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DISTINCT POPULATIONS OF LAYER 5B PYRAMIDAL NEURONS IN THE PRIMARY

MOTOR CORTEX

Maria V. Moya, Ph.D.

The Rockefeller University 2019

The ability of motor cortex to plan, execute, and refine different movements
depends on the coordinated activity of many neurons found across its laminar structure.
Layer 5b (L5b), a deep cortical layer that drives output signals from the cortex, contains
excitatory pyramidal neurons that innervate many subcortical areas of the brain. In the
motor cortex, L5b is thicker and contains more pyramidal neurons than L5b of other
cortical areas. Electrophysiological, anatomical, and RNA-Seq profiling of neurons in the
motor cortex suggests there are diverse pyramidal neuron types within L5b. However, the
precise identities of these distinct populations and their defining traits have been difficult
to assess. Determining the cell type-specific properties of distinct L5b pyramidal neurons
will not only help in understanding how the motor cortex is able to execute its varied
functions, but may also reveal how selective vulnerability is established in
neurodegenerative diseases that affect the motor cortex, such as Amyotrophic Lateral
Sclerosis (ALS). Despite being expressed in all cells of the body, mutations associated
with ALS lead to specific loss of LMNs in the brainstem and the ventral horn of the spinal
cord, and UMNs in L5b of the motor cortex. For this reason, it is important to characterize

the unique molecular profiles that may underlie an increased vulnerability of these cell



types to the ubiquitously expressed mutations. In the motor cortex, this requires us to
determine the characteristics that differentiate vulnerable L5b cells from other resistant
cell types in the same area, and understand how these features may contribute to their
death in ALS. This study aims to understand how anatomical traits and molecular
properties, defined at the level of gene expression, vary across subpopulations of L5b
pyramidal neurons in the motor cortex. We show that there are two distinct, but closely
related, pyramidal neuron subtypes in mouse primary motor cortex which occupy discrete
sublayers of L5b. In the SOD1-G93A mouse model of ALS, we observe loss of only one
of these cell types, establishing the other as an analogous resistant L5b population. Using
TRAP (Translating Ribosome Affinity Purification) with RNA-Seq, we show that these
cells have important baseline differences in gene expression in healthy tissues, and that
they display differential molecular responses to SOD1-G93A expression. Together, these
findings reveal that the gene expression differences between the distinct L5b populations
not only reflect their diverse cortical and subcortical anatomy, but may also establish

selective vulnerability in ALS.
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CHAPTER 1:

Study Introduction and Objectives

The function of the central nervous system (CNS) fundamentally relies on
communication between many unique cell types. The myriad functions that are carried
out by the brain via these connections reflect the diverse anatomy, morphology, and
physiology of these CNS populations. Underlying this diversity are unique patterns of
gene expression that provide the necessary elements for constructing each distinct cell
type, both during development and in adulthood. For the mammalian neocortex, a hub
for cognition and integrative processing in the brain, this means defining the laminar
distribution of neuron populations that makes up its cytoarchitecture. The adult cortex is
classically organized into 6 anatomically and functionally distinctive layers that each
contain different subtypes of excitatory and inhibitory neurons (Brody, 1955; Jones and
Wise, 1977; Krieg, 1946; Lorente de No, 1938; Wise and Jones, 1977a). The excitatory
cortical populations are often referred to as pyramidal neurons because of the pyramid
shape of their cell bodies (see O'Leary, 1941; Ramén y Cajal, 1911). Each layer of the
cortex contains pyramidal neurons that differ in morphology, size and connectivity
(Figure 1.1). The most superficial layer, Layer 1 (L1), houses the distal dendritic
processes, or “apical tufts”, of deeper layer pyramidal neurons, which receive input from
various modulatory subcortical areas (Lorente de No, 1938; Vaughan and Peters,
1973). Layers 2 and 3, in rodents often combined as a single Layer 2/3 (L2/3), contain

small pyramidal neurons that communicate with other cortical cells in the same cortical
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Figure 1.1: Pyramidal neuron distribution across the layers of the mammalian
cortex. Model of cortical laminar cell types. L2/3 contains small neurons (pink) that
project to deep layer neurons within the cortical column, and in other areas of cortex. L4
receives inputs from sensory regions of the brain. L5a cells (blue) are slightly larger, and
send projections to the striatum and across other regions of cortex, include contralateral
cortex. L5b is a thick layer that contains some of the largest pyramidal neurons in the
cortex (green) that send projections to many different subcortical nuclei, the brainstem,
and the spinal cord. L6a contains small neurons (yellow) that project to the thalamus.



column, as well as across other cortical regions (Gilbert and Kelly, 1975; Vogt and
Pandya, 1978). Layer 4 (L4), where present, is an important input layer of the cortex,
receiving the axon terminals of many sensory input neurons from other regions of the
brain (Shatz and Stryker, 1978; Woolsey and Van der Loos, 1970). Layer 5 (L5), is
composed of two major subdivisions. Layer 5a (L5a) contains large pyramidal cells that
innervate neurons in the striatum and other regions of the cortex, including the opposite
hemisphere, or “contralateral” cortex (Jones et al., 1975; 1977). Layer 5b (L5b) is an
important effector output layer of the cortex, containing the largest pyramidal neurons
that send their long-range axons to distal targets throughout the subcortical regions of
the brain (Domesick, 1969; Wise and Jones, 1977b; 1977a; Wise et al., 1979). Layer 6
(L) is primarily represented by layer 6a (L6a), which includes pyramidal neurons that
are important in feedback signaling with the thalamus (Wise and Jones, 1977b).

This laminar architecture is highly conserved across different functional areas of
the cortex, such as visual and auditory regions (Krieg, 1946). However, in the primary
motor cortex (M1) and accessory motor regions such as anterolateral motor cortex
(ALM), there are two notable differences. (1) These areas do not contain a prominent
L4, and (2) they show a broader L5b thickness (Jones and Wise, 1977). Because L5b of
the cortex is a key computational output layer, the greater number of pyramidal neurons
that are accommodated by this widening reflect the importance of motor cortex output
for signaling in motor function. The proper execution of movement requires many stages
of preparatory and executive computation, and the pre-motor and motor cortices of

diverse species are indispensible in this multifaceted processing. These areas help to



prepare and initiate voluntary movement (Chen et al., 2017; Churchland and Shenoy,
2007; Day et al.,, 1989; Economo et al., 2018; Evarts, 1968; Inagaki et al., 2018;
Penfield, 1954; Roland et al., 1980; Thach, 1978), participate in the initiation and
execution of dexterous movements (Evarts, 1966; Graziano et al., 2002; Gu et al.,
2017a; Guo et al., 2015; Shibasaki et al., 1993), and are important in the coordination
and refinement of gross movements that takes place during motor learning (Fischer,
1967; Kawai et al., 2015; Lashley, 1942). Accomplishing these varied forms of
processing requires signaling to many areas of the CNS, and therefore many axonal
outputs from these motor areas. And to carry these efferent messages, L5b in these
regions may contain diverse populations of subcortical projection neurons, also known
as corticofugal neurons, that contribute to different aspects of functional output from the
motor cortex (Figure 1.2, see Yu et al., 2008).

Evidence of the heterogeneity of motor cortical neuron populations has been found
in rodents, where different approaches have been employed to determine the neuronal
cell type composition of the different layers. For instance, using electrophysiology, it has
been revealed that in motor areas, the activity of different cells during distinct temporal
and spatial phases of movement is key to the preparation and execution of the
movement (Chen et al., 2017; Economo et al., 2018; Guo et al., 2015; 2014; Harrison et
al., 2012). Importantly, these cells receive electrophysiological input from different
sources depending on their depth in the cortex (Hooks et al., 2013; Mao et al., 2011;
Petreanu et al., 2009; Ueta et al., 2014; Yu et al., 2008). Additionally, their

electrophysiological properties suggest that cells in L5b can show differential degrees of
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Figure 1.2: Cell types of the primary motor cortex layers may be more diverse than
originally thought. The current thinking of motor cortical cytoarchitecture given
published findings and the findings of this study. M1 is agranular and contains no L4. L5b
is thicker in these areas and may contain distinct populations projection neurons. These
cells may send projections to distinct subcortical areas throughout the brain.



the spike-frequency adaptation necessary for maintaining persistent activity (Hattox and
Nelson, 2007; Oswald et al., 2013; Sheets et al., 2011; Suter et al., 2013; Tantirigama
et al., 2016; 2014). Another approach used to address the heterogeneity of pyramidal
neurons in the motor areas is anatomical tracing, whereby one can label neurons that
project to different areas of the brain by injecting retrograde dyes and reporter-
expressing viruses into these target regions. Using these labeling methods, the
projections from L5b of the motor cortex haven been shown to target several different
regions of the subcortex, including the thalamus, the superior colliculus, the pons, the
brainstem, and the spinal cord (Figure 1.3; Arlotta et al., 2005; Economo et al., 2018;
Feng et al., 2000; Gerfen et al., 2016; Oswald et al., 2013) Distinct subpopulations of
L5b neurons appear to have specific combinations of collateral projections rather than
each innervating all of these regions (see Economo et al., 2018). Finally, using high-
throughput sequencing methods that assay whole cortical areas, it has been shown that
even within individual sublayers, there may be distinct populations of cells that are
differentiated by their gene expression patterns (Fame et al., 2017; Sugino et al., 2006;
Tasic et al., 2016; 2018). Together these findings have all suggested that the cell type-
composition of the distinct layers of motor cortical areas may be more heterogeneous
than originally suspected. However, it has been difficult to consolidate the findings of
these diverse studies into a comprehensive atlas of L5b cell types and their respective
features. This is due to the fact that, within the same animal, it is challenging to carry
out all of the various physiological, anatomical, and molecular assays used to describe

cell type properties, and therefore impossible to cross-reference a particular feature with
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Figure 1.3: The long-range projections of L5b cells of M1. Sagittal illustration of
projection patterns for the distinct L5b subpopulations of L5b cells, from recent published
studies as well as findings from this study. Together, these populations send long-range
projections to more proximal and distal regions of the subcortex, including the ventral
posteromedial nucleus of the thalamus, the superior colliculus, the pons, and the

brainstem.



a specific cell in the tissue. Without reproducible anatomical and molecular access to
the individual distinct cell types of L5b, we will not be able to define the unique features
of these neurons across the varied experimental paradigms used to define neuronal
subpopulations.

The ability to visualize specific neuronal populations and profile their specific
patterns of gene expression across experimental assays is the cornerstone of the
Translating Ribosome Affinity Purification (TRAP) technique (Doyle et al., 2008; Heiman
et al,, 2008). The ability to introduce transgenes into the mouse genome by using
Bacterial Artificial Chromosomes (BACs) was key to the development of the technique
(Gong et al., 2010; 2003; Shizuya et al., 1992). TRAP relies on the expression of a
subunit of the large ribosomal complex (L10a) fused to a green fluorescent protein
(EGFP; EGFP-L10a). In order to express EGFP-L10a in specific cellular population of
interest, a region of the genome that contains a gene selectively expressed in these
cells is converted into a BAC, where EGFP-L10a is inserted by homologous
recombination downstream of the promoter of the cell type-specific gene. The modified
BAC is then introduced by microinjection into a fertilized mouse zygote, where it
incorporates into the genome by recombination. The cell type-specific gene promoter
then drives transcription of EGFP-L10a in any cells that express that gene. The
fluorescent EGFP allows for the anatomical visualization of this cell type in tissue, and
when isolated by immunoprecipitation (IP), also provides access to the mRNA
molecules that are bound to the ribosomal complex during translation. This technique

has been broadly applied in the study of the molecular underpinnings of cell type-



specific features across the CNS in both healthy and dysfunctional physiology
(Nakajima et al., 2014; Schmidt et al., 2012; Virk et al., 2016). The TRAP technique is
therefore ideally suited to revealing underlying molecular differences across L5b
pyramidal neuron types that, starting at the level of gene expression, help establish
unique neuronal properties.

While differing patterns of gene expression can impart unique functional properties
and establish anatomical diversity, they can additionally create vulnerabilities to
biological insult. In fact, the selective vulnerability of specific neuron populations is a
hallmark of many neurodegenerative diseases. In these diseases, ubiquitously
expressed mutations cause discrete populations of vulnerable cells to die because the
specific molecular environment found in those cells is not able to mitigate the insult. In
the case of Amyotrophic Lateral Sclerosis (ALS), loss of two different cell types is
observed: upper motor neurons (UMNSs) in L5 of the primary motor cortex and lower
motor neurons (LMNSs) in the ventral horn of the spinal cord (Charcot and Joffroy, 1869;
Hammer et al., 1979). Progressive loss of these two motor neuron populations is
catastrophic to motor function, and is therefore lethal to the patient. ALS patients
typically become symptomatic at an average age of 55 (als.org and alsa.org), with initial
symptoms often including muscle weakness and tremors. Almost 6000 patients are
newly diagnosed with ALS every year in the US alone, and although disease
progression rates can vary from case to case, patients typically do not survive beyond 5
years post-diagnosis. The vast majority of ALS cases (90%) occur sporadically (SALS)

with no detectable heritable cause (Rowland and Shneider, 2001; Tandan and Bradley,



1985). For the remaining 10% of cases, heritable mutations to several genes- including
Superoxide dismutase 1 (SOD1), C9orf72, Tar-DNA binding protein (TDP-43), and
Fused in sarcoma (FUS)- account for most familial ALS (fALS) cases (DedJesus-
Hernandez et al., 2011; Kwiatkowski et al., 2009; Renton et al.,, 2011; Rosen et al.,
1993; Sreedharan et al., 2008; Vance et al., 2009)).

It is not fully understood how mutations in these ubiquitously expressed genes
cause degeneration of UMNs and LMNs specifically, and no effective treatments for
ALS have been developed. Nevertheless, mouse models of ALS that express mutations
in the fALS-associated genes (SOD1, TDP-43, FUS, and C9orf72) have allowed us to
probe disease mechanisms in a controlled context. (Gurney et al., 1994a; Liu et al.,
2016; Verbeeck et al., 2012; Wegorzewska et al., 2009). These models recapitulate
different features of the cellular pathologies often observed in human ALS tissues, such
as cytoplasmic inclusions and cellular atrophy (Bentmann et al., 2013; Jara et al., 2012;
Tsao et al., 2012; Turner and Talbot, 2008). They additionally show some of the motor
deficits that are reminiscent of the symptoms developed by human ALS patients. In
particular, the commonly used SOD1-G93A model (Chiu et al., 1995; Gurney et al.,
1994b) shows the progressive loss of motor function and degeneration of UMNs and
LMNs that is the pathological definition of ALS. As in humans, however, it is not known
how ubiquitously expressed mutant SOD1 in these mice inevitably causes death of
motor neurons. Yet, the field has gleaned many insights into the cellular dysfunctions
that occur in response to mutant SOD1 expression (see Cleveland and Rothstein, 2001;

Turner and Talbot, 2008).
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In healthy cells, SOD1 acts to convert the highly reactive superoxide generated as
part of various cellular functions into less reactive hydrogen peroxide (McCord and
Fridovich, 1969). Mutations to 70 of the 153 SOD1 amino acids have been linked to
fALS and sALS (see Turner and Talbot, 2008). Mouse models that express many of
these human SOD1, including the glycine-to-alanine mutation at the 93 amino acid
(G93A), have been generated in an effort to study the effects of mutant SOD1 to cellular
function. Across various SOD1 mutants appear to aggregate (Johnston et al., 2000),
mislocalize to mitochondria (Higgins et al., 2002; Jaarsma et al., 2001), lose metal ion
binding ability (Goto et al., 2000; Williamson et al., 2000), and cause downstream
oxidative damage via nitric oxide and hydrogen peroxide substrates (Andrus et al.,
1998; Beal et al., 1997; Bruijn et al., 1997a; Casoni et al., 2005; Estévez et al., 1999;
Ferrante et al., 1997; Singh et al., 1998). Many of these dysfunctions have been
described in studies of the SOD1-G93A model, where one of the cumulative
consequences of these SOD1 phenotypes is the loss of LMNs of the spinal cord (Chiu
et al., 1995; Gurney et al., 1994b). Characterizing the cellular changes occurring in
LMNSs during disease progression has been the primary focus of much ALS research in
the SOD1-G93A mouse. This is primarily due to the fact that LMNs are readily
distinguishable from other spinal cell types by their ventral localization and large size
(Aitken and Bridger, 1961; Light and Metz, 1978), and are therefore relatively easy to
selectively visualize in tissue. From these studies, several of the molecular responses
that take place in these cells during ALS progression have been uncovered, including

oxidative stress (Beal et al., 1997; Bruijn et al., 1997b; Casoni et al., 2005), axon
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transport defects (Warita et al., 1999; Williamson and Cleveland, 1999; Zhang et al.,
1997), dysregulation of glutamate-mediated neurotransmission and excitotoxicity (see
Kuner et al., 2005; Tateno et al., 2004; Trotti et al., 1999), and misfolded protein
aggregation (Bruijn et al., 1997b; Johnston et al., 2000; Watanabe and Nakamura,
2000). While determining these phenotypes is necessary for the future development of
treatments and therapies, it is important to remember that ALS is clinically defined by
the loss of both LMNSs of the brainstem and spinal cord, and UMNs of the motor cortex.
Understanding what molecular changes occur in UMNs, in complement with the
responses observed in LMNs, will allow us to more effectively determine what
phenotypes lead to cell type-specific loss in ALS.

Characterizing the molecular changes that occur in UMNs of the motor cortex
during disease has proven challenging. Because the pyramidal neuron types in the
cortex are heterogeneous, even within L5b (Krieg, 1946), visualizing these cells
requires a targeted labeling approach. Using retrograde anatomical tracing methods in
mouse models of ALS, including SOD1-G93A, it has been possible to study the
disease-related changes that take place in corticofugal L5b cells of rodent M1 during
ALS progression (Kim et al., 2017; Ozdinler et al., 2011; Yasvoina et al., 2013; Zang
and Cheema, 2002), also (see Jara et al., 2014). Many of these changes are
reminiscent of phenotypes observed in LMNs, such as hyperexcitability (Fogarty et al.,
2015), atrophy (Ozdinler et al., 2011; Zang and Cheema, 2002), and vacuolization (Jara
et al., 2012). But because the anatomical approaches used in the majority of UMN

studies do not provide the ability to assess molecular cell type heterogeneity, it is still

12



not fully understood whether these disease phenotypes represent cell type-specific
changes, or are more indicative of global L5b responses to ALS-causing mutations.

Without a method that allows for reliable visual and molecular access to individual
neuronal subtypes within the potentially heterogeneous population of L5b cells,
including the vulnerable UMN population, we cannot hope to fully advance our
understanding of how mutant SOD1 expression can cause motor neuron-specific loss.
The TRAP technique presents an ideal opportunity to anatomically characterize and
molecularly profile the different L5b populations of the motor cortex in ALS to determine
any subpopulation-selective responses. Additionally, and perhaps more importantly, the
technique would allow us to interrogate how the cell type-specific features of the most
vulnerable population of L5b neurons may be exploited by a ubiquitously expressed
ALS mutation to cause selective degeneration.

In this work, we set out to uncover what unique characteristics define the
vulnerable population of M1 L5b neurons relative to closely related L5b neurons in both
healthy and ALS contexts (Figure 1.4). We first generated transgenic BAC transgenic
mouse lines that expressed EGFP-L10a in L5b cells of M1, via the Colgalt2 and Gprin3
promoters respectively. The EGFP expression in these lines provided us with visual
access to these two L5b populations, which we used to determine the laminar
localization and projection patterns of these cells. We show that Colgalt2 cells are found
in an upper sublayer of L5b (UL5b) and project to the pons and not the spinal cord,
while the Gprin3 population is found in a discrete lower sublayer of L5b (LL5b) and

projects to the pons and the spinal cord. The EGFP-L10a construct also allowed us to
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Projections to Pons
Spinal cord
Disease Resistant Vulnerable

Figure 1.4: The general findings of this study. A summary of the relevant properties of
L5b cells characterized in this study. Upper L5b (UL5b) Colgalt2 cells (purple) project to
the pons, but not the spinal cord, and are not vulnerable in an ALS mouse model. Lower
L5b (LL5b) Gprin3 cells (green) project to both the pons and spinal cord and are lost in an

ALS mouse model.
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perform Translating Ribosome Affinity Purification (TRAP) to molecularly profile the cells
by their gene expression patterns. We determine that while these cells are very similar,
they show several molecular differences that may have consequences on their neuronal
function. To determine the specific vulnerability of LL5b Gprin3 cells but not UL5b
Colgalt2 in ALS by crossing our lines to the SOD1-G93A ALS mouse model, we then
performed TRAP in these two cell types across healthy and ALS conditions to
understand what cell-type specific responses take place in a vulnerable and resistant
population of neurons during disease progression. We show that these cells diverge in
their molecular responses to SOD1-G93A expression across disease stages, showing a
particularly contrasting response in mitochondrial gene expression modulation. We then
show that these cells show changes in mitochondrial structure during disease that will
need to be explored further in future studies. And lastly, we endeavor to determine
whether LL5b Gprin3 cells are representative of the neurons that are thought to be ALS-
vulnerable in the human motor cortex, with an eye towards to identifying markers that
effectively visualize potentially disease-relevant populations.

As a whole, this study represents an assessment of the underlying anatomical and
intrinsic molecular differences between M1 L5b cell types, their differential vulnerability
and responses in ALS, and the translatability of their molecular identity to human motor
cortex. The data collected as part of this work should serve to inform future studies of
L5b anatomy and molecular biology across healthy and disease contexts, as well as

across species.
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CHAPTER 2:
Anatomical and molecular characterization of Colgalt2 and Gprin3 bacTRAP cell

populations

The mammalian neocortex is responsible for the processing of associated inputs
from diverse brain regions into relevant functional outputs. But while each cortical region
receives different types of information, i.e. auditory vs. visual, the cortex classically
employs the same laminar organization of neurons to process these diverse inputs.
Each of five anatomically distinct layers (L2/3, L4, L5a, L5b, L6a) contains excitatory
pyramidal neurons that participate in the tiered processing of afferent information (Brody,
1955; Jones and Wise, 1977; Krieg, 1946; Weiler et al., 2008). The output of this
computation is ultimately transmitted out of the cortex by neurons found in its deep
layers, with large L5b pyramidal neurons being important drivers of functional
downstream signaling. The laminar distribution of L5b pyramidal neurons across the
cortex is remarkably uniform in rodents (Krieg, 1946). In mice, it is consistently found at
~50% depth from the pial surface of the cortex, with a thickness of about 150ym
(Franklin and Paxinos, 2008; Lein et al., 2007). In primary motor cortex (M1), the
thickness of L5b doubles, however (Caviness, 1975; Cederquist et al., 2013). Because
the proper functioning of motor cortex in motor learning (Kawai et al., 2015) and
execution (Anderson et al., 2010; Chen et al., 2017; Guo et al., 2015) is highly
dependent on its outputs to other brain regions, it was theorized that this thickening

creates space to accommodate all of the increased number and types of subcortical
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projection neurons required to carry out these motor behaviors (see Yu et al., 2008).
Very recently, using a combination of viral tracing and single cell RNA-Seq, it was
shown that, indeed, L5b of M1 and anterolateral motor (ALM) cortices may contain
diverse pyramidal neuron types, and that together, these cells function in different
stages of preparation and execution of motor output (Economo et al., 2018; Tasic et al.,
2018). These cells also appear to diverge in projection pattern, with some cells showing
collateral projections to proximal regions of the mid- and hindbrain, including the
thalamus, the pons, and the superior colliculus, and others projecting to the superior
colliculus, the pons, and distal brainstem regions (Figure 1.3; Chen et al., 2017;
Economo et al., 2018). Alongside their differences in circuit participation, there is still
very little known about the distinct molecular profiles of the cell types in L5b, and how
their unique differences may contribute to the distinct functional properties observed for
each.

Targeting L5b pyramidal neuron types for further study requires the ability to
reliably visualize the cells separately across experimental paradigms. Previously
generated transgenic mouse lines that target L5b, such as the commonly used Thy1-
EYFP line (Bareyre et al., 2005; Feng et al., 2000; Yu et al., 2008) and Uchl1-EGFP line
(Yasvoina et al., 2013), show expression of reporters and constructs across all
pyramidal neurons of L5b rather than individual subtypes, and would therefore not be
suitable for studies into the properties that uniquely define each subpopulation. In order
to target these cells for anatomical and molecular characterization, we set out to

generate BAC Transgenic mouse lines (Gong et al., 2010) that express the EGFP-
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tagged ribosomal subunit L10a necessary for performing Translating Ribosome Affiinity
Purification (TRAP; Doyle et al., 2008; Heiman et al., 2008) in specific subsets of L5b
neurons. TRAP is a powerful gene expression profiling technique that allows for the
isolation of actively translated mRNAs from specific cell types in tissues. By
immunoprecipitating EGFP-tagged ribosomes that are expressed in these populations
by cell type-specific promoters, one can interrogate the gene expression patterns of
neuronal populations of interest. Expression of the GFP-tagged subunit in L5b cells
additionally provides reliable and reproducible visualization (across generations and
individuals) of each population, allowing us to carefully characterize the anatomical
properties of these cell types, such as cortical localization and subcortical projection
patterns. We therefore employed L5b TRAP lines to characterize the unique anatomical

and molecular properties of the two subopulations of L5b projection neurons.

2.1 Anatomical distribution of EGFP-labeled cells in the Colgalt2-TRAP DU9
mouse line

In order to gain molecular and anatomical access to L5b pyramidal neurons, we
set out to express the TRAP EGFP-L10a construct in L5b cells in M1 by creating a set
of diverse BAC transgenic animals. The GENSAT project (Gong et al., 2003;
gensat.org) produced many cell-type specific gene expression anatomical maps of the
mouse brain. From these atlases, a number of genes were selected for their specific
laminar expression patterns in L5 of the cortex. BACs were created to express the

EGFP-L10a construct under the control of these cell-type specific gene promoters.
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From the mice that resulted from this BAC transgenic approach (Figure 2.1), two of the
mouse lines generated, Colgalt2-TRAP DU9 and Gprin3-TRAP ES152, showed strong
expression of the TRAP construct across many cells in apparent upper and lower L5b,
with expression driven by the Colgalt2 and Gprin3 BAC promoters, respectively.
Colgalt2-TRAP is expressed almost exclusively in the cortex, with very few cells
observed in subcortical areas (Figure 2.2). Between +2.00-1.50 mm anterior to bregma
(Figure 2.2A), Colgalt2 cells are observed at approximately half the thickness of the
cortex, at a depth visually consistent with L5b across all cortical areas. In prelimbic and
agranular insular cortex, some L6a cells show low levels of expression of the construct.
In the dorsal transition zone, a small cluster of Colgalt2+ cells can also be seen. From
+1.00-0.00 mm anterior to bregma (Figure 2.2B), cells spanned all cortical areas and
appeared to be restricted entirely to L5b, with some cells again detected in L6a of
insular cortex. Near bregma, the distribution of Colgalt2+ cells becomes even more
restricted to L5b, but labeled cells are still observed across the entire extent of cortex.
At -1.00 mm from bregma (Figure 2.2C), L5b expression of Colgalt2 is maintained, but a
small number of cells are additionally observed in the medial CA2 region of
hippocampus and the ventral piriform cortex/cortical-amygdalar transition region.
Between -2.00-3.00 mm from bregma (Figure 2.2D), fewer cells are observed in L5b of
retrosplenial cortex, with L5b in other cortical areas still showing many labeled cells. A
small cluster of labeled cells was also observed in the medial hippocampus, beginning
at the fasciola cinereum and spreading laterally into medial CA1 in more caudal

sections. More caudally in this range, a more superficial population of labeled cells is
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Figure 2.1: Expression of EGFP-L10a in mouse L5b using BAC Transgenics.

Representativ

e brightfield images of GFP immunostaining in mouse lines generated to

express the TRAP EGFP-L10a construct specifically in L5b. Gross laminar distribution
(top row) shows specific expression in L5b of M1, with more detailed distributions shown
below (bottom row). Among the promoters used to drive expression of the TRAP

construct, Co
L5b, and thus

lgalt2 and Gprin3 showed expression in the greatest numbers of cells in
were chosen for further assessment.
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Figure 2.2: Expression of EGFP-L10a in Colgalt2-TRAP DU9 mice is observed in
L5b across the entire cortex. EGFP-L10a expression visualized by GFP
immunostaining and DAB deposition in brightfield-imaged coronal sections of a
Colgalt2-TRAP DU9 mouse. Sections are representative of ranges of anterior-posterior
locations. (A-C) The M1-containing extent of cortex shows labeled Colgalt2 cells across
the whole extent of cortex. Black arrows indicate the boundaries of M1 in the
medial-lateral axis. (D-E) In posterior regions of the brain, Colgalt2 is still observed across
most cortical areas. Section thickness is 40um. Listed coordinates are approximate to
Paxinos atlas coordinates.
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also visible in perirhinal cortex. At -3.30 mm from bregma (Figure 2.2E), the perirhinal
population of Colgalt2 cells becomes more prominent, while L5b labeling in other
cortical areas is maintained. A very sparse population of labeled cells is observed dorsal
to the substantia nigra reticularis, possibly occupying a ventral area of the
mesensephalic reticular formation. Overall, the Colgalt2-TRAP DU9 line spans L5b of
almost all cortical areas, and would serve as an excellent line for visualizing this output

layer across many different contexts.

2.2 Anatomical distribution of EGFP-labeled cells in the Gprin3-TRAP ES152
mouse line

Broadly, Gprin3-TRAP is expressed in many subcortical regions across the brain,
as well as in L5b of certain anterior regions of the cortex (Figure 2.3). At +2.25 mm from
bregma, Gprin3 cells are only observed in a wide band of pyramidal neurons at a depth
consistent with L5b across secondary and primary motor cortex regions. At +2.00 mm
from bregma (Figure 2.3A), Gprin3 cells in the cortex can be seen in a wide band
beginning medially in secondary motor cortex and extending laterally to insular cortex.
Ventrally, a cluster of cells can be seen in the shell of the nucleus accumbens, as well
as a more ventral structure surrounding the ventral pallidum. At +1.00 mm from bregma,
cortical Gprin3 cells can be seen in L5b, again beginning medially in secondary motor
cortex, and extending laterally through secondary somatosensory cortex. Through M1,
the labeled pyramidal neurons appear to “dip” to a lower sublayer of L5b, however,

suggesting Gprin3 cells may have a LL5b identity in this area. Subcortically, Gprin3+
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Figure 2.3: Expression of EGFP-L10a in Gprin3-TRAP ES152 is localized to anterior
areas of cortex, and found in many subcortical areas of the brain. EGFP-L10a
expression visualized by GFP immunostaining and DAB deposition in brightfield-imaged
coronal sections of a Gprin3-TRAP ES152 mouse. Sections are representative of ranges
of anterior-posterior locations. (A) In an anterior area of cortex, cortical Gprin3 cells are
observed along much of the medial-lateral extent. A small number of cells is observed
subcortically. Black arrows indicate the medial-lateral extent of M1. (B) Closer to Bregma,
in the lateral-to-medial transition between somatosensory cortex and the lateral boundary
of M1, GFP labeled cells appear to dip deeper into the cortex and remain there through
to the medial boundary of M1. GFP+ cells are also seen in the striatum and other
subcortical areas in this range. (C) As M1 begins to disappear in this more posterior area,
GFP+ cells in the cortex become sparser. Subcortical GFP cells are found in many
diverse regions here. (D-E) In posterior regions of the brain, GFP labeling is heavily
concentrated to subcortical areas, and the CA3 region of hippocampus. Section thickness
is 40 uym. Listed coordinates are approximate to Paxinos atlas coordinates.
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cells can be seen in the striatum in a sparsely scattered pattern. Several subpopulations
of labeled cells can be found in the accumbens shell, with a small number also located
in the accumbens core region. A dense population of Gprin3+ cells is visible in a very
ventral area of this brain region, possibly occupying the olfactory tubercle. Cells can
also be seen in the lateral and medial septal nuclei and in what appears to be the island
of Calleja between the accumbens shell and the spetal nuclei. At +0.50 mm from
bregma (Figure 2.3B), the same distribution of labeled L5b neurons is observed in the
cortex between secondary motor and secondary somatosensory cortex, with the “dip” in
primary motor cortex still clearly visible. The sparse but highly expressing striatal
neurons are also observed. The number of cells found in the accumbens shell is greatly
reduced, with a large number of highly-expressing cells visible in the medial septal
nucleus and in various ventral nuclei around the olfactory tubercle. Around bregma, the
distribution of labeled cells in L5b of the cortex becomes much sparser, with fewer cells
generally visible from secondary motor cortex to secondary somatosensory cortex.
Many cells are still observed in the striatum, with a large number of highly-expressing
cells found ventral to the anterior commissure in the various ventral nuclei found in this
region. A small cluster of cells can also be seen in the anteromedial bed nucleus of the
stria terminalis. An additional sparse cluster of neurons can be observed in the
septofimbrial nucleus. At -0.50 mm from bregma, the number of cortical L5b cells has
noticeably decreased, with some cells still remaining in the lateral regions of cortex,
including the insular cortex. Subcortically, a large number of highly-expressing cells can

be found in the globus pallidus and the thin band that comprises the bed nucleus of the
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stria terminalis at the coordinate. A cluster of low-expressing cells can also be seen in
the central medial thalamic nucleus. The ventral regions of the midbrain here, including
the hypothalamus and the anterior amygdalar area, contain many labeled cells showing
varying levels of expression. From -1.00-1.50 mm from bregma (Figure 2.3C), almost all
labeled cortical neurons have disappeared. Gprin3+ cells are primarily localized to
subcortical areas, including the dorsal striatum, the globus pallidus, the lateral
habenula, the central medial, rhomboid, and reuinens nuclei of the thalamus, the zona
incerta, and almost all nuclei of the hypothalamus and the medial forebrain bundle. A
number of labeled cells can also be seen in the CAS3 region of the hippocampus. At -
2.00 mm from bregma, fewer cells are observed in the ventromedial regions of the
hypothalamus, with some still remaining in the peduncular region of the lateral
hypothalamus. The zona incerta still contains a dense population of labeled cells, as
well as the lateral habenula, the pregeniculate nucleus, and many dorsomedial nuclei of
the thalamus. Gprin3+ neurons can still be seen in the CA3 region of hippocampus, with
an additional cluster of cells observed in the polymorph area of the dentate gyrus. At -
2.75 mm from bregma (Figure 2.3D), Gprin3+ cells occupy almost the entire midbrain,
with the exception of a lateral horn of the thalamus composed of the lateral posterior
thalamic nuclei and the dorsolateral geniculate nucleus through to the retroethmoid
nucleus. In the hippocampus, the CA3, polymorph dentate gyrus and the dorsal
subiculum regions also contain labeled cells. The midbrain is densely populated with
labeled cells through to -3.00 mm from bregma (Figure 2.3E), where the only region

containing no Gprin3+ cells is the medial geniculate nucleus. At this coordinate, a
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sparse population of cells in the substantia nigra reticularis and the interpeduncular
nucleus can also be seen. More posterior, the superior colliculus also shows many
labeled cells, along with the periaqueductal gray. The Gprin3-TRAP ES152 line is
therefore useful for the study of L5b cells anterior to bregma, in anterolateral motor
regions, primary motor cortex, and the accessory motor/somatosensory regions. A very
large and diverse population of labeled cells is also found subcortically and in the CAS3
region of hippocampus, making the Gprin3 line potentially useful in the molecular and

anatomical characterization of these regions.

2.3 Colgalt2 and Gprin3 neurons represent two distinct populations of layer 5b
pyramidal neurons in primary motor cortex of mouse.

Because both Colgalt2 and Gprin3 cells occupy L5b of M1, we wanted to perform
a closer examination of the precise laminar distribution of the cells. We immunostained
for GFP in Colglat2-TRAP and Gprin3-TRAP mice and imaged the M1 sections by
confocal microscopy (Figure 2.4A-B). We then measured the depth of GFP+ cells using
a custom program that measures the Euclidean distance between the pial surface and
the dorsal surface of white matter. These analyses revealed that in the Colgalt2-TRAP
mouse, GFP+ neurons are found at approximately 50% depth from the pial surface to
the dorsal edge of the white matter of the corpus callosum (CC). This depth is
consistent with a superficial sublayer of L5b (Economo et al., 2018), or upper L5b
(UL5b, Figure 2.4C). The Colgalt2 cells are found between 50-60% depth in other areas

of the cortex as well, suggesting they maintain this identity across all cortical regions. In
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Figure 2.4: Colgalt2 and Gprin3 cells show distinct sublayer distribution within L5b
of M1. (A-B) Representative images of M1 in (A) Colgalt2-TRAP and (B) Gprin3-TRAP
mouse. Immunostaining for GFP (green) shows location of TRAP cells amongst all
NeuN+ neurons of the cortex (red). Colgalt2 cells appear to occupy an upper sublayer of
L5b (UL5b) relative to Gprin3 cells, which instead dip into a lower sublayer of L5b (LL5b)
in this area. Cortical layers were delineated based on approximate depth and size of cell
bodies composing each layer (scale bar = 500 ym). (C) Heatmaps indicating the
frequency at which GFP labeled cells from Colgalt2 and Gprin3 M1 were found at each
depth of the cortex, represented as percent depth from pial surface of the cortex. In M1,
Colgalt2 cells (purple; n = 209) are found more superficially than Gprin3 cells (green; n =
163). In other cortical areas, both cell types are found at the same depth. Frequencies =
6 cells are shown in the same shade of color to more readily highlight depths that contain
the most labeled cells.
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M1 of Gprin3 animals, GFP+ neurons were instead observed at a depth of 60-75% from
the pial surface, suggesting they occupy the lower sublayer of L5b (LL5b). In other
cortical areas, Gprin3 cells appeared to reside primarily at 50-60% depth, similar to
Colgalt2 cell depth, suggesting that these two cell types anatomically converge in other
regions of the cortex, and that the sublayer divergence is unique to M1. Together these
data indicate that the Colgalt2 and Gprin3 mice represent the first transgenic lines that
target expression to the two distinct sublayers of M1 L5b, allowing for the consistent and

reliable visualization of these neuron populations without the use of tracers or viruses.

2.4 Colgalt2 and Gprin3 neurons share long-range projection neuron identity, but
project to distinct targets.

Because L5b has been well established as an output layer of the cortex,
containing large pyramidal neurons that display long-range projections targeting
different areas throughout the brain, we wanted to confirm that our Colgalt2 and Gprin3
cells are indeed long-range projection neurons. We first immunostained for Ctip2, a
known marker of subcortical-projection neurons, in our Colgalt2 and Gprin3 brains in
order to assess co-localization with the GFP from our cells (Figure 2.5A). In Colgalt2
brains, 79% of sampled GFP+ cells were Ctip2+, and in Gprin3 mice, 94% of GFP+
cells were Ctip2+ (Figure 2.5B). Colgalt2 and Gprin3 cells additionally showed larger
soma size than other pyramidal neurons in the cortex, with median Colgalt2 soma size
being 233 ym2 and median Gprin3 soma size being 238 ym2, compared to 180 ym2 for

a pooled population of different cortical pyramidal neurons (Figure 2.5C). Together,
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Figure 2.5: Colgalt2 and Gprin3 cells are both positive for Ctip2, a marker for
subcortical projection neurons of the cortex. (A) Representative confocal images of
GFP+ (green) Colgalt2 and Gprin3 cells with staining for the subcortical projection neuron
marker Ctip2 (red, scale bar = 50 ym). (B) Quantification of co-localization of Ctip2 with
Colgalt2 GFP (purple; n = 191 cells) and Gprin3 GFP (green; n = 135 cells) reported as
percent of GFP+ cells that show Ctip2 labeling. Bars show mean+SEM (n.s. = not
significant by two-tailed t-test). (C) Quantification of soma size (um2) for GFP+ Colgalt2
cells (purple; n =292 cells), Gprin3 cells (green; n = 285 cells), and other neurons across
layers of cortex (grey; n = 1253 cells). Colgalt2 and Gprin3 cells show larger soma sizes
relative to other neurons in the cortex. Box and whisker plots show median and quartile
boundaries (****p < 0.0001 by one-way ANOVA).
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these data suggest that both UL5b Colgalt2 and LL5b Gprin3 neurons share the long-
range projection identity that is classically observed in L5b.

We then set out to identify the targets of the presumptive long-range axonal
projections of Colgalt2 and Gprin3 cells. Across different cortical areas and species, L5b
cells have been shown to project to the thalamus, superior colliculus, pons, brainstem,
and spinal cord (Hattox and Nelson, 2007; Jones et al., 1977; Moya et al., 2014; Oswald
et al., 2013; Wise and Jones, 1977b; Wise et al., 1979). Because UL5b and LL5b cells
were recently shown to share a projection to the pons, but diverge in projections to
more caudal regions (Economo et al., 2018), we chose to first assess whether our
Colgalt2 and Gprin3 cells project to the pons or the cervical spinal cord. We therefore
injected the retrograde tracer cholera toxin beta (CTB) into the pons and C6 cervical
spinal cord (Figure 2.6A-B, left panels) in adult Colgalt2 and Gprin3 mice and visualized
the retrogradely labeled cells in M1 by confocal microscopy following immunostaining
for GFP and CTB (Figure 2.7A-B, left panels). The distribution of pons-CTB+ neurons
varied by injection site, but cells were often observed across L5b of many different
cortical areas. Neurons that were pons-CTB+ were found in both upper and lower L5b
of M1, at similar depths to both Colgalt2 and Gprin3 cells, extending from 45-75% depth
from the pial surface, with bimodal peaks at ~50% and ~70% depth, matching the peak
depths of Colgalt2 and Gprin3 cells respectively (Figure 2.8A). When we quantified co-
localization of GFP in CTB+ cells, we found that 38% of pons-CTB+ cells across both
sublayers were positive for Colgalt2. When co-localization is measured only within the

dorsal half of L5b that comprises UL5b, 64% of pons-CTB+ cells were positive for
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Figure 2.6: Retrograde tracing from pons and cervical spinal cord labels L5b
neurons in M1. (A) Schematic representations of CTB (red) injection targets in the pons
and cervical spinal cord with expected corresponding retrograde labeling in the cortex. (B,
top row) Representative confocal images of CTB at the site of injection in pons (left) and
C6 of the cervical spinal cord (right). Cytoarchitecture is shown with NeuN labeling (cyan).
Corresponding retrograde labeling in M1 is shown with CTB staining (red). Pons
injections retrogradely labeled cells across both sublayers of L5b (bottom row, left), while
C6 injections only appeared to label LL5b cells (bottom row, right). Pial surface outlined
with solid white line, target grey matter/white matter boundary outlined with dashed white
line (scale bar = 500 ym).
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Figure 2.7: Retrograde tracing from pons and cervical spinal cord labels Colgalt2
and Gprin3 cells. (A) Schematic representations of CTB (red) injection targets in the
pons and cervical spinal cord with expected corresponding retrograde labeling in the
cortex. (B) Immunostaining for GFP (green) revealed CTB (red) overlap with Colgalt2 (top
row) and Gprin3 (bottom row) cells. Pontine CTB cells appeared to overlap with both
Colgalt2 and Gprin3 cells across both sublayers of L5b. Spinal CTB cells only appear to
spatially overlap with Gprin3 cells in LL5b. Pial surface outlined with solid white line,
corpus callosum outlined with dashed white line (scale bar = 200 pym).
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Figure 2.8 : Colgalt2 cells project to the pons, while Gprin3 cells project to both the
pons and the cervical spinal cord. (A) Heatmaps showing frequency of depth
localization of retrogradely labeled CTB+ cells (red), compared to depths of Colgalt2
(purple; n = 209 cells) and Gprin3 (green; n = 163 cells) cells in M1 following CTB
injections into the pons and C6 of cervical spinal cord. Pontine CTB cells (n = 651 cells)
distributed bimodally across both sublayers of cortex, overlapping in depth with Colgalt2
and Gprin3 cells. Spinal CTB cells (n = 192 cells) were located deeper in M1, overlapping
with the Gprin3 population. Frequencies = 6 cells are shown in the same shade of color
to more readily highlight depths that contain the most labeled cells. (B) Quantification for
co-localization of CTB with GFP from Colgalt2 (purple) and Gprin3 (green) cells following
CTB injection into pons or cervical spinal cord, reported as percent of total CTB+ cell
observed for each injection. 38% of pontine CTB in all of L5b cells co-localize with
Colgalt2 (n = 318 cells), with 48% co-localizing with Gprin3 (n = 613 cells). More
specifically, 64% of pontine CTB in UL5b co-localized with Colgalt2 cells, and 77% of
pontine CTB cells in LL5b co-localized with Gprin3 GFP. Only 9% of spinal CTB
co-localized with Colgalt2 (n = 190 cells), while 82% co-localized with Gprin3 cells (n =
127 cells; bars represent mean + SEM).
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Colgalt2 GFP (Figure 2.8B). In Gprin3 brains, 48% of pons-CTB+ cells across both
sublayers were Gprin3 GFP positive. When only the ventral half of L5b, or LL5b, is
assessed for co-localization, we found that 77% of pons-CTB+ cells co-localize with
Gprin3 GFP. Additionally, ~20% of pons-CTB+ cells in UL5b co-localize with Gprin3
GFP, due to the small proportion of Gprin3 cells that occupy this sublayer. Together,
these data indicate that Colgalt2 and Gprin3 neurons account for a very large majority
(~85%) of pons-projecting cells of M1 L5b.

To assess spinal cord-projection identity for Colgalt2 and Gprin3 cells, we injected
CTB into cervical spinal cord at the level of C6 (Figure 2.6A-B, right panels) and
visualized retrogradely labeled cells in M1 by confocal microscopy (Figure 2.7A-B, right
panels). C6-CTB+ cell distributions varied by injection site, but were primarily observed
in M1 between 1.00 mm and -0.40 mm from Bregma. C6-CTB+ cells were primarily
located at ~70% depth from pia, in what appeared to be LL5b, and at a similar depth to
Gprin3 (Figure 2.8A). In Gprin3, 82% of C6-CTB+ cells were positive for Gprin3 GFP,
while in Colgalt2 brains, GFP co-localization was only observed for 9% of C6-CTB+
cells (Figure 2.8B). This suggests that in addition to a projection to the pons, the
majority of Gprin3 neurons have a collateral projection to the cervical spinal cord.
Colgalt2 cells, in contrast, project to the pons, but not to the spinal cord. These findings
confirm that UL5b and LL5b cells have divergent collateral projection patterns, and
further establish the Colgalt2 and Gprin3 mouse lines as useful for the reliable

visualization of divergent long-range projection L5b neuron types.
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2.5 Gprin3 cells project to spinal motor neurons through an intermediate
population of neurons in the central spinal cord.

Projections to the spinal cord from the cortex terminate in different functionally
organized regions of the spinal grey matter (see Watson et al., 2008). We therefore
wanted to determine the anatomical localization of axon terminals originating from the
LL5b cells that are represented by our Gprin3 cells. To accomplish this, we injected an
rAAV2 carrying a Cre-dependent EYFP construct into M1 of Gng7-Cre KH67 mice,
which express Cre in all L5b cells of the cortex (Figure 2.9A). We collected the cervical
spinal cord of these mice for sectioning, and visualized the EYFP-labeled terminals of
the L5b cells by immunostaining and confocal microscopy. We observed labeled
terminals in an intermediate region of the spinal grey matter, concentrated in lamina 5,
6, and 7 (Figure 2.9B). Only 1.64% of the ventral horn area occupied by ChAT+ alpha
motor neurons showed EYFP signal (Figure 2.9C-D), suggesting that LL5b cells do not
directly project onto these motor output cells. This intermediate corticospinal projection
pattern that we observe additionally confirms previously reported anatomical results
(Bourane et al., 2015; Hantman and Jessell, 2010; Ueno et al., 2018), where cortical
L5b cells were shown to project to interneuron populations within this central region of
the spinal cord.

The cervical spinal cord contains neurons that function in the control of muscles of
the neck, shoulders, and forelimbs (see Bachmann et al., 2014). But given that the
axons of LL5b cells do not terminate directly on alpha motor neurons, we wanted to

determine whether their projection still participates in spinomuscular circuitry indirectly.
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Figure 2.9: Anterograde labeling of LL5b cells in M1 reveals projections to
intermediate regions of spinal grey matter. (A) Schematic illustration of
Cre-dependent viral construct targeting to cortex in Gng7-Cre animal, with expected
labeling of EYFP-expressing cells and their primary axons. (B) Representative confocal
image of labeling observed in cervical spinal cord following Cre-dependent EYFP
injection into M1. Corresponding map of spinal grey anatomy shown on the right. EYFP
axons (green) show axon terminals of LL5b cells expressing the viral construct at the M1
injection site. ChAT+ cells (red) show the location of spinomuscular alpha motor neurons
in the ventral horn. EYFP+ terminals are primarily apparent in the intermediate lamina 5,
6, and 7, and are not visible in the ventral horn (scale bar = 300 ym). (C) Representation
of strategy for measuring density of labeled terminals in different anatomical areas of the
spinal grey matter. White outlines show examples of region-of-interest boundaries used
for measurement. Location of ChAT signal (red) was used to determine boundaries of
ventral horn areas, while intermediate laminar areas were selected at random from
regions showing EYFP signal (green; scale bar = 250 ym). (D) Quantification of percent
of region-of-interest areas that showed EYFP terminal labeling after thresholding EYFP
signal channel. 25% of intermediate laminar areas were occupied by EYFP+ terminals.
2% of ventral horn areas were occupied by EYFP+ terminals (****p < 0.0001 by two-tailed
t-test; bars represent mean + SEM).

36



We employed a trans-synaptic retrograde pseudorabies (PRV) viral tracing strategy to
accomplish this. When injected into a target site, PRV enters the cell at the pre-synaptic
terminal, and is retrogradely transported to the cell body of this primary neuron. The
virus is then passed upstream across dendritic synapses, labeling any cells that project
to the primary cell. This trans-synaptic transfer continues until the animal is sacrificed,
labeling any cells that eventually innervate the primary neuron through indirect
projections. We injected PRV293.mCherry into the upper forelimb muscles (bicep,
tricep, trapezius, deltoid) of Colgalt2 and Gprin3 mice to determine if these cells
indirectly participate in spinomuscular circuitry (Figure 2.10A). We then visualized
mCherry reporter expression in cells after 5 days (Figure 2.10B). Consistent with our
retrograde CTB injections, Colgalt2 GFP was found in 19% of forelimb-mCherry+ cells,
suggesting they do not significantly contribute to forelimb spinomuscular output (Figure
2.10C). Surprisingly, while we observed many forelimb-mCherry+ cells adjacent to our
Gprin3 neurons, only 30% of forelimb-mCherry+ cells co-localized with Gprin3, whereas
CTB injections into C6 of the spinal cord showed an 80% overlap with Gprin3 cells.
Together, these data indicate that while Gprin3 cells project to the spinal cord, they do
not appear to substantially participate in forelimb control circuitry. In addition to forelimb
alpha motor neuron pools, however, the cervical spinal cord contains motor neurons
that control dorsomedial shoulder and neck muscles. It is therefore possible that the
Gprin3 cell projections to cervical spinal cord instead participate in the control of these
more anteromedial muscle groups, although more tracing experiments must be carried

out to address this question.
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Figure 2.10: PRV tracing reveals that neither Colgalt2 nor Gprin3 cells participate
in proximal forelimb muscle control circuitry. (A) Schematic illustration showing PRV
expression and labeling paradigm with expected mCherry (red) expression pattern. After
injection into forelimb muscles, PRV is retrogradely transported to cell bodies of
innervating alpha motor neurons in the ventral horn. The virus is trans-synaptically
passed retrogradely until it reaches cortical L5b cells that terminate in the spinal grey
matter. (B) Representative confocal images following immunostaining for Colgalt2 (top)
and Gprin3 (bottom) GFP (green), and mCherry expressed by PRV (red). mCherry+ cells
appear below UL5b Colgalt2 cells and amongst LL5b Gprin3 cells. (C) Quantification for
co-localization of mCherry with Colgalt2 GFP (purple) and Gprin3 GFP (green), reported
as a percentage of all mCherry+ cells observed. 19% of mCherry+ cells co-localized with
Colgalt2 GFP (n = 124 cells). 30% of mCherry+ cells co-localized with Gprin3 GFP (n =
206 cells). This suggests that neither cell type greatly participates in forelimb muscle
control circuitry (n.s. = not significant by two-tailed t-test; bars show mean + SEM).
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2.6 Colgalt2 and Gprin3 neurons represent two molecularly related, but
nevertheless distinct, populations of L5b pyramidal neurons.

Because Colgalt2 and Gprin3 cells have historically been very difficult to
distinguish from each other anatomically as well as molecularly, we wanted to
determine if their similarity is reflected at the level of mRNA by comparing the gene
expression profiles of Colgalt2 and Gprin3 cells to other cell types in the cortex. For this,
we took advantage of the controlled expression of the EGFP-L10a ribosomal subunit in
our two mouse lines to perform TRAP, a technique that provides access to cell type-
specific mBNAs via immunoprecipitation (IP) of the tagged ribosomal subunit (Doyle et
al., 2008; Heiman et al., 2008). Ribosome bound mRNA molecules from Colgalt2 and
Gprin3 cells were IP’ed from whole cortex homogenates and polysome-bound mRNAs
were analyzed by high throughput RNA sequencing. We determined the success of the
isolation by confirming that known pyramidal neuron marker genes were enriched and
glial genes were depleted in each dataset. We then set out to determine how similar
Colgalt2 and Gprin3 mRNA expression patterns are relative to other cell types in the
brain. By PCA, these cells cluster closely together, along with L6a cells (Figure 2.11A).
In contrast, Colgalt2 and Gprin3 cells cluster away from striatal neurons, L4 neurons in
the cortex, and samples from the S100a10 mouse line that expresses in L5a neurons
and endothelial cells. Next, we assessed Euclidean distance between these cell types
by measuring the distances between samples in the whole transcriptome-dimensional
normalized counts space. Hierarchical clustering of these distances revealed that

Colgalt2 and Gprin3 cells, as well as deep L6a neurons, exist closer together in this

39



A B C

PCA, neuronal populations Euclidean Distance of Cell Types Pearson Correlation Values

g

2 - Drd2
(D2 cells) D2 I Euclidean D2 I i
. ® o1 Distance —
-1 [] D1
Gprin3 f00 I RValue
~ (LL5b) L4 | L6
S o o 250 g 1000
a Cortex g Cortex 200 LL5b I 0.975
LL5b ’
1 4 o¢ 150 UstI 0.950
Colgalt2 L6 L5a r
(ULsb) 100 0.925
o uLsb | 5 L4 H [ J
e F. g Cortexl | |
T T T 1 =0 ——

Figure 2.11: Colgalt2 and Gprin3 cells have gene expression profiles that suggest
that, among other neuronal populations, they are closely related. (A) Principal
component analysis (PCA) showing relative positioning of different TRAP sample
replicates along the first two principal components. (B) Heatmap showing hierarchically
clustered Euclidean distances between TRAP replicate samples for different cell types.
Each row/column represents one replicate sample. Bold black box shows deep layer
cortical cells, including UL5b Colgalt2 cells and LL5b Gprin3 cells, which cluster together
and show relatively short distances between each other, suggesting they are more
related to each other than to other neuronal cell types (C) Heatmap of Pearson correlation
values between TRAP replicate samples for different cell types. Each row/column
represents one replicate sample. Bold black box highlights the deep layer populations of
UL5b Colgalt2 cells, LL5b Gprin3 cells, and L6a Ntsr1 cells, which all correlate highly,
suggesting that they show similar patterns of gene expression (magenta = S100a10 L5a
IP samples, purple = Colgalt2 UL5b IP samples, orange = Ntsr1 L6a IP samples, green =
Gprin3 LL5b IP samples, grey = whole cortex input samples, yellow = Cdh6 L4 IP
samples, cyan = Drd1 striatal IP samples, blue = Drd2 striatal IP samples).
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space than they do to other cell types (Figure 2.11B). Pearson correlation of normalized
gene expression counts similarly showed that deep layer neurons are highly correlated
with each other (Figure 2.11C). Together, these results confirm that in the context of the
whole transcriptome, UL5b Colgalt2 and LL5b Gprin3 cells are more similar to each
other than to other cell types in the cortex and subcortex.

Next, we performed differential expression (DE) analysis between Colgalt2 and
whole cortex input, and between Gprin3 and cortex input to determine whether known
L5b marker genes are enriched in these cells relative to whole cortex (Figure 2.12A-B).
We generated a list of marker genes for glutamatergic L5b neurons using the DE tool
available for cortical single cell RNA-Seq data available through the Allen Brain Atlas
(http://celltypes.brain-map.org/rnaseg/mouse). Both Colglat2 and Gprin3 cells
expressed marker genes for L5b pyramidal tract neurons at high levels relative to whole
cortical input samples (Figure 2.12C). Together, these data confirm that our Colgalt2
and Gprin3 datasets reveal a potentially fundamental molecular identity for these cells,
namely that of L5b pyramidal neurons. To determine what genes instead define the
molecular differences between Colgalt2 and Gprin3 cells, we performed DE analysis
directly between Colgalt2 and Gprin3 cells (Figure 2.13A). Genes that showed
significant (adjusted p-value < 0.05) enrichment in either cell type and with a mean
Log10 counts per million (CPM) expression value greater than 3 across Colgalt2 and
Gprin3 were run through gene ontology (GO) analysis to determine what pathways,
classes, or groups of genes were enriched between the two cell types. GO categories

returned from these analyses revealed that several genes enriched in Colgalt2 cells are

41



A Colgalt2 vs. Whole Cortex B Gprin3 vs. Whole Cortex C
10 4 : 10 4 : Marker genes
Glial genes
Enriched in Colgalt2 i Enriched in Gprin3 ==
g 5 - ’l" g Enzi)tgf:lg&' L5b genesI
IS £ =
< =
k] 9 2
5 0- 5 %o
2 W 2 -
W =4 20
FIN S
x| 3 | |
¢ &
-10 ~ -10 ~ Ry
T T T T T T
1 3 5 1 3 5
Average log10 Counts per million Average log10 Counts per million

Figure 2.12: Colgalt2 and Gprin3 cells are related in part by their expression of
known L5b genes. (A-B) MA Plot showing average Log10 counts per million (cpm) value
and Log2 fold enrichment in IP over cortical input from differential expression (DE)
analysis. Genes that showed significant enrichment (adjusted p < 0.05 and Log2 fold
enrichment < -1 or > 1) in either IP or cortex are shown in pink. All other genes shown in
grey. Genes that were highly expressed (Log10 cpm > 3) and significantly enriched in IP
samples are shown in purple for Colgalt2 cells (A) and green for Gprin3 cells (B). These
genes were considered to be highly expressed in their respective cell type. (C) Heatmap
showing Log2 fold enrichment over cortical input for Allen Brain Atlas L5b marker genes
in Colgalt2 and Gprin3 cells. Glial gene enrichment shown as a control. Sidebars show
whether the gene represented in that row was significantly enriched (pink) or not
significantly different (grey; n.s. = not significant). Both Colgalt2 and Gprin3 cells appear
to highly express many of the known L5b marker genes, further confirming their laminar
identity through their gene expression profile.
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Figure 2.13: Differential expression between Colgalt2 and Gprin3 cells reveals
molecular differences between UL5b and LL5b cell types. (A) MA Plot showing
average Log10 counts per million (cpm) value and Log2 fold enrichment in IP over cortical
input from differential expression (DE) analysis. Genes that showed significant
enrichment (adjusted p < 0.05 and Log2 fold enrichment < -1 or > 1) in either IP or cortex
are shown in pink. All other genes shown in grey. Genes that were highly expressed
(Log10 cpm > 3) and significantly enriched in IP samples are shown in purple for Colgalt2
cells and green for Gprin3 cells. (B) Genes highlighted as highly enriched in Colgalt2 or
Gprin3 cells were assayed for gene ontology (GO) enrichment. Classes of genes that
were enriched in Colgalt2 cells (purple bars) primarily represent signaling pathways.
Classes of genes enriched in Gprin3 cells (green bars) contain mitochondrial pathways
(bars represent Log10 p-values for enrichment of each cateogory).
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involved in maintaining neuronal structure and function (Figure 2.13B, left panel). In
Gprin3 cells, many mitochondrial genes, particularly Oxphos-associated genes, showed
enrichment over Colgalt2 (Figure 2.13B, right panel). While all of these data together
confirm that UL5b Colgalt2 and LL5b Gprin3 cells share a basic molecular L5b identity,
further highlighting the utility of transgenic lines that can distinguish between these cell
types, our sequencing data also provide us with the ability to identify potentially

important functional differences between the two cell types.

2.7 Discussion

Here, we present two transgenic lines that target expression of the EGFP-L10a
TRAP construct to distinct populations of L5b cells in M1. We found that Colgalt2-TRAP
DU9 cells are found all across the cortex, and are restricted to an upper sublayer, UL5b
(Figure 2.14, left panel). Gprin3-TRAP ES152 cells are instead found primarily in rostral
areas of the cortex, mostly restricted to LL5b of ALM and M1. While in M1, the
distribution of Colgalt2 and Gprin3 cells is clearly divided into UL5b and LL5b, while in
other areas of cortex, Colgalt2 and Gprin3 cells converge in the same layer. While the
thickness of each of the 6 cortical layers often varies across the different functional
regions of cortex, this subdivision of L5b appears to be unique to the motor region of
cortex. The laminar distribution of L5b is likely programmed during cortical patterning in
late pre-natal development. Because deep layers of the cortex are established first
during cortical neuron migration in laminar development (Rakic, 1974), the differential

intersections of expression gradients for cortical patterning factors such as Fgf8
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