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I. Summary

Noxious stimuli are sensed by specialized sensory neurons of the peripheral nervous system called
nociceptors. The nociceptive information is then processed in the spinal cord dorsal horn, which contains
local interneurons and projection neurons that send axons to the brain. Supraspinal areas in turn project
downwards to the spinal cord where they contribute to the gating of nociceptive signals. Exaggerated
and abnormal pain sensitivity is accompanied by alterations in spinal processing and descending pain
control systems. The connection between the somatosensory cortex in particular and the spinal cord is
conserved in mammals, but very little is known about its role in modulating spinal sensory processing.
A major challenge of studying neuronal circuits is to specifically label and target defined groups or
subgroups of neurons. Classical approaches include targeting of genetically defined neuronal
populations based on the expression of a marker gene. However, this is not always sufficient to define
functionnaly distinct groups of neurons. Here, we describe and used genetic and viral tageting strategies
based on the connectivity pattern of the neurons as well as the expression of one or two marker genes.
In particular, we used a combination of transgenic mouse lines and intraspinal and cortical injections of
recombinant viral vectors to identify and target specific neurons in the cortex and lumbar spinal cord.
We identified a population of pyramidal neurons in the somatosensory cortex that projet directly to the
spinal dorsal horn (S1-CST neurons). These neurons make direct contacts onto c-maf expressing
interneurons in the deep dorsal horn which also receive direct inputs from low threshold
mechanosensory primary afferents. Additionnally, pharmacogenetic manipulation of c-maf neurons led
to altered processing of mechanical stimuli.

These results identify two elements of a circuit that integrates descending inputs from the cortex with
peripheral sensory signals and contributes to the modulation of somatosensory perception.



I1.

Resumé

Les stimuli nociceptifs sont détectés par des neurones sensoriels spécialisés du systéme nerveux
périphérique appelés nocicepteurs. L’information nociceptive est ensuite traitée dans la corne dorsale
de la moelle épiniére, qui contient des interneurones locaux et des neurones de projection qui envoient
des axones vers le cerveau. Les aires supra-spinales projettent a leur tour vers la moelle épiniére, ou
elles contribuent a la synchronisation des signaux nociceptifs. Une sensibilité a la douleur exagérée et
anormale s'accompagne d'altérations du traitement de I’information dans la moelle épiniére dans les
systémes de controle descendants de la douleur. La connexion entre le cortex somatosensoriel en
particulier et la moelle épiniére est conservée chez les mammiféres, mais trés peu de choses sont connues
sur son role dans la modulation du traitement sensoriel dans la moelle épiniére.

Un défi majeur dans 1’étude des circuits neuronaux est de de marquer et de cibler spécifiquement des
groupes ou sous-groupes définis de neurones. Les approches classiques incluent le ciblage de
populations neuronales définies génétiquement, i.e. sur la base de I'expression d'un géne marqueur.
Cependant, cela ne suffit pas toujours pour définir des groupes de neurones fonctionnellement distincts.
Ici, nous décrivons et utilisons des stratégies de marquage génétiques et virales basées sur la connectivité
des neurones ainsi que sur I’expression d’un ou de deux geénes marqueurs. En particulier, nous avons
utilisé une combinaison de lignées de souris transgéniques et d'injections intra-spinales et corticales de
vecteurs viraux recombinants pour identifier et cibler des neurones spécifiques du cortex et de la moelle
épiniére lombaire.

Nous avons identifi¢é une population de neurones pyramidaux dans le cortex somatosensoriel qui
projettent directement dans la corne dorsale (neurones S1-CST). Ces neurones établissent un contact
direct avec les interneurones exprimant c-maf dans la corne dorsale profonde, qui regoivent également
des contacts directs d’afférents primaires mécano-sensoriels a bas seuil. De plus, la manipulation
pharmacogénétique des neurones c-maf a entrainé des modifications dans le traitement des stimulations
sensorielles mécaniques.

Ces résultats identifient deux éléments d’un circuit qui intégre les informations descendantes du cortex
avec des signaux sensoriels périphériques et contribue a la modulation de la perception
somatosensorielle.



I11. List of Abbreviations

AAV: adeno-associated virus (rAAV: Recombinant AAV)
CCK: cholecystokinin

CNO: clozapine-N-oxide

CNS: central nervous system

CST: corticospinal tract

DREADD:s: designer receptor exclusively activated by designer drugs
GCT: gate control theory

GFP: green fluorescent protein (eGFP: enhanced GFP)
HSV: herpes simplex virus

i. p.: intra-peritoneal

LTMR: low—threshold mechanoreceptors

NPY: neuropeptide Y

PKCy: proteine kinase C, y

PV: parvalbumin

RVM: rostral ventromedial medulla

PAG: periaqueductal grey

PN: projection neurons

S1: primary somatosensory cortex, S1hl: hindlimb area of S1
S1-CST: corticospinal tract originating in S1

SOM: somatostatin

VPL: ventral posterolateral nucleus of the thalamus
WGA: wheat germ agglutinin

WGA-HRP: horseradish peroxidase coupled to WGA
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1 Introduction

The International Association for the Study of Pain (IASP) defines pain as “An unpleasant sensory and
emotional experience associated with actual or potential tissue damage, or described in terms of such
damage”'. This highlights the very complicated nature of pain: it is a complex and subjective
interpretation of nociceptive input, and is therefore highly influenced by past experience, memories,
emotions or other cognitive states, as well as by the context.

The ability of an organism to feel acute pain is essential to its survival as it leads to protective behaviors
and avoidance of situations that could result in tissue damage and potentially severe or fatal injuries.
This is evident from human patients who suffer from a congenital insensitivity to pain due to a mutation
in the Nav1.7 sodium channel gene SCN9A?. These patients do not feel pain or discomfort upon burn
injuries or bone fractures and often die very young of unnoticed and unattended injuries.

Chronic pain is a major cause of disability worldwide, as it affects about 20% of the world’s population’.
Unlike acute pain, chronic pain manifests in different symptoms such as spontaneous pain, allodynia
and hyperalgesia®*®. Mechanical allodynia is a painful sensation elicited by normally innocuous stimuli
such as light touch'”. It is distinct from hyperalgesia, which is defined as an enhanced sensitivity to
normally painful stimuli'. Whereas hyperalgesia can be protective and part of the physiological healing
process after injury, allodynia or other forms of persistent pain do not serve any biological function.

Chronic pain conditions can originate from a variety of causes. One of the most common causes of pain
is musculoskeletal pain. It is most often acute (following falls, bones fractures, sprains, joint
dislocations, etc.) but can also persist long after an acute injury (back or neck pain and sciatica are very
common forms) or be associated with chronic inflammatory conditions (such as rheumatoid arthritis).
Other origins of chronic pain include unresolved injuries, cancer, various diseases such as type II
diabetes, multiple sclerosis, fibromyalgia, post herpetic neuralgia, but also some medications (such as
drugs used for the treatment of cancer), and genetic causes.

Additionally, chronic pain is very often associated with the development of other pathologies including
anxiety and depression, and is therefore a very heavy burden for both the affected patients and for
society. To this day, several treatment strategies exist to manage acute and chronic pain®, including
paracetamol (mostly used for mild to moderate pain), non-steroidal anti-inflammatory drugs (NSAIDs,
used to reduce inflammation but should only be used for short periods of time), opioids, gabapentinoids
or repurposed antidepressants at low doses. Several of these medications however suffer from severe
limitations, including huge variability in the patients’ responses to treatments and numerous unwanted
side effects. The latter is particularly true for opioid-based treatments. Opioids are widely used drugs
for the treatment of chronic pain but their use for chronic non-malignant pain is more and more
controversial because of limited evidence supporting their efficacy for long-term treatment of chronic
pain and numerous side effects’. Severe side effects of opioids are tolerance, addiction, opioid-induced
hyperalgesia, bowel dysfunction, suppression of testosterone, cognitive impairment and substance abuse
that can lead to addition or use of other addictive substances. Management of chronic pain therefore
remains a serious healthcare problem worldwide.

Understanding the cells and circuits that generate acute or chronic pain is essential to understand the
mechanisms and changes that lead to pathological pain. Very briefly, touch and noxious stimuli are
sensed in the periphery by specialized primary sensory afferents nerve fibers. Tactile afferents and
nociceptors convey the information to the spinal and meduallary dorsal horns. At these sites, the
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information is processed by a local neuronal network and a relatively low number of projection neurons
that send their axons to the brain**°.

The processing of pain in the brain is very complex and dependent on many factors including emotions,
memories, cognifive states or mood and health status. The brain areas activated during pain experience,
usually refered as the “pain matrix”, are not a static and easilly defined anatomical entity, rather they
are higly modulated and interacting with each other to form the subjective experience of pain
perception''. Additionally, supraspinal structures in the brain send axons to the spinal cord, where their
signals are integrated with information from the periphery to control gating of somatosensory
input*'°(Fig.1A). In many pathologies this processing can be altered, contributing to hyperalgesia and
allodynia.

Previous and ongoing studies in the Zeilhofer laboratory have demonstrated the role of several
populations of spinal interneurons'*'*"?
been made possible through development of technological tools to study the pain circuits

in the processing of pain (and also itch). These advances have
118 such as the
development of genetically modified mouse lines for use in optogenetic and chemogenetic experiments,

surgical procedures'®, viral tools'”'*?° and imaging procedures.

Below, I describe the general anatomy and cellular structure of the somatosensory and pain circuits. I
will focus in particular on the role of the deep spinal dorsal horn in the processing of touch signals and
the origins of mechanical allodynia, as well as the anatomy and role of the corticospinal tract (CST) in
the modulation of sensory processing. Finally, I describe the methods and tools used to investigate the
somatosensory circuits.

1.1 The somatosensory and pain circuits
1.1.1 Primary sensory neurons

Sensory neurons, also called primary afferents, transmit sensory information from the periphery
(including the skin and muscles but also joints and internal organs) to the spinal cord and brainstem
(Fig.1A). The cell bodies of these sensory neurons are located in the dorsal root or trigeminal ganglia
(DRG or TG). Their central branches terminate in the dorsal horn of the spinal cord or brainstem. The
organization is similar for the sensory information coming from the face: the trigeminal ganglia contain
sensory neuron cell bodies and the trigeminal nuclei are the functional equivalent of the spinal dorsal
horns. Different types of nociceptive and non-nociceptive inputs are sensed by different types of primary

4,21

afferents™ . The afferents vary in cell body and axon diameter, myelination, and thus conduction

velocities, as well as in activation thresholds®>%

. The increased knowledge of DRG neuron
neurochemistry has allowed the identification of genetically distinct subpopulations, and more recently,

single-cell mRNA sequencing led to the identification of eleven DRG neuron classes®.

Nociceptive stimuli are sensed by slowly conducting, unmyelinated C-fibers, a subset of myelinated Ad
fibers and ultra-fast AP nociceptors®. Non-nociceptive mechanical stimuli are sensed by thinly
myelinated AJ, thickly myelinated AB, and thin unmyelinated, low threshold fibers called C-LTMRs**,
This heterogeneity permits the detection of a large range of sensory stimuli, including temperatures,
chemicals or mechanical stimulation of various intensities and types®. In the skin, AS and C-fibers
terminate in “free nerve endings” in the epidermis or around hair follicles (Ad). Other sensory fibers
(AP) in the skin are encapsulated into sensory organs (Meissner, Pacinian and Ruffini corpuscles) or
associated with specialized cells (Merkel cells) involved in the detection of mechanosensory stimuli**%,
The central branches of the sensory neurons also terminate in different laminae in the dorsal horn of the
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spinal cord (FiglA, right). A subset of LTMRs also extends collateral branches directly to the dorsal

column nuclei through dorsal column pathway?>.
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Fig.1: Anatomy of somatosensory circuits. A. General organization of the somatosensory system from primary
afferents in the skin, to the dorsal root ganglia (DRG), the spinal cord, and the brain. The spinal cord is divided
into 10 laminae (I to VI correspond to the dorsal horn, DH) and is composed of numerous neuronal populations
(shown in the right panel and in B.)(A and B taken from Peirs & Seal. 2016 (ref.!%), with permission) B. Cellular
organization of the dorsal horn circuit for pain. C. Input modalities and anatomical depth of the LTMR recipient
zone: overlap between the LTMR and CST termination areas. (taken from Abraira et al. 2017 (ref.2%), with
permission) D. Shift in pain thresholds leading to hyperalgesia and allodynia. ACC: anterior cingulate cortex, SI
(II): primary (secondary) somatosensory cortex, PAG: periaqueductal gray, PB: parabrachial nucleus, AMY:
amygdala, PFC: prefrontal cortex; BG: basal ganglia.
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1.1.2 Laminar organization of the spinal cord.

The spinal cord can be subdivided into 10 distinct laminae?’. Laminae I-VI form the dorsal horn, that
contains the terminations of primary sensory afferents, interneurons involved in sensory processing
(Fig.1A, right; Fig.1B, Fig.2B) and projection neurons. The ventral horn, in contrast, contains neurons
involved in motor control. The lamina X contains neurons involved in somatosensory integration,
visceral nociception, autonomic regulation and modulation of motor neurons. The laminar organization
of the dorsal horn also suggests distinct functional roles of these fibers and of the spinal interneurons.
While nociceptive fibers terminate preferentially in the superficial dorsal horn (laminae I and II), non-
nociceptive (proprioceptive and mechanosensory) fibers terminate in deeper laminae, mainly I1I and IV.
More precisely, the most superficial lamina (I) contains projection neurons, terminations of peptidergic
C nociceptors and AJ fibers as well as inhibitory (GABAergic) and excitatory interneurons. Lamina II
contains terminations of peptidergic (Ilouter) and non-peptidergic (Ilinner) C fibers, and many interneurons
(GABAergic and glycinergic inhibitory neurons and glutamatergic excitatory neurons). The laminae 111
and IV are innervated mainly by AP and Ad myelinated fibers as well as by C-LTMRs (Fig.1B, C). They
also contain many interneurons and some large projection neurons. Lamina V harbors wide dynamic
range neurons defined by their responsiveness to both noxious and non-noxious stimuli.

The anatomy and function of the mechanosensory circuits (myelinated afferents and deep dorsal horn
interneurons) has traditionally received less attention than the purely nociceptive superficial dorsal horn
circuit. However, a growing number of laboratories and studies now focus on this part of the

somatosensory circuit'*!>2326.2829,

1.1.3 Projection neurons and ascending pathways

The ability of an organism to sense sensory stimuli also depends on the activation of several brain areas.
These receive the information from the spinal cord via projection neurons (PNs), mainly located in
laminae I (excitable only by nociceptive input) and III-V (wide dynamic range neurons, excitable both
by nociceptive and non-nociceptive input) (Fig.2C). PNs represent only a small fraction of spinal
neurons (5 to 10% in lamina I) but can also be distinguished based on their morphology and connectivity
to various brain areas®’. Many PNs in lamina I express the neurokininl receptor, activated by binding
of substance P. They receive input from local interneurons in the spinal accord and also directly from
nociceptive C-fibers. They project to various parts of the brain, including the caudal ventrolateral
medulla, parabrachial area, periaqueductal grey matter and thalamus (through the spinothalamic tract)*.
In the deeper laminae, the two major output pathways are the postsynaptic dorsal column pathway
(PSDC) and the spinocervical tract (SCT)*?. The PSDC, SCT and the direct dorsal column pathway
convey touch information to the brain (Fig.2A, C). Marker genes that are expressed exclusively in the
PNs are under investigation but not yet known. In the spinal cord white matter, the axons of PNs are
assembled into eight ascending tracts targeting different brain areas®'. In the rodent, the main target area
of the PNs is the parabrachial nucleus, but they also project to other areas such as the periaqueductal
grey (PAG, through the spinoparabrachial tract), the reticular formation, the hypothalamus and the
thalamus (spinothalamic tract)*®.
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Fig.2: Spinal cord dorsal horn and ascending pathway for the processing of touch. A. Central terminations
and columnar organization of A (rapidly and slowly adapting), Ad-, and C-LTMRs. B. Locally projecting
interneurons in the dorsal horn. C. Three major types of projection neurons in dorsal horn that carry tactile
information out of the spinal cord into brain centers: the anterolateral tract system (yellow, pain and temperature,
cell bodies in lamina I and I1I-V), the postsynaptic dorsal column (PSDC; teal) and the spinocervical tract (SCT;
pink) neurons (innocuous tactile information, cell bodies in lamina I1I-V). D. Morphology of the direct dorsal
column (DC) pathway and the indirect postsynaptic dorsal column (PSDC) and spinocervical tract (SCT)
pathways. GN: gracile nucleus, LCN: lateral cervical nucleus (adapted from Abraira et al. 2013 (ref.23), with
permission).

1.1.4 Spinal cord interneurons

1.1.4.1 The gate control theory of pain

The gate control theory (GCT) of pain, published by Melzack and Wall in 1965 (ref.*?) (Fig.3), proposed
that the transmission of the noxious information from the spinal cord to the brain depends on the balance
of large and small afferent fibers that concurrently activate spinal circuits. Whereas input from large
afferent fibers “close” the pain gate, small afferent fibers input would “open” it. Melzack and Wall also
postulated that supraspinal control systems could regulate the output of the spinal cord. This means that
pain is not only a function of the activation intensity of the nociceptive fibers, but rather the result of the
integrated activity of a complex circuit located in the superficial dorsal horn of the spinal cord. This also
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implies that this circuit can be regulated by the activity of both nociceptive and non-nociceptive
afferents, as well as by the activation of supraspinal regions.

Since 1965, the knowledge of the actual complexity of spinal cord circuitry has dramatically increased.
Studies from many laboratories have led to the identification of the local inhibitory interneurons that are
at the center of the GCT*'*!>333 a5 well as that of several other excitatory'**>*® and inhibitory®"*
interneuron subpopulations and their role in sensory and pain processing.

Central
[ control

rad Gate Control System

Large diameter fiber
[+]
(+] -
SG

INPUT

Action
system

Small diameter fiber

Fig.3: Schematic representation of the gate control theory of pain. In yellow: inhibitory interneurons located
in substantia gelatinosa (SG); in red: spinal transmission system (T) to higher CNS areas (adapted from Melzack
and Wall, 1965 (ref.3?), with permission).

1.1.4.2 Heterogeneity of spinal cord interneurons: from marker genes to functional cell types

In the last few decades, great advances have been made in deciphering the heterogeneity of spinal dorsal
horn interneuron classes**'**, Initially described according to their localization, action potential firing
patterns and morphology, they are also now classified based on the expression of marker genes
(including transcription factors, enzymes, calcium-binding proteins, membrane transporters and
receptors, neurotransmitters and neuropeptides). Recent single-cell mRNA sequencing studies have
described in detail the neurochemical heterogeneity of the spinal cord dorsal horn*’. This classification
is very valuable and allows researchers to genetically target specific populations of neurons to study
their anatomical and functional characteristics in the sensory circuits, as well as to make sense of their
own findings in regard to other laboratories’ results.

Models of the dorsal horn circuitry have emerged from many studies on the role of individual
interneuron populations and are being refined continuously'®'** (Fig.1A, right; Fig.1B). It should be
noted however that the identification of genetically distinct subtypes of interneurons is complementary
to previously used identification methods and not by itself sufficient. Indeed, one goal of research on
sensory processing is to identify functional cell types (i.e. one given population that has a clear and
defined function and that is distinct from the other populations...). This implies identification of one
population of neurons presenting a uniform: 1) gene expression profile, 2) morphology and
physiological properties, 3) pattern of connectivity, and 4) role in behavior. Choosing one (or two)
marker gene(s), although it has greatly increased our understanding of the spinal circuitry, does usually
not recapitulate perfectly all of these characteristics.

Nevertheless, the combination of morphological, electrical, and behavioral experiments together with
circuit tracing studies allows us to better understand how sensory information is processed in the spinal
cord.
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The consequence of this incredibly complex circuit is that the spinal cord dorsal horn is not a simple
relay site in the transmission of sensory information from the primary afferents to the brain, but rather

the place of extensive processing and integration of various peripheral and supraspinal inputs'®2%4!,

1.1.4.3 The mechanosensory dorsal horn

Mechanical allodynia is a painful sensation elicited by a stimulation which is not normally painful (in
other word, it is pain evoked by the activation of non-nociceptive fibers)"*2. In contrast, hyperalgesia is
an enhanced sensitivity to a normally painful stimulation' (Fig.1D). In case of injury or inflammation,
the heightened pain sensitivity can present an important biological function: to protect one from further
injuries. Neuropathic pain originating from nerve damage or chronic metabolic diseases such as diabetes
does not have a protective role. The growing number of people affected worldwide by diseases such as
diabetes increases the number of patients susceptible to developing chronic neuropathy. Spontaneous
pain and mechanical allodynia are major complaints in these patients. The understanding of spinal
circuits underlying touch processing in normal and pathological settings, and the understanding of the
cellular and molecular basis of the changes occurring in pathological states is therefore crucial for the
future development of therapeutic strategies.

In contrast to the superficial laminae (I and II), the deep dorsal horn has only very recently started to be
the focus of investigations. The lamina III is the termination area of non-nociceptive myelinated Ap and
Ad-Low-Threshold Mechanical Receptor fibers (LTMRs) (Fig.1C), and is involved primarily in the
processing of touch and proprioception. Recent studies described the cellular architecture of this
“mechanosensory dorsal horn”'##3338434% “Interneurons marked by the expression of parvalbumin
(PV)'5, PKCy, somatostatin (SOM)*®, calretinin'?, cholecystokinin (CCK), or transient expression of
vGluT3'* play an important role in transmission and modulation of touch, mechanical allodynia and
mechanical hypersensitivity. Abraira et al. identified 11 distinct (7 excitatory and 4 inhibitory)
subpopulations of interneurons located in the termination area of LTMRs. These interneurons receive
convergent inputs from LTMRs, local interneurons, and corticospinal neurons. Interestingly, the CST
and LTMR termination areas show a large overlap (Fig.1C). Several of the 11 populations identified by
Abraira et al. correspond to populations that have also been functionally described previously or since
then (see above).

These data provide more information on how inhibitory glycinergic interneurons'*'* close the gate

through feed-forward inhibition of the pain transmission. Studies of PV, PKCy and transiently vGluT3-
expressing neurons also demonstrate the role of these interneuron populations in mechanosensation and
the development of mechanical allodynia after injury. Specifically, pharmacogenetic activation of
inhibitory PV interneurons leads to higher mechanical thresholds in naive mice and a reversal of nerve
injury-induced mechanical hypersensitivity'>. Activation of the transiently vGluT3-expressing neurons
(which partially overlap with PKCy expressing neurons) leads on the contrary to lower mechanical
thresholds and spontaneous mechanical pain'®. These studies also demonstrate how changes in the
circuitry of the dorsal horn contribute to the expression of mechanical allodynia in different types of
conditions. They also suggest that distinct subtypes of interneurons may be involved in the expression
of different types of pain (inflammatory or neuropathic pain)'®'*.

1.1.4.4 c-maf expressing spinal interneurons

The transcription factor c-maf is expressed in DRG neurons and laminae III/IV neurons of the dorsal
spinal cord. In DRG neurons, c-maf is required for the normal development and function of several
rapidly adapting mechanoreceptor types®. In the spinal cord, it is required for the proper development
of laminae III/IV interneurons®, in particular for the expression of the mafa, gabra5, cck, and rora
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genes. In the postnatal mouse spinal cord, c-maf also overlaps with the expression of these genes. About
two thirds of c-maf-expressing neurons are excitatory and one third is inhibitory*’. Although c-maf is
very important for the development of deep dorsal horn interneurons, its expression pattern in the adult
spinal cord and the role of c-maf expressing interneurons are largely unknown. Data from single-cell
RNA expression suggest that c-maf is expressed in 2 out of 15 populations of glutamatergic neurons
and 3 out of 15 populations of GABAergic neurons in the dorsal horn*’. The excitatory population also
corresponds to CCK expressing interneurons.

1.1.5 Pathways descending from the brain to the spinal cord

Descending control of spinal sensory processing originates from many brain regions and plays a critical
role in determining the experience of both acute and chronic pain. It is well established that descending
control of spinal processing can arise from the hindbrain''“**>!. Very little is known however about
descending inputs from the cerebral cortex and the role of the corticospinal tract in sensory processing.
In the following paragraphs, I describe the general anatomy of the descending control circuits from the
brain to the spinal cord, with a special attention to the CST and its role in modulation of sensory
processing.

1.1.5.1 Descending control of pain by the brainstem

The main brainstem areas involved in modulation of spinal processing are the rostral ventromedial
medulla (RVM), the PAG and the locus coeruleus®™. These regions exert both inhibitory as well as
facilitating effect on nociceptive relay. There is a dynamic balance between the two: shifts in the balance
towards greater facilitation might result in central sensitization and the development of secondary
hyperalgesia, thus facilitating the transition from acute to chronic pain. One important example of
enhanced inhibition of sensory processing on the other hand, is stress-induces analgesia™. In the case of
extreme stress, hindbrain areas inhibit nociceptive transmission in the spinal cord, leading to a decreased
responsiveness to noxious stimuli’>>*, Brainstem areas are also influenced by cortical activity to mediate
context or emotion-dependent modulation of pain control (reviewed in Tracey et al., 2007'").

1.1.5.2 The cortex and the corticospinal tract

1.1.5.2.1 Cortex and pain

Brain imaging studies in animals and humans have demonstrated the role of the cortex in processing
and perception of pain and some data suggest a modulatory role on pain. In particular, persistent pain
has been associated with long-lasting changes of neuronal functions in the pain pathway, in peripheral
nociceptors and spinal cord, but also in supraspinal and cortical areas''*>"’.

In humans, five main cortical areas are consistently responding to acute pain stimulation: the anterior
cingulate cortex (ACC), the insular cortex (IC), the primary somatosensory cortex (S1), the secondary
somatosensory cortex (S2) and the prefrontal cortex (PFC). Although brain imaging in chronic pain
patients is more challenging in part due to the heterogeneity of their conditions, it has also been reported
that changes occur in EEG activity or structural reorganization of the cortical areas.

Studies in mice and rats have allowed the precise identification of molecules, cells and circuits that are
important for somatosensory and pain processing in the cortex (and other brain areas). Although most
brain studies in rodents in regard to pain are focused on the ACC (an area important for pain perception
and unpleasantness®>~*), activity and structural changes have also been shown after nerve injury in
S136373960 " A recent study investigated how neuronal circuitry in S1 is modified and becomes
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hyperactive during the development of neuropathic pain®’. The authors showed an increased excitability
of layer 5 pyramidal neurons and of two classes of interneurons, and reduced sensitivity after activation
of somatostatin interneurons. Another study showed that activation of parvalbumin positive inhibitory
interneurons in S1 enhances nociceptive sensitivity and aversive avoidance behavior®. Additionally,
strategies to reduce reorganization and hyperexcitability in S1 are beneficial against chronic pain
development®'*, but the mechanisms responsible for their effect are not very well known.

1.1.5.2.2 Anatomy of the corticospinal tract

Neurons from the sensorimotor cortex have been described to project directly to the spinal cord via the
CST in rodents'. These terminate mostly in the dorsal horn of the spinal cord at all levels, but the
function of this connection remains mostly unknown.

The corticospinal tract originates from several cortical areas, including the sensory and motor cortices,
premotor areas and the ACC. Like other cortical output neurons, the corticospinal neurons are pyramidal
neurons from the layer 5 of the cortex (Fig.4A). They are large cells with prominent dendritic tufts in
the layer 1 and a periodic spatial organization. They receive abundant inputs from multiple cortical cell
classes, including layer 2/3 pyramidal neurons and several classes of local inhibitory interneurons®.
These are generally classified into three broad classes, PV, SOM, and SHTR3a expressing interneurons
and are discriminated based on their morphology and expression of various markers (PV, SOM, CCK,
VIP, NPY, see Fig.4B).

The axons of the CST neurons travel through the internal capsule in the forebrain (Fig.4E.1), to enter
the cerebral peduncles at the base of the midbrain (Fig.4E.2). They then pass through the brainstem,
from the pons to the medulla, and on to form the pyramids, at the base of the medulla. The fiber tracts
then decussate as they enter the spinal cord (Fig.4C, E.3). In the rodent, the corticospinal tract is located
in the dorsal white matter between the dorsal horns (Fig.4D, E.4), in contrast to primates, where the CST
mainly runs through the dorsal aspect of the contralateral lateral column®. In the 1980s, a few studies
demonstrated the existence of axon terminals from corticospinal neurons in the deeper laminae of the
spinal cord (I1T and IV) and to a lesser extend in laminae I-1I'°, using horseradish peroxidase (HRP) or
HRP conjugated to the anterograde tracer wheat germ agglutinin (WGA-HRP).

The anatomy of this connection also differs between species, as reviewed by Lemon and Griffith®’, but
an important connection between the primary somatosensory cortex (S1) and the dorsal horn of the
spinal cord is found in all mammals. More recently, transgenic reporter mice have been developed where
the CST is marked by the expression of fluorescent proteins in populations of forebrain neurons, such
as Emx1 positive neurons® or Thy1 positive neurons®. The labeling of the CST using these mice is
valuable for studying spinal cord injury or CST repair, but they do not allow specific targeting of CST
neurons for functional manipulation, as Emx1 and Thyl are broadly expressed throughout the

forebrain®™.
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taken from Harris et al. 2013 (ref.**), with permission). C. Sagittal view of the mouse central nervous system and
corticospinal tract (CST, green) (Atlas plates modified from the Mouse brain atlas, Paxinos, 2001 (ref.®)). D.
labeling of CST fibers in the dorsal funiculus of the spinal cord. E. Coronal views of the CST trajectory through
the brain. At the junction between the hindbrain and the spinal cord (pyramidal decussation), the majority of CST
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contralateral half of the spinal cord. Scale bar: 200 um. CC: central canal, CST: corticospinal tract, ic: internal
capsule, pyx: pyramidal tracts.
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1.1.5.2.3 The role of the CST in modulation of sensory processing

The function of the corticospinal tract has originally been investigated in primates and cats, and
associated mostly to motor control. There is evidence nonetheless that the CST has other functions
including gating and selection of spinal reflexes, autonomic functions and importantly, control of spinal
nociceptive transmission®”. The latter has first been attributed to gating of presynaptic inputs from
sensory afferents fibers on to spinal interneurons’"’2, It is however clear from more recent studies and
from our data that CST axons also directly contact dorsal horn spinal interneurons®**', and are thus
likely to have a much more complicated role in modulation of spinal sensory processing.

Several lines of evidence suggest that modulation of the activity of the sensorimotor cortex has an effect
on the transmission of nociceptive information or pain perception: electrical stimulation of the
sensorimotor cortex attenuates pain perception in humans’ and animals®', inhibits C fiber-evoked dorsal
horn field potentials’', and activation of cortical interneurons prevents the development of neuropathic
pain in mice’’. Optogenetic stimulation of the CST also evokes postsynaptic responses in the spinal
cord™. Additionally, S1 has been shown to respond to noxious stimulation as well as to innocuous
stimuli in humans and animals. In mice for example, the immediate early gene c-fos is upregulated in
S1 after hindpaw formalin injection”, and hindpaw stimulation evokes activity in S1 in naive mice or
after induction of chronic pain®>*. Chronic pain also increases activation and somatotopic
reorganization in S1 by inducing changes in synaptic connectivity™ and excitability®"®. These studies
suggest a role of S1 in sensory processing, but the precise modulatory effect of the CST neurons
themselves is not known.

A recent publication addressed more directly the role of primary somatosensory cortex CST (S1-CST)
neurons in spinal sensory processing’¢, showing that they are important for modulation of normal and
pathological tactile sensory processing in the spinal cord.

1.1.5.2.4 Integration of CST and sensory inputs in the lamina I1I of the spinal cord

It is interesting to note that all deep dorsal horn interneurons populations described by Abraira et al.
receive inputs from the CST (ranging from 13 to 18% of the total excitatory input to these interneurons)*®
in addition from the LTMR inputs (Fig.1C). This suggests a very important role of the deep dorsal horn
interneurons in the integration of sensory and supraspinal inputs.

Observations made using Thy1-GFP (ref.%’) or Emx1°* (ref. ®®) mouse lines have shown that the axons
of corticospinal neurons terminate in the deep dorsal in all segments of the spinal cord. However, these
studies were using fluorescent reporter mice and there was a large spread of the terminations that made
it difficult to identify specific targets areas for potential subpopulation of CST neurons. Very recently,
Ueno et al.*' showed in a more detailed and systematic approach that CST fibers originating in the
mouse motor cortex (M1) directly synapse onto premotor interneurons in the intermediate dorsal horn,
whereas S1-CST neurons preferentially target lamina Il and IV interneurons. Interestingly, they identify
the target neurons of S1-CST neurons as vGluT3-and Imx1fB lineage interneurons. These two
observations are very consistent with our own results.
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1.2 Methods to study specific neuron populations and their role in sensory
processing

1.2.1 Mouse lines and genetically defined neuronal populations.

The use of genetically modified (GM) mouse lines in many fields of biology, especially in
neurosciences, has allowed tremendous progress in our understanding of the anatomy and function of
neuronal circuits. A great variety of mouse lines are available in many laboratories and commercial
facilities, and can also be bread with other lines in order to combine different mutated alleles.

In parallel with the development of GM mouse lines, our knowledge of the neuronal diversity in many
areas of the brain, the spinal cord and sensory neurons has grown massively. The preferred approach in
many circuit neuroscience studies therefore involves choosing a genetically defined population of
neurons, i.e. identified based on the expression of one or several gene(s) by this population. The chosen
cells or neurons are then targeted using a mouse line in which expression of fluorescent or functional
proteins is under the control of the promoter of the marker gene(s).

Fluorescent proteins used very often are the green fluorescent protein (GFP) or the red fluorescent
proteins tdTomato and mCherry. Proteins for functional manipulation of neurons include a wide variety
of effectors including chemogenetic receptors (Designer Receptor Exclusively Activated by Designer
Drugs, DREADDs), light activated ion channels (channelrhodopsins), or calcium sensors (GCaMPs).
Importantly, in the late 1990s, strategies for conditional gene targeting based on cell type-specific
expression of site-specific recombinases have been developed.

1.2.2  Site-specific and recombinase-based gene expression in mice

The most commonly used recombinase for cell type-specific control of gene expression is the cre
recombinase from the P1 bacteriophage’”’®. Other frequently used recombinases are Flp” (from the
Saccharomyces cerevisiae 2 micron circle plasmid) and Dre® (from the phage D6). These enzymes can
be expressed in a chosen neuronal population, i.e., under a specific promoter. They mediate
recombination of two homologous sites (loxP, frt or rox for cre, Flp or Dre, respectively) and can be
used to ablate or activate the expression of a gene. Gene deletion is done by excising part of the coding
sequence flanked by the recognition sites for the recombinase, whereas activation of gene expression
can be mediated by the excision of a STOP cassette or by irreversible inversion of a coding sequence in
the FLEX system *!(Fig.5A).

The availability of numerous mouse lines expressing these recombinases under cell type-specific
promoters provides a large and versatile set of possibilities to label and manipulate targeted neuronal
populations. Indeed, crossing these mice with GM mice carrying recombinase-dependent alleles or
injecting viruses allows specific expression of the previously mentioned fluorescent or functional
proteins. Breeding cre-expressing mice with mice carrying recombinase-dependent alleles will result in
labeling of neuronal lineage, i.c., all the cells that have expressed the recombinase(s) at some point
during development will be labeled. Conversely, injection of viruses provides a more specific temporal
and spatial control of the recombination: the virus can be injected in young or adult mice and in a defined
region of the nervous system'®.

Specific cell populations can also be defined by the expression of several genes. We therefore took
advantage of the specificity of cre, Flp and Dre for their recognition sites to use them in combination.
The recombinase-dependent transgene can for example be preceded by two STOP cassettes, each
flanked with target sites of one of the recombinases. The expression will then only occur if the two
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STOP cassettes are excised, i.e. if the 2 recombinases are present. A more recent system has been
developed where the coding sequence of the transgene is split into double inverted exons separated by
introns that contain the recombination sites. This system called “INTRSECT”® requires the presence of
two recombinases (Fig.5B). The Con/Fon construct requires cre and Flp, whereas the Con/Don construct
requires cre and Dre.

A. CRE-mediated recombination (FLEX switch) B. CRE+FLP-mediated recombination (INTERSECT)
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Fig.5: Recombinase-based gene expression and intersectional genetic targeting of neuronal populations in
mice. A. FLEX switch recombination system for stable inversion in two steps: inversion and excision. loxP and
10ox2272 are orthogonal recombination sites (adapted from Atasoy et al (ref.®"), with permission). B. INTRSECT
recombination system for double-recombinase-mediated recombination: both recombinases are necessary for all
exons of the construct (Con/Fon-ChR2-€YFP) to be in the sense direction (taken from Fenno et al. 2014 (ref.3?) ,
with permission). C. Breeding strategy to generate double transgenic mice carrying both a cre and a Dre allele
under the promoters of two different genes. These mice can then either be crossed with reporter mice (e.g.
Rosa26%4Temt reporter mouse) or injected with viruses that carry recombinases-dependent alleles.

Typically, we perform “intersectional” experiments using mouse lines that express cre under one
neuron-specific marker (“gene 17, Fig.5C) and Dre under another one (“gene 2”, Fig.5C). Similarly to
the single recombinase approach, we can then either cross these mice to mice carrying double-
recombinase-dependent alleles or inject double-dependent viruses in a selected region of the nervous
system, thus targeting expression of the transgene of interest only in the “intersectional” cell population
where both recombinases are present (Fig.5C).

1.2.3 Adeno-associated viruses

Adeno-associated viruses (AAVs) are small, non-enveloped, single-strand DNA (ssDNA) viruses. They
have linear ssDNA genome of approximately 4.7-kilobases (kb), with two 145 nucleotide-long inverted
terminal repeats (ITR) at the termini. The naturally occurring AAVs contain two viral genes between
the ITRs: rep (replication) and cap (capsid), encoding non-structural and structural proteins,
respectively. In the recombinant AAVs (rAAVs) used in research, these genes have been replaced with
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a selected promoter, the transgene of interest and additional regulatory elements. These viral constructs
present a very versatile tool in neuroscience research as they are non-pathogenic, have low
immunogenicity, and can be relatively easily produced with high titers. Additionally, they don’t
integrate in to the genome (or very rarely) but still confer long term-expression of the transgene.

Over the years, the tropism and transduction/intracellular transport efficacy of rAAVs has been
improved by directed evolution and pseudotyping (i.e. mixing of a capsid and genome from different
viral serotypes). In particular, rAAV2-retro has been modified to maximize retrograde transduction
capabilities®. It was shown to efficiently label long-range projections within the brain, but has not been
used to label projections from the brain to the spinal cord, that can span over 5-6 cm in the rodent CNS.
The choice of the serotype and promoter that drives transgene expression are also important factors to
target selective and efficient expression in the desired neuronal region or population, as we have
previously shown in our laboratory'®.

In most of the experiments presented here, we chose to target, label and manipulate populations of
neurons defined by the expression of one or two genes in the adult (cck, c-maf, SLC6AS or Imx1b), and
have thus opted for the use of recombinant adeno-associated viruses (rAAVs) injections in selected
regions of the CNS (lumbar spinal cord'® or S1 cortex).

1.2.4 Rabies virus for retrograde monosynaptic tracing

The rabies virus is an enveloped, negative single-strand RNA (ssRNA-) virus. Rabies virus has been
used to trace neuronal circuits'*** because of its high neurotropism and ability to travel retrogradely and
transsynaptically. However, it is also very neurotoxic and will typically travel through multiple
synapses®. Wickersham et al. developed a monosynaptic tracing method using a protein G-deleted
variant of the SAD B19 vaccination strain®>*,

Retrograde monosynaptic tracing experiments require a two-step strategy (Fig.6): first, one or two
recombinant helper viruses harboring the rabies glycoprotein (G), the TVA receptor (avian tumor
receptor A), and sometimes a fluorescent protein, are injected. Their expression defines the starter
population. The expression of the helper virus (rAAV.flex.rox.TVA.G) used in the present study is
dependent on the presence of both cre and Dre recombinases and thus specifically expressed in the
neurons of interest. In a second step, we inject an EnvA (avian sarcoma leucosis virus A envelope
glycoprotein)-pseudotyped, G-deficient rabies virus carrying the GFP transgene (EnvA.RV.AG.eGFP).
TVA expression in cre+Dre+ cells allows entry of the rabies virus in these cell specifically, where it will
be complemented with the G protein and be able to replicate. The complemented virus can then cross
trough the synapse to the presynaptic neurons. If this second order neuron does not express the G protein,
the rabies cannot be complemented again, rendering this approach ideal for monosynaptic tracing. If the
helper viruse(s) carry fluorescent proteins different from that of the rabies virus, then starter cells can
also be distinguished from second order neurons based on this fluorescence.

The rabies virus is thus a very useful tool to map neuronal circuits. However, this technique still has
important limitations. Indeed, the virus only labels a fraction of the starter cells and the efficacy of
transsynaptic transfer is low. Additionally, replication of the virus in the starter cells and in the
retrogradely infected cells is highly cytotoxic and leads to cell death within a few days or weeks,
depending on the cell population. Moreover, these two aspects likely vary greatly depending on the
chosen neuronal population, making it difficult to reproduce in different CNS regions. Another
important limitation in the field of pain research is that some subtypes of DRG neurons (peptidergic
sensory neurons and C-LTMRs) are resistant to rabies infection'®. Any attempt to label sensory inputs
onto a given spinal interneuron population will thus be biased and lead to under representation of
unmyelinated afferents. New strains and variants of rabies viruses and G proteins are currently under
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development to address these issues, in particular toxicity. Indeed, functional studies require that the
cells can remain healthy for several weeks. Newly developed versions of rabies virus include the
condon-optimized glycoprotein oG*” (for greater trans-synaptic transfer efficiency), the new rabies
strain CVS-N2cAG™®, and AGL rabies virus®, or a “self-inactivating” rabies virus®.

Fig.6: Retrograde monosynaptic tracing with rabies virus. Monosynaptic rabies tracing of inputs to cre
expressing starter cells (cret+). A recombinase-dependent helper virus is first injected to drive expression of the
EnvA receptor, TVA, and rabies glycoprotein (G) in starter cells. A few weeks later the pseudotyped rabies (EnvA
+ RVdG) is injected. The RVdG is trans-complemented by G to produce G+RVdG that spreads trans-synaptically
to neurons providing synaptic input to starter cells. The spread of RVdG is monosynaptically restricted because
the input cells lack G and G is required for trans-synaptic spread (taken from Callaway et al. 2015(ref.!°), with
permission).

1.2.5 Anterograde trans-synaptic tracing

Several molecular or genetic approaches are available for anterograde transsynaptic tracing of neuronal
circuits, including the use of the plant lectins such as Wheat germ agglutinin (WGA) ?', or viruses such
as the herpes simplex virus (HSV)®%. In contrast to retrograde transsynaptic tracing, there is currently no
method available that allows monosynaptic anterograde labeling.

WGA is isolated from the wheat, Triticum vulgaris, and binds specifically to N-acetyl-d-glucosamine
and N-acetylneuraminic acid (sialic acid) residues, which are present in all neural membranes, and enters
the cell through receptor-mediated endocytosis. Once taken up into CNS neurons, it can jump
transsynaptically to label postsynaptic neurons. WGA can be injected directly in to the CNS or can be
genetically targeted to a specific population by injection of cre-dependent virus’'. However, some
studies have shown that WGA is not perfectly unidirectional, but rather can be transported

bidirectionally across synapses with preference for the anterograde direction in the CNS*",

The natural neuronal tropism and transneuronal spread capacity of the HSV have made it a useful
neuronal circuit tracer and the HI29 strain in particular displays anterograde transneuronal
transmission’®. In 2011, Lo et al.”® developed a cre recombinase-dependent, anterograde transneuronal
tracer, based on the H129 strain of HSV. This HSV also expresses a red fluorescent protein (H129-
tdTomato), making it possible to directly visualize the output neural pathways.
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These tools still have important limitations. First, WGA and HSV, as well as other available molecular
and genetic anterograde transsynaptic tracers, are not restricted to jumping one synapse, and careful
management of time after the injection is necessary to be able to interpret the results. Additionally, the
H129 (HSV) causes inflammatory reactions in the CNS, is cytotoxic and leads to neuronal death within
only a few days after injection into the CNS. Use of H129-tdTomato for tracing output areas is
efficient'>?, but before the neurons die, the expression of certain markers is also affected, making
identification of individual labeled cells complicated. For these reasons, it is important to complement
anterograde transsynaptic experiments results with other lines of evidence. Recently, a thymidine kinase
(TK)-deleted variant of H129 (H129-ATK-tdT) was developed and could be a promising approach for
monosynaptic anterograde transneuronal labeling®.

Another potentially helpful tool is the newly-developed WGA and recombinase (cre, Dre or Flp)-fusion
proteins’”?®. Indeed, we have mentioned before that genetically targeting subpopulations of neurons is
not always sufficient to define a functional cell type. Some populations are better identified based on
their connectivity, for example. Being able to drive expression of various effector proteins in a given
neuronal population based on its connectivity pattern would thus enable to answer many questions about
the function of long range projections like the CST for example. It seems however that the labeling
efficacy with this approach is region-dependent®, and it still needs to be tested in the corticospinal
system.

1.2.6 Manipulation of neuronal function and behavioral assessment of mice

1.2.6.1 Manipulation of neuronal function using DREADDs

Pharmacogenetics (or chemogenetics) is the modulation of genetically defined population of cells by
the use of modified receptor proteins (often G-protein coupled receptors, GCPR) that are activated by
synthetic ligands. DREADDs are modified GPCRs””'®°. The most commonly used are the activating
DREADD hM3Dq and the inhibitory DREADD hM4Di. They are derived from human muscarinic
acetylcholine receptors that were rendered insensitive to acetylcholine by two point mutations, and
respond instead to the synthetic drug clozapine-N-oxide (CNO) (Fig.7A). CNO activates hM3Dq,
leading to depolarization and higher neuronal excitability'”'. Conversely, hM4Di activation by CNO
leads to the opening of inwardly rectifying potassium channels and neuronal silencing'’?. Compared to
cell ablation or permanent silencing, they offer the advantage of a reversible modulation of neuronal
activity. The hM3Dq and hM4Di DREADDs are commonly used in pain and sensory processing
research to probe the function of genetically targeted neuronal populations'*'

1.2.6.2 Behavioral assessment of sensory processing in mice

Animal models of nociception and pain are crucial to understand the processing of pain. Since the 19"
century and the invention of the von Frey “hairs” by Maximilian von Frey, a large number of tests and
animal models have been developed to study acute and chronic pain states (for review in mice, see
Gregory et al. 2013(ref.'”®)). Today, many tests exist to assess nociception or pain. They are broadly
classified into two categories: reflexive and non-reflexive tests. Disease models include models of
inflammatory pain, neuropathic pain, cancer- or medication-induced pain, or other diseases such as
diabetes'”. Widely used models of chronic pain are the subcutaneous injection of zymosan A'* or
Complete Freund’s adjuvant (CFA)' to provoke inflammatory pain, injection of formalin'® and the

107 108
) )

chronic constriction injury (CCI)™" and spared nerve injury (SNI)"™ models of neuropathic pain.

-26 -



In the present project, I used reflexive tests to assess sensitivity to mechanical (using von Frey filaments,
brush or pin prick), heat (Hargreaves apparatus), or cold (dry ice) stimulations'>'*'"_ In the following
experiments, behavioral assessment was typically carried out in naive mice expressing a DREADD
receptor in a genetically targeted neurons population, before (baseline) and after injection of CNO, or

in combination with chronic pain models "*(Fig.7B).

A.

rM3Ds hM4Di

hM3Dq

Ca’* PKG PKA K

Depolarization

(activation) (inhibition)

Hyperpolarization

Signaling pathways initiated from DREADD via CNO

B. DREADD-expressing
virus

: 3

2 weeks %
‘\?

+ injury model

behavioral testing

. pin
prlck (:S“A’S
‘ cold chemical

itch or pain
spontaneous
pain

von Frey light
touch

activation and downstream effects on neuronal activity

Fig.7: Pharmacogenetic manipulation of neuronal populations and behavioral assessment of mice using
DREADDs. A. Signaling pathways initiated from DREADD receptors (adapted from Michaelides et. al, 2016
(ref.”®), with permission) after clozapine-N-Oxide (CNO) injection. B. A virus carrying the DREADD transgene
is injected locally in to the CNS and behavior of the mice in response to various sensory stimuli are tested about 2

weeks later.
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1.4 Aims of the thesis

The overarching aim of this thesis was to provide new insights into the neuronal circuity that is
responsible for the processing of touch at the spinal cord level and its modulation by the somatosensory
cortex using neurochemical, morphological and functional approaches.

My work is divided into two related research projects that are described as two separate chapters :

Specific aim 1: Understanding of the anatomy and connectivity of corticospinal neurons of the
somatosensory cortex.

Specific aim 2: Characterization of a population of spinal interneurons expressing the transcription
factor c-maf and definition of their role in the modulation of sensory processing.
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2 RESULTS CHAPTER 1:

Characterization of direct descending projections from the somatosensory
cortex to the spinal dorsal horn.

2.1 Abstract

Noxious stimuli are sensed by specialized sensory neurons of the peripheral nervous system called
nociceptors. The nociceptive information is then processed in the spinal (or medullary) dorsal horn, which
contains local interneurons and projection neurons that send axons to the brain. Supraspinal areas in turn
send axons down to the spinal cord where they control the gating of nociceptive signals. Exaggerated and
abnormal pain sensitivity is accompanied by alterations in such descending pain control systems. Much
previous work has focused on the neuronal projecions descending from the hindbrain areas, while little is
known about the role of projections reaching the spinal cord from the forebrain.

Using rAAV vector based retrograde tracing, we have identified a population of pyramidal neurons in the
somatosensory cortex that projet directly to the spinal dorsal horn (S1-CST neurons). In order to characterize
the connectivity and function of these neurons, we used AAV mediated gene transfer and genetically
modified mice expressing cre under the control of a neuron type-specific promoter.

We found that SI-CST neurons receive monosynaptic input from layer 2/3 pyramidal neurons, PV and NPY
positive interneurons in the cortex, as well as from thalamic relay sensory neurons that are part of the
somatosensory system. We were able to record Ca*" signals in S1-CST neurons in freely behaving mice.
We show that the axons of most S1-CST neurons terminate in laminae III and IV of the dorsal horn, where
they form direct synaptic contacts onto spinal interneurons. Anterograde tracing with Wheat germ agglutinin
(WGA) revealed that about 60% of the spinal target neurons are local inhibitory interneurons.

Taken together, these results show that we can specifically target subsets of CST neurons based on their
connectivity and gene expression. CST neurons from S1 receive input from sensory pathways and directly
contact spinal interneurons, which are important for the gating of sensory and painful stimuli. They are thus
ideally positioned to serve as a corticospinal feedback loop in the control of somatosensation.
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2.2 Introduction

Several supraspinal areas project down to the spinal cord where they control the gating of sensory signals.
In particular, neurons from several cortical areas, including the primary somatosensory (S1), motor, and pre-
motor cortices have been described to project directly to the spinal cord via the corticospinal tract (CST).
The CST originates in layer 5 of these cortical areas. The axons then run through the internal capsule to the
medulla, where the vast majority decussates at the level of the pyramids to continue into the contralateral
spinal cord. In the rodent, the CST is located in the dorsal funiculus in the spinal cord.

The CST has been shown to be involved in the regulation of many motor and sensory functions, such as
gating and selection of spinal reflexes, autonomic functions and importantly, control of spinal nociceptive
transmission'. The connection between S1 in particular and the spinal cord is also conserved in mammals.
Layer 5 pyramidal neurons and local inhibitory interneurons in S1 show enhanced excitability after nerve
injury®, and manipulation of inhibitory interneurons leads to modulation of sensory processing® in mice.
Very little is known however about the function of this specific subset of CST neurons that originates from
S1.

Transgenic mouse lines* and virus-mediated gene transfer®’ have been used to label CST neurons. These
studies showed that the CST axons terminate mainly in the lamina IIT and IV of the dorsal horn in the spinal
cord and contact dorsal horn interneurons’®. However, in Emxlor Thyl fluorescent reporter mouse lines,
many forebrain neurons are labeled in addition to the CST**°. Similarly, local injection of viruses into S1
leads to labeling of local interneurons and other cortical output neurons but is not specific to CST neurons.
In order to specifically manipulate this population of neurons for functional studies, it is crucial to restrict
transgene expression to the layer 5 pyramidal neurons in S1 that project to the dorsal horn of the spinal cord
(S1-CST neurons).

Recombinant adeno-associated virus (rAAV) vectors are widely used gene delivery systems to study
neuronal circuits'®"!, because of their ability to efficiently transduce neurons and to lead to long-term gene
expression, together with a very low immunogenicity. They allow the expression of a great variety of
effector proteins such as fluorescent proteins, pharmacogenetic receptors, bacterial toxins, or optogenetic
effector proteins, making them ideal for tracing and manipulating neurons. In addition, the use of rAAV
vectors is generally combined with recombinase-dependent transgene expression'®'® to enable the
manipulation of genetically defined subsets of neurons. rAAVs have previously been used to label long-
range projections in the brain'*, but labeling of projections from the brain to the spinal cord has recently
become much more efficient through the development of the rAAV2-retro serotype'*'".

Here, we used a combination of viral approaches and transgenic mice to specifically label S1-CST neurons.
Our approaches allowed the expression of fluorescent or effector proteins in this population. We
demonstrate that S1-CST neurons receive input from sensory circuits and project directly onto interneurons
in the dorsal spinal cord, involved in gating of sensory processing'.

2.3 Methods

2.3.1 Animals

Experiments were performed on 6-12-week-old mice kept at a 12:12 h light/dark cycle. Permissions for
experiments have been obtained from the Canton of Zurich (permissions 03/2018, 031/2016, and 063/2016).
c-maf™mice are knock-in mice generated by conventional gene targeting in the laboratory of C. Birchmeier
(MDC Berlin, Germany). For further details on the genetically modified mice used in this study, see Table
1.
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2.3.2 Immunohistochemistry (IHC) and image analysis.

Mice were transcardially perfused with 4% ice-cold paraformaldehyde (in 0.1M sodium phosphate buffer,
pH 7.4). Lumbar spinal cord and brain were immediately dissected and post-fixed for 2h with 4%
paraformaldehyde (PFA) on ice. Post-fixed tissue was briefly washed with 0.1M sodium phosphate buffer
(pH 7.4) and then incubated in 30% sucrose (in PBS) overnight at 4°C for cryoprotection. Cryoprotected
tissue was cut at 25 pm or 40 pm (spinal cord or brain, respectively) on a Hyrax C60 Cryostat (Zeiss,
Oberkochen, Germany), mounted on superfrost plus glass slides and then incubated with the respective
combinations of primary antibodies in 1% donkey serum in phosphate-buffered saline (PBS) over night at
4°C. After brief washes in PBS, sections were incubated with the respective secondary antibodies for 2h at
room temperature and briefly rinsed in PBS, before mounting with coverslips and DAKO fluorescent
mounting media (Dako, Carpinteria, CA, USA). For the synaptic contact stainings, spinal cord sections
where cut at 35 um and IHC was performed on floating sections using the same reagents and then mounted
onto the super frost plus glass slides. All primary antibodies used are listed in the Table 1. Secondary
antibodies raised in donkey were purchased from Jackson Immuno-Research (West Grove, PA, USA)).

Z-stacks of fluorescent images were acquired on a Zeiss LSM700 confocal and Zeiss LSM800 Airy Scan
microscope (Zeiss, Oberkochen, Germany). Numbers of immunoreactive cells in z-stacks were determined
using the ImageJ (NIH, Bethesda, Maryland) Cell Counter plugin (Kurt DeVos, University of Sheffield,
Academic Neurology).

2.3.3 Intraspinal and cortical virus injections

Viruses were obtained from the resources indicated in the Table 1, and used as previously described''. Virus
injections were made in adult (6-12-week-old) mice anesthetized with 2% isofluorane and immobilized on
a motorized stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA and Neurostar, Tiibingen,
Germany). For intraspinal injections, the vertebral column was fixed using a pair of spinal adaptors and
lumbar spinal cord at L4 and L5 was exposed. Injections (3x300 nL) spaced approximately 1mm apart were
made at a rate of 50 nL/min with glass micropipettes (tip diameter 30-40 um) attached to a 10 L Hamilton
syringe. For S1 injections, the head was fixed using head bars, the skull exposed and the following injection
coordinates were used: (-1; 1.5; 0.8).

2.3.4 Tissue clearing and light sheet imaging

Mice were anesthetized deeply using pentobarbital and perfused transcardially with 10 mL of artificial
cerebrospinal fluid (ACSF containing in mM: 125 NaCl, 2.5 KCl, 1.25 NaH,POg, 25 NaHCO3, 1 MgCl,, 2
CaCly, 20 glucose equilibrated with 95% O, 5% CO;) at room temperature (RT) followed by 200 mL of
RT 4% PFA. The perfusion was performed using a gravity perfusion setup. Brain and spinal cord attached
were dissected and incubated in 4% PFA overnight, followed by overnight incubation in 4% acrylamide
(161-0140; Bio-Rad) and 0.25% VA-044 (017-19362; Novachem) in PBS at 4°C. They were then incubated
for 3 hours at 37°C for acrylamide polymerization, washed overnight at 37°C in clearing solution (200 mM
SDS (L3371; Sigma-Aldrich) and 200 mM boric acid (L185094; Sigma-Aldrich), pH 8.5), and
electrophoresed in clearing solution using an X-CLARITY Tissue Clearing System (Logos Biosystems) for
8 hours at 1.2 A constant current, temperature <37°C, and 100 rpm pump speed. The samples were incubated
in approximately 88% Histodenz (D2158; Sigma-Aldrich) solution in PBS (refractive index adjusted to
1.457) overnight, and mounted for imaging in the same solution. Samples were imaged using a MesoSPIM
light sheet microscope'®.
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2.3.5 Prism implantation and miniscope mounting

The preparation of the mice for in vivo calcium imaging was performed as described previously'”'®,

Following the same preparation of animals as described above, a small craniotomy was performed over the
target area, and superficial tissue (approx. 1 mm) was carefully aspirated to accommodate the prism without
compressing neighboring brain tissue. Specifically, a miniature prism attached to a glass coverslip was
inserted at the craniotomy site. Prism implantation was performed one week after virus injection. Implanted
animals were then given 3-4 weeks to recover before behavioral analysis. The fluorescence was checked in
anesthetized mice using a Leica M205 FCA stereomicroscope. The baseplate designed to hold the
miniaturized microscope (miniscope) was then mounted on the head of the mice as follows: we built a layer
of blue-light curable composite (Pentron, Flow-It N11VI) from the dental cement on the mouse’s skull
without touching the baseplate, followed by a layer of UV-curable epoxy (Loctite(R) Light-Activated
Adhesive #4305) that affixed the baseplate to the composite. For in vivo calcium imaging sessions, the
miniscope (approx. 5 x 20 mm) was mounted on the animals’ head using a small screw to connect it to the
baseplate.

2.3.6 Behavioral responses to nociceptive stimulation

Male mice were randomly assigned to CNO (2 mg/kg) or vehicle (control) groups. All behavioral tests were
performed by an experimenter blinded to the treatment of the mice. Only one test was performed per day
and mouse.

Mechanical sensitivity. Mice were placed in Plexiglas chambers (8 x 8 cm) on an elevated wire grid and
allowed to acclimatize for at least 1 hour before testing. Withdrawal thresholds where assessed by
stimulation of the hindpaw with an electronic von Frey anesthesiometer (IITC, Woodland Hills, CA).
Measurements were taken at 10 min intervals.

Sensitivity to light touch or acute painful stimulation was also tested. Both hindpaws were stimulated
alternately and 10 measurements were taken of each hindpaw. For light touch, mice where gently touched
(from the bottom of the grid) with a soft paint brush on the plantar surface of the hind paw. For acute painful
stimulation, the plantar surface of hindpaws was stimulated with a blunted G26 needle without penetration
of skin. For both tests, each response to this stimulation was be quantified by a score of 0 or 1 (no evoked
movement = 0, walking away or brief paw lifting for <1 s = 1) and reported as the response frequency (%).

Cold sensitivity. Mice were placed in Plexiglas chambers (8 x 8 cm) on a 5 mm thick borosilicate glass
platform and allowed to acclimatize for at least 1 hour before testing'®. A dry ice pellet was applied to the
surface of the glass from underneath the paw. Withdrawal thresholds were measured using a stopwatch and
a cutoff time of 20 s was set. Measurements were taken at 10 min intervals.

Heat sensitivity (Hargreaves test). Mice were placed in Plexiglas chambers (8 x 8 cm) on a glass surface
and allowed to acclimatize for at least 1 hour before testing. A movable infrared generator was placed below
the plantar surface of one hindpaw. Withdrawal thresholds were recorded automatically by an electronically
controlled commercially available instrument with a built-in timer (Plantar Analgesia Meter, IITC,
Woodland Hills, USA) and a cutoff time of 32 s was set. Measurements were taken at 10 min intervals.

Motor coordination (rotarod). Mice were placed onto a rotarod setup (IITC, Woodland Hills, USA). The
rod was set to accelerate from 4 to 40 rpm over a period of 300 s. Two training sessions were performed
before the latency to fall was measured in 5 test sessions per mouse.

Chronic pain models. Neuropathic pain was studied using the chronic constriction injury (CCI) model. A
constriction injury of the left sciatic nerve just proximal to the trifurcation was performed as described
previously?**'. Anesthesia was induced and maintained at 2% isoflurane (Provet AG, Lyssach, Switzerland),
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combined with oxygen (30%) and ambient air (68%). Before the start of the surgery, mice received 0.2
mg/kg buprenorphine subcutaneously. The sciatic nerve was exposed at the mid-thigh level proximal to the
sciatic trifurcation by blunt dissection through the biceps femoris. Three chromic gut ligatures (5/0) were
tied loosely around the nerve until a brief twitch in the hindlimb was elicited. The incision was closed in
layers. Subacute chemical pain was induced by injecting 20 pl of a 5% formalin subcutaneously into one
hindpaw under a short isoflurane anesthesia?’. The number of flinches and the time spent licking are
measured in 5 min intervals as a measure nociceptive activation for a total of 60 min starting immediately
after formalin injection.

Ca’ imaging procedure. After mounting of the miniscope, mice were placed in Plexiglas chambers (8 x
8 cm) on a raised wire grid and allowed to acclimatize before testing. The behavior of the mouse was
observed with a camera, connected to and triggered by the minisope recording setup. Before sensory
stimulation, we measured spontaneous neuronal activity by recording changes in intracellular Ca** levels
for 20 min while the mouse freely moved within the testing box. Then two series of sensory stimulation
where applied: von Frey and brush stimulations (as described above). Finally, we injected formalin in the
left hindpaw of the mouse and recorded behavior (licking and flinching) simultaneously with Ca**
imaging.

2.3.7 Processing of Ca** imaging videos

The processing of Ca®* imaging videos was performed as described previously'’, using a custom Matlab
protocol written in the laboratory of B.F. Grewe (INI, ETH Ziirich, Switzerland). The Ca** traces were
extracted and analyzed using Matlab (MATLAB R2017b, The MathWorks, Inc., Natick, Massachusetts,
USA).

2.3.8 Experimental design and statistical analysis

All behavioral experiments were designed to allow comparisons between two groups. Behavioral responses
and cells counts are reported as mean + SEM. Statistical analysis of behavioral responses was performed as
follows: group means of CNO- and vehicle-injected mice were compared using a 2-sided unpaired Student
t test (rotarod) or a 2-way repeated measures analysis of variance (ANOVA, all other tests), followed by
pairwise comparisons with Sidak adjustment for multiple comparisons (t tests and ANOVA performed with
SPSS: IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY). Numbers
of experiments (cells or mice) results of the statistical analysis are provided in the figure legends and Table
2.

- 40 -



Table 1. Materials and reagents

Materials

Resource

Identifier

Mice (shortname)

C57BL/6] (wild type)
C57BL/6.FVB-Tg(Slc6as-EGFP)13Uze
(GlyT2::eGFP)

Cck<tm]l.1(cre)Zjh>/J (CCK®™)

The Jackson Laboratory

IPT (Zurich, Switzerland)

Jackson Laboratory

IMSR_JAX:000664

MGI:3835459, (Zeilhofer

etal., 2005)%

(Taniguchi et al., 2011)*

c-maferevt Dr Carmen Birchmeier unpublished
C57BL/6-Lmx1b<tm(Dre)Uze (Imx1pdre/+t) IPT (Zurich, Switzerland) unpublished
B6N-Tg(GlyT2-Dre) (GlyT2Pr/wt) IPT (Zurich, Switzerland) unpublished
Viral vectors short name
rAAV9.CAG.flex.eGFP Penn Vector Core (Philadelphia, USA)  AV-1-ALL854
SAD.RabiesAG.eGFP (EnvA) (EnvA.RV.dG.eGFP)  Salk Institute (USA) Albisetti et al.®
rAAV2-EFla-flex-WGA IPT (Zurich, Switzerland) unpublished
rAAV-retro/2-hCMV-cre VVF (Zurich, Switzerland) v36-retro
rAAV-retro/2-shortCAG-tdTomato VVF (Zurich, Switzerland) v131-retro
v127-retro

rAAV-retro/2-hEF1a-DreO
rAAV-retro/2-shortCAG-dlox-EGFP
rAAV-8/2-hEF1a-Don/Con-mSypl_mCherry
rAAV-8/2-hCMV-cre

rAAV-DJ/2-hEF 1a-DreO
rAAVDJ-CAG-eGFP
rAAV-8/2-hSyn1-roxSTOP-dlox-TVA 2A.RabG
rAAV-9/2-hEF1a- Don/Con-¢GFP
rAAV-9/2-hEF1a-Con/Don-hM3Dq-HAtag
rAAV-8/2-hEF10-Con/Don-hM4Di-mCherry
AAV1.CAG.flex.tdTomato.
rAAV9-Syn-flex-GCaMP6m

Antibodies (dilution)

VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
VVF (Zurich, Switzerland)
Penn Vector Core (Philadelphia, USA)
Penn Vector Core (Philadelphia, USA)

vHW22-retro

vHWS51-8

v36-8

v127-DJ

v24-DJ

vHW7-1
vHW18-9
vHW24-9
vHW23-8
Allenlnstitute854
100838-AAV9

goat anti-Pax2 (1:400)

guinea pig anti-Lmx1b (1:10 000)
chicken anti-GFP (1:1000)

rabbit anti-GFP (1:1000)

rabbit anti-NeuN (1:1000)

goat anti-WGA (1:2000)
rabbit anti-WGA (1:2000)
rabbit anti-c-maf (1:1000)
guinea pig anti-c-maf (1:1000)
rabbit anti-PKCg (1:1000)
rabbit anti-SOM (1:1000)
mouse anti-PV (1:1000)
rabbit anti-NPY (1:1000)
goat anti-tdTomato (1:1000)
rabbit anti-HAtag (1:2000)
goat anti-c-fos (1:500)

R&D Systems (Minneapolis, USA)
Dr Carmen Birchmeier

Life Technologies
Molecular Probes
Abcam

VECTOR laboratories
Sigma Aldrich

Dr Carmen Birchmeier
Dr Carmen Birchmeier
Santa Cruz

Santa Cruz

Swant

Peninsula Laboratories
Sicgen

Bioconcept

Santa Cruz

AB 10889828
(Muller et al. 2002)?°

AB 2534023
AB 221570
AB 10711153

AS-2024

T4144

#40

#2223, #1 final bleed
AB 632234
sc-13099

235

T-4069

AB8181-200

37248
sc-52-G
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2.4 Results

2.4.1 Labeling of S1-CST neurons by using rAAVs in wild type mice

First, we tested if intraspinal injection of rAAV vectors would also lead to the transduction of descending
axon terminals from supraspinal CNS areas. We injected different serotypes of rAAVs encoding for
fluorescent proteins (eGFP or tdTomato) into the lumbar spinal cord of wild type mice, and analyzed eGFP
(or tdTomato) expression at supraspinal sites known to provide descending input to neurons of the lumbar
spinal cord, such as the rostral ventromedial medulla (RVM) and the primary somatosensory cortex (S1).
We found that neurons descending from these areas can be traced from the spinal cord through locally
injected rAAV vectors'' (Fig.1A).

Because rAAV viruses typically do not cross synapses, the presence of labeled neurons in several brain
areas suggests that these neurons have been labeled by direct transduction of their axon terminals in the
spinal cord. In particular, we analyzed expression of fluorescent proteins encoded by different rAAV
serotypes, in RVM and in the primary somatosensory cortex (S1). In S1, as expected, the labeled neurons
are pyramidal neurons located in the layer 5 of the cortex, consistent with what is known about cortical
output neurons. All serotypes tested led to eGFP (or tdTomato) expression in supraspinal sites such as the
RVM and S1, but displayed different labeling efficacies. We quantified the number of layer 5 pyramidal
neurons labeled in S1 and found that serotypes 6 (63+17 neurons/animal) and 9 (33£12 neurons/animal)
displayed the highest efficacy to retrogradely transduce terminals of S1-CST neurons (Fig.1B).
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Fig.1: Retrograde transduction of CST neurons by different recombinant adeno-associated virus (rAAYV)
serotypes. A. Injection of rAAVs into the lumbar spinal cord of wild type mice. B.-C. Quantification of the number
of retrogradely transduced neurons in S1 after intraspinal injection of the indicated serotypes. D.-F. Representative
example of S1-CST labeling after intraspinal injections of rAAV9 (n=4), rAAV/DJ (n=4) or rAAV2-retro (n=4)
serotypes. Scale bars 200pm. Error bars represent + SEM, ***p < (0.001
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We then compared the transduction efficacy of serotype 9 to that of the recently published serotype 2 capsid
variant TAAV2-retro'*. We found that rAAV2-retro injection led to an increase of about 25- fold (19 + 8 vs.
502 £ 42 neurons/animal, respectively, Fig.1C-F) in the number of labeled neurons in S1.

The presence of corticospinal projections from the motor and sensory cortices in the rodent is known""#%7,

but these neurons are not very well characterized and little is known about their function. We therefore
aimed to investigate in more detail the anatomy of the direct connection between the primary somatosensory
cortex and the spinal cord.

2.4.2 Labeling S1-CST neurons in CCK*®* mice

Injection of rAAV9.CAG.flex.eGFP into the lumbar spinal cord of CCK®® mice led us to identify a
population of layer 5 (L5) pyramidal neurons, which express the marker cholecystokinin (CCK) and project
directly onto interneurons in the dorsal spinal cord (Fig.2A). Although CCK is traditionally used as a marker
of inhibitory interneurons in the cortex®®, it is also expressed in layer 5 pyramidal neurons in the mouse
brain’. After intraspinal injection of rAAV9.CAG.flex.eGFP, we also observed eGFP+ neurons in a few
other brain areas, including the anterior cingulate cortex (ACC) the thalamus and the RVM (Fig.2B).
Injection of a cre-dependent rAAV directly into S1 leads to labeling of a larger population of neurons,
including pyramidal neurons in the layer 5 and the CCK-expressing inhibitory interneurons (Fig.C-D).
Therefore, this labeling strategy can be used to label terminals of CST axons in the spinal cord (Fig.3B) but
does not specifically label CST neurons in the cortex.

The CCK®® mouse line provides a good tool to study SI1-CST neurons because the expression of the
recombinase in these neurons allows the expression of a wide variety of fluorescent or effector proteins,
from viruses carrying recombinase-dependent transgenes. However, it was not known whether the CCK-
expressing L5 CST neurons represent the majority of the CST neurons in this area or rather only a subset.
To address this question, we investigated what is the proportion of all S1-CST neurons that express cre
(under the CCK promoter). To this end we co-injected a rAAV2-retro.flex.eGFP and a rAAV2-
retro.tdTomato virus into the lumbar spinal cord of CCK®* mice (Fig.2E-F). The eGFP (cre-dependent) will
thus be expressed only in cre+ neurons, whereas the tdTomato will label all neurons connected to the
injection site (cre-independent). We found that about 70% (71.5% + 3.1) of all tdTomato+ S1-CST neurons
also expressed eGFP. Conversely, the proportion eGFP+ neurons that expressed tdTomato was very similar
(75.5% =+ 1.6). This suggests that virtually all SI-CST neurons expressed cre under the CCK promoter and
that S1-CST neurons can be labeled using the CCK®® mouse line.

Fig.2: Labeling S1-CST neurons in CCK*" mice. A. Injection of rAAVs encoding for cre-dependent eGFP and cre-
independent tdTomato fluorescent proteins into the lumbar spinal cord of CCK®* mice. B. Brain areas labeled with
eGFP positive neurons after intraspinal injection of rAAV9.flex.eGFP in CCK*® mice. 7N: facial nuclei, ACC: anterior
cingulate cortex, MnR: median raphe nucleus, PAG: Periaqueductal grey, S1hl: somatosensory cortex, hindlimb area.
C. Injection of rAAVs encoding for cre-dependent tdTomato into the S1 cortex of CCK® mice. D. Widespread labeling
of cortical neurons with tdTomato (red) after cortical injection (C). E.-F. and Quantification and comparison of S1-
SCT neurons labeled by cre-dependent GFP (n=4) and cre-independent tdTomato (n=4) fluorescent proteins. Scale
bars: 200 um, Error bars represent £ SEM.

-43 -



Bregma -0.22mm

D.

g

L]
(=]
i

(=]
1

oy dg‘
73
S 6

tdTom GEP GFP tdTom

- 44 -



2.4.3 Viral targeting strategies to label S1-CST neurons.

In order to more precisely characterize a given population of neurons identified either genetically or
anatomically, we need to be able to target these neurons in a specific and efficient manner.

Two challenges arose: first, the local injection of cre-dependent rAAVs into the S1 cortex would lead to
expression of the transgene in neurons different from CST neurons, as CCK is also expressed in inhibitory
interneurons in layers 5 and 6, and possibly also in other (non CST) pyramidal neurons of layer 5° (Fig.2D).
The use of other driver genes (Thy1, emx1, CAMK2A) was also considered but the markers usually used to
label CST axons are not specific to CST neurons, but rather broadly expressed in the forebrain*>’. Second,
with the intraspinal injection of rAAV viruses, we could specifically label CST neurons in S1 that express
the cre under the CCK promoter, but we also labeled neurons in a few other brain areas (Fig.2B), as well as
spinal CCK positive interneurons.

We therefore developed an intersectional strategy (Fig.3B. “Intersectional strategy 1) to specifically target
neurons that (1) project from S1 to the spinal cord, and (2) express cre under the CCK promoter. To this
end, we injected a rAAV2-retro.Dre into the lumbar spinal cord of CCK*® mice (Fig.3B). The S1-CST
neurons (as well as other cre+ neurons that are located or project in the spinal cord) thus express both
recombinases cre and Dre. We then targeted expression of the desired transgene by local injection in S1 of
cre-and Dre-dependent rAAVs. As a proof of principle we demonstrated that this strategy works with the
injection in S1 of rAAVs carrying several different transgenes (Fig.3B.1: AAV.Con/Don.GFP; Fig.8A.8:
AAV.Cor/Don.hM3Dq, AAV.Con/Don.hM4Di (not shown), and AAV.Con/Don.ChR2 (not shown)).

A possible variation of this intersectional strategy (Fig.3C, “Intersectional strategy 2”) is the injection of a
rAAV2-retro.cre into the spinal cord of a wild type mouse, followed by the local injection in S1 of a rAAV
carrying a cre-dependent transgene This strategy provided higher labeling efficacy as the intersectional
strategy 1 for some transgenes. This is likely due to the requirement of only a single recombination event
(by the cre only and not by the cre and the Dre) is necessary for the transgene expression. In the case of S1-
CST neurons, as we have shown that cre positive neurons represent the vast majority of the S1-CST
population, the intersectional strategies 1 and 2 should label the same population. It is interesting to note,
however, that this strategy could be useful in other cases, where a marker gene would only label of subset
of the projections neurons.
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Fig.3: Optimization of the viral targeting strategy to label S1-CST neurons. A. Retrograde (axonal) transduction
of descending neurons from S1 by different recombinant rAAV serotypes. (A.1: example of SI-CST neurons labeling
using the rAAV2-retro serotype). B. Intersectional strategy #1: a rAAV2-retro.Dre is injected into the lumbar spinal
cord of a CCK** mouse, followed by a cortical (S1) injection of a cre-and Dre-dependent rAAV (B.1: example with
cortical injection of AVV carrying a transgene for GFP). C. Intersectional strategy #2: a rAAV2-retro.cre is injected
into the lumbar spinal cord of a wild type (WT) mouse, followed by a cortical (S1) injection of a cre-dependent rAAV
(C.1: example with cortical injection of rAAV carrying a transgene for GFP). Scale bars: 200 um.

2.4.4 Morphology of S1-CST neurons

We have shown that we can specifically label S1-CST neurons that project to the lumbar spinal cord. In
order to assess if these neurons project solely to the spinal cord or have collaterals in others regions of the
CNS, we performed sparse labeling of S1-CST neurons with eGFP. We then imaged whole cleared brains
with light sheet microscopy'®. The vast majority of the axons from labeled S1-CST neurons run from the
cortex through the internal capsule and to the midbrain pyramids, following the known trajectory of the CST
(Fig.4). We observed collaterals branching from the main tract to two areas (Fig.4B). A small number of
axons bifurcated from the internal capsule to terminate in the striatum, and another small group branched
off in the midbrain (Fig.4B, inset).

In addition to the anatomy of the CST neurons, understanding their function in somatosensory processing
requires the identification the connected cells in the circuit.
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Fig.4: Labeling of the corticospinal tract in CLARITY-cleared brain. A-B. eGFP labeling of S1-CST neurons in
a cleared brain, form the front (A) or the side (B). Inset in (B) shows the possible tracing of individual axonal
projections. Scale bars: A: 1 mm, and B: 200 pm.

2.4.5 S1-CST neurons receive input from the somatosensory circuit

The direct connection between the spinal dorsal horn and the somatosensory cortex suggests that S1-CST
neurons may be involved in a circuit for sensory processing. We sought to further investigate the precise
position of S1-CST neurons in this circuit by tracing their input. To this end, we performed monosynaptic
retrograde labeling using rabies virus* (Fig.5). S1-CST neurons were targeted in CCK™ mice by intraspinal
injection of rAAV2-retro.Dre followed by local S1 injection of the helper virus rAAV flex.rox.TVA.G and
the rabies virus EnvA.RV.dG.eGFP. Pyramidal neurons in the layer 5 of all cortical areas are known to
receive mainly input from layer 2/3 pyramidal neurons, local interneurons, but also from the thalamus™. As
expected, we found eGFP labeling in layer 5 (including the primarily infected S1-CST neurons, Fig.5B-C)
and in many pyramidal neurons in layer 2/3. In layer 5, the rabies virus also labeled interneurons that we
further characterized with immunohistochemistry (Fig.5E-G). We found co-labeling of eGFP with PV
(Parvalbumin), NPY and in very few cases with SOM (somatostatin), three well characterized markers of
cortical inhibitory interneurons®. Interestingly, we also found eGFP+ neurons in the ventral posterolateral
nucleus (VPL) of the thalamus (Fig.5B; D). The morphology of these cells is representative of
thalamocortical relay sensory neurons’' and consistent with reports that thalamic neurons can directly
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project to layer 5 and 6 cortical neurons*’. These thalamic sensory relay neurons are known to receive input
from sensory circuits®>*. Overall, these results confirm that CCK-expressing S1-CST neurons are part of a
larger sensory circuit loop between the spinal cord and the brain.

2.4.6 S1-CST neurons make direct synaptic contacts onto spinal interneurons.

2.4.6.1 Labeling of CST axons in the spinal cord

Next, we identified the termination area of SI-CST neurons in the lumbar spinal cord (Fig.6). The injection
of rAAV1.flex.tdTomato in the hindlimb area of S1 (S1hl) in CCK®* mice led to the labeling of the CST
axons in the ventral part of the dorsal white matter column in the spinal cord. Terminals were also visible
within the grey matter mainly in the deep dorsal horn (Fig.6B, “CST”), in laminae III and I'V. This finding

7,27,34

is consistent with previous reports of labeling spinal interneurons targeted by CST neurons , showing

that tracing from M1 labels terminals mainly in the ventral and intermediate spinal cord, whereas tracing
from S1 labels terminals in lamina III and IV of the dorsal horn.

GFP NeuN GFP NeuN
A. 2 wccks ; i 51 corlex

/> Rabies-GFP

helper virug

AdN2retro-Dre

. Thalamus (inset from A.)

helper:
AAV flex.rox.TVA-2A-RabG

Rables-GFP:
EnvA.RabiesAG-cGFP

Fig.5: Retrograde monosynaptic tracing of S1-CST neurons with rabies. A. A rAAV2retro.Dre is injected in the
spinal cord of CCK®* mice, followed by a cre-and-Dre-dependent helper virus (TVA, RabG) in S1 and later the rabies
virus in S1. B. Overview of the labeled neurons in the brain: S1-CST neurons (starter cells) as well as layer 2/3
pyramidal neurons (also in C.), layer 5 inhibitory interneurons (E-G.) and thalamic sensory relay neurons (D.). Scale
bars: B: 1 mm; C-G: 200 pm.
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The lamina III and IV of the dorsal horn of the spinal cord are known to contain interneurons involved in
the processing of touch and proprioceptive information, as well as the termination area of low-threshold
mechanosensory fibers (LTMRs)®. We therefore decided to identify the spinal neurons that are targeted by
S1-CST neurons in this region.

2.4.6.2 Anterograde transsynaptic tracing with WGA

We first used wheat germ agglutinin (WGA) to label neurons that are targeted by S1-CST neurons. CCK*
mice were injected with TAAV2.flex. WGA in S1hl. WGA is transported transsynaptically to label the
postsynaptic neurons. After 10 days, we detected WGA in the dorsal horn of the lumbar spinal cord (Fig.6C-
G). WGA immunoreactivity was mostly found in the deep dorsal horn, in lamina III and IV as expected. In
order to identify the neurons that were labeled with WGA, we performed immunocytochemistry against
known markers of dorsal horn interneurons populations. Excitatory interneurons in laminae I-III can be
labeled using an antibody against Imx1p** (Fig.6C), while inhibitory neurons can be labeled using an
antibody against pax2*® (Fig.6D) or GlyT2 (glycinergic neurons, Fig.6E)'>**. Other markers were used, such
as PKCy (not shown) and the transcription factor c-maf (Fig.6F). We found that about a third of the WGA
positive neurons were positive for Imx1p (27.8 £ 1.3%) and two thirds were positive for pax2 (56.9 = 2.1%,
n=8) (Fig.6G). About half of all WGA positive neurons were glycinergic (47.8 = 2.8%). Notably, we found
that more than half of all WGA positive neurons also expressed the transcription factor c-maf (54.8 + 3.9%).
Because c-maf is present in a heterogeneous population of spinal interneurons***’, we determined the
proportion of WGA positive neurons that were either c-maf positive and inhibitory (pax2 positive: 21.9 +
2.6%) or c-maf positive and excitatory (pax2 negative: 27.5 + 1.9%). We did not find any WGA positive
neuron that was also positive for PKCy (Fig.6G).

These results suggest that S1-CST neurons contact a heterogeneous population of interneurons in the spinal
dorsal horn, including a large proportion of glycinergic neurons and c-maf expressing neurons.

A more detailed analysis of the spinal c-maf expressing neurons is presented in Results Chapter 2.
2.4.6.3 Monosynaptic contacts from CST terminals onto spinal interneurons

In order to confirm that CST neurons form synapses onto c-maf expressing spinal interneurons, we next
used a rAAYV encoding for the fusion protein synaptophysin-mCherry to label CST terminals in the spinal
cord. Synaptophysin is an integral membrane glycoprotein located at the presynaptic vesicles in neuron
terminals. The expression of the fusion protein synaptophysin-mCherry leads to specific labeling of the
presynaptic terminals with red mCherry fluorescence. In order to study the synaptic contacts between S1-
CST neurons and c-maf positive interneurons, we injected a rAAV encoding for the fusion protein
synaptophysin-mCherry in S1hl, as well as an eGFP-expressing virus in the lumbar spinal cord to label c-
maf-expressing interneurons. We performed immunohistochemistry against vGluT1 and homer to further
label the terminals of mCherry positive S1-CST neurons, and the post-synaptic area in eGFP+ neurons,
respectively. We found numerous examples of contacts between CST terminals (mCherry+vGluT1+) and
c-maf neurons (eGFP+homer+) (Fig.7). Together with the WGA tracing experiments, these results confirm
the presence of direct synaptic contacts between S1-CST neurons and c-maf expressing spinal interneurons.
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Fig.6: Labeling of the output of S1-CST neurons in the spinal cord. A. rAAVs carrying either a cre-dependent
tdTomato or WGA transgene are injected in S1hl of CCK® mice. B. Labeling of the CST in the dorsal funiculus of
the spinal cord, contralateral to the brain injection site. CST terminals are preferentially located below the laminae II-
IIT border marked by PKCy immunoreactivity. C-D. Co-labeling of WGA positive neurons in the spinal cord with the
excitatory marker Imx1p (C. and inset) and the inhibitory marker pax2 (D. and inset). WGA positive neurons also
express eGFP (E.) and the transcription factor c-maf (F.). G. Quantification of the number of WGA positive neurons
that express Imx1f (n=4, 243 neurons), pax2 (n=8, 391 neurons), GlyT2 (n=3, 275 neurons), c-maf (n=6, 506 neurons)
or PKCy (n=4, 201 neurons). Error bars represent £ SEM, Scale bars: 100 pm.
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Fig.7: Synaptic contacts by CST neurons onto c-maf expressing spinal interneurons. A-B. Representative
examples of synaptic contacts between a CST axon (red, synaptophysin-mCherry) and a GFP-labeled (green) c-maf
excitatory (A-C) or inhibitory (D-F) spinal interneuron (n=4 and n=3 mice to label c-maffX and c-maf™ neurons
respectively). A, D. Overview of the mCherry labeled terminals in the vicinity of eGFP expressing neurons. B, E.
insets of A and D, respectively, with orthogonal projection views showing the close contacts between mCherry, GFP,
homer and vGluT1. The pre-and post-synaptic compartments are also labeled by vGluT1+ (blue) and homer (grey)
immunoreactivity, respectively. C, F. Details of B and E, respectively. c-maff*™: c-maf excitatory/inhibitory neurons,
respectively. Scale bars: A, D: 50 pm; B, C, E, F: 5 pm.
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2.4.7 Investigation of SI-CST neurons role in sensory processing

S1-CST neurons directly project to the dorsal horn of the spinal cord, more specifically in lamina III, and to
a lesser extend in other laminae. This area is known to be involved in the processing of touch and
proprioception. It is also known that under normal conditions, tonic inhibition from glycinergic interneurons
located in deeper laminae®**° limits activation of the pain pathways by touch-sensitive circuits. Nerve injury
can induce changes in these circuits leading to activation of nociceptive pathways*'. Because CST neurons
directly contact interneurons in this area, we hypothesized that their activity could influence sensory
processing. The conditions under which CST neurons are active are also unknown.

2.4,7.1 Manipulation CST neurons

We sought to investigate the influence of S1corticospinal neurons on spinal sensory processing. In order or
specifically manipulate these neurons, we first targeted them using the previously described intersectional
strategy (#1, Fig.3B) in CCK“® mice. DREADDs expression was driven by injection of rAAV2-retro.Dre
into the lumbar spinal cord of CCK™® mice, followed by a cortical injection of a rAAV carrying a cre-and
Dre-dependent transgene for hM4Di (Fig8.A.1-3) or hM3Dq (Fig8.A.4-7).

We found no differences in sensory thresholds after silencing of SI-CST neurons with hM4Di. We found a
significant but very small difference in the response to von Frey (Fig.8A.1) stimulations, and no differences
in heat or cold sensitivities (Fig.8A.2-3) in the mice expressing hM3Dq injected with CNO compared to the
mice injected with vehicle. hM3Dg-mediated activation of SI-CST neurons had also a very small and not
significant effect on the CCl-induced mechanical hypersensitivity (Fig.8A.7). The DREADD receptor
expression in S1 was verified by immunostaining against the HA-tag or mCherry, for hM3Dq (Fig.8A.8)
and hM4Di (not shown), respectively.

We then silenced S1-CST neurons by injection of rAAV2-retro.cre into the lumbar spinal cord of wild type
mice, followed by a cortical (S1) injection of a rAAV carrying a cre-dependent hM4Di (intersectional
strategy #2, Fig3, and Fig.8B). We found no differences in the responses to mechanical sensitivities in the
mice injected with CNO compared to the mice injected with vehicle. There was a small but significant
difference in responses to heat (Fig.8B.2) and cold (Fig.8B.3) stimulations. The amplitude of the difference
between the two groups in the cold test however was very small and unlikely to reflect a biologically relevant
difference. In the Hargreaves test, the difference was larger but difficult to interpret because the threshold
values for the control mice are decreasing over time, while the responses of the CNO injected mice were
stable over time. Silencing of S1-CST neurons did not affect motor coordination (Fig.8B.6). In order to
investigate the potential effect of silencing CST neurons on chemically-induced hypersensitivity, we next
injected formalin subcutaneously into the paw of the mice and assessed spontaneous pain behavior. There
were no significant differences in the time spend biting the injected paw or in the number of flinches between
CNO and vehicle injected mice (Fig.8B.7-8). hM4Di expression in S1 was verified by immunostaining
against mCherry (Fig.8B.9).
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Fig.8: Modulation of S1-CST neurons activity using DREADDs. A. DREADD expression was driven by injection
of rAAV2retro.Dre into the lumbar spinal cord of CCK®* mice, followed by a cortical (S1) injection of a cre-and Dre-
dependent rAAV carrying a transgene for hM4Di (A.1-3, CNO: n=5; vehicle: n=5) or hM3Dq (A.4-7 CNO: n=6;
vehicle: n=5) and CCI (A.7 CNO: n=10; vehicle: n=8). A.1-A.3. Responses to mechanical (A.1), heat (A.2) and cold
(A.3) stimulations after hM4Di-mediated silencing of CST neurons. (von Frey: F (4,54) = 0.675; P = 0.571;
Hargreaves: F (4,54) = 0.407; P =0.748; cold: F (4,54) =0.501; P = 0.685). A.4-A.6. Responses to mechanical (A.4),
heat (A.5) and cold (A.6) stimulations after hM3Dg-mediated activation of CST neurons in naive mice. (von Frey: F
(1.782,16.04) = 4.543; P = 0.031, Hargreaves: F (3,27) = 0.872; P = 0.467 , cold: F (1.56,14.042) = 1.002; P = 0.372;)
A.7. Effect of CCK positive S1-CST neurons activation on CCI-induced mechanical hypersensitivity (CNO: n=10;
vehicle: n=8, F(2.381,38.097)=1.233, p= 0.072). A.8. Labeling of S1-CST neurons expressing hM3Dqg-HAtag (green).
B. DREADDs expression was driven by injection of rAAV2retro.cre into the lumbar spinal cord of wild type mice,
followed by a cortical (S1) injection of a cre-dependent rAAV carrying a transgene for hM4Di (CNO: n=5; vehicle:
n=4). B.1-5. Responses to mechanical (B.1, 4, 5), heat (B.2) and cold (B.3) stimulations after hM4Di-mediated
silencing of CST neurons (von Frey: F (2.027,14.191) =0.131; P =0.881; pin prick: F(4,28)=0.511; P =0.728; brush:
F(1.88,13.16) =0.159; P = 0.843; cold: F(11.295,27.795) = 2.845; P = 0.043, Hargreaves: F(4,28) =2.926 ; P = 0.039).
B.6. No effect of neuronal silencing on gross locomotor activity (rotarod, P = 0.902). B.7-8. No effect of neuronal
silencing on formalin-induced aversive behaviors (CNO: n=4; vehicle: n=3; flinching: F(11,55) = 0.653; P = 0.775;
biting: F(11,55) = 1.07; P = 0.401). B.8. Labeling of S1-CST neurons expressing hM4Di-mCherry (green). Error bars
represent = SEM, *p < 0.05 (ANOVA). BL: baseline, horizontal axis: time post CNO injection, scale bars: 200 um.

2.4.7.2 Recording of S1-CST neurons activity in freely moving mice

Layer 5 pyramidal neurons are output neurons of the cortex. They receive input from many local
interneurons in different layers and are consequently able to accumulate information from an entire cortical
column before sending output to sub-cortical areas. The conditions under which layer 5 cortical neurons in
the somatosensory cortex become active however, are not precisely known. Here we performed calcium
imaging experiments of S1-CST neurons in freely moving mice. We took advantage of a head-mounted

1842 that allow recording of calcium signals in freely behaving animals.

miniaturized microscope (miniscope)
Ca”" sensor (GCaMP6m) expression in CST neurons was driven by intraspinal injection of rAAV2-retro.cre
into the lumbar spinal cord of wild type mice, followed by injection of AAV-CAG-flex-GCaMP6m in S1.
In order to image the cell bodies of layer 5 neurons, which are located about 800 um deep below the surface
of the brain, we implanted a small prism lateral to the GCaMP6m labeled neurons (Fig.9A), and the objective
of the miniscope was composed of a gradient-index (GRIN) lens. The behaviour of the mouse and time
points of sensory stimulations were recorded simultaneously with the Ca*" signals (Fig.9C, D). We were
able to detect transient increases in Ca®" signals. We will analyse these events during baseline and sensory
stimulations (von Frey, brush, or after injection of formalin) to determine the conditions that lead to

activation of S1-CST neurons.
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Fig.9: in vivo calcium imaging of S1-CST neurons in freely moving mice. A. Schematic representation of the
miniscope and prism implantation. The prism is placed lateral to the GCaMP6m labeled neurons. B. GCaMP6m
expression was driven by injection of rAAV2retro.cre into the lumbar spinal cord of wild type mice, followed by a
cortical (S1) injection of a cre-dependent rAAV carrying a transgene for GCaMP6m. Stimulations of the hindpaw in
GCaMP6m expressing, freely moving mice. C. Video recording of mouse behavior during Ca?* imaging. D. Example
output of the calcium analysis (scale bar: 50 pm). Cell map showing the identified neurons, example traces and
alignment of calcium activity to annotated behavior. S1hl: somatosensory cortex.

2.5 Discussion

Identification of genetically defined subpopulations of neurons in the central nervous system has greatly
improved our understanding of many neuronal circuits in the past few years. Together with morphology and
physiological properties, as well as a better understanding of the connectivity of the studied neurons, these
data help researchers to identify functional cell types and decipher their role in physiology and disease.

The corticospinal tract has been extensively studied in physiological experiments in cats and primates, but
only recently in mice. It is known that the anatomy of the CST is generally conserved between mammals,
and tools have been developed to label CST neurons in the rodent, mainly to study spinal cord injury and
repair. The presence in all mammals of a direct connection between neurons in the primary somatosensory
cortex and spinal interneurons however suggest that these neurons play an important role in non-pathological
conditions as well. Additionally, some studies have shown that CST neurons from the M1 and S1 cortices
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preferentially contact distinct populations of spinal interneurons’, suggesting distinct roles from these
different populations in modulation of spinal processing.

Tools to specifically target CST neurons based on their gene expression pattern and connectivity to a region
of the spinal cord are therefore essential to advance our understanding of CST function. The tools available
today to target CST neurons include genetically modified mouse lines, and injection of viral vectors into the
cortex or the spinal cord. Commonly used mouse lines are the Thyl-GFP lines and mouse lines where
transgene expression is driven by the Emx1 promoter (Emx1®55® or corresponding fluorescent reporter
mouse lines). However, use of these two driver genes results in widespread labeling in the forebrain and is
not specific to CST neurons*>’. Similarly, cortical injection of rAAVs will result in transduction of many
non-CST neurons. Although this can be useful to study spinal cord repair after injury, it is not possible to
specifically label or manipulate CST. Until very recently, intraspinal injection of a rAAV vectors was also
of limited use because of very low transduction very low efficacy. We have shown recently that it is possible
to label CST neurons from an intraspinal injection using rAAV2-retro with a more that 20-fold efficacy
compared to previously used serotypes.

Here, we took advantage of this new tool and of a different transgenic mouse line, the CCK“® line, to
specifically label CST neurons from a defined origin and target region and on the promoter-driven
expression of the cre recombinase.

Targeting of specific populations of long-range projections

A direct comparison of several rAAV serotypes revealed that the rAAV2-retro serotype is by far the best
available rAAV vector to label long-range projections from the cerebral cortex to the spinal cord. We
confirmed that there is a direct connection from pyramidal neurons in the layer 5 of S1 to the lumbar spinal
cord. A recent study also found that rAAV2-retro was efficient to label projection neurons from the brain to
the cervical spinal cord®” and is a useful tool for gene delivery into long range projecting neurons, in line
with our results. We also found that we could label a population of layer 5 CST neurons in S1 by injecting
a cre dependent rAAV2-retro into the lumbar spinal cord of CCK®® mice. Our results show that the CST
neurons expressing CCK in S1 account for virtually all S1-CST neurons. Indeed, the number of CST neurons
in S1 transduced by injection of rAAV2-retro vectors carrying cre-dependent or non-cre-dependent
transgenes are similar. This suggests that the use of the CCK®® mouse line is a good tool to target expression
of transgenes of interest into CST neurons. However, we also found that a simple intraspinal injection of
the virus also leads to labeling of neurons in a few other areas of the brain, in line with previous results'".
This strategy can therefore be useful for applications that are targeted locally to S1, such as optogenetic
manipulation of S1-CST neurons or recording of Ca®* signals for example. It also has the advantage of only
requiring a single virus injection. It cannot however be used to label exclusively CST neurons or a specific
subpopulation of them, and tracing or functional experiments using such an approach should be interpreted
carefully. If DREADDs are expressed in other descending neurons for example, it is not possible to attribute
an observed behavior to one specific group of neurons. Another limitation is that one would need to produce
viruses carrying the desired transgene for each individual application.

We have therefore tested two intersectional strategies, using either wild type mice or the CCK®® mouse line
that allow us to drive expression of one or two recombinases specifically into S1 neurons that project into
the lumbar spinal cord. We show that both strategies allow for a specific and efficient labeling of S1-CST
neurons. In contrast to direct labeling from the spinal cord with a single rAAV injection, there is no labeling
of any other neurons in the spinal cord or any other brain area. This high specificity is required for
chemogenetic manipulation experiments, when the activating drug (CNO in the case of the hm3Dq and
hM4Di DREADD:s) is injected systemically. Additionally, they can be easily adapted in a laboratory where
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various one-or two-recombinase dependent rAAV vectors are already available, without the necessity of
further virus design and production.

Importantly, these intersectional viral strategies can be transferred to other model circuits. Although in this
case the two approaches label equivalent populations of neurons (because CCK is expressed in virtually all
S1-CST neurons), the intersectional strategy #1 would prove essential to label specific long-range
projections in regions that contains genetically distinct subpopulations of projection neurons, such as the
RVM.

S1-CST neurons in somatosensory circuits

Through specific targeting of S1-CST neurons using these approaches, we confirmed that they form direct
synaptic contacts onto dorsal horn spinal interneurons. Retrograde monosynaptic tracing with rabies virus
revealed that S1-CST neurons receive direct input not only from layer 2/3 pyramidal neurons (as expected)
but also from sensory relay neurons in the VPL of the thalamus. Interestingly, this nucleus receives input
from the postsynaptic dorsal column, the direct dorsal column pathway and the spinocervical tract that are
known to propagate tactile information from the periphery to the brain®’. In addition, immunostainings
against known markers of cortical inhibitory interneurons showed that S1-CST neurons receive input mainly
from PV and NPY interneurons and to a lesser extend from SOM neurons.

We identified neuronal targets of S1-CST neurons in the spinal cord. Transsynaptic anterograde tracing with
WGA resulted in labeling of neurons in the deeper dorsal horn, consistent with the termination area of CST
fibers. About two thirds of the WGA labeled interneurons were inhibitory (pax2 positive) and one third was
excitatory (Imx1p positive). We then confirmed the presence of direct synaptic contacts between S1-CST
neurons and spinal interneurons by labeling of the synaptic terminals. These results are consistent with
unpublished observations from our laboratory that S1-CST neurons are labeled by monosynaptic retrograde
rabies tracing from several spinal interneuron populations. Recent results by Ueno et al.” also show that
CST neurons from S1 form synaptic contacts onto vGIuT3 and Imx1p lineage interneurons. In contrast to
previous studies®**, here we labeled only lumbar spinal cord projecting CST neurons in S1. Taking
advantage of this, we showed that these neurons, although they mainly project through the CST, also send
collateral branches to the striatum and the midbrain. Further experiments will allow tracing of these axons
more precisely into the brain and exact identification of the target areas. Additionally, advances in tissue
clearing and light sheet microscopy imaging, when combined with the described labeling strategies, allow
imaging of large samples, such as whole mouse brain and spinal cord attached'®. It is also possible to attain
a sufficient spatial resolution to trace single axons in such samples.

Function of S1-CST neurons

Previous studies have shown a role of CST neurons in motor coordination and fine sensory motor
transformation*****, However, these studies targeted either the whole corticospinal tract, or CST neurons
from the motor cortex. Because CST neurons from S1 neurons directly contact interneurons in the dorsal
spinal cord, we hypothesized that their activity could also influence sensory processing. The conditions
under which this specific population of CST neurons is active are also unknown. We thus took advantage
of our specific labeling strategies to address these questions.

Using either of the intersectional strategies mentioned above (Fig.1), we were not able to detect a clear effect
of activating or silencing S1-CST neurons on modulations of sensory processing. Activation of CCK
positive S1-CST neurons had no acute effect on heat, cold and mechanical sensitivities. We observed a small
difference in von Frey thresholds between 3 and 4 hours after CNO injection, although the strongest
behavioral effects are usually apparent around 2 h post injection. This small drop in withdrawal thresholds
could be due to the prolonged activation of the neurons, but is also quite small (about 4.1 vs 5.1g) and may
not reflect a biologically relevant difference. We did not detect a significant difference in von Frey
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thresholds after CNO injection in CCl-injured mice either. It is interesting to note, however, that CCK
positive S1-CST neurons that target the dorsal horn of the lumbar spinal cord contact both inhibitory and
excitatory interneurons. WGA tracing experiments showed that about 60% of the target neurons are
inhibitory (including a large proportion of glycinergic neurons). It would therefore be possible that
activation od S1-CST neurons in turn activates inhibitory interneurons, leading to reversal of mechanical
allodynia'>. However, since both inhibitory and excitatory interneurons would be activated, it is possible
that conflicting events might mask a clear behavioral effect.

Here, the behavioral measurements were performed about 3 weeks after cortical injection of the double-
recombinase-dependent DREADDs, which according to other experiments in our laboratory, should allow
sufficient time for expression of the receptors. However, we sought to confirm these results by a different
method. We therefore silenced S1-CST neurons by injecting a cre-expressing virus in the spinal cord of wild
type mice, followed by a cortical injection (in S1) of a cre-dependent hM4Di-expressing virus. This strategy
could lead to a faster and higher expression of the receptor because only one recombination event is required.
However, although we saw a good expression of hM4Di in S1, we did not observe substantial differences
in the behavioral responses of the CNO injected mice in the common somatosensory tests we performed. In
contrast, Liu et al.*® observed changes in mechanical theresholds after ablation or silencing of S1-CST
neurons. This difference could be explained by the different methods used to target CST neurons. Indeed,
Liu et al. observed impairments of light touch sensitivity after pyramidectomy (in adult mice) or ablation of
the CST neurons in very young mice. It is likely that these manipulations would lead to a more severe
phenotype than the transient pharmacogenetic silencing of a small subset adults CST neurons that we
performed here. We also tested the effect of transient silencing of S1-CST neurons using this method in
mice that were injected with formalin and saw no clear effect of CNO injection on their behavior. A further
experiment will be to silence S1-CST neurons in mice with neuropathic pain. Other methods to study the
role of these neurons include ablation with diphtheria toxin or silencing with tetanus toxin. Considering the
heterogeneity of the targeted neurons in the spinal cord, it is also possible that that the effect of silencing
CST neurons in the adult mouse are more complicated and require a different set of behavioral tests,
including fine sensory testing, sensory-motor transformation tests or tests of fine motor control. Because
CST neurons in S1 receive input from various brain regions, tests that allow seeing the effect of context,
stress or emotional state would also be interesting to perform, although testing some of these modalities is
not straightforward in rodents.

The conditions that lead to activation of CST neurons in S1 are also mostly unknown. In parallel to our
study, Liu. et al. have shown that the amplitude of Ca*" signals is enhanced in S1 layer 5 neuron dendrites
upon mechanical stimulation**. We have developed a procedure to label and image the cell bodies of S1-
SCT neurons in layer 5. Further analysis is required to determine the activity pattern of corticospinal neurons
associated with encoding of various somatosensory and nociceptive inputs.

Overall, we have demonstrated that we can specifically label CST neurons based on their precise
connectivity between one region of the spinal cord and one defined region of the cortex. The CCK“® mouse
line provides a useful tool to study these neurons, together with injection of rAAVs in the cortex and spinal
cord.
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Table 2. ANOVA results and P values for behavioral analysis in Figure 8

Hiiorlll: ) DREADD test n(TG) n (control) ANOVA or t test
CCK*®*® hM4Di von Frey 5 5 F (4,54)=0.675;P=0.571
Cold F (4,54)=0.501; P =0.685
Hargreaves F (4,54) = 0.407; P = 0.748
hM3Dgq von Frey 6 5 F (1.782,16.04) = 4.543; P =0.031
Cold F (1.56,14.042) = 1.002; P=0.372
Hargreaves F (3,27)=0.872; P =0.467
CCK*™ hM3Dg+CCI von Frey 10 8 F(2.381,38.097)=1.233, P=0.072
wild type ~ hM4Di von Frey 5 4 F (2.027,14.191)=0.131; P=0.881
Cold F(11.295,27.795) = 2.845
Hargreaves F(4,28) =2.926 ; P =0.039
Pin prick F(4,28)=0.511; P=10.728
Brush F(1.88,13.16) = 0.159; P = 0.843
Rotarod BL/1h 0.0988/0.902 (t test)
Formalin (flinches) 4 3 F(11,55)=0.653; P=0.775
Formalin (biting) F(11,55)=1.07; P=0.401
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3 RESULTS CHAPTER 2:

Characterization of spinal c-maf expressing interneurons

3.1 Abstract

Interneurons in the deep dorsal horn (laminae I1I-V) of the spinal cord dorsal horn receive input mainly
from non-nociceptive myelinated sensory fibers and are believed to be important for the processing of
touch and proprioceptive input. However, the impact of deep dorsal horn interneuron activity on
generating noxious sensations is not completely understood. Here, we identified a population of deep
dorsal horn neurons characterized by the expression of the transcription factor c-maf that is required for
the proper development of laminae III/IV interneurons.

We found that in the adult, c-maf is expressed by a heterogeneous population of dorsal horn
interneurons. About a third of c-maf positive neurons are inhibitory and two thirds are excitatory. We
used an intersectional genetic targeting approach to study the function of the excitatory and inhibitory
subpopulation of c-maf-expressing interneurons in processing of noxious sensory stimuli. We showed
that activation of excitatory c-maf neurons or inhibition of inhibitory c-maf neurons leads to mechanical
hypersensitivity. Conversely, activation of inhibitory c-maf neurons led to reduced sensory thresholds
in response to noxious and light touch stimulations, in naive and neuropathic pain conditions. We also
showed that c-maf positive interneurons receive direct input from both low-threshold mechanical
receptors (LTMRs) and corticospinal neurons. We have therefore identified a population of deep dorsal
horn interneurons that integrates descending inputs from the cortex as well as peripheral sensory signals
to modulate the perception of sensory stimuli.
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3.2 Introduction

Mechanical allodynia is a painful sensation elicited by innocuous touch stimuli'. It is often associated
with nerve damage, unresolved injuries or diseases such as diabetes. It affects a growing number of
persons worldwide, and it is still very difficult to treat'. The understanding of spinal circuits underlying
touch processing in normal and pathological settings, and of the cellular and molecular basis of the
changes occurring in pathological states is therefore crucial for the development of future therapeutic
strategies.

The spinal dorsal horn is a major site of integration of information coming from the sensory fibers and
supraspinal inputs. It is composed of excitatory and inhibitory interneuron populations that process the
sensory information before it is sent to supraspinal sites via a small number of projection neurons present
in laminae I and III-IV. The superficial laminae (I-II) of the dorsal spinal horn receive input from
temperature-sensing and nociceptive fibers, whereas the deeper laminae (III-IV) are the termination area
of fibers transmitting low threshold mechanical information. A main mostly unanswered question is
how can innocuous touch become painful in order to evoke allodynia?

A common hypothesis to explain mechanical allodynia is based on the idea that touch responsive,
excitatory deep dorsal horn interneurons can engage pain circuits. Under normal conditions (i.e. without
insult, injury or disease) the connections between excitatory deep dorsal horn interneurons and pain
transmitting neurons in the superficial laminae are silenced by inhibitory interneurons. In the setting of
injury however, a reduction of inhibition takes place, allowing touch-sensitive fibers (low—threshold
mechanical receptors, LTMRs)* to activate nociceptive pathways. Meanwhile, a few studies looking at
specific spinal neuron subtypes in the deep dorsal horn have provided some evidence in favor of this
idea. Peirs et al. identified a population of spinal interneurons that transiently expressed vGluT3 during
development and that are important for the expression of mechanical allodynia®. Spinal excitatory
interneurons expressing CCK® (Zeilhofer laboratory, unpublished), or inhibitory interneurons
expressing parvalbumin (PV)°, as well as neurons from the Ibx1 lineage”® have also been shown to play
an important role in the transmission of mechanical sensation in normal and pathological conditions.

Additionally, it has recently been shown that numerous neuron populations in the deep dorsal horn
receive convergent inputs from LTMRs and from the somatosensory cortex (S1)°!', and it has been
suggested that mechanical allodynia is impacted by corticospinal modulation. We have also shown that
corticospinal neurons from the primary somatosensory cortex (S1) make direct contact onto lamina III
interneurons (see Results Chapter 1). A large proportion of these neurons expressed the transcription
factor c-maf. During development, the transcription factor c-maf is required for proper specification of
PNS and CNS neurons. In the DRGs, it coordinates the normal development and function of several
rapidly adapting mechanoreceptor types'?, and in the spinal cord, it is necessary for the development of
laminae III/IV interneurons'®. However, the role of c-maf expressing interneurons in the adult is largely
unknown. Despite their potential role as integrators of sensory and corticospinal input, their nature and
function has not yet been addressed. We find that c-maf expressing spinal interneurons consist of an
excitatory and an inhibitory subset. We therefore use intersectional viral targeting strategies to separately
label and manipulate inhibitory and excitatory c-maf neurons. This enables us to specifically target two
subsets of deep dorsal horn interneurons and address their function in processing of noxious information.
We show that both populations receive input from corticospinal tract (CST) neurons and from LTMRs
and that modulation of the activity of these neurons leads to altered sensory thresholds.
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3.3 Methods

3.3.1 Animals

Experiments were performed on 6-12-week old mice kept at a 12:12 h light:dark cycle. Permissions for
experiments have been obtained from the Canton of Zurich (permissions 063/2016 and 003/2018).
GlyT2::Dre mice are BAC transgenic mice that have been generated in the Zeilhofer laboratory as
described previously for the GlyT2::cre and GlyT2::eGFP mice'*'*. c-maf”™ mice are knock-in mice
generated by conventional gene targeting in the laboratory of C. Birchmeier (MDC Berlin, Germany).
For further details on the genetically modified mice used in this study, see Table 1.

3.3.2 Intraspinal and cortical virus injections

Viruses were obtained from the resources indicated in the Table 1, as previously described'®. Virus
injections were made in adult mice (6-12-week-old) anesthetized with 2% isofluorane and immobilized
on a motorized stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA and Neurostar,
Tiibingen, Germany). For intraspinal injections, the vertebral column was fixed using a pair of spinal
adaptors and lumbar spinal cord at L4 and L5 was exposed. Injections (3%x300 nL) spaced approximately
Imm apart were made at a rate of 50 nL/min with glass micropipettes (tip diameter 30-40pm) attached
to a 10 uL Hamilton syringe. For S1, the head was fixed using head bars, the skull was exposed and the
following injection coordinates were used: (-1; 1.5; 0.8).

3.3.3 Immunohistochemistry and image analysis

Mice were transcardially perfused with 4% ice-cold paraformaldehyde (in 0.1 M sodium phosphate
buffer, pH 7.4). Lumbar spinal cord and brain were immediately dissected and post-fixed for 2 h with
4% paraformaldehyde on ice. Post-fixed tissue was briefly washed with 0.1 M sodium phosphate buffer
(pH 7.4) and then incubated in 30% sucrose (in 0.1 M sodium phosphate buffer, pH 7.4) overnight at
4°C for cryoprotection. Cryoprotected tissue was cut at 18 um, 25 um or 40 um (for DRG, spinal cord
or brain, respectively) on a Hyrax C60 Cryostat; Zeiss, Oberkochen, Germany, mounted on superfrost
plus glass slides and then incubated with the respective combinations of primary antibodies in 1%
donkey serum in phosphate-buffered saline (PBS) over night at 4°C. After brief washes in PBS, sections
were incubated with the respective secondary antibodies for 2h at room temperature and briefly rinsed
in PBS, before mounting with coverslips and DAKO fluorescent mounting media (Dako, Carpinteria,
CA, USA). All primary antibodies used are listed in the Table 1. Secondary antibodies raised in donkey
were purchased from Jackson Immuno-Research (West Grove, PA, USA). Z-stacks of IHC and ISH
fluorescent images were acquired on a Zeiss LSM700 Pascal confocal microscope and Zeiss LSM800,
respectively (Zeiss, Oberkochen, Germany). Numbers of reactive cells in z-stacks were determined
using the ImageJ Cell Counter plugin (Kurt De Vos, University of Sheffield, Academic Neurology).

3.3.4 Insitu hybridization (ISH)

Spinal tissue used for ISH was dissected from 6-to-12-week-old mice, collected in 1.5 ml Eppendorf
tubes, and immediately frozen in liquid nitrogen. Tissue was embedded in NEG50 frozen section
medium (Richard-Allen Scientific), cut into 16 pm sections, and hybridized using the probes designed
for RNAscope Fluorescent Multiplex ISH listed in Table 1.
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3.3.5 Behavioral analyses

Double transgenic male mice (c-maf*™™; GlyT2::Dre (c-maf®™) and c-maf™™; Imx1p* (c-maf**),
expressing both cre and Dre) were compared to control (cre+ only, Dre+ only or cre-Dre-) mice, all
injected with 2 mg/kg CNO. All behavioral tests were performed by an experimenter blinded to the
genotype of the mice. Only one test was performed per day and mouse.

Mechanical sensitivity. Mice were placed in Plexiglas chambers (8 x 8 cm) on an elevated wire grid
and allowed to acclimatize for at least 1 hour before testing. Withdrawal thresholds where assessed by
stimulation of the hindpaw with an electronic von Frey anesthesiometer (IITC, Woodland Hills, CA).
Measurements were taken at 10 min intervals. Sensitivity to light touch or acute painful stimulation was
also tested. Both hindpaws were stimulated alternately and 10 measurements were taken of each
hindpaw. For light touch, mice were gently touched (from the bottom of the grid) with a soft paint brush
on the plantar surface of the hind paw. For acute painful stimulation, the plantar surface of hindpaws
was stimulated with a blunted G26 needle without penetration of skin. For both tests, each response to
this stimulation was quantified by a score of 0 or 1 (no evoked movement = 0, walking away or brief
paw lifting for < 1 s = 1) and reported as the sum of the responses.

Cold sensitivity. Mice were placed in Plexiglas chambers (8 x 8§ cm) on a 5 mm thick borosilicate glass
platform and allowed to acclimatize for at least 1 hour before testing. A dry ice pellet was applied to the
surface of the glass glass from underneath the paw'’. Withdrawal thresholds were measured using a
stopwatch and a cutoff time of 20 s was set. Measurements were taken at 10 min intervals.

Heat sensitivity (Hargreaves test). Mice were placed in Plexiglas chambers (8 x 8 cm) on a glass
surface and allowed to acclimatize for at least 1 hour before testing. A movable infrared generator was
placed below the plantar surface of one hindpaw. Withdrawal thresholds were recorded automatically
by an electronically controlled commercially available instrument with a built-in timer (Plantar
Analgesia Meter, [ITC, Woodland Hills, USA) and a cutoff time of 32 s was set. Measurements were
taken at 10 min intervals.

Chronic Constriction Injury (CCI) model of neuropathic pain. Neuropathic pain was studied using
the CCI model. A constriction injury of the left sciatic nerve just proximal to the trifurcation was
performed as described previously'®". Anesthesia was induced and maintained by 2% isoflurane
(Provet AG, Lyssach, Switzerland), combined with oxygen (30%) and ambient air (68%). Before the
start of the surgery, mice received 0.2 mg/kg buprenorphine subcutaneously. The sciatic nerve was
exposed at the mid-thigh level proximal to the sciatic trifurcation by blunt dissection through the biceps
femoris. Three chromic gut ligatures (5/0) were tied loosely around the nerve until a brief twitch in the
hindlimb was elicited. The incision was closed in layers.

3.3.6 Experimental design and statistical analysis

All behavioral experiments were designed to allow comparisons between two groups: double transgenic
(expressing cre and Dre) vs control (expressing cre only, Dre only, or neither) mice. Behavioral
responses are reported as mean + SEM. Statistical analysis was performed as follows: group means of
double transgenic and control mice for all behavioral tests were compared using a 2-sided unpaired
Student t test (spontaneous aversive behavior) or a 2-way repeated measures ANOVA, followed by
pairwise comparisons with Sidak adjustment for multiple comparisons (t tests and ANOVA performed
with SPSS: IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY:
IBM Corp.). Numbers of experiments (cells or mice) and results of the statistical analysis are provided
in the figure legends and Table 2.
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Table 1. Materials and reagents

Materials

Resource

Identifier

Mice (shortname)

C57BL/6J (wild type) Jackson Laboratory IMSR _JAX:000664
c-mafere/wt Dr Carmen Birchmeier unpublished
B6;129S-Gt(ROSA)26S0rtm6e-LCAG-tdTomato)Hze/ y

(Rosa26dstdTom/wty Jackson Laboratory

C57BL/6-Lmx1b<tm(Dre)Uze (Imx1pdre/™t) IPT (Zurich, Switzerland) unpublished
B6N-Tg(GlyT2-dre) (GlyT2de/wt) IPT (Zurich, Switzerland) unpublished
Viral vectors shorname

rAAV-9/2-hEF1a-Con/Don-¢eGFP VVF vHW18-9
SAD.RabiesAG.eGFP (EnvA) (EnvA.RV.dG.eGFP) Salk Institute (USA) Albisetti et al.?0
rAAV-8/2-hSyn1-roxSTOP-dlox-TVA 2A.RabG VVF vHW7-1
rAAV-9/2-hEF1a-Con/Don-hM3Dg-HAtag VVF vHW?24-9
rAAV-8/2-hEF1a-Con/Don-hM4Di-mCherry VVF vHW23-8
AAVS/2- hEF1a -Con/Don-Syp-mRuby VVF vHW25-8
Antibodies (dilution)

rabbit anti-GFP (1:1000) Molecular Probes AB 221570
rabbit anti-PV (1:1000) Immunostar 24428

rabbit anti-NF200 (1:1000) Sigma N4142

rabbit anti-PKCy (1:1000) Santa Cruz AB_632234
rabbit anti-CGRP (1:1000) Immunostar AB 572217
goat anti-TrkA (1:200) R+D Systems AF1056

goat anti-Pax2 (1:400) R+D Systems AB_ 10889828
goat anti-tdTomato (1:1000) Sicgen AB8181-200
guinea pig anti-Lmx1b (1:10 000) Dr Carmen Birchmeier (Muller et al. 2002)?!
ginea pig anti-NeuN (1:1000) SynapticSystems AB_2619988
chicken anti-GFP (1:1000) LifeTechnologies AB 2534023
AlexaFluor-488-conkey anti-chicken (1:500) Jackson IR Lab AB 2340376
AlexaFluor-488-donkey anti-rabbit Jackson IR Lab #711-546-152
Cy3-donkey anti-rabbit Jackson IR Lab AB 2307443
Cy3-donkey anti-goat Jackson IR Lab AB 2340413
DyLight 549-donkey anti-guinea pig Jackson IR Lab #706-506-148
AlexaFluor-647-donkey anti-rabbit Jackson IR Lab #711-607-003
AlexaFluor-647-donkey anti-guinea pig Jackson IR Lab AB_2340477
AlexaFluor-647-donkey anti-goat Jackson IR Lab AB 2340437
isolectin IB4 Invitrogen Molecular Probes 132450

RNAscope multiplex FISH probes

vGIuT2

c-maf

CCK

VIAAT (vGAT)
Pvalb (PV)

ACD
ACD
ACD
ACD
ACD

Mm-Slc17a6-C1
Mm-Maf-C2
Mm-CCK-C1
Mm-Slc32al-Cl
Mm-Pvalb-C3

ACD: Advanced Cell Diagnostics

IPT: Institute of Pharmacology and Toxicology, University of Ziirich

Jackson IR Lab.: Jackson ImmunoResearch Laboratories
VVE: Viral Vector Facility (ETH, Zurich)
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3.4 Results

3.4.1 Characterization of spinal c-maf+ interneurons

Very little is known about the identity and the role of c-maf neurons in the dorsal horn. These
interneurons comprise both inhibitory and excitatory subpopulations. In order to characterize c-maf
neurons in more detail, we performed multiplex in situ hybridization using RNAscope on spinal cord
sections of adult wild type mice (Fig.1). We found that little more than half of the c-maf positive neurons
were excitatory and one third were inhibitory (52.9 + 1.58% expressed vGluT2 and 31.3 £+ 1.55%
expressed vGat, Fig.1E-F). These results are consistent with a previous study that reported that about
two thirds of spinal c-maf interneurons are excitatory®.

Next, we quantified the overlap of the c-maf population with other known markers of deep dorsal horn
interneurons, namely CCK (exclusively expressed in excitatory neurons) and PV (expressed in both
excitatory and inhibitory neurons) (Fig.1A-F). We found that 24.7 & 2.8% of all c-maf positive neurons
expressed PV and conversely, 30.7 + 4.6% of PV positive neurons expressed c-maf. More precisely,
7.62 £ 1.3% of the excitatory and 12.7 + 0.6% of the inhibitory c-maf neurons also expressed PV. Among
the c-maf- and PV-double positive neurons, 63.0 + 0.04% were inhibitory and 30.2 &= 0.03% excitatory
neurons. Additionally, we found that 44.5 = 2.5% of c-maf positive neurons expressed CCK and
conversely, 27.7 £ 2.1% of CCK positive neurons expressed c-maf. Only very few c-maf positive
neurons (4.90 + 1.2%) were also positive for both CCK and PV.

This data is in good agreement with recently published single cell sequencing data that indicates a rather
selective expression of c-maf in two out of 15 excitatory and three out of 15 inhibitory subpopulations
of spinal dorsal horn neurons®. In addition, we found c-maf expression almost exclusively in spinal
neurons located in lamina III and deeper. We therefore conclude that the c-maf gene is a suitable driver
gene for recombinases in order to enable functional analysis of a selective subset of deep dorsal horn
interneurons.
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Fig.1: Characterization of spinal c-maf expressing interneurons with RNAscope in situ hybridization (ISH).
A. Triple ISH showing overlap between c-maf-, CCK- and PV-expressing neurons. B. Triple ISH showing overlap
between c-maf-, vGlut2- and PV-expressing neurons. C. Triple ISH showing overlap between c-maf-, vGat- and
PV-expressing neurons. D. Quantification of (A). E. Quantification of (B). F. Quantification of (C). n = 4 mice.
Scale bars: 20 pum.

3.4.2 Characterization c-maf'™™ and c-maf®* mouse lines

We decided to use c-maf™ mice in combination with an intersectional genetic targeting approach to
specifically study the function of either excitatory or inhibitory c-maf expressing spinal dorsal horn
neurons. We therefore crossed c-maf™* mice (Dr. C. Birchmeier, unpublished) to either Lmx 1P
mice (Zeilhofer laboratory, unpublished), which express the Dre recombinase specifically in excitatory
dorsal horn neurons, or GlyT2::Dre mice (Zeilhofer laboratory, unpublished), which express Dre
specifically in glycinergic neurons. We generated two mouse lines: c-maf™™'; Imx 1B and c-maf*™",;
GlyT2::Dre, that will be referred to from here on as c-maf®* and c-maf'™ mice, respectively. Using this
strategy were able to restrict the reporter gene expression to either excitatory (i.e. Imx1p positive: c-
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maf®¥) or inhibitory (i.e. GlyT2 positive: c-maf™) c-maf-expressing neurons. Because Imx1f and GlyT2
are not expressed in sensory neurons, this strategy also avoids expression of effector proteins in the
DRGs. To verify the correct expression of the two recombinases in the spinal cord and absence of
expression in DRGs, we crossed these mice further to Rosa26%T™ ™ reporter mice (Fig.2A). Neurons
expressing tdTomato were found in the dorsal spinal cord in both c-maf®*; Rosa26%'7™" and c-maf™;
Rosa26%1Tm¥t (Fig 2B-E), but not in the DRGs (Fig.2F). In c-maf®™*; Rosa26%T™* mice, we observed
tdTomato positive satellite cells in the DRGs, suggesting that these express cre and Dre at some time
point during development, but not in neurons. Quantification of tdTomato positive cells together with
antibodies against either Imx 1 or pax2 showed that the expression of the cre and Dre recombinases in
both c-maf*® and c-maf™™ intersectional mouse lines, is specifically restricted to either excitatory or
inhibitory interneurons (Fig2.C and Fig.2E), respectively. In c-maf®™; Rosa264T™™ mice injected
intraspinally with a cre-and Dre-dependent eGFP-reporter AAV (rAAV-hSynl.Con/Don-eGFP), almost
all tdTomato positive (92.0 £ 1.9%) and eGFP positive (92.1 + 1.3%) neurons were also positive for
Imx1B. Additionally, 46.2 + 5.7% of the tdTomato positive cells expressed eGFP and 82.5 + 2.0% of
the eGFP positive cells expressed tdTomato. Similarly, in c-maf®™; Rosa26%“T™" mice injected
intraspinally with TAAV-hSyn1.Con/Don-eGFP, almost all tdTomato positive (94.6 = 0.8%) and eGFP
positive (88.7 + 4.3%) neurons were positive for pax2. Additionally, 38.5 + 10.5% of the tdTomato
positive cells expressed eGFP and 73.6 £+ 2.9% of the eGFP positive cells expressed tdTomato.

Importantly, when we injected a rAAV-hSyn1.Con/Don.eGFP into the lumbar spinal cord of either c-
maf®™; Rosa26%9T™™ or c-maf™; Rosa26%“T°™* mice, we detected eGFP positive cells in the lumbar

dorsal horn only. No eGFP was found either in the DRGs or the brains of any animal (Fig.2F).

Next we studied the localization of eGFP labeled neurons in c-maf®* and c-maf™™ mice (Fig.3). We used
CGRP antibody and IB4 to label lamina I/Il, and II;, respectively”. PKCy immunoreactive cells
delineate the border between the laminae II and III. We found that most c-maf** and c-maf™ neurons
were located more ventral than IB4 and CGRP immunoreactive layers (Fig.3C, D) and just below the
PKCy cell layer (Fig.3E, F). Most c-maf positive neurons were located in the area containing vGIuT1
immunoreactivity, which corresponds to the area of termination of low-threshold cutaneous and
proprioceptive myelinated afferents* Interestingly, very few (4/561 neurons, 4 mice) of the eGFP
positive cells expressed PKCy (Fig.3E, F) in both c-maf®* and c-maf™ mice.

These results demonstrate that intraspinal viral injections of intersectional rAAVs in the adult mouse
are well suited to specifically target either excitatory or inhibitory c-maf expressing spinal interneurons.
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Fig.2: Characterization of c-maf*™ mice. A. Crossing of c-maf*™ mice to either GlyT2::Dre or lmx1B% mice,
followed by crossing of both double transgenic lines to tdTomato reporter mice, and intraspinal injection of
rAAV9.CAG.Con/Don.eGFP. B. Immunofluorescence staining on a transversal section of lumbar spinal cord of c-
mafN; Rosa26%Tom"t mjce, injected in the spinal cord with a rAAV9.CAG.Con/Don.eGFP virus. C. Quantification
of the number of tdTomato+ and GFP+ neurons positive for pax2 and overlap between tdTomato+ and GFP+
neurons in (B.) D. Immunofluorescence staining on a transversal section of lumbar spinal cord of c-maffX;
Rosa26%4Tom"t mice, injected in the spinal cord with a rAAV9.CAG.Con/Don.eGFP virus. E. Quantification of the
number of tdTomato+ and GFP+ neurons positive for pax2 and overlap between tdTomato+ and GFP+ neurons in
(D.). F. Immunofluorescence staining dorsal root ganglia sections in both experiments. Scale bars: 100 pm.

-71 -



GFP CGRP vGlut1 IB4

Fig.3: Localization of c-maf expressing interneurons in the dorsal spinal cord. A. B. localization of eGFP
labelled neurons after intraspinal injection of TAAV9.CAG.Con/Don.eGFP in c-maf®X or c-maff™N mice. C-D.
Localization of eGFP labelled neurons relative to CGRP, IB4 and vGluT1. E-F. Localization of eGFP labelled
neurons relative to PKCy. Scale bars: 100um.
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3.5 Connectivity of c-maf neurons

Next we aimed to describe the connectivity of c-maf positive neurons within sensory circuits in the adult
mouse. Results described in Results Chapter 1 have provided evidence that c-maf spinal interneurons
receive direct synaptic input from CST neurons residing in the somatosensory cortex.

3.5.1 c-maf neurons receive input from primary afferents and the somatosensory cortex

In order to map neurons presynaptic to dorsal horn c-maf neurons, we used a monosynaptic retrograde
tracing rabies virus strategy. Lumber spinal cord segments of c-maf®™* and c-maf™ mice were injected
with a helper virus to express the TVA receptor and the rabies G glycoprotein, and four weeks later with
an EnvA-pseudotyped, eGFP-expressing rabies virus.

Five days after rabies virus injection, we could find eGFP labeled neurons in lumbar DRGs ipsilateral
to the virus injection site and in S1 in both c-maf™* and c-maf™ mice (Fig.4A, D). The presence of eGFP
positive layer 5 pyramidal neurons in S1 confirms the direct connection between these S1-CST neurons
and spinal c-maf neurons that we have shown previously (Chapter 1).

We also found many eGFP labeled neurons in lumbar DRGs. In order to identify the subtypes of labeled
sensory neurons, we performed co-stainings with known markers of sensory neuron classes®. We first
found that the vast majority of eGFP+ neurons (95.0 £ 3.54% and 86.3 £+ 5.18 % of neurons traced from
c-maf*® and c-maf™ neurons, respectively) were also positive for NF200, which marks myelinated
sensory neurons (Fig.4B, E). Only very few neurons positive for TrkA (7.50 = 6.5% myelinated and
0.75 £ 0.7% unmyelinated TrkA+ neurons) were traced from c-maf® neurons. We did not find eGFP
co-expressed with either P2X3 or PLXNCI, markers of nonpeptidergic populations. Myelinated
(16.7£0.3% of eGFP+ cells) and unmyelinated (2.33 = 1.9 % of eGFP+ cells) TrkA+ neurons could be
traced from c-maf™ neurons.

Because both populations of c-maf neurons seem to be targeted mainly by myelinated afferents, we
looked at markers for mechanosensory fibers and proprioceptors. We found that the majority of
myelinated eGFP positive neurons presynaptic to c-maf'™ neurons expressed PV (33.7 £ 8.4%), TrkC
(23.3 £ 10.5%) or both (26.0 + 10.0%). Similarly, the majority of myelinated eGFP+ positive neurons
presynaptic to c-maf** neurons expressed PV (40.7 + 3.5%), TrkC (44.2 + 9.3%) or both (27.9 + 4.7%)
(Fig.4C, F). PV+, TrkC+ and TrkA+ DRG neurons account for approximatelly 65% of myelinated input
neurons presynaptic to c-maf* neurons. It is likely that the remaining labeled neurons belong to the
TrkB+ class of LTMRs. Unfortunately, there is no convincing antibody directed against TrkB available.

According to mRNA-sequencing data of single DRG neurons®, PV labels two populations of
proprioceptors (namely NF4 and NF5) in the DRGs. TrkC is expressed at low levels in these two
populations, and in higher levels in the NF3 subpopulation of LTMRs. The PV+TrkC+ and PV only
immunoreactive neurons therefore represent proprioceptors and TrkC only positive neurons are LTMRs.
Altogether, these results suggest that both populations of c-maf expressing neurons receive most input
from these three populations of non-noxious sensory fibers. c-maf™ neurons also receive more input
from myelinated peptidergic afferents (TrkA positive, PEP2) than c-maf®* neurons.
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Fig.4: Retrograde rabies virus-based monosynaptic tracing of c-maf neurons. A helper virus (TVA, RabG)
was injected in the spinal cord of c-maf and c-maf®*mice, followed by injection of the EnvA-pseudotyped rabies
virus (EnvA.RV.AG.eGFP). A, D. Labeling corticospinal neurons in the layer 5 of the somatosensory cortex (S1)
in c-maf™™ (A) and c-maffX (D) mice. B, C, E, F. Immunofluorescence staining on DRG sections showing overlap
between GFP and markers of sensory neurons in c-maffN (B, C) and c-maf®™* (E, F) mice. G-H. Quantification of
the number of GFP+ DRG neurons positive for NF200, TrkA, PV and TrkC in c-maf™ (G.) and c-maf®X (H.) mice.
Scale bars: 100 um.

3.5.2  Output pathways of c-maf neurons in the dorsal spinal cord

Inhibitory interneurons in the dorsal spinal cord, in particular PV expressing neurons, have been shown
to be a source of inhibitory presynaptic input onto myelinated primary afferents®®. Since c-maf
expressing neurons are located in the same region and show some overlap with PV neurons, we
investigated the presence of synaptic contacts between c-maf neurons and vGluT1 positive terminals in
the dorsal horn. We injected rAAV-EF1a.Con/Don.synaptophysin-mRuby3 in the lumbar spinal cord of
c-maf*™* and c-maf'™ mice. Injection of this virus leads to expression of a synaptophysin-mRuby fusion
protein in cre and Dre double positive neurons. Synaptophysin-mRuby is specifically located at the axon
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terminals. The area occupied by synaptic terminals of c-maf®* neurons is mostly located in the deep
dorsal horn and extends laterally to the lateral spinal nucleus in c-maf** mice. Some mRuby fluorescence
is also found at the border of laminae II; and III. Terminals of c-maf™ neurons extends throughout the
dorsal horn, is most dense in laminae II; close to the PKCy reactive cell layer, and in III-IV, but we also
see some terminals in the superficial dorsal horn (Fig.5B).

In both cases, we found many examples of contact between mRuby positive terminals and vGIluT1
positive terminals (Fig.5C, D). In c-maf®™ mice, 13.4 + 3.6% of all synaptophysin-mRuby labeled
terminals were found in close proximity to a vGluT1 terminal. In c-maf™ mice, the proportion of
synaptophysin-mRuby labeled terminals found in close proximity to a vGluT1 terminal was 24.4 +2.7%
(Fig.SE). The majority of mRuby positive terminals that are vGIuT1 negative (84.9 + 4.4% and 72.9 +
3.7%, respectively) are therefore likely to be synapses onto local interneurons.

In order to determine which spinal circuits are engaged by excitatory c-maf neurons in the dorsal horn,
we injected CNO in mice expressing the excitatory DREADD hM3Dq in c-maf** interneurons. After
CNO injection, we found a strong increase in the number of c-fos immunoreactive cells in the lumbar
dorsal spinal cord (Fig.6A-B). This increase was similar in proportions (about 3-fold) in the superficial
and in the deep dorsal horn when we quantified the number of c-fos positive cells relative to the laminae
II-I11I border, visualized by vGluT3 expression (Fig.6C).

These results show that c-maf expressing interneurons likely contact both terminals of LTMRs and local
interneurons in the deep dorsal horn. This suggests that they could be involved in integrating and
modulating transmission of mechanical information in the spinal cord.
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Fig.5: c-maf neurons make axo-axonic contacts onto LTMRs terminals. A-B. Localization of synaptophysin-
mRuby labeled terminals from c-maffX (A) or c-mafN (B) neurons, relative to the PKCy immunoreactive layer in
the dorsal spinal cord. C. D. Representative examples of synaptic contacts between terminals from a c-maffX (C)
or c-maf™ (D) neuron and vGluT1 positive synapses. C. Quantification of the number of mRuby positive terminals
contacting vGIuT1 positive synapses. (c-maffX: n=3, c-maf™: n=3). Scale bars: A, B : 100um, C-D : 5 pm.
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Fig.6: Superficial and deep dorsal horn neurons activated by c-maffX neurons. hM3Dq expression was driven
by injection of rAAV.hsyn.Cow/Don.hM3Dq into the lumbar spinal cord of c-maffX mice. A-B. c-fos
immunoreactivity after CNO injection in c-maffX (A, n=4) or control (B, n=4) mice. C. Quantification of (A) and
(B). Scale bars: 100 um. Error: £ SEM, *p < 0.05 (unpaired Student t test).
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3.6 Investigation of c-maf neurons role in sensory processing

c-maf positive spinal interneurons receive excitatory inputs from primary sensory afferent and CST
neurons from S1. We therefore tried to understand how activation of c-maf interneurons would affect
sensory and nociceptive behaviors.

3.6.1 Pharmacogenetic activation of c-maf®* neurons

In order to transiently activate c-maf** interneurons, we injected an AAV encoding the excitatory
DREADD (rAAV.hSyn.Con/Don.hM3Dq) into the lumbar spinal cord of c-maf** mice or control mice
that do not express either one or the two of the recombinases. The expression of hM3Dq in the spinal
cord was verified by immunostaining (Fig.6A). Injection of CNO i.p. led to hypersensitivity to punctate
mechanical (Fig.7B) and cold (Fig.6D) stimulations in the c-maf®* but not in the control mice. No
differences were detected for heat sensitivity, noxious pinprick and light dynamic touch stimulations
(Fig.7C, E-F). Importantly, c-maf** mice displayed strong spontaneous aversive behavior (Fig.6G,
licking and biting of the left leg, 256 &= 43s vs 87 + 21 s) after CNO injection and developed lesions on
the left leg that did not appear in the control mice (Fig.7H). This phenotype is similar to what was
observed previously upon the ablation of dorsal horn glycinergic interneurons'*.

3.6.2 Manipulation of c-maf™ neurons

3.6.2.1 Pharmacogenetic silencing of c-maf'™ neurons in naive mice

in situ hybridization experiments (Fig.1) showed that 14 + 1% of vGat positive neurons expressed c-
maf. We also demonstrated that c-maf neurons overlap with inhibitory PV neurons (Fig.1). c-maf®™
neurons therefore likely represent a small subset of glycinergic spinal interneurons. It has been shown
previously that ablation of dorsal horn glycinergic (GlyT2 positive) interneurons'* leads to mechanical,
heat, and cold hyperalgesia and well as spontaneous aversive behavior similar to what we observed
when activating the excitatory c-maf neurons. We therefore asked if the transient silencing of c-maf™
neurons could lead to a comparable phenotype. We injected a rAAV-hsyn1-Cyn/Don.hM4Di virus into
the lumbar spinal cord of c-maf™ or control mice. Injection of CNO led to hypersensitivity to mechanical
stimulation (von Frey test, Fig.8D) in the c-maf™ mice compared to controls. We saw however no
differences in responses to heat (Fig.8B), cold (Fig.8C), pin prick (Fig.8E) or brush (Fig.8F) stimulation.
We did not observe spontaneous aversive behavior. The effect of silencing this subpopulation of
glycinergic neurons is more restricted to mechanical sensitivity.

Fig.7: Transient pharmacogenetic activation of c-maffX spinal interneurons A. hM3Dq expression was driven
by injection of rAAV.hsyn.Coy/Don.hM3Dq into the lumbar spinal cord of c-maffX and control mice. B.-F.
Behavioral responses after injection of CNO to mechanical (B, E, F), heat (C), cold (D) stimulations. (c-maffX:
n=8; control: n=5; von Frey: F(1.47,44) = 6.023; P = 0.017, Hargreaves: F(4,32) = 0.943; P = 0.452, cold: F(4,44)
=9.318; P<0.000, pinprick :F(1.87,44) = 0.189; P = 0.815, brush: F(4,44) = 0.551; P = 0.699). G. Spontanecous
aversive behavior: licking/biting of the left flank over 20min (c-maf®X: n=8; control: n=8, P = 0.0032). H.
Localized hair removal and skin lesions. BL: baseline, horizontal axis: time post CNO injection, error: + SEM,
*p <0.05; **p <0.01 (B-F: ANOVA, G: unpaired Student t test).
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3.6.2.2 Pharmacogenetic activation of c-maf'™ neurons in naive and neuropathic mice

We then tested the effect of activating the c-maf™ neurons in both naive and neuropathic pain conditions.
rAAV.hsyn1.Cow/Don.hM3Dq virus was injected into the lumbar spinal cord of c-maf™™ and control mice.
After CNO injection in naive mice, we observed a strong loss of sensitivity to noxious stimulation in c-
maf™ mice compared to controls (Fig.8J), as well as a reduced sensitivity to light touch and cold
stimulations (Fig.8K, H). There were no significant differences in the Hargreaves and von Frey tests
(Fig.8B, D).

Nerve injury leads to a loss of the inhibitory tone in the deep dorsal horn?” and enhances the activation
of nociceptive pain pathways by LTMRs. We tested if the pharmacogenetic activation of inhibitory c-
maf neurons could transiently reverse CCI-induces mechanical hypersensitivity. Seven days after CCI
surgery, both c-maf™ and control mice developed the expected hypersensitivity to von Frey stimulation.
In c-maf™ mice, CNO had only a small and not significant effect on hypersensitivity to von Frey
stimulation (Fig.8L) but led to a reduction in sensitivity to brush stimulation (Fig.8N), as well as a
pronounced loss of sensitivity to noxious pin prick (Fig.8M).

Fig.8: Pharmacogenetic modulation of c-maf™ spinal interneurons activity in naive and CCI mice. A.
DREADD expression was driven by injection of rAAV.hsyn.Con/Don.hM3Dq or rAAV.hsyn.Con/Don.hM4Di into
the lumbar spinal cord of c-maf™™ and control mice (c-maf’: n=5; control: n=5). B-F. Behavioral responses after
hM4Di-mediated silencing of neurons. Responses to heat (B) cold (C) and mechanical (D-F) stimulation
(Hargreaves: F(4,20) = 1.184; P =0.348, cold: F(4,32) = 0.508; P = 0.730; von Frey F(4,32) = 5.266; P=0.002, pin
prick: F(4,32) = 0.277; P = 0.891, brush: F(4,32) = 0.294; P = 0.880). G-K. Behavioral responses after hM3Dg-
mediated activation of neurons (c-mafi™: n=3; control: n=3, preliminary data). Responses to heat (G) cold (H) and
mechanical (I-K) stimulation (Hargreaves: F(4,16) = 2.334; P = 0.100 , cold: F(4,16) = 10.847; P = 0.008, von
Frey: F(4,16) = 1.793; P = 0.18; pin prick, F(4,16) = 4.058; P=0.019, brush: F(4,16) = 4.058; P = 0.019). L-N.
Reversal of mechanical hypersensitivity hM3Dqg-mediated activation of neurons in CCI injured mice (von Frey:
F(2.608,70) = 1.288; P = 0.292, pin prick: F(5,70) = 3.979; P = 0.003, brush: F(5,70) = 2.5; P = 0.038). BL:
baseline, horizontal axis: time post CNO injection. Error bars represent + SEM, *p < 0.05; **p <0.01 (ANOVA).
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3.7 Discussion

We characterized two subpopulations of c-maf-expressing interneurons located in the deep dorsal horn
of the spinal cord. These neurons receive inputs from both supraspinal sites and peripheral sensory
fibers. Pharmacogenetic manipulation of these interneurons altered sensory processing.

c-maf expressing spinal interneurons overlap with deep dorsal horn interneuron populations

We first confirmed that about two thirds of c-maf positive interneurons in the dorsal horn are excitatory
and one third inhibitory. Multiplex in situ hybridization experiments showed that c-maf expression
overlaps with that of CCK and PV. In the spinal cord, all CCK positive neurons are excitatory?* (94%
of CCK-lineage neurons colocalize with Imx1B?*®), and about 80 to 85% of PV positive neurons are
inhibitory (unpublished). Accordingly, only very few (about 5%) c-maf positive neurons were positive
for PV and CCK. We also confirmed previous observations form our laboratory that there is virtually
no overlap between c-maf and PKCy*.

Recently, single-cell RNA sequencing experiments have shown that c-maf is expressed in two
subpopulations of CCK-expressing interneurons as well as three (CCK negative) inhibitory interneuron
populations, consistent with our findings. Data from the same study also shows an overlap between c-
maf and PV in one inhibitory population and between CCK, c-maf and PV in one excitatory interneuron
population. There is also evidence that c-maf and CCK are expressed in subsets of RORa expressing
interneurons. The latter have been shown to mediate light touch sensitivity''. Further in situ
hybridization experiments will help us determine the exact proportion of c-maf neurons expressing
RORGo. It is also known from various studies that PV® and CCK’?® interneurons are involved in the
processing of mechanical stimuli coming from LTMRs. We therefore aimed to determine the
connectivity and functional role of c-maf expressing interneurons within mechanosensory circuits.

Consistent with our current understanding of spinal sensory processing, several studies have shown that
silencing or ablation of inhibitory interneuron populations®”'*?’ leads to hypersensitivity to various
stimuli whereas silencing or ablation of excitatory interneurons induces higher sensory thresholds **.
Because c-maf marks a heterogeneous population of neurons, we hypothesized that simultaneous
modulation of the both c-maf subpopulations might potentially cancel out, and designed a strategy to
separately manipulate inhibitory and excitatory-maf positive interneurons. Crossing of c-maf”™ mice
with either GlyT2::Dre or Imx1p%“* mice resulted in specific labeling of these two subpopulations. We
therefore used these two intersectional genetic mouse lines to further study the place of c-maf
interneurons in spinal circuits. The use of recombinant AAV injections into the lumbar spinal cord®’

allowed us to specifically target c-maf™ or c-maf®* interneurons in adult mice.
c-maf expressing interneurons receive LTMR and cortical inputs

Retrograde monosynaptic tracing using rabies virus resulted in labeling of mainly myelinated primary
afferents in the DRGs in both mouse lines. Both excitatory and inhibitory c-maf neurons receive inputs
from LTMRs and proprioceptors (NF3, NF4 an NF5 populations in Usoskin et al. 2015%). c-maf™*
neurons received relatively more inputs from PV negative (NF3) LTMRs, whereas c-maf™™ neurons
received slightly lower input from the NF3-5 populations and more from peptidergic TrkA positive
(PEP2) fibers than c-maf®* neurons. It is important to note that we did not find rabies (e¢GFP) co-labeling
with either P2X3 or PYXNCI, markers of nonpeptidergic populations This is on the one hand expected
as it has previously been demonstrated that nonpeptidergic and C-fiber low-threshold mechanoreceptor
neurons are resistant to direct and transsynaptic infection from the spinal cord with rabies virus®’. On
the other hand, in c-maf** or c-maf™™ animals injected with AAV.ConDon.eGFP, little overlap between
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the c-maf labeled neurons and markers of peptidergic and nonpeptidergic primary afferent terminals
(CGRP and IB4, respectively) was observed. Together our data suggest that c-maf** as well as c-maf™
receive primarily sensory input from LTMRs and proprioceptors. Additionally, we have shown
previously that c-maf positive neurons receive direct input from CST neurons in S1. This is confirmed
by the presence of labeled pyramidal neurons in the layer 5 of S1hl in rabies tracing experiment from
both populations of c-maf neurons. We have therefore identified a marker gene for a population of deep
dorsal horn interneurons that integrate descending inputs from the cortex and peripheral sensory signals
for modulation of spinal processing, in addition to those identified previously'®. The precise parameters
that lead to activation of some of these neurons over other neurons in various contexts are still unknown.

c-maf expressing interneurons contact other spinal neurons and LTMR presynaptic terminals.

We quantified the number of synaptic terminals of c-maf neurons that were in close proximity to vGluT1
reactive terminals. As expected from the overlap between c-maf'™ and PV neurons, we detected
numerous contacts between c-maf™ synapses and vGIluT1 positive presynaptic terminals. More
surprisingly, we also found many of these contacts made by c-maf®* neurons. Although the present
experiment does not allow to distinguish between LTMR and CST terminals (all positive for vGluT1),
it is likely that a proportion of these contacts correspond to axo-axonic synapses from c-maf neurons
onto LTMR terminals®®. The majority of labeled synaptic terminals from c-maf neurons were not
associated with vGluT1 immunoreactivity. Because they are located rather in the deep dorsal horn, it is
likely that most of these synapses contact local interneurons. Indeed, we observed very few terminals of
c-maf neurons in the superficial laminae, the termination area of nociceptive fibers.

It is important to note however that the present study does not allow a precise quantification of the
number of c-maf neurons terminals contacting LTRMs, as vGluT1 also labels terminals of CST neurons
in the dorsal spinal cord. Further experiments will allow us to quantify the proportion of the vGluT1
positive fibers that we observe that correspond to either LTMRs or CST terminals. In addition to
providing feedback to myelinated sensory fibers, c-maf interneurons also send information to other
spinal neurons, as shown by the 3 to 4-fold increase in c-fos reactive neurons in both the deep and the
superficial dorsal horns subsequent to c-maf** neurons activation.

Modulation of the activity of c-maf neurons leads to altered sensory thresholds.

We have shown that a large proportion of c-maf and PV double-positive neurons is inhibitory. It is likely
that these neurons have been targeted in a previous study® that showed that activation of inhibitory PV
interneurons leads to higher mechanical thresholds in naive mice and reversal of nerve injury-induced
mechanical hypersensitivity. Surprisingly, we found no effect of activation of c-maf'™ neurons on von
Frey thresholds, but we did see a strong effect on responses to light touch and noxious pin prick in both
naive and CCl-injured mice. Such differences could be explained by the fact that we target a not fully
overlapping and much smaller population of neurons. Here we also silenced c-maf'™ neurons, and
showed that they are required for static mechanical sensitivity (von Frey). The ablation of spinal
glycinergic neurons led to a much broader phenotype, including mechanical, heat, and cold hyperalgesia,
as well as spontaneous aversive behavior'*. Here we only saw a difference in mechanical thresholds.
This is not surprising because c-maf™ neurons only represent a small subset of all spinal glycinergic
neurons.

Conversely, activation of c-maf®* neurons led to a strong reduction of the responses to punctate
mechanical stimulation (von Frey) but did not affect responses to light touch or noxious stimulation.
Interestingly, we also saw spontaneous aversive behavior and development of lesions very similar to
those observed after ablation of glycinergic interneurons'*. We will further study the role of c-maf**
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neurons by pharmacogenetic silencing of these neurons. It will be interesting to compare these results
to the selective loss of light touch sensitivity observed after ablation of RORa neurons''. Indeed, there
is overlap between c-maf** and RORa neurons and both populations are innervated by LTMRs, but we
also show that c-maf** neurons received proprioceptive input in addition.

The variety of sensory fibers and spinal interneurons populations permits the detection of a large range
of sensory stimuli. Functional analysis of selective subsets of deep dorsal horn interneurons will help
understanding how activity from the primary afferent fibers, local interneurons and descending
projection neurons are integrated to produce an accurate perception of the environment. Using genetic
tools to probe the function and connectivity of c-maf expressing interneurons, the present study provides
additional elements towards a more comprehensive view of the spinal cord circuitry involved in the
processing of tactile and mechanical sensitivity.

Table 2. ANOVA results and P values for behavioral analysis in Figures 6-7

mouse line  DREADD test n(TG)  n (control) ANOVA

c-maftX hM3Dq von Frey 8 5 F(1.47,44)=6.023; P=0.017
Cold F(4,44)=9.318; P<0.000
Hargreaves F(4,32)=0.943; P=0.452
Pin prick F(1.87,44)=0.189; P=0.815
Brush F(4,44)=0.551; P=0.699
Biting/liking 8 8 t test: P=0.0032

c-mafiN hM4Di von Frey 5 5 F(4,32)=5.266; P=0.002
Cold F(4,32)=0.508; P=0.730
Hargreaves F(4,20)=1.184; P=0.348
Pin prick F(4,32)=0.277; P=0.891
Brush F(4,32)=0.294; P=0.880

hM3Dq von Frey 3 3 F(4,16)=2.334; P=0.100
Cold F(4,16)=10.847; P=0.008
Hargreaves F(4,16)=1.793; P=0.18
Pin prick F(4,16)=4.058; P=0.019
Brush F(4,16)=4.058; P=0.019
hM3Dqg-CCI  von Frey 3 8 F(2.608,70)=1.288; P=0.292

Pin prick F(5,70)=3.979; P=0.003
Brush F(5,70)=2.5; P=0.038
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4 General discussion

Specific targeting of selected neuronal populations

In the past years, great advances have been made in the identification of individual spinal cord neuronal
populations and their functions. Models of the dorsal horn circuitry have emerged that give us a better
understanding of sensory processing in both normal and pathological conditions. Many of these
advances relied on the identification of genetically and functionally defined cell types. To be able to
study in detail the morphology, physiological properties, connectivity pattern and role in behavior of a
given population requires selective targeting of a small group of neurons.

The use of mouse lines expressing recombinases (cre or Dre for example) under a specific promoter is
a powerful tool to target gene expression to restricted population of cells. Recombination leads to
specificity and amplification of transgene expression in the chosen cell population. Additionally, many
different transgenes, and thus effector proteins, can be delivered into the cells by simple injection of
viral vectors, without the need for several different mouse lines. We and others have shown that
recombinant AAV vectors are ideal tools for gene delivery in such systems. The choice of the AAV
serotype and promoter in particular are essential for efficient and correct expression of the desired
transgene'. In contrast to crossing recombinase-expressing mice with mice carrying recombinase-
dependent alleles (thus labeling all the cells that have expressed the recombinase at some point during
development), injection of viruses leads to temporally and spatially controlled expression of the
transgene.

However, the expression a gene is rarely restricted to one functionally defined subpopulation of neurons.
It may therefore be necessary to use a second marker gene to more precisely target the population of
interest. To this end, we employed intersectional targeting approaches, where a population of neurons
is defined by two criteria.

In the spinal cord, we typically use two markers genes with different but overlapping expression
patterns. One recombinase (cre) is expressed under the promoter of the first gene, and the second (Dre)
under the promoter of the second gene. We also use this intersectional approach to restrict transgene
expression to the spinal cord, i.e. avoiding expression in the DRGs and supraspinal sites.

The connectivity pattern of some neuronal populations is also an important parameter in defining
functional subtypes. This is true in particular for long-range projection neurons that connect various
parts of the CNS. In this case, rather than using markers genes for the intersectional targeting, we have
shown that it is possible to target neurons based on their projection area. Targeting neurons by retrograde
transduction of the axonal terminals in the projection area has been previously shown to work®*. Here
we demonstrate that the rAAV2-retro serotype is best suited to target long-range projections between
the brain and the lumbar spinal cord. Additionally, we propose that we can further define subpopulations
of projection neurons based on expression of a marker gene. Here we have studied the connection
between the somatosensory cortex and the lumbar spinal cord, but similar principles would apply for
other connected areas. In this case, we found that CCK was not a specific marker for a subpopulation of
S1-CST neurons. It is possible however that marker genes of CST neuron subpopulations could be
identified in the future. A recent gene profiling study in the cortex showed that transcriptional programs
reflect axonal target identity®. It will be interesting to see if a similar approach applied to corticospinal
neurons would lead to identification of specific marker genes. Additionally, this strategy can readily be
applied in other model circuits where markers of subpopulations are known. One important example is
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the RVM that contains serotoninergic, glutamatergic and GABA/glycinergic neurons projecting to the
spinal cord.

Integration of proprioceptive and tactile inputs to modulate somatosensation

Sensory integration begins in the spinal cord, before projection neurons propagate this processed
information to the brain. All sensory fibers types, although they have very distinct physiological
properties, converge onto the dorsal horn. In particular, distinct LTMR subtypes converge onto deep
dorsal horn interneurons in a somatotopic and columnar manner’. Processing of tactile information by
the spinal cord therefore results from a combination of the connectivity pattern of distinct primary fiber
subtypes within particular lamina of the dorsal horn, but also from their synapses onto dorsal horn circuit
components as well as the cell types and connectivity of the targeted spinal interneurons and projection
neurons. Recent advances in classification of deep dorsal horn interneurons and genetic manipulation of
these neurons have begun to shine light on the mechanisms of integration and processing of LTMR
activity®”.

Here we provide further evidence that inputs from LTMRs but also from supraspinal areas converge
onto deep dorsal horn neurons. These interneurons in turn contact directly or indirectly projection
neurons that send touch information to higher brain centers. We and others'® have also found evidence
that deep dorsal horn interneurons also contact LTMR terminals, likely providing feedback to further
modulate the information coming from the periphery. Together with other recent studies of the role of
various subtypes of interneurons, this supports a model in which the deep dorsal horn serves to integrate
non-noxious inputs from the periphery before it is transmitted to higher brain centers. The fact that many
of these neurons also receive contacts back from the cortex suggests that they may also play a role in
the modulation of somatosensory processing, possibly affecting perception of tactile stimuli, but also of
body position and balance (through modulation of proprioception) as well as fine locomotor
activity®'12,

Characterization of the connection between S1 and the mechanosensory dorsal horn

Here, we have identified populations of neurons in the spinal cord and in the cortex that are important
for somatosensory processing. In the spinal cord, we have shown that c-maf is a well suited driver gene
to manipulate selected subpopulations of interneurons in the deep dorsal horn. Recent mRNA
sequencing data also found that c-maf is selectively expressed in two excitatory and two inhibitory
subpopulations of spinal dorsal horn neurons'®. Here we show that we can separately target c-maf™ and
c-maf** neurons in adult mice using an intersectional genetic approach. c-maf™ and c-maf** neurons
integrate descending inputs from the cortex as well as peripheral sensory signals and are able to alter
sensory processing.

We were also able to identify CST neurons in S1 that make direct synaptic contact onto the c-maf
neurons. Although it is possible to selectively target a subset of CST neurons based on their projection
area, it was however not possible to restrict targeting to those CST neurons that contact c-maf expressing
neurons (or vice versa). Indeed, we show that S1-CST neurons that target the dorsal horn of the lumbar
spinal cord contact both inhibotory and excitatory interneurons. The activation of c-maf™ and c-maf™*
could in part reflect what happens when they are activated by the excitatory inputs from the CST, but
the heterogeneity of the S1-CST target population might explain the fact that we do not detect a clear
effect of S1-CST neurons manipulation on classical somatosensory tests.

Outlook on viral tools to study sensory circuits

In order to study in more detail the function of this circuit, we considered the two following approaches.
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The first one would be to specifically target effector protein expression selectively to S1-CST neurons
that are presynaptic to either c-maf™ or c-maf** neurons. The advantage of rabies virus tracing is that
one can target directly connected cells. The high cytotoxicity of the rabies virus however strongly limits
its use for functional applications.

Recently, Ciabatti et al. developed a self-inactivating rabies virus (SiR) designed to provide long-term
access to neural networks'. This tool was highly promising because it would allow one to restrict
functional manipulation to neurons connected to the chosen starter population. We could therefore
selectively drive expression of the Flp recombinase in S1-CST neurons that are presynaptic to either
spinal inhibitory or excitatory interneurons. We found however that injection of this SiR virus into the
lumbar spinal cord of adult mice lead to the death of primarily infected (starter) cells within 1-2 weeks,
and also of the retrogradely labeled CST neurons. This time window would not be compatible with
behavioral experiments and cell death would be a severe confounding factor in such experiments. In
parallel to our experiments, another group found similar results'>, suggesting that this approach is not
feasible. In order to self-inactivate, the SiR expresses a proteasome targeting sequence. According to
Matsuyama et al., the selection pressure would favor viruses with mutations in this sequence and thereby
compromise the “self-inactivating” capacity. The viral particles that do cross the synapse are the
“escape” mutants that cannot self-inactivate and have therefore the same toxicity as classical AG rabies
viruses.

An alternative approach might be based on anterograde gene transfer to drive expression of effector
proteins in spinal interneurons that are directly targeted by S1-CST neurons. Herpes simplex virus
(HSV) can be used to label postsynaptic neurons'®. The viral genome can also be modified to carry a
transgene of interest, such as fluorescent marker proteins, but neuroinflammation and cytotoxicity make
this approach problematic too. On the other hand, WGA is a well suited tool for anterograde
transsynaptic tracing in the CNS, but does not allow transgene expression in the traced neurons. The
recently developed WGA-cre fusion protein could prove a highly interesting approach to combine the
low toxicity and transsynaptic labeling capacities of WGA with the possibility to drive gene expression
in connected neurons. The efficacy of this approach to label long range projections such as the
corticospinal tract still remains to be determined.

We have tested a recent version of this fusion protein developed in the laboratory of Dr. Shaoyu Ge
(Stony Brook University, USA). We have found that injection of an AAV carrying the WGA-cre
transgene into the cortex of ROSA'™™™ (tdTomato reporter) mice led to labeling of a very small number
of neurons in the spinal cord. It is likely however that expression of cre-dependent transgenes carried
by viral vectors is more efficient than expression of transgenes from reporter mice. Further experiments
will therefore be carried out to test the efficacy of WGA-cre to recombine a spinally injected cre-
dependent viral transgene.

In conclusion, we have shown that deep dorsal horn interneuron populations integrate inputs from the
cortex and the periphery to modulate processing of mechanical stimuli. Further studies will be needed
to understand how different circuits and activity patterns in the brain and spinal cord that lead to an
appropriate behavioral response depending on the environment and internal state of the animal.
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RESUME

Les stimnuli nociceptifs sont détectés par des neurones sensoriels spéeialisés du systéme nerveux périphénque appelés nocicepteurs.
L’information nociceptive est ensuite traitée dans la corne dorsale de la moelle épiniére, qui contient des interneurcenes locaux et des
neurones de projection qui envoient des axones vers le cerveau. Les aires supra-spinales projettent 4 leur tour vers la moelle épiniére,
ou elles contribuent 4 la synchronisation des signaux nociceptifs. Une sensibilité 4 la douleur exagérée et anormale s'accompagne
d'altérations du traitement de P’information dans la moelle épimére dans les systémes de contrile descendants de la douleur. La
connexion entre le cortex somatosensoriel en partieulier et la moelle épinmére est conservée chez les mammiféres, mais trés peu de
choses sont connues sur sonrdle dans la modulation du traitement sensoriel dans la moelle épiniére.

Un défi majeur dans I’ étude des cireuits newronaux est de de marquer et de eibler spécifiquement des groupes ou sous-groupes définis
de neurones. Les approches elassiques incluent le ciblage de populations neuronales défimies génétiquement, i.e. sur la base de
I'expression d'un géne marqueur. Cependant, cela ne suffit pas toujours pour définir des groupes de neurones fonctionnellement
distinets. Iei, nous décrivons ctutilisons des stratégies de marquage génétiques et virales basées sur la conneetivité des neurones ainsi
que sur Pexpression d’un ou de deux génes marqueurs. En particulier, nous avons utilisé une combinaison de lignées de souris
transgéniques et d'injections intra-spinales et corticales de vecteurs viraux recombinants pour identifier et cibler des neurones
spécifiques du cortex et de la moelle épiniére lombaire.

Nous avons identifié une population de neurones pyramidaux dans le cortex somatosensoriel qui projettent directement dans la corne
dorsale (neurones $1-CST). Ces neurones établissent un contact direct avec les interncurones exprimant ¢-maf dans la corne dorsale
profonde, qui regoivent également des contacts directs d’afférents primaires mécano-sensoricls a bas seuil. De plus, la manipulation
pharmacogénétique des neurones ¢-maf a entrainé des modifications dans le traitement des stimulations sensorielles méeaniques.
Ces résultats identifient deux éléments d’un cireuit qui intégre les informations descendantes du cortex avee des signaux sensoriels
périphériques et contribue 4 la modulation de la pereeption somatosensorielle.
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ABSTRACT

Noxious stimuli are sensed by specialized sensory neurons of the peripheral nervous system called nociceptors. The nociceptive
information is then processedin the spinal cord dorsal horn, which contains local interneurons and projection neurons that send axons
to the brain. Supraspinal areas in turn projeet downwards to the spinal cord where they contribute to the gating of noceeptive signals.
Exaggerated and abnormal pain sensitivity is accompanied by alterations in spinal processing and descending pain control systems.
The connection between the somatosensory cortex in particular and the spinal cord is conserved in mammals, but very little is known
about its role in modulating spinal sensory processing.

A major challenge of studying neuronal cireuits is to specifically label and target defined groups or subgroups of neurons. Classical
approaches melude targeting of genetically defined neuronal populations based on the expression of a marker gene. However, this is
not always sufficient to define functionnaly distinet groups of neurons, Here, we describe and used genetic and viral tageting strategies
based on the connectivity pattern of the neurons as well as the expression of one or two marker genes. In particular, we used a
combination of transgemnic mouse lines and intraspinal and cortical injections of recombinant viral vectors to identify and target
specific neurons in the cortex and lumbar spinal cord.

We identified a population of pyramidal neurons in the somatosensory cortex that projet directly to the spinal dorsal horn ($1-CS8T
neurons). These neurons make direct contacts onto c-maf expressing interneurons in the deep dorsal horn which also receive direct
inputs from low threshold mechanosensory primary afferents. Additionnally, pharmacogenetic mampulation of ¢-maf neurons led to
altered processing of mechanical stimuli.

These results identify two elements of a circuit that integrates descending inputs from the cortex with peripheral sensory signals and
contributes to the modulation of somatosensory perception.
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