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Abstract

Proper development of neuronal and glial populations in the dorsal root ganglia (DRG) is
required for detection of touch, body position, temperature, and pain. While female-male
differences in somatosensory perception have been previously reported, no study has examined
global sex differences in the abundance of DRG cell types, and the developmental origin of
these differences has not been characterized. To investigate whether sex-specific differences in
neuronal and glial cell types arise in the DRG during development, we performed single-cell
mass cytometry analysis on sex-separated DRGs from 4 separate litter replicates of postnatal
day 0 (PO) mouse pups. In this analysis, we observed that females had a higher abundance of
total neurons, as well as an increased abundance of TrkB* and TrkC* neurons responsible for
mechanoreception and proprioception, respectively. Males had a higher abundance of TrkA*
neurons responsible for thermoreception and nociception. Pseudotime comparison of the
female and male datasets indicates that male neurons are more mature and differentiated than
female neurons at P0O. These findings warrant further studies to better understand the origins
and depth of sexual dimorphism in the DRG, develop protocols to conduct high dimensional
proteomic analysis of adult DRG tissue, curate and develop more specialized antibody panels to
better characterize distinct cell populations, and use additional tools to connect differences in

molecular characterization to altered cellular function.



Chapter 1: Introduction to The Somatosensory Nervous System

The somatosensory nervous system revolves mostly around the sense of touch and responds to
various tactile stimuli. The pathway from perception of a tactile stimulus to conscious recognition
begins with first-order neurons in the periphery which synapse onto second-order neurons in the
dorsal horn of the spinal cord. Second order neurons can then connect to third order neurons
located in the brain, generally the brain region known as the thalamus!"?). For the initial step of
this pathway, first-order somatosensory neurons are located in either the trigeminal ganglia or
the dorsal root ganglia (DRG). The trigeminal ganglia primarily houses first-order neurons that
respond to stimulation of the face or head, while the DRG houses the first-order neurons that

react to tactile stimulation for the rest of the body®!.

Primarily focusing on the DRG, different populations of cells are responsible for detecting
specific subtypes of tactile stimuli. These different cell types all originate from neural crest cells
(NCCs), stem cells that differentiate into all of the cell types present in the DRG™. A number of
factors have been implicated in the migration of NCCs including cadherins, Noggin, and Rho-
GTPases!*®l. The transcription factor Sox10 is pivotal for differentiation of NCCs into neurons,
satellite glial cells, or Schwann cells. All NCCs express Sox10 initially, but neural progenitors
will begin to lose Sox10 expression as development progresses, while glial progenitors will
retain their Sox10 expression. As the glial cells continue to develop, Sox2 begins to be
expressed in the Schwann cell, differentiating them from satellite glial”’. This introduction will
further describe the neuronal and glial populations found in the DRG derived from these neural

crest cells.



1.1 Somatosensory Neurons

Specific neuronal subpopulations are important for detection of itch (pruriception), pain
(nociception), temperature (thermoception), touch (mechanoreception), and body positioning
(proprioception)?®-'%. The different classes of neurons responsible for the detection and
response to each distinct stimuli diversify during development largely in part to neurotrophin
expression in the surrounding environment!"="3. We will now review the functional and
molecular characterization of these neuronal populations that has been well documented,

primarily in adult mice, over the years.

1.1.1 Proprioceptors

Proprioception is the ability to detect one’s body positioning in space and is related to balance.
Three classes of neurons within the DRG known as 1a, Il, and 1b muscle afferents are
important for proprioception. Functionally, the main differences between these neuronal
subtypes are where they innervate, project, and terminate. The 1a muscle afferents innervate
muscle spindles. They project to the ventral spinal cord, and primarily terminate with direct
connections to motor neurons!'*"®. The 1b afferent neurons innervate the golgi tendon organs,
serve as a point of connection for some interneurons involved with brain-ascending circuits, and
terminate at the intermediate zone of the spinal cord. The |l muscle afferents seem to resemble
a mixture of the 1a and 1b afferent neurons, with a subset innervating, projecting, and
terminating in regions similar to either the 1a or 1b muscle afferents!*®-'%. Molecularly, these
specific neuronal populations originate from neural crest cells, as do all major neuronal
subtypes in the DRG, and highly express neurogenin (Ngn) 1 and 2 during early development.
Also observed in most neuronal populations in the DRG, distinct neuronal subgroups can be
classified by expression of discrete tropomyosin-receptor kinases (TrkA, TrkB, or TrkC).

Proprioceptors generally express high levels of TrkC in conjunction with Runx381%171 Although



three distinct populations of proprioceptive neurons have been discovered based on functional
characteristics, the molecular profile within these three subtypes appears to be very similar

according to scRNA-seq datal®® 19171,

1.1.2 Low Threshold Mechanoreceptors

Mechanoreceptors respond to tactile stimuli and are involved with detection of innocuous as
well as noxious touchi?®-'% There are three subtypes of low threshold mechanoreceptors
(LTMRs) responsible for mechanoreception in the DRG — AB-LTMRs, A8-LTMRs, and C-
LTMRs. Each mechanoreceptor subtype occupies distinct zones of the laminae in the spinal
cord with some level of overlap. C-LTMRs which best detect light touch terminate in laminae Il
and are primarily identified by expression of tyrosine hydroxylase and vGlut31#®-'% A8-LTMRs
are capable of detecting dynamic movement and some degree of mechanical pain and
terminate primarily in laminae lll. Expression of TrkB until roughly weaning age, Piezo2, and

NFH molecularly characterize this subpopulation?#-1%,

For AB-LTMRs, further characterization can be made between slowly adapting and rapidly
adapting subtypes. Slowly vs rapidly adapting refers to how sustained the neuronal firing rate is
after continued pressure is detected from a stimulus. Slowly adapting LTMRs show an increase
in neuronal firing after application of a stimulus that is sustained throughout the duration of
detection. In contrast, rapidly adapting LTMRs show increased firing after detection of a
stimulus, which decreases or even ceases during the duration of stimulus applicationt'®19:20:21.22]
All AB-LTMRs terminate in laminae IlI-V of the spinal cord and respond to some level of

mechanical allodynia®®'%. The slowly adapting (SA) AB-LTMRs also respond to skin stretch or

indention and are molecularly characterized by their expression of NFH, Piezo2, and TrkC. The
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rapidly adapting (RA) AB-LTMRs also respond to skin indentation along with deep pressure and

can express NFH, Piezo2, and TrkB['%.

1.1.3 Nociceptors

The last general neuronal population within the DRG are nociceptors. Nociceptors primarily
respond to noxious stimuli and have subpopulations that encompass thermoreceptors and
pruriceptors?®'%. There are 3 main subpopulations of nociceptors, however, these
subpopulations can be further characterized as peptidergic versus non-peptidergic, which

describes whether or not the neurons contain neuropeptides such as CGRP or Substance P?.

Ad nociceptors are lightly myelinated and terminate in laminae | and V of the spinal cord and are
able to detect noxious stimuli like hair pull or pinpricks. Molecular characterization of this
population is primarily identified by expression of TrkA, CGRP, Substance P, and peripherin,
making all A nociceptors peptidergic. The other main population of nociceptors are C-fibers
which are unmyelinated and can be further divided into peptidergic C-fibers and non-peptidergic
C-fibers. Peptidergic C-fibers terminate in laminae | and primarily encompass thermoreceptors.
They can be molecularly identified by expression of all of the same markers as the Ad
nociceptors with the addition of TrpV1 and TrpM8 which sense hot and cold temperatures
respectively. Non-peptidergic C-fibers terminate in laminae |l of the spinal cord and can sense
noxious pinprick along with pruriceptive subsets such as itch. Molecular identification of this
nociceptor subpopulation is done through expression of IB4, PAP, MrgprA, and markers specific
for particular chemical irritants such as MrgD4 for histamine and somatostatin for

pruriceptors/28-1%,
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Although neuronal populations receive the bulk of the attention when studying the
somatosensory nervous system, other populations of cells can be just as important in the
detection and response to peripheral stimuli. The most notable population of cells involved with

detection and response to stimulation for the DRG are glial cells.

1.2 Glial Cell Development in the Periphery

In connection with the dorsal root ganglia, there are two main types of glial populations that

support and modulate neuronal activity — Schwann cells (SCs) and satellite glial cells (SGCs).

1.2.1 Schwann Cells

SCs are primarily involved with the conduction of action potentials in the peripheral nervous
system and can also provide trophic support to neurons and aid in repair after axonal injury®*-
%l The SC lineage starts with migration of neural crest cells which encounter different
regulatory factors that initiate gene expression changes which either promote or inhibit
differentiation of neural crest cells into Schwann cell precursors, immature Schwann cells, and
then more mature forms of SCs?®.. Bone morphogenetic proteins (BMPs) and endothelins are
some factors that inhibit differentiation of neural crest cells, while neuregulin-1 (NRG1), NOTCH,
and fibroblast growth factor 2 (FGF2) promote differentiation. Some of the transcriptional
regulators that have been heavily implicated in the development of Schwann cells include
SOX10 and EGR2 (also known as KROX20). EGR2 is a zinc finger transcription factor that is
highly involved with maintaining and ending SC differentiation. Sox10 is a transcription factor
involved in many processes during early development. It is first expressed before neural crest
cell migration and is required for initial differentiation of neural crest cells and further

differentiation of SCs!?6:27:281,
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Mature SCs can be divided into myelinating and non-myelinating (Remak) subpopulations. Non-
myelinating SCs, also known as Remak bundles, are normally associated with small diameter
neurons in the DRG. Myelinating SCs tend to associate with larger diameter neurons and are
important for impacting the conduction speed of action potentials®®. Multiple studies have
shown whether or not an axon is myelinated can impact how that neuronal subtype responds to

different stimulil'®2021,

The determination of which axons are myelinated or not is dependent, in part, on axonal
diameter, however, association of myelinating SCs with specific axons can also be controlled by
specific molecules or factors. Studies have shown that laminin receptors, specifically through
proper function of 31 integrin, are important for proper association of Schwann cells with
neuronst®. Similarly, cell adhesion molecules, including neural cell adhesion molecule (NCAM),
have also been shown to play a role in proper association and myelination of axons",
Additionally, one previous study has shown that NGF, the ligand for TrkA, can promote
myelination by Schwann cells but not oligodendrocytes®?. Taken together, these studies show
that axonal diameter, expression or downregulation of different molecules, and activation of

TrkA on peripheral axons can all impact myelination in the DRG?,

1.2.2 Satellite Glial Cells

In addition to Schwann cells, satellite glial cells (SGCs) also develop in the periphery and play a

role in support and modulation of neurons in the DRG.

SGCs also develop from neural crest cells and are known to surround the cell bodies of

peripheral neurons¥. One key function of SGCs is to promote homeostasis of the environment
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around these neurons. Autoradiographic studies have demonstrated this by showing that SGCs
can uptake GABA and glutamate®®**! and also express potassium channels?®53]. As
depolarized neurons release potassium, SGCs play an important role in taking up excess
potassium and thus maintaining the extracellular environment around neurons®=. In addition
to modulating ions and neurotransmitter levels, SGCs also help create an ideal environment for
neurons by acting as phagocytes for debris during early development“?. During peripheral
nervous system development, there is an overproduction of neurons that eventually undergo a
large apoptotic event in which approximately 50% of the neurons are eliminated™'#?. This
process of culling excess neurons begins around embryonic day 11 and is mostly concluded by
embryonic day 15, generally before macrophages have infiltrated into the periphery®*®#3. During
this time period before the presence of macrophages, SGCs are able to phagocytose the
neuronal debris in the extracellular environment, thus improving the growth and survival of the

remaining, healthy neurons!*%-3344]

Molecularly, expression of TrkB, BFABP, glutamine synthase (GS), and the protein S100 are all
markers used to identify SGCs!**". Some of the markers and genes used to identify SGCs, in
particular S100, overlap in expression with SCs. This makes localization of expression vital for

informing which cell type is being observed**47-5%],

Overall, the three broad cell populations present within the DRG (neurons, Schwann cells, and
satellite glial cells) all emerge from neural crest cells in the early embryonic stages of
development and go through various morphological, molecular, and functional changes by the

time the mouse pup is born (Figure 1).

Figure 1:
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general developmental period when neuronal or glial populations emerge. Most peripheral cells
are derived from neural crest cells. Around E11, satellite glial cell (SGC) precursors/SGCs and
sensory neuron progenitors begin to develop. Schwann cell (SC) precursors begin to emerge
around E12. Around E13, sensory neurons begin to express Trk receptors that help guide them
to their final targets in which competition for limiting growth factors ensues, leading to the death
of about half of the original sensory neuron progenitor pool. About a day after this large
apoptotic event is occurring, some of the SGCs will phagocytose the resulting debris. Around
E15, the SC precursors will differentiate into immature SCs. By birth, many mature sensory
neuron populations have formed and associated with mature SGCs. Additionally, SCs will have
further differentiated into myelinating and non-myelinating SCs. b) Key markers used to identify

developing neurons and glia.

1.3 Single-Cell Analysis in the DRG

Although the broad characterization of the different neuronal and glial populations has been well
documented on a macro level, studies utilizing single cell analysis have started emerging to

better categorize the specific and distinct differences within and between cell types in the DRG.

Before the development of single-cell analysis tools such as single-cell RNA-sequencing
(scRNA-seq), techniques like microarrays were commonly used to assess gene expression.
Microarrays were a powerful tool for better understanding and identifying gene expression(®'l,
Although initially this technique was limited in that cells could only be assessed as a group and
not individually, advances in the field made it possible to also use microarrays to examine single
cells®**¥, Regardless of whether or not an individual or group of cells were examined, one

major limitation of microarrays remained — only known genes could be assessed with this

technique. RNA sequencing helped address these limitations by directly sequencing the RNA,
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thus allowing for a practically unlimited amount of RNA expression information to be acquired®®.
Ultimately, this direct RNA sequencing technique was adapted for single-cells and multiplexed
to allow for even higher throughput analysis of RNA within individual cells, allowing for much
more comprehensive and thorough analyses of distinct cell populations within a wide variety of

tissuest®%7,

Many bulk and single-cell RNA sequencing studies have been published better characterizing
the neuronal and glial populations found specifically within the DRG. For neurons, multiple
papers have used RNA sequencing to better identify distinct neuronal subtypes, examine
differences in gene expression between DRG neurons from different regions of the spinal
column, and used RNA sequencing with time course studies to examine neuronal development

di'%8-6% Similarly, diversity in peripheral glial

from embryonic timepoints through adulthoo
populations has also been examined with this technique®®®®". Although all of these studies have
helped better molecularly characterize the neuronal and glial cell populations within the DRG,

there are still gaps in knowledge created by using this technique.

Two main shortcomings of RNA sequencing are (1) the number of cells able to be analyzed at
once and (2) the reality that the amount of RNA transcript does not always equal the amount of
protein. Although the ability to survey an unlimited number of genes is incredibly valuable,
especially when little is known about the expression profile of the population of cells being
examined, this limits the number of cells that can be analyzed at one time. Although this likely
won’t be much of an issue for highly abundant cell populations, it can result in rare cell
populations being excluded from study. Additionally, the ability to examine RNA can be very
useful for implying what likely proteins will be transcribed and thus what functionality is likely for
the observed cell. However, the ratio of RNA transcript to protein is rarely 1:1. RNA could be

degraded before translation, or not translated at all. This means that although RNA sequencing
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may be able to highlight the RNA expression for a variety of different genes, there is no
guarantee those genes will be transcribed into protein and thus produce the expected
function®2-%¢]. Conversely, the RNA could be transcribed into protein, but the protein could be
degraded, resulting in a skewed ratio of RNA to protein®®. Because of these limitations with
RNA investigation, it is important to also assess protein expression when aiming to molecularly

characterize distinct cell populations.

One technique that allows for the assessment of protein in single cells is FLOW cytometry. The
instrumentation behind the flow cytometry machine or fluorescence activated cell sorter (FACS)
instrument was developed in the early 1970s!". The general methodology of FLOW cytometry
is that the instrument is able to create single-cell droplets that can either be counted, sorted, or
measured based on a specific criteria such as fluorescence!’®’"l. The ability to label specific
proteins with fluorescent markers and then assess a large number of cells individually for their
expression of those proteins is incredibly valuable. For some scientific questions, the ability to
look at a few different proteins is sufficient, thus making FLOW cytometry a valuable tool.
However, for scientific studies that wish to assess more than a few proteins at a time, the
spectral overlap between fluorescent markers greatly limits the number of proteins that can be

assessed at one time.

The benefit of RNA sequencing’s ability to examine thousands of RNA transcripts has the
caveat of only being able to examine a limited number of cells with no ability to determine if the
detected RNA expression will be translated into protein. For FLOW cytometry, the ability to
inspect protein expression specifically within a larger number of cells is incredibly valuable, but
the spectral overlap between fluorescent markers restricts the number of proteins that can be
examined within any individual cell. A more recent technique that is able to address some of the

drawbacks of RNA sequencing and FLOW cytometry is mass cytometry.
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Mass cytometry is a variant of flow cytometry that uses antibodies and other affinity reagents
labeled with isotopically pure rare earth metals to quantify biomolecule abundances in single
cells by atomic mass spectrometry. As there is very little spectral overlap between rare earth
metal isotopes, this approach enables simultaneous measurements of over 40 molecular
markers per celll”?. Although mass cytometry is most commonly used to quantify immune cell
types in the blood and other tissues, our lab was able to adapt this technique for neural
tissues!*>"® (Figure 2). In our recent publication, we were interested in doing a more thorough
protein-level analysis of neuronal and glial development within the DRG by examining the
expression levels of approximately 40 different markers every day from embryonic day 11.5 to
postnatal day 4. The resulting analysis of roughly 2.8 million cells highlighted the power of mass
cytometry for examining expression of a larger number of proteins within single cells. Our study
also found that this technique for protein-level analysis was able to identify most of the neuronal
populations identified by RNA sequencing, but was additionally able to uncover more rare

populations that are likely harder to detect with RNA sequencing*®..

Figure 2:
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Figure 2: Schematic depicting process for collecting, preparing, and examining neural
samples with mass cytometry. 1) DRGs are dissected from the spinal column of a mouse
pup. 2) The DRGs collected are dissociated into single-cells. This process is repeated for all
samples. Each sample is then barcoded and pooled. 3) The pooled and barcoded cells are then
strained for extracellular epitopes with metal label antibodies. 4) Following extracellular staining,
the cells are methanol permeabilized and stained for intracellular epitopes with metal labeled
antibodies. 5) The samples are then run through the Helios CyTOF 2 single-cell mass
cytometer. 5a) The mass cytometer works by nebulizing the cell mixture into single cell droplets.
5b) These droplets then travel through an inductively coupled argon plasma (ICP) flame which
incinerates the cells, but not the metal ions, thus resulting in an ion cloud. 5¢) The ion cloud
travels through a quadrupole to enrich the heavy metal ions. 5d) The heavy metal ion cloud is
then quantified by time-of-flight mass spectrometry for each cell. 6) The metal ion signal
intensity is quantified for each cell and converted into an FCS file. 7) The FCS file can then be

normalized and debarcoded and used in conjunction with websites like Community CytoBank to
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gate out debris or multiple cell aggregates. 8) Once the data has been cleaned, it can be further
analyzed, typically with some type of clustering algorithm and dimensionality reduction software
to produce images like this example UMAP. This allows us to easily visualize differences in
expression of the antibodies used in our panel which can inform us about different cell

populations or cell states.

Taken together, previous studies have been instrumental in functionally and molecularly
characterizing the neuronal and glial populations within the DRG generally throughout
development. With the advent of single-cell analysis techniques like RNA sequencing and mass
cytometry, even more thorough characterization of distinct cell populations and subpopulations

is possible.

1.4 Molecular and Functional Sexual Dimorphism in Somatosensory Cell Populations

In the nervous system broadly, studies have been conducted that highlight the role of sex in
nervous system development and disease. Specifically, the steroid hormone estradiol has been
implicated in driving sex differences observed in nervous system development. Numerous

studies have shown the impact of estradiol in promoting sex differences in cell differentiation

nl74-77] h[78.79-81, 82,74

and proliferatio , heurite outgrowt "7l synaptic patterningf®®77:848 cell number

and apoptosis, thus affecting volumetric sizel’” -4 and sexual and social behaviors!”’%°-1%0,

Although some studies have been conducted highlighting the role of estradiol in peripheral
nervous system development and function!'®'~"%l most of this research has been concentrated
in the central nervous system. Similarly, most studies examining molecular characterization of
cell types in the DRG lack much description of the role that sex may play in the expression of

specific genes or proteins. Recently, many studies have been published highlighting the
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disparities that exist between biologically female and male human patients in some pain
disorders and potency of response to analgesics!'%"'%!. Utilizing mouse and rat models have
provided some insight into potential sources of the sexual dimorphism displayed in pain

sensation and analgesic response.

A few studies have shown functional sex differences in baseline pain levels. One paper showed
sex differences between male and female pups in hot plate and tail withdrawal latencies at
postnatal day 0 (P0) and P7. Particularly for the hot plate, males had an increased latency to
paw withdrawal when compared with females!''®. Another publication investigated sexual
dimorphism in response to thermal pain over the course of development. They found that
significant sex differences were detected by P12 and persisted into adulthood for their particular
test. Similarly, males had an increased latency to response when compared to females!'"". In
addition to analysis of functional differences in analgesic response between sexes, many
studies have also started characterizing molecular sex differences between the neuronal
populations underlying these functional responses. One study found multiple differentially
expressed genes between males and females when examining neurons from different regions
of the spinal cord in embryonic day 18.5 (E18.5) pups, adult mice, and in an enriched population
of TrpV1* neurons®. An additional study using RNAseq found differentially expressed genes
from DRG neurons in which female neurons seemed to have an upregulation in genes
responsible for regulating immune processes, growth factors, synaptic proteins, and channels,
while males showed upregulation of genes that modulate anabolism, oxidative phosphorylation,
and antioxidant pathways!''?. Taken together, these studies show under normal conditions what
sexual dimorphism exists in analgesic response as well as in the gene expression of neurons.
One limitation of the molecular characterization of sex differences in neurons is that no single-
cell, high-throughput analysis has been performed to date to examine this question under

standard conditions.
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While not completed under standard conditions, single-cell, high-throughput analyses, along
with functional examination, has been conducted on neuronal and glial cells in the periphery
after perturbing the system through injury or increased inflammation!''*-""l, Although gaining a
better understanding of sex differences in neuronal response or molecular composition is
invaluable for the eventual treatment of injury or inflammation-induced disorders, there is still a
gap in the molecular characterization of neuronal and glial populations at the single-cell level in

a high throughput manner.

1.5 Project Rationale

There has been a large effort over the past few decades to provide a more comprehensive
functional and molecular characterization of neuronal and glial cells in the DRG. This has been
accomplished with multiple behavioral studies as well as bulk and single-cell RNA and protein
analyses on different cell populations. Simultaneously, the scientific community has been
enlightened about the importance of examining differences between sexes not only in the
response to painful stimuli or analgesics, but also in the expression of molecular markers that
help identify different cell types as well as impact their functionality. Although some studies have
started to undertake the task of examining sexual dimorphism in the DRG, no study to date has
harnessed the power of single-cell techniques to examine sexual dimorphism under standard
conditions. For my project, | aim to address this gap in knowledge by using single-cell protein-
level analysis to determine if sex differences exist in the abundance of different neuronal and
glial populations at postnatal day 0. This work highlights the power of being able to examine
roughly 40 different protein markers within single-cells in a robust manner to identify large and
subtle sexual dimorphism between specific populations and sub-populations of neurons and

glial in the DRG. This project has the potential to offer another approach for analyzing single-cell



data and provide additional rationale for the importance of continuing this work of examining

sexual dimorphism at a single-cell level across different tissues and timepoints.
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Chapter 2: Sexual Dimorphism in PO DRG Cell Types Identified by Mass Cytometry

2.1 Abstract

Development of neuronal and glial populations in the dorsal root ganglia (DRG) is required for
detection of touch, body position, temperature, and noxious stimuli. While female-male
differences in somatosensory perception have been previously reported, no study has examined
global sex differences in the abundance of DRG cell types, and the developmental origin of
these differences has not been characterized. To investigate whether sex-specific differences in
neuronal and glial cell types arise in the DRG during development, we performed single-cell
mass cytometry analysis on sex-separated DRGs from 4 separate litter replicates of postnatal
day 0 (P0) C57/BL6 mouse pups. In this analysis, we observed that females had a higher
abundance of total neurons (p=0.0266), as well as an increased abundance of TrkB* (p=0.031)
and TrkC™ (p=0.04) neurons for mechanoreception and proprioception, while males had a higher
abundance of TrkA* (p=0.025) neurons for thermoreception and nociception. Pseudotime
comparison of the female and male datasets indicates that male neurons are more mature and
differentiated than female neurons at PO. These findings warrant further studies to determine
whether these differences are maintained across development, and their impact on

somatosensory perception.

Keywords: sexual dimorphism, somatosensory neurons, mass cytometry, dorsal root ganglia
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2.2 Introduction

First-order somatosensory neurons in the dorsal root ganglia (DRG) innervate skin, muscle, and

other tissues of the body to detect percepts such as pain, temperature, touch, and body

position". In addition to the neuronal populations, Schwann cells and satellite glial cells (SGCs)

in the DRG also play a role in somatosensory perception. Schwann cells play an important role

in myelination, which increases action potential conduction velocity!'?%, and SGCs have been

implicated in the regulation of pain response, formation of synaptic structure, and modulation of

neuronal survival and activity in the periphery®*®'2122l Molecular characterization of neuronal
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and glial populations in the DRG will improve our understanding of how these cells develop and
mature to generate a functional somatosensory nervous system, as well as provide insights into
potential therapeutics for somatosensory disorders such as chronic pain or peripheral

neuropathy.

Decades of work utilizing immunofluorescence, genetic manipulation, and electrophysiology
have delineated distinct neuronal and glial cell types in the mouse DRG.. More recently, single-
cell measurements by scRNA-seq®'"%%6" gand mass cytometry!*®! have improved the molecular
resolution for these cell types. With thousands of transcripts measured per cell, scRNA-seq is
well-suited for unbiased screening and discovery, while the higher throughput and protein-level
readout of mass cytometry make this technique well-suited for replicate comparisons of cell

types defined by their functional biomolecules.

Mass cytometry is a variant of flow cytometry that uses antibodies and other affinity reagents
labeled with isotopically pure rare earth metals to quantify biomolecule abundances in single
cells by atomic mass spectrometry’. Using commercially available rare earth metal isotopes,
this approach enables simultaneous measurements of over 40 molecular markers per cell.
Although mass cytometry is most commonly used to quantify immune cell types in the blood and
other tissues!™, we recently adapted this technique for neural tissues and used this approach to
profile nearly 3 million neuronal and glial cells from the mouse DRG across 13 days of
embryonic and postnatal development!*®!. Mass cytometry and scRNA-seq have provided a
detailed molecular characterization of cell development in the DRG, but one question remains
unaddressed: is DRG development sexually dimorphic? Sex differences in response to pain and
other somatosensory stimulil''® as well as sexual dimorphism in the efficacy of analgesics in
humans have been previously observed!"'*'%3 We hypothesized that these differences could be

due to differences in DRG cell type abundances or expression profiles between females and
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males that could begin during development and persist into adulthood. Therefore, analysis of
sexual dimorphism in development could serve as the initial step toward better understanding

the underpinnings of sex differences observed in adults.

Previous studies have identified sexually dimorphic patterns of RNA expression in the DRG by
bulk RNA-seq®®'"?, but no single-cell comparison has been performed to determine which (if
any) somatosensory cell types differ in abundance types differ in abundance between females
and males. To address this gap in knowledge, we used our previously validated neural mass
cytometry platform!* to profile female and male DRG litter replicates at PO for statistical
comparison. In this analysis, we observed that females have a larger relative abundance of
neurons overall, especially within TrkB* and TrkC* subtypes, while males have a larger relative
abundance of TrkA" neurons. Further examination of markers, such as MAP2, and utilization of
pseudotime analysis revealed that neuronal populations in females appeared less mature when
compared to males. These findings demonstrate a clear dimorphism between females and
males, particularly in neuronal populations, and represent a promising area for future study

across embryonic development, postnatal development, and into adulthood.

2.3 Materials and Methods

Animals

All animal experiments were carried out in compliance with policies of the Association for
Assessment of Laboratory Animal Care and were approved by the University of Virginia Animal
Care and Use Committee (Deppmann protocol no. 3795). Pregnant C57BL/6J female mice were
ordered from Jackson Labs and tissue was collected from sex-separated postnatal day O pups.
Pups were sexed as previously described by examining differences in anogenital pigmentation:
male pups have a pigmented spot that eventually develops into the scrotum, while female pups

do not!"?4. Animals were housed on a 12-hour light/dark cycle with food and water ad libitum.
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Sample Collection and Processing for Mass Cytometry

DRG dissection, dissociation, fixation, and staining were performed as previously described“?.
DRG were plucked from the vertebrae, combined from all four regions of the spine, and pooled
by sex for each litter. Following removal, DRGs were incubated in Enzyme Solution 1 (5mg ml’
BSA, 2 mg ml™' Collagenase Type 2, 0.2 mg ml~' DNase-I, and 0.2 mg ml™" hyaluronidase in
DMEM/F-12) for 20 minutes and Enzyme Solution 2 (1.5 mg/ml trypsin in DMEM/F-12) for 15
minutes. Three fire-polished pipettes with decreasing pore diameter were used to mechanically
dissociate the tissue into a single-cell suspension. Cells were then incubated in 10uM cisplatin
in PBS as a cell viability dye for 30 seconds before quenching with PBS containing 0.5% BSA.
Cellular responses to cisplatin, such as DNA damage, occur on a longer time scale (hours) than

y[144-14%1 Cells were centrifuged at 300 x g for 3 minutes at 4°C and

the one used in this stud
washed with the quenching solution before fixation in 1mL of 1.6% PFA solution in PBS for 10
minutes at room temperature. Following fixation, cells were washed in PBS before final
resuspension in cell staining medium (CSM; 0.5% BSA and 0.02% NaNs in PBS). Separate

1.5mL microtubes and pipettes were used for samples from different sexes. Samples were

stored at -80°C after fixation until collection was complete for all four litters.

Mass Cytometry

To improve sample uniformity, individual samples were Palladium barcoded and then pooled for
antibody staining and mass cytometry measurement!'?>'?6!. Surface and intracellular antibodies
used in this study are listed in Figure 4, along with the total number of animals included in each
sample, and the number of cells analyzed in each sample. Cells were analyzed on a Helios
CyTOF 2 System (Fluidigm Corporation) by the University of Virginia Flow Cytometry Core

(RRID: SCR_017829) at the rate of 200-300 cells/second.
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Post-Run Sample Processing
All .FCS files from the mass cytometry run were bead normalized!'?”! and debarcoded as
previously described!'?'?¢! To isolate single cells from fragments/debris and cell aggregates,

clean-up gating was performed with Cytobank (https://community.cytobank.org/cytobank/)

(Figure 5).

High Dimensional Analysis
Analysis was performed as previously described™. Briefly, cells were partitioned with Leiden

clustering (https://github.com/vtraag/leidenalg)"'? to identify molecularly defined cell types, with

the nearest neighbors parameter set to 15. To assess if clusters were homogenous and
unimodal, we inspected violin plots of marker expression for each cluster. To improve the
molecular resolution of cell populations, cell types of interest were subjected to multiple rounds
of Leiden clustering. For the first round of clustering (primary clustering) and all subsequent
rounds of clustering (secondary and tertiary), all 40 expression markers were used. Cluster
identity was manually annotated by examination of marker expression and comparison with
previously reported expression profiles of distinct DRG cell types. 40-dimensional mass
cytometry datasets (including all antibody markers) were embedded into 2 dimensions by
uniform manifold approximation and projection (UMAP)!'?*'3 (rglease 0.2.4,
https://github.com/Imcinnes/umap/releases/tag/0.2.4) with the following parameters: nearest
neighbors = 15 (except for the secondary clustering of neurons which had a nearest neighbors =
50), metric = Euclidean, local connectivity = 1, components = 2, epochs = 10001°"3% The
software code used for Leiden clustering and UMAP embedding is provided with this

manuscript, as described below in the section Code Availability.

Abundance Comparison UMAP
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To visually inspect differences in cell type abundance between female and male samples across
all cell types and molecular phenotypes, we plotted the log2-fold ratio at every location on a 2D
UMAP layout. To make this calculation, the UMAP plot was divided into two-dimensional bins
corresponding to pixels on the plot, and then number of female vs. male cells within each bin
was used to calculate the log2-fold ratio. These bins are defined by regular intervals along the x
and y axes, which serve as the boundaries for the quantitative relative abundance analysis
conducted within each pixel. As some bins only contained all female or all male cells, we
manually set the value for these as 10% greater than the absolute maximum observed
female/male ratio. Further details and code to run this abundance comparison analysis are

available at https://github.com/zunderlab/Vradenburgh-et-al-PO-DRG-Sexual-Dimophism-

Manuscript.

Multi-Trk+ Quantification

To identify multi-Trk* neuronal populations based on expression of the three Trk receptors, we
calculated the 1st-15th percentile expression levels for each Trk in a cluster known to highly
express one of each three Trk receptors. Positivity was determined based on cluster
assignments for secondary clustering of only neuronal populations with TrkA positivity
determined by 2-Non-Pep, TrkB positivity by TrkB* neurons, and TrkC positivity by TrkC*
neurons. These values were used as thresholds to identify positive expression for each Trk
receptor. Cells that expressed pairs of Trk receptors above this threshold were classified as

multi-Trk expressing.

Developmental Cell Trajectories with URD

Code for the URD algorithm (https://github.com/farrellja/URD)""*"! was modified for compatibility

with mass cytometry. URD analysis conducts random walk iterations for every cell from a

manually selected “root” to manually selected “tips”. URD then assigns each cell a pseudotime
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value that relates to its developmental trajectory as opposed to actual age. We proportionally
downsampled our data only for this analysis so each sample consisted of the same number of

cells.

Tissue Processing for IHC

One female and one male pup from 6 separate litters were euthanized by decapitation. The
lower lumbar spinal columns were dissected and fixed in 4% PFA overnight before
cyroprotection in 30% sucrose in PBS for 2 days, all at 4°C. The tissue was subsequently
embedded in OCT (VWR, 25608-930) and then cryosectioned into 30-um sections and stored at

-80°C. The L4/5 DRG were analyzed using the last rib as a landmark for T13.

Immunostaining

Mounted sections were warmed to room temperature and washed with PBS three times for

5 minutes each. Antigen retrieval was performed for all antibodies by microwave boiling
slides/sections in sodium citrate buffer (10 mM sodium citrate, pH 6.0). Sections were cooled to
room temperature; sodium citrate buffer was replaced; and sections were microwaved until
boiling again. Sections were then rinsed three times with PBS and incubated with blocking
solution (0.1% Triton X-100 and 3% normal donkey serum) for 1 hour at room temperature.
Sections were incubated with primary antibodies diluted as detailed below in blocking solution
overnight at 4 °C. Sections were washed with PBS three times for 5 minutes each, incubated
with secondary antibodies for 1 hour at room temperature protected from light and then washed
with PBS four times for 5 minutes each. Sections were mounted in Fluoromount-G with DAPI
(SouthernBiotech). Primary antibodies used in this study: rabbit anti-Islet1/2 (Abcam, ab275990,
1:100, RRID: AB_10866454), rabbit anti-TrkA (Millipore Sigma, 06-574, 1:100, RRID:
AB_310180), and goat anti-TrkC (R&D Systems, AF1404, 1:1,000, RRID: AB_2155412).

Secondary antibodies used in this study: Alexa Fluor 488 donkey anti-rabbit (Thermo Fisher
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Scientific, A-21206, 1:500, RRID: AB_2535792) and Alexa Fluor 647 donkey anti-goat (Thermo

Fisher Scientific, A-21447, 1:500, RRID: AB_2535864).

Cell Count Quantification

A blinding protocol preceded the imaging of all tissue was imaged on the laser scanning
confocal Zeiss 980 NLO at x20 or x40 resolution in Z-stacks at 0.5-uym intervals. All images
were taken with the same exposure time for each channel and manually analyzed using Fiji
software for the presence or absence of fluorescence corresponding to expression of Islet1,
TrkA, or TrkC. Cells expressing Islet1, TrkA, or TrkC were counted and compared to counts of
all cells determined from counting DAPI-stained nuclei. In total, 11,718 DAPI* cells from female
pups and 8,646 DAPI" cells from male pups were examined for Islet1 analysis (Figure 6m-n)
and a total of 1,401 Trk* neurons from female pups and 2,327 Trk* neurons from male pups

were examined for the TrkA and TrkC analysis (Figure 11e-f).

Data/Code Availability
Access to the FCS files before normalization or debarcoding is available on Flow Repository at

http://flowrepository.org/id/FR-FCM-Z687. Access to the gated files is available on Community

Cytobank at https://community.cytobank.org/cytobank/experiments/110082. All code used to

perform the analysis described in this manuscript is available on GitHub at

https://qgithub.com/zunderlab/Vradenburgh-et-al-P0-DRG-Sexual-Dimophism-Manuscript.

Experimental Design and Statistical Analyses

For mass cytometry experiments, PO mouse pups were collected from 4 separate litters and
separated into two groups by sex. The number of pups per litter varied from 6 to 8, and these
numbers are reported in Figure 4. DRGs were dissected from sex-separated pups from each

litter and pooled into sex-separated tubes, and the male and female pooled samples were
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processed separately for mass cytometry as described above. Once DRGs were collected and
stored from all replicate litters, they were thawed and barcoded for mass cytometry analysis.
After data preprocessing, there were 32,461 female cells and 28,161 male cells. For
comparative analyses of cell type abundances, percentages are reported as a relative percent

for each individual sex-separated sample.

Statistical Analysis

Examination of sex differences in relative cell type abundance were analyzed using multiple
unpaired t-tests on GraphPad Prism 9.3.1. The results of statistical tests performed are detailed
in the text and figure legends as well as Figure 10, Figure 13, Figure 15, Figure 17. p < 0.05
was considered statistically significant and the exact p value is reported for each comparison

either in the figure or associated supplementary data figure.

2.4 Results

Characterization of Sex-separated Cell Populations in the Developing DRG by Mass Cytometry
To investigate whether somatosensory cell types are sexually dimorphic in the developing DRG,
PO mouse pups were separated by sex from individual litters, and the male and female DRGs
were pooled separately for single-cell dissociation and PFA fixation. This same sample
collection was performed on 4 litter replicates, resulting in 8 samples total that were stored at -
80°C before being thawed, barcoded, stained with metal-conjugated antibodies, and then
analyzed on a CyTOF Helios mass cytometer instrument (see methods, Fig. 3a). To identify all
cell populations in the DRG (e.g., neurons, glia, endothelia, macrophages, leukocytes), the

[45]

antibody panel from our previous DRG study™ was applied with minor modifications (Fig. 4).

After data pre-processing and clean-up gating (Fig. 5), female and male samples were pooled
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for Leiden clustering (60,622 cells) to separate all cells into distinct groups based on their
molecular profile and plotted in 2 dimensions by UMAP (Fig. 3b). Distinct cell types and
populations were identified by comparing the protein expression profile of each cluster with
known cell type markers[45] (Fig. 3c). This approach separated TrkA*, TrkB*, and TrkC”
neurons, putative phagocytosing glia, immature glia (Im. glia), satellite glial cells (SGCs),
Schwann cells, endothelial cells, macrophages, and leukocytes (specific markers used for
identification can be found in Fig. 4). Cells with no markers expressed or very few markers at
low levels were categorized as low complexity or unidentified. These cells comprise 2.2% of all
DRG cells measured and were not included in the calculations of relative abundance for
additional rounds of clustering presented in Figures 6,8,9,11,12,14,16, and18. To investigate
variability in cell type abundance between litters, the standard error of the mean (SEM) was
compared for each cell type (Fig. 3d). Endothelial cells, leukocytes, and macrophages have the
lowest SEM values (below 0.3), while glial and neuronal cells have a wider range of SEM values

spanning 0.2 to 1 between individual litter samples.

Figure 3
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after preprocessing and hierarchical gating. Different colors represent different clusters
determined by Leiden clustering and were identified and labeled as distinct cell populations
according to differences in protein marker expression. ¢) The bar graph depicts the contribution
from females or males from each of the four litters, “L_”, to the total 60,622 cells used for
analysis in this and subsequent figures. d) Protein marker abundances across distinct cell

types. The color of the dot indicates the relative expression level for each marker and the size of
the dot represents the percentage of cells with positive expression for each marker within each
cell population. e) Depiction of the standard error of the mean (SEM) calculated on the relative
percentage of cells present for each litter in distinct clusters within the broad cell populations
identified. The colors of the bars correspond to the color of the populations in the UMAP in

subpanel (b).

Figure 4
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Fig. 4 Sample collection and antibody panel information. a) Table describing date of DRG
collection, sex, number of pups, as well as raw cell count before staining for each of the four

litters. Information for female pups is highlighted in orange and information for male pups is
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highlighted in blue. b) Table containing information about the antibodies used for the DRG mass
cytometry panel including the metal the antibody was conjugated onto, stock and staining

concentrations, staining localization, antibody clone, manufacturer, and product number.

Figure 5
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Fig. 5 Sample gating prior to high dimensional analysis. a) Biaxial gates demonstrating the
clean-up gating done in Cytobank (community.cytobank.org). This clean-up gating was done to
remove debris with low-DNA, rare metal aggregates, and cell doublets!*® and is not a

representation of population gating. Representative images were taken from the female sample
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collected on 3/11/21. b) Table describing the raw cell counts before staining, after staining in the
ungated population, and after gating in the cells to analyze population for each sample.
Additionally, the percentage of cells recovered after staining and after gating were reported in

the table.

Sex Differences in Relative Cell Abundance for Broad DRG Cell Types

To visualize sex differences in early postnatal DRG cell populations, we calculated the relative
abundance of female to male cells at each 2-dimensional bin in the UMAP plot (see Materials
and Methods) (Fig. 6a). In this abundance comparison UMAP, subsets of neuronal and putative
phagocytic glial populations are proportionally more abundant in females (orange), subsets of
the endothelial and glial populations are proportionally more abundant in males (blue), and
regions with similar or identical female and male abundance appear gray in color. These gray
regions with the highest similarity between the sexes largely correspond to the highest cell
densities on the UMAP plot (Fig. 6b), but some high-density regions also skew toward female or
male (e.g., TrkB* neurons), and the non-random distribution in many low-density regions
indicates that these observed differences in female-to-male abundance are not simply due to

stochastic noise.

We next sought to quantitatively assess sex differences in specific somatosensory cell types. As
Leiden clustering separated cell populations at a higher resolution than generalized canonical
cell types, we first combined the clusters that represented each broad cell type to compare
relative cell type abundances between female and male replicates. For the immune cells
(combined leukocytes and macrophages), there were no significant differences in relative cell
abundances between sexes (Fig. 6¢), but we observed a significant increase in the relative
abundance of male endothelial cells (p=0.0239) (Fig. 6d), a trending increase in male glial cells

(p=0.0512) (Fig. 6e), and a significant increase in female combined neuronal populations
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(p=0.0266) (Fig. 6f) confirmed by IHC (p=0.0194) (Fig. 6m, n). The average relative abundance

in each replicate for all populations within females and males is shown in Figure 6g.

In addition to relative abundance within these broad populations, variance was also examined.
Similar to Figure 3d, SEM was calculated on the relative percentage of cells present for each
cluster between males and females for leukocytes/macrophages (Fig. 6h), endothelial cells (Fig.
6i), glial cells (Fig. 6j), and neuronal cells (Fig. 6k). The SEM was also calculated on the
combined relative percentage of cells for each general cell population for males and females
(Fig. 61). The SEM in the leukocytes/macrophages and endothelial cells is below 0.2 and
displays negligible difference between males and females. In contrast, the variability in the
neuronal and glial populations is much larger, with SEM values between 0.5 and 2, and does
show sexual dimorphism in terms of which sex has more variability within their neuronal and
glial populations. Females displayed higher variability in neuronal populations, while males

displayed higher variability in glial populations.

Figure 6
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depicting the relative abundance in female and male pups of the four general cell populations

identified in Fig 3 — leukocytes/macrophages (c), endothelial cells (d), glial cells (e), and
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neuronal cells (f). g) Stacked bar graph depicting the average relative abundance for all females
and all males colored by the different cell types. Low complexity and unidentified cells were
included in this graph and are colored in gray. h-k) Graphs depicting the SEM of the relative
percentage of cells present for each male and female sample in distinct clusters within each cell
population — leukocytes/macrophages (h), endothelial cells (i), glia (j), and neurons (k).
I)Depiction of the SEM calculated on the combined relative percentage of cells for each male
and female sample within the different clusters that form the four broad cell populations. m)
Proportion of Islet1” cells out of all DRG cells (DAPI*) by IHC. One to eight DRG sections were
imaged and analyzed for up to two animals per litter for six litters for each sex. Counts from all
sections from a single litter were averaged. n) Representative IHC images of PO L4/L5 DRGs
with anti-Islet1 and DAPI quantified in (m). Scale bar = 50um Bins = 200 for subpanels (a) and
(b). Connecting lines in subpanels (c)—(f) and (h)—(m) signify females and males from the same

litter.

Figure 7
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Fig. 7 Alternative analysis of neuronal proportion between sexes. a) Proportion of Islet1”
cells out of DRG area. DAPI staining in glia was small and tightly packed and overlapping. Cell
counts may be unreported. While the proportion of Islet1” by DAPI* is a more similar

comparison to the mass cytometry, we thus included Islet1*by DRG area as an additional



42

comparison. Similar to both mass cytometry and Islet1” by DAPI*, female DRGs exhibited a

significant increase in the proportion of Islet1* cells by DRG area.

Lack of Sex Differences in DRG Glial Populations

While examining multiple cell populations clustered together provides a broad view of sex
differences that might exist in disparate cell types, it does not provide a clear picture of what
might be occurring in more specific and specialized cell populations. To gain a clearer picture of
how sex impacts distinct glial cell populations, we grouped cells expressing Vimentin, BFABP,
Olig1, and/or OligO4 from our initial round of clustering (Fig. 8a inset), and reclustered these
cells (e.g., secondary clustering). This resulted in the identification of 15 distinct glial clusters
plotted on the UMAP in Fig.8a. Based on their protein expression, these clusters were defined
as immature glial cells (Im. Glia), satellite glial cells (SGCs), Schwann cells, and putative
phagocytosing glia (Fig. 8b). Broadly, immature glia were Vimentin* with Nestin® and/or
Galectin-1" subtypes. Satellite glial cells (SGCs) were BFABP* with Nestin® and/or TrkB*
subtypes. Schwann cells were Olig1”, OligO4*, and CD9" with Nestin® subtypes. Additionally,
Schwann cell progenitors (Schwann cells-3) were N-cadherin®. Previous work has shown that
during early development, glial precursor cells can phagocytose debris until macrophages fully
infiltrate and act as the primary phagocytic cells®*®. Additionally, previous work from our
research group identified and characterized these putative phagocytic glia by mass cytometry in
the DRG, finding nuclear protein expression representative of both neuronal and glial DRG
populations, and DNA intercalator levels that imply these putative phagocytic events are not
simple cell doublet artifacts*®.. However, it is important to note that although there is some
evidence from the literature that phagocytosis by immature satellite glia can occur in the DRG,
this appears to occur at a higher frequency during embryonic development and was observed at
lower frequency in PO DRG. Therefore, we cannot rule out the possibility that our observations

include a mixture of artifactual cell doublets or aggregates in addition to true phagocytic events.
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Because of this, we refer to this cell population as putative phagocytosing glia, identified by their
co-expression of the glial markers Vimentin and BFABP with the neuronal markers Islet1,

MAP2, PGP9.5 and/or TuJ1.

To assess sexual dimorphism in neonatal glial populations, we generated a relative abundance
UMAP (Fig. 8c). Generally, the Schwann cell populations have a slightly higher relative
abundance in males, while the immature and putative phagocytosing glial populations have a
slightly higher relative abundance in females. Similarly to Figure 6a, regions of the abundance
UMAP with the higher relative abundance of females/males seems to be greater in less dense
areas while the higher density areas of the UMAP have a distribution of female to male relative
abundance values that are closer to 50/50 (Fig. 8c inset). Sex differences in the relative
abundance of the four broad classes of glia identified in Fig. 8a were quantified (Fig. 8d). No
significant sex differences were found in the relative abundance of any of these glial

populations.

Figure 8
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8 No significant difference in the relative cell abundance of DRG glial classes. a) Cells

identified as glia in Fig. 3b (shown in the inset highlighted in red) were extracted and re-

clustered. The resulting UMAP contains 15 clusters that were identified as immature glia (Im.

Glia), satellite glial cells (SGCs), Schwann Cells (SCs) or putative phagocytosing glia. b) Violin

plots for 12 key markers used for identifying distinct glial populations in subpanel (a). ¢) Relative

abundance UMAP of all cells colored by which sex has the highest relative abundance for each

bin.

An inset of the density UMAP depicting normalized density of cells present within each bin

is also included. d) Bar graphs depicting the relative abundance of cells for the four general glial

populations (immature glia, satellite glial cells, Schwann cells, and putative phagocytosing glia)
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with p-values listed above each set of bar graphs. No statistically significant differences were
found between sexes for any of the glial populations when examining relative abundance. A
total of 31,978 cells were analyzed in this figure. Bins = 200 for relative abundance UMAP and
density UMAP in subpanel (c). Connecting lines in subpanel (d) signify females and males from

the same litter.

We next conducted a tertiary round of clustering on only the immature and satellite glial cells
(Fig. 9a inset). This resulted in 13 distinct clusters that are visualized in the UMAP in Fig. 9a.
Clusters 1-6 are the immature glia identified primarily by their shared expression of Nestin with
low expression levels of Sox 2 and/or Sox10 (Fig 9b). Cell populations and/or states were
delineated by varying expression of CD24 and co-expression between Nestin, Sox2, Sox10,
and CD24 to form specific subclusters (Fig 9b). Clusters 7-13 correspond to satellite glial cells
primarily identified by BFABP and TrkB expression (Fig 9b). Specific subclusters were
determined by variable expression of Nestin, Galectin-1, CD24, CD9, CD117, and GFAP (Fig
9b). An abundance UMAP was generated (Fig. 9¢) and the relative abundance of each cluster
for males and females was quantified (Fig. 9d). No significant sex differences exist in any of the
distinct cell populations or states represented in each cluster (Fig. 9d). Tertiary clustering and
sex difference analysis was also conducted on Schwann cells (Fig. 9e inset) which resulted in
the identification of 7 distinct clusters (Fig. 9e). Clusters 1-4 correspond to immature/non-
myelinating Schwann cells, while clusters 5-7 represent mature/myelinating Schwann cells (Fig.
9f). An abundance UMAP was generated (Fig. 9g) and the relative abundance of each cluster
for males and females was quantified (Fig. 9h). No statistically significant differences were
found between males and females for any of the specific cell types and states in each cluster
(Fig. 9h). These findings suggest that somatosensory glial abundance is not sexually dimorphic

at PO.
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and satellite glial cells (a) or Schwann cells (e) from secondary clustering of glia (shown in inset
with extracted cells highlighted in red). More specific cell states and populations were identified
by marker expression which can be seen in the annotations on the UMAPs and violin plots (b,f).
c¢,g)Relative abundance UMAP of all cells colored by which sex has the highest relative
abundance for each bin for immature glia and satellite glial cells (c) or Schwann cells (g). d,h)
Bar graphs depicting relative cell abundance for each cluster determined for immature glia and
satellite glial cells (d) or Schwann cells (h). A total of 17,977 cells in subpanels (a-d), and 9,447
cells in subpanels (e-h). Bins = 200 for relative abundance UMAP and density UMAP in

subpanel (c), (g). Connecting lines in subpanels (d), (h) signify females and males from the

same litter.

Figure 10

a) Im. Glia & SGCs b) Schwann Cells

Cluster # p-value Cluster # p-value

1 0.24 1 0.24
2 0.07 2 0.63
3 0.5 3 0.81
4 0.15 4 0.82
5 0.35 5 0.61
6 0.86 6 0.18
7 0.13 7 0.85
8 0.71
9 0.55
10 0.06
11 0.43
12 0.2
13 0.07

Figure 10 p-values for relative abundance bar graphs for glial populations. a) Table
containing the p-value for each of the immature glial and satellite glial cell clusters represented
in the relative abundance bar graph. b) p-values for each of the Schwann cell clusters

represented in the relative abundance bar graph.

Sex Differences in TrkA*, TrkB*, and TrkC* neurons
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To gain a clearer picture of how sex impacts distinct neuronal cell populations, we extracted
cells from our initial round of clustering expressing Islet1, Tud1, PGP9.5, TrkA, TrkB, and/or
TrkC with low levels of the glial markers Vimentin and BFABP (Figure 5a inset), and reclustered
these, resulting in 9 distinct secondary clusters. One low complexity cluster constituting
approximately 4% of all neuronal cells was removed from the UMAP as well as from all
subsequent abundance calculations (data not shown). The remaining 8 clusters corresponding
to 5 distinct neuronal subpopulations were plotted on the UMAP shown in Figure 11a. Trk
receptor expression generally characterizes three broad neuronal populations in the DRG —
nociceptors (TrkA*), mechanoreceptors (TrkB*), and proprioceptors (TrkC*). Nociceptor
subtypes are divided into general (TrkA*, MAP2"°"), non-peptidergic (TrkA*, CD9"", CD44*",
Galectin-1*"), and peptidergic (TrkA*, CD117*, CD9*", NFH'") (Fig. 11b)[2,2,45]. TrkB* and
TrkC* neurons were also able to be identified by their respective Trk expression (Fig. 11b). The
relative abundance UMAP revealed several qualitative differences, with female cells
predominating TrkB* and TrkC™ clusters while TrkA™ nociceptors appeared to be increased in
males (Fig. 11c). Quantification of these differences show that females have a larger relative
abundance of TrkB* and TrkC* neurons while males have a larger relative abundance of TrkA*
neurons (Fig. 11d). When examining TrkA" nociceptors more specifically, we found no
significant sex differences in the relative abundance of general or non-peptidergic nociceptors.
However, peptidergic nociceptors have a larger relative abundance in males when compared to
females (inset of Fig. 11d). The relative abundance of TrkA™ and TrkC* neurons were confirmed
by IHC (Fig. 11e,f), however, the satellite glial cells ensheathing neurons have high expression

of TrkB* preventing a similar analysis.

Figure 11
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Fig. 11 Sexual dimorphism in neuronal classes. a) Cells identified as neurons in Fig. 3b

(shown in the inset highlighted in red) were extracted and re-clustered. The resulting UMAP

originally had 9 clusters, of which, one was identified as low complexity and removed from the

UMAP as well as all subsequent analysis (data not shown). The 8 remaining clusters can be
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further identified by protein expression and divided into 5 subpopulations — general nociceptors,
non-peptidergic nociceptors, peptidergic nociceptors, TrkB* neurons, and TrkC* neurons. b)
Violin plots for 11 key markers used for identifying distinct neuronal populations in subpanel (a).
c¢) Relative abundance UMAP of all cells colored by which sex has the highest relative
abundance for each bin. An inset of the density UMAP depicting normalized density of cells
present within each bin is also included. d) Bar graph depicting the relative abundance of 3
general neuronal subpopulations identified by Trk expression. For TrkA™ neurons, 3 specific
subpopulations were identified, and the relative abundance was recalculated for general, non-
peptidergic, and peptidergic nociceptors. e) Proportion of TrkA* or TrkC* cells out of all TrkA*
and TrkC" cells by IHC. One to seven DRG sections were imaged and analyzed for up to two
animals per litter for six litters for each sex. Counts from all sections from a single litter were
averaged. f) Representative IHC images of PO L4/L5 DRGs with anti-TrkA and anti-TrkC
quantified in (e). Scale bar = 30um. A total of 19,073 cells were analyzed for subpanels (a)-(d).
Bins = 150 for relative abundance UMAP and density UMAP in subpanel (c). Connecting lines in

subpanels (d) and (e) signify females and males from the same litter.

The Impact of Sex on Distinct Cell States and Populations Within TrkA* Neuronal
Subpopulations

We next sought to investigate distinct cell types/states within the subpopulations defined in Fig
11. To that end, we extracted non-peptidergic nociceptors from our secondary round of
clustering (Figure 12a inset) and conducted a tertiary round of clustering on these specific cells.
This resulted in the identification of 9 distinct clusters which were plotted on the UMAP in Figure
11a. Molecular distinction between the specific clusters was determined by expression of
specific markers with violin plots (Fig. 12b). Visualization of sex differences are shown with the
abundance UMAP (Fig. 12c). For analysis of relative abundance within specific cell subtypes,

the abundance is normalized within that specific subtype. Sex differences in the relative
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abundance of cells for each distinct cluster were analyzed and no statistically significant
differences exist between males and females in any cluster for the non-peptidergic nociceptors
(Fig. 12d). We repeated this analysis for peptidergic nociceptors and found only one statistically
significant difference (Fig. 12e-12h). Putative immature peptidergic nociceptors in cluster 7,
which are CD117*, p75 neurotrophin receptor (p75)*, and MAP2"°¥, had a significantly higher
relative cell abundance (p=0.01) in females compared to males (Fig. 12h). Although peptidergic
nociceptors have a greater relative abundance in males when examining neuronal populations
generally, we see an increase in this subpopulation of peptidergic nociceptors in females after
specific examination of these neurons. Of note for this and subsequent figures, significant sex
differences in relative abundance of specific cell populations may differ or be masked by

significant differences in more general cell populations (as seen in the peptidergic nociceptors).

Figure 12
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Fig. 12 Sexual dimorphism in nociceptive populations. a) UMAP of extracted and re-
clustered cells that were identified as non-peptidergic nociceptors in Fig. 11a (shown in the inset
highlighted in red). b) Violin plots for 13 markers used to identify distinct cell states within the
non-peptidergic nociceptors for each cluster. ¢) Relative abundance UMAP of all cells colored
by which sex has the highest relative abundance for each bin. An inset of the density UMAP
depicting normalized density of cells present within each bin is also included. d) Bar graph
depicting relative abundance of the 9 different clusters shown in subpanel a. e-h) UMAP (e),
violin plots (f), relative abundance UMAP (g), and relative cell abundance per cluster (h) for
peptidergic nociceptors. The peptidergic nociceptors were identified, extracted, and reclustered

from the UMAP in Fig. 5a (shown in the inset highlighted in red in subpanel e) and analyzed as
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described above for non-peptidergic nociceptors (a-d). A total of 9,658 cells were analyzed in
subpanels (a-d), and 4,150 cells in subpanels (e-h). Bins = 50 for relative abundance UMAP
and density UMAP in subpanel c and bins = 40 for subpanel (g). Connecting lines in subpanels

(d) and (h) signify females and males from the same litter.

Figure 13
a) [Non-Peptidergic Nociceptors | b) [ Peptidergic Nociceptors
Cluster # p-value Cluster # p-value

1 0.07 1 0.86
2 0.37 2 0.12
3 0.54 3 0.45
4 0.43 4 0.2
5 0.8 5 0.98
6 0.95 6 0.74
7 0.17 7* 0.01
8 0.69 8 0.09
9 0.22 9 0.9

Fig. 13 p-values for relative abundance bar graphs for TrkA* neuronal populations. a) p-
values for each of the non-peptidergic nociceptive clusters represented in the relative
abundance bar graph. b) p-values for each of the peptidergic nociceptive clusters represented

in the relative abundance bar graph.

The Impact of Sex on Distinct Cell States and Populations Within TrkB* and TrkC* Neuronal
Subpopulations

We next performed similar analysis with tertiary clustering to compare subtypes of TrkB* (Fig.
14a-14d) and TrkC* neurons (Fig. 14e-14h). For TrkB* neurons, two clusters showed statistically
significant sex differences. In cluster 6 (p=0.02), which is MAP2"°¥, females had a higher relative
abundance while in cluster 9 (p=0.01), which is CD117", there is a higher relative abundance in

males (Fig. 14d).
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TrkC™ neurons had 3 distinct clusters that were significantly different between males and
females. Clusters 1 and 7 had a higher relative abundance in females (p=0.007 and p=0.04,
respectively). Both clusters are p75" and CD24", however, cluster 1 is MAP2"S" while cluster 7
is MAP2'°"_ Conversely, cluster 4, which is characterized primarily by MAP2 expression, had a
higher relative cell abundance in males (p=0.008) (Fig. 14h). Cluster 7 in the TrkC* neurons has
a larger relative abundance in females and is MAP2°". A common theme amongst TrkB* and
TrkC* UMAPs is that female cells tend to be overrepresented in MAP2"°" clusters. While this
may not represent a distinct cell type compared to other clusters in the UMAP, we have
previously suggested that this may represent a distinct cell state (i.e. maturity)*®!, which will be
discussed further below. Overall, we see that females seem to have a greater relative

abundance of cells with low MAP2 expression over multiple neuronal subpopulations.

Figure 14
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Fig. 14 Sexual dimorphism in TrkB* and TrkC* neuronal subtypes. a) UMAP of extracted
and reclustered cells that were identified as TrkB* neurons in Fig. 11a (shown in the inset
highlighted in red). b) Violin plots for 13 key markers used to identify distinct cell states within
each TrkB* neuronal cluster. ¢) Relative abundance UMAP colored by which sex has the
highest relative abundance for each bin. An inset of the density UMAP depicting normalized
density of cells present within each bin is also included. d) Bar graph depicting relative
abundance for the 9 different clusters shown in subpanel (a). e-h) UMAP (e), violin plots (f),

relative abundance UMAP (g), and relative cell abundance per cluster (h) for TrkC* neurons.
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TrkC™ neurons were identified, extracted, and reclustered from the UMAP in Fig. 5a (shown in

the inset highlighted in red in subpanel (e) and analyzed as described above for non-TrkB*
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neurons (a-d). A total of 1,262 cells were analyzed in subpanels (a-d), and 1,566 cells in
subpanels (e-h). Bins = 30 for relative abundance UMAP and density UMAP in subpanels (c)

and (g). Connecting lines in subpanels (d) and (h) signify females and males from the same

litter.
Figure 15
a) TrkB* Neurons b) TrkC* Neurons
Cluster# | p-value Cluster # p-value
; 00-184 1* 0.007
3 0.68 2 0.24
- 3 0.28

4 0.47
5 0.38 4* 0.008
5 0.02 5 0.27
7 0.11 6 0.29
8 0.06 7* 0.04
9* 0.01

Fig. 15 p-values for relative abundance bar graphs for TrkB* and TrkC* neuronal
populations. a) p-values for each of the TrkB* neuronal clusters represented in the relative
abundance bar graph. b) p-values for each of the TrkC* neuronal clusters represented in the

relative abundance bar graph.

Putative Glial Phagocytosis Reflects Neuronal Sexual Dimorphism

We next examined the types of cargoes being consumed by putative phagocytosing glia. We
conducted a tertiary round of clustering on the putative phagocytosing glial cells from Figure 8
(highlighted in red on the inset UMAP in Fig. 16a) and identified 9 distinct clusters (Figure 16a).
In contrast to previous rounds of tertiary clustering, separation of clusters is mostly driven by the
cargoes that the putative phagocytosing glia are consuming as opposed to intrinsic differences
in glial subtype or state. To identify subsets of cargo types being consumed by putative
phagocytosing glia, we examined the expression of 14 different markers with violin plots (Fig.

16b). In general, the phagocytosing subsets had varying abundance levels of the three Trk
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receptors and most clusters were Nestin®. We used an abundance UMAP to visualize sex
differences in relative abundance (Fig. 16c), and quantified relative cell abundance for each
cluster (Fig. 16d). Significant sex differences were found in the relative abundance of clusters
1,3, and 9. Clusters 1 and 9 had a larger relative cell abundance in females (p=0.04 and p=0.02,
respectively), while cluster 3 had a higher relative cell abundance in males (p=0.03). The sexual
dimorphism seen in the debris consumed, aligns with the sexual dimorphism observed in the
different neuronal subpopulations. Cluster 1, which has a higher relative abundance in females,
is also MAP2"" which corresponds with our findings in Figures 5 and 6. Additionally, cluster 9,
which also has a higher relative abundance in females, is TrkB* which relates to our findings in
Figure 11. Finally, cluster 3 has a larger relative abundance in males and is TrkA* and Nestin'"
which relate to the findings in Figures 11 and 12. These results indicate that the debris

consumed by the putative phagocytosing glia correlates to the abundance of specific neuronal

populations.

Figure 16
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Fig. 16 Putative glial phagocytosis reflects neuronal sexual dimorphism. a) UMAP of
extracted and reclustered cells that were identified as putative phagocytosing glia from
secondary clustering of glia from Fig. 8a (shown in inset with extracted cells highlighted in red).
b) Violin plots for 14 markers used to identify different debris consumed by the putative
phagocytosing glia. ¢) Relative abundance UMAP colored by which sex has the highest relative
abundance for each bin. An inset of the density UMAP depicting normalized density of cells
present within each bin is also included. d) Bar graph depicting relative abundance for the 9
different clusters shown in subpanel a. A total of 4,554 cells were analyzed in this figure. Bins =
40 for both relative abundance and density UMAPs. Connecting lines in subpanel (d) signifies

females and males from the same litter.
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Figure 17

a)

Putative Phagocytosing

Glia
Cluster # p-value
1* 0.04
2 0.56
3* 0.03
4 0.06
5 0.24
6 0.05
7 0.34
8 0.13
9* 0.02

Fig. 17 p-values for relative abundance bar graphs for putative phagocytic glia. a) p-
values for each of the putative phagocytic glial clusters represented in the relative abundance

bar graph.

Multi-Trk* Neurons and Pseudotime Analysis Indicate a Developmental Delay in Female vs.
Males for some Neuronal Subtypes

The overrepresentation of MAP2° neurons in females implies a shift in maturity of select
neuronal populations. We have previously shown that increased proportions of multi-Trk positive
neuronal populations correlate with increased expression of immature and stem cell
markers[45]. Based on these findings, we sought to test the notion that neuronal subtypes in
females may be more molecularly immature by examining the relative abundance of each multi-
Trk population out of all the Trk* neurons. To assess the relationship of the cell subtypes, we
analyzed the totality of the TrkA+ neurons, instead of breaking it down into peptidergic
nociceptors and non-peptidergic nociceptors. In all three combinations of multi-Trk+ neurons,

females consistently have a greater relative abundance, although only TrkA*/TrkC* and
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TrkB*/TrkC" populations were statistically significantly increased (Fig. 18a). Next, we used URD
pseudotime analysis to infer relative molecular maturity (pseudotime) of male and female Trk*
populations. Based on our previous work, we know maturational heterogeneity exists within a
single time point during early DRG development!*’l. To examine sex differences in maturation
within this data set, we first used molecular markers to identify which cluster was least mature
(“root”) and which clusters were most mature (“tips”) for each Trk receptor (Fig. 18b).
Dendrograms were constructed which placed cells along the developmental trajectories from
the root to tips for each Trk* neuronal population. Dendrograms for each Trk receptor are
colored so female cells are orange and male cells are blue (Fig. 18c, 18h, 18m). First, we
examined the relative abundance of the cells with a pseudotime value of zero, which includes
non-root cells in addition to manually selected root cells. This analysis compares the prevalence
of sex difference in the most immature cells (Fig. 18d, 18i, 18n). The relative abundance of cells
with a pseudotime value of 0 were elevated in females for TrkA* and TrkB* neurons and
significantly increased in females for TrkC* neurons (p=0.02). Although all three Trk* receptors
illustrate an increase in relative abundance of female cells with a pseudotime value of 0, the
only statistically significant increase seen is in TrkC* neurons (p=0.02). Histograms were
generated depicting the relative number of female or male pseudotime values within each bin
listed on the x-axis for all of the different segments (Fig. 18e, 18], 180). For all three Trk*
neuronal populations, the histograms depict female pseudotime values being shifted closer to a
pseudotime value of 0, indicating decreased maturity. Lastly, we sought to examine how sexual
dimorphism in pseudotime values differ between neuronal populations in each dendrogram. To
determine which segments to examine further, we examined sex differences in the pseudotime
value for each individual segment and determined if statistically significant differences existed
(data not shown). The results of this analysis revealed that the C-LTMR neurons, primarily
Tuj1'™ that were identified by tertiary clustering of all TrkA* neurons (data not shown), TrkB*-4

neurons, and TrkC*-5 neurons had statistically significant differences in the pseudotime values
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between males and females with female pseudotime values being consistently lower (i.e. more

immature) than male pseudotime values.

Figure 18
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Fig. 18 Multi-Trk expression and pseudotime analysis indicate decreased maturity of

neuronal populations in females at postnatal day 0. a) Bar graph depicting the relative

abundance of multi-Trk* populations determined by thresholding. b) UMAPs depicting which
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cells were used as the root (magenta) and tips (green and blue shades) for URD analysis of all
three Trk receptors. ¢) Dendrogram depicting pseudotime URD analysis for TrkA* neurons. The
cells were colored by sex and the tips were labeled with the TrkA™ neuronal populations they
correspond to. d) Bar graph depicting the relative abundance of male or female cells that had a
pseudotime value of zero, representing the root/most immature cells. e) Histogram depicting the
number of female and male cells in each bin corresponding to the pseudotime value generated
by URD analysis for all segments of the dendrogram. A pseudotime value closer to 0 represents
more immature cells, while a pseudotime value closer to 1 represents more mature cells. f,g)
Histograms depicting the number of female and male cells in each bin for the neuronal
populations that correspond to the first two tips on the dendrogram in subpanel c. The
dendrogram from URD analysis, bar graph depicting relative abundance of cells with a
pseudotime value of 0, histogram of the relative frequency of pseudotime values for all
segments, and the histograms depicting the relative frequency of the first two tips on the
dendrogram were generated for TrkB* (h-l), and TrkC* (m-q) neurons. Connecting lines in

subpanels (a), (d), (i), and (n) signify females and males from the same litter.

2. 5 Discussion

In this study, we examined whether the abundance of glial and neuronal populations within the
PO DRG are sexually dimorphic. We found no differences in immature glia, SGCs, or Schwann
cells, but did observe statistically significant sexual dimorphism in the relative abundances of
TrkA*, TrkB*, and TrkC" neuronal populations both broadly and within more distinct
subpopulations, as well as in the relative abundances of putative phagocytosing glia. Finally,
examination of multi-Trk* neuronal populations as well as URD pseudotime analysis indicates

that specific female sensory neuron populations are less mature than males (Fig. 19).
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Figure 19
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Fig. 19 Sexual dimorphism through somatosensory development in the DRG at P0. Male
and female relative abundance changes per cell type are indicated by upward arrows with
orange text denoting greater abundance in females and blue text denoting greater abundance in
males. Gray text was not measured in this current study. The size of the arrow is correlated

with the level of significance.

Most studies that have analyzed the DRG by scRNA-seq or mass cytometry did not separate by
sex, and those that did were limited by a lack of sample replicates, precluding the identification
of statistically significant differences in the composition of somatosensory cell types between
females and males[®'7456081 |nstead, previous single-cell studies have either combined sexes
for pooled analysis, or only examined males. This represents a blind spot in the published
literature, which we begin to address with this study. One example motivating this work is that
established analgesics have been shown to be more efficacious in males than females in both
humans and mice!'®"*123] This observation is not surprising given that the initial studies

validating these analgesics relied on male mice. In this study we find that PO females have a
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higher relative abundance of TrkB* and TrkC* neurons, while males showed larger relative
abundance of TrkA" peptidergic nociceptive neurons (Fig. 11d). One potential explanation for
differential efficacy of established analgesics could relate to our findings of increased relative
abundance for specific nociceptor subtypes in males. However, given that various other factors
could contribute to the decreased efficacy of some analgesics in females, it will be essential for
our group and others to (1) examine whether these differences in cell abundance persist into
adulthood, (2) whether there are sexually dimorphic differences in the molecular targets for
established analgesics (e.g. opioid receptor) within neuronal subpopulations, and (3) whether
the electrophysiological properties of nociceptor subpopulations are different between the

Sexes.

In addition to sexual dimorphism observed in neuronal populations, we also observed female-
male differences in the cargoes consumed by the putative phagocytosing glia. This is
reminiscent of the increase in phagocytic microglia in females in the brains of postnatal day 2
mice, a difference that is not observed at earlier time points®”. Interestingly, these microglia
appear to engulf immature neurons. In the peripheral nervous system, immature SGCs are key
phagocytes that engulf developmental debris before macrophage infiltrationt*%4>'32_Qur
previous mass cytometry analysis found that phagocytic SGCs begin to emerge around
embryonic day (E) 13.5, peak around E15.5, and are drastically reduced by P4, which
corresponds to how neurons are initially overproduced during development, resulting in the
eventual pruning and death of approximately 50% of the original neurons generated“>'% In this
study, we observed that at PO, compared to male counterparts, putative female phagocytic
SGCs preferentially engulf MAP2'°" presumptive immature neurons (Fig. 16d). Unsurprisingly,
this is proportional to the relative difference in abundance between male and female immature
neurons. An important caveat to this result is that some of these cells we categorize as putative

phagocytosing glia could instead be artifactual cell doublets or aggregates. To address this
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concern, we previously performed phase contrast microscopy analysis of cell doublet and
aggregate frequency in our single-cell samples, observed Iridium DNA intercalator levels
consistent with phagocytosis rather than cell doublets or aggregates, and used our mass-tag
cell barcoding scheme to remove cell doublets and aggregates from our analysis*®. That said,
we cannot rule out the possibility that some fraction of our observed putative phagocytosing glia
are in fact cell doublets or aggregates that made it through these stringency filters. Additional
mass cytometry experiments using markers of phagocytosis such as Jedi1, MEGF10, and CD68
could improve our interpretation of these results, but commercially available antibodies against
Jedi1 and MEGF10 have not been validated for flow cytometry or mass cytometry, and anti-
CD68 antibodies are not directly compatible with the methanol permeabilization step used in this
study. As the frequency of phagocytosing SGCs is expected to drop in adulthood with
macrophage infiltration, analysis of adult tissues could serve as a negative control for cell
doublets and aggregates, but we have not yet optimized our dissection and cell dissociation
protocols to isolate adult DRG cells with high yield. Future experiments with IHC or imaging
mass cytometry (IMC)["*% and multiplexed ion beam imaging (MIBI)!"**! could shed further light
on these questions, and represent a highly complementary approach to the mass cytometry

techniques employed here.

In this study, we identified statistically significant sex-specific differences in abundance across
all major subsets of neuronal populations using mass cytometry, but there are three important
caveats to consider for this approach. (1) The use of a 40-marker panel may not be sufficient to
identify every subset of DRG cell populations, although previous mass cytometry analysis
identified DRG cell populations at a level comparable to scRNA-seq*®. (2) The digestive
enzymes used for cell dissociation, particularly trypsin, will cleave proteins on the cell surface,
and may alter the cell surface marker profile in comparison to native, undigested cells. (3)

Changes in relative abundance for one cell type may be caused by large changes in another
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cell type (zero-sum), rather than different absolute numbers for the cell type of interest. (4) The
potential for systematic bias in the cell types recovered after preparation for mass cytometry
may not be uniform. To address caveats 3 and 4, we have applied the orthogonal technique of
immunofluorescence microscopy to corroborate our results. All microscopy tests that we
performed have validated our mass cytometry results, but the limited number of fluorophores
which can be used simultaneously limits the precision in cell type subsets that we can validate

by immunofluorescence microscopy.

In summary, our analysis of sexual dimorphism within neuronal and glial populations in the DRG
at PO has highlighted the power of mass cytometry to examine both dramatic and subtle cell
type differences between sexes. Additionally, this work has laid the foundation for future studies
to further explore the impact of sex on DRG development and function through examining the
role of developmental inflammation on population abundance, investigating the appearance and
progression of sexually dimorphic cell types throughout embryonic and postnatal development
and then into adulthood, and bridging the gap between abundance and function through

analysis of electrical activity or signaling.
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Chapter 3: Conclusions and Future Directions

3.1 Future Directions

3.1.1 Examining Sexual Dimorphism

There are two potential explanations for the sex differences we found in some neuronal
populations at postnatal day 0 — (1) there is a fundamental difference between males and
females in the abundance and/or type of somatosensory neurons produced, or (2) the same
abundance and/or cell types will be produced, but the timing differs between sexes. One way to
gain a better understanding of how sex impacts the molecular development of different cell
populations in the DRG is to examine differences over time. Conducting a time course study in
which we begin at an early embryonic period and examine the abundance and composition of
different cell types through adulthood would assist in answering a few specific questions. (1)
When does sexual dimorphism in molecular characterization and abundance of specific cell
populations begin and potentially end? (2) Is sexual dimorphism present in all cell types
throughout the mouse’s lifespan? (3) Do molecularly distinct cell populations exist in one sex but
not the other? (4) Are there differences in the rate of maturation for specific cell types? Being
able to conduct a time course study could provide valuable insight into the “who” (in which cell
populations) and “when” (during which periods of development) of sexual dimorphism in the

DRG.

One gap in my work examining sex differences in cell type abundance and characterization is
an understanding of what might be contributing to the sex differences we observed. Although

there are studies that have already highlighted the importance of hormones in DRG neuronal

[119]

response'’ ", it would also be interesting to examine the molecular impact of hormones on
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development and maturation of different cell types. A study in which mice are “masculinized” or
“feminized” could be conducted to see if the differences in cell abundance and molecular
properties could be artificially generated through changes in hormone levels or hormone
receptor responsivenessl’” 1191341351 ' Additionally, if hormones cannot explain the sex differences
in abundance and population characterization, we could then begin experimenting with other

scenarios that might be contributing to the observed effect.

Examination of sex-separated DRGs in a time course study and analysis of DRGs from mice
that have had their hormone receptor expression or circulating levels altered can be well studied
using mass cytometry. Although mass cytometry is a powerful tool for examining the molecular
composition of cells in a high throughput manner, it is not a suitable technique for answering all
of the questions associated with sexual dimorphism in the DRG. Along with behavioral
experiments which will be further discussed below, utilizing cell cultures could prove another
valuable method for examining how hormones can impact development of neuronal and glial
populations. By culturing primary neuronal cells or neuron-like immortal cell lines, for example,
PC12 cells, excess androgens and/or estrogens could be added to the culture to assess how
factors such as survival, or marker expression are altered. Although in vitro methods have the
disadvantage of being removed from their natural environment and thus not an exact match for
the true physiological environment, they have the benefit of much more control. This can lead to
a much more basic understanding of what factors, in this case sex hormone levels, can directly

impact specific and distinct cell types.

In addition to sex hormone levels, cell intrinsic differences driven by the presence of X and Y
chromosomes, could also be contributing to sex differences in cell population differentiation and
development. In females, the presence of two X chromosomes normally does not result in a

“double-dose” of X genes as one of the X chromosomes is usually inactivated!"*®!. Although
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infrequent, occasional instances by which the second X chromosome in females is not
inactivated have occurred which could impact gene expression in those cells!'*”). Additionally,
whether or not the paternal or maternal X chromosome is inactivated in females might also drive
sexual dimorphism in gene expression between males and females!'®®. Although this does
provide another interesting angle to examine, the ability of gonadal hormones to fully reverse
phenotypes observed in the opposite sex imply a much stronger connection between sexual
dimorphism and hormonal differences than sexual dimorphism and sex chromosome gene

expression!19:138.139],

Overall, there are multiple different approaches that should be used to gain a deeper
understanding of sexual dimorphism in cell type characterization and abundance in the DRG.
More studies should be conducted to elucidate what cell populations show sex differences and
during what time periods do those differences emerge or terminate. Additionally, further
investigation of the role of sex hormones and sex chromosomes on cell development and

maturation could provide a clearer explanation for the underlying drivers of these differences.

3.1.2 Mass Cytometry of Developing and Adult DRG
The use of mass cytometry to examine protein-level expression levels of roughly 40 different

markers within individual cells is incredibly powerful and invaluable to gaining a more complete
picture of the molecular composition of different cell populations. Although mass cytometry has

many advantages, there are limitations to the technique as well.

Currently, examining neural tissues and cells is new for mass cytometry. Traditionally, mass
cytometry is used primarily for immune cell characterization. Although our lab was able to

develop a technique for preparation and examination of neural cells by mass cytometry, it has
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found that some additional properties of neural cells make them more problematic than immune
cells for this approach. One such property is myelin. The amount of myelin present around
axons tends to increase as the mouse develops. Myelin is generally wrapped around axons and
has a tendency to attach to other cells nearby when dissociated. This presents an issue in
which the tissue can either not be properly dissociated leading to many clumps that will have to
be excluded from analysis or it could so closely attach to a single-cell that it could alter the
detection of marker expression on that cell. Because of the issue presented by large amounts of
myelin, all studies to date conducted in our lab have solely used embryonic or early postnatal
neural tissue to reduce the amount of myelin present. Although this is sufficient when aiming to
examine developmental time periods, it poses a problem if investigating adulthood is ever

necessary or of interest.

To assess protein expression in a high throughput manner in adulthood using mass cytometry
there are currently two main options. The first option is to find a way to optimize the protocol to
try to reduce the ill-effects of increased myelination in the dissociation and marker detection
process. This could be done by trying to remove as much of the nerve root as possible from the
DRG before beginning the dissociation process and then trying methods to remove myelin from
samples such as a Percoll gradient. Another option would be to use an adaptation of mass
cytometry known as imaging mass cytometry (IMC). IMC is like a combination of mass
cytometry and immunohistochemistry (IHC). Thin sections of tissue are sliced, placed on a slide,
and stained with metal-labeled antibodies. An IMC device is then used to scan over and laser
ablate a section of the tissue. The released metal ions are then detected, somewhat similarly to
mass cytometry, while keeping the spatial information intact"*®'#". The ability to maintain spatial
information is incredibly valuable for helping to understand the molecular composition of cells
that are near each other or have a particular arrangement within the DRG. Additionally, it can

provide a simpler way to examine adult tissues as the confounds of increased myelin would be
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irrelevant. Although there are limitations to this technique as well, it could prove a valuable
future direction in not only being able to examine protein-level expression in neural tissue from
older animals, but also better characterizing the differences in marker expression that might

exist spatially.

3.1.3 Further Examination of All Cell Populations in the DRG
One of the findings from my work showed sexual dimorphism in endothelial cells. Because of

the markers used in our panel, we were only able to identify these cells with a few markers, but
did not have the ability to explore the sexual dimorphism in these populations more specifically
beyond this broad characterization. Similarly, although no sexual dimorphism was observed in

leukocytes and macrophages, having a more specialized panel to further characterize any

potential subpopulation differences would be valuable.

Our characterization of glial cells and neuronal populations did highlight sexual dimorphism that
existed within multiple distinct subpopulations. Although we were able to identify many specific
subpopulations at this time point, the ability to examine even more specialized cell types would
be invaluable. For example, one commonly studied subtype of nociceptors in the DRG are
TrpV1+ neurons that are sensitive to certain temperature ranges of heat as well as chemicals
such as capsaicin. As this marker was not included in our panel, we were unable to examine
sexual dimorphism that might exist within this specific subtype of nociceptive neurons. In
addition to limitations within our neuronal populations, we were also limited in the specificity we
were able to achieve within our glial cell types. As Schwann cells are either myelinating or non-
myelinating, having the appropriate markers to examine sexual dimorphism in these subtypes

would be a valuable future direction. For the satellite glial cells, this is less of an issue as most
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observed differences in marker expression between SGC subtypes would likely be in relation to

maturity and not distinct subpopulations.

Not only will future studies need to have more thorough and tailored panels to be able to better
identify specific subpopulations for the main cell types present within the DRG, there will also
need to be a more thorough investigation of maturational state. In our work, we found a
decrease in expression of MAP2 in females, a marker typically found in more mature neurons in
the DRG. The ability to assess maturational states by expression level could be further
accentuated by examining expression of markers known to only appear for transient time
periods during development. If combined with a time course study, this could provide some

interesting insight into the rate of development for specific cell populations.

One limitation of mass cytometry is the biased and somewhat limited nature of possible protein
detection. Although 40 markers is much more than most other protein-level approaches can
theoretically reach, it is not a completely unbiased approach to examining protein expression.
For specific regions that are more homogenous and don’t have a multitude of different cell types
with overlapping expression profiles, this approach works well. The DRG fits that description
well, however, this technique may prove to be more limiting for other regions like the brain which
have much higher levels of cellular diversity. The panel of approximately 40 different molecular
markers you want to use can be tailored to answer specific questions, but it is important to note
that mass cytometry does require some knowledge of the marker expression you expect to see.
Along with designing a panel of markers that fits the specific question being asked, validation of
the antibodies is required. The specificity and efficiency of labeling can vary widely between
antibodies. To ensure no alterations to binding are introduced when metal labeling an antibody
and that the proper populations of cells are being analyzed, a thorough process of validation is

required. Future work in the lab will aim to expand the antibodies possible for use in mass
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cytometry and thus work toward developing panels of antibodies that are tailored for specific

tissues or systems.

In addition to further defining more distinct cell subtypes through use of mass cytometry,
additional techniques should be used to corroborate our findings. For our manuscript, we used
immunohistochemistry (IHC) to compare sex differences observed at PO by mass cytometry
with those collected by IHC. Although it is unlikely to see precise alignment in the percentage of
total cell populations between these two techniques, it does allow us to examine if our data is
trending in similar directions. Additionally, IHC can also be used to reduce concerns about cell
loss and systematic bias during dissociation (as discussed in section 3.1.2). For our study, we
found that the trends in sexual dimorphism for the neuronal populations seen by mass
cytometry were similar to those observed by IHC, but this would need to be done for all cell

types and ideally for some of the stronger differences observed in more specific subpopulations.

Overall, future studies should use more specialized panels to further characterize different cell
populations and delineate between specific population subtypes. This could allow for a more
specific description of sex differences in cell type abundance. Additionally, the trends observed
with mass cytometry should be further corroborated by additional techniques like IHC or even

flow-cytometry.

3.1.4 Connecting Molecular Characterization with Cellular Function

In our study, we were able to identify differences in relative abundance between different cell
populations, but we were unable to connect these changes in relative abundance to functional

differences. Future studies could bridge this gap in a multitude of ways, but two potential options
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are (1) through examination of behavioral differences and (2) by investigating changes in

neuronal signaling after activation.

Behavioral studies can be a valuable tool for determining if the observed sex differences in the
relative abundance of neuronal populations actually result in a functional difference in the
response of the mouse. A few different behavioral tests can be useful for assessing sensitivity to
painful stimuli that target some neuronal subtypes in the DRG. The hot plate test, which involves
placing a mouse on a heat block and recording the latency in time it takes them to remove their
paw, targets some of the thermosensitive nociceptors in the DRG. The Von Frey test, which
involves poking a mouse’s hind paw with filaments of increasing force and determining when or
how frequently a response to the filament occurs, targets some of the mechanosensitive
neuronal populations. For the proprioceptive neuronal populations, a behavioral test like the
rotarod test should partially target proprioceptive populations in the DRG. In the rotarod test, a
mouse is placed on a rotating rod that increases in acceleration as time progresses and the
latency in the time it takes to fall off of the rod is recorded. However, for most of these
behavioral tests, and most behavioral studies in general, they are optimized and almost
exclusively conducted on adult mice. Examination of primarily adult mice is done for a variety of
reasons, but for examining the connection between relative abundance of neuronal populations
and functional changes in mouse behavior of very young mice, the ability to conduct behavioral
tests in pups is a necessity. To address this void in behavioral techniques, | developed a series
of behavioral assays modeled after the hot plate, Von Frey, and rotarod tests to examine
behavior in early postnatal pups. These behavioral assays essentially rely on the reflexes that
begin developing in pups from very early postnatal ages and could serve as a way to determine

if behavior is impacted by sex differences at this early age (Figure 20a).
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As a pilot study, | used WT and tumor necrosis factor receptor 1 knockout (TNFR17") animals to
determine if differences in behavior were observed at postnatal day 4. The results show that
there does seem to be an increased sensitivity of the TNFR1”-pups in the overall percentage of
tactile response when using the 1g Von Frey filament. Although no other significant results are
found in the current data, increasing the sample size is necessary for accurate examination of
differences between these two groups (Figure 20b). Overall, the development of these
behavioral tests for young pups could be invaluable for connecting differences seen in cell type

abundances or molecular profiles during early development to differences in animal behavior.
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Figure 20: Behavioral assays in early postnatal pups and pilot data with TNFR1"* pups. a)
Schematic depicting the righting reflex test, tactile stimulation test, and hot plate test. The

righting reflex test works by tapping into a mouse pup's reflexive desire to not be on its back, but
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rather on its stomach. This test works by flipping a pup onto its back and then measuring the
latency to flip back over to its stomach. It could be used as an imperfect measurement for
proprioception which relates to one's body positioning in space. The tactile stimulation test
works by using a cotton swab or Von Frey filaments corresponding to different amounts of
applied force and tapping the pup on different areas on its body, including the head, forepaws,
back, hind paws, and tail base. Anytime the mouse reacts to the stimulus, you record that as a
response. You can then calculate the percentage of times the mouse responds to each of the
seven presentations of the stimulus. This could be an imperfect measurement of
mechanoreception as well as nociception. The hot plate test using a hot plate set to a noxious
temperature. While holding the pup, you place one of its hind paws on the hot plate and then
measure how long it takes them to lift it off of the hot plate. This test is an imperfect way to
measure nociception specifically targeting thermoreceptors. b) These graphs represent pilot
data collected from P4 WT and TNFR1™ pups that were put through the righting reflex test,
tactile stimulation test, and hot plate test. No significant differences were found between WT
and TNFR1-/- pups in the righting reflex test, hot plate test, or 2 or the 3 stimuli used for the
tactile stimulation test. However, even with an inadequate sample size, we still see a significant
difference in sensitivity to the 1g force Von Frey filament between the two genotypes. This is
only preliminary data and will require an increased sample size and further validation of the

behavioral assays before firm conclusions can be drawn.

In addition to assessing alterations in animal behavior, it is important to determine the
connection between cell population abundance and firing ability and sensitivity of the neuronal
populations present in the developing DRG. Electrophysiology is one way to assess firing rate in
particular, but for pups this small, doing patch clamp recordings in a slice would likely be
difficult. A few other potential options for assessing functioning of neuronal populations would be

culturing cells from pups and adding known stimulants such as capsaicin or menthol to these
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primary neuronal cultures. Through fluorescent calcium imaging, you could assess if the
abundance of neurons present within a specific area, or the presence or absence of varying
densities of satellite glial cells, impacts the firing ability of these specific neuronal populations.
Similarly, assessing changes in signaling through either more high throughput mechanisms, like
flow or mass cytometry that target phosphorylated proteins, or more quick and common
techniques like Western Blots, could provide insight to alterations to signaling that might be
occurring in our different neuronal populations. One benefit of using mass cytometry in this
manner, is the ability to use multiple markers to identify specific populations, while also using
markers that target phosphorylated signaling proteins, thus giving you a much more complete
picture of which specific cell populations are functionally active or responding to a specific

stimuli.

3.2 Conclusions

My published study examining sexual dimorphism in the DRG at PO found that specifically within
neuronal populations, sex differences do exist. Overall, females seemed to have a higher
relative abundance of neurons in general, with specific increases in TrkB* and TrkC" neurons.
Males had a higher relative abundance of TrkA* neurons at this time point. In addition to
differences in neuronal abundance, there also seemed to be an increase in the percentage of
female neurons that were low in more mature neuronal markers such as MAP2, which was
confirmed by pseudotime analysis. Additionally, we saw sex differences in the debris consumed

by phagocytosing glia that aligned with sex differences in neuronal abundance.

This published study highlighted the value of examining sex differences with high dimensional

analysis tools like mass cytometry. Although there were limitations that future experiments will
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likely address, this work also raises additional questions that later studies can explore. Future
studies will likely investigate (1) when sexual dimorphism in the DRG begins and potentially
ends with a time course study, (2) potential sex differences in the cell populations that arise and
mature in the DRG, (3) the ability of adult neural tissue to be examined by mass cytometry or
other methods, (4) enhanced characterization and exploration of sex differences for all cell
types, but specifically cell populations that were not studied in depth in my work, and (5) the
prospect of connecting abundance differences determined by mass cytometry to functional

differences assessed by behavioral or signaling assays.

My project along with the work of Austin Keeler*®! and Amy Van Deusen!'*?! have laid the
foundations for the possibilities associated with using mass cytometry to characterize and
assess neural cells, however, there is still more optimization required to fully utilize the power of
this technique. With enhanced antibody panels, the addition of signaling molecules, and the
complement of other techniques to corroborate and expound upon discoveries made by mass
cytometry, this tool could prove invaluable for quickly and robustly examining multiple cell

populations in neural tissues and beyond.
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