N=11; p=0.09 ). HCN-currents (Kase et al.,
2012) were present in some neurons. These are cation currents activated by
membrane hyperpolarization. The amount of membrane voltage deflection is an
indication of the size of HCN-currents. Sag ratios were also similar (Table 3.1;
Pax6+/-: 6.6 ± 0.7 %, N=9; Pax6cKO: 6.2 ± 1 %, N=9; p=0.77) indicating no
difference in HCN-mediated cation currents during hyperpolarization steps. Taken
together, these results suggest that Pax6 protein is unnecessary for the
specification of L5 PCs intrinsic electrical properties. Table 3.1 shows the
comparisons of all the properties measured.
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Figure 3.3 - Passive and active intrinsic electrical properties S1 L5 P8-P10. A. Capacitance
is not significantly different between genotypes (Pax6+/-: 165 ± 16 pF, N=12; Pax6cKO: 156 ±
20 pF, N=11; p=0.36). B. Input resistance is not significantly different between genotypes (
Pax6+/-: 142 ± 26 MΩ, N=12; Pax6cKO: 153 ± 33 MΩ, N=11; p=0.52). C. AP halfwidth was
not significantly different between genotypes (Pax6+/-: 1.72 ± 0.18 ms, N=12; Pax6cKO: 1.80
± 0.16 ms N=11; p=0.42). D. First/last adaptation ratio is not significantly different between
genotypes (Pax6+/-: 0.47 ± 0.13, N=12; Pax6cKO: 0.49 ± 0.07, N=11; p=0.83). E. AHP
amplitude was not significantly different between genotypes (Pax6+/-: 18.7 ± 1.6 mV, N=12;
Pax6cKO: 17.30 ± 1.4 mV, N=11; p=0.09). F. Membrane voltage response to progressive
current injections (500ms square steps) for

Emx1CrePax6cKO

(hyperpolarizing step,

rheobase and double rheobase). G. Membrane voltage response to progressive current
injections (500ms square steps) for

Emx1CrePax6+/- (hyperpolarizing step (-25/-10 pA),

rheobase and double rheobase). All values are mean ± 95%CI.

Emx1CrePax6-/+

Emx1CrePax6cKO

(n=32, N=12)

(n=28, N=11)

Input Resistance (MΩ)

142.25 ± 26.33

152.78 ± 33.47

0.51

Capacitance (pF)

165.4 ± 16.29

156.39 ± 20.25

0.38

tau (ms)

23.08 ± 4.06

23.48 ± 5.10

0.87

Resting Membrane Potential
(mV)
-68.07 ± 1.61

-67.78 ± 2.04

0.83

AP halfwidth (ms)

1.72 ± 0.18

1.80 ± 0.16

0.43

AP Amplitude (mV)

59.61 ± 3.31

58.86 ± 5.23

0.75

AP to AHP (ms)

23.7 ± 3.22

22.24 ± 3.78

0.47

AHP Width (ms)

94.27 ± 12.91

92.52 ± 12.18

0.80

AHP Amplitude (mV)

18.73 ± 1.58

17.30 ± 1.44

0.09

Threshold (mV)

-33.48 ± 1.87

-37.79 ± 2.55

0.72

Rheobase (pA)

112.01 ± 16.21

112.12 ± 17.60

0.52

Latency (ms)

109.95 ± 11.78

112.79 ± 15.34

0.79

Number of Spikes/500ms

5.86 ± 0.46

5.67 ± 0.93

0.64

First to Second Adaptation
Ratio
0.69 ± 0.09

0.72 ± 0.04

0.41

First to Last Adaptation Ratio

0.47 ± 0.13

0.49 ± 0.07

0.83

Sag (%)

6.6 + 0.7

6.2 + 1.0

0.77

p-value
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Table 3.1 - Intrinsic properties L5 P8-P10 Cells. Table values mean ± 95% confidence
intervals. Ns are animals, ns are cells. All pairwise comparisons yielded non significant
p-values (p > 0.05).

3. 2. 2 L5 Neurons - P5-P7

Early postnatal ages show quick maturation of intrinsic properties in both PCs
and interneurons (Luhmann et al., 2000; Daw et al., 2007; Yang et al., 2018). To
test for the possibility that Pax6 deficiency in dRGPs leads to impaired
development trajectories despite normal function at P8-P10 , I patched cells at an
earlier age group (P5-P7), where cells already fire multiple trains of APs
(Luhmann et al., 2000).

3. 2. 2. 1 Passive properties

The passive properties of neurons were similar between Emx1Cre-Pax6cKO and
Emx1Cre-Pax6+/- (Figure 3.4). Capacitance was not significantly different (Figure
3.4; Pax6+/-: 104 ± 7 pF, N=8; Pax6cKO: 109 ± 6 pF, N=9; p=0.25) nor input
resistance (Figure 3.4B; Pax6+/-: 251 ± 23 MΩ, N=8; Pax6cKO: 232 ± 22 M𝛺,
N=9; p=0.17). RMP was also unaffected by genotype (Table 3.2); Pax6+/-: -62.4
± 2.7 mV, N=8; Pax6cKO: -63.5 ± 1 mV, N=9; p=0.41). Together, results indicate
that lack of Pax6 does not affect the passive properties of cells.

3. 2. 2. 2 Active Properties

The AP halfwidth was not significantly different between genotypes (Figure
3.4C;Pax6+/-: 2.23 ± 0.12 ms, N=8; Pax6cKO: 2.38 ± 0.19 ms, N=9; p=0.12 ).
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The adaptation ratio between the first and the last AP is also similar (Figure
3.4D;Pax6+/-: 0.5 ± 0.13, N=8; Pax6cKO: 0.44 ± 0.34, n=12, N=9; p=0.43).
There was no change to the amplitude of the AHP (Figure 3.4E;Pax6+/-: 23.1 ±
3.4 mV, N=8; Pax6cKO: 21.61 ± 3.6 mV, N=9; p=0.49 ). Sag ratios were also
similar (Table 3.2; Pax6+/-: 4.1 ± 0.6 %, N=8; Pax6cKO: 4.2 ± 0.6 %, N=8;
p=0.88) indicating no difference in HCN-mediated cation currents during
hyperpolarization steps. Taken together, these results suggest that Pax6 protein
is unnecessary for the specification of L5 PCs intrinsic electrical properties. Table
3.2 shows the comparisons of all the properties measured.
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Figure 3.4 - Passive and active intrinsic electrical properties S1 L5 P5-P7. A. Capacitance is
not significantly different between genotypes (Pax6+/-: 104 ± 7 pF, N=8; Pax6cKO: 109 ± 6
pF, N=9; p=0.25). B. Input resistance is not significantly different between genotypes
(Pax6+/-: 251 ± 23 M𝛺, N=8; Pax6cKO: 232 ± 22 MΩ, N=9; p=0.17). C. AP halfwidth was
not significantly different between genotypes (Pax6+/-: 2.23 ± 0.12 ms, N=8; Pax6cKO: 2.38
± 0.19 ms, N=9; p=0.12). D. First/last adaptation ratio is not significantly different between
genotypes (Pax6+/-: 0.5 ± 0.13, N=8; Pax6cKO: 0.44 ± 0.34, n=12, N=9; p=0.43). E. AHP
amplitude was not significantly different between genotypes (Pax6+/-: 23.1 ± 3.4 mV, N=8;
Pax6cKO: 21.61

± 3.6 mV, N=9; p=0.49). F. Membrane voltage response to progressive

current injections (500ms square steps) for

Emx1CrePax6cKO (hyperpolarizing step,

rheobase and double rheobase). G. Membrane voltage response to progressive current
injections (500ms square steps) for

Emx1CrePax6+/- (hyperpolarizing (-25/-10 pA) step,

rheobase and double rheobase). All values are mean ± 95%CI.

Emx1CrePax6-/+

Emx1CrePax6cKO

(n=22, N=8)

(n=27, N=9)

Input Resistance (MΩ)

251.41 ± 23.36

231.91 ± 21.27

0.17

Capacitance (pF)

104.06 ± 6.93

108.90 ± 6.41

0.25

tau (ms)

26.12 ± 2.80

25.25 ± 2.71

0.83

Resting Membrane Potential
(mV)
-62.41 ± 2.68

-63.49 ± 0.99

0.41

AP halfwidth (ms)

2.23 ± 0.12

2.38 ± 0.19

0.13

AP Amplitude (mV)

52.98 ± 1.43

51.64 ± 2.53

0.29

AP to AHP (ms)

22.06 ± 1.28

22.74 ± 1.58

0.44

AHP Width (ms)

111.09 ± 5.04

107.30 ± 9.81

0.89

AHP Amplitude (mV)

23.13 ± 3.44

21.61 ± 3.59

0.49

Threshold (mV)

-33.69 ± 1.43

-34.48 ± 0.94

0.32

Rheobase (pA)

77.5 ± 5.83

80.10 ± 9.60

0.60

Latency (ms)

126.82 ± 3.10

137.21 ± 15.52

0.06

Number of Spikes/500ms

4.63 ± 0.38

4.43 ± 0.53

0.73

First to Second Adaptation
Ratio
0.75 ± 0.07

0.76 ± 0.04

0.07

First to Last Adaptation Ratio

0.5 ± 0.13

0.44 ± 0.34

0.43

Sag (%)

4.1 + 0.6

4.2 + 0.6

0.81

p-value
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Table 3.2 - Intrinsic properties L5 P5-P7 Cells. Table values are mean ± 95% confidence
intervals. Ns are animals, ns are cells. All pairwise comparisons yielded non significant
p-values (p > 0.05).

3. 2. 3 Layer 2-3 P10-P13

SLN may be an evolutionary step towards more complex cortices (Aboitiz et al.,
2003; Marin-Padilla, 1992). Mechanisms of progenitor differentiation can affect
superficial layers in different ways (Tuoc et al., 2009). I thus investigated if the
lack of Pax6 has an effect on SLNs. As these are born later (Rakic, 2009) I chose
P10-P13 age range to patch L2-3 cells. As before I targeted the S1 and cells
were identified by GFP fluorescence where these were located between the
granular layer and cell body sparse L1 ( (Figure 3.1D).

3. 2. 3. 1 Passive properties

Cells with adapting trains of APs in Emx1CrePax6cKO were observed (Figure
3.5F). As for DLNs, the passive properties of L2-3 neurons were similar in
Emx1Cre-Pax6cKO

and Emx1Cre-Pax6+/-..Capacitance was not significantly

different (Figure 3.5A; Pax6+/-: 111 ± 13 pF, N=6; Pax6cKO: 113 ± 13 pF, N=6;
p=0.84) nor input resistance (Figure 3.5B; Pax6+/-: 269 ± 33 MΩ, N=6;
Pax6cKO: 238 ± 29 M𝛺, N=6; p=0.20). RMP was also unaffected by genotype
(Table 3.3;Pax6+/-: -66.3 ± 2.2 mV, N=6; Pax6cKO: -66.9 ± 3.2 mV, N=6;
p=0.69). Together, results indicate that lack of Pax6 does not affect the passive
properties of cells.
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Figure 3.5 - Passive and active intrinsic electrical properties S1 L2-3. A. Example of
membrane voltage current responses to double rheobase current injections (500 ms square
steps). B. Capacitance is not significantly different between genotypes (Pax6+/-: 111 ± 13 pF,
N=6; Pax6cKO: 113 ± 13 pF, N=6; p=0.84). C. Input resistance is not significantly different
between genotypes (Pax6+/-: 269 ± 33 M𝛺, N=6; Pax6cKO: 238 ± 29 MΩ, N=6; p=0.20). D.
AP halfwidth was not significantly different between genotypes (Pax6+/-: 1.27 ± 0.08 ms,
N=6; Pax6cKO: 1.24 ± 0.13 ms, N=6; p=0.62). E. First/last adaptation ratio is not significantly
different between genotypes (Pax6+/-: 0.25 ± 0.04, N=6; Pax6cKO: 0.31 ± 0.09, N=6;
p=0.31). F. AHP amplitude was not significantly different between genotypes (Pax6+/-: 15.7 ±
2.0 mV, N=6; Pax6cKO: 16.1 ± 2.0 mV, N=6; p=0.59). G. Membrane voltage response to
progressive current injections (500ms square steps) for Emx1CrePax6cKO (hyperpolarizing
step, rheobase and double rheobase). K. Membrane voltage response to progressive current
injections (500ms square steps) for Emx1CrePax6+/- (hyperpolarizing (-25/-10 pA) step,
rheobase and double rheobase). All values are mean ± 95%CI.

3. 2. 3. 2 Active Properties

The AP halfwidth was not significantly different between genotypes (Figure
3.5C;Pax6+/-: 1.27 ± 0.08 ms, N=6; Pax6cKO: 1.24 ± 0.13 ms, N=6; p=0.63).
The adaptation ratio between the first and the last AP is also similar (Figure
3.5D;Pax6+/-: 0.25 ± 0.04, N=6; Pax6cKO: 0.31 ± 0.09, N=6; p=0.31). There was
no change to the amplitude of the AHP (Figure 3.5E;Pax6+/-: 15.7 ± 2.0 mV,
N=6; Pax6cKO: 16.1 ± 2.0 mV, N=6; p=0.59). Sag ratios were also similar (Table
3.3; Pax6+/-: 2.7 ± 0.2 %, N=4; Pax6cKO: 2.7 ± 0.1 %, N=4; p=0.38) indicating
no difference in HCN-mediated cation currents during hyperpolarization steps.
Taken together, these results suggest that Pax6 protein is unnecessary for the
specification of L5 PCs intrinsic electrical properties. Table 3.1 shows the
comparisons of all the properties measured.
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Emx1CrePax6-/+

Emx1CrePax6cKO

(N=6, n=16)

(N=6, n=18)

Input Resistance (MΩ)

268.51 ± 32.61

238.31 ± 28.66

0.22

Capacitance (pF)

111.28 ± 13.60

113.25 ± 12.64

0.83

tau (ms)

29.57 ± 4.79

25.80 ± 2.69

0.22

Resting Membrane Potential
(mV)

-66.33 ± 2.21

-66.90 ± 3.29

0.69

AP halfwidth (ms)

1.27 ± 0.08

1.24 ± 0.13

0.62

AP Amplitude (mV)

69.14 ± 2.72

66.59 ± 1.10

0.14

AP to AHP (ms)

19.18 ± 3.23

19.40 ± 1.32

0.90

AHP Width (ms)

99.77 ± 6.99

98.76 ± 14.70

0.91

AHP Amplitude (mV)

15.65 ± 1.98

16.13 ± 2.00

0.59

Threshold (mV)

-33.48 ± 1.63

-32.98 ± 1.80

0.69

Rheobase (pA)

95 ± 4.46

103.47 ± 7.41

0.10

Latency (ms)

59.95 ± 7.04

59.77 ± 19.69

0.13

Number of Spikes/500ms

5.39 ± 1.04

5.40 ± 0.86

0.98

First to Second Adaptation
Ratio

0.55 ± 0.05

0.59 ± 0.07

0.39

First to Last Adaptation Ratio 0.25 ± 0.04

0.31 ± 0.09

0.31

Sag (mV)

2.7 + 0.1

0.38

2.7 + 0.2

p-value

Table 3.3 - Intrinsic properties L2-3 Cells. Table values are mean ± 95% confidence intervals.
Ns are animals, ns are cells. All pairwise comparisons yielded non significant p-values (p >
0.05).

3. 2. 4 L2-3 Principal Component Analysis and Unsupervised Ward’s
Clustering

There is no significant difference between the properties of cells that I examined
where Pax6 protein was absent and where Pax6 was present during
development. The sample size is small and it is possible to miss differences.
Many studies in biological sciences are underpowered (Button et al., 2013). This
often leads to premature conclusions or missing biological effects (Higginson &
Munafo, 2016). There can be high variation within a single animal. A range of
power analysis tests shows that even for a medium to high biological effect
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(alpha=0.05), the sample size for L2-3 may not detect those differences as N>20
is necessary for the test to have 80% power.

The intrinsic properties of the neuron are highly correlated and multidimensional
(Tripathy et al., 2014; Tripathy et al., 2018) and may be better explored if
analysed together to find patterns and clusters within datasets and whether
genotype has an impact on these. To further investigate the properties of these
cells I ran a principal component analysis (PCA) for all L2-3 cells (n=34) (Figure
3.6) using all intrinsic properties measured (Table 3.3). The two principal
components explain 32% (Dim1, PC1) and 15% (Dim2, PC2) of the dataset
variation. Most cells cluster around the center with seven cells more dispersed
with higher cos2 values where Cos2 values are higher for cells that generate the
highest amount of variation along the principal component (Abdi & Williams,
2010).
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Figure 3.6 - L2-3 Principal component analysis (PCA). Cos2 values represent the proportion
that a particular value contributes to the variance. High values indicate datapoint has a higher
impact on dataset variation. Dimension 1 (PC1) explains 32.3% variation whilst dimension 2
(PC2) explains 14.5% of the variation. Some cells are more dispersed from the center of the
data, with higher cos2 values.

A change from PC to interneuron would be reflected in multiple intrinsic electrical
properties. The results of PCA analysis motivated further exploration of the L2-3
dataset. I wanted to understand if genotype had an effect on the clusters formed
and whether cells without Pax6 formed particular clusters. Unsupervised
clustering methods allow splitting the dataset by closeness of relationship and
extracting information that is lost when averaging cell properties and doing
pairwise comparisons of electrophysiological features (Alashwal et al., 2019). To
further explore L2-3 cells' intrinsic properties I decided to explore their
multidimensionality using Wards agglomerative clustering (Ward, 1963).This
method has been used to cluster neurons by their electrophysiological properties
previously (Soldado-Magraner et al., 2020; Romano et al., 2013; Andjelic et al.,
2009; Li et al., 2012; Daw et al., 2007). This provides a wider view of the data
and helps to understand whether mutant cells cluster on their own.

A lower input resistance will generally lead to a higher rheobase (inverse
correlation). Including both in the clustering algorithm would increase the weight
of this factor, potentially skewing the data. In the Emx1Cre-Pax6cKO this
correlation is maintained for L5 (r=0.72, p=2x10-16, n=55; Pearson correlation)
and L2-3 (r=0.51, p=0.005,n=18 Pearson correlation). For all subsequent
clustering analysis I used the following intrinsic properties: AHP amplitude , AP
halfwidth, AP threshold, input resistance, capacitance, number of spikes (500ms,
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double rheobase current), first-spike latency, first to second AP adaptation ratio
and first to last AP adaptation ratio.

Figure 3.7 - Unsupervised Ward’s clustering (Euclidean distance) analysis of L2-3 cells.
Genotype bar represents Emx1Cre-Pax6cKO (yellow) (n=18)and Emx1Cre-Pax6+/- (grey)
(n=16). Features used for clustering included AHP amplitude , AP halfwidth, AP threshold,
input resistance, capacitance, number of spikes (500ms, double rheobase current), first-spike
latency, first to second AP adaptation ratio and first to last AP adaptation ratio. Data was
scaled before clustering.

It is not straightforward where to cut dendrograms to decide on how many
clusters are present. Silhouette coefficients can be calculated to help determine
the optimum number of clusters. Silhouette coefficients give an estimate of how
similar objects within a cluster are to each other compared to objects in other
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clusters. Silhouette analysis attempts to minimize the differences between
elements in a cluster. The higher the coefficient, the higher the homogeneity
within the cluster as compared to the whole, more heterogeneous, dataset
(values range from -1 to 1). A silhouette coefficient plot indicates that the optimal
cluster number is 2 (silhouette coefficient = 0.44 ) (Figure 3.11A): clusters 1
(blue) and cluster 2 (pink). The three cells in cluster 2 have smaller adaptation
ratios, smaller AP halfwidth and lower input resistance (Figure 3.8). Cluster 1
has cells of both genotypes, but cluster 2 cell are all Emx1CrePax6cKO. This
opens the possibility that in the mutant a subgroup of cells possesses altered
firing properties not present in the control (Figure 3.7). By doing a contingency
table where absence of this type of cell is tested against presence in both
genotypes, a Barnard test was run (as half of the expected values were less than
5, a Chi-square test wouldn’t be suitable) .The result wasn’t statistically
significant (Barnard unconditional test, p=0.09, two-tailed). This means that
finding this subtype of cells in the mutant only may be due to sampling random
chance. Taken together, data from pairwise comparisons, clustering and PCA
analysis points towards dRGP Pax6 negative lineages being capable of
producing L23 PCs with firing properties remarkably similar to control, but that
there might be a subgroup of PCs that presents altered firing properties in
Emx1CrePax6cKO.
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Figure 3.8 - Ward’s hierarchical clustering L2-3 analysis heatmap. Features used for
clustering included AHP amplitude , AP halfwidth, AP threshold, input resistance,
capacitance, number of spikes (500ms, double rheobase current), first-spike latency, first to
second AP adaptation ratio and first to last AP adaptation ratio. Data represents 34 cells:
Emx1Cre-Pax6cKO (Pax6cKO rows) (n=18) and Emx1Cre-Pax6+/- (Pax6+/- rows) (n=16). Each
row represents a cell. Cell labels are the same as in Figure 3.7.
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3. 2. 5. L5 Unsupervised Wards’ Clustering

To control whether clustering analysis could detect developmental changes in L5,
I decided to use Ward’s agglomerative clustering for P8-P10 and P5-P7 data.
The silhouette coefficient plot suggests that two clusters yield the best cluster fit
(Figure 3.11B) with a silhouette coefficient of 0.26 . One cluster had mostly cells
patched between P8-P10 (cluster 1, blue branch) while the other one had cells
mostly patched between P5-P7 (cluster 2, pink branch) (Figure 3.9). The former
includes cells with smaller AP halfwidth, smaller input resistance, larger
capacitance, more negative AP threshold and a higher firing rate (Figure 3.10).
These are characteristics of more mature neurons. It is possible that this
difference is accentuated by the presence of only one P7 mouse for both
datasets. Cluster 2 is split into two main branches where one branch includes
some P8-P10 cells.

The ability of L5 cluster analysis to detect age changes in intrinsic properties
(Figure 3.9) demonstrates that clustering algorithms can find patterns in intrinsic
properties data. Cells from both genotypes spread amongst the clusters,
indicating that Emx1CrePax6cKO cells do not have particular properties not found
in Emx1Cre-Pax6+/-.
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Figure 3.9 - Unsupervised Ward’s hierarchical clustering (Euclidean distance) analysis of L5
cells. Purple tones represent older pups (P8-P10). Green tones represent younger pups
(P5-P7). Genotype bar represents Emx1Cre-Pax6cKO (yellow) (n=55) and Emx1Cre-Pax6+/(grey) (n=54). Cells from both genotypes are spread across the clusters indicating that
Emx1CrePax6cKO cells are not segregated in particular branches. Features used for
clustering included AHP amplitude , AP halfwidth, AP threshold, input resistance,
capacitance, number of spikes (500ms, double rheobase current), first-spike latency, first to
second AP adaptation ratio and first to last AP adaptation ratio. Datasets were scaled before
clustering.
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Figure 3.10 - Clustering L5 analysis heatmap. Features used for clustering included AHP
amplitude , AP halfwidth, AP threshold, input resistance, capacitance, number of spikes
(500ms, double rheobase current), latency, first to second AP adaptation ratio and first to last
AP adaptation ratio. Data represents 109 cells (Emx1Cre-Pax6cKO & Emx1Cre-Pax6+/-). Each
row represents a cell. Cell labels are the same as in Figure 3.9.

***
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One of the nineteen cells patched in the mutant showed intrinsic properties that
were compatible with those of fast spiking interneurons. It was excluded from the
pairwise comparisons and clustering analysis above as it was not a PC cell. This
cell has comparable membrane voltage response characteristics to those
described in Daw et al. (2007) and Butt et al. (2008). These are the most
abundant interneurons in the cortex (Rudy et al., 2011; Lim et al., 2018). The
firing pattern had a high firing frequency, narrow AP, deep and short-lasting AHP,
fast AP to AHP kinetics (Figure S3.2A) and stable dt/dV across APs during
multiple AP trains (chapter 5; Figure S3.2B).This cell was excluded from the
pairwise comparisons and clustering analysis above as it was not a PC cell. It is
not completely unexpected to find dRGP-derived cIN in the Emx1Cre-Pax6cKO
(Stoykova et al., 2000), but taken together it can be concluded that the majority
of GFP cells in L2-3 of the Pax6-/- model are not interneurons and instead
become PCs.
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Fig 3.11 - Silhouette plots for L2-3 and L5 Ward’s clustering analysis showing silhouette
coefficients for a range of cluster numbers. A. L2-3 optimal number of clusters is 2 (silhouette
coefficient = 0.44). B. L5 optimal number of clusters is 2 (silhouette coefficient= 0.26).
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3.3. Discussion

I was interested in whether absence of Pax6 led to alteration of membrane
channel changes in cortical neurons. The first result was that I could patch
Emx1Cre-Pax6cKO mutant cells that present the characteristics expected of PCs
(Figure 3.2A). These included broad APs, widening interspike intervals between
APs, slow AHPs and low firing frequency (Tables 3.1, 3.2 & 3.3). I also found
that absence of Pax6 does not affect the population of ionic membrane receptors
of L5 and L2-3 neurons.

Changes to the intrinsic electrical properties of neurons is known to be observed
in pathological conditions such as Fragile-X syndrome (Booker et al., 2020).
Changes in passive and/or active properties will thus alter the function of PCs.
For instance, a decrease in input resistance would lead to hypoexcitability, as
more input current would be needed to generate APs (Riedemann et al., 2019).
Correct specification of PCs thus needs to be tightly regulated (Molyneaux et al.,
2007).

3. 3. 1 Unsupervised clustering

I decided to explore the data in addition to pairwise comparisons by using
unsupervised hierarchical clustering instead of using glm or glmm to take into
account the multidimensionality of the data. Here I was interested in whether the
lack of Pax6 caused a complete shift in the electrical properties of neurons and
how the different electrical properties correlated. This would be reflected in
changes to more than one property. (Ascoli et al., 2008; Tripathy et al., 2015)
Cluster analysis can be a starting point for understanding datasets variability and
detect similarities between cells that may be lost when averaging cell properties
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for pairwise comparisons. However, using hierarchical clustering often leads to
choosing how many clusters are present in the data and this is not always
straightforward. This is a known problem in machine learning (Nidheesh et al.,
2020) Pairwise comparisons can also lead to false negatives, particularly if they
are underpowered (Button et al., 2013; Turner et al., 2013). This can lead to
missing important biological effects of gene manipulation (Higginson & Munafo,
2016).

There are factors other than genotype that may affect the response variable (i.e
intrinsic properties, synaptic responses etc). These can be litter, slice, recording
temperature (Hedrick & Waters, 2011) and time of recording post dissection (Luz
et al., 2017). These random effects can then be nested in a hierarchical manner
(e.g slices from the same experimental mouse). Generalized linear mixed models
(glmm) are generalized linear models (glm) that take into account these random
effects. Running a glmm through a dataset involves building a model that takes
into account what factors best explain the variability in the data and their
interactions. Ben Bolker and colleagues have developed this analysis for ecology
and evolution studies (Bolker et al., 2009) but it is gaining traction in
neurosciences. Model fitting with glmm is used by some groups to explore
electrophysiological intrinsic property feature differences between genotypes in a
Fragile-X model (Booker et al., 2020) and a Pax6-deletion study (Tian et al.,
2021).

3. 3. 2 Layer 5 and Layer 2-3 Neurons

When assessing the electrical properties of cells I focused specifically on L5 of
the S1. This avoided increasing the variability of the dataset as PCs in different
layers and cortical regions can have very distinct properties (Oswald et al.,
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2013). The absence of differences in PC electrical properties between
Emx1CrePax6cKO. and Emx1CrePax6-/+ corroborates previous studies that found
molecular markers for L5 in Pax6 deficient mice (Tuoc et al., 2009).

Neighbouring neurons are not born at the same time. The trajectories and
lamination patterns are broadly defined. Two cells patched at P10 may not be at
the exact same point of differentiation. Especially at early ages, higher variability
and change is expected as cells are still integrating in their final laminar position
and still developing (Kasper et al., 1994). A considerable amount of P8-P10 cells
were present in L5 cluster 2, subcluster 2, which was otherwise dominated by
P5-P7 cells, further demonstrating that these broad developmental trajectories
have considerable variation. Deletion of genes such as Sox6, expressed by MGE
derived migrating interneurons, delays the maturation FS-PV+ interneurons
without affecting subtype specification (Batista-Brito et al., 2009). Genes can thus
influence the developmental trajectory without affecting the generation of specific
cell subtypes. Overall, there was no change to the developmental timeline of
intrinsic electrical properties in Emx1CrePax6cKO. Properties change rapidly with
age, with some transient neuronal circuits observed with particular time-specific
properties during cortical development (Kanold & Luhmann, 2010; Ghezzi et al.,
2021). Pax6 seems to not be necessary for the correct PC developmental
maturation at P10.

No cells matching IB firing patterns, characteristic of L5 (Kim et al., 2015), were
observed in both genotypes, although I targeted both L5A and L5B. IB neurons
are thought to be involved in coincidence detection (Shai et al., 2015), explaining
the existence of bursts of APs close together in time. Because circuits are still
forming, it is possible that this mode of firing still hasn’t developed widely or at all.
This seems to be corroborated by Franceschetti et al. (1993) and Kasper et al.
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(1994) that do not detect IB firing patterns before ~P14. Studies that describe IB
cells tend to use P21 or older animals (Hattox & Nelson, 2007; Kim et al., 2015).
Soma shape may also be different between RS and IB cells, increasing the
possibility of a sampling bias as suggested by Kim et al., 2015. Recording
intrinsic properties using mice aged >P21 will allow us to understand if Pax6
impairs the mature diversity of firing profiles observed in L5 recordings (Hattox &
Nelson, 2007; Kasper et al., 1994). It will also confirm whether maturation in
Emx1Cre-Pax6cKO mice beyond P10 is compromised.

LIM homeobox 6 (Lhx6) is expressed by MGE progenitors (Lim et al., 2018).
Lhx6-/- negative mice had no significant difference in the overall number of GAD+
cells but showed a loss of specific subtypes (PV+ and SOM+) (Liodis et al.,
2007).This suggests that some TFs expressed by RGPs may not be necessary
for the definition of broad phenotypes but their absence may affect particular
subtypes. L5 subtype marker Er8l has been reported to be regulated by Pax6. In
HeLa cell culture, Pax6 binding to the promoter fragment of Er8l is needed for full
activation of this promoter sequence (Tuoc & Stoykova, 2008). Furthermore,
Er81 L5 neurons are absent in Emx1Cre-Pax6cKO but other L5 subtypes are more
abundant (Lmo4 L5 and Fez1 L5 subtypes) (Tuoc et al., 2009). This suggests the
possibility that Pax6 may be needed for the production of particular subtypes of
L5 neurons. The variety of cortical PCs has been studied recently using
electrophysiological recordings

(Berg et al., 2021) demonstrating that this

technique can be used to understand more subtle differences in cortical
cells.This more subtle effect may have been missed by targeting the whole
population of cortical Emx1-lineage cells.
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Emx1Cre-Pax6cKO

L2-3

cells

also

had

similar electrical properties to

Emx1Cre-Pax6+/-. This indicates that although fewer populate the cortex (Tuoc et
al., 2009), these cells can be specified in the absence of Pax6.

Cre-expression is driven by the Emx1-promoter. Whenever Emx1 is expressed,
the GFP gene STOP cassette is removed and the cell will produce GFP .
Therefore it is possible that cells that express Emx1 only later during
development may be confounded with cells of dRGP origin as they will be GFP+.
This may skew the data, as some cells targeted may not be PCs produced in the
absence of Pax6 protein. PCs are known to express Emx1 postnatally (Chan et
al., 2001). GABAergic neurons don’t express it much, and amongst the small
percentage that does, some may also express glutamate, opening the possibility
that they function as PCs (Chan et al., 2001). Moreover, previous work from this
lab shows that most of the forming cortex is GFP positive at ages as late as
E18.5, in a model where Cre is only active in the presence of tamoxifen during
early neurogenesis (see methods). Therefore, even if some GFP cells are not of
dRGP origin, the vast majority of GFP+ cells is likely to be of dRGP descent.

3. 3. 3 Pax6 and specification of cortical PCs

L2-3 and L5 mutant cells have intrinsic properties that are similar to control. The
morphology of those cells could be altered in the absence of Pax6 protein. A
change in morphology would be more difficult to attribute to the cell autonomous
loss of Pax6 in RGPs (cell autonomous effect) as the absence of correct cell
number may influence how the lower number of cells integrate and form
connections (Wise et al., 1979). Fezf2, expressed by L2-3 PCs is known to
specifically affect the neurite projection profile of SLN (Molyneaux et al., 2005;
Bella et al., 2021). Perhaps early TFs such as Pax6 enable the production of
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broad cell types by ensuring the correct number of progenitors; their ablation
leads to defective upper/deep layer formation and reduced cortical thickness
(Pontious et al., 2008); later expressed genes may regulate and specify subtypes
(such as L2-3 synapse formation) by coordinating synaptogenesis, migration and
cortical integration processes.

Interestingly, some cells in the Pax6 mutant express Gsh2 but not Gad67/GAD1
in

the Emx1CrePax6cKO cortex (David Price, personal communication,

unpublished data). This indicates that not all cells that express Gsh2 are
GABAergic neurons, accepted as a pan-interneuron marker (Ascoli et al., 2008).
Some cells may turn back on the Waddington landscape, redirect towards a PC
attractor state and integrate into the cortex; alternatively, they may end up in an
attractor state that is similar to PC, indirectly. It remains a possibility that a
subgroup of PCs found only in the Emx1Cre-Pax6cKO cortex is a population of
cells that received extrinsic signals towards the interneuron fate that redirected
towards a PC fate due to the lack of the necessary cues to continue to develop a
GABAergic phenotype.

Pax6 is expressed post mitotically by neurons at the pre-thalamus (Clegg et al.,
2015). Tian and colleagues (2022) report that its removal leads to altered
electrical properties and abnormal AIS location. Pax6 is thus capable of
modulating the electrical phenotype of cells when expressed post mitotically by
pre-thalamus neurons (Tian et al., 2022), but not when expressed by dRGP (this
thesis).

We did not know whether PCs formed in the absence of Pax6. This initial probing
of PCs had the aim of understanding if there was a complete turn of genetic fate
even in the cells that made it into the cortex. The evidence of this chapter
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suggests that Emx1-lineage cells do have the ability to fire as a PC would and
that any difference in those properties is not significant. These results for L2-3
and L5 hold for the SomCtx. It is possible that a different region, say, the motor or
the visual cortex, may have PCs with properties that are altered by the absence
of Pax6 in RGPs. That PCs are produced in the absence of Pax6 is interesting
and perhaps unexpected. It indicates instead that Pax6 expression may serve to
inhibit extrinsic signals from affecting the genetic fate of dRGPs.

The identification of a fast spiking interneuron means that 1/19 cells was not a
PC (~5% of L2-3 cells patched). It raises the possibility that some cells in
Emx1Cre-Pax6cKO are capable of shifting their developmental trajectory and
become interneurons integrated in the cortex. It could also be a GABAergic cell
that expresses Emx1 as a small percentage of Emx1-expressing cells (~1%) are
GABAergic (Fairen et al., 1984).The possibility of a production of interneurons
from dRGPs is investigated and discussed further in the following two chapters.

The experiments here described come with limitations. Gene deletions often lead
to upregulation of redundant genes that partially compensate for the absence of
a particular gene (Whitacre, 2012). PCs recorded in Emx1Cre-Pax6cKO may
reflect a compensatory mechanism; using scRNA-seq can help identify altered
gene expression in Emx1Cre-Pax6cKO and what genes are upregulated during
early embryonic neurogenesis. Single and double mutants (Pax6cKO and gene
of interest) can then be used to study the changes in PC populations. Importantly,
I noticed that some cortices looked thinner and had less well defined barrels
(data not shown). This has been previously reported in similar Emx1Cre-Pax6cKO
models (Tuoc et al., 2009). The narrowing of L2-4 may have affected the
sampling of cells in the Emx1Cre-Pax6cKO mutant, as less distinct layers may
have increased the likelihood of patching L4 cells in the mutant. Immunostaining
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P5-P10 Emx1Cre-Pax6cKO cortices with L2-3 specific markers can complement
electrophysiology recordings and identify cortical areas beyond S1 that may have
altered PC populations due to lack of Pax6 expression during early
corticogenesis. Finally, to make full use of the data available and decrease the
risk of false negatives, building a glmm and deciding what parameters (slice,
litter, etc) to include beforehand can further the understanding of cortical Pax6
deletions.

3. 3. 4 Chapter summary

Here I asked whether PCs could be produced in Emx1CrePax6cKO mice in the
absence of Pax6 protein. Using the SomCtx I targeted two layers that contain a
large number of PCs in the wild type. GFP-cells at the Emx1CrePax6cKO cortex
showed tell-tale signs of PCs. Emx1CrePax6cKO L5 cells presented electrical
intrinsic properties that are remarkably similar to Emx1CrePax6+/- L5 cells.
Emx1CrePax6cKO L2-3 cells also presented electrical intrinsic properties similar
to Emx1CrePax6+/- L2-3 cells. Overall, Pax6 expression in RGPs doesn’t seem to
be necessary for the specification of cortical PCs.
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Chapter 4
Characterization

Of

An

Ectopic

Population of Cells in Pax6-/- Mice

4. 1 Introduction
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Developing cell lineages eventually generate populations of mature neurons and glia
with distinct morphological, electrical and transcriptomic properties (Rakic, 2009; Lim
et al., 2018). These attractor states can be altered by TFs (Figure 1.8). When cells
from

a

particular

progenitor population are presented with environmental

morphogens secreted by other cells, some will have an increased probability of
upregulating or downregulating several genes as morphogens bind to molecular
receptors and initiate signalling cascades (Aboitiz & Zamorano, 2013; Masserdotti et
al., 2016). The premature influence of external cues during RGP differentiation may
lead to the production of cells that deviate from the program of specification into PCs.
This may leave them stuck outside stable attractor states. These cells may not be
able to integrate in neuronal circuits and follow programmed cell death, due to their
premature genesis (Wong & Marin, 2019).

The ability of neurons to respond to external input with increased density of
currents mediated by voltage gated channels increases as cells progress from
VZ progenitors towards postmitotic immature neurons (Moore et al., 2009; Moore
et al., 2011). At P3-P4 cortical cells already present single APs (Luhmann et al.,
2000) and multiple AP trains from ~P5 (Kasper et al., 1994; Daw et al., 2007;
Yang et al., 2018). The presence and shape of APs is indicative of the ionic
membrane channels expressed by particular cells.

4. 1. 1 Pax6 Ectopia

Interneuron migration and laminar fate are controlled by external signals (Guo &
Anton, 2014; Silva et al., 2019). The ectopia detected in Emx1CrePax6cKO mouse
embryos presents ventral molecular markers.These cells stain for both GFP and
GAD1/Dlx1, thereby indicating that dRGPs are giving rise to cells that express
GABAergic markers (Figure 4.1A, GAD1 in situ hybridization). Cortical Bulk RNAseq
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compared to heterozygous control also demonstrates a rise in ventral markers
(Gsh2, Dlx1, Dlx2, AscI) and drop in dorsal markers (Neurog2, Trb2 (Eomes))
(Figure 4.1B). But does the premature production of these cells mean that the
surrounding environment permits these cells to arrive at a stable attractor state?
Interneurons have characteristic firing properties that start to develop around the first
postnatal week (Yang et al., 2018; Daw et al., 2007).

Figure 4.1 -GABAergic shift in PaxcKO embryos. A. GAD1 mRNA probe staining (in situ
hybridization) under the cortex at E18.5. B. Cortical bulk RNA-seq data E9.5-E13.5 showing
increase in pro-interneural markers (Gsh2, Dlx1/2, Ascl1).

This led to the hypothesis that ectopic cells are developing into interneurons with
electrical properties similar to those reported in the literature for GABAergic cells
(Ascoli et al., 2008). To test this hypothesis, I used P3-P10 pups to investigate
cells at the ectopia using two Pax6 conditional knockout mouse models, one
inducible with tamoxifen at E9.5, the other non inducible (see methods). I carried
out whole-cell electrophysiology current clamp and drug pharmacology to better
understand their electrical profile. Results obtained in these experiments
motivated exploration of the ectopia using molecular markers to further
understand the role of Pax6 in dRGPs during corticogenesis.
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4. 2 Results

4. 2. 1 Brief ectopia characterization
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Subcortical masses of cells appear under the cortex in Emx1Cre-Pax6cKO mice
(Figure 4.2). These are detected embryonically from ~E.14.5 (Figure 4.2) and persist
postnatally (Figure 4.2C-D). These cells derive from the Emx1-lineage and express
GABAergic markers (Figure 4.2A).

These ectopic subcortical masses are present in the first postnatal weeks but are not
detected after the fourth postnatal week (Figure 4.2B). At P10 the ectopia still
occupies a prominent subcortical area (Figure 4.2D-E). This area shows high
expression of cell death marker caspase 3 at this age in a larger proportion than that
observed in embryonic ectopias (unpublished lab data). There is no noticeable
progressive reduction in average ectopia size between P3 and P10 but this was not
analyzed formally.

Figure 4.2 The ectopia (subcortical mass) at embryonic and developmental time points
(coronal sections) in Emx1Cre-Pax6cKO mice A. E18.5 B. P34: ectopia is not detected and
there is little evidence for GFP-GAD1 co-staining (see chapter 5). C. P3 Ectopia (GFP) D.
P10 Ectopia. E. P10 Ectopia further along the rostral caudal axis. Scale bars are for 100uM
and 10𝝁M for A. and 100𝝁M for B. A. and B. data by Martine Manuel (CDBS). C., D., and E.
GFP filter mounted on an Olympus U-TLUIR microscope using Q-imaging Retiga 2000R
software.
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The rostral ectopia investigated in this chapter is located between ~Bregma distance
1.70mm and -0.82mm (Paxinos & Franklin, 2001) (Figure 4.3A) under the cortex,
below the corpus callosum. It occupies a region that is the area normally occupied by
the caudate putamen in the wild-type mouse (Figure 4.3B). The ectopia is larger
rostrally and narrows towards the caudal axis (Figure 4.2D-E) and therefore I
targeted this area for recording.

There is vascularity in the region where blood vessels running through the ectopia
are visible (Figure 4.3D). The ectopia occupies a considerable portion of the caudate
putamen at the P3-P10 developmental stage (Figure 4.3A). Not all cells at the
ectopia are from the Emx1-lineage as some cells are not GFP (Figure 4.3C).
Moreover, Emx1CrePax6-/+ mice do not present this prominent ectopia. Ectopia cells
have visibly smaller cell bodies than neurons at the cortex and have a darker
appearance. The boundary of the ectopia is sharp and can be clearly seen in Figure
4.3E. Cells patched outside the ectopia in the caudate putamen region show multiple
full APs as expected (data not shown) in sharp contrast to electrical activity at the
ectopia (this chapter).
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Figure 4.3 The ectopia. A. GPF signal identifying the ectopia (P7 Emx1Cre-Pax6cKO). B.
Allen Atlas Bregma distance reference (CD57 mouse at P10) (Lein et al., 2007). C. Ectopia
cells with and without GFP filter mounted on an Olympus U-TLUIR microscope using
Q-imaging Retiga 2000R software. Image wasn’t enhanced to show the real view from the rig
- cells . GFP cells were identified and selected for patching. D. Blood vessel running through
the ectopia. Red arrow highlights blood vessel and associated red blood cells. E. GFP
boundary between ectopia and caudate putamen. There is a large decline in GFP signal
outside the ectopia. Scale bars are 500𝝁M for A., 1 mm for B., and 20𝝁M for C., D. and E.

4. 2. 2 Tamoxifen inducible model (Emx1CrePacKO-Tx)

I targeted the ectopia at the most rostral region (Bregma distance 1.70mm to
-0.82mm), Paxinos & Franklin, 2001) as it is larger and easier to target. I patched
GFP positive ectopic cells (P3-P10) using current-clamp to inject incremental square
steps of current into cells as done for chapter 3. Ectopic cells are not firing single or
trains of APs. From 11 cells patched not one fired an AP. Very low amplitude
membrane potential fluctuations were present in all traces upon injection of
depolarizing current. In one of the traces there was a small membrane voltage
fluctuation low amplitude spike at the beginning of stimulation (spikelet) (as seen in
Figure 4.4 for non inducible model) A spiklet was defined as a membrane potential
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change of 5 to 25 mV with little to no AHP, lasting 2-10ms and peak voltage below
+10mV. Progressive injections of current fail to elicit additional spikelets. Subsequent
spikelet amplitudes and peaks were taken when the maximum peak was reached
(see below).

This inducible animal model required pups to be born by caesarian and to be
cross-fostered (CD1 mother) as pregnant mice could not give birth naturally. This
was likely to be due to tamoxifen causing problems at the birth canal leading to its
narrowing (dystocia)( Lizen et al., 2015) (see methods for details). Together with the
Home Office vets I decided to swap to the non-inducible Cre model (Emx1CrePacKO).

4. 2. 3 Non inducible model (Emx1CrePax6cKO)

As it was the case for the inducible knockout, ectopic cells presented reduced
electrical activity, with most cells presenting no evidence of voltage response to
current stimulation (44/67 cells). From 67 cells, 21 presented a spikelet. Some of
these spikelets presented a low amplitude, brief afterhyperpolarization (2-10mV
amplitude, 5-15ms duration) as described above (Figure 4.4 and Figure 4.5). Two
cells presented a single underdeveloped AP (defined as a change to membrane
voltage response with an amplitude >30mV and AHP >15 mV) (Figure 4.4D).
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Figure 4.4 - Ectopia cell maximal voltage responses to current injection (square step,
500ms). Membrane voltage held at -70mV A. Cell with no spikelet or APs present. B. Cell
with spikelet (hot pink). C. Cell with a spikelet with peak below steady state response current
(hot pink). D. Two cells presented a thin AP with amplitude above 30mV (navy blue). Scale
bar is 20mV by 100ms for all traces.
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Figure 4.5 - Exemplary traces of two main cell types at the ectopia response to incremental
current injections (square step, 500ms). Membrane voltage held at -70mV. Voltage was kept
at -70mV and steps of 25pA were injected into cells (shown in colour). A. Cell with no spikelet
or AP. B. Cell presenting a spikelet. Scale bar for A. and B. is 20mV by 200ms.

4. 2. 3. 1 Passive properties of ectopic cells

The distribution of input resistance, capacitance and resting membrane potential
(RMP) can be seen in the boxplots generated from the data (Figure 4.6A-C).
The average capacitance is 23.2 ± 1.9 pF (n=65). This is considerably smaller
than Emx1CrePax6cKO PCs in L5 P5-P7 described in chapter 3 (104.4 ± 3.9 pF,
n=49, p=2.2x10-16, Mann-Whitney test). The input resistance of cells is also
generally lower as the cell develops. Input resistance in ectopia cells was 526 ±
34 M𝛀 (n=65), considerably higher than L5 P5-P7 Emx1CrePax6cKO PCs (241
± 11 M𝛀, n=49, p=2.2x10-16, Mann-Whitney test). RMP in ectopia cells was
-34.7 ± 1.7mVs (n=65), considerably more depolarized than L5 P5-P7
Emx1CrePax6cKO PCs ( -62.8 ± 2 mV, n=49, p=2.2x10-16, Mann-Whitney test).
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These three properties point towards small cell size and less development of
membrane surface cation channels (Hille, 2001, Bean, 2007; Yang et al., 2018).

Figure 4.6 - Passive Properties of Emx1CrePax6cKO ectopic cells (n=65) and cortical cells
(n=49). Boxplots display data points with median and interquartile range. A. Capacitance of
ectopic cells (23.2 ± 1.9 pF) and cortical cells (106.5 ± 3.9 pF). B. Input resistance (526 ± 34
M𝛀) and cortical cells (241 ± 11 M𝛀 ).C. Resting membrane potential (RMP)(-34.8 ± 1.7 mV)
and cortical cells (-62.8 ± 2.0 mV). A-C values are mean ± 95% CI.

***

P0 is defined as the day of birth.

Emx1CrePax6cKO-Tx pups are born by

cesarean so their P0 will be earlier than Emx1CrePax6cKO pups. Therefore for
the subsequent analysis I excluded cells from the inducible Emx1CrePax6cKO-Tx
mouse model to ward off any potential developmental stage differences. I first
analysed whether the presence of a spikelet was correlated with age. Cells
presenting spikelets were observed from P3 to P10 (P3-2, P4-5, P5-4, P7-5,
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P9-4, P10-2) with no indication of age-related change from no spikelet to spikelet
or AP (the two cells with an AP present were detected at P6 and P9). Therefore
it cannot be concluded that there is a progressive differentiation in the ectopia as
the mouse pup develops postnatally (albeit it doesn’t exclude the hypothesis of
an increase in the percentage of cells with a spikelet at the ectopia , as the
dataset is small for such detailed analysis).

To better understand the heterogeneity of ectopic cells I questioned whether
there was a difference in capacitance between cells with spikelet and cells
without a spikelet. The results pointed to the existence of an heterogeneous
population. Cells with a spikelet have bigger capacitance values and therefore
are larger in size. While cells with no spikelet present had a capacitance of 18.8
± 1.4 pF (n=44), spikelet cells had a 32 ± 2.3 pF (n=21) (Figure 4.7A). The
histogram of capacitance frequency also points to a binomial distribution (Figure
4.7B). The capacitance difference is significant (Mann-Whitney U test,
p=1.907*10-9). This indicates that cells with more developed electrical activity
also develop in size. RMP mean was not significantly different in cells with a
spikelet (Mann-Whitney U test, p=0.107) (Figure 4.7C). The histogram of RMP
frequency does not indicate a binomial distribution (Figure 4.7D). Finally I
assessed the correlation between RMP and capacitance for all cells (n=65) to
understand if overall cell size was accompanied by a more negative RMP. There
is a significant inverse relationship where an increase in capacitance is predictive
of a more negative RMP (Pearson coefficient of correlation, r=0.32, p=0.0085,
n=65) (Figure 4.7E).
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Figure 4.7 - Heterogeneity of ectopic cells. A. Capacitance values for cells with a spikelet (32
± 2.3 pF, n=21, yellow) present and without (18.8 ± 1.4 pF, n=44, grey). B. Histogram of
capacitance values (pF) shows a binomial distribution of values. C. Rmp values for cells with
a spikelet (-36.6 ± 3 mV, n=21, yellow) and without (-33.8 ± 2 mV, n=44, grey). D. Histogram
for RMP values (mV) shows a right skewed distribution of values. E. Capacitance (pF) and
RMP (mV) correlation. There is an inverse relationship between capacitance and RMP
(Pearson coefficient of correlation, r=0.32, p=0.0085, n=65). Values for A. and C. are mean ±
95% CI.

Next I took a closer look at the amplitude of spikelets (Figure 4.4) and whether there
was a correlation between spikelet amplitude and cell size. By plotting amplitude
against capacitance it can be visualized that there is no significant correlation
between the two (Pearson coefficient of correlation, r=0.15, p=0.5, n=21) (Figure
4.8). This suggests that spikelet amplitude is not increasing with larger cell size (this
analysis excluded the two cells with APs, below).
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Figure 4.8 - Spikelet amplitude (mV)-capacitance (pF) correlation. There is no correlation
between cell size (capacitance) and spikelet amplitude (Pearson correlation coefficient,
r=0.15, p=0.5, n=21).

Two cells presented single APs (Figure 4.4D) Their passive properties were
compatible with more developed neurons (input resistance = 200 & 230 M𝛀,
capacitance= 69 & 61 pF, RMP =-57 & -60 mV). These cells raise the possibility
that some cells at the ectopia are further along the differentiation line and
eventually escape the ectopia into the cortex, migrate to other brain regions or
simply follow programmed cell death fates.
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4. 2. 3. 2 Voltage-gated Na+-channel (VGNC) currents

Voltage-gated Na+ channels (VGNCs) are responsible for the rising phase of the
AP (Chamber et al., 2019). Spikelets present at the ectopia may be generated by
a developing population of VGNCs. This would be indicative that these cells are
neurons developing their ionic membrane channel population (Yang et al., 2018).
Tetrodotoxin (TTX) is a potent voltage-gated Na+-channel blocker (Elliott & Elliott,
1993; Bean, 2007). It is widely used to ablate APs and understand Na+ mediated
currents underlying APs (Lee & Ruben, 2008; Bean, 2007). To comprehend if
spikelets are mediated by VGNCs I investigated the effect of TTX on spikelets.
300nM TTX external solution was used to test whether spikelet responses to
current injection are mediated by Na+-channels. This concentration was tested
against a regular firing cell to control for sufficiency of effect. This concentration
was capable of blocking all APs in control cells (Figure 4.9A). TTX presence
blocked the spikelet peak present in ectopic cells where the same amount of
current was injected for 500ms for 3 minutes. Spike amplitude was reduced by
~90% from 15 ± 2.7 mV to 1.75 ± 0.8 mV (Figure 4.9B-C) from steady peak
response to baseline to post TTX peak (N=5, n=6). Using the Wilcoxon rank test
for repeat measures showed that this change is significant (Wilcoxon rank sum
test, p=0.035, n=6). The small remaining voltage peak may indicate that in some
cells some other channels mediate part of these responses. Taken together, TTX
data supports the hypothesis that Na+-channel currents are responsible for the
generation of spikelets. Membrane oscillations post peak however remained
present in all cases. This indicates that these small fluctuations in membrane
voltage during current stimulation are not mediated by VGNCs.
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Figure 4.9 -TTX pharmacology for Na+ channel current analysis. A. Cortical cell control trace.
Trains of APs are ablated by 300nM TTX (hot pink) following a 30 second baseline (black). B.
300nM TTX (hot pink) ablates spikelet voltage response to current stimulation following a 30
second baseline (black). Incremental steps were injected into the cell prior to TTX
experiments to find current needed to generate a spikelet. Membrane voltage held at -70mV.
C. Close up of spikelet before (black) and after TTX bath application (hot pink). D. 300nM
TTX reduces peak response by ~90% (15 ± 2.70mV to 1.75 ± 0.83mV, n=6) (Wilcoxon rank
sum test (p=0.03552, n=6), plot shows paired measurements before and after TTX
application). Scale bar for A., B. and C. is 30mV by 200ms, 20mV by 150ms and 15mV by
5ms.

4. 2. 3. 3 Membrane Potential Oscillations

Ca2+ signalling is a highly integrated system with various effects on cell growth
(well reviewed in Berridge et al. (2002)). Early APs present long depolarizations
and are mediated by Ca2+ channels (Hille, 2001). This phase is brief and may be
part of the maturation process of neurons’ input-output relationship (Bean, 2007).
Ca2+ currents can also modulate mature APs by regulating delayed rectifier K+
channels (Bean, 2007). To test if membrane potential fluctuations are mediated
by Ca2+-channels I used Ca2+-channel blocker nifedipine. This is a L-type specific
voltage-gated Ca2+ channel (VGCC) blocker (Weiss et al.,1990). 300nM
nifedipine didn’t ablate the membrane fluctuations observed, where there were
still low membrane potential fluctuations and no apparent smoothening of the
response to current injection (Figure 4.10A-B, N=3, n=3).
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Figure 4.10 - Nifedipine pharmacology for Ca2+ channel current analysis and FFT analysis.
A. 300nM nifedipine does not smoothen the voltage response current oscillations. B. Close
up of membrane voltage oscillations before and after nifedipine and for a baseline control
voltage response trace without any current stimulation. Oscillations were centered around the
mean to facilitate comparison C. Power spectrum histogram before nifedipine showing
decaying amplitudes as frequency increases. D. Power spectrum histogram before nifedipine
showing decaying amplitudes as frequency increases. E. Power spectrum histogram for
baseline control trace showing decaying amplitudes as frequency increases (pink noise, 1/f).
Scale bar for B. is 2.5 mV by 2.5 ms.

I decided to take a deeper look at this phenomenon and quantify any possible
change in membrane fluctuations that may be missed by the scale of the signal.
Fast fourier transform is a mathematical tool that can be used to analyse and
separate the fluctuations in waveforms such as the membrane potential change
of a neuron during stimulation. It is based on the Fourier transform that
decomposes the original signal (waveform) in its various frequencies. These can
then be mapped in a power spectrum (see methods for brief mathematical
description). It is a technique frequently used in shark biology to uncover patterns
within habitat space use and diving pattern data (Lea et al., 2020; Tyminksi et al.,
2015), circuit

neuroscience (Rosanova et al., 2009) and analysis of intrinsic

neuronal properties (Rossert et al., 2009) and computational neuron firing
models (Ray & Bhalla, 2008). This type of analysis helps to investigate signals
that may otherwise be missed by decomposing the various frequencies of the
raw signal.

Close up of membrane potential oscillations and FFT histograms can be seen in
Figure 4.10. The fluctuations are low voltage and appear random before FFT.
FFT wave decomposition can then be used to plot a power spectrum of
amplitude against frequency. Although individual frames show amplitude peaks at
50Hz, averaging more than 10 traces shows a series of decaying peaks from low
to high frequencies (inverse proportionality, 1/f) (Figure 4.10C-E). This is
so-called pink noise and it is known to be present in default electrical signals
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(Pylypovskyi et al., 2013). Any biological effect would be identifiable if there was
a peak along the frequency axis other than the decay amplitude for that
frequency. There seems to be no peak at any frequency apart from pink noise
frequencies before and after application of nifedipine, indicating that these
membrane oscillations are not a regular biological oscillation (N=3, n=3) (Figure
4.10C-D). Fig 4.10E shows a control trace where no current was injected, where
the same decay of amplitudes as the frequency increases (see also Figure S4.1
for an example of effect detection in a study of the dynamics of magnetism
(Pylypovskyi et al., 2013)).

4. 2. 3. 4 NeuN at the ectopia

Given the reduced ability of ectopic cells to respond to current injections (i. e
limited excitability) the question of whether these cells stain for NeuN, a neuronal
marker (Duan et al., 2015) arises. Using P5 mice (within the range of ages used
for current stimulation experiments) I stained for NeuN coronally at ~Bregma
distance 1.70 to -0.82 mm (Paxinos & Franklin, 2001) (Ariam Teklemichael,
CDBS, University of Edinburgh, assisted with these experiments).

NeuN was present in only part of the ectopia at P5 (region with dense DAPI
staining (Figure 4.11). There seems to be no expression medially whilst there is
expression laterally (N=3, n=3). The NeuN expression intensity is fainter than at
the cortex or caudate putamen, suggesting that cells are immature neurons
(Snyder, 2019). In order to understand if there is a gradient of expression
throughout the ectopia, an intensity plot was generated (running through the
purple line) (Figure 4.11B). There seems to be a sudden signal uprise, where
there is a gradient of expression towards the middle as the intensity shifts from
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no expression to 40-60 AU in a short distance (Figure 4.11C). This effect was
replicated in all three Emx1Cre-Pax6cKO embryos. This could mean that a
proportion of neurons at the ectopia are not developing into neurons. NeuN
expression away from the ventricle may be a consequence of specific molecular
cues present in the region of their origin.

Figure 4.11 - NeuN Immunostaining. A. NeuN (1:300) and DAPI (1:1000) stains for
Emx1CrePax6cKO P5 mouse (n=3, N=3). B. NeuN stain for Emx1CrePax6cKO P5 mouse.
Purple line was used to measure a fluorescence intensity gradient. M marks the medial
region; L marks the lateral region C. Fluorescence intensity gradient across ectopia using
ImageJ plot profile tool. Scale bars for A. and C. are 400uM and 150uM.
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4. 3 Discussion

4. 3. 1 Early electrical activity and neurogenesis

How excitable are ectopia cells? What ionic membrane channel populations are
present? From VZ to CP cells, there is a progressive development of AP firing
capability, where VZ cells show passive intrinsic properties with no spikelet or AP.
Cells in the intermediate zone show the presence of immature APs that resemble
the spikelets described in this thesis (both Emx1CrePacKO and Emx1CrePacKO-Tx
models) (Moore et al., 2009; Moore et al., 2011) (Figure 4.12A). Cortical and
subplate cells present trains of multiple APs (Moore et al., 2009). This single
spikelet mode of firing in response to current injection is also reported in
immature Aplysia neurons (Nick et al., 1996). Together these studies support the
view that cells at the ectopia that respond to stimulation by firing a spikelet are
neurons developing their electrical properties. The more hyperpolarized rmp as
the cell increases in size is also indicative of neuronal maturation (Bean, 2007;
Yang et al., 2018). Importantly, the rmp is known to have an impact on a range of
biological functions beyond the AP (Kadir et al., 2018 ). The presence of pre AP
currents is corroborated by reduction of these spikelets amplitudes by TTX.
TTX-resistant VGNCs may be responsible for the remaining membrane potential
change as their activity wouldn’t be affected by TTX (Bossu & Feltz, 1984; Elliott
& Elliott, 1993). Alternatively, it could be Ca 2+ mediated.

Given the reduced electrical activity present at the ectopia, it is clear that ectopic
cells are not any known type of mature interneuron. The presence of NeuN at the
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ectopia supports the hypothesis that these cells are developing into neurons
(Snyder, 2019). The absence of Pax6 is thus leading to defective neurogenesis,
indicating that Pax6 expression in RGPs is needed to ensure timely development
of progenitors into mature neurons. Importantly, many neurons develop normally
and form the cortex. NeuN experiments revealed that there is some expression
of NeuN at the ectopia but that this is not the case for the region of the ectopia
closer to the ventricle (medially).

Figure 4.12 - Cell responses to current stimulation in the literature. A. From Moore et
al., 2009 - Human embryo current responses in various regions of the developing
cortex (CP=cortical plate, SP=subplate, IZ=intermediate zone, SVZ=subventricular
zone). B. From Chittajallu et al., 2004 - Mouse NG2 cell response to current
stimulation showing an immature AP (P10). C. From Maldonado et al., 2011 - Mouse
NG2 cell response to current stimulation showing immature AP (P11).

***
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Glial cells are generated from RGPs (Gorski et al., 2002; Gotz & Barde, 2005;
Noctor et al., 2008; Franco & Muller, 2013). Gliogenesis is initiated later than
neurogenesis (Miller & Gauthier, 2007; Bayer & Altman, 1991). This process
starts at around E18.5/P0 just as neurogenesis starts to wane (Guillemot et al.,
2006; Miller & Gauthier, 2007), albeit dorsal oligodendrocyte precursor cells
(OPCs) are already migrating into the cortex at ~E16.5 and ventral OPCs at
~E12.5-14.5 (Kessaris et al., 2001) implying an early choice of glial subtype by
their respective progeniors. Molecular cues such as BMP and Notch regulate the
process of astrocyte generation (Gomes et al., 2003; Gaiano & Fishell, 2002)
while Shh is known to induce oligodendrocyte generation (Nery et al., 2001).

But what are ectopia cells developing into? The presence of higher NeuN
expression away from the ventricle could be a consequence of different
molecular cues. Perhaps cells closer to the ventricle are exposed to
pro-gliogenesis signals (or no signals) and therefore do not follow a
neurogenesis trajectory (thereby not expressing NeuN). Cells away would have
been exposed to different cues (or different concentrations), thereby expressing
NeuN. Importantly, not all neurons express NeuN (Sarnat et al., 1998). Known
types are Purkinje cells (cerebellum) and Cajal-Retzius cells amongst others
(Sarnat et al., 1998; Duan et al., 2015). Moreover, it may also be expressed in
some glial cells, at least in cell culture (Darlington et al., 2008).

Neuron-glial antigen 2 (NG2) is expressed in OPCs (Karram et al., 2005).
Chittajallu et al., (2004) report NG2+ with spikes that are TTX-sensitive at P5-P10.
These spikes have low amplitude and are not full APs (Figure 4.12B). This
opens the possibility that ectopia cells are developing into OPCs. In their study,
the ability of NG2+ cells to spike is dependent on the density of Na+ currents. In
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the same study, white matter and grey matter NG2+ cells show a marked
difference in their ability to respond to stimulation, with white matter and non
spike firing cells presenting lower Na current densities than grey matter and non
spiking cells (Chittajallu et al., 2004). This would favour the hypothesis that grey
matter NG2+ cells may have non OPC roles (Dawson et at., 2000; Horner et al.,
2000; Zhu et al., 2008).

Maldonado et al (2011) also report NG2+ cells that have intrinsic properties
resembling those seen at the ectopia. Current clamp recordings at P11 in this
study presented spikelets and membrane potential fluctuations similar to some of
my ectopia cells (Figure 4.12C, from Maldonado et al., 2011). Interestingly, this
paper also reports that even in NG2+ cells with high density of VGNCs, the cells
don’t have the ability to fire full APs. This seems to contradict the evidence in
Chittajallu et al. (2004) where higher density is correlated with larger spiking
ability (but see Sengupta et al (2013), as the interplay between cell size and
channel density also has a role in signal processing dynamics (Sengupta et al.,
2013).

It is possible that a subgroup of the ectopic cells deviates towards a non neuronal
phenotype while others progress into a neuronal pathway. It may be the case that
the TTX-sensitive responses at the ectopia are OPCs that express a population
of VGNCs. Cells with OPC morphology and VGNCs have been reported by
Tripathi et al (2011) also. This phenotype wouldn’t be completely surprising as
the

Emx1-lineage also gives rise to glial cells (Gorski et al., 2002). The

expression of interneuron markers may be transient and reflect an initial change
in gene expression that is reversed or halted later in the course of development.
Alternatively, some ectopic cells may be generated by premature gliogenesis,
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thereby creating a surplus of OPCs. The presence of interneuron markers and
NeuN at the ectopia however suggests these wouldn’t be typical OPCs (Karram
et al., 2005)

A molecular marker for OPCs could help resolve whether some cells at the
ectopia are OPCs. But given that there may be two NG2+ subpopulations (Mallon
et al., 2002; Sanchez-Gonzalez et al., 2020), a double stain for NG2/GFAP would
be more informative (as GFAP is frequently used as a glial cell marker (Zhang et
al., 2019)). To further test the possibility of regionalization within the ectopia, Oct4
could be used to determine whether some cells remain in a state of stemness
(Pardo et al., 2010). I would expect that if this was the case, Oct4 would be
expressed closer to the ventricle but not at the outer edge of the ectopia, since
there is a faint NeuN expression in the region. Furthermore, RGP markers such
as vimentin/nestin (Vinci et al., 2016) could also further elucidate if some ectopia
cells simply remain undifferentiated. This would be compatible with the lack of
electrical activity in many ectopic cells, equivalent to that reported in the VZ
(Moore et al., 2009). This would reflect the influence of different molecular cues
spatial distribution during neurogenesis and gliogenesis (Marin et al., 2000;
Wonders & Anderson, 2006). Tuj1 staining (Menezes & Luskin, 1994) would
further elucidate if ectopia cells are immature neurons. NeuN experiments were
done at P5. There may be progression in the intensity of the signal from P5 to
P10, or perhaps even a reduction, as cells end up not developing into neurons or
move into other brain regions. Finally, investigating if some cells eventually
integrate in cortical circuits may further elucidate their role. A population of cells
classified as interneurons but considered immature has been detected in L2,
where they are suggested to function as a cortical reserve of neurons (La Rosa
et al., 2020).
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4. 3. 2 Cell maturity and function

The concept of cell firing maturity can be ambiguous. Benito et al. (2018) study
on the olfactory bulb (OB) highlights and characterizes a postnatally born
population of cells that is considered immature due to their limited AP firing ability
and weaker synaptic connectivity when compared to surrounding neurons.
Membrane potential oscillations similar to the ectopia here described are also
present. These cells stay in this state for weeks (Benito et al., 2018). It is
possible that such cells perform a specific function that doesn’t require
conventional trains of APs as canonically assumed (Bean, 2007). However, cells
recorded at the ectopia are unlikely to be part of a local circuit such as those
present at the OB (Lepousez et al., 2013; Coleman et al., 2019). It is thus
unlikely that they are a specific type of differentiated neuron with unconventional
electrical properties.

4. 3. 3 Irregular biological signal

There are several VGCCs subtypes other than L-type such as N-type and
P/Q-type VGCCs (Westenbroek et al., 1992; Luebke et al., 1993). It thus remains
a possibility that a different subtype of Ca2+-channel is responsible for any
irregular membrane oscillations of membrane potential. Moreover, Ca2+ internal
stores such as the endoplasmic reticulum have been shown to be involved in the
generation and modulation of Ca2+ waves in RGPs (Weissman et al., 2004)
Thapsigargin may help determine if membrane oscillations in response to current
steps involve the cell’s Ca2+ internal stores, as it blocks sarco/endoplasmic
reticulum Ca²⁺ ATPase (Rasmussen et al., 1978). Recording Ca2+ currents using
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single-channel electrophysiology techniques may further our understanding of
any Ca2+ signals in these cells (Armstrong et al., 2010).

The experiments here described come with limitations. Here I focused on the
rostral aspect of the ectopia but the possibility remains that there is heterogeneity
along the rostral-caudal axis. The design also didn’t explore the possibility that
cell distance from the ventricle may be a predictor of how developed the
membrane properties of ectopic cells are. Analysis of cell location and likelihood
of presenting a spikelet could add spatial information that may better explain how
the absence of Pax6 leads to non-PC genetic fates. The data also doesn’t allow
us to know whether these cells are forming circuits. EPSC and IPSC recordings
can inform on synaptic input to these cells and how lack of Pax6 affects their
development. Additionally, what ectopic cells are still expressing GABAergic
markers?

Patch-seq

could

be

used

at

the

ectopia

to

complement

electrophysiology data (as seen in Cadwell et al., 2017 & van der Hurk et al.,
2018). Data from this chapter can also be supplemented with scRNA data to
compare ectopia recordings with ectopic GABAergic clusters present in
Emx1Cre-Pax6cKO to further explore the possibility that the absence of Pax6 is
leading to various altered genetic fates, possibly due to the presence of various
extrinsic molecular signals.

4. 3. 4 Postnatal Gad1 expression at the ectopia

It is not known if the ectopia cells are still expressing molecular markers for
interneurons at P3-P10. It would be important to know if there is any correlation
between electrical activity and cells expressing Gad67. Initially I had planned to
recover electrophysiology experiment slices and stain for Gad67 protein in these
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thick slices (400uM). Changing primary (12h to 48h) and secondary incubation
times (3h-20h), permeabilization reagent concentrations (0.1-0.5% Triton),
primary (1:50 to 1:1000) and secondary antibody concentrations (1:50 to 1:1000),
tissue fixation times (2h to 24h) and temperature, slide mount vs free-floating
(Jiao et al., 1999), mounting media didn’t yield a reliable fluorescence signal. I
eventually tried a protocol that prepares thick murine tissue with proteinase K
and uses glycerol to mount tissue. Proteinase K facilitates antigen retrieval in
thicker tissue (Ramos-Vara & Beissenherz, 2000). Glycerol helps in clearing thick
brain slices for visualization (Ravikumar et al., 2014; Selever et al., 2011).
Sometimes the signal may be there but can’t be detected with epifluorescence
and confocal should be used instead (Llopis et al., 2021). I’ve only tried this
thick-slice specific protocol once, so it may work after optimization. The Gad67
antibody did work on P10 12uM coronal wild-type (CD1) mouse tissue, thereby
excluding a problem with the antibody or antigen retrieval method (appendix,
Figure S4.2).

4. 3. 5 Chapter summary

I found that there is an ectopic population of cells under the cortex in the early
postnatal mouse that is from the Emx1-dRGP lineage. The hypothesis that these
cells are interneurons was robustly refuted by the results of whole cell
electrophysiology

and

immunostaining

experiments.

This

heterogeneous

population of cells shows little electrical activity and fainter or no expression of
NeuN, a neuronal marker. The spikelets present in some of the cells seem to be
mediated by VGNCs, as their peak is reduced by application of TTX. A few cells
appear to go further along the differentiation trajectory, with two cells able to
generate single APs. Taken together, the results of this chapter strongly suggest
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that this ectopic population of cells doesn’t progress much along the neuronal
differentiation line, indicating that they cannot find a stable attractor state. This
indicates that Pax6 has a role in preventing premature development of RGPs. It
also opens the possibility that an overproduction of OPCs occurs in the absence
of Pax6 from dRGP cells, thereby suggesting a role of Pax6 in blocking
premature gliogenesis in addition to neurogenesis.
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Chapter 5
Dorsal Radial Glial Progenitor
Potential To Generate Interneurons
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5.1 Introduction
Muzio et al. (2002) report that Emx2/Pax6 double mutants lose their cortical
dorsal identity and gain ventral characteristics such as the expression of Gsh2
and calbindin

(Muzio et al., 2002). Pax6 single deletion also leads to

ventralization of the dTel (Stoykova et al., 1996; Toresson et al., 2000). Sonic
hedgehog (Shh) is responsible for TF patterning during early development
generating distinct ventral progenitor populations (Ericson et al., 1997; Lek et al.,
2010). Dorsal populations are specified by Wnt and Fgf signalling (Gunhaga et
al., 2003).

Postmitotic interneurons arise from the vTel GEs (Wonders & Anderson, 2006;
Wamsley & Fishell, 2017). They are born and migrate into the forming cortex
between E12.5 and E18.5 (Wong et al., 2018; Bella et al., 2021). At E13.5 the
first interneurons initiate invasion of the cortical plate (Marin et al., 2013) and
reach their final laminar position between P5-P7 (Bartolini et al., 2013; Wong et
al., 2018). Distinct subtypes of interneuron phenotype are biased towards their
origin (thesis introduction). Birthdating experiments show that neurons derived
from the MGE tend to show inside out lamination (Lim et al., 2018). For cells
originating from the CGE there is little correlation between birth date and laminar
position (Miyoshi & Fishell, 2011). MGE interneurons invade the cortical plate
earlier than CGEs and therefore interact with cortical PCs at an earlier stage
(Wonders & Anderson, 2006).

5. 1. 1 Shh and interneuron production

Shh was first characterized as a morphogen acting as a concentration gradient
(Johnson et al., 1994) . This molecule is involved in a multitude of biological
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processes throughout development in multiple organisms from drosophila,
through mammals (Wallace, 1999) to sharks (Britto et al., 2000, Smith et al.,
2009). Mathematical modelling has been extensively used to characterize the
graded effect of shifting Shh concentrations in neural tissues (Lai & Robertson,
2004; Woolley et al., 2013). Both gradient and Shh sources impact its effect on
the conduction of progenitor proliferation and differentiation (Winkler et al., 2018).
Migrating interneurons, Cajal Retzius cells and the choroid plexus are sources of
Shh during corticogenesis (Yabut & Pleasure, 2008; Huang et al., 2009).

Shh pathway activation can induce production of interneurons and it is thought to
be required for the maintenance of cINs progenitor identity (Xu et al., 2005;
Komada, 2008). In cell cultures it was demonstrated that MGE NKx2.1
expressing progenitor pools showed interneuron subtype production bias (PV+ vs
SOM+) (Tyson et al., 2015). High concentrations of Shh yielded a greater
proportion of SOM+ cINs while low concentrations yielded a greater proportion of
PV+ cells. This further demonstrates how signals in the brain have nuanced
effects that are dependent on molecular concentrations and availability.
Physiologically, cell culture results described above may be reflected by the
ventral MGE bias towards PV+ interneuron production and dorsal MGE bias
towards SOM+ interneuron production (Fogarty et al., 2007; Inan et al., 2012).
Shh is also a regulator of cell proliferation in other brain regions such as the
cerebellum (Wallace, 1999) and spinal cord (Danesin & Soula, 2017).

The Shh pathway can be modulated with a range of small molecules where
antagonists

include

cyclopamine

and

SANT1

and

agonists

include

purmorphamine and smoothened agonist (SAG) (Stanton & Peng, 2010). SAG is
a

chlorobenzothiophene-containing

compound

(Chen

et

al.,

2002;

Frank-Kamenetsky et al., 2002). By binding to Smoothened G-protein coupled
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receptors (Chen et al., 2002) it mimics the downstream activity of Shh (Stanton &
Peng, 2010; Shin et al., 2019). SAG increases survival ability of neural cells and
increases their proliferative ability (Bragina et al., 2010). This compound has
been used in several clinical studies for neuroprotective effect during neonatal
stroke via Shh activation (Nguyen et al., 2021).

The dRGP Emx1 lineage does not produce cortical interneurons (Gorski et al.,
2002). In this chapter I investigate what the potential of dRGPs to form
interneurons is as ventralization of Emx1Cre-Pax6cKO indicates that dRGPs may
give rise to GABAergic cells in the absence of Pax6. The hypothesis is that
without Pax6 protein, alternative programs of cell differentiation will be enabled.
In order to explore this possibility I used cell culture, IHC and electrophysiology to
detect the presence of increased GABAergic cells in the adult Emx1Cre-Pax6cKO
mouse and whether Emx1Cre-Pax6cKO-Tx deficient cell cultures presented
electrophysiological responses characteristic of interneurons. Results obtained in
these experiments led to the use of bulk RNA sequencing and single cell RNA
sequencing (scRNAseq) data.
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5.2 Results

5. 2. 1 dRGP cell cultures

To understand the potential of dRGPs to produce interneurons outside the
cortical environment, I patched cells cultured from dRGPs harvested at E13.5
from Emx1Cre-Pax6cKO-Tx and Emx1Cre-Pax6+/--Tx. Shh inducer SAG was added
to these cultures on day in culture 1 (DIV1) to stimulate the Shh pathway.
5 .2 . 1. 1 Cell Culture Characterization

Each cell culture has optimization parameters and rates of development that are
particular to the age at which cells were harvested, the diversity of cells used to
generate the primary culture and the media used to grow and nurture the culture
(Yu et al., 1983). As a control I used cells cultured from whole cortices of E17.5
mice kindly provided by Sean McKay (CDBS, University of Edinburgh). This was
to understand the development of E13.5 dRGP cultures and to compare any
results obtained to a well described cell culture (see methods for production of
cell culture lineages). These cultures have been used in a number of recent
publications (Hasel et al., 2017; McQueen et al., 2017). From DIV 4-5 multiple
AP trains are observed in response to current stimulation (Figure 5.1A) and
persist until at least DIV15 (last day patched) (Figure 5.1A).
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Figure 5.1 - Cell cultures and firing patterns progression. A. Firing patterns of cells at
different days in vitro (DIV) for control E17.5 cell cultures. At DIV7 cells already show trains
of APs. (cells were cultured by Sea McKay, CDBS) B. Firing patterns of cells at different
DIV for dRGP Emx1Cre-Pax6cKO-Tx and Emx1Cre-Pax6+/--Tx cultures. No single APs or trains
of APs detected before DIV14 C. GFP+ cell patched (Emx1Cre-Pax6cKO-Tx) at DIV15. Scale
bar is 20 mV by 50 ms for all traces as in the top left corner trace (cells were cultured from
E13.5 dRGPs by Faziela, CDBS).

Although neurites were already visible at DIV7, dRGPs cell cultures for both
Emx1Cre-Pax6cKO-Tx and Emx1Cre-Pax6+/- showed little electrical activity at this
age (Figure 5.1B). These cultures showed this immature electrical until ~DIV14,
where the first AP trains were visible (Figure 5.1B).

5. 2. 1. 2 Gsh2 Dose Response Curve

Dose response curves allow us to explore how the effects of a molecular signal
depend on its concentration and how an increase in concentration may show a
concentration dependence on the inhibitory signal (Hafner et al., 2017). To
understand whether stimulation of the Shh pathway is capable of shifting dRGP
derived cell fate, the responsiveness of dRGP cell cultures to different
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concentrations of SAG dissolved in DMSO was analysed. DMSO permeabilizes
biological membranes (Kligman, 1965; De Menorval et al., 2012) and affects
characteristics such as lipid content (Dludla et al., 2018). It is widely used to
dissolve drugs of interest and used as vehicle control (Baser et al., 2019). Cells
lacking Pax6 protein may be more susceptible to a less tightly controlled gene
expression. To control for a DMSO-mediated effect on cell cultures a dose
response curve was produced for DMSO and any DMSO effect subtracted from
the dose response curve (data not shown, analysis by Faziela Razac).

Figure 5.2 - Gsh2+ (1:500) staining dose response curve to smoothened agonist (SAG).
0.25nM and 5nM SAG is sufficient to induce Gsh2 expression in Emx1Cre-Pax6cKO-Tx cell
cultures but not Emx1Cre-Pax6+/--Tx where this difference is significant (40.25 & 46.51 %,
p<0.001, 2-way ANOVA with post hoc Bonferroni correction). A 2-way ANOVA shows that
Interaction between genotype and SAG was also significant ((f(1)=123.5, p<0.001). Error bars
are ± SEM (data & analysis by Faziela Razac).

Gsh2 expression is used as a ventral telencephalon marker (Toresson et al.,
2000). 5nM SAG evokes Gsh2 expression in Emx1Cre-Pax6cKO-Tx GFP+ only
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(40.25 %,

p<0.001, 2-way ANOVA with post hoc Bonferroni correction).

Incremental concentrations increase the percentage of cells expressing Gsh2
(Figure 5.2). Higher SAG concentrations (10-160nM) also evoke Gsh2+
expression in GFP+ cells in Emx1Cre-Pax6+/--Tx (SAG-genotype interaction is
significant: (f(1)=123.5, p<0.001, 2-way ANOVA)(Figure 5.2, Ctrl (SAG) blue
line)(interestingly, the dose-response curve for Emx1Cre-Pax6cKO-Tx -SAG
doesn’t follow a canonical sigmoidal shape as does that of Emx1Cre-Pax6+/--Tx
-SAG). Even at high SAG concentrations, ~15% of cells were not responsive to
upregulation of Shh pathway in both genotypes
5.2. 2 Intrinsic Properties of E13.5 dRGPs cell culture

Gsh2 in a vTel marker (Toresson et al., 2000). To understand if the presence of
Gsh2 marker is indicative of postmitotic interneurons generated from dRGPs, I
decided to investigate the intrinsic electrophysiological properties of these cells.
Although care was taken to culture from dRGPs only, there is always some
contamination with adjacent cells. Not all cells in culture are from the
Emx1-lineage. As in chapter 3, I targeted GFP+ cells only (Figure 5.1C). By
adding a Sag concentration at DIV1 that has ~50% Gsh2+ cells in
Emx1Cre-Pax6cKO-Tx (5nM) but showed no Gsh2+ staining in Emx1Cre-Pax6+/--Tx
allowed us to compare results between the two genotypes in whole cell
electrophysiology experiments as I wouldn't expect the presence of interneurons
in Emx1Cre-Pax6+/--Tx.

5. 2. 2. 1 - Electrical intrinsic properties

Six cells with at least one full AP were recorded for Emx1 Cre-Pax6cKO-Tx -SAG
cells (DIV15-DIV17) (Figure 5.3)
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Figure 5.3 - Membrane voltage responses to square steps (500ms) of current injection. A. to
F. are membrane voltage responses at double rheobase for Emx1Cre-Pax6cKO-Tx cells. Scale
bar is 20 mV by 50 ms as in trace A.

From the six cells, four presented a longer delay before their first AP at the start
of current step (Figure 5.4G)(213, 324,263 and 357 ms)(the remaining cells'
latency range is 23-120 ms, within the range of L5 and L2-3 first-spike latency
(Tables 3.1-3.3) Three showed this

persistent latency

at double rheobase.

These cells also had less adaptive AP trains (Figure 5.3). The fourth cell
presented a first spike followed by a quiescent period before a train of APs at
double rheobase (Figure 5.3D). This AP train was less adaptive than the cells
with a persistent latency at double rheobase.
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Some interneurons present a first spike delay (Karagiannis et al., 2009). At the
beginning of the current step, K+ channels are activated preventing depolarization
reaching the AP threshold. The slow inactivation of these channels causes a
slow voltage ramp that causes the delay in the first spike. This effect is visible in
Emx1Cre-Pax6cKO-Tx cells with a delayed spike (Figure 5.3A, 5.3C). This firing
behaviour is characteristic of neurogliaform cells (Krook-Magnuson et al., 2011).
Taken together this suggests that some cultured Emx1Cre-Pax6cKO-Tx cells
may have properties of interneurons. In order to explore this, I ran a hierarchical
agglomerative clustering between Emx1Cre-Pax6cKO-Tx2 and two controls:
Emx1Cre-Pax6+/--Tx and E17.5 control cultures. E17.5 control cultures have large
PCs, which present adapting APs (I used these as control) (Figure 5.1A). The
features used were input resistance, capacitance, ap halfwidth, first to second
adaptation ratio, first to last adaptation ratio, latency, AHP amplitude, threshold
and number of spikes at double rheobase. (as in chapter 3) The resulting cluster
is shown in Figure 5.4A.

Silhouette coefficient analysis (Figure 5.4C) suggests the optimal number of
clusters is 2 (silhouette coefficient =0.46). 4/51 cells Pax6cKO-SAG form cluster 1
(blue branch) suggesting they have particular features (Figure 5.4A). Additionally
to higher latency and less AP adapting features, these cells also had a narrower
AP, higher number of spikes at double rheobase and more positive threshold
(Figure 5.4B). The fifth Emx1Cre-Pax6cKO cell (Figure 5.3E) clustered with the
remaining cells. This is compatible with Gsh2 data, as we would expect only
around ~50% of cells to shift towards a GABAergic fate. Importantly, no delayed
spiking cells were detected in Emx1Cre-Pax6+/--Tx cultures (n=5) and these were
spread alongside E17.5 control cultures in cluster 2 (pink branch) (Figure 5.4A).

2

For clustering I excluded the sixth Emx1Cre-Pax6cKO-Tx cell as it only fired a single

AP when stimulated with currents above rheobase (Figure 5.3F).
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Figure 5.4 - Unsupervised Ward’s clustering (Euclidean distance) analysis of cell culture
cells. Cells for three cell cultures were compared. A. Two main clusters emerge from this
analysis: cluster 1 (blue) and cluster 2 (pink). 4/5 cells Pax6cKO-SAG form cluster 1
suggesting they have particular features. Features used for clustering included AHP
amplitude , AP halfwidth, AP threshold, input resistance, capacitance, number of spikes
(500ms, double rheobase current), latency, first to second AP adaptation ratio and first to last
AP adaptation ratio. Data was scaled before clustering. B. Heatmap of cluster in A. using the
same features. Cluster 1 cells tend to have higher latencies, adaptation ratios closer to 1,
higher number of spikes and more positive threshold and narrower APs C. Silhouette plot.
Silhouette coefficients for various cluster numbers suggest 2 clusters is the optimal amount of
clusters with a coefficient value of 0.46. Genotype label full nomenclature is
Emx1Cre-Pax6cKO-SAG for Pax6cKO-SAG, Emx1Cre -Pax6+/--SAG for Pax6+/--SAG.

5. 2. 2. 2 - AP dt/dV in AP trains

Fast spiking interneuron AP waveforms tend to be stable during trains of APs
(Daw et al., 2007). This is reflected in overlapping membrane voltage rates of
change when plotted against membrane voltage (phase plots). PCs tend to show
changing rates of change throughout the AP train (McCormick et al., 1985; Bean,
2007). 2/4 cluster 1 cells have phase plots with little change to the AP waveform
(Figure 5.5C). 2/4 cluster 1 have changing AP waveforms along the AP train
(Figure 5.5D). E17.5 control (Figure 5.5A) and Emx1Cre-Pax6+/--TX-SAG
(Figure 5.5B) present phase plot expected of PCs, where AP loops show a
changing AP waveform and don’t all overlap with each other. This analysis
suggests some Emx1Cre-Pax6cKO-Tx -SAG cells acquire properties characteristic
of fast spiking interneurons.
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Figure 5.5 - dt/dV (mV/s-1)/membrane voltage (mV) relationship for AP trains and exemplary
voltage response to current injection (square steps, 500ms). A. Phase plot for E17.5 control.
B. Phase plot for Emx1Cre-Pax6+/--TX-SAG. C. Phase plot for Emx1Cre-Pax6cKO-Tx-SAG. D.
Phase plot for Emx1Cre-Pax6cKO-Tx-SAG. E. Example voltage response to incremental steps
of current injection (square step, 500 ms) (rheobase and double rheobase) for E17.5 control
cells. F. Example voltage response to incremental steps of current injection (square step, 500
ms) (rheobase and double rheobase) for Emx1Cre-Pax6cKO-Tx -SAG. Scale bar is 10 mV/s-1
by 15 mV for A., B., C., and D. Scale bar is 20mV by 50 ms for E. and F.

5. 2. 2. 3 - Upstroke/downstroke ratios (UDR) and fast trough depth
literature comparison

UDR is measured by dividing the maximum AP upstroke rate of change (dt/dV) by
the minimum AP downstroke rate of change (dt/dV). The Allen Atlas database has

built a large database of electrophysiological and morphological properties of
L1-L6 cells for both human and mouse tissue using standardized recording
procedures described in Allen-Database (2017). Recordings were done in acute
slices at ~34C. Although classification can hinder the spectrum of neuron
properties (DeFelipe et al., 2013 for cell classification automation projects), there
seems to be a correlation between fast trough depth (AHP trough) and UDR
(Figure 5.6). Aspiny neurons (mostly interneurons) tend to cluster around deeper
AHPs (more negative fast trough) and smaller UDR (pink dots), while spiny
neurons (mostly glutamatergic)

tend to cluster around shallower AHPs (less

negative fast trough) and higher UDR (yellow dots) (Figure 5.6).
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Figure 5.6 - Allen Atlas Database data mining and contrast with cell culture data.
Interneurons (aspiny, pink) tend to cluster around deeper AHPs (more negative fast trough)
and smaller upstroke-downstroke ratios (UDR). Interestingly, Gouwens et al., (2020) report
that NGFs have high UDRs (see 5. 3 - discussion). Genotypes as indicated in figure legend.

As a pilot experiment I decided to plot UDR and fast trough depth values for cell
culture data against the Allen Atlas data to further explore how well these cells fit
in the definition of interneuron in both humans and mice. Plotting the UDR for
dRGP Emx1Cre-Pax6cKO-Tx (green), Emx1Cre-Pax6+/--Tx (orange) and control
E17.5 cells (grey) shows that most cells have a fairly high UDR (Figure 5.6).In
contrast, the fast spiking cell obtained in chapter 3 (purple dot) has a UDR of 1.83.
(Figure S3.2). dRGP Emx1Cre-Pax6cKO-Tx cells fall in the overlap region of the
spiny and aspiny clusters. Emx1Cre-Pax6+/--Tx and control E17.5 tend to have
higher UDRs and fall closer to the spiny (glutamatergic) cluster, although some
Emx1Cre-Pax6+/--Tx also have lower UDR values. The AHP trough is not strikingly
hyperpolarized for Emx1Cre-Pax6cKO-Tx cells. However, cell cultures may still be
immature, where as the cell matures the UDR and AHP trough is expected to
shift towards the bottom left during interneuron development. Comparison
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between cell culture and

Allen Atlas database cells suggests that

Emx1Cre-Pax6cKO-Tx cells have characteristics compatible with the interneuron
cluster but doesn’t by itself give a clear cut indication of cell type as cells fall in
the overlap region of spiny and aspiny clusters.

5. 2. 3 GAD1 and NPY expression in P28-P32 mice

5. 2. 3. 1 GAD1

Gad67 is a pan interneuron marker (Ascoli et al., 2008). At P28-32 mouse cortex
interneurons make 10-15%~ of the total number of neurons (Esclapez et al.,
1994; Rudy et al., 2011). It is possible that some neurons derived from dRGPs
become GABAergic and integrate into the Emx1Cre-Pax6cKO cortex (escape the
ectopic fate described in chapter 4). To understand if GABAergic cells numbers
are increased in the cortex I performed GAD1 mRNA in situ hybridization
experiments. There was no overall increase in GAD1+ cells in Emx1Cre-Pax6cKO.
The percentage of GAD1+/DAPI+ cells is not significantly different between
Emx1Cre-Pax6cKO and Emx1Cre-Pax6+/- (Pax6+/-: 11 ± 2.7 %, N=3; Pax6cKO: 10.8
± 2.6 %, N=3; p=1, Mann-Whitney U test) (Figure 5.7C). This suggests that
ectopic overexpression of GABAergic markers doesn’t significantly increase the
number of interneurons at the Emx1Cre-Pax6cKO cortex. This corroborates data
from the Price lab that obtained similar results (data not shown).

***

I triple-stained GAD1 and NPY (below) experiments for GAD1(NPY)/DAPI/GFP.
The GFP signal at the cortex was diffuse and its intensity confounded with the
background signal (Figure S5.2). This led to poor signal and makes it difficult to
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correctly identify GFP+ cells. Formamide, used for situ hybridization experiments,
can denature GFP (Knubovets et al., 1999). GFP staining was clearer at the
olfactory bulb (Figure S5.2C), so protein denaturation would only partly justify
the ambiguity and poor clarity of the GFP signal. To avoid both false positives
and negatives I decided not to use GFP staining for GAD and NPY (below) cell
count analysis. I couldn’t therefore make any conclusions on whether
dRGPs-derived NPYs (GFP+/NPY+) are present in the Emx1Cre-Pax6cKO cortex.
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Figure 5.7 - GAD1 antibody (1:5000) and DAPI (1:1000) immunostaining. A. Emx1Cre-Pax6+/-.
B. Emx1Cre-Pax6cKO. C. % GAD1+ cells as a function of total cortical cells. There is no
significant difference between Emx1Cre-Pax6cKO (grey) and Emx1Cre-Pax6+/- (yellow) GAD
expression (Pax6+/-: 11 ± 2.7, N=3; Pax6cKO: 10.8 ± 2.6, N=3; p=1, Mann-Whitney U test).
GAD1 probe was optimized and validated as shown in Figure S5.1.

5. 2. 3. 2 NPY
Some Emx1Cre-Pax6cKO presented a first spike delay. NPY is known to be
expressed by late-spiking cells (Fuentealba et al., 2008; Karagiannis et al.,
2009). Previously, Pax6 deficiency has been linked in the late embryo (E18.5) to
abnormal distribution and layering of NPY+ cells (Funatsu et al., 2004). Moreover,
the lack of an increase in GABAergic cells doesn’t rule out the possibility that
specific subtypes are upregulated at the expense of other subtypes. Therefore, I
next decided to test whether dRGPs lineage NPY were present in the Pax6cKO
cortex resulting in an excess of NPY+ cells. NPY is expressed widely at early
postnatal ages in both PC and interneurons (in situ hybridization NPY data, Allen
Brain Atlas; Bella et al., 2021) whilst In the adult mouse NPY+ cells are mostly
GABAergic (Kubota et al., 1994) (Figure 5.8C-E). At the telencephalon, maximal
NPY expression is observed at P4, further indicating the existence of a
widespread expression of NPY early in postnatal development (Figure 5.8E).
Therefore I investigated NPY upregulation in the adult mouse.

I first validated the antibody by testing it in Emx1CrePax6+/- P7 and P28-P32 mice
(Figure 5.8). In perinatal ages, NPY expression is widely distributed, matching
the Allen Brain Atlas pattern (Figure 5.8C). In the adult mouse it is expressed
throughout the cortical layers as expected (Figure 5.8D) (Overstreet-Wadiche &
McBain, 2015).
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Figure 5.8 - NPY antibody validation and Allen Atlas reference data. A. NPY antibody (1:50)
immunostain for P8 Emx1Cre-Pax6+/- mouse cortex (L1 indicated for orientation). B. NPY
antibody (1:50) immunostain for P28 Emx1Cre-Pax6+/- mouse cortex (L1 indicated for
orientation). C. Allen Atlas sagittal section P56 mouse in situ histochemistry (IHC) staining for
NPY. D. Allen Atlas sagittal section P4 mouse IHC staining for NPY. E. Allen Atlas database
IHC NPY expression summary in the developing cortex from E11.5 to P28 (mus musculus)
(ID: 109648)3 (RSP: rostral secondary prosencephalon ; Tel: telencephalic vesicle; PedHy:
peduncular hypothalamus; p1-3: prosomere 1-3; M: midbrain; PPH: pre pontine hindbrain;
PH: pontine hindbrain; PMH: pontopontine hindbrain; MH: medullary hindbrain. In the
telencephalic vesicle NPY expression starts to increase between E11.5 and E13.5. Purple
line in C. and D. gives approximate area used for coronal immunostaining experiments. There
is maximal NPY expression at the telencephalic vesicle at ~P4. Scale bar is 600 𝝁M A. left
panel , 250 𝝁M for A. right panel, 500 𝝁M for B. left panel, and 200𝝁M for B. right panel.

3

Allen Brain Atlas: Developing Mouse Brain (brain-map.org)
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Figure 5.9 - NPY antibody (1:50) and DAPI (1:1000) immunostaining. A. Emx1Cre-Pax6+/-. B.
Emx1Cre-Pax6cKO. C. % NPY+ cells as a function of total cortical cells. There is no significant
difference between Emx1Cre-Pax6cKO (grey) and Emx1Cre-Pax6+/- (yellow) NPY expression
(Pax6+/-: 2.4 ± 0.9 %, N=3; Pax6cKO: 2.2 ± 0.9 %, N=3; p=1, Mann-Whitney U test). NPY
antibody was validated as shown in Figure 5.8. NPY was tested in the region marked by the
purple line in Figure 5.8D. Scale bar is 100 𝝁M for all panels.

There is no upregulation of NPY+ cells in Emx1Cre-Pax6cKO cortices when
compared to Emx1Cre-Pax6+/- (Figure 5.9).The percentage of NPY+ cells is not
significantly different between Emx1Cre-Pax6cKO and Emx1Cre-Pax6+/- (Pax6+/-:
2.4 ± 0.9 %, N=3; Pax6cKO: 2.2 ± 0.9 %, N=3; p=1, Mann-Whitney U test)
(Figure 5.9C). This suggests that NPY+ interneuron subtypes numbers at the
cortex do not increase in the absence of Pax6.

5. 2. 4 Bulk RNA-seq

In cortical bulk RNA-seq data there is both GABAergic marker upregulation
(Dlx1, Mash1, Aslc1) and downregulation of glutamatergic markers (Neurog2,
Trb2)

in

Emx1Cre-Pax6cKO-Tx

(Figure

4.1).

Although

NPY

was

not

overexpressed in the adult Emx1Cre-Pax6cKO-Tx, it is possible that in the embryo
there is NPY overexpression in the absence of Pax6. The presence of
late-spiking cells in cell culture motivated analysing if there is an overall
expression increase in mRNA expression of NPY in Emx1Cre-Pax6cKO-Tx
cortices as the embryo develops that may later be lost in the adult.

This differential expression (DE) analysis was done for NPY, Gsh2, Olig2 and
Sox2 (telencephalic TF, see discussion). Changes in expression of Gsh2, Olig2
and Sox2 were all upregulated in Emx1Cre-Pax6cKO-Tx when compared to
Emx1Cre-Pax6+/--Tx at E13.5. At E13.5, there was DE upregulation of NPY both
caudally and rostrally (caudal: 0.78,p= 0.0017, fdr= 0.046; rostral: 0.83,p=
0.0016 , fdr= 0.0318 ) (Figure 5.10). Gsh2 (caudal: 6.2 ,p= 5.21*10-21, fdr=
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2.30*10-18; rostral: 7.98 ,p= 7.78*10-21 , fdr= 2.85*10-26) and Olig2 (caudal: 4.1
,p= 7.38*10-133, fdr = 1.11*10-128; rostral:2.90 ,p= 7.24*10-104 , fdr= 5.44*10-100)
show robust upregulation caudally and rostrally while Sox2 (caudal: 0.34 ,p=
1.5*10-7, fdr= 1.33*10-5; rostral: 0.46 ,p= 1.42*10-12 , fdr= 1.74*10-10) and NPY
show a less prominent but significant upregulation (Figure 5.10). This indicates
that deletion of Pax6 leads to a rise in NPY expression in the whole cortex. This
motivated further exploration of NPY expression in single ectopia cells using
single-cell RNA sequencing (scRNA-seq). DE upregulation of NPY was not
observed at E12.5 (data not shown).

Figure 5.10 - Bulk RNA sequencing gene differential expression (DE) (log2 Fold change) in
E13.5 Emx1Cre-Pax6cKO-Tx cortices compared to Emx1Cre-Pax6+/--Tx. There is an
upregulation of NPY both caudally and rostrally (purple). NPY upregulation (caudal: 0.78,p=
0.0017, fdr= 0.046; rostral: 0.83,p= 0.0016 , fdr= 0.0318) is less pronounced than Olig2
(caudal: 4.1 ,p= 7.38*10-133, fdr = 1.11*10-128; rostral:2.90 ,p= 7.24*10-104 , fdr= 5.44*10-100)
and Gsh2 (caudal: 6.2 ,p= 5.21*10-21, fdr= 2.30*10-18; rostral: 7.98 ,p= 7.78*10-21 , fdr=
2.85*10-26). Sox2. a telencephalic marker is also upregulated (caudal: 0.34 ,p= 1.5*10-7, fdr=
1.33*10-5; rostral: 0.46 ,p= 1.42*10-12 , fdr= 1.74*10-10). DE was assessed using edgeR
(David Price and Zrinko Kozic (CDBS) did the DE analysis).
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5. 2. 5 single cell RNA sequencing (scRNA-seq) E14.5

scRNA-seq was used to define clusters of cells with shared patterns of gene
expression at E14.5 (data and analysis by Kai Boon Tan, CDBS, University of
Edinburgh). By FACS sorting cortical GFP+ cells it is possible to select only
recombinant cells. The clusters generated can then be used to explore
differences in the type and diversity of clusters formed in Emx1Cre-Pax6cKO-Tx
against those formed in Emx1Cre-Pax6+/-.-Tx By reducing the dimensions of all the
agglomerated features by which cells are assigned particular clusters, the data
can be vizualised as two dimensional clusters (Becht et al., 2018). The outcome
is a UMAP plot that displays in two dimensions the dispersion of cells based on
mRNA expression (transcriptome).
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Figure 5.11 - Single cell RNA sequencing (scRNA-seq) clusters at E14.5 A. UMAP of
clusters for Emx1Cre-Pax6cKO-Tx and Emx1Cre-Pax6+/--Tx (control). Deep layer neuron and
superficial layers neuron clusters are observed in both genotypes. Ectopic GABAergic cluster
is shown in orange. Cells at the bottom right (left panel) end (thumb shape) of the GABAergic
cluster are further down the differentiation line. Importantly, a small cluster of ectopic
GABAergic cells from dRGP lineage is also observed in the Emx1Cre-Pax6+/--Tx control
(orange cluster, left panel) B. UMAP for NPY expression in Emx1Cre-Pax6cKO-Tx and
Emx1Cre-Pax6+/--Tx. GABAergic cluster in A. (orange) has many cells that express NPY (Kai
Boon Tan (CDBS) data & analysis)

174

Kai Boon Tan identified that there is a large ectopic population of GABAergic
cells in Emx1Cre-Pax6cKO-Tx (orange cluster) that is descended from dRGPs (to
be published soon) (Figure 5.11A). Deep layer and superficial layer PC clusters
are also detected in Emx1Cre-Pax6cKO-Tx, corroborating chapter 3 evidence that
PCs glutamatergic phenotype is still present in the absence of Pax6 protein in
dRGPs. NPY is expressed by many of these ectopic GABAergic cells (Figure
5.11B) (analysis by Kai Tan). This suggests that deletion of Pax6 may lead to an
upregulation of NPY in ectopic GABAergic cells.
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5.3 Discussion

PC and interneurons originate from segregated telencephalic populations of
RGPs (Parnavelas et al., 1991). Here I investigated if this dynamic could be
shifted by the removal of a TF, Pax6, that is highly expressed in dRGPs but not
much in vRGPs.

5. 3. 1 RGPs Potential in Cell Culture

The internal state of the progenitor (gene expression profile) may determine how
restricted the fate of its descendant postmitotic neurons is. This internal state
however may be perturbed by the presence of external molecular cues
necessary for the development of other progenitors and/or postmitotic cells.
Although some datasets in this chapter had low power, taken together this set of
pilot and collaborative experiments points towards an alternate landscape
induced by the loss of Pax6.

***

The delayed firing patterns and ramp depolarization during current stimulation
observed in Emx1Cre-Pax6cKO-Tx-SAG cultures match those of neurogliaform
cells (NGFCs) (Fuentealba et al., 2008). Additionally, Scala et al. (2020) report
that motor cortical mouse NGFCs-like, Lamp5 expressing cells have high UDRs
compared to other interneurons (Gouwens et al., 2020). Together these suggest
that cluster 1 cells may be NGFCs. Whether the delayed spike and less adaptive
AP trains are accompanied by a change in morphology towards that of
neurogliaform cells is not known.

A first AP followed by a quiescent period

before a train of APs is described in L1 cortical cells by Hestrin & Armstrong,
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1996. This pattern is also present in some fast spiking cells however (Povysheva
et al., 2013). Importantly, NGFCs themselves are heterogeneous in their firing
patterns themselves, with particular markers other than NPY corresponding to
subsets of firing properties (Armstrong et al., 2012) such as hippocampus Ivy
cells (Krook-Magnuson et al., 2011).

NGFCs have a characteristic spider web shape and short axons (Cajal, 1911;
Overstreet-Wadiche & McBain, 2015). To carry out further cell culture
experiments and recover morphologies would add additional information about
these cells, as cell classification is better achieved by the combination of
electrical, morphological and transcriptomic data (Scala et al., 2020). Neurons
develop type-specific morphologies in cell culture (Gotz & Bolz, 1994; Kriegstein
& Dichter, 1983). There is evidence that cells in culture can however present
morphologies and biochemical profiles that are distinct from those in vivo
(Gosselin et al., 2017), so results may not be straightforward to interpret.

I could not find in the literature a previously reported connection between Pax6
and the production of NGFCs. Cells lacking Pax6 may undergo a change
towards a GABAergic fate that doesn’t correspond to a specific subtype. This
may be an attractor state that is closer to a GABAergic phenotype but still
preserves some PC characteristics. The presence of a specific type of non-PC
firing pattern cannot be taken to conclude that upon removal of Pax6, dRGPs can
only produce late-spiking cells. It is possible that these cells developed earlier, or
were patched by random chance, but other interneuron subtypes are produced in
these cultures that have fast spiking characteristics but are not late spiking. Shh
induces PV+ and SOM+ cell production from ventral progenitors in a concentration
dependent manner (Tyson et al., 2015). These were not detected in cell culture
but the small sample size cannot exclude that dRGPs that don’t express Pax6 do
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not shift fate to different types of interneuron. This is a possibility given that 1/144
cells in the Emx1Cre-Pax6cKO cortex (chapter 3) has properties matching those of
fast spiking interneurons (Butt et al., 2008).

Allen Atlas database mining scripts can be written to extrapolate further
information from electrophysiological and morphological cell type data (see
methods, page 52) . UDR analysis was a pilot example of the potential of curated
literature to understand the phenotypes observed in cell culture. A supervised
classification algorithm (Noble, 2006) could be mined from this database4 and a
larger dataset from expanded cell culture experiments tested against it to find
where in the classification scheme Emx1Cre-Pax6cKO-SAG cells fall. It would be
important to also have a large sample size for Emx1Cre-Pax6+/--SAG control cultures
as a negative control.

5. 3. 2 NPY upregulation and fist spike delay

Some interneurons present a first spike delay (Kawaguchi, 1995). NPY
expressing interneurons present delayed-spiking firing patterns, including
non-NGFs such as PV+ fast spiking interneurons. Interestingly, PV-FS cells that
express NPY have a significantly higher first spike delay than those that do not
express NPY (Karagiannis et al., 2009).

ID-type K+ currents (K+ channels

assembled with Kv1.1 molecular receptor subunits) modulate this delayed firing
(Golomb et al., 2007; Goldberg et al., 2008). Interestingly, PV-FS cells that
express NPY have a significantly higher first spike delay than those that do not
express NPY. Perhaps the first spike delay observed in cell culture is an effect
downstream of NPY upregulation. Because these channels are expressed later
Another large electrophysiology curated database exists: NeuroElectro (Tripathy et
al., 2014). This database however uses measurement averages instead of individual
cell data making it difficult to compute a valid clustering algorithm.
4
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in the maturation process, at ~E18.5 (Yang et al., 2018), RNA-seq at E14.5
would not be suitable to analyse whether these are upregulated. Ionic current
analysis using whole cell electrophysiological recordings would allow measuring
the characteristics of K+ and Na+ currents and voltage-current input-output
relationships (as done in Martina et al., 1998 & Chen et al., 1991) in cell culture
cells in addition to intrinsic properties.

Importantly, Emx1Cre-Pax6cKO-Tx-SAG cell cultures also express NPY (Faziela
Razak, personal communication, data not shown). NPY expression increases
from E13.5 (Figure 5.8E, Allen Atlas data) and reaches its maximal expression
at P4 in the wild type telencephalon. Pax6 may be necessary to block dRGP
overreacting to Shh and the subsequent runaway ectopic expression of NPY.
NPY upregulation has been previously associated with increased neuronal
(Baraban et al., 1997) activity and to not be related to interneuron subtype fate
change (Batista-Brito et al., 2009), so results should be interpreted with care.

5. 3. 3 Interneuron Biomarkers P28-P30 Cortex5

Albeit a subtler effect cannot be excluded, the results suggest there isn’t a drastic
change of cortical GABAergic numbers or NPY+ subtypes in Emx1Cre-Pax6cKO
adult mice. This corroborates the discussion of chapter 4, where ectopic cells
may not fully develop into functional interneurons as they do not find a stable
attractor state. NPY staining used caudal coronal sections. NPY may be
overexpressed rostrally in Emx1Cre-Pax6cKO and not been detected. Sagittal
5

GAD & NPY studies were designed to be longitudinal (using 1, 2 and 6 month mice) and were to have
extended data sets for better statistical analysis. Unfortunately the covi19-pandemic led to the decision
to cull mouse colonies so additional tissue was not available. Furthermore, due to the same tissue
availability constraints, NPY stains were carried caudally only.
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sections may provide a better perspective of the effects of deleting Pax6 across
the various cortical regions as done in Tuoc et al. (2009) for Cux2 and other layer
specific markers.

Cells at the edge of the GABAergic population cluster (thumb shape) (Figure
5.11A)are further down the differentiation line (higher fate restriction).
Interestingly, this region shows less NPY expression, implying that NPY
overexpression may be temporary and not an indicator of an increase in NPY+
subtype interneurons. NPY is also expressed by interneurons in the
hippocampus (Szabadics & Soltesz, 2009; Armstrong et al., 2011). Because I
didn’t analyse NPY expression in the hippocampus it remains a possibility that
these cells migrate into the hippocampus instead of the cortex. Triple staining for
GFP, Gad67 and NPY would provide stronger evidence for determining whether
cells with the late-spiking properties and of dRGP origin recorded in cell culture
populate the cortex or the hippocampus of Em1Cre-PacKO. Immunostaining for
NPY at the ecopia between E13.5 and P5 can further elucidate whether NPY
upregulation is temporary.

5. 3. 4 So what is the verdict?

Taken together, the analysis of Emx1Cre-Pax6cKO-Tx cells indicates that dRGCs
can produce some cells with late-spiking firing patterns and AP waveform phase
plots characteristic of fast spiking cells. These are not characteristics of PCs as
defined by the literature (Krienen et al., 2021; Gouwens et al., 2020; Scala et al.,
2020;

Overstreet-Wadiche

&

McBain,

2015;

DeFelipe

et

al.,

2013;

Krook-Magnuson et al., 2011; Ascoli et al., 2008; Butt et al., 2008; Bean, 2007;
Daw et al., 2007; Simon et al., 2005; Kawaguchi, 1995; McCormick et al., 1985).
This corroborates Gsh2 staining and dose response curve evidence and furthers
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the case for Pax6 to protect dRGPs from external morphogens during
development. Shh is present in early corticogenesis so there is a direct
physiological implication to this result (Yabut & Pleasure, 2008). Pax6 may be
necessary to antagonize Shh and prevent dRGPs overreaction to Shh. NPY
expression seems to increase in early development but NPY+ interneuron
subtype numbers are not significantly increased in Emx1Cre-Pax6cKO adult mice.

This suggests that dRGPs have the potential to give rise to cells other than PCs.
Pax6 acts as a guardian of PC phenotype fate, contributing to fate restriction of
dRGPs. Interestingly, this ability may be loosened in human dRGP where dorsal
lineage interneurons were detected in several studies (Letinic et al., 2002;
Petanjek et al., 2008; Petanjek et al., 2009a).

It is also notable that even in the presence of Pax6 in Emx1Cre-Pax6+/--Tx cells
are capable of producing a high percentage of Gsh2+ cells in the presence of Shh
on par with Emx1Cre-Pax6cKO-Tx cultures that did not have Pax6 protein (Figure
5.2). This suggests that in physiological conditions, Pax6 antagonism of Shh may
be concentration dependent. The SAG concentrations used in this study are
likely to induce Shh pathway activation levels experienced by cortical cells during
neurogenesis

(Radonjic

et

al.,

2016).

There

is

also

the

possibility

Emx1Cre-Pax6+/--Tx control has slightly impaired production of Pax6 protein
leading to a more permissible effect of Shh. Moreover, scRNAseq data reveals a
small population of ectopic GABAergic cells appears even when Pax6 protein is
present in Emx1Cre-Pax6+/--Tx, supporting this view (Figure 5.10). Whether this
small population in the wild type mouse originates from dRGPs and is yet
undetected (DeFelipe, 2011), or this small ectopic GABAergic population
develops due to a mild impairment of Pax6 protein production in the
heterozygous control remains unclear.

Importantly, Pax6 haploinsufficiency
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mutations show some developmental abnormalities (Glaser et al., 1994; Sisodyia
et al., 2001).

The experiments here described come with limitations. Firstly, The low sample
size may lead to false negatives (Button et al., 2013; Higginson & Munafo, 2016)
as mentioned in chapter 3. Secondly, by focusing on only one subtype, NPY+
cells, it is difficult to make conclusions on whether Shh signalling leads to
overproduction of NPY+/neurogliaform cells specifically; immunostaining for PV+
and SOM+ can further elucidate whether removal of Pax6 causes a shift in the
population of interneurons produced; additionally, exploring the scRNA data to
detect the presence of other interneuron markers will broaden the understanding
of the implications of absence of Pax6 protein during early corticogenesis.
Furthermore, testing other extrinsic signals in cell culture and recording
electrophysiological responses will provide evidence for the potential of RGPs to
develop alternative cell lineages. This will target the hypothesis that PV+ or SOM+
subtype interneurons can be produced from RGPs in the absence of the repelling
effect of Pax6. Because many TF effects are concentration dependent (Manuel et
al., 2015), it would be beneficial to record from Emx1Cre-Pax6cKO cells cultured
in the presence of various Shh concentrations and how these affect the
electrophysiological phenotype of Emx1 lineage cells. In respect to the
computational analysis of UDRs, Allen Atlas database recordings are done at
35-37°C (Allen-Database, 2017) whilst here recordings were taken at 25C. This
limits the use of database data to fit cell culture intrinsic properties with available
literature. To be able to fit and cluster experimental data with pre classified cell
types, recordings can be taken at 35-37°C.
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5.3.5 Chapter summary

In the chapter I investigated what happens to dRGPs in cell culture when
exposed to an upregulation of Shh. Some cells show a first spike delay and AP
features characteristic of interneurons and not PC. NGFCs are known to have
such firing patterns. Overall, these experiments corroborate that overexpression
of Gsh2 is leading to the generation of cells with electrophysiological
characteristics of interneurons. NPY, a neuropeptide expressed from early
development and commonly used as an interneuron subtype marker in the adult
mouse, is upregulated in Emx1Cre-Pax6cKO-Tx cortices and is expressed by
ectopic GABAergic cells (scRNA data), suggesting that absence of Pax6 in
dRGPs upregulates its expression. I could not identify a rise in pan neuronal
(GAD1) and subtypes specific markers (NPY) in the adult Emx1Cre-Pax6cKO
cortex.
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Chapter 6
Discussion and Future Directions
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6.1 Discussion

Azevedo and colleagues calculate that the human brain has an average of 86
billion neurons (Azevedo et al., 2009). The spatio-temporal interaction of cell
types is an important regulator of corticogenesis (Nowakowski et al., 2017). How
cells differentiate from progenitor pools, organize and communicate between
each other has been unravelled by a collective effort from research groups all
over the world during the past few decades. Here I added to that knowledge by
increasing our understanding of the role of Pax6 in orchestrating lineage cell fate
boundaries to protect the genetic fate of dRGPs and correct PC cell specification.
How this diversity of lineages forms neuronal ensembles (Perez-Ortega et al.,
2020) and the phenomena of consciousness (Greenfield & Collins, 2005; Tononi,
2008) will be better understood within the next few decades.

6. 1. 1 Pax6 as an inhibitor of pro-interneuron signals

Newborn neurons journey from the ventricular zones (VZ & SVZ) to their final
laminar position in a highly coordinated manner. Intrinsic and extrinsic factors
coordinate their migration from the VZs and SVZs (Friocourt et al., 2007; Guo
& Anton, 2014; Ever & Gaiano, 2005). Eventually, migration termination
signals established the final laminar position of the cell (Faux et al., 2012).
Pax6 expression by RGPs after the production of the correct progenitor pools
seems to be necessary to protect a broad population of progenitors that will
eventually generate the cortical population of excitatory neurons from external
signaling molecules such as Shh (this thesis). This role explains the increase
in GABAergic markers previously reported in embryonic studies of Pax6
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deficient mouse models (Stoykova et al., 2000; Muzio et al., 2002; Kroll &
O’Leary, 2005).

Pax6 is well known for its role in regionalization during early development
where its altered expression changes the boundaries between regions
(Mastick et al., 1996). Throughout this thesis I have explored what the
consequences of deleting Pax6 in dRGPs during corticogenesis are. The
Price lab has been working on these effects at the embryonic level. Here I
was interested in understanding in the first place what the GABAergic
phenotype was postnatally. Did it correspond to a specific subtype of
interneuron? The existence of PCs and the absence of Emx1-lineage mature
interneurons in Emx1Cre-Pax6cKO at the ectopia furthered our understanding
of Pax6 in dRGPs and cortical cell specification. The ectopia is composed of
cells with little electrical activity (chapter 4). This implies that without Pax6 the
differentiation program is impaired in cells that express GABAergic markers.
Importantly, DLN and SLN are still produced in the absence of Pax6 (chapter
3), as the stochastic influence of external signals increases the likelihood of
dRGPs shifting genetic fate but only a portion of cells is affected. This could
be in part due to a lesser dependency of a subset of dRGPs on Pax6. The
impairment to SLN layers reported previously (Georgala et al., 2011; Zimmer
et al., 2004; Schuurmans et al., 2004) may be due to a reduced progenitor
population and/or cell fate shift that leads to reduced cortical numbers, where
ectopic cells accumulate under the cortex.

There is an interplay between interneurons and PCs at early postnatal
phases (Favuzzi et al., 2019). Because PC signals promote interneuron
survival (Denaxa et al., 2018; Wong et al., 2018) ectopia cells may lack the
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necessary proteins for cell survival and circuit integration leaking instead into
an unstable attractor state (Morris et al., 2016). Excessive numbers of
neurons in the developing cortex can lead to persistent behavioural deficits in
the adult mouse. Even after embryonic overproduction of PV+ interneurons is
corrected postnatally, Magno et al. (2021) report behavioural performance
deficits in hole board and Crawleys’s sociability tests (Magno et al., 2021).
This implies a permanent disruption of circuit formation due to impaired
neurogenesis. The role of Pax6 in gatekeeping the correct RGP lineage
progression is thus crucial.

Emx1-lineage has been shown to give rise to a population of caudate putamen
interneurons (Cocas et al., 2009). Pax6 absence may also lead to premature
development of these cells that eventually migrate to the caudate putamen.
Congruent with this view, Zhang et al. (2020) found that some dRGPs can
differentiate into three cell types that includes olfactory bulb (OB) interneurons
and oligodendrocytes from ~E16.5. This coincides with the period when dRGP
production of PCs starts to wane (Zhang et al., 2020). This population of dRGP is
Gsh2+ and its differentiation into non-PC fates is driven by Shh. Lack of Pax6
may lead to premature differentiation of RGPs into an enlarged population of
these GABAergic cells. This is consistent with the upregulation of Gsh2 in
Emx1Cre-Pax6cKO cell cultures in the presence of Shh (chapter 5).

GABAA and GABAB transmission is itself involved in progenitor proliferation and
initiation of synaptogenesis (Ben-Ari et al. 2007; Dieni et al., 2013). The absence
of interneurons at the beginning of neurogenesis may be necessary for the
normal development of cortical circuits. L2-3 PCs develop and mature as the
cortex forms subcortical connections such as the corticothalamic tract (Holmgren
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et al., 2003; Ferrere et al., 2006). The progressive establishment of synapses
needs to be tightly bound to the development of PCs. Pax6 repression of
GABAergic phenotypes provides a mechanism to segregate the two main cell
types: PCs and interneurons. Cux1 and Cux2 are expressed by L2-3 neurons
(Nieto et al., 2004 ;Ferrere et al., 2006). Knocking out these proteins affects the
correct establishment of synaptic connections by impairing the formation of
dendritic spines (Ferrere et al., 2006; Cubelos et al., 2010). Genes expressed
early during neurogenesis (from E11.5) such as Pax6 are likely key to ensure
formation of broad cell types. Subsequently, these broader cell types are refined
into particular subtypes with more restricted properties regulated by later gene
expression such as Cux1 and Cux2.

Pax6 is required for the correct specification of retinal neurons (Zaghloul &
Moody, 2007) and inhibition of photoreceptor phenotypes via inhibition of the
cone-rod homeobox gene (Remez et al., 2017). Pax6 at the spinal cord has a
role in the process of regionalization and cell specification also, where it defines
boundaries of progenitor cell identity in response to Shh gradients (Danesin &
Soula, 2017). Notch also regulates Shh signalling during the spinal cord
development (Kong et al., 2015). Taken together, these studies suggest that the
ability of Pax6 to protect specific neuronal fates during neurogenesis is not
limited to corticogenesis and it is likely to be conserved across nervous system
tissues.

6. 1. 2 Pax6 Inhibiting Premature Gliogenesis

Olig2 is an oligodendrocyte marker (Marshall et al., 2005). Olig2 and Pax6
antagonize each other and this contributes to telencephalon regionalization
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(Marshall et al., 2005; Hack et al., 2004). Olig2 repression of Pax6 is necessary
for the preservation of glial fate (Kronenberg et al., 2010). Oligodendrocytes have
both vTel and dTel sources (Richardson et al., 2006). While embryonically most
oligodendrocytes are derived from GE progenitors, postnatally, a high proportion
is of dTel origin (Kessaris et al., 2006). During migration more disparate cell types
appear to influence each other’s differentiation also: migrating cINs are capable
of stimulating the development of oligodendrocytes by secreting fractalkine
(Voronova et al., 2017). GABA itself can also act as a molecular cue that triggers
gliogenesis (Hamilton et al., 2017). Increased GABAergic cell populations may
also play a role in any irregular timing of gliogenesis. The correct development of
glial cells is thus likely to be dependent on the cortical environment surrounding
their progenitors. Pax6 may act as a blocker of premature gliogenesis in addition
to its role in neurogenesis as some ectopia cells have firing patterns resembling
those previously reported in OPCs (Chittajallu et al., 2004; Maldonado et al.,
2011) and bulk RNAseq showed upregulation of Olig2 (chapter 5). Pax6 keeps
the dRGP pool available for later terminal division preserving the “decision by
division” logic of cortical development where cell types are specified early in
development (Rakic et al., 2009). How these findings translate to humans needs
to take into account the much longer human embryo timeline (van den Ameele et
al., 2014) and additional genes that may trigger additional neurogenesis and
gliogenesis gating mechanisms.

6. 1. 3 Crosstalk between extrinsic molecular cues

The interplay of TF expression and molecular signals is intricate and
concentration dependent (Manuel et al., 2015; Del Barrio et al., 2013). Shh
morphogen is associated with the production of disparate cell types (Yang et al.,
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2021). Studies such as this research doctoral investigation try to unpick particular
interactions in isolation but it is always relevant to rationalize how all these
signals play in physiological developmental conditions. Bone morphogenetic
protein (BMP) signalling also interacts with Pax6 and is present during the onset
of corticogenesis (Gross et al., 1996; Gomes et al., 2003). BMP antagonizes
many of Shh roles during early cortical development (Gulacsi & Lillien, 2003;
Huang et al., 2009). The susceptibility of dRGPs physiologically will be
dependent on the network of TFs and molecular signals present as cross-talk
between BMP, Shh, Notch and Wnt signalling systems can generate opposite
effects depending on the signalling environment at specific time points
(Rubenstein, 2000; Gaiano & Fishell, 2002; Agirman et al., 2017).

Lack of Pax6 leads to a downregulation of Notch receptor Dll1 (Dora et al.,
2019). The signalling Dll1 promotes neuronal proliferation (Pierfelice et al., 2011).
Reduction of Notch downstream of Pax6 may generate susceptibility of a portion
of dRGPs to extrinsic signals and promote differentiation over proliferation. This
would generate the ectopic population of cells shifted towards GABAergic fate.
The Notch signalling pathway is involved in regulating gliogenesis mechanisms
(Ngan et al., 2011). Notch inhibits oligodendrocyte differentiation as secretion of
Notch ligand Jagged1 by retinal ganglion cells affects OPCs capability to
differentiate into oligodendrocytes (Wang et al., 1998).

6.2 Future Directions

Is the lower number of PCs in Emx1Cre-Pax6cKO sensed during corticogenesis? It
would be informative to investigate what the cyto-composition of the mutant
cortex is. Is there a compensation mechanism by which progenitors from
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lineages other than Emx1 dRGP differentiate into PCs? Could there be non
autonomous cell mechanisms that induce the production of more PCs from non
dRGCs? It may be that RGC lineage and non-RGC lineage PCs form alongside
each other. It would be interesting to explore this idea by comparing intrinsic
properties and proportion of total PC cells between recombinant (GFP+) and
nonrecombinant cells in Emx1Cre-Pax6cKO.

Robustness is a component of many molecular mechanisms (Liu et al., 2020).
Gene functions can overlap (redundancy) or partly overlap with those of other
genes (partial redundancy) (Whitacre, 2012). Their expression levels may also
play compensatory roles in absence of another. There may be other TFs involved
in safeguarding the dRGP differentiation process. The Sox family of TF has
various roles during neurogenesis and gliogenesis (Stevanovic et al., 2021).
Although Sox2 expression has been associated with the early development of
the ventral telencephalon (Ferri et al., 2013), Hutton & Pevny (2011) report that
Sox2 colocalizes with Pax6 at the VZ. Moreover, dRGPs have higher levels of
intracellular Sox2 protein than IPs (Trb2+) (Hutton & Pevny, 2011). Additionally,
Sox2 is capable of reversing cell differentiation towards pluripotent states (Zhang
& Cui, 2014). dRGP Sox2 could be performing a similar role to that of Pax6. In
bulk RNAseq, Sox2 was overexpressed in Pax6cKO (chapter 5). Sox2 knock out
and double-knockout experiments for Pax6 and Sox2 may reveal whether in the
cKO Sox2 compensates for the absence of Pax6, or whether if in the absence of
both, a higher proportion of cells shifts towards a GABAergic fate and/or glial
fate. Given that Sox2 overexpression is capable of inhibiting neurogenesis but
not affecting gliogenesis (Bani-Yaghoub et al., 2006, Bylund et al., 2003), levels
of expression are likely to play a part in its potential role during dRGP
proliferation and differentiation.
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Following gliogenesis, progenitor cells remain in the adult subventricular zone
(aSVZ) (Marshall et al., 2005) (Figure 6.1). These cells have the ability to
produce neurons in the adult mouse. Given that developmental environmental
changes seem to impact the switch from neurogenesis to gliogenesis (Miller &
Gauthier, 2007), it is intriguing how a pro-gliogenic cortical environment is
capable of producing neurons in the adult mouse. Part of the aSVZ is also
derived from the Emx1 lineage and eventually give rise to interneurons in the OB
(Gorski et al., 2001; Campos-Seara et al., 2016, Tamamaki, 2005) (but see
Young et al. (2007) for evidence of Gsh2 non-Emx1 lineage populations being a
majority of SVZ composition). Cells from the SVZ migrate via the ventral
migratory stream (Lepousez et al., 2013) to the OB in the adult mouse (Whitman
& Greer, 2009). Are some of the cells that change fate in the absence of Pax6
migrating to the OB? Immunostaining experiments for GABAergic cell markers
targeting the Emx1Cre-Pax6cKO OB at a range of ages between P3 and P28
(Figure 6.1). These would address Kroll and O’Leary (2005) observation that in
the absence of Pax6 there is an increased expression of LGE-associated
markers such as zinc finger transcription factor sp8 (Li et al., 2011), from which
some OB interneurons originate (Toresson & Campbell, 2001). Furthermore, it
would also be informative to determine whether the cortical environment in
Emx1Cre-Pax6cKO mice leads to an aberrant production of OPC and glial cells.
(Figure 6.1). In addition to IHC experiments I would use whole cell
electrophysiology to characterize the intrinsic properties of any Emx1-lineage
Emx1Cre-Pax6cKO OB interneurons and how these compare to Emx1Cre-Pax6+/controls.
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Figure 6.1 - Visual hypothesis for future work. Emx1Cre-Pax6cKO P10 mice present an
ectopia that is absent from P28-P30 animals. During the first 2-3 postnatal weeks several
changes occur while neural circuits are built. To understand the ultimate fate of ectopic cells
and the role of Pax6, immunostaining at the cortex for OPC markers and OB for GAD+/GFP
at a range of ages between P3 and P28 can establish if there is a rise in gliogenesis and an
overproduction of OB interneurons and whether these are from the Emx1-lineage.

It may be that Pax6 is blocking dRGPs from generating a small population of
interneurons prematurely. Removing Pax6 too soon may not allow cells to have
the right gene expression profile to produce robust lineages. Cell death is a
mechanism of cell quality control (Wong & Marin, 2019). The Price lab has
previously observed that embryonically, cells at the ectopia express Cas3 at
E18.5 (data not shown). Altered Pax6 expression level changes have previously
been shown to promote progenitor cell death (Berger et al., 2007). Most of these
cells may undergo programmed cell death during postnatal development. To
resolve this possibility I would carry out Cas3 immunostaining at the age range
P3-P10 used for electrophysiological recordings and at an older age (P14-21) for
both the ectopia and the cortex. These results may explain why there is no
overall increase in GAD+ and NPY+ cells in adult Emx1Cre-Pax6cKO (chapter 5).
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Chapter 5 suggested that in the absence of Pax6 some cells develop phenotypes
characteristic of NGFCs. To assess whether dRGPs have a potential to
specifically differentiate into NGFCs, NGFC progenitor-associated transcriptome
analysis may provide information on whether these are upregulated in the
absence of Pax6. Hippocampus NGFCs originate mostly from the MGE as
opposed

to

cortical

NGFCs

that

are

from

CGE

and

POA

origin

(Overstreet-Wadiche & McBain, 2015). Together this indicates that the NGF
phenotype

is

not

tied

to

a

particular

pool

of

progenitors.

Additionally,

lysosome-associated membrane protein 5 (Lamp5) is expressed by NGFCs from

different GEs/POA (Scala et al., 2020; Krienen et al., 2020). Evaluating the
changes in Lamp5 differential expression in Pax6cKO will further elucidate if
removal of Pax6 makes dRGPs susceptible to development into NGFCs by
downregulation of inhibitory pathways necessary to keep Lamp5 expression low
in dRGPs.

6. 2. 1 Of Chimps and Sharks II - An Evolutionary Perspective for Pax6 and
Beyond

Double-bouquet cells with horsetails (long, vertically oriented axonal collaterals)
have been identified in primates but not rodents (Jones, 1975; Valverde et al.,
1978; DeFelipe et al., 2006). These cells are also present in large carnivores but
in lesser numbers (Ballesteros-Yáñez et al., 2005). Are there cells in the human
cortex that are not present in any other species, not even other primates? Boldog
et al. (2018) first described a type of neuron specific to the human cortex
(Rosehip

cell).

Using

postmortem tissue L1 cells were characterized

electrophysiologically. The group reports an interneuron with firing properties and
molecular profile that has not been detected in any previous study (Boldog et al.,
2018). Interestingly, some studies have reported that dRGPs can give rise to
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interneurons in the human cortex (Letinic et al., 2002; Bystron et al., 2008;
Jakovcevski et al., 2011). This may explain the discrepancy in proportion of
interneurons to PCs reported by different research groups over the years. Murine
GABAergic cell ratios tend to be reported around 10-15% range while primate
ratios tend to be reported at 20-25% range (DeFelipe, 2011; Manuel et al., 2015).
In human and macaque studies, interneuron ratios higher than 35% have been
reported for L2-L4 (Gabbott & Bacon, 1996; del Rio & DeFelipe, 1996).

The mouse embryo has a developmental time scale that differs from that of
primates by a factor of ~13 (Xue et al., 2013). What is making the difference in
the human cortex? Does the variety of cell type and cell type ratios expand and
change the brain’s capabilities?

6. 2. 1. 1 Cortical Layers

In humans the SVZ is subdivided into outer SVZ and inner SVZ (Smart et al.,
2002; well described in Fernandez et al., 2016). The outer SVZ is thought to
drive the evolutionary expansion of the cortex in humans (Smart et al., 2002;
Cheung et al., 2007; Fernandez et al., 2016). Additionally, human and primate
cortices have L2 and L3 that are clearly defined and separated (Molnar et al.,
2019) while in rodents these amalgamate together and are conventionally
referred to as L2-3 (Rakic, 2009).

Pax6 deficiency affects SLN formation in the mouse (Georgala et al., 2011;
Schuurmans et al., Zimmer et al., Nieto et al., 2004). Its absence during early
corticogenesis leads to reduced numbers of neurons composing L2-4. Pax6
sustained expression by RGPs in the oSVZ is capable of generating high
numbers of SLNs (Wong et al., 2015). This increased proliferative capability may
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increase and produce distinct SNL in humans and other primates that generate
segregated L2 and L3 populations.

6. 2. 1. 2 dRGP interneurons

As progenitor pool number and diversity is essential for the production of the
various cell types (Romero & Borrell, 2015), the existence of two subventricular
zones with distinct progenitor populations may generate a progenitor population
with reduced Pax6 expression. Pax6 expression tight regulation in humans for
discrete dRGP populations may play a role in the appearance of novel
interneurons observed in primates (Krienen et al., 2020) that do not originate
from the GEs. A longer gestation period may signify a longer succession of
progressive neurogenic stages (Xue et al., 2013). Intriguingly, Cameron et al.
(2008) suggest that adult neurogenesis in human tissue produces NGFC
interneurons. Their small size is suggested to explain why some studies
(Goncalves et al., 2016; Snyder, 2019) find no evidence of adult neurogenesis in
the human cortex (Cameron et al., 2008).

6. 2. 1. 3 Sharks

Marine ecosystems have evolutionary arches that diverge from those of land
ecosystems by many millions of years. Sharks are members of the elasmobranch
family with ancestors as far back as 450 million years ago (Hara et al., 2018).
Many genes expressed early in development in rodents and humans are also
expressed in the shark/teleosts such as Hox genes (Kim et al., 2000) and Pax6
(Rodriguez-Moldes et al., 2011; Navet et al., 2017). The Pax6 gene sequence is
conserved in mammals, reptiles, birds and shark genomes (Venkatesh et al.,
2014).
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The Pax6-Ngn2-Trb2 expression sequence in the dRGP lineage is also present
in the shark (Scyliorhinus canicula) (DoCampo-Seara et al., 2018). This suggests
a conservation of the timed expression of these TFs and strengthens the
importance of their timely expression. This conservation of functions and
developmental processes indicates that genes such as Pax6 are crucial for the
phased production of cell types and that this function may have emerged early in
the evolutionary timeline of multicellular organisms. Sharks present many of the
corticogenesis molecular and cellular

mechanisms observed in rodents and

primate models (Medina & Abellan, 2009; Quintana-Urzainqui et al., 2015;
DoCampo-Seara et al., 2018).

The conservation of Pax6-Ng2-Trb2 gene

expression sequence from progenitor to postmitotic cell (DoCampo-Seara et al.,
2018) suggests many of the early mechanisms of progressive fate restriction in
dRGPs may already be present in elasmobranch species. Additionally, sharks do
not present laminar organisation as rodents and primates. The shark as a model
organism could elucidate Pax6 role as a possible early mechanism to prevent
premature production of OB interneurons and whether ablating Pax6 would lead
similar phenotype to those present in the mouse. Pax6 may have later acquired
divergent roles in mice and humans that control the generation of cortical layers
of increasing complexity (Yamashita et al., 2018).

Perhaps marine biology will come to the aid, as it did for the understanding of the
AP (giant squid) (Hodgkin & Huxley, 1952) and memory neural circuits (aplysia)
(Robertson & Walter, 2010).
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Figure 6.2 - Common methods of corticogenesis present from sharks to chimps. Radial glial
progenitors (RGPs) generate all cortical neurons and glial cells (Gotz & Huttner, 2005).
Direct and indirect generation of neurons by dRGPs is present in shark, mouse and primate
models (Gotz & Huttner, 2005; Rakic, 2009, DoCampo-Seara et al., 2018). Intermediate
progenitors (IPs) can undergo transient amplifying divisions to generate further progenitor
cells (2). The dynamic of progenitor pool proliferation and differentiation is rife for
evolutionary changes. For instance, in human embryos, some RGP migrate to the SVZ (and
also express Trb2) (see Figure 1.4 also), as opposed to what happens in the mouse, where
RGPs are restricted to the VZ. Understanding the common mechanisms will facilitate
hypothesizing how these change through evolution.
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***

The program of differentiation can be modulated. The existence of species
specific neurons (DeFelipe et al., 2006), the evidence for a phenotypic spectrum
of neuron characteristics (Tomioka et al., 2015; Scala et al., 2020) and the
development of iPSC cell lineages (Huang et al., 2019) opens the possibility for
the production of novel interneurons where by tweaking the various stages of
development a cell could be generated artificially whose emergent properties are
not observed in nature (Bergelson et al., 2021). Understanding the role of TFs at
different stages is starting to unravel how to go from a pluripotent cell towards a
specific cell fate. Hence the importance of dissecting proliferation and
differentiation program regulators such as Pax6.

6.3 Thesis Closing Statement

Data collected during this research project allowed me to build a case regarding
the role of TF Pax6 expression in dRGPs during corticogenesis. On the balance
of evidence, this thesis provides support to the postulate that Pax6 inhibits the
development of alternative and/or premature genetic programs thereby
guaranteeing the robustness of cortical PC generation from dRGPs.
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Appendix
A. Supplementary Figures
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Chapter 3

Figure S3.1 - Confocal imaging of biocytin filled Emx1Cre-Pax6cKO L5 PC Cell (P7). A. Top
Z-stack frame. B. Bottom Z-stack frame. White arrow on panel A highlights the beginning of
the apical dendrite shooting up towards superficial cortical layers. Scale bar is 30 𝝁M.

Figure S3.2 - Fast Spiking Interneuron (Emx1Cre-Pax6cKO L2-3) A. Membrane voltage
response at double rheobase for Emx1Cre-Pax6cKO L2-3 cell flagged as a fast spiking
interneuron. B. Phase plot (dt/dV) for trace shown in A.
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Chapter 4

Figure S4.1 - Magnetism dynamics study. The “pumping” signal is clearly visible amongst the
pink noise (with fitting curve in blue) of decaying FFT power as frequency increases (1/f).
Image taken from Pylypovskyi et al., 2013.

Figure S4.2 Gad67 (1:200) immunostaining (green) with DAPI counterstain (blue) CD1
mouse P10 cortex.
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Chapter 5

Figure S5.1 - GAD1 in-situ hybridization probe validation. A. GAD1 signal in
Emx1Cre-Pax6cKO and Emx1Cre-Pax6+/- P28-P32 mice. B. GAD1 signal in Emx1Cre-Pax6cKO
P28-P32 mice. C. DAPI and GAD1 signal for Emx1Cre-Pax6+/- (B.). Scale bar is 600 𝝁M for A.
and B., and 300 𝝁M for C.
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Figure S5.2 - Immunostaining GFP signal in P28-P32 mice (Emx1Cre-Pax6cKO). A.
Epifluorescence image (Leica, DM5500 B). B. Confocal image of optimal signal (with DAPI in
purple). Even using confocal imaging (Nikon A1 R) it was difficult to find a clear, non diffused
GFP signal. Image is a best case scenario where some cells could be clearly identified as
GFP+. The vast majority of slides didn’t have this clarity. C. The GFP signal at the olfactory
bulb was less diffuse and GFP+ cells easier to identify. The poor quality of the signal at the
cortex led to the decision of not pursuing the GAD1+/GFP+ cell line of inquiry. Scale bar is 200
𝝁M for A. and C. , 50 𝝁M for B.
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B. Of Neurons and Glia
1. Neurotransmitters and neuropeptides

Synapses are 20nM gaps between neurons used for communication (Sudof,
2012). Chemical synapses use neurotransmitters and neuropeptides as signals
transduced at the postsynaptic density. Neurotransmitters are small molecules
stored in small-core vesicles while neuropeptides are composed of ~30-120
peptides and tend to be stored in large core vesicles (Bartfai et al., 1988).
Neuropeptides expressed by cortical cells include neuropeptide Y, vasopressin
and vasointestinal peptide (Gonchar et al., 2008; Rudy et al., 2011).
Neurotransmitters and neuropeptides alike are released into the synaptic cleft
and this is then translated by the postsynaptic neuron (Sudof, 2012). This will
trigger ligand-gated membrane channels that will depolarize or hyperpolarize the
postsynaptic density (Sudof, 2012).

2. Glutamatergic-GABAergic Neurotransmitter System

Glutamatergic neurons use L-glutamate as their main neurotransmitter. Fast
postsynaptic transmission is mediated by three main types of ionotropic
ligand-gated channels: NMDA AMPA and kainate (Farrant & Cull-Candy, 2010;
Traynelis et al., 2010). Three families of metabotropic glutamate receptors
mediate G-protein coupled receptor transmission (Conn & Pin, 1997). Upon
ligand binding conformational changes lead to the flow of cations (Na+, K+) into
the neuron (Traynelis et al., 2010). GABAergic neurons use y-aminobutyric acid
(GABA) as their main neurotransmitter. Postsynaptic transmission is mediated by
both ionotropic (Farrant & Nusser, 2005) and metabotropic receptors (Ulrich &

205

Bettler, 2007). GABA leads to the influx of anions (Cl-, HCO3-) into the PSD
leading to hyperpolarization of the postsynaptic neuron (Farrant & Nusser, 2005).

The conversion of glutamate to GABA is carried by glutamic acid decarboxylase
(GAD). This enzyme breaks the bonds in the glutamate molecule resulting in the
formation of GABA and CO2 (Matsuda et al., 1973). GAD is present in two
isoforms: Gad67 and Gad65. The former is found mainly in the cell soma while
the latter is detected in vesicles at the nerve terminals (Wu et al., 2007; Esclapez
et al., 1994).

Many neurotransmitter systems are present in the rodent brain such as the
cholinergic and the dopaminergic system (Hefco et al., 2004) but the cortex is a
GABAergic-glutamatergic battleground (Lujan et al., 2005).

3. Neuropeptides

Neuropeptide Y (NPY) is used by central nervous system neurons in a variety of
regions and subregions (Dumond et al., 1992). It is one of the most widely
expressed neuropeptides (Larhammar, 1996); in the cortex it is expressed widely
in a variety of neuron types from late embryonic stage but its expression
becomes progressively more restricted (Bella et al., 2021; see also Allen
Developing Mouse Brain Atlas). In the adult mouse cortex and hippocampus its
expression is restricted to subtypes of neuron where it co-expresses with Gad67
(Karagiannis et al., 2009).

Somatostatin (SOM) and vasointestinal peptide (VIP) are well characterized
neuropeptides that are expressed in discrete populations of neurons (Gonchar et
al., 2008).

Together with Ca2+ binding proteins (parvalbumin (PV), calretinin
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(CR) and calbindin (CB) they are used to identify types of neurons and glia
(Tremblay et al., 2016; Rudy et al., 2011; DeFelipe et al., 2013; Lim et al., 2018).

While SOM is detected in the embryo (Batista-Brito et al., 2008), PV is not
detected much before P14 (Weisenhorn et al., 1998).

4. Glial Cells

Glial cells surround neurons and provide support to neuronal functions such as
homeostasis and synaptic connectivity (Eroglu & Barres, 2010). Astrocytes
involve the synapse in a so-called tripartite synapse (Araque et al., 2014). Their
functions include K+ homeostasis, mitochondrial biogenesis and glutamate
uptake (Siracusa et al., 2019). Oligodendrocytes extend processes along
neuronal axons providing myelination (Simons & Nave, 2016). Microglia are part
of the immune system and invade the cortex from embryonic yolk sac (Yang et
al., 2010; Ginhoux et al., 2013) during embryonic development. GFAP is
commonly used as a marker of glial cells (Zhang et al., 2019).

The ratio of glial cells to neurons seems to vary across species and brain
regions, with humans having a high ratio of glial cells to neurons
(Houzel-Herculano et al., 2015).

5. Life Cycle of Cells - Stemness, Postmitotic Stage and Cell Death

As cells migrate post-mitotically their gene expression profiles start to present
progressively more differentiation markers (Figure SB1). Neuron-specific class III
beta-tubulin (Tuj1) is a commonly used marker of newborn/immature neurons
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(Menezes & Luskin, 1994) and NeuN is widely used as a pan-neuronal marker
(since Muller et al., 1992). Following neurogenesis, postmitotic neurons migrate.
Doublecortin (DCX) is expressed in migrating cells and blocking its functioning
impairs the ability of cells to reach their final destinations (Placido et al. 2003).
DCX is frequently used as a migration marker (Ayanlaja et al., 2017). The start of
differentiation also involves a tighter regulation of translation (Baser et al., 2019).

5. 1 Pluripotency

Early in development most cells have the ability to divide and generate many cell
types (pluripotency) (Romero & Cobellis, 2016). Oct4 protein is present in high
levels in the early embryo and embryonic stem cells in vitro (Zeineddine et al.,
2014). It is often used as a pluripotency marker (Hitoshi et al., 2004; Sachewsky
et al., 2019). Its expression fades away quickly once NPCs are produced from
stem cells (albeit some still express it), where NPCs’ potential is restricted to
producing brain cells (Lee et al., 2010).

The balance of cell division and proliferation to differentiation at the cortex
eventually tilts towards a majority of post mitotic cells with small groups of cells
retaining pluripotency in the mouse namely the adult subventricular zone (aSVZ)
(Alvarez-Buylla & García-Verdugo, 2002; Marshall et al., 2005), granular zone of
the hippocampus (Goncalves et al., 2016; Snyder, 2019; Seki, 2000). This means
the adult organism has reduced ability to generate new neurons (Rakic, 1985).
Thereby it is fundamental that various cell types are established early in
development. It is still unclear whether adult neurogenesis is present in the
human hippocampus and other regions as there is contradictory evidence (for a
review of historical and methodological explanations for the different conclusions
see Seki, 2020 & Snyder, 2019).
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5. 2 NeuN

Neuronal Nuclei protein (NeuN) has been widely used as a pan neuronal marker
for decades (Mullen et al., 1992). Kim et al. (2009) report that NeuN is the
product of Fox-3 gene, part of a family of splicing factors with regulatory functions
over pre-mRNA alternative splicing (Kim et al., 2009). However it is known that
some neuron types do not express it. These include cortical CRCs, cerebellar
Purkinje cells and olfactory bulb mitral cells (Muller et al., 1992; Rita et al., 2020).

The reliability of NeuN as a marker of neurons is now known to be a bit less
robust than it is assumed by many research groups. Some GFAP cells (glial cell
marker) also express NeuN and the level of expression is different for different
cell types (Gusel’nikova & Korzhevskiy, 2015). However, because NeuN
expression is absent in immature neural progenitor cells (Mexi et al., 2009) it is a
good indicator of postmitotic development. It is important however to take into
account the exceptions of its expression in neurons and glial cells when
attempting to characterize undetermined cell populations. Figure SB1 illustrates
how DCX and NeuN levels express as the neuron matures.

5.3 Cell Death

Both during development and during the organism's lifetime cells die by
apoptosis or necrosis (in pathological outcomes) (Nicotera & Melino, 2004).
Caspase-3 (Cas3), an effector of cell death (Jin & El-Deiry, 2005), is widely used
as a marker of cells bound to commit apoptosis (Fricker et al., 2003). Cell death
is an integral part of cortical development as an adjustment of cortical numbers is
observed during corticogenesis embryonically and postnatally (Southwell et al.,
2012; Sahara et al., 2012; Riva et al., 2019; Figure 1.4).
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Figure SB1 - Proliferation and differentiation. A. Phases of the cell cycle: growth phases (G1
& G2), mitosis phase (M) & synthesis phase (S), where DNA is copied. Transcription factors
(TFs) such as Pax6 modulate the length of the cell cycle, shaping the proliferation vs.
differentiation timing during brain development (e.g Pax6 extends G1 phase by decreasing
cyclin dependent kinase 6 (Cdk6) levels (Mi et al., 2018)). B. As the newborn immature
neurons (ImN) migrate and mature , DCX decreases towards the end of migration while
NeuN increases (Snyder, 2019). C. Progressive stemness and fate restriction of cells. From
neuroepithelium cells (NECs), through radial glial progenitors (RGPs)/intermediate
progenitors (IPs) to mature neurons (MatN) cells acquire particular characteristics defined by
a progressively more restricted transcriptome. This is particularly visible in neurons by their
distinct, sometimes exuberant, morphologies (DeFelipe, 2011).

210

References
Abdi H, Williams LJ (2010) Principal Component Analysis. John Wiley and Sons,
Inc. WIREs Comp Stat 2: 433–59.
Abdul Kadir L, Stacey M, Barrett-Jolley R (2018) Emerging Roles of the
Membrane Potential: Action Beyond the Action Potential. Front Physiol 9: 1661.
Aboitiz F, Morales D, Montiel J (2003) The evolutionary origin of the mammalian
isocortex: towards an integrated developmental and functional approach. Behav
Brain Sci 26(5): 535–52.
Aboitiz F, Zamorano F (2013) Neural progenitors, patterning and ecology in
neocortical origins. Front Neuroanat 7:38.
Agirman G, Broix L, Nguyen L (2017) Cerebral cortex development: an outside-in
perspective. FEBS Lett 591(24): 3978-3992.
Aguado F, Carmona MA, Pozas E, Aguiló A, Martínez-Guijarro FJ, Alcantara S,
Borrell V, Yuste R, Ibañez CF, Soriano E (2003) BDNF regulates spontaneous
correlated activity at early developmental stages by increasing synaptogenesis
and expression of the K+/Cl- co-transporter KCC2. Development 130(7):
1267-80.
Alashwal H, El Halaby M, Crouse JJ, Abdalla A, Moustafa AA (2019) The
Application of Unsupervised Clustering Methods to Alzheimer's Disease. Front
Comp Neurosci 13: 31.

Alberta JA, Park SK, Mora J, Yuk D, Pawlitzky I, Iannarelli P, Vartanian T, Stiles
CD, Rowitch DH (2001) Sonic hedgehog is required during an early phase of
oligodendrocyte development in mammalian brain. Mol Cell Neurosci 18:
434–441.
Allen-Database (2017) Allen Cell Types Database TECHNICAL WHITE PAPER:
ELECTROPHYSIOLOGY. Allen Institute for Brain Science 1-15.
Alvarez-Buylla A, Garcia-Verdugo JM (2002)
subventricular zone. J Neurosci 22(3): 629-34.

Neurogenesis

in

adult

An S, Yang JW, Sun H, Kilb W, Luhmann HJ (2012) Long-term potentiation in the
neonatal rat barrel cortex in vivo. J Neurosci 32(28): 9511-9516.

211

Andjelic S, Gallopin T, Cauli B, Hill EL, Roux S, Badr S, Hu E, Tamás G,
Lambolez B (2009) Glutamatergic Nonpyramidal Neurons From Neocortical
Layer VI and Their Comparison With Pyramidal and Spiny Stellate Neurons. J
Neurophysiol 101(2): 641–654.
Andrews W, Barber M, Hernadez-Miranda LR, Xian J, Rakic S, Sundaresan V,
Rabbitts TH, Pannell R, Rabbitts P, Thompson H, et al. (2008) The role of
Slit-Robo signaling in the generation, migration and morphological differentiation
of cortical interneurons. Dev Biol 313: 648–658.
Anthony TE, Klein C, Fishell G, Heintz N (2004) Radial glia serve as neuronal
progenitors in all regions of the central nervous system. Neuron 41(6): 881-90.
Araque A, Carmignoto G, Haydon PG, Oliet SH, Robitaille R, Volterra A (2014)
Gliotransmitters travel in time and space. Neuron 81(4): 728-39.
Arlotta P, Molyneaux BJ, Chen J, Inoue J, Kominami R, Macklis JD (2005)
Neuronal subtype-specific genes that control corticospinal motor neuron
development in vivo. Neuron 45(2): 207-221.
Armstrong C, Szabadics J, Tamás G, Soltesz I (2011) Neurogliaform cells in the
molecular layer of the dentate gyrus as feed-forward gamma-aminobutyric
acidergic modulators of entorhinal-hippocampal interplay. J Comp Neurol
519:1476–1491.
Armstrong DL, Erxleben C, White JA (2010) Patch clamp methods for studying
calcium channels. Methods Cell Biol 99: 183-97.
Ascoli
GA,
Alonso-Nanclares
L,
Anderson
SA, Barrionuevo G,
Benavides-Piccione R, Burkhalter A, Buzsáki G, Cauli B, Defelipe J, Fairén A,
Feldmeyer D, Fishell G, Fregnac Y, Freund TF, Gardner D, Gardner EP, Goldberg
JH, Helmstaedter M, Hestrin S, Karube F, Kisvárday ZF, Lambolez B, Lewis DA,
Marin O, Markram H, Muñoz A, Packer A, Petersen CC, Rockland KS, Rossier J,
Rudy B, Somogyi P, Staiger JF, Tamas G, Thomson AM, Toledo-Rodriguez M,
Wang Y, West DC, Yuste R (2008) Petilla terminology: nomenclature of features
of GABAergic interneurons of the cerebral cortex. Nat Rev Neurosci 9: 557-568.
Astman N, Gutnick MJ, Fleidervish IA (2006) Persistent sodium current in layer 5
neocortical neurons is primarily generated in the proximal axon. J Neurosci 26:
3465-3473.

212

Ayanlaja AA, Xiong Y, Gao Y, Ji G, Tang C, Abdikani Abdullah Z, Gao D (2017)
Distinct Features of Doublecortin as a Marker of Neuronal Migration and Its
Implications in Cancer Cell Mobility. Front Mol Neurosci 10: 199.
Azevedo FA, Carvalho LR, Grinberg LT, Farfel JM, Ferretti RE, Leite RE, Jacob
Filho W, Lent R, Herculano-Houzel S (2009) Equal numbers of neuronal and
nonneuronal cells make the human brain an isometrically scaled-up primate
brain. J Comp Neurol 513(5): 532-41.
Bagley, J., LaRocca, G., Jimenez, D.A. et al. (2007) Adult neurogenesis and
specific replacement of interneuron subtypes in the mouse main olfactory bulb.
BMC Neurosci 8: 92.
Ballesteros-Yañez I, Munoz A, Contreras J, Gonzalez J, Rodriguez-Veiga E,
DeFelipe J (2005) Double bouquet cell in the human cerebral cortex and a
comparison with other mammals. J Comp Neurol 486: 344–360.
Bani-Yaghoub M, Tremblay RG, Lei JX, Zhang D, Zurakowski B, Sandhu JK,
Smith B, Ribecco-Lutkiewicz M, Kennedy J, Walker PR, Sikorska M (2006) Role
of Sox2 in the development of the mouse neocortex. Dev Biol 295: 52-66.
Baraban SC, Hollopeter G, Erickson JC, Schwartzkroin PA, Palmiter RD.
Knock-out mice reveal a critical antiepileptic role for neuropeptide Y (1997) J
Neurosci 17(23): 8927-8936.
Bardy C, Van Den Hurk M, Kakaradov B, Erwin JA, Jaeger BN, Hernandez RV
(2016) Predicting the functional states of human iPSC-derived neurons with
single-cell RNA-seq and electrophysiology. Mol Psychiatry 21: 1573–1588.

Bartfai T, Iverfeldt K, Fisone G, Serfözö P (1988) Regulation of the release of
coexisting neurotransmitters. Annu Rev Pharmacol Toxicol 28: 285–310.
Bartolini G, Ciceri G, Marín O (2013) Integration of GABAergic interneurons into
cortical cell assemblies: lessons from embryos and adults. Neuron 79(5): 849-64.
Baser A, Skabkin M, Kleber S, Dang Y, Gülcüler Balta GS, Kalamakis G,
Göpferich M, Ibañez DC, Schefzik R, Lopez AS, Bobadilla EL, Schultz C, Fischer
B, Martin-Villalba A (2019) Onset of differentiation is post-transcriptionally
controlled in adult neural stem cells. Nature 566(7742): 100-104.

213

Batista-Brito R, Machold R, Klein C, Fishell G (2008) Gene Expression in Cortical
Interneuron Precursors is Prescient of their Mature Function. Cerebral Cortex
18(10): 2306–2317.
Batista-Brito R, Rossignol E, Hjerling-Leffler J, Denaxa M, Wegner M, Lefebvre V,
Pachnis V, Fishell G (2009) The cell-intrinsic requirement of Sox6 for cortical
interneuron development. Neuron 63(4): 466-81.
Bayer SA, Altman J (1991) Neocortical Development. Raven Press New York.
Bean BP (2007) The action potential in mammalian central neurons. Nat Rev
Neurosci 8: 451–465.
Beattie R, Hippenmeyer (2017) Mechanisms of radial glia progenitor cell lineage
progression. FEBS Letters 591: 3993-4008.
Becht E, McInnes L, Healy J, Dutertre C, Kwok IW, Ng LG, Ginhoux F, Newell
EW (2018) Dimensionality reduction for visualizing single-cell data using UMAP.
Nat Biotech 37: 38–44.
Bell KF, Al-Mubarak B, Martel MA, McKay S, Wheelan N, Hasel P, Márkus NM,
Baxter P, Deighton RF, Serio A, Bilican B, Chowdhry S, Meakin PJ, Ashford ML,
Wyllie DJ, Scannevin RH, Chandran S, Hayes JD, Hardingham GE (2015)
Neuronal development is promoted by weakened intrinsic antioxidant defences
due to epigenetic repression of Nrf2. Nat Commun 6: 7066.
Bella DJ, Habibi E, Stickels RR, Scalia G, Brown J, Yadollahpour P, Yang SM,
Abbate C, Biancalani T, Macosko EZ, Chen F, Regev A, Arlotta P (2021)
Molecular logic of cellular diversification in the mouse cerebral cortex. Nature
595: 554-559.
Ben-Ari Y, Gaiarsa JL, Tyzio R, Khazipov R (2007) GABA: a pioneer transmitter
that excites immature neurons and generates primitive oscillations. Physiol Rev
87(4): 1215-84.
Ben-Ari Y, Khalilov I, Represa A, Gozlan H (2004) Interneurons set the tune of
developing networks. Trends Neurosci 27: 422–427.
Benito N, Gaborieau E, Diez AS, Kosar S, Foucault L, Raineteau O, De Saint Jan
D (2018) A Pool of Postnatally Generated Interneurons Persists in an Immature
Stage in the Olfactory Bulb. J Neurosci 38 (46): 9870-9882.

214

Berg J, Sorensen SA, Ting JT, Miller JA, Chartrand T, Buchin A, Bakken TE,
Budzillo A, Dee N, Ding SL, Gouwens NW, Hodge RD, Kalmbach B, Lee C, Lee
BR, Alfiler L, Baker K, Barkan E, Beller A, Berry K, Bertagnolli D, Bickley K,
Bomben J, Braun T, Brouner K, Casper T, Chong P, Crichton K, Dalley R, de
Frates R, Desta T, Lee SD, D'Orazi F, Dotson N, Egdorf T, Enstrom R, Farrell C,
Feng D, Fong O, Furdan S, Galakhova AA, Gamlin C, Gary A, Glandon A, Goldy
J, Gorham M, Goriounova NA, Gratiy S, Graybuck L, Gu H, Hadley K, Hansen N,
Heistek TS, Henry AM, Heyer DB, Hill D, Hill C, Hupp M, Jarsky T, Kebede S,
Keene L, Kim L, Kim MH, Kroll M, Latimer C, Levi BP, Link KE, Mallory M, Mann
R, Marshall D, Maxwell M, McGraw M, McMillen D, Melief E, Mertens EJ, Mezei
L, Mihut N, Mok S, Molnar G, Mukora A, Ng L, Ngo K, Nicovich PR, Nyhus J,
Olah G, Oldre A, Omstead V, Ozsvar A, Park D, Peng H, Pham T, Pom CA,
Potekhina L, Rajanbabu R, Ransford S, Reid D, Rimorin C, Ruiz A, Sandman D,
Sulc J, Sunkin SM, Szafer A, Szemenyei V, Thomsen ER, Tieu M, Torkelson A,
Trinh J, Tung H, Wakeman W, Waleboer F, Ward K, Wilbers R, Williams G, Yao
Z, Yoon JG, Anastassiou C, Arkhipov A, Barzo P, Bernard A, Cobbs C, de Witt
Hamer PC, Ellenbogen RG, Esposito L, Ferreira M, Gwinn RP, Hawrylycz MJ,
Hof PR, Idema S, Jones AR, Keene CD, Ko AL, Murphy GJ, Ng L, Ojemann JG,
Patel AP, Phillips JW, Silbergeld DL, Smith K, Tasic B, Yuste R, Segev I, de Kock
CPJ, Mansvelder HD, Tamas G, Zeng H, Koch C, Lein ES (2021) Human
neocortical expansion involves glutamatergic neuron diversification. Nature
598(7879): 151-158.
Berger J, Berger S, Tuoc TC, D’Amelio M, Cecconi F, Gorski JA, Jones KR,
Gruss P, Stoykova A (2007) Conditional activation of Pax6 in the developing
cortex of transgenic mice causes progenitor apoptosis. Development 134:
1311–1322.
Berridge MJ, Bootman MD, Roderick HL (2003) Calcium signalling: dynamics,
homeostasis and remodelling. Nat Rev 4: 517-527.
Bindman LJ, Lippold OC, Redfearn JW (1964) The action of brief polarizing
currents on the cerebral cortex of the rat during current flow and in the production
of long-lasting after-effects. J Physiol 172: 369-382.
Boldog E, Bakken TE, Hodge RD, Novotny M, Aevermann BD, Baka J, Borde S,
Close JL, Diez-Fuertes F, Ding SL, et al (2018) Transcriptomic and
morphophysiological evidence for a specialized human cortical GABAergic cell
type. Nat Neurosci 21: 1185–1195.

215

Bolker B, Brooks ME, Clark CJ, Geange SW, Paulsen JR, Stevens MHH, White
JS (2009) Generalized linear mixed models: a practical guide for ecology and
evolution. Trends Ecol Evol 24 (3): 127-135.
Boncinelli E, Gulisano M, Spada F, Broccoli V (1995) Emx and Otx gene
expression in the developing mouse brain. Ciba Found Symp 193: 100-16.

Booker SA, Oliveira LS, Anstey NJ, Kozic Z, Dando OR, Jackson AD, Baxter PS,
Isom LL, Sherman DL, Hardingham GE, Brophy PJ, Wyllie D, Kind PC (2020)
Input-Output Relationship of CA1 Pyramidal Neurons Reveals Intact Homeostatic
Mechanisms in a Mouse Model of Fragile X Syndrome. Cell Rep 32(6): 107988.
Bopp D, Bum M, Baumgartner S, Frigerio G, Noll M (1986) Conservation of a
large protein domain in the segmentation gene paired and in functionally related
genes in Drosophila. Cell 47: 1033-1049.
Boretius S, Michaelis T, Tammer R, Ashery-Padan R, Frahm J, Stoykova A
(2009) In vivo MRI of altered brain anatomy and fiber connectivity in adult Pax6
deficient mice. Cereb Cortex 27:27.
Bossu JL, Feltz A (1984) Patch-clamp study of the tetrodotoxin-resistant sodium
current in group C sensory neurons. Neurosci Lett 51: 241–246.
Bragina O, Sergejeva S, Serg M, Zarkovsky T, Maloverjan A, Kogerman P,
Zarkovsky A (2010) Smoothened agonist augments proliferation and survival of
neural cells. Neurosci Lett 482(2): 81-85.
Branda CS, Dymecki SM (2004) Talking about a revolution: The impact of
site-specific recombinases on genetic analyses in mice. Dev Cell 6(1): 7-28.
Brecht M (2017) The body model theory of somatosensory cortex. Neuron 94:
985-992.
Britto JM, Tannahill D, Keynes RJ (2000) Life, death and Sonic hedgehog.
Bioessays 22(6): 499-502.
Brock G, Pihur V, Datta S, Datta S (2008) clValid: An R Package for Cluster
Validation. J Statistical Soft 25(4): 1–22.
Brown SP, Hestrin S (2009) Intracortical circuits of pyramidal neurons reflect their
long-range axonal targets. Nature 457: 1133-1136.

216

Bryson A, Hatch RJ, Zandt B, Rossert C, Berkovic SF, Reid CA, Grayden DB, Hill
SL, Petrou S (2020) GABA-mediated tonic inhibition differentially modulates gain
in functional subtypes of cortical interneurons. PNAS 117 (6): 3192-3202.
Burke SN, Chawla MK, Penner MR, Crowell BE, Worley PF, Barnes CA,
McNaughton BL (2005) Differential encoding of behaviour and spatial context in
deep and superficial layers of the neocortex. Neuron 45 (5): 667-674.
Burkhalter A (2008) Many specialists for suppressing cortical excitation. Front
Neurosci 2 (2): 155-167.
Butt SJ, Fuccillo M, Nery S, Noctor S, Kriegstein A, Corbin JG, Fishell G (2005)
The temporal and spatial origins of cortical interneurons predict their
physiological subtype. Neuron 48: 591-604.
Butt SJB, Sousa VH, Fuccillo MV, Hjerling-Leffler J, Miyoshi G, Kimura S (2008)
The requirement of Nkx2.1 in the temporal specification of cortical interneuron
subtypes. Neuron 59: 722-732.
Button KS, Ioannidis JPA, Mokrysz C, Nosek BA, Flint J, Robinson ESJ, et al.
(2013) Power failure: why small sample size undermines the reliability of
neuroscience. Nat Rev Neurosci 14: 365–376.
Bylund M, Andersson E, Novitch BG, Muhr J (2003) Vertebrate neurogenesis is
counteracted by Sox1–3 activity. Nat Neurosci 6: 1162-1168.
Bystron I, Blakemore C, Rakic P (2008) Development of the human cerebral
cortex: Boulder Committee revisited. Nat Rev Neurosci 9:110–122.
Cadwell CR, Scala F, Li S, Livrizzi G, Shen S, Sandberg R, et al (2017)
Multimodal profiling of single-cell morphology, electrophysiology, and gene
expression using Patch-seq. Nat Protoc 12: 2531–2553.
Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden
TL (2009) BLAST+: architecture and applications. BMC Bioinformatics 10: 421.
Cameron HA, Dayer AG (2008) New interneurons in the adult neocortex: small,
sparse, but significant? Biol Psychiatry 63(7): 650-655.
Carney RSE, Cocas LA, Hirata T, Mansfield K, Corbin JG (2009) Differential
Regulation of Telencephalic Pallial–Subpallial Boundary Patterning by Pax6 and
Gsh2. Cereb Cortex 19(4): 745–759.

217

Carriere C, Plaza S, Martin P, Quatannens B, Bailly M, Stehelin D, Saule S
(1993) Characterization of quail Pax-6 (Pax-QNR) proteins expressed in the
neuroretina. Mol Cell Biol 13(12): 7257-66.
Carter BC, Bean BP (2009) Sodium entry during action potentials of mammalian
neurons: incomplete inactivation and reduced metabolic efficiency in fast-spiking
neurons. Neuron 64: 898-909.
Casale AE, Foust AJ, Bal T, McCormick DA (2015) Cortical Interneuron Subtypes
Vary in Their Axonal Action Potential Properties. J Neurosci 35(47): 15555-67.
Casper KB, McCarthy KD (2006) GFAP-positive progenitor cells produce
neurons and oligodendrocytes throughout the CNS. Mol Cell Neurosci 31:
676–684.
Castanon-Ortega I, Heisenberg C (2005) A stern view of gastrulation. Nat Cell
Biol 7: 19.
Catterall WA (2012) Voltage-gated sodium channels at 60: structure, function and
pathophysiology. J Physiol 590: 2577-2589.
Chalepakis G, Tremblay P, Gruss P (1992) Pax genes, mutants and molecular
function. J Cell Sci 16: 61-67.
Chambers D, Huang C, Matthews G (2019) Nerve Action Potential and
Propagation. In Basic Physiology for Anaesthetists. Cambridge University Press:
pp.225-230.
Chan CH, Godinho LN, Thomaidou D, Tan SS, Gulisano M, Parnavelas JG
(2001) Emx1 is a marker for pyramidal neurons of the cerebral cortex. Cereb
Cortex 11(12): 1191-8.
Chang JT, Fitzpatrick D Development of Visual Response Selectivity in Cortical
GABAergic
Interneurons.
bioRxiv
2021.07.21.453281;
doi:
https://doi.org/10.1101/2021.07.21.453281.
Charrad M, Ghazzali N, Boiteau V, Niknafs A (2014) NbClust: An R Package for
Determining the Relevant Number of Clusters in a Data Set. J Statistical Soft
61(6): 1–36.
Chen F, Wetzel GT, Friedman WF, Klitzner TS (1991) Single-channel recording of
inwardly rectifying potassium currents in developing myocardium. J Mol Cell
Cardiol 23(3): 259-267.

218

Chen JK, Taipale J, Young KE, Maiti T, Beachy PA (2002) Small molecule
modulation of Smoothened activity. PNAS 99: 14071–14076.
Cheung AFP, Pollen AA, Tavare A, DeProto J, Molnár Z. (2007) Comparative
aspects of cortical neurogenesis in vertebrates. Journal of Anatomy 211:
164-176.
Chittajallu R, Aguirre A, Gallo V (2004) NG2-positive cells in the mouse white
and grey matter display distinct physiological properties. J Physiol 561: 109–122.
Choudhry Z, Rikani AA, Choudhry AM, Tariq S, Zakaria F, Asghar MW, Sarfraz
MK, Haider K, Shafiq AA, Mobassarah NJ (2014) Sonic hedgehog signalling
pathway: a complex network. Ann Neurosci 21(1): 28-31.
Clegg JM, Li Z, Molinek M, Caballero IM, Manuel MN, Price DJ (2015) Pax6 is
required intrinsically by thalamic progenitors for the normal molecular patterning
of thalamic neurons but not the growth and guidance of their axons. Neural Dev
10: 26.
Cobaleda C, Schebesta A, Delogu A, Busslinger M (2007) Pax5: the guardian of
B cell identity and function. Nat Immunol 8(5):463-70.
Cobos I, Calcagnotto ME, Vilaythong AJ, Thwin MT, Noebels JL, Baraban SC,
Rubenstein JL (2005) Mice lacking Dlx1 show subtype-specific loss of
interneurons, reduced inhibition and epilepsy. Nat Neurosci 8(8): 1059-68.
Cocas LA, Miyoshi G, Carney RS, Sousa VH, Hirata T, Jones KR, Fishell G,
Huntsman MM, Corbin JG (2009) Emx1-lineage progenitors differentially
contribute to neural diversity in the striatum and amygdala. J Neurosci 29(50):
15933-46.
Coleman JH, Lin B, Louie JD, Peterson J, Lane RP, Schwob JE (2019) Spatial
determination of neuronal diversification in the olfactory epithelium. J Neurosci
39(5): 814-832.
Connors BW, Gutnick MJ (1990) Intrinsic firing patterns of diverse neocortical
neurons. Trends Neurosci 13(3): 99-104.
Cooley JW, Tukey JW (1965) An algorithm for the machine calculation of
complex Fourier series. Math Comput 19(90): 297–301.

219

Corbin JG, Gaiano N, Machold RP, Langston A, Fishell G (2000) The Gsh2
homeodomain gene controls multiple aspects of telencephalic development.
Development 127(23): 5007-20.
Crandall SR, Patrick SL, Cruikshank SJ, Connors BW (2017) Infrabarrels are
layer6 circuit modules in the barrel cortex that link long-range inputs and
outputs. Cell Rep 21: 3065-3078.
Cubelos B, Sebastián-Serrano A, Beccari L, Calcagnotto ME, Cisneros E, Kim S,
Dopazo A, Alvarez-Dolado M, Redondo JM, Bovolenta P, Walsh CA, Nieto M
(2010) Cux1 and Cux2 regulate dendritic branching, spine morphology, and
synapses of the upper layer neurons of the cortex. Neuron 66(4): 523-35.
Curto G G, Gard C, Ribes V (2015) Structures and properties of PAX linked
regulatory networks architecting and pacing the emergence of neuronal diversity.
Semin Cell Dev Biol 44: 75-86.

Damasio A, Carvalho GB (2013) The nature of feelings: evolutionary and
neurobiological origins. Nat Rev Neurosci 14(2): 143-52.
Danesin C, Soula C (2017)Moving the Shh Source over Time: What Impact on
Neural Cell Diversification in the Developing Spinal Cord? J Dev Biol 5(2): 4.
Darlington PJ, Goldman JS, Cui Q, Antel JP, Kennedy TE (2008) Widespread
immunoreactivity for neuronal nuclei in cultured human and rodent astrocytes. J
Neurochem 104: 1201–1209.
Daw MI, Ashby MC, Isaac JTR (2007) Coordinated developmental recruitment of
latent fast spiking interneurons in layer IV barrel cortex. Nat Neurosci 10:
453–461.
Dawson MR, Levine JM, Reynolds R (2000) NG2-expressing cells in the central
nervous system: are they oligodendroglial progenitors? J Neurosci Res 61(5):
471-9.
Dayan P, Daw ND (2008) Decision theory, reinforcement learning, and the brain.
Cognitive, Affective, & Behavioral Neuroscience 8: 429–453.
De Juan Romero C, Borrell V (2015) Coevolution of radial glial cells and the
cerebral cortex. Glia 63(8): 1303-19.

220

de Ménorval MA, Mir LM, Fernández ML, Reigada R (2012) Effects of dimethyl
sulfoxide in cholesterol-containing lipid membranes: a comparative study of
experiments in silico and with cells. PLoS One 7(7):e41733.
Debanne D (2004) Information processing in the axon. Nat Rev Neurosci 5:
304–316.
DeFelipe J (2011) The evolution of the brain, the human nature of cortical
circuits, and intellectual creativity. Front Neuroanat 5: 29.
DeFelipe J, Ballesteros-Yáñez I, Inda MC, Muñoz A (2006) Double-bouquet cells
in the monkey and human cerebral cortex with special reference to areas 17 and
18. Prog Brain Res 154:15-32.
DeFelipe J, De Carlos JA, Mehta AR (2001) A museum for Cajal's Legacy.
Lancet Neurol 20(1): 25.

DeFelipe J, López-Cruz PL, Benavides-Piccione R, Bielza C, Larrañaga P,
Anderson S, Burkhalter A, Cauli B, Fairén A, Feldmeyer D, Fishell G, Fitzpatrick
D, Freund TF, González-Burgos G, Hestrin S, Hill S, Hof PR, Huang J, Jones
EG, Kawaguchi Y, Kisvárday Z, Kubota Y, Lewis DA, Marín O, Markram H,
McBain CJ, Meyer HS, Monyer H, Nelson SB, Rockland K, Rossier J,
Rubenstein JL, Rudy B, Scanziani M, Shepherd GM, Sherwood CC, Staiger JF,
Tamás G, Thomson A, Wang Y, Yuste R, Ascoli GA. New insights into the
classification and nomenclature of cortical GABAergic interneurons (2013) Nat
Rev Neurosci 14(3): 202-16.

DeFelipe, J, Hendry, SH, Jones EG (1989) Visualization of chandelier cell axons
by parvalbumin immunoreactivity in monkey cerebral cortex. PNAS 86:
2093-2097.
DeFelipeJ, Jones E (1988) Cajal on the Cerebral Cortex. An Annotated
Translation of the Complete Writings. Oxford University Press, New York.
Del Barrio M, Bourane S, Grossman K, Schule R, Britsch S, O’Leary DDM,
Goulding M (2013) A Transcription Factor Code Defines Nine Sensory
Interneuron Subtypes in the Mechanosensory Area of the Spinal Cord. PLOS
One 8: e77928.

221

del Río MR, De Felipe J (1996) Colocalization of calbindin D-28k, calretinin, and
GABA immunoreactivities in neurons of the human temporal cortex. J Comp
Neurol 369: 472–482.
Denaxa M, Neves G, Rabinowitz A, Kemlo S, Liodis P, Burrone J, Pachnis V
(2018) Modulation of Apoptosis Controls Inhibitory Interneuron Number in the
Cortex. Cell Rep 22(7): 1710-1721.
Destexhe A, Rudolph M, Pare D (2003) The high-conductance state of
neocortical neurons in vivo. Rev Neurosci 4: 739-751.
Dieni CV, Chancey JH, Overstreet-Wadiche L (2013) Dynamic functions of GABA
signaling during granule cell maturation. Front Neural Circuits 6.
Dludla PV, Jack B, Viraragavan A, Pheiffer C, Johnson R, Louw J, Muller CJF
(2018) A dose-dependent effect of dimethyl sulfoxide on lipid content, cell viability
and oxidative stress in 3T3-L1 adipocytes. Toxicol Rep 5: 1014-1020.
Docampo-Seara A, Lagadec R, Mazan S, Rodríguez MA, Quintana-Urzainqui I,
Candal E (2018) Study of pallial neurogenesis in shark embryos and the
evolutionary origin of the subventricular zone. Brain Struct Funct 223(8):
3593-3612.
Doetsch F, García-Verdugo JM, Alvarez-Buylla A (1999) Regeneration of a
germinal layer in the adult mammalian brain. PNAS 96(20): 11619-24.

Doischer D, Hosp JA, Yanagawa Y, et al (2008) Postnatal differentiation of basket
cells from slow to fast signaling devices. J Neurosci 28(48): 12956-12968.
Dorà E, Price DJ, Mason JO (2019) Loss of Pax6 Causes Regional Changes in
Dll1 Expression in Developing Cerebral Cortex. Front Cell Neurosci 13: 78.
Duan W, Zhang Y, Hou Z, Huang C, Zhu H, Zhang C, Yin Q (2016) Novel Insights
into NeuN: from Neuronal Marker to Splicing Regulator. Mol Neurobiol 53:
1637–1647.
Dumont Y, Martel J-C, Foumier A, St-Pierre S, Quiron R (1992) Neuropeptide Y
and neuropeptide Y receptor subtypes in brain and peripheral tissues. Prog
Neurobiol 38: 125-167.
Editorial (2017) Show the dots in plots. Nat Biomed Eng 1: 0079.

222

Elliott AA, Elliott JR (1993) Characterization of TTX-sensitive and TTX-resistant
sodium currents in small cells from adult rat dorsal root ganglia. J Physiol 463:
39–56.

Engelkamp D, Rashbass P, Seawright A, van Heyningen V (1999) Role of Pax6
in development of the cerebellar system. Development 126(16): 3585-96.
Englund C, Fink A, Lau C, Pham D, Daza RA, Bulfone A, Kowalczyk T, Hevner
RF (2005) Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia,
intermediate progenitor cells, and postmitotic neurons in developing neocortex. J
Neurosci 2005 25(1): 247-51.
Ericson J, Rashbass P, Schedl A, Brenner-Morton S, Kawakami A, van
Heyningen V, Jessell TM, Briscoe J (1997) Pax6 controls progenitor cell identity
and neuronal fate in response to graded shh signaling. Cell 90: 169 –180.
Eroglu C, Barres BA (2010) Regulation of synaptic connectivity by glia. Nature
468: 223-231.
Esclapez M, Tillakaratne NJK, Kaufman DL, Tobin AJ, Houser CR (1994).
Comparative localization of two forms of glutamic acid decarboxylase and their
mRNAs in rat brain supports the concept of functional differences between the
forms. J Neurosci 14: 1834–1855.
Estivill-Torus G, Pearson H, van Heyningen V, Price DJ, Rashbass P (2002)
Pax6 is required to regulate the cell cycle and the rate of progression from
symmetrical to asymmetrical division in mammalian cortical progenitors.
Development 129(2): 455-66.
Etherington SJ, Williams SR (2011) Postnatal Development of Intrinsic and
Synaptic Properties Transforms Signaling in the Layer 5 Excitatory Neural
Network of the Visual Cortex. J Neurosci 31 (26): 9526-9537.
Ever L, Gaiano N (2005) Radial 'glial' progenitors: neurogenesis and signaling.
Curr Opin Neurobiol 15(1): 29-33.
F. Casares, R.S. Mann (2000) A dual role for homothorax in inhibiting wing blade
development and specifying proximal wing identities in Drosophila. Development
127 (7): 1499–1508.

223

Fagman H, Grände M, Gritli-Linde A, Nilsson M (2004) Genetic deletion of sonic
hedgehog causes hemiagenesis and ectopic development of the thyroid in
mouse. Am J Pathol 164(5): 1865-1872.
Fairén A, DeFelipe J, Regidor J (1984) Nonpyramidal neurons. General account.
In: Cerebral cortex, vol. 1. Cellular components of the cerebral cortex (Peters A,
Jones EG, eds). Plenum, New York: 201–253.
Falconer DS (1952) Location of reeler in linkage group III of the mouse.
Hereditary 6: 255-258.
Farrant M, Cull-Candy SG (2010) AMPA receptors--another twist? Science
327(5972): 1463-5.
Farrant M, Nusser Z (2005) Variations on an inhibitory theme: phasic and tonic
activation of GABA(A) receptors. Nat Rev Neurosci 6(3):215-29.
Faure S, De Santa BP, Roberts DJ, Whitman M (2002) Endogenous patterns of
BMP signaling during early chick development. Dev Biol 244: 44-65.
Faux C, Rakic S, Andrews W, Britto JM (2012) Neurons on the Move: Migration
and Lamination of Cortical Interneurons. Neurosignals 20: 168-189.
Favuzzi E, Deogracias R, Marques-Smith A, Maeso P, Jesequel J,
Exposito-Alonso D, Balia M, Kroon T, Hinojosa A, Maraver EF, Rico B (2019)
Distinct molecular programs regulate synapse specificity in cortical inhibitory
circuits. Science 363: 413-417.
Fernandez V, Llinares-Benadero C, Borrell V (2016) Cerebral cortex expansion
and folding: what have we learned? EMBO J 35(10): 1021-44.
Ferrere A, Vitalis T, Gingras H, Gaspar P, Cases O (2006) Expression of Cux-1
and Cux-2 in the developing somatosensory cortex of normal and
barrel-defective mice. Anat Rec A Discov Mol Cell Evol Biol 288(2):158-65.
Ferri A, Favaro R, Beccari L, Bertolini J, Mercurio S, Nieto-Lopez F, Verzeroli C,
La Regina F, De Pietri Tonelli D, Ottolenghi S, Bovolenta P, Nicolis SK (2013)
Sox2 is required for embryonic development of the ventral telencephalon through
the activation of the ventral determinants Nkx2.1 and Shh. Development 140(6):
1250-61.

224

Fitzhugh R (1960) Thresholds and plateaus in the Hodgkin-Huxley nerve
equations. J Gen Physiol 43(5):867-96.
Fogarty M, Grist M, Gelman D, Marín O, Pachnis V, Kessaris N (2007) Spatial
genetic patterning of the embryonic neuroepithelium generates GABAergic
interneuron diversity in the adult cortex. J Neurosci 27(41): 10935-46.
Fox K (1992) A critical period for experience‐dependent synaptic plasticity in rat
barrel cortex. J Neurosci 12: 1826–1838.
Franceschetti S, Buzio S, Sancini G, Panzica F, Avanzini G (1993) Expression of
intrinsic bursting properties in neurons of maturing sensorimotor cortex. Neurosci
Letters 162: 25-28.
Franco SJ , Muller U (2013) Shaping our minds: stem and progenitor cell
diversity in the mammalian neocortex. Neuron 77(1): 19-34.
Frank-Kamenetsky M, Zhang XM, Bottega S, Guicherit O, Wichterle H, Dudek H,
Bumcrot D, Wang FY, Jones S, Shulok J, Rubin LL, Porter JA (2002)
Small-molecule modulators of Hedgehog signaling: Identification and
characterization of Smoothened agonists and antagonists. J Biol 1: 10.
Fricker M, Tolkovsky AM, Borutaite V, Coleman M, Brown GC (2018) Neuronal
Cell Death. Physiol Rev 98(2): 813-880.
Friocourt G, Liu JS, Antypa M, Rakic S, Walsh CA, Parnavelas JG (2007) Both
doublecortin and doublecortin-like kinase play a role in cortical interneuron
migration J Neurosci 27: 3875–3883.
Fuentealba P, Begum R, Capogna M, Jinno S, Márton LF, Csicsvari J, Thomson
A, Somogyi P, Klausberger T (2008) Ivy cells: a population of
nitric-oxide-producing, slow-spiking GABAergic neurons and their involvement in
hippocampal network activity. Neuron 57: 917–929.
Fukuchi-Shimogori T, Grove EA (2001) Neocortex patterning by the secreted
signaling molecule FGF8. Science 294: 1071–1074.
Funatsu N, Inoue T, Nakamura S (2004) Gene Expression Analysis of the Late
Embryonic Mouse Cerebral Cortex Using DNA Microarray: Identification of
Several Region- and Layer-specific Genes. Cereb Cortex 14(9): 1031-1044.

225

Gabbott PL, Bacon SJ (1996) Local circuit neurons in the medial prefrontal cortex
(areas 24a,b,c, 25 and 32) in the monkey: I. Cell morphology and morphometrics.
J Comp Neurol 364(4): 567-608.
Gaiano N, Fishell G (2002) The role of notch in promoting glial and neural stem
cell fates. Annu Rev Neurosci 25: 471-90.
Geiss-Friedlander R, Melchior F (2007) Concepts in sumoylation: a decade on.
Nat Rev Mol Cell Biol 8(12): 947-56.
Gelman DM, Martini FJ, Nóbrega-Pereira S, Pierani A, Kessaris N, Marín O.
(2009) The embryonic preoptic area is a novel source of cortical GABAergic
interneurons. J Neurosci 29: 9380–9389.
Genescu I, Garel S (2021) Being superficial: a developmental viewpoint on
cortical layer 1 wiring. Curr Opin Neurobiol 66: 125-134.
Georgala PA, Manuel M, Price DJ (2011) The generation of superficial cortical
layers is regulated by levels of the transcription factor Pax6. Cereb Cortex 21(1):
81-94.
Ghezzi F, Marques-Smith A, Anastasiades PG, Lyngholm D, Vagnoni C, Rowett
A, Parameswaran G, Hoerder-Suabedissen A, Nakagawa Y, Molnar Z, Butt SJ
(2021) Non-canonical role for Lpar1-EGFP subplate neurons in early postnatal
mouse somatosensory cortex. Elife 10: e60810.
Gilmore EC, Herrup K (1997)Cortical development: layers of complexity. Curr Biol
7(4): R231-4.
Ginhoux F, Lim S, Hoeffel G, Low D, Huber T (2013) Origin and differentiation of
microglia. Front Cell Neurosci 7: 45.
Glaser T, Jepeal L, Edwards JG, Young SR, Favor J, Maas RL (1994) PAX6 gene
dosage effect in a family with congenital cataracts, aniridia, anophthalmia and
central nervous system defects. Nat Genet 7(4): 463-71.
Goldberg EM, Clark BD, Zagha E, Nahmani M, Erisir A, Rudy B (2008) K+
channels at the axon initial segment dampen near-threshold excitability of
neocortical fast-spiking GABAergic interneurons. Neuron 58(3): 387-400.
Goldberg EM, Jeong HY, Kruglikov I, Tremblay R, Lazarenko RM, Rudy B (2011)
Rapid developmental maturation of neocortical FS cell intrinsic excitability. Cereb
Cortex 21: 666–682.
226

Golomb D, Donner K, Shacham L, Shlosberg D, Amitai Y, Hansel D (2007)
Mechanisms of firing patterns in fast-spiking cortical interneurons. PLoS Comput
Biol 8: e156.
Golovin RM, Broadie K (2017) Neural Circuits: Reduced Inhibition in Fragile X
Syndrome. Curr Biol 27(8): R298-R300.
Gomes WA, Mehler MF, Kessler JA (2003) Transgenic overexpression of BMP4
increases astroglial and decreases oligodendroglial lineage commitment. Dev
Biol 255: 164-177.
Gonçalves JT, Schafer ST, Gage FH (2016) Adult Neurogenesis in the
Hippocampus: From Stem Cells to Behavior. Cell 167(4): 897-914.
Gonchar Y, Wang Q, Burkhalter A (2008) Multiple distinct subtypes of GABAergic
neurons in mouse visual cortex identified by triple immunostaining. Front
Neuroanat 28:1-3.
Gorski JA, Talley T, Qiu M, Puelles L, Rubenstein JLR, Jones KR (2002) Cortical
excitatory neurons and glia, but not GABAergic neurons, are produced in the
Emx1-expressing lineage. J Neurosci 22(15): 6309-6314.
Gosselin D, Skola D, Coufal NG, Holtman IR, Schlachetzki JCM, Sajti E, Jaeger
BN, O'Connor C, Fitzpatrick C, Pasillas MP, Pena M, Adair A, Gonda DD, Levy
ML, Ransohoff RM, Gage FH, Glass CK (2017) An environment-dependent
transcriptional network specifies human microglia identity. Science 356: 6344.
Götz M, Barde YA (2005) Radial glial cells defined and major intermediates
between embryonic stem cells and CNS neurons. Neuron 46(3): 369-72.
Götz M, Bolz J (1994) Differentiation of transmitter phenotypes in rat cerebral
cortex. Eur J Neurosci 6(1): 18-32.
Götz M, Huttner WB (2005) The cell biology of neurogenesis. Nat Rev Mol Cell
Biol 6(10): 777-88.
Gotz M, Stoykova A, Gruss P (1998) Pax6 controls radial glia differentiation in
the cerebral cortex. Neuron 21: 1031–1044.
Götz M, Bolz J (1994) Differentiation of transmitter phenotypes in rat cerebral
cortex. Eur J Neurosci 6: 18–32.
227

Gouwens NW, Sorensen SA, Baftizadeh F, Budzillo A, Lee BR, Jarsky T, Alfiler L,
Baker K, Barkan E, Berry K, Bertagnolli D, Bickley K, Bomben J, Braun T,
Brouner K, Casper T, Crichton K, Daigle TL, Dalley R, de Frates RA, Dee N,
Desta T, Lee SD, Dotson N, Egdorf T, Ellingwood L, Enstrom R, Esposito L,
Farrell C, Feng D, Fong O, Gala R, Gamlin C, Gary A, Glandon A, Goldy J,
Gorham M, Graybuck L, Gu H, Hadley K, Hawrylycz MJ, Henry AM, Hill D, Hupp
M, Kebede S, Kim TK, Kim L, Kroll M, Lee C, Link KE, Mallory M, Mann R,
Maxwell M, McGraw M, McMillen D, Mukora A, Ng L, Ng L, Ngo K, Nicovich PR,
Oldre A, Park D, Peng H, Penn O, Pham T, Pom A, Popović Z, Potekhina L,
Rajanbabu R, Ransford S, Reid D, Rimorin C, Robertson M, Ronellenfitch K,
Ruiz A, Sandman D, Smith K, Sulc J, Sunkin SM, Szafer A, Tieu M, Torkelson A,
Trinh J, Tung H, Wakeman W, Ward K, Williams G, Zhou Z, Ting JT, Arkhipov A,
Sümbül U, Lein ES, Koch C, Yao Z, Tasic B, Berg J, Murphy GJ, Zeng H (2020)
Integrated Morphoelectric and Transcriptomic Classification of Cortical
GABAergic Cells. Cell 183(4): 935-953.
Greenfield SA, Collins, T (2005) A neuroscientific approach to consciousness.
Prog Brain Res 150: 11–23.
Greig LC, Woodworth MB, Galazo MJ, Padmanabhan H, Macklis JD. Molecular
(2013) logic of neocortical projection neuron specification, development and
diversity. Nat Rev Neurosci 14: 755–769.
Groh A, Meyer HS, Schmidt EF, Heintz N, Sakmann B, Krieger P (2010)
Cell-type specific properties of pyramidal neurons in neocortex underlying a
layout that is modifiable depending on the cortical area. Cereb Cortex 20(4):
826-36.
Gross RE, Mehler MF, Mabie PC, Zang Z, Santschi L, Kessler J A (1996) Bone
morphogenetic proteins promote astroglial lineage commitment by mammalian
subventricular zone progenitor cells. Neuron 17: 595-606.
Guan W, Cao JW, Liu LY, Zhao ZH, Fu Y, Yu YC (2017) Eye opening differentially
modulates inhibitory synaptic transmission in the developing visual cortex. Elife
6: e32337.
Guillemot F, Molnár Z, Tarabykin V, Stoykova A (2006) Molecular mechanisms of
cortical differentiation. Eur J Neurosci 23(4): 857-68.

228

Gulacsi A, Lillien L (2003) Sonic hedgehog and bone morphogenetic protein
regulate interneuron development from dorsal telencephalic progenitors in vitro. J
Neurosci 23(30): 9862-72.
Gunhaga L, Marklund M, Sjödal M, Hsieh JC, Jessell TM, Edlund T (2003)
Specification of dorsal telencephalic character by sequential Wnt and FGF
signaling. Nat Neurosci 6(7): 701-7.
Guo J, Anton ES (2014) Decision making during interneuron migration in the
developing cerebral cortex. Trends in Cell Biology 24(6): 342-351.
Gusel'nikova VV, Korzhevskiy DE (2015) NeuN As a Neuronal Nuclear Antigen
and Neuron Differentiation Marker. Acta Naturae 7(2):42-47.
Hack MA, Sugimori M, Lundberg C, Nakafuku M, Gotz M (2004) Regionalization
and fate specification in neurospheres: the role of Olig2 and Pax6. Mol Cell
Neurosci 25: 664-678.
Hafner M, Niepel M, Subramanian K, Sorger PK (2017)Designing
Drug-Response Experiments and Quantifying their Results. Curr Protoc Chem
Biol 9(2): 96-116.
Halder G, Callaerts P, Flister S, Walldorf U, Kloter U, Gehring WJ (1998) Eyeless
initiates the expression of both sine oculis and eyes absent during Drosophila
compound eye development. Development 125(12): 2181-91.
Hamasaki T, Goto S, Nishikawa S, Ushio Y (2001) A role of netrin-1 in the
formation of the subcortical structure striatum: repulsive action on the migration
of late-born striatal neurons. J Neurosci 21(12): 4272-80.
Hamilton D, Shepherd GM, Martone ME, Ascoli GA (2012) An ontological
approach to describing neurons and their relationships. Front Neuroinform 6: 15.
Hamilton NB, Clarke LE, Arancibia-Carcamo IL, Kougioumtzidou E, Matthey M,
Káradóttir R, Whiteley L, Bergersen LH, Richardson WD, Attwell D (2017)
Endogenous GABA controls oligodendrocyte lineage cell number, myelination,
and CNS internode length. Glia 65(2): 309-321.
Hara Y, Yamaguchi K, Onimaru K, Kadota M, Koyanagi M, Keeley SD, Tatsumi K,
Tanaka K, Motone F, Kageyama Y, Nozu R, Adachi N, Nishimura O, Nakagawa
R, Tanegashima C, Kiyatake I, Matsumoto R, Murakumo K, Nishida K, Terakita
A, Kuratani S, Sato K, Hyodo S, Kuraku S (2018) Shark genomes provide

229

insights into elasmobranch evolution and the origin of vertebrates. Nat Ecol Evol
2(11): 1761-1771.
Harris JJ, Jolivet R, Attwell D (2012) Synaptic energy use and supply. Neuron
75(5): 762-77.
Hasel P, Dando O, Jiwaji Z et al (2017) Neurons and neuronal activity control
gene expression in astrocytes to regulate their development and metabolism. Nat
Commun 8: 15132.
Hattox AM, Nelson SB (2007) Layer V neurons in mouse cortex projecting to
different targets have distinct physiological properties. J Neurophysiol 98(6):
3330-40.
Haubensak W, Attardo A, Denk W, Huttner WB (2004) Neurons arise in the basal
neuroepithelium of the early mammalian telencephalon: a major site of
neurogenesis. PNAS 101(9): 3196-201.
Haubst N, Berger J, Radjendirane V, Graw J, Favor J, Saunders GF, Stoykova A,
Götz M (2004) Molecular dissection of Pax6 function: the specific roles of the
paired domain and homeodomain in brain development. Development 131(24)
:6131-40.
Hawkins J, Ahmad S and Cui Y (2017) A Theory of How Columns in the
Neocortex Enable Learning the Structure of the World. Front Neural Circuits 11:
81.
Hebert JM , Fishell G (2008) The genetics of early telencephalon patterning:
some assembly required. Nat Rev Neurosci 9: 678-685.

Hedrick T, Waters J (2011) Spiking patterns of neocortical L5 pyramidal neurons
in vitro change with temperature. Front Cell Neurosci 5:1.
Heeger DJ (2017) Theory of cortical function. PNAS 114(8): 1773-1782.
Hefco V, Yamada K, Hefco A, Hritcu L, Tiron A, Nabeshima T (2004) The
interaction between the cholinergic and dopaminergic system in learning and
memory processes in rats. Rom J Physiol 41: 21-30.
Hensch TK, Bilimoria PM (2012) Re-opening Windows: Manipulating Critical
Periods for Brain Development. Cerebrum 2012: 11.

230

Herculano-Houzel S, Catania K, Manger PR, Kaas JH (2015) Mammalian Brains
Are Made of These: A Dataset of the Numbers and Densities of Neuronal and
Nonneuronal Cells in the Brain of Glires, Primates, Scandentia, Eulipotyphlans,
Afrotherians and Artiodactyls, and Their Relationship with Body Mass. Brain
Behav Evol 86(3-4): 145-63.
Hestrin S, Armstrong WE (1996) Morphology and physiology of cortical neurons
in layer I. J Neurosci 1996 16(17): 5290-5300.
Higginson AD, Munafò MR (2016) Current Incentives for Scientists Lead to
Underpowered Studies with Erroneous Conclusions. PLoS Biol 14(11):
e2000995.
Hill RE, Favor J, Hogan BL, Ton CC, Saunders GF, Hanson IM, Prosser J,
Jordan T, Hastie ND, van Heyningen V (1991) Mouse small eye results from
mutations in a paired-like homeobox-containing gene. Nature 354(6354): 522-5.
Hille B (2001) Ion channels of excitable membranes (Third Edition). Sinauer,
Sunderland, MA2001.
Hirasawa M, Pittman QJ (2003) Nifedipine facilitates neurotransmitter release
independently of calcium channels. PNAS 100 (10): 6139-6144.
Hodge RD, Bakken TE, Miller JA, Smith KA, Barkan ER, Graybuck LT, Close JL,
Long B, Johansen N, Penn O, Yao Z, Eggermont J, Höllt T, Levi BP, Shehata SI,
Aevermann B, Beller A, Bertagnolli D, Brouner K, Casper T, Cobbs C, Dalley R,
Dee N, Ding SL, Ellenbogen RG, Fong O, Garren E, Goldy J, Gwinn RP,
Hirschstein D, Keene CD, Keshk M, Ko AL, Lathia K, Mahfouz A, Maltzer Z,
McGraw M, Nguyen TN, Nyhus J, Ojemann JG, Oldre A, Parry S, Reynolds S,
Rimorin C, Shapovalova NV, Somasundaram S, Szafer A, Thomsen ER, Tieu M,
Quon G, Scheuermann RH, Yuste R, Sunkin SM, Lelieveldt B, Feng D, Ng L,
Bernard A, Hawrylycz M, Phillips JW, Tasic B, Zeng H, Jones AR, Koch C, Lein
ES (2019) Conserved cell types with divergent features in human versus mouse
cortex. Nature 573(7772): 61-68.
Hodgkin AL, Huxley AF (1952) A quantitative description of membrane current
and its application to conduction and excitation in nerve. J Physiol 117(4):
500-544.

231

Holmgren C, Harkany T, Svennenfors B, Zilberter Y (2003) Pyramidal cell
communication within local networks in layer 2/3 of rat neocortex. J Physiol
51:139-53.
Horner PJ, Power AE, Kempermann G, et al (2000) Proliferation and
differentiation of progenitor cells throughout the intact adult rat spinal cord. J
Neurosci 20: 2218–2228.
Huang CY, Liu CL, Ting CY, Chiu YT, Cheng YC, Nicholson MW, Hsieh PCH
(2019) Human iPSC banking: barriers and opportunities. J Biomed Sci 26(1): 87.
Huang X, Ketova T, Fleming JT, Wang H, Dey SK, Litingtung Y, Chiang C (2009)
Sonic hedgehog signaling regulates a novel epithelial progenitor domain of the
hindbrain choroid plexus. Development 136(15): 2535-2543.
Hubel DH, Wiesel TN (1965) Receptive fields and functional architecture in two
nonstriate visual areas (18 and 19) of the cat. J Neurophysiol 28: 229-89.
Hunter LS, Sidjanin DJ, Hijar MV, Johnson JL, Kirkness E, Acland GM, Aguirre
GD (2007) Cloning and characterization of canine PAX6 and evaluation as a
candidate gene in a canine model of aniridia. Molecular Vision 13: 431–442.
Hutton SR, Pevny LH (2011) SOX2 expression levels distinguish between neural
progenitor populations of the developing dorsal telencephalon. Dev Biol 352(1):
40-47.
Imayoshi I, Sakamoto M, Yamaguchi M, Mori K, Kageyama R (2010) Essential
roles of Notch signaling in maintenance of neural stem cells in developing and
adult brains. J Neurosci 30(9): 3489-98.
Inan M, Welagen J, Anderson SA (2012) Spatial and temporal bias in the mitotic
origins of somatostatin- and parvalbumin-expressing interneuron subgroups and
the chandelier subtype in the medial ganglionic eminence. Cereb Cortex 22(4):
820-827.
Inta D, Alfonso J, von Engelhardt J, Kreuzberg MM, Meyer H, van Hooft JA,
Monyer H (2008) Neurogenesis and widespread forebrain migration of distinct
GABAergic neurons from the postnatal subventricular zone. PNAS 105:
20994–20999.
Ito M (2006) Cerebellar circuitry as a neuronal machine. Prog Neurobiol 78(3-5):
272-303.
232

Jabaudon D (2017) Fate and freedom in developing neocortical circuits. Nat
Comms 8: 16042.
Jiao Y, Sun Z,Lee T, Fusco FR, Kimble TD, Meade CA, Cuthbertson S, Reiner
(1999) A simple and sensitive antigen retrieval method for free-floating and
slide-mounted tissue sections. J Neurosci Methods 93 (2): 149-162.
Jin XL, Guo H, Mao C, Atkins N, Wang H, Avasthi PP, Tu YT, Li Y (2000)
Emx1-specific expression of foreign genes using "knock-in" approach. Biochem
Biophys Res Commun 270(3): 978-82.
Jin Z, El-Deiry WS (2005) Overview of cell death signaling pathways. Cancer Biol
Ther 4(2): 139-63.
Johnson RL, Laufer E, Riddle RD, Tabin C (1994) Ectopic expression of Sonic
hedgehog alters dorsal-ventral patterning of somites. Cell 79: 1165-1173.
Jones EG (1975) Varieties and distribution of non-pyramidal cells in the somatic
sensory cortex of the squirrel monkey. J Comp Neurol 160:205–268.
Kanold PO, Luhmann HJ (2010) The subplate and early cortical circuits. Ann Rev
Neurosci 33: 23-48.
Karagiannis A, Gallopin T, Dávid C, Battaglia D, Geoffroy H, Rossier J, Hillman
EM, Staiger JF, Cauli B (2009) Classification of NPY-expressing neocortical
interneurons. J Neurosci 29(11): 3642-59.
Karram K, Chatterjee N, Trotter J (2005) NG2-expressing cells in the nervous
system: role of the proteoglycan in migration and glia-neuron interaction. J Anat
207(6): 735-44.
Kase D, Imoto K (2012) The Role of HCN Channels on Membrane Excitability in
the Nervous System. J Sign Transduc 2012: 619747.
Kasper EM, Larkman AU, Lübke J, Blakemore C (1994) Pyramidal neurons in
layer 5 of the rat visual cortex. II. Development of electrophysiological properties.
J Comp Neurol 339: 475-494.
Kawaguchi K, Kondo S (2002) Parvalbumin, somatostatin and cholecystokinin as
chemical markers for specific GABAergic interneuron types in the rat frontal
cortex. J Neurocytol 31: 277-287.

233

Kawaguchi Y , Kubota Y (1997) GABAergic cell subtypes and their synaptic
connections in rat frontal cortex. Cereb Cortex 7:476–486.
Kawaguchi Y(1995) Physiological subgroups of nonpyramidal cells with specific
morphological characteristics in layer II/III of rat frontal cortex. J Neurosci 15:
2638–2655.
Kelleher JD (2019) Deep learning. MIT Press Essential Knowledge Series.
Kepecs A, Fishell G (2014) Interneuron cell types are fit to function. Nature 505:
318–326.
Kessaris N, Pringle N, Richardson WD (2001) Ventral neurogenesis and the
neuron-glial switch. Neuron 31: 677-680.
Kicheva A, Pantazis P, Bollenbach T, Kalaidzidis Y, Bittig T, Jülicher F,
González-Gaitán M. (2007) Kinetics of morphogen gradient formation. Science
315(5811): 521-525.
Kikkawa T, Casingal CR, Chun SH, Shinohara H, Hiraoka K, Osumi N (2019) The
role of Pax6 in brain development and its impact on pathogenesis of autism
spectrum disorder. Brain Research 1705: 95-103.
Kilb W (2012) Development of the GABAergic system from birth to adolescence.
The Neuroscientist 18 (6): 613-630.
Kim CB, Amemiya C, Bailey W, Kawasaki K, Mezey J, Miller W, Minosima S,
Shimizu N, P. WG, Ruddle F (2000) Hox cluster genomics in the horn shark,
heterodontus francisci. PNAS 97: 1655–1660.
Kim EJ, Juavinett AL, Kyubwa EM, Jacobs MW, Callaway EM (2015) Three
Types of Cortical Layer 5 Neurons That Differ in Brain-wide Connectivity and
Function. Neuron 88(6): 1253-1267.
Kim H, Kim M, Im SK, Fang S (2018) Mouse Cre-LoxP system: general principles
to determine tissue-specific roles of target genes. Lab Anim Res 34(4): 147-159.
Kim KK, Adelstein RS, Kawamoto S (2009) Identification of neuronal nuclei
(NeuN) as Fox-3, a new member of the Fox-1 gene family of splicing factors. J
Biol Chem 284(45): 31052-31061.

234

Kligman AM (1965) Topical pharmacology and toxicology of dimethylsulfoxide. J
Am Med Assoc 193: 796–804.
Knubovets T, Osterhout JJ, Klibanov AM (1999) Structure of lysozyme dissolved
in neat organic solvents as assessed by NMR and CD spectroscopies.
Biotechnol Bioeng 63: 242-248.
Koch C, Zador A (1993) The function of dendritic spines: devices subserving
biochemical rather than electrical compartmentalization. J Neurosci 13(2):
413-22.
Komada M (2012) Sonic hedgehog signaling coordinates the proliferation and
differentiation of neural stem/progenitor cells by regulating cell cycle kinetics
during development of the neocortex. Congenit Anom (Kyoto) 52(2): 72-7.
Kong JH, Yang L, Dessaud E, Chuang K, Moore DM, Rohatgi R, Briscoe J,
Novitch BG (2015) Notch activity modulates the responsiveness of neural
progenitors to sonic hedgehog signaling. Dev Cell 33(4): 373-87.
Kornberg RD (1974) Chromatin structure: a repeating unit of histones and DNA.
Science 184: 868–71.
Kriegstein A, Alvarez-Buylla A (2009) The glial nature of embryonic and adult
neural stem cells. Ann Rev of Neurosci 32: 149–184.
Krienen FM, Goldman M, Zhang Q. et al. (2020) Innovations present in the
primate interneuron repertoire. Nature 586: 262–269.
Kroll TT, O'Leary DD (2005) Ventralized dorsal telencephalic progenitors in Pax6
mutant mice generate GABA interneurons of a lateral ganglionic eminence fate.
PNAS 102(20): 7374-9.
Kronenberg G, Gertz K, Cheung G, Buffo A, Kettenmann H, Götz M, Endres M
(2010) Modulation of fate determinants Olig2 and Pax6 in resident glia evokes
spiking neuroblasts in a model of mild brain ischemia. Stroke 41(12): 2944-9.
Krook-Magnuson (2012) New dimensions of interneural specialization unmasked
by principal cell heterogeneity. Trends Neurosci 35(3): 175-184.
Krook-Magnuson E, Luu L, Lee SH, Varga C, Soltesz I (2011) Ivy and
neurogliaform interneurons are a major target of μ-opioid receptor modulation. J
Neurosci 31(42): 14861-14870.

235

Kroon T, van Hugte E, van Linge L, Mansvelder HD, Meredith RM (2019) Early
postnatal development of pyramidal neurons across layers of the mouse medial
prefrontal cortex. Sci Rep 9: 5037.
Kubota Y, Shigematsu N, Karube F, Sekigawa A, Kato S, Yamaguchi N, Hirai Y,
Morishima M, Kawaguchi Y (2011) Selective Coexpression of Multiple Chemical
Markers Defines Discrete Populations of Neocortical GABAergic Neurons. Cereb
Cortex 21 (8): 1803–1817.
Kumamoto T, Hanashima C (2017) Evolutionary conservation and conversion of
Foxg1 function in brain development. Dev Growth Differ 59: 258-269.
La Rosa C, Cavallo F, Pecora A, Chincarini M, Ala U, Faulkes CG, Nacher J,
Cozzi B, Sherwood CC, Amrein I, Bonfanti L (2020) Phylogenetic variation in
cortical layer II immature neuron reservoir of mammals. Elife 9:e55456.
Lai K, Robertson MJ, Schaffer DV (2004) The Sonic Hedgehog signaling system
as a bistable genetic switch. Biophys J 86: 2748-2757.
Lane N (2014) Bioenergetic constraints on the evolution of complex life. Cold
Spring Harb Perspect Biol 6: a015982.
Larhammar D (1996) Evolution of neuropeptide Y, peptide YY and pancreatic
polypeptide. Regul Pept 62(1): 1-11.
Larsen DD, Callaway EM (2006) Development of layer-specific axonal
arborizations in mouse primary somatosensory cortex. J Comp Neurol 494(3):
398–414.
Le Magueresse C, Monyer H (2013) GABAergic interneurons shape the
functional maturation of the cortex. Neuron 7(3): 388-405.
Lea J, Humphries N, Bortoluzzi J, Daly R, von Brandis R, Patel E, Patel E, et al.
(2020) At the Turn of the Tide: Space Use and Habitat Partitioning in Two
Sympatric Shark Species Is Driven by Tidal Phase. Front Marine Sci 7.
Lee CH, Ruben PC (2008) Interaction between voltage-gated sodium channels
and the neurotoxin, tetrodotoxin. Channels 2(6): 407-12.
Lein, E., Hawrylycz, M., Ao, N. et al (2007) Genome-wide atlas of gene
expression in the adult mouse brain. Nature 445: 168–176.

236

Lek M, Dias JM, Marklund U, Uhde CW, Kurdija S, Lei Q, Sussel L, Rubenstein
JL, Matise MP, Arnold HH (2010) A homeodomain feedback circuit underlies
step-function interpretation of a Shh morphogen gradient during ventral neural
patterning. Development 137: 4051–4060.
Lepousez G, Valley MT, Lledo PM (2013) The impact of adult neurogenesis on
olfactory bulb circuits and computations. Annu Rev Physiol 75: 339-63.
Leterrier C (2018) The axon initial segment: an updated viewpoint. J Neurosci 38
(9): 2135-2145.
Letinic K, Zoncu R, Rakic P (2002) Origin of GABAergic neurons in the human
neocortex. Nature 417:645–649.
Levelt CN, Hübener M (2012) Critical-Period Plasticity in the Visual Cortex. Annu
Rev Neurosci 35(1): 309-330.
Li C, Wang J (2013) Quantifying Waddington landscapes and paths of
non-adiabatic cell fate decisions for differentiation, reprogramming and
transdifferentiation. J R Soc Interface 10(89): 20130787.
Li H, Crair MC (2011) How do barrels form in the somatosensory cortex? Ann NY
Acad Sci 1225: 119-129.
Li X, Sun C, Lin C, Ma T, Madhavan MC, Campbell K, Yang Z (2011) The
transcription factor Sp8 is required for the production of parvalbumin-expressing
interneurons in the olfactory bulb. J Neurosci 31: 8450-8455.
Li XY, Chen T, Descalzi G, Koga K, Qiu S, Zhuo M (2012) Characterization of
neuronal intrinsic properties and synaptic transmission in layer I of anterior
cingulate cortex from adult mice. Mol Pain 20: 8-53.
Li, M., Zhao, F., Lee, J. et al. (2015) Computational Classification Approach to
Profile Neuron Subtypes from Brain Activity Mapping Data. Sci Rep 5: 12474.
Lim HT, Kim DH, Kim H (2017) PAX6 aniridia syndrome: clinics, genetics, and
therapeutics. Curr Opin Ophthalmol 28(5): 436-447.
Lim L, Mi D, Llorca A, Marín O (2018) Development and Functional
Diversification of Cortical Interneurons. Neuron 100(2): 294-313.
Linder ME, Deschenes RJ (2007) Palmitylation: policing protein stability and
traffic. Nat Rev Mol Cell Biol 8: 74-84.
237

Lis M, Walther D (2016) The orientation of transcription factor binding site motifs
in gene promoter regions: does it matter? BMC Genomics 17: 185.
Liu X, Maiorino E, Halu A, Glass K, Prasad RB, Loscalzo J, Gao J, Sharma A
(2020) Robustness and lethality in multilayer biological molecular networks. Nat
Commun 11(1): 6043.
Lizen B, Claus M, Jeannotte L, Rijli FM, Gofflot F (2015) Perinatal induction of
Cre recombination with tamoxifen. Transgenic Res 24(6): 1065-77.
Llopis PM, Senft RA, Ross-Elliott TJ, Stephansky R, Keeley DP, Koshar P,
Marqués G, Gao YS, Carlson BR, Pengo T, Sanders MA, Cameron LA, Itano MS
(2021) Best practices and tools for reporting reproducible fluorescence
microscopy methods. Nat Methods X: X (ahead of print).
LoTurco JJ, Blanton MG, Kriegstein AR (1991) Initial expression and
endogenous activation of NMDA channels in early neocortical development. J
Neurosci 11: 792–799.
Luebke JI, Dunlap K, Turner TJ (1993) Multiple calcium channel types control
glutamatergic synaptic transmission in the hippocampus. Neuron 11: 895–902.
Luhmann HJ, Reiprich RA, Hanganu I, Kilb W (2000) Cellular physiology of the
neonatal rat cerebral cortex: intrinsic membrane properties, sodium and calcium
currents. J Neurosci Res 62(4): 574-584.
Lujan R, Shigemoto R, Lopez-Bendito G (2005) Glutamate and GABA receptor
signalling in the developing brain. Neuroscience 130: 567-580.
Luz LL, Currie SP, Daw MI (2017) Alterations in the properties of neonatal
thalamocortical synapses with time in in vitro slices. PLoS One 12(2): e0171897.
M Pellegrini, S Pantano, F Lucchini, M Fumi, A Forabosco (1997) Emx2
developmental expression in the primordia of the reproductive and excretory
systems. Anat Embryol 196: 427-433.
Ma T, Zhang Q, Cai Y, You Y, Rubenstein JLR, Yang Z(2012) A Subpopulation of
Dorsal Lateral/Caudal Ganglionic Eminence-Derived Neocortical Interneurons
Expresses the Transcription Factor Sp8. Cereb Cortex 22(9): 2120–2130.
Magno L, Asgarian Z, Pendolino V, Velona T, Mackintosh A, Lee F, Stryjewska A,
Zimmer C, Guillemot F, Farrant M, Clark B, Kessaris N (2021) Transient
238

developmental imbalance of cortical interneuron subtypes presages long-term
changes in behavior. Cell Rep 35(11): 109249.
Maldonado PP, Velez-Fort M, Angulo MC (2011) Is neuronal communication with
NG2 cells synaptic or extrasynaptic? J Anat 219: 8-17.
Mallamaci A, Stoykova A (2006) Gene networks controlling early cerebral cortex
arealization. Eur J Neurosci 23: 847-856.
Mallon BS, Shick HE, Kidd GJ, Macklin WB (2002) Proteolipid promoter activity
distinguishes two populations of NG2-positive cells throughout neonatal cortical
development. J Neurosci 22: 876–885.
Mansouri A, Hallonet M, Gruss P (1996) Pax genes and their roles in cell
differentiation and development. Curr Opin Cell Biol 8: 851-857.
Manuel MN, Mi D, Mason JO, Price DJ (2015) Regulation of cerebral cortical
neurogenesis by the Pax6 transcription factor. Front Cell Neurosci 9: 70.
Marín O (2013) Cellular and molecular mechanisms controlling the migration of
neocortical interneurons. Eur J Neurosci 38: 2019-2029.
Marin O, Anderson SA, Rubenstein JL (2000) Origin and molecular specification
of striatal interneurons. J Neurosci 20(16): 6063–6076.
Marín-Padilla, M (1992) Ontogenesis of the pyramidal cell of the mammalian
neocortex and developmental cytoarchitectonics: a unifying theory. J Comp
Neurol 321: 223–240.
Markram H, Toledo-Rodriguez M, Wang Y, Gupta A, Silberberg G, Wu C (2004)
Interneurons of the neocortical inhibitory system. Nat Rev Neurosci 5: 793–807.
Marquardt T, Ashery-Padan R, Andrejewski N, Scardigli R, Guillemot F, Gruss P
(2001) Pax6 is required for the multipotent state of retinal progenitor cells. Cell
105: 43-55.
Marshall CA, Novitch BG, Goldman JE (2005) Olig2 directs astrocyte and
oligodendrocyte formation in postnatal subventricular zone cells. J Neurosci 25:
7289–7298.
Martina M, Schultz JH, Ehmke H, Monyer H, Jonas P (1998) Functional and
molecular differences between voltage-gated K+ channels of fast-spiking
239

interneurons and pyramidal neurons of rat hippocampus. J Neurosci 18(20):
8111-8125.
Martinez-Cardeno V, Noctor SC (2014) Cajal, Retzius, and Cajal–Retzius cells.
Front Neuroanat 8: 48.
Masserdotti G, Gascón S, Götz M (2016) Direct neuronal reprogramming:
learning from and for development. Development 143(14): 2494-510.
Mastick GS, Davis NM, Andrew GL, Easter Jr. SS (1996) Pax-6 functions in
boundary formation and axon guidance in the embryonic mouse forebrain.
Development 124: 1985-199.
Matsuda T, Wu J, Roberts E (1973) Immunochemical studies on glutamic acid
decarboxylase from mouse brain. J Neurochem 21: 159-166.
Matta JA, Pelkey KA, Craig MT, Chittajallu R, Jeffries BW, McBain CJ (2013)
Developmental origin dictates interneuron AMPA and NMDA receptor subunit
composition and plasticity. Nat Neurosci 16(8): 1032-41.
McConnell SK, Kaznowski CE (1991) Cell cycle dependence of laminar
determination in developing neocortex. Science 254(5029): 282-285.
McCormick DA, Connors BW, Lighthall JW, Prince DA (1985) Comparative
electrophysiology of pyramidal and sparsely spiny stellate neurons of the
neocortex. J Neurophysiol 54: 782–806.
McCormick DA, Prince DA (1987) Post-natal development of electrophysiological
properties of rat cerebral cortical pyramidal neurons. J Physiol 237: 743-762.
McLellan MA, Rosenthal NA, Pinto AR (2017) Cre-loxP-Mediated
Recombination: General Principles and Experimental Considerations. Curr
Protoc Mouse Biol 7(1): 1-12.
McQueen J, Ryan TJ, McKay S, Marwick K, Baxter P, Carpanini SM, Wishart TM,
Gillingwater TH, Manson,JC, Wyllie, D, Grant S, McColl BW, Komiyama NH,
Hardingham GE (2017) Pro-death NMDA receptor signaling is promoted by the
GluN2B C-terminus independently of Dapk1. eLife 6: e17161.
Medina L, Abellán A (2009) Development and evolution of the pallium. Semin
Cell Dev Biol 20: 698–711.

240

Menezes JR, Luskin MB (1994) Expression of neuron-specific tubulin defines a
novel population in the proliferative layers of the developing telencephalon. J
Neurosci 14(9): 5399-416.
Mi D, Carr CB, Georgala PA, Huang YT, Manuel MN, Jeanes E, et al. (2013)
Pax6 exerts regional control of cortical progenitor proliferation via direct
repression of Cdk6 and hypophosphorylation of pRb. Neuron 78: 269–284.
Mi D, Manuel M, Huang YT, Mason JO, Price DJ (2018) Pax6 Lengthens G1
Phase and Decreases Oscillating Cdk6 Levels in Murine Embryonic Cortical
Progenitors. Front Cell Neurosci 12: 419.
Mihaljević B, Larrañaga P, Benavides-Piccione R, Hill S, DeFelipe J, Bielza C
(2018) Towards a supervised classification of neocortical interneuron
morphologies. BMC Bioinf 19(1): 511.
Miller FD, Gauthier AS (2007) Timing is everything: making neurons versus glia
in the developing cortex. Neuron 54(3): 357-69.
Miyamae T, Chen K, Lewis DA, Gonzalez-Burgos G (2017) Distinct Physiological
Maturation of Parvalbumin-Positive Neuron Subtypes in Mouse Prefrontal Cortex.
J Neurosci 37(19): 4883-4902.
Miyoshi G, Fishell G (2011) GABAergic interneuron lineages selectively sort into
specific cortical layers during early postnatal development. Cereb Cortex. 21(4):
845-852.
Miyoshi G, Hjerling-Leffler J, Karayannis T, Sousa VH, Butt SJ, Battiste J,
Johnson JE, Machold, RP and Fishell G (2010). Genetic fate mapping reveals
that the caudal ganglionic eminence produces a large and diverse population of
superficial cortical interneurons. J Neurosci 30: 1582-1594.
Molnár Z, Cheung AF (2006) Towards the classification of subpopulations of
layer V pyramidal projection neurons. Neurosci Res 55(2): 105-15.
Molnár Z, Clowry GJ, Šestan N, Alzu'bi A, Bakken T, Hevner RF, Hüppi PS,
Kostović I, Rakic P, Anton ES, Edwards D, Garcez P, Hoerder-Suabedissen A,
Kriegstein A (2019) New insights into the development of the human cerebral
cortex. J Anat 235(3): 432-451.
Molnár Z, Pollen A (2014) How unique is the human neocortex? Development
141(1): 11-6.

241

Molyneaux BJ, Arlotta P, Hirata T, Hibi M, Macklis JD (2005) Fezl is required for
the birth and specification of corticospinal motor neurons. Neuron 47(6): 817-31.
Molyneaux BJ, Arlotta P, Menezes JR, Macklis JD (2007) Neuronal subtype
specification in the cerebral cortex. Nat Rev Neurosci 8(6): 427-37.
Moore AR, Filipovic R, Mo Z, Rasband MN, Zecevic N, Antic SD (2009) Electrical
excitability of early neurons in the human cerebral cortex during the second
trimester of gestation. Cereb Cortex 19(8): 1795-1805.
Moore AR, Zhou WL, Jakovcevski I, Zecevic N, Antic SD (2011) Spontaneous
electrical activity in the human fetal cortex in vitro. J Neurosci 31(7): 2391-2398.
Moris N, Pina C, Arias A (2016) Transition states and cell fate decisions in
epigenetic landscapes. Nat Rev Genet 17: 693–703.
Mosleh M, Pennycook G, Arechar AA, Rand DG (2021) Cognitive reflection
correlates with behavior on Twitter. Nat Commun 12(1): 921.
Mountcastle VB (1997) The columnar organization of the neocortex. Brain 120:
701–722.
Mullen RJ, Buck CR, Smith AM (1992) NeuN, a neuronal specific nuclear protein
in vertebrates. Development 116(1): 201-11.
Muralidhar S, Wang Y, Markram H (2014) Synaptic and cellular organization of
layer 1 of the developing rat somatosensory cortex. Front Neuroanat 16: 7-52.
Muzio L, DiBenedetto B, Stoykova A, Boncinelli E, Gruss P, Mallamaci A (2002)
Conversion of cerebral cortex into basal ganglia in Emx2−/− Pax6Sey/Sey
double-mutant mice. Nature Neuroscience 5(8): 737–745.
Muzio L, Mallamaci A (2003) Emx1, emx2 and pax6 in specification,
regionalization and arealization of the cerebral cortex. Cereb Cortex 13(6): 641-7.
Nagayama S, Homma R, Imamura F (2014) Neuronal organization of olfactory
bulb circuits. Front Neural Circuits 8: 98.
Naruse M, Ishizaki Y, Ikenaka K, Tanaka A (2017) Origin of oligodendrocytes in
mammalian forebrains: a revised perspective. J Physiol Sci 67: 63-70.

242

Navet S, Buresi A, Baratte S, Andouche A, Bonnaud-Ponticelli L, Bassaglia Y
(2017) The Pax gene family: Highlights from cephalopods. PLoS One 12(3):
e0172719.
Nery S, Wichterle H, Fishell G (2001) Sonic hedgehog contributes to
oligodendrocyte specification in the mammalian forebrain. Development 128(4):
527-40.
Ngan ES, Garcia-Barceló MM, Yip BH, Poon HC, Lau ST, Kwok CK, Sat E, Sham
MH, Wong KK, Wainwright BJ, Cherny SS, Hui CC, Sham PC, Lui VC, Tam PK
(2011). Hedgehog/Notch-induced premature gliogenesis represents a new
disease mechanism for Hirschsprung disease in mice and humans. J Clin Invest
121(9): 3467-3478.
Ngan ES, Garcia-Barceló MM, Yip BH, Poon HC, Lau ST, Kwok CK, Sat E, Sham
MH, Wong KK, Wainwright BJ, Cherny SS, Hui CC, Sham PC, Lui VC, Tam PK
(2011) Hedgehog/Notch-induced premature gliogenesis represents a new
disease mechanism for Hirschsprung disease in mice and humans. J Clin Invest
121(9): 3467-3478.
Nguyen V, Chavali M, Larpthaveesarp A, Kodali S, Gonzalez G, Franklin RJM,
Rowitch DH, Gonzalez F (2021) Neuroprotective effects of Sonic hedgehog
agonist SAG in a rat model of neonatal stroke. Pediatr Res 2:10.
Nick TA, Kaczmarek LK, Carew TJ (1996) Ionic currents underlying
developmental regulation of repetitive firing in Aplysia bag cell neurons. J
Neurosci 16(23): 7583-7598.
Nicotera P, Melino G (2004) Regulation of the apoptosis–necrosis switch.
Oncogene 23: 2757–2765.
Nidheesh N, Nazeer KAA, Ameer PM (2020) A Hierarchical Clustering algorithm
based on Silhouette Index for cancer subtype discovery from genomic data.
Neural Comput & Applic 32: 11459–11476.
Nieto M, Monuki ES, Tang H, Imitola J, Haubst N, Khoury SJ, Cunningham J,
Gotz M, Walsh CA (2004) Expression of Cux-1 and Cux-2 in the subventricular
zone and upper layers II-IV of the cerebral cortex. J Comp Neurol 479(2):
168-180.
Niquille M, Limoni G, Markopoulos F, Cadilhac C, Prados J, Holtmaat A, Dayer A.
(2018) Neurogliaform cortical interneurons derive from cells in the preoptic area.
Elife 7: e32017.
243

Noble, W (2006) What is a support vector machine? Nat Biotechnol 24:
1565–1567.
Noctor SC, Flint AC, Weissman TA, Dammerman RS, Kriegstein, AR (2001)
Neurons derived from radial glial cells establish radial units in the neocortex.
Nature 409: 714–720.
Noctor SC, Martínez-Cerdeño V, Kriegstein AR (2008) Distinct behaviors of
neural stem and progenitor cells underlie cortical neurogenesis. J Comp Neurol
508(1): 28-44.
Nowakowski TJ, Bhaduri A, Pollen AA, Alvarado B, Mostajo-Radji MA, Di Lullo E,
Haeussler M, Sandoval-Espinosa C, Liu SJ, Velmeshev D, Ounadjela JR, Shuga
J, Wang X, Lim DA, West JA, Leyrat AA, Kent WJ, Kriegstein AR (2017)
Spatiotemporal gene expression trajectories reveal developmental hierarchies of
the human cortex. Science 358(6368): 1318-1323.
O’Leary DD, Chou SJ, Sahara S (2007) Area patterning of the mammalian
cortex. Neuron 56: 252–269.
Oblak AL, Gibbs TT, Blatt GJ (2011) Reduced GABAA receptors and
benzodiazepine binding sites in the posterior cingulate cortex and fusiform gyrus
in autism. Brain Res 1380: 218-228.
Okhotin VE (2005) Cytophysiology of spiny stellate cells of striate cortex and
their role in excitatory mechanisms of intracortical synaptic circulation.
Morfologiia 128(5):7-19.
Oláh S, Komlósi G, Szabadics J, Varga C, Tóth E, Barzó P, Tamás G (2007)
Output of neurogliaform cells to various neuron types in the human and rat
cerebral cortex. Front Neural Circuits 1: 4.
Osumi N, Shinohara H, Numayama-Tsuruta K, Maekawa M (2008) Concise
review: Pax6 transcription factor contributes to both embryonic and adult
neurogenesis as a multifunctional regulator. Stem Cells 26: 1663–1672.
Oswald AM, Reyes AD (2008) Maturation of Intrinsic and Synaptic Properties of
Layer 2/3 Pyramidal Neurons in Mouse Auditory Cortex. J Neurophysiol 99(6):
2998-3008.
Oswald MJ, Tantirigama ML, Sonntag I, Hughes SM, Empson RM (2013)
Diversity of layer 5 projection neurons in the mouse motor cortex. Front Cell
Neurosci 7: 174.
244

Overstreet-Wadiche L, McBain CJ (2015) Neurogliaform cells in cortical circuits.
Nat Rev Neurosci 16: 458-468.
Palazzo AF, Lee ES (2015) Non-coding RNA: what is functional and what is
junk? Front Genet 6: 2.
Pardo M, Lang B, Yu L, Prosser H, Bradley A, Babu MM, Choudhary J (2010) An
expanded Oct4 interaction network: implications for stem cell biology,
development, and disease. Cell Stem Cell 6(4): 382-95.
Parnavelas JG (2000) The origin and migration of cortical neurons: new vistas.
Trends Neurosci 23(3): 126-131.
Parnavelas JG, Barfield JA, Franke E, Luskin MB (1991) Separate progenitor
cells give rise to pyramidal and nonpyramidal neurons in the rat telencephalon.
Cereb Cortex 1:463–468.
Parnavelas JG, Dinopoulos A, Davies SW (1989) The central visual pathways.
In: Handbook of chemical neuroanatomy, vol. 7. Integrated systems of the CNS,
Part II. Elsevier.
Paxinos G, Franklin KBJ (2001) The Mouse Brain in Stereotaxic Coordinates.
San Diego: Academic Press.
Pedarzani P, McCutcheon JE, Rogge G, Jensen BS, Christophersen P, Hougaard
C, Strøbaek D, Stocker M (2005) Specific enhancement of SK channel activity
selectively potentiates the afterhyperpolarizing current I(AHP) and modulates the
firing properties of hippocampal pyramidal neurons. J Biol Chem 280(50):
41404-11.
Pérez-Ortega J, Alejandre-García T, Yuste R (2021) Long-term stability of cortical
ensembles. Elife 10: e64449.
Petanjek Z, Berger B, Esclapez M (2009a) Origins of cortical GABAergic neurons
in the cynomolgus monkey. Cereb Cortex 19: 249–262.
Petanjek Z, Dujmovic A, Kostovic I, Esclapez M (2008) Distinct origin of
GABA-ergic neurons in the forebrain of man, nonhuman primates and lower
mammals. Coll Antropol 32(1): 9–17.
Petersen CCH (2007) The Functional Organization of the Barrel Cortex. Neuron
56(2): 339-355.
245

Petrovich GD (2018) Feeding Behavior Survival Circuit: Anticipation &
Competition. Curr Opin Behav Sci 24: 137-142.
Pierfelice T, Alberi L, Gaiano N (2011) Notch in the vertebrate nervous system:
an old dog with new tricks. Neuron 69: 840–855.
Pilz G, Shitamukai A, Reillo I, Pacary E, Schwausch J, Stahl R, Ninkovic J,
Snippert HJ, Clevers H, Godinho L, Guillemot F, Borrell V, Matsuzaki F,
Magdalena G (2013) Amplification of progenitors in the mammalian
telencephalon includes a new radial glial cell type. Nats Comms 4: 2125.
Piñon MC, Tuoc TC, Ashery-Padan R, Molnár Z, Stoykova A (2008) Altered
molecular regionalization and normal thalamocortical connections in
cortex-specific Pax6 knockout mice. J Neurosci 28(35):8724–8734.
Pinson A, Namba T, Huttner WB (2019) Malformations of Human Neocortex in
Development – Their Progenitor Cell Basis and Experimental Model Systems.
Front Cell Neurosci 13: 305.
Pinson J, Simpson TI, Mason JO, Price DJ (2006) Positive autoregulation of the
transcription factor Pax6 in response to increased levels of either of its major
isoforms, Pax6 or Pax6(5a), in cultured cells. BMC Dev Biol 6:25.
Pocklington AJ, Armstrong JD, Grant SG (2006) Organization of brain
complexity--synapse proteome form and function. Brief Funct Genomic
Proteomic 5(1): 66-73.
Polito A, Reynolds R (2005) NG2-expressing cells as oligodendrocyte
progenitors in the normal and demyelinated adult central nervous system. J Anat
207: 707-716.
Polsky A, Mel BW, Schiller J (2004) Computational subunits in thin dendrites of
pyramidal cells. Nat Neurosci 7(6): 621-626.
Pontious A, Kowalczyk T, Englund C, Hevner RF (2008) Role of intermediate
progenitor cells in cerebral cortex development. Dev Neurosci 30(1-3): 24-32.
Povysheva NV, Zaitsev AV, Gonzalez-Burgos G, Lewis DA (2013)
Electrophysiological heterogeneity of fast-spiking interneurons: chandelier versus
basket cells. PLoS One 8(8): e70553.

246

Pratt T, Price DJ (2009) Junk DNA Used in Cerebral Cortical Evolution. Neuron
90(6): 1141-1143.
Pravettoni E, Bacci A, Coco S, Forbicini P, Matteoli M, Verderio C (2000)
Different localizations and functions of L-type and N-type calcium channels
during development of hippocampal neurons. Dev Biol 227(2): 581-94.
Puschel AW, Gruss P, Westerfield M (1992) Sequence and expression pattern of
pax-6 are highly conserved between zebrafish and mice. Development 114:
643–651.
Pylypovskyi OV, Sheka DD, Kravchuk VP, Mertens FG, Gaididei Y (2013)
Regular and chaotic vortex core reversal by a resonant perpendicular magnetic
field. Physical Review B 88(1): 014432.
Quinn JC, Molinek M, Martynoga BS, Zaki PA, Faedo A, Bulfone A, Hevner RF,
West JD, Price DJ (2007) Pax6 controls cerebral cortical cell number by
regulating exit from the cell cycle and specifies cortical cell identity by a cell
autonomous mechanism. Dev Biol 302(1): 50-65.
Quintana-Urzainqui I, Kozić Z, Mitra S, Tian T, Manuel M, Mason JO, Price DJ
(2018) Tissue-Specific Actions of Pax6 on Proliferation and Differentiation
Balance in Developing Forebrain Are Foxg1 Dependent. iScience 10: 171-191.
Quintana-Urzainqui I, Rodríguez-Moldes I, Mazan S, Candal E (2015) Tangential
migratory pathways of subpallial origin in the embryonic telencephalon of sharks:
evolutionary implications. Brain Struct Funct 220: 2905–2926.
R Core Team (2021) R: A language and environment for statistical computing. R
Foundation
for
Statistical
Computing,
Vienna,
Austria
(URL
https://www.R-project.org/).
Rabiee B, Anwar KN, Shen X, Putra I, Liu M, Jung R, Afsharkhamseh N,
Rosenblatt MI, Fishman GA, Liu X, Ghassemi M, Djalilian AR (2020) Gene
dosage manipulation alleviates manifestations of hereditary PAX6
haploinsufficiency in mice. Sci Transl Med 12(573): eaaz4894.
Radonjić NV, Memi F, Ortega JA, Glidden N, Zhan H, Zecevic N (2016) The Role
of Sonic Hedgehog in the Specification of Human Cortical Progenitors In Vitro.
Cereb Cortex 26(1): 131-143.
Rakic P (2009) Evolution of the neocortex: a perspective from developmental
biology. Nat Rev Neurosci 10: 724–735.
247

Rakic P, Ayoub AE, Breunig JJ, Dominguez MH (2009) Decision by division:
Making cortical maps. Trends Neurosci 32(5): 291–301.
Rakic P. Limits of neurogenesis in primates (1985) Science 227(4690): 1054-6.
Rakic, P (2009) Evolution of the neocortex: a perspective from developmental
biology. Nat Rev Neurosci 10: 724–735.
Ramon y Cajal S (1911) Histologie du Système Nerveux de l’Homme et des
Vertebrates. (Translated into English by N Swanson and LW Swanson as
Histology of the Nervous System of Man and Vertebrates.) Oxford UP, Oxford.
Ramos-Vara JA, Beissenherz ME (2000) Optimization of immunohistochemical
methods using two different antigen retrieval methods on formalin-fixed
paraffin-embedded tissues: experience with 63 markers. J Vet Diagn Invest 12:
307-311.
Rasch LJ, Martin KJ, Cooper RL, Metscher BD, Underwood CJ, Fraser GJ
(2016) An ancient dental gene set governs development and continuous
regeneration of teeth in sharks. Dev Biol 415: 347-370.
Rasmussen U, Brøogger Christensen S, Sandberg F (1978) Thapsigargine and
thapsigargicine, two new histamine liberators from Thapsia garganica. Acta
Pharm Suec 15 (2): 133–140.
Ravikumar S, Surekha R, Thavarajah R (2014 ) Mounting media: An overview. J
NTR Univ Health Sci 3: 1-8.
Ray S, Bhalla US (2008) PyMOOSE: Interoperable Scripting in Python for
MOOSE. Front Neuroinform 2:6.
Remez LA, Onishi A, Menuchin-Lasowski Y, Biran A, Blackshaw S, Wahlin KJ,
Zack DJ, Ashery-Padan R (2017) Pax6 is essential for the generation of late-born
retinal neurons and for inhibition of photoreceptor-fate during late stages of
retinogenesis. Dev Biol 432(1):140-150.
Ribera AB, Spitzer NC (1992) Developmental regulation of potassium channels
and the impact on neuronal differentiation. Ion Channels 3: 1-38.

248

Rice DS, Sheldon M, D’Arcangelo G, Nakajima K, Goldowitz D, Curran T (1998)
Disabled-1 acts downstream of Reelin in a signaling pathway that controls
laminar organization in the mammalian brain. Development 125: 3719–3729.
Richardson WD, Kessaris N, Pringle N (2006)Oligodendrocyte wars. Nat Rev
Neurosci 7(1): 11-8.
Richmond TJ, Davey CA (2003)The structure of DNA in the nucleosome core.
Nature 423: 145–50.
Riva M, Genescu I, Habermacher C, Orduz D, Ledonne F, Rijli FM,
López-Bendito G, Coppola E, Garel S, Angulo MC, Pierani A (2019)
Activity-dependent death of transient Cajal-Retzius neurons is required for
functional cortical wiring. Elife 8:e50503.
Robertson M, Walter G (2010) Eric Kandel and Aplysia californica: Their role in
the elucidation of mechanisms of memory and the study of psychotherapy. Acta
Neuropsychiatrica, 22(4), 195–196.
Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics
26(1): 139-40.
Rodríguez-Moldes I, Carrera I, Pose-Méndez S, Quintana-Urzainqui I, Candal E,
Anadón R, Mazan S, Ferreiro-Galve S (2011) Regionalization of the shark
hindbrain: a survey of an ancestral organization. Front Neuroanat 5: 16.
Rodriques SG, Stickels RR, Goeva A, Martin CA, Murray E, Vanderburg CR,
Welch J, Chen LM, Chen F, Macosko EZ (2019) Slide-seq: A scalable technology
for measuring genome-wide expression at high spatial resolution. Science
363(6434): 1463-1467.
Romanò N, Yip SH, Hodson DJ, Guillou A, Parnaudeau S, Kirk S, Tronche F,
Bonnefont X, Le Tissier P, Bunn SJ, Grattan DR, Mollard P, Martin AO (2013)
Plasticity of hypothalamic dopamine neurons during lactation results in
dissociation of electrical activity and release. J Neurosci 33(10): 4424-33.
Romito A, Cobellis G (2016) Pluripotent Stem Cells: Current Understanding and
Future Directions. Stem Cells Int 2016: 9451492.
Rosanova M, Casali A, Bellina V, Resta F, Mariotti M, Massimini M (2009) Natural
frequencies of human corticothalamic circuits. J Neurosci 29(24): 7679-85.

249

Rosenblatt F (1962) Principles of Neurodynamics: perceptrons and the theory of
brain mechanisms. Spartan Books.
Rossert C, Straka H, Glasauer S, Moore LE (2009) Frequency-Domain Analysis
of Intrinsic Neuronal Properties using High-Resistant Electrodes. Front Neurosci
3: 64.
Rubenstein JL. Intrinsic and extrinsic control of cortical development (2000)
Novartis Found Symp 228: 67-75.
Rudy B, Fishell G, Lee S, Hjerling-Leffler J (2011) Three groups of interneurons
account for nearly 100 % of neocortical GABAergic neurons. Dev Neurobiol
71:45–61.
Rudy B, McBain CJ (2001) Kv3 channels: voltage-gated K channels designed for
high-frequency repetitive firing. Trends Neurosci 24(9): 517-526.
Sah P, Faber ES (2002) Channels underlying neuronal calcium-activated
potassium currents. Prog Neurobiol 66(5): 345-53.
Sahara S, Kawakami Y, Izpisua Belmonte JC, O’Leary DD (2007) Sp8 exhibits
reciprocal induction with Fgf8 but has an opposing effect on anterior-posterior
cortical area patterning. Neural Dev 2: 10.
Sahara S, Yanagawa Y, O'Leary DD, Stevens CF (2012) The fraction of cortical
GABAergic neurons is constant from near the start of cortical neurogenesis to
adulthood. J Neurosci 32(14): 4755-61.
Saliba AE, Westermann AJ, Gorski SA, Vogel J (2014) Single-cell RNA-seq:
advances and future challenges. Nucleic Acids Res 42(14): 8845-60.
Sanchez-Gonzalez R, Bribian A, Lopez-Mascaraque L (2020) Cell Fate Potential
of NG2 Progenitors. Sci Rep 10: 9876.
Sareen D, Svendsen CN (2007) Stem cell biologist sure play a mean pinball. Nat
Biotechnol 28(4): 333–335.
Sarnat HB, Nochlin, Born DE (1998) Neuronal nuclear antigen (NeuN): a marker
of neuronal maturation in early human fetal nervous system. Brain Dev 20:
88–94.

250

Satyanarayana A, Kaldis P (2009) Mammalian cell-cycle regulation: several
Cdks, numerous cyclins and diverse compensatory mechanisms. Oncogene 28:
2925–2939.
Scala F, Kobak D, Bernabucci M, Bernaerts Y, Cadwell CR, Castro JR, Hartmanis
L, Jiang X, Laturnus S, Miranda E, Mulherkar S, Tan ZH, Yao Z, Zeng H,
Sandberg R, Berens P, Tolias AS (2021) Phenotypic variation of transcriptomic
cell types in mouse motor cortex. Nature 598 (7879): 144-150.
Scala F, Kobak D, Bernabucci M, Bernaerts Y, Cadwell CR, Castro JR, Hartmanis
L, Jiang X, Laturnus S, Miranda E, Mulherkar S, Tan ZH, Yao Z, Zeng H,
Sandberg R, Berens P, Tolias AS. Phenotypic variation of transcriptomic cell
types in mouse motor cortex. Nature. 2021 Oct;598(7879):144-150.
Schubert D, Kötter R, Luhmann H J, Staiger J F (2006) Morphology,
electrophysiology and functional input connectivity of pyramidal neurons
characterizes a genuine layer Va in the primary somatosensory cortex. Cereb
Cortex 16: 223–236.
Schuurmans C, Armant O, Nieto M, Stenman JM, Britz O, Klenin N, Brown C,
Langevin LM, Seibt J, Tang H, Cunningham JM, Dyck R, Walsh C, Campbell K,
Polleux F, Guillemot F (2004) Sequential phases of cortical specification involve
Neurogenin-dependent and -independent pathways. EMBO J 23(14): 2892-902.
Schwartz J (1990) Neurotransmitters as neurotrophic factors: a new set of
functions. Int Rev Neurobiol 34: 1-23.
Schwarz M, Alvarez-Bolado G, Dressler G, Urbánek P, Busslinger M, Gruss P
(1999) Pax2/5 and Pax6 subdivide the early neural tube into three domains.
Mech Dev 82(1-2): 29-39.
Seki T (2020) Understanding the Real State of Human Adult Hippocampal
Neurogenesis From Studies of Rodents and Non-human Primates. Front
Neurosci 14: 839.
Selever J, Kong JQ, Arenkiel BR (2011) A rapid approach to high-resolution
fluorescence imaging in semi-thick brain slices. J Vis Exp 53: 2807.
Sengupta B, Faisal AA, Laughlin SB, Niven JE (2013) The effect of cell size and
channel density on neuronal information encoding and energy efficiency. J Cereb
Blood Flow Metab 33(9): 1465-1473.

251

Sessa A, Mao CA, Hadjantonakis AK, Klein WH, Broccoli V (2008) Tbr2 directs
conversion of radial glia into basal precursors and guides neuronal amplification
by indirect neurogenesis in the developing neocortex. Neuron 60(1): 56-69.
Shadlen MN, Newsome WT (1994) Noise, neural codes and cortical
organization. Curr Opin Neurobiol 4: 569-579.
Shai AS, Anastassiou CA, Larkum ME, Koch C (2015) Physiology of layer 5
pyramidal neurons in mouse primary visual cortex: coincidence detection through
bursting. PLoS Comput Biol 11(3): e1004090.
Shetty A, Upadhya D (2016) GABA-ergic Cell Therapy for Epilepsy: Advances,
Limitations and Challenges. Neurosci Biobehav Rev 62: 35–47.
Shetty AS, Godbole G, Maheshwari U, Padmanabhan H, Chaudhary R,
Muralidharan B, Hou P, Monuki E, Kuo H, Rema V, Tole S (2013) Lh2 regulates a
cortex specific mechanism for barrel formation. PNAS 110(50): E4913-E4921.
Shimizu K, Sato Y, Kawamura M, Nakazato H, Watanabe T, Ohara O, Fujii SI
(2019) Eomes transcription factor is required for the development and
differentiation of invariant NKT cells. Commun Biol 2: 150.
Shin JO, Song J, Choi HS, Lee J, Lee K, Ko HW, Bok J (2019) Activation of sonic
hedgehog signaling by a Smoothened agonist restores congenital defects in
mouse models of endocrine-cerebro-osteodysplasia syndrome. EBioMedicine 49:
305-317.
Siegal ML, Bergman A (2002) Waddington's canalization
Developmental stability and evolution. PNAS 99 (16): 10528-10532.

revisited:

Sild M, Van Horn MR (2013) Astrocytes use a novel transporter to fill
gliotransmitter vesicles with D-serine: evidence for versicular synergy. J Neurosci
33 (25): 10193-10194.
Silva CG, Peyre E, Adhikari MH, Tielens S, Tanco S, Van Damme P, Magno L,
Krusy N, Agirman G, Magiera MM, Kessaris N, Malgrange B, Andrieux A, Janke
C, Nguyen L (2018) Cell-Intrinsic Control of Interneuron Migration Drives Cortical
Morphogenesis. Cell 172(5): 1063-1078.
Silva CG, Peyre E, Nguyen L (2019) Cell migration promotes dynamic cellular
interactions to control cerebral cortex morphogenesis. Nat Rev Neurosci 20(6):
318-329.
252

Silver, R (2010) Neuronal arithmetic. Nat Rev Neurosci 11: 474–489.
Simeone A, Gulisano M, Acampora D, Stornaiuolo A, Rambaldi M, Boncinelli E
(1992) Two vertebrate homeobox genes related to the Drosophila empty
spiracles gene are expressed in the embryonic cerebral cortex. EMBO J 11(7):
2541-50.
Simon A, Olah S, Molnar G, Szabadics J, Tamas G (2005) Gap-junctional
coupling between neurogliaform cells and various interneuron types in the
neocortex. J Neurosci 25: 6278–6285.
Simons M, Nave K (2016) Oligodendrocytes: Myelination and Axonal Support.
Cold Spring Harb Perspect Biol 8(1): a020479.
Simpson TI, Pratt T, Mason JO, Price DJ (2009) Normal ventral telencephalic
expression of Pax6 is required for normal development of thalamocortical exons
in embryonic mice. Neural Dev 4: 19.
Siracusa R, Fusco R, Cuzzocrea S (2019) Astrocytes: Role and Functions in
Brain Pathologies. Front Pharmacol 10: 1114.
Sisodiya SM, Free SL, Williamson KA, Mitchell TN, Willis C, Stevens JM, Kendall
BE, Shorvon SD, Hanson IM, Moore AT, van Heyningen V (2001) PAX6
haploinsufficiency causes cerebral malformation and olfactory dysfunction in
humans. Nat Genet 28(3): 214-6.
Smart, IH, Dehay C, Giroud P, Berland M, Kennedy H (2002) Unique
morphological features of the proliferative zones and postmitotic compartments
of the neural epithelium giving rise to striate and extrastriate cortex in the
monkey. Cereb Cortex 12: 37–53.
Smith MM, Fraser GJ, Chaplin N, Hobbs C, Graham A (2009) Reiterative pattern
of sonic hedgehog expression in the catshark dentition reveals a phylogenetic
template for jawed vertebrates. Proc Biol Sci 276(1660): 1225-1233.
Snyder JS (2019) Recalibrating the Relevance of Adult Neurogenesis. Trends
Neurosci 42(3): 164-178.
Soldado-Magraner S, Brandalise F, Honnuraiah S, Pfeiffer M, Moulinier M,
Gerber U, Douglas R (2020) Conditioning by subthreshold synaptic input

253

changes the intrinsic firing pattern of CA3 hippocampal neurons. J Neurophysiol
123: 90-106.
Somogyi (1977) A specific axo-axonal interneuron in the visual cortex of the rat
brain. Brain Res 136: 354-360.
Song M, Mohamad O, Chen D, Yu SP (2013) Coordinated development of
voltage-gated Na+ and K+ currents regulates functional maturation of forebrain
neurons derived from human induced pluripotent stem cells. Stem Cells Dev
22(10): 1551-63.
Soto EJ, Gandal MJ, Gonatopoulos-Pournatzis T, Heller EA, Luo D, Zheng S
(2019) Mechanisms of Neuronal Alternative Splicing and Strategies for
Therapeutic Interventions. J Neurosci 39(42): 8193-8199.
Southwell DG, Paredes MF, Galvao RP, Jones DL, Froemke RC, Sebe JY,
Alfaro-Cervello C, Tang Y, Garcia-Verdugo JM, Rubenstein JL, Baraban SC,
Alvarez-Buylla A (2012) Intrinsically determined cell death of developing cortical
interneurons. Nature 491(7422): 109-13.
Spitz F, Furlong EE (2012) Transcription factors: from enhancer binding to
developmental control. Nat Rev Genet 13(9): 613-26.
Spruston N, Johnston D (1992) Perforated patch-clamp analysis of the passive
membrane properties of three classes of hippocampal neurons. J Neurophysiol
67: 508–529.
Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM, Costantini F
(2001) Cre reporter strains produced by targeted insertion of EYFP and ECFP
into the ROSA26 locus. BMC Dev Biol 1: 4.
Stanton BZ, Peng LF (2010) Small-molecule modulators of the Sonic Hedgehog
signaling pathway. Mol Biosyst 6(1): 44-54.
Stevanovic M, Drakulic D, Lazic A, Ninkovic DS, Schwirtlich M, Mojsin M (2021)
SOX Transcription Factors as Important Regulators of Neuronal and Glial
Differentiation During Nervous System Development and Adult Neurogenesis.
Front Mol Neurosci 14: 654031.
Storm JF (1987) Action potential repolarization and a fast-hyperpolarization in rat
hippocampal pyramidal cells. J Phsyiol 385: 733-759.

254

Stoykova A, Fritsch R, Walther C, Gruss P (1996) Forebrain patterning defects in
Small eye mutant mice. Development 122(11): 3453–3465.
Stoykova A, Gruss P (1994) Roles of Pax-genes in developing and adult brain as
suggested by expression patterns. J Neurosci 14: 1395–1412.
Stoykova A, Treichel D, Hallonet M, Gruss P (2000) Pax6 modulates the
dorsoventral patterning of the mammalian telencephalon. J Neurosci 20:
8042–8050.
Subramanian L, Sarkar A, Shetty AS, Muralidharan B, Padmanabhan H, Piper M,
Monuki ES, Bach I, Gronostajski RM, Richards LJ, Tole S (2011) Transcription
factor Lhx2 is necessary and sufficient to suppress astrogliogenesis and promote
neurogenesis in the developing hippocampus. PNAS 108(27): e265–e274.
Südhof TC (2012) The presynaptic active zone. Neuron 75(1): 11-25.
Sullivan M, Morgan DO (2007)Finishing mitosis, one step at a time. Nat Rev Mol
Cell Biol 8(11): 894-903.
Sussel L, Marin O, Kimura S, Rubenstein JL (1999) Loss of Nkx2.1 homeobox
gene function results in a ventral to dorsal molecular respecification within the
basal telencephalon: evidence for a transformation of the pallidum into the
striatum. Development 126: 3359–3370.
Szabadics J, Soltesz I (2009) Functional specificity of mossy fiber innervation of
GABAergic cells in the hippocampus. J Neurosci 29: 4239–4251.
Szentagothai J, Arbib MA (1974) Conceptual models of neural organization.
Neurosci Res Program Bull 12: 305–510.
Tamamaki N (2005) Origin of the neocortical subependymal cells speculated by
Emx1 and GAD67 expression. Chem Senses 30: 111-112.
Tamás G, Lőrincz A, Simon A, Szabadics J (2003) Identified sources and targets
of slow inhibition in the neocortex. Science 299: 1902–1905.
Taniguchi H (2014) Genetic dissection of GABAergic neural circuits in mouse
neocortex. Front Cell Neurosci 8: 8.
Tarrant M, Cole PA (2009) The chemical biology of protein phosphorylation. Ann
Rev Biochem 78: 797-825.

255

Tasic B, Menon V, Nguyen TN, Kim TK, Jarsky T, Yao Z, Levi B, Gray LT,
Sorensen SA, Dolbeare T, Bertagnolli D, Goldy J, Shapovalova N, Parry S, Lee
C, Smith K, Bernard A, Madisen L, Sunkin SM, Hawrylycz M, Koch C, Zeng H
(2016) Adult mouse cortical cell taxonomy revealed by single cell transcriptomics.
Nat Neurosci 19(2): 335-46.
Tatsumi K, Isonishi A, Yamasaki M, Kawabe Y, Morita-Takemura S, Nakahara K,
Terada Y, Shinjo T, Okuda H, Tanaka T, Wanaka A (2018) Olig2-Lineage
Astrocytes: A Distinct Subtype of Astrocytes That Differs from GFAP Astrocytes.
Front Neuroanat 12:8.
Taverna E, Götz M, Huttner WB (2014) The cell biology of neurogenesis: toward
an understanding of the development and evolution of the neocortex. Annu Rev
Cell Dev Biol 30: 465-502.
Terzić J, Saraga-Babić M (1999) Expression pattern of PAX3 and PAX6 genes
during human embryogenesis. Int J Dev Biol 43(6): 501-8.
Tian T, Quintana-Urzainqui I, Kozić Z, Pratt T, Price DJ (2022) Pax6 loss alters
the morphological and electrophysiological development of mouse prethalamic
neurons. Development 149(6):dev200052.
Toma K, Hanashima C (2015) Switching modes in corticogenesis: mechanisms
of neuronal subtype transitions and integration in the cerebral cortex. Front
Neurosci 9: 274.
Tomioka R, Sakimura K, Yanagawa Y (2015) Corticofugal GABAergic projection
neurons in the mouse frontal cortex. Front Neuroanat 9: 133.
Ton CC, Hirvonen H, Miwa H, Weil MM, Monaghan P, Jordan T, van Heyningen
V, Hastie ND, Meijers-Heijboer H, Drechsler M, Royer-Pokora B, Collines F,
Swaroop A, Strong LC, Saunders GF (1991) Positional cloning and
characterization of a paired boxand homeobox-containing gene from the aniridia
region. Cell 67: 1059–1074.
Tononi G (2008) Consciousness as integrated information: a provisional
manifesto. Biol Bull 215(3): 216-42.
Toresson H, Campbell K (2001) A role for Gsh1 in the developing striatum and
olfactory bulb of Gsh2 mutant mice. Development 128: 4769–4780.

256

Toresson H, Potter SS, Campbell K (2000) Genetic control of dorsal-ventral
identity in the telencephalon: opposing roles for Pax6 and Gsh2. Development
127: 4361–4371.
Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK,
Hansen KB, Yuan H, Myers SJ, Dingledine R (2010) Glutamate receptor ion
channels: structure, regulation, and function. Pharmacol Rev 62(3):405-96.
Tremblay P, Gruss P (1994) Pax: genes for mice and men. Pharmacol Ther
61(1-2): 205-26.
Tremblay R, Lee S, Rudy B (2016) GABAergic Interneurons in the Neocortex:
From Cellular Properties to Circuits. Neuron 91(2):260-92.
Tricoire L, Pelkey KA, Daw MI, Sousa VH, Miyoshi G, Jeffries B, Cauli B, Fishell
G, McBain CJ (2010) Common origins of hippocampal Ivy and nitric oxide
synthase expressing neurogliaform cells. J Neurosci 30(6): 2165-76.
Tripathi RB, Clarke LE, Burzomato V, Kessaris N, Anderson PN, Attwell D,
Richardson WD (2011) Dorsally and ventrally derived oligodendrocytes have
similar electrical properties but myelinate preferred tracs. J Neurosci 31:
6809-6819.
Tripathy SJ, Burton SD, Geramita M, Gerkin RC, Urban NN (2015) An in-depth
analysis of brain-wide electrophysiological diversity using the NeuroElectro
dataset, including techniques for experimental condition normalization and
database quality control. J Neurophysiol 113: 3474 –3489.
Tripathy SJ, Savitskaya J, Burton SD, Urban NN, Gerkin RC (2014) A methods
paper outlining the text-mining and manual curation methodology used to
construct the NeuroElectro resource. Front Neuroinform 8: 40.
Tripathy SJ, Toker L, Bomkamp C, Mancarci BO, Belmadani M, Pavlidis P (2018)
Assessing Transcriptome Quality in Patch-Seq Datasets. Front Mol Neurosci 11:
363.
Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem 67: 509-44.
Tuoc TC, Radyushkin K, Tonchev AB, Piñon MC, Ashery-Padan R, Molnár Z,
Davidoff MS, Stoykova A (2009) Selective cortical layering abnormalities and
behavioral deficits in cortex-specific Pax6 knock-out mice. J Neurosci 29 (26):
8335-49.

257

Tuoc TC, Stoykova A (2008a) Er81 is a downstream target of Pax6 in cortical
progenitors. BMC Dev Biol 8:23.
Tuoc TC, Stoykova A (2008b) Trim11 modulates the function of neurogenic
transcription factor Pax6 through ubiquitin-proteosome system. Genes Dev
22(14): 1972-1986.
Turner RM, Bird SM, Higgins JPT (2013) The impact of study size on
meta-analyses: examination of underpowered studies in Cochrane reviews.
PLoS ONE 8: e59202.
Tyminski JP, de la Parra-Venegas R, González Cano J, Hueter RE (2015)
Vertical Movements and Patterns in Diving Behavior of Whale Sharks as
Revealed by Pop-Up Satellite Tags in the Eastern Gulf of Mexico. PLoS One
10(11):e0142156.
Tyson JA, Goldberg EM, Maroof AM, Xu Q, Petros TJ, Anderson SA (2015)
Duration of culture and sonic hedgehog signaling differentially specify PV versus
SST cortical interneuron fates from embryonic stem cells. Development 142 (7):
1267-1278.
Tyzio R, Ivanov A, Bernard C, Holmes GL, Ben Ari Y, Khazipov R (2003)
Membrane potential of CA3 hippocampal pyramidal cells during postnatal
development. J Neurophysiol 90: 2964-2972.
Ulrich D, Bettler B (2007) GABA(B) receptors: synaptic functions and
mechanisms of diversity. Curr Opin Neurobiol 17(3):298-303.
Valverde, F (1978) The organization of area 18 in the monkey: Golgi study. Anat.
Embryol 154: 305–334.
van den Ameele J, Tiberi L, Vanderhaeghen P, Espuny-Camacho I (2014)
Thinking out of the dish: what to learn about cortical development using
pluripotent stem cells. Trends Neurosci 37(6): 334-42.
van den Hurk M, Erwin JA, Yeo GW, Gage FH, Bardy C (2019) Patch-Seq
Protocol to Analyze the Electrophysiology, Morphology and Transcriptome of
Whole Single Neurons Derived From Human Pluripotent Stem Cells. Front Mol
Neurosci 11: 261.
Venkatesh B, Lee AP, Ravi V, Maurya AK, Lian MM, Swann JB, Ohta Y, Flajnik
MF, Sutoh Y, Kasahara M, Hoon S, Gangu V, Roy SW, Irimia M, Korzh V,
Kondrychyn I, Lim ZW, Tay BH, Tohari S, Kong KW, Ho S, Lorente-Galdos B,
258

Quilez J, Marques-Bonet T, Raney BJ, Ingham PW, Tay A, Hillier LW, Minx P,
Boehm T, Wilson RK, Brenner S, Warren WC (2014) Elephant shark genome
provides unique insights into gnathostome evolution. Nature 505(7482): 174-9.
Vincent MC, Pujo AL, Olivier D, Calvas P (2003) Screening for PAX6 gene
mutations is consistent with haploinsufficiency as the main mechanism leading to
various ocular defects. Eur J Hum Genet 11(2): 163-169.
Vinci L, Ravarino A, Gerosa C, Pintus MC, Marcialis MA, Marinelli V, Faa G,
Fanos V, Ambu R (2016) Stem/progenitor cells in the cerebral cortex of the
human preterm: a resource for an endogenous regenerative neuronal medicine?
J Pediatr Neonat Individual Med 5(1): e050121.
Vogt Weisenhorn DM, Celio MR, Rickmann M (1998) The onset of
parvalbumin-expression in interneurons of the rat parietal cortex depends upon
extrinsic factor(s). Eur J Neurosci 10(3): 1027-36.
Voronova A, Yuzwa SA, Wang BS, Zahr S, Syal C, Wang J, Kaplan DR, Miller FD
(2017) Migrating Interneurons Secrete Fractalkine to Promote Oligodendrocyte
Formation in the Developing Mammalian Brain. Neuron 94(3): 500-516.
Waddington C H (1957) The Strategy of the Genes: A Discussion of Some
Aspects of Theoretical Biology. Allen & Unwin, London.
Wallace VA (1999) Purkinje-cell-derived Sonic hedgehog regulates granule
neuron precursor cell proliferation in the developing mouse cerebellum. Curr Biol
9: 445–448.
Walther C, Gruss P (1991) Pax-6, a murine paired box gene, is expressed in the
developing CNS. Development 113: 1435–1449.
Wamsley B, Fishell G (2017) Genetic and activity-dependent mechanism
underlying interneuron diversity. Nat Rev Neurosci 18: 299-309.
Wang S, Sdrulla AD, diSibio G, Bush G, Nofziger D, Hicks C, Weinmaster G,
Barres BA (1998) Notch receptor activation inhibits oligodendrocyte
differentiation. Neuron 21(1): 63-75.
Wang W, Jossin Y, Chai G, Lien WH, Tissir F, Goffinet AM (2016) Feedback
regulation of apical progenitor fate by immature neurons through
Wnt7-Celsr3-Fzd3 signalling. Nat Commun 7: 10936.
Ward JH (1963) Hierarchical Grouping to Optimize an Objective Function. J Am
Stat Assoc 58: 236-244.

259

Weiss JH, Hartley DM, Koh J, Choi DW (1990) The calcium channel blocker
nifedipine attenuates slow excitatory amino acid neurotoxicity. Science
247(4949): 1474-7.
Weissman TA, Riquelme PA, Ivic L, Flint AC, Kriegstein AR (2004) Calcium
waves propagate through radial glial cells and modulate proliferation in the
developing neocortex. Neuron 43(5): 647-61.
Westenbroek RE, Hell JW, Warner C, Dubel SJ, Snutch TP, Catterall WA (1992)
Biochemical properties and subcellular distribution of an N-type calcium channel
alpha 1 subunit. Neuron 9: 1099–1115.
Whitacre JM (2012) Biological robustness: paradigms, mechanisms, and
systems principles. Front Genet 3:67.
Whitman MC, Greer CA (2009) Adult neurogenesis and the olfactory system.
Prog Neurobiol 89(2): 162-75.
Wichterle H, Turnbull DH, Nery S, Fishell G, Alvarez-Buylla A (2001) In utero fate
mapping reveals distinct migratory pathways and fates of neurons born in the
mammalian basal forebrain. Development 128: 3759–3771.
Winkler CC, Yabut OR, Fregoso SP, Gomez HG, Dwyer BE, Pleasure SJ, Franco
SJ. The Dorsal Wave of Neocortical Oligodendrogenesis Begins Embryonically
and Requires Multiple Sources of Sonic Hedgehog (2018) J Neurosci 38(23):
5237-5250.
Wise SP, Fleshman JWJr, Jones EG (1979). Maturation of pyramidal cell form in
relation to developing afferent and efferent connections of rat somatic sensory
cortex. Neuroscience 4: 1275–1297.
Wonders CP, Anderson SA (2006) The origin and specification of cortical
interneurons. Nat Rev Neurosci 7: 687–696.
Wong FK, Bercsenyi K, Sreenivasan V, Portalés A, Fernández-Otero M, Marín O
(2018) Pyramidal cell regulation of interneuron survival sculpts cortical networks.
Nature 557(7707): 668-673.
Wong FK, Fei JF, Mora-Bermúdez F, Taverna E, Haffner C, Fu J, Anastassiadis
K, Stewart AF, Huttner WB (2015) Sustained Pax6 Expression Generates

260

Primate-like Basal Radial Glia in Developing Mouse Neocortex. PLoS Biol 13(8):
e1002217.
Wong FK, Marín O (2019) Developmental Cell Death in the Cerebral Cortex.
Annu Rev Cell Dev Biol 35: 523-542.
Woolley TE, Baker RE, Tickle C, Maini PK, Towers M (2014) Mathematical
modelling of digit specification by a sonic hedgehog gradient. Dev Dyn 243:
290-298.
Wright SH (2004) Generation of resting membrane potential. Adv Physiol Educ
28(4): 139-142.
Wu H, Jin Y, Buddhala C, Osterhaus G, Cohen E, Jin H, Wei J, Davis K, Obata K,
Wu JY (2007) Role of glutamate decarboxylase (GAD) isoform, GAD65, in GABA
synthesis and transport into synaptic vesicles-Evidence from GAD65-knockout
mice studies. Brain Res 1154: 80-3.
Wu JY, Matsuda T, Roberts E (1973) Purifcation and characterization of
glutamate decarboxylase from mouse brain. J Biol Chem 248: 3029–3034.
Xu Q, Cobos I, De La Cruz E, Rubenstein JL, Anderson SA (2004) Origins of
cortical interneuron subtypes. J Neurosci 24: 2612–2622.
Xu Q, Wonders CP, Anderson SA (2005) Sonic hedgehog maintains the identity
of cortical interneuron progenitors in the ventral telencephalon. Development
132(22): 4987-4998.
Xue L, Cai JY, Ma J, Huang Z, Guo MX, Fu LZ, Shi YB, Li WX (2013) Global
expression profiling reveals genetic programs underlying the developmental
divergence between mouse and human embryogenesis. BMC Genomics 14:
568.
Yabut OR, Pleasure SJ (2008) Sonic Hedgehog Signaling Rises to the Surface:
Emerging Roles in Neocortical Development. Brain Plast 3(2): 119-128.
Yamashiro K, Liu J, Matsumoto N, Ikegaya Y (2012) Deep Learning-Based
Classification of GAD67-Positive Neurons Without the Immunosignal. Front
Neuroanat 15: 643067.
Yamashita W, Takahashi M, Kikkawa T, Gotoh H, Osumi N, Ono K, Nomura T
(2018) Conserved and divergent functions of Pax6 underlie species-specific

261

neurogenic patterns in the developing amniote brain. Development 145(8):
dev159764.
Yang C, Qi Y, Sun, Z (2021) The Role of Sonic Hedgehog Pathway in the
Development of the Central Nervous System and Aging-Related
Neurodegenerative Diseases. Front Mol Biosci 8: 711710.
Yang I, Han SJ, Kaur G, Crane C, Parsa AT (2010) The role of microglia in
central nervous system immunity and glioma immunology. J Clin Neurosci 17(1)
:6-10.
Yang J, Kilb W, Kirischuk S, Unichenko P, Stuttgen M, Luhmann H (2018)
Development of the whisker-to-barrel cortex system. Curr Opin Neurobiol 53:
29-34.
Yasuda R (2017) Biophysics of Biochemical Signaling in Dendritic Spines:
Implications in Synaptic Plasticity. Biophys J 113(10): 2152-2159.
Yu ACH, Hertz L, Schousboe A (1983) Pyruvate carboxylase activity in primary
cultures of astrocytes and neurons. J Neurochem 41: 1484–1487.
Yu YC, He S, Chen S. et al (2012) Preferential electrical coupling regulates
neocortical lineage-dependent microcircuit assembly. Nature 486: 113–117.
Yung SY, Gokhan S, Jurcsak J, Molero AE, Abrajano JJ, Mehler MF (2002)
Differential modulation of BMP signaling promotes the elaboration of cerebral
cortical GABAergic neurons or oligodendrocytes from a common sonic
hedgehog-responsive ventral forebrain progenitor species. PNAS 99:
16273–16278.
Zaghloul NA, Moody SA (2007) Changes in Rx1 and Pax6 activity at eye field
stages differentially alter the production of amacrine neurotransmitter subtypes in
Xenopus. Mol Vis 13:86-95.
Zecevic N, Hu F, Jakovcevski I (2011) Interneurons in the developing human
neocortex. Dev Neurobiol 71(1): 18-33.
Zeineddine D, Hammoud AA, Mortada M, Boeuf H (2014) The Oct4 protein: more
than a magic stemness marker. Am J Stem Cells 3(2): 74-82.
Zhang S, Cui W (2014) Sox2, a key factor in the regulation of pluripotency and
neural differentiation. World J Stem Cells 6(3): 305-311.
262

Zhang Y, Liu G, Guo T, Liang XG, Du H, Yang L, Bhaduri A, Li X, Xu Z, Zhang Z,
Li Z, He M, Tsyporin J, Kriegstein AR, Rubenstein JL, Yang Z, Chen B (2020)
Cortical Neural Stem Cell Lineage Progression Is Regulated by Extrinsic
Signaling Molecule Sonic Hedgehog. Cell Rep 30(13): 4490-4504.

Zhang Z (2004) Maturation of Layer V Pyramidal Neurons in the Rat Prefrontal
Cortex: Intrinsic Properties and Synaptic Function. J Neurophysiol 91(3):
1171-1182.
Zhang Z, Ma Z, Zou W, Guo H, Liu M, Ma Y, Zhang L (2019) The Appropriate
Marker for Astrocytes: Comparing the Distribution and Expression of Three
Astrocytic Markers in Different Mouse Cerebral Regions. BioMed Research
International 9605265.
Zhu F, Farnung L, Kaasinen E, Sahu B, Yin Y, Wei B, Dodonova SO, Nitta KR,
Morgunova E, Taipale M, Cramer P, Taipale J (2018) The interaction landscape
between transcription factors and the nucleosome. Nature 562(7725): 76-81.
Zhu X, Bergles DE, Nishiyama A (2008) NG2 cells generate both
oligodendrocytes and gray matter astrocytes. Development 135 (1): 145-157.
Zimmer C, Tiveron MC, Bodmer R, Cremer H (2004) Dynamics of Cux2
expression suggests that an early pool of SVZ precursors is fated to become
upper cortical layer neurons. Cereb Cortex 14(12): 1408-20.

I have highlighted in blue the 10 primary and secondary papers I find more
elegantly cover the topics of this thesis. Tiago out.

263

